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Abstract

Carbon fixation by chemoautotrophic microbes such as homoacetogens had a major impact on the transition from the
inorganic to the organic world. Recent reports have shown the presence of genes for key enzymes associated with the
Wood-Ljungdahl pathway (WLP) in the phylum Actinobacteria, which adds to the diversity of potential autotrophs. Here,
we compiled 42 actinobacterial metagenome-assembled genomes (MAGs) from new and existing metagenomic datasets and
propose three novel classes, Ca. Aquicultoria, Ca. Geothermincolia and Ca. Humimicrobiia. Most members of these classes
contain genes coding for acetogenesis through the WLP, as well as a variety of hydrogenases (NiFe groups la and 3b-3d;
FeFe group C; NiFe group 4-related hydrogenases). We show that the three classes acquired the hydrogenases
independently, yet the carbon monoxide dehydrogenase/acetyl-CoA synthase complex (CODH/ACS) was apparently present
in their last common ancestor and was inherited vertically. Furthermore, the Actinobacteria likely donated genes for CODH/
ACS to multiple lineages within Nitrospirae, Deltaproteobacteria (Desulfobacterota), and Thermodesulfobacteria through
multiple horizontal gene transfer events. Finally, we show the apparent growth of Ca. Geothermincolia and H,-dependent
acetate production in hot spring enrichment cultures with or without the methanogenesis inhibitor 2-bromoethanesulfonate,
which is consistent with the proposed homoacetogenic metabolism.

Introduction

The Wood-Ljungdahl pathway (WLP) exists in a diversity
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can be used for either homoacetogenesis or methanogenesis
in different taxa, and operates by reduction of CO, to
acetyl-CoA or in the reverse direction to oxidize acetate to
H, and CO, under anoxic conditions [1-4]. In homoaceto-
gens, two molecules of CO, are reduced via hydrogen in
two separate branches: the methyl branch, using tetra-
hydrofolate as a C1 carrier, and the carbonyl branch, using
carbon monoxide dehydrogenase (CODH). Methyl and
carbonyl groups from the two branches are then combined
by acetyl-CoA synthase (ACS) to form acetyl-CoA, which
can be used anabolically or converted to acetate [5].
Acetogens are phylogenetically diverse, belonging to 23
different genera, many of which belong to the Firmicutes
[6]. In methanogens, the carbonyl branch is similar, but the
methyl branch  uses  methanofuran and  tetra-
hydromethanopterin as C1 carriers, and yields both methane
and acetyl-CoA [7]. Several methanogens, such as Metha-
noregula boonei, Methanoregula formicica, and Methano-
cella arvoryzae, use the WLP only catabolically and do not
fix CO, [1].

The WLP is inextricably associated with acetogens and
methanogens [1-4], but recently the genes for CODH/ACS
were detected in metagenome-assembled genomes (MAGS)
of Actinobacteria [8, 9], which was surprising given the
heterotrophic lifestyle of cultivated Actinobacteria. A recent
study has given the first insight into the catabolic function
(from acetyl-CoA to H, and CO,) of actinobacterial WLP;
however, so far, there is no evidence that Actinobacteria
can fix CO, via the WLP, and the diversity and ecological
function of Actinobacteria with the WLP is poorly explored
[8, 9]. In this study, we aimed to uncover the distribution of
Actinobacteria with the genomic potential for the WLP,
investigate the evolutionary history of the WLP in this
phylum, and provide genomic and experimental evidence of
homoacetogenesis in Actinobacteria.

Materials and methods

Sample collection, DNA extraction, and
metagenomic sequencing

A total of 11 hot spring sediment samples were collected by
using sterile spatulas and spoons from Yunnan and Tibet,
China (Fig. 1a; Table S1). Samples were immediately frozen
in liquid nitrogen and stored at —80 °C before DNA extrac-
tion. Temperature, pH (measured in situ), and GPS coordi-
nates of the sample locations are shown in (Table S1). These
measurements and other geochemical analyses were per-
formed as described earlier [10]. DNA from each sample was
extracted from ~20g of sediment by using the Powersoil
DNA Isolation Kit (MoBio). A Qubit Fluorometer was used
to measure the concentration of the extracted DNAs.
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Approximately 30 Gbp (2 x 150 bp) of metagenomic data for
each sample was generated by using the Illumina HiSeq 4000
Platform using a 350 bp insert library at Beijing Novogene
Bioinformatics Technology Co., Ltd (Beijing, China).

