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Abstract: 
 

Rapid urbanization and agriculture have led to loss of wetlands and their 
ecosystem services in the Sacramento-San Joaquin Delta and the San Francisco 
Bay. The United States Geological Survey (USGS), through their wetland 
restoration project on Twitchell Island, has established the potential of wetlands 
as carbon sinks. However, wetlands are also natural sources of methane (CH4), 
a greenhouse gas (GHG) 20X more potent than CO2.  
   

Interestingly, in most saline environments, sulfate-reducing bacteria are 
expected to outcompete methanogens resulting in decreased CH4 emission. But 
this is not the case with South San Francisco Bay (SSFB) salt ponds, formerly 
tidal marshes but later used for industrial salt production, which have been found 
to be major CH4 producers. This study aims to determine the microbial structure 
and source of substrates for methane production in restored, unrestored, and 
historical salt ponds in the SSFB area.  
 

To address this, we used metagenomics, biogeochemical approaches, 
and greenhouse gas measurements to identify differences in microbial 
communities and interactions in the three habitats. Our analysis revealed pond 
type-specific microbial communities and spatial heterogeneity. Furthermore, the 
samples share similar and distinct microbial communities along salinity gradients. 
Subsequently, these site-specific differences (1) are associated with different 
photosynthetic and metabolic pathways; (2) are weakly correlated with elevated 
methane flux as determined by methyl coenzyme M reductase subunit A (mcr A) 
gene relative abundance; (3) suggest glycine betaine as source of 
noncompetitive methylated subtrates. Overall, this study provides evidence that 
distinct microbial interactions lead to the establishment of environment-specific 
microbial pattern assemblies. This work can potentially contribute in monitoring, 
and implementing more efficient conservation, restoration, and management 
project of hypersaline wetlan 

 
iv
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Introduction 
 
Despite only covering 4-6% of global land surface area wetlands are 

critically important ecosystems which provide many essential ecosystem services 
including water purification, flood protection, groundwater recharge, carbon 
sequestration and sediment accumulation2. Rising temperature,  sea level rise, 
and precipitation changes threaten the stability of wetlands49,65,66,69,74 . 
Furthermore, over 50% of the world’s wetlands have been destroyed in the last 
100 years 42. It is therefore critical to quickly determine the role that wetlands play 
in greenhouse gas cycling.  

Wetlands play a significant role in global atmospheric CH4 cycling, 
however methane release from wetlands is highly variable and poorly 
understood.  Atmospheric CH4 concentration doubled from 720 to 1750-1803 
parts per billion (ppb) between the pre-industrial era and 2011 63. Though lower 
in concentration than CO2, it is 25 times more efficient in trapping heat 32. The 
dominant biological process involved in methane cycling is the anaerobic 
degradation of organic matter by microorganisms in wetlands and rice paddies 
32,35. Fluctuations in atmospheric CH4 are linked to variation in sinks and 
sources3,11,15. Anaerobic conditions slow decomposition of organic material, 
which can lead to increased peat accumulation48 and decreased CO2 release 
from the soil into the atmosphere. However, anaerobic conditions can also result 
in increased CH4 emissions, and CH4 is a more potent GHG than CO2. Thus, the 
role of anaerobic microbial communities in greenhouse gas emissions and the 
ecosystem services provided by wetlands is highly complex.  

Methane is an end product of the degradation of organic material by 
microbes in an anoxic environment where the concentration of alternate electron 
acceptors sulfate, nitrate, Mn (IV) or Fe (III) is low. The dominant methane 
producing metabolic pathway present in a given ecosystem often reflects the 
prevalent methanogenic microbial community structure, suggesting that different 
groups of methanogens produce methane based on microbial kinetics on 
substrate availability and environmental conditions 10,22,51. Microbial community 
strucutre in soils can differ significantly on small spatial scales 43.  The movement 
of gas is slower in water than soil and is dependent on the amount of water and 
soil type. When microbial activity is high, there is a greater chance that water 
saturated soils will become anoxic28. Several studies have shown methanogen 
community structure shifts from acetotrophic Methanosaetaceae to 
hydrogenotrophic Methanobacteriales in freshwater wetlands in response to 
dissolved organic carbon (DOC) concentration -a community shift expected to 
result in increased CH4 emissions 56 As changes in DOC can be caused by shifts 
in pH, redox conditions, temperature, moisture and nutrient conditions16 , 
methanogen community structures in wetlands are also affected by enviromental 
changes.  

Methanogenesis is outcompeted by anaerobic respiration for 
thermodynamic reasons, as the presence of the energetically preferable electron 
acceptor sulfate selectively inhibits methanogenesis 13.  
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Methanogens are anaerobic members of the phylum Euryarchaeota. They 
have a functional gene marker, methyl-coenzyme M reductase alpha subunit 
(mcr A), which encodes a key protein in methanogenesis and is a critical genetic 
marker for non-culture based diversity assessments of methanogens.. The three 
most important biochemical pathways for biogenic methane production are 
hydrogenotrophic, acetoclastic and methylotrophic methanogenesis. 
Methanogens can utilize a variety of substrates, including methyl groups 
(formate, methanol, methylamine), acetate and carbon dioxide plus hydrogen.  

