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Abstract

Members of the candidate phylum Acetothermia are globally distributed and detected in various habitats. However, little is

known about their physiology and ecological importance. In this study, an operational taxonomic unit belonging to

Acetothermia was detected at high abundance in four full-scale anaerobic digesters by 16S rRNA gene amplicon sequencing.

The first closed genome from this phylum was obtained by differential coverage binning of metagenomes and scaffolding

with long nanopore reads. Genome annotation and metabolic reconstruction suggested an anaerobic chemoheterotrophic

lifestyle in which the bacterium obtains energy and carbon via fermentation of peptides, amino acids, and simple sugars to

acetate, formate, and hydrogen. The morphology was unusual and composed of a central rod-shaped cell with bipolar

prosthecae as revealed by fluorescence in situ hybridization combined with confocal laser scanning microscopy, Raman

microspectroscopy, and atomic force microscopy. We hypothesize that these prosthecae allow for increased nutrient uptake

by greatly expanding the cell surface area, providing a competitive advantage under nutrient-limited conditions.

Introduction

Microorganisms drive the major biogeochemical nutrient

cycles, which are fundamental for many biotechnological

processes and directly linked to our health [1–3]. Culture-

independent surveys of bacterial communities based on

amplicon sequencing of 16S rRNA genes or concatenated

single-copy phylogenetic marker genes have revolutionized

our understanding of microbial community dynamics and

diversity [3–6]. However, such analyses also reveal that

many bacterial lineages lack cultivated representatives, and

the bacteria affiliated to these candidate lineages are often

poorly described [6–8]. These uncharted branches of the

tree of life contain valuable information about the evolution

of bacteria, exciting novel metabolic pathways, and hitherto

unknown functions in microbial communities [6, 9–12].

The fast developments in next-generation sequencing

and metagenomics enable the characterization of the whole

community gene pool and can be used to elucidate the

functional potential of individual microbial members. This

allows us to better understand the ecological roles and

interactions of the ubiquitous uncultivated microorganisms

[13–16]. Genomes of uncultured microorganisms can be

recovered from deeply sequenced metagenomes using dif-

ferent methodologies, such as the differential coverage

binning approach [14]. Such attempts have been made to

establish metabolic models and predict the ecophysiology

of several candidate bacteria, such as Candidatus Fermen-

tibacter daniensis (candidate phylum Hyd24-12) [17], OP9/

JS1 (candidate phylum Atribacteria) [18], and Candidatus

Promineofilum breve (phylum Chloroflexi) [19].

In one of our studies of anaerobic sludge digesters [17], a

metagenome-assembled genome (MAG) classified to the

candidate phylum Acetothermia (former OP1) [8] was
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found to be present in high abundance. The first draft MAG

from this phylum was obtained from a subsurface microbial

mat in the hot water stream [20]. It was predicted to possess

a folate-dependent acetyl-CoA pathway of CO2 fixation and

have an acetogenic lifestyle. Accordingly, it was given the

name Candidatus Acetothermum autotrophicum. Another

MAG (Acetothermia bacterium 64_32) was extracted from

a marine shelf siliciclastic sandstone deposit from an oil

reservoir [9]. This draft genome, however, lacked essential

genes encoding for autotrophic CO2 fixation pathways,

indicating a heterotrophic lifestyle. Other physiological

information about this candidate phylum is currently not

available.

Acetothermia bacteria occupy diverse habitats and

have been detected in several geographically separated

anaerobic digesters (Figure S1), suggesting that some

members of this phylum may be specifically suited for this

environmental niche and play a role in the conversion of

organic matter into biogas. This motivated us to conduct a

detailed investigation into the phylogeny, morphology,

physiology, and ecology of Acetothermia bacteria in anae-

robic digesters using amplicon sequencing, metagenomics,

and advanced visualization techniques. This allows us, for

the first time, to reveal an unusual morphology and phy-

siology of this unrecognized microbial player in anaerobic

digesters.

Materials and methods

Sample collection and storage

Between 1 and 10 biomass samples were obtained from

each of 31 anaerobic digesters treating primary and surplus

sludge at 18 Danish wastewater treatment plants (WWTPs)

in the period from 2011 to 2017 (Table S1, Supplementary

Data Set1). A volume of 50mL digester biomass was sam-

pled, homogenized, and stored as 2 mL aliquots at −80°C

before DNA extraction. DNA was extracted using the

FastDNA Spin kit for soil (MP Biomedicals, Santa Ana, CA,

USA) as optimized for anaerobic digesters by Kirkegaard

et al. [17].

Amplicon sequencing of the 16S rRNA gene

The V4 variable region of the bacterial and archaeal 16S

rRNA gene was amplified with the PCR primers 515 F [21]

(3′-GTGCCAGCMGCCGCGGTAA-5′) and m806R (3′-

GGACTACNVGGGTWTCTAAT-5′) and sequenced using

the Illumina platform as described by Albertsen et al. [22].

The m806R primer is a modified version of 806R [21], in

which the degeneracy of a single base is increased to ensure

a perfect match to all Acetothermia sequences in the SILVA

SSURef NR 99 database (Release 128) [23]. The detailed

procedures are supplied in Supplementary Methods 1.1.

Illumina sequencing, metagenome assembly,
and genome binning

DNA extracts from four samples collected at different time

points during the first half of 2016 from a mesophilic

digester at Randers WWTP were used as templates for

preparing metagenome libraries and Illumina sequencing

(Table S2), as detailed in Supplementary Methods 1.1. The

metagenomic assembly and binning process was performed

as described by Kirkegaard et al. [17].

Nanopore sequencing

Genomic DNA was prepared for 1D nanopore sequencing

(Oxford Nanopore Technologies, UK), following the man-

ufacturer’s protocol (LSK-108) without the optional DNA

shearing and DNA repair steps. The library was loaded on a

FLO-MIN106 flow cell and sequenced using the MinION

Mk1B DNA sequencer (Oxford Nanopore Technologies).

The sequencing software used was MinKNOW v. 1.7.3

(Oxford Nanopore Technologies, UK) with the 48-h

sequencing workflow (NC_48 h_Sequencing_Run_FLO_

MIN106_SQK-LSK108.py). Sequencing reads were base-

called using Albacore v. 1.2.1 (Oxford Nanopore Tech-

nologies, UK).

Genome closing and annotation

The SSPACE-LongRead scaffolder v. 1.1 [24] was used to

assemble contigs from the Acetothermia genome bin into a

single scaffold based on the long Nanopore reads. Gaps in

the draft genome were closed using GapFiller v. 1.11 [25]

or by manual read mapping and extension in CLC Geno-

mics Workbench v. 9.5.2. Finally, the closed genome was

manually polished to remove SNPs and ensure a high

quality assembly (Table S3). Genome annotation was per-

formed in the ‘MicroScope’ annotation pipeline [26, 27] as

described by Kirkegaard et al. [17].

