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Abstract

Recent demonstration that multiple Bacillus strains grow in batch bioreactors containing
supercritical (sc) CO, (i.e. >73 atm, >31°C) is surprising given the recognized roles of scCO; as
a sterilant and solvent. Growth under scCO; is of interest for biotechnological applications and
for microbially-enhanced geologic carbon sequestration. We hypothesize that Bacillus spp. may
alter cell wall and membrane composition in response to scCO,-associated stresses. In this study,
protein expression and membrane lipids of B. subterraneus MITOT1 were profiled in cultures
grown under headspaces of 1 and 100 atm of CO, or N,. Growth under 100 atm CO, revealed
significantly decreased fatty acid branching and increased fatty acyl chain lengths relative to 1
atm cultures. Proteomes of MITOT1 grown under 1 and 100 atm pressures of CO, and N were
similar (Spearman R>0.65), and principal component analysis revealed variation by treatment
with the first two principal components corresponding to headspace gas (CO, or N) and pressure
(1 atm and 100 atm), respectively. Amino acid metabolic proteins were enriched under COg,
including the glycine cleavage system, previously shown to be upregulated in acid stress
response. These results provide insights into the stationary phase physiology of strains grown
under scCO,, suggesting modifications of cell membranes and amino acid metabolism may be

involved in response to acidic, high CO, conditions under scCOx.
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Introduction

Supercritical (sc) phase CO; is employed as an industrial solvent and sterilizing agent,
but the bactericidal properties of scCO, have been a limiting factor for development of two phase
systems for biological growth coupled to in situ extraction (1) and for harnessing microbial
processes during geologic carbon sequestration (GCS) (2). However, recent demonstration of
microbial growth under scCO-, (3) opens new prospects in biotechnology and GCS applications
where scCO; is present, while challenging the efficacy of scCO, sterilization in food and medical
industries.

ScCO; exposure presents a complex set of stresses for cells due to a combination of
factors including cytoplasm acidification, increased dissolved CO, and CO; anion concentration,
cell membrane permeabilization, extraction of non-polar molecules into a scCO, phase, and
physical cell rupture (4-11). Previous studies examining responses of bacteria to scCO, exposure
have relied on short duration exposures (less than 1 hour) and revealed changes to lipid acyl
chains (11, 12) and to lipid head groups, with a reduction in phosphatidylglycerol lipids (11) and
increased production of leucine and isoleucine (13), suggesting these amino acids may be
involved in a short term scCO; stress response. In all cases, previous studies of bacterial
response to short term scCO, exposure lead to cell death, providing little time for cells to
acclimate before succumbing to lethal stresses associated with scCO, exposure. However these
studies do not represent profiles of cells capable of acclimation and growth under scCO,.
Nevertheless, the cellular responses observed during these experiments suggest that alterations to
cell membranes and global changes to protein expression may be necessary to acclimate to

scCO,-assocated stresses.
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We have recently documented growth of Bacillus spp. under a scCO, headspace (3),
however how cells acclimate to grow under scCO, is unknown. Individual factors associated
with scCO;, (e.g. elevated pressure, solvent, and acid stress) may have opposing influences on
cellular acclimation. High pressures compress membrane lipids with lipid disordering caused by
dissolution of gases into membrane bilayers (14). Bacteria under high pressure may compensate
by producing more unsaturated lipids or by decreasing lipid chain length in order to increase and
maintain membrane fluidity (15, 16), a response similar to that observed following exposure to
low temperature (16-20). However, solvent stress has been demonstrated to increase the
proportion of saturated fatty acid content and increasing acyl chain lengths (21). Bacteria also
alter membrane lipids in response to pH and oxygen availability. Acid stress in B. subtilisand
Clostridium acetobutylicum was linked to a decreased proportion of branched and unsaturated
fatty acids, which was suggested to increase membrane rigidity and decrease the proton flux
across membranes (22, 23). Anaerobic growth in B. subtilis results in increased lipid chain length
(24) which may also promote membrane rigidity.

Since the effects of pressure may have opposing effects on membrane fluidity when
compared with solvent and acid stress, it is not yet apparent how cells exposed to scCO, will
balance production of more fluid membrane lipids expected under high pressure with more rigid
membrane lipids associated with solvent or acid-stress. We hypothesize that cells acclimated to
scCO, may display a lipid profile that is intermediate between acid/ solvent stressed and pressure
stressed phenotypes. Alternatively, they may have a profile more similar to one of those
conditions if one aspect of scCO, is a more severe stress.

