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ABSTRACT

Microbialites are sedimentary structures that represent modern models of the oldest life forms,
stromatolites (<3.5 Ga), and are relevant for evolutionary and ecological studies. Cenote Azul is a
deep (>90m) karst sinkhole in the Yucatan peninsula characterized by microbialites that develop
along its wall and hydrogeochemistry defined by the saturation of carbonate, sulfate and calcium
ions. In this study, high throughput sequence analysis of 16S rRNA genes allowed characterization
of the prokaryotic communities associated with microbialites in a depth profile. The most repre-
sented phyla were Proteobacteria (23.6-30.1%), Planctomycetes (11.6-13.8%), Cyanobacteria
(9.7-16.5%), Acidobacteria (6.1-8.3%), Rokubacteria (4.1-7.8%), Chloroflexi (3.3-4.4%), Nitrospirae
(3.5-4.6%), Actinobacteria (2.6-5%) Bacteroidetes (1.7-4.1%) and Thaumarchaeota (7.5-11.1%).
Phylogenetic distance analyses described two distinct clusters of microbialites: Shallow (5 and
10m) and Deep (20 and 30m). The dominant diversity at the phylum level of the prokaryotic
community described in this system is similar to that of other microbialites from different environ-
ments, but differences are reported at the classification level of order, family and genus. The min-
eral composition of the Cenote Azul microbialites has calcite as the main constituent mineral
(~97%). Finally, this work establishes a baseline on the presence of microbialites and its relation
to depth in the sinkholes of the Yucatan peninsula and stimulates the monitoring of these com-
munities as a tool for the conservation of sites with high tourism pressure.
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Introduction Alchichica crater-lake and Cuatro Ciénegas in Mexico
(Alcantara-Hernandez et al. 2017; Beltran et al. 2012;
Centeno et al. 2012; Couradeau et al. 2011; Gischler et al.
2008; Valdespino-Castillo et al. 2018; Winsborough and
Golubic 2007; Yanez-Montalvo et al. 2020), Pavilion Lake in
Canada (Laval et al. 2000), among others (Chagas et al.
2016). The increase in studies of modern microbialites has
allowed the exploration of the role of microbes in the for-
mation and maintenance of these structures and to better

understand the ancient record of life (Omelon et al. 2013).

Stromatolites constitute the oldest fossil record of life
(~3500 MYA) dating back to the Archean eon (Grotzinger
and Knoll 1999; Schopf 2006). Microbialites are rock-like
structures, formed by microbial communities present in
mineral-saturated water bodies. These communities have the
physical capacity and metabolic ability to trap, bind and
promote the precipitation of inorganic minerals (Burne and
Moore 1987; Dupraz et al. 2011). Microbialites were abun-
dant all over the planet during the Precambrian, participat-

ing in the oxidation of the atmosphere and the development
of the biogeochemical cycles that allowed the evolution of
eukaryotic life (Dupraz et al. 2009; Falkowski et al. 2008).
Currently, the most extensive studies of marine microbialites
are from Shark Bay in western Australia (Babilonia et al.
2018; Logan 1961) and Highborne Cay in Bahamas
(Khodadad and Foster 2012; Reid et al. 1999), while lacus-
trine environments that harbor microbialites include Lake
Van in Turkey (Kempe et al. 1991), Bacalar lagoon,

Microbialite formation depends on the balance between
physical, chemical and biological reactions (Dupraz et al.
2009), and the interaction of a wide variety of microbial

metabolisms(Archaea/Bacteria)  including  phototrophs,
methanogens, sulfur oxidizers, denitrifiers, and those
involved in carbonate precipitation. In microbialites,

microbes remain in a layer of exopolymeric substances
(EPS) that provides adhesion, protection and adsorbed cati-
ons (Ca*™, Mg2+) (Braissant et al. 2007; Dupraz et al. 2004).
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The organic mineralization occurs within the EPS, oxygenic
photosynthesis contributes to create an alkaline environment
that promotes the formation of carbonate nucleation sites
(Dupraz et al. 2009; Obst et al. 2009; Paulo and Dittrich
2013). In the same EPS matrix, processes such as anoxygenic
photosynthesis and sulfate reduction are involved in the pre-
cipitation of minerals (Braissant et al. 2007). In contrast,
processes such as sulfide oxidation or fermentation, promote
the dissolution of carbonates (Dupraz and Visscher 2005).
Microbialite accretion is related to the biological and meta-
bolic balance of microbial metabolisms.

Characterization of biological attributes and diversity
allows a better understanding of microbialite formation and
their responses to the environment, which is useful when
considering these communities as bioindicators of environ-
mental disturbance and health (Lindsay et al. 2017;
McDevitt-Irwin et al. 2017; Meziti et al. 2016; Yanez-
Montalvo et al. 2020). The presence of microbialites in
freshwater bodies represents an important opportunity for
ecological studies. These are long-lived sessile microbial
assemblages, and therefore, are exposed to changes caused
by intense anthropogenic activities (the increase of green-
house gases and temperature, habitat modification and
incorporation of nutrients, among others) (Dupraz et al
2011; Foster et al. 2019; Lindsay et al. 2017).

Lacustrine and marine microbialites around the world are
mainly constituted by Proteobacteria, Cyanobacteria,
Actinobacteria, Bacteroidetes and Planctomycetes (Breitbart
et al. 2009; Centeno et al. 2012; Chagas et al. 2016; Suosaari
et al. 2016; Warden et al. 2016; White et al. 2015, 2016;
Yanez-Montalvo et al. 2020). In general, microbialites that
develop in different environments have a similar compos-
ition at the phylum level, but a unique composition at the
genus and species levels, in relation to biogeographic proc-
esses, environmental conditions and habitat modification
(Centeno et al. 2012; Valdespino-Castillo et al. 2018; Yanez-
Montalvo et al. 2020). Additionally, stromatolites that
develop in depth gradients, such as Alchichica (Mexico) and
Pavilion (Canada) lakes, the microbial composition includes
an the significant abundance of Acidobacteria, Nitrospirae
and Archaea, has been documented (Russell et al. 2014;
Valdespino-Castillo et al. 2014; White et al. 2016).

The Yucatan peninsula (YP) in Mexico, is a vast lime-
stone platform with karstic environments, formed during
the Miocene-Pleistocene, composed of limestone, dolomite,
and anhydrite (Perry et al. 2009; Bauer-Gottwein et al.
2011). Perry et al. (2002) divided the YP into six hydrogeo-
chemical/physiographic regions based on its geological char-
acteristics. The karstic nature of each region is characterized
by exceptional permeability due to the dissolution of the
rock and connection of groundwater that flows through sys-
tems, where caves, canals and sinkholes intervene (Bauer-
Gottwein ‘et al. 2011). Sinkholes, also called cenotes (in
Mayan, ts’onot), are formed by processes involving the col-
lapse of subterranean caverns, with an opening in the sur-
face, coupled with the dissolution of the limestone platform
by carbonic acid (Cervantes-Martinez et al. 2009; Gabriel
et al. 2009; Schmitter-Soto et al. 2002). Sinkhole research in

the YP has focused on the hydrochemistry of waters, con-
nectivity and zooplankton composition (Schmitter-Soto et al.
2002; Pérez-Ceballos et al. 2012; Montes-Ortiz and Elias-
Gutiérrez 2018). However, no investigation about the micro-
bial community composition of microbialites.

The eastern evaporative region of the YP is very peculiar
and presents connectivity processes, in terms of hydrology,
biogeochemistry and ecology (Perry et al. 2002). The Coastal
Transversal Corridor is a hydrodynamic model for southern
Quintana Roo (QR) proposed by Herndndez-Arana et al.
(2015) as a strategy for research and conservation of inter-
connected ecosystems including coral reefs, coastal lagoons,
mangrove forests, floodplains, cenotes and karst lakes. In
addition, this region has different aquatic environments that
harbor microbialites, including Chetumal Bay, Muyil lagoon,
Chichancanab lagoon and Bacalar lagoon (Beltran et al.
2012; Centeno et al. 2012; Gischler et al. 2008; Johnson
et al. 2018; Rasmussen et al. 1993; Valdespino-Castillo et al.
2018; Yanez-Montalvo et al. 2020). Bacalar lagoon is one of
the freshwater sites with the highest presence of microbia-
lites in the world (Gischler et al. 2008). In Bacalar lagoon,
microbialites are located in reef patches throughout the
40km of the lagoon and show spatial differentiation along a
north-south gradient (Yanez-Montalvo et al. 2020). The
Bacalar lagoon system has four sinkholes: Brujas, Esmeralda,
Cocalitos and Xulha, within the main water body (Gischler
et al. 2008, 2011) and the Cenote Azul (CA), located, on the
land side, at a distance of approximately 200m. This
research focuses on the CA sinkhole, which has particular
hydrogeochemical and biological characteristics (Perry et al.
2002) and where, Herndndez-Arana et al. (2015) reported
microbialitesratradepthrof 18m. In this study, we aimed to
explore the prokaryotic composition of the microbialites
from the CA sinkhole, following a depth gradient. We
hypothesize that changes in the structure and microbial
composition of microbialites will be mainly related to depth
as seen in other environments (Aguila 2018; Russell et al.
2014). To this aim, we followed the next strategy: (a)
describe the hydrogeochemical parameters of the water col-
umn, (b) analyze the mineral composition of the microbia-
lites, and (c) describe the composition and structure of the
microbialites following a high-throughput sequencing
approach of the V4 hypervariable region of the 16S
rRNA gene.

