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isolated peritidal stromatolite formations shed light on
potential functional guilds

Samantha C. Waterworth,1 Eric W. Isemonger,2

Evan R. Rees,1 Rosemary A. Dorrington2 and
Jason C. Kwan 1*
1Division of Pharmaceutical Sciences, University of
Wisconsin, Madison, WI, 53705.
2Department of Biochemistry and Microbiology, Rhodes
University, Grahamstown, South Africa.

Summary

Stromatolites are complex microbial mats that form
lithified layers. Fossilized stromatolites are the oldest
evidence of cellular life on Earth, dating back over
3.4 billion years. Modern stromatolites are relatively
rare but may provide clues about the function and
evolution of their ancient counterparts. In this study,
we focus on peritidal stromatolites occurring at Cape
Recife and Schoenmakerskop on the southeastern
South African coastline, the former being morpholog-
ically and structurally similar to fossilized phosphatic
stromatolites formations. Using assembled shotgun
metagenomic analysis, we obtained 183 genomic bins,
of which the most dominant taxa were from the Cya-
nobacteria phylum. We identified functional gene sets
in genomic bins conserved across two geographically
isolated stromatolite formations, which included rela-
tively high copy numbers of genes involved in the
reduction of nitrates and phosphatic compounds.
Additionally, we found little evidence of Archaeal spe-
cies in these stromatolites, suggesting that they may
not play an important role in peritidal stromatolite for-
mations, as proposed for hypersaline formations.

Introduction

Stromatolites are organo-sedimentary structures that
date back between 3.4 and 3.8 billion years, forming the

oldest fossils of living organisms on Earth (Dupraz
et al., 2009; Nutman et al., 2016, 2019). The study of
extant stromatolite analogues may help to elucidate the
biological mechanisms that led to the formation and evo-
lution of their ancient ancestors. The biogenicity of stro-
matolites has been studied extensively in the hypersaline
and marine formations of Shark Bay, Australia, and
Exuma Cay, The Bahamas, respectively (Khodadad and
Foster, 2012; Mobberley et al., 2015; Centeno
et al., 2016; Gleeson et al., 2016; Ruvindy et al., 2016;
Warden et al., 2016; White et al., 2016; Babilonia
et al., 2018; Wong et al., 2018; Chen et al., 2020). The
presence of Archaea has been noted in several microbial
mats and stromatolite systems (Casaburi et al., 2016;
Balci et al., 2018; Medina-Chávez et al., 2019; Chen
et al., 2020), particularly in the stromatolites of Shark
Bay, where they are hypothesized to potentially fulfil the
role of nitrifiers and hydrogenotrophic methanogens
(Wong et al., 2017). Studies of freshwater microbialites in
Mexico found that there were significantly more genes
associated with phosphate uptake and metabolism than
in other communities associated with fresh or marine
waters (Breitbart et al., 2009) and that nitrogen fixation
by heterocystous cyanobacteria, sulfur-reducing bacteria,
and purple sulfur bacteria was important to the formation
of these particular stromatolites (Falcón et al., 2007).

In the current study, we sought to investigate the
metagenomes, at a genome-resolved level, of two geo-
graphically isolated (~2.8 km apart), peritidal, stromatolite
formations at Cape Recife and Schoenmakerskop, on the
eastern coast of South Africa. These formations are mor-
phologically and structurally similar to fossilized phos-
phatic stromatolites dating back to the Great
Oxygenation Event during the Paleoproterozoic era
(Büttner et al., 2020). The stromatolite formations at Cape
Recife and Schoenmakerskop have been extensively
characterized with respect to their physical structure,
nutrient, and chemical environment (Perissinotto
et al., 2014; Rishworth et al., 2016, 2017b, 2019; Dodd
et al., 2018) and they experience regular shifts in salinity
due to tidal overtopping and groundwater seepage
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(Rishworth et al., 2019). Stromatolites are impacted by
fluctuating environmental pressures caused by periodic
inundation by seawater, which affects the nutrient con-
centrations, temperature and chemistry of the system
(Rishworth et al., 2016). These formations are character-
ized by their proximity to the ocean, where stromatolites
in the upper formations receive freshwater from the inflow
seeps, middle formation stromatolites withstand a mix of
freshwater seepage and marine over-topping, and lower
formations are in closest contact with the ocean
(Perissinotto et al., 2014). The stromatolite formations at
Cape Recife and Schoenmakerskop are exposed to both
fresh and marine water that has little dissolved inorganic
phosphate and decreasing levels of dissolved inorganic
nitrogen (Cape Recife: 82–9 μM, Schoenmakerskop:
424–14 μM) moving from freshwater to marine influenced
formations (Rishworth et al., 2017a). Microbial communi-
ties within these levels therefore likely experience distinct
environmental pressures, including fluctuations in salinity
and dissolved oxygen (Rishworth et al., 2016). While car-
bon predominantly enters these systems through
cyanobacterial carbon fixation, it is unclear how other
members of the stromatolite-associated bacterial consor-
tia influence mineral stratification resulting from the
cycling of essential nutrients such as nitrogen, phospho-
rus, and sulfur.

