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Summary

Modern microbialites are often used as analogs of Precambrian stromatolites; therefore, studying
the metabolic interplay within their associated microbial communities can help formulating
hypotheses on their formation and long-term preservation within the fossil record. We performed a
comparative metagenomic analysis of microbialite samples collected at two sites and along a depth
gradient in Lake Alchichica (Mexico). The community structure inferred from single-copy gene
family identification and long-contig (>10 kb) assignation, consistently with previous rRNA gene
surveys, showed a wide prokaryotic diversity dominated by Alphaproteobacteria,
Gammaproteobacteria, Cyanobacteria and Bacteroidetes, while eukaryotes were largely dominated
by green algae or diatoms. Functional analyses based on RefSeq, COG and SEED assignations
revealed the importance of housekeeping functions, with an overrepresentation of genes involved
in carbohydrate metabolism, as compared to other metabolic capacities. The search for genes
diagnostic of specific metabolic functions revealed the important involvement of
Alphaproteobacteria in anoxygenic photosynthesis and sulfide oxidation, and Cyanobacteria in
oxygenic photosynthesis and nitrogen fixation. Surprisingly, sulfate reduction appeared negligible.
Comparative analyses suggested functional similarities among various microbial mat and
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microbialite metagenomes as compared with soil or oceans, but showed differences in microbial
processes among microbialite types linked to local environmental conditions.

Keywords

metagenomics; stromatolite; carbonate precipitation; anoxygenic photosynthesis; Chloroflexi;
Cyanobacteria

Introduction

Microbialites are organosedimentary, most often carbonate-rich, structures formed under the
influence of phylogenetically and functionally diverse microbial communities (Burne and
Moore, 1987; Riding, 2000; Dupraz and Visscher, 2005). Their fabrics can be laminated
(stromatolites) or clotted (thrombolites) (Dupraz et al., 2009). Fossil stromatolites represent
the most ancient macroscopic evidence of life on Earth (Tice and Lowe, 2004; Allwood et
al., 2006) and were abundant and widespread during the Proterozoic (0.5-2.5 Ga; Riding,
2006) before abruptly declining in the last 600 Ma (Awramik, 1971). Though relatively rare,
they are nowadays found in diverse environments, including marine sites at the Bahamas
(Dravis, 1983), Shark Bay (Australia; Logan, 1961) and South Africa (Smith and Uken,
2003) but also continental settings such as crater lakes (Kempe et al., 1991; Kazmierczak et
al., 2011), freshwater systems in karst-dominated areas (Laval et a/., 2000; Gischler et al.,
2008, Santos et al., 2010), hypersaline lakes (Spadafora et al., 2010; Farias et al., 2013;
Schneider et al., 2013) and desert pools and streams (Breitbart et a/., 2009). Modern
microbialites are valuable models to gain insights into the ecology and the biogeochemistry
of their Precambrian analogs (Dupraz et al., 2009). This particularly includes non-marine
microbialites, since isotopic, microstructure and mineralogical evidence suggest that many
ancient microbialites available in the fossil record developed in lacustrine environments
(Laval et al., 2000; Kazmierczak and Kempe, 2006; Bolhar and Van Kranendonk, 2007;
Stueken et al., 2015).

Biologically influenced in situ precipitation of minerals, notably carbonates, has been shown
as a major process in the formation of microbialites (Awramik and Riding, 1988; Reid ef a/.,
2000; Dupraz and Visscher, 2005; Bowlin et al., 2012). CaCOg3 precipitation is favored by i)
the increase of supersaturation of the local environment with CaCO3 phases, which results
from the increase of pH and/or the activities of Ca2* and Mg?*, or ii) the decrease of the
energy barrier of nucleation provided by the presence of nucleation centers. While
nucleation is sometimes suggested to be triggered by exopolymeric substances (EPS),
produced in abundance by various bacterial phyla (Decho et al., 2005; Benzerara et al.,
2006; Braissant et al., 2007, 2009; Obst et al., 2009), the achievement of high carbonate
saturation indices can be due to several microbial metabolisms typically found in
microbialites (Dupraz et al., 2009). For instance, oxygenic and anoxygenic photosynthesis
(Dupraz and Visscher, 2005; Bundeleva et al., 2012), sulfate reduction (Visscher et al., 2000;
Gallagher et al., 2012) and, eventually, anaerobic methane oxidation coupled to sulfate
reduction (Michaelis et al., 2002), induce a local pH increase that promotes carbonate
precipitation. Conversely, microbial metabolisms such as aerobic respiration, sulfide
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oxidation or fermentation tend to acidify the local environment, promoting carbonate
dissolution (Dupraz and Visscher, 2005; Dupraz et al., 2009). Therefore, microbialite
formation in lacustrine systems ultimately relies upon the balance of these various
metabolisms.