Phylogeny of the 16S rRNA gene and FISH
probe design

Phylogenetic analysis and fluorescence in situ hybridization

(FISH) probe design were performed using the ARB soft-

ware package [28] with the SILVA SSURef NR 99 database

(Release 128) [23]. All sequences classified to the Acet-

othermia phylum from the SSURef database were included,

except those from the same study that shared ≥ 99% simi-

larity. Potential probes were assessed in silico with the

mathFISH software [29]. The Ribosomal Database Project

2226 L. Hao et al.



(RDP) PROBE MATCH function [30] was used to identify

non-target sequences with indels [31]. Probe validation and

optimization were based on generated formamide dis-

sociation curves, as described by Daims et al. [32], and

more details are supplied in Supplementary Results 2.1. The

final probes are shown in Table S4 and have been deposited

in the probeBase database [33].

FISH and microscopic analysis

Fresh biomass samples, taken from sludge digesters at

Randers and Esbjerg WWTPs, were treated with either

ethanol or paraformaldehyde (PFA) for the optimal fixation

of Gram-positive and Gram-negative bacteria, respectively.

FISH was performed on fixed samples as detailed by Daims

et al. [32]. The hybridization conditions applied for each

probe are given in Table S4. More detailed procedures are

supplied in Supplementary Method 1.3.

Cells hybridized with newly designed probes were

observed by a white light laser confocal microscope (Leica

TCS SP8 X). Targeted cells were further characterized by

Raman microspectrometry using a Horiba LabRam HR 800

Evolution system (Jobin Yvon, France) equipped with a

Torus MPC 3000 (UK) solid-state semiconductor laser, and

higher resolution information on the cell shape was further

obtained by atomic force microscopy (AFM) from Syto9-

stained cells, using a JPK Nanowizard IV system (Berlin,

Germany) on an inverted Zeiss Axiovert 200M epi-

fluorescence microscope. The detailed procedures and

equipment information are supplied in Supplementary

Method 1.4.

Data availability

The raw amplicon sequencing reads, metagenome reads,

and the annotated genome sequence data have been sub-

mitted to the European Nucleotide Archive (ENA) under the

study accession number PRJEB22104.

Results and discussion

Acetothermia bacteria have previously been observed in

anaerobic digesters [34], but their distribution and abun-

dance in these systems are not known. It was therefore

decided to survey the microbial composition of 31 full-scale

anaerobic digesters using 16S rRNA gene amplicon

sequencing. PCR primers were selected and modified to

realize an optimized coverage of Acetothermia in the whole

community, as detailed in Supplementary Results 2.2 and

Figure S2.

Only a single operational taxonomic unit (OTU) assigned

to phylum Acetothermia was observed in four mesophilic

sludge digesters at two WWTPs from the survey of 31

digesters (Fig. 1a). The two individual WWTPs have no

link between each other in terms of operation, seeding

microbiome and feedstock, indicating low diversity of

Acetothermia bacteria in anaerobic digester ecosystem. The

OTU was stably present over a period of 3–6 years in these

digesters, but displayed a notable decline from the summer

of 2016. It ranked among the five most abundant bacterial

OTUs and constituted from 0.1 to 8.9% of all sequenced

16S rRNA gene amplicons (Fig. 1b). The Acetothermia

OTU was not detected in amplicons of the incoming feed

streams (primary and surplus biological sludge from the

wastewater treatment processes), which indicates that the

abundance observed was due to growth in the digesters and

not immigration. No OTUs related to Acetothermia were

observed in thermophilic digesters, or the mesophilic

digester operated with thermal hydrolysis of feedstock

(Fig. 1a). This indicates that the Acetothermia represented

by the OTU has special habitat requirements specific to

some mesophilic systems that treat primary and surplus

biological sludge.

Complete genome of the Acetothermia bacterium

To learn more about the ecophysiology of Acetothermia

bacteria in anaerobic digesters, we sought to obtain genomic

information from the organism represented by the abundant

OTU. This organism was consistently found in high abun-

dance in a full-scale anaerobic sludge digester at Randers

WWTP, thus providing a good target-system for in-depth

investigations (Fig. 1b). To this end, metagenomes were

constructed from four individual biomass samples collected

during the first half of 2016 (Table S2) and a 12-contig draft

genome of Acetothermia bacterium sp. Ran1 (‘Ran1’ in

short) was successfully binned from these using differential

coverage binning [14] (Figure S3). Longread Nanopore data

were obtained from one of the four samples and used to

scaffold the draft genome and create a complete closed

genome after manual polishing. The characteristics of this

genome are shown in Table S3.

Phylogenetic analyses of Ran1

Ran1 was classified to the Acetothermia phylum based on

its 16S rRNA gene using the SILVA taxonomy. Phyloge-

netic analyses of the available sequences for this phylum

revealed evident separation of lineages with similar ecolo-

gical preferences and habitats (Fig. 2a, Figure S4). The 16S

rRNA gene sequence of Ran1 clustered into a mono-

phylogenetic group together with sequences from other

anaerobic digesters [34–38]. Based on the recommended

sequence similarity cutoff values for the definition of phy-

logenetic taxa [39], this group represents a new genus,

Novel prosthecate bacteria from the candidate phylum Acetothermia 2227



within the same family as the uncultured Acetothermia

bacterium 64_32 [9]. A phylogenetic tree based on con-

catenated single-copy marker genes was created and used to

establish a broader phylogenetic context (Fig. 3). This

revealed that Ran1 and the previous Acetothermia draft

genomes [9, 20] are distantly related to all currently avail-

able genomes, supporting its status as a novel phylum.

Morphology

To investigate the morphology of Ran1, we designed two

FISH probes that cover the proposed novel genus that

contains Acetothermia bacteria associated with anaerobic

digesters (Fig. 2a). These probes were then applied to

samples from one of the digesters at Randers WWTP

(Fig. 2b, S5, and S6). Both PFA- and ethanol-fixed samples

were analyzed to ensure optimal fixation of Gram-positive

and Gram-negative bacteria, respectively (Figure S6). FISH

results revealed single rod-shaped cells (~ 0.8 × 1 ~ 2 μm)

dispersed in the liquid phase, which were hybridized with

the genus-specific probes, indicating a planktonic lifestyle.