However, not much is known about the microbial
assemblage of these peritidal formations. It is hypothe-
sized that the growth of peritidal stromatolites at these
sites is promoted by decreased levels of wave action,
higher water alkalinity, decreased levels of salinity, and
decreased calcite and aragonite saturation (Dodd
et al., 2018). Here, we investigate the metabolic potential
of the microbes associated with these stromatolites and
their potential role in stromatolite formation.

Results and discussion

Stromatolite formations were classified according to their
tidal proximity as defined in previous studies, as ‘Upper’
(freshwater inflow), ‘Middle’, and ‘Lower’ (marine-
influenced) (Perissinotto et al., 2014; Rishworth
et al., 2016, 2017b). Samples for this study were col-
lected at low tide from the upper stromatolites at Cape
Recife and Schoenmakerskop in January and April 2018
for comparisons over time and geographic space. Addi-
tional samples were collected in April 2018 from middle
and lower formations for extended comparison across
the two sites (Fig. 1).

Preliminary assessment of the structure of bacterial
communities in these samples using 16S rRNA amplicon
sequencing (BioProject PRJNA574289) showed that
microbial communities from the upper formations were
distinct from those in the middle and lower formations

(Supporting Information Fig. S1), but that all communities
were dominated by Cyanobacteria with lesser, but nota-
ble abundances of Bacteroidetes, Alphaproteobacteria,
and Gammaproteobacteria (Fig. 2A). Shotgun meta-
genomic sequencing was performed for all 10 sites
(BioProject PRJNA612530), and binning of the meta-
genomic data resulted in a total of 183 bacterial genome
bins (Supporting Information Table S1; Please refer to
the Supporting Information Materials and Methods for
additional details and find all scripts used here: https://
github.com/samche42/Strom_Brief_report). The phyloge-
netic distribution and relative abundance thereof were
approximately congruent with the 16S rRNA community
profiles of each site, where Cyanobacteria were consis-
tently dominant (36%–89%) while Alphaproteobacteria,
Gammaproteobacteria, and Bacteroidia were less abun-
dant but notable bacterial classes (Fig. 2B). Furthermore,
scrutiny of all contigs from Cape Recife and Scho-
enmakerskop showed that none of the datasets com-
prised more than 1.5% archaeal genes. Two low-quality
archaeal bins were retrieved from each of the lower for-
mations and were classified as Woesearchaeales (order)
and Nitrosoarchaeum (genus), respectively. The cover-
age of these genomes is among the lowest in each of the
lower formation samples (Supporting Information
Table S1) and would suggest a low numerical abundance
of these Archaea, and it is likely that this kingdom is less
important in the stromatolites found at Cape Recife and
Schoenmakerskop. These results are largely in agree-
ment with similar studies investigating freshwater
microbialites from various regions of Mexico, and fresh-
water microbialites in Clinton Creek, Canada, which were
dominated by Cyanobacteria and Proteobacteria but
included less than 2% archaeal sequence (Breitbart
et al., 2009; Centeno et al., 2012; White et al., 2015;
Yanez-Montalvo et al., 2020) and is in contrast to com-
munities present in hypersaline stromatolites, where
Archaea comprise a large proportion of the microbial
community (Wong et al., 2017, 2018). To identify bins
common to both Cape Recife and Schoenmakerskop, we
calculated pairwise average nucleotide identity (ANI)
between all binned genomes using ANIcalculator
(Varghese et al., 2015) and defined conserved bins as
sharing more than 97% ANI in two or more of the sam-
pled regions (Supporting Information Table S2; please
refer to the Supporting Information Materials and
Methods for additional details and find all scripts used
here: https://github.com/samche42/Strom_Brief_report).
Bins classified within the Acaryochloris and Hydrococcus
genera were conserved across upper formations, and
seven bins were conserved across the middle formations,
which were classified within the Rivularia genus and Pho-
rmidesmiaceae and Spirulinaceae families (Fig. 2C).
Acaryochloris species have been identified as dominant
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oxygenic photoautotrophs and may promote carbonate
mineralization through photosynthetically induced alkalini-
zation in microbialite formations in the cold, fresh waters
of Pavilion Lake in British Columbia, Canada (Chan
et al., 2014; Russell et al., 2014; White et al., 2016).
Hydrococcus species have not been reported as dominant
in any stromatolite-like formations to our knowledge. How-
ever, a metagenomic study of microbialites in the Alchichica
crater lake, Mexico, reported the presence of Pleurocapsa-
like cyanobacteria surrounded by aragonite using scanning
electron microscopy and provided evidence to suggest that
Pleurocapsales were responsible for the biomineralization

