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Abstract

The functional metagenomic potential of Shark Bay microbial mats was examined for the first time at a millimeter scale,

employing shotgun sequencing of communities via the Illumina NextSeq 500 platform in conjunction with defined chemical

analyses. A detailed functional metagenomic profile has elucidated key pathways and facilitated inference of critical

microbial interactions. In addition, 87 medium-to-high-quality metagenome-assembled genomes (MAG) were assembled,

including potentially novel bins under the deep-branching archaeal Asgard group (Thorarchaetoa and Lokiarchaeota). A

range of pathways involved in carbon, nitrogen, sulfur, and phosphorus cycles were identified in mat metagenomes, with the

Wood–Ljungdahl pathway over-represented and inferred as a major carbon fixation mode. The top five sets of genes were

affiliated to sulfate assimilation (cysNC cysNCD, sat), methanogenesis (hdrABC), Wood–Ljungdahl pathways (cooS,

coxSML), phosphate transport (pstB), and copper efflux (copA). Polyhydroxyalkanoate (PHA) synthase genes were over-

represented at the surface, with PHA serving as a potential storage of fixed carbon. Sulfur metabolism genes were highly

represented, in particular complete sets of genes responsible for both assimilatory and dissimilatory sulfate reduction.

Pathways of environmental adaptation (UV, hypersalinity, oxidative stress, and heavy metal resistance) were also delineated,

as well as putative viral defensive mechanisms (core genes of the CRISPR, BREX, and DISARM systems). This study

provides new metagenome-based models of how biogeochemical cycles and adaptive responses may be partitioned in the

microbial mats of Shark Bay.

Introduction

Microbial mats are organosedimentary, layered ecosys-

tems, characterized by a diverse community that can

facilitate mineral precipitation or dissolution mediated by

both biotic and abiotic factors [1]. Molecular analyses

have begun to uncover the complexity of mat commu-

nities from a range of environments, including hypersaline

settings of Shark Bay [2–5], Guerrero Negro [6, 7] and

Kiritimati Atoll [8], freshwater lakes [9, 10], acidic

springs [11], alkaline lakes [12, 13], hot springs [14], and

the arctic [15].

Shark Bay in Western Australia has some of the most

extensive extant microbial mat systems [2, 16], and some

of these mats are potential analogs to Precambrian stro-

matolites that can be dated back to 3.5 Ga [17]. Further-

more, Shark Bay microbial mats are subject to

hypersalinity of more than 60 PSU [3, 5], desiccation

stress, and high UV radiation [18, 19]. Daily tidal cycles

also cause fluctuations in salinity and temperature at a

local scale in the mat microenvironment [20, 21], adding

another dimension to the extreme conditions present. The

Shark Bay microbial mat systems are thus considered as

an ecological model for understanding stress response and
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resilience in microbial ecosystems, as well as a window to

the past.

Early work in Shark Bay has focused primarily on

understanding microbial diversity using targeted culturing

and cloning/sequencing of 16S rDNA PCR products [2, 4].

These studies proposed the Shark Bay systems were

dominated by Proteobacteria, Bacteroidetes, Cyanobacteria,

and Haloarchaea [2, 4], and, more recently, deep iTag

amplicon sequencing has revealed another dominant clade

—Chloroflexi—as well as novel members, including OP8,

GN04, and Parvarchaeota [3, 21, 22]. These latter studies

were coupled with microelectrode measurements in Shark

Bay and indicated a steep biogeochemical gradient with

vertical depth in the microbial mats (O2, H2S, CH4) [3, 21,

23]. It has been proposed that microbial interactions and

biochemical cycling occur at a fine, millimeter scale [6], and

steep nutrient gradients support niche differentiation,

allowing different microorganisms to interact with

each other and the environment in their specialized niche

[24, 25]. It is also hypothesized that coupling of microbial

metabolisms from different microbial taxa may help create

distinct niches in the mats [3, 26, 27].

High-throughput sequence analysis of bacterial and

archaeal populations (targeting 16S rDNA) in Shark Bay

mats were recently undertaken at a millimeter scale,

leading to the proposal of several putative niches [3, 21].

Phototrophic consortia at the surface mat layer were

proposed as the main source of energy production to fuel

the anoxic layers, along with a putative surface anoxic

niche harboring a considerable abundance of anaerobic

bacteria and archaea [3, 21]. Although sulfate-reducing

bacteria outcompete hydrogenotrophic methanogens

thermodynamically, both appear to co-exist near the mat

surface, suggesting metabolic specialization that is

impacted by daily tidal and salinity fluctuations [21].

Results suggested that tightly coupled cooperative niches

are formed that are regulated by microbial interactions

between different functional groups, including the Cya-

nobacteria, sulfate reducers/sulfate oxidizers, and hydro-

genotrophic methanogens [21, 27, 28].

One caveat of 16S rDNA sequencing is that one cannot

directly link function(s) to phylogeny, and thus metage-

nomic analyses are required as a next step for annotating

microbial functional capacity in a given system. A

recent study has identified metabolic pathways in Shark

Bay microbial mats using 454-shotgun sequencing of bulk

mat material [5]. Alternative modes of carbon fixation (3-

hydroxypropionate/4-hydroxybutyrate pathway), heavy

metal resistance genes, and osmoadaptive pathways

were prevalent in the Shark Bay mat metagenomes [5].

However, advances in next-generation sequencing plat-

forms have allowed a deeper sequencing depth to be

obtained, and sequencing in discrete mat layers also

offers a higher resolution to delineate the functional

capacity of any putative niches discovered. Of particular

interest, the lack of bacterial nitrifiers and corresponding

nitrifying genes [3, 5], suggests incomplete or alternate

modes of nitrogen cycling in Shark Bay, and thus meta-

genomic analyses at higher resolution are required to

ascertain how communities overcome potential bottle-

necks in these systems. Therefore, the aim of this study

was to delineate for the first time the functional metage-

nomic potential of microbial mats in Shark Bay at the

millimeter scale, via sequencing of total microbial mat

DNA on the Illumina NextSeq platform. Genomic binning

from metagenomes facilitated the recovery of novel, near-

complete, and high-fidelity metagenome-assembled gen-

omes (MAGs) for the first time and revealed potential

microbial interactions crucial to ecosystem function in

Shark Bay systems.

Materials and methods

Sample collection and measurement of key
biogeochemical properties and parameters

Smooth mats were sampled on 16 June 2013 from Nilemah,

Hamelin Pool, Shark Bay (26˚27’336’’S, 114˚05’762’’E),

using previously reported methods [3]. At the time of sam-

pling, water temperature was 24.8 oC, salinity 68 PSU, and

pH 8.13. Sterilized scalpels were used to extract mat samples

and subsequently place in sterile containers. At the point of

sampling, mat samples were stored immersed in RNAlater

and frozen to facilitate maintenance of nucleic acid integrity,

and DNA extracted immediately upon sample return. Sam-

ples were sectioned upon return immediately prior to DNA

extractions. Seawater was taken directly overlying the mats

at the time of sampling and placed into sterile containers. In

order to delineate key metabolic activities (e.g., photo-

synthesis, respiration, and sulfide oxidation), depth profiles

of oxygen and sulfide were measured in the mats in situ

using microelectrodes, and sulfate reduction was determined

using the 35SO4
2−-labeled silver foil technique as described

previously [21, 23]. To semi-quantitatively determine ele-

mental levels in seawater overlying mats, inductively cou-

pled plasma optical emission spectrometry was employed.

Based on a previous study in which specific elements were

proposed to be important in mat community structure [3],

the concentrations of As, Ca, Cu, Fe, K, Mg, Mn, Mo, P, and

V, present in seawater samples were determined in triplicate.

