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Large-scale protein level comparison of Deltaproteobacteria
reveals cohesive metabolic groups
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Deltaproteobacteria, now proposed to be the phyla Desulfobacterota, Myxococcota, and SAR324, are ubiquitous in marine
environments and play essential roles in global carbon, sulfur, and nutrient cycling. Despite their importance, our understanding of
these bacteria is biased towards cultured organisms. Here we address this gap by compiling a genomic catalog of 1 792 genomes,
including 402 newly reconstructed and characterized metagenome-assembled genomes (MAGs) from coastal and deep-sea
sediments. Phylogenomic analyses reveal that many of these novel MAGs are uncultured representatives of Myxococcota and
Desulfobacterota that are understudied. To better characterize Deltaproteobacteria diversity, metabolism, and ecology, we
clustered ~1 500 genomes based on the presence/absence patterns of their protein families. Protein content analysis coupled with
large-scale metabolic reconstructions separates eight genomic clusters of Deltaproteobacteria with unique metabolic profiles. While
these eight clusters largely correspond to phylogeny, there are exceptions where more distantly related organisms appear to have
similar ecological roles and closely related organisms have distinct protein content. Our analyses have identified previously
unrecognized roles in the cycling of methylamines and denitrification among uncultured Deltaproteobacteria. This new view of
Deltaproteobacteria diversity expands our understanding of these dominant bacteria and highlights metabolic abilities across
diverse taxa.
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INTRODUCTION
Deltaproteobacteria are globally distributed, metabolically and
phylogenetically diverse bacteria with numerous cultured repre-
sentatives. These bacteria have historically been a class within the
Proteobacteria phylum. Recently, it was proposed that Deltapro-
teobacteria be reclassified into three phyla, the Desulfobacterota,
Myxococcota, and SAR324 [1]. Desulfobacterota are known for
their ability to respire sulfate utilizing protein complexes sulfate
adenylyltransferase (Sat), adenylyl sulfate reductase (Apr), and
dissimilatory sulfite reductase (Dsr), and have been identified from
the environment based on the presence of the dsrA gene [2, 3].
However, these organisms have a variety of other metabolic
abilities, including sulfite and thiosulfate disproportionation [4],
mercury methylation [5, 6], aliphatic and aromatic hydrocarbon
degradation [7], nitrogen fixation [8, 9], organohalide respiration
[10], and dissimilatory iron reduction (mainly within Desulfur-
omonadia) [11, 12]. The Myxococcota exhibit complex social
behavior, gliding motility, and sporulation, and are known for their
predominantly aerobic, predatory lifestyle with the ability to
produce a variety of secondary metabolites [13]. Finally, SAR324
lacks cultured representatives and is predicted to be metabolically
flexible, encoding genes for short-chain alkane and sulfur
oxidation, carbon fixation, and the utilization of oxygen and

nitrite or nitrate as electron acceptors [14, 15]. Desulfobacterota
and Myxococcota account for a large proportion of microbial
communities in soils [16], subterranean environments [17], wet-
lands [18], and marine sediments [19], while SAR324 is ubiquitous
in freshwater and marine water columns [14, 15].
16S rRNA gene analyses have revealed numerous populations

of Desulfobacterota and Myxococcota that are phylogenetically
distinct from characterized cultures [20]. Our current under-
standing about the ecophysiology of these uncultured organisms
has been advanced through the use of omics approaches such as
single-cell genomics, de novo metagenomic assembly, and
metatranscriptomics [15, 21]. These methods have been especially
crucial for examining these bacteria in extreme environments,
such as hydrothermal vents, where conditions are difficult to
recreate in a laboratory setting. In recent years, omics methods
have resulted in a rapid expansion of new genomes reconstructed
from diverse environments [22, 23]. However, the metabolic
potential of Desulfobacterota, Myxococcota, and SAR324 has not
yet been systematically described in the context of this new
diversity.
To address this research need, we compiled a comprehensive

collection of 1 559 Desulfobacterota, Myxococcota, and SAR324
genomes, including well-studied cultured organisms as well as
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genomes reconstructed from the environment. Of these, 346
MAGs are newly reconstructed metagenome-assembled genomes
(MAGs) from estuary and deep-sea hydrothermal sediments
obtained in this study, and 56 were obtained in a previously
published study from the same deep-sea site (Dombrowski et al.,
2018). Using this expanded genomic database, we define eight
ecologically distinct metabolic groups based on protein content.
Each of these protein-level groupings reveals distinct potential
ecological roles across these taxa and provides initial insights into
the lifestyle of a large number of uncultured bacteria.

MATERIALS AND METHODS
A total of 346 Desulfobacterota and Myxococcota MAGs were recon-
structed in this study from marine sediments in hydrothermal vents of
Guaymas Basin (GB), Gulf of California (314/346 MAGs) and a coastal site in
Mesquite Bay (MB), Texas (32/346 MAGs). 56 GB MAGs have been
published previously [24] as part of a larger analysis. The methods used to
produce the 346 MAGs reconstructed in this study and analyze the total set
of 1 390 reference genomes are described below.

Sampling of marine sediments
GB samples were collected from sediments in the Gulf of California, Mexico
(27°N 0.388, 111°W 24.560). Samples were collected during two Alvin dives
in 2008 and 2009 (dives 4 486 and 4 573) from a depth of approximately
2000m using polycarbonate cores (45–60 cm in length, 6.25 cm interior
diameter). These were subsampled into cm layers under N2 gas in the
ship’s laboratory and immediately frozen at −80 °C. Twenty-seven
subsamples from different depths yielded sufficient DNA for metagenomic
sequencing. Details on geochemical characteristics are provided in
Supplementary Table 1. MB samples were collected in July 2016, in
Mesquite Bay, Mission-Aransas National Estuarine Research Reserve, Texas,
(28°N 0.147, −96°W 0.8455) using a PVC sediment core. The sediment core
was stored on ice and then immediately subsampled into four (1D–4D) 3
cm sections spanning 3–15 cm (3–6 cm, 6–9 cm, 9–12 cm, and 12–15 cm)
and stored at −80 °C until processing. Oxygen profiles were taken at the
site (Supplementary Table 1).

