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20 Abstract

21  Members of the candidate phylum Acetothermia are globally distributed and detected in
22 various habitats. However, little is known about their physiology and ecological
23 importance. In this study, an OTU belonging to Acetothermia was detected at high
24 abundance in two full-scale anaerobic digesters. The first closed genome from this phylum
25  was obtained by differential coverage binning of metagenomes and scaffolding with
26  nanopore data. Genome annotation and metabolic reconstruction suggested an anaerobic
27  chemoheterotrophic lifestyle in which the bacterium obtain energy and carbon via
28  fermentation of peptides, amino acids, and simple sugars to acetate, formate, and hydrogen.
29  The morphology was unusual and composed of a central rod-shaped cell with bipolar
30  prosthecae as revealed by fluorescence in situ hybridization combined with confocal laser
31  scanning microscopy, Raman microspectroscopy and atomic force microscopy. We
32  hypothesize that these prosthecae allow for increased nutrient uptake by greatly expanding

33 the cell surface area, providing a competitive advantage under nutrient-limited conditions.
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34  Main body:

35  Life, as we know it, would not be possible without microbes. They catalyse key reactions
36  inall of the major biogeochemical nutrient cycles' and are being harnessed for their ability
37  to convert waste products into renewable resources?. They are also essential for our health,
38  both as beneficial members of our microbiome® and as pathogens causing infections®.
39  Knowledge of how distinct microorganisms fit into these processes is required to better
40  predict the consequences of environmental changes and improve our health as well as the
41  efficacy of biotechnological processes.

42 Culture-independent surveys of bacterial communities based on amplicon
43  sequencing of 16S rRNA genes or concatenated single-copy phylogenetic marker genes
44  have revolutionised our understanding of microbial community dynamics and diversity>>
45 7. However, such analyses also reveal that many bacterial lineages lack cultivated
46  representatives, and the bacteria affiliated to these candidate lineages are often poorly
47  described®®’. These uncharted branches of the tree of life contain valuable information
48  about the evolution of bacteria, exciting novel metabolic pathways, and hitherto unknown
49  functions in microbial communities®!13,

50 The fast developments in next-generation sequencing and metagenomics enable the
51  characterization of the whole community gene pool and can be used to elucidate the
52  functional potential of individual microbial members. This allows us to better understand
53  the ecological roles and interactions of the ubiquitous uncultivated microorganisms'#!7.
54  Genomes of uncultured microorganisms can be recovered from deeply sequenced

55 metagenomes using different methodologies, such as the differential coverage binning

56  approach!®. Such attempts have been made to establish metabolic models and predict the
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57  ecophysiology of several candidate bacteria, such as Candidatus Fermentibacter daniensis
58  (candidate phylum Hyd24-12)'8, OP9/JS1 (candidate phylum Atribacteria)’® and
59  Candidatus Promineofilum breve (phylum Chloroflexi).

60 In one of our studies of anaerobic sludge digesters'®, a metagenome assembled
61  genome (MAG) classified to the candidate phylum Acetothermia (former OP1)?® was found
62  to be present in high abundance. The first draft MAG from this phylum was obtained from
63  a subsurface microbial mat in the hot water stream?!. It was predicted to possess a folate-
64  dependent acetyl-CoA pathway of CO: fixation and have an acetogenic lifestyle.
65  Accordingly, it was given the name Candidatus Acetothermum autotrophicum. Another
66 MAG (Acetothermia bacterium 64 32) was extracted from a marine shelf siliciclastic
67  sandstone deposit from an oil reservoir'?. This draft genome, however, lacked essential
68  genes encoding for autotrophic CO: fixation pathways, indicating a heterotrophic lifestyle.
69  Other physiological information about this candidate phylum is currently not available.
70 Acetothermia bacteria occupy diverse habitats and have been detected in several
71  geographically separated anaerobic digesters (Figure S1), suggesting that some members
72 of this phylum may be specifically suited for this environmental niche and play a role in
73  the conversion of organic matter into biogas. This motivated us to conduct a detailed
74  investigation into the phylogeny, morphology, physiology, and ecology of Acetothermia
75  bacteria in anaerobic digesters using amplicon sequencing, metagenomics, and advanced
76  visualization techniques. This allows us, for the first time, to reveal an unusual morphology

77  and physiology of this unrecognized microbial player in anaerobic digesters.


https://doi.org/10.1101/207811
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/207811; this version posted October 24, 2017. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

78  Materials and methods:

79  Sample collection and storage
80  Between one and ten biomass samples were obtained from each of 31 anaerobic digesters

81  treating primary and surplus sludge at 18 Danish wastewater treatment plants (WWTPs) in
82  the period from 2011 to 2017 (Table S1, S2). A volume of 50 mL digester biomass was
83  sampled, homogenized, and stored as 2 mL aliquots at —80°C before DNA extraction. DNA
84  was extracted using the FastDNA Spin kit for soil (MP Biomedicals, Santa Ana, CA, USA)

85  as optimized for anaerobic digesters by Kirkegaard et al.'®.