Materials and methods
Study site

The CA is an open karst sinkhole, located in Quintana Roo
in southeastern YP, Mexico (18°38'48"N, 88°24'42"W). It is
close (<200m) to Bacalar lagoon (Figure 1), has a circular
shape, with a depth >90m, and a diameter of ~100 m, mak-
ing it one of the largest sinkholes in the region (Cervantes-
Martinez et al. 2009; Perry et al. 2002). Cenote Azul is
considered an oligotrophic, well-mixed water system, with no
halocline, and an average annual temperature of 29.2+0.9°C
(Cervantes-Martinez et al. 2002; Schmitter-Soto et al. 2002).
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Figure 1. Geographical location of the sampling site. (a) Location of the study site and its separation in reference to Bacalar lagoon. (b) Panoramic view of the CA
and photograph of the microbialites inside the sinkhole. (c) Photograph of microbialite fragments in the depth profile of the study.

Sample collection

Microbialite samples were obtained in a bathymetric profile,
at 30, 20, 10 and 5m using autonomous diving equipment.
At each depth, the microbialites had similar physical charac-
teristics including color and texture. Five microbialite frag-
ments (10 x5 x 2cm) were collected in each depth, with
separation of approximately one meter per sample, using a
sterile chisel and a sledgehammer (Supplementary Figure 1).
The fragments were placed individually in nets previously
labeled for each depth. Samples were transferred to sterile
containers and stored in refrigeration until arrival in the
laboratory. Water samples (2.5L) were collected at each
depth with a Niskin bottle and used for genetic (1L) and
physicochemical characterization (1.5L). All samples were
placed in refrigeration at 4 °C for transport to the laboratory
and then stored in a freezer at —80°C (microbialites). The
transfer time of the samples from the workstation to storage

(—80°C) was less than two hours. All microbialites were
sampled under collector permit PPF/DGOPA-113/14. Field
studies did not involve endangered or protected species.

Water chemistry analysis

Major cations and anions were analyzed in the Institute of
Geology (UNAM, LANGEM-PT-LCL) by ion chromatog-
raphy with conductometric detection on Waters 1525 binary
HPLC pumps, autosampler (model No. 717) and conductiv-
ity detector (model No. 432). An IC-Pak Anion HR
(Waters) stationary column was used with 5pm amino
packing. Anionic analysis used a mobile phase consisting of
a mixture of acetonyl, butanol and a solution of gluconate/
sodium borate in water with one mL/min flux rate. Major
cations were run with a mobile phase consisting of dipico-
linic acid and nitric acid (1.7 mM each) in water, with a flux
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rate of 0.9 mL/min. Volume of sample inserted to the chro-
matograph was 10 puL. Temperature, pH, and conductivity
were measured in situ with a multiparametric probe.

X-Ray diffraction (XRD)

All determinations were done in the X-Ray Diffraction
Laboratory, UNAM. An EMPYREAN Diffractometer
equipped with an Fe filter, a cobalt thin tube focus and
PIXcel3D detector was used to analyze the mineral compos-
ition of the microbialites. XRD analysis conditions were as
follows: samples were homogenized with an agate mortar,
sieved through a mesh <75um, and measured using an alu-
minum sample-holder (non-oriented fractions). All measures
were carried in the angular range of 20 from 5° to 80° in
step scanner mode with a “step scan” of 0.003° with a scan
speed of 40sec per step. The diffraction patterns were ana-
lyzed with the HighScore software (version 4.5) with refer-
ence patterns from the ICDDPDE-2 and ICSD databases.

Total DNA extraction and 16S rRNA amplification

Microbialite samples were extracted using the DNeasy
PowerSoil® Kit (Qiagen) following the manufacturer’s proto-
cols. Duplicate samples for each depth were used for the
extraction (n=10 extraction/depth). Total DNA was eluted
in a final volume of 30 il molecular grade water and stored
at —20°C prior to PCR amplification. DNA was verified by
gel electrophoresis and amplified (prokaryotic hypervariable
region V4, 16S rRNA) using primers 515F/806R, according
to established protocols (Caporaso et al. 2011). PCR amplifi-
cation conditions were performed in three independent reac-
tions applied to each sample. All PCRs were run with the
following program: 98°C for 30s followed by 35 cycles of
95°C for 30s, 52°C for 40s, and 72°C for 90, with a final
elongation step of 12min at 72°C, and kept at 4°C. PCR
products were pooled and purified with Ampliclean mag-
netic beads (NimaGen, NDL). The quantification of the
purified amplicon library was performed with a QUBIT®
fluorometer (Promega, USA). The final concentration of
libraries per sample was 20ng/pl and were sequenced on a
2 % 300 Illumina MiSeq platform (Yale Center for Genome
Analysis, CT, USA).

Water from each sampling depth (1 Lt) was filtered into
0.22pM DURAPORE (Millipore) membranes and total
DNA was extracted following the protocol of the DNeasy
PowerWater® Kit (Qiagen). All used membranes per depth
were pooled together to obtain a representative composition.
DNA was extracted, the 16S rRNA region V4 and amplified
and sequenced as mentioned above.

Bioinformatic processing of illumina 16S rRNA
sequences and biostatistical analysis

The sequences generated in this study (V4 region, 16S
rRNA) belonging to 40 microbialite samples (10 samples/
depth) and four water column samples have been submitted
to the Sequence Read Archive (SRA, Leinonen et al. 2011)

and deposited in GenBank under BioProject PRINA630412.
Raw sequences were imported and processed in QIIME2
(QIIME 2, v.2018.6) (Bolyen et al. 2019), sequences were
clustered into ASVs and were assigned taxonomy using the
SILVA database (release 132-99% OTUs, 515-806 region)
(Quast et al. 2013). Based on quality plots, forward and
reverse reads were truncated at their 3’ end at the 200
sequencing positions, respectively. Chimeric sequences were
removed using the dada2 pipeline (Callahan et al. 2016).
ASV’s (amplicon sequence variants) were grouped to 100%
sequence similarity. Sequences were aligned using MAFFT
(Katoh and Standley 2013), and rooted trees were con-
structed using FastTree for analysis of phylogenetic diversity
(Price et al. 2009).

Subsequently, all sequence data were analyzed in the R
statistical environment (version 3.6.3), with Phyloseq R
(McMurdie and Holmes 2013), ggplot2 (v 2.1.0) (Ginestet
2011), and vegan (v2.3-3) (Oksanen et al. 2016), ampvis2
(Andersen et al. 2018) and BiodiversityR (Kindt and Kindt
2019) packages were used for data visualization and statis-
tical testing. ASVs representing less than 1000 sequences
across the dataset, all singletons plus chloroplast and mito-
chondrial sequence reads were eliminated using customized
R scripts.

The prokaryotic (Bacteria + Archaea) genetic composition
of microbialites was described along the depth profile, using
sequences representing >2% of relative abundance at the
phylum level. The biological diversity used to determine the
similarity in the community structure of microbialites was
explored using the alpha diversity metrics (Shannon and
Simpson, observed ASV’s and Chaol). Beta diversity was
analyzed using a matrix of community composition (ASV’s
matrix) to obtain the community turnover along the depth
profile. The dissimilarity in community structure between
samples (Beta diversity) was evaluated with a Principal
Coordinates Analysis (PCoA) with weighted UniFrac dis-
tance metrics (Lozupone et al. 2011) and with the Local
Contribution to Beta Diversity (LCBD) metrics proposed by
Legendre and De Caceres (2013). Venn diagrams were con-
structed using the software Venny 2.1 (Oliveros 2007-2015).
To visually inspect the structure of the prokaryotic commu-
nity in the depth profile, a heatmap was generated by pheat-
map (R package 1.0.7) (Kolde and Kolde 2015). For
heatmap analysis, normalized counts were log transformed
with the DEseq2 package (Love et al. 2014). Additionally,
the composition of prokaryotes in the water column was
analyzed (Supplementary Figure 2) and the sequences were
deposited in BioProject PRINA631060.

Statistical analysis

Discrimination between prokaryotic community composition
along the depth gradient were resolved with a Canonical
Analysis of Principal Coordinates (Anderson and Robinson
2003; Anderson and Willis 2003) and their a priori classifica-
tion according to the depth profile, based on Bray-Curtis
dissimilarities and 999 permutations. All the indices
for alpha diversity were compared using tests of
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Figure 2. The analysis of the main coordinates (PCoA) based on the weighted UniFrac distances. (a) Microbialites in the depth profile. (b) Separation into two clus-

ters of microbialites according to their phylogenetic assemblage.

Mann-Whitney-Wilcoxon. For beta-diversity, PERMANOVA
analyses were performed using the Adonis function of the
vegan package, based on the weighted UniFrac matrix. All
correlations and tests with p-value < 0.05 were considered sig-
nificant after 999 permutations.

Results

Hydrogeochemical characteristics of the Cenote
Azul sinkhole

The physico-chemical parameters of the water column along
the sampled depth profile are summarized in Supplementary
Table 1. CA exhibited a homogeneous composition in all
parameters with a range of values for pH (7.9-8.5), conduct-
ivity (2.31-2.29 pS/cm) and total dissolved solids (1.12-1.3
ppt) typical of the YP groundwater (Perry et al. 2002, 2012;
Sanchez-Sdnchez et al. 2015). The ions in the water column
also had homogeneous values SO,2~ >HCO;  >ClI”
>NO;~ and Ca’" >Mg’" >Na®™ >K' (Supplementary
Tables 2 and 3). Nitrates were only detected at 5m (NO5;~
= 28.1mg/L) along with the highest value for chlorine
(95.2mg/L). Some ions and compounds were not detected.
For these, the following detection limit ranges were used:
ammonium (LD = 0.2 mg/L), nitrites (LD = 2mg/L), phos-
phates (LD = 0.2 mg/L), bromine (LD = 0.8 mg/L), fluorine
(LD = 5mg/L). No significant gradient in hydrogeochemical
parameters was recorded.

