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Supplemental Methods: 

 

Analysis of publicly available 16S rRNA gene sequence datasets for taxonomic profiling 

 

To summarize crustal bacterial and archaeal taxa for this review, we synthesized 

publicly-available sequence datasets of the 16S rRNA gene in environmental DNA extracted 

from seafloor and subseafloor basalts generated using 454, Illumina and Ion Torrent amplicon 

platforms. These include seafloor basalts from the Dorado Outcrop [1] and the Lō’ihi Seamount 

[2] in the Pacific Ocean and subseafloor basalts from North Pond on the western flank of the 

Mid-Atlantic Ridge [3] and the Juan de Fuca Ridge flank in the northeastern Pacific Ocean [4]. 

Datasets from rock colonization experiments conducted in the subseafloor at the Juan de Fuca 

Ridge flank site [5,6] were also included, as well as microbial community surveys of the 

subseafloor crustal fluids from the anoxic Juan de Fuca site [7] and the oxic North Pond site 

[8,9]. For comparison, we included select reference datasets from oxic [10,11] and anoxic 

sediment [4] and the overlying bottom seawater [1] from these same study sites. 

Raw sequence data from the reviewed studies were downloaded from the NCBI Short 

Read Archive. Sequencing reads generated using Illumina and Ion Torrent platforms were 

quality filtered and processed to unique Amplicon Sequence Variants (ASVs) using DADA2 

[12], with taxonomy determined by the naïve Bayesian classifier in DADA2 using a training set 

from the SILVA v132 database [13-15]. For the 454 GS-FLX sequence datasets, operational 

taxonomic units (OTUs) constructed with 97% or greater sequence similarity in the original 

analyses were reprocessed in mothur V.1.37.6 [16] against the same SILVA database. All short 

read datasets were merged and summarized to the relative abundance at phylum resolution (or to 

class level for Proteobacteria phyla) using Phyloseq v1.24.0 [17]. Figures were produced using 

ggplot2 [18] in RStudio [19]. Taxonomic grouping in each sample separated taxa into common 

(>5% abundance in at least one sample) versus rare (never more than 5% in any sample). 

Supplemental Figure S1 shows the breakdown of Gammaproteobacteria families in the samples 

presented in Figure 4 of the main text, and Supplemental Figure S2 highlights the abundance of 

rare taxa (never >5% abundance in any sample). The Bray-Curtis distances between samples was 

calculated using the same dataset described above, summarized to relative abundance at the 

Family taxonomic level using Phyloseq and the Vegan package [20]. A Non-Metric 

Multidimensional Scaling (NMDS) ordination was produced from this distance matrix. It should 

be noted that common rules for beta diversity comparisons, such as common library 

preparation/sequencing protocols and library-size normalization, were not performed in this 



analysis due to the diversity of the datasets being considered and the resulting NMDS ordination 

having high-stress (>20%). Therefore, the results should be viewed as broadly qualitative and not 

quantitative. 

All data processing steps and markdown files are available via github: 

https://github.com/orcuttlab/ocean-crust-micro 

 

Analysis of publicly available 16S rRNA gene sequence datasets for inferring functional 

predictions 

 

For this review we explored the prediction of possible microbial function from phylogenetic 

profiles (i.e. 16S rRNA gene sequence libraries above) using the PICRUSt program (version 

1.0.0; [21]). In brief, this program makes functional predictions based on the characterization of 

closely related microbial isolates to taxa in the phylogenetic analysis, based on the ratios of those 

taxa in 16S rRNA sequence libraries. A subset of the dataset described above were used in this 

analysis to examine for functional potential related to nitrogen, sulfur and carbon cycling as well 

as other physiological features. Sequences were quality-controlled to remove reads with 

ambiguous bases. Dereplicated or full sequence reads were divided up by sample location and 

average gene copy numbers were estimated using PICRUSt with default parameters and the 

GreenGenes/PICRUSt cog_13_5_precalculated database. Samples collected over multiple years 

from the same location were merged together. The following Clusters of Orthologous Groups 