86  Amplicon sequencing of the 16S rRNA gene

87  The V4 variable region of the bacterial and archaeal 16S rRNA gene was amplified with
88 the PCR primers 515F* (3’-GTGCCAGCMGCCGCGGTAA) and m806R (3’-
89  GGACTACNVGGGTWTCTAAT) and sequenced using the Illumina platform as
90  described by Albertsen et al.?>. The m806R primer is a modified version of 806R?*, in
91  which the degeneracy of a single base is increased to ensure a perfect match to all
92  Acetothermia sequences in the SILVA SSU Ref NR 99 database (Release 128)*.

93 Amplicon sequencing libraries (Table S2) were pooled in equimolar concentrations
94  with a final loading concentration of 10 pM and sequenced on the MiSeq (Illumina)
95  platform using a MiSeq reagent kit v3 (2 x 300 bp).

96 All sequenced sample libraries were trimmed, and low quality reads were removed

12°, The reads were

97  using trimmomatic v. 0.32% and then merged using FLASH v. 1.2.1
98  screened for potential PhiX contamination using USEARCH v. 7.0.1090%’. The reads were

99  clustered into operational taxonomic units (OTUs, sequence identity > 97 %) using
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100 USEARCH and subsequently classified using the RDP classifier® with the MiDAS

101  database v. 1.23% Further analyses were performed in R environment v. 3.4.1%

using the
102 R CRAN packages ampvis v. 1.24?* and ggplot2 v. 1.0.1°°. The samples were subsampled

103 to an even depth of 10,000 reads per sample.

104 Illumina sequencing, metagenome assembly, and genome binning

105  Ilumina Nextera DNA Library Prep kit was used to prepare metagenome libraries
106  following the standard protocol. DNA extracts from four samples collected at different
107  time points during the first half of 2016 from a mesophilic digester at Randers WWTP were
108  used as templates for library preparation (Table S3). The libraries were paired-end (2 x
109 250 bp) sequenced on the [llumina HiSeq 2500 platform using the HiSeq Rapid PE cluster
110 kit v2 and the HiSeq Rapid SBS kit v2 (500 cycles) in rapid run mode and also paired-end
111 sequenced (2 x 300 bp) on Illumina MiSeq platform using MiSeq reagent v3 (600 cycles).
112 Standard protocols were used for sample preparation and sequencing. The metagenomic

113 assembly and binning process was performed as described by Kirkegaard et al.'®.

114  Nanopore sequencing

115 Genomic DNA was prepared for 1D nanopore sequencing (Oxford Nanopore
116  Technologies, UK), following the manufacturer's protocol (LSK-108) without the optional
117  DNA shearing and DNA repair steps. The library was loaded on a FLO-MIN106 flow cell
118 and sequenced using the MinlON MkIB DNA sequencer (Oxford Nanopore
119  Technologies). The sequencing software used was MinKNOW v. 1.7.3 (Oxford Nanopore
120  Technologies, UK) with the 48-hour sequencing workflow
121  (NC _48Hr Sequencing Run FLO MIN106 SQK-LSK108.py). Sequencing reads were

122 base-called using Albacore v. 1.2.1 (Oxford Nanopore Technologies, UK).

6
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123 Genome closing and annotation

124  The SSPACE-LongRead scaffolder v. 1.1°! was used to assemble contigs from the
125  Acetothermia genome bin into a single scaffold based on the long Nanopore reads. Gaps
126  in the draft genome were closed using GapFiller v. 1.11°? or by manual read mapping and
127  extension in CLC Genomics Workbench v. 9.5.2. Finally, the closed genome was manually
128  polished to remove SNPs and ensure a high quality assembly (Table S4). Genome

33,34

129  annotation was performed in the ‘MicroScope’ annotation pipeline as described by

130  Kirkegaard et al.'®.

131  Phylogeny of the 16S rRNA gene and FISH probe design

132 Phylogenetic analysis and FISH probe design were performed using the ARB software
133 package® with the SILVA SSURef NR 99 database (Release 128)%*. All sequences
134 classified to the Acetothermia phylum from the SSURef database were included, except
135  those from the same study that shared > 99% similarity. Potential probes were assessed in
136  silico with the mathFISH software®®. The Ribosomal Database Project (RDP) PROBE
137 MATCH function®’ was used to identify non-target sequences with indels®®. Probe
138  validation and optimization were based on generated formamide dissociation curves, as
139 described by Daims et al**. The final probes are shown in Table S5 and have been

140  deposited in the probeBase database*.

141  Sample fixation and fluorescence in situ hybridization (FISH)
142 Fresh biomass samples, taken from sludge digesters at Randers and Esbjerg WWTPs, were
143 treated by either ethanol or paraformaldehyde (PFA) for the optimal fixation of Gram-

144  positive and Gram-negative bacteria, respectively. For PFA fixation, diluted samples [1:4
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145  in 1 x Phosphate-Buffered Saline (PBS) solution] were first fixed with 4% (w/v) PFA and
146  then stored in 50% (v/v) ethanol / 1 x PBS solution at —20°C, as previously described*’.
147  For ethanol fixation, pellets were first obtained by removing the supernatant by
148  centrifugation at 12,000 g for 5 min at 4°C, and then directly fixed and stored in 50% (v/v)
149  ethanol / 1 x PBS solution.