Mineralogy of microbialites of Cenote Azul

The mineral composition of the microbialites in the depth
profile are shown in Supplementary Table 4. Microbialites

from 5m were not as hard as the rest (10-30m). Calcite
made up 90-97% of the mineral composition of all micro-
bialites. Traces of other minerals were found including
quartz and hematite, with a smaller percentage of magnesite,
while rhodochrosite was detected only at 10 m.

Diversity and structure of the prokaryotic community of
the microbialites of Cenote Azul

An initial dataset of 7,080,965 16S rRNA sequences was
recovered, where a total of 5,032,627 high-quality reads were
obtained from the 40 samples after quality filtering, ranging
from 15,458 to 420,654 with a mean of 127,002 reads per
sample. A total of 19,306 ASVs were observed for all sam-
ples. Water column samples had an initial dataset of 223,336
16S rRNA sequences; a total of 91,288 high-quality reads
were obtained from eight samples after quality filtering,
ranging from 6,134 to 17,143 with a mean of 11,829 reads
per sample. A total of 1,687 ASVs were registered for water
column samples (Supplementary Figure 2), which are differ-
ent in composition to microbialites.

Principal coordinate analysis (PCoAs) using weighted
UniFrac distances were performed to investigate the com-
munity structure of the microbialites (Figure 2). Based on
the PCoAs, the weighted UniFrac matrix explained up to
61.7% of the variation in genetic composition related to
depth (Figure 2(a)) and forming two clusters: Shallow (5
and 10m) and Deep (20 and 30m) (Figure 2(b)). To statis-
tically support the observed clustering of the prokaryotic
diversity in the above PCoAs, the communities of the two
profiles were examined with a PERMANOVA test using the
weighted UniFrac matrix (Supplementary Table 5). The
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microbialites from the four sampled depths were distributed
in high percentages for the first two components and gave
significantly different results (p < 0.05), suggesting depth as
an explanatory factor in the structure of the microbialite
genetic diversity (Figure 2(a)). Notably, the cluster distribu-
tion between Shallow and Deep was also significant
(p <0.05) supporting these depth clusters, which also have
different phylogenetic assemblages (Figure 2(b)).

A classification analysis (CAPdiscrim) based on the com-
position in the different sampling points (5,102,030 m)
showed an a priori classification success of the samples, in
significant proportions of 93% (Supplementary Table 5).
The exploration of community diversity and distribution is
presented in Figure 3. Shannon, Simpson, Observed and

Chaol indexes were calculated to estimate and compare
richness and diversity in all microbialites (Figure 3(a)),
which were significantly different (p < 0.05) between the
Shallow and Deep clusters.

Beta diversity analysis showed a change in the commu-
nity structure between Shallow and Deep clusters, first
visualized in the PCoA based on the UniFrac matrix, and
later corroborated through the LCBD index (p<0.05).
Additionally, the LCBD index showed that the most signifi-
cant changes occur in the prokaryotic assemblages at depths
of 5 and 30 m, p <0.05. The microbialites sampled at 10 m
showed the highest values of diversity and richness. Venn
diagram allowed us to represent the core of ASVs, i.e., those
ASVs that are shared in all microbialites, was represented by
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Figure 4. Distribution and relative abundance of the dominant prokaryotic communities from microbialites. Classified at the (a) phylum level; (b) Proteobacteria
(class level). (c) Planctomycetes (family level). (d) Cyanobacteria (family level), (e) Thaumarchaeota (family level). All recovered sequences grouped in ASVs with a

frequency higher than 2%.

11.4% (Figure 3(b)), where microbialites at 10m have the
highest percentage of shared ASVs (20.4%), while the lowest
percentage is at 20m (9.1%). Further, the ASVs representing
the Shallow profile (49.8%) was higher than the deep profile
and the core between clusters was 26.7% (Figure 3(c)).

A total of 54 different prokaryotic phyla constitute the
microbiome associated with microbialites in CA. The core
composition was represented (>2% abundance) by
Proteobacteria (23.6-30.1%), Planctomycetes (11.6-13.8%),
Cyanobacteria  (9.7-16.5%),  Acidobacteria  (6.1-8.3%)
Rokubacteria (4.1-7.8%), Chloroflexi (3.3-4.4%), Nitrospirae
(3.5-4.6%), Actinobacteria and (2.6-5%) Bacteroidetes
(1.7-4.1%) with Thaumarchaeota (7.5-11.1%) as the domin-
ant archaea, all of them representing a total of 85.7% of the
prokaryotic community (Figure 4). The core of the prokary-
otic community composition is homogeneously distributed,
where only some phyla show greater abundance, for
example, Proteobacteria, Bacteroidetes and
Omnitriophicaeota in the Shallow profile microbialites, and
for the Deep microbialites including Cyanobacteria,
Acidobacteria, Rokubacteria and Actinobacteria. The other
phyla such as Thaumarchaeota, Planctomycetes and
Chloroflexi are contributing similarly to both depth clusters.

Within Proteobacteria, Alpha (39.3%), Delta (37.6%) and
Gamma (23.2%) were the dominant classes (Figure 4(b)).
Planctomycetes groups a vast diversity, including previously
uncultured organisms that constitute close to half the

diversity within this phylum. The deepest microbialites
(30m) exhibit the presence of Brocadiaceae, which could
suggest the relevance of anammox in the system (Figure
4(c)). Cyanobacteria showed dominance of Microcystaceae
(approx 70%), followed by a previously undescribed family,
which shall merit further investigation, and members of
Xenococcaceae which increased with depth (Figure 4(d)).
Another relevant component at the phylum level is the
Thaumarchaeota (Archaea domain), in which
Nitrosopumilaceae and Nitrososphaeraceae, represented up
to 80% of the abundance (Figure 4(e)).

Prokaryotic community similarities

Changes in the structure of the prokaryotic community were
represented in a hierarchical heat map (Figure 5(a)) that
shows the differential abundances between the clusters
(Shallow and Deep). A hierarchical dendrogram groups the
samples in the depth profile and shows the grouping of the
proposed clusters (Shallow and Deep). A mean sea-level
line, based on the Caribbean sea-level curve proposed by
Toscano and Macintyre (2003) was included to relate micro-
bialites found in the depth profile to possible timelines of
formation for these structures (Figure 5). The geomorph-
ology of the microbialite wall in the CA sinkhole
(Figure 5(b)) is represented based on the divers
observations.
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Figure 5. Structure of the prokaryotic community and the geomorphic representation of the wall of microbialites in the Cenote Azul sinkhole. (a) Heat map gener-
ated with DESeq2 that represents the community in the Cenote Azul sinkhole. The hierarchical dendrogram shows the differentiation of the community in the four
sampling sites (5m, 10m, 20m and 30 m) and the two depth profiles (Shallow and Deep). (b) Geomorphic representation of the microbialite wall and the distribu-
tion of the prokaryotic community. The line representing mean sea level was generated based on the local curve of Caribbean sea-level from Toscano and

Macintyre (2003).

Discussion

This is the first report on the microbialites that develop in
the Cenote Azul (CA) sinkhole providing a baseline on
microbialite research in the region that opens the opportun-
ity to monitor an extreme karst system, located in an area
of accelerated tourism growth. This study corroborated the
presence of a wall of microbialites in the CA (Herndndez-
Arana et al. 2015), a karstic sinkhole, which extends >90m
depth and found that the prokaryotic communities of the
microbialites are phylogenetically associated in two clusters

designated as Shallow (5 and 10m) and Deep (20 and
30m). While these microbialites depicted a depth related
gradient, as noted in the hypothesis, additionally we suggest
that differences in microbial assemblages in CA may be
associated with local impacts of natural and anthropogenic
surface processes, as well as, with the geomorphology, land-
scape evolution and the hydrological history of sea level in
the southeast of the YP.

CA is a unique system for the study of microbialites
along a depth gradient, with dissolved oxygen and



deuterium concentrations near the meteoric water line, cre-
ating slow evaporation processes (Perry et al. 2002, 2009).
The hydrogeochemical variables indicate disconnection with
the local coastal aquifer suggesting this sinkhole is recharged
from a remote area as far as Esmeralda and Chichancanab
lagoons (Perry et al. 2002). Saturation of sulfate ions, bicar-
bonates, calcium, and the unusual presence of chlorine,
coincide with those reported for the water systems in the
area, including Bacalar Lagoon (Castro-Contreras et al
2014; Perry et al. 2012).

Calcite (CaCO3) constitutes 90-97% of the mineral com-
position of microbialites, corroborating previous studies,
where microbialites, in the southern region of QR, are
reported to be composed mostly by calcium carbonate
(Valdespino-Castillo et al. 2018; Yanez-Montalvo et al.
2020). In the YP, it is common for water bodies such as
cenotes (sinkholes), lagoons and the aquifer to be saturated
with bicarbonate ions as a consequence of the processes of
dissolution of the limestone (Perry et al. 2002). Valdespino-
Castillo et al. (2018) suggest through SEM observations
coupled to SR-FTIR imaging that calcite-rich microbialites
in Bacalar lagoon are associated with organic structures
formed of lipid and protein amides that deposit in the orga-
nomineral fabrics. The mineral composition of the CA sink-
hole analyzed does not differ from the microbialites in
Bacalar lagoon, which have the highest content of C,,
reported for these structures in the YP. Further research is
required to better understand the dynamics of carbonate
precipitation and formation in depth microbialites. Calcite,
the main mineral of CA microbialites, occurs through the
precipitation of calcium carbonate, which requires supersat-
uration of the carbonate ion in the system, availability of
Ca’*" ion and the appearance of nucleation centers in the
EPS, produced mainly by Cyanobacteria (Benzerara et al.
2014; Dupraz et al. 2009; Dupraz and Visscher 2005; Obst
et al. 2009). Other bacterial phyla such as Chloroflexi,
Alpha-, Delta-proteobacteria and Planctomycetes present in
CA microbialites, have been described in microbialites and
are postulated to promote the precipitation of carbonate
minerals through photosynthesis (oxygenic and anoxygenic)
and sulfate reduction (Bundeleva et al. 2012; Gallagher et al.
2012; Visscher et al. 2000).