Acetate is an essential intermediate substrate in subsurface sediments 
along with ethanol and is an important substrate for SRB. It can be bio-converted 
through syntrophic acetate oxidation, methanogenesis from CO2 reduction then 
acetoclastic methanogenesis. The acetotrophic methanogens within the 
Methanosaetaceae family have a critical enzyme - acetate-CoA ligase, and those 
within the Methanosarcinae family produce acetate kinase. Carbon monoxide 
dehydrogenase is a key enzyme in CH4 metabolism that forms parts of a 
membrane- bound multi-enzyme complex which catalyzes the overall reaction: 
CO + H2O = CO2 + H2. This enzyme is present in acetogenic bacteria which 
utilize reductive one-carbon pathway for the synthesis of acetyl- CoA, a 
metabolic precursor of acetate and other carbon-containing compounds.44  

Hydrogenotrophic methanogens are potentially more significant in 
hypersaline environments than marine sediments, as unusually high hydrogen 
partial pressures have been observed in hypersaline mats within the 
photosynthetic active surface layer. Hydrogenotrophic methanogenesis that 
occurs in this environment alleviates competition between methanogens and 
SRB. Hypersaline environments are a primary source of non-competitive 
substrates, such as the N-trimethylated amino acid glycine betaine, an osmo-
regulator widely utilized by both eukaryotes and prokaryotes living in hypersaline 
enviroments. Fermentative organisms which convert glycine betaine to 
methylamines provide this energy-rich compound that is used by many halophilic 
and halotolerant methanogens, but not by SRB.  

Phylogenetic relationships and relative abundance estimates provide 
insight on how microbial community structure compares with biogeochemical 
processes and functions.44.   

The source of methylated substrates such as glycine betaine is unclear. 
Glycine betaine is compatible solute to cope with high salinity. Competition of this 
substrate is diminished with depth or by precipitation.  Methanococcoides, 
Methanolobus and Methanosarcina species are able to utilize non-competitive 
substrates such as methanol and methylated amines that most SRB cannot use. 
Methylotrophic methanogens most often occur in sediments with salinity between 
8.1-19.5 g/L. The relative abundance of methylotrophic methanogens and high 
SO4

-2 concentrations make these methanogens significant contributors to CH4 
production in environments of high sulfate concentration. SRB can outcompete 
methanogens for substrates such as H2 or acetate commonly found in marine 
sediment. SRB do not compete for methylated compounds, allowing 
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methylotrophic methanogenesis to be carried out at increased sulfate 
concentrations. 

Another environmental factor which influences methane production is the 
presence of temperature gradients. At higher temperatures, an increase in 
natural methane emissions is typically observed, which creates feedback loops 
not generally accounted for in climate models11 . Wagner and colleagues (2007) 
showed that the Arctic peat is affected by temperature gradient along permafrost 
soil. The stored organic carbon is released into the atmosphere as methane. The 
microbial community in this ecosystem responds to the temperature gradient by 
metabolic modulation and trophic interactions which enhance CH4 production. 
Temperature is one strong determinant of a microorganism’s metabolic capacity 
16. It was also observed that there was increase hydrogenotrophic 
methanogenesis in arctic peatlands compared to lake sediments and rice soils2.  

The Sacramento-San Joaquin (SSJ) Delta is a historically freshwater tidal 
marsh, now primarily converted to agricultural land 19. San Francisco Bay was 
once surrounded by tidal wetlands, however the majority were converted to other 
uses, including salt ponds, in the 1900s. In 2003, a combined state and federal 
government initiative known as the South Bay Salt Pond Restoration Project 
purchased 15,100 acres of salt ponds for restoration 36. This represents the 
largest tidal marsh restoration on the Pacific Coast of the USA. The restoration of 
the ecological functions of wetlands is of utmost priority, however before 
considering trade-offs, amendments, and best practices of wetland soil 
restoration and management, it is critical to investigate the below-ground 
microbial communities occupying different soil regimes along salinity gradients in 
salt ponds prior to restoration to tidal wetlands. 

 
While wetland restoration and management efforts are underway, climate 

change, hydrology and environmental variables are threatening the long-term 
carbon sink potential of wetlands, and in some cases driving them to be a 
greenhouse gas (GHG) source. In South San Francisco Bay, hectares of historic 
tidal marsh were displaced and converted to commercial salt ponds which have 
been vital to several important ecosystem services like wildlife breeding and 
winter migration. This important salt pond complex in the Pacific coast is now 
part of the on-going restoration and creation projects in the bay area. 
In this study, we focused on three wetland sites adjacent to each other along 
salinity gradients classified as unrestored, restored and historical wetlands. 
Questions now arise on how salinity gradients can play a critical role in regulating 
belowground microbial processes in wetlands, and how microbial regulation of 
biogeochemical processes will impact upon GHG fluxes from diverse wetland 
environments at the global scale. 
 

The goal of this project was to investigate composition and structure of 
greenhouse cycling microbial communities and methane flux along salinity 
gradients in wetland sites under-going restoration. The net effects of salinity on 
GHG emissions could be more complex than typically portrayed or modeled, and 
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recent results highlight the fact that methane flux is quite high in hypersaline 
environments compared to expectations. Wetland management approaches, 
environmental and spatial gradients may, therefore, play a vital role in the 
regulation of microbial activity and GHG emissions in wetland restoration. These 
factors are critical to understanding how salinity gradients should be accounted 
for when considering overall biogeochemical cycling in wetlands undergoing 
restoration. 
 