150 FISH was performed as detailed by Daims et al.**. The hybridization conditions
151  applied for each probe are given in Table S5. The NON-EUB probe was applied as a
152 negative control for hybridization*'. Nucleic acids in cells were stained with either 4°,6-
153  diamidino-2-phenylindole (DAPI) (50 uM, for 30 min) or Syto9 (6 uM, for 20 min)
154  (Molecular Probes, Eugene, Oregon, USA). Microscopic analysis was performed with an
155  Axioskop epifluorescence microscope (Carl Zeiss, Oberkochen, Germany) or a white light
156  laser confocal microscope (Leica TCS SP8 X) fitted with a 405 nm diode laser (Leica
157  Microsystems, Kista, Sweden). Excitation (Ex.) and emission (Em.) details applied are as
158  follows: DAPI (Ex. 405 nm; Em. 440-615 nm); Syto9 (Ex. 485 nm; Em. 490-550 nm);
159  FLUOS (Ex. 492 nm; Em. 500-555 nm); Cy3 (Ex. 554 nm; Em. 565-650 nm); Cy5 (Ex.

160 649 nm; Em. 660-695 nm).

161 Raman spectroscopy

162  To locate the Acetothermia cells for Raman analysis, FISH was conducted on optically
163 polished CaF2 Raman windows (Crystran, UK) by using the newly designed OP1 probes
164  labelled with Cy3. Once the cells were located, the fluorescence of Cy3 was bleached by
165  keeping the Raman laser on the target cell for 5 min. Raman spectra from single cells of
166  Acetothermia were obtained using a Horiba LabRam HR 800 Evolution (Jobin Yvon —

167  France) equipped with a Torus MPC 3000 (UK) 532 nm 341 mW solid-state semiconductor
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168  laser. Prior to all measurements, the Raman microspectrometer was calibrated to the first

169  order Raman signal of Silicon occurring at 520.7 cm™. The CaF2 Raman substrate also
170  contains a single sharp Raman marker at 321 cm™!, which serves as an internal reference
171  point in every spectrum. The incident laser power density on the sample was attenuated
172 down to 2.1 mW/um? using a set of neutral density (ND) filters.

173 The Raman system is equipped with an in-built Olympus (model BX-41)
174 fluorescence microscope. A 50x, 0.75 numerical aperture dry objective (Olympus M Plan
175  Achromat- Japan), with a working distance of 0.38 mm was used throughout the work. A
176  diffraction grating of 600 mm/groove was used, and the Raman spectra collected spanned
177  the wavenumber region of 200 cm™ to 1800 cm™!. The slit width of the Raman spectrometer
178  and the confocal pinhole diameter were set to 100 um and 150 pum, respectively. Raman
179  microspectrometer operation and subsequent processing of spectra were conducted using

180  LabSpec version 6.4 software (Horiba Scientific, France).

181  Atomic force microscopy (AFM)

182  The combined optical and atomic force microscopy experiments were carried out with a
183  sample stained with 10 uM Syto9 in PBS solution. A JPK Nanowizard IV system (Berlin,
184  Germany) on an inverted Zeiss Axiovert 200M epifluorescence microscope was used, with
185  a 63x oil immersion optical lens (Zess Plan-Apochromat, NA 1.4) and Zeiss filter set 10
186  (Ex. 450-490 nm, Em. 525-565 nm). This AFM setup was used in the QI™ mode, which
187 is a dynamic nanomechanical mapping (DNM) method. This DNM method can
188  simultaneously provide height channels for morphology, and force spectroscopy based
189  information, i.e. adhesion channel and force-distance curves. Although DNM methods are

190  often used for accessing mechanical and physicochemical properties of the sample, they
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191 are also employed for high-resolution imaging due to their capability to directly control the
192  tip-sample interaction forces below nanoNewton level. In this work, DNM was employed
193  for advanced imaging, and the scans were acquired with a soft cantilever, namely
194  Scanasyst-Air (Bruker). Nominal values for the cantilever’s resonance frequency and the
195  spring constant are 70 kHz and 0.4 N/m, respectively. The operation parameters such as
196  set point and Z length were varied to optimize the scan for the highest resolution and to
197  minimize the risk of damaging the tip and the sample. The pixel time was kept at 30 ms. Z
198  range was set to 15 um, and the images were initially acquired with 256x256 px, then with
199  512x512 px, if possible. Al DNM experiments were carried out in air under room

200  conditions.

201  Data availability

202  All sequencing data has been submitted to the ENA under the project ID PRJIEB22104.
203  Amplicon sequencing data is available with the accession numbers ERS1910092-
204  ERS1910183, metagenome data with the accession numbers ERS1909451-ERS1909457,

205  and the complete genome under accession number ERZ478283.

