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Abstract 

Sulfate-reducing bacteria (SRB) often shape the biogeochemistry of cyanobacterial mats through 

metabolic interactions and production of sulfide. Nevertheless, the ecology and physiology of 

sulfate-reducers inhabiting microbial mats remains poorly understood. For instance, in 

cyanobacterial mats inhabiting the Middle Island Sinkhole (MIS) in Lake Huron, some of the 

largest knowledge gaps regarding SRB involve the controls of their distribution, diversity, and 

metabolic activities with respect to a changing geochemical profile of oxygen and sulfide during 

diel cycles. Metagenomic and metatranscriptomic approaches offer high potential to close such 

knowledge gaps and to understand the genomic potential and activity of SRB better. Through 

genomic binning of metagenomic data from MIS cyanobacterial mats, I identified 8 draft 

genomes of SRB. Transcriptomic reads were recovered from day and night microbial mat 

samples and mapped to the SRB genomes, revealing gene transcripts associated with use of 

electron donors such as H2 and various organic carbon compounds and use of electron acceptors 

such as nitrate and sulfate. The data presented here show patterns of niche partitioning in SRB, 

which is likely an important factor in controlling SRB diversity in cyanobacterial mats. This 

research enhances our understanding of microbial ecology and biogeochemistry in 

cyanobacterial mats and has implications for geobiology of both the modern and ancient Earth. 
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GENOMIC AND TRANSCRIPTOMIC EVIDENCE FOR NICHE PARTITIONING AMONG SULFATE-

REDUCING BACTERIA IN REDOX-STRATIFIED CYANOBACTERIAL MATS OF THE MIDDLE ISLAND 

SINKHOLE 

 

GENOMIC AND TRANSCRIPTOMIC EVIDENCE FOR NICHE PARTITIONING AMONG SULFATE-

REDUCING BACTERIA IN REDOX-STRATIFIED CYANOBACTERIAL MATS OF THE MIDDLE ISLAND 

SINKHOLE 

 

Introduction 

Sulfate-reducing bacteria (SRB) play important roles in photosynthetic microbial mat ecosystems 

(Wagner et al. 1998; Canfield & Raiswell 1999), mediating key transformations of sulfur 

compounds and carbon in sediments and microbial mats (Canfield & Des Marais 1993; 

Jørgensen 1994; Teske et al. 1998; Baumgartner et al. 2006).  As producers of sulfide through 

dissimilatory sulfate reduction, SRB can regulate the metabolic switch between oxygenic and 

anoxygenic photosynthesis in cyanobacteria (Klatt et al. 2015). Therefore, SRB may have 

influenced biogeochemistry and oxygen production in photosynthetic microbial mats that were 

widespread and played key geobiological roles in the Precambrian (Bosak et al. 2013; Grotzinger 

and Knoll 1999).  

Although SRB are acknowledged to drive critical biogeochemical processes such as those 

described above, there remain considerable knowledge gaps about their ecology and physiology 

in microbial mat ecosystems.  For example, (1) what controls their distribution, abundance, 

diversity, and activity microbial mats and sediments? (2) What are their interactions with 
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cyanobacteria? (3) How does their energy metabolism, both in terms of electron 

donors/acceptors and metabolic rates, change along with changing geochemistry throughout a 

diel cycle?  

Given limitations in the geological record and in geochemical and paleontological tools 

for studying ancient microbial ecosystems, the study of modern analogues is critical for 

understanding the functioning of cyanobacterial mat ecosystems. One such potential analogue for 

ancient microbial mat ecosystems is the cyanobacterial mats that inhabit the Middle Island 

Sinkhole (MIS). The MIS is a submerged karst feature in Lake Huron that was formed by 

dissolution of Silurian-Devonian sedimentary bedrock over geologic time (Biddanda et al. 2006; 

Ruberg et al.  2008; Biddanda et al. 2009) (Figure 1). The MIS hosts cyanobacterial mats that 

occur at a water depth of 23 meters as either flat microbial mat or methane inflated “fingers” 

(Figure 2). These mats thrive under low-oxygen and high sulfate (SO42-) conditions, which is the 

effect of groundwater intrusion into the sinkhole through multiple conduits (Baskaran et al.  

2016).  This groundwater is distinct in chemical and physical properties compared to Lake Huron 

freshwater (Figure 3) (Biddanda et al.  2006; Ruberg et al.  2008; Biddanda et al.  2009). 

Generally, MIS groundwater has low O2 and high SO42- concentrations, whereas Lake Huron is 

well oxygenated and contains lower concentrations of SO42- (Kinsman-Costello et al. 2017).  