Methodology 
 
Site Description, Sample Collection, and Pore Water Chemical Analysis 
 

As part of the restoration project in the South San Francisco Bay area, soil 
core samples were collected from former industrial salt ponds R2 and R1 
(unrestored), SF2 (restored) and historical tidal wetland R2A located within the 
Ravenswood complex in Menlo Park in July 2014-2015 and March 2015, 
respectively. The soil core samples were split into two depths (0-5cm and 5-
15cm). These were preserved for downstream analysis, namely, genomic DNA 
extraction and for geochemical analysis. The environmental samples were 
sequenced for 16S on MiSeq and shotgun sequenced on HiSeq with 3 soil core 
samples at two depths, 3 water samples, and 3 soil crusts. The soil cores were 
monitored for in situ GHG production. For each metagenome sample, ~ 20 Gb of 
shotgun sequence data were generated on the HiSeq2500 platform in a 2X250 
paired-end run mode, for a total of 700 Gb with ~400 bp inserts with reads 
overlapped and merged. The salt ponds were also assessed for sulfate, 
phosphate, nitrate and iron. 

Soil core samples were collected from four sites adjacent to each other 
using Hargis soil corer to collect triplicate samples cores from each sites 
(R1,R2,SF2,R2A A,B,C). Each soil core sample was split into two section depths 
D1 (0-5cm) and D2 (5-15cm) belowground. Soil peat samples for DNA extraction 
were immediately transported back to the lab and pre-processed for DNA 
extraction. On site field measurements of temperature, pH and dissolved oxygen 
(DO) were measured with YSI probes (model 6920-v2). Salt pond water samples 
were collected at water-peat interface by 50 ml syringe from each site and 
transferred into vacuum sealed serum bottles. 
On-site CH4 flux 

For July-August sampling, CH4 flux was measured from the soil cores of 
each site (R1, R2, and SF2) using the greenhouse analyzer (FGGA; Los Gatos 
Research Inc.). 
 
 
Genomic DNA Extraction  

 
Genomic DNA was extracted from soil cores using the MoBio PowerLyzer 

kit according to the manufacturer’s instructions.  
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One gram peat sample was weighed into 2mL Eppendorf tube with glass 
beads. It was gently vortex mixed in 750 ul of bead solution and 60 ul of C1 
solution was added and was invert mixed. The Eppendorf tubes with glass beads 
were centrifuged @ 10000 rpm at room temperature for 30s.The supernatants 
were then transferred to clean 2mL collection tubes and added 250 ul of solution 
C2, vortex mixed for 5s and incubated @ 4C for 5 minutes. Afterwards, samples 
were centrifuged again at room temperature for 1 minute at 10000 rpm. 
Supernatants were then transferred carefully leaving out the pellets undisturbed. 
Supernatants in 2ml collection tubes were added 200 ul of solution C3 into 
collection tubes and incubated at 4C for 5 minutes and centrifuge again at room 
temperature for 1 minute at 10000 rpm. Around 750 ul supernatant were 
transferred once again to new set of clean 2mL collection tube and added 1.2 ml 
of C4 solution to supernatant and vortex mixed for 5s. Spin filter tubes were then 
loaded with 675 ul of supernatant into Spin filter and centrifuged at 10000 x g. 
Flow through was then discarded from the collection tubes and centrifuged at 
room temperature for 30 s at 10000 x g. The spin filters were then carefully 
placed into clean 2ml collection tube and added with 100 ul of solution C6 unto 
the center of white filter membrane and centrifuged @ room temperature for 30 s 
@ 10000 x g. The spin filter was discarded and DNA stored in the freezer (-20 C 
to -80 C). Duplicate DNA extractions were performed on each sample, and both 
duplicates were individually used f0r 16S r RNA gene sequencing. For 
metagenome sequencing, multiple DNA extractions were performed for each 
sample and pooled to obtain sufficient DNA for the shotgun library construction. 

 
16S r RNA gene sequencing and microbial community analysis 

 
For the investigation of taxonomic diversity, iTagger amplicon sequencing 

of PCR-amplified V4 regions of 16S rRNA genes was used to generate microbial 
community profiles. Archaeal and Bacterial 16S rRNAV4 515F-Y  
GTGYCAGCMGCCGCGGTAA  and 926R CCGYCAATTYMTTTRAGTTT primer 
sets were used to amplify the V4 region74 .The PCR amplicons were sequenced 
by the DOE Joint Genome Institute using Illumina MiSeq sequencer. The 
sequences were analyzed through iTagger computational pipeline for sequence 
trimming, clustering operational taxonomic units (OTUs) based on 97% sequence 
identity and taxonomic assignment of operational taxonomic units (OTUs). For 
sequence trimming, clustering and classification with iTagger, USEARCH 
software and python scripts in QIIME were used. Singletons and potential 
chimeras were removed using QIIME program.  
For downstream analysis of OTUs, R studio “phyloseq” package was used to 
analyze for alpha and beta diversity of the salt pond samples. Data sets for OTU 
abundance were rarefied first before Shannon diversity indexes were calculated. 
Beta diversity among sampling sites were determined using nonmetric 
multidimensional scaling (NMDS) analysis with a Bray-Curtis similarity matrix 
based on relative abundance of OTUs. The analysis of similarities (ANOSIM) 
was used to assess community differences among classified sample groups. The 
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statistical significance of differences among classified sampling sites was 
performed using the R “vegan” package with Bray-Curtis distance. 
Correspondence analysis was also conducted to study community composition 
patterns and correlation with environmental samples 
 
Metagenome sequencing, assembly, and annotation. 
 

