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ABSTRACT Electromicrobiology can be used to understand extracellular electron uptake
in previously undescribed chemolithotrophs. Enrichment and characterization of the unculti-
vated electroautotroph “Candidatus Tenderia electrophaga” using electromicrobiology led to
the designation of the order Tenderiales. Representative Tenderiales metagenome-assembled
genomes (MAGs) have been identified in a number of environmental surveys, yet a com-
prehensive characterization of conserved genes for extracellular electron uptake has thus
far not been conducted. Using comparative genomics, we identified conserved orthologous
genes within the Tenderiales and nearest-neighbor orders important for extracellular elec-
tron uptake based on a previously proposed pathway from “Ca. Tenderia electrophaga.”
The Tenderiales contained a conserved cluster we designated uetABCDEFGHIJ, which enco-
des proteins containing features that would enable transport of extracellular electrons to
cytoplasmic membrane-bound energy-transducing complexes such as two conserved cyto-
chrome cbb, oxidases. For example, UetJ is predicted to be an extracellular undecaheme c-
type cytochrome that forms a heme wire. We also identified clusters of genes predicted to
facilitate assembly and maturation of electron transport proteins, as well as cellular attach-
ment to surfaces. Autotrophy among the Tenderiales is supported by the presence of car-
bon fixation and stress response pathways that could allow cellular growth by extracellular
electron uptake. Key differences between the Tenderiales and other known neutrophilic iron
oxidizers were revealed, including very few Cyc2 genes in the Tenderiales. Our results reveal
a possible conserved pathway for extracellular electron uptake and suggest that the
Tenderiales have an ecological role in coupling metal or mineral redox chemistry and the
carbon cycle in marine and brackish sediments.

IMPORTANCE Chemolithotrophic bacteria capable of extracellular electron uptake to
drive energy metabolism and CO, fixation are known as electroautotrophs. The recently
described order Tenderiales contains the uncultivated electroautotroph “Ca. Tenderia
electrophaga.” The “Ca. Tenderia electrophaga” genome contains genes proposed to
make up a previously undescribed extracellular electron uptake pathway. Here, we use
comparative genomics to show that this pathway is well conserved among Tenderiales
spp. recovered by metagenome-assembled genomes. This conservation extends to near
neighbors of the Tenderiales but not to other well-studied chemolithotrophs, including
iron and sulfur oxidizers, indicating that these genes may be useful markers of growth
using insoluble extracellular electron donors. Our findings suggest that extracellular
electron uptake and electroautotrophy may be pervasive among the Tenderiales, and
the geographic locations from which metagenome-assembled genomes were recovered
offer clues to their natural ecological niche.
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hemolithotrophic bacteria contribute to key ecological processes such as metal cy-

cling and carbon fixation, yet laboratory isolation and cultivation remain elusive,
hindering our understanding of their distribution and physiology. Electromicrobiology,
the study of the movement of electrons into and out of microbial cells by using elec-
trochemistry, can be used to enrich and characterize chemolithotrophic bacteria capa-
ble of direct extracellular electron uptake. “Candidatus Tenderia electrophaga” was
enriched on an electrode from seawater and is proposed to couple direct electron
uptake with reduction of O, and CO, fixation for growth (1-3). Originally classified as a
member of the Chromatiales by 16S rRNA gene (16S) sequence homology, “Ca.
Tenderia electrophaga” was moved to its own order, within Gammaproteobacteria,
based upon a more detailed protein sequence-based phylogeny (4, 5). However, the
relatedness of the Tenderiales to each other, including conservation of electron transfer
proteins, and with other chemolithotrophs has not been determined.

Members of the Tenderiales have been identified from a number of environments by
metagenomic surveys, with several complete or nearly complete metagenome-assembled
genomes (MAGs) being recovered from marine and estuarine sediments, hydrothermal
vents, and floodplain sediments (4, 6, 7). Closely allied 16S sequences have been identified
as probable sulfur-oxidizing symbionts of metazoans, although “Ca. Tenderia electrophaga”
possesses only a limited suite of known sulfur oxidation enzymes (1). A proposed electron
uptake pathway from “Ca. Tenderia electrophaga” has been described from genomics, tran-
scriptomics, and proteomics data when grown on an electrode (2, 8), but the extent to
which it is distributed across other bacterial species is unknown. The electron uptake and
energetics pathways were identified in part based upon similarities to pathways described
in iron-oxidizing Zetaproteobacteria, Acidithiobacillales, and Gallionellales, including the Cyc2
protein, several multiheme cytochromes, and reverse electron transport (9-12). This link to
iron oxidation is further supported by the experiments showing that a microbial commu-
nity with “Ca. Tenderia electrophaga” as the primary electrotroph utilized electrodes as
electron donors up to approximately 500 mV versus a standard hydrogen electrode, which
is within the range expected for iron oxidation with O, as the electron acceptor (1, 13).

Given the emergence of publicly available metagenomic data sets that include putative
Tenderiales spp., we used comparative genomics to further explore the distribution of puta-
tive electron transfer proteins from “Ca. Tenderia electrophaga.” We first determined the
phylogenetic relationships within the Tenderiales order and to closely related orders and
other bacteria capable of electron uptake. We then identified orthologous genes among
these different groups and looked for those that were (i) previously identified as part of
the “Ca. Tenderia electrophaga” electron uptake pathway, or (i) encoded proteins with
potential roles in electron transfer or electrode biofilms. We found several clusters of genes
in addition to the previously noted undecaheme cluster that are likely involved in electron
uptake, including a novel porin-cytochrome complex and associated cytochromes, ortho-
logs of the cytochrome cbb; oxidase complex, and a conserved hexaheme cytochrome.
Comparison of the proposed electron uptake pathways from “Ca. Tenderia electrophaga”
to more recently identified members of the Tenderiales and other chemolithotrophs offers
potential biomarkers for their proposed biogeochemical role in oxidizing insoluble extrac-
ellular electron donors.