Multiple studies have examined responses of protein or gene expression to individual

stresses associated with scCO; (e.g. low pH, high pressure, high CO, concentration), but not


https://doi.org/10.1101/320424

bioRxiv preprint doi: https://doi.org/10.1101/320424; this version posted May 11, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

89  necessarily the combined stress of high pressure (>73 atm), low pH (<4), and high CO,
90 concentration (>2.5 M)(3). Such studies suggest that mechanisms for acclimation to low pH
91 include upregulation of proton-pumping ATP transporters (25), transport/metabolism of amino
92  acids that buffer intracellular pH (26, 27), expression of amino acid decarboxylating enzymes
93  through consumption of intracellular protons (28), while various enzymes (e.g. urease and the
94  arginine deiminase system) can produce alkaline products from amino acids and other
95  compounds to buffer intracellular pH (29-32). Responses of cells acclimated to growth at 1 atm
96  to elevated pressures share similarities with a profile of general stress response, e.g. upregulation
97  of sigma factors and chaperone proteins, and reduced biomass and protein expression (33-36)
98 and may also include shifts in expression of various housekeeping functions such as
99 transcription, translation and metabolism (33, 34). In contrast, in barophilic organisms where
100  high pressures (e.g. 280-700 atm) are optimal growth conditions, exposure to pressure is
101  associated with upregulation of specific respiratory genes (37, 38), and down-regulation of
102  chaperone proteins (39).
103 To better understand how bacteria may acclimate to grow under scCO,, we have
104  examined how the lipid content and proteome of B. subterraneus MITOT1 varies in stationary
105 phase cultures as a function of anaerobic N, and CO, headspaces at ambient pressure (1 atm) or
106  at 100 atm pressure. B. subterraneus MITOT1 was enriched and isolated from a deep subsurface
107  rock core from the Paaratte Formation, Otway Basin in Southern Australia (3, 40). This strain
108  was among several Bacillus spp. shown to germinate from spores and grow into vegetative cells
109 under scCO,; where physiological characterization suggests it is a facultative aerobe with
110  optimal growth at 1 atm of pressure (3). Results from proteome and lipid analyses suggest

111  several modifications of lipid and proteome profiles that may facilitate growth under scCO,, but
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112  also point to a high degree of similarity across all anaerobic conditions, suggesting the

113  homeostasis of stationary phase cultures is maintained by similar mechanisms independent of
114 responses to scCO; exposure. This study presents the first examination of acclimation responses
115  to bacteria grown under an environment containing scCO..

116

117 Methods

118 Chemicals

119 DL-Dithiothreitol (CAS: 3483-12-3), iodoacetamide (CAS: 144-48-9), acetonitrile (CAS: 75-05-
120  8), formic acid (CAS: 64-18-6) were purchased from Sigma-Aldrich. Sequencing grade modified
121  trypsin (Cat. no. V5111) and ProteaseMAX™ Surfactant (Cat. no. V2071) were purchased from
122 Promega. Imm. Drystrip pH 3-11 (Cat No. 17600377) and buffer (Cat No. 17600440) purchased
123  from GE. OMIX tips are from Agilent technologies (Part No. A57003100). VIVASPIN 500 (Cat.
124 no. VS0191) 3K molecular weight cut-off filters are purchased from Sartorius. Distilled water
125  was prepared in-house with double distillation. Unless otherwise noted, all the materials were
126  obtained from commercially available sources and were used without further purification.

127

128  Céll growth and collection for lipid and protein analyses

129 All cultures were started from spore inocula of 10°/ml (direct counts). Spores were

130  prepared as described previously (3). Growth media for B. subterraneus MITOT1 consisted of
131  MS medium: (in g/l) 0.5 yeast extract, 0.5 tryptic peptone, 10.0 NaCl, 1.0 NH,CI, 1.0

132 MgCl,.6H;0, 0.4 K;HPO,, 0.4 CaCl,, 0.0025 EDTA, 0.00025 CoCl,.6H,0, 0.0005

133 MnCl,.4H,0, 0.0005 FeSO,4.7H,0, 0.0005 ZnCl,, 0.0002 AICl;.6H,0, 0.00015 Na,W00,.2H0,

134 0.0001 NiSO4.6H,0, 0.00005 H,SeO3, 0.00005 H3BOs, and 0.00005 NaM004.2H,0. With a
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135  supplement for metal reducers consisting of 1.3 g/l MnOy, 2.14 g/l Fe(OH)3, and 1.64 g/l sodium
136  acetate (41). All culture media for anaerobic conditions was degassed with the respective N, /
137  CO; headspace for 30 minutes, followed by addition of Na,S in an anaerobic chamber to further
138  purge any residual oxygen. After completion of incubation, high-pressure samples were