Metagenome assembly and genome binning

The raw reads were quality filtered as described earlier [11].
Briefly, four steps were performed to obtain the clean reads:
(1) adapter-contaminated reads were eliminated; (2) dupli-
cated reads generated by PCR amplification were deleted;
(3) reads with a significant excess of “N” (> 10% of the
read) were removed; and (4) reads with quality score less
than 15 at the 3’ end were trimmed. The high-quality reads
of from each sample were de novo assembled using SPAdes
(version 3.9.0) [12] individually with the following para-
meters: -k 33, 55,77, 99, 111 --meta. Reads were mapped to
scaffolds using BBMap (version 38.85; http://sourceforge.
net/projects/bbmap/). Genome binning was conducted on
scaffolds with length>2.5kbp using MetaBAT [13].
Completeness and contamination of each genome bin were
calculated using CheckM [14]. A genomic database was
established from previously described MAGs with genes for
the WLP [8], and used to search for related groups in our
hot spring metagenomic dataset (55 hot spring metagen-
omes) and public databases (99 MAGs from NCBI) by
Genome Taxonomy Database (GTDB)-Tk [15] (de_no-
vo_wf --outgroup_taxon p__Chloroflexota --taxa_filter
p__Actinobacteria --bac120_ms). Finally, a total of 42
MAGs (15 MAGs from metagenomic dataset of hot spring
and 27 MAGs from NCBI) belonging to three novel classes
of Actinobacteria were identified.

Functional annotation of genomes

Putative protein-coding sequences (CDSs) were predicted
using Prodigal [16] with the “-p single” parameter. The
predicted CDSs were then annotated against KEGG, egg-
NOG, and NCBI-nr databases using DIAMOND [17] by
applying E-values < le >. For pathway analysis, the pre-
dicted CDSs were uploaded to KEGG Automatic Annota-
tion Server [18] with “for prokaryotes” and “bidirectional
best hit” options. The tRNAs and rRNAs were identified by
tRNAscan-SE version 2.0.2 [19] and RNAmmer version
1.2, respectively [20].

Phylogenetic analysis

A reference actinobacterial genomic dataset for phyloge-
netic analysis was established by downloading type spe-
cies genomes from NCBI and IMG-M databases (Table
S2). To investigate whether members of Coriobacteriia
contain the WLP, almost all the genomes of
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Fig. 1 Phylogenetic and evolutionary inference of actinobacterial
MAGs. a Geographic locations of hot spring samples. b Phylogenetic
placement of actinobacterial MAGs. Multiple sequence alignments of
120 marker genes generated by GTDB-Tk were used to construct the
phylogenetic tree of Actinobacteria by 1Q-Tree with the model LG+F
-+R10. Bootstrap values were based on 1000 replicates and nodes with
percentages > 80% are indicated as black circles. Red stars illustrate
the genomes recovered from hot spring sediments, and black stars

represent the WLP-encoding MAGs reported in previous studies [8, 9].
All the MAGs belonging to Ca. Geothermincolia, Ca. Humimicrobiia,
and Ca. Aquicultoria contain the genes coding for CODH/ACS, except
RBG_19FT_COMBO_54_7 and UBA1414, marked by black rec-
tangles. Outer circles are colored by environmental sources (see
sources legend). ¢ Relative abundance of MAGs. The relative abun-
dance of each bin was calculated based on the number of reads mapped
to each bin/the total number of reads.
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Coriobacteriia species (100 genomes) were included in
our analysis. Genome quality was evaluated using
CheckM [14] and genomes with estimated completeness
<80% or contamination>5% were discarded from the
study. Due to the lack of representatives in Candidatus
(Ca.) Aquicultoria, MAGs from this class were included
for the later analysis if their estimated completeness was
>75%. The actinobacterial phylogeny was built from the
multiple sequence alignments (MSAs) generated by
GTDB-Tk software [15]. A maximum-likelihood phylo-
geny for MSAs was calculated by IQ-Tree [21] with
parameters (-alrt 1000 -bb 1000 -nt AUTO). The best-fit
model (LG+F+R10) determined by ModelFinder [22] is
well supported by Akaike information criterion (AIC),
corrected AIC (AICc), and Bayesian information
criterion.

For phylogenetic analysis based on genes of interest,
datasets were derived as described in the relevant litera-
ture [1, 8, 23-25]. Reference amino acid sequences for
CODH/ACS were obtained from previous studies [1, 8].
The subunits of each protein were aligned using MUSCLE
[26] with 100 iterations, and divergent regions were
eliminated using TrimAL [27]. The alignments were
concatenated by using a Perl Script (https://github.com/
nylander/catfasta2phyml) for generating concatenated
AcsAB, AcsABC, AcsEDC, and AcsDABCE. IQ-Tree
was used for phylogenetic inference with the same para-
meters as above. The best models for AcsAB, AcsABC,
AcsEDC, and AcsDABCE were LG+R7, LG+F+RS8, LG
+F+R7, and LG+F+R7, respectively. Reference hydro-
genase protein sequences were selected from Greening
et al. [23] and Carnevali et al. [24]. The target protein
sequences were further confirmed by HydDB [28] and
Pfam [29] tools. Reference sequences of ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO) large
subunit were obtained from a previous study [25]. Phy-
logenetic trees were constructed using the methods men-
tioned above. All trees were visualized and annotated
using iTOL [30].