of aragonite (Saghaï et al., 2015). As Hydrococcus is within
the Pleurocapsales order, it is possible that this conserved
bin may be performing a similar function.

Finally, Rivularia spp. have been identified as key
members in several stromatolite and microbialite forma-
tions, including freshwater microbialites in Pavilion Lake,
Canada (White et al., 2016), Bacalar Lagoon, Mexico
(Yanez-Montalvo et al., 2020 ), Vai Lahi Lake, Tonga
(Kempe and Kazmierczak, 2012), Plateau de Langres,
France (Caudwell et al., 2001), in microbialites formed
in alkaline Lake Alchichica, Mexico (Tavera and
Komárek, 1996; Ka�zmierczak et al., 2011), and in marine

Fig. 1. Stromatolites were collected from four different points at two different sites in January and April 2017. Aerial view of sampling locations
within the Schoenmakerskop site (A) and the Cape Recife site (B) is represented by orange stars. The relative elevation of the same sampling
sites relative to the ocean are presented in panels C and D. A simplified schematic of delineation of ‘Upper’, ‘Middle’ and ‘Lower’ formations at
each site are provided in panels E and F. Abbreviations are as follows: JSU: Schoenmakerskop Upper (Jan), JRU: Cape Recife Upper (Jan),
ASU: Schoenmakerskop Upper April, ARU: Cape Recife Upper (April), SM1: Schoenmakerskop Middle 1 (April), SM2: Schoenmakerskop Middle
2 (April), RM1: Cape Recife Middle 1 (April), RM2: Cape Recife Middle 1 (April), SL: Schoenmakerskop Lower (April), RL: Cape Recife Lower
(April).
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‘microstromatolites’ from The Bahamas, Yugoslavia, and
Australia (Golubic and Campbell, 1981). Filamentous
‘sister taxa’ of Rivularia: Calothrix and Dicothrix, were
similarly dominant in formations found in Highborne Cay

(Myshrall et al., 2010; Reid et al., 2011). A study of the
stromatolites found in hypersaline lakes in Laguna Negra,
Argentina, showed the formations were dominated by
Rivularia spp. (Shalygin et al., 2018), which aided in