RESULTS

Phylogeny of the Tenderiales. A selection of 127 genomes and metagenome-
assembled genomes (MAGs) (see Table ST in the supplemental material) were used to estab-
lish the phylogenetic relationship among the Tenderiales, as well as between the Tenderiales
and related orders or species suspected of chemolithoautotrophy via extracellular electron
uptake. The Tenderiales in-group consisted of publicly available MAGs within the Tenderiales
order defined by the Genome Taxonomy Database (GTDB) (4) and unpublished Tenderiales
MAGs from magnetite-associated bacteria collected from beach sand at Juno and Omaha
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beaches in Normandy, France (C. Martinez-Pérez, C. Pelikan, and M. MuBmann, unpublished
data) (Table 1). Outgroup genomes and MAGs (here often referred to simply as genomes)
were selected from the next closest orders in the GTDB taxonomy, from the NCBI
Chromatiales taxonomy, and from known iron- and sulfur-oxidizing bacteria based upon prior
observations that several genes found in “Ca. Tenderia electrophaga” have been implicated in
iron or sulfur oxidation in other organisms (14).

“Ca. Tenderia electrophaga” NRL1 was the most complete MAG (99.63%) within the
Tenderiales due to long-read sequencing from a highly enriched community. All other
of the closed genome of strain NRL1 (3.66 Mbp).

A phylogenetic tree was constructed using an approximately 5,000-amino-acid
alignment of conserved protein domains identified by the tool GTDB-tk (Fig. 1). This
analysis placed all 16 of the Tenderiales into a single well-supported clade most closely
related to the putative order SZUA-140 identified in the GTDB. This genomic compari-
son was complemented by a second phylogenetic tree constructed from the 31 nearly
full-length Tenderiales 16S rRNA gene sequences (>1,350) in the ARB-Silva nonredun-
dant database and 16S sequences extracted from the genomes and MAGs (Fig. S1),
although it was not possible to determine the relationship between the Tenderiales
and group 2 MAGs due to the lack of high-quality 16S rRNA genes identified in these
MAGs.

Conserved genes within the Tenderiales MAGs. We assigned groupings to genomes
used for phylogenetic comparison based on relatedness to the Tenderiales in order to
describe the distribution of genes for extracellular electron uptake (Fig. 1). Group 1 con-
sisted of the Tenderiales. Group 2 consisted of 20 genomes representing the neighboring
orders within the GTDB Ga0077554, GCA-2400775, JAADHSO01, SURF-13, SZUA-140, and
VBWCO1. Groups 3 and 4 consisted mostly of orders formerly classified within the Chro-
matiales, but recently split into Thiohalomonadales, Nitrosococcales, Nitrococcales, and
Chromatiales, among others (4). Group 5 consisted primarily of other iron- and sulfur-oxi-
dizing species and some additional MAGs recovered from Normandy, France. Orthologous
genes, genes descended from a common ancestor via speciation event or horizontal trans-
fer but not gene duplication (15), were identified using Proteinor-tho (Table S2) (16). A set
of orthologous genes identified across genomes is referred to as an orthogroup.
Conservation of orthogroups was quantified based upon relatedness to the Tenderiales
clade in the protein tree (Fig. 1). Orthogroups were named using the representative pro-
tein identifier from “Ca. Tenderia electrophaga” if present (e.g., GenPept accession no.
ALP54624.1), or the first protein identifier in the arbitrary genome input order if an ortho-
log was not present in “Ca. Tenderia electrophaga” (e.g, GenPept accession no.
ACL71705.1) (Table S2). A core orthogroup genome was constructed using a 75% cutoff,
based on a mean completeness of 77% within the Tenderiales MAGs, which resulted in
390 genes unique to the Tenderiales (group 1), 508 genes shared between the
Tenderiales and group 2, and 366 genes common to groups 1 to 4 (Fig. S2).

Conserved proteins for extracellular electron uptake. While direct electron uptake
has been noted for a range of microbial species (17), no universal conserved genetic
markers for proteins involved in this process have been identified. “Ca. Tenderia electro-
phaga” has been proposed to take up electrons from electrodes via several multiheme
cytochromes and other predicted periplasmic, outer membrane, and extracellular proteins
(1). Therefore, we looked for genes and gene clusters (orthogroups with a conserved gene
order) (Fig. 2) for these proteins across all five groups.

