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Abstract

Methanogenesis allows methanogenic archaea (methanogens) to generate
cellular energy for their growth while producing methane. Hydrogenotrophic
methanogens thrive on carbon dioxide and molecular hydrogen as sole carbon and
energy sources. Thermophilic and hydrogenotrophic Methanothermobacter spp.
have been recognized as robust biocatalysts for a circular carbon economy and
are now applied in power-to-gas technology. Here, we generated the first manually
curated genome-scale metabolic reconstruction for three Methanothermobacter
spp.. We investigated differences in the growth performance of three wild-type
strains and one genetically engineered strain in two independent chemostat
bioreactor experiments. In the first experiment, with molecular hydrogen and
carbon dioxide, we found the highest methane production rate for
Methanothermobacter thermautotrophicus AH, while Methanothermobacter
marburgensis Marburg reached the highest biomass growth rate. Systems biology
investigations, including implementing a pan-model that contains combined
reactions from all three microbes, allowed us to perform an interspecies
comparison. This comparison enabled us to identify crucial differences in formate
anabolism. In the second experiment, with sodium formate, we found stable growth
with an M. thermautotrophicus AH plasmid-carrying strain with similar performance
parameters compared to wild-type Methanothermobacter thermautotrophicus Z-
245. Our findings reveal that formate anabolism influences the diversion of carbon
to biomass and methane with implications for biotechnological applications of
Methanothermobacter spp. in power-to-gas technology and for chemical

production.
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Graphical Abstract

rd
Electrolysi : .
Excess e 6 e Continuous Fermentation
Renewable Power, 2% ot ) _
N ATIA ’
‘ NI BT
0 ; i
y [E) g H, Gas Analysis
/] D
j x ’

_—

Uptake & Transcriptomics

Production - y”/?

1¢

CO,
( )
Rates &Y

ool
PacBio DH  H,+CO, / ) _
Sequencing Proteomics
CH,
— MOVOT +—>
&

Waste CO,
=

Genomics

Biomass . .
Genome-Scale Metabolic Modeling

Broader context

Renewable energy sources (e.g., wind and solar) provide carbon-free electric
power. However, their intermittency and offset between peak production and
demand generate the need to store this electric power. Furthermore, these
technologies alone do not satisfy the demand for carbon-based commodities.
Power-to-gas technology provides a means to store intermittent renewable electric
power with concomitant carbon dioxide recycling into a chemical energy carrier,
such as methane, on a centralized and decentralized scale. This is particularly
important to establish equitable energy strategies for all countries, as is highlighted
by the United Nations Sustainable Development Goals. With this work, we provide
an integrated systems-biology platform for Methanothermobacter spp. to optimize
biological power-to-gas technology and formulate strategies to produce other

value-added products besides methane.
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89 Introduction

90 Greenhouse-gas emissions from fossil fuels, primarily carbon dioxide, are the
91  primary driver of anthropogenic climate change. Solutions are urgently needed to
92 mitigate the devastating effects of greenhouse-gas emissions worldwide and
93 decarbonize the energy and industrial sectors. Societies must reshape in a way
94  that allows the efficient implementation of: 1) renewable electric power to replace
95 fossil sources for public and industrial energy demands; and 2) carbon dioxide as
96 feedstock instead of emission for the production of commodities within a circular
97 carbon economy. Power-to-gas technologies are implemented to convert excess
98 renewable electric power via water electrolysis into dioxygen and molecular
99 hydrogen. In an additional methanation step, the molecular hydrogen can be

100 combined with carbon dioxide to produce methane and water (Equation 1).

CO, (g) + 4H, (g) - CH, (g) + 2H,0 (1) Equation 1
101

102  Potential carbon dioxide sources that would align with a sustainable circular carbon
103 economy include: 1) biogas from anaerobic digestion, which contains up to ~40%
104 carbon dioxide;' 2) exhaust gas from non-fossil power plants such as from
105 renewable natural gas and biomass; 3) off-gases from other industrial processes
106 that are difficult to be decarbonized entirely such as cement and steel production;?
107 4 and 4) direct air capture.56 While power-to-gas can provide carbon-free molecular
108 hydrogen, the hydrogen infrastructure is not well-established. The addition of
109 molecular hydrogen into the existing natural gas grid is typically limited to under
110  10% v/v, depending on the location.” However, some studies have considered
111 higher ranges.®10 Instead, methane resembles the main constituent of fossil
112  natural gas. Methane can be injected into the natural gas grid infrastructure, which
113 is already in place in many communities, for storage, distribution, and consumption

114  purposes. Therefore, methane from power-to-gas has the potential to replace fossil

5
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115 natural gas in the natural gas grid as a decarbonization strategy and for

116  communities to become more independent in securing energy demands.* "

117  The methanation step in power-to-gas can be performed via thermo-chemical
118 processes such as the hydrocarbon-forming Sabatier process.'? However, these
119  processes typically require high temperature (> 200°C) and pressure (> 1 MPa),
120 as well as a metal catalyst (e.g., iron, nickel, cobalt, ruthenium) that is sensitive to
121 gas impurities.’®15  Alternatively, the methanation step can be performed
122  Dbiologically with microbes, known as hydrogenotrophic methanogenic archaea
123  (methanogens) as biocatalysts, which naturally metabolize carbon dioxide and
124  molecular hydrogen to produce methane (Equation 1).1.1416 Thermophilic
125 methanogenic species of the genus Methanothermobacter have been adopted for

126  this purpose on a large scale.'”

127  During the last 40 years, Methanothermobacter thermautotrophicus AH (formerly
128  Methanobacterium thermoautotrophicum AH) and Methanothermobacter
129  marburgensis Marburg (formerly Methanobacterium thermoautotrophicum
130 Marburg) have served as model microbes to study hydrogenotrophic
131  methanogenesis.’™® This resulted in an abundance of literature on their core
132 metabolism, which includes methanogenesis, for example, in an extensive
133  comparative genome study.'® Nevertheless, more than 500 hypothetical proteins
134 and many pathways have not been resolved.?0 Another related species,
135  Methanothermobacter thermautotrophicus Z-245 (formerly Methanobacterium
136  thermoformicicum Z-245'8), has primarily been studied for its formate
137  metabolism?2! and its plasmid (pFZ1).22 All three microbes grow on carbon dioxide
138 and molecular hydrogen, but M. thermautotrophicus Z-245 can also utilize formate
139 as a sole growth substrate (Equation 2) due to the presence of a catabolic formate

140 dehydrogenase.?

4HCOOH (aq) — CH, (g) + 3CO, (g) + 2H,0 (1) Equation 2


https://doi.org/10.1101/2022.12.30.522236
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.30.522236; this version posted December 30, 2022. 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-NC-ND 4.0 International license.

141

142  The three microbes have similar optimal growth temperatures (~65°C), pHs (~7),
143 and no requirements for any organic compounds for growth.2® Further, their
144  relatively short doubling time and growth into high biomass densities compared to
145 other methanogens (particularly mesophilic species)?® promote their use for
146  biotechnological applications. The exothermic nature of hydrogenotrophic
147  methanogenesis renders thermophilic species especially suitable because less

148  energy is required for cooling the bioreactor.’