With ethanol-fixed biomass, appendages (~ 0.4 × 4 ~ 8 μm)

were observed at both poles of the rod-shaped cell. FISH

signals for these structures were patchy, indicating a rela-

tively low number of ribosomes present inside the appen-

dages (Figure S6). No FISH signal was observed for the

appendages with PFA-fixed cells (see more details in Sup-

plementary Results 2.1.2). When using Syto9 to stain the

nucleic acids, these appendages were clearly visualized for

the probe-hybridized cells in both PFA- and ethanol-fixed

samples (Figure S6). It suggests that the nucleic acid con-

taining cytoplasm was shared between the rod-shaped

“main body” and the appendages. This was further con-

firmed by Raman microspectroscopy analysis, which

demonstrated a similar composition of the main body and

the appendages in terms of nucleic acids, membrane lipids,

Fig. 1 Heatmap of the 10 most abundant microbial genera in anaerobic

digesters treating sewage sludge. a Average genera abundances of the

period of 2011 ~ 2016 in the digesters from 20 wastewater treatment

plants (WWTPs). Labels at the bottom of the heatmap represent the

location of WWTPs and digesters. Blue labels represent WWTPs

applying thermal-hydrolysis process for pre-treating the feedstock.

b Temporal analysis of the microbiome composition in the digesters

from Randers and Esbjerg WWTPs and of the feedstock. Mean

abundances of two digesters running in parallel at each WWTP were

shown in the profile. Labels at the bottom of the heatmap represent

sample type, year, and week of sampling time. Sample type includes:

AD for sludge from anaerobic digesters; PS for sludge from the pri-

mary clarifier, and BS for surplus biological sludge from secondary

clarifier; BS+ PS for a mixture of PS and BS before being fed into the

digester. Classification levels presented are phylum and genus, which

are separated by a semicolon. The genera are sorted by the mean

abundance across all the analyzed samples. “(Color figure online)”
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and proteins (Fig. 2c). Probe-targeted cells from another

digester at Esbjerg WWTP demonstrated similar morphol-

ogy. Accordingly, we hypothesize that the appendages are

extensions of the cell envelope out of the central rod body,

similar to the prosthecae of Caulobacter and Asticcacaulis

[40]. Such appendages have previously only been described

for bacteria within the class Alphaproteobacteria [41].

Further analysis of FISH data demonstrated three dif-

ferent morphologies according to the size of the central

rod and the length or appearance of the polar prosthecae:

(1) central rod with bipolar prosthecae of similar length;

(2) smaller central rod with bipolar stalks of different

length; (3) smallest central rod with a single polar prostheca

(Fig. 2b). These different morphologies likely represent

sequential development of bacterial morphology at different

growth stages, in which small rods with a single prostheca

represent cells just after cell division, and the longer rods

with two prosthecae of equal length represent cells just

before cell division. Indeed, it was possible to identify a few

dividing cells with prosthecae of equal length (Fig. 2b).

Fig. 2 a Maximum-likelihood (PhyML) 16S rRNA gene phylogenetic

tree of sequences classified to the candidate phylum Acetothermia

(SILVA SSURef NR 99, Release 128). The alignment used for the tree

applied a 20% conservational filter to remove hypervariable positions,

giving 1120 aligned positions. Sequences are colored according to

their isolation source environment. Proposed phylogenetic classifica-

tion of the novel genus and coverage of the newly designed FISH

probes are indicated with a black bracket. Bootstrap values from 100

re-samplings are shown for branches with 50 ~ 70% (white dot),

70 ~ 90% (gray) and >90% (black) support. Species of the phylum

Thermotogae were used as the outgroup. The scale bar represents

substitutions per nucleotide base. An expanded version of the tree is

provided in Figure S4. b Composite fluorescence micrograph of the

Acetothermia cells, hybridized with the OP1-702 FISH probe (Cy3,

red), and stained with Syto9 (green). Yellow signal indicates overlap

of fluorescence from Cy3 and Syto9. Arrows indicate three slightly

different morphologies: M1= central rod with bipolar prosthecae of

similar length; M2= smaller central rod with bipolar prosthecae of

different lengths; M3= smallest central rod with a single polar pros-

theca. An M1 cell which seems to be undergoing cell division is

indicated with an asterisk. Scale bar represents 10 μm. c Raman spectra

of the prosthecae and main body of a bipolar prosthecate cell targeted

by OP1-702 probe. Seven spectra for the main rod body (red) and 13

for the prosthecae (cyan) were obtained from different sections of

the cell as indicated, respectively, by the red and cyan spots on

the embedded cell image. Average spectra of the rod (red) and pros-

thecae (cyan) are shown with the standard deviation depicted as rib-

bons. Peaks assigned for nucleic acids (784 cm−1), phenylalanine

(1004 cm−1), membrane lipids (1450 cm−1), and amide I linkages of

proteins (1660 cm−1) [76, 77] are indicated by black arrows. PFA-

fixed biomass samples were used for the observations in b, c, origi-

nating from an anaerobic sludge digester at Randers WWTP. “(Color

figure online)”
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Dynamic morphology changes in a cell cycle is already

known from other prosthecate bacteria, such as Caulobacter

[42] and Asticcacaulis [43].

Higher resolution information on cell surface properties

of Ran1 was obtained using AFM (Fig. 4). AFM confirmed

the morphology observed by FISH microscopy, i.e., a

central rod-shaped cell with prosthecae extending from both

poles. Analysis of four individual Ran1 cells revealed that

the average width and length of the main rod body were

0.46 ± 0.03 µm and 1.58 ± 0.39 µm, respectively. The aver-

age height of only 0.066 ± 0.017 µm showed that cells

collapsed during air drying of the sample. The width of the

prosthecae was relatively constant (0.256 ± 0.004 µm), but

decreased to 0.225 ± 0.001 µm in cross sections where

bending of the prosthecae occured. Such bendings were

observed in most samples, and the degree of narrowing varied,

based on the bending angle, which was up to 124.2 ± 3.6°.

This indicated flexibility of the prosthecae. The total length of

the bacteria with prosthecae was 11.42 ± 1.49 µm.

The total surface area (SA) and surface area to volume

ratio (SA/V) were calculated for the rod-shaped cell with

and without the prosthecae, based on the observed average

length and width. Results show that development of the

prosthecae made the SA increase by 3.5 times (from 2.28

to 10.20 µm2) and SA/V become 42% larger (from 9.6 to

13.7 μm−1), providing an increased interface for nutrients

uptake [44–46]. It has been demonstrated that prosthecate

bacteria have a competitive advantage under nutrient-

deficient conditions, and they are often observed under

such conditions [42–44, 46]. Nevertheless, this effect is

even more pronounced in diffusion-limited environments,

where the rate of nutrient uptake is proportional to the

effective linear dimension of a structure, rather than to its

SA [46]. Indeed, the length of the prostheca of Caulobacter

inversely correlates with the availability of phosphate,

indicating enhanced phosphate uptake capability [47].

Consistent with this observation, the digesters that harbor

Ran1 in abundance demonstrated relatively low soluble

orthophosphate concentration (~ 25 ~ 80 mg PO4−P/L),

compared with the other digesters (95 ~ 480 mg PO4−P/L)

(Table S1). Furthermore, it was observed that the decrease

of Ran1 (from 6 ~ 8% to < 1%) in the summer of 2016

followed an increase of phosphorus content (PO4−P and

Total P) as well as concentration of organic compounds

(VFAs) in the liquid phase (Figure S7 and S8). This sup-

ports the idea that Ran1 may have a competitive advantage

in nutrient-limited engineered systems, especially reactors

with relatively low amounts of phosphorus. Ran1 may,

therefore, be used as a bioindicator for such a condition, but

more studies are needed to verify this hypothesis.

Fig. 3 Phylogenetic position of

Acetothermia genomes in the

reference genome tree generated

by CheckM v. 1.0.6 [78] and

visualized in ARB v. 6.0.2 [28].

