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ABSTRACT Microbial mat communities are associated with extensive (�700 km2)
and morphologically variable carbonate structures, termed microbialites, in the hy-
persaline Great Salt Lake (GSL), Utah. However, whether the composition of GSL mat
communities covaries with microbialite morphology and lake environment is un-
known. Moreover, the potential adaptations that allow the establishment of these
extensive mat communities at high salinity (14% to 17% total salts) are poorly un-
derstood. To address these questions, microbial mats were sampled from seven loca-
tions in the south arm of GSL representing different lake environments and microbi-
alite morphologies. Despite the morphological differences, microbialite-associated
mats were taxonomically similar and were dominated by the cyanobacterium Eu-
halothece and several heterotrophic bacteria. Metagenomic sequencing of a repre-
sentative mat revealed Euhalothece and subdominant Thiohalocapsa populations that
harbor the Calvin cycle and nitrogenase, suggesting they supply fixed carbon and
nitrogen to heterotrophic bacteria. Fifteen of the next sixteen most abundant taxa
are inferred to be aerobic heterotrophs and, surprisingly, harbor reaction center, rho-
dopsin, and/or bacteriochlorophyll biosynthesis proteins, suggesting aerobic photo-
heterotrophic (APH) capabilities. Importantly, proteins involved in APH are enriched
in the GSL community relative to that in microbialite mat communities from lower
salinity environments. These findings indicate that the ability to integrate light into
energy metabolism is a key adaptation allowing for robust mat development in the
hypersaline GSL.

IMPORTANCE The earliest evidence of life on Earth is from organosedimentary
structures, termed microbialites, preserved in 3.481-billion-year-old (Ga) rocks. Pho-
totrophic microbial mats form in association with an �700-km2 expanse of morpho-
logically diverse microbialites in the hypersaline Great Salt Lake (GSL), Utah. Here,
we show taxonomically similar microbial mat communities are associated with mor-
phologically diverse microbialites across the lake. Metagenomic sequencing reveals
an abundance and diversity of autotrophic and heterotrophic taxa capable of har-
vesting light energy to drive metabolism. The unexpected abundance of and diver-
sity in the mechanisms of harvesting light energy observed in GSL mat populations
likely function to minimize niche overlap among coinhabiting taxa, provide a mech-
anism(s) to increase energy yield and osmotic balance during salt stress, and en-
hance fitness. Together, these physiological benefits promote the formation of ro-
bust mats that, in turn, influence the formation of morphologically diverse
microbialite structures that can be imprinted in the rock record.
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The oldest identifiable fossil assemblages of Earth’s early biosphere (3.481 billion
years ago [Ga]) are preserved in microbialites, specifically, those with laminated

morphologies (1–4). Microbialites are organosedimentary structures that form in lacus-
trine, marine, and other aquatic environments due to the binding or trapping of
sediment by microbial mat communities and/or the biomediated precipitation of
carbonate minerals (5, 6). Modern microbialites often display structural and textural
similarities to those identified in ancient rocks that, together with geochemical and
isotopic evidence, have led to the interpretation of the latter structures as being
biogenic (7).

While thought to have been widespread on early Earth (2, 6, 8), microbialites have
a far more limited distribution today and are typically only found in environments with
conditions that restrict higher order organisms that graze the microbial mats involved
in their formation. Such environments where microbialites are found include saline
marine systems such as in the Hamelin Pool of Shark Bay, Western Australia (9–11),
Socompa Lake, Argentina (12), and in Highborne Cay, Bahamas (13, 14). In addition,
microbialites can be found in modern lacustrine environments, including Pavilion Lake,
Canada (15), and Alchichica, Mexico (16), among others. Perhaps the largest expanse of
microbialites (�700 km2) is the carbonate structures that form in shallow marginal
areas in the hypersaline Great Salt Lake (GSL), United States (Fig. 1) (17–20). In areas of
the lake with salinities averaging �12% (south arm, south of the railroad causeway),
these structures are associated with robust phototrophic microbial mats that may
account for close to one-half of the total production in the lake (21). However, the
physiological adaptations that allow for the establishment of extensive phototrophic
mats and associated microbialite structures in the shallow margins of hypersaline GSL
are poorly understood.

16S rRNA gene characterizations of GSL mats have been conducted on a single
morphologic type of microbialite collected from Bridger Bay, near Antelope Island (22,
23). This work showed the GSL microbialite mat community was dominated by a
phototroph that is closely affiliated with the halophilic cyanobacterial genus Euhaloth-
ece. However, GSL microbialites (20, 24), and microbialites in general (e.g., see refer-
ences 2, 5, and 6), exhibit a variety of morphologies that may suggest differences in the
compositions of communities and/or processes that are involved in their formation. For
example, GSL microbialites were previously categorized into several distinct morpho-
logical groups, including ridge-like structures, composite rings, low-profile collapsed
domes, and large-diameter domal mounds (20). One possible explanation for the
various microbialite morphotypes in GSL is the differences in the average energy states
and depositional environments where they form, both of which are controlled largely
by protection from wave action (20, 24, 25). However, based on available data, it is
unknown if differences in the taxonomic and functional compositions of the mat
communities putatively involved in their formation also contribute to morphological
differences among microbialites in GSL.

To begin to address these outstanding questions, seven morphologically distinct
microbialites and their associated mats from two locations in GSL were characterized at
the level of morphology, qualitative local environmental characteristics, and microbial
community composition inferred from 16S rRNA gene sequence profiles. Using these
data, a single mat sample that was representative of the seven mats was identified, and
metagenomic sequencing and informatics analyses were conducted to reveal meta-
bolic potentials of the major members. These results were then compared to those
from microbialite mat communities from other sites to identify functionalities and
adaptations that are characteristic of hypersaline mat assemblages and that allow for
their persistence. Results are discussed in the context of the unexpected importance of

Kanik et al. Applied and Environmental Microbiology

May 2020 Volume 86 Issue 10 e00165-20 aem.asm.org 2

https://aem.asm.org


FIG 1 Location of study areas and examples of microbialite types. (A) Aerial image of Great Salt Lake and surrounding highlands from
2016 displaying estimated microbialite extent (17, 20). Lake bathymetry from Baskin and Allen 2005 (83) and Baskin and Turner 2006 (84).

(Continued on next page)
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light energy in supporting mat-forming populations in the hypersaline GSL and its
implications in the formation of the extensive microbialites found in the lake today and
in saline lakes across the world.