A total of 3 sampling sites which represent historical (R2A), restored(SF2) 
and unrestored (R1 and R2) South Bay salt ponds from two depths were chosen 
for metagenomics analysis. Shotgun libraries were constructed with inserts sizes 
of ~400bp and sequenced on the Illumina HiSeq platform in 2x250 run mode to 
generate paired-end reads. Assembled contigs and reads not mapped to 
assembly of metagenomics read were uploaded to the Integrated Microbial 
Genomes with Microbiomes (IMG/M) database for gene prediction and functional 
annotation.  
 
Phylogenetic tree construction 
 

The multiple sequence alignment of mcr A from IMG was generated with 
Geneious 10 using MAFFT. A maximum likelihood phylogenetic tree was 
constructed using RAXML with gamma model and gamma distribution 
parameter. Bootstrap values were calculated based on 100 replicates. The tree 
was visualized with Figtree software 
 
 
Results and Discussion 
 
Site Biogeochemistry on Hypersaline Wetland 

 
 
Biogeochemical cycling in wetlands is heavily influenced by the frequency 

and level of water inundation. Cyclical inundation impacts wetland ecosystems by 
controlling gradients of aerobic, sub-oxic and anaerobic conditions and 
associated distinct microbial community structures. The environmental variables - 
pH, dissolved oxygen (DO), temperature, conductivity (Cond), redox (Eh), 
hydrology and nutrient availability - which play a vital role on wetland 
biogeochemical cycling have been well studied14,15,16,19.  Yet, the over-all effect of 
these interacting environmental factors, especially on microbial activities in 
wetlands are complicated such that an estimation on the biogeochemical cycling 
rate is challenging.  
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Fig.1 (a). Bar graph plot on averaged pH, dissolved oxygen (DO), conductivity (Cond) and salinity 
readings (b). Non-metric Multidimensional Scaling (NMDS) analysis of environmental factors 
taken from the different clusters: R1 & R2 (unrestored sites), R2A (historical), SF2 (restored) in 
the South San Francisco Bay area using bioenv fit to calculate Euclidean distance. 
 

Additionally, two of the main ecological drivers in wetlands - redox 
potential and oxygen concentration which affect the humification process are 
determined mainly by microbial metabolism. The hydrology dependent redox 
potential (Eh) affects pH, demonstrating that microbial community structure and 
its biogeochemical processes are affected by flooding frequency. Therefore, 
hydrologic regimes cause physio-chemical changes in wetlands 57However, 
extreme conditions of high salinity are seldom accounted for in wetlands’ 
biogeochemical activities. The hypersaline ponds in the South San Francisco 
Bay wetlands with average salinity of 240 ppt which are part of wetland 
restoration have been known to produce more methane than the freshwater 
wetlands in the bay area. Thus, in this study, core samples were collected from 
three different types of sites: unrestored (R1 and R2), restored (SF2) and 
historical tidal marsh (R2A) salt ponds which are adjacent to each other. 
The historical tidal marsh (R2A) showed depletion of oxygen in comparison to the 
unrestored sites (R1 and R2) which seems to have elevated oxygen 
concentration and nitrates as well as iron (Fe) and manganese (Mn) (See 
Supplementary material). 

(a) (b) 
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Fig.2(a) Multiple subplots for the physio-chemical gradients taken from the different sampling 
sites against species richness (b). Non-metric Multidimensional Scaling (NMDS) analysis 
between sites R1, R2, R2A and SF2 and salinity gradients. 
 
 

Canonical correspondence analysis (CCA) of the total number of OTUs 
from the metagenomes along several environmental gradients revealed that the 
South San Francisco salt pond microbial community structure cluster into 2 major 
groups with R2A (historical) and SF2 (restored) cluster close to each other and 
away from unrestored sites R1 and R2, the second cluster. Historical and 
restored sites tend to approach its maximum relative abundance of OTU richness 
with increase in latitudinal and longitudinal distance between sites and along with 
increase in dissolved oxygen (DO) and conductivity. In contrast, unrestored sites 
(R1 and R2) at certain distance apart are expected to increase in relative 
abundance of  OUT richness with moderate increase in pH, DO (%), and salinity 
for R2a and as for unrestored site R1, pH increase with relative abundance. It 
also revealed taxonomic shifts with environmental variables which made a 
distinct demarcation of the salt pond microbial communities into two major 
groups - historical-restored and unrestored ones.  
 

(b) 

(c) 
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Fig.3 Canonical correspondence analysis (CCA) of the relative abundance of operational 
taxonomic units (OTUs) according to salt pond type and taxa  

 
 
 

Environmental variables do not show significant strong correlations with 
species richness among sites (Fig.2a). However, archaeal community richness 
does correlate with salinity gradient, which is further supported by non-metric 
multi-dimensional scale (NMDS) analysis. The different salt ponds R2A 
(historical), SF2 (restored), R1 and R2 (unrestored) are spatially structured and 
cluster according their restoration status. There is systematic change in CH4 
production across salinity measurements ranging from 97- 232 ppt. Elevated 
methane production rate was observed with high salinity sites (R1 & R2), with the 
highest methane production within the R2 site. The lowest rates of methane 
production were observed in historical site R2A and the restored site (Fig.1b). 
 