149 A promising approach to predict phenotypes and identify potential bottlenecks for
150 optimizing microbial metabolisms is through mathematical analyses of their
151 potential metabolic networks.?* Genome-scale network reconstructions are
152  knowledgebases that represent the theoretical metabolic capacities of a microbe
153 as a network of metabolites (nodes) linked by reactions. Reactions are associated
154  with (a set of) genes via the enzyme (encoded by these genes) that catalyze that
155 respective reaction. A genome-scale metabolic model (GEM) represents the
156  reconstruction as a stoichiometric matrix. The GEM is typically used in constraint-
157 based modeling approaches in which steady-state conditions and conservation of
158 energy and mass are assumed. These mathematical models enable virtual
159 experiments, including investigating gene deletions and insertions. GEMs
160 comprehensively organize the knowledge about microbes and systematize our
161  understanding of how they live and grow. During the last 20 years, thousands of
162  reconstructions and GEMs have been assembled across all three domains of life;
163  however, archaea remain underrepresented. Only 127 of 6239 (2%) are archaeal
164 GEMSs.25 Of those, only ten models have been manually curated, which is a
165 procedure that leads to higher quality models.25> Many tools have been developed
166  to accelerate model-building, mainly through automationZ6 — a process that often
167 relies on genome annotations, biochemical data, and other models from

168 databases, which are more limited and less specific for archaea.?”
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169 The applications of GEMs and related models have been extensively reviewed.2?
170 Besides predicting phenotypes and bottlenecks, GEMs also provide a backbone
171  forintegrating cultivation data, omics data (genomics, transcriptomics, proteomics,
172  metabolomics, and fluxomics), kinetics data, and thermodynamics data through
173  various methods from flux balance analysis to machine learning.28 Further, the
174  reconstruction of pan-models or pan-GEMs enables: 1) the construction of GEMs
175  for new microbes, especially non-model microbes;2° 2) the comparative genomic-
176  to-phenotypic study of closely related microbes;?°30 and 3) the analysis of the
177  evolution of metabolism of the selected species (if constructed using orthologous
178 genes).3! Few studies collected samples of Methanothermobacter spp. for
179 fermentation analyses during steady-state from chemostat bioreactors.232-34 Only
180 limited studies have looked at the entire transcriptome or total proteome of M.
181  thermautotrophicus AH3%3¢ or M. marburgensis Marburg.3” These studies
182 investigated the effect of varying cultivation conditions on the transcriptome35 and
183  proteome.36:37 However, no published omics data are available for M.
184  thermautotrophicus Z-245. Further, no study compared the methanogens using
185 pan-transcriptomics and pan-proteomics (in general, few studies compare directly

186  across closely related species38:39),

187 To assess the differences and potential advantages for bioprocessing between the
188 three different model Methanothermobacter spp., we: 1) (re)sequenced the
189 genomes (M. thermautotrophicus Z-245 genome sequence was not available
190 Dbefore); 2) performed a genome comparison (i.e., created a pan-genome by
191 identifying homologous genes across the three microbes); 3) reconstructed a high-
192  quality manually-curated pan-model and GEMSs; 4) operated two experiments with
193 quadruplicate chemostat bioreactors to achieve steady-state conditions; 5)
194  collected transcriptomics and proteomics data sets from these bioreactors; and 6)
195 integrated these data sets into the GEMs. We compared the three wild-type

196 microbes and a plasmid-carrying M. thermautotrophicus AH strain (M.

8
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197  thermautotrophicus AH pMVS1111A:Prmis-fdhz.245) that is capable of utilizing
198 formate as a growth substrate.4? With these extensive data sets, we demonstrated
199 how a systems-biology approach can be applied for interspecies comparisons
200 while providing a rich collection of multi-level data that will be a valuable resource
201  for the scientific community, for example, to help fill the knowledge gaps in

202 archaeal metabolism.

203
204 Results and Discussion

205 Updated genome sequences for Methanothermobacter spp. provide

206 the basis for high-quality genome-scale metabolic reconstructions

207 We conducted independent de-novo sequencing and genome assembly for M.
208 thermautotrophicus AH, M. thermautotrophicus Z-245, and M. marburgensis
209 Marburg with long-read sequencing technology (Table 1; Table S1 and Section
210 1.2-1.3, ESIt [detailed descriptions of the materials and methods are provided in
211 Section 1, ESIt]). This procedure provided high-quality genome sequences (first
212 release of the M. thermautotrophicus Z-245 genome sequence), including the
213  species-specific methylation pattern of the three microbes (Text S1 and Table S2,
214  ESIY). In our genome annotation, we assigned COG functional annotations to
215  1501/1796, 1505/1804, and 1440/1730 genes for M. thermautotrophicus AH, M.
216  thermautotrophicus Z-245, and M. marburgensis Marburg, respectively (Table S3,
217  ESIY). We identified genes that were: 1) previously predicted but not identified in
218 our new sequences for M. thermautotrophicus AH and M. marburgensis Marburg;
219 and 2) identified but not previously predicted (Table S4, ESIt), which we
220 considered for the GEM reconstruction described below. For example, we did not
221 identify a predicted ribonucleoside-diphosphate reductase in M. marburgensis
222  Marburg (MTBMA_c10330) in our new genome sequence. These differences were

223 likely due to advances in sequencing methods and algorithms for assembly and
9
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224  annotation during the last few decades (M. thermautotrophicus AH was sequenced
225 in 199741 and M. marburgensis Marburg in 201042). For sequencing, we used
226  strains directly from the DSMZ without excessive subcultivation (Section 1.1,

227 ESIt). However, we cannot exclude differences due to lab-culture adaptation.

228 Additionally, the gene annotation style was slightly altered. Specifically, stop
229 codons no longer inevitably resulted in the prediction to terminate a gene. For
230 example, the two homologs of adenosine monophosphate (AMP)-forming acetyl-
231  CoA synthetase (ACS), which catalyze the formation of acetyl-CoA from acetate
232 using ATP, were both split into two open reading frames (ORF) in the old M.
233 thermautotrophicus AH genome annotation (MTH217-MTH216 and MTH1603-
234 MTH1604) (Table 2). In our new annotation, both sets of genes mapped to only one
235 ORF (ISG35_00975 and ISG35_07685). In the first set, there remains an in-frame
236 stop codon located in the middle of the gene (at amino acid number 559), which
237  was noted with the comment “internal stop” in the GenBank file (in total, four genes
238 in the genome have this note). This stop codon likely renders this ACS non-
239 functional in M. thermautotrophicus AH.*3 However, in the second set, the new
240 gene annotation (ISG35_07685) did not contain an in-frame stop codon anymore,
241  confirming the error in the old genome sequence.*® The second ACS could be
242  characterized before.*> However, our omics data revealed that it was transcribed,
243 translated, and thus, assigned to a reaction in the pan-model (Data S1, ESIt). In
244  addition, a putative acetate transporter was annotated in both the previously
245  reported (MTH215) and new (ISG35_07680) sequence, and we found this gene to
246  be transcribed and translated (Table 2). It remains to be elucidated experimentally
247 what implications these findings have for the acetate metabolism in M.
248 thermautotrophicus AH. Overall, the genome sequences with the updated

249  annotations provided a high-quality basis for the construction of our GEMs.