(i) Undecaheme cytochrome, triheme cytochrome domains, and NHL repeats.
We previously noted that genes for an undecaheme and three triheme c-type cyto-
chromes were collocated on the “Ca. Tenderia electrophaga” genome and were highly
expressed during extracellular electron transfer (EET) regardless of electrode potential
(2). These genes were part of a block of genes encoding 18 orthogroups (Table S4) that
were highly conserved among the Tenderiales and group 2 organisms (Fig. 1, black
squares). Furthermore, the order of genes was remarkably well conserved (Fig. 2A),
indicating selective pressure for collocation. Here, we name the first 10 of these genes
uetABCDEFGHIJ, for undecaheme electron transfer, and we refer to this region as the
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FIG 1 Phylogenetic tree constructed using an alignment of conserved proteins from metagenome bins and outgroup genomes identified by GTDB-tk.
Group 1, Tenderiales, blue; group 2, GTDB neighboring orders, red (n = 20); group 3, GTDB next nearest neighboring orders, green (n = 30); group 4,
Chromatiales, olive (n = 43); group 5, functional outgroup organisms, purple (n = 18). Taxonomic order names are from the GTDB. Open circles indicated
bootstrap support of >50% for the node; filled circles indicate bootstrap support of >75%. Colored boxes indicate presence of an ortholog for select
marker proteins. For cytochrome cbb, oxidase, the catalytic subunit CcoN was used for the marker protein, and for RuBisCO, presence of either a type |

large subunit was used, or type Il protein was used.

uet cluster, and we include the downstream conserved genes ccsAB, nrfG, and batABD
as a conserved part of this module (Fig. 2).

The undecaheme protein Uet) (fig|6666666.657277.peg.3443 encoded by Tel_16545),
contained 11 CXXCH heme binding motifs but no other conserved functional domains. It is
highly expressed (2), suggesting its designation as a pseudogene by NCBI is an annotation
error. In silico structural predictions indicated a long bar shape with the heme binding
domains lined up down the center of the protein less than 1 nm apart, which would allow
for efficient electron transfer (18) (Fig. S3). It was predicted to contain a signal peptide for
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FIG 2 Synteny within conserved genes among the Tenderiales. (A) Gene order within the putative EET module found in the Tenderiales is highly conserved
among a diverse selection of the Tenderiales and group 2 organisms, with an outlier found in Leptothrix cholodnii. Group number is shown before genome
identifier. Orthologous genes share the same color, with labels shown for “Ca. Tenderia electrophaga” proteins. Heme binding domains are indicated with a
red line. 2, GenPept accession no. ALP54623.1, peptidylprolyl isomerase UetB; 3, GenPept accession no. ALP54624.1, B-barrel outer membrane protein
UetC; 6, GenPept accession no. ALP54627.1, cupredoxin UetF; 8, GenPept accession no. ALP54629.1 NHL repeat unit UetH; 9, GenPept accession no.
ALP54908.1, NHL repeat unit Uetl; 17, GenPept accession no. ALP54636.1, hypothetical protein; 18, GenPept accession no. ALP54637.1, YeaD2 superfamily.
(B) The region containing cytochrome cbb, oxidases 1 and 2 is conserved among the Tenderiales and some more distantly related organisms. 1, GenPept
accession no. ALP51721.1; 2, GenPept accession no. ALP51722.1, diheme cytochrome; 3, GenPept accession no. ALP51723.1, monoheme cytochrome; tCcoN,
truncated CcoN protein; 6, GenPept accession no. ALP51726.1; 7, GenPept accession no. ALP51727.1; 8, GenPept accession no. ALP51728.1; 12, GenPept
accession no. ALP51731.1; 13, GenPept accession no. ALP51732.1; 14, GenPept accession no. ALP51733.1; 15, GenPept accession no. ALP51734.1, monoheme
cytochrome; 16, GenPept accession no. ALP51735.1; 17, GenPept accession no. ALP51736.1, serine threonine protein kinase; 19, GenPept accession no. ALP51738
.1; 20, GenPept accession no. ALP54674.1; 22, GenPept accession no. ALP51740.1; 23, GenPept accession no. ALP51741.1, monoheme cytochrome; 24, GenPept
accession no. ALP51742.1; 25, GenPept accession no. ALP51743.1.

export from the cytoplasm and was predicted to be an extracellular protein by pSort3.0
(19). UetC (GenPept accession no. ALP54624.0) was a predicted B-barrel protein that could
form a pore into which an electron transfer protein is inserted, much as MtrA fits inside
MtrB (20). In contrast to MtrB, which contains 26 transmembrane strands, UetC was pre-
dicted by PRED-TMBB2 to contain 28 transmembrane strands, which likely gives it a larger
pore size (21). This was borne out in the structural model, with a pore of approximately
5 nm diameter (Fig. S3).

UetDEG proteins (GenPept accession no. ALP54625.1/Tel_16515, GenPept accession
no. ALP54626.1/Tel_16520, and GenPept accession no. ALP54628.1/Tel_16530) each
contained a ¢,-type triheme domain previously identified in periplasmic electron trans-
fer proteins from Geobacter sulfurreducens (22). The best structurally characterized of the
G. sulfurreducens proteins, the periplasmic dodecaheme c-type cytochrome GSU1996, con-
tains four such triheme domains (A, B, C, and D) (22), of which all three “Ca. Tenderia elec-
trophaga” orthologs best match domain C. UetF (GenPept accession no. ALP54627.1)
contains a predicted cupredoxin domain, which has been associated with electron transfer
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via a Cu™' ion. Proteins with a single cupredoxin domain are often found as soluble elec-
tron carriers, such as azurin, rusticyanin, and plastocyanin. However, UetF was much larger
than these proteins and may have a different role here.

UetH and Uetl (GenPept accession nos. ALP54629.1 and ALP54908.1) contained NHL
domains and a B-propeller structure that is sometimes associated with protein-protein
interactions (23). UetH was predicted by PSORTb to be cytoplasmic, with a seven-bladed
B-propeller structure, while Uetl was predicted to be noncytoplasmic, with a six-bladed
B-propeller structure. An NHL repeat domain-containing protein (Gmet_0556) was identi-
fied as being important in extracellular iron reduction in Geobacter metallireducens, most
likely due to cellular adhesion (24) and stabilization of outer membrane cytochrome com-
plexes in Desulfovibrio ferrophilus 1S5 (25).