(COGs) of proteins [22] were profiled with this approach: COG5013, nitrate reductase alpha 

subunit; COG1140, nitrate reductase beta subunit; COG1251, NAD(P)H-nitrite reductase; 

COG2146, nitrite reductase-ferredoxin; COG3256, nitric oxide reductase large subunit; 

COG4263, nitrous oxide reductase; COG1348, nitrogenase; COG0004, ammonia permease; 

COG2046, ATP sulfurylase; COG0175, PAPS reductase; COG0369, sulfite reductase alpha 

subunit; COG0155, sulfite reductase beta subunit; COG2221, sulfite reductase - desulfoviridin; 

COG4117, thiosulfate reductase cytochrome b subunit; COG1850, RuBisCO; COG4058, methyl 

coenzyme M reductase; COG3259, coenzyme F420 reductase alpha subunit; COG1035, 

coenzyme F420 reductase beta subunit; COG1941, coenzyme F420 reductase gamma subunit; 

COG1908, coenzyme F420 reductase delta; COG1148, heterodisulfide reductase alpha subunit; 

COG2048, heterodisulfide reductase beta subunit; COG1150, heterodisulfide reductase gamma 

subunit; COG1785, alkaline phosphatase; COG0260, leucyl aminopeptidase; COG0006, Xaa-Pro 

aminopeptidase; COG0024, methionine aminopeptidase; COG0308, aminopeptidase N; 

COG1362, aspartyl aminopeptidase; COG1363, putative aminopeptidase ; COG1506, dipeptidyl 

aminopeptidase/acylaminoacyl-peptidase; COG2309, leucyl aminopeptidase (aminopeptidase.T); 

COG2362, D-aminopeptidase; COG3191, L-aminopeptidase/D-esterase; COG1261, flagella 

basal body P-ring biosynthesis; COG1815, flagellar basal-body rod; COG1558, flagellar basal-

body rod; COG1843, flagellar hook capping; COG1749,flagellar hook; COG4787, flagellar basal 

body rod; COG4786, flagellar basal body rod; COG2063, flagellar basal body L-ring; COG1706, 

flagellar basal-body P-ring; COG1705, flagellum-specific muramidase; COG1256, flagellar 

hook-associated; COG1344, flagellin and related hook-associated proteins; COG1300, stage II 

sporulation; COG2359, stage V sporulation; COG2719, stage V sporulation; COG2088, stage V 

sporulation; COG3854, stage III sporulation; COG3874, uncharacterized spore protein; 

COG4326, sporulation-control. Averages are reported for the subunits of nitrate reductase, 

heterodisulfide reductase, and coenzyme F420 reductase and all peptidases and flagella proteins. 

 



Supplemental Discussion: 

 

Inferring possible metabolic function from 16S rRNA gene taxonomic profiles 

 

As there are few functional gene surveys from the oceanic crust environment thus far, for this 

review we explored the prediction of possible microbial functions from phylogenetic profiles 

(i.e. 16S rRNA gene sequence libraries above) using the PICRUSt program (version 1.0.0; [21]). 

In brief, this program makes functional predictions based on the characterization of closely 

related microbial isolates to taxa in the phylogenetic analysis, based on the ratios of those taxa. 

There are limitations to this approach of inferring function from phylogeny, especially for 

communities with many taxa with no known cultured representatives, as is clearly the case for 

most environmental samples [23]. This approach is also limited by the reference databases 

available for comparison, as the PiCRUST reference has not been updated since 2013 although 

numerous new microbial dark matter groups have been described since then [24]. Finally, this 

analysis is limited in comparing 16S rRNA gene profiles from both clone library and amplicon 

sequence datasets, which have vastly different sequence amounts and may skew comparative 

results. However, since there are far more publicly-available 16S rRNA gene datasets, a 

cautiously predictive functional profiling based on inference to phylogenetically related isolates 

may provide some utility to constrain or predict functions in the ocean crust. A subset of the 

dataset described above were used in this analysis to examine for functional potential related to 

nitrogen, sulfur and carbon cycling as well as other physiological features.  