Cyanobacteria in MIS mats can switch between oxygenic and anoxygenic photosynthesis 

(Biddanda et al.  2009; Nold et al. 2010, Voorhies et al. 2012 Nold et al. 2013; 

Kinsman-Costello et al. 2017). Taken together, the low-O2 and high SO42- conditions and 

presence of cyanobacteria that carry out anoxygenic photosynthesis make the MIS a valuable 

modern analogue of Precambrian microbial mat ecosystems (Biddanda et al. 2009; Voorhies et 

al. 2012; Nold et al. 2013; Lyons et al. 2014; Fischer et al. 2016; Kinsman-Costello et al. 2017).  
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The earliest research on the microbial ecology of SRB and cyanobacteria in MIS mats 

indicated a tight symbiotic relationship through the byproducts of their energy metabolism—

sulfate reduction and anoxygenic photosynthesis, respectively (Figure 3) (Biddanda et al. 2009). 

SRB use SO42-  as a terminal electron acceptor (a “breathable”) with organic carbon or hydrogen 

(H2) as an electron donor (“edible”) and generate carbon dioxide (CO2) and S2- as byproducts. 

The sulfide generated by SRB is used as an electron donor by cyanobacteria during anoxygenic 

photosynthesis, producing elemental sulfur (S0) as a product. S0, along with other sulfur 

intermediates, may be used as an electron donor for SRB in dissimilatory sulfate reduction.  

Research outside the MIS has also explored this type of cross-feeding symbiotic relationship 

between SRB and cyanobacteria in terms of transfer of organic carbon compounds, showing that 

SRB use glycolate, which is produced and excreted from cyanobacteria, as an energy and carbon 

source (Nold and Ward 1996; Bateson et al. 1998; Stal & Caumette 2013; Kim et al. 2015). 

Given such interactions, cyanobacteria and SRB in MIS microbial mats are likely metabolically 

linked through electron donors and acceptors they make available for one another (Biddanda et 

al. 2009; Nold et al. 2010). Nevertheless, such interactions, and the biogeochemical gradients in 

cyanobacterial mats, change on a diel cycle along with light availability and photosynthesis 

(Jørgensen et al. 1994; Teske et al. 1998). 

Genetic methods have enhanced our knowledge on the community of SRB that inhabit 

the MIS microbial mats and sediments. 16S rRNA gene sequencing methods on MIS microbial 

mats and sediments revealed 6 putative Deltaproteobacteria operational taxonomic units (OTUs) 

exhibiting differential relative abundance within the MIS microbial mats and underlying 

sediments (Kinsman-Costello et al. 2017). This study suggested that certain members of 

Desulfonema, Desulfocapsa, and Desulfatirhabdium genera prefer to inhabit the cyanobacterial 
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mat layer, given that OTUs assigned to those genera were detected in high abundances in the 

mat. Different members of the Desulfobacteraceae family and the Desulfatirhabdium genus were 

more abundant at ~5–10 cm depth in the sediment (Kinsman-Costello et al. 2017). Although this 

research provided valuable information about SRB species distribution throughout 

cyanobacterial mats and sediments, questions regarding the controls on such distributions of 

SRB remain unanswered. Studying the genomes and metatranscriptomes SRB recovered directly 

from the environment can help to fill in the knowledge gaps with respect to SRB and 

cyanobacterial mat ecology.   

Here, I present eight draft genomes of SRB recovered from 15 MIS cyanobacterial mat 

samples collected over five years, and show that these SRB are metabolically active through 

measurements of sulfate-reduction rates. I also analyzed metatranscriptomic datasets derived 

from night and day conditions in order to evaluate the impact of light, photosynthesis, oxygen 

production, and changing redox gradients on SRB metabolism.   

Methods 

Sample collection, molecular preparation and sequencing 

Fifteen environmental samples were collected at the MIS during multiple field campaign seasons 

over a period of five years as described previously by Voorhies (2014) and depicted in the 

appendix (Table A-1). Samples were collected in Plexiglas® cylinder cores (radius = 7.5 cm and 

height = 30 cm) by inserting into the sediment and closing off each end with rubber stoppers. 

One 2011 sample and three of the 2012 samples were collected during night under dark 

conditions (01:00) and the remaining were collected during the day during light conditions. 