The CheckM tree is inferred

from the concatenation of 43

conserved marker genes and

incorporates 2052 finished and

3605 draft genomes from the

IMG database [78]. “(Color

figure online)”
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Genome inferred surface properties

Some cell envelope properties can be inferred directly from

genomes, based on the presence or absence of cell envelope

genes found specifically in archetypical monoderm or

diderm lineages [14], which are characterized by having one

or two cellular membranes, respectively [48]. This study

revealed an unusual cell envelope architecture of Ran1, with

similarities to both members of the monoderm Chloroflexi

and the atypical diderms Thermotoga and Deinococcus-

Thermus (Figure S9). Accordingly, it is less than easy to

conclude whether Ran1 has a mono- or diderm cell envel-

ope. The genome did not contain any genes associated with

lipopolysaccharides, which are commonly found in the

outer membrane of diderm bacteria [48]. However, genes

encoding an outer membrane-specific bacterial surface

antigen and an outer membrane permease imply that Ran1

may have a simple diderm cell envelope similar to those

found in Thermotoga [49]. The sheath-like outer membrane

of Thermotoga changes its size according to environmental

conditions, which has been proposed to provide increased

access to nutrients in the same manner as the prosthecae of

prothecate bacteria [50]. Accordingly, it may be proposed

that the outer membrane of Ran1 is a simple scaffold for

high-affinity nutrient transporter [46].

Further genome annotation and specialized searches

using the PilFind program [51] did not reveal any genes

associated to flagella, fimbriae, pili, or cell surface adhesins.

However, a few genes related specifically to prostheca

development were encoded by the genome, such as the

bactofilin family cytoskeletal protein CcmA and the

bifunctional penicillin-binding protein Pbp [42]. In Caulo-

bacter crescentus, bactofilins are found as membrane-

associated clusters at the pole of the cell, where they recruit

the peptidoglycan synthase PbpC and initiate prosthecae

development [42]. It is, therefore, likely that Ran1 may use

a similar strategy for this purpose.

Metabolic model for Ran1

To learn more about the potential function of Ran1, we

constructed a metabolic model based on the annotated

genome (Fig. 5 and Supplementary Data Set2). A brief

overview of the metabolic model is provided below, and

detailed descriptions of selected pathways are given in

Supplementary Results 2.3.

Fig. 4 Combined optical and atomic force microscopy images reveal

the morphology of one of the Ran1 cells. a The optical image to the

left shows a broad overview of the sample, which is composed of

bacteria of different shapes; b The morphology image presents the 3D

form of a Ran1 cell in real space. The scale bar is 2 µm in length, and

the color transition represents the height change from 0 to 39 nm.

c The cell stretches out to 13.21 ± 0.6 µm with prosthecae at both

poles, which are 0.26053 ± 0.00911 µm (X) in width, except for slight

narrowing down to 0.22465 ± 0.00115 µm (XC) owing to bending with

angles of up to 124.2 ± 3.6°; d Zoom in the image of the main rod

body. Cross sections show a rugged surface, as depicted and measured

by Profile 1–4 perpendicular to the length of the rod represented by

Profile 5. “(Color figure online)”

Novel prosthecate bacteria from the candidate phylum Acetothermia 2231



Carbon uptake and central metabolism

Several ABC transporter genes were detected, including

those for importing amino acids, peptides, glycerol-3-

phosphate, maltose, ribose, and alpha-glucoside. This indi-

cates that Ran1 can take up these compounds at the expense

of ATP or the proton motive force (PMF) and use them as

carbon and energy sources.

Sugars imported can be catabolized through the

Embden–Meyerhof–Parnas pathway. The ATP produced

during the transformation of hexoses to pyruvate can pro-

vide the cells with energy. Besides hexoses, Ran1 may

utilize a broad range of pentoses, as it has all the genes of

the non-oxidative pentose phosphate pathway [52]. Ran1

also encoded the complete pathway for glycogen metabo-

lism and the gene encoding a trehalose synthase. Therefore,

glycogen and trehalose may serve as carbon and energy

storage, which can be utilized to mitigate fluctuations in

substrate availability [53, 54]. Two extracellular glycosy-

lases were identified, including a cellulase and a glycoside

hydrolase. This indicates that Ran1 has some limited

extracellular saccharolytic activity and can hydrolyze

polysaccharides from the feeding sludge into simpler

sugars.

The pyruvate generated from sugars can be converted to

acetyl-CoA by the pyruvate:ferredoxin oxidoreductase

complex (porABC), generating reduced ferredoxin (Fdred).

Acetyl-CoA can then enter the fermentation pathway

Fig. 5 Metabolic model of Acetothermia sp. Ran1 based on the anno-

tated genome sequences (Supplementary Data Set2). AA=Amino acids;

BCAA=Branched-chain amino acids; Sec= Secretion system;

Glycerol-3P=Glycerol-3-phosphate; PPP= Pentose phosphate path-

way; PRPP= 5-Phospho-alpha-D-ribose-1-diphosphate; ATP=Adeno-

sine triphosphate; CoA=Coenzyme A; THF=Tetrahydrofolate;

NAD(P)H=Nicotinamide adenine dinucleotide (phosphate) hydrogen;

Pi= Phosphate; PPi= Pyrophosphate; MTA= 5’-S-Methyl-5’-thioade-

nosine; MNT=Manganese transporter; TRK= Potassium (K) trans-

porter; MGT=Magnesium transporter; FED= Ferrous iron (Fe2+)

transporter; ZUP= Zinc (Zn) transporter; MFS=Major facilitator

superfamily transporter. More details on amino acids and electron

transport metabolisms are shown in Figure S10–12. “(Color figure

online)”
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catalyzed by two acetyl-CoA synthetases (acsA or acdA),

resulting in the production of acetate and energy in the form

of ATP.

The genome encoded an incomplete tricarboxylic acid

pathway, in which a succinate dehydrogenase/fumarate

reductase complex was not annotated. Considering that no

complete electron transport chain for aerobic or anaerobic

respiration was found for Ran1, the partial pathway may serve

as a source of biosynthetic precursors for anabolic pathways,

as in methanogens and some other anaerobic bacteria [55, 56].

Amino acids and peptides, imported by ABC transpor-

ters, represent a potential source of carbon, nitrogen,

energy, and building blocks of the cell. Indeed, it was found

that the genome encoded genes for catabolizing at least 13

of the 22 amino acids (Figure S10 and S11). Serine, glycine,

cysteine, aspartate, glutamate, glutamine, histidine, tyrosine,

and tryptophan can be deaminated and converted into either

pyruvate, oxaloacetate, or 2-oxoglutarate (Figure S10).