Metagenomic sequencing and assembly
Whole community DNA from ≥10 g of sediment was extracted from GB
samples using the DNeasy PowerSoil kit (Qiagen, Germantown, Maryland,
USA) following the manufacturer’s instructions for each of sixteen samples.
DNA concentrations were quantified using a QUBIT 2.0 fluorometer
(Thermo-Fisher, Singapore) and metagenomic sequencing was performed
at the Michigan State University RTSF Genomics Core. Libraries were
prepared using the Illumina TruSeq Nano DNA Library Preparation Kit
(Illumina, San Diego, California, USA) on a Perkin Elmer Sciclone G3 robot
(PerkinElmer, Waltham, Massachusetts, USA) following the manufacturer’s
recommendations. Completed libraries were quality controlled and
quantified using a combination of Qubit dsDNA HS and Advanced
Analytical Fragment Analyzer High Sensitivity DNA assays (Advanced
Analytical Technologies, Ankeny, Iowa, USA) The libraries were divided into
4 pools, each with 4 libraries combined in equimolar amounts. Pools were
quantified using the Kapa Biosystems Illumina Library Quantification qPCR
kit (Kapa Biosystems, Wilmington, Massachusetts, USA). Each pool was
loaded onto 2 lanes of an Illumina HiSeq 4 000 flow cell (8 lanes total) and
sequencing was performed in a 2 × 150 bp paired end format using HiSeq
4 000 SBS reagents. Base calling was completed by Illumina Real Time
Analysis v2.7.7 and the output was demultiplexed and converted to FastQ
format with Illumina Bcl2fastq v2.19.1. An additional round of sequencing
was completed on these library pools for improved resolution during
genomic reconstruction. Sequences were trimmed and quality controlled
using Sickle v1.33 [25] and assembly was performed using IDBA-UD v1.0.9
[26].
Whole community DNA from ≥10 g of sediment was extracted from MB

samples using a DNeasy PowerSoil kit (Qiagen) following the manufac-
turer’s instructions. DNA concentrations were quantified using a QUBIT 2.0
fluorometer (Thermo-Fisher) and metagenomic sequencing was performed
at the Michigan State University RTSF Genomics Core. Libraries were
prepared using the Illumina TruSeq Nano DNA Library Preparation kit on a
PerkinElmer Sciclone NGS robot following the manufacturer’s protocols.
Completed libraries were quality controlled and quantified using a
combination of Qubit dsDNA HS and Caliper LabChipGX HS (Caliper Life

Sciences, Hopkinton, Massachusetts, USA) DNA assays. All libraries were
pooled in equimolar quantities and the final pool was quantified using the
Kapa Biosystems Illumina Library Quantification qPCR Assay kit. The pool
was loaded onto 2 lanes of an Illumina HiSeq 4 000 flow cell and
sequencing was performed in a 2 × 150 bp paired end format using HiSeq
4 000 SBS reagents. Base calling was completed by Illumina Real Time
Analysis v2.7.6 and output demultiplexed and converted to FASTQ format
with Illumina Bcl2fastq v2.18.0. Adapters were trimmed from FASTQ reads
with CutAdapt v1.13 [27] for TruSeq adapters and quality controlled using
Sickle v1.33 [25]. Assembly was performed with MegaHit v1.1.1 [28] (–12
–k-list 21,33,55,77,99,121 –min-count 2 –verbose -t 4 –memory
500000000000). Read mapping was performed with the BWA aligner
v.0.7.12 BWA-MEM algorithm and Samtools v.0.1.19 [29, 30].

Genome binning
Binning of individual GB assemblies (scaffolds >2 000 bp) was performed
from dives 4 486 and 4 573 using Concoct v0.4.0 [31] and Metabat v2.12.1
[32]. Concoct was used with default settings and Metabat was run with the
following parameters: –minCVSum 0 –saveCls -d -v –minCV 0.1 -m 2000.
Consensus MAGs produced from these two binning tools were determined
using DAS Tool v1.0 [33] with default settings. CheckM v1.0.11 [34] was
used to determine MAG completeness and contamination (Supplementary
Table 2). MAGs were only analyzed further if they were more than 50%
complete and had less than 10% contamination. There were 314 MAGs
identified as Deltaproteobacteria from these GB samples and included in
this analysis (Supplementary Table 3).
Binning of MB assembled fragments was performed with MetaBat

v2.12.1 [30], Maxbin v2.2.4 [35], and Anvi’o v3 [36] using contigs ≥2 500 bp.
Consensus MAGs were determined with DASTool [33] v1.0
(–search_engine diamond) and MAG completeness and contamination
were determined with CheckM v1.0.11 [34]. For subsequent analyses, only
MAGs with completeness greater than 50% and contamination less than
10% were used. There were 32 MAGs identified as Deltaproteobacteria and
included in this analysis. All 346 MAGs are described in Supplementary
Table 2.

Phylogenetic analyses
Phylosift v1.0.1 [37] was used to extract 37 single-copy, protein-coding
marker genes for the phylogenetic placement of the assembled
metagenomic bins. A set of 1 391 reference genomes were downloaded
from NCBI in February of 2019 for comparison with GB and MB genomes
(Supplementary Table 2) [38, 39]. 402 reconstructed genomic bins were
used as input for Phylosift v1.0.1 [37] using the ‘phylosift search’ followed
by the ‘phylosift align’ mode. One MAG (MB3D Bin 30) did not contain
most of these markers and thus was not included in the phylogeny. The
concatenated protein alignments of 37 universal marker genes were
combined for all genomes of interest and trimmed using TrimAl v3 [40]
using the automated1 setting. A phylogenetic tree was generated using a
maximum likelihood-based approach using RAxML v8.2.10 [41], called as
raxmlHPC-PTHREADS-AVX -f a -m PROTGAMMAAUTO -N autoMRE. This run
converged on the LG substitution matrix and the GAMMA model of rate
heterogeneity.
All 402 MAGs were assessed for average amino acid identity (AAI) using

CompareM (v0.0.23, function aai_wf; https://github.com/dparks1134/
CompareM). Publicly available genomes branching closely to MAGs on
the 37 marker gene tree were included in the AAI analysis to create an AAI
matrix (Supplementary Table 4).
16S rRNA gene sequences were extracted from reconstructed genomes

using barrnap v.3 (https://github.com/tseemann/barrnap) using the
following parameters: –lencutoff 0.2 –reject 0.3 –evalue 1e-05. Sequences
were uploaded to ARB v2.5b [42] and aligned with the reference arb
database SILVA_132_SSURef_NR99_13_12_17_opt.arb.gz. The alignment
was checked and manually refined, exported from ARB v2.5b, and trimmed
using BMGE v.1.12 [43]. This analysis produced an alignment of
149 sequences: 55 16S rRNA gene sequences from reconstructed genomes
and 94 from the reference database. Using this alignment, a maximum
likelihood tree was created with RaxML v.8.2.4 [41] as: raxmlHPC-
PTHREADS-AVX -f a -m GTRGAMMA -N autoMRE. Trees were uploaded to
iTOL [44] for visual annotation of groups such as color coding and
heatmaps. Further annotations were completed in Inkscape (https://
inkscape.org/) and the annotated 16S rRNA gene phylogeny is shown in
Supplementary Fig. 1. MAGs were also classified using the Genome
Taxonomy Database (GTDB-Tk v0.3.3) using database version r95
(Supplementary Table 2) [45].
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Hierarchical clustering of genomes based on protein content
We conducted an unsupervised clustering of high-quality (>90% complete,
<5% contamination, 598 genomes) and medium-quality (>50% complete,
<10% contamination, 961 genomes) genomes [46]. This includes 402
newly reconstructed MAGs plus 1 157 publicly available reference
genomes. These genomes (1 559 total) were scanned against the Pfam
v3.0 database to obtain a protein presence/absence profile with MEBS
(mebs.pl using the -comp option). The mapping file of all Pfams searched is
shown in Supplementary Table 5. We hierarchically clustered the 1 559
genomes with MEBS (mebs_clust.py) using Jaccard distance, Ward variance
minimization, and a maximum distance threshold of 0.4 (options –distance
–method and –cutoff respectively). A threshold of 0.4 was chosen using
the following methods; first, clustering results were examined at various
maximum distance thresholds. At a maximum distance threshold of 0.5 or
0.3, five and 16 clusters are produced, respectively. These clustering results
are consistent with taxonomy (shown in Supplementary Table 2). At a
threshold of 0.5, the clusters are broad with more organisms encompassed
in one cluster, and thus some metabolic distinctions are missed. At a
threshold of 0.3, the number of clusters is too numerous to resolve broad
metabolic distinctions. For these reasons, a maximum distance threshold
of 0.4 was chosen and this produced eight genomic clusters, A-H (hereafter
genomic clusters throughout the manuscript, Figs. 1–3). To further