Three 2012 samples in which metatranscriptome samples were collected were collected at 13:00. 
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The distinction between day and night samples is indicated by D/N notation in the Sample ID 

shown in Table A-1. Immediately upon retrieval of intact cores shipboard, portions of the 

microbial mats were dissected from the cores and stored in RNAlater® Stabilization Solution 

(1:1). Samples were later stored at -80˚C until DNA extraction.  

DNA and RNA was extracted as described previously in Voorhies (2014) and Voorhies 

et al. (2016).  Briefly, DNA was extracted from 1 g of microbial mat sample using the 

FastDNA™ Spin Kit for soil from MP Biomedicals LLC by following the company’s protocol 

with the following amendment: 0.3 g of beads were used for bead beating instead of the 

company’s recommendation. A FastPrep®-24 Instrument (MP Biomedicals LLC) was used 

during the bead beating step during DNA extraction. DNA Clean & Concentrator™ from Zymo 

Research was used for clean-up and to concentrate the extracted DNA. Finally, DNA 

concentration was quantified using Invitrogen™ Quant-iT™ PicoGreen™ dsDNA Assay Kit. 

Extracted DNA from all fifteen microbial mat samples were shotgun sequenced using Illumina 

Hi Seq 2000 technology at the University of Michigan DNA Sequencing Core. RNA was 

extracted from all six samples collected in 2012 using the mirVana™ miRNA Isolation Kit and 

following the manufacture’s protocol. 5 µL of extracted RNA was amplified using the 

Invitrogen™ Ambion™ MessageAmp™ II-Bacteria RNA Amplification Kit by following the 

company’s protocol. RNA was converted into complementary DNA (cDNA) using the 

SuperScript® Double-Stranded cDNA Synthesis Kit. 2 µg of purified cDNA was used for 

sequencing at the University of Michigan DNA Sequencing Core on an Illumina Hi Seq 2000 

machine (Frias-Lopez et al. 2008).  

Metagenomic assembly 
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All genomic DNA reads from each MIS microbial mat sample were initially co-assembled with 

IDBA-UD (Peng et al. 2012). Following binning (see below), genomic bins were extracted and 

individually re-assembled, again using IDBA-UD. Scripts used for assembly are published in the 

Michigan Geomicrobiology Lab GitHub repository (https://github /Geo-omics/scripts) in the 

following location: Geo-omics/scripts/wrappers/Assembly.  

Genomic binning 

Initially, contigs greater than 4 kb were clustered into genomic bins by tetranucleotide 

frequencies with emergent self-organizing maps (ESOM; Dick et al. 2009). From this map, SRB 

genomic bins were extracted and clustered again with Anvi’o (version 1.2.2; Eren et al. 2015) to 

utilize coverage information in addition to tetranucleotide frequencies. Recovered SRB genomic 

bins were quality checked using CheckM (version v1.0.4; Parks et al. 2015) and taxonomic 

assignments were carried out with PhyloSift (version 1.0.1; Darling et al. 2014). 

Identification of contigs containing dsrAB genes and annotation 

Contigs containing sequences for dissimilatory sulfate reductase alpha and beta subunits 

(DsrAB) were identified via BLAST (Version 2.2.30+) sing the a publically available DsrAB 

database described in Müller et al.  (2015).  

Draft genomes were submitted for annotation and gene calling through the Joint Genome 

Institute-integrated Microbial Genomes Expert Review portal (Huntemann et al. 2015).  

Metatranscriptomic pipeline and analysis 

cDNA forward and reverse reads for the six 2012 samples were mapped and aligned to 

concatenated SRB contigs using Burrows-Wheeler Aligner (BWA) software package (Li & 
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Durbin 2009). The scripts used for this step are published in the Michigan Geomicrobiology Lab 

GitHub repository (https://github /Geo-omics/scripts) in the following location: Geo-

omics/scripts/wrappers/BamTools. The script, bamTools.pl, was used to calculate the number of 

reads mapped onto genes and those values were normalized using the following formula:  

. 

DsrA Phylogenetics 

A Phylogenetic tree of the DsrA protein amino acid sequences was constructed using the 

PROTGAMMAGTR algorithm in RAxML with a bootstrap of 1000 (version 8.1.15; Stamatkis 

et al. 2014). Amino acid sequences for DsrA of non-MIS SRB included on this tree were 

collected from the National Center for Biotechnology Information (NCBI). 