139  depressurized at a rate of 3-5 atm™ minute over approximately 30 minutes. Cells were collected
140 by centrifugation at 14,000 X g for 6 minutes, followed by resuspension in sterile filtered PBS
141  and re-centrifugation. Cell pellets were frozen in -80 °C until further analysis. Aliquots of

142  biomass were taken for direct cell counts and viable cell counts; briefly, total cells were observed
143 by Syto9 staining and epifluorescent microcopy and viable cells were enumerated by cell plating
144  on LB agar, as described previously in (3). The pH of culture media under various headspaces
145  and pressures was measured by visualization of a pH indicator strip (EMD Chemicals) through a
146 25-ml view cell (Thar Technologies; 05422-2). Media was pH 7 for 1 and 100 atm N,

147  headspaces, and pH 5 and 3.5 for 1 and 100 atm CO; headspaces, respectively.

148 Aerobic cultures of MITOT1 were incubated for 72 hours with shaking at 37°C to target
149 late stationary phase (OD > 5), before sporulation occurred. Anaerobic cultures of MITOT1 were
150 grown in 316 stainless steel vessels as described in Peet et al. (3) in triplicate, shaking at 37 °C in
151  the following four conditions: 1) 1 atm, 100% N, headspace; 2) 1 atm, 95% CO,, 5% H,

152  headspace (referred to as 1 atm CO,); 3) 100 atm, 100% N, headspace; 4) 100 atm, 97% CO,,
153 3% He headspace (referred to as 100 atm CO;). Sampling times of 21 and 30 days for MITOT1
154  cultures grown under 1 atm and 100 atm, respectively, were selected to target similar durations
155  of time spent in stationary phase (>7 days) in order to minimize variability associated with

156  growth phase in cultures. Sampling times were estimated based on observed dynamics under 1

157  atm (Supplemental Fig. 1) and the conditional probability of growth under 100 atm
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158  (Supplemental Fig. 2) based on application of Bayes theorem to a logistic regression model for
159  growth outcome (observed/not observed) for MITOTL as a function of time with an inocula of
160  10° spores per ml (3). Final cell densities of reactors with positive growth under the four

161  conditions were measured by direct counts and compared by ANOVA.

162

163  Lipid extraction and construction of fatty acid methyl esters (FAMES)

164 Triplicate samples for aerobic stationary phase cultures and each of the four anaerobic
165  growth conditions were extracted by a modified Bligh-Dyer extraction for polar lipids (42). All
166  vials, glass pipettes and foil were combusted before use. Syringes were triple washed in each of
167  the following solvents before and between pipetting: methanol, dichloromethane (DCM), and
168 hexane. 1 ml of a solvent mixture containing methanol: DCM: phosphate buffered saline (PBS)
169  (10:5:4) was added to the 1.5 ml centrifuge tube containing frozen biomass and the pellet was
170  resuspended and transferred to a 50 ml glass centrifuge tube. The original 1.5 ml centrifuge tube
171  was washed twice more with this solvent mixture to collect all cells, and a total of approximately
172 7 ml of solvent was added to the 50 ml glass tube. 1 pg of 3-Methylheneicosane was added as an
173  internal standard to each sample at the beginning of extractions. Cells in this solvent mixture
174  were vortexed for 5 minutes, followed by 15 minutes of sonication to further extract lipids and
175  then centrifuged for 10 minutes at 720 X g. Approximately 90% of the solvent mixture was

176  aspirated to a new glass vial without disturbing cells, and this extraction process was repeated
177  once with the same solvent mixture, twice with a solvent mixture containing methanol: DCM:
178 2.5 % trichloroacetic acid (10:5:4), and once with DCM: methanol (3:1), pooling all the

179  extractions in a separate vial. Phase separation was conducted by adding 5 ml of PBS and 5 ml of

180 DCM with gentle shaking, followed by removal of the lower (DCM) phase to a new vial. 5 ml of
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181 DCM was added twice more to re-extract aqueous phase, and the pooled DCM phases were

182  evaporated in a Turbovap at 37 °C under a stream of 100% ultrapure N,. The concentrated

183  samples (of approximately 1 ml volume) were transferred to 4 ml vials and then dried down

184  completely. These were labeled as total lipid extracts (TLE) and stored at 4 °C. Intact polar

185  diacylglycerols were converted to FAMESs by methanolysis. Briefly, TLE’s were resuspended in
186 200 pl of DCM: methanol (9:1), removing 140 pl to a 2 ml vial with insert, and then drying

187  down the 140 pl. Once dried, 100 pul of methanoic HCI was added, samples were capped and
188  heated at 60°C for greater than 1.5 hours. Samples were evaporated, followed by addition of 200
189  ul of DCM: methanol (9:1), evaporation, addition of 200 ul of methanol, evaporation, and then
190  resuspension in hexane for analysis via GC/MS.