Dissolved organic carbon (DOC), total organic carbon (TC),

and total nitrogen (TN) were determined through high-

temperature catalytic oxidation [29], while the concentra-

tions of nitrate and nitrite ions were measured through flow

injection colorimetric analysis [30].
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Nucleic acid extraction, library preparation, and
shotgun sequencing

Mats were dissected into 2 mm layers using sterilized blades

over a depth of 20 mm. Total community genomic DNA

was extracted in duplicate from each microbial mat layer

employing the MoBio PowerBiofilm DNA Isolation Kit

(MO BIO Laboratories, Carlsbad, USA) as previously

described [3]. The concentrations and purity of extracted

DNA were determined spectrometrically on Xpose and the

Qubit dsDNA HS assay kit, and the quality confirmed by

PCR amplification [3–5]. Libraries were prepared using the

Illumina Nextera DNA sample prep kit, with 40–50 ng of

DNA input in each sample. The fragment sizes of the

libraries were subsequently assessed by Perkin Elmer

LabChip GXII and Agilent 2200 TapeStation. After the

libraries were normalized and pooled, Illumina NextSeq

500 with a High Output v2 300-cycle kit was used to

sequence the samples, with duplicate metagenomes

obtained for each layer. The library pool was loaded at 1.7

pM with 1% PhiX spike-in.

Metagenomic data assembly and binning

Analysis of metagenomic data was done as described pre-

viously [31], using ATLAS (Automatic Tool for Local

Assembly Structures). Raw paired-end Illumina reads

(.fastq format) are extended for overlaps by using FLASH

[32], after which φX174 is removed using Bowtie2 [33], the

reads are trimmed with Trimmomatic [34], and then quality

control is performed with FastQC. Overlapped paired-end

reads (from FLASH) and unpaired reads were assembled

using MEGAHIT [35]. The resulting contigs are sub-

sampled for lengths >1 kbp with contig statistics including

assembly size, number of contigs, contig length distribution,

and N50/90 values. Contigs are translated to protein-coding

open reading frames (ORFs) using Prodigal [36] in meta-

genome mode and annotated using DIAMOND blastp [37]

for protein–protein searching. DIAMOND blastp high-

scoring pairs are filtered to user-specified bitscore and e-

value cut-offs (defaults >200 and <1 × 10−7, respectively).

Functional annotation utilizes non-redundant RefSeq [38],

EggNOG [39], dbCAN for CAZy families [40], ENZYME

for enzyme commission number (EC) [41], COG [42], and

PFAM/TIGRFAM [43] databases. ATLAS obtains KEGG

[44] (i.e., KO number) annotations from EggNOG reference

database. ATLAS uses RefSeq high-scoring pairs along

with NCBI’s taxonomy assignments reference tree via a

modified majority voting method (MMVM) that utilizes

lowest common ancestor (LCA) [45] to determine the LCA

represented across all ORFs present within a single contig.

Functional and taxonomic count data were obtained by

mapping quality-controlled reads to assembled contig

annotations using Bowtie2, then parsed using featureCounts

of the Subread package [46]. While all layers of the Shark

Bay smooth mat metagenomes were pooled and assembled

together, functional and taxonomic count data were

obtained by mapping individual-layer metagenomes

against the pooled assembly. Binning was completed using

MaxBin2 (version 2.2), in which differential coverages

were used by mapping individual-layer metagenomes

against the pooled assembly. Using ATLAS, the assembly

of smooth mat metagenomes resulted in 945,688 contigs

(>1 kbp), a maximum contig length of 470,099 bp, average

contig length of 2841 bp, and N50 of 3695 bp. All meta-

genome assembly statistics can be found in Supplementary

Table 1.

Functional annotation of MAGs, phylogenetic tree
construction, and data analyses

Quality control of MAGs was performed by CheckM to

assign estimated completeness, contamination values, and

statistics [47]. QUAST and tRNAscan-SE were used to

assign statistics and number of amino acids encoded by

MAGs, in order to meet the standards of Minimum

Information about Metagenome-Assembled Genomes

(MIMAG) [48–50]. MAG nucleotide contigs were trans-

lated to protein-coding ORFs with Prodigal [36]. The

KEGG server (Ghostkoala) was used to annotate protein

functions [44]. MAG taxonomic assignments were per-

formed by CheckM, RAST, Phylosift, and JspeciesWS

[47, 51, 52]. MAGs with incongruent taxonomic classi-

fications had their ribosomal proteins extracted by Phy-

losift and were checked against the NCBI database (with

threshold 40% amino-acid identity and cut-off value

1e−20). Identity of putative quorum sensing genes was

confirmed with BLAST analyses of NCBI databases

(with threshold 25% amino-acid identity and cut-off value

<1e−10) [53]. MAGs were annotated against PFAM/

TIGRFAM to search for BREX and DISARM associated

genes using InterProScan5 (with cut-off value <1e−10;

[54]). The DESeq2 package in R (using the log2count

function) was used to compare the abundance of genes

across the ten mat layers. Network correlation analysis

was conducted on genes involved in different nutrient

cycles (C, N, P, and S) annotated against KEGG database

with the Hmisc and Igraph library package showing only

very strong correlations (Pearson’s p > 0.8, p < 0.001)

[55]. Correlation network graphs were then exported and

visualized with Cytoscape version 3.5.1 [56]. For phylo-

genetic tree construction of the draft MAGs, ribosomal

protein sequences generated from Phylosift were extracted

and aligned using MAFFT [57]. Gaps in the alignment

were removed using BMGE [58], and the ribosomal

protein alignment concatenated as described previously

Disentangling the drivers of functional complexity at the metagenomic level in Shark Bay microbial mat. . . 2621



[59]. IQ-TREE was used to construct the phylogenetic

tree with a total of 1000 bootstrap replicates, with the

output file uploaded to iTOL for visualization [60, 61].

Results

Elemental analysis

Elemental measurements of seawater overlying the Shark

Bay microbial mats (Supplementary Table 2) indicate the

mat environment harbors very high concentrations of

magnesium (1960 mg/L) and copper (380 μg/L); however,

there was extremely limited phosphorus (6.46 µM). DOC

and TN were detected at 72.9 and 2.9 mg/L, respectively,

and nitrate and nitrite ions were under detection limits (<0.1

and <0.02 mg/L, respectively).

MAG summary

For the first time in the Shark Bay mats, near-complete

genome bins were retrieved from the metagenomic data,

with 550MAGs generated, of which 87 were of medium to

high quality, according to the standards of MAGs

(MIMAG) [48]. All MAGs in this study have >80% com-

pleteness and <10% contamination. Phylogenetic

classification of these MAGs is depicted in Fig. 1,

with the majority classified as Deltaproteobacteria, Planc-

tomycetes, Spirochaetes, Chloroflexi, and Bacteroidetes.

Potentially novel MAGs were assembled, comprising

two Thorarchaetoa (SM_104, 117) and one Lokiarchaeota

(SM_031)—two new archaeal phyla recently proposed

[62] —as well as Micrarchaeota (SM_051, 127) and

Woesearchaeota (SM_240) of the DPANN superphylum

[63]. Statistics (completeness, contamination, bin size,

strain heterogeneity, marker lineage, number of single-copy

markers, GC content, N50, L50, longest contig, and number

of tRNAs) of microbial assembled metagenomes (MAGs)

from Shark Bay smooth mats can be found in Supplemen-

tary Table 3 (checkM). In addition, genes found in the

MAGs for the pathways and functions discussed are listed

in Supplementary Table 4, and identities of MAGs with

incongruent taxonomic classification are listed in Supple-

mentary Table 5.