RESULTS AND DISCUSSION
Site and sample description. Microbialite subsamples were collected from seven

different locations in the south arm (SA) of GSL. These locations were chosen to sample
a variety of microbialite morphologies and environment lake conditions present in the
productive (shallow marginal) zone of GSL (Fig. 1), as reported previously (17, 20, 25,
26). Physical and chemical measurements of waters overlaying microbialites from these
locations indicated little variation, with temperatures ranging from 22.0 to 30.1°C, pHs
ranging from 8.1 to 8.2, and salinity ranging from 14.5% to 17.0% (Table 1).

The seven microbialite sampling sites were all located in the SA of GSL, since mats
and microbialites in the north arm are no longer thought to be growing due to an
anthropogenic salinity increase up to 30% (22). Detailed descriptions of the variation in
microbialite morphologies and the hydrological and geological characteristics of their
local environment in GSL were reported previously (20). Briefly, the windward west
(WW) and windward east (WE) sites were located on the northern shore of Ladyfinger
Point, a peninsula off the north shore of Antelope Island (north of Bridger Bay), with
WW on the west side and WE on the east side of a small spit (Fig. 1). Both WW and WE
environments are characterized as being subject to substantial wave action (i.e., a
high-wave-energy environment) and are on a shallow ramp distant from the bedrock
outcrop. Microbialites in these locations are up to �1 m in diameter and are well
cemented with carbonate (typically aragonite) mineral that has been suggested to be
bioprecipitated (27, 28). Microbialites tend to form in linear accumulations at WE sites
and form distinct clusters (up to 5 m in diameter) at WW sites.

The Bridger Bay (BB) samples were from the sheltered Bridger Bay on the south side
of Ladyfinger Point, which is thought to minimize disruption from wave action (i.e., a
low-wave-energy environment). Like those at WW and WE sites, microbialites in Bridger
Bay formed on a shallow ramp that is distant from bedrock outcrops. However, the BB
microbialites are low-profile domes, including collapsed domes (20), and are poorly
cemented. The Buffalo Point (BP) and ridge (R) samples were collected on the west
shore of Antelope Island near Buffalo Point, south of Bridger Bay, which are both
high-wave-energy environments. The BP samples were collected along a steep margin,
close to outcrops of bedrock, where the microbialites form taller, larger well-cemented

FIG 1 Legend (Continued)
(B) Sample area 1 (samples windward east, windward west, Bridger Bay, Ridges, and Buffalo Point), northern Antelope Island; Google
Earth image from July 2016. (C) Sample area 2 (samples Stansbury polygons, Stansbury interpolygons), northeast corner of
Stansbury island; Google Earth image from July 2016. (D). Flat low-profile microbialites in Bridger Bay, Antelope Island (sample BB).
(E and F). Large domal microbialites that form on the perimeter of megapolygons (sample SP) and low-profile elongate microbialites
within the polygons (sample SI).

TABLE 1 Location and chemical/physical measurements made on waters overlying microbialites from specified sampling locations in
Great Salt Lake, Utah

Locationa Date (mo/day/yr)

GPS (NAD83)b

Temp (°C) pH Salinity (%)
Cond.c

(mS cm�1)UTM E UTM W

WE 8/15/2016 394399 4546259 22.0 8.23 14.5 166.0
WW 8/15/2016 393988 4546261 23.9 8.22 14.6 168.4
BB 8/15/2016 394518 4545827 25.2 8.15 15.5 178.2
BP 8/15/2016 392530 4543686 26.6 8.05 15.0 183.0
R 8/15/2016 392661 4542499 30.1 8.06 17.0 195.0
SI 8/16/2016 374474 4530603 25.2 8.12 15.6 138.3
SP 8/16/2016 374369 4530692 26.9 8.16 15.8 139.8
aWE, windward east; WW, windward west; BB, Bridger Bay; BP, Buffalo Point; R, ridges; SI, Stansbury interpolygons; SP, Stansbury polygons.
bGPS, global positioning system; UTM E, universal transverse Mercator east; UTM W, universal transverse Mercator west.
cCond., conductivity.
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domes that incorporate an abundance of lithic fragments into their structure. In
contrast, the R sampling location was along a shallow margin but is subject to
substantial wave action. Microbialites here form long linear structures related to
cemented wave ripples (20).

The Stansbury Island sampling location was on the northeast side of the island in an
area with moderate wave energy. The area is a shallow ramp, is far from a bedrock
exposure, and contains extensive megapolygon formations (20). Large (often �1 m in
diameter and up to 5 m) well-cemented microbialites (sample designation SP) tend to
form on the perimeters of the large polygon structures and are thought to be related
to groundwater seeps (20). Samples were also collected from the low-profile elongate
microbialites found within the interiors of the polygons (sample designation SI). The
morphological differences associated with the sampled GSL microbialites are consistent
with previous data indicating that morphology is the expression of localized environ-
mental conditions, including ramp geometry, wave energy, proximity to bedrock,
availability of hard substrates, and proximity to possible groundwater seeps (20, 25, 29).

Microbialite 16S rRNA gene composition. To begin to examine similarities and
differences in the composition of microbialite-associated microbial mats from the seven
sample locations, a total of 38,007 16S rRNA gene sequences were subsampled for each
mat community, and these were profiled taxonomically. Subsampling of 16S rRNA
genes resulted in similar coverages (range, 87% to 91%) of the predicted taxonomic
diversity in these mat communities (see Table S1 in the supplemental material).
Likewise, these communities hosted similarly diverse microbial communities as indi-
cated by comparable inverse Simpson indices (range, 29.6 to 46.4) (Table S1).

The taxonomic compositions of the seven communities examined were also similar
(Fig. 2), as indicated by Bray-Curtis pairwise community similarities of operational
taxonomic unit (OTU) distributions among communities that ranged from 0.70 to 0.91
(see Table S2). The compositions of the communities sampled from BB in the present
study and those sampled from BB in prior studies (22, 23) also had similar structures.
Thus, despite significant morphological differences among microbialites sampled from

FIG 2 Compositions of 16S rRNA gene operational taxonomic units (OTUs) recovered from microbialite mat
communities in seven different locations in the south arm of Great Salt Lake. Representative OTUs were binned at
the order level, with orders that represented �0.5% of the total sequences in a given sample site included in the
legend. Taxonomic bins that represented �0.5% of the total sequences from each assemblage were pooled and
depicted as “other.” An unweighted pair group method with arithmetic mean (UPGMA) dendrogram of community
composition differences was constructed using classical clustering and Bray-Curtis similarity indices (top left).
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the seven different GSL locations (Fig. 1), the taxonomic compositions of the commu-
nities thought to be involved in their formation (see references 22, 27, and 28) exhibited
only minimal differences at the levels of OTU diversity and distribution. This finding is
in agreement with those obtained from morphologically distinct microbialites from
Shark Bay, Australia, where minimal taxonomic and functional differences were de-
tected among mat communities associated with morphologically distinct microbialites
(11). Together, these results and those of others (20, 25, 29) suggest that an interplay
between local geology, the mats involved in trapping and binding of sediment grains,
and the differential delivery and deposition of sediment grains, based on the direction
and average wave energy of overriding water in the environment, shapes the mor-
phology of microbialites in GSL and likely elsewhere.