191

192  Determination of unsaturated double-bond positions

193 Monounsaturated fatty acid double-bond positions were determined by the method of
194  Yamamoto et al. (43). An aliquot of FAMEs for each sample with detectable unsaturated fatty
195 acids based on GC/MS analysis of TLE’s was transferred to a new 4 ml vial and dried down. 100
196  pL of dimethyl disulfide (DMDS) and 50 pL of iodine was added to each vial and vials were
197  heated on a heating block at 35°C for 30 minutes. 1 ml of hexane was added to each vial and
198  Na,S,03 was added to vials 20 pl at a time until mixture turned clear, with vigorous vortexing
199  between each addition. The organic layer was removed and then re-extracted with DCM:

200  methanol (9:1). Organic layers were combined and run through a Na,SO,4 column to remove
201  residual water, followed by rinsing the column with DCM and hexane, before concentrating
202  under N, gas. Samples were resuspended in hexane and analyzed via GC/MS.

203
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204  Analysisof lipids

205 Samples were analyzed on an Agilent 7890A gas chromatograph attached to an Agilent
206  5975C mass selective detector (MSD) equipped with a programmable temperature vaporization
207  (PTV) injector. 1 pl of sample dissolved in hexane was injected into an Agilent J&W DB-5ms
208  column (60 meter X 0.25 mm internal diameter, with 0.25 um coating). The column was held at
209  60°C for 2 minutes following injection, then ramped up to 150°C at 10°C per minute, followed
210 by ramping up to 315°C at 3°C per minute. Total run time was 90 minutes per sample. GC/MS
211  peaks and spectra were acquired with Agilent GC/MSD software and peak areas were manually
212  integrated with Enhanced Data Analysis software. Lipids were identified by searching the mass
213  spectra of integrated peaks against the National Institute of Standards and Technology (NIST)
214  database and matching retention times and peak elution order to NIST predictions. To search for
215  hopanoids, m/z 191 was used to indicate the potential presence of hopanoids (44). lon 191 was
216  extracted from chromatograms and any spectra with large 191 ions were searched against the
217  NIST database to compare mass spectra. Lipids were normalized to the internal standard for
218  comparison between samples. The normalized means of triplicate extraction blanks were

219  subtracted from all n16:0 and n18:0 peak areas in all samples. The uncertainty from extraction
220  blanks was propagated into error bars shown in all figures. Average acyl chain length was

221 calculated by multiplying each fatty acid’s fractional abundance by the length of the acyl chain
222  and summing those weighted values. Microsoft Excel was used for T-tests and analysis of

223  variance (ANOVA) was calculated with JMP Pro 11 (SAS software).

224

225  Protein extraction and purification

10
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226 Following growth of cultures, cells were collected by centrifugation (14,000 X g for 6
227  min), washed in PBS and frozen at -80°C until extraction. Whole cell proteomes were extracted
228 by adding 200 ul of lysis buffer (Huang et al. 2012) containing 8 M urea, 4% (w/v) CHAPS, 40
229 mM Tris and 65 mM DTT to each frozen cell pellet. 100 pl of sterile 0.1 mm zirconia beads was
230  added to each tube and samples were bead beat for 1 min at maximum speed (MOBIo vortexer),
231  followed by 30 seconds on ice. Bead beating and ice bath cooling was repeated 10 times, with
232  the final removal of beads and cell debris by centrifugation for 3 min at 14,000 X g. The protein-
233  containing supernatant was aspirated, placed in a new tube, and frozen at -80°C until digestion.
234 An aliquot of each sample was used for protein quantification via BioRad Protein Assay with
235  bovine serum albumin standard.

236 Proteins were purified using optimized conditions for proteome analysis. Cell lysates
237  were added to Vivaspin columns (Sartorius) with a 3000 Da size cutoff to remove urea and

238  extraction buffer reagents. An additional 500 ul of water was added to each column to dilute the
239  sample and columns were spun for 10 min at 13,000 X g, room temperature. This was repeated,
240  with the flow-through discarded each time. The remaining proteins in the column were

241  resuspended and added to a new Eppendorf tube with four volumes of cold acetone (-20°C).
242  Proteins were precipitated by incubating tubes at -80°C for 30 minutes and then centrifuging at
243 16,000 X g for 10 minutes at 4°C. The supernatant was discarded and the protein pellet was

244 washed with 300 ul acetone and spun again, followed by air drying for 5 minutes to allow

245  residual acetone to evaporate.