These intermediates are then further oxidized by the pyr-

uvate:ferredoxin oxidoreductase (por) or 2-ketoglutarate

ferredoxin oxidoreductase (kor) to generate acetyl-CoA or

succinyl-CoA, which can then be cleaved to yield acetate or

succinate and energy in the form of ATP [57, 58]. Glycine

and serine can alternatively be degraded to formate through

the glycine cleavage system and tetrahydrofolate pathway

[34], concomitant with the generation of ATP and reducing

equivalents (in the form of NADH and Fdred). Some key

enzymes involved in the catabolism of branched-chain

amino acids were absent in the annotated genome

(Figure S11). It is therefore only the non-branched-chain

amino acids that can be used as energy source.

Limited capacity for amino-acid synthesis was encoded

in the genome (Supplementary Data Set2), indicating that

some of the imported amino acids need to be directly used

in anabolic pathways [59].

Ran1 does not have the necessary genes for nitrogen

fixation and ammonia import. Amino acids are thus pre-

dicted to be a major source of nitrogen, as NH3 is produced

from deamination and assimilated via the glutamine/gluta-

mate synthase pathway [60]. The high dependence of exo-

genous amino acids and the fact that Ran1 only encode a

single extracellular protease imply its high dependence on

the proteolytic action of other members of the microbial

community, such as Thermovirga, which coexists at high

abundance (Fig. 1b) and can hydrolyze proteinous sub-

strates [3, 61].

Energy conservation and electron flow

Ran1 encodes an energy-conserving, membrane-bounded

hydrogenase complex (Mbh A-N) (Fig. 5 and S12), which

can translocate protons across the membrane while cata-

lysing Fdred-driven H2 production [18, 62]. It enables the

cell to establish a PMF from Fdred [63]. The produced H2 and

Fdox can be recycled by another complex formed by the

electron-bifurcating heterodisulfide reductase (Hdr A-C) and

the methyl viologen reducing hydrogenase (Mvh D,G,A)

[62]. In addition, a bidirectional [NiFe] hydrogenase complex

(Hox E,F,U,H,Y) and a putative [Fe] hydrogenase (Hym AB)

were also encoded. These complexes catalyse the electron

transfer between H+/H2 with NAD(P)H/NAD(P)+ [64, 65]

and Fdred/Fdox [66], respectively. These bidirectional hydro-

genases are hypothesized to function as electron valves,

balancing reductants in the cell [65]. As part of the energy-

recycling system, the membrane-integral pyrophosphatase

can also translocate H+ or Na+ to generate PMF, using the

energy produced from hydrolysis of pyrophosphate [67]. The

H2 and acid products (formate and acetate) generated from

fermentation can be utilized by the hydrogenotrophic

Methanolinea and acetotrophic Methanosaeta in the system

(Fig. 1b).

Surprisingly, the genome does not encode any conven-

tional ATP synthases, which are often used to generate ATP

at the expense of the established PMF [68]. Loss of func-

tional ATP synthase has also been reported for other strictly

anaerobic fermenters, such as Clostridium acetobutylicum

[69] and Clostridium perfringens [70]. The energy stored in

the PMF is therefore most likely used for active transport of

substrates [71].

Stress response

The genome possesses several genes typical of anaerobic

bacteria, such as the oxygen-sensitive class III ribonucleo-

side triphosphate reductase, ferredoxin oxidoreductases, and

radical S-adenosyl-methionine-dependent proteins (Sup-

plementary Data Set 2). The oxygen-required class-I and

oxygen-tolerant class-II ribonucleotide triphosphate reduc-

tases were not found. However, Ran1 encodes several

proteins predicted to counter oxidative damage, including

superoxide reductase, ruberythrin, thioredoxins, perox-

idases, thioredoxin reductase, and glutaredoxins, which may

allow it to survive under microaerobic conditions.

Ecological significance

The heterotrophic way of life predicted for Ran1 is similar

to that of the oil reservoir-associated Acetothermia bacter-

ium 64_32 [9], which affiliates to the same family level

clade (Fig. 2a). In contrast, another more distantly related

member of the phylum, Candidatus Acetothermum auto-

trophicum, is predicted to use chemolithoautotrophic acet-

ogenesis as the primary energy and carbon source, which

might reflect the organics-depleted state of its habitat, the

microbial mat in hydrothermal ecosystem [20]. Ran1, as a

representative member of the anaerobic digester-specific
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genus, lives a planktonic life in the continuesly-stirred

liquid phase (Figs. 2b and 4c). Accordingly, it has direct

access to the nutrients introduced from the feedstocks or

released from the hydrolytic activities of exoenzymes. The

increased surface area due to the prosthecae structure and

relatively high surface area to volume ratio compared with

ordinary rods, might enable it to compete for substrates with

other bacteria in the system. It may play an important role in

the anaerobic food web as a consumer of soluble inter-

mediate products (like amino acids) generated by hydrolytic

bacteria (like the proteolytic Thermovirga), and as a pro-

vider of precursor substances (such as acetate, formate, and

hydrogen) for methanogens (like the acetotrophic Metha-

nosaeta and hydrogenotrophic Methanolinea) which coex-

isted in the ecosystem at high abundance (Fig. 1b).

Concluding remarks

This study presents the first detailed insight into the mor-

phology, physiology, and ecology of a member of the

candidate phylum Acetothermia (former OP1). The bacter-

ium was stably present in several mesophilic sludge

digesters during a period of several years and represents a

novel genus that includes other previously detected 16S

rRNA gene sequences of Acetothermia in anaerobic bior-

eactors. The metabolic reconstruction suggested that it is an

anaerobic, fermentative bacterium involved in acidogenesis,

producing organic acids (such as acetate and formate) and

hydrogen from the fermentation of peptides, amino acids,

and simple sugars (maltose, sucrose). Interestingly, this

Acetothermia bacterium demonstrated an unusual mor-

phology composed of a central rod cell and long prosthecae

protruding from both poles of the rod. It is the first time this

type of morphology has been shown for a bacterium outside

the class Alphaproteobacteria, which can shed new light on

the evolution of cell morphology. The long and flexible

prosthecae greatly expand the surface area of the cell and

provide increased access to nutrients under nutrient-limiting

conditions. This is supported by their abundance being

restricted to digesters with relatively low levels of phos-

phorus and other nutrients. The genome generated in this

study is one of the few closed genomes for uncultured

candidate phyla and importantly provides the foundation for

future study on pathway expression of the lineage with

metatranscriptomics and metaproteomics. The design of

FISH probes for the genus will facilitate future in situ stu-

dies of the genus in other systems.

Taxonomic proposals

Phylogenetic analyses of the Ran1 genome classified it as a

novel genus within the previously described Acetothermia

phylum. We suggest that the closed genome should serve as

the type material for this genus [72, 73] and propose the

following taxonomic names for the novel genus and

species:

Candidatus Bipolaricaulis gen. nov.

Bipolaricaulis (Bi.po.la.ri.cau’lis. L. adv. num. bis twice;

N.L. adj. polaris polar, pertaining to the poles of the rod-

shaped cell; L. masc. n. caulis a stalk; N.L. masc. n.

Bipolaricaulis stalks at both poles).

Candidatus Bipolaricaulis anaerobius sp. nov.