Microbialite-associated microbial communities are typically complex, as reveal molecular
surveys based on small subunit (SSU) rRNA gene metabarcoding. Many of these studies
have mainly focused on the prokaryotic component; e.g. in marine stromatolites from Shark
Bay, Australia (Logan, 1961; Burns et al., 2004; Papineau et al., 2005; Leuko et al., 2007;
Allen et al., 2009; Wong et al., 2015; Suosaari et al., 2016) and Highborne Cay, Bahamas
(Baumgartner et al., 2009; Foster et al., 2009; Myshrall et al., 2010; Khodadad and Foster,
2012; Mobberley et al., 2012), but also in non-marine microbialites, such as those of Cuatro
Ciénegas (Mexico, Falcon et al., 2007; Breitbart et al., 2009; Nitti et al., 2012), Lake Van
(Turkey, Lopez-Garcia et al., 2005), Lake Alchichica (Mexico, Couradeau et al., 2011;
Saghai et al., 2015), and several other freshwater systems (Santos et al., 2010; Russell et al.,
2014) or hypersaline lakes (Farias et al., 2013, 2014; Schneider et al., 2013). In all these
systems, bacteria are highly diverse and clearly dominate microbial communities, archaea
being scarce (Mobberley ef al., 2013; Ruvindy et al., 2016; Saghai et al., 2015; White 111 ef
al., 2015). Comparatively, microbial eukaryotes are less-well studied. Nonetheless,
metabarcoding approaches suggest that they are moderately abundant and diverse in
microbialites from Cuatro Ciénegas (Breitbart et a/., 2009), lake Alchichica (Couradeau et
al., 2011; Saghai et al., 2015) and several marine stromatolites (Al-Qassab et al., 2002;
Perkins et al,, 2012; Bernhard et al., 2013; Mobberley et al., 2013; Edgcomb et al., 2014).
Metagenomics can, via the direct sequencing of environmental DNA, inform about the
metabolic potential of natural communities (Tringe and Rubin, 2005; Dinsdale et al., 2008).
In addition, it also provides information about resident viruses, so far seldom studied in
microbialites (Desnues et a/., 2008). To date, only a handful of microbialite community
metagenomes are available, including those of Clinton Creek (White 111 et af., 2015), Cuatro
Ciénegas (Breitbart et a/,, 2009), Highborne Cay (Khodadad and Foster, 2012; Mobberley et
al,, 2013, 2015), Little Darby Island (The Bahamas; Casaburi et al., 2016), Pavilion Lake
(White 111 et al., 2016) and Shark Bay (Ruvindy et al., 2016). These studies tend to highlight
the importance of genes involved in EPS production and degradation, as well as in energy
metabolism (e.g., photosynthesis or sulfatereduction) likely involved in microbialite
formation. Yet, assessing potentially shared metabolic patterns associated with microbialite
formation will require the comparison of an increasing number of microbialite metagenomes
from a wide array of biotopes and spatial scales.

Lake Alchichica, an alkaline crater lake at pH~9 located at high altitude (2,300 m above sea
level), harbors actively growing microbialites, which are mostly composed of
hydromagnesite [Mgs(CO3)4(OH),.4(H»0)] and aragonite (CaCO3) (Kazmierczak et al.,
2011). Previous surveys of prokaryotic and eukaryotic diversity (Couradeau et al., 2011;
Saghai et al., 2015) revealed a wide diversity of largely dominant bacteria (85-95% total
rRNA genes), whereas eukaryotes were fairly diverse, displaying moderate abundance
(5-15%), and archaea exhibited poor diversity and extremely low (0.02-0.3%) relative
abundances (Saghai et al., 2015). Cyanobacteria performing a new form of intracellular
biomineralization were isolated from these microbialites (Couradeau et al., 2012). In
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parallel, extracellular biomineralization by members of the order Pleurocapsales seems
particularly important. Pleurocapsales significantly increase in abundance with depth and are
associated with the specific precipitation of aragonite, as shown by a combination of fine-
scale (Couradeau et al., 2013; Gérard et al., 2013) and statistical analyses (Saghai et a/.,
2015). Here, in an effort to explore local spatial variation but also to initiate large-scale
metagenomic comparisons among different microbialite systems, we analyze the functional
potential of metagenomes obtained from two different sites in Lake Alchichica and, at one
site, along a depth gradient (1, 5, 10 and 15 m-deep; Saghai et al., 2015), and we compare it
with that of other microbialite and microbial mat metagenomes. Our results highlight that
Alchichica microbialites harbor highly diverse microbial communities in which anoxygenic
photosynthesis linked to sulfide oxidation, oxygenic photosynthesis and nitrogen fixation are
important.

Results and Discussion

General features of samples and metagenomes

We generated metagenomic data by direct paired-end llumina sequencing of DNA extracted
from microbialite fragments collected on the Western shore (AL-W; 0.5-1 m depth) and
along a depth gradient on the Northern shore (1 to 15 m depth; AL-N series) of Lake
Alchichica. The AL-W site was chosen based on the observation of visible seepage activity
(bubbling) and the presence of two macroscopic morphotypes, brownish columnar
microbialites and cauliflower whitish hydromagnesite-dominated microbialites
(Kazmierczak et al., 2011). AL-W microbialite fragments belonged to the latter, but their
surface was less mineralized and had more gelatinous aspect than that of microbialites
sampled on the Northern shore, which were mineralized up to the surface, representing the
most conspicuous microbialites visible in the lake (Fig.1). Three technical replicates were
obtained for AL-W, which were highly congruent in terms of community structure based on
rDNAs (Saghai et al., 2015). Therefore, the three AL-W metagenomes were merged into a
single dataset to have a higher coverage providing better assembly and annotation.

The Illumina sequencing yielded between 97 and 306 million paired-end reads per sample
(Table 1). The five metagenomes had an estimated coverage of 100% according to Nonpareil
curves (Supplementary Fig.S1), these values being consistent with the high proportion of
long contigs that we were able to assemble (see below). The reads were subsequently
assembled into contigs using stringent criteria to facilitate gene prediction. N50 values
ranged from 1,379 to 1,650 bp, indicating that, in each metagenome, half of the entire
assembly length was contained in contigs equal to, or larger than, these values (Table 1).
Typical prokaryotic genes are on the order of 1 kb in size, therefore being in the range of
most of the assembled contigs. As expected, the total contig length was higher in the pooled
AL-W metagenomes than in the AL-N series. However, despite the higher number of reads
in AL-W, only 28% of them were assembled into contigs, contrasting with the 50-55%
assembled reads in the AL-N metagenomes. Three non-mutually exclusive biological
explanations might account for this difference. First, AL-W could harbor higher
phylogenetic diversity. Although this does not appear to be the case in terms of large taxa
(Saghai et al., 2015; see below), the internal diversity within phylogenetic lineages might be
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higher. Second, eukaryotes, having longer genomes, could be more relatively abundant in
AL-W. Indeed, based on the presence of SSU rRNA genes, eukaryotes appear to be on
average twice as abundant (10-15% of total rRNA genes) as they are in AL-N samples
(3-8%) (Saghai et al., 2015). Finally, eukaryotic genomes in AL-W (largely dominated by
diatoms) might be bigger than those of AL-N samples (largely dominated by green algae)
(Saghai et al., 2015). At any rate, the relatively low ratio of assembled reads and the
relatively low N50 value are in agreement with highly diverse microbial communities.