The salinity differences between these sites were expected to have a 
significant effect on relative microbial abundances across sites, but our results 
showed weak negative correlations. Interestingly, DO (%), longitudinal 
geographical location and conductivity predict clustering of sites into major 
groups. Restored/historical and unrestored sites, and redox readings showed 
weak correlations (Fig.2a). Significantly different microbial communities were 
observed at different sites. Salinity effects increase osmotic stress on non-
halotolerant microbial communities and reduce of CO2 flux in coastal 
wetlands9,56. This is consistent with South Bay salt ponds where the composition 
of microbial communities is distinct along a salinity gradient.  
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Microbial Community Dynamics, Composition and Distribution in South 
Bay Salt Ponds under Restoration 
 

 
 
 
 

 

 
 
 
 
 
 
 
 
 
Fig.4 a Non Metric Dimensional Scaling (NMDS) of Salt Pond Communities taxa at the 
class level. b. Venn diagram of the archaeal OTUs found in salt pond metagenomics 
reads.  
 

The diversity survey on prokaryotic 16S rDNA was conducted for 
historical, restored and unrestored salt ponds and compared among the bacterial 
and archaeal assemblage recovered from 2 different depths. Of the 31 samples 
processed were 96.8 % passing samples from salt pond soil core samples from 
the historic, restored and unrestored sites. Out of 8,639,228 sequences, 535,632 
unique sequences were observed. 

There is higher observed OTU richness with site SF2 undergoing 
restoration, this is consistent with CHAO index which estimates the actual 
number of OTUs in each sample and found that SF2 site was the most diverse. 
The Shannon diversity index also indicated that the historical site SF2 has 
slightly higher diversity closely followed by unrestored (R1 &R2) and restored 
sites(R2A). To assess diversity within sites and among sites of microbial 
community related to these observations, alpha and beta diversity were checked 
using operational taxonomic units (OTU) from Illumina sequencing platform for 
16S amplicon analysis (iTags). The number of OTUs observed in each of the 
sites varied considerably. The unrestored sites, R1 and R2 harbored the greatest 
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number of OTU and observed OTU numbers decreased. Interestingly, no 
observed differences were found with depth (Fig. 5). 

Metagenomes from DNA co-extracted from soil samples were sampled at 
the different sites and at depths 0-5cm and 5-15cm. Halobacteriaceae show the 
highest relative abundance along a salinity gradient in restored-historical sites. 
All  patterns observed from read abundances high enough to be above data 
noise. 
 
 
 

 
 

Fig.5 Alpha Diversity of Microbial Communities present in the salt ponds using OTUs 
from 16S itags. 

 
After removing low quality sequences, an average read length of 1,273 of 

1,862 reads were assembled to produce 305 contigs for all metagenomes. More 
than 70 % of the sequences were affiliated to bacteria, the rest were archaea, 
indicating high specificity of the chosen primers 16S V4. Among the three 
different types of salt ponds, 9.6% of the OTUs were unique from the set (Table 
S-, Supporting information). In particular, those sites that were adjacent to each 
other and got connected during times of high tide showed relatively large overlap. 
The microbial communities were highly diverse, richness of taxa were observed 
with the historical tidal marsh R2A consistent with CHAO1 (r= 12.0, P=0.01); 
ACE (r=, P=0.01), while Shannon index (H’) consistent with SF2 microbial 
diversity (r= 0.06, P=0.01).  The environmental variables from these different salt 
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pond soil cores suggest that these may contribute microbial diversity and 
clustering into two major groups but may be weakly correlated (r= 0.15, P=0.01), 
H’ (r=, P=0.01). 

The microbial community composition of the different sites  (historical, 
restored, unrestored) was compared based on 16S rRNA gene sequences 
assigned as OTUs from salt pond metagenomic reads (Fig. 5). Additionally, 
8,639,228 bacterial/ archaeal OTUs accounting for ~ .77 % of all sequences were 
present in all the sites. 
Moreover, all bacterial top level taxa belong to Proteobacteria with majority of the 
metagenomics sequences belonged to bacterial phylum Gammaproteobacteria 
and archaeal phylum Halobacteria.  Similarly, 16S rRNA gene amplicon 
sequences belonging to Cyanobacteria and Euryarchaeota dominated the three 
salt ponds datasets while those belonging to Desulfuromonadales dominated 
lower salinity datasets.  Our results are in agreement with previously reported 
studies that reported the patterns in 16S rRNA gene from environments of high 
salinity.  
The majority of bacterial and archaeal 16S rRNA sequences belong to bacterial 
and archaeal orders, Halanaerobiaceae, Desulfobacteria, Syntrophobacteraceae, 
Desulfuromonadales, Desulfobulbaceae, Alteromonadaceae, 
Gammaproteobacteria, Dethiosulfovibrionaceae, Sinobacteraceae, 
Stramenophiles, and Halobacteriaceae. The remaining bacterial sequences 
belong to uncultured bacterial groups with unknown physiology. 
Bacterial Diversity and Community Composition 

Proteobacteria (42%) dominated the reported diversity from the  
metagenomes. The majority affiliated with Alphaproteobacteria, 
Betaproteobacteria, Deltaproteobacteria, Epsilonproteobacteria, 
Gammaproteobacteria, and Zetaproteobacteria.  Representatives of uncultured 
lineages were detected from all analyzed depths of soil cores. 