The main phyla reported as constituents of CA microbia-
lites  (Proteobacteria,  Planctomycetes, Cyanobacteria,
Thaumarchaeota, Rokubacteria, Chloroflexi, Nitrospirae,
Actinobacteria and Bacteroidetes) (Figure 4) are similar to
those reported around the world for both marine:
Highborne Cay, Bahamas (Baumgartner et al. 2009), Shark
Bay, Australia (Suosaari et al. 2016) and freshwater micro-
bialites: Cuatro Ciénegas, Mexico (Souza et al. 2012), Salar
de Atacama, Chile (Farias et al. 2014), as well as those
reported in depth such as Lake Van, Turkey (Lépez-Garcia
et al. 2005), Pavilion lake, Canada (Russell et al. 2014), Lake
Alchichica, Mexico (Centeno et al. 2012; Couradeau et al.
2011), including the microbialite reef that develops in
Bacalar lagoon (Centeno et al. 2012; Johnson et al. 2018;
Valdespino-Castillo et al. 2018; Yanez-Montalvo et al. 2020).
Although the spatial arrangement based on phylogenetic
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distance (weighted UniFrac) indicates that there are two
large clusters (Shallow and Deep), when we analyze their
composition at higher taxonomic levels, these differences are
not appreciable, thus suggesting that their composition is
similar at the phylum level, but the greatest differences are
found at the genus and species level (Figure 4), this idea has
been discussed previously (Centeno et al. 2012; De Anda
et al. 2018; Lindsay et al. 2017; Yanez-Montalvo et al. 2020).
In this study, the CA does not present an environmental
gradient along the depth profile related to hydrogeochemis-
try, but previous research has suggested that light availability
and temperature decline rapidly after 10m depth in YP
open sinkhole systems (Cervantes-Martinez et al. 2002;
Schmitter-Soto et al. 2002).

In microbialites, oxygenated photosynthesis by cyanobac-
teria is a common metabolic process for carbonate precipita-
tion in freshwater and marine environments (Chagas et al.
2016). Cyanobacteria, both filamentous and unicellular, have
been found to be more abundant in thrombolytic-type
microbialites (Chagas et al. 2016). Thrombolites are the
main types of microbialites reported for Bacalar lagoon
(Beltran et al. 2012; Centeno et al. 2012; Johnson et al. 2018;
Valdespino-Castillo et al. 2018; Yanez-Montalvo et al. 2020)
and this study. CA microbialites have a strong component
of unicellular colonial Microscyteceae (Figure 4(d)). Two
sequences of this family, (uncultured) are among the 10
most abundant genus-level taxa (Supplementary Figure 3).
These sequences may belong to an uncultured Cyanothece
sp. or Aphanothece sp., which were observed abundantly by
optical microscopy as endoliths in all microbialite samples.
Microscyteceae are reported to be efficient calcifiers
(Bundeleva et al. 2014). Other families such as
Chroococcidiospidaceae are tolerant to high amounts of UV
radiation and extreme temperatures (Das and Singh 2017;
Lacap-Bugler et al. 2017) and were found in the Deep
microbialite cluster. Coleofasciculaceae, a family within
Oscillatoriales, was found only in Shallow samples, along
with a high percentage of unclassified sequences that could
be affiliated to filamentous Synechococcales which were con-
firmed with microscopy. Leptolyngbyaceae was more abun-
dant in the Shallow CA-microbialites, while Pleurocapsales
were more abundant in the Deep microbialites.
Pleurocapsales have been reported to be important for car-
bonate mineral precipitation and microbialite formation in
some oligotrophic lake systems (Gérard et al. 2013; Power
et al. 2011). Scytonema sp., was also common in Shallow
samples. This distribution pattern of species of the family
Leptolyngbyaceae in Shallow microbialites and the change
toward species of the family Xenococcaceae in the Deep pro-
files, is a phenomenon reported in microbialites from Lake
Alchichica (Aguila 2018; Saghai et al. 2015) and Lake
Pavilion (Russell et al. 2014).

Cyanobacteria and Proteobacteria are the dominant phyla
in microbialites (Baumgartner et al. 2009; Foster et al. 2009;
Khodadad and Foster 2012), and together comprised
approximately 50% of the prokaryotic diversity in CA
microbialites, regardless of depth. Delta- (41-43%) and
Alpha-proteobacteria (43%) are the most abundant classes,
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in Shallow and Deep profiles, respectively, while Gamma-
proteobacteria (22-24%) are distributed homogeneously,
these groups were also dominant in Pavilion Lake microbia-
lites, a similar karst system (Russell et al. 2014). Certainly,
Cyanobacteria and Proteobacteria are the major known diaz-
otrophs in these communities, where the potential for N,-
fixation becomes relevant to sustain these complex microbial
assemblages (Alcantara-Herndndez et al. 2017; Beltran et al.
2012). Bacalar lagoon microbialites are known to fix N, dur-
ing the day, suggesting the relevance of cyanobacterial heter-
ocyst-forming filamentous colonies (Beltrdn et al. 2012). CA
microbialites harbor Nostocales corresponding to Fischerella
sp., but probably many other N,-fixers are part of these
assemblages.

Alpha-proteobacteria are a group of bacteria with a high
metabolic diversity (Havemann and Foster 2008; Ley et al.
2006). Alphaproteobacteria with anoxygenic and hetero-
trophic phototrophic metabolisms are among the most
abundant in microbialites (Gérard et al. 2013). For CA,
Rhizobiales, non-sulfur purple photoheterotrophic bacteria,
were very abundant (Supplementary Figure 4). This group
has been reported to play an important role in Highborne
Cay and Shark Bay microbialites (Foster and Green 2011).
Alpha-proteobacteria have also been studied for the P-
assimilation potential in microbialites, in conjunction with
Acidobacteria (Valdespino-Castillo et al. 2014), another
common constituent of CA microbialites. Another relevant
anoxygenic phototroph, Chloroflexi (Shih et al. 2017) was a
constant component of microbialites along all sampled
depths in CA microbialites.

Further, Delta-proteobacteria, host the group of sulfate-
reducing bacteria (SRB), which reduce sulfate to sulfur, oxi-
dize organic carbon to bicarbonate, and contribute to form
an alkaline environment within microbialite fabrics, which
in turn is conducive to carbonate mineral precipitation
(Baumgartner et al. 2006; Couradeau et al. 2011).
Deltaproteobacteria were present in all CA microbiates.
Sulfur-cycling Deltaproteobacteria are also typically associ-
ated with microbialites and their surrounding sediments
(Warden et al. 2016; White et al. 2016). Sulfate reducing
bacteria are observed in close proximity to cyanobacteria in
oxic portions of hypersaline mats in Guerrero Negro
Lagoon, Baja California, Mexico (Baumgartner et al. 2006;
Canfield and Des Marais 1991), and in the Bahamas (Reid
et al. 2000) suggesting tight biogeochemical cycling between
these two groups of organisms (Visscher et al. 2000;
Visscher and Stolz 2005). The most abundant Delta-
proteobacteria in CA microbialites included several NB1-j,
Myxococcales, Desulfarculales and Syntrophobacterales
(Supplementary Figure 4). Most sulfate reducers are found
in the Deltaproteobacteria class and additionally, some
Firmicutes, Nitrospirae, and Archaea are known as sulfate-
reducers (Loy et al. 2002; Muyzer and Stams 2008).

In the CA microbialites, distribution of the abundance of
the Gammaproteobacteria is independent of the depth pro-
file (Figure 4(b)). Bacteroidetes and sulfate-reducing (Delt-
aproteobacteria) are reported in microbialites as well as
Alpha-proteobacteria and Planctomycetes (Centeno et al.

2012; Couradeau et al. 2011). Betaproteobacteria, Delta- and
Gamma-proteobacteria, ~ Actinobacteria, = Acidobacteria,
Nitrospirae, and Flavobacteria are observed in Pavilion Lake
microbialites (Russell et al. 2014). Cuatro Ciénegas micro-
bialites also harbor populations of Delta- and Gamma-
proteobacteria and Nitrospirae (Breitbart et al. 2009; Nitti
et al. 2012), another group with possible relevance to N-
cycling. Nitrospirae, a phylum involved in the nitrification
process, was a constant component of CA microbialites. So
far, we do not know if the Nitrospira, found in great abun-
dance in the microbialites of CA (Figure 4), has the poten-
tial to do complete nitrification (Comammox), which will be
clarified when a metagenomic approach is followed in this
system (Ehrich et al. 1995; Koch et al. 2019). Nitrospira
were also found along the depth gradient, constituting
approx. 25% of accounted diversity. Planctomycetes were
represented by approx. 50% of previously undescribed
groups. We found an abundance of families that have been
described as having interesting metabolisms and in-depth
sample studies, such as Gemmataceae, a family of aerobic
chemo-organotrophs  (Kulichevskaya et al.  2020),
Pirellulaceae, ~which are ammonia oxidizers and
Phycisphaeraceae are the main components (Kellogg 2019;
Mohamed et al. 2010). Interestingly, Brocadiaceae, reported
as a family with known anammox bacteria (Pereira et al.
2017), were detected in the microbialites from 30 m.