Bipolaricaulis anaerobius (an.a.e.ro’bi.us. Gr. pref. an not;

Gr. n. aer aeros air; N.L. masc. n. bius from Gr. masc. n. bios

life; N.L. masc. adj. anaerobius not living in air, anaerobic).

In addition, we would like to propose that the encom-

passing Acetothermia phylum be renamed. The phylum

takes its name from the type genus “Candidatus Acet-

othermus” [20]. However, Acetothermus was already

the name of a valid genus within the phylum Bacteroidetes

[74, 75], making its reuse illegitimate. The authors also use

“Candidatus Acetothermum” and “Candidatus Acet-

othermus” interchangeably within the original publication

[20]. To prevent confusion, we propose that Candidatus

Bipolaricaulis anaerobius instead be made the type genus

for the phylum and the name be changed accordingly to

Candidatus Bipolaricaulota (the phylum of the genus

Candidatus Bipolaricaulis).

Acknowledgements This study was supported by Innovation Fund

Denmark (NomiGas, grant 1305-00018B), MiDAS, Obelske Family

Foundation, Villum Foundation, and Aalborg University. The AFM

equipment and its application by Hüsnü Aslan were partially funded

by the Carlsberg Foundation. We thank Kirsten Nørgaard and Lisbet

Adrian for providing samples and physico-chemical data from the

plants, and Maria Chuvochina, Aharon Oren, and Philip Hugenholtz

for their assistance with the taxonomic proposals and naming ety-

mology. The LABGeM (CEA/IG/Genoscope & CNRS UMR8030)

and the France Génomique National infrastructure (funded as part of

Investissement d’avenir program managed by Agence Nationale pour

la Recherche, contract ANR-10-INBS-09) are acknowledged for sup-

port within the MicroScope annotation platform.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of

interest.

Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as

long as you give appropriate credit to the original author(s) and the

source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this

article are included in the article’s Creative Commons license, unless

indicated otherwise in a credit line to the material. If material is not

included in the article’s Creative Commons license and your intended

use is not permitted by statutory regulation or exceeds the permitted

use, you will need to obtain permission directly from the copyright

holder. To view a copy of this license, visit http://creativecommons.

org/licenses/by/4.0/.

2234 L. Hao et al.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


References

1. Falkowski PG, Fenchel T, Delong EF. The microbial engines that

drive earth’s biogeochemical cycles. Science. 2008;320:1034–9.

2. Huttenhower C, Fah Sathirapongsasuti J, Segata N, Gevers D,

Earl AM, Fitzgerald MG, et al. Structure, function and diversity of

the healthy human microbiome. Nature. 2012;486:207–14.

3. McIlroy SJ, Kirkegaard RH, McIlroy B, Nierychlo M, Kristensen

JM, Karst SM, et al. MiDAS 2.0: an ecosystem-specific taxonomy

and online database for the organisms of wastewater treatment

systems expanded for anaerobic digester groups. Database.

2017;2017:1–9.

4. Caporaso JG, Lauber CL, Walters WA, Berg-lyons D, Huntley J,

Fierer N, et al. Ultra-high-throughput microbial community ana-

lysis on the Illumina HiSeq and MiSeq platforms. ISME J.

2012;6:1621–4.

5. Kirkegaard RH, McIlroy SJ, Kristensen JM, Nierychlo M, Karst

SM, Dueholm MS, et al. The impact of immigration on microbial

community composition in full-scale anaerobic digesters. Sci Rep.

2017;7:9343.

6. Parks DH, Rinke C, Chuvochina M, Chaumeil P-A, Woodcroft

BJ, Evans PN, et al. Recovery of nearly 8,000 metagenome-

assembled genomes substantially expands the tree of life. Nat

Microbiol. 2017;903:1–10.

7. Eloe-Fadrosh EA, Paez-Espino D, Jarett J, Dunfield PF, Hedlund

BP, Dekas AE, et al. Global metagenomic survey reveals a new

bacterial candidate phylum in geothermal springs. Nat Commun.

2016;7:10476.

8. Hugenholtz P, Pitulle C, Hershberger KL, Pace NR. Novel divi-

sion level bacterial diversity in a Yellowstone hot spring novel

division level. J Bacteriol. 1998;180:366–76.

9. Hu P, Tom L, Singh A, Thomas B, Baker B, Piceno Y, et al.

Genome-resolved metagenomic analysis reveals roles for candi-

date phyla and other microbial community members in biogeo-

chemical transformations in oil reservoirs. mBio. 2016;7:1–12.

10. Mukherjee S, Seshadri R, Varghese NJ, Eloe-Fadrosh EA, Meier-

Kolthoff JP, Göker M, et al. 1,003 reference genomes of bacterial

and archaeal isolates expand coverage of the tree of life. Nat

Biotechnol. 2017;35:676–83.

11. Rinke C, Schwientek P, Sczyrba A, Ivanova NN, Anderson IJ,

Cheng J-F, et al. Insights into the phylogeny and coding potential

of microbial dark matter. Nature. 2013;499:431–7.

12. Solden L, Lloyd K, Wrighton K. The bright side of microbial dark

matter: lessons learned from the uncultivated majority. Curr Opin

Microbiol. 2016;31:217–26.

13. Dick GJ, Baker BJ. Omic approaches in microbial ecology:

charting the unknown. Microbe. 2013;8:353–60.

14. Albertsen M, Hugenholtz P, Skarshewski A, Nielsen KL, Tyson

GW, Nielsen PH. Genome sequences of rare, uncultured bacteria

obtained by differential coverage binning of multiple metagen-

omes. Nat Biotechnol. 2013;31:533–8.

15. Moitinho-Silva L, Díez-Vives C, Batani G, Esteves AI, Jahn MT,

Thomas T. Integrated metabolism in sponge–microbe symbiosis

revealed by genome-centered metatranscriptomics. ISME J.

2017;11:1–16.

16. Vanwonterghem I, Jensen PD, Ho DP, Batstone DJ, Tyson GW.

Linking microbial community structure, interactions and function

in anaerobic digesters using new molecular techniques. Curr Opin

Biotechnol. 2014;27:55–64.

17. Kirkegaard RH, Dueholm MS, McIlroy SJ, Nierychlo M, Karst

SM, Albertsen M, et al. Genomic insights into members of the

candidate phylum Hyd24-12 common in mesophilic anaerobic

digesters. ISME J. 2016;10:1–13.

18. Nobu MK, Dodsworth J, Murugapiran SK, Rinke C, Gies E,

Webster G, et al. Phylogeny and physiology of candidate phylum

‘Atribacteria’ (OP9/JS1) inferred from cultivation-independent

genomics. ISME J. 2016a;10:273–86.

19. McIlroy SJ, Karst SM, Nierychlo M, Dueholm MS, Albertsen M,

Kirkegaard RH, et al. Genomic and in situ investigations of the

novel uncultured Chloroflexi associated with 0092 morphotype

filamentous bulking in activated sludge. ISME J. 2016;10:

2223–34.