10
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206 Results and discussion:

207  Acetothermia bacteria have previously been observed in anaerobic digesters*’, but their
208  distribution and abundance in these systems are not known. It was therefore decided to
209  survey the microbial composition of 31 full-scale anaerobic digesters using 16S rRNA gene
210  amplicon sequencing. The choice of PCR primers can have a pronounced bias on the
211  microbial composition observed?. Three common 16S rRNA gene amplicon primer pairs
212 were evaluated on samples from a digester containing Acetothermia, and metagenomes of
213  the same samples derived from primer-independent shotgun sequencing were used as
214  references (Figure S2). Only the 515F/806R?? primer pair, which targets V4 region of the
215  16S rRNA gene, was able to amplify Acetothermia-related 16S rRNA genes and provide
216  an estimate of Acetothermia relative abundance in the samples. To ensure that the primer
217  pair would be able to target all Acetothermia, we compared the primer sequences to
218  Acetothermia sequences in the SILVA databases. It was found that 67.4% of the sequences
219  contained a single mismatch to the 806R primer. However, this could be alleviated by
220  increasing the degeneracy of the primer at a single position. This modification did not affect
221  the overall community structure of the samples tested, so the modified primer was used for
222 the survey.

223 Only a single genus-level OTU assigned to phylum Acetothermia was observed in
224  four mesophilic sludge digesters at two WWTPs from the survey of 31 digesters (Figure
225 1A). The OTU was stably present over a period of three to six years in these digesters, but
226  displayed a notable decline from the summer of 2016. It ranked among the five most
227  abundant bacterial OTUs and constituted from 0.1 to 8.9% of all sequenced 16S rRNA

228  gene amplicons (Figure 1B). The Acetothermia OTU was not detected in amplicons of the

11
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229  incoming feed streams (primary and surplus biological sludge from the wastewater
230  treatment processes), which indicates that the abundance observed was due to growth in
231  the digesters and not immigration. No OTUs related to Acetothermia were observed in
232 thermophilic digesters, or the mesophilic digester operated with thermal hydrolysis of
233 feedstock (Figure 1A). This indicates that the Acetothermia OTU has special habitat
234  requirements specific to some mesophilic systems that treat primary and surplus biological

235  sludge.

236  Complete genome of the Acetothermia bacterium

237  To learn more about the ecophysiology of Acetothermia bacteria in anaerobic digesters,
238  we sought to obtain genomic information from the abundant OTU. This organism was
239  consistently found in high abundance in a full-scale anaerobic sludge digester at Randers
240  WWTP, thus providing a good system for in-depth investigations (Figure 1B). To this end,
241  metagenomes were constructed from four individual biomass samples collected during the
242 first half of 2016 (Table S3) and a 12-contig draft genome of Acetothermia bacterium sp.
243 Ranl (‘Ranl’ in short) was successfully binned from these using differential coverage
244  binning'* (Figure S3). Long read Nanopore data was obtained from one of the four samples
245  and used to scaffold the draft genome and create a complete closed genome after manual
246  polishing (Table S4).

247 The closed genome was 1.32 Mbp and had a GC content of 68.2%. The genome
248  encodes a single split rRNA operon, in which the 16S rRNA gene was located away from
249  the co-localized 23S and 5S rRNA genes. Fewer rRNA gene copies, as well as more split
250  rRNA operons, are common features in host-dependent bacteria, but less frequent in free-

251  living cells®. Accordingly, Ranl could be a host-dependent organism, but microscopy

12
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252  revealed that this was not the case for Ranl (see below). Instead, we hypothesize that the
253  anaerobic digester may provide a stable environmental niche for the bacterium, similar to

254  that provided by a host cell.

255  Phylogenetic analyses of Ranl

256  Ranl was classified to the Acetothermia based on its 16S rRNA gene using the SILVA
257  taxonomy. Phylogenetic analyses of the available sequences for this phylum revealed
258  evident separation of lineages with similar ecological preferences and habitats (Figure 2A,
259  Figure S4). The 16S rRNA gene sequence of Ranl clustered into a mono-phylogenetic
260  group together with sequences from other anaerobic digesters*****7. Based on the
261  recommended sequence similarity cut-off values for the definition of phylogenetic taxa*,
262  this group represents a new genus, within the same family as the uncultured Acetothermia
263 bacterium 64 32'2. A phylogenetic tree based on concatenated single copy marker gene
264  was created and used to establish a broader phylogenetic context (Figure 3). This revealed

12,21

265 that Ranl and the previous Acetothermia draft genomes are distantly related to all

266  currently available genomes, supporting its status as a novel phylum.

267 Morphology

268  To investigate the morphology of Ranl, we designed two FISH probes that cover the
269  proposed novel genus that contains Acetothermia bacteria associated with anaerobic
270  digesters (Figure 2A). These probes were then applied to samples from one of the digesters
271  at Randers WWTP (Figures 2B, S5, and S6). Both PFA- and ethanol-fixed samples were
272  analyzed to ensure optimal fixation of Gram-positive and Gram-negative bacteria,
273  respectively (Figure S6). FISH results revealed small rod-shaped cells (approx. 0.8 x 1~2

274  um) dispersed in the liquid phase, which were hybridized with the genus-specific probes.