Sulfate-reduction rates 

Sulfate reduction rates were measured using 35SO42- radiotracer according to Røy et al. (Røy et 

al. 2014). In brief, upon collection of 15 cm long cores from the field, cores in the lab were 

injected with 10 µL of 150 kBq 35SO42- at 1 cm intervals. After injection, cores were incubated in 

a water bath set at in situ temperature (~9° C) in the dark for 20 mins. After incubation, cores 

were sectioned at 1 cm intervals. Each section collected was homogenized in 20% ice-cold zinc 

acetate solution in a 50 mL Falcon™ Conical tube to stop SRR and fix sulfides (H35S-), the 

product of sulfate reduction. SRRs were determined using the cold single-step distillation 

method, modified from Kallmeyer et al. (Kallmeyer et al. 2004). Sulfate concentrations were 

determined from pore water from a separate set of cores collected at the same site with Thermo 

Scientific™ Dionex™ membrane-suppression ion chromatography with a detection limit of 

SO42- concentration of 0.015 ppm. The average percent recovery is 10% for a 50 ppm SO42- 
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quality control standard. For duplicate run samples ranging from <1-700 ppm SO42-, the average 

relative percent difference is 4.6%.  

Results and discussion 

Sulfate-reduction rates in a cyanobacterial mat 

From measurements of sulfate reduction rates using 35SO42- radio-tracer incubations in five MIS 

cores, the highest sulfate-reduction rates were found to occur in the cyanobacterial mat in the 

upper cm of the core, where the average sulfate-reduction rate was 1.8 ± 0.4 µmol cm-3 d-1 

(Figure 4).  No sediment was visible in this upper layer. These results suggest that 

cyanobacterial mat are hotspots for sulfate reduction and SRB are active in regions where they 

are regularly exposed to oxygenated conditions.  Multiple studies have reported rapid bacterial 

sulfate reduction rates under oxic conditions in cyanobacterial mats (Canfield et al. 1991; Fründ 

& Cohen 1992). Additionally, SRB have been found to inhabit oxygenated micro-niches in 

sediments (Jørgensen 1977). Sulfate reduction rates detected in such oxygenated environments 

has been shown to be enhanced by type of carbon species available for SRB to use as electron 

donors—mainly glycolate. Ethanol and lactate, on the other hand, have been shown to enhance 

sulfate reduction in anoxic environments (Fründ & Cohen 1992). The work presented here 

reinforces the view that SRB are not always strict anaerobes and they are detectable through 

measurements of sulfate reduction rates in micro-niches where oxygenic photosynthesis takes 

place. 

 Beneath the cyanobacterial mat from sediment depths of 2–3 cm sulfate reduction rates 

decreased sharply before increasing again to a local maximum at 6 cm sediment depth, where the 

average rate was 0.8 ± 0.2 µmol cm-3 d-1 (Figure 4). It is unclear what the control is for 
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supporting sulfate reduction at this depth, ~6 cm. One possibility is that the lateral or vertical 

advection of sulfate or electron donors for sulfate reduction from subsurface fluids rich in sulfate 

is supporting microbial sulfate respiration at ~ 6 cm at depth. Patterns of lateral advection of 

methane (CH4) has been shown in models (Chatterjee et al. 2011 and Sultan et al. 2016) and 

pore water measurements for sulfate concentration from two MIS cores collected at the same site 

as the sulfate-reduction cores show this pattern, but at a depth of 10–11 cm (Figure 5).  

Genomes of sulfate reducing bacteria (SRB) recovered from the MIS cyanobacterial mat 

To identify and understand the organisms responsible for sulfate reduction in the MIS 

cyanobacterial mat better, metagenomic datasets (Voorhies et al. 2016) were used to reconstruct 

genome sequences of sulfate reducing bacteria.  As a marker gene of SRB, I used the reductive 

bacterial type dissimilatory sulfite reductases (dsrAB). These genes encode for a heterotetramer 

protein (DsrAB) responsible for catalyzing the reduction of sulfite (SO3-2) to sulfide (S2-) during 

microbial sulfate respiration. From the co-assembled DNA sequence reads from 15 MIS 

microbial mat samples, nine contigs were identified as having dsrAB genes (Table A-2). These 

nine contigs were then used to identify the genomic bins from a previous study of this dataset 

(Voorhies et al. 2016) that carry the dsrAB genes (Figure 6). However, quality checking of these 

genomic bins via CheckM (completion, strain heterogeneity, and redundancy based on universal 

single copy marker genes) showed that they were highly redundant (Table A-3). The high 

redundancy reaffirms the difficulty in separating bins of closely related species, or strains, by 

clustering contigs solely by tetranucleotide frequency measurements.  