(ii) Cytochrome ¢ maturation and assembly. The predicted orthogroups repre-
sented by GenPept accession nos. ALP54630.1 and ALP54631.1 were similar to the
type Il cytochrome maturation system proteins CcsA and CcsB, not commonly found in
Gammaproteobacteria. The orthogroup represented by ALP54632.1 contained tetratri-
copeptide repeat (TPR) domains and a partial NrfG domain, which have been shown to
facilitate the maturation of multiheme cytochromes (26). The presence of this system
in addition to the type | cytochrome maturation system might indicate some unusual
aspect of the Tenderiales. For example, it has been speculated that anammox bacteria
use the type Il system as a second maturation complex dedicated toward maturation
of multiheme cytochromes within the annamoxosome organelle (27). There is also
recent evidence for horizontal gene transfer of cytochrome maturation systems along
with EET modules (28).

(iii) Adhesion and metal binding domains. The uet cluster was adjacent to con-
served orthogroups that were homologs of the Bacteroides AeroTolerance (Batl) op-
eron (Fig. 2A), which can play a role in adhesion. The orthogroup represented by
GenPept accession no. ALP54633.1 contained a BatD domain with a single transmem-
brane domain, allowing it to be anchored in the outer membrane. In the batl operon,
batD was preceded by a gene for the von Willebrand adhesion factor domain and TPR
protein-protein interaction domain containing lipoprotein BatB (GenPept accession no.
ALP54634.1) and BatA von Willebrand factor domain protein (GenPept accession no.
ALP54635.1) (29). The metal ion-dependent adhesion site (MIDAS) motif DXSXS was
conserved in both proteins near the N terminus. Originally associated with biofilm for-
mation and adhesion in the presence of Mg?*, this domain is associated with anodic
EET in the Gram-positive bacterium Enterococcus faecalis by moderating some interac-
tion with extracellular iron (30). The Tenderiales also contained a second BatABD op-
eron represented by GenPept accession nos. ALP52718.1 to ALP52720.1 that was simi-
lar to the one discussed above.

(iv) Secondary c-type cytochrome-containing cluster. The bat/ operon in the “Ca.
Tenderiales electrophaga” genome was followed by a 10-gene type | cytochrome mat-
uration pathway found in most of the genomes examined here, as well as a cluster of 9
orthogroups that were conserved in the Tenderiales and group 2 organisms, with only
a few representatives found in groups 3 to 5. Three of these orthogroups may be
involved in regulation, with conserved domains for periplasmic ligand binding sensor
domains (GenPept accession nos. ALP54649.1 and ALP54650.1) and a heme-containing
cyclic di-GMP phosphodiesterase (GenPept accession no. ALP54651.1). This cluster of
genes encodes several potential electron transfer proteins, including a thioredoxin
(GenPept accession no. ALP54648.1) and four multiheme cytochromes. These cyto-
chromes consist of one with a partial CcoP domain (GenPept accession no. ALP54909
.1), a pentaheme (GenPept accession no. ALP54653.1), and two triheme cytochromes
(GenPept accession nos. ALP54654.1 and ALP54655.1). The cytochrome represented by
GenPept accession no. ALP54655.1 also contained a CccA domain from superfamily
cl30289, which is implicated as a periplasmic electron shuttle in iron oxidation (31).
There was also an NHL domain protein (GenPept accession no. ALP54653.1), which
may play a role in structuring these proteins into a complex.
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Other potential electron transfer proteins. (i) Hexaheme cytochrome c. A small
cluster of three genes encoding proteins with c-type cytochrome heme binding motifs
was well conserved among the Tenderiales. Monoheme (GenPept accession no.
ALP52411.1), hexaheme (GenPept accession no. ALP52412.1), and diheme cytochromes
(GenPept accession no. ALP52413.1) were identified in 14, 15, and 16 of the 16
Tenderiales genomes, respectively, but were only collocated with each other in 10 of
the 16 genomes. The hexaheme protein was predicted to be localized to the periplasm.
Despite the presence of six heme binding domains, it does not appear to be closely
related to other characterized hexaheme cytochromes, such as OmcS from Geobacter
sulfurreducens or TherJR_1122 from Therminicola potens (32, 33). The diheme cyto-
chrome contains a signal peptide and was predicted to be extracytoplasmic by
pSort3.0, but no further functional prediction was possible. The monoheme cyto-
chrome was predicted to be localized to the cytoplasmic membrane, with four pre-
dicted transmembrane helices predicted by Phobius and a CXXCH heme binding motif
that was predicted to be exposed to the periplasm.

(ii) Cyc2. Cyc2 is a biochemically verified iron oxidase and is widespread through-
out several iron oxidizer lineages (9, 10, 34). “Ca. Tenderia electrophaga” was proposed
to be an iron-oxidizing bacterium based, in part, on the presence of a Cyc2 (GenPept
accession no. ALP52279.1) (1). This protein was found in an orthogroup of only seven
genes. Only one other member of the Tenderiales had a member of this orthogroup.
Manual BLAST searches revealed 5 more orthogroups with a total of 36 additional pro-
teins, bringing the total to 43 proteins spread across 36 genomes (Fig. 1); however,
only 3 Tenderiales total had a Cyc2 (“Ca. Tenderia” sp. strain 3300032254 _18 encodes
two different proteins). Because so few Cyc2 homologs were identified within the
Tenderiales and closely related MAGs (Fig. 1), it may function in an auxiliary role in EET
in the Tenderiales, allowing strains that contain the gene to access additional electron
donors. The cyc2 gene containing members of the Tenderiales were not monophyletic,
suggesting that this gene was acquired multiple times.