Thaumarchaeota, the most abundant archaea known on
Earth, includes all recognized archaeal ammonia oxidizers
(Kimble et al. 2018). This archaeal phylum is distributed in
all the depths of the CA, and its main families
(Nitrosopumilaceae,  Nitrososphaeraceae), have  been
recorded as nitrifying groups (Wong et al. 2015). This phy-
lum has been reported in oligotrophic aquatic environments
such as caves and also in microbialites in Lake Salda
(Turkey) and thrombolites in Highborne Cay, Bahamas
(Balci et al. 2020; Mobberley et al. 2015). Interestingly
Rokubacteria was found in all samples, increasing their
abundances toward 30m. Rokubacteria is a recently
described group, with a potential role in methane oxidation,
reported to be found in soils, the rhizosphere, volcanic
muds, oil wells, and aquifers (Chernov et al. 2019; Kroeger
et al. 2018). They have small cells with large genomes with a
high percentage of GC and with general metabolic strategies
(mixotrophic) in oligotrophic environments; they also have
a high genomic heterogeneity between individuals (Becraft
et al. 2017).

CA is a deep sinkhole (>90m), and we do not know
how much deeper microbialites develop along its wall.
Similar systems, such as Pavilion lake (Canada), Alchichica
crater lake (Mexico) and Lake Van (Turkey) have
already reported the presence of microbialites in depths up
to 45 m (Aguila 2018; Lopez-Garcia et al. 2005; Russell et al.
2014). Interestingly, CA microbialites were different in
composition and abundance with the presence of groups
such as Acidobacteria, Nitrospirae, Rokubacteria and
Thaumarchaeota; the genetic diversity was higher for CA
microbialites (H” = 5.9-6.5), compared to those of Bacalar
lagoon (H’ = 3.3-5.7), a system separated to CA by 200 m



(Yanez-Montalvo et al. 2020). The particularity of ‘CAin
comparison to Bacalar lagoon was manifested in a compara-
tive study of zooplankton, where it showed the presence of
species exclusive to CA, and concluded that these systems
had low connectivity, despite their proximity (Montes-Ortiz
and Elias-Gutiérrez 2018).

The phylogenetic separation of the prokaryotic commun-
ities along the depth gradient found in CA microbialites
might be related to the sea-level variation that YP has expe-
rienced (Figure'5). The current structure of YP was reached
in the Pleistocene era (Lopez-Ramos 1975; Torrescano-Valle
and Folan 2015); during the last glacial maximum (LGM),
and different eustatic changes have been experienced at spa-
tial and temporal scales, where the sea-level was lower than
present (about 130 m) (Back and Hanshaw 1970; Ward and
Halley 1985). Several studies have described the possible
evolution of sea-level in the Caribbean during the Holocene,
their measurements were based on approximately 737 points
covering a period of 12 ky BP, taken from samples of man-
grove peat, microbial mats, beach rock and corals (Cuevas
et al. 2008; Gabriel et al. 2009; Khan et al. 2017). The
Holocene records of sea-level have been highly variable,
depending on the coastal environment features and its rela-
tion to sinkholes. Numerous works have described coastal
environmental changes that influence sea-level in sinkholes
in northern and southern QR including the Rio Hondo
region and Chetumal Bay, near the Belizean border
(Torrescano and Islebe 2006; Gabriel et al. 2009; Aragdn-
Moreno et al. 2018). The works carried out for the QR area
agree with those indicated in the calibrated sea-level curve
of Toscano and Macintyre (2003). Based onsea level
changes and environmental coastal interactions with sink-
holes which indicates that sea-level 10 ky BP was around
—25 to —30m, and may indicate that the microbialites that
develop >30m in the CA are older (Deep profile) than
those in the Shallow cluster., The communities at 30 m have
had to adapt to the changing ecological conditions, bathym-
etry and light intensity and hydrogeochemical changes
throughout the Holocene period, but also the accretion rate
of these communities have balanced with the sea-level
changes as we can tell due to the continuous microbialite
structure along the depth gradient.

In this study of microbialites occurring in the CA, most
of the variables measured in the water column were homo-
geneous. Only in the most surficial sample (5m), where the
microbialites were more friable and green color (Figure 1),
the environmental conditions varied by the presence of the
nitrate and an increase in chlorine ions. The presence of
these ions is in concentrations comparable to Bacalar
lagoon, and their values may be associated with natural run-
off and anthropogenic activities in the region. The depth of
10m has more solid microbialites and lavender color, it is
the maximum depth where the Secchi disk is observed.
Previous research has suggested that the availability of light
and temperature decreases rapidly after 10m depth in YP
open-sink systems (Schmitter-Soto et al. 2002; Cervantes-
Martinez et al. 2002). The available light and other environ-
mental conditions can make the 10 m niche conducive to a
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more transient microbial assembly, since at this depth the
highest number of ASVs were detected.

As a whole, this study proposes that the Shallow profile
(5 and 10m) is a dynamic ecosystem of environmental vari-
ables, the microbial assemblies at this depth gradient present
greater biological interactions and environmental forces.
Interestingly, the Deep profile (20 and 30m), is a habitat
with a stable dynamism, the mean alpha diversity, richness
and particulate ASVs were lower compared to the Shallow
profile (Figure 3). We consider that a prokaryotic commu-
nity acclimated to the natural and historical conditions of
the site is maintained in this range, constituting an extreme
niche due to its oligotrophic conditions, hydrogeochemistry
and presenting practically no recent anthropogenic altera-
tions. It is recognized that microbial assemblages from
extreme environments contain community members that
may represent autochthonous or indigenous species, adapted
to the set of physical, chemical and biological parameters of
the site (Panikov 2010).

Microbialites in the CA sinkhole support a diversity of
prokaryotic associated with the biogeochemical cycles of N,
C, S and P. We consider that the good health status (based
on diversity and species composition) of the microbialites in
the CA responds to the current water quality. The model of
microbialites as bioindicators of microbial communities
becomes relevant in systems such as CA, which are in
regions with intense human activities including tourism,
lack of wastewater treatment and agriculture based on an
intense use of synthetic fertilizer compounds. (Generating the
basic knowledge on the prokaryotic composition associated
with CA microbialites (in southern QR) provides a guideline
for future work focused on their metabolic potential and
how these communities respond to changing temporalities,
anthropogenic regional pressures and global climate change,
which will allow the development of effective strategies for
their management and sustainability.

Acknowledgements

Technical assistance is acknowledged to Teresa Pi Puig (UNAM,
Instituto de Geologia), Osiris Gaona (UNAM, Instituto de Ecologia),
Joanna Ortiz (UNAM, Facultad de Ciencias, PCTY), Olivia Zamora
Martinez (UNAM, Instituto de Geologia), Miriam Guerrero Jacinto
(UNAM, Facultad de Ciencias, UNDY-SISAL) and Joaquin Morales
(UNAM, Facultad de Ciencias, PCTY). Authors acknowledge the facili-
ties provided by Cenote Azul restaurant during sampling. The
Ecogenomics laboratory, UNAM, Facultad de Ciencias, PCTY provided
facilities for this research. Sampling for this research was possible with
the help of Professor Martin Maas and his students of Biology at the
COBACH Bacalar.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

AYM received a graduate studies scholarship from CONACyT, Mexico.
Funding for this research came from CONACyT 254962 (LIF),
CONACyT 668461 (HH-A) and UNAM-PAPIT [IN 207220] (LIF).



12 . A. YANEZ-MONTALVO ET AL.

E.S.G.A. received a postdoctoral fellowship from Direccién General de
Asuntos del Personal Académico, Universidad Nacional Auténoma de
México (DGAPA, UNAM) [No. 000.000209003].

References

Aguila B. 2018. Caracterizacién de cianobacterias en microbialitas del
lago crater Alchichica en un gradiente de profundidad. Dissertation,
National Autonomous University of Mexico (UNAM), México.

Alcantara-Herndndez RJ, Valdespino-Castillo PM, Centeno CM,
Alcocer ], Merino-Ibarra M, Falcon LI. 2017. Genetic diversity asso-
ciated with N-cycle pathways in microbialites from Lake Alchichica
Mexico. Aquat Microb Ecol 78(2):121-133.

Andersen SK, Kirkegaard RH, Karst SM, Albertsen M. 2018. ampvis2:
an R package to analyse and visualise 16S rRNA amplicon data.
bioRxiv. 10-11.

Anderson M]J, Robinson J]. 2003. Generalized discriminant analysis
based on distances. Aust NZ J Stat 45(3):301-318.

Anderson MJ, Willis TJ. 2003. Canonical analysis of principal coordi-
nates: a useful method of constrained ordination for ecology.
Ecology 84(2):511-525.

Aragén-Moreno AA, Islebe GA, Torrescano-Valle N, Arellano-Verdejo
J. 2018. Middle and late Holocene mangrove dynamics of the
Yucatan Peninsula, Mexico. ] S Am Earth Sci 85:307-311.

Babilonia J, Conesa A, Casaburi G, Pereira C, Louyakis AS, Reid RP,
Foster JS. 2018. Comparative metagenomics provides insight into
the ecosystem functioning of the Shark Bay Stromatolites, Western
Australia. Front Microbiol 9:1359.

Back W, Hanshaw B. 1970. Comparison of chemical hydrogeology of
the carbonate peninsulas of Florida and Yucatan. J Hydrol 10(4):
330-368.