Fig. 1 Phylogenetic tree of 87 assembled Shark Bay smooth mat

microbial metagenome-assembled genomes (MAGs). MAGs assigned

to different phyla are highlighted in color, and the estimated com-

pleteness of each draft genome is represented by pie charts. SM_103,

152, 180, 194, 225, and 277 were excluded from the tree as coherent

taxonomic classification could not be generated from these MAGs

using Phylosift (color figure online)
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Key functional gene distribution in Shark Bay mat
metagenomes

Microorganisms align themselves in microbial mats along

nutrient, biogeochemical, and light gradients, and this is also

reflected in the spatial distribution of functional genes

observed in the present study. The most abundant genes are

affiliated to carbohydrate metabolism, followed by amino-

acid metabolism and carbon, nitrogen, sulfur, methane, and

phototrophic energy metabolisms (Fig. 2). Genes associated

with energy metabolisms were most abundant at the surface

layer/photo-oxic zone (0–2 mm), suggesting most of the

energy was generated at the photo-oxic zone [3]. This was

also consistent with microelectrode data, where the mats

displayed a relatively shallow oxycline observed even during

peak photosynthesis (Fig. 3). Oxygen production and con-

sumption was concentrated near the surface (0–3.5 mm), with

anoxic conditions below this depth. This anoxia may be due

to the lack of oxygenic photosynthesis, and/or because oxy-

gen production and consumption are exactly in balance. In

terms of nutrient cycling and metabolic pathways, most genes

were found abundant at the surface, except for the 4-

hydroxybutyrate (4HB) pathway (abfD, 4-hydroxybutyrate

ligase), reverse TCA cycle (ACLY, aclAB), sulfate reduction

Fig. 2 Distribution of major functional pathways with depth in Shark

Bay smooth mats. These are denoted at KEGG level 3 (defined as any

kind of biological reaction and/or gene expression regulation), with the

exception of the energy metabolism shown at KEGG level 2 (defined

as molecular interactions/protein post-translational modifications).

X-axis indicates the different smooth mat layers in 2 mm increments,

and y-axis indicates major functional genes/pathways. Scale bar

represents gene count as the relative abundance of relevant genes

associated with the displayed functions
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(cysNC, cysNCD, dsrAB), Wood–Ljungdahl pathway (cooS,

coxSML, acsBCD), and C1-associated metabolic pathways

(hdrABC, mttB, mtrA) (Fig. 4). The wide range of functional

genes identified suggests the smooth mat communities in

Shark Bay possess versatile metabolic capabilities.

Phototrophy in Shark Bay mats

Light energy is one of the primary driving forces of various

nutrient cycles in microbial mats [28, 64]. As expected,

most of the phototrophy-related genes in the metagenomes

were found in the present study at the mat surface, with a

variety of psb, chl, and bch genes that encode photosystem,

chlorophyll, and bacteriochlorophyll synthesis, respectively.

Chlorophyll and bacteriochlorophyll synthesis genes were

found more enriched at the photo-oxic zone (0–4 mm), but

the latter has more varied depth distribution and only

diminishes below 14 mm (Fig. 4). As expected, oxygenic

photosynthesis genes and anoxygenic photosynthesis were

mostly affiliated to Cyanobacteria and Alphaproteobacteria,

respectively.

Carbon fixation

A range of carbon fixation pathways were identified in the

smooth mat metagenomes, including the Calvin–Benson

Cycle (CBB), acetogenesis via the Wood–Ljungdahl path-

way (reductive acetyl-CoA), 3-hydroxypropinate cycle

(3HP), 4-hydroxybutyrate pathway (4HB), as well as a low

abundance of reverse TCA (rTCA) cycle genes (Fig. 3).

Carbon monoxide dehydrogenase (cooS, coxSML) and

acetyl-CoA synthase (acsB, cdhDE) are among the most

abundant genes, indicating the potential significance of the

Wood–Ljungdahl pathway in smooth mats (Fig. 4). Net-

work correlation analysis can be used to describe putative

direct or indirect interactions between microbial processes.

Employing these analyses, reductive-acetate pathway genes

(acsABCD) were found to be more abundant beneath the

surface oxic zone, and these were negatively correlated to

genes enriched at the surface (e.g., nifK, bchXY), while

being positively correlated to genes involved in anaerobic

pathways (e.g., hdrA, aclAB) (Supplementary Figure 1).

Complete sets of genes encoding the Wood–Ljungdahl

pathway of acetogenesis were found in a variety of MAGs,

including Deltaproteobacteria, Spirochaetes, Planctomy-

cetes, Chloroflexi, and Fibrobacteres MAGs (Fig. 5; Sup-

plementary Table 4). The relative distribution of taxonomic

groups involved in different nutrient cycles/metabolisms is

shown in Supplementary Figures 2 to 5. The majority of the

acetogens in these communities fall under the phylum

Deltaproteobacteria. Genes encoding for the CBB were

identified throughout the mat and were mostly affiliated to
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Alphaproteobacteria and Cyanobacteria. RuBisCo genes

(rbcL) were also identified in archaeal MAGs in Shark Bay

(SM_031, 051, 127, 218, 243, 279, 288) (Fig. 5). However,

they are likely non-photosynthetic archaeal RuBisCo (form

II/ III) that only participate in the pentose bisphosphate

pathway [65].

Genes encoding for proteins in the 3HP pathway (mch,

mct, mcl, meh, 3-hydroxypropionyl-CoA synthetase)

were more abundant in metagenomes at the mat surface,

Fig. 4 Heatmap of distribution with depth of major functional genes in

Shark Bay smooth mats. Differential analysis of count data (given as

log2 normalized counts) was obtained using the DESeq2 package in R

and used to compare the abundance of genes with depth in the mats. A

gradient from green to red indicates gene abundance across mat layers.

Green represents genes that are more over-represented and red indi-

cates genes that have the least relative abundance. X-axis indicates the

different smooth layers in 2 mm increments (S1, 0–2 mm; S2, 2–4 mm;

S3, 4–6 mm; S4, 6–8 mm; S5, 8–10 mm; S6, 10–12 mm; S7, 12–14

mm; S8, 14–16 mm; S9, 16–18 mm; S10, 18–20 mm), and the y-axis

the major functional genes identified (color figure online)

Fig. 5 Color-coded table indicating major functional genes identified

and their abundance in Shark Bay smooth mat draft MAGs. X-axis

indicates specific genes likely involved in either nutrient cycling or

environmental adaptation and y-axis the genome bin designations.

Key: blue indicates the complete pathway identified in carbon, sulfur,

and nitrogen nutrient cycles, genes present in heavy metal resistance,

environmental adaptation, and hydrogenases; gray indicates the partial

pathway identified in the carbon, sulfur, and nitrogen nutrient cycles;

white indicates genes and pathways that are absent. On the left the

color panel correspond to the phyla as shown in Fig. 1. On the right the

colors represent different genes and pathways. Abbreviations, ASR

assimilatory sulfate reduction, DSR dissimilatory sulfate reduction,

ANR assimilatory nitrate reduction, Chl/Bch chlorophyll/bacterio-

chlorophyll production, 3HP pathway 3-hydroxypropinate pathway,

4HB pathway 4-hydroxybutyrate pathway, rTCAd reverse Krebs

cycle, WL pathway Wood–Ljungdahl pathway (color figure online)
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while 4HB pathways (abfD, 3-hydroxyacyl-CoA dehy-

drogenase) were more enriched at the bottom (Fig. 4).

3HP genes were affiliated to Chloroflexales and Alpha-

proteobacteria. Two Alphaproteobacteria MAGs

(SM_002, 081) encode for a near-complete 3HP pathway

(both lacking 3-hydroxypropionyl-CoA synthetase and 3-

hydroxypropionate dehydrogenase), while one Spir-

ochaetes (SM_148), two Chloroflexi (SM_103, 180), and

three Deltaproteobacteria MAGs (SM_152, 194, 269)

encode for partial 3HP pathways (Supplementary

Table 4). 3-Hydroxyacyl-CoA dehydrogenase (enoyl-

CoA hydratase) and 4-hydroxybutyryl-CoA dehydratase

were detected in a variety of bacterial MAGs, as well as

the Asgard group Lokiarchaeota and Thorarchaeota,

indicating that these MAGs possess genes for a putative

partial 4HB pathway (Fig. 5). A low abundance of genes

encoding the reverse TCA cycle were detected and were

only observed in a Thermoplasmata MAG (SM_063),

suggesting the rTCA cycle may not be a significant

anaerobic carbon fixation mode in smooth mats in Shark

Bay.