Electron transport chain. (i) Electron transfer to the quinone pool: conserva-
tion of the ACIIl and bc, complex. In our model, upon entry into the cell through
Uet) and one of several electron transfer proteins in the periplasm, electrons must
travel to the terminal electron acceptor, O,, or via the intramembrane quinone pool to
reduce NAD™ for CO, reduction (Fig. 3). The Tenderiales possessed two conserved entry
points into the quinone pool for electrons from EET, the alternative complex Il (ACIII)
and cytochrome bc, complex. The individual genes for both complexes were present
in 9 to 15 of the genomes out of 16 total, depending on the gene.

The ACIIl was originally described in bacteria due to the absence of the bc; complex
(14), so the presence of a full bc; complex in addition to the ACIIl suggests that they may
fill separate functional roles, such as forward and reverse electron transport. Such a config-
uration has been hypothesized to be important to extracellular electron transfer and iron
oxidation (2, 35, 36). We found that although the gene order was not always conserved,
the gene cluster representing the ACIIl complex was found in 11 of the Tenderiales and
most of the group 2 organisms and the microaerophilic iron oxidizers.

The genes for the cyt-bc, complex were also present in most of the Tenderiales (13 to
15 genomes), and the proteins for the Rieske Fe-S subunit and cytochrome b were identi-
fied as orthologs of proteins in the majority of the outgroup genomes. However, the cyto-
chrome ¢, orthologs were split into two different orthogroups, with the Tenderiales and
about half of the group 2 organisms possessing members of one orthogroup which was
uncommon outside the Tenderiales. This protein was similar enough to characterized cyto-
chrome bc, complex subunits that the Conserved Domain Database identified it as a mem-
ber of COG2857 ubiquinol-cytochrome ¢ reductase; however, a second larger orthogroup
of cytochrome ¢, proteins was identified in members of groups 3, 4, and 5. This second
orthogroup did not contain any representatives from group 1 or 2 genomes, and members
of the two orthogroups were mutually exclusive within a genome.

Both the NADH ubiquinone oxidoreductase (NUOR)- and succinate dehydrogenase
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FIG 3 Predicted energetic pathway and auxiliary pathways found in the Tenderiales. The predicted electron flow in this model is shown with red arrows.
Globins fulfill a stress response function. CcsAB/NIpl are proposed to be required for maturation of Uet cytochromes. The two BatABD complexes and the
LVIVD repeat protein likely facilitate attachment to substrates. BamD and associated proteins are predicted to be required for maturation of outer
membrane B-barrel proteins. Presence of individual pathway components in each MAG can be found in Table S2 in the supplemental material.

(SDH)-encoding regions were well conserved across all groups. NUOR is likely to be
involved in reverse electron transport (2), accepting electrons from quinones and using
proton motive force to reduce NAD™ to NADH that can be used for anabolic processes
within the cell as has been previously reported for a wide range of chemolithoauto-
trophs, including iron-oxidizing bacteria (35, 37). Indeed, 12 of the 16 Tenderiales
MAGs, and most of the other genomes as well, encoded at least one form | RubisCO
and the necessary anaplerotic enzymes for CO, fixation via the NADH-consuming
Calvin-Benson-Bassham cycle (Table S4). SDH might allow heterotrophic growth based
upon intracellular storage products, such as glycogen, or it might be used as a compo-
nent of an incomplete tricarboxylic cycle to produce biosynthetic intermediates.

Terminal oxidases. We previously reported that “Ca. Tenderia electrophaga” encodes
three cytochrome cbb, oxidase complexes, which are typically associated with microaerophilic
respiration (2), and these complexes were conserved across the Tenderiales. The complex that
was orthologous to the best studied representatives of cbb, oxidase consists of a full cbb,-
type cytochrome c¢ oxidase (CcoNOQP; GenPept accession nos. ALP52999.1 to ALP53002.1).
We predicted this to be the main terminal oxidase in the electron transport chain of “Ca.
Tenderia electrophaga” on the basis of metatranscriptomics (2). It was present in most of the
Tenderiales MAGs and was also common in other organisms. This region also encoded two
conserved small single transmembrane domain (STMD) proteins that were rare outside the
Tenderiales (fig|6666666.657277.peg.1551 and fig|6666666.657277.peg.1556). STMDs are small
proteins (~35 amino acids [aa]) that have a single transmembrane domain with 5 to 10
exposed residues at either end. They are involved in assembly of respiratory complexes but
have mostly been studied in a mitochondrial context (38). Genes encoding other cbb, acces-
sory proteins were conserved within the Tenderiales as well, including FixHIS and the cyto-
chrome ¢ biogenesis protein DsbD. A gene encoding the ferredoxin FixG was only present in
“Ca. Tenderia electrophaga” and two other members of the Tenderiales but was relatively
common in groups 3, 4, and 5. This arrangement was also common in the endosymbiotic
nitrogen-fixing bacteria, including Ensifer meliloti, which leads to an interesting possibility of
horizontal gene transfer that is beyond the scope of this study (39).
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A large region of 30 genes contained 26 orthogroups with a conserved arrange-
ment (Fig. 2B) that were identified in most group 1 and 2 genomes and were nearly
absent in groups 3 and 4. A similar arrangement of genes was identified in some fresh-
water iron-oxidizing bacteria (12), and in “Ca. Tenderia electrophaga” (2), with some of
these genes representing the “distal” cytochrome cbb;-oxidase identified by Ducluzeau
et al. (40). Most predicted proteins in this region contain transmembrane helices or are
membrane associated, suggesting that these proteins form a membrane-bound com-
plex, with several proteins potentially facilitating assembly of the complex. The distal-
cbb; type cytochrome c oxidase (GenPept accession nos. ALP51729 and ALP51730)
suggests this putative complex is likely involved in the electron transport chain and
may generate proton motive force, a finding that is supported by recent work in
Sideroxydans lithotrophicus ES-1 (41). The region also encodes two truncated CcoN pro-
teins containing only 4 transmembrane helices each (ALP51724.1 and ALP51744.1), 3
mono- and 1 diheme cytochromes, and 10 other proteins with one or more transmem-
brane domain (Table S4). Conservation of these genes within the Tenderiales and group
2 organisms suggests their function is also conserved. Their distribution was similar to
the uetA-J genes, indicating a functional link between these two modules, but it is also
possible this was an artifact of relatedness between the genomes because cbb; oxi-
dase-1 and cbb, oxidase-3 were slightly more broadly distributed.