While the microbial mat communities were largely similar at the levels of 16S rRNA
gene OTU diversity and distribution, several slight compositional differences were
detected, in particular, among the abundance of the most abundant community
members (Fig. 2). The most abundant OTU in five of the seven microbialite communi-
ties was affiliated with one of several putative bacterial heterotrophs. This included four
communities (WE, BB, R, and SP) where the most abundant OTU (14.3% to 16.4% of the
total reads) exhibited 98% sequence identity with the heterotroph and halophile
Salisaeta within the phylum Rhodothermaeota. The most abundant OTU (15.3% of total
reads) in the BP sample exhibited 98% sequence identity to the heterotroph Gracili-
monas within the order Balneolales. Consistent with its detection in phototrophic mats
in hypersaline GSL, halophilic Gracilimonas has been previously isolated from a variety
of solar salterns (e.g., see reference 30).

In contrast, in two of the seven microbialite communities (WW and SI), the most
abundant OTU (12.2% and 14.9% of total reads, respectively) exhibited 99% sequence
identity to the halophilic and cyanobacterial phototroph Euhalothece of the order
Chroococcales. Euhalothece was previously shown to be a dominant component of GSL
microbialite mat communities from BB (22, 23). This OTU was also detected in the other
five communities sampled in this study in abundances ranging from 9.2% to 12.8% of
total reads. 16S rRNA gene OTUs affiliated with Archaea were not detected in abun-
dances �0.5% in any community examined, consistent with previous 16S rRNA gene
characterizations of these communities (22, 23). Thus, based on inference from 16S
rRNA gene sequencing, the compositions of mat communities across the SA of GSL are
largely similar and consist of a dominant primary producer and several dominant
heterotrophic consumers. This “simplified” trophic structure is common among char-
acterized phototrophic mat communities (e.g., see reference 31).

Microbialite metagenomic composition. The average composition of the seven
GSL microbialite mat communities was calculated at the level of taxonomic order, and
this was used to calculate a Bray-Curtis metric of community similarity among this and
the other seven communities. The average composition of the communities was most
similar (Bray Curtis similarity � 0.92) to communities from BB, SI, and SP (see Table S3
in the supplemental material). This observation, combined with the extensive work
conducted on microbialites from the BB sampling location (22, 23, 26, 28), led to the
decision to generate a metagenome from this microbial mat to potentially uncover
additional insights into adaptations that contribute to their extensive habitation of the
hypersaline GSL environment.

Sequencing of the BB microbial mat metagenome yielded a total of 10.02 Gbp of
reads, with assembly generating a total of 354.0 Mbp of contigs (see Table S4). Contigs
were binned into metagenome-assembled genomes (MAGs), and raw reads were
mapped to the MAGs to generate a rank abundance plot (Fig. 3A). A total of 82.4% of
the quality-filtered metagenome reads were represented by the preliminary draft
MAGs. Among the bins, a total of 38 MAGs were identified that met the criteria of
medium- to high-quality draft MAGs (see Data Set S1) (32), and the 18 most abundant
MAGs (�1.0% estimated relative abundance) represented 55.4% of the total commu-
nity (Fig. 3A). The most abundant taxonomic orders associated with the 18 most
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FIG 3 (A) Rank-abundance plot of GSL microbialite reconstructed population level metagenome-assembled
genome (MAG) bins. Each vertical bar represents a reconstructed MAG that has an estimated completeness �50%
(n � 38) (see Data Set S1 in the supplemental material). MAGs are arranged by relative abundance (as a percentage)
in decreasing order, as determined by read mapping. The taxonomy of genome bins was based on BLASTp
searches of housekeeping genes against homologs from cultivated representatives with available genomes (Data
Set S1) and are color coded based on taxonomic order to match the scheme presented in Fig. 2. (B) PCO of a matrix
describing the dissimilarity of KEGG orthologs (KOs) associated with energy metabolism pathways in each of the
18 most abundant MAGs. Each dot corresponds to the MAG indicated (Data Set S1) and is colored based on
taxonomic order as in Fig. 2 and 3A. Numbers correspond with taxonomy presented in Table 2.
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abundant MAGs were broadly similar to the taxonomic orders identified in 16S rRNA
gene surveys of the seven GSL microbialite communities (Fig. 2 and 3A).

The distribution of KEGG orthologs (KOs) associated with energy metabolism path-
ways in each of the 18 most abundant MAGs (see Data Set S2) was determined, and this
information was used to generate a principal-component ordination (PCO) plot de-
scribing the dissimilarity in their functional potentials. KOs associated with the most
abundant MAG (12.2% of the estimated relative abundance), which is most closely
related (97% DNA-directed RNA polymerase subunit beta [RpoB]) to the cyanobacte-
rium Euhalothece (Chroococcales), clustered distinctly from the rest of the MAGs
(Fig. 3B). KOs associated with the other 17 MAGs formed a cluster that was further
subclustered into those associated with Proteobacteria and those associated with
Bacteroidetes/Verrucomicrobia. Thus, the distribution of energy metabolism-related KOs
was largely synchronous with phylum-level taxonomic classifications.

To identify functionalities associated with the broad patterns of clustering in the
PCO, protein-coding genes in each of the 18 most abundant MAGs were subjected to
annotation and metabolic pathway analysis. Detailed accounts of the distribution of
target proteins and further descriptions of the inferred metabolisms of each of these 18
MAGs can be found in Data Set S2 and results in the supplemental material, respec-
tively. The Euhalothece population is inferred to be an oxygenic phototroph based on
the presence of homologs encoding a complete Calvin cycle and both reaction centers
photosystem I (Psa) and II (Psb) (Table 2), all of which are characteristic of Cyanobacteria
(33). This interpretation is also consistent with the physiology of closely related strains,
which have been shown to grow autotrophically via oxygenic photosynthesis (e.g.,
Euhalothece sp. strain PCC 7418 [34]). Based on protein annotations, the GSL Euhaloth-
ece population is also likely capable of fermenting pyruvate into formate, lactate, and
acetate and can convert dinitrogen (N2) to ammonia via molybdenum (Mo)-dependent
nitrogenase. This characteristic is consistent with recent reports of N2 fixation in this
genus (35) and indicates that Euhalothece likely supplies both fixed carbon and
nitrogen for secondary consumers in GSL. As such, Euhalothece likely represents a
keystone species in the GSL mat community and the broader ecosystem (23, 36).