CaZy family and carbon metabolism

The CaZY enzymes facilitate synthesis and breaking

down of polysaccharides and extracellular polymeric sub-

stance (EPS), providing a putative carbon source

available for the heterotrophic community [40]. Top

carbohydrate-active enzymes (CaZy) genes identified in mat

metagenomes were glycoside hydrolase family 13 (GH13),

carbohydrate-binding module family 48 (CBM48), and

glycosyltransferase family 2 and 4 (GT4 and GT2). These

genes were over-represented at the surface layer (0–2 mm)

(Fig. 6). Complete Embden–Meyerhoff pathways were

encoded in the smooth mat metagenomes, along with

aldehyde dehydrogenase (adhE) and L-lactate dehy-

drogenase (LDH), demonstrating the potential sugar fer-

mentation capability of smooth mat communities.

Polyhydroxyalkanoate (PHA) synthase genes (phaC/phbC,

phaZ) were also detected and over-represented at the

photo-oxic zone (0–4 mm), and PHA serves as a potential

storage of fixed carbon [66]. Alphaproteobacteria appear

to be the main PHA producers (Supplementary Figure 2),

and PHA synthase genes were only identified in

Proteobacterial, Planctomycetes, and Chloroflexi MAGs

(Fig. 5). Both Thorarchaeotal MAGs (SM_104, 117), five

archaeal MAGs (SM_051, 055, 063, 087, 127), and one

Latescibacteria (formerly WS3) MAG (SM_284) harbor

fructose 1,6 bisphosphate aldolase (K01622). All cyano-

bacterial MAGs (SM_98, 342, 411) contain genes

encoding cyanophycin (cphA), cyanophycinase (cphB), and

carbon-concentrating mechanisms (ccmKLMNO). In

addition to the Cyanobacteria, nine MAGs encode for

cyanophycinase, including Gemmatimonadetes, Deltapro-

teobacteria, Bacteroidetes, Thermoplasmata, Thorarchaeota,

Planctomycetes, and Acidobacteria (Fig. 5; Supplementary

Table 4).

C1-associated metabolisms

Heterodisulfide reductase, tetrahydromethanopterin

S-methyltransferase, F420-non-reducing hydrogenase, and

trimethylamine co-methyltransferase (Hdr, mtr, mvh, and

mtt) were identified related to C1-associated metabolisms.

The key gene in methanogenesis, mcrA, encoding

methyl-coenzyme M reductase, was not detected in any of

the MAGs in the present study; however, mcrA was iden-

tified in the metagenomes when blasted against PFAM and

TIGRFAM databases. Genes encoding a putative WL

pathway using either tetrahydrofolate (THF) or tetra-

hydromethanopterin (THMPT) as a C1 carrier were also

identified, with a Thorarchaeota MAG (SM_104) encoding

a complete THMPT–WL pathway (Supplementary

Table 4). Of the 87 MAGs, 61 harbor hdr, mtr, mvh, or mtt,

suggesting a high proportion of MAGs capable of C1-

associated metabolisms.

Sulfur cycling

Complete sets of genes responsible for both assimilatory

and dissimilatory sulfate reduction (DSR) were identified

in all depths in the mat metagenomes. Sulfate reduction

genes were more enriched with depth (Fig. 4), and this

complements the microelectrode data, which indicated

that sulfide concentrations increased with depth, with a

zone of 3–8 mm designated as a ‘H2S rich’ zone (Fig. 3a).

Interestingly however, 35S-silver foil measurements indi-

cate high sulfate-reducing activity also near the surface

(Fig. 3b), supportive of either O2-tolerant sulfate reducers

[67] or a putative surface anoxic niche. Genes dsrA and

dsrB (encoding dissimilatory sulfite reductase) were

detected in the present study though not found in previous

shotgun sequencing of the Shark Bay mats using the 454-

sequencing platform [5], which may be due to higher

coverage using the Illumina platform here. Assimilatory

sulfate reduction genes were mostly affiliated to Alpha-

and Deltaproteobacteria, Bacteroidetes, Chloroflexi, and

Firmicutes; as depth increased, these genes were

mostly recovered from Deltaproteobacteria and unclassi-

fied bacteria (Supplementary Figure 3). On the other hand,

Deltaproteobacteria and Firmicutes harbor most of the

genes involved in DSR. Partial assimilatory sulfate

reduction pathways were present in the majority of MAGs

(76 of 87), and ten MAGs encoded complete assimilatory

sulfate reduction. Most Deltaproteobacterial MAGs har-

bored a complete set of genes for DSR, and surprisingly
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Fig. 6 Heatmap of distribution of genes encoding carbohydrate-active

enzymes (CaZY) in Shark Bay smooth mats. Differential analysis of

count data (given as log2 normalized counts) was obtained using the

DESeq2 package in R and used to compare the abundance of the top

most 50 CaZY genes with depth in the mats. Green represents genes

that are more over-represented and red indicates genes that have the

least relative abundance. X-axis indicates the different smooth layers

in 2 mm increments (S1, 0–2 mm; S2, 2–4 mm; S3, 4–6 mm; S4, 6–8

mm; S5, 8–10 mm; S6, 10–12 mm; S7, 12–14 mm; S8, 14–16 mm; S9,

16–18 mm; S10, 18–20 mm), and the y-axis the major functional genes

identified. GH glycoside hydrolase, CBM carbohydrate-binding

modules, GT glycosyltransferase, PL polysaccharide lyase
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were also detected in a Chloroflexi MAG (SM_180), a

Gemmatimonadetes MAG (SM_037), two Planctomy-

cetes MAGs (SM_012, 186), and a candidate phylum

Zixibacteria MAG (SM_233; Fig. 5; Supplementary

Table 4). Three Bacteroidetes MAGs (SM_185, 209, 215)

contain genes encoding an incomplete DSR pathway. The

genetic basis for sulfide assimilation (cysM, cysK),

organic sulfur scavenging (arylsulfatase), polysulfide

metabolism (sqr), and sulfur oxidation (sor) were also

identified in the mat metagenomes, though genes encod-

ing thiosulfate oxidation (sox) were not found.

Nitrogen cycling

Complete pathways of dissimilatory nitrate reduction to

ammonium (DNRA), assimilatory nitrate reduction,

denitrification, and nitrogen fixation were identified in all

layers of smooth mats. Nitrate reductase (NarGHI) was

more enriched in deeper anoxic layers, while nitrite reduc-

tase (nirKS) and nitrous-oxide reductase (nosZ)

were more abundant near the surface (Fig. 4). Nitrogen

fixation genes (nifDHK) were more abundant beneath the

surface, and were mostly affiliated to Deltaproteobacteria

(Supplementary Figure 4). These data suggest that

although cyanobacteria are likely the major players in

nitrogen fixation in these systems, the Deltaproteobacteria

may also play a role in this process in the Shark Bay mats.

Analysis of metagenomes here suggests Bacteroidetes,

Alpha- and Deltaproteobacteria appear to be responsible for

DNRA and denitrification (Supplementary Figure 4).

Assimilatory nitrate reduction genes were associated with

Cyanobacteria at the surface, while in deeper layers they

were associated with Gammaproteobacteria and Halo-

bacteria (Supplementary Figure 4). Most of the

MAGs have partial DNRA and denitrification pathways,

with the exception of an unclassified archaeal MAG

(SM_288) that encodes for a complete DNRA pathway.