characterize the protein composition of each cluster, the conserved
protein domains (present in at least 95% of genomes within a cluster,
Supplementary Table 6) were identified using the script parse_pangen-
ome_matrix.pl within the GET_HOMOLOGUES package [47].
To visualize the genomic clusters and to cross-reference taxonomy with

metabolically coherent groups, a Circos diagram was generated online
(http://mkweb.bcgsc.ca/tableviewer/, Fig. 3). The input file was created by
mapping classes of Desulfobacterota, Myxococcota, and SAR324 to the
cluster(s) in which they occur, resulting in a presence/absence table of
classes in each cluster. Options “row with col size” and “col with row size”
were selected and ribbon caps, tick labels/marks, and contribution tracks
were turned off. The Circos diagram was downloaded and edited in
Inkscape (https://inkscape.org/) to modify class labels and colors.

Characterization of dissimilatory sulfite reductases
DsrA and DsrB proteins were identified in the 402 MAGs reconstructed in this
study (from GB and MB) using KAAS (KEGG Automatic Annotation Server)
[48] and HMMER 3.1b2 [49]. A reference database of DsrAB sequences
was manually curated using the following methods; first, 1 092 reference
DsrA sequences were obtained from NCBI (https://www.ncbi.nlm.nih.gov/)
using the query: (dsrA) AND “d-proteobacteria”[porgn:__txid28221] NOT
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Fig. 1 Phylogeny and proposed metabolic groups of Deltaproteobacteria (Desulfobacterota, Myxococcota, and SAR324). This phylogeny
was generated using 1 793 genomes including 401 MAGs described in this study (black dots in the outer ring), 1 283 publicly available
Deltaproteobacteria genomes (Supplementary Table 2), and 109 non-Deltaproteobacteria (mainly Proteobacteria and Aquificota) genomes in
order to root the tree. MAGs reconstructed in this study are labeled as C (C1–C18) if they are associated with any known cultured
representative and U (U1–U12) if they are related to only uncultured representatives. Genomic clusters based on protein content (cluster A–H)
are shown in the outer ring of the phylogeny and their color codes can be cross-referenced with Figs. 2–4. Labels that begin with “p_” are
phyla, and labels that are labeled with “c_” are classes, according to GTDB-Tk v1.5.0. The phylogeny was generated using 37 conserved marker
proteins (mostly ribosomal proteins extracted using PhyloSift; see methods) using RAxML (v8.2.12) under the GAMMA model of rate
heterogeneity, LG likelihood, and a maximum of 1 000 bootstrap replicates (option -N autoMRE). Bootstraps are shown in gray circles and are
based on 1 000 replicated trees.
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“PRJNA362212” on October 10th, 2019. This was repeated for DsrB for a total
of 1 307 DsrB reference sequences. Archaea DsrA sequences were obtained
from NCBI using the query: “dsrA AND pyrobaculum” and then sorted by
RefSeq only results. The query “dsrA AND vulcanisaeta” was also used, and
these searches were repeated for DsrB. Finally, homologous sequences of
DSRs were extracted from the 402 MAGs and used as a query against the
non-redundant NCBI database using blastp with default settings [50]. The
resulting DSRs with >90% sequence identity were included in the final
database containing 1 505 DsrA and 1 695 DsrB sequences. DsrA and DsrB
sequences were aligned separately using MAFFT v7.271 (default parameters)
[51]. Alignments were masked in Geneious 8.1.9 (https://www.geneious.com)
(at least 50% gaps) and manually refined. Trees were constructed using IQ-
TREE v1.3.11.1 [52] with the ultrafast bootstrapping option -bb 1 000 and
model LG+ R7 (Fig. 4, Supplementary Fig. 2).

Characterization of hydrogenases
Hydrogenases were identified in the 402 MAGs by using a set of 3 261
hydrogenase reference sequences [53], consisting of NiFe-, FeFe-, and Fe-
hydrogenase catalytic subunits [54]. Hydrogenases were identified using
DIAMOND v0.9.24.125 [55] against the reference hydrogenase database and
then filtered to ensure an alignment length cutoff >40 amino acid residues
and a sequence identity >50%. Putative hydrogenase sequences identified in
these searches were then uploaded to the HydDB webserver [54] to identify
and remove non-hydrogenases. This resulted in a total of 297 hydrogenases
identified in the 402 MAGs that were concatenated with the reference set of
hydrogenases (Supplementary Table 7). Finally, 4 005 hydrogenase
sequences were aligned with MAFFT v7.271 [51] using default parameters
and the –anysymbol option to allow for “U” as selenocysteine in reference
sequences. The alignment was trimmed using TrimAl v1.4.22 [40] with the
-automated1 option and manually refined in Geneious 8.1.9 (https://www.
geneious.com). The final alignment was used to construct a phylogenetic tree
using IQ-TREE v1.3.11.1 [52] with the ultrafast bootstrapping option -bb 1 000
and model LG+ R10 (Supplementary Figs. 3 and 4).