TABLE 2 Distribution of proteins involved in phototrophy in the 18 most abundant MAG bins in the Great Salt Lake microbial mat
community

Bin no. Closest BLASTp hit % IDa Rhodopsinb

Reaction centersc Bch synthesisd Calvin cyclee

PSI PSII DPOR COR RuBisCO PRK

1 Halothece sp. PCC 7418 97 XR PsaABD PsbBCE BchLNB BchXYZ CbbSL PRK
2 Fabibacter pacificus 60 NaR, HR
3 Longibacter salinarum 97 XR
4 Pelagibaca abyssi 95 PufLMH BchLNB BchXYZ
5 Wenzhouxiangella sediminis 96 PufLMH
6 Arboricoccus pini 80 XR
7 Roseibaca calidilacus 96 PufHff BchLNB
8 Longibacter salinarum 84
9 Coraliomargarita akajimensis 93 XR, R
10 Psychroflexus sp. WDS2C27 93 R
11 Henriciella sp. JN25 87 XR
12 Rhodohalobacter halophilus 91 HRg

13 Rhodohalobacter halophilus 88 HR
14 Thiohalocapsa sp. ML1 93 PufLMH BchLNB BchXYZ CbbSL, CbbM PRK
15 Coraliomargarita akajimensis 81 XR
16 Wenzhouxiangella sediminis 95 XRg PufLMH
17 Rhodothermaceae bacterium 77 NaR, HR
18 Inquilinus limosus 83 XR
aID, identity. RpoB amino acid identity to homologs from the nearest cultivar, with the exceptions of bin 4 (RplB), bin 7 (RplA), and bin 16 (RplS).
bR, rhodopsin; NaR, sodium-transporting rhodopsin; HR, halorhodopsin; XR, xanthorhodopsin.
cHomolog of PsaC or PsbF was not detected. PSI, photosystem I; PSII, photosystem II.
dDPOR, dark-operative protochlorophyllide oxidoreductase; COR, chlorophyllide a oxidoreductase.
eRuBisCO, ribulose-1,5-bisphosphate carboxylase oxygenase; PRK, phosphoribulokinase.
f Homologs of PufMH were not detected.
g Partial sequence.
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Among the 17 next most abundant MAGs that cluster in the lower half of the PCO
(Fig. 3B), only one was inferred to be capable of photosynthesis based on the detection
of homologs of proteins involved in the Calvin cycle (CbbSL, CbbM), (bacterio)chloro-
phyll (Bch) biosynthesis (BchLNBXYZ), and reaction centers (PufLMH). This MAG exhib-
ited 93% RpoB sequence identities to the anoxygenic phototroph Thiohalocapsa sp.
strain ML1, a purple sulfur bacterium affiliated with the Chromatiales (37), and it
comprised an estimated 1.3% relative abundance of the GSL mat community. This MAG
also encodes molybdenum (Mo)-dependent nitrogenase suggesting that, like Euhaloth-
ece, it contributes both fixed carbon and nitrogen to the community. Thus, taxa capable
of light-driven CO2 fixation and N2 fixation were represented in 2 of the 18 most
abundant bins and together represented 13.5% of the total community.

Clustering of the remaining 16 MAGs based on dissimilarity in the distribution of KOs
involved in energy metabolism (Fig. 3B) suggests at least partial overlap in encoded
metabolic pathways. Based on the absence (16/16 MAGs) of protein homologs encod-
ing the Calvin cycle (CbbSL or CbbM), the general absence (15/16 MAGs) of proteins
allowing for anaerobic respiration (e.g., nitrate or bisulfate reductases), and the near
uniform (15/16 MAGs) presence of homologs of cytochrome c oxidases (Data Set S2),
these 16 MAGs (combined, 41.9% of total reads) are inferred to be from facultatively
anaerobic or aerobic heterotrophic bacteria. The completeness of these MAGs ranged
from 51.7 to 99.7% (average, 86.7%), indicating that the lack of genes encoding
autotrophic pathways in MAGs is unlikely to be an artifact associated with poor
sequencing, assembly, or binning. Thus, aerobic heterotrophic bacteria likely outnum-
ber photoautotrophs in GSL mats, at least among the abundant members of the
communities.

The MAGs from the 16 putatively aerobic heterotrophic bacteria were subjected to
metabolic reconstruction to identify differences in pathways/KOs related to carbon
metabolism that could explain their coexistence. Carbon degradation pathways dif-
fered among MAGs (Data Set S2) and included those involved in lipid, protein, organic
acid, and/or sugar degradation, including both simple and complex carbohydrates.
Sources of such organic compounds are inferred to be supplied by the dominant
primary producer in both the mats and the water column, Euhalothece (22), and
secondarily by Thiohalocapsa. Close relatives of Euhalothece have been shown to store
photosynthate internally within carboxysomes (38). Furthermore, cultivated strains of
halophilic Euhalothece have been shown to produce copious amounts of nutritionally
rich extracellular polymeric substances (EPS) that typically comprise six to eight mon-
osaccharides and that can contain acetyl, pyruvyl, and/or sulfate groups (39, 40). EPS or
its degradation products could also support heterotrophic members of the GSL mat
community.

An expanded characterization to include all pathways of energy metabolism of the
16 putative aerobic heterotrophic bacteria surprisingly revealed homologs of rho-
dopsins, reaction center proteins, and bacteriochlorophyll biosynthesis proteins in 15 of
these MAGs. Thus, when combined with the Euhalothece (bin 1) and Thiohalocapsa (bin
14) MAGs, 17 of the 18 most abundant MAGs in the GSL mat community encode the
potential for phototrophy. Among these 17 MAGs, 13 encoded homologs of one or
more rhodopsins, including xanthorhodopsin (XR), sodium-transporting rhodopsin
(NaR), halorhodopsin (HR), and/or rhodopsin (R); homologs of proteorhodopsin and
heliorhodopsin were not detected (Table 2). Homologs of XR and R, both of which are
retinal-containing proton pumps that function to convert light into electrochemical
potential to energize cells (41), were identified in 8 and 2 MAGs, respectively. In
addition to XR and R, homologs of NaR and HR, both of which use light energy to
balance the osmotic potential across the membrane primarily with sodium or chloride
ions, respectively (42, 43), were identified in 2 and 3 MAGs, respectively. These results
suggest the importance of rhodopsins, and thus light energy, in supporting not only
Euhalothece and Thiohalocapsa but also numerous putative aerobic heterotrophs in GSL
mats. Moreover, given that various forms of rhodopsins and Bch absorb light of
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differing wavelengths (44), it is likely that their variable distribution among dominant
taxa helps to minimize niche overlap, thereby enabling their coexistence.