As the average GC content of metagenomic reads appears to correlate with their
environmental origin (Foerstner et al., 2005), we explored the GC content distribution in
Alchichica metagenomes. The GC distribution was bimodal, exhibiting two peaks at 40%
and 65-70% GC in most of the samples. Intriguingly, there was a clear shift of the GC
content with depth. Shallower samples were enriched in (AL-W, AL-N-1 and AL-N-5), or
almost exclusively contained (AL-N-1), high GC sequences whereas the two deepest
samples (AL-N-10, AL-N-15) displayed increasingly low-GC content (Supplementary
Fig.S2A). This may be partly due to the increasing proportions of Pleurocapsales with depth
(Saghai et al. 2015), since contigs affiliating to Pleurocapsales (see below) show 38% GC
content (average/median values). The GC content distribution in Alchichica metagenomes
diverged from that of other microbialites and mat metagenomes. Marine microbialites
display average low-GC sequences, whereas Yellowstone microbial mats exhibit high-GC
sequences, both types of distribution being unimodal; only Guerrero Negro microbial mats
exhibit a bimodal distribution, more akin to that of most Alchichica metagenomes
(Supplementary Fig.S2B).

Community structure based on protein-coding marker genes

To better assess the prokaryotic community composition from metagenomic data, we
compared the structure derived from small subunit (SSU) rRNA genes mined in the
Alchichica metagenomes with that derived from protein-coding marker genes currently used
for prokaryotic taxonomic profiling in metagenomic data (von Mering et a/., 2007,
Sunagawa et al., 2013) (Fig.2A). Thus, we searched for 40 single-copy gene families
universally distributed in prokaryotic genomes (Creevey et al., 2011) in the five Alchichica
metagenomic datasets (Supplementary Table S1). Unfortunately, this strategy could not be
applied to the eukaryotic component because of the paucity of phylogenetically diverse
protist genomes; the updated COG database concentrating exclusively on prokaryotes
(Galperin et al., 2014). Between 7,333 and 18,203 predicted genes were affiliated to one of
the 40 prokaryotic conserved COG families (Table 1). In general, there was good agreement
between the relative proportions of the most abundant taxa identified by SSU rRNAs and
single-copy genes (Fig.2A). Overall, Bray-Curtis distances calculated from the relative
proportions of high-rank taxonomic groups ranged from 0.07 (AL-W) to 0.24 (AL-N10;
average 0.22) in all samples but AL-N-15 (distance = 0.44). Hence, relatively similar results
can be retrieved from the two types of markers when high-rank taxonomic groups are
considered. Nonetheless, for some taxa and samples, SSU rRNAs were overrepresented as
compared to single-copy genes, suggesting that these taxa contain multiple rRNA operons.
This is the case for Gammaproteobacteria and Cyanobacteria in the AL-N series, especially
in the deepest samples. By contrast, Alphaproteobacteria, Bacteroidetes or Planctomycetes
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show similar proportions as estimated by the two types of markers, suggesting that they
contain mostly one single rRNA operon.

Similarly to marine microbialites (Ruvindy et al., 2016), the core members of Alchichica
microbialites belonged to Proteobacteria (mainly Gamma and Alpha subdivisions),
Bacteroidetes and Cyanobacteria (Fig.2A). However, although the same major prokaryotic
groups were present, clear differences were observed between AL-W and AL-N samples,
attesting to the different local conditions in the two areas of the lake (Saghai et a/., 2015).
Alphaproteobacteria represented around 30% of the sequences in the AL-W metagenome,
and remained remarkably constant (ca. 20%) along the AL-N depth gradient, whereas
Gammaproteobacteria, less represented in AL-W (77%), increased with depth from ca. 10 to
20% in the AL-N samples. Bacteroidetes were 2-3 times more abundant in AL-W ("25%)
than in AL-N metagenomes, a trend also observed in the Verrucomicrobia and
Betaproteobacteria. Actinobacteria and Firmicutes, on the contrary, were more abundant in
AL-N microbialites, their proportions increasing in the deepest sample. Other moderately
abundant groups in AL-N, such as Chloroflexi and Nitrospirae, remained constant along the
depth gradient. Consistent with other studies (Khodadad and Foster, 2012; Ruvindy et al.,
2016; Saghai et al., 2015; White 111 et al., 2015), the presence of Archaea was negligible
(0.1-0.9% of the single-copy genes). Archaeal sequences consisted mostly of Euryarchaeota,
except in AL-N-5 where Thaumarchaeota dominated.

Phylogenetic affiliation of long contigs (>10 kb)

Although our metagenomic comparisons were based on all assembled contigs (see below),
we explored in more detail contigs larger than 10 kb. This size is sufficiently long to reliably
attribute these genome fragments to specific taxa, especially in the case of prokaryotes. In
eukaryotes, however, the presence of long non-coding regions may result in a lower number
of genes over a given length.