13
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275  With ethanol-fixed biomass, appendages (approx. 0.4 x 4~8 um) were observed at both
276  poles of the rod-shaped cell. FISH signals for these structures were patchy, indicating a
277  relatively low number of ribosomes present inside the appendages. No FISH signal were
278  observed for the appendages with PFA fixed cells (Figure S6). When using Syto9 to stain
279  the nucleic acids, these appendages were clearly visualized for the probe-hybridized cells
280  in both PFA- and ethanol-fixed samples (Figure S6). It suggests that the nucleic acid

(3

281  containing cytoplasm was shared between the rod-shaped “main body” and the
282  appendages. This was further confirmed by Raman microspectroscopy analysis, which
283  demonstrated a similar composition in terms of nucleic acids, membrane lipids, and
284  proteins of the main body and the appendages (Figure 2C). Probe-targeted cells from
285  another digester at Esbjerg WWTP demonstrated similar morphology. Accordingly, we
286  hypothesize that the appendages are extensions of the cell envelope out of the central rod
287  body, similar to the prosthecae of Caulobacter and Asticcacaulis®.

288 Further analysis of FISH data demonstrated three different morphologies according
289  to the size of the central rod and the length or appearance of the polar prosthecae: 1) central
290  rod with bipolar prosthecae of similar length; 2) smaller central rod with bipolar stalks of
291  different length; 3) smallest central rod with a single polar prostheca (Figure 2B). These
292  different morphologies likely represent sequential development of bacterial morphology at
293  different growth stages, in which small rods with a single prostheca represent cells just
294 after cell division, and the longer rods with two prosthecae of equal length represent cells
295  just before cell division. Indeed, it was possible to identify a few dividing cells with

296  prosthecae of equal length (Figure 2B). Dynamic morphology change in a cell cycle is

297  already known from other prosthecate bacteria, such as Caulobacter>® and Asticcacaulis>*.

14
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298 Higher resolution information on cell surface properties of Ran1 was obtained using
299  atomic force microscopy (AFM) (Figure 4). AFM confirmed the morphology observed by
300  FISH microscopy, i.e. a central rod-shaped cell with prosthecae extending from both poles.
301  Analysis of four individual Ranl cells revealed that the average width and length of the
302  main rod body were 0.46+0.03 um and 1.58+0.39 um, respectively. The average height of
303  only 0.066+0.017 um showed that cells collapsed during air drying of the sample. The
304 width of the prosthecae was relatively constant (0.256+0.004 pm), but decreased to
305  0.225+0.001 um in cross sections where bending of the prosthecae occured. Such bendings
306  were observed in most samples, and the degree of narrowing varied, based on the bending
307  angle, which was up to 124.243.6°. This indicated flexibility of the prosthecae. The total
308  length of the bacteria with prosthecae was 11.42+1.49 um.

309 The total surface area (SA) and surface area to volume ratio (SA/V) were calculated
310  for the rod-shaped cell with and without the prosthecae, based on the observed average
311  length and width. Results show that development of the prosthecae made the surface area
312 increase by 3.5 times (from 2.28 to 10.20 um?) and SA/V become 42% larger (from 9.6 to
313 13.7 um), providing an increased interface for nutrients uptake®®>2 It has been
314  demonstrated that prosthecate bacteria have a competitive advantage under nutrient
315  deficient conditions, and they are often observed under such conditions®! >4, Nevertheless,
316  this effect is even more pronounced in diffusion-limited environments, where the rate of
317  nutrient uptake is proportional to the effective linear dimension of a structure, rather than
318  toits surface area®'. Indeed, the length of the prostheca of Caulobacter inversely correlates
319  with the availability of phosphate, indicating enhanced phosphate uptake capability™.

320  Consistent with this observation, the digesters which harbour Ranl in abundance
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321  demonstrated relatively low soluble orthophosphate concentration (around 25~80 mg
322 PO4 P/L), compared to the other digesters (95~480 mg POs P/L) (Table S1).
323  Furthermore, it was observed that the decrease of Ran1 (from 6~8% to < 1%) in the summer
324  of 2016 followed an increase of phosphorus content (POs—P and Total P) as well as
325  concentration of organic compounds (VFAs, CODs) in the liquid phase (Figure S7 and
326  S8). This supports the idea that Ran1 may have a competitive advantage in nutrient-limited
327  engineered systems, especially at levels with relatively low amounts of phosphorus. Ranl
328  may, therefore, be used as a bioindicator for such a condition, but more studies are needed

329  to verify this hypothesis.