XR from Salinibacter ruber has been shown to function in association with the
carotenoid, salinixanthin (41). Intriguingly, homologs of �-carotene 15,15=-dioxygenase,
a protein involved in the synthesis of salinixanthin (45), were detected in only 5 of the
8 XR-encoding MAGs: Longibacter (bin 3), Coraliomargarita (bin 9), Henriciella (bin 11),
Wenzhouxiangella (bin 16), and Inquilinus (bin 18). One of the MAGs, Euhalothece (bin
1), encodes a homolog of apocarotenoid-15,15= oxygenase that also functions in
production of retinal from carotenals and carotenols (46); however, it is not known if
the product of this enzyme can function with XR. Thus, the function of XR in the 3 MAGs
with no evidence for salinixanthin biosynthesis is unknown. However, as pointed out
previously for MAGs with XR and no apparent salinixanthin biosynthesis capability (47),
it is possible that novel mechanisms of synthesizing this or a related pigment that
functions with XR will be discovered. Intriguingly, it has also been suggested that
salinixanthin produced by one member of the community may act as a community
resource and thus represent an additional factor driving community assembly (48).

Additional evidence pointing toward the importance of light energy in supporting
autotrophs and aerobic heterotrophs in GSL mats comes from the distribution of
homologs of photosystem (PS) proteins and proteins involved in the synthesis of Bch.
Among the 18 most abundant MAGs, only the most abundant Euhalothece bin encoded
both PSI (PsaABD) and PSII (PsbBCE) found in oxygenic phototrophs (33). As expected, this
MAG also encoded dark-operative protochlorophyllide oxidoreductase (DPOR; BchLNB) and
chlorophyllide a oxidoreductase (COR; BchXYZ). DPOR reduces a double bond in proto-
chlorophyllide to yield chlorophyllide a, a precursor for bacteriochlorophyll a, whereas COR
reduces the double bond between the C-7 and C-8 carbons of chlorophyllide a during
bacteriochlorophyll a biosynthesis (49). While we did not examine the distribution of
additional protein homologs that could potentially further inform on the types of chloro-
phylls synthesized in these taxa, it is important to note that all major types of bacterio-
chlorophylls can be synthesized from the intermediate chlorophyllide a (49).

Among the 15 MAGs of putative aerobic heterotrophs in GSL mats, 4 encoded
homologs of PSII protein complexes (PufLMH) associated with anoxygenic phototrophs;
none of the MAGs encoded homologs of the other PSII complexes Psc or Psh associated
with anoxygenic phototrophic green sulfur bacteria, heliobacteria, and Acidobacteria
(Table 2). However, only two of these 4 MAGs (Pelagibaca [bin 4] and Roseibaca [bin 7])
encoded COR and/or DPOR, while the two Wenzhouxiangella-affiliated MAGs lacked
homologs of COR and DPOR. The type strain of Wenzhouxiangella is a facultative
heterotroph, and available genome sequences from this and other closely related
strains do not reveal homologs of PufLMH or other photosynthetic gene cluster (PGC)
homologs (50). Among available genomes, the PufLMH in the Wenzhouxiangella sedi-
minis bins were most closely related to homologs among other Alphaproteobacteria. Since
several recent studies suggest that PGC genes, including those encoding Puf or Bch
biosynthesis genes, can be encoded on extrachromosomal elements, including plasmids (as
reviewed in reference 51), unbinned contigs were examined for genes coding for Bch
biosynthesis proteins that might be attributable to W. sediminis. However, a BLASTp search
failed to identify homologs of BchLNBXYZ related to Alphaproteobacteria among unbinned
contigs, discounting the probability that these proteins were unbinned or were present on
extrachromosomal elements in W. sediminis. In the absence of an apparent ability to
synthesize Bch, the function of these PS proteins is unclear. Nonetheless, these data suggest
an ability to harvest light energy in 17 of the 18 dominant MAGs, with 15 of these being
from putative aerobic heterotrophic bacterial taxa. This metabolism was previously termed
aerobic photoheterotrophy (APH) (44).

The elevated abundance of putative APH in GSL mats suggests that this physiolog-
ical strategy imparts a selective advantage for microbial inhabitants. To begin to
evaluate this hypothesis, a comparison of the abundance of key proteins that are
involved in light harvesting was conducted among the GSL metagenome and other
mat system metagenomes (Fig. 4). Included in this comparison is Mushroom Spring,
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Yellowstone National Park, Wyoming, since it is among the most comprehensively
characterized phototrophic mat ecosystems (52, 53), and mat communities have been
suggested to harbor an abundance of taxa dependent on light energy based on the
distribution of genes coding for PS, Bch biosynthesis, and rhodopsin proteins (47, 48).
Also included in the analysis are metagenomes from microbialite-forming mats from
four locations, including Socompa, Argentina (54), Highborne Cay, Bahamas (55),
Alchichica, Mexico (56), and Shark Bay, Australia (11). The distribution of homologs of
phototrophy-related proteins in assembled metagenomes was determined first (Table
3), and this information was used to calculate their level of enrichment in the GSL
community relative to that in the other communities (Fig. 4).

When homologs of all rhodopsin varieties are considered together, their abundance
in GSL (107 homologs/Gb of assembled sequence) is nearly twice that of other
communities, with the exception of mats from Socompa Lake (112 homologs) (Table 3;
Fig. 4). Both GSL (15.5% salinity, 1,282-m elevation) and Socompa Lake (4.8% salinity,
3,570-m elevation) are hypersaline and are located at higher elevations than the other
communities considered, aside from Mushroom Spring (�2,700-m elevation). Thus,
selective pressure to mitigate potentially deleterious effects associated with elevated
salinity and to take advantage of increased solar radiation may lead to the assembly of
resident communities including taxa that harbor rhodopsins. Potentially consistent with