To separate bins of closely related strains and reduce the redundancy of the nine putative 

SRB bins, I used the alternative method of binning—taking advantage of both tetranucleotide 

frequencies and coverage information (Hess et al. 2011; Albertsen et al. 2013, Alneberg et al. 
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2014), following the Anvi’o workflow (Eren et al. 2015). Binning through this method produced 

eight SRB genomic bins using dsrAB as a marker gene of sulfate reduction (Table 1). Three 

additional putative SRB genomic bins were missing dsrAB genes but assigned as putative SRB 

due to these bins possessing other genes involved in dissimilatory sulfate-reduction 

taxonomically ranking to Deltaproteobacteria (Table A-4). These draft genomes extracted from 

the metagenome had various ranges of completion. The most complete genomic bin was bin 30 

(67% complete), which was identified as Desulfotalea psychrophila with PhyloSift, followed by 

bin 2 (48 complete; Desulfobacula toluolica Tol2), and bin 36 (43% complete; 

Desulfobacteraceae family).  Other bins were less than 30% complete (Table 1).  The incomplete 

nature of these bins should be considered when interpreting results; the absence of genes does 

not necessarily imply their absence from the genomes, thus focus should be placed on the genes 

that are present rather than absent.  

          The relative abundance of each SRB genomic bin was estimated across all samples based 

on average mean coverage of contigs (Figure 7).  These results showed that the abundance of 

SRB was highly dynamic, differing in some cases even between cores collected at the same time.  

Phylogenetic relationships 

To investigate the phylogenetic relationships of the MIS SRB with each other and with 

previously studied SRB, I constructed a phylogenetic tree of DsrA amino acid sequences (Figure 

8). Only eight of the eleven MIS SRB genomes are represented on this tree because bins 3, 15, 

and 32 are missing DsrAB sequences. Bin 35 is represented twice on the DsrA tree because this 

genome has two copies of dsrA on separate contigs.  
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DsrA sequences from bin 24 (D. sulfexigens), bin 25 (unclassified), and bin 30 (D. 

psychrophila) cluster closely in a clade of sequences from Desulfobulbaceae, including 

representatives of the genera Desulforhopalus, Desulfofustis, Desulfopila, Desulfotalea, 

Desulfobulbus, and Desulfocapsa. DsrA sequences from bin 24 and bin 25 are closely related to 

each other, sharing 98% amino acid identity, but only 87% amino acid identity with the top hit in 

the NCBI Genbank nr protein database (from Desulfocapsa sulfexigens). The DsrA sequence of 

bin 30 is most closely related to Desulfofustis glycolicus, which was isolated from a marine 

anoxic sediment, and was described as a strict anaerobe that uses glycolate and glycoxylate as 

electron donors with sulfite and elemental sulfur as terminal electron acceptors (Friedrich & 

Schink 1995 and Friedrich et al.1996).  The potential for use of glycolate is noteworthy because 

Teske et al. (1998) reported glycolate, which is excreted by cyanobacteria during 

photorespiration and under high O2 and low CO2 conditions (Han & Eley 1973; Bergman et al. 

1984; Fründ & Cohen1992; Canfield & Des Marais 1993), as having a strong stimulatory impact 

on sulfate reduction in a cyanobacterial mat (Teske et al. 1998),  

The DsrA sequences from Bin 35 (Desulfococcus oleovorans), and Bin 2 (Desulfotalea 

toluolica Tol2) cluster together in a clade of sequences from Desulfobacteraceae. Bin 35 contains 

two different DsrA sequences, hereby referred to as 35a and 35b.  The low completeness of this 

bin (Table 1) makes it difficult to determine whether these two sequences truly represent two 

different copies of DsrA within the same genome. This has been observed previously for sulfur-

oxidizing bacteria (Beller et al. 2006), but not for sulfate-reducing bacteria to our knowledge. 

The most immediate members of the smaller sub-clade containing bin 35a and bin 2 had ~97% 

amino acid identity to the DsrA sequence from bin 35a and were retrieved from a metagenome of 

aquifer sediments and groundwater (accession number: OGR21700.1; Anantharaman et al. 

2016). These sequences are also closely related (89–91% amino acid identity) to Desulfobacula 



 12 

spp. isolated from marine sediments (Finster et al. 1997), an oil-contaminated tidal flat (Kim et 

al. 2014), and a water-oil separation system (Lien & Beeder 1997).   The DsrA sequence from 

bin 35b was more divergent, being nearly equidistant between the Desulfobacula clade (82% 

amino acid identity) and a clade of sequences from Desulfosarcina sequences (Figure 8). 