330 Genome inferred surface properties

331  Some cell envelope properties can be inferred directly from genomes, based on the
332  presence or absence of cell envelope genes found specifically in archetypical mono- or
333  diderm lineages'*. This study revealed an unusual cell envelope architecture of Ran1, with
334  similarities to both members of the monoderm Chloroflexi and the atypical diderms
335  Thermotoga and Deinococcus-Thermus (Figure S9). Accordingly, it is less than easy to
336  conclude whether Ranl has a mono- or diderm cell envelope. The genome did not contain
337 any genes associated with lipopolysaccharides, which are commonly found in the outer
338  membrane of diderm bacteria’®. However, genes encoding an outer-membrane-specific
339  bacterial surface antigen and an outer-membrane permease imply that Ranl may have a
340  simple diderm cell envelope similar to those found in Thermotoga®’. The sheath-like outer
341 membrane of Thermotoga changes its size according to environmental conditions, which

342  has been proposed to provide increased access to nutrients in the same manner as the
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343  prosthecae of prothecate bacteria®. Accordingly, it may be proposed that the outer
344  membrane of Ranl is a simple scaffold for high affinity nutrient transporter>'.

345 Further genome annotation and specialized searches using the PilFind program®
346  did not reveal any genes associated to flagella, fimbriae, pili, or cell surface adhesins.

347  However, a few genes related specifically to prostheca development were encoded by the
348  genome, such as the bactofilin family cytoskeletal protein CcmA and the bifunctional

349  penicillin-binding protein Pbp33. In Caulobacter crescentus, bactofilins are found as

350 membrane-associated clusters at the pole of the cell, where they recruit the peptidoglycan
351  synthase PbpC and initiate prosthecae development33. It is, therefore, likely that Ranl

352  may use a similar strategy for this purpose. Metabolic model for Ranl

353 To learn more about the potential function of Ranl, we constructed a metabolic
354  model based on the annotated genome (Figure 5 and Table S6). A brief overview of the
355  metabolic model is provided below, and detailed descriptions of selected pathways are

356  given in Supplementary Results.

357  Carbon uptake and central metabolism

358  Several ABC transporter genes were detected, including those for importing amino acids,
359  peptides, glycerol-3-phosphate, maltose, ribose, and alpha-glucoside. This indicates that
360  Ranl can take up these compounds at the expense of ATP or the proton motive force (PMF)
361  and use them as carbon and energy sources.

362 Sugars imported can be catabolized through the Embden—Meyerhof—Parnas
363  pathway. The ATP produced during the transformation of hexoses to pyruvate can provide
364 the cells with energy. Besides hexoses, Ranl may utilize a broad range of pentoses, as it

365  has all the genes of the non-oxidative pentose phosphate pathway®. Ranl also encoded the
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366 complete pathway for glycogen metabolism and the gene encoding a trehalose synthase.
367  Therefore, glycogen and trehalose may serve as carbon and energy storage, which can be
368 utilized to mitigate fluctuations in substrate availability®"-®2. Two extracellular glycosylases
369  were identified, including a cellulase and a glycoside hydrolase. This indicates that Ranl
370  has some limited extracellular saccharolytic activity and can hydrolyze polysaccharides
371  from the feeding sludge into simpler sugars.

372 The pyruvate generated from sugars can be converted to acetyl-CoA by the
373  pyruvate:ferredoxin oxidoreductase complex (porABC), generating reduced ferredoxin
374  (Fdred). Acetyl-CoA can then enter the fermentation pathway catalyzed by two acetyl-CoA
375  synthetases (acsA or acdA), resulting in the production of acetate and energy in the form
376  of ATP.

377 The genome encoded an incomplete tricarboxylic acid (TCA) pathway, in which a
378  succinate dehydrogenase (sdhABCD)/fumarate reductase (frd ABCD) complex was not
379  annotated. The partial pathway may serve as a source of biosynthetic precursors for
380  anabolic pathways, as in methanogens and some other anaerobic bacteria®>-%4,

381 Amino acids and peptides, imported by ABC transporters, represent a potential
382  source of carbon, nitrogen, energy, and building blocks of the cell. Indeed, it was found
383  that the genome encoded genes for catabolizing at least 13 of the 22 amino acids (Figure
384 S10 and S11). Serine, glycine, cysteine, aspartate, glutamate, glutamine, histidine,
385  tyrosine, and tryptophan can be deaminated and converted into either pyruvate,
386  oxaloacetate, or 2-oxoglutarate (Figure S10). These intermediates are then further oxidized
387 by the pyruvate:ferredoxin oxidoreductase (por) or 2-ketoglutarate ferredoxin

388  oxidoreductase (kor) to generate acetyl-CoA or succinyl-CoA, which can then be cleaved
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389  to yield acetate or succinate and energy in the form of ATP%-%. Glycine and serine can
390 alternatively be degraded to formate through the glycine cleavage system and
391 tetrahydrofolate pathway*’, concomitant with the generation of ATP and reducing
392 equivalents (in the form of NADH and Fdred). Some key enzymes involved in the
393  catabolism of branched-chain amino acids were absent in the annotated genome (Figure
394  S11). It is therefore only the non-branched-chained amino acids that can be used as energy
395  source.

396 Limited capacity for amino acid synthesis was encoded in the genome (Table S6),
397  indicating that some of the imported amino acids need to be directly used in anabolic
398  pathways®’.