Gene content comparison

Clusters of orthologous proteins were inferred by Ortho-
Finder 2.3.11 [31] based on a set of representative genomes
from four actinobacterial classes whose members are mostly
anaerobic (Ca. Geothermincolia: n = 17; Ca. Humimicro-
biia: n =7; Ca. Aquicultoria: n = 11; Coriobacteriia: n =
100). Protein families that contained only one protein from
a single lineage were treated as singletons and excluded
from evolutionary analysis. The Bayesian tree was con-
structed by MrBayes [32] with parameters (ngen=3000000
Nruns=2 Nchains=4 diagnfreq=1000 relburnin=yes
burninfrac=0.25 samplefreq=100 printfreq=100). The
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evolutionary history of anaerobic Actinobacteria was
inferred by COUNT [33] as described previously [34].

Laboratory enrichment of acetogenic bacteria

A cultivation strategy was guided by using predictive
genomics [35]. Enrichment attempts of actinobacterial cells
were performed under dark conditions with five treatments
in the laboratory to test whether they could grow with H,
and CO,: (1) G55H: the ratio of N,:H,:CO, was 5:4:1; (2)
G55HB: the ratio of N,:H,:CO, was 5:4:1, and the con-
centration of 2-bromoethanesulfonate (BES) was 20 mM,;
(3) G55A: the concentration of acetate was 20 mM, and the
headspace gas was Nj; and (4) G55C: headspace gas was N,
(control treatment); (5) G550: stored in —80 °C (original
sample). Fresh sediment slurries were passed through 2-mm
sieves to homogenize and remove coarse materials. 5 mL of
slurry was filled into 10 mL glass bottles with the final
sediment (d.w.) to water ratio of 1:7.5. The temperature was
set as 55 °C. Each treatment was carried out in triplicate.
Gas samples were taken from headspace with a pressure-
lock precision analytical syringe (Baton Rouge, LA, USA).
The concentration of CH, and CO, was measured by using
an Agilent 7820 A gas chromatograph, and H, was mea-
sured by GC 6800T. Organic acid concentrations were
performed by an Agilent 1200 Series liquid chromato-
graphy on day 57.

After 120 days, cells from all treatments were collected by
centrifugation (10,000 x g, 20 min), and genomic DNA was
extracted as described above. The Ca. Geothermincolia-
specific primer set (5-GGAAGGCCGAAGCCAACCTTT-3/,
5-TCGTGCCGTGACGGTACCTCGG-3’) was used to
determine whether the Ca. Geothermincolia existed in our
enrichments. The primer set was designed by ARB software
with LTPs132_SSU database [36] and verified by the RDP’s
ProbeMatch [37] and NCBI. This primer set was also con-
firmed by sequencing purified PCR products, which showed a
high similarity compared to the target 16S rRNA gene of Ca.
Geothermincolia (99%). The genomic DNA was also used for
16S rRNA gene amplicon sequencing and shotgun sequen-
cing. The V4 hypervariable region of the 16S tRNA gene was
selected for generating amplicons and subsequent taxonomic
analysis. Next-generation sequencing library preparations and
Mlumina MiSeq sequencing were conducted at GENEWIZ,
Inc. (Suzhou, China). 16S rRNA gene amplicon sequence
analysis was performed with QIIME [38]. The reads were
joined and assigned to samples based on barcodes. Following
demultiplexing and primer removal, joined reads were filtered
by mean Phred quality score >20 and a minimum length of
200 bp. Operational taxonomic units (OTUs) were clustered at
97% sequence identity with VSEARCH (1.9.6) [39]. Taxo-
nomic assignment was performed with the RDP classifier
[37], using the Silva 123 database. Diversity statistics were
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identified 20 species from 35 high-quality MAGs by using
95% ANI as the cut-off [46].

Metabolic potential of the novel Actinobacteria
lineages

Metabolic pathways of 35 high-quality MAGs representing
these three classes were predicted. Nearly all the genomes
contained complete gene sets for glycolysis and the pentose
phosphate pathway (Fig. 2 and Table S3). Only one genome
(Actinobacteria_bacterium GWC2_53_9) was found to
contain the gene (glfA) for citrate synthase and two genomes
(Actinobacteria_bacterium  HGW-Actinobacteria-3  and
Actinobacteria_bacterium UBA3085) contain the genes
(acnA) coding for aconitate hydratase. However, none of the
MAGs contain complete gene sets for tricarboxylic cycle,
which renders the functioning of TCA cycle highly