Bin 36 and bin 4—both members of the Desulfobacteraceae family—share a clade with a 

SRB genome recovered through shotgun sequencing of groundwater from the Alpena city 

fountain (Michigan, U.S.A.). This fountain is located near the Alpena County George N. Fletcher 

Public Library and is fed by the same groundwater that intrudes into the MIS system (Sharrar et 

al. 2017). The SRB genome recovered from this fountain has 98.56% identity to 

Desulfobacteraceae based on 16S BLAST hit (Sharrar et al. 2017). 

Bin 1 (classified by PhyloSift as Desulfatibacillum alkenivorans) shares a clade with 

Isolated Sinkhole Lake Huron genomic bin 3, which is a SRB recovered through shotgun 

sequencing of microbial mat from another, deeper submerged sinkhole in Lake Huron—The 

Isolated Sinkhole (Sharrar et al. 2017). This Isolated Sinkhole SRB genomes shares 97.1% 

identity to Desulfonema Sp. Based on 16S BLAST hits. 

  Overall, these results confirm previous inferences that there are diverse sulfate-reducing 

bacteria in the MIS cyanobacterial mat (Kinsman-Costello et al. 2016). Phylogenetically, their 

sequences are widespread across the tree of reductive type DsrA sequences of the 

Deltaproteobacteria. Only a few SRB from the MIS microbial mats are closely related to SRB 

genomes recovered from the Alpena city fountain and Isolated Sinkhole.   
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Content and expression of genes within genomes of MIS sulfate-reducing bacteria 

To understand the metabolic capabilities of MIS mat SRB better, I used metagenomic and 

metatranscriptomic approaches. Particularly, I sought to investigate potential metabolic 

explanations for why multiple operational taxonomic units (OTUs) of SRB are present in the 

cyanobacterial mat. Although previous 16S rRNA gene based approaches identified these OTUs, 

they provide little information about the metabolisms used by these groups.  Metagenomics and 

metatranscriptomics can provide a culture-independent view of which genes are present and 

expressed in each group of SRB, enhancing our understanding of the physiological potential and 

activity of these organisms. Specifically, metatranscriptomics yields information about how 

microorganisms sense and respond to their environment over short time scales (Moran et al. 

2013). Although such approaches do not always conclusively or quantitatively demonstrate 

metabolic processes, they provide valuable insights that can be used to generate hypotheses, 

particularly for uncovering metabolic interactions in complex microbial mat communities. Here I 

focused on the presence and expression of genes involved in key biogeochemical cycles within 

cyanobacterial mats (sulfur, carbon, oxygen, and nitrogen) during the day and night.   

Of the genes considered here, the most abundantly represented genes in the 

metatranscriptome encode for enzymes associated with dissimilatory sulfate reduction pathway, 

mainly dsrAB, dissimilatory adenylylsulfate reductase alpha and beta subunits (aprAB), and 

sulfate adenylyltransferase (sat) (Figure 9). These genes are considered essential for sulfate 

reduction. Bin 36, which is the most complete genome, and bin 4 also have high abundances of 

transcripts for adenylylsulfate reductase-associated electron transfer proteins (QmoABC). 

QmoABC is known to participate in electron transfer to dissimilatory adenosine-5’-

phosphosulfate reductase (APS) (Zane et al. 2010; Pereira et al. 2011; Ramos et al. 2012).  
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Another striking feature is that bins 1, 2, 4, 30, and 36 have genes for heterodisulfide reductase 

(Hdr). The heterodisulfide reductases found in methanogens and are known to be homologs to 

QmoAB; however, little is known about the function of these enzymes in SRB and more research 

needs to be completed to understand their function (Mander et al. 2004; Hedderich et al. 2005; 

Pereira et al. 2011).  There were no clear or strong differences in transcript levels of sulfate 

reduction gene in the day versus the night (Figure 9).  These results indicate that the SRBs are 

metabolically active during the photosynthetic period, when oxygen is produced, suggesting that 

they are likely tolerant to O2, as observed previously (Canfield and Des Marais 1991).  On the 

other hand, these results suggest that sulfate reduction is not restricted to the photosynthetic 

period, when cyanobacteria excrete carbon compounds that may support sulfate reduction.  

To investigate potential mechanisms for tolerance to O2, I searched the SRB genomes for 

cytochrome c oxidases, which have been implicated in reducing and detoxifying O2 in SRB 

(Hardy & Hamilton 1981; Dilling & Cypionka 1990; Dannenberg et al. 1992). Genes for all four 

subunits of cytochrome c oxidase were identified in the genome of bin 30, but not in any of the 

other bins. In bin 30, no evidence of active transcription was detected for cytochrome c oxidases. 