Functional characterization of genomes
Gene prediction for the 402 MAGs was performed using Prodigal v2.6.2
(default settings) [56]. Predicted genes of MAGs were further characterized
using KAAS [48] and dbCAN v8 [57]. For KAAS, protein sequences of each
individual genome were uploaded to the KAAS webserver using the
‘Complete or Draft Genome’ setting (parameters: GHOSTX, custom genome
dataset, BBH assignment method). MAGs and reference genomes were
also annotated using custom databases searched using DIAMOND
v2.0.4.142 (Supplementary Table 8) [55] and hmmsearch (Supplementary
Table 9) [49]. DIAMOND searches were conducted using a custom database
of genes related to central metabolic processes with manually curated cut-
offs [58]. MAGs and reference genomes were annotated using the KEGG-
based annotation program METABOLIC v1.3 (Supplementary Table 10) [59].
A subset of verified marker genes present in the 402 MAGs was compiled
into Supplementary Table 11 using KAAS, DIAMOND, HMMER, and
METABOLIC output. Genes encoding carbohydrate-degrading enzymes
described in the Carbohydrate-Active enZYmes (CAZYmes) database were
identified in MAGs with version 2 of the dbCAN meta server (http://bcb.unl.
edu/dbCAN2/blast.php) retaining only those hits that were detected in at
least two databases using the HMMER, DIAMOND, and Hotpep tools [60].
Protein localization of CAZYmes and peptidases were predicted with Psort
v3.0 using the command-line options (-n -terse) (Supplementary Table 12)
[61]. Anaerobic hydrocarbon degradation genes were identified in MAGs
using a DIAMOND database (makedb and blastp options) of reference
sequences from the anaerobic hydrocarbon degradation database
AnHyDeg [62] and confirmed through phylogenetic analysis (Supplemen-
tary Table 13 and Supplementary Fig. 5). Reductive dehalogenases were
identified in the 402 MAGs using METABOLIC v1.3 and confirmed through
phylogenetic analysis (Supplementary Table 14 and Supplementary Fig. 6).
Mercury methylation genes (hgcAB) were identified in the 402 MAGs using
publicly available hmm profiles of hgcA and hgcB [63] and the search-
custom-markers function in metabolisHMM [64]. Sulfide:quinone oxidor-
eductases were identified in the 402 MAGs using DIAMOND blastp
(Supplementary Table 15), and hits were confirmed with phylogeny
(Supplementary Fig. 7). Finally, MAGs and reference genomes were
analyzed using the built-in function of MEBS, which evaluates the
likelihood of a given genome to perform metabolic reactions involved in
major cycles (S, N, Fe, and O) based on informative entropy scores [65]. We
also utilized the custom function of MEBS to search MAGs and publicly
available genomes for the presence of pfam domains involved in

methylamine degradation (see Supplementary Table 11). Because
trimethylamine methyltransferase activity is dependent on pyrrolysine
[66], pyrrolysine residues were identified in MAGs and reference genomes
using a DIAMOND blastp search (v2.0.4.142 default settings, one maximum
target sequence per query) [55] of 24 reference pyrrolysine biosynthesis
genes (pylB) obtained from UniProt (Supplementary Table 16). The
distribution of 88 biogeochemically important genes identified using
these methods is shown in Fig. 5 and metabolic features within each
genomic cluster (A–H) is shown in Fig. 6.

RESULTS
Phylogeny highlights understudied and novel organisms
To understand the taxonomic relationships of Desulfobacterota,
Myxococcota, and SAR324 (formerly Deltaproteobacteria), we
constructed a phylogenetic tree using 37 single-copy marker
genes (primarily ribosomal proteins) for 401 newly reconstructed
MAGs and 1 391 publicly available reference genomes (1 792
genomes total, Fig. 1, Supplementary Table 2) [37]. One MAG
(MB3D Bin 30) was not included in the 37 protein phylogeny due
to a low number of markers in this genome. All MAGs and
reference genomes in the 37 marker phylogeny were annotated
using GTDB-tk v1.5.0. We also manually examined branches from
the resulting tree to identify the placement of the 402 MAGs
reconstructed in this study and their relationship to cultured and
uncultured organisms. We designated 18 groups containing MAGs
related to cultured representatives (C1-C18, 229 MAGs) and
12 groups of MAGs without closely related, cultured representa-
tives (U1-U12, 173 MAGs). These groups are labeled in Fig. 1 and
GTDB-tk taxonomic classifications are provided in Supplementary
Table 2.
Newly reconstructed MAGs belong to Myxococcota and

Desulfobacterota and fall within the understudied classes of these
phyla. For example, we reconstructed 22 MAGs belonging to the
Desulfobacterota class BSN033, which is composed of uncultured
lineages from an aquifer system in Rifle, Colorado [22] and a large-
scale genome reconstruction effort from public data [23]. Within
the Myxococcota, we reconstructed 34 novel MAGs in the classes
UBA9160 and UBA796 (UBA for Uncultivated Bacteria and
Archaea), lineages also known from the large-scale genome
reconstruction effort [23]. These classes are all uncultured and only
recently discovered, and thus they lack defined biogeochemical or
ecological roles. Though not represented in the MAGs, the publicly
available genomes also span other uncultivated lineages of the
phyla Desulfobacterota, Myxococcota, and SAR324. For example,
GWC2-55-46, MBNT15, and Binatia are all uncultured Desulfobac-
terota organisms reconstructed from a variety of environments
including an aquifer system [22], grassland soil [67], and
permafrost [68]. Myxococcota has several other UBA-named
classes (Fig. 1) lacking cultured representatives [1]. Many of the
novel uncultured branches within Desulfobacterota and Myxo-
coccota are derived from large sequencing projects where
reconstructed genomes have not been characterized in detail.
Although recent phylogenetic changes to Deltaproteobacteria

largely match our phylogeny, there are some inconsistencies. For
example, GTDB-tk classifies U4 and C10 MAGs as a novel phylum,
DQWO01. In our phylogeny, U4 branches between the Desulfo-
bacterota classes Binatia and MBNT15, while C10 branches close
to a Desulfobacterota genome in an unknown class, between
Desulfuromonadia and Syntrorhabdia. Furthermore, these gen-
omes branch distantly from each other. In addition, previously
described Desulfobacterota classes UBA1144 (Candidatus Dada-
bacteria) [17] and Deferrisomatia [69] branch outside of the
Desulfobacterota in our phylogeny.

Protein clustering of Deltaproteobacteria
To understand protein content relatedness of Deltaproteobacteria
(Desulfobacterota, Myxococcota, and SAR324), we hierarchically
clustered proteins coded by 1 559 high- and medium-quality

M.V. Langwig et al.

310

The ISME Journal (2022) 16:307 – 320

D
ow

nloaded from
 https://academ

ic.oup.com
/ism

ej/article/16/1/307/7474121 by guest on 25 April 2024

https://www.geneious.com
https://www.geneious.com
https://www.geneious.com
http://bcb.unl.edu/dbCAN2/blast.php
http://bcb.unl.edu/dbCAN2/blast.php


genomes based on the presence/absence of 17 935 protein family
domains (see methods). This large-scale metabolic analysis grouped
genomes with similar protein content into eight clusters (hereafter
referred to as genomic clusters A-H throughout the manuscript). The
distribution of these genomic clusters is largely consistent with the
phylogeny (Fig. 1). To understand how these groups of metabolically
related genomes are unique, we examined their metabolic pathways
by comparing their predicted proteins to a variety of functional
databases (see methods). From this, we inferred their metabolic and
ecological capabilities (Fig. 6) and examined the predicted proteins
that are conserved in the eight clusters (A-H).