250 Our pan-model results in a high genome coverage compared to current

251 methanogen reconstructions
10
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252 To streamline a comparison between our three microbes, we constructed a pan-
253 genome-scale metabolic reconstruction (pan-model) that integrates the metabolic
254  capabilities of all three microbes. This pan-model consists of 618 reactions
255 (including 46 exchange reactions, 56 transport reactions, and seven biomass-
256 associated reactions, with eleven transport and eleven exchange reactions that
257 act as pseudo reactions for orphan metabolites to refer to compounds that are
258 either only produced or consumed), 555 metabolites, and 545 genes (Data S2,
259 ESIY). The pan-model reflects 29.3% (526/1796, M. thermautotrophicus AH),
260 28.8% (520/1804, M. thermautotrophicus Z-245), and 29.4% (509/1730, M.
261  marburgensis Marburg) of the protein-coding genes. This coverage for archaea,
262 specifically methanogens, is comparable to published reconstructions, for which
263 the average is 20% and the highest 29%.44 Based on the pan-model, we derived
264  strain-specific GEMs for each of the three microbes (IMTD22IC, iMTZ22IC,
265 IMMMZ22IC), which we used for further modeling as described below (Data S2,
266 ESIt). We followed recent recommendations for best practices, including for the
267 GEM nomenclature.*> We tested the GEMs in MEMOTE, which is a tool that
268 provides a comparable score about the quality of a model, and each scored 85%
269 (Data S2, ESIt).46 Older models tend to score lower; however, even a model that
270 was built using the relatively new automated reconstruction tool, CarveME,*” only
271  achieved 33%.2* Further, we produced metabolic pathway maps to visualize the
272  GEMs with Escher (Data S2, ESIt).#8 In this study, we utilized the pan-model and

273 GEMs to explain observed differences between the three microbes.

274 M. thermautotrophicus AH has a significantly higher methane-
275 production rate compared to M. thermautotrophicus Z-245 and M.

276  marburgensis Marburg

277 To compare the metabolism of the three microbes and to produce statistically
278 relevant data to constrain the GEMs, we performed quadruplicate chemostat

279  bioreactors (N=4) with the three microbes in pure culture under the same growth
11
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280 conditions in a single experimental run. For M. thermautotrophicus Z-245, we
281  discarded one replicate (N=3) due to a pump malfunction in this bioreactor and
282  wash-out of the cells (Section 1.8, ESIt). We performed PCR analyses with strain-
283  specific primer pairs, which excluded cross-contamination between the bioreactors
284 (Figure S1 and Section 1.9, ESIt). Under steady-state growth conditions, M.
285  thermautotrophicus AH had consumption rates for molecular hydrogen of 234.36
286 * 40.76 mmol/gcow/h and carbon dioxide of 58.18 £ 11.49 mmol/gcow/h, with a
287  production of 52.50 + 8.53 mmol/gcow/h methane and 0.03 + 0.01 gcpw biomass
288 (Figure 1A, B; Table S5, ESIt). This was a significantly higher consumption rate
289 for molecular hydrogen (1.59-fold and 1.72-fold) and carbon dioxide (1.69-fold and
290 1.72-fold), as well as production rate for methane (1.62-fold and 1.82-fold),
291 compared to both M. thermautotrophicus Z-245 and M. marburgensis Marburg
292 (Figure 1A, B; Data S3, ESIt). However, the biomass concentration of 0.04 + 0.01
293  gcow was significantly (1.36-fold) higher for M. marburgensis Marburg than for the
294  other two microbes (Figure 1A, B; Data S3, ESI{). This divergence resulted in
295 differences in the normalized distribution of products, with the highest methane-to-
296 biomass ratio of 96.4 + 0.57 for M. thermautotrophicus AH and the lowest of 93.5
297 £ 0.98 for M. marburgensis Marburg under our experimental conditions (Figure
298 10).

299 Based on our findings, for industrially relevant power-to-gas systems, the clear
300 choice between these three methanogens would be M. thermautotrophicus AH due
301  toits superior kinetics and methane specificity. However, it is essential to consider
302 the fermentation conditions of our study. We applied a volume gas per volume
303  bioreactor per minute (vvm) of 0.08, while others applied a much higher vvm of up
304 to 2.01.7 Whether the superior behavior of M. thermautotrophicus AH would hold
305 atthe higher vvm was not evaluated here, and should be considered. Here, we did

306 not maximize methane production rates or achieve high methane partial pressures

12
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307 in the product gas. Instead, we produced replicate data sets under identical

308 experimental conditions for the three microbes.

309 Interspecies comparison of multi-level omics under steady-state

310 growth conditions reveals different gene-expression patterns

311 For an in-depth assessment of the bioreactor experiments, we performed
312 transcriptomics and proteomics analyses during steady-state for all replicate
313 Dbioreactors (Data S1, ESIt). We achieved high reproducibility of the replicates for
314 both transcriptomics and proteomics and high coverage of the transcriptome
315  (94.18-99.77%) and proteome (78.29-79.82%) with each microbe (Table 3A). The
316  high coverage of both the transcriptome and the proteome indicates that the
317  density of coding sequences in the genomes of the microbes is further reflected at
318 the transcript and protein levels. The numbers of identified proteins in our study

319 are similar to those previously found for M. thermautotrophicus AH by Liu, et al.36

320 To compare the omics data sets between microbes, we merged the underlying
321 genomes into pan-transcriptome and pan-proteome databases (creating reference
322 genes, termed “gene groups,” Data S1, ESIt, Section 1.22, ESIf). Merging
323 allowed us to perform differential expression analyses for the pair-wise comparison
324 of M. marburgensis Marburg versus M. thermautotrophicus AH (MM/DH), M.
325 thermautotrophicus Z-245 versus M. thermautotrophicus AH (ZZ/DH), and M.
326 thermautotrophicus Z-245 versus M. marburgensis Marburg (ZZ/MM). We found
327 many differentially expressed genes in the pan-transcriptome but much fewer
328 differentially abundant proteins in the pan-proteome comparison, and in both omics
329 sets, fewer differences between M. thermautotrophicus AH and M.
330 thermautotrophicus Z-245 than to M. marburgensis Marburg (Table 3B; Figure
331 2C-G; Table S6 and Data S1, ESIt). In addition, the 100 most highly expressed
332 genes on the transcript level share few overlaps (Figure 2A), while we found a

333  high overlap of the 100 most abundant proteins between microbes (Figure 2B).
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334 This finding was also reflected in the pathway distribution when mapping these
335 highly expressed genes or abundant proteins to the GEMs (Table S7 and Table
336 S8, ESIY).

337 We did not find a correlation between the differential expression analysis of the
338 transcriptome and proteome (Figure S2, ESIf), which is an observation made
339 before with other microbes.4® A low correlation between differentially expressed
340 genes and differentially abundant proteins may be explained with biological and
341  experimental reasons.%0-53 Transcriptional and post-transcriptional regulation and
342 processes determine protein abundances at steady-state, specifically, rates of: 1)
343 transcription; 2) translation; 3) mRNA degradation; and 4) protein
344  degradation.50:5154.55 The same protein abundance can be reached in countless
345 ways with varying rate combinations, even by just varying transcription and
346 translation rates (e.g., low mRNA abundance with high translation rates versus
347 high mRNA abundance with low translation rates).® Transcripts (MRNA) have
348 shorter half-lives (faster degradation rates) than proteins and, thus, are generally
349 considered less stable.52-54 Distinct proteins have differing half-lives that are not
350 necessarily correlated to the quantity of mMRNA (e.g., low-abundance proteins may
351 be detected as such due to quick degradation regardless of mMRNA
352  concentrations).% In addition, experimental biases are known.% Assuming that the
353 data quality of each method was high (discussion on coefficients of variance [CVs]
354 in next section), we hypothesized that regulation patterns of each methanogen
355 may have evolved differently but that the outcome on proteome level was very
356 similar to maximize growth under thermodynamically limited conditions. We
357 continued to investigate this here, especially to explain the highest methane-to-

358 biomass ratio for M. thermautotrophicus AH, which is pertinent for bioprocessing.