Nitrogen fixation genes spread widely among

Planctomycetes, Verrucomicrobia, Alpha- and Deltapro-

teobacteria, and also in both Thorarchaeotal MAGs. Inter-

estingly, it appears there is an incomplete nitrogen

cycle in the Shark Bay mats, as genes from known

nitrification pathways were not present in the mat meta-

genomes. In particular, genes encoding ammonia

monooxygenase and hydrazine synthase (amo, hzs)

were not detected. However, there may be genes

classified as unknown or potentially novel proteins that

could fulfill these roles in Shark Bay and future

studies are needed to delineate this. Furthermore,

genes encoding glutamate synthase (gltBD) and

glutamine synthase (glnAE) were present in the metagen-

omes that are associated with nitrogen/ammonia

assimilation.

Phosphorus uptake

Inorganic phosphate transport genes (pstB) were one of the

most abundant found in the mat metagenomes (Fig. 4).

Genes encoding alkaline phosphatase (phoAB, phoD),

phosphonate metabolism (phn), polyphosphate kinase

(ppk), and exopolyphosphatase (ppx) were also identified in

all depths and among a variety of phyla, indicating likely

widespread phosphorus-scavenging mechanisms in smooth

mats (Supplementary Figure 5). Of the 87 MAGs, 80 pos-

sess phosphorus-salvaging genes, likely reflecting the

importance of phosphorus uptake in the mats. Those lacking

phosphorus-salvaging genes are all archaea (SM_014, 051,

055, 106, 218, 240, and 279).

Hydrogen metabolism

A wide variety of genes encoding [NiFe]-hydrogenases

were identified in the metagenomes and MAGs, including

HoxEFHUY, hydAB, hyaABD, hypABCDEF MvhAG, ech,

and ehb hydrogenases, along with [Fe]-hydrogenases

hndBCD, which could be involved in hydrogen production

and consumption (Fig. 5). The extensive distribution of

these hydrogenases among both aerobes and anaerobes

suggests that H2 is potentially a highly dynamic

electron carrier produced and consumed by a wide range of

microbial mat members. A high abundance of genes

encoding oxygen-tolerant hydrogenases (hyaAB and Hox-

EFU) are evenly distributed throughout the mats (Fig. 4).

The majority of the HoxEFU genes were affiliated to

Cyanobacteria, unclassified bacteria, and Chloroflexi, while

hyaAB were mostly related to Proteobacteria (Supplemen-

tary Figure 3). This indicates a potentially high level of

hydrogen metabolism and may benefit the abundant

hydrogenotrophs identified by 16S rDNA analyses [21].

Several genes encoding dehalogenases were also

identified, albeit at low abundance: namely, 2-haloacid

dehalogenase, haloacetate dehydrogenase, and haloalkane

dehydrogenase.

Environmental adaptation

Unsurprisingly, given the high salinity fluctuations these

microbial mats are exposed to [21], 51 of the MAGs were

found to encode for osmoprotectant transport systems

(opuABCD) and glycine betaine/choline transporter (proV/

opuABCD, betTS). In addition, mat metagenomes contain a

range of heavy metal resistance genes, including copper and

silver (copAB, cusAB), cobalt–zinc–cadium (czcABCD),

arsenic (arsenate reductase, arsenite transporter, arsenite

oxidase, and arsenical resistance protein), and a range of

other heavy metal resistance genes (Fig. 7). Copper efflux

genes (copAB, cusA) and arsenite transporter genes (ACR3)
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are most abundant. Of the 87 MAGs, 75 have arsenate

resistance genes (arc3, arsC, arsA, arsB, and arsH) and one

Planctomycetes MAG (SM_039) contains genes that

encode for energetic arsenic respiration genes (AoxAB). In

the Shark Bay metagenomes aoxAB genes were affiliated to

Alphaproteobacteria, and these genes are responsible for

respiratory arsenite oxidation and related to energetic

metabolism in other mats [68].

Genes that encode for UV radiation resistance, excinu-

clease ABC (uvrABC) that facilitate nucleotide excision

repair upon UV damage [69], were also identified and were

distributed evenly at different depths. Holliday junction

DNA helicase (ruvAB) were also identified that can alleviate

ultraviolet lesions (Fig. 7; [70]). UvrABC genes were found

in all MAGs except six archaeal MAGs (Fig. 5). High UV

radiation usually leads to production of reactive oxygen

species (ROS), including peroxide, superoxide, and hydro-

xyl radicals that are toxic to microbial communities, and

this adaptive response capability was observed with

high levels of catalase-peroxidase (katG, katE), superoxide

dismutase (SOD1, SOD2), and peroxiredoxin (ahpC) in

smooth mat metagenomes. Cell motility and chemotaxis-

related genes (cheBR, cheA, cheD) were identified and are

more abundant beneath the surface photo-oxic zone (Fig. 4).

Chemotaxis genes are mostly affiliated to

Deltaproteobacteria, Cyanobacteria, and Spirochaetes

(Supplementary Figure 5).

Microbial communication involving signal molecules,

often facilitated by the phenomenon of quorum sensing, is

another process that can allow environmental adaptation

and improve ecosystem function in complex microbial

communities. Quorum sensing genes were identified in 14

MAGs in smooth mats. Two Alpha- and one Fibrobacteres

MAG (SM_002, 139, 228) were confirmed to have both N-

acyl homoserine lactones (AHL) synthesis as well as LuxR

type response elements (Supplementary Table 4). LuxR

type proteins were also detected in Alphaproteobacteria

MAG (SM_081) although no synthesis proteins were

detected. Several genes encoding for putative quorum

quenching systems were also detected: AHL lactonases and

AHL acylases. AHL lactonases were detected in two

groups: Planctomycetes (SM_024, 039, 059) and Delta-

proteobacteria (SM_254, 269). Putative AHL acylases were

detected in Spirochaetes (SM_182), Gemmatimonadetes

(SM_037), Alphaproteobacteria (SM_139), Deltaproteo-

bacteria (SM_274), Acidobacteria (SM_040), and Chloro-

flexales (SM_225) (Supplementary Table 4).

Microbial defense systems against foreign DNA include

clustered, regularly interspaced, short palindromic repeat

(CRISPR) systems, which have been identified as an

Fig. 7 Bubble plot illustrating traits of environmental adaptation at the

metagenomic level in Shark Bay smooth mats delineated with depth. a

Distribution of genes related to heavy metal resistance. b Distribution

of genes related to hypersalinity, UV radiation, and oxidative stress

adaptation. X-axis indicates the different smooth mat layers in 2 mm

increments, and y-axis indicates major functional genes/pathways.

Circular scale bar represents gene count as relative abundance of genes

associated with the displayed functions
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adaptive microbial immune system that provides acquired

immunity against viruses and plasmids [71]. CRISPR-

related genes were predominant in the Shark Bay mat

metagenomes, as well as the novel virus defense mechanism

involving bacteriophage exclusion, termed BREX. Over

half of the MAGs (49) encode for CRISPR-related genes,

including CRISPR-associated endonuclease/helicase (cas)

and CRISPR-associated proteins (cmr, cst, csh, csb, csn,

and csx; Fig. 5). Core genes of the BREX systems were also

identified, including the pglZ domain-associated protein and

the brxC/pglY (DUF2791) domain associated protein. A

newly discovered viral defense system, DISARM (defense

island system associated with restriction-modification [72]),

was also identified in mat metagenomes and draft MAGs.

Twenty six of the MAGs were found containing a protein

domain DUF1998 (pfam09369/drmB), which was located

on the same contig with a pfam00271 domain (putative

helicase domain/drmA; Supplementary Table 4). This indi-

cates the smooth mat community may have the capacity to

harbor the novel DISARM system for viral defence.