20. Takami H, Noguchi H, Takaki Y, Uchiyama I, Toyoda A, Nishi S,

et al. A deeply branching thermophilic bacterium with an ancient

Acetyl-CoA pathway dominates a subsurface ecosystem. PLoS

ONE. 2012;7:e30559.

21. Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone

CA, Turnbaugh PJ, et al. Global patterns of 16S rRNA diversity at

a depth of millions of sequences per sample. Proc Natl Acad Sci.

2011;108:4516–22.

22. Albertsen M, Karst SM, Ziegler AS, Kirkegaard RH, Nielsen PH.

Back to basics - the influence of DNA extraction and primer

choice on phylogenetic analysis of activated sludge communities.

PLoS ONE. 2015;10:e0132783.

23. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P,

et al. The SILVA ribosomal RNA gene database project:

improved data processing and web-based tools. Nucleic Acids

Res. 2013;41:590–6.

24. Boetzer M, Pirovano W. SSPACE-LongRead: scaffolding bac-

terial draft genomes using long read sequence information. BMC

Bioinforma. 2014;15:1–9.

25. Boetzer M, Pirovano W. Toward almost closed genomes with

GapFiller. Genome Biol. 2012;13:R56.

26. Vallenet D, Belda E, Calteau A, Cruveiller S, Engelen S, Lajus A,

et al. MicroScope--an integrated microbial resource for the cura-

tion and comparative analysis of genomic and metabolic data.

Nucleic Acids Res. 2013;41:D636–47.

27. Vallenet D, Engelen S, Mornico D, Cruveiller S, Fleury L, Lajus

A, et al. MicroScope: a platform for microbial genome annotation

and comparative genomics. Database (Oxf). 2009;2009:bap021.

28. Ludwig W, Strunk O, Westram R, Richter L, Meier H, Yadhu-

kumar A, et al. ARB: a software environment for sequence data.

Nucleic Acids Res. 2004;32:1363–71.

29. Yilmaz LS, Parnerkar S, Noguera DR. MathFISH, a web tool that

uses thermodynamics-based mathematical models for in silico

evaluation of oligonucleotide probes for fluorescence in situ

hybridization. Appl Environ Microbiol. 2011;77:1118–22.

30. Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM, Sun Y, et al.

Ribosomal Database Project: data and tools for high throughput

rRNA analysis. Nucleic Acids Res. 2014;42:D633–42.

31. McIlroy SJ, Tillett D, Petrovski S, Seviour RJ. Non-target sites

with single nucleotide insertions or deletions are frequently found

in 16S rRNA sequences and can lead to false positives in fluor-

escence in situ hybridization (FISH). Env Microbiol.

2011;13:38–47.

32. Daims H, Stoecker K, Wagner M. Fluorescence in situ hybridi-

zation for the detection of prokaryotes. Mol Microb Ecol.

2005;213:239.

33. Greuter D, Loy A, Horn M, Rattei T. probeBase—an online

resource for rRNA-targeted oligonucleotide probes and primers:

new features 2016. Nucleic Acids Res. 2016;44:D586–9.

34. Nobu MK, Narihiro T, Rinke C, Kamagata Y, Tringe SG, Woyke

T, et al. Microbial dark matter ecogenomics reveals complex

synergistic networks in a methanogenic bioreactor. ISME J.

2015;9:1710–22.

35. Chaganti SR, Lalman JA, Heath DD. 16S rRNA gene based

analysis of the microbial diversity and hydrogen production in

three mixed anaerobic cultures. Int J Hydrog Energy.

2012;37:9002–17.

36. Goux X, Calusinska M, Lemaigre S, Marynowska M, Klocke M,

Udelhoven T, et al. Microbial community dynamics in replicate

Novel prosthecate bacteria from the candidate phylum Acetothermia 2235



anaerobic digesters exposed sequentially to increasing organic

loading rate, acidosis, and process recovery. Biotechnol Biofuels.

2015;8:122.

37. Kwon S, Kim TS, Yu GH, Jung JH, Park HD. Bacterial com-

munity composition and diversity of a full-scale integrated fixed-

film activated sludge system as investigated by pyrosequencing.

J Microbiol Biotechnol. 2010;20:1717–23.

38. Perkins SD, Scalfone NB, Angenent LT. Comparative 16S rRNA

gene surveys of granular sludge from three upflow anaerobic

bioreactors treating purified terephthalic acid (PTA) wastewater.

Water Sci Technol. 2011;64:1406–12.

39. Yarza P, Yilmaz P, Pruesse E, Glöckner FO, Ludwig W, Schleifer

K-H, et al. Uniting the classification of cultured and uncultured

bacteria and archaea using 16S rRNA gene sequences. Nat Rev

Microbiol. 2014;12:635–45.

40. Kysela DT, Randich AM, Caccamo PD, Brun YV. Diversity takes

shape: understanding the mechanistic and adaptive basis of bac-

terial morphology. PLoS Biol. 2016;14:e1002565.

41. Randich AM, Brun YV. Molecular mechanisms for the evolution

of bacterial morphologies and growth modes. Front Microbiol.

2015;6:1–13.

42. Woldemeskel SA, Goley ED. Shapeshifting to survive: shape

determination and regulation in Caulobacter crescentus. Trends

Microbiol. 2017;25:673–87.

43. Vasilyeva LV, Omelchenko MV, Berestovskaya YY, Lysenko

AM, Abraham W, Dedysh SN, et al. Asticcacaulis benevestitus sp.

nov., a psychrotolerant, dimorphic, prosthecate bacterium from

tundra wetland soil. Int J Syst Evol Microbiol. 2017;56:2083–8.

44. McAdams HH. Bacterial stalks are nutrient-scavenging antennas.

Proc Natl Acad Sci USA. 2006;103:11435–6.

45. Porter JS, Pate JL. Prosthecae of Asticcacaulis biprosthecum:

system for the study of membrane transport. J Bacteriol.

1975;122:976–86.

46. Wagner JK, Setayeshgar S, Sharon LA, Reilly JP, Brun YV. A

nutrient uptake role for bacterial cell envelope extensions. Proc

Nat Acad Sci USA. 2006;103:11772–7.

47. Gonin M, Quardokus EM, Donnol DO, Maddock J. Regulation of

stalk elongation by phosphate in Caulobacter crescentus. J Bac-

teriol. 2000;182:337–47.

48. Sutcliffe IC. A phylum level perspective on bacterial cell envelope

architecture. Trends Microbiol. 2010;18:464–70.

49. Huber R, Langworthy TA, König H, Thomm M, Woese CR,

Sleytr UB, et al. Thermotoga maritima sp. nov. represents a new

genus of unique extremely thermophilic eubacteria growing up to

90°C. Arch Microbiol. 1986;144:324–33.

50. Jiang Y, Zhou Q, Wu K, Li XQ, Shao WL. A highly efficient

method for liquid and solid cultivation of the anaerobic hyper-

thermophilic eubacterium Thermotoga maritima. FEMS Micro-

biol Lett. 2006;259:254–9.