improbable. Furthermore, citrate lyase was not annotated in
any MAG, indicating the lack of carbon fixation by the
reductive TCA (1TCA) cycle. Considering that only one
gene (coxB) coding for cytochrome c oxidase subunit II was
present only in two species of Ca. Aquicultoria (represented
by 8 MAGs), they are probably strictly anaerobic. Biosyn-
thetic pathways for amino acids, such as glutamine, were
found in all MAGs. The genes (gdhA and/or gudB) coding
for glutamate dehydrogenase were only detected in the
MAGs of Ca. Humimicrobiia (C2), suggesting their ability
to form glutamate and NH; from 2-oxoglutarate. All the
MAGs contain the genes for homologous recombination.
Genes for flagellar components were present in 19 MAGs,
suggesting they are motile and/or able to attach to solid
substrates where conditions are favorable. Furthermore,
genes related to bacterial chemotaxis were also detected in
these genomes, which ensures their ability to relocate to
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half the MAGs of Ca. Geothermincolia, Ca. Humimicrobiia, and Ca.
Aquicultoria, respectively, contain this gene; the white sector means
no more than one MAG contains this gene; the black sector means that
no less than 2, but less than half the MAGs contain the gene. The
numbers inside the circle represent the genes presented in Table S3.
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favorable niches by sensing environmental chemical gra-
dients. In nitrogen metabolism, the nasA and nirB genes
were detected in several MAGs of Ca. Geothermincolia, Ca.
Humimicrobiia, and Ca. Aquicultoria, but other key genes,
such as nasB and nirD, were absent in all MAGs. Although
narGHJ genes were detected in one species of the UBA1414
group [47], no evidence showed that these genes were pre-
sent in other members of the three classes. The results make
dissimilatory nitrate reduction highly unlikely in these
20 species. The gene narB was only found in two species of
Ca. Geothermincolia, indicating the nitrogen respirations are
not characteristic of microbes of these three classes. No
genetic evidence was found to suggest chemolithotrophic
nitrogen oxidation, and therefore, nitrogen-based chemo-
lithotrophy is also unlikely. The genes (dsrA and dsrB)
encoding for dissimilatory sulfite reductase were detected in
the MAGs of Ca. Aquicultorales (O5), suggesting that dis-
similatory sulfite reduction might be performed in these
MAGs. Another gene, sgr, encoding the enzyme sulfide-
quinone oxidoreductase was detected in all Ca. Aqui-
cultorales MAGs (OS5), indicating possible chemolitho-
trophic sulfide oxidation to polysulfide. The presence of
genes (ptaleutD/acyPlackAlacdABlacs) coding for enzymes
to generate acetate from acetyl-CoA suggests they may be
acetogenic (Fig. 2 and Table S3). Interestingly, the genes
(K21071) for coding diphosphate-dependent phospho-
fructokinase were detected in all three classes (12 species),
and the genes (K01622) for fructose 1,6-bisphosphate
aldolase/phosphatase were detected in two classes (13 spe-
cies), which indicated that these WLP-containing Actino-
bacteria, like other acetogens, might carry out
gluconeogenesis. The genes coding for the RuBisCO-like
large subunit were found in several MAGs (Table S3), and
phylogenetic analysis showed that they belong to RuBisCO
Form IV proteins (Fig. S4), which is consistent with a pre-
vious study [47]. The absence of a RuBisCO small subunit
and phosphoribulokinase renders the functioning of the
Calvin—Benson-Bassham cycle improbable. Principal coor-
dinates analysis based on KEGG and COG annotations
showed that taxonomy rather than habitat was the dominant
predictor of functional potential and revealed functional
differences between the three classes (Fig. S5). Notably,
their common characteristics included WLP enzymes,
hydrogenases, and enzymes for generating acetate, indicat-
ing that the members of these three classes are likely
acetogenic bacteria that grow via the H,-dependent reduc-
tion of CO, to acetate, a property not known to exist in
Actinobacteria (Fig. 2).

When all genomes of the cultured Actinobacteria,
including the 100 members of the class Coriobacteriia
presented in Fig. 1b, were analyzed, all the members were
found to lack the key genes for the WLP, indicating the
absence of the WLP complex in the currently cultured

Actinobacteria. However, analysis of the MAGs repre-
senting the three new classes revealed the widespread pre-
sence of genes encoding the WLP in the Actinobacteria. To
investigate the evolutionary relationships of the CODH/
ACS complex in Actinobacteria, we constructed phyloge-
netic trees from a series of alignments of CODH/ACS
subunits (Fig. 3; Figs. S6-S8). Due to lack of representative
MAGs from Actinobacteria, a previous study assigned the
CODH/ACS complex of Bacteria into two large clades
corresponding to “Terrabacteria” and “Gracilicutes” [1].
Our phylogeny from concatenated alignments of CODH/
ACS subunits is in overall agreement with those two
lineages [1]; however, the sequences from the Actino-
bacteria MAGs were not monophyletic with other “Terra-
bacteria” enzymes, indicating a more complex evolutionary
history between “Terrabacteria” and “Gracilicutes” CODH/
ACS genes (Fig. 3; Figs. S6-S8). The phylogeny also
showed that the Actinobacteria CODH/ACS genes formed
three major clades, representing the three actinobacterial
classes, suggesting vertical evolution. Synteny of AcsABC
subunits (Fig. S9) also suggested that the CODH/ACS
genes were likely present in the common ancestor of
these three actinobacterial classes and extended by
vertical inheritance. When the CODH/ACS from the gen-
omes of the uncultivated Actinobacteria were taken into
consideration, a number of HGT events need to be con-
sidered to explain the topological discrepancies between the
CODH/ACS trees and the phylogenomic history of the
“Terrabacteria—Gracilicutes” [1, 48]. Notably, the Actino-
bacteria, belonging to the “Terrabacteria” might be putative
donors of CODH/ACS to several members of the “Graci-
licutes” [1], including members of the Nitrospirae, Delta-
proteobacteria, and Thermodesulfobacteria.