The majority of the bacterial OTUs in class Syntrophobacteriales, 
Halanaerobiales ,Desulfovibrionales, and Rhodobacteraceae fell into orders: 
Halobacteroidaceae, Halanaerobiaceae, Rhodobacteraceae, 
Desulfomicrobiaceae. The remaining OTUs were assigned to archaea in class 
Methanobacteria, Methanococci, Methanococcales, Methanobacteriales, 
Nitrosphaeraceae and Cenarchaeaceae are but not restricted to hypersaline 
conditions. With iTag sequencing approach, microbial community compositions 
were consistent with previous findings 61,63,64,71,76,79.  
 
An average of 0.04 % of assembled 16S rRNA sequences were obtained from 
the 3 different sites (Supplementary Table 12). Family level coverages ranged 
from 7 % to 0.1%, indicating that family-level diversity was detected. A wide 
range of diversity of bacteria was observed in all the sites, corroborating previous 
results on the microbial communities in high saline environments. Halobacteria 
and Alphaproteobacteria were the dominant bacterial class in unrestored sites. 
High abundances of these two classes were observed in all sites except the 
historical salt pond, which is consistent with previous studies 60,61,63. Halobacteria 
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is also one of the most of the prominent metabolically active microbial groups 
thriving in extreme environments of high salinity.  

 
Fig.6 Taxa bar plot of the microbial communities present in South San Francisco salt ponds 

 
 
 
 
 

(a) 

(b) 
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Prokaryotic Diversity and Community Composition 
 

The bacterial communities in soil core samples in the different sites were 
predominantly composed of Gammaproteobacteria and Deltaproteobacteria. 
Both are ubiquitous in all the sites which suggests that they are important 
component of these communities and presumably well adapted to high salinity 
enviroments. All the methanogenic archaea fall into the phylum Euryarchaeota. 
Crenarchaeota and Euryarchaeota dominate all communities from historical to 
restored and unrestored, which suggests that these phyla dominate in wetlands 
with high osmolality. Methanomicrobia-related sequences were also present but 
constituted only 0.5%, a small proportion of the archaeal communities. The 
methanogen-related classes, the Halobacteria, and Methanomicrobia accounted 
for 0.4%- 8.2% of all archaeal reads, respectively. The relative abundances of 
these archaeal taxa correlated differently with environmental factors. The overall 
salt pond from historical, restored and unrestored salt ponds showed higher 
species richness and greater relative species evenness. The samples clustered 
fairly well according to the type of salt pond. This implies there is clear separation 
of microbiome profiles detected.  
 
Sites that cluster together have similar community profiles. Cluster analysis of 
archaeal and bacterial community compositions separated the taxa into three 
main clusters (Fig. 4). All the three clusters have Halobacteria in common and 
the unrestored is clearly dominated by it. The historical site (SF2) and restored 
site (R2A) share common families:  Rhodobacteriaceae, Bacteroidales, 
Balneolaceae, Saprospiraceae. Those unrestored (R1, R2) and restored (SF2) 
sites share Bacteroidales, Balneolaceae, Rhodobacteraceae, Halobacteria and 
Saprospiraceae groups. 
 

 
Fig.4 Rarefied OTU abundance to even depth of unweighted-UniFrac for salt pond microbial 

communities using multi-dimensional ordination (MDS) plot. 
 

ANOSIM (r= 0.51, P= 0.01) suggests significant differences in microbial 
communities between two major site types, the historical and restored sites from 
unrestored sites. Historical tidal salt pond (R2A) have distinct microbial 
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community composition regardless of depth although an overlap of a certain 
number of taxa is observed with restored ones (SF2). However, the unrestored 
salt ponds (R1 and R2) have several taxa in common and distinct from the 
historical and restored ones and even between two salt ponds of same type, 
some dissimilarities exist. These results are reflected by Bray-Curtis dissimilarity 
analysis, which revealed historical site (R2A) overlaps with ~ 2-5% similarity of 
microbial communities of unrestored sites (R1 & R2). Moreover, R2A site 
revealed close relation with restored site SF2 with ~ 30 % similarity of microbial 
community based on 16S rRNA data. The archaeal community in Historical and 
Restored (R2A and SF2) sites were clearly distinct from those in the other sites.  
There is apparent clustering also among bacterial communities distinct of the 
type of salt pond.  
  
Molecular diversity of mcrA genes  
 

Methyl-coenzyme M reductase is a signature enzyme among 
methanogens and the alpha subunit gene mcrA is used as genetic marker to 
classify methanogenic and anaerobic methanotrophic organisms 32,55. The 
phylogenetic relationship is shown in Fig. 6 which summarizes diversity and 
phylogenetic analysis based on mcrA gene sequences retrieved from historical, 
restored and unrestored salt ponds.   
 

 
Fig. 6 Phylogenetic tree on mcr A genes 
 



	 22	

The diversity and distribution of methanogenic archaea in situ were 
independently verified by mcrA gene analysis, mcrA surveys confirmed the 
results obtained by 16S rRNA gene analysis recovering mcrA sequences 
affiliated with unrestored sites R1 and R2  soil core samples from different 
depths. As observed in the 16S rRNA diversity survey, recovered mcrA 
phylotypes associated with members of the  Methanomicrobiales order. 
 
 
 
Methanogenic mcrA and CH4 Flux  
 
 

 
Fig.7 a. Relative abundance of mcrA genes in the R1, R2, R2A & SF2 Sites. b. Measurements of 
methane (CH4 ) from the  surrounding water before soil core sample were collected.  
 