Since, in principle, the probability to assemble long contigs depends on the relative
abundance of the corresponding organisms, the affiliation of long contigs might reflect the
general diversity of the metagenomes in terms of high-rank taxa. At the same time, because
only highly similar reads corresponding to conserved and/or abundant genomic fragments
can be assembled, long contigs thus represent a source of information on (i) the intra-
genomic variability of microbial lineages within communities and (ii) the level of «genomic
novelty» present in the metagenomes. We conservatively assembled from 4,180 to 6,767 of
such contigs >10 kb per metagenome, for a total size of 109 to 157 Mb (11-17% of total
contig length; Supplementary Table S2). Some lineages were more abundantly retrieved in
SSU rRNA and conserved single-copy genes than in long contig proportions, such as the
Deltaproteobacteria and Planctomycetales, suggesting that these lineages cover a wide
diversity and/or show high genomic variability. Conversely, some lineages exhibited a higher
proportion of long contigs than expected, such as the Chloroflexi (all depths) or
Deinococcus-Thermus (in AL-N-1 and AL-N-5). However, despite these differences, the
phylogenetic distribution of prokaryotic contigs was relatively similar to the distribution
observed with SSU rRNAs and single-copy genes (Fig.2A). We then sorted these long
contigs in two classes, depending on the proportion of genes attributed to the most abundant
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taxon: 20-50% and >50% (Supplementary Fig.S3 and Supplementary Table S2).
Unsurprisingly, the same four dominant groups (Alphaproteobacteria,
Gammaproteobacteria, Cyanobacteria, Bacteroidetes) in rRNA and single-copy gene-based
diversity were overrepresented in the two categories of contigs, with up to 80-90% of the
total sequence length in the five long-contig sets (Supplementary Fig.S3A). This offers the
possibility to confidently assemble large genome fragments for abundant organisms; for
instance, we were able to assemble 1,176 contigs (28,419,775 bp) where =50% predicted
genes affiliated to Pleurocapsales, a group playing a key role in extra-cellular calcification in
Alchichica microbialites (Couradeau et al., 2013; Gérard et al., 2013; Saghai et al., 2015).
However, other lineages were comparatively more represented in the 20-50% gene-
attribution class, notably Actinobacteria, Chloroflexi and, at lesser extent,
Deltaproteobacteria and Planctomycetes (Supplementary Fig.S3B). This suggests that these
genomes are divergent and lack closely related members in genome databases.

In the case of eukaryotes, long contigs represented a minor fraction in term of sequence
length (Supplementary Fig.S3 and Supplementary Table S2). Nonetheless, and consistently
with rRNA gene distribution (Saghai et a/., 2015), they corresponded mostly to Chlorophyta
(green algae) in the AL-N series and mostly to Bacillariophyta (diatoms) in AL-W (Fig.2B).
We also assembled contigs from Fungi (Ascomycota), Haptophyta and Metazoa
(Arthropoda). Finally, some contigs were affiliated to bacteriophages (Caudovirales;
352,658 bp in total); representatives of Archaea were absent.

Functional genes and metabolic potential

The distribution of functional genes from the five metagenomes in COG categories and
SEED classes was statistically homogeneous according to the Kruskal-Wallis test (<= 0.03
and P=0.99 in both cases; Fig.3, Supplementary Table S3). Interestingly, this functional
homogeneity across metagenomes appeared to be due to phylogenetically distinct but
functionally redundant microbial taxa, as previously shown at the class level in
Cyanobacteria (Saghai et al., 2015) and at the OTU level among both Bacteria and
Eukaryotes (Couradeau et al., 2011). As expected, housekeeping genes, involved in DNA,
amino acid and protein metabolism were among the most abundant. Functional categories
more directly connected to microbialite formation, such as carbohydrate metabolism and cell
wall biogenesis, were also relatively abundant. Carbohydrate metabolism concerns the
uptake and utilization of carbon, including the metabolism of various saccharides (e.g.
maltose, mannose, trehalose and xylose) potentially involved in the synthesis of EPS. They
contribute to confer a negative charge to EPS, increasing their affinity to cations (e.g. Ca2",
Mg?2*; Pereira et al., 2009). The exploration of the carbohydrates subsystem revealed that
genes associated with trehalose synthesis were dominated by Cyanobacteria,
Alphaproteobacteria and Gammaproteobacteria (Supplementary Fig.S4). Within those,
genes with the highest sequence similarity to sequenced genes/genomes were mainly related
to Cyanobacteria (Chroococcales and Nostocales) and Gammaproteobacteria. Genes
involved in maltose/maltodextrin utilization and mannose metabolism were particularly
associated to various Cyanobacteria, Bacteroidetes, Alphaproteobacteria and
Gammaproteobacteria whereas genes involved in xylose utilization corresponded
predominantly to members of the Alphaproteobacteria (Rhodobacterales; Supplementary
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Fig.S4). Genes involved in cell wall and envelope synthesis were dominated by
peptidoglycan and lipopolysaccharide synthesis genes in all five metagenomes (Fig.4).
Genes related to rhamnose synthesis, a common hydrophobic component of bacterial EPS
(Pereira et al., 2009), were relatively abundant, something previously observed in Cuatro
Ciénegas (Breitbart et al., 2009) and Highborne Cay (Mobberley et a/., 2015) metagenomes,
and mostly affiliated to Cyanobacteria (Chroococcales), Alphaproteobacteria
(Rhodobacterales) and various Gammaproteobacteria (data not shown). Interestingly, only a
few functional genes involved in EPS production affiliated to the cyanobacterial order of
Oscillatoriales, despite the fact that they were relatively abundant in shallower Alchichica
samples (Couradeau et al., 2011; Saghai et al., 2015). This is not surprising given that these
cyanobacteria, lacking sheaths or being only slightly sheathed, essentially attach to the
surface of microbialites rather than closely associate with mineral precipitates (Waterbury
2006).