Other conserved regions of note. (i) Conserved globin proteins indicate stress
response. We noted several conserved proteins related to stress response and biofilm for-
mation, which are crucial processes for EET on electrodes. Seven proteins contained globin
domains, which are associated with response to nitrite or oxygen stress (42). Referred to
here as globin-1 through globin-7, they formed conserved orthogroups in Tenderiales but
were rare in other groups (Table S4). Globin-1 (GenPept accession no. ALP51974.1) was
found almost exclusively in Tenderiales and was adjacent to a 2-oxoglutarate-Fe(ll) oxygen-
ase (GenPept accession no. ALP51975.1), while globin-2 (GenPept accession no. ALP52420.1)
is found in most Tenderiales and about half of their nearest neighbor orders. Some globins
were also found in known iron-oxidizing bacteria, including the triple globin domain protein
globin-3 (Ga0316208_100021114) in Sideroxydans lithotrophicus ES-1, globin-6 (GenPept
accession no. ALP54872.1) in Mariprofundus ferrooxidans PV1, and globin-7 (Ga0316208_
100045921) in Rhodopseudomonas palustris and Acidothiobacillus ferrooxidans. Globin-5
(ALP54375.1) was only conserved at 68.75%, but it was significantly more highly expressed
under the more stressful condition in a biocathode metatranscriptome (2).

(ii) Uncharacterized surface and attachment proteins. The Tenderiales contained a
number of unique, uncharacterized surface-associated proteins that may be important for
biofilm formation on solid electron donors. These were identified by searching for domains
involved in adhesion and screened for abundance (=75%) in the Tenderiales and rarity
(<<50%) in groups 3 and 4 (Table S3). Five orthogroups were found which contained adhe-
sion-related histidine kinase or diguanylate cyclase domains. These could regulate attach-
ment, as found in other electroactive biofilms (43, 44).

Several other orthogroups contained domains that suggested a role as extracellular
structural components or secretion of exopolysaccharides. Thirteen Tenderiales had
orthogroup ALP52417.1, containing a bacterial polysaccharide deacetylase PgaB do-
main, required for export of biofilm-forming polysaccharides in Staphylococcus epider-
midis (45). In five of the Tenderiales, this was paired with an orthogroup containing a
PulE pilin secretion domain, which was not found in any other groups (GenPept acces-
sion no. ALP52418.1). The orthogroup represented by ALP54212.1 was found only in
the Tenderiales and contains an LVIVD repeat domain, which is associated with the cell
surface of bacteria and archaea (46). This protein may form a B-propeller structure,
which can be associated with protein-protein interactions (46). It was adjacent to the
orthogroup represented by GenPept accession no. ALP54213.1, which was also con-
served in the Tenderiales, with no functional predictions. However, it does have a pre-
dicted signal peptide for export from the cytoplasm.

A cluster of four orthogroups that may export and assemble extracellular proteins

September/October 2022 Volume 7 Issue 5

mSphere

10.1128/msphere.00223-22

10


https://www.ncbi.nlm.nih.gov/protein/ALP51729
https://www.ncbi.nlm.nih.gov/protein/ALP51730
https://www.ncbi.nlm.nih.gov/protein/ALP51724.1
https://www.ncbi.nlm.nih.gov/protein/ALP51744.1
https://www.ncbi.nlm.nih.gov/protein/ALP51974.1
https://www.ncbi.nlm.nih.gov/protein/ALP51975.1
https://www.ncbi.nlm.nih.gov/protein/ALP52420.1
https://www.ncbi.nlm.nih.gov/protein/ALP54872.1
https://www.ncbi.nlm.nih.gov/protein/ALP54375.1
https://www.ncbi.nlm.nih.gov/protein/ALP52417.1
https://www.ncbi.nlm.nih.gov/protein/ALP52418.1
https://www.ncbi.nlm.nih.gov/protein/ALP54212.1
https://www.ncbi.nlm.nih.gov/protein/ALP54213.1
https://journals.asm.org/journal/msphere
https://doi.org/10.1128/msphere.00223-22

Conserved Energetic Pathways in the Order Tenderiales mSphere

was mostly confined to the Tenderiales. The orthogroup represented by GenPept acces-
sion no. ALP54158.1 had a BamD domain associated with folding and insertion of outer
membrane B-barrel proteins (47), including the five TPR repeats required for protein
function. This orthogroup was well conserved in the Tenderiales and less well con-
served in the other groups here, with representation in 35% of group 2 organisms and
27% of group 3. It was followed by the orthogroup represented by GenPept accession
no. ALP54159, which contains three TPR repeats and was only found in the Tenderiales
and two group 2 genomes, and GenPept accession no. ALP54160.1, which was only
found in the Tenderiales and did not have any conserved domains (48). The orthogroup
represented by GenPept accession no. ALP54162.1 was similar to the B-barrel protein
BamA which is required for protein export (47) and was present in half of the
Tenderiales genomes.