359 Differential expression of methanogenesis pathway genes does not

360 mirror significant differences in growth behavior
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361  Although the conditions in the bioreactor experiments were identical for all three
362 closely related species, the growth behavior and overall transcriptome and
363 proteome composition between the microbes revealed significant differences. To
364 gain deeper insight into possible explanations for these differences, we took a
365 closer look at methanogenesis as the core metabolic feature of methanogens. The
366 differential transcriptomic analysis generally indicated that for M. marburgensis
367 Marburg, genes of the Wolfe cycle (i.e., methanogenesis)®” were upregulated
368 compared to the other two microbes (Figure 3; Figure S3 and Data S1, ESIY).
369 There were, however, some genes that were downregulated, including Fa2o-non-
370 reducing Ni-Fe hydrogenase (Mvh), molybdenum-dependent formylmethanofuran
371 dehydrogenase (Fmd), and several subunits of the Fas2-reducing Ni-Fe
372 hydrogenase (Frh), methyl-tetrahydromethanopterin (H4sMPT) coenzyme M
373 methyltransferase (Mtr), and methyl-coenzyme M reductase isoenzyme |l (Mrt).
374  Nonetheless, these differences on transcriptome level did not translate to the
375 proteome level to the same degree, and only some of the proteins were
376  differentially abundant between the three microbes, as outlined in the previous
377 section (Figure 3; Data S1, ESIY).

378 To confirm the overall quality of the omics results, we analyzed the CVs for the
379 transcriptomics and proteomics data (Table 3; Figure S4, ESIt). We found a
380 larger variation in the CVs of the transcriptomics data compared to the CVs of the
381  proteomics data. This was consistent with more differentially expressed genes
382 than differentially abundant proteins (Table 3; Figure S4, ESIt). Overall we found:
383 1) a high number of genes and proteins identified; 2) CVs that are especially good
384 for the proteomics data; 3) a larger variance in the differential expression of the
385 transcriptome compared to the proteome; and 4) a large number of differentially
386 abundant proteins that we also identified as differentially expressed genes. This
387 analysis supported high-quality omics data and, in particular, revealed a more

388 plastic transcriptome and a more stable proteome (Table 3).
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389  Further, the relative abundances of the different protein subunits in each protein
390 complex and the relative abundance of proteins involved in methanogenesis
391 compared to the entire proteome were found to be similar between the three
392 microbes (Table S9 and Data S1, ESIf). The most abundant methanogenesis-
393 related proteins were Mtr, methyl-coenzyme M reductase isoenzyme | (Mcr), and
394 tungsten-dependent formyl-MFR dehydrogenase (Fwd) for M. thermautotrophicus
395 AH, M. thermautotrophicus Z-245, and M. marburgensis Marburg, respectively. All
396 three microbes had significantly higher abundances of Mcr to Mrt (P-value =
397 0.0019), Fwd to Fmd (P-value = 0.0221), and Fa2o-dependent methylene-HsMPT
398 dehydrogenase (Mtd) to Ho-forming methylene-HsMPT dehydrogenase (Hmd) (P-
399 value = 0.0013) (Table S9, ESIT). In addition, all three microbes had similar ratios
400 of the energy-converting hydrogenases Eha and Ehb on proteome level (P-value
401 = 0.7951) (Table S10, ESIt). Overall, differences in the abundance of
402 methanogenesis-related proteins did not explain differences in methane
403 production between the microbes.

404  As mentioned before, M. marburgensis Marburg had a higher biomass production
405 rate (0.01 £ 0.002 gcpw/L/h) compared to M. thermautotrophicus AH (1.40-fold)
406 and M. thermautotrophicus Z-245 (1.39-fold). This was not affected by an air
407 intrusion (that led to higher dioxygen levels) into one of the M. marburgensis
408 Marburg bioreactors (Figure 1B-C; Figure S5, ESIt), which we confirmed by the
409 uniformity of the CVs between the microbes (average *+ standard deviation,
410 median): M. thermautotrophicus AH (13.18 + 1238 %, 10.05 %); M.
411  thermautotrophicus Z-245 (21.81 £ 15.66 %, 18.53 %); M. marburgensis Marburg
412  (18.06 £ 15.34 %, 14.23 %). While this dioxygen intrusion had no detectable impact
413  onthe global CVs, the intrusion led to an elevated oxidative-stress response, which
414  we could detect in the transcriptome and proteome of M. marburgensis Marburg
415 (Text S2, ESIY).
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416  Because we did not find an explanation for the different growth behaviors thus far,
417 we considered next the first few reactions that branch off from methanogenesis
418 towards biomass growth (e.g., ACS, CODH/CODHr2, POR2, HMGCOAS, PC). However,
419 we still did not find any clear patterns that may explain the different growth
420 behaviors (Data S1, ESIt). Thus, we looked at metabolic functions that are related
421  to biomass growth downstream in the metabolism. We used the GEMs and found
422 that the higher biomass production rates in M. marburgensis Marburg were
423 partially supported when considering the expression of metabolic genes that are
424  related to biomass growth. Specifically, compared to M. thermautotrophicus AH,
425 199 genes were upregulated, and 132 genes were downregulated, while compared
426 to M. thermautotrophicus Z-245, 198 genes were upregulated, and 163 genes
427  were downregulated in M. marburgensis Marburg, respectively (Table $11, ESIt).
428 The pathways with the most differentially expressed genes (up and down) include:
429 1) purine biosynthesis; 2) methanogenesis cofactor biosynthesis pathways
430 (adenosylcobalamin and methanopterin); and 3) central carbon metabolism (TCA,
431  gluconeogenesis, and mixed sugar metabolism) (Table S11, ESIt). Overall, the
432 omics data alone did not provide an explanation for the observed differences in
433 growth behavior. Thus, we integrated the omics and fermentation data into the

434 GEMs to better understand these differences between the three microbes.

435 Integration of experimental data into GEMs results in feasible solutions
436 for flux balance analyses and reveals differences in the generation of

437 formate for biomass growth

438 With the steady-state fermentation data from the bioreactor experiment (carbon
439 dioxide and molecular hydrogen consumption rates and methane and biomass
440 production rates), we constrained the GEMs in flux balance analyses (Section
441  1.25, ESIY). Importantly, we corrected the consumption and production rates for
442  experimental errors and used these gross-measurement-adjusted values for the

443 flux balance analyses (Section 1.13 and Data S4 [Simulations 25-28, 37-40, and
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444  49-52], ESIt). The GEMs found feasible solutions with a 0.1%, 0.1%, and 0.5%
445 deviation of the reaction flux bounds from the calculated fluxes for M.
446  thermautotrophicus AH, M. thermautotrophicus Z-245, and M. marburgensis
447  Marburg, respectively (Data S4, ESIt). The maximum fluxes of the non-growth-
448 associated maintenance energy (reaction ATPM) varied between the three
449 microbes. The non-growth-associated ATP maintenance energy represents the
450 dissipation of ATP (as no storage compounds are known).%8 It is highest for M.
451  thermautotrophicus AH, compared to M. thermautotrophicus Z-245 and M.
452  marburgensis Marburg (Table 4, with the assumption that the biomass
453 compositions are the same for the three microbes). The higher the non-growth-
454  associated maintenance energy, the more methane (and ATP) must be produced
455 per biomass unit. We further constrained the GEMs with transcriptomics and
456  proteomics using the GIMME algorithm,%® which resulted in reduced GEMs. We
457 performed a set of flux balance analysis simulations comparing the unconstrained
458 andreduced GEMs (Figure 3; Data S4 [transcriptomics: Simulations 29-32, 41-
459 44, and 53-56; proteomics: Simulations 33-36, 37-40, and 57-60] and Section
460 1.25, ESIt). This allowed us to have a close look at specific pathways. For
461 example, we looked at the conversion of methenyl-HsMPT to methylene-HsMPT,
462 but this did not resolve the exact flux catalyzed by different enzymes for these
463 reactions (Text S3, ESIt). However, we were able to detect pathway differences

464 in the formate anabolism between the three microbes.