Insights into H,-dependent Wood-Ljungdahl carbon
fixation pathway

Acetogenic bacteria are both phylogenetically and physiolo-
gically diverse [6]. The pathway used for CO, fixation (WLP)
is very similar in all homoacetogens, but the electron donors
and acceptors that are used for redox reactions are different.
Hydrogen is a key electron donor in geothermal ecosystems
[49], and is typically used for reduction of CO, to acetate in
acetogens [6]. Almost all the MAGs were predicted to encode
hydrogenases, and the genes coding for hydrogenases were
always close to genes for the WLP (Fig. S9), suggesting that
hydrogen metabolism might be essential for a functional WLP
in Actinobacteria. In total, NiFe hydrogenases (groups 1a, 1b,
and 3b-3d) (Table S6), FeFe hydrogenases and energy-
converting hydrogenase-related complexes (Ehr) were detec-
ted in the actinobacterial MAGs (Figs. S10-S12); yet, the
complement of hydrogenases encoded by each class was
distinct. The Ca. Geothermincolia, Ca. Humimicrobiia, and
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Fig. 3 Maximume-likelihood phylogeny of concatenated AcsABC.
The phylogenetic tree was rooted according to refs. [1, 62]. The red
stars represent the classes proposed in this study. Phylogenetic groups
are colored. The clades are labeled with “Terrabacteria” and “Graci-
licutes” according to a previous study [1]. Notably, the concatenated

Ca. Aquicultoria MAGs contain genes coding for NiFe
hydrogenases in group 3c, suggesting they might use this
complex for hydrogen oxidation coupled with ferredoxin
reduction [23]. Since only reduced ferredoxin (Fd.4) can
provide electrons for the reduction of CO, to CO (the largest
thermodynamic barrier in WLP [6]), and the genes coding for
ferredoxin are located within the WLP cluster (Fig. S9), H,-
derived Fd,.q is most likely the electron donor in these bac-
teria. In the MAGs QZM4_2.bin.157 and QZM4_3.bin.195
(Ca. Geothermincolia), the genes coding for formate dehy-
drogenase are preceded by genes encoding a heterodisulfide
reductase complex (HdrABC-MvhD), indicating the potential
for CO, reduction to formate coupled with H, oxidation (Fig.
S9). Although the genes for MvhA could be detected in all
three classes, the phylogenetic analysis showed they belong to
three distinct clades (Fig. S10). In addition, class-specific
hydrogenases were detected in these three lineages. For
example, Ca. Aquicultoria MAGs encode NiFe group 4-
related hydrogenases (Ehr) that lack typical CxxC motifs,
which are suspected to couple the peripheral catalytic activity
and the member charge translocation [50, 51] (Fig. S11).
Notably, genes (acsA, acsB, acsC, acsD, fhs, fold, metF)
coding for WLP enzymes are close to Ehr complexes, sug-
gesting that CO, fixation may benefit from the oxidation-
reduction reactions catalyzed by this complex (Fig. S9). The
possible use of Ehr complexes in WLP activity in Ca.
Aquicultoria is unusual because well-studied homoacetogens
use either Rnf or Ech complexes [6]. Similarly, the ATPase
complexes likely to be associated with catabolic use of the
WLP were distinct in the three classes (Fig. 4 and
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AcsABC enzymes of these three actinobacterial classes (Terrabacteria)
are located in the previous “Gracilicutes” clade; the deep branching
position of actinobacterial enzymes suggests HGT from Actino-
bacteria to multiple “Gracilicutes” groups.

Supplementary Information). Thus, the basic process of acti-
nobacterial homoacetogenesis from H, and CO, is the same,
whereas the enzymes for hydrogen metabolism, energy con-
servation, and ATP production are different (Fig. 4). Acti-
nobacterial acetogens might contain novel themes for energy
conservation more than use the Rnf or Ech types [6], such as
the “Ehr-acetogens” type. This also shows the enzyme var-
iations of bioenergetics for WLP in acetogens.