DISCUSSION

Here, comparative genomics was used to understand the metabolic potential of the
Tenderiales. Based upon the conservation of genes for RubisCO and identification of
genes that may be involved in EET, members of this order are likely all chemolithoauto-
trophs, using extracellular electron donors to fix CO,. We described a key gene cluster,
the uet cluster, conserved throughout the Tenderiales and several closely related
orders, that encodes an extracellular undecaheme c-type cytochrome along with a
number of other genes that likely play a role in EET and biofilm formation and mainte-
nance. This uet cluster has not been implicated in EET in other bacterial lineages, but
encoded proteins appear to follow the same structural rules identified in EET com-
plexes, such as MtrCAB and PioAB, namely, an outer membrane B-barrel protein to
provide a conduit into which multiheme cytochromes are inserted to transfer electrons
across the outer membrane (49). This arrangement has previously been suggested to
enable electron uptake from solid electron donors rather than only soluble electron
donors as postulated for Cyc2 (34). While it is not possible to determine the precise
role of each protein from bioinformatics methods alone, protein localization prediction
tools suggest an extracellular location for the tetraheme cytochrome UetA and the
undecaheme cytochrome Uet) and a periplasmic localization for the triheme cyto-
chromes UetD, UetE, and UetG. All five of these proteins have predicted structures that
place the hemes in a linear arrangement, ideal for transferring electrons over long dis-
tances. The predicted extracellular cytochromes Uet) and UetA may interact, with one
acting as a transmembrane electron conduit. It is also possible that one or more of
them forms long conductive polymers like those in G. sulfurreducens (33). This might
enable electron transfer in the near-cell environment and may be responsible for the
remarkable conductivity of a biocathode community containing “Ca. Tenderia electro-
phaga” (50).

Electrons entering the cell through such a pathway are then shuttled across the
periplasm to the cytoplasmic membrane, where several options for energy conserva-
tion await. The Tenderiales contain several conserved modules that give them the abil-
ity to grow in a microaerophilic environment, such as two cbb,-type terminal oxidases
(51), indicating metabolic flexibility as seen in other organisms (52-54). Based on the
previous metatranscriptomic results, the main terminal oxidase in the reduction of O,
is most likely cbb, oxidase-3, but its role relative to the other terminal oxidase is
unknown. The Tenderiales possess several electron transport chain components that
are also found in iron-oxidizing bacteria, such as AClIl (55) and a cytochrome bc, com-
plex with a unique cyt-c, protein that may indicate that it interacts with a unique redox
partner, possibly for reverse electron transport. The presence of seven conserved glo-
bin genes in the Tenderiales may be a response to various oxidative or nitrosative
stresses experienced by these organisms, similar to their proposed role in Mariprofun-
dus ferrooxydans (12). The psychrophile Pseudoalteromonas haloplanktis contains four
constitutively expressed globins that have been identified as playing distinct roles in
reactive oxygen and nitrogen stress response (42, 56). The presence of a 2-oxoglutarate
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Fe(ll) oxygenase is intriguing because a-keto acids are known to have a peroxynitrite
detoxifying effect, suggesting a connection between this globin orthogroup and nitro-
sative stress (57).

Biofilm formation is a key component of survival on an insoluble extracellular elec-
tron donor, and we see evidence for several unique orthogroups that may be involved
in formation of biofilms. These range from BatABD proteins, which are similar to
proteins that have been identified as critical for EET in Streptococcus (30), to polysac-
charide secretion, which is necessary for forming the matrix of a biofilm. We also see a
conserved orthogroup that is likely involved in assembly of outer membrane com-
plexes, and an LVIVD domain protein, which may be involved in stabilizing interactions
with extracellular proteins.

Microbial community surveys using the 16S rRNA gene and higher-resolution sur-
veys using metagenomics have revealed the astonishing diversity of the bacterial
world and allowed us to see that there is a considerable amount of diversity within the
Tenderiales, including at least two major clades consisting of three genera. Several of
the representative sequences were obtained from communities present on potential
donors for EET, such as iron sulfide minerals (58), consistent with the prediction that
they are capable of extracellular electron uptake. Most Tenderiales MAGs are from ma-
rine or brackish environments, but two were from river sediments (7), along with some
of the Tenderiales 16S sequences (59). The most closely related MAGs were obtained
from environments, including Normandy magnetite and hydrothermal vents, which
might indicate a potential for an electroautotrophic lifestyle for these additional orders
as well.

Furthermore, the high level of conservation of some predicted EET complexes and pro-
teins within the Tenderiales and some of the most closely related orders suggests an impor-
tant role for these components within cellular metabolism. We are not aware of any
predicted metabolism for any members of the group 2 orders, but the presence of the
uetABCDEFGHIJ region in these MAGS suggests a shared function that we predict to be oxi-
dation of extracellular electron donors. The closest cultivated strains to the Tenderiales,
such as the Nitrosococcales and Thiohalomonadales, are chemolithoautotrophs, and the
uncultivated organisms found in groups 1 and 2 also appear to be capable of chemoli-
thoautotrophic growth, with RubisCO genes and potential EET conduits. All of this supports
an ecological role for the Tenderiales in oxidizing insoluble electron donors such as iron
minerals and fixing carbon within sediment.