465 Inall three microbes, formate is a crucial precursor for purine biosynthesis and has
466 to be synthesized during growth with molecular hydrogen and carbon dioxide.60-62
467  With our pan-genome comparison, we found the formate
468  acetyltransferase/pyruvate-formate lyase (Pfl) (PFL reaction) in M.
469 thermautotrophicus AH (MTH346/ISG35_1600), which was absent in both M.
470 marburgensis Marburg'®63 and M. thermautotrophicus Z-245. This enzyme

471 catalyzes the CoA-dependent reversible conversion of pyruvate to formate (for
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472 modeling purposes, the reaction is used irreversibly due to thermodynamics
473 considerations, Section 1.6, ESI{). We found several putative Pfl-activating
474  enzymes in the three microbes (Text S4, ESIt). However, given the missing Pfl,
475 we assumed that M. thermautotrophicus Z-245 and M. marburgensis Marburg do
476 not utilize the PFL reaction. Thus, no genes are included for those reactions in the
477 GEMs.

478 Theoretically, in addition to the Pfl, M. thermautotrophicus AH can use a formate
479 dehydrogenase (Fdh, ISG35_05415 and ISG35_05410, gene groups 967 and 968)
480 to synthesize formate for biomass growth. The Fdh was previously hypothesized
481 to be the relevant reaction for formate production.’ However, reducing the GEM
482  with proteomics data resulted in the Pfl as the preferred formate production route
483 because Fdh was not detected with proteomics, thus, eliminating the
484  corresponding FDHf420 reaction in the flux balance analysis (Figure 3; Data S4,
485 ESIT). The Pfl level was also elevated compared to the Fdh in the transcriptomics
486 data (Figure 3; Data S1, ESIf). This implied that M. thermautotrophicus AH
487  primarily produced formate for biomass growth via Pfl. This hypothesis will need
488 to be confirmed experimentally to corroborate the proteomics-derived evidence for
489 the lack of the Fdh enzyme.

490 In contrast to both M. thermautotrophicus AH and M. marburgensis Marburg, M.
491  thermautotrophicus Z-245 has two Fdhs. The first Fdh is encoded in the operon
492 fdhCAB (i.e., fdhcassette, ISG36_07620, ISG36_07615, ISG36_07610), which
493 includes a putative formate transporter (FdhC). This Fdh was previously reported
494  to be responsible for the utilization of formate as an alternative carbon and electron
495 source.?! Nolling and Reeve?! found upregulation of expression of the fdhcassette
496 when M. thermautotrophicus Z-245 cells were limited by molecular hydrogen
497 availability. Interestingly, despite a high molecular hydrogen availability in our
498 Dbioreactors, we obtained a high absolute abundance of the Fdhcassette in Our

499 transcriptome (9.25 + 1.52, 33.35 £ 2.44, and 0.26 + 0.08 transcripts per million for
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500 fdhA, fdhB, and fdhC, respectively) and proteome (1.16E+08 + 1.26E+07,
501 1.55E+08 + 1.34E+07, and 7.66E+07 + 2.19E+07 iBAQ for FdhA, FdhB, and
502 FdhC, respectively) (Figure 3; Data S1, ESIt). This indicated that the Fdhcassette
503 might catalyze the reverse reaction during growth on molecular hydrogen and

504 carbon dioxide, as was discussed by Nolling and Reeve?'.

505 The second Fdh in M. thermautotrophicus Z-245 is encoded by the gene groups
506 967 and 968, and there is no putative transporter-encoding gene in the genetic
507  vicinity. This second Fdh is homologous to the Fdh found in M. thermautotrophicus
508 AH and M. marburgensis Marburg. In M. thermautotrophicus Z-245, the transcript
509 levels of this second Fdh were less abundant (1.13 £ 0.31 vs. 9.25 + 1.52 [fdhA]
510 and 11.88 + 2.68 vs. 33.35 + 2.44 [fdhB] TPM) compared to the Fdhcassette and it
511  was not detected with proteomics. This indicated that in M. thermautotrophicus Z-
512 245, the Fdhcassette Might also be responsible for formate production for biomass
513 growth. Indeed, our flux balance analysis simulations with M. thermautotrophicus
514  Z-245 primarily predicted the use of the FDH_F420 (Fdhcassette) in the direction of
515 formate production rather than FDHf420 (second Fdh; including the omics-
516 constrained runs, except for the loopless flux balance analysis with
517 transcriptomics) (Figure 3; Data S4, ESIY).

518 Because M. marburgensis Marburg neither encodes the Pfl nor the Fdhcassette,
519 formate is likely only produced from the second Fdh of gene groups 967 and 968.
520 This was also hypothesized previously, and this hypothesis was supported by an
521  auxotrophic formate strain of M. marburgensis Marburg, which did not exhibit Fdh
522  activity anymore.?* All flux balance analysis simulations (including the omics-
523 constrained ones) predicted using the FDHf420 reaction (Data S4, ESIt). The two
524  subunits were upregulated in the transcriptome by 2.4-4.9 logoFC compared to the
525 other two microbes (Figure 3; Data S1, ESIt). However, we found only one
526  subunit (FdhA) in the proteome with low abundance (gene group 967: 0.000132%).
527 This was three orders of magnitude lower than the homologous subunit of the
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528  Fdhcassette in M. thermautotrophicus Z-245 (FdhB: 0.254%, FdhA: 0.191%, FdhC:
529 0.126%). Theoretically, the proteome should better depict the reality that is
530 occurring in the cell than the transcriptome. However, the proteome is more
531 challenging to measure and analyze than the transcriptome.5* Because M.
532 marburgensis Marburg reached higher biomass production rates (Figure 1C),
533 these findings raise questions on how M. marburgensis Marburg produced formate
534 for biomass growth. Nevertheless, our analysis may indicate that the three
535 methanogens have each evolved to prefer a different pathway to produce the

536 necessary formate for biomass growth.

537 Potentially, formate production for M. marburgensis Marburg was achieved by
538 other yet unconsidered means. If the low-abundant Fdh was responsible for
539 formate production, questions on the kinetic properties of this Fdh remain.
540 Alternatively, a hydrogen-dependent carbon dioxide reductase (HDCR)-like
541  activity might provide the formate for anabolism.®5 While formate is not an
542 intermediate in carbon dioxide reduction during methanogenesis, a weak formate
543 dehydrogenase activity has been found for Fmd/Fwd.66 Recently, a large enzyme
544  complex was identified to be involved in the electron-bifurcating step of carbon
545  dioxide reduction without the release of ferredoxin.6” This enzyme complex might
546  provide the formate that is required for anabolism by an apparent HDCR-like
547  activity. While more experimentation will be required to resolve the details of
548 formate anabolism in M. marburgensis Marburg, we still investigated the change
549 in the (formate) metabolism and the role of the Fdhcassette in @ genetically
550 engineered M. thermautotrophicus AH strain that encodes the Fdhcassette from M.
551  thermautotrophicus Z-245 on a plasmid (M. thermautotrophicus AH
552  pMVS1111A:Psmis-fdhz-245).4°