 

Analysis of the functional profiles generated using this approach highlight predicted cycling of 

nitrogen, sulfur, and carbon (to a lesser extent) in oceanic crust microbial communities 

(Supplemental Figure S3). The most apparent indications of nitrogen cycling were predictions of 

nitrite reductases and ammonia permease genes, which together suggest the oceanic crust 

microbial communities employ both assimilatory and dissimilatory mechanisms to access 

nitrogen. Genes for nitrate reduction and nitrogen fixation were sparsely predicted, which is 

consistent with the few genomic content descriptions from oceanic crust [25,8]. Genes predicted 

for nitric oxide cycling were also largely absent. Compared to nitrogen, genes predicted for 

sulfur cycling were more apparent across the sample types. Nearly all sample datasets predict 

reduction of activated sulfate to sulfite (i.e., PAPS reductase), and many also predict sulfite 

reductase genes (i.e., dsrAB). Thiosulfate cycling gene predictions were only observed in one 

mineral incubation sample set. While sulfate reduction potential has been confirmed in anoxic 

basaltic crust settings [26,27] and suggested in highly-reducing serpentinizing crust 

environments [28], it is somewhat counterintuitive to have sulfate reduction occurring in oxic 

conditions and suggest anoxic microniche in these habitats. There were few predictions for 

carbon fixation pathways in any of the samples, as well as few predictions for methane cycling 

genes. The lack of carbon fixation predictions is in contrast to demonstrated carbon fixation 

potential in crustal settings [29,9], and suggests that other carbon fixation pathways may be used 

by crustal communities. Likewise, the PiCRUST analysis does not yet take into account the 

recent expansion of methane cycling groups across the archaeal domain and variations in the 

mcrA gene [30]. Predictions for peptide degradation genes, as a proxy for scale of fermentation 

processes, were pervasive in the sample set, supporting the observations of heterotrophy as a 

widespread and important feature of crustal communities [31-33]. Flagellar-based motility was 



also predicted to be widespread in crustal communities, though in low abundance; motility has 

recently been suggested to be an adaptive strategy in this habitat type [34].  

 

Keeping the limitations of the PiCRUST analysis in mind, these patterns (Supplemental Figure 

S3) suggest that common functional themes in oceanic crust microbial communities include: 

cycling of inorganic nitrogen (mostly as nitrite) and sulfur (mostly as sulfate), widespread amino 

acid fermentation, and flagellar-based motility. As the number of genomic and metagenomic 

datasets from oceanic crust environments increase, these functional predictions based on 16S 

rRNA gene surveys can be more rigorously tested.  

  



Supplemental Figures 

 

Supplemental Fig. S1. Relative abundance of Gammaproteobacteria families  in 16S rRNA 

gene sequence datasets from 454, Illumina, and Ion Torrent platforms from crustal rocks, 

biofilms, and fluids in comparison to sediment and bottom seawater. Sample order is the same as 

presented in the main text and in the metadata table. Further details about sample names and 

original available in metadata table. 

 

 
 

 

 

  



Supplemental Figure S2. Relative abundance of rare bacterial and archaeal taxonomic groups 

(phyla level for most taxa, except Proteobacteria at class level) in 16S rRNA gene sequence 

datasets (same as in Supplemental Figure S1). 

 

 

  



Supplemental Figure S3. (a) Global map of oceanic crust samples used in the PiCRUST 

analysis with sediment-buried ridge flank samples (red-color) and other surface and subsurface 

igneous crust samples (blue-color) designated separately. Special attention is drawn to the Juan 

de Fuca and North Pond locations because of their relative historical importance in ocean crustal 

microbiology investigations. (b) Heatmap displaying PiCRUST predicted average gene copy 

number of selected Categories of Orthologous Groups (COGs) in ocean crust microbial 

communities based on analysis of 16S rRNA gene sequences. Ocean crust sample types are 

indicated with colored circles: fluids (blue), surface colonization (yellow), laboratory-based 

enrichment (pink), and rock/mat (green). Further details about sample order and origins available 

at in metadata table. 
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