FIG 4 Enrichment of genes coding for specified proteins in microbial mats sampled from Great Salt Lake
(GSL; this study), Mushroom Spring, Yellowstone National Park (48), Socompa, Argentina (54), Highborne
Cay, Bahamas (55), Alchichica, Mexico (56), and Shark Bay, Australia (11). For Alchichica (AL) microbialite
mat samples, the left column is for the north shore (ALN) metagenome, while the right column is for the
average enrichment of homologs in three replicate metagenomes from the west shore (ALW) (56). For
Shark Bay microbialite mat samples, the left column corresponds to a metagenome from postular A, the
middle corresponds to a metagenome from coliform D, and the right column corresponds to a
metagenome from smooth D (11). The pH, temperature, and salinity of the water column for GSL (this
study), Mushroom Spring (48), Socompa (54), Highborne Cay (55), Alchichica (56), and Shark Bay (11) are
indicated in parentheses. Abbreviations: HeR, heliorhodopsin; R, rhodopsin; BR, bacteriorhodopsin; PR,
proteorhodopsin; NaR, sodium-transporting rhodopsin; HR halorhodopsin; XR, xanthorhodopsin; Bch,
bacteriochlorophyll biosynthesis; PRK, phosphoribulokinase.
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this hypothesis, homologs of proton-pumping XR and sodium-transporting NaR were
abundant in mats from both GSL (42 and 28 homologs/Gbp, respectively) and Socompa
Lake (55 and 35 homologs/Gbp, respectively) (Table 3; Fig. 4). The abundances of
homologs of XR in GSL mats and Socompa Lake mats were similar to that of mats from
Mushroom Spring, which is likely to be a high-radiation environment considering its
close proximity (�10 m) to the high-radiation Octopus Spring (57). This finding is also
consistent with a previous study that identified numerous rhodopsin homologs in
Mushroom Spring, in particular, XR (47). Genes encoding HR and BR, albeit in low
overall abundance (17 and 3 homologs/Gbp), were also enriched in GSL relative to that
in the other considered communities.

The abundance of homologs of PS associated with oxygenic phototrophs (Psa and
Psb) in GSL mats was similar to those from Socompa Lake and Mushroom Spring. The
abundance of these proteins in these three communities was, however, low compared
to that in most other communities (Table 3; Fig. 4). In contrast, the abundance of
homologs of Puf (PS II), associated with anoxygenic phototrophs in GSL, exceeded all
mats except those from Shark Bay. Mats from GSL and Shark Bay were also enriched
(�60 and 27 homologs/Gbp, respectively) in homologs of proteins involved in the
synthesis of Bch. Importantly, the enrichment of PS and Bch biosynthesis proteins in
GSL did not correlate with enrichment of homologs of type I ribulose bisphosphate
carboxylase/oxygenase (RuBisCO; CbbSL) (�11 homologs/Gbp) (Fig. 4). Likewise, the
abundance of type II RuBisCO (CbbM), albeit enriched in the GSL metagenome, was low
(�6 homologs/Gbp) relative to that of Puf and Bch proteins (�50 to 70 homologs/Gbp,
respectively). Together, these results suggest that light harvesting via Puf and Bch is not
necessarily associated with CO2 fixation in GSL. This form of APH is more specifically
referred to as aerobic anoxygenic photosynthesis (AAPH) (58). Among the most abun-

TABLE 3 Relative enrichment of proteins in the metagenomes of specified communities

Proteina

Enrichment (homologs/Gb of assembled sequence)b

GSL Mushroom Socompa
Highborne
Cay

Alchichicac Shark Bay

ALN1 ALW Postular A Coliform D Smooth D

HeR — 4.5 2.3 — 11.4 0.6 — — —
R 16.9 — 13.8 11.8 5.7 24.7 4.9 4.0 6.4
BR 2.8 — — — — — — — —
PR — — 2.3 — — — 2.0 — 1.1
NaR 28.2 — 34.5 — 1.9 8.5 2.0 — 1.1
HR 16.9 — 4.6 — — — — — —
XR 42.4 49.5 55.3 — 9.5 11.0 28.5 15.9 27.6
PsbB 5.6 4.5 — 53.0 26.7 16.1 30.5 51.5 13.8
PsbE 2.8 13.5 — 58.9 20.0 14.2 22.6 35.7 13.8
PsaA 5.6 4.5 2.3 64.7 34.3 19.9 32.5 83.2 18.1
PsaB 5.6 9.0 2.3 70.6 33.3 21.9 27.5 51.5 21.2
PsaD 8.5 9.0 — 41.2 16.2 15.4 22.6 35.7 13.8
PscA — 4.5 — — — — — — —
PshA — — — — — — — — —
PufL 79.1 4.5 34.5 — 40.0 35.4 63.0 55.5 52.0
PufM 62.1 13.5 43.8 5.9 31.4 29.2 67.9 55.5 51.0
BchL 73.4 31.5 32.2 17.7 49.5 39.3 92.5 71.3 70.1
BchN 62.1 4.5 25.3 — 42.9 34.4 78.7 75.3 29.7
BchB 56.5 4.5 23.0 5.9 38.1 31.0 65.9 47.6 —
BchX 59.3 9.0 29.9 — 30.5 37.8 80.7 63.4 —
BchY 53.7 4.5 27.6 — 39.0 38.3 74.8 35.7 —
BchZ 59.3 4.5 20.7 — 39.0 36.6 75.7 43.6 —
CbbL 16.9 22.5 4.6 53.0 36.2 25.5 36.4 63.4 —
CbbS 5.6 9.0 — 17.7 17.1 16.3 8.9 11.9 —
CbbM 5.6 — 4.6 — 1.9 — — — —
PRK 19.8 4.5 27.6 — 25.7 16.9 6.9 15.9 —
aHeR, heliorhodopsin; R, rhodopsin; BR, bacteriorhodopsin; PR, proteorhodopsin; NaR, sodium-transporting rhodopsin; HR halorhodopsin; XR, xanthorhodopsin; PRK,
phosphoribulokinase.

b—, no enrichment relative to the average abundance of homologs.
cAlchichica (AL) microbialite mat metagenomes from the north shore (ALN) and the west shore (ALW); the average enrichment of protein homologs in three replicate
metagenomes is presented for ALW.
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dant bins, Puf and Bch, but not CbbSL, were identified in MAGs associated with two
aerobic heterotrophic populations in GSL, Pelagibaca (bin 4) and Roseibaca (bin 7),
indicating the potential for AAPH in these taxa.

Collectively, these data indicate that phototrophic potential, whether in the form of
oxygenic or anoxygenic photosynthesis, APH, or AAPH, is enriched in mat communities
that form in hypersaline GSL (14.0 to 17.5% salinity), Socompa (4.8%), and Shark Bay
(5.8%) environments. Photoheterotrophy via rhodopsin-based light harvesting has long
been associated with enhanced fitness in a variety of environments, including those
that are saline (59) and hypersaline (60). New data, however, indicate a much wider
ecological distribution of rhodopsin-supported phototrophic organisms in aquatic
systems (61), including those that are freshwater (62). Taking into account the phylo-
genetic, physiological, and ecological data, it has been suggested that rhodopsins can
promote survival during nutrient stress, can stimulate growth and thus promote fitness,
and can enhance metabolic efficiencies that together may influence community as-
sembly (as reviewed in reference 61).