553 Genetic engineering allows stable growth of M. thermautotrophicus AH

554 on formate
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555 We compared the ability of M. thermautotrophicus AH pMVS1111A:Prmis-fdhz 245
556 to grow on formate? to the native formate-utilizer, M. thermautotrophicus Z-245.
557 We operated chemostat bioreactors that were fed with 355 + 5 mM sodium formate
558 (Figure 4A; Section 1.8, ESIt). We again excluded cross-contamination between
559 the bioreactors with strain-specific PCR analyses (Figure S6 and ESIt Section
560 1.9, ESIt). The two microbes did not have significantly different sodium formate
561 uptake rates or methane, carbon dioxide, and biomass production rates (Figure
562 4B; Data S5, ESIt). However, the molecular hydrogen production rate of M.
563 thermautotrophicus AH pMVS1111A:Prmis-fdhz-245 was significantly higher (1.53-
564  fold) than that of M. thermautotrophicus Z-245, albeit both were low (Figure 4).
565 Thus, the gas data indicated no significant disadvantage to harboring the plasmid
566 for growth on sodium formate. Notably, the plasmid was maintained in the culture
567  without adding antibiotics (Figure S6, ESIt). Also for M. thermautotrophicus AH
568 pMVS1111A:Prmis-fdhz-245 that was grown on molecular hydrogen and carbon
569 dioxide without antibiotics, the plasmid was found in the bioreactor at the end of
570 the experiment. While we cannot completely rule out that only a subpopulation
571 maintained the plasmid, this finding further demonstrates the applicability of the
572  genetic system for metabolic engineering purposes. The slightly lower uptake rates
573 and the higher biomass production rates of the genetically modified strain were
574 more similar to those of M. thermautotrophicus Z-245 and M. marburgensis
575 Marburg than to wild-type M. thermautotrophicus AH (Figure S7, ESIf). This
576  shows that, indeed, the different solutions for each of the three methanogens to
577  produce formate in anabolism results in different methane-to-biomass ratios, which
578 is an important parameter in bioprocessing (it should be high). Of course, further
579  work is necessary to validate this hypothesis. We collected additional omics data
580 and, while out of the scope of this study, will analyze these data in combination
581 with our GEMs to investigate potential impacts of the plasmid and episomal

582 formate dehydrogenase on rearrangements in the metabolism of M.
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583 thermautotrophicus AH pMVS1111A:Prmis-fdhz245, also concerning formate

584  anabolism.

585
586 Summary and Outlook

587  Power-to-gas provides a means for storing excess renewable electric power while
588 simultaneously capturing carbon dioxide. Methanogens can act as biocatalysts to
589 generate methane. Although methanogenesis is well studied, there are still
590 knowledge gaps surrounding methanogenic metabolism, which limit their ability to

591  be harnessed for more versatile biotechnological applications.

592 In this study, we compared M. thermautotrophicus AH, M. thermautotrophicus Z-
593 245, and M. marburgensis Marburg at a genomic, transcriptomic, and proteomic
594 level to identify differences in their metabolism. While the genomes encode more
595 than 1600 homologs, most genes were differentially expressed at the
596 transcriptomic level (Table 3). In contrast, the proteome did not exhibit nearly as
597 many differences. We note that in both omics datasets, fewer differences were
598 found between the two M. thermautotrophicus species compared to M.
599  marburgensis Marburg, which is consistent with their phylogeny.'® Under the
600 conditions of our bioreactor experiments, M. thermautotrophicus AH had a higher
601  specific methane production rate than the other microbes, while M. marburgensis
602 Marburg reached higher biomass production rates. From our modeling results (with
603 the maximization of the ATPM reaction), it was possible to deduce that M.
604 thermautotrophicus AH has the highest and M. marburgensis Marburg has the
605 lowest non-growth-associated maintenance energy. As ATP is the primary energy
606 currency in the cell, this is an important finding to facilitate adopting and optimizing
607  Methanothermobacter spp. as cell factories for different purposes.®® While we
608 could not ascertain a clear reason for this difference, our multi-omics analysis led

609 us to propose that differences in anabolism could explain this observation. We
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610 identified that the three microbes might use three different enzymes to produce
611 formate for biomass growth, such as for purine biosynthesis.t0-62 Potentially, these
612 differences in formate anabolism can have an impact on the adaptation to different
613  ecological niches in which, for example, a higher methane production rate (faster
614  kinetics) over biomass yields would provide a selective benefit for M.

615 thermautotrophicus AH. Further investigations are required to test this hypothesis.

616  Understanding the metabolism of a microbe is especially important to guide its
617  rewiring for biotechnological purposes (e.g., the use of different substrates or the
618 production of value-added compounds). Our recently developed genetic system
619 for M. thermautotrophicus AH demonstrated gain-of-function modifications with a
620 shuttle-vector system.*® We had shown that adding the Fdhcassette from M.
621 thermautotrophicus Z-245 to M. thermautotrophicus AH permitted growth on
622 formate as the sole carbon and electron source (natively, M. thermautotrophicus
623  AH only utilizes carbon dioxide and molecular hydrogen).* Here, we demonstrated
624 the long-term ability of the resulting strain M. thermautotrophicus AH
625 pMVS1111A:Prmis-fdhz.245 to grow on formate and achieve a performance that is
626 comparable to the performance of wild-type M. thermautotrophicus Z-245 without
627  antibiotic selection. The ability to combine the GEM with the genetic system will be
628 a considerable step toward chemical production in power-to-x applications
629 (compared to power-to-gas, power-to-x has a more flexible product spectrum that
630 is not limited to only molecular hydrogen or methane®®) with thermophilic
631 methanogens because now the verified and validated GEM can be applied to

632 predict phenotypes.

633  Methanothermobacter spp. have already been implemented for power-to-gas
634 applications. Understanding the metabolic strengths and limitations of different
635 strains will help to select the most appropriate strain for a given application. Here,
636 we found that M. thermautotrophicus AH has the highest methane-to-biomass
637 ratio, which is beneficial for power-to-gas applications. Applying our genetic
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638 system, we demonstrate that amending the metabolism of M. thermautotrophicus
639 AH with a catabolic formate dehydrogenase changes the mode of formate
640 anabolism, which supports our hypothesis of different enzymes for formate
641 anabolism by the three microbes. This finding has implications to formulate
642  strategies for the redirection of carbon from methane (and biomass) to other high-
643 value products with metabolic engineering strategies.