Fig. 2. Distribution and abundance of bacterial taxa in stromatolite formations (A) based on 16S rRNA gene fragment amplicon libraries. Phyloge-
netic classification and average relative abundance (n = 3) of dominant phyla in different sample sites indicated that all stromatolite samples are
dominated by Cyanobacteria with notable abundances of Bacteroidetes, Alpha- and Gammaproteobacteria. OTUs are shown in relative abun-
dance and coloured according to their phylum classification.B. Taxonomic classification of putative genome bins in stromatolites collected from
Schoenmakerskop and Cape Recife. Coverage per genome has been used as a proxy for abundance (normalized to approximate genome size)
and used to scale the size of individual genome bars, expressed as a percentage of the sum of all genome bin coverages. The coverage of con-
served (etched lines) and non-conserved (solid colours) bacterial genomes is indicated. The taxonomic classification of each genome is indicated
by colour.C. Taxonomic classifications of conserved bacterial species in each of the samples. All bins were classified using GTDB-Tk (Chaumeil
et al., 2019). Abbreviations are as follows: JSU: Schoenmakerskop Upper (Jan), JRU: Cape Recife Upper (Jan), ASU: Schoenmakerskop Upper
April, ARU: Cape Recife Upper (April), SM1: Schoenmakerskop Middle 1 (April), SM2: Schoenmakerskop Middle 2 (April), RM1: Cape Recife
Middle 1 (April), RM2: Cape Recife Middle 1 (April), SL: Schoenmakerskop Lower (April), RL: Cape Recife Lower (April).
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accretion through the secretion of exopolymeric sub-
stances, which trapped both inorganic matter and living
organisms (such as diatoms) that contribute to stromato-
lite formation (Mlewski et al., 2018). Recent investigations
into the micro-morphological features of the Cape Recife
stromatolites (Büttner et al., 2020) revealed the presence
of filamentous microbes and provided evidence to sug-
gest that they played a key role in mineralization through
the production of EPS. It is possible that the observed fil-
amentous bacteria may be the conserved and dominant
putative Rivularia bins identified here, and they may be
contributing to the formation of the stromatolites. Further-
more, the crusts and tunnel lining surrounding these fila-
ments have been shown to include biogenic phosphatic
deposits (Büttner et al., 2020), and therefore it may be
possible that these filamentous bacteria are responsible
for the production of the phosphatic deposits.
KEGG analysis of the metagenomic datasets revealed a

high abundance of genes encoding phosphate transport
(pstSCAB), phosphate uptake regulation (phoURBP),
alkaline phosphatases (phoADX), and phosphonate
metabolism (phnCDEFGHIJKLM) (Fig. 3). Overall gene
abundances indicated the negligible presence of canoni-
cal dissimilatory sulfate reduction/oxidation via aprAB
and dsrAB encoded enzymes or genes associated with
sulfonate metabolism (Fig. 3). Genes associated with
assimilatory nitrate reduction (narB, nirA) were the most
prevalent markers of nitrogen metabolism. All sites
included several genes associated with dissimilatory
nitrate reduction, where cytoplasmic NADH-dependent
nitrate reductase nirBD was numerically dominant rela-
tive to periplasmic cytochrome c nitrate reductase
nrfAH (Fig. 3).
The functional potential of each bin was assessed

through KEGG annotation of genes, and gene abundance

was counted and calculated as a relative percentage of
total gene count per sample. Please refer to the
Supporting Information Materials and Methods for addi-
tional details and find all scripts used here: https://github.
com/samche42/Strom_Brief_report. As genomes investi-
gated here were of high purity, we were confident that
copy number was not an artefact of contamination. How-
ever, to ensure that this was true, we identified whether
gene copies were present on the same contigs, or if found
on different contigs, that the classification of the contig
matched that of other copies within that bin (Supporting
Information Table S3). Using this approach, we found that
among conserved bins, those classified as Acaryochloris
and Hydrococcus species in the upper formations
included a relatively high abundance of assimilatory sul-
fate reduction and sulphonate metabolism, respectively
(Fig. 4). Reduction of sulfate has previously been shown
to promote the precipitation of carbonates in the form of
micritic crusts in Bahamian and Australian stromatolites
(Reid et al., 2000; Wong et al., 2018) and it has been
suggested that microbial cycling of sulfur played an impor-
tant role in ancient Australian stromatolites (Bontognali
et al., 2012; Allen, 2016). Seep waters feeding the stro-
matolite formations at both Cape Recife and Scho-
enmakerskop have relatively high levels of sulfate (Dodd
et al., 2018), and it is possible that the Hydrococcus and
Acaryochloris species represented by these conserved
bins may utilize this nutrient and influence the redox
potential of their environment. Despite the relatively high
levels of sulfate in the water, only genomes representative
of a Thioiploca sp. from the Schoenmakerskop lower for-
mation and a Desulfobacula sp. from the Scho-
enmakerskop middle formation included all genes required
for dissimilatory sulfate reduction (Supporting Information
Fig. S2). This suggests that calcite formation in these
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Fig. 3. The abundance of select KEGG-annotated metabolic genes relative to total gene abundance per sample site (annotated on contigs
>3000 bp). Abbreviations are as follows: JSU: Schoenmakerskop Upper (Jan), JRU: Cape Recife Upper (Jan), ASU: Schoenmakerskop Upper
April, ARU: Cape Recife Upper (April), SM1: Schoenmakerskop Middle 1 (April), SM2: Schoenmakerskop Middle 2 (April), RM1: Cape Recife
Middle 1 (April), RM2: Cape Recife Middle 1 (April), SL: Schoenmakerskop Lower (April), RL: Cape Recife Lower (April).
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peritidal stromatolites may be influenced by processes
other than dissimilatory sulfate reduction, in contrast to
stromatolite formations in the Cayo Coco lagoonal net-
work, Highborne Cay, and Eleuthera Island in The Baha-
mas (Visscher et al., 2000; Dupraz et al., 2004; Pace
et al., 2018).