Balci N, Gunes Y, Kaiser J, On SA, Eris K, Garczynski B, Horgan BH.
2020. Biotic and abiotic imprints on Mg-rich stromatolites: lessons
from Lake Salda SW Turkey. Geomicrobiol J 37:1-25.

Bauer-Gottwein P, Gondwe BR, Charvet G, Marin LE,
Rebolledo-Vieyra M, Merediz-Alonso G. 2011. The Yucatin
Peninsula karst aquifer Mexico. Hydrogeol J 19(3):507-524.

Baumgartner LK, Reid RP, Dupraz C, Decho AW, Buckley DH, Spear
JR, Przekop KM, Visscher PT. 2006. Sulfate reducing bacteria in
microbial mats: changing paradigms new discoveries. Sediment Geol
185(3-4):131-145.

Baumgartner LK, Spear JR, Buckley DH, Pace NR, Reid RP, Dupraz C,
Visscher PT. 2009. Microbial diversity in modern marine stromato-
lites, Highborne Cay, Bahamas. Environ Microbiol 11(10):
2710-2719.

Becraft ED, Woyke T, Jarett ], Ivanova N, Godoy-Vitorino F, Poulton
N, Brown JM, Brown J, Lau MCY, Onstott T, et al. 2017.
Rokubacteria: genomic giants among the uncultured bacterial phyla.
Front Microbiol 8:2264.

Beltran Y, Centeno CM, Garcia-Oliva F, Legendre P, Falcén LI. 2012.
N2 fixation rates and associated diversity (nifH) of microbialite and
mat-forming consortia from different aquatic environments in
Mexico. Aquat Microb Ecol 67(1):15-24.

Benzerara K, Skouri-Panet F, Li ], Férard C, Gugger M, Laurent T,
Couradeau E, Ragon M, Cosmidis J, Menguy N, et al. 2014.
Intracellular Ca-carbonate biomineralization is widespread in cyano-
bacteria. Proc Natl Acad Sci USA 111(30):10933-10938.

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet C, Al-Ghalith
GA, Alexander H, Alm EJ, Arumugam M, Asnicar F, et al. 2019.
Reproducible, interactive, scalable and extensible microbiome data
science using QIIME 2. Nat Biotechnol 37(8):852-885.

Braissant O, Decho AW, Dupraz C, Glunk C, Przekop KM, Visscher
PT. 2007. Exopolymeric substances of sulfate-reducing bacteria:
interactions with calcium at alkaline pH and implication for forma-
tion of carbonate minerals. Geobiology 5(4):401-411.

Breitbart M, Hoare A, Nitti A, Siefert J, Haynes M, Dinsdale E,
Edwards R, Souza V, Rohwer F, Hollander D. 2009. Metagenomic
and stable isotopic analyses of modern freshwater microbialites in
Cuatro Ciénegas, Mexico. Environ Microbiol 11(1):16-34.

Bundeleva IA, Shirokova LS, Bénézeth P, Pokrovsky OS, Kompantseva
EIL, Balor S. 2012. Calcium carbonate precipitation by anoxygenic
phototrophic bacteria. Chem Geol 291:116-131.

Bundeleva IA, Shirokova LS, Pokrovsky OS, Bénézeth P, Ménez B,
Gérard E, Balor S. 2014. Experimental modeling of calcium carbon-
ate precipitation by cyanobacterium Gloeocapsa sp. Chem Geol
374-375:44-60.

Burne RV, Moore LS. 1987. Microbialites: organosedimentary deposits
of benthic microbial communities. Palaios 2(3):241-254.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes
SP. 2016. DADA2: high-resolution sample inference from Illumina
amplicon data. Nat Methods 13(7):581-583.

Canfield DE, Des Marais DJ. 1991. Aerobic sulfate reduction in micro-
bial mats. Science 251(5000):1471-1473.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA,
Turnbaugh PJ, Fierer N, Knight R. 2011. Global patterns of 16S
rRNA diversity at a depth of millions of sequences per sample.
PNAS 108(Supplement_1):4516-4522.

Castro-Contreras SI, Gingras MK, Pecoits E, Aubet NR, Petrash D,
Castro-Contreras SM, Dick G, Planavsky N, Konhauser KO. 2014.
Textural and geochemical features of freshwater. Palaios 29(5):
192-209.

Centeno CM, Legendre P, Beltran Y, Alcintara-Herndndez RJ,
Lidstrom UE, Ashby MN, Falcén LI 2012. Microbialite genetic
diversity and composition relate to environmental variables. FEMS
Microbiol Ecol 82(3):724-735.

Cervantes-Martinez A, Elfas-Gutiéerrez M, Sudrez-Morales E. 2002.
Limnological and morphometrical data of eight karstic system-
scenotes’ of the Yucatan Peninsula Mexico during the dry season
(February-May 2001). Hydrobiologia 482(1/3):167-177.

Cervantes-Martinez A, Mezeta-Barrera M, Gutiérrez-Aguirre MA. 2009.
Limnologia bdsica del lago cdrstico turistico Cenote Azul en
Quintana Roo México. Hidrobioldgica 19(2):177-180.

Chagas AA, Webb GE, Burne RV, Southam G. 2016. Modern lacustrine
microbialites: towards a synthesis of aqueous and carbonate geo-
chemistry and mineralogy. Earth Sci Rev 162:338-363.

Chernov TI, Zhelezova AD, Tkhakakhova AK, Bgazhba NA, Zverev
AO. 2019. Microbiomes of virgin soils of Southern Vietnam tropical
forests. Microbiology 88(4):489-498.

Couradeau E, Benzerara K, Moreira D, Gérard E, Kazmierczak J,
Tavera R, Lopez-Garcia P. 2011. Prokaryotic and eukaryotic com-
munity structure in field and cultured microbialites from the alka-
line Lake Alchichica (Mexico). PLoS One 6(12):e28767.

Cuevas D, Sherman C, Ramirez W, Hubbard DK. 2008. Environmental
factors controlling community structure, morphology and linear
extension of Mid-Holocene reef corals from Canada Honda,
Southwestern Dominican Republic. Proc 11th Int Coral Reef Symp
1:21-25.

Das SK, Singh D. 2017. Chroococcidiopsis a Cryptoendolithic
Cyanobacterium from Larsemann Hills East Antarctica. Nelumbo
59(1):105-109.

De Anda V, Zapata-Penasco I, Souza V. 2018. Towards a comprehen-
sive understanding of environmental perturbations in microbial
mats from the Cuatro Ciénegas Basin by network inference. In:
Elser, SV, Garcia-Oliva, JF, editors. Ecosystem Ecology and
Geochemistry of Cuatro Ciénegas: How to Survive in an Extremely
Oligotrophic Site. Berlin: Springer, p85-97.

Dupraz C, Reid RP, Braissant O, Decho AW, Norman RS, Visscher
PT. 2009. Processes of carbonate precipitation in modern microbial
mats. Earth Sci Rev 96(3):141-162.

Dupraz C, Reid RP, Visscher PT. 2011. Modern microbialites. In:
Reitner, J, Thiel, V, editors. Encyclopedia of Geobiology. Berlin:
Springer, p617-634.

Dupraz C, Visscher PT. 2005. Microbial lithification in marine stroma-
tolites and hypersaline mats. Trends Microbiol 13(9):429-438.

Dupraz C, Visscher PT, Baumgartner LK, Reid RP. 2004. Microbe-min-
eral interactions: early carbonate precipitation in a hypersaline lake
(Eleuthera Island Bahamas). Sedimentology 51(4):745-765.

Ehrich S, Behrens D, Lebedeva E, Ludwig W, Bock E. 1995. A new
obligately  chemolithoautotrophic,  nitrite-oxidizing  bacterium,



Nitrospira moscoviensis sp. nov. and its phylogenetic relationship .
Arch Microbiol 164(1):16-23.

Falkowski PG, Fenchel T, Delong EF. 2008. The microbial engines that
drive Earth’s biogeochemical cycles. Science 320(5879):1034-1039.
Farias ME, Contreras M, Rasuk MC, Kurth D, Flores MR, Poiré DG,
Novoa F, Visscher PT. 2014. Characterization of bacterial diversity
associated with microbial mats, gypsum evaporites and carbonate
microbialites in thalassic wetlands: Tebenquiche and La Brava, Salar

de Atacama, Chile. Extremophiles 18(2):311-329.

Foster JS, Green SJ. 2011. Microbial diversity in modern stromatolites.
In: Tewari, V, Seckbach, J, editors. Stromatolites: Interaction of
Microbes with Sediments. Dordrecht: Springer, p383-405.

Foster JS, Green SJ, Ahrendt SR, Golubic S, Reid RP, Hetherington KL,
Bebout L. 2009. Molecular and morphological characterization of
cyanobacterial diversity in the stromatolites of Highborne Cay,
Bahamas. ISME ] 3(5):573-587.

Foster JS, Reid RP, Visscher PT, Dupraz C. 2019. Editorial: characteriz-
ing modern microbialites and the geobiological processes underlying
their formation. Front Microbiol 10:2299.

Gabriel JJ, Reinhardt EG, Peros MC, Davidson DE, van Hengstum PJ,
Beddows PA. 2009. Palacoenvironmental evolution of Cenote Aktun
Ha (Carwash) on the Yucatan Peninsula, Mexico and its response to
Holocene sea-level rise. ] Paleolimnol 42(2):199-213.

Gallagher KL, Kading TJ, Braissant O, Dupraz C, Visscher PT. 2012.
Inside the alkalinity engine: the role of electron donors in the orga-
nomineralization potential of sulfate-reducing bacteria. Geobiology
10(6):518-530.