Cluster A Myxococcota have overlooked metabolic roles
Nearly all Myxococcota in this analysis (255 genomes, U1, U2, and
C1-C5 MAGs) are within genomic cluster A (Fig. 2, light blue). This
cluster spans the cultivated Myxococcota classes Polyangia,
Myxococcia, and Bradymonadia, several newly established UBA
classes reconstructed from the environment [23], and 21 non-
Myxococcota genomes. Cultured organisms in cluster A Myxo-
coccota (e.g., Sorangium cellulosum and Anaeromyxobacter deha-
logenans) have complex social behavior, are often predatory,
adjust gene expression patterns under varying environmental
conditions [70], and have versatile metabolisms, including
dehalorespiration, denitrification, and facultative anaerobic
respiration [71]. This versatility is broadly reflected in cluster A

genomes in their relatively large genome sizes (average genome
size of 4.91 Mb, Fig. 2). Many cluster A Myxococcota contain genes
for acetate fermentation (pyruvate ferredoxin-oxidoreductase
alpha subunit porA, acetate kinase ack, acetyl-CoA synthetase
acs, and phosphate acetyltransferase pta) [72], the degradation of
complex organic compounds (cbhA [73], ramA [74], and xynB [75]),
and a variety of terminal oxidases (coxAB [76], ccoNOP [77], and
cydAB [78], Supplementary Table 10). 95% of cluster A genomes
contain cytochrome c554 (PF13435), which can act as an electron
transfer protein from hydroxylamine oxidoreductase (HAO) and
can act as a nitric oxide reductase (Supplementary Table 6) [79]. In
addition, organisms primarily within the classes Myxococcia,
Polyangia, UBA6777, UBA9042, UBA9160, and cluster A Binatia
(in the Desulfobacterota phylum), encode genes for nitric oxide
and nitrous oxide reduction (norB and nosZ), nitrogen fixation
(nifH), and nitrate and nitrite reduction (napA, narG and nrfA)
(Supplementary Tables 8 and 10) [80].
Newly reconstructed cluster A MAGs from U2 (UBA9160, 32

MAGs/44 genomes) and C5 (Polyangiales, genus SG8-38, 22
MAGs/24 genomes) appear unique in their shared abilities in
denitrification, aromatic hydrocarbon degradation, aerobic methy-
lotrophy, and hydrogenotrophic respiration (Fig. 5). Four U2 MAGs
encode all genes for complete denitrification from nitrate to N2

(narGH, napAB, nirK, nirS, norBC, and nosZ), and several C5 and U2
MAGs encode genes for nitric oxide and nitrous oxide reduction
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(nitric oxide reductase norBC, nitrous oxide reductase nosZ,
Supplementary Table 10). U2 MAGs putatively encode both
subunits of the anaerobic hydrocarbon degradation genes
ethylbenzene dehydrogenase (ebdAB) and cymene dehydrogen-
ase (cmdAB, Supplementary Fig. 5), and these genes are known to
occur in denitrifiers [81, 82]. U2 and C5 genomes also uniquely
encode methylamine dehydrogenase (mauAB) for the oxidation of
methylamine to formaldehyde, which was not identified in any
other MAGs reconstructed in this study and was found in only 10
uncultured representatives from cluster A. Furthermore, these
organisms both encode group 1f NiFe-hydrogenases (Supplemen-
tary Table 7 and Supplementary Fig. 3), which is thought to
support aerobic hydrogenotrophic respiration [54]. Interestingly,
C5 Polyangiales also appear to have the capacity to use carbon
monoxide (CO) as an electron donor for aerobic respiration (6 C5
MAGs encode coxL). This trait is relatively rare in the phyla studied
here and is largely limited to SAR324. Finally, we identified genes
for organohalide respiration (rdh) in 8 of 69 Myxococcota MAGs
(Supplementary Fig. 6), and some Myxococcota encode 2-haloacid

dehalogenase (Supplementary Table 10) [83]. The predicted
ecological role of Cluster A Myxococcota as a nitrogen cycling,
heterotrophic group is depicted in Fig. 6.

Cluster D and F Desulfobacterota differ in their genome sizes
and sulfate reduction capacity
Most Desulfobacterota diversity is encompassed within-cluster D
(185 reference genomes, 114 MAGs) and cluster F (247 reference
genomes, 198 MAGs), and these organisms are closely phylogen-
etically related (Fig. 1). For example, representatives from the
same class, such as Desulfobacteria, Syntrophobacteria, and
BSN033 (see Supplementary Table 2), are present in both genomic
clusters. Despite the taxonomic similarities between cluster D and
F, several factors appear to contribute to their separation; first,
genomes within-cluster D have smaller median genome sizes (2.2
Mbp) compared to genomes in cluster F (median size of 3.4 Mbp,
Fig. 2, panel B). We also cannot discount the possibility that
differences in genome quality could contribute to the split of
genomes between these clusters (Supplementary Fig. 8). Cluster D

Fig. 3 Distribution of taxonomic lineages within eight genomic clusters. Circos visualization map showing the relationship between
metabolically related groups (genomic clusters based on their protein content similarity: A–H) and their corresponding taxonomy. The
connections are drawn from clusters A-H to classes of Desulfobacterota, Myxococcota, or SAR324. Those with red dots are groups that contain
MAGs reconstructed in this study and have no cultivated members (See U groups in Fig. 1). Black dots signify classes with newly reconstructed
MAGs from cultured groups. Classes are colored according to their corresponding phylum.
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organisms have a lower median genome completeness compared
to cluster F (80% in cluster D and 88% in cluster F) and fewer high-
quality genomes (83 genomes >90% completeness and <10%
contamination in cluster D, 170 genomes >90% completeness and
<10% contamination in cluster F).
However, differences in genome size also appear to reflect

different metabolic capabilities. For example, cluster F has the
second-highest median sulfur cycling MEBS score compared to all
other clusters (Supplementary Fig. 9), and 95% of cluster F
genomes contain a heterodisulfide reductase subunit (PF02662,
Supplementary Table 6), a protein domain that is conserved
among sulfur cycling microorganisms [65]. In contrast, cluster D
has the third-highest sulfur cycling MEBS score and does not
contain this conserved domain in 95% of genomes. When
examining the completeness of sulfur cycling pathways, cluster
D is predicted to have fewer genes for sulfur cycling (aprAB,
dsrABC, qmoABC, Supplementary Table 17). For example, 42.5% of
cluster D organisms are predicted to have dsrAB genes for sulfite
reduction, compared to 93.2% of cluster F. Desulfobacterota
classes in cluster D that generally lack these genes include

UBA1144, Binatia, BSN033, Desulfomonilia_A, Defferisomatia,
GWC2-55-46, and MBNT15. Many of the organisms that lack
genes for sulfate reduction in cluster D also lack the carbon
monoxide dehydrogenase/acetyl-CoA synthase (CODH/ACS) com-
plex for acetate oxidation and carbon fixation through the Wood-
Ljungdahl pathway (WLP, Supplementary Tables 10 and 18). In
contrast, this protein complex is predicted to be widespread in
cluster F organisms. Cluster D MAGs also encode fewer hydro-
genases compared to cluster F (47/114 cluster D MAGs, 136/198
cluster F MAGs) indicating that a hydrogenotrophic lifestyle is less
widespread in these organisms. Overall, the lower genome size of
cluster D organisms is in agreement with fewer genes present in
these organisms for the above-mentioned pathways compared to
genomes in cluster F.
Newly reconstructed Desulfobacterota MAGs in clusters D and F

appear to be obligate anaerobes as they largely lack heme-copper
oxidases. Instead, most sedimentary MAGs and public genomes
encode cytochrome bd ubiquinol oxidase (cydAB), which is
expressed under microoxic conditions primarily to detoxify O2