246 One set of replicates (Batch 1), with 1 sample from each condition, was processed in the
247  manner described above, but with an additional initial step for precipitation of proteins with

248  acetone prior to application to the Vivaspin columns in order to remove urea and extraction

11
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249  buffer reagents. This initial acetone precipitation step was associated with product loss during the
250  first batch of extractions, and was deemed unnecessary for processing a second batch of

251  proteomes with 2 samples from each conditions. Batch 1 samples are noted in figures and tables
252  and are included for qualitative or univariate comparison to other replicates.

253

254  Protein digestion and peptide fractionation

255 Proteins were re-suspended in a 15 pl of 8M urea (dissolved in 50 mM ammonium

256  bicarbonate) followed by adding 20 ul of 0.2% ProteaseMAX™ (Promega) surfactant, 50 pl of
257  ammonium bicarbonate, and 2.12 pl of 400 mM dithiothreitol (DTT) to reduce disulfide bonds.
258  Samples were incubated at 56°C for 30 minutes, and then alkylated by addition of 6 ul of 550
259  mM iodoacetamide, followed by incubation for 30 minutes at room temperature in the dark. To
260  prevent alkylation of trypsin, excess iodoacetamide was inactivated by addition of 2.12 ul of
261 DTT and incubated for an additional 30 minutes in the dark. Proteins were digested by adding
262 3.7 pl of 0.5 pg/ul trypsin (1:27 trypsin: protein ratio) and 1 pl of 1% ProteaseMAX ™ followed
263 by 3 hours incubation at 37°C. After digestion, trypsin was inactivated by addition of 20%

264 trifluoroacetic acid to a final concentration of 0.5%. Digested proteins were concentrated and
265  desalted with OMIX tips (Agilent technologies, Part No. A57003100) according to manufacturer
266 instructions, and dehydrated to dryness in a SpeedVac®.

267 To fractionate peptides by isoelectric point, samples were re-suspended in 3.6 ml of 1X
268  off-gel buffer and then loaded onto an Agilent off-gel fractionator with IPG strips (pH 3-11)
269  according to manufacturer instructions. For the first 4 samples, the 24 fractions were pooled into
270 19 fractions (combining 1 and 24, 2 and 23, 3 and 22, 4 and 21, 5 and 20, 6 and 19, without

271  combining fractions 7-18). As protein concentrations were relatively low and LC-MS runs did

12
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272  not show a large number of peptides, we pooled the 24 fractions down to 12 fractions in the

273  second set of 8 samples. All fractions were dried in a SpeedVac® prior to re-suspension in 20 pl
274 of 98% H,0, 2% acetonitrile, and 0.1% formic acid for LC-MS analysis as described below.

275

276  LC-MSparametersand protein profiling

277 An Agilent 6530 quadrupole time-of-flight (QTOF) mass spectrometer equipped with an
278  electrospray ionization (ESI) source was used. All samples were analyzed using an Agilent 1290
279  series Ultra Performance Liquid Chromatography (UPLC) (Agilent Technologies, Santa Clara,
280 CA, USA) containing a binary pump, degasser, well-plate auto-sampler with thermostat, and
281  thermostatted column compartment. Mass spectra were acquired in the 3200 Da extended

282  dynamic range mode (2 GHz) using the following settings: ESI capillary voltage, 3800 V;

283  fragmentor, 150 V; nebulizer gas, 30 psig; drying gas, 8 L/min; drying temperature, 380°C. Data
284  were acquired at a rate of 6 MS spectra per second and 3 MS/MS spectra per second in the mass
285  ranges of m/z 100-2000 for MS, and 50-2500 for MS/MS and stored in profile mode with a

286  maximum of five precursors per cycle. Fragmentation energy was applied at a slope of 3.0 /100
287  Da with a 3.0 offset. Mass accuracy was maintained by continually sprayed internal reference
288  ions, m/z121.0509 and 922.0098, in positive mode. Agilent ZORBAX 300SB-C18 RRHD

289  column 2.1 x 100 mm, 1.8um (Agilent Technologies, Santa Clara, CA) was used for all analyses.
290  LC parameters: autosampler temperature, 4°C; injection volume, 20 ul; column temperature,
291  40°C; mobile phases were 0.1% formic acid in water (phase A) and 0.1% formic acid in

292  acetonitrile (phase B). The gradient started at 2% B at 400 pl/min for 1 min, increased to 50% B

293  from 1 to 19 min with a flow rate of 250 pl/min, then increased to 95% B from 19 to 23 min with

13
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294  anincreased flow rate of 400 pl/min and held up to 27 min at 95%B before decreasing to 2% B
295 at 27.2, ending at 30 min and followed by a 2 minute post run at 2% B.