644

645 Data availability

646 The genome sequences, annotations, and methylation patterns were deposited to
647 NCBI 70 and can be found under Bioproject ID PRINA674001 (Table S1). The
648 transcriptomics data (gene expression data) discussed in this publication have
649 been deposited in NCBI's Gene Expression Omnibus’?! and are accessible through
650 GEO Series accession number GSE218145
651  (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE218145). The

652 proteomics DDA data are in the submission process to be deposited to the
653 ProteomeXchange Consortium via the PRIDE partner repository.”274 The
654 modeling-related files (Data S2, ESIlt) were deposited in an Open Modeling
655 EXchange format (OMEX)’® to BioModels’7’” and assigned the identifiers
656 MODEL2211290001 (M. thermautotrophicus AH), MODEL2211290002 (M.
657  thermautotrophicus Z-245), and MODEL2211290003 (M. marburgensis Marburg).
658 The pan-model is provided as an Excel® model (. x1sx, densely commented). The
659 GEMs for each microbe are provided in the following formats: .xml (SBML"®),
660 .json, and .mat. Additional files include: the benchmarking reports (.html) from
661 MEMOTE,*¢ the FROG analysis files (.omex) from fbc_curation,’”® and the map
662 files for visualization (. json) with Escher.4® Further, the data used to constrain the
663 models is provided as supplementary data contained in Data_SX.zip, ESIt. This
664 includes: the gas fermentation data (as Excel® files, Data S3 and Data S5, ESIt)

665 and the individual microbe and differential expression analyses data for both the
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666 transcriptomics and proteomics (as Excel® files, Data S1, ESIt). Additional scripts
667 and programs (Data S6, ESIf) are available on GitHub at
668 https://github.com/isacasini/Casini_ 2022 GEM.
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711
712  Figure 1. First experiment fermentation data from chemostat bioreactors with M.
713  thermautotrophicus AH (DH), M. thermautotrophicus Z-245 (ZZ), and M.
714 marburgensis Marburg (MM). A) Gas consumption (H2 and CO2 uptake), and CH4
715  and biomass production data from quadruplicate (DH and MM) and triplicate (ZZ)
716  bioreactors for the fermentation period of 7 days. Data for further analyses
717  (transcriptomics, proteomics) were taken on day seven, as indicated by arrows. B)
718  Average gas consumption (H2 and CO2 uptake) and CH4 and biomass production
719  data during a steady-state period (days 4 to 7). For statistical analysis in pair-wise
720 comparisons with t-test, data points without suspected gross measurement error
721 (red circles) were included, data points with suspected gross measurement error
722  (gray circles) were excluded (Section 1.13, ESIt). C) Average normalized product
723  distribution, including statistical analysis by ANOVA (Section 1.14, ESIt). DH, M.
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724  thermautotrophicus AH; ZZ, M. thermautotrophicus Z-245; MM, M. marburgensis
725 Marburg; ***, p < 0.0001; **, p < 0.001; n.s., not significant (p > 0.05); F, F value;

726  Ferit, F critical value.
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727

728 Figure 2. Overview of transcriptomics and proteomics interspecies comparison.
729  A) Comparison of the top 100 transcribed genes (by average number of transcripts
730  per million). B) Comparison of the top 100 abundant proteins (by average iBAQ
731 value). Transcripts/proteins that do not map to a gene group are counted only once
732  collectively; hence there are less than 100 genes total in A and B. C) Upregulated
733 transcripts; D) more abundant proteins; E) downregulated transcripts; F) less
734  abundant proteins, respectively, from the pair-wise differential expression analysis
735 that map to reactions in the GEMs. G) Heatmap of log2FC in transcriptomes top
736  100. DH, M. thermautotrophicus AH; ZZ, M. thermautotrophicus Z-245; MM, M.
737  marburgensis Marburg.

29


https://doi.org/10.1101/2022.12.30.522236
http://creativecommons.org/licenses/by-nc-nd/4.0/

738

LEGEND

Metabolic fluxes (mmol/h/g )

W DH

| i

MM

ND = Not detected
NG = No gene

¢ = Activating protein

oNAB_1
HANa*®
-0.2
WANa* g

M

ATPM

v
15635_01600 PFL
s 279@ v CoA Formate
(i
© 1372 0.01
EX_biomass_e 0.00
0.04
Gluconeogenesis
0.02 1492|
'\ Fd,, Fdred}-" H en 1493
3 0.00 Amino Acid 0.00 1484
Biomass 4——— Biosynthesis < PWUVate Acetyl-CoA 4
l‘ CoA COZ H MPT 0+ CoA
Branched TCA
POR2 ..,
0.50 1514
1515
0.25 1516
1517
0.00 1518

iBAQ H,
2.5E+09
Gene Group #pH|zz | X
-100 B
Fd,, DEX_coz
=20
2pANa* +H,
-40
ATP !
NAATP 513 1 1 ;
4 pANa* +H,0 20 814 | 2 yANa* + 2 H* CO,+ MFR
815 0 ] + H*
10 H: Fd 2
4 pANa® + Pi + 2 Hr 2id CoM-SH + CoB-SH i D
ADP’ o ez i FMFR
820
i 2H,+Fd MVHHDR 20 H,MPT
1185 40 0
1641 1081
1842/ 20 FTRM
eol MFR
EX chd e CoM-S-S-CoB
FDHf420 om o L
0.02 Fras Faobly gighotitd20 26 Ser1| | |
oss7|_ [0 | FH,MPT
0.01 i ) 4
0.00 Fiz Fozo CH, 44— CH, MCR

-0.02
967|

968 18G36_07610
ISG36_07615

L MCH H*
40 B 40
20 ] 2 a7
CoB-SH s HL | o
o 1005[_| o e

MeH,MPT

M-S-CoM

CoM SH + 2 "uANa*

MeH ,MPT
986
987
988
989
ACS3 ::gg | 2 pANa* + H"MF’T 3:? 1259 [N -
1480 MER MdeMPT
0.50 1481 FraH; am[l:lj
420

20 1520 [

CODH2 0.05
Fd,, + H,0 i
0.50 o
-0.05
+ 028 -0.05 1108
2 ' 2 H u.u HZ 1:?3@

1108

MEMET 5 MyH,MPT noa@
FRH 1110
FRH 0.05 H 111

30


https://doi.org/10.1101/2022.12.30.522236
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.30.522236; this version posted December 30, 2022. 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

739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Figure 3. Wolfe Cycle adapted from Thauer®” with other reactions involved in the
energy metabolism. Fluxes are from the proteomics reduced model (using iBAQ
values), constrained with experimental data that was adjusted for gross
measurement error. Gene group is used as ID for the omics. For the PFL
reaction, only M. thermautotrophicus AH has the gene; thus, the gene ID is used
(ISG35_01600). For the FDH_F420, only M. thermautotrophicus Z-245 has the
formate dehydrogenase cassette; thus, the gene IDs are used (ISG36_07610
and ISG36_07615). Red text refers to metabolites that are exchanged across the
membrane. Microbes: DH, M. thermautotrophicus AH; MM, M. marburgensis
Marburg; ZZ, M. thermautotrophicus Z-245. Compounds: CH4, methane; CO,
carbon monoxide (carbonyl group); CoA, Coenzyme A; CoB, coenzyme B; CoM,
coenzyme M; CoM-S-S-CoB, CoM-CoB heterodisulfide; CO2, carbon dioxide; F,
formyl; Fdowra, ferredoxin oxidized/reduced; H», hydrogen; H*, proton; HsMPT,
tetrahydromethanopterin; M, methyl; Me, methenyl; MFR, methanofuran; My,
methylene; Na*, sodium ion. Reactions/Enzymes: ATPM, ATP maintenance
(pseudo reaction); CODHr2, CO dehydrogenase/acetyl-CoA synthase; Eha/Ehb,
energy converting hydrogenases; EX_biomass_e, biomass exchange (pseudo
reaction); EX_ch4_e, CH4 exchange (pseudo reaction); EX_co2_e, CO2 exchange
(pseudo reaction); EX_h2_e, Hz exchange (pseudo reaction); FDHf420, F42o-
dependent formate dehydrogenase; FDH_F420, F42o-dependent formate
dehydrogenase cassette; FRH, F420-reducing hydrogenase; FTRM, FMFR/HsMPT
formyltransferase; FWD, FMFR dehydrogenase (tungsten- and molybdenum-
dependent isozymes); HMD, MeH4sMPT hydrogenase; MCH, MeHsMPT
cyclohydrolase; MCR, MCoM reductase (I and Il); MER, MyH4sMPT reductase; MTD,
MyH4sMPT dehydrogenase; MTR, MH4sMPT/CoM methyltransferase; MVHHDR, Fa20-
non-reducing hydrogenase with the heterodisulfide reductase; NAATP, ATP
synthase; Nat3_1, Na*/H* antiporter; PFL, pyruvate formate-lyase; POR2,
pyruvate synthase. Other: 0, activating protein; ND, not detected; NG, no gene.
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Figure 4. Second experiment fermentation data from chemostat bioreactors
with M. thermautotrophicus AH pMVS1111A:Pnmis-fdhz.245 (DH) and M.
thermautotrophicus Z-245 (ZZ). A) Gas consumption (molecular hydrogen and
carbon dioxide uptake) or sodium formate consumption, and methane and
biomass production data from quadruplicate bioreactors for the fermentation
period of 11 (DHu) and 17 (DHr and ZZ¢) days. Formate uptake rates were only
determined once steady-state was reached and all formate provided was
consumed. B) Average sodium formate consumption and molecular hydrogen,
carbon dioxide, methane, and biomass production data during the steady-state
period (days 13 to 17) for DHr and ZZr. For statistical analysis in pair-wise
comparisons with t-test, data points without suspected gross measurement error
(red circles) were included, and data points with suspected gross measurement
error (gray circles) were excluded (Section 1.13, ESIt). C) Average normalized
product distribution, including a statistical analysis by ANOVA for DHF and ZZ¢
(Section 1.14, ESIt). CH4, methane; CO2, carbon dioxide; H2, molecular
hydrogen; DH, M. thermautotrophicus AH pMVS1111A:Pymis-fdhz.245; ZZ, M.
thermautotrophicus Z-245; F, sodium formate as substrate; H, molecular
hydrogen and carbon dioxide as substrates; *, p < 0.05; n.s., not significant (p >
0.05); F, F value; Frit, F critical value.
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791
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Table 1. Summary of sequenced genomes.