51. Imam S, Chen Z, Roos DS, Pohlschröder M. Identification of

surprisingly diverse type IV pili, across a broad range of gram-

positive bacteria. PLoS ONE. 2011;6:e28919.

52. Stincone A, Prigione A, Cramer T, Wamelink MMC, Campbell K,

Cheung E, et al. The return of metabolism: biochemistry and

physiology of the pentose phosphate pathway. Biol Rev Camb

Philos Soc. 2014;90:927–63.

53. Argüelles JC. Physiological roles of trehalose in bacteria and

yeasts: a comparative analysis. Arch Microbiol. 2000;174:217–24.

54. Wilson WA, Roach PJ, Montero M, Baroja-Fernández E, Muñoz

FJ, Eydallin G, et al. Regulation of glycogen metabolism in yeast

and bacteria. FEMS Microbiol Rev. 2010;34:952–85.

55. Nobu MK, Narihiro T, Kuroda K, Mei R, Liu WT. Chasing the

elusive Euryarchaeota class WSA2: genomes reveal a uniquely

fastidious methyl-reducing methanogen. ISME J. 2016b;2:1–10.

56. Rosenberg E, DeLong EF, Lory S, Stackebrandt E, Thompson F,

Lory S, et al. The prokaryotes: prokaryotic physiology and bio-

chemistry. 4th edn. Berlin, Heidelberg: Springer-Verlag; 2013.

57. Adams MWW, Holden JF, Menon AL, Schut GJ, Grunden AM,

Hou C, et al. Key role for sulfur in peptide metabolism and in

regulation of three hydrogenases in the hyperthermophilic

archaeon Pyrococcus furiosus. J Bacteriol. 2001;183:716–24.

58. Fukui T, Atomi H, Kanai T, Matsumi R, Fujiwara S, Imanaka T.

Complete genome sequence of the hyperthermophilic archaeon

Thermococcus kodakaraensis KOD1 and comparison with Pyr-

ococcus genomes. Genome Res. 2005;15:352–63.

59. Brown CT, Hug LA, Thomas BC, Sharon I, Castelle CJ, Singh A,

et al. Unusual biology across a group comprising more than 15%

of domain bacteria. Nature. 2015;523:208–11.

60. Bravo A, Mora J. Ammonium assimilation in Rhizobium phaseoli by

the glutamine synthetase-glutamate synthase pathway. J Bacteriol.

1988;170:980–4.

61. Dahle H, Birkeland NK. Thermovirga lienii gen. nov., sp. nov., a

novel moderately thermophilic, anaerobic, amino-acid-degrading

bacterium isolated from a North Sea oil well. Int J Syst Evol

Microbiol. 2006;56:1539–45.

62. Buckel W, Thauer RK. Energy conservation via electron

bifurcating ferredoxin reduction and proton/Na+ translocating

ferredoxin oxidation. Biochim Biophys Acta Bioenerg.

2013;1827:94–13.

63. Sapra R, Bagramyan K, Adams MWW. A simple energy-

conserving system: proton reduction coupled to proton translo-

cation. Proc Natl Acad Sci USA. 2003;100:7545–50.

64. Cassier-Chauvat C, Veaudor T, Chauvat F. Advances in the

function and regulation of hydrogenase in the cyanobacterium

Synechocystis PCC6803. Int J Mol Sci. 2014;15:19938–51.

65. Eckert C, Boehm M, Carrieri D, Yu J, Dubini A, Nixon PJ.

Genetic analysis of the Hox hydrogenase in the cyanobacterium

Synechocystis sp. PCC 6803 reveals subunit roles in association,

assembly, maturation, and function. J Biol Chem.

2012;287:43502–15.

66. Fritsch J, Lenz O, Friedrich B. Structure, function and biosynth-

esis of O2-tolerant hydrogenases. Nat Rev Microbiol.

2013;11:106–14.

67. Luoto HH, Baykov Aa, Lahti R, Malinen AM. Membrane-integral

pyrophosphatase subfamily capable of translocating both Na+ and

H+. Proc Natl Acad Sci USA. 2013;110:1255–60.

68. Mayer F, Mu V. Adaptations of anaerobic archaea to life under

extreme energy limitation. FEMS Microbiol Rev.

2014;38:449–72.

69. Nölling J, Breton G, Omelchenko MV, Kira S, Zeng Q, Gibson R,

et al. Genome sequence and comparative analysis of the solvent-

producing bacterium Clostridium acetobutylicum. J Bacteriol.

2001;183:4823–38.

70. Shimizu T, Ohtani K, Hirakawa H, Ohshima K, Yamashita A,

Shiba T, et al. Complete genome sequence of Clostridium per-

fringens, an anaerobic flesh-eater. Proc Natl Acad Sci USA.

2002;99:996–1001.

71. Yan N. Structural investigation of the proton-coupled secondary

transporters. Curr Opin Struct Biol. 2013;23:483–91.

72. Whitman WB. Genome sequences as the type material for taxo-

nomic descriptions of prokaryotes. Syst Appl Microbiol.

2015;38:217–22.

73. Whitman WB. Modest proposals to expand the type material for

naming of prokaryotes. Int J Syst Evol Microbiol.

2016;66:2108–12.

74. Dietrich G, Weiss N, Winter J. Acetothermus paucivorans, gen.

nov., sp. nov., a strictly anaerobic, thermophilic bacterium from

2236 L. Hao et al.



sewage sludge, fermenting hexoses to acetate,CO2 and H2. Syst

Appl Microbiol. 1988;10:174–9.

75. Stetter KO. Validation of the publication of new names and new

combinations previously effectively published outside the IJSB.

List No. 26. Int J Syst Bacteriol. 1988;38:328–9.

76. Huang WE, Griffiths RI, Thompson IP, Bailey MJ, Whiteley AS.

Raman microscopic analysis of single microbial cells. Anal Chem.

2004;76:4452–8.

77. Schuster KC, Reese I, Urlaub E, Gapes JR, Lendl B. Multi-

dimensional information on the chemical composition of single

bacterial cells by confocal Raman microspectroscopy. Anal Chem.

2000;72:5529–34.

78. Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW.

CheckM: assessing the quality of microbial genomes recovered

from isolates, single cells, and metagenomes. Genome Res.

2015;25:1043–55.

Novel prosthecate bacteria from the candidate phylum Acetothermia 2237


	Novel prosthecate bacteria from the candidate phylum Acetothermia
	Abstract
	Introduction
	Materials and methods
	Sample collection and storage
	Amplicon sequencing of the 16S rRNA gene
	Illumina sequencing, metagenome assembly, and�genome binning
	Nanopore sequencing
	Genome closing and annotation
	Phylogeny of the 16S rRNA gene and FISH probe�design
	FISH and microscopic analysis
	Data availability

	Results and discussion
	Complete genome of the Acetothermia bacterium
	Phylogenetic analyses of Ran1
	Morphology
	Genome inferred surface properties
	Metabolic model for Ran1
	Carbon uptake and central metabolism
	Energy conservation and electron flow
	Stress response
	Ecological significance

	Concluding remarks
	Taxonomic proposals
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References