[84, 85]. Oxygen-sensitive group 1b NiFe hydrogenases are
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Fig. 4 Dissimilatory sulfite reductase (DsrA) phylogenetic tree showing the diversity of MAGs involved in dissimilatory sulfur cycling
using the dsr system. The tree includes 226 DsrA proteins identified in the 402 MAGs obtained in this study. These sequences are highlighted
in blue text and labeled according to the 30 groups described in Fig. 1 (U and C for uncultured and cultured, respectively). The tree also
contains 337 reference DsrA sequences from a manually curated database that includes representatives from public databases (see methods).
The phylogeny was inferred using IQ-TREE (v.1.6.11, model LG+ R7) with the ultrafast bootstrapping option -bb 1000. Numbers shown in
parentheses are the number of protein sequences in a collapsed group belonging to the 402 MAGs.
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Fig. 5 Distribution of biogeochemically important genes among 402 newly reconstructed MAGs described in this study.Marker genes are
shown on the y-axis and taxonomic classes (according to GTDB-tk taxonomy) are shown on the x-axis. Numbers in parentheses show the
number of genomes in each group. General categories of metabolism are shown on the left. For more detailed information about these
pathways and a full description of the marker genes present in the 402 MAGs see Supplementary Table 11.
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widespread in Desulfobacterota classes Desulfatiglandales and
Desulfobacterales (Supplementary Table 7 and Supplementary
Fig. 3), and thus these organisms are predicted to perform
hydrogenotrophic respiration using a variety of terminal electron
acceptors such as sulfate, nitrate, and metals [53]. Additional
support for anaerobic lifestyles is evident in the distribution of
anaerobic hydrocarbon degradation genes in these organisms;
MAGs are predicted to encode putative anaerobic benzene
carboxylase abcA, acetophenone carboxylase (apc γ and δ
subunits), phenylphosphate carboxylase (ppcAB), and phenylpho-
sphate synthase (ppsA, Supplementary Table 13 and Supplemen-
tary Fig. 5). These genes are primarily distributed within the class
BSN033, and orders Desulfobacterales (containing known
hydrocarbon-degrading organisms such as Desulfococcus oleovor-
ans [81, 86] and Desulfosarcina sp. BuS5 [87] and Desulfatiglan-
dales within the class Desulfobacteria. Additionally, MAGs from
cluster F likely contribute to methylmercury production in marine
sediments, as 108/198 encode the Hg-methylating gene acetyl-
CoA synthase/corrinoid iron-sulfur protein/putative mercury
methyltransferase (hgcAB) [88]. In contrast, few cluster D MAGs
are predicted to encode this gene (9/114). Cluster F MAGs also
uniquely encode putative genes for trimethylamine metabolism,
where organisms predominantly in the order Desulfobacterales
encode the pyrrolysine biosynthesis gene pylB (Supplementary
Table 16) and trimethylamine methyltransferase (mttB, PF06253)

[66, 89]. Finally, Desulfobacterota MAGs are predicted to encode
reductive dehalogenases (rdhA genes) for dehalorespiration (22/
114 cluster D and 77/198 cluster F MAGs) [90]. Most of these
sequences branch separately from known rdhA sequences
(Supplementary Fig. 6), suggesting they could utilize different
substrates than known reductive dehalogenases.

Cluster E is composed of genomes involved in iron and
manganese cycling
Genomes in cluster E are within the Desulfuromonadia class,
including 118 publicly available genomes known to be involved in
iron and manganese cycling, as well as 11 MAGs (C6-C8).
Desulfuromonadia is made up of two orders, the Desulfuromona-
dales and Geobacterales, which are known to mediate dissim-
ilatory Fe (III) and Mn (IV) reduction and include cultured
representatives such as Desulfuromonas acetoxidans and Geobac-
ter sulfurreducens [91, 92]. Desulfuromonadia genomes have
distinct protein content compared to other Desulfobacterota
classes. We identified unique protein domains in 95% of the
cluster E genomes including those involved in two-component
signal transduction, chemotaxis, nitrogen fixation, metal tolerance
and homeostasis, and extracellular domains involved in small
molecule recognition (Supplementary Table 6). These character-
istics align with previously published literature, which highlight
many of these features as unique and crucial to Geobacter

Fig. 6 Metabolic features of eight genomic clusters based on the protein content of 1 559 Desulfobacterota, Myxococcota, and SAR324
genomes. For those clusters that contain MAGs reconstructed in this study (A, D, E, F, G), the metabolic features of the novel MAGs are
highlighted. Predominant taxa for each cluster are shown next to each cluster letter label. Common metabolic pathways (present in >50% of
genomes in a cluster) are shown in dark orange font inside the cells. Pathways labeled in black indicate the presence in <50% of genomes.
Asterisks in cluster names (A, D, F) signify the presence of some genomes in that cluster that are not part of the listed taxa name (shown in
Supplementary Table 2). Curved lines indicate transformations that are carried out either in the periplasm or are membrane-bound and
straight arrows are cytoplasmic reactions. Proteins searched and identified in the 402 MAGs only are indicated with green circles. Dashed lines
signify metabolic pathways with several steps that are only shown as one transformation. Central metabolism includes glycolysis,
gluconeogenesis, and the TCA cycle at some degree of completion among genomes (see Supplementary Table 8). Outer blue circles are
extracellular CAZYmes. This figure was created using BioRender.com.
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physiology [93]. Desulfuromonadia genomes have the highest
potential (according to MEBS scores) for iron cycling when
compared to other clusters (Supplementary Fig. 9), further
highlighting their unique role in this cycle. Eleven newly
reconstructed MAGs in cluster E (C6-C8) add diversity to families
BM103 and Geopsychrobacteraceae, and largely seem to mirror
patterns identified broadly in Desulfuromonadia. These MAGs are
related to cultured representatives (Desulfuromusa kysingii and
Desulfuromonas acetoxidans) known to couple acetate oxidation to
the reduction of elemental sulfur [94, 95]. Sulfur respiration in
Desulfuromonadales MAGs may be sustained by electron donors
such as formate or acetate with polysulfide as an acceptor
(polysulfide reductase, PF03916). C6-C8 organisms also encode
group 1f NiFe hydrogenase, (7/11 MAGs, Supplementary Table 7
and Supplementary Fig. 3) which has been implicated in
aerotolerance in G. sulfurreducens [96]. Finally, these C6-C8 MAGs
encode genes for nitrogen fixation (nifDKH) and nitrate reduction
(napAB).