The mcrA gene copy numbers found in the metagenomes were few in 
number. In line with mcrA gene copy numbers in the different sites, the highest 
CH4 flux was observed in unrestored sites. The methane production weakly 
correlates with mcrA gene copy numbers. However, mcrA gene copy number 
does not explain the total variation in CH4 flux increase in the salt ponds. The 
effects of pH, conductivity, and sites were not significant in explaining high 
methane flux among salt ponds (r= 0.306, P= 0.01). 

Methane production is observed in hypersaline environments either by 
methylotrophic pathway or reduced amount of sulfate 63. Among the major 
archaeal classes, only Methanobacteriales was observed with 0.4% OTU 
coverage. Interestingly, methylotrophs are often found in complex communities 
but not observed for this data set. It may be that methylotroph genome may not 
well resolved and covered in this dataset. 

The methanogens and SRB which are usually in competition for mutual 
substrates (H2 and acetate) are negatively affected by increased redox potential 
and the availability of other terminal electron acceptors (nitrate, iron and sulfate). 



	 23	

Hydrogenotrophic or acetoclastic methanogens tend to be less common in 
hypersaline high sulfate environments due to thermodynamic 
constraints28.Methanogens are thought to be restricted to non-competitive 
substrates such methylated amines, dimethylamine and methanol in these 
environments. Our results are consistent with this notion. 
 
Metabolic Pathways in South Bay Metagenomes 
 

Microbial community structure and function shifts with environmental 
stress and change in wetlands8,9.These observed shifts in wetlands in the 
process of restoration may show how a wetland’s biogeochemical function 
changes during the restoration process. Associated with anticipated sea level 
rise, salinity increases are expected to reduce methane emissions from wetlands. 
Sulfate (SO4

-2) is expected to increase with CO2 flux in high saline environments, 
as it acts as alternate electron acceptor in anaerobic respiration.  These sulfate 
reducers play an essential role in coastal wetlands, particularly brackish and 
saline ones, by outcompeting methanogens and thus reducing CH4 emissions. 
This could potentially contain global warming from greenhouse gas emissions 9,34 
. 
 
 

 
                        Fig.8 Methane Metabolism in South San Francisco Bay Salt Ponds 
 

Sulfate reduction is a dominant pathway for anaerobic respiration in saline 
environments such that its increase leads to increases in hydrogen sulfide (HS-) 
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accumulation known to disrupt microbial biogeochemical processes - in 
particular, nitrification - and be toxic to plants and microorganisms 4,8,9,28. With 
increased salinity, high sulfate reduction accelerates soil respiration. Several 
studies have shown significant effects of salinity on dissolved organic carbon 
(DOC), which show significant changes in inundated soils. With increased 
flooding and increases in salinity, increases in NH4

+ flux are observed, along with 
decrease in nitrification. The increase in chloride concentration associated with 
salinity can also inhibit denitrification 8,9,29. 
 

Microbial composition (based on 16S rRNA gene data) in our sample sites 
is consistent with previous results in hypersaline environments, in which  
Proteobacteria, Chloroflexi and Bacteroidetes are the most abundant  groups 
regardless if it is restored, unrestored or historical. Differences in phototrophic 
pathways suggest that distinct microbial interactions lead to different 
assemblages of microbial community patterns. Other hypersaline environments 
are commonly dominated with either with Euryarchaeota or Crenarchaeota. This 
suggests differences in physio-chemical conditions such as salinity, dissolved 
oxygen and geographical distance. 

Methanobacteriales were found in all sites, which indicates a microbial 
source for methane flux. A range of novel phyla were also found in the 
metagenome. Hypersaline environments are usually dominated with 
Deltaproteobacteria, represented by Desulfohalobiaceae, a halophilic sulfate-
reducing bacteria (SRB). This is not the case with the current study where high 
diversity of archaea was not observed. In fact, it yielded one class of less studied 
methanogens, the Methanomicrobiales 1. These archaea are strictly CO2 
reducing, hydrogenotrophic methanogens using hydrogen or formate as the 
reducing agent and cannot use acetate, methanol, methylamines and methyl 
sulfides 24.  Methanogens are outcompeted by SRB, yet no reports of the reverse 
happening are known, with methanogens outcompeting SRBs. Nitrospira, nitrate 
oxidizing bacterium were in low abundance in all sites.  Salinity seems to have 
shown to be an essential factor in the regulation of hypersaline settings. 

We observed that genes cytochrome b6- f complex iron-sulfur sub-units 
petC and petD and ferredoxin (petF) associated with photosynthetic pathways 
were found to be abundant in historical and restored (R2A &SF2) sites and less 
abundant in two unrestored sites, R1 and R2. This implies that heterotrophic 
metabolism of sulphated organic compounds and sugars are the main strategy 
for microorganisms to obtain energy in the anoxic zones in the salt ponds. The 
functional profiles seem to be consistent with the physio-chemical profile of the 
salt pond with some outliers observed. 

A wide range of metabolic pathways involved in sulphur cycling was 
observed in the three sites. It is interesting to note that methane monooxygenase 
component A alpha chain (mmoX) and methane/ammonia monooxygenase 
(pmoA, pmoB, pmoC) genes indicative of methane oxidation are only present in 
SF2 and historical R2A harboring high abundance of these genes which 
coincides with genes involved in primary production or photosynthesis (Fig.9).  
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The different sites harbor different carbohydrate degradation pathways 

(glycolysis, pyruvate metabolism, citrate cycle) and amino acid metabolism. This 
suggests that the main way to generate energy is heterotrophic carbohydrate 
metabolism while enrichment of amino acid metabolism, maintain growth of 
halophilic microbiota41,55. 
 