However, GSL is hypereutrophic (63) due to anthropogenic nutrient input, and this
contributes to high levels of microbial production (21, 23). This suggests that nutrient
stress is unlikely to be the primary characteristic responsible for the enrichment of
rhodopsins. Rather, the potential benefits associated with capturing energy from high
solar radiation at GSL is suggested to select for taxa that harbor rhodopsins to mitigate
energetic stress imposed by hypersalinity. Furthermore, AAPH has been suggested to
be a key adaptation allowing for enhanced fitness compared to that of nonpho-
totrophic heterotrophic taxa in illuminated environments (64). Like rhodopsins, the
potential enrichment of AAPH in GSL mat populations may enhance their fitness,
potentially helping to explain the �700-km2 expanse of 1- to 2-cm thick phototrophic
mats that form in shallow margins of the lake.

Conclusions. The thick, widely distributed benthic microbial mats that form in GSL bind
and stabilize sediment grains (20) and have been suggested to also promote the precipi-
tation of carbonate minerals, including aragonite, that can act as cement during mat
lithification (27, 28). Over extended periods of time, perhaps on the order of 2,500 to
20,000 years (24), numerous cycles of mat growth, sediment binding, and lithification lead
to the formation of microbialites in GSL whose morphology largely reflects the average
wave energy/direction and depositional setting of the local environment (20, 24, 25). The
data presented herein indicate that the ability to harvest light either as an oxygenic
phototroph, anoxygenic phototroph, APH, or AAPH is enriched in GSL mats and likely
represents a key adaptation allowing for the establishment of robust phototrophic mats in
this and perhaps other hypersaline locations. To this end, the unexpected abundance of
and diversity in mechanisms of harvesting light energy observed in GSL mat populations
likely functions to (i) minimize niche overlap among coinhabiting taxa thereby permitting
their coexistence, (ii) provide a mechanism(s) to increase energy yield and osmotic balance
during salt stress, and (iii) enhance the growth and fitness of taxa. Together, these
physiological benefits promote the formation of robust mats that, in turn, influence the
formation of microbialite structures that can be imprinted in the rock record.

MATERIALS AND METHODS
Description of sample locations. Microbialites and associated photosynthetic mats were collected

from seven locations in the south arm (SA) of GSL (Fig. 1; Table 1). Samples were collected from five
locations near the northern end of Antelope Island (N 40.44.1172, W 111.52.288), Great Salt Lake (GSL),
Utah, on 15 August 2016. This includes sites that are referred to as windward east (WE), windward west
(WW), Bridger Bay (BB), Buffalo Point (BP), and ridges (R). Samples were also collected from two additional
sites on the northeast side of Stansbury Island on 16 August 2016. These are referred to as Stansbury
polygons (SP) and Stansbury interpolygons (SI).

Sample collection and in-field measurements. Triplicate 5-g subsamples of microbial mat were
collected from triplicate submerged microbialites at each location (9 subsamples collected for each
sampling site). To sample only active mat communities, we selected well-hydrated microbialite structures
that were submerged to a depth of �0.5 m. Replicate microbialites at each location were generally
within 5 m of each other. Samples of microbial mat from the surface of each microbialite structure were
collected with flame-sterilized spatulas and were placed in sterile 15-ml tubes. Tubes and their contents
were immediately frozen on dry ice for transport to the laboratory at Montana State University for
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storage at �80°C. Concurrent with microbialite mat sample collection, geochemical and physical
measurements were taken in overlaying waters. Temperature, pH, and conductivity were measured in
situ in water directly above a single microbialite within each sampling site using a YSI Professional Plus
(Pro Plus) multiparameter instrument (YSI Inc., Yellow Springs, OH). Salinity was measured on site on
water sampled directly above each microbialite sampling location, using an AR200 digital refractometer
(Reichert Instruments, Buffalo, NY).

DNA extraction, quantification, and 16S rRNA gene amplification and sequencing. DNA was
extracted from triplicate subsamples of microbial mat from three separate microbialites from each
sampling site using the FastDNA Spin kit for soil (MP Biomedicals, Santa Ana, CA). The concentration of
DNA in each extract was determined with the Qubit dsDNA HS assay kit (Molecular Probes). Equal
volumes of each replicate extraction were combined for each of the three microbialites from each site.
Consequently, a single DNA extract pool (combination of triplicate extracts) was generated for each of
the three microbialites at each of the seven sites (21 extracts in total).

PCR amplification of 16S rRNA genes was conducted at the environmental sample preparation and
sequencing facility at Argonne National Laboratory. Specifically, the V4 region of the 16S rRNA gene
(515F-806R) was amplified with region-specific primers that included sequencer adapter sequences used in
the Illumina MiSeq flow cell (65, 66). Each 25-�l PCR mixture contained 12 �l of DNA-free PCR water, 10 �l
of 5 Prime HotMasterMix at 1� final concentration (QuantaBio, Beverly, MA), 1 �l Golay barcode-tagged
forward primer (5 �M concentration, 200 pM final concentration), 1 �l reverse primer (5 �M concentration,
200 pM final concentration), and 50 ng of template DNA. PCR conditions were 94°C for 3 min, with 35 cycles
at 94°C for 45 s, 50°C for 60 s, and 72°C for 90 s, with a final extension of 10 min at 72°C. Amplicons were then
quantified using PicoGreen (Invitrogen, Carlsbad, CA). Each product was pooled into a single tube, purified
using the UltraClean PCR Clean-Up kit (Qiagen, Venlo, The Netherlands), and quantified using a fluorometer
(Qubit, Invitrogen). After quantification, the pool was diluted to 2 nM, denatured, and then further diluted to
a final concentration of 6.75 pM with a 10% PhiX spike for sequencing.

Sequence processing was performed with mothur (ver. 1.36.1) (67), as previously described (68), after
merging the paired reads. A total of 1,939,054 paired-end 16S rRNA gene sequences were generated
from sequencing on the MiSeq platform. Briefly, primers and adapters were removed from raw sequences
and trimmed based on a Phred quality score of �25. The remaining sequences were trimmed to a
minimum length of 250 bases and were subjected to a filtering step using the quality scores to remove
sequences with any anomalous base calls. Unique sequences were aligned using the bacterial SILVA
database (release 132) (69), and sequences were trimmed using defined start and end sites based on
inclusion of 80% of the total sequences, as previously described (70). The resulting unique sequences
were preclustered to mitigate amplification and sequencing errors, and chimeras were identified and
removed using UCHIME (71). Operational taxonomic units (OTUs) were assigned at a sequence similarity
of �97% using the nearest-neighbor method. The remaining sequences (1,784,275 quality-filtered 16S
rRNA gene sequences) were randomly subsampled to normalize the total number of sequences in each
sample library, and rarefaction analyses were used (at a depth of 38,000 sequences per sample, sampled
in steps of 100 sequences) to compute the percent coverage of the predicted taxonomic richness for
each library. The composition of each community was averaged for each triplicate microbialite sampling
location, and this is what is presented. Representative sequences for each OTU were classified using the
Bayesian classifier (72) and the Ribosomal Database Project as previously described (70).