Gérard E, Ménez B, Couradeau E, Moreira D, Benzerara K, Tavera R,
Lopez-Garcia P. 2013. Specific carbonate-microbe interactions in the
modern microbialites of Lake Alchichica (Mexico). ISME | 7(10):
1997-2009.

Ginestet C. 2011. ggplot2: elegant graphics for data analysis. ] R Stat
Soc Ser 174(1):245-246.

Gischler E, Gibson MA, Oschmann W. 2008. Giant Holocene fresh-
water microbialites Laguna Bacalar Quintana Roo Mexico.
Sedimentology 55(5):1293-1309.

Gischler E, Golubic S, Gibson M, Oschamann W, Hudson JH. 2011.
Microbial mats and microbialites in the freshwater Laguna Bacalar
Yucatan Peninsula Mexico. In: Reitner, J, Siutwe, T, Yuen, D, editors.
Advances in Stromatolite Geobiology. Berlin, Germany: Springer,
p187-205.

Grotzinger JP, Knoll AH. 1999. Stromatolites in Precambrian carbo-
nates: evolutionary mileposts or environmental dipsticks? Ann Rev
Earth Planet Sci 27(1):313-358.

Havemann SA, Foster JS. 2008. Comparative characterization of the
microbial diversities of an artificial microbialite model and a natural
stromatolite. Appl Environ Microbiol 74(23):7410-7421.

Herndndez-Arana HA, Vega-Zepeda A, Ruiz-Zirate MA, Falcon-
Alvarez LI, Lopez-Adame H, Herrera-Silveira ], Kaster J. 2015.
Transverse coastal corridor: from freshwater lakes to coral reefs eco-
systems. In: Islebe, GA, Calmé, S, Ledn-Cortés, JL; Schmook, B, edi-
tors. Biodiversity and Conservation of the Yucatin Peninsula.
Cham: Springer, p355-376.

Johnson DB, Beddows PA, Flynn TM, Osburn MR. 2018. Microbial
diversity and biomarker analysis of modern freshwater microbialites
from Laguna Bacalar Mexico. Geobiology 16(3):319-337.

Katoh K, Standley DM. 2013. MAFFT multiple sequence alignment
software version 7: improvements in performance and usability. Mol
Biol E 30(4):772-780.

Kellogg CA. 2019. Microbiomes of stony and soft deep-sea corals share
rare core bacteria. Microbiome 7(1):90.

Kempe S, Kazmierczak J, Landmann G, Konuk T, Reimer A, Lipp A.
1991. Largest known microbialites discovered in Lake Van Turkey.
Nature 349(6310):605-608.

Khan NS, Ashe E, Horton BP, Dutton A, Kopp RE, Brocard G,
Engelhart SE, Hill DF, Peltier WR, Vane CH, et al. 2017. Drivers of
Holocene sea-level change in the Caribbean. Quat Sci Rev 155:
13-36.

GEOMICROBIOLOGY JOURNAL 13

Khodadad CL, Foster JS. 2012. Metagenomic and metabolic profiling of
nonlithifying and lithifying stromatolitic mats of Highborne Cay,
The Bahamas. PLoS One 7(5):€38229.

Kimble JC, Winter AS, Spilde MN, Sinsabaugh RL, Northup DE. 2018.
A potential central role of Thaumarchaeota in N-Cycling in a semi-
arid environment Fort Stanton Cave Snowy River passage New
Mexico USA. FEMS Microbiol Ecol 94(11):fiy173.

Kindt R, Kindt MR. 2019. Package ‘BiodiversityR’. Package for commu-
nity ecology and suitability analysis, 2-11. Accessed March 25, 2020.
https://CRAN.R-project.org/package=BiodiversityR.

Koch H, van Kessel MA, Liicker S. 2019. Complete nitrification:
insights into the ecophysiology of comammox Nitrospira. Appl
Microbiol Biotechnol 103(1):177-189.

Kolde R, Kolde MR. 2015. Package ‘pheatmap’. R Package. 1(7).
Accessed March 26, 2020. https://cran.r-project.org/package=
pheatmap.

Kroeger ME, Delmont TO, Eren AM, Meyer KM, Guo ], Khan K,
Rodrigues JLM, Bohannan BJM, Tringe SG, Borges CD, et al. 2018.
New biological insights into how deforestation in Amazonia affects
soil microbial communities using metagenomics and metagenome-
assembled genomes. Front Microbiol 9:1635.

Kulichevskaya IS, Naumoff DG, Miroshnikov KK, Ivanova AA,
Philippov DA, Hakobyan A, Rijpstra WIC, Damsté JSS, Liesack W,
Dedysh SN. 2020. Limnoglobus roseus gen. nov., sp. nov., a novel
freshwater planctomycete with a giant genome from the family
Gemmataceae. Int ] Syst Evol Microbiol 70(2):1240-1249.

Lacap-Bugler DC, Lee KK, Archer S, Gillman LN, Lau MCY, Leuzinger
S, Lee CK, Maki T, McKay CP, Perrott JK, et al. 2017. Global diver-
sity of desert hypolithic cyanobacteria. Front Microbiol 8:867.

Laval B, Cady SL, Pollack JC, McKay CP, Bird JS, Grotzinger JP, Ford
DC, Bohm HR. 2000. Modern freshwater microbialite analogues for
ancient dendritic reef structures. Nature 407(6804):626-629.

Legendre P, De Cdceres M. 2013. Beta diversity as the variance of com-
munity data: dissimilarity coefficients and partitioning. Ecol Lett
16(8):951-963.

Leinonen R, Sugawara H, Shumway M. 2011. The sequence read arch-
ive. Nuc Acids Res 39(Database issue):D19-D21.

Ley RE, Harris JK, Wilcox J, Spear JR, Miller SR, Bebout BM, Maresca
JA, Bryant DA, Sogin M, Pace NR. 2006. Unexpected diversity and
complexity of the Guerrero Negro hypersaline microbial mat. Appl
Environ Microbiol 72(5):3685-3695.

Lindsay MR, Anderson C, Fox N, Scofield G, Allen ], Anderson E,
Bueter L, Poudel S, Sutherland K, Munson-McGee JH, et al. 2017.
Microbialite response to an anthropogenic salinity gradient in Great
Salt Lake, Utah. Geobiology 15(1):131-145.

Logan BW. 1961. Cryptozoon and associate stromatolites from the
recent Shark Bay Western Australia. ] Geol 69(5):517-533.

Lopez-Garcia P, Kazmierczak ], Benzerara K, Kempe S, Guyot F,
Moreira D. 2005. Bacterial diversity and carbonate precipitation in
the giant microbialites from the highly alkaline Lake Van, Turkey.
Extremopbhiles 9(4):263-274.

Lopez-Ramos E. 1975. Geological summary of the Yucatan Peninsula.
In: Nairn, AEM, editor. The Gulf of Mexico and the Caribbean.
Boston, MA: Springer, p257-282.

Love M, Huber W, Anders S. 2014. Moderated estimation of fold
change and dispersion for RNA-Seq data with DESeq2. Genome
Biol 15(12):550-550.

Loy A, Lehner A, Lee N, Adamczyk J, Meier H, Ernst J, Schleifer K-H,
Wagner M. 2002. Oligonucleotide microarray for 16S rRNA gene-
based detection of all recognized lineages of sulfate-reducing prokar-
yotes in the environment. Appl Environ Microbiol 68(10):
5064-5081.

Lozupone C, Lladser ME, Knights D, Stombaugh J, Knight R. 2011.
UniFrac: an effective distance metric for microbial community com-
parison. ISME ] 5(2):169-172.

McDevitt-Irwin  JM, Baum JK, Garren M, Thurber VLR. 2017.
Responses of coral-associated bacterial communities to local and
global stressors. Front Mar Sci 4:262.



14 A. YANEZ-MONTALVO ET AL.

McMurdie PJ, Holmes S. 2013. phyloseq: an R package for reprodu-
cible interactive analysis and graphics of microbiome census data.
PLoS One 8(4):e61217.

Meziti A, Tsementzi DA, Kormas K, Karayanni H, Konstantinidis KT.
2016. Anthropogenic effects on bacterial diversity and function
along a river-to-estuary gradient in Northwest Greece revealed by
metagenomics. Environ Microbiol 18(12):4640-4652.

Mobberley JM, Khodadad CLM, Visscher PT, Reid RP, Hagan P,
Foster JS. 2015. Inner workings of thrombolites: spatial gradients of
metabolic activity as revealed by metatranscriptome profiling. Sci
Rep 5:12601.

Mohamed NM, Saito K, Tal Y, Hill RT. 2010. Diversity of aerobic and
anaerobic ammonia-oxidizing bacteria in marine sponges. ISME ]
4(1):38-48.

Montes-Ortiz L, Elias-Gutiérrez M. 2018. Faunistic survey of the zoo-
plankton community in an oligotrophic sinkhole Cenote Azul
(Quintana Roo Mexico) using different sampling methods and docu-
mented with DNA barcodes. ] Limnol 77(3):428-440.

Muyzer G, Stams AJ. 2008. The ecology and biotechnology of sulphate-
reducing bacteria. Nat Rev Microbiol 6(6):441-454.

Nitti A, Daniels CA, Siefert J, Souza V, Hollander D, Breitbart M.
2012. Spatially resolved genomic, stable isotopic, and lipid analyses
of a modern freshwater microbialite from Cuatro Ciénegas, Mexico.
Astrobiology 12(7):685-698.

Obst M, Wehrli B, Dittrich M. 2009. CaCOj; nucleation by cyanobac-
teria: laboratory evidence for a passive, surface-induced mechanism.
Geobiology 7(3):324-347.