The metagenomes in South Bay salt ponds have shown similarity with 
microbial mats in Shark Bay, Guerrero Negro and S’Avall which is enriched in 
amino acid and glycine betaine uptake/biosynthesis which implies that salinity 
could act as selective pressure on microbial community structure and act as a 
common osmoadaptive strategy. Three main archaeal phyla in environments of 
high salinity are mainly composed of Euryarcheaota, Crenarchaeota and 
Thaumarchaeota which are quite rare in our data 7,43,61 . 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.9 Heat map of genes involved in photosynthesis found in different salt ponds. 
 

Syntrophy plays an essential role in global carbon cycling of anaerobic 
environment especially in seasonally inundated coastal wetlands. This rate 
limiting step, involves mutualistic interaction two metabolically different but 
interdependent microorganisms exchanging metabolites to function optimally.  
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Two of genera of syntrophic microorganisms, Syntrophomonas and Syntrophus 
lead a syntrophic lifestyle of metabolic specialization 41,48,49 often which these 
interactions occur in sulfate-reducing environments Spatial structuring of 
microorganisms may be driven by spatial variations in the electron donor and 
acceptors abundance. Microorganisms position themselves strategically either 
through their symbiotic interactions, adaptations or environmental factors 
recording the spatial distribution and niche segregation of as  one of the major 
drivers of ecosystem function. This shows resource patterns and metabolic 
specializations between different functional microbial guilds and the 
corresponding nutrient and element cycling, including production and 
degradation of exopolymers, photosynthesis, sulfate reduction and 
fermentation61. 
 

With this tightly mutualistic interaction, the hydrogenotrophic methanogens 
and the acetotrophic methanogens, complete the process with the convertion the 
acetate, formate, and hydrogen made by other microorganisms to methane and 
carbon dioxide48 . Interestingly, dsrAB, which encodes for dissimilatory sulfite 
reductase, which are typically observed in hypersaline environment but was not 
observed in all the salt pond sites. This suggests that the syntrophic metabolizers 
may not have the ability to reduce sulfate 33. It may also be that Syntrophobacter 
or Syntrophobacteraceae groups with Desulfotomaculum which oxidizes 
propionate to acetate and CO2 using methylmalonyl-CoA pathway 64. 
Microorganisms which oxidizes acetate are Geobacter sp. partners with 
Desulfovibrio desulfuricans and Thermacetogenium phaeum 31,80. Syntrophs and 
acetogenic bacteria are found to be distributed across Firmicutes, 
Alphaproteobacteria and Gammaproteobacteria 10,26. 

 
 
Our study reveals distinct microbial composition, and niche specific group 

which represents sites under-going different restoration and the lack of it. There 
is higher diversity of halophilic archaea and halotolerant bacteria. Dissilimilatory 
sulfite reductase was not observed in these salt ponds which would have given 
insight of the sulfate reducing communities in the different sites undergoing 
restoration 28. 
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Fig.10.Relative abundance of genes involved in Methane Flux 
 

The abundances of microorganisms involved in methane metabolism in 
the salt ponds were estimated using several genes mapped based on KEGG 
annotations. 

 
Osmoprotectants are important common organic solutes accumulated for 
microbial growth in environments of high salinity, a well conserved, adaptive 
strategy, and may bereleased into the environment either by primary microbial 
producers under stress or from plant and animal cells.  

 
Quaternary amine, glycine betaine, is one of the osmoprotectants 

accumulated in hypersaline environments by microorganisms either from 
exogenous source or though synthesis as a reaction to dilution stress.Through 
osmotic stimulation of osmoprotectant transport system by gene expression, 
these solutes are accumulated by the microbial cells to cope with high osmolality 
43. The glycine betaine /proline uptake system (proV, proW, proX) are present in 
the salt pond metagenome. These ABC transporters for glycine betaine are 
found to be abundant in the unrestored sites R1 and R2 in comparison to 
restored site SF2 and historical tidal marsh R2A. It is interesting to note that the 
osmoprotectants (opuBA, opuBB, opuBC) were not observed in the data sets 
(Fig.10). 
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Conclusion:  
 
In hypersaline environments, microorganisms respond to osmotic stress through 
the accumulation of osmoprotectants. In wetlands, microorganisms are 
constantly exposed to stress with the periods of inundation such that they acquire 
different adaptive strategies to cope with changing wetland environments. To add 
to this confounding factor which defines wetland ecosystem, in particular, the 
South San Francisco Bay area wetlands have been known to have high salinity 
measurements and high methane flux into the environment. With high sulfate 
concentrations from this hypersaline environments, sulfate reducers (SRB) are 
expected to outcompete methanogens as this was thermodynamically favorable 
but this was not case with the salt ponds in the South San Francisco bay area. 
The methanogens could have used non-competitive substrates like methanol, 
dimethylamine and trimethylamines which could explain high methane flux in 
hypersaline environment. Glycine betaine, an osmoprotectant, accumulated by 
ABC transporters could have been released by primary microbial producers like 
cyanobacteria as a response to dilution stress which is transferred to produce 
trimethylamine (TMA), a ready substrate for methanogens. 
 
The observed high concentration of methane flux despite high salinity is 
consistent with other hypersaline sites studied. But the link between site 
biogeochemistry and relative abundance methanogen is still not clear. There is 
low diversity of methanogens in the metagenome. The distribution does not show 
any restriction to depth.  
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