296

297  Protein data processing

298 Raw data was extracted and searched using the Spectrum Mill search engine

299 (B.04.00.127, Agilent Technologies, Palo Alto, CA). "Peak picking" was performed within

300  Spectrum Mill with the following parameters: signal-to-noise was set at 25:1, a maximum charge
301 state of 7 is allowed (z = 7), and the program was directed to attempt to "find" a precursor charge
302  state. During peptide searching the following parameters were applied: peptides were searched
303  against the genome of B. subterraneus MITOT1(40), carbamidomethylation was added as a fixed
304  modification, and the digestion was set to trypsin. Additionally, a maximum of 2 missed

305 cleavages, a precursor mass tolerance +/- 20 ppm, product mass tolerance +/- 50 ppm, and

306  maximum ambiguous precursor charge = 3 were applied. Data were evaluated and protein

307 identifications were considered significant if the following confidence thresholds were met:

308  protein score > 13, individual peptide scores of at least 10, and Scored Peak Intensity (SPI) of at
309 least 70%. The SPI provides an indication of the percent of the total ion intensity that matches
310 the peptide's MS/MS spectrum. A reverse (random) database search was simultaneously

311  performed and manual inspection of spectra was used to validate the match of the spectrum to
312  the predicted peptide fragmentation pattern, hence increasing confidence in the identification.
313  Standards were run at the beginning of each day and at the end of a set of analyses for quality
314  control. Protein expression values (spectrum counts) were calculated in Scaffold software with
315  the imported peptide hits from Spectrum Mill. The threshold for including a protein was a

316  minimum of two distinct peptides with 95% confidence. To compare between samples, spectrum

14
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317  counts for each protein were divided by the sum of spectrum counts in respective samples,

318  resulting in protein expression values as a percent of total.

319

320 Data analysis and statistics were conducted with Microsoft Excel, JMP Proll, Simca, and
321  Primer 6 software. The Kruskal-Wallis test was used to determine if individual proteins were
322  differentially expressed under culture conditions. Proteins with 2 or more samples below the
323  detection limit were not considered for significance. Clustering was performed with Spearman
324 rank correlation and Principal Component Analysis (PCA) implemented in Primer 6 software
325  (Plymouth Marine Laboratory), for PCA proteins representing at least 0.5% of the spectral

326  counts for an individual sample were included in the analysis. Partial least squares discriminant
327  analysis (PLS-DA) was used to identify proteins that are differentially represented among the
328  different conditions, and Gene Set Enrichment Analysis (GSEA) (45) was used to determine if
329  pathways (or gene sets) are differentially expressed in response to different conditions. The

330 MITOT1 genome (40) was annotated with the Kyoto encyclopedia of genes and genomes

331 (KEGG) automatic annotation server (KAAS) (46) to obtain KEGG IDs for proteins to be used
332 in conjunction with KEGG gene sets in GSEA. Proteins that could not be annotated with KEGG
333  were excluded from this analysis. Pathway (gene set) size was set to a minimum of 5 proteins,
334 and 1000 permutations were performed. Proteins detected by LC/MS with *hypothetical’ RAST
335  annotations (40, 47) were submitted to Phyre2 (48) for additional characterization. Phyre2

336  annotations are included (in Supplemental Table 4) when predicted with greater than 90%

337  confidence, 20% identity, and 30% coverage.

338

339 Reaults
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340

341 Growth of MITOTL1 in bioreactorsunder different headspace and pressures

342 We observed growth in 5 of 6 bioreactors containing 1 atm CO, headspace, 3 of 3

343  bioreactors containing 1 atm N, headspace, 4 of 11 bioreactors containing 100 atm CO,, and 7 of
344 7 bioreactors containing 100 atm N,. Growth variability under high pressure CO, is consistent
345  with previous observations and has been discussed in detail elsewhere (Peet et al,(3)). When
346  more than 3 replicates were available for analysis, samples with higher biomass were selected in
347  order to maximize material for protein and lipid analyses. All bioreactors with observed biomass
348  were within a factor of 5 of the maximum cell density observed in previous experiments carried
349  out under anaerobic conditions (i.e. 107 to 2x10° cells/ml) (3), consistent with these cultures

350 being in, or entering, stationary phase (Supplemental Fig. 3). Direct counts varied significantly
351  Dbetween headspace and pressure/incubation conditions, with greater counts in CO,-incubated
352  cultures (p=0.005, F-ratio= 15.1), and in high pressure cultures (p= 0.003, F-ratio= 18.1), while
353 the interaction of pressure and headspace gas was not significant. No significant differences in
354  viable counts (cfu/ml) were observed between headspace or pressure/incubation, which could
355  have indicated differences in growth phase (p>0.05; two-factor ANOVA).