Based on the widespread absence of genes for CODH/
ACS in Actinobacteria (Fig. 1b), the position and monophyly
of Ca. Geothermincolia, Ca. Humimicrobiia, and Ca. Aqui-
cultoria and the synteny of the acsABC complex, our analysis
suggests that the WLP was present in the Actinobacteria
before the divergence of these three classes. Considering the
hydrothermal origins of the WLP [52], an ancestral member
of these three actinobacterial classes may have originally
obtained the WLP through an ancient lateral gene transfer
event from a thermophile and expanded by vertical inheri-
tance within actinobacterial classes and by ancient HGT
events from Actinobacteria (‘“Terrabacteria”) to other groups
(Fig. 3). Comparison of components for hydrogen metabolism
shows that the three classes might utilize very different sets of
hydrogenases to perform H, oxidation. Phylogenetic analysis
of hydrogenases further indicates these proteins are neither
closely related among the classes nor phylogenetically con-
gruent with those in the Coriobacteriia. The most parsimo-
nious inference from these data is that the last common
ancestor of the Actinobacteria did not encode such proteins
for oxidizing H, and that the anaerobic Actinobacteria
acquired them independently after their divergence,



Insight into the function and evolution of the Wood-Ljungdahl pathway in Actinobacteria 3013

H*or Na*

H*or Na* ) H*or Na* H*or Na*

Multicomponent Rnf complex

i ATP ADP+Pi
Na*/H* antiporter ATP ADP-Pi

V-type ATPase V-type ATPase
Mvh-reducing

NiFe hydrogenase (Group 3c
Acetyl-P yareg (Group 3c)

,2// w
acdAB H,

WLP ——> Acetyl-CoA —«—> Acetate

H+
e @
Acetyladenylate @

Fd

red

Fd

ox

RnfE|

g
NADH

Fds NAD*
ADP-+Pi Rnf complex

ATP i ATP
F-type ATPase NADH NAD* V-type ATPase

Mvh-reducing

NADP-reducin
o NiFe hydrogenase (Group 3c)

NiFe hydrogenase (Group 3b) NiFe hydrogenase

Grou 1b H*
Acetyl-P P Fd.
pta/eiy W/ackA Fd,,

acdAB THF CH, @
WLP —> Acetyl-CoA ~<—> Acetate @L @
NAD(P NADPH THF-CH, @

H*or Na*
H+or Na*

H*or Na* H*or Na*

Multicomponent

Rnf complex ATP

Na*/H* antiporter ATP ADP+Pi ADP+Pi
0 Dp F-type ATPase = NADH NAD* V-type ATPase
[ mo e
Acetyl-P - Biodirectional NADP/NAD reducing . Mvh-reducing
.itma/y wj/ackA NiFe hydrogenase (Group 3d) NiFe hydrogenase (Group 3c)
WLP —> Acetyl-CoA <—> Acetate
\ acs ,: @
Acetyladenylate @‘ @
NADPH
NAD
Ca. Geothermocultorales (O3 Ca. Subtera mmlcroblales 04 Ca. Aquicultorales (O5)
q q
Fig. 4 Schematic view of proteins involved in homoacetogenesis. Humimicrobiia. ¢ Cytosolic bidirectional [NiFe]-hydrogenase group

a Cytosolic bidirectional [NiFe]-hydrogenase group 3c, Rnf complex, 3c and 3d, Rof complex or Ehr complexes, V-type ATPase, F-type
multicomponent Na'/H" antiporter, two copies of V-type ATPase, and ATPase, and genes (pta, acyP, ackA, acdAB, and acs) for homo-
other genes (acdAB, acs, and acyP) for homoacetogenesis in Ca. acetogenesis in Ca. Aquicultoria. All the proteins presented in this
Geothermincolia. b Membrane-bound H,-uptake [NiFe]-hydrogenase figure are supported by the gene clusters within the MAGs (Fig. S9),
group la, cytosolic bidirectional [NiFe]-hydrogenase group 3b and 3c, phylogenetic analyses of hydrogenases (Fig. S10), and the functional
Rnf complex, V-type ATPase, F-type ATPase, and other genes (pta, annotation results (Table S3).

eutD, acyP, ackA, and acdAB) for homoacetogenesis in Ca.
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Fig. 5 Evolution of CODH/ACS and hydrogenases in Actino-
bacteria. The Bayesian tree topology was determined by MrBayes
[32]. All nodes with posterior possibilities higher than 0.9 were indi-
cated as black circles. Ancestral genome content was reconstructed

suggesting that the common ancestor of these three classes
might have been unable to perform H,-dependent WLP CO,
fixation (Fig. 5). However, with the detection of various types
of hydrogenases and energy-conserving mechanisms, along
with evidence that acetogens can use the WLP with a very
small free energy change (less than 1 mol of ATP) [6], we
hypothesize that homoacetogenesis likely occurs in Ca.
Geothermincolia, Ca. Humimicrobiia, and Ca. Aquicultoria.
These Actinobacteria are monophyletic and separate from the
well-known aerobic actinobacterial lineages, suggesting that
homoacetogenesis might be the dominant lifestyle in these
three anaerobic classes.