399 Ranl does not have the necessary genes for nitrogen fixation and ammonia import.
400  Amino acids are thus predicted to be a major source of nitrogen, as NH3 is produced from
401  deamination and assimilated via the glutamine/glutamate synthase pathway °%. The high
402  dependence of exogenous amino acids and the fact that Ranl only encode a single
403  extracellular protease imply high dependence on the proteolytic action of other members

404  of the microbial community.

405  Energy conservation and electron flow

406  Ranl encodes an energy-conserving, membrane-bounded hydrogenase complex (Mbh A-
407 N) (Figure 5 and S12) which can translocate protons across the membrane while
408  catalysing Fdrd-driving H2 production'®®. It enables the cell to establish a PMF from
409  Fdred’®. The produced H2 and Fdox can be recycled by another complex formed by the
410  electron-bifurcating heterodisulfide reductase (Hdr A-C) and the methyl viologen reducing

411  hydrogenase (Mvh D,G,A)%. In addition, a bidirectional [NiFe] hydrogenase complex
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412 (Hox E,F,U,H,Y) and a putative [Fe] hydrogenase (Hym AB) were also encoded. These
413 complexes catalyze the electron transfer between H'/Hz with NAD(P)H/NAD(P)*"""7? and
414 Fdred/Fdox, respectively. These bidirectional hydrogenases are hypothesized to function
415  as electron valves, balancing reductants in the cell’>. As part of the energy recycling
416  system, the membrane-integral pyrophosphatase (HppA) can also translocate H" or Na* to
417  generate PMF, using the energy produced from hydrolysis of pyrophosphate (PPi)’.

418 Surprisingly, the genome does not encode any conventional ATP synthases, which
419  are often used to generate ATP at the expense of the established PMF’>. Loss of functional
420  ATP synthase has also been reported for other strictly anaerobic fermenters, such as
421  Clostridium acetobutylicum’® and Clostridium perfringens’’. The energy stored in the PMF

422 s therefore most likely used for active transport of substrates’®,

423 Sulfur metabolism

424  Ranl does not encode pathways for sulphate reduction. However, the complex formed by
425  the electron-bifurcating heterodisulfide reductase (Hdr A-C) and the methyl viologen
426  reducing hydrogenase (Mvh D,G,A) could function as a polysulfide/disulfide
427  oxidoreductase (Figure S12), as proposed for other anaerobic bacteria'®”. Ranl may

428  therefore have a potential role in sulphur transformations in digesters.

429  Stress response

430 The genome possesses several genes typical of anaerobic bacteria, such as the oxygen-
431  sensitive class III ribonucleoside triphosphate reductase, ferredoxin oxidoreductases, and
432  radical S-adenosyl-methionine-dependent (SAM) proteins (Table S6). The oxygen-
433 required class-I and oxygen-tolerant class-II ribonucleotide triphosphate reductases were

434  not found. However, Ranl encodes several proteins predicted to counter oxidative damage,

20


https://doi.org/10.1101/207811
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/207811; this version posted October 24, 2017. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

435 including superoxide reductase, ruberythrin, thioredoxins, peroxidases, thioredoxin

436  reductase, and glutaredoxins, which may allow it to survive under microaerobic conditions.

437  Ecological significance and concluding remarks

438  This study presents the first detailed insight into the morphology, physiology, and ecology
439  of a member of the candidate phylum Acetothermia (former OP1). The bacterium was
440  stably present in several mesophilic sludge digesters during a period of several years and
441  represents a novel genus that includes other previously detected 16S rRNA gene sequences
442  of Acetothermia in anaerobic bioreactors. Members of this genus from digesters at different
443  WWTPs belong to the same OTU and demonstrate the same morphology. These digesters,
444  from two individual WWTPs, have no link between each other in terms of operation,
445  seeding microbiome and feedstock. It may indicate low diversity of Acetothermia bacteria
446  in anaerobic digester environments. The metabolic reconstruction suggested that it is an
447  anaerobic, fermentative bacterium involved in acidogenesis, producing organic acids (such
448  as acetate and formate) and hydrogen from the fermentation of peptides, amino acids, and
449  simple sugars (maltose, sucrose). It might also use polysulfide as an alternative electron
450  acceptor to produce hydrogen sulphide (H2S) — thus contributing to the turnover of sulfur
451  and production of HzS.

452 The heterotrophic way of life predicted for Ranl is similar to that of the oil
453  reservoir-associated Acetothermia bacterium 64 32'2, which affiliates to the same family
454  level clade (Figure 2A). In contrast, the other more distantly related described member of
455  the phylum, Candidatus Acetothermum autotrophicum, is predicted to have an acetogenic

456  lifestyle by COz fixation?!.
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457 Interestingly, this Acetothermia bacterium demonstrated an unusual morphology
458  composed of a central rod cell and long prosthecae protruding from both poles of the rod.
459  This type of morphology is rarely observed for bacteria outside the Alphaproteobacteria®,
460  and it is the first time prosthecae have been shown for a candidate phylum bacterium. The
461  model organism for prosthecate bacterium, C. crescentus, has revealed important insight
462  into development of cell morphologies®. As Ranl is distantly related to all known
463  prosthecate bacteria, it is likely that this bacterium can shed new light on the evolution of
464  cell morphology. The long and flexible prosthecae greatly expand the surface area of the
465  cell and provide increased access to nutrients under nutrient-limiting conditions. This is
466  supported by their abundance being restricted to digesters with relatively low levels of
467  phosphorus and other nutrients.