Genes involved in the production of energy represented a significant proportion of the
functional hits in the five metagenomes (Fig.3) and covered the typical functional groups
found in microbialites (Dupraz et al., 2009). Using the RefSeq annotations, we specifically
searched for genes that are usually taken as diagnostic for particular metabolic pathways and
identified the main taxa involved in those processes (Fig.5). Oxygenic photosynthesis
obviously was an important process. Although dominated by cyanobacteria, with over 60%
(AL-W) and 70-75% (AL-N samples) of photosystem | and Il (psa and psb) genes identified,
eukaryotic genes were also abundant. However, in agreement with observed differences in
microbial community composition, diatom genes represented ca. 40% of oxygenic
photosynthesis-related genes in AL-W, while green algal genes were more relatively
abundant in AL-N samples (20-25%). Interestingly, photosystem genes affiliated to
potentially calcifying Haptophyta (Emiliana huxleyi; n=42, average identity = 0.92) were
identified in AL-N samples and appeared to increase with depth (Fig.5), although these
organisms were not identified at the SSU rRNA gene level.

Genes involved in anoxygenic photosynthesis were also very abundant, confirming that this
process is very important in Alchichica microbialites (Saghai ef a/., 2015). The phylogenetic
affinity of genes involved in bacteriochlorophyll synthesis and the photosynthetic reaction
centers (pufgenes) revealed that, in all samples, the anoxygenic photosynthesis pathway was
very largely dominated by members of the Alphaproteobacteria (70-80%; mainly
Rhodobacterales), along with Chloroflexi and Gammaproteobacteria (Chromatiales).
Because H5S is a frequent electron donor for anoxygenic photosynthesis, we searched for
sox genes, involved in sulfur oxidation. Not only the relative proportion of sox genes was
comparable to that of genes involved in anoxygenic photosynthesis (Fig.5) but there was a
clear correlation (r=0.992, p-value = 1.7e-8) between anoxygenic photosynthesis and sulfur
oxidation genes in Gammaproteobacteria and Alphaproteobacteria (mostly
Rhodobacterales). This strongly suggests that anoxygenic photosynthesis is coupled to H,S
oxidation in these two clades.

Since, together with oxygenic and anoxygenic photosynthesis, sulfate reduction is one of the
metabolisms invoked as potentially favoring carbonate precipitation in microbialites (Dupraz
and Visscher, 2005), we further explored genes involved in the sulfur cycle. However, genes
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typically involved in sulfate reduction, notably dsrAB encoding the dissimilatory sulfite
reductase, were found in surprisingly low abundance (Fig.5). Most of them were detected in
the AL-N-1 sample (mainly Desulfobacterales), where sulfate reducing Deltaproteobacteria
were slightly more abundant (Saghai ef al., 2015; Fig.2), although some sequences were also
detected among Firmicutes. Genes encoding the dissimilatory adenosine-5"-phospho-
sulphate reductase (aprAB genes) are markers for both sulfate-reducing and sulfur-oxidizing
prokaryotes. This explains the presence of numerous hits related to Betaproteobacteria and
Gammaproteobacteria, which have no known sulfate reducer members, and reinforce the
observation based on sox genes that many members of those groups oxidize sulfur. The low
abundance of dsrAB genes is intriguing, but seems a trend in other microbialites. For
instance, they were absent in Shark Bay metagenomes (Ruvindy et a/., 2016). Given the
conspicuous but recurrent presence of Deltaproteobacteria in all Alchichica microbialites
(Fig.2), dsrAB low frequencies might suggest either that these Deltaproteobacteria do not
reduce sulfate or that they use more divergent proteins to carry out such function.

Nitrogen fixation, as inferred from the presence of nifgenes, was also present in all
microbialite samples (Fig.5). More abundant in surface microbialites (AL-W and AL-N-1),
their phylogenetic distribution was generally similar in the different samples, n/fgenes being
mostly affiliated to Cyanobacteria (up to 85%) and to Alphaproteobacteria,
Gammaproteobacteria and Betaproteobacteria. This is consistent with previous n/fH surveys
in Alchichica microbialites (Beltran et al., 2012). AL-N-1 displayed a somewhat different
profile, with an equivalent proportion of deltaproteobacterial and cyanobacterial genes (Fig.
5). Within cyanobacteria, genes ascribing to Nostocales and Pleurocapsales had comparable
proportions. Genes involved in denitrification (reductases for nitrate, nitrite, nitric oxide and
nitrous oxide) were also abundant. Primarily affiliated to Alphaproteobacteria
(Rhodobacterales, Rhizobiales) and Gammaproteobacteria, they were also recovered from
various members of Betaproteobacteria, Deltaproteobacteria, Planctomycetes, Deinoccocus-
Thermus and Cyanobacteria (Chroococcales, Oscillatoriales). The dissimilatory reduction of
nitrate to N, can favor the dissolution of calcium carbonate (Visscher and Stolz, 2005), such
that this activity, together with aerobic respiration and fermentation, can counteract
metabolisms conducive to carbonate precipitation (oxygenic and anoxygenic photosynthesis
or sulfate reduction). We also detected a few ammonia oxidation genes with high identities
to Thaumarchaeota (Nitrosopumilales) sequences, but only in AL-N-5.

We also identified genes encoding alkaline phosphatases (p/10 genes), typically involved in
dissolved organic phosphorus utilization, in the five Alchichica metagenomes (from 264 in
AL-N-10 to 540 in AL-W). They mostly belonged to Alphaproteobacteria;
Betaproteobacteria, Gammaproteobacteria, some cyanobacterial members (Chroococcales,
Nostocales) and heterotrophic lineages such as Bacteroidetes and Planctomycetes were also
represented (data not shown). Consistent with microbial diversity surveys, genes specifically
associated with methanogenesis were absent.