Laboratory enrichment of acetogenic Actinobacteria

Known acetogenic bacteria are able to convert substrates
such as formate, pentoses, and H,/CO, to acetate [53-55].
The generated acetate can be further used by methanogens
and other microorganisms, which makes acetogens a vital
part of the anaerobic food web [6]. In this study, our broader
genomic investigation suggested homoacetogenesis in three
novel actinobacterial classes. To test our hypothesis, anae-
robic enrichments with different treatments were performed
(Fig. 6a). In the long-term enrichment experiments con-
ducted with 55 °C sediments from Gumingquan Hot Spring,
the concentration of H, and CO, showed a continuous
decreasing trend in treatments amended with H, and CO,
(G55H and G55HB) (Fig. S13). This finding could be
explained by the activity of H,-dependent metabolisms,
such as acetogenesis and methanogenesis. After methano-
genesis was suppressed by BES (G55HB), acetate accu-
mulated compared to the treatments without BES (G55H
versus G55HB) (Fig. S13). No appreciable acetate was
produced in treatments without H, (G55C) (Fig. S13). Both
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from the genomes of classes Ca. Geothermincolia, Ca. Humimicrobiia,
Ca. Aquicultoria, and Coriobacteriia by using COUNT software [33].
The blue star indicates the inferred root of a H,-dependent WLP CO,
fixation ancestor prior to the divergence of the three classes.

Ca. Geothermincolia-specific PCR and 16S rRNA gene
amplicon sequencing results indicated that the target Acti-
nobacteria could only be detected in the treatments with H,
and CO, addition (G55H and G55HB), while they were
undetectable in the original sample (G550), control treat-
ment (G55C), and the treatment with acetate (G55A)
(Fig. 6). This suggests that the acetogenic Actinobacteria
were below the detection limit in the natural sediments but
that they were enriched by supplementation of H, and CO,.

Metagenomic analysis of these enrichment samples
resulted in 101 MAGs (292 MAGs in total) coding for
CODH/ACS belonging to five phyla (Methanobacteriota,
Thermoproteota, Actinobacteria, Desulfobacterota, and
Firmicutes) based on GTDB-Tk results (Table S7). Func-
tional analysis based on KEGG showed that the MAGs
(G55A.bin.57, G55A.bin.63, G55HB.bin.8, G55H.bin.27,
G55H.bin.79, G55C.bin.56, G55C.bin.67, and G550.bin.9)
affiliated with Methanobacteriota and Thermoproteota also
contain mcrABCDG, suggesting they are potential hydro-
genotrophic methanogens, whereas the MAGs representing
Actinobacteria (Ca. Geothermincolia), Desulfobacterota,
and Firmicutes contain the genes for homoacetogenesis
(Table S7). Two MAGs (G55H.bin.14 and G55HB.bin.84)
belonging to Ca. Geothermincolia were obtained only from
the samples treated with H, and CO, (G55H and G55HB)
(Table S7). These two MAGs from the H,/CO, enrichments
and GMQP.bin.3 from the same environment were nearly
identical (>99.7% ANI) and could be assigned to the same
species (Fig. S14). This species also showed a higher
abundance in G55H and G55HB (56-122 and 41-87 times
higher) compared to other treatments (G550, G55C, and
G55A) based on the metagenomic dataset (Fig. S14c).

In the 16S rRNA gene amplicon datasets, Desulfo-
bacterota OTUs were not detected in any treatment
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Fig. 6 Laboratory enrichment of acetogenic Actinobacteria.
a Overview of the experimental design of the enrichment strategy.
b Relative abundance of taxa in different treatments. UPGMA tree was
calculated based on the Bray—Curtis distance matrix. Members

(Fig. 6b), indicating that Desulfobacterota might not pro-
vide a major contribution to homoacetogenesis. The relative
abundance of Ca. Geothermincolia in the H,/CO, treat-
ments (G55H and G55HB) was lower than the Firmicutes
(Clostridia) (Fig. 4 and Table S8). However, only Ca.
Geothermincolia showed a consistent increase in the H,/
CO, treatments compared to other treatments (Fig. 6¢). It is
worth noting that a recent study involving long-term incu-
bation supplemented with paraffins provided evidence
for transcriptional activity of acdAB and acs genes in
Actinobacteria (members of Ca. Geothermincolia) under
anaerobic conditions, which supported the conversion from
acetyl-CoA to acetate [9]. acdAB or acs genes are prevalent
in our MAGs, indicating that these genes might be the main
functional genes in producing acetate in these three classes.
This confirms our predictions for Ca. Geothermincolia
metabolism based on metagenomics. In addition, with the
growing evidence in the G55H and G55HB treatments,

containing genes coding for CODH/ACS based on MAGs from
enrichment samples are shown with red stars. ¢ Relative abundance of
the key groups of acetogens or methanogens. Desulfobacterota was
not detected in the 16S rRNA gene amplicon dataset.

these results support our hypothesis that the WLP operates
reductively and that homoacetogenesis is feasible in anae-
robic Actinobacteria. Comparing to other autotrophic
microorganisms, metabolic flexibility is seen as a key
ability of acetogenic Actinobacteria to compete in ecosys-
tems and might explain their ubiquitous distribution.