Although there is no evidence of MIS SRB using cytochrome c oxidases to reduce O2, it is 

important to consider the reports describing the ability of other SRB, from culture, to reduce O2 

coupled with hydrogen, organic carbon, sulfite, and thiosulfate as electron donors (Dilling & 

Cypionka 1990; Dannenberg et al. 1992). Whether SRB reduce oxygen for energy or 

detoxification purposes is very much debated.  

The metagenome contained evidence that bins 30 and 35 possess the ability to conduct 

nitrate reduction to ammonium though the nitrite reductase enzyme (cytochrome; ammonia-

forming) (Figure 9). The cytochrome nitrite reductases have been observed before in SRB 
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isolated from culture (Liu & Peck 1981 and Almeida et al. 2003), and in the SRB genomes 

recovered from the Alpena city fountain (Sharrar et al. 2017). However, no metatranscriptomic 

reads were mapped to these genes.  

Bins 1, 2, and 36 were found to contain hydroxylamine reductase (Hao), which is an 

enzyme that catalyzes the second step in the transformation of nitrate to ammonium in the nitrate 

reduction to ammonium by the reverse hydroxylamine:ubiquinone reductase module (reverse-

HURM) pathway. However, these bins were missing genes encoding an enzyme catalyzing the 

first step in the reverse-HURM pathway where nitrate is first transformed to hydrooxyalamine 

(reverse hydroxylamine:ubiqinone reductase). Both enzymes involved in the reverse-HURM 

pathway have been detected in SRB genomes from the Alpena city fountain and Isolated 

Sinkhole in Lake Huron (Sharrar et al. 2017). Although these genes hint that the MIS SRBs may 

be capable of dissimilatory nitrate reduction, the lack of key genes in the metagenome (perhaps 

due to incomplete genomes) and metatranscriptome (perhaps due to low-coverage of the SRB 

transcriptomes) makes this uncertain.  However, the lower representation of these genes in the 

metatranscriptome relative to those for sulfate reduction suggests that sulfate is the primary 

electron acceptor for these SRB populations.  

To understand the processes driving sulfate reduction, I analyzed the SRB genomes for 

genes encoding enzyme for oxidation of electron donors and transport of potential carbon 

sources. Bins 1, 4, 24, 30, 36 all have genes associated with hydrogen oxidation, and transcripts 

for most these genes were more abundant during the day than at night (Figure 9). Transcripts for 

glycolate oxidase are also more abundant during the day than during the night, which supports 

previously reported research of glycolate enhancing sulfate-reduction in SRB during conditions 

in which oxygen production is high in similar microbial mat ecosystems (Teske et al. 1998). 
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Such conditions are expected during the day when light levels are high and cyanobacteria are 

conducting photosynthesis. Additionally, I report that MIS SRB likely utilize formate, fatty 

acids, and pyruvate as electron donors given the evidence of genes responsible for the 

transformation of formate to CO2 (fdoG, fdoH, fbhB, fdhA1, and fnuoG) in bins 1, 2, and 36 

(Figure 9). Bin 2 possesses nearly every gene in the metagenome and metatranscriptome to 

complete pyruvate fermentation to acetate pathway (Figure 9). Finally, bins 1,4, and 36 hold 

genes that are used in fatty acid alpha oxidation (aldehyde dehydrogenase and ALDH7A1) 

(Figure 9).  

In summary, I identified a number of genes involved in various critical biogeochemical 

pathways in SRB associated with cyanobacterial mats at MIS (Figure 9).  Only some of the 

genes and pathways were represented in metatranscriptomic datasets.  This may reflect that those 

genes were not transcriptionally active at the time of sampling.  However, given that samples 

were collected only at two time points (13:00 and 01:00), and that geochemical conditions such 

as oxygen, sulfate, sulfide water concentrations vary dramatically across the diel cycle, such 

genes could very well be active at another stage of the diel cycle. 

Concluding remarks 

Investigating the microbial ecology of SRB in MIS cyanobacterial mats is key to understanding 

transformations of sulfur and carbon species in microbial mats and sediments, the controls on 

photosynthesis, and the diversity and ecology of SRB in microbial mat systems. Understanding 

such subject matter enhances our understanding of microbial mat ecology, particularly 

interactions between SRB and cyanobacteria. A central question driving this research involves 

the diversity of SRB in MIS mats—why, within a single mat sample, are there multiple species 

of sulfate reducing bacteria? I sought to answer this question with metagenomic and 
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metatranscriptomic analysis of the eight genomes I recovered to find differences and similarities 

with respect to their metabolic capabilities.  