Microbe Plasmid Length GC % | Gene | CDS | Previous Sequence | Difference | Similarities
(bps) Count Accessions with Old | with  Old
Sequence | Sequence
M. N/A 1,751,429 | 49.56 | 1844 | 1796 | NC_000916.1 448 SN 1733 CDS
thermautotrophicus 41 247 1B?
AH 91 O2N3
92 N20#
M. pFZ1 1,758,798 | 49.46 | 1840 | 1792 | GCA_013330715.16 | N/A N/A
thermautotrophicus 11,015° 42.515| 125 125 |80
Z-245
M. marburgensis pM2001 1,634,705 | 48.65 | 1774 | 1725 | NC_014408.1 42 68 SN 1675 CDS
Marburg (PMTBMA4) | 4,4415 45.405 | 55 55 30 1B
25 O2N
66 N20

1SN, single nucleotides

2|B, indel bases

302N, old genes that do not map to any new genes, Table S4, ESIt
4 N20, new genes that do not map to any old genes, Table S4, ESIt
5 indicates values for the plasmid
6 sequence was from a metagenome and the assembly only to scaffold level
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796
797
798

Table 2. The comparison of the acetate transporter and acetyl-CoA synthetase/acetate-CoA ligase genes in the old and

new genome sequences and their presence in the transcriptomics and proteomics data of Methanothermobacter

thermautotrophicus AH. The rank of transcript and protein abundance is also listed.

Old Gene | New Gene Function Present in Presentin | Comments
transcriptomics, proteomic,
rank of transcript rank of
abundance protein
abundance
MTH215 ISG35_00970 | Acetate Transporter Yes, gene 278 Yes, protein | Reaction ACt2r
218
MTH216 ISG35_00975 | Acetyl-CoA synthetase | Yes, gene 237 No Unknown whether the
(ACS)/ transcripts are only from
acetate-CoA ligase the first half of the gene
before the stop codon
MTH217 ISG35_00975 | Acetyl-CoA synthetase | Yes, gene 237 No Unknown whether the
(ACS)/ transcripts are only from
acetate-CoA ligase the first half of the gene
before the stop codon
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799

800
801
802

acetate-CoA ligase

MTH1603 | ISG35_07685 | Acetyl-CoA synthetase | Yes, gene 779 Yes, protein | Reaction ACS in the
(ACS)/ 726 GEM
acetate-CoA ligase

MTH1604 | ISG35_07685 | Acetyl-CoA synthetase | Yes, gene 779 Yes, protein | Reaction ACS in the
(ACS)/ 726 GEM

Table 3. Metrics of the transcriptomics and proteomics for the individual analyses and the differential expression and
differential abundance analyses for the three microbes. Statistical significance was determined by an adjusted P-value <

0.05.

A) Individual analyses

values < 20%

Omics Metric DH' zz? MMm3
Transcriptomics | Million reads 26.3 (£ 2.0) 27.4 (£ 0.8) 26.0 (£ 1.1)
Number of CDSs found (%) | 1697/1796 (94.48%) | 1699/1804 (94.18%) | 1726/1730 (99.77%)
Average CV* of all genes 35.03 33.07 26.60
Percent of genes with CV* 4412 39.61 26.83

Proteomics

Number of proteins found
(%)

1406/1796 (78.29%)

1440/1804 (79.82%) | 1374/1730 (79.42%)

Average C\V/® of all proteins

11.37

18.73

15.51
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803
804
805
806
807
808
809

Percent of proteins with CV® | 88.35 66.48 77.72
values < 20%8

B) Differential analyses

Omics Metric MM vs DH ZZ vs DH ZZ vs MM

Transcriptomics

DES® genes (range of log2FC)

1482 (-13.1 to 17.8)

816 (-17.0 to 13.8)

1498 (-14.1 t0 16.7)

DE genes with |log2FC| = 2

975

265

1001

DE genes that map to a
reaction in the GEM

469

249

484

Proteomics

DA’ proteins (range of
log2FC)

121 (-6.6 to 6.6)

91 (-6.6 to 6.6)

93 (-6.0 to 5.9)

DA proteins with |log2FC| = 2

103

59

35

DA proteins that map to a
reaction in the GEM

43

17

38

Transcriptomics

+ Proteomics

Fraction of DA proteins that

were also DE genes

110/121 (91%)

45/91 (50%)

90/102 (88%)

'DH, M. thermautotrophicus AH

27Z, M. thermautotrophicus Z-245
3 MM, M. marburgensis Marburg

4 Coefficient of variance (CV) values for the transcriptomics data were calculated using transcripts per million (TPM)
values and can be found in Sheets1-3 of DataS1 and Figure S4, ESIt
5 Coefficient of variance (CV) values for the proteomics data were calculated using iBAQ values and can be found in
Sheets7-9 of DataS1 and Figure S4, ESI{
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811
812
813

814

815
816
817
818
819
820

6 DE, differential expression
" DA, differential abundance

Table 4. ATPM flux ranges for different constraints (ranging from biomass production maximization to ATPM maximization).

DH?

z72

MM3

Model4: 1.5-17.85
Model trans®: 1.5-17.46
Model prot6: 1.5-17.55

Model: 1.5-10.73
Model trans: 1.5-10.48
Model prot: 1.5-10.44

Model: 1.5-12.20
Model trans: 11.96-12.19
Moadel prot: 1.5-11.90

' DH, M. thermautotrophicus AH

27ZZ, M. thermautotrophicus
3 MM, M. marburgensis Mar

4 Model, model only constrained with experimental data

Z-245
burg

5 Model trans, model additionally constraint with the transcriptomics data
6 Model prot, model additionally constraint with the proteomics data
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