Comparison with other metagenomes

To explore the functional differences between several microbialite types and microbial mats
forming under diverse environmental conditions, we compared the functional profiles of

Environ Microbiol. Author manuscript; available in PMC 2017 December 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Saghai et al.

Page 10

Alchichica metagenomes with other publicly available metagenomes. The datasets included
stromatolites from The Bahamas, an oncolite (layered spherical microbialite) from a river in
Cuatro Ciénegas, hypersaline mats from Guerrero Negro and hot-spring mats from
Yellowstone National Park (Supplementary Table S4). The five metagenomes from
Alchichica microbialites clustered together in correspondence analyses based on the relative
abundance of COG categories, being well separated from other microbialite and microbial
mat metagenomes along the first axis (Fig.6A). Likewise, the two stromatolites from
Highborne Cay clustered together, as did the two samples from Yellowstone. The
metagenome from Shark Bay clearly discriminated from the rest along the second axis,
while the Guerrero Negro mat occupied an intermediate position between the Alchichica
microbialites and Yellowstone mats, Rio Mesquites and Highborne Cay metagenomes. This
reflects differences in microbial community compositions and suggests differences in
microbial processes among microbialite types but also between microbialites and non-
(massively) calcifying microbial mats, depending on the environmental conditions in which
they develop. Nonetheless, when we added datasets from soil and deep-sea samples to our
analysis, all microbialites and mat samples loosely clustered together away from soil and
deep sea metagenomes (Fig.6B). They were also closer to the deep sea samples along the
first and most explanatory axis (up to 60% of variance), which possibly relates to the fact
that they develop in aqueous environments. Within the cluster of mats and microbialite
metagenomes, Octopus and Mushroom mats clustered closer to Alchichica microbialites,
which might be explained by the fact that they form in slightly alkaline springs (pH 8-8.5),
closer to the Alchichica values (pH 9). The proximity between Guerrero Negro mats,
Highborne Cay and Shark Bay stromatolites in this correspondence analysis might perhaps
be due to the saline environment in which they develop, although the Rio Mesquites (a
freshwater river) sample placed closer to both Highborne Cay and Guerrero Negro samples
than to Alchichica microbialites (Fig.6B). This suggests that additional environmental
parameters also influence the structure and function of these communities.

Although metagenomes from Alchichica cluster with metagenomes from other microbialites
and microbial mats, it has to be noted that this resemblance is at a very general functional
level. However, functional homogeneity can be due to phylogenetically distinct communities
comprising functionally redundant lineages. Furthermore, organisms belonging to the same
taxa might exhibit very different metabolic properties when it comes to much more specific
functional categories or to regulatory aspects. To get deeper insights in these issues, the
future comparison of genomes (or large genome fragments, as those generated in this work)
from microbialite-associated microorganisms will be extremely useful.

Concluding remarks

Comparative metagenomics of microbialites from the alkaline Lake Alchichica confirm
previous diversity studies carried out independently (Couradeau et a/,, 2011) and reveal the
functional potential of these microbial communities. Our study provides qualitative
information about the nature of genes and metabolic functions present in these communities,
collected at two different sites (AL-W and AL-N) and, at one site, along a depth gradient
(AL-N, 1 to 15 m depth). However, it also provides useful quantitative information for
comparison. Thus, although we only produced replicate metagenomes for AL-W samples,
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they were remarkably similar (Saghai ef a/, 2015). In addition, AL-N samples were
collected at the same place and depths as those from a previous study (Couradeau et al.,
2011), showing very congruent patterns of microbial diversity and offering inter-annual
validation for the respective community structures. Taken globally, Alchichica metagenomes
highlight the importance of photosynthesis, including anoxygenic photosynthesis, in these
microbialites. The latter likely depends on H5S as electron donor, as reveal the high relative
abundance of sulfur oxidation-related genes and the co-occurrence of sox genes with genes
involved in anoxygenic photosynthesis in the same bacterial groups (Fig.5). While oxygenic
photosynthesis is mostly carried out by cyanobacteria, there is also an important contribution
of diatoms (AL-W samples, affected by subaquatic seeping) and green algae (AL-N
samples), indicating a eukaryotic contribution to carbon fixation in these structures.
Nitrogen fixation and denitrification are also highly represented pathways. By contrast,
sulfate reduction, despite the importance of sulfide oxidation and the presence of potentially
sulfate-reducing deltaproteobacteria in these communities, does not seem to be a profuse
metabolism in these microbialites. Together with photosynthesis, genes involved in
carbohydrate metabolism are also very abundant, underlying the active role of heterotrophic
bacteria in degrading EPS produced by photosynthesizers, notably cyanobacteria. Despite
some differences, our comparative metagenomic study highlights common functional trends
between microbial mats and microbialites at large scale. This may not be surprising
considering that microbialites are calcifying microbial mats. Therefore, the same type of
major metabolic functions related to stratified photosynthesis along redox gradients and the
associated heterotrophic functions, notably carbohydrate metabolism, are represented. We
have been able to assemble long contigs (>10 kb) for many different microorganisms
associated with these microbialites and the analysis of their gene affiliation allows them to
attribute them to particular lineages, which parallels the community structure derived from
mining SSU rRNA genes. Together with cultivation attempts, the reconstruction and analysis
of scaffold genomes from these metagenomes offers a promising way to characterize
lineage-specific metabolisms and to further explore interspecific interactions within these
highly complex ecosystems.

Experimental procedures

Sample collection, DNA purification and sequencing

Microbialite fragments were collected in winter (January 2012), when the lake was not
stratified (Macek et al., 2009), at two different sites of the lake: the Western shore at ca. 0.5-
1 m depth (AL-W; 19° 25' 0.13”N; 97° 24' 41.07”W) and the Northern shore at 1, 5, 10, and
15 m depth (AL-N samples; 19° 25' 12.49”N; 97° 24' 12.35”W) (Fig.1 ; Saghai et a/., 2015).
Equivalent volumes of microbialite fragments were ground and carbonates partially
dissolved prior to DNA extraction using Power Biofilm™ DNA lIsolation Kit and further
cleaning using the Power Clean™ ProDNA Clean-up Kit (MoBio, Carlsbad, CA, USA) as
previously described (Saghai et a/., 2015). DNA vyield ranged from 0.8 g (deepest AL-N
samples) to 22 ug (AL-W). lllumina paired-end libraries were prepared without any
amplification step for each AL-N sample and, in triplicate, for the AL-W sample (technical
replicates), as described (Saghai et al., 2015). Sequencing of the seven metagenomic
libraries was done in two independent runs (AL-N and AL-W samples) using Illumina
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HiSeq2000 v3 (2x100 bp paired-end reads) by Beckman Coulter Genomics (Danver, MA,
USA). The total number of paired-end reads ranged from 78 to 131 millions, i.e., 7.8-13.1
Gbp per library and orientation (forward and reverse) (Saghai et al., 2015). Raw sequencing
data is available at NCBI Bioproject PRINA315555. The level of coverage of the
community achieved by each metagenomic dataset was estimated and projected using
Nonpareil version 2.4 with default parameters (Rodriguez-R and Konstantinidis, 2014), after
preprocessing the reads with SolexaQA version 3.1.5 and a minimum Phred quality score of
20 (Cox et al., 2010).

Assembly and annotation

For each metagenomic dataset, forward and reverse reads were assembled into contigs using
MEGAHIT (version 0.3.3; Li et al.,, 2015) with default parameters but a minimum length of
200 bp for the assembled contigs and a carefully chosen kmer size (we also used MetaVelvet
(Namiki et al., 2012) but median and longest contig sizes obtained were poorer; data not
shown). Since the length of the starting kmer size is essential for assembly quality, we tested
a range of starting values (15-121 bp) and chose a kmer size of 27 (kmer list: 27, 47, 67, 87,
107, 123) for the AL-N libraries. As the three AL-W replicate libraries originated from the
same sample, we merged the three paired-end read datasets to improve contig quality and
size and, hence, gene prediction and potential genome scaffolding (kmer size=57, kmer list:
57, 77,97, 117, 123). Gene prediction was performed on the newly assembled contigs using
Prodigal (version 2.60, metagenomic mode; Hyatt et a/,, 2012). For a more accurate
functional annotation, we used the amino acid sequence of predicted genes. The annotation
was done using the blastp command implemented in DIAMOND (version 0.7.9, with a
maximum e-value of 10-%; Buchfink ef a/, 2015) with the non-redundant protein database
(RefSeq nr release 63; January 12, 2014), the recently updated COG database (Galperin et
al., 2014) and the SEED database (release of September 14, 2011, ftp://ftp.theseed.org/
subsystems/; Overbeek et al., 2005). . For subsequent analyses, we retained only the best hit
to represent each annotated gene, with a minimum amino acid identity of 50% over at least
80% of the query length. Various statistics regarding contigs assembly and annotation are
provided in Table 1. COG hits were further used to describe the phylogenetic structure of the
communities by mining for a set of 40 single copy gene families universally distributed in
prokaryotic genomes (Supplementary Table S1; Creevey et al., 2011). In a complementary
approach, we mined the RefSeq annotations for genes diagnostic of the following
metabolisms: anoxygenic photosynthesis (bacteriochlorophyll and puf genes),
photosynthesis (psaand psb genes), sulfate reduction (gorAB and dsrAB genes), sulfur
oxidation (sox genes), nitrogen fixation (nifgenes), denitrification (reductases for nitrate,
nitrite, nitric oxide and nitrous oxide), ammonia oxidation (ammo genes), methanogenesis
(formylmethanofuran dehydrogenases) and phosphorus utilization (alkaline phosphatase
genes).

Selection and phylogenetic affiliation of the longest contigs

For a more in-depth analysis linking qualitative functional information to particular taxa, we
conservatively selected long contigs from each metagenome that i) had at least 10 kb with a
minimum of 10 genes (considering that the average prokaryotic gene size is around 1 kb; Xu
et al., 2006) and ii) contained genes with high similarity to RefSeq (minimum best hit
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identity >50% over at least 80% of the gene length) to establish the phylogenetic affiliation
of these long contigs. Contigs were attributed to a given taxon (i.e. at the phylum level)
when more than 20% of their genes had phylogenetic affinity (using the above criteria) to
that taxon. Groups of contigs having, respectively, 20-50% or =50% of their genes attributed
to a same taxon were analyzed separately. Contigs with less than 20% genes affiliated to the
same taxon were discarded and their taxonomic affiliation considered as uncertain. The
relative proportion of taxa based on long contigs was determined using the total sequence
length affiliated to each taxon rather than the number of contigs.

Statistical analyses

Statistical analyses were conducted with the R software (R Development Core Team, 2013).
The comparison of the taxonomic distribution inferred from protein-coding marker genes
with results obtained by mining for 16S rRNA genes in the same metagenomic datasets
(Saghai et al., 2015) was done using Bray-Curtis dissimilarity distances. They were
calculated on frequencies of high-rank bacterial and archaeal taxa using the "Vegan' R
package (version 2.0-10; Oksanen et al., 2012) implemented in R (http://cran.r-project.org)
with no prior transformation of the data. The H statistic of the Kruskal-Wallis test was
computed, using the relative proportions of either functional categories (COG and SEED) or
high-rank taxa obtained for the five metagenomes, to test whether they were statistically
similar (R function kruskal.test). The Pearson correlation coefficient, and its associated p-
value, corresponding to the relative proportion of sox and anoxygenic photosynthesis-related
genes was calculated using the cor.test function implemented in R. The heatmap showing the
relative abundance of the genes involved in Cell Wall and Capsule SEED subsystem was
generated using the 'Pheatmap’ package (version 1.0.7). The functional annotations of the
five Alchichica metagenomes were also compared with several publicly available
metagenome datasets. To do so, we recovered on the MG-RAST server (Meyer et al., 2008)
data on the abundance of COG categories from several metagenomes (Supplementary Table
S4), using as criteria a maximum e-value cut-off of 107 and a minimum identity cutoff of
50%. They included microbialites from Cuatro Ciénegas, Highborne Cay and Shark Bay,
hypersaline mats from Guerrero Negro, hot spring mats from Yellowstone National Park and
forest and hot desert soil samples. Metagenomes of two deep-sea planktonic communities
(fraction 0.2-5 um) were also incorporated in the dataset as potential outliers.
Correspondence analyses were performed using the 'Ade4' package (version 1.6-2) based on
frequencies of the COG categories (calculated relatively to the total number of COG hits).
To maximize high-level functional differences, we removed from the dataset two COG
categories: Function unknown and General functional prediction only.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Originality-Significance Statement

Studying the metabolic potential of microbial communities associated to modern
microbialites can help formulating hypotheses on how they form and can be preserved in
the fossil record. However, the paucity of metagenomic data available from this type of
structures limits potential generalizations applicable to the past. In this work, we
analyzed several metagenomes generated from microbialite fragments collected from the
Lake Alchichica (Mexico) harboring conspicuous microbialite structures. Our work
shows the importance of a series of metabolic activities including, notably, anoxygenic
photosynthesis. The comparison of Alchichica metagenomes with other metagenomes
from marine and freshwater microbialites, microbial mats and outgroup environments
reveals some common trends uniting microbialite and microbial mat communities.
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Fig. 1.

L:ke Alchichica sampling sites and microbialite fragments collected. The two sampling sites
AL-N and AL-W are indicated on the lake with stars. Photographs taken on site of the
different samples are shown on the right. For the AL-N samples, the correspondence with
the depth gradient is schematically indicated in blue. Upper and downside views of
microbialite fragments are shown on the left and on the right part of the panels, respectively.
The scale bar corresponds to 10 cm.
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Fig. 2.

Rglative proportions of SSU rRNAS genes, 40 single copy protein-encoding genes
universally distributed in prokaryotic genomes and sequence lengths in taxon-attributed long
contigs (>10 kb) in Alchichica microbialite metagenomes. A, prokaryotic sequences; B,
eukaryotic sequences.
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Fig. 3.

Hiitograms showing the functional characteristics of Alchichica metagenomes based on (A)
COG and (B) SEED annotations of the predicted genes. Bars represent the percentage of hits
in each functional category normalized to the total number of COG or SEED hits in each
metagenome.
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Fig. 4.

Heatmap showing the relative abundance of the genes involved in cell wall and capsule
SEED subsystem. Proportions were calculated on the total number of hits associated to the
cell wall and capsule SEED subsystem in each metagenome.
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Fig. 5.

Histograms showing the relative proportions of taxa involved in various keys microbialite
metabolisms (Dupraz et al., 2009). Data were obtained by mining the RefSeq annotations for
genes diagnostic of these metabolisms (see Material & Methods).
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Correspondence analysis based on COG categories relative abundances. The five Alchichica
metagenomes (AL) were compared to various microbial mat and microbialite metagenomes.
(A) Were included microbialites from Highborne Cay (HBC1 and HBC3), Rio Mesquites

(RM) and Shark Bay (SB), hypersaline mats from Guerrero Negro (GN) and hot spring mats

from Yellowstone National Park (OCT, MSH). (B) Two soil and deep sea planktonic
samples were added to the analysis. See Supplementary Table S2 for details on these
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metagenomes. To maximize high-level functional differences we removed the «Function
unknown» and «General Functional Prediction only» COG categories from the datasets.
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General features of the Alchichica microbialite metagenomes. AL-W corresponds to the merging of sequences
from three replicate Illumina paired-end libraries.

AL-W AL-N-1 AL-N-5 AL-N-10 AL-N-15
No. of paired-end reads? 306,787,264 130,153,392 110,282,579 97,849,068 131,562,915
No. contigs 1,255,565 1,167,342 737,466 547,418 744,917
Reads assembled into contigs (%) 28 55 52 52 50
Cumulative contig length (bp) 1,405,565,865 1,225,479,094 779,631,887 627,878,408 809,071,698
Smallest / longest contig (bp) 200/457,307 200/405581 200/496,458 200/509,452 200/509,451
Mean / median contig size (bp) 1,119/ 622 1,050/ 576 1,057 / 566 1,147 /592 1,086 /571
N50 (bp) 1,495 1,379 1,397 1,650 1,486
No. predicted genes 2,142,895 1,998,747 1,263,406 978,667 1,250,850
No. RefSeq hits 1,035,878 1,027,026 773,361 539,137 642,769
No. SEED hits 414,317 451,851 297,923 201,637 242,315
No. COG hits 924,425 942,147 725,454 485,842 569,026
No. single-copy genes? 18,203 15,593 11,305 7,333 9,056
No. bacterial 165 rRNAgenes? 45,144 14,266 12,431 12,710 32,078

7,253 717 927 1,374 1,876

No. 18SrRNA genes®

1 . I
Raw number of total pairs of reads produced (it implies the same number of forward and reverse sequences)

2 . . . .
Total number of occurrences of the 40 gene families found in single copy in prokaryotic genomes

3Data from Saghai et a/. (2015)
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