Metabolic reconstruction in G55H and G55HB
treatments

Based on the analysis of 105 representative MAGs (Table
S9) obtained from metagenomic datasets from G55H and
G55HB treatments, the Methanobacteria and Aquificae in
the G55H cultures (average relative abundance > 1%) are
potential hydrogen-/sulfur-oxidizing bacteria with capacity
for carbon fixation through the WLP coupled to methano-
genesis or the rTCA cycle (Fig. 7) [7, 56]. Besides
Methanobacteria, there is another one MAG (G55A.
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bin.63), which belongs to the class Methanomethylicia,
contains the complete gene cluster mcrABGCD encoding
for the methyl coenzyme M reductase (Table S9), indicating
its methanogenic potential. Also, members of Ca. Metha-
nomethylicus mesodigestus, Ca. Methanomethylicus olei-
sabuli, and Ca. Methanosuratus petrocarbonis within this
class have been proven to be hydrogenotrophic or methy-
lotrophic methanogens [7]. The iRep value of Methano-
methylicia is higher than 1.5 in G55H (Table S9), which
means that, theoretically, more than half of the cells in the
population are replicating [57]. The Thermoproteia G55A.
bin.25 MAG is a potential sulfate-reducing archaeon that is
phylogenetically closely related to the Archaeoglobi [58].
The GMQP.bin.85 belongs to Lokiarchaeia and may be a
homoacetogen based on near-complete gene sets coding for
CODH/ACS and acdAB, which is consistent with previous
metabolic analyses of Lokiarchaeia [59-61]. Other poten-
tial homoacetogens were found in members of Ca. Geo-
thermincolia, Thermodesulfobacteria, and several
Firmicutes classes (Table S9). In the G55H and G55HB
treatments, Ca. Geothermincolia had the highest average
relative abundance (0.73 and 0.54%, respectively) com-
pared to other homoacetogens. The iRep values (1.20 in
G55H treatment and 1.21 in G55HB treatment) of Ca.
Geothermincolia showed that our target microbial group
kept a high replication rate. The other major microbial
groups, such as Thermus, Chloroflexia, and Proteobacteria,
have organotrophic potential based on genes related to
carbohydrate degradation and nitrogen reduction, and no
complete carbon fixation pathway could be detected in their
genomes (Table S9).

Our enrichment experiments supplemented by H, and
CO, (G55H and G55HB) provided ideal conditions for H,-
dependent chemoautotrophs. In addition, other critical fac-
tors, such as anaerobic and dark conditions, suggested the
oxygen- or/and light-dependent autotrophic microorganisms
may not dominate the community. Metabolic flexibility,
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such as possession of the WLP and capacity for utilization
of organic substrates for fermentation, may allow homo-
acetogens to take advantage of fluctuating H, concentra-
tions. Thus, by utilizing the oxidation of H, as an energy
source, these putative chemoautotrophic homoacetogens
very likely play essential roles in supporting thermophilic
ecosystems within terrestrial hot spring environments.

Conclusions

This study provides the first insight into homoacetogenesis
in three novel actinobacterial classes and suggests an
important role for Actinobacteria in the evolutionary history
of bacterial CODH/ACS. The results suggest that H,-
dependent WLP CO, fixation was acquired after the
divergence of Ca. Geothermincolia, Ca. Humimicrobiia,
and Ca. Aquicultoria through independent acquisitions of
hydrogenases and energy conservation modules. The results
of our first enrichment effort of Ca. Geothermincolia sup-
port the potential occurrence of homoacetogenesis in Acti-
nobacteria and add the evidence that homoacetogenesis
may be an essential metabolism in hot spring. Overall, this
work expands our knowledge of the diversity and biological
functions of the phylum Actinobacteria.

Data availability

The MAGs described in this paper have been deposited
under NCBI PRINA649850 and the eLibrary of
Microbial Systematics and Genomics, https://Wwww.
biosino.org/elmsg/index, under accession numbers
LMSG_G000001169.1-LMSG_G000001505.1.  Addi-
tional raw data that support the findings of this study
are available from The National Omics Data Encyclope-
dia  (https://www.biosino.org/node) under project
OEP001752 and OEP001755.
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