Genomic cluster G is uniquely composed of the class
Syntrophia
Cluster G is made up of 10 MAGs reconstructed in this study (U8)
and 134 publicly available genomes in the class Syntrophia (within
Desulfobacterota). Only eight bacteria within-cluster G are
cultured organisms, including Syntrophus aciditrophicus and
Syntrophus gentianae. Syntrophia are predicted to lack pathways
present in other Desulfobacterota classes (e.g., genes associated
with central metabolism, sulfur, nitrogen, and iron cycling) and
have the lowest potential for nitrogen, oxygen, and iron cycling
compared to other genomic clusters (Supplementary Fig. 9). Also,
Syntrophia has fewer complete KEGG modules for central
metabolic pathways (Supplementary Table 10). Ninety-five per-
cent of Syntrophia organisms encode a benzoyl-CoA reductase
domain (PF01869), indicating these organisms may be able to
anaerobically oxidize aromatic compounds to CO2. This trait is
shared with cultured representatives, which degrade benzoate in
syntrophic association with hydrogen-using microorganisms [97].
In addition, several Syntrophia families (UBA5619, UBA2251,
UBA2185, Smithellaceae, Fen-1087, and CG2-30-49-12) encode
dsrAB, dsrD, and dsrKMJOP, but lack adenylyl sulfate reductase
subunits A and B (aprBA), sulfate adenylyltransferase (sat), and
quinone-interacting membrane-bound oxidoreductase subunits A,
B, and C (qmoABC). This indicates these organisms may not
conserve energy via sulfate reduction, as has been identified in
Firmicutes [98]. U8 Syntrophales may also utilize acetate as a
source of carbon and energy via the conversion of acetate to
acetyl-CoA (acs, present in 6/10 MAGs and porA, present in 10/10
MAGs). This may then be fed into gluconeogenesis since genes
involved in fermentation were absent (Supplementary Table 10).
The identification of putative anaerobic benzene carboxylase gene
abcA in 2 U8 MAGs suggests these organisms may degrade
benzene. U8 MAGs also encode genes for formate oxidation (9/10
encode formate dehydrogenase, fdoH) and hydrogenotrophic
metabolism (two U8 MAGs encode the anaerobic respiratory
group 1b and electron-bifurcating group 3c NiFe-hydrogenases).
Overall, the phylogenetic placement of U8 MAGs with Syntrophia
and their limited metabolic abilities suggest that these organisms
may be involved in syntrophic interactions, providing fermenta-
tion products to methanogens or anaerobic methane-oxidizing
archaea, while benefiting from the removal of hydrogen and
formate from the environment.

Genomic clusters of Myxoccocaceae, SAR324, and
Desulfovibrionia
Genomes in clusters B, C, and H are composed of publicly available
representatives from Myxococcaceae, SAR324, and Desulfovibrionia
(53, 63, and 185 genomes respectively). Cluster C Myxococcaceae
have the highest average genome completeness of those analyzed

in this study (98.8% complete and 2.6% average genome
contamination). The clustering of almost all SAR324 genomes into
cluster B is consistent with the unique protein content of this
lineage and their particle-associated lifestyle in the water column
[14, 15]. Our analyses support previous findings [14, 15] that these
organisms mediate sulfur-dependent chemolithoautotrophy (sul-
fide-quinone oxidoreductase sqr, RuBisCO rbcL) (Supplementary
Tables 8 and 10). In addition, we identified atypical nitrous-oxide
reductase nosZ genes associated with low oxygen environments
and non-denitrifying organisms [99], as well as a potential
nonpyrrolysine methyltransferase (mttB, PF06253) since they lack
the pyrrolysine biosynthesis gene pylB (Supplementary Table 16)
[66]. Finally, Desulfovibrionia have the highest sulfur cycling MEBS
score (Supplementary Fig. 9) and numerous genes for dissimilatory
sulfate reduction. They also encode genes for nitrogen fixation,
nitrite reduction, and hydrogen utilization (Supplementary
Table 10).

Identification of novel dissimilatory sulfite reductases and
sulfide:quinone oxidoreductases
Roughly half of the MAGs obtained in this study (208/402) contain
both marker genes for sulfite reduction, dissimilatory sulfite
reductase subunits A and B (dsrA and dsrB) (Fig. 4 and
Supplementary Fig. 2) [100, 101]. Most of these MAGs (201 of
402) belong to clusters D and F Desulfobacterota and encode Dsr
complexes that are related to those from environmental surveys.
The Desulfobacterota Dsr complexes we identified are predomi-
nantly of the reductive-type, with the exception of 2 MAGs
encoding oxidative-type Dsr complexes related to SAR324 (Fig. 4,
C12 and C13) [14]. We identified dsrA in 477 and 466 dsrB in the 1
391 publicly available genomes. These organisms are mostly within
clusters F and H, the Desulfobacterota and Desulfovibrionales.
Desulfobacterota Dsr complexes in cluster F are distributed across
a variety of classes, including BSN033, Desulfobacteria, Desulfo-
bulbia, Syntrophia, and Syntrophobacteria. We found the deepest
branching reductive Dsr complexes are derived from Desulfurella
amilsii and D. acetivorans. Interestingly, these Dsr complexes form a
sister clade with 3 Dsr protein sequences from Acidulodesulfo-
bacterales [8] (now within phylum SZUA-79). In addition, deeply
branching MAGs in the 37 marker gene tree (U1-U3, C1, Fig. 1) also
appear to encode deeply branching Dsr complexes.
Furthermore, 95 sulfide:quinone oxidoreductase (SQR) sequences

were identified in 79/402 MAGs reconstructed in this study
(Supplementary Fig. 7). SQR is a key enzyme for maintaining
sulfide homeostasis through the oxidation of sulfide to sulfur
[102]. The SQR identified here belong to genomes from clusters A
(17 MAGs), D (9 MAGs), and F (53 MAGs, Supplementary Table 15).
Phylogenetic analyses indicate that most of these SQR sequences
(88/95) belong to the membrane-bound type III SQRs, previously
identified in Caldivirga maquilingensis [103]. We also identify eight
type II and one group IV SQR sequences. Most group III SQR
sequences have sequence homology to Desulfovibrio gigas and
Desulfohalovibrio alkalitolerans. Despite this relationship, most
SQRs we identified branch separately from known SQRs and form
a unique group (Supplementary Fig. 7), highlighting their potential
novelty.

DISCUSSION
In this study, we compared the protein content (>17 000 protein
domains) and metabolic capabilities of over 1 500 Desulfobacterota,
Myxococcota, and SAR324 genomes (synthesized in Supplementary
Table 19). This includes 402 new Desulfobacterota and Myxococ-
cota MAGs reconstructed from hydrothermal vent and coastal bay
sediments that are taxonomically related to understudied groups
(i.e., MAGs in UBA classes). Our analyses identified eight genomic
clusters that reflect distinct ecophysiologies. Many of these clusters
(C: SAR324, B: Myxococcaceae, E: Desulfuromonadia, G: Syntrophia,
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and H: Desulfovibrionales) are highly consistent with phylogeny,
indicating their genomic protein content is distinct and reflects
conserved marker genes used for phylogenetic reconstructions
(Fig. 3). The other clusters (A: Myxococcota, D: Desulfobacterota,
and F: Desulfobacterota) are more broadly distributed throughout
phylogeny (Figs. 1 and 3) and contain many distinct taxonomic
classes with diverse metabolic abilities. Thus, for these organisms, it
may be difficult to infer metabolism-based solely on phylogeny. Our
work provides a broad view of the traits of these taxa and
incorporates novel diversity within the reclassified Deltaproteobac-
teria [1].
We have reconstructed and analyzed 65 marine Myxococcota