The reduction of nitrogen, nitrates, and nitrites can lead
to calcite precipitation (Rodriguez-Navarro et al., 2003;
Wei et al., 2015; Konopacka-Łyskawa et al., 2017; Wong
et al., 2018; Lee and Park, 2019), and the released NH3

can react with CO2 and H2O, to form 2NH4+ + CO3
2−

(Konopacka-Łyskawa et al., 2017). Therefore, bacteria

that can fix nitrogen or produce ammonia from nitrates/
nitrites could potentially promote the growth of stromato-
lites (Visscher and Stolz, 2005). We found that several of
the genomic bins carried the genes associated with
ferredoxin-dependent assimilatory nitrate reduction (nirA-
narB genes) (Moreno-Vivián et al., 1999), nitrogen fixa-
tion (nifDHK genes), and dissimilatory nitrite reduction
(nirBD genes) (Griffith, 2016), all of which result in the
production of ammonia (Supporting Information Fig. S2).
We noted a particularly high abundance of nirA-narB
genes in conserved bins classified as Rivularia
sp. (Fig. 4), which are the dominant species in the middle
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Fig. 4. Summary of phosphate, nitrogen and sulfate transport and metabolism genes in conserved bins in Schoenmakerskop and Cape Recife
upper, middle, and lower stromatolite formations. Relative gene abundance was calculated as a percentage of total genes per sample. Please
refer to the Supporting Information Materials and Methods for additional details and find all scripts used here: https://github.com/samche42/
Strom_Brief_report. The phylogenetic tree of conserved bins was created using JolyTree (Criscuolo, 2019) with a sketch size of 10 000, and the
heatmap was created in iTol (Letunic and Bork, 2019). Bins from Schoenmakerskop stromatolites are indicated with orange font, and bins from
Cape Recife stromatolites are indicated with purple font. Abbreviations are as follows: JSU: Schoenmakerskop Upper (Jan), JRU: Cape Recife
Upper (Jan), ASU: Schoenmakerskop Upper (April), ARU: Cape Recife Upper (April), SM1: Schoenmakerskop Middle 1 (April), SM2: Scho-
enmakerskop Middle 2 (April), RM1: Cape Recife Middle 1 (April), RM2: Cape Recife Middle 1 (April), SL: Schoenmakerskop Lower (April), RL:
Cape Recife Lower (April). Bins were taxonomically assigned to their deepest classification as per the GTDB-Tk taxonomic classification. Num-
bers following underscores relate to the number of rounds of clustering performed before that bin was finalized.

© 2020 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports, 13, 126–137

Functional bacterial guilds in stromatolites 131

https://github.com/samche42/Strom_Brief_report
https://github.com/samche42/Strom_Brief_report