468 The genome generated in this study is one of few closed genomes for uncultured
469  candidate phyla and importantly provides the foundation for future study on pathway
470  expression of the lineage with metatranscriptomics and metaproteomics. The design of
471  FISH probes for the genus will facilitate future in situ studies of the genus in other systems.
472 Phylogenetic analyses of the Ranl genome classified it as a novel genus within the
473  phylum. We suggest that the closed genome should serve as the type material for this genus
474 8132 and propose the following taxonomic names for the novel genus and species:

475  Bipolaricaulis gen. nov.

476  Etymology. L. pref. bis bi, twice; N.L. adj. polaris (from L. n. polus, a pole), pertaining to
477  the poles of the rod-shaped cell; L. masc. n. caulis, stalk; N.L. masc. n. Bipolaricaulis,
478  stalks at both poles.

479  Bipolaricaulis anaerobia gen. et sp. nov.
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480  Etymology. an.a.e.ro’bi.a. N. L. F. adj. Gr. pref. an not; Gr. N. aer air; Gr.n.bios life; N.L.
481  adj. anaerobia, anaerobe, that can live in the absence of oxygen; referring to the respiratory

482  metabolism of the organism.
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695  Figure 1. Heatmap of the ten most abundant microbial genera in anaerobic digesters
696  treating sewage sludge. (A) Average genera abundances of the period of 2011~2016 in the
697  digesters from 20 wastewater treatment plants (WWTPs). Labels at the bottom of the
698  heatmap represent the location of WWTPs and digesters. Blue labels represent WWTPs
699  applying thermal-hydrolysis process for pre-treating the feedstock. (B) Temporal analysis
700  of the microbiome composition in the digesters from Randers and Esbjerg WWTPs and of
701  the feedstock. Mean abundances of two digesters running in parallel at each WWTP were
702 shown in the profile. Labels at the bottom of the heatmap represent sample type, year, and
703  week of sampling time. Sample type includes: AD for sludge from anaerobic digesters; PS
704  for sludge from the primary clarifier, and BS for surplus biological sludge from secondary
705  clarifier; BS+PS for a mixture of PS and BS before being fed into the digester.
706  Classification levels presented are phylum and genus, which are separated by semicolon.
707  The genera are sorted by the mean abundance across all the analyzed samples.
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Figure 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 classification 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% (white dot), 50~70% (grey) 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 prostheca. An M1 cell which seems to be
undergoing cell division is indicated with an asterisk. PFA-fixed biomass samples were used, originating from an anaerobic sludge
digester at Randers WWTP. Scale bar represents 10 um. (C) Raman spectra of a bipolar prosthecate cell targeted by OP1-702 probe.
Seven spectra for the main rod body (red) and thirteen for the prosthecae (cyan) were obtained as indicated by the spots on the embedded
cell image. Average spectra of the rod and prosthecae, respectively, are shown with the standard deviation depicted as ribbons. Peaks
were assigned for nucleic acids (784 cm™), phenylalanine (1004 cm™'), membrane lipids (1450 cm™), and amide I linkages of proteins
(1660 cm™)80:81,
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Figure 3. Phylogenetic position of Acetothermia genomes in the reference genome tree generated
727 by CheckM v. 1.0.6** and visualized in ARB v. 6.0.2%°. The CheckM tree is inferred from the
728

concatenation of 43 conserved marker genes and incorporates 2052 finished and 3605 draft
729  genomes from the IMG database®’.
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Figure 4. Combined optical and atomic force microscopy images reveal the morphology of Ranl
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 um 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 um with prosthecae at both poles, which
are 0.26053+0.00911 um (X) in width, except for slight narrowing down to 0.22465+0.00115 um
(Xc) due 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.
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741  Figure 5. Metabolic model of Acetothermia sp. Ranl based on the annotated genome
742  sequences (Table S6). AA = Amino acids; BRC AA = Branched-chain amino acids; Sec =
743  Secretion system; Glycerol-3P = Glycerol-3-phosphate; PPP = Pentose phosphate
744  pathway; PRPP = 5-Phospho-alpha-D-ribose-1-diphosphate; ATP = Adenosine
745  triphosphate; CoA = Coenzyme A; THF = Tetrahydrofolate; NAD(P)H = Nicotinamide
746  adenine dinucleotide (phosphate) hydrogen; Pi = Phosphate; PPi = Pyrophosphate; MTA
747 = 5'-S-Methyl-5'-thioadenosine; MNT = Manganese transporter; TRK = Potassium (K)
748  transporter; MGT= Magnesium transporter; FED = Ferrous iron (Fe?") transporter; ZUP
749 = Zinc (Zn) transporter; MFS = Major facilitator superfamily transporter. More details on
750  amino acids and electron transport metabolisms are shown in Figure S10-12.
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