Discussion

The present investigation is the first to examine at a millimeter

scale the functional genetic potential of Shark Bay microbial

mats. Based on the complementary microelectrode and meta-

genomic data obtained, there appears to be a metabolic ‘hot-

spot’ at the surface of smooth mats, where most of the

autotrophic genes were recovered, along with sulfur, carbon,

nitrogen, and phosphorus cycling, as well as carbohydrate and

amino-acid metabolisms. Although cyanobacteria are thought

to be the primary producers in microbial mats [73], other major

carbon fixation pathways were also identified in high abun-

dance in smooth mats, in particular the Wood–Ljungdahl (WL)

pathway, 3HP bi-cycling, and the 4HB pathway (Fig. 4). The

top five abundant set of genes (excluding DNA polymerase

and other housekeeping genes) in the Shark Bay mat meta-

genomes were affiliated to sulfate assimilation (cysNC

cysNCD, sat), methanogenesis (hdrABC), Wood–Ljungdahl

pathway (cooS, coxSML), phosphate transport (pstB), and

copper efflux (copA), respectively. This is in concordance with

the high sulfate reduction and methane production rates in

these mats recorded previously [3, 21], as well as the extremely

limited phosphorus and surprisingly high copper concentra-

tions detected here. It is possible that the relative high abun-

dance of genes encoding carbon monoxide dehydrogenases

(cooS, coxSML) is due to the oligotrophic settings and high

UV irradiation the mats in Shark Bay are exposed to [19, 74].

Vertical spatial arrangement of functional genes in the

metagenomes corroborates with previous 16S rDNA data,

in which cyanobacteria and Alphaproteobacteria are hypo-

thesized to be in a surface phototrophic niche [3]. In the

metagenomes analyzed here, both these groups had high

affiliation to phototrophic systems and the Calvin–Benson

Cycle. The data suggest that nitrogen fixation activity is

more prominent near the surface, as the genes for this

process are negatively correlated to genes more enriched in

deeper layers (hdrB, acsAB) (Supplementary Figure 1). It is

proposed that the existence of surface anaerobic/suboxic

microniches in these mats serves to protect the strictly

anaerobic Deltaproteobacteria and archaea that were shown

previously to be at a relatively high abundance in the sur-

face oxic zone [3, 21]. Indeed, the presence of Deltapro-

teobacteria with high metabolic activity at the oxic surface

has been reported for several other microbial mats [75–77].

Deep-branching putatively novel archaea

Asgard group archaeal MAGs were reconstructed from

Shark Bay mat metagenomes sequenced in the present study,

and this group has been suggested to be the origin of

eukaryotes and exhibit eukaryotic features [62]. To our

knowledge this is the first report of this group of archaea in

microbial mats. Both Thorarchaeota MAGs identified here

(SM_104, 117) encode for class I fructose-bisphosphate

aldolase (K01622), which was suggested to be the ancestral

gluconeogenic enzyme [78]. By reconstructing genomes

from members of the Asgard group, the current investigation

has significantly increased the amount of available genomic

data on this enigmatic novel group of archaea, which may

have critical functions in mat systems. Based on the MAG

data, it is proposed that the Shark Bay Lokiarchaeota MAG

(SM_031) is a hydrogen-dependent, anaerobic autotrophic

archaeon, harboring a THMPT (H4MPT)-dependent

Wood–Ljungdahl pathway, characteristics also observed in a

Lokiarchaeota genome in a previous study [53]. Members of

the DPANN were also identified in here, which were also

discovered in other saline habitats [79, 80]. Future studies

may help unravel the role of ‘microbial dark matter’ [63,

81], such as the Asgard group, in Shark Bay microbial mats.

Carbon cycling

Genes encoding for the 3-hydroxypropionate/4-hydro-

xybutyrate pathway genes were identified in the metagen-

omes here, which is in agreement with previous work on

these mats indicating a prevalence for this pathway [5].

Genes associated with the Wood–Ljungdahl pathway (cooS,

coxSML) were over-represented, which may facilitate the

oxidation of CO for energy or coupling to CO2 fixation

[82]. It has been proposed that heterotrophs utilize CO as an

alternative carbon source for energy conservation in oligo-

trophic environments [83], and such an adaptive response

may be prevalent in Shark Bay. It is possible that due to the

oligotrophic settings and high UV irradiation the mats in
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Shark Bay are exposed to [19, 74], photo-degradation of

surface organic matter may occur, providing CO as an

alternative carbon source for energy conservation [82, 83].

Moreover, the WL pathway is suggested to be one of the

more ancient carbon fixation pathways and can be coupled

to methanogenesis [84, 85]. As this pathway is proposed to

be a major carbon fixation pathway in the modern day

Shark Bay mats, it suggests these systems may be good

analogues of ancient mats as previously proposed [21, 22].

Carbohydrate enzymes (CaZY) and EPS

EPS have been shown to be major components increasing

the structural integrity of many microbial mats [86]. GT2

and GT4 enzymes are involved in formation of various

polysaccharides [87, 88], which could potentially contribute

to the construction of EPS in the smooth mats in Shark Bay.

GH13 identified in metagenomes here (Fig. 6) represents

the most abundant family of glycoside hydrolyases (GHase)

as it targets a wide range of polysaccharides with alpha-1,4-

glycosidic bonds. GH13 is also the most abundant GHase

found in the Guerrero Negro hypersaline microbial mats [7],

and mat-forming cyanobacteria have been shown to secrete

alpha-1,4-oligosaccharides into EPS to reuse excess organic

carbon [89]. In microbial mats, it has been shown pre-

viously that EPS can be reused as a result of cyanobacterial

photorespiration [90]. Genes encoding all the described

carbohydrate enzymes are over-represented at the surface of

smooth mats (Fig. 6), reflecting a potential abundance of

EPS and polysaccharides in this zone. Microbial mat sur-

faces usually have the highest productivity and organic

carbon turnover rates [64], and it is proposed that smooth

mats maintain an extra source of extracellular organic car-

bon through constant EPS construction and degradation.

This could potentially provide a dynamic carbon source for

the surface microorganisms identified here and in previous

studies [3], such as Cyanobacteria, Proteobacteria, and

Bacteroidetes.

Potential carbon storage

In addition to extracellular organic carbon sources, cya-

nobacteria are likely the main nitrogen assimilators at the

surface, with the potential to store organic nitrogen and

carbon in cyanophycin with genes encoding cyanophycin

synthetase (cphA) (Fig. 5; Supplementary Table 4), as

well as accessing nitrogen with cyanophycinase (cphB)

[91, 92]. Genes encoding cyanophycinase (cphB) were

detected in draft MAGs of Gemmatimonadetes, Delta-

proteobacteria, Bacteroidetes, Thermoplasmata, Thor-

archaeota, Planctomycetes, and Acidobacteria. Although

it is not possible to ascertain whether active herbivory is

taking place, at the least it does emphasize a wide range of

microorganisms possessing the capacity to potentially

scavenge cyanophycin from dead cyanobacteria in the

mats and access the C/N therein. The presence of phaC/

phaZ/phbB genes suggests that glycogen or photosynthate

fermented by the smooth mat community can potentially

be stored as polyhydroxyalkanoates (PHA) by various

Proteobacteria and Planctomycetes, proposing a scenario

that links carbon flux and cross-feeding between cyano-

bacteria and heterotrophs in the mats. These add another

dimension in smooth mat carbon cycling. Dynamics of

PHA are closely related to carbon cycling, which tends to

be accumulated by microorganisms under oligotrophic

conditions [93]. Chloroflexi was the most abundant bac-

terial group identified in previous 16S rDNA analyses of

these mats [3]; however, its role in microbial mat carbon

cycling here is still unknown other than potentially fixing

carbon through the 3HP pathway.

Methanogenesis/C1 metabolism

Methanogenesis/C1 metabolism-associated genes were iden-

tified in mat metagenomes (hdrABC, mtrAH, mvhAG, and

mttB), and this is in concordance with recent work indicating

a prevalence of methanogens in Shark Bay mats based on 16S

rDNA analyses and methane production [21]. Previous work

has suggested that hydrogenotrophic methanogenesis appears

to be the main form of methane production in these mats [21].