356

357 B.subterraneus MITOT1 lipids under supercritical CO, appear similar to an acid stressed
358  phenotype

359 Since previous studies have shown changes in lipid composition associated with pH,

360  pressure and other stresses (15, 17, 18, 22-24, 49), we examined how cultures grown under 1 atm
361 COgy 1 atm Ny, 100 atm CO,, and 100 atm N differed with respect to lipid composition,

362  branching, saturation, and chain length. Lipids from B. subterraneus MITOT1 grown under
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363  aerobic conditions with ambient pressure to stationary phase are composed of primarily

364  saturated, branched fatty acids (67% of total), consistent with lipid content in a wide range of
365  Bacillusspp. (50) and consisting of the major fatty acids i15:0, ai15:0, i16:0, n16:0, i17:0, ai17:0
366  and n18:0, composing 83% of total fatty acids, with a larger percentage of i16:0, n16:0, and

367 nl8:0, and a lower percentage of i15:0 compared to its closest relatives (via 16S rRNA identity)
368  (Supplemental Table 5) (51-53).

369 Stationary phase cultures grown anaerobically under 1 atm and 100 atm of N, or CO,
370 generally have a lower proportion of branched fatty acids (both iso and anteiso forms) relative to
371  aerobically grown cultures, with branched fatty acids composing 29% of total lipids under 100
372 atm COy, 42% under 100 atm N, 59% under 1 atm CO,, and 58% under 1 atm N, (Fig. 1). The
373  Dbranched fatty acid i16:0 varies significantly among the five headspace and pressure

374  combinations with greater abundance under aerobic conditions than all anaerobic conditions

375 (ANOVA p< 0.0003; F-ratio= 15.8, Tukey's post-hoc test alpha > 0.05) (Supplemental Fig. 4). In
376  contrast, the straight fatty acid, n16:0 is more abundant under all anaerobic conditions, but this
377  difference only met significance between aerobic, ambient pressure and the two high pressure
378  conditions (ANOVA p< 0.02, F-ratio= 5.6, Tukey’s post-hoc test alpha > 0.05).

379 Among the four anaerobic conditions, significant variation was observed for branched
380 fatty acid i15:0 with decreased abundance in 100 atm-incubated cultures relative to those

381  incubated at 1 atm (Two-factor ANOVA p= 0.04; F-ratio=5.6). Significantly more saturated,
382  straight fatty acids were present in scCO, grown biomass when compared to both 1 atm CO; and
383 1 atm ambient atmosphere grown samples (t-test p=0.04, p=0.02, respectively) (Fig. 1). Fatty
384  acid n16:0 is also significantly elevated under 100 atm CO; relative to 1 atm CO, (t-test p=

385  0.01). However, between all anaerobically grown samples, most individual fatty acids do not
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386  show significant differences with respect to headspace and/or pressure by ANOVA or pairwise t-
387  test.

388 Cultures incubated under 100 atm CO, are associated with the longest average acyl chain
389 lengths (Fig. 2) reaching statistical significance for comparison to 1 atm N, and 1 atm ambient
390 headspace samples (t-test p < 0.04). Several unsaturated fatty acids were only detected in aerobic
391  samples (two unsaturated n16 and two unsaturated n17 fatty acids). However, no significant

392  differences in total unsaturated fatty acids were observed between the different anaerobic

393  headspace and pressure combinations, by either 2-factor ANOVA or pairwise t-tests. We did not
394  find any evidence of hopanoid production (presence of m/z 191 ion with spectral comparison to
395 the NIST database) for strain MITOT1. The same lipid analyses with a different scCO,-tolerant
396  Bacillusstrain (B. cereus MIT0214) (3, 40) grown under identical headspace and pressure

397  combinations yielded qualitatively similar results of longer chain lengths and decreased

398  proportion of branching fatty acids under CO, headspaces (Supplemental Fig. 5A-C).

399

400 Proteomesof B. subterraneus MITOT 1 vary by headspace composition and

401  pressure/incubation conditions

402 Proteomes from B. subterraneus MITOT1 cultures incubated under 1 or 100 atm of CO,
403  or N resulted in observation of 623 distinct proteins, corresponding to 15% of total proteins

404  predicted by RAST annotation of the genome sequence (40)(Supplemental Fig. 6). These protein
405  counts are similar to those recovered from other Bacillus proteomes (within a factor of 2) (54,
406  55), despite limitations due to low biomass densities obtained from anaerobic cultivation.