These results from this research show patterns of niche partitioning, which is likely an 

important control on the diversity of SRB in the MIS cyanobacterial mats and explains why 

multiple different SRB in the same microbial mat can be recovered. In the MIS mats, niche 

partitioning may be promoted by vertical migration of the redox front through the microbial mat 

system on a diurnal cycle.  Consistent with this conclusion, the results from this research provide 

evidence for SRB in cyanobacterial mats possessing versatility in use of electron acceptors, 

which may be an adaptation to diel shifts in geochemistry and the availability of electron 

acceptors.  
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Figures and tables 

Figure 1 

 

Map of the state of Michigan, U.S.A., and Lake Huron displaying the location of the Middle 

Island Sinkhole (MIS) near the city Alpena, MI. A closer view of the Middle Island, lies in the 

top right corner. The MIS lies NE of the Middle Island. This figure was rendered with Google 

Earth Pro (7.1.5.1557) and Affinity Designer (1.5.5). 
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Figure 2 

 

Two types of cyanobacterial microbial mats at MIS: flat (a) and finger (b). White colors at the 

edges of the flat microbial mat in (a) are sulfur-oxidizing bacteria. Finger mats average 10—15 

cm in height while flat mats are generally 0.2 cm thick (Voorhies et al. 2012). Images courtesy 

of Joe Hoyt, NOAA Thunder Bay National Marine Sanctuary. 
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Figure 3 

 

Schematic of water chemistry in the MIS groundwater versus freshwater in Lake Huron and 

metabolic interactions between dissimilatory sulfate reduction by sulfate-reducing bacteria and 

anoxygenic photosynthesis by cyanobacteria. Water chemistry data is from Ruberg et al. (2005).  
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Figure 4 

 

Average sulfate reduction rates among five cores collected from the MIS. The highest rates occur 

at 1 cm where the cyanobacterial mat layer lies and at 6 cm in depth in sediment. Error was 

calculated with standard deviation. 
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Figure 5 

 

Average sulfate concentrations (ppm) from two MIS cores collected at the same time and same 

site as the cores collected for sulfate-reduction experiments (Figure 4). Sulfate concentrations 

were determined with membrane-suppression ion chromatography. Error was calculated with 

standard deviation.   
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Figure 6 

 

Initial SRB bins (highlighted and numbered) clustered in ESOM using tetranucleotide 

frequencies. 
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Table 1 

 

Final SRB MIS genomes recovered from MIS mat samples and clustered using both 

tetranucleotide frequencies and coverage information of contigs. DsrA sequence from Bin 25 is 

closely related to that of bin 24; however, bin 25 is not complete enough for PhyloSift to assign 

this genome to a taxonomic group.  
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Figure 7 

 

Relative abundance of SRB genomes recovered from MIS cyanobacterial mat based on mean 

coverage. On the spectrum, the darkest red indicates highest coverage (119 X) whereas white 

indicates lower coverage values—the lowest being 0.009 X. 
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Figure 8 

 

Phylogenetic tree of MIS SRB and other sulfate-reducing bacteria based on DsrA amino acid 

sequences. 
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Figure 9 
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Figure 9 continued. 

 

Normalized read transcripts for genes associated with metabolic pathways. The heat map depicts 

abundances of transcripts for genes during the day (D) and night (N) for each genomic bin. Reds 

indicate high abundances of transcripts for the corresponding gene, while blue indicates low 

abundances of transcripts. Violet cells indicate that the gene in each pathway is in the organism’s 

genome, but no transcripts were detected. A list of genes with their respective enzyme products 

is presented in the appendix (Table A-5). 
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Appendix 

Table A-1 

 

List of environmental samples with respective Illumina genomic (gDNA) and complementary 

(cDNA) DNA. The date when collected and classification of mat type presented for each sample. 
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Table A-2 

 

List of contigs that have sequences for reductive type dsrAB. 
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Table A-3 

 

Bin statistics for SRB bins recovered from ESOM and depicted in Figure 5. 
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Table A-4 

 

Putative SRB recovered from the MIS cyanobacterial mat. These genomes are missing dsrAB; 

however, there is evidence of other genes involved in dissimilarity sulfate reduction. 
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Table A-5 

 

Table of the genes associated with a given metabolic pathway and the corresponding enzymes 

encoded for by each gene.  
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