Acetate produced from the Wood–Ljungdahl pathway could

be putatively metabolized by hydrogenotrophic methanogens,

through the utilization of the methyl branch for methane

formation accompanied with energy production [94]. Inter-

estingly, the primary gene for methane production, mcrA,

encoding methyl-coenzyme M reductase, was absent in all of

the MAGs in the present study and only detected in bulk

metagenomes when blasted against PFAM and TIGRFAM

databases. This may be due to incomplete coverage of the

MAGs, or there may be another novel gene responsible for

methanogenesis. The presence of genes in MAGs encoding

both THMPT–WL and THF–WL pathways, along with hdr/

mtr/mtt, suggest a potentially more generalized role of C1

metabolism in these mats [7, 95, 96].

Putative partitioning of sulfur and nitrogen cycles

Dissimilatory sulfate reduction genes were affiliated to

Chloroflexi, Deltaproteobacteria, and Firmicutes (Supple-

mentary Figure 5). Deltaproteobacteria and Firmicutes

possess genes that encode aprAB and dsrAB, which may

then reduce activated sulfates to sulfides. In addition,

Chloroflexi, Gemmatimonadetes, and candidate phylum

Zixibacteria may potentially take part in DSR, as a Chlor-

oflexi MAG (SM_180), a Gemmatimonadetes MAG

(SM_037), and a candidate phylum Zixibacteria MAG
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(SM_233) were found harboring all aprAB and dsrAB

genes. This is corroborated by studies in marine and estuary

sediments [97–99], suggesting that these phyla may play a

previously unacknowledged role in sulfur cycling and

possess a putative expanded metabolic function. Genes

encoding sulfide:quinone reductase (sqr) were abundant

particularly at the surface of the Shark Bay mats (Fig. 4),

suggesting that sulfide can be putatively converted to

polysulfide and subsequently assimilated, linking inorganic

and organic sulfur cycles as polysulfides react promptly

with organic matter [100, 101]. Sulfide assimilation genes

(cysM, cysK) allow assimilation and conversion of sulfides

to cysteine for further metabolism. The majority of the draft

genomes (76 out of 87) encode for partial and complete

assimilatory sulfate reduction pathways, indicating the

potential importance of sulfur respiration in the Shark Bay

ecosystems. Arylsulfatase is responsible for the desulfur-

ization of sulfated polysaccharides, which could putatively

have a role in EPS degradation and utilization of sulfur-

abundant exopolysaccharides, such as those produced by

sulfate-reducing activity and sulfur assimilation [10, 102].

Most of the arylsulfatases were affiliated to Alphaproteo-

bacteria, Bacteroidetes, and Planctomycetes (Supplemen-

tary Figure 3), which reflects the putative importance of

sulfur metabolism and the versatile tools of smooth mat

communities in potentially utilizing alternative sulfur

sources.

Interestingly, with the exception of one archaeal MAG

(SM_288), there were no MAGs present in the Shark Bay

mat metagenomes that encode for complete DNRA and

denitrification, suggesting division of labor for both pro-

cesses. As NarGHI that encodes nitrate reductase was more

enriched in deeper layers while genes encoding nirKS

(nitrite reductase) and nosZ (nitrous-oxide reductase) were

more abundant near the surface, this also suggests parti-

tioning of the nitrogen cycle with respect to depth. Fur-

thermore, there is no evidence at the metagenomic level that

the mat communities are capable of ammonia oxidation, as

ammonia monooxygenase (amo) and hydrazine oxidor-

eductase genes (hzs) were not detected. This is also con-

sistent with recent 16S rDNA analyses of Shark Bay

microbial mats that suggest few bacterial nitrifiers present,

leading to a potential incomplete nitrogen cycle in

smooth mats [3, 5]. Any build-up of ammonium produced

by DNRA microorganisms is hypothesized to be assimi-

lated by other members of the mat community, as a high

number of glutamine synthase (glnA, glnE) and glutamate

synthase genes (glnB, glnD) were identified throughout the

mat. A similar scenario has been observed in Socompa Lake

stromatolites [68] and hypersaline mats from Hot Lake

[103], where it was found that ammonium is likely

assimilated by microbial community members instead of

being oxidized.

Phosphorus scavenging

Phosphorus limitation has been reported in Shark Bay

[104], and this is in agreement with analyses of water

overlying the mats obtained in the present study. Inorganic

phosphate transport genes (pstB) were in high abundance

that is likely critical for inorganic phosphorus uptake. Genes

encoding alkaline phosphatase (phoAB, phoD) were also

found throughout the Shark Bay mat metagenomes, and

these proteins are responsible for salvaging phosphorus

from organic molecules in the community, providing a

potential alternate mechanism to acquire phosphorus, as has

been observed in microbial mats in Hot Lake and Cuatro

Cienegas [10, 103]. Smooth mat metagenomes also contain

a wide range of phosphonate-scavenging genes, including

those encoding phosphonate transporters (phnC), phos-

phonate metabolism (phnG, phnI, phnL, phnM, phnP), and

C-P bond lyases (phnJ), that can putatively breakdown

phosphonate for assimilation. Other phosphatase genes

detected include those that encode aminotransferase (phnW)

and phosphonoacetaldehyde hydrolase (phnX), indicating

the potential of Shark Bay mat communities to utilize

organophosphorus compounds despite phosphorus limita-

tion. Phosphonates are also suggested to be a prebiotic

phosphorus carrier on the early Earth, and thus phospha-

tases may be a trait of ancient microbial mats [10]. Poly-

phosphate kinase genes were detected in the metagenomes

here, and the proteins encoded can be used to breakdown

polyphosphate, which can also serve as a phosphorus

reservoir [105]. Although the eight archaeal MAGs identi-

fied in the mat metagenomes here lack any phosphorus

scavenging genes, it has been suggested that archaea in

hypersaline environments utilize genomic DNA as a phos-

phate storage polymer under phosphorus starvation [106].

Hydrogen metabolism

A wide range of hydrogenases were identified here, span-

ning from Group 1, Group 3, Group 4 [NiFe], and Group A

[FeFe] hydrogenases in a range of bacteria and archaea,

predicting active H2 production and consumption in these

mats [99, 107]. H2-evolving bidirectional [NiFe] hydro-

genases (HoxEFU) are found in a range of MAGs including

Cyanobacteria, Chloroflexi, Proteobacteria (Fig. 5), and are

capable of evolving H2 via fermentation [66, 108]. H2

production during N2-fixation could be an important con-

tributor to net H2 production in microbial mats [109].

Bidirectional [NiFe] hydrogenase was mainly affiliated to

Cyanobacteria at the surface in addition to unclassified

bacteria beneath the surface, and it is proposed that H2-

production is most likely fermentative [66]. Membrane-

bound H2-uptake [NiFe]-hydrogenases (hyaAB) have been

shown to contribute to electron input during microbial

Disentangling the drivers of functional complexity at the metagenomic level in Shark Bay microbial mat. . . 2633



aerobic and facultative anaerobic respiration [107]. Both

types of hydrogenases could potentially contribute to the

hydrogen that supports the hydrogenotrophic methanogens

identified previously in these mats [21]. The hydrogenases

identified here may provide a putative link between H2

production and methanogenesis, and could potentially be an

indicator of an ancient trait retained in the modern mats in

Shark Bay. It is widely hypothesized that H2 was the pri-

mordial electron donor, suggesting a potential evolutionary

significance on early Earth [107]. Hydrogen-oxidizing

methanogenic archaea and acetogenic bacteria were sug-

gested to be crucial for conserving energy in anoxic

environments in early Earth [110]. [NiFe]-hydrogenase

group 3c (MvhAG) genes, found in one-third of the MAGs

in the present study, is a critical energy-conserving step in

methanogenesis and was proposed to be crucial for anoxic

environments on early Earth [110]. Thus these mats in

Shark Bay may putatively have retained processes similar to

those found on early Earth.