407 To determine whether different headspace and pressure conditions resulted in different

408  proteome profiles, we performed clustering and principal component analysis (PCA) on
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409  MITOTL proteomes. Significant differences were observed between the two batches of

410  proteomes (Supplemental Fig. 6, 7), thus further multivariate analysis was restricted to the 8

411  proteomes prepared by identical methods (N=2 per condition). These 8 proteomes display high
412  correlation (Spearman R> 0.65), with the highest correlation between duplicates of 1 atm N, and
413 1 atm CO, (Spearman R> 0.80). The first two principal component axes (Fig. 3) accounted for
414 79.7% of proteome variation and resolved samples by conditions, with N, and CO, headspace
415  samples separated along PC1 (40.4% variation), and 1 atm and 100 atm incubated cultures

416  separated along PC2 (39.2% variation).

417

418 MITOTL1 proteomes contain similar profiles of highly represented proteins across

419  conditions

420 The most abundant proteins in MITOT1 proteomes are consistent with highly expressed
421  proteins present in other Bacillus spp. across multiple growth phases (54-56) including predicted
422  functions of translation (e.g. translation elongation factor Tu and G), energy generation (e.g.
423  ATP synthase, and citric acid cycle proteins such as aconitase hydratase and succinyl-CoA

424 ligase), and general stress response (e.g. heat shock protein 60 GroEL and chaperone protein
425  DnaK) (Supplemental Tables 1 A-D).

426 Among the most highly expressed proteins across conditions, is a hypothetical protein
427  (Fig_2630) predicted to participate in S-layer formation by top BLASTX result (44% identity
428  with 98% coverage to a B. infantis NRRL B-14911 S-layer protein) and structural prediction
429  with Phyre2 (48) (42% of the protein predicted) (Supplemental Fig. 8 A). Expression varied from
430 1.7 —24.2% of the proteome under CO, and from below detection to 3.6% of the proteome under

431 N, headspaces (Supplemental Fig. 8 B). A second hypothetical protein with structural homology
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432  to S-layer proteins (Fig_2635; 27% of the protein predicted) was observed, representing 0.13% -
433  0.66% of the proteome (Supplemental Table 4). Previous studies document upregulation of S-
434 layer proteins under elevated CO; and low pH conditions (57-59), however, we find predicted S-
435 layer proteins among the most highly represented in the proteome across all conditions and do
436  not vary significantly across anaerobic headspace or pressure (Kruskal-Wallis p > 0.05).

437

438 Proteomesof MITOT1 culturesareconsistent with stationary phase growth

439 Since reduced ribosomal protein expression (5-10 fold) has been associated with

440  stationary phase growth (60) and reduced environmental activity (61, 62), we examined the

441  abundance of total and individual ribosomal proteins in MITOT1 proteomes derived from

442  cultures incubated under different headspace and pressures. Overall, we noted the proportion of
443  ribosomal proteins varied by <2-fold in MITOT1 proteomes (Supplemental Fig 9. A) where high
444  pressure incubated samples were associated with higher ribosomal levels (GSEA p=0.006,

445  FDR<0.25) (Supplemental Fig. 9 B). Removal of ribosomal proteins from the dataset did not
446  significantly change clustering results (Supplemental Fig. 10). Ribosomal proteins L7 and L12,
447  previously shown to be induced during stationary phase growth (63) were observed in all

448  MITOT1 proteomes, and did not vary significantly by headspace or pressure (Kruskal-Wallis
449  p=0.78).

450 The abundance of several additional predicted proteins suggest proteomes were collected
451  within the targeted stationary phase (Supplemental Fig. 11). Observation of proteins predicted to
452  participate in acetoin metabolism (Fig_989, Fig_1512 and Fig_3152) are consistent with their
453  previous observation in stationary-phase (but not exponential-phase) proteomes of B.

454  thuringiensis (55) and may reflect the role of acetoin as a secondary carbon source during
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455  stationary phase growth of multiple bacterial types (64). In addition, the MITOT1 proteomes
456  revealed a carbon starvation protein (Fig_2079), the cell division protein, FtsH (Fig_3548) and
457  two cold shock proteins (Fig_446 and Fig_3723) which have also previously been associated
458  with proteomes of stationary phase cultures (65, 66). Although many Bacillus species undergo
459  sporulation during stationary phase, relatively few predicted sporulation proteins were detected,
460  under all anaerobic conditions, consistent with microscopic observation of cells with primarily
461  vegetative rather than spore morphology during direct counts (Supplemental Fig. 12) and also
462  noted elsewhere (Peet et al, (3)).

463

464  Glycine cleavage system isenriched in CO, headspaces

465 A total of 476 proteins (of 623 total) were annotated with KEGG and corresponded to 43
466  pathways which were analyzed by GSEA. Six of 43 pathways were significantly enriched with
467  respect to either headspace or pressure (p<0.05). We focused on differences between gas

468  