The genes we have identified here expand our toolkit for beginning the process of
engineering organisms that derive a biosynthetic advantage from using a bioelectro-
chemical system for redox balancing or supplemental energy to increase production
efficiency (60-62). We have identified conserved protein-coding genes in the unculti-
vated order Tenderiales, including some which we propose form a novel conduit for
EET. Control of the processes involved in the formation and maintenance of biofilms,
as well as mitigation of stresses involved in this lifestyle, will be key to further develop-
ment of these organisms for biotechnology.

MATERIALS AND METHODS

Selection and curation of genomes for analysis. Genome sequences, predicted protein sequences,
and gene feature files for in-group and out-group genomes were downloaded in May of 2020 from NCBI
(https://www.ncbi.nlm.nih.gov) if available. Genomes not available on NCBI were downloaded from the
Integrated Microbial Genome database and updated in April of 2021 via release 202 of GTDB (63).
Unpublished MAGs were annotated using RAST to generate the required files (64). The NCBI and RAST
annotation pipelines mostly identified the same proteins, but to better standardize annotations between
methods while retaining relevant NCBI identifiers for previously published genomes, all genomes were
reannotated using the RAST pipeline, and the two annotations were merged. For proteins predicted by
both methods, the original was retained. If reannotation predicted a protein where the original annota-
tion predicted a pseudogene or no gene, the RAST annotation took precedence. Proteins identified by
RAST have a gene identifier beginning with “fig.”

CheckM (65) was used to check genomes for completeness, contamination, and other general genome
statistics (see Table S1 in the supplemental material). The tool GTDB-tk was used to identify genomes accord-
ing to the GTDB taxonomy based upon conserved genes (Table S1) (66). Small subunit ribosomal RNAs (SSU
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rRNAs) were identified within genomes and MAGs using the tool ssu_finder. Additional nonredundant, near-
full-length (>1,350 bp) SSU-rRNA sequences for the Tenderiales were obtained from the Silva nonredundant
(nr) database (67). This yielded 27 additional sequences.

Phylogenetic analysis of the Tenderiales. A protein-based phylogenetic reconstruction was cre-
ated with conserved single-copy protein alignments obtained using CheckM. IQ-TREE (68) was used
to reconstruct the phylogenetic tree using a maximum-likelihood algorithm with the Le and Gascuel
model with frequencies and 10 rate categories (69). Confidence in branching order was assessed
using 1,000 ultrafast approximate bootstraps. Phylogenetic trees were visualized using Iroki tree
viewer (70). The protein-based phylogenetic tree was used to separate genomes into groups for fur-
ther analysis.

Identification of conserved orthologous proteins. Orthologous predicted proteins were identi-
fied using Proteinortho v6.0.30 with the default settings (similarity, 95%; minimum identity, 25%;
minimum coverage, 50%; synteny used; duplicates, 0; alpha, 0.5; purity, 1; minimum algebraic con-
nectivity of orthologous groups during clustering, 0.1) and the PoFF extension. The default settings
were highly conservative and resulted in splitting some clusters of proteins. Orthologous proteins
that have been previously identified as being part of larger groups with different subtypes, i.e.,
RubisCO proteins and Cyc2 proteins, were identified by using BLAST to connect some of the initial
clusters of orthologs that were more distantly related for final groupings reported in the paper (16).
Conservation of orthogroups (15) was quantified for groups 1 to 5 defined above. We then identified
the Tenderiales core genome consisting of genes for predicted proteins that are conserved in at least
75% of Tenderiales MAGs.

Synteny between genomes was visualized using SimpleSynteny (71) to identify protein-encoding
genes that are conserved in order between genomes. The four Tenderiales MAGs selected for this were
chosen based upon completeness and taxonomic coverage. For the putative electron transfer complex
proteins, a MAG from a drinking water system metagenome (72) and the closed genome of the pure cul-
ture Leptothrix cholodnii (73) were chosen because they are more distantly related taxonomically, but
contained the genes associated with this complex.

Additional publicly available bioinformatics tools were used for further characterization of conserved
proteins (Table S4). Conserved domains were identified using the Conserved Domain Database hosted
by the NCBI (74). Transmembrane helices were identified using Phobius (75). Outer membrane B-barrel
predictions were performed using Pred-TMBB2 (21). Heme binding motifs were identified using the reg-
ular expression C.{2,4}CH in Notepad++ (https://notepad-plus-plus.org/). Homologous proteins that
have been characterized in some way were identified using PaperBLAST (76). In silico structures were
predicted using the Robetta webserver to run the RoseTTAFold deep learning tool (77). Predicted signal
peptide sequences were removed prior to folding.

Data availability. Unpublished genome sequence data are available as BioProject accession no.
PRJEB54670. Annotations used in this study are available on FigShare at https://figshare.com/articles/dataset/
Data_for_Conservation_of_energetic_pathways_for_electroautotrophy_in_the_uncultivated_candidate_order_
Tenderiales_/19632867.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, TIF file, 1.1 MB.
FIG S2, TIF file, 0.1 MB.
FIG S3, TIF file, 1.8 MB.
TABLE S1, XLSX file, 0.03 MB.
TABLE S2, XLSX file, 17.3 MB.
TABLE S3, XLSX file, 1.7 MB.
TABLE S4, XLSX file, 0.02 MB.
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