Metagenomic sequencing. Metagenomic sequence was generated from genomic DNA recovered
from a single representative site, Bridger Bay (BB). DNA from mats from this site was chosen to represent
the seven sampling locations based on 16S rRNA gene sequencing results and statistical analysis of these
results, information that indicated it represented the “average” taxonomic composition of communities
(see Results and Discussion). Equal volumes of triplicate genomic DNA extracts for each of the three
microbialites at the BB sampling location were pooled and subjected to quantification as described
above. Library preparation and sequencing were conducted at the genomics core facility at the
University of Wisconsin—Madison using the paired-end (2 � 125 bp) Illumina HiSeq 2000 Platform. DNA
fragments were prepared and quality controlled according to the manufacturer’s protocol using the
Illumina Nextera DNA library preparation kit (Illumina, San Diego, CA, USA).

Quality-filtered reads were then assembled into contigs and subjected to metagenome-assembled
genome (MAG) reconstructions, as described previously (73). Briefly, reads were quality trimmed from
both ends, and Illumina adapters were removed using Trimmomatic v 0.35 (74). Quality-filtered reads
were downsampled to improve assembly and were then assembled using MetaSPAdes (v.3.1.0) (75) over
a range of k-mer lengths and using the default parameters. A final assembly was chosen for further
analysis based on comparison of assembly statistics using the metaquast function of quast v.4.3 (76).
Read depth was assessed by read mapping of nondownsampled quality-filtered reads to the final
assembly with bowtie2 (77). Contigs greater than 2,500 bp from the assembly were binned by tetranucle-
otide word frequency distribution patterns and read-depth coverage profiles using MetaBAT (78).

Contigs from each bin were then assessed for quality, contamination, and completeness using
CheckM v.1.0.5 (79) and curated using several different methods. Curation of the draft MAGs was
conducted by first merging bins that represented putative partial complementary bins, while those likely
representing multiple populations were separated using k-means cluster separation and removal of
outlier contigs with tools implemented in the RefineM program v.0.0.23 (80). Outlier contigs were defined
as being outside the distribution of 95% of each bin’s contig characteristic genomic profiles, as described
previously (80). Curated bins were then reassessed using the same quality control metrics in CheckM
described earlier.
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After generating an initial draft MAG data set, the remaining unbinned contigs were then rebinned,
evaluated for quality, and curated, as described above, thereby ultimately representing �82% of the total
sequenced reads. The final complete moderate-to-high-quality MAG bin data set comprised 38 draft MAG
bins.

The estimated genome size-corrected relative abundance of each population represented by the
MAGs was then calculated from read-mapped coverage profiles in CheckM. Only those with estimated
�1.0% relative abundance were subjected to further in-depth characterization. Gene predictions and
annotations were conducted with Prokka v 1.11 (81). Annotations of proteins that were of specific
interest in delineating the putative physiology of each MAG were further scrutinized using homology
searches against the National Center for Biotechnology Information (NCBI) nonredundant (nr) database
as reported in Data Set S2 in the supplemental material.

Comparative metagenomics analyses. Since microbial mats are implicated in the formation of
microbialite structures (as reviewed in reference 6), we compiled a metagenome data set combining data
from other locations for comparative analysis with the GSL results. We selected sites based on the
number and quality of available sequence reads. Raw sequence reads for microbialites from Alchichica
Lake (56), Socompa Lake (54), Highborne Cay (55), and Shark Bay (11) were recovered from the NCBI SRA
under accession numbers PRJNA315555, PRJNA317551, PRJNA197372, and PRJNA429237, respectively. In
addition, raw sequence reads (NCBI SRA accession number PRJNA539623) from Mushroom Spring,
Yellowstone National Park, Wyoming, were compiled for use in the comparative analysis due to evidence
for enrichment of protein-coding genes involved in phototrophy in this community (47). The raw
sequence reads of the compiled metagenomes were trimmed of adapters and quality-filtered using Trim
Galore specifying default settings (https://www.bioinformatics.babraham.ac.uk/). Reads were then as-
sembled with MetaSPAdes specifying a minimum contig length of 500 bp (75). The quality of assemblies
was evaluated with MetaQUAST (82).

The assembled contigs of the reference metagenomes were subjected to gene prediction with
Prokka, as described above. Custom databases were generated for each metagenome that comprised all
predicted proteins for the assembled contigs. The databases, and GSL microbialite bins, were then
subject to BLASTp analysis to identify homologs of key marker genes involved in phototrophy and
carbon fixation. These included a variety of rhodopsins, reaction center proteins, proteins involved in
bacteriochlorophyll biosynthesis, and proteins involved in the Calvin cycle (see Data Set S3). BLASTp
results were filtered using an E value cutoff of 10e�30 and a query coverage of �50%. Owing to high
similarity within protein families, BLASTp results were further filtered to include only protein homologs
that exhibited �50% amino acid identity. Thus, the distribution of protein hits in each metagenome is
likely to be a conservative estimate of protein family diversity and abundance.

The total number of hits for a protein identified by BLASTp analysis was normalized to the total
number of giga base pairs of sequence in each assembled metagenome. This value was further
normalized to the maximum abundance value for a specified protein as determined across all meta-
genomes. This yielded a scaled value (0 to 1) for the relative enrichment of each protein relative to the
maximum enrichment observed in all metagenomes. This information was then used to generate a heat
map with the R packages ggplots and rcolorbrewer.

Data availability. Raw reads, quality scores, and mapping files for the 21 16S rRNA gene libraries
have been deposited in the NCBI Sequence Read Archive (SRA) under BioProject number PRJNA592167. The
metagenomic assembly is available from the NCBI SRA archive under BioProject number PRJNA598870.
The individual moderate-to-high-quality GSL microbialite MAGs (Data Set S1) discussed above are also
available under this BioProject number and under individual biosample numbers SAMN13763250 to
SAMN13763287. Access to the raw reads can be obtained through communication with the authors.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.
SUPPLEMENTAL FILE 2, XLS file, 0.1 MB.
SUPPLEMENTAL FILE 3, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 4, XLSX file, 0.1 MB.
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