MAGs, which are understudied compared to terrestrial and soil
Myxococcota. U2 UBA9160 and C5 Polyangia are predicted to
have unique metabolisms, including shared abilities in complete
or partial denitrification, methylamine degradation, and anaerobic
hydrocarbon degradation, despite being phylogenetically distinct.
Interestingly, we identified genes for complete denitrification
(nitrate to N2) in four of 32 U2 MAGs; this is a rare trait within
microorganisms, which more commonly rely on metabolic hand-
offs for this process [22]. Within Myxococcota, nitrogen cycling has
largely been studied in Anaeromyxobacter dehalogenans [104, 105]
and these pathways are not well characterized in other taxa within
this phylum. Putative ethylbenzene (ebdAB) and cymene (cmdAB)
dehydrogenase genes identified in U2 UBA9160 and C5 Polyangia
are also unique features in the novel MAGs described here since
previously studied anaerobic hydrocarbon-degrading Deltapro-
teobacteria generally do not possess denitrification genes [81].
Thus, the presence of these genes (edbAB and cmdAB) in these
newly reconstructed putative denitrifiers may be a unique feature
worth exploring in future studies. Methylamine degradation was
identified as another unique feature of U2 and C5 and is
understudied in Myxococcota. U2 and C5 encode methylamine
dehydrogenases (mauAB) (Supplementary Table 10) which is
thought to be conserved in Proteobacteria [106]. Thus, the marine
Myxococcota reconstructed here potentially play a previously
unrecognized role in competition with other methylotrophic
degraders and have implications in global carbon and nitrogen
cycling [107]. Finally, the Myxococcota reconstructed here are
predicted to encode non-reductive dehalogenases (i.e., haloalkane
dehalogenase), which are thought to be involved in the
transformation of chlorinated natural organic matter [83], though
the exact functions of these dehalogenases in the environment
are largely unexplored.
We have also added a large number (333) of Desulfobacterota

MAGs, a phylum known for sulfate reduction via dissimilatory
sulfite reductases (DsrAB complexes) and associated enzymes
[2, 108]. Our analyses confirm that dsr genes are widespread in the
Desulfobacteria, Desulfarculia, Desulfobaccia, and Dissulfuribac-
teria classes. However, Desulfobacterota are metabolically versatile
and are also capable of anaerobic hydrocarbon degradation,
methylmercury production, hydrogen cycling, and reductive
dehalogenation. The identification of putative methylmercury
genes (hgcAB) in Desulfobacterota genomes reconstructed here
supports previous findings that have identified these genes in
Desulfobacterota from other marine systems [109, 110], and
suggests they produce the neurotoxic and bioaccumulative
compound methylmercury. We also identified over 200 hydro-
genase sequences in 194 Desulfobacterota MAGs reconstructed in
this study, in line with previous inferences that many of these
organisms are hydrogenotrophs. In addition, uncultured Desulfo-
bacterota contain putative reductive dehalogenases that appear
phylogenetically distinct from characterized enzymes (Supple-
mentary Fig. 6). Finally, Desulfobacterota MAGs encode putative
type III SQRs related to D. gigas and D. alkalitolerans. SQR has
previously been identified in Desulfurivibrio alkaliphilus, a chemo-
lithotroph that appears to oxidize sulfide using sulfate reduction
genes, and which lacks all genes for sulfide oxidation except SQR

[101]. Also, previous bioinformatics analyses have identified SQRs
as common in marine metagenomes, with type II being the
dominant type in the open ocean [111]. Here we mainly identify
type III SQRs, suggesting these could be dominant in deep sea
Desulfobacterota. Also, phylogenetic analyses of SQR from the
MAGs reconstructed in this study reveal that they form new
branches within type III SQR, highlighting the potential novel role
of these SQRs related to the maintenance of sulfide homeostasis
or bioenergetics in deep-sea sediments. Molecular analyses or
activity measurements [112] will be needed to confirm these
genome-based metabolic predictions.
Most Desulfobacterota MAGs reconstructed here fall within

genomic clusters D and F. These clusters raise questions about the
role of genome size in differentiating the metabolic traits of
phylogenetically related bacteria. Cluster D organisms have smaller
genome sizes and fewer genes for sulfate reduction, carbon
fixation, reductive dehalogenation, and other processes. Cluster F
organisms have larger genome sizes compared to cluster D, which
appears to confer greater metabolic versatility in these organisms
and the ability to gain energy through the oxidation of a wider
range of substrates. Genome quality could also play a role in this
distinction, as cluster F has a higher median genome completeness
compared to cluster D, and cluster F has more high-quality (>90%
complete, <10% contamination) genomes (Supplementary Fig. 8).
However, genomes reconstructed from understudied environ-
ments (i.e., aquifer sediment, hydrothermal vents) or large-scale
reconstruction efforts almost entirely group together in cluster D,
including Desulfobacterota classes UBA1144 (Dadabacteria),
GWC2-55-46, Binatia, BSN033, and MBNT15. This suggests that
the distinction between D and F could be due to differences in
protein content as a result of adaptation to different environments,
rather than simply an artifact of genome quality. The relationship
between clusters D and F warrants further investigation as a
potentially ecologically relevant and overlooked distinction.
According to GTDB-tk classification, five MAGs reconstructed in

this study belong to a novel phylum, DQWO01. Our 37 marker
gene phylogeny indicates that DQWO01 is related to Desulfo-
bacterota, and in support of this, these genomes are within-cluster
D Desulfobacterota (suggesting they have related protein content
at the whole genome level). However, these organisms are
undersampled and thus likely require additional genomes to
better understand their relationship to Desulfobacterota. It is also
possible that this GTDB-tk classification will change as the
genomes reconstructed in this study and other metagenomic
analyses are added to public databases, allowing these relation-
ships to be further resolved.
We have significantly expanded the diversity of Desulfobacterota

and Myxococcota. A comparison of the protein composition of over
1 500 genomes has revealed shared metabolic abilities between
taxonomically distinct bacteria, as well as potential distinctions
between closely related organisms. Our findings highlight that even
within relatively well-studied microbial taxa, there are previously
unrecognized metabolic pathways and uncultured lineages that are
unexplored. This is especially true when examining understudied
environments such as the deep sea. This work will be a resource for
future analyses and provide a blueprint to aid in the exploration of
the impressive metabolic versatility of these widespread sediment
bacteria. Metagenomics has not only uncovered entirely new
branches across the tree of life but has also enabled greater
exploration of bacteria that have been studied for decades, like the
Deltaproteobacteria. As a result, we are witnessing a dramatic
reshuffling of taxonomy and a more comprehensive understanding
of the genetic composition in these bacteria.

DATA AVAILABILITY
The final assembled and annotated genomic sequences of Deltaproteobacteria from
deep-sea sediments have been deposited in NCBI under BioProject ID PRJNA688516.

M.V. Langwig et al.

317

The ISME Journal (2022) 16:307 – 320

D
ow

nloaded from
 https://academ

ic.oup.com
/ism

ej/article/16/1/307/7474121 by guest on 25 April 2024



The NCBI accession numbers for the MAGs reconstructed in this study are provided in
Supplementary Table 3, and geochemical data is provided in Supplementary Table 1.
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