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’hara RB,
Simpson GL, Solymos P, Stevens MHH, Wagner H. 2016. Vegan:
community ecology package. R package version 2.3-3. Accessed
January 25, 2020. http://vegan.r-forge.r-project.org.

Oliveros JC. 2007-2015. Venny. An interactive tool for comparing lists
with Venn’s diagrams. Accessed May 15, 2020. http://bioinfogp.cnb.
csic.es/tools/venny/index.html.

Omelon CR, Brady AL, Slater GF, Laval B, Lim DS, Southam G. 2013.
Microstructure variability in freshwater microbialites Pavilion Lake
Canada. Palaeogeogr Palaeoclimatol Palaeoecol 392:62-70.

Panikov NS. 2010. Microbial Ecology. In: Wang, L, Ivanov, V, Tay, JH,
editors. Environmental Biotechnology. Handbook of Environmental
Engineering, vol 10. Totowa, NJ: Humana Press, p121-191.

Paulo C, Dittrich M. 2013. 2D Raman spectroscopy study of dolomite
and cyanobacterial extracellular polymeric substances from Khor Al-
Adaid sabkha (Qatar). ] Raman Spectrosc 44(11):1563-1569.

Pereira AD, Cabezas A, Etchebehere C, Chernicharo CADL, Calabria
de Aratdjo J. 2017. Microbial communities in Anammox reactors: a
review. Environ Technol Rev 6(1):74-93.

Pérez-Ceballos R, Pacheco-Avila J, Eudn-Avila J, Hernandez-Arana H.
2012. Regionalization based on water chemistry and physicochemical
traits in the “Ring of Cenotes”, Yucatan, Mexico. ] Caves K 74(01):
90-3102.

Perry E, Oliman GV, Wagner N. 2012. Preliminary investigation of
groundwater and surface water geochemistry in Campeche and
southern Quintana Roo. In: Spring, UO, editor, Water Resources in
Mexico. Berlin Heidelberg: Springer. p87-97.

Perry EC, Paytan A, Pedersen B, Velazquez-Oliman G. 2009.
Groundwater geochemistry of the Yucatan Peninsula Mexico: con-
straints on stratigraphy and hydrogeology. ] Hydrol 367(1-2):27-40.

Perry EC, Velazquez-Oliman G, Marin L. 2002. The hydrogeochemistry
of the karst aquifer system of the northern Yucatan Peninsula
Mexico. Int Geol Rev 44(3):191-221.

Power IM, Wilson SA, Dipple GM, Southam G. 2011. Modern carbon-
ate microbialites from an asbestos open pit pond, Yukon, Canada.
Geobiology 9(2):180-195.

Price MN, Dehal PS, Arkin AP. 2009. FastTree: computing large min-
imum evolution trees with profiles instead of a distance matrix. Mol
Biol Evol 26(7):1641-1650.

Quast C, Pruesse E, Yilmaz P, Gerken ], Schweer T, Yarza P, Peplies J,
Glockner FO. 2013. The SILVA ribosomal RNA gene database pro-
ject: improved data processing and web-based tools. Nucleic Acids
Res 41(Database issue):D590-D596.

Rasmussen KA, Macintyre IG, Prufert L. 1993. Modern stromatolite
reefs fringing a brackish coastline Chetumal Bay Belize. Geol 21(3):
199-202.

Reid RP, Macintyre IG, Steneck RS. 1999. A microbialite/algal ridge
fringing reef complex, Highborne Cay, Bahamas. Atoll Res Bul 465:
1-18.

Reid RP, Visscher PT, Decho AW, Stolz JF, Bebout BM, Dupraz C,
Macintyre IG, Paerl HW, Pinckney JL, Prufert-Bebout L, et al. 2000.
The role of microbes in accretion, lamination and early lithification
of modern marine stromatolites. Nature 406(6799):989-992.

Russell JA, Brady AL, Cardman Z, Slater GF, Lim DS, Biddle JF. 2014.
Prokaryote populations of extant microbialites along a depth gradi-
ent in Pavilion Lake, British Columbia, Canada. Geobiology 12(3):
250-264.

Saghai A, Zivanovic Y, Zeyen N, Moreira D, Benzerara K, Deschamps
P, Bertolino P, Ragon M, Tavera R, Lépez-Archilla Al et al. 2015.
Metagenome-based diversity analyses suggest a significant contribu-
tion of non-cyanobacterial lineages to carbonate precipitation in
modern microbialites. Front Microbiol 6:797.

Sanchez-Sanchez JA, Alvarez—Legorreta T, Pacheco-Avila ]G, Gonzailez-
Herrera RA, Carrillo-Bribiezca L. 2015. Caracterizacion hidrogeoqui-
mica de las aguas subterraneas del sur del Estado de Quintana Roo,
Meéxico. Rev Mex Cienc Geol 32(1):62-76.

Schmitter-Soto JJ, Comin FA, Escobar-Briones E, Herrera-Silveira J,
Alcocer ], Sudrez-Morales E, Elias-Gutiérrez M, Diaz-Arce V, Marin
LE, Steinich B. 2002. Hydrogeochemical and biological characteris-
tics of cenotes in the Yucatan Peninsula (SE Mexico). Hydrobiologia
467(1/3):215-228.

Schopf JW. 2006. Fossil evidence of Archaean life. Philos Trans R Soc B
361(1470):869-885.

Shih PM, Ward LM, Fischer WW. 2017. Evolution of the 3-hydroxy-
propionate bicycle and recent transfer of anoxygenic photosynthesis
into the Chloroflexi. Proc Natl Acad Sci USA 114(40):10749-10754.

Souza V, Siefert JL, Escalante AE, Elser JJ, Eguiarte LE. 2012. The
Cuatro Ciénegas basin in Coahuila, Mexico: an astrobiological
Precambrian Park. Astrobiology 12(7):641-647.

Suosaari EP, Reid RP, Playford PE, Foster JS, Stolz JF, Casaburi G,
Hagan PD, Chirayath V, Macintyre IG, Planavsky NJ, et al. 2016.
New multi-scale perspectives on the stromatolites of Shark Bay
Western Australia. Sci Rep 6(1):20557-20513.

Torrescano-Valle N, Folan WJ. 2015. Physical settings environmental
history with an outlook on global change. In: Islebe, GA, Calmé, S,
Leon-Cortés, JL; Schmook, B, editors. Biodiversity and Conservation
of the Yucatan Peninsula. Cham: Springer, p9-37.

Torrescano N, Islebe GA. 2006. Tropical forest and mangrove history
from southeastern Mexico: a 5000yr pollen record and implications
for sea level rise. Veget Hist Archaeobot 15(3):191-195.

Toscano MA, Macintyre IG. 2003. Corrected western Atlantic sea-level
curve for the last 11,000 years based on calibrated 14C dates from
Acropora palmata framework and intertidal mangrove peat. Coral
Reefs 22(3):257-270.

Valdespino-Castillo PM, Alcantara-Herndndez R], Alcocer J, Merino-
Ibarra M, Macek M, Falcén LI. 2014. Alkaline phosphatases in
microbialites and bacterioplankton from Alchichica soda lake,
Mexico. FEMS Microbiol Ecol 90(2):504-519.

Valdespino-Castillo PM, Hu P, Merino-Ibarra M, Lopez-Gomez LM,
Cerqueda-Garcia D, Gonzalez-De Zayas R, Pi-Puig T, Lestayo JA,
Holman H-Y, Falcén LI 2018. Exploring biogeochemistry and
microbial diversity of extant microbialites in Mexico and Cuba.
Front Microbiol 9:510.

Visscher PT, Reid RP, Bebout BM. 2000. Microscale observations of
sulfate reduction: correlation of microbial activity with lithified
micritic laminae in modern marine stromatolites. Geology 28(10):
919-922.

Visscher PT, Stolz JF. 2005. Microbial mats as bioreactors: populations
processes and products. In: Noffke, N, editor. Geobiology:
Objectives Concepts Perspectives. Amsterdam: Elsevier, p87-100.

Ward WC, Halley RB. 1985. Dolomitization in a mixing zone of near-
seawater composition, late Pleistocene, northeastern Yucatan
Peninsula. ] Sediment Res 55(3):407-420.



Warden ]G, Casaburi G, Omelon CR, Bennett PC, Breecker DO,
Foster JS. 2016. Characterization of microbial mat microbiomes
in the modern thrombolite ecosystem of Lake Clifton,
Western Australia Using Shotgun Metagenomics. Front Microbiol 7:
1064.

White RA, Chan AM, Gavelis GS, Leander BS, Brady AL, Slater GF,
Suttle CA. 2016. Metagenomic analysis suggests modern freshwater
microbialites harbor a distinct core microbial community. Front
Microbiol 28(6):1531.

White RA, Power IM, Dipple GM, Southam G, Suttle CA. 2015.
Metagenomic analysis reveals that modern microbialites and polar

GEOMICROBIOLOGY JOURNAL 15

microbial mats have similar taxonomic and functional potential.
Front Microbiol 6:966.

Winsborough BM, Golubic S. 2007. The role of diatoms in stromatolite
growth - two examples from modern fresh-water settings. ] Phycol
23(2):195-201.

Wong HL, Smith DI, Visscher PT, Burns BP. 2015. Niche differenti-
ation of bacterial communities at a millimeter scale in Shark Bay
microbial mats. Sci Rep 5(1):15607.

Yanez-Montalvo A, Gémez-Acata S, Aguila B, Herndndez-Arana H,
Falcon LI 2020. The microbiome of modern microbialites in
Bacalar Lagoon, Mexico. PLoS One 15(3):¢0230071.