Environmental adaptation

The high number of genes affiliated with copper resistance

corroborates with the high copper levels measured in Shark

Bay water in the present study. The most abundant heavy

metal resistance genes were copAB and cusAB, which are

efflux pumps that help maintain copper homeostasis [111].

A total of 23 MAGs analyzed here encode both an acrB

extrusion pump and arsC reductase, indicating the potential

for arsenic resistance [68]. Despite Shark Bay water having

low arsenic levels (Supplementary Table 2), arsenic meta-

bolism has been proposed to have a substantial role on

primitive Earth, and may have been coupled to carbon and

nitrogen cycles [112, 113]. AoxAB genes were identified in

metagenomes in the present study, and it has been sug-

gested these genes were already present in the early

Archaean in which arsenite oxidation constitutes one of the

oldest bioenergetic metabolisms of life on early Earth [114].

The microbial mats in Shark Bay are also subjected to

considerable salinity stress [5, 21], and uptake of the

osmoprotectant glycine betaine (GB) has been shown to be

a primary osmoadaptive mechanism [5, 115, 116]. GB

transporters facilitate GB uptake, which contributes to the

osmotic stress tolerance in smooth mats [115, 116]. Genes

encoding GB uptake systems were identified in the present

study throughout the mat metagenomes, confirming this

previous work.

Furthermore, smooth mat communities are equipped with

genes encoding proteins that protect microorganisms from

UV radiation (uvrABC) and oxidative stress (katEG,

SOD1/2, ahpC), likely enabling survival and adaptation of

the mat microbial community under extreme conditions.

In particular, genes encoding catalase-peroxidase and

superoxide dismutase identified here could putatively help

alleviate oxidative stress for anaerobes at the mat surface

[10]. Other than the stress response genes identified, EPS is

also suggested to offer protection against UV irradiation

[117] and desiccation [118], and future work can delineate

the abundance of EPS in these mats. In terms of protection

against viral infection/lysis, the majority of MAGs encoded

CRISPR-associated genes and indicate the potential

immune mechanism of mat communities to defend against

active viruses [71, 119]. Interestingly, two potentially novel

virus defense mechanisms, BREX and DISARM [72, 120],

were also detected in mat metagenomes, though their exact

role in Shark Bay systems is unknown. It is also hypothe-

sized that motility genes identified allow niche adaptation

by facilitating movement of microorganism to optimal

conditions, as steep chemical gradients are observed in the

mats [3, 21]. As most of the energy generating metabolisms

were found at the surface, it may be that the relative

abundance of chemotaxis genes beneath the surface facil-

itates detection of— and movement to—sparse nutrients in

specific mat zones.

Microbial communication in Shark Bay mats

Quorum sensing refers to intercellular communication

allowing group-level coordination of phenotype responses.

Previous studies have suggested quorum sensing may play

an integral role in coordination of metabolisms and phe-

notypes such as biofilm formation in microbial mats [27,

121]. The present study represents the first evidence of the

genetic potential for quorum sensing in the Shark Bay mat

systems. Quorum sensing systems utilizing AHL signals are

some of the most common, and, in the mat metagenomes

here, genes encoding AHL synthases in two separate pro-

teobacterial MAGs were identified (Supplementary

Table 4). It is possible other synthases are present but not

detected due to low conservation of these genes [122]. Both

MAGs containing an AHL synthase also contained genes

encoding a LuxR type response protein, with some MAGs

containing multiple LuxRs potentially to bind different

types of signal. There were also a number of MAGs con-

taining LuxR proteins while not containing AHL synthases,

and while this may be due to poor conservation of AHL

synthases, it could also be a case of "cheaters" or organisms

which can respond to AHLs without producing a signal

[123]. Another common interaction with signals involves

degradation enzymes that can disrupt quorum sensing via

signal degradation. Genes encoding two key enzyme

classes—lactonases and acylases [124, 125]— were found

in multiple MAGs here (Supplementary Table Quorum

sensing). The putative presence of multiple AHL degrada-

tion enzymes across diverse phyla indicates the potential

importance of disrupting communication networks within
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the Shark Bay systems. While the exact function of signal

disruption here is not known, it is possible these quenching

enzymes could target signals to interrupt other bacterial

communication systems, or even modify/regulate the native

signal molecule of the producing organism.

Conclusions

This study has delineated at a fine scale the metagenomic

potential of Shark Bay mats, and future work will build on

this platform by targeted global gene and protein expres-

sion. A schematic summarizing the major nutrient cycling

pathways and putative microbial interactions inferred from

the data is shown in Fig. 8. Mat metagenomes encode a

variety of carbon fixation pathways, with the

Wood–Ljungdahl pathway proposed as the main mechan-

ism of fixing atmospheric carbon into organic carbon in

Shark Bay mats. The relative abundance of anaerobic

pathways (e.g., sulfate reduction, Wood–Ljungdahl) even at

the surface where oxygen levels were high— in conjunction

with high rates of sulfate reduction measured in this zone—

supports the possibility of putative surface suboxic micro-

niches in Shark Bay mats with differing metabolisms tightly

coupled (and potentially mediated) by quorum sensing [21].

The formation of anoxic/suboxic microniches has been

observed in cyanobacterial sheaths [126], a scenario which

could potentially be occurring in the Shark Bay mats. Mat

microorganisms are likely to adapt to the extreme envir-

onment with genes encoding mechanisms to protect against

hypersalinity, high UV irradiation, oxidative stress, and a

potentially active viral community. High copper con-

centrations and extremely low phosphorus levels also likely

shape the unique mat microbial community. Furthermore,

smooth mat metagenomes have a high abundance of genes

related to sulfur respiration, and carbon turnover potentially

involving EPS, PHA, and cyanophycin scavenging. The

presence of arsenic respiration genes, hydrogenases, and the

Fig. 8 Schematic illustrating major putative microbial functions and

interactions in Shark Bay mats inferred from metagenomic data.

Microbial processes that appear to be important in the cycling of major

nutrients (carbon, nitrogen, sulfur, phosphorous) and for energy

metabolism and adaptation are shown. Major pathways are indicated

by rectangles, and organismal groups as ellipses. Putative major

metabolisms/pathways are indicated in green, while those in yellow

represent pathways where a major gene was not detected in the present

study, and is potentially incomplete. Examples of genes identified here

putatively associated with a given process are shown in blue circles.

Abbreviations: Alpha, Delta and Gamma refer to the corresponding

Proteobacterial class; Plancto Planctomycetes, HM hydrogenotrophic

methanogens, WL Wood–Ljungdahl pathway, mvh, hdr, mtr, mtt

genes associated with methane metabolism, czc cobalt/zinc/cadmium;

Cu (copper), As (arsenic) export mechanisms, LasI/Luxr genes asso-

ciated with signal molecule synthesis/response, AhlD/quiP genes

associated with signal molecule degradation, BREX bacteriophage

exclusion systems, CRISPR clustered, regularly interspaced, short

palindromic repeat systems (color figure online)
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enrichment of the Wood-Ljungdalh pathway suggest

smooth mats are potentially modern analogues of ancient

stromatolites. To our knowledge, it is also the first time

microbial mats have been shown to harbor the deep-

branching Asgard archaeal groups, and it is likely other

novel groups remain to be discovered in these systems that

possess unique metabolic pathways.

Data availability

Metagenome sequences have been deposited in MG-RAST

under project “Shark Bay smooth mat metagenome” and

accession numbers 4761314.3 to 4761727.3. MAGs were

deposited as project “Shark Bay smooth mat MAGs”, under

accession numbers 4762868.3 to 4762965.3. Details are

listed in Supplementary Tables 1 and 3.
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