formations. Finally, genes associated with nitrogen fixa-
tion (nifDHK) were identified in several bins and were
most abundant in non-conserved Blastochloris species
(Supporting Information Fig. S2). Previous studies of
nitrogen-cycling in microbialites in karstic and soda lakes
in Mexico and Cuba found a large abundance of genes
involved in denitrification, which originated from
Alphaproteobacteria, as well as genes involved in nitro-
gen fixation where the majority of nifH transcripts (nitro-
gen fixation) were from bacteria within the Nostocales
order (Alcántara-Hernández et al., 2017). However, the
karstic and soda lakes were low in dissolved inorganic
nitrogen (DIN) (Alcántara-Hernández et al., 2017), con-
trary to environments found in Cape Recife and Scho-
enmakerskop, which are relatively high in DIN, ranging
from 95 to 450 mM at the two sites (Rishworth
et al., 2016). As Rivularia are traditionally observed to be
heterocystous nitrogen-fixers, we were surprised that we
did not find any nif genes in the conserved Rivularia
genomes. We additionally looked for alternative nitrogen
fixation operons (nifB, fdxN, nifS, and nifU genes)
(Mulligan and Haselkorn, 1989), but only identified nifB
and nifS genes in the Rivularia bins. It is possible that
these bins are incorrectly classified and may be a differ-
ent species of the Nostocales order, and additional
microscopy will be required for definitive classification.
We further searched the non-binned bacterial contigs,
contigs classified at the kingdom level as ‘Archaea’ and
‘Unclassified’, and ‘small’ (<3000 bp) contigs for nif
genes (Fig. 5). We found a total of 20 nif genes in these
‘non-binned’ datasets. Upon alignment against the NCBI
nr database, found that none of these 20 genes were
homologous with genes from any Nostocales spp. Stud-
ies conducted around the freshwater microbialites of
Cuatro Ciénegas, where DIN levels are relatively high
(Breitbart et al., 2009), found genes associated with
nitrate reduction, ammonia assimilation, and nitrogen fix-
ation, as well as isotopic evidence for the assimilatory
reduction of nitrates and nitrites but could not find isotopic
signatures of nitrogen fixation (Breitbart et al., 2009). As
the freshwater environment of Cuatro Ciénegas
microbialites is somewhat similar to that found in the
upper and middle formations at Cape Recife and Scho-
enmakerskop, it is possible that a similar trend may be
found here, where nitrogen fixation is less important and
the assimilatory reduction of nitrates and nitrites by con-
served bins may play an important role in stromatolites.
Similarly, the bins that were classified as Rivularia spp.

included the greatest abundance of genes associated
with phosphate uptake, alkaline phosphatases, and pho-
sphonate metabolism (Fig. 4; Supporting Information
Fig. S2). The stromatolites at Cape Recife and Scho-
enmakerskop experience limited inorganic phosphate
availability (Rishworth et al., 2016, 2017a, 2018; Dodd

et al., 2018) and the high abundance of genes encoding
phosphate-metabolizing enzymes may be indicative of
how stromatolite communities cope with low dissolved
inorganic phosphorus in their environment as suggested
for microbialite assemblages in Lake Alchichica, Mexico
where a similar over-representation of phosphate-
associated genes was observed (Breitbart et al., 2009;
Valdespino-Castillo et al., 2014). These overrepresented
genes were hypothesized to play an important role in
controlling carbonate precipitation through the production
of stored polyphosphate, which chelates metals, such as
calcium (Breitbart et al., 2009; Valdespino-Castillo
et al., 2014). However, phylotyping of alkaline phospha-
tase genes in microbialites from Lake Alchichica
suggested that Alphaproteobacteria were the possible
hosts of these genes (Valdespino-Castillo et al., 2017), in
contrast to the cyanobacterial Rivularia spp. as shown
here. Phosphatic structures have been observed in Cape
Recife stromatolites (Büttner et al., 2020) and due to their
structural similarity to filamentous bacteria observed in
tunnels lined with phosphatic deposits, and their abun-
dant genetic potential for phosphate metabolism, the con-
served Rivularia bins may contribute to the formation of
these macrostructures.

To confirm that we had not inadvertently missed any
important functional genes, we also annotated genes
from contigs that were unclustered (i.e., not clustered into
genome bins), small contigs (<3000 bp in length), all con-
tigs in the ‘Archaea’ and ‘unclassified’ kingdom bins
(Fig. 5). There was no specific category of predicted
gene function that was hidden in these genes
(e.g., dissimilatory sulfate reduction genes were con-
firmed as absent, rather than overlooked), but we did
note an abundance of alkaline phosphatases in the
‘small contigs’. A total of 373, 477, and 627 additional
copies of phoA, phoD, and phoX, respectively, were
identified, which indicated that there was even more
genetic potential for inorganic phosphate production in
these systems than previously realized, and further vali-
dates the hypothesis that phosphate metabolism may be
important to these stromatolite formations.

Finally, we searched for genes associated with
photosystem I, photosystem II, the cytochrome b6/f com-
plex, and photosynthetic electron transport (Supporting
Information Fig. S3) to identify genomes that may per-
form photosynthesis. Please refer to the Supporting Infor-
mation Materials and Methods for additional details and
find all scripts used here: https://github.com/samche42/
Strom_Brief_report. A previous study of ‘core’ photosyn-
thetic genes among cyanobacterial genomes found that
photosystem I genes: psaA - psaF, psaL, and psaM, and
photosystem II genes: psbA, psbB, psbC, psbE, psbF,
psbH, psbI, psbJ, psbK, psbL, psbM, psbO, psbP,
psbT, psbW, and psbX, and cytochrome b6 genes:
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petA - petD, petG, petM, and petN, were present in all
genomes investigated (Mulkidjanian et al., 2006). We
found a wide distribution of these genes among most of

the cyanobacterial bins detected here, with particular
abundance noted in the conserved Rivularia and Ple-
urocapsa bins (Supporting Information Fig. S3).

Fig. 5. The relative abundance of phosphate, nitrogen, and sulfate transport and metabolism genes annotated on contigs from the unclustered
(A), Archaea (B), and ‘Unclassified’ (C) bins, as well as all contigs smaller than 3000 bp in length (D). Please refer to the Supporting Information
Materials and Methods for additional details and find all scripts used here: https://github.com/samche42/Strom_Brief_report. Abbreviations are as
follows: JSU: Schoenmakerskop Upper (Jan), JRU: Cape Recife Upper (Jan), ASU: Schoenmakerskop Upper April, ARU: Cape Recife Upper
(April), SM1: Schoenmakerskop Middle 1 (April), SM2: Schoenmakerskop Middle 2 (April), RM1: Cape Recife Middle 1 (April), RM2: Cape Recife
Middle 1 (April), SL: Schoenmakerskop Lower (April), RL: Cape Recife Lower (April).
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Cyanobacterial bins with few to no photosynthetic genes
(e.g., ARU_4_12, RM1_405_57, SM2_5_0 among
others) were noted as being of low quality, and absence
of these genes may not be reflective of the bacterium’s
true genetic potential). As photosynthesis is well known
to drive precipitation of carbonates (Kamennaya
et al., 2012; Shiraishi, 2012; Zhu and Dittrich, 2016), this
wide distribution and abundance of genes would suggest
that photosynthesis may drive precipitation of calcium
carbonate in this system, as observed in several other
formations including microbial mats, stromatolites,
microbialites (Reid et al., 2000; Dupraz and
Visscher, 2005; Visscher and Stolz, 2005; Baumgartner
et al., 2006; Kazmierczak and Kempe, 2006; Houghton
et al., 2014; Casaburi et al., 2016). While there was a
slight increased abundance of photosynthetic genes in
Rivularia and Pleurocapsa bins, the wide distribution of
the genes in several bins would suggest that carbonate
precipitation is a result of microbial cumulative photosyn-
thetic effort.

Conclusions

This pilot study has provided a glimpse into these unique,
extant, stromatolite formations. In the Schoenmakerskop
and Cape Recife stromatolite communities, there is
extensive genetic potential for phosphate metabolism in
conserved bins, classified as Rivularia spp., that likely
contributes to the scavenging of phosphate, plays a role
in the chelation of calcium ions, and aids in the control of
carbonate precipitation. It is also likely that this overrepre-
sentation of phosphate-associated genes is responsible
for the accumulation of phosphatic structures in the Cape
Recife stromatolite formations, and the genetic evidence
here would suggest that similar mineral structures could
be found in the Schoenmakerskop formations. Addition-
ally, precipitation of calcium carbonate may be driven by
photosynthesis, as there is an abundance of
photosynthesis-associated genes present in the
metagenomes. Genes involved in the cycling of sulfur
and nitrogen were also identified in conserved bins and
may influence the redox potential of the stromatolite envi-
ronment. Finally, the low abundance of genes originating
from Archaea would suggest that these taxa are not par-
ticularly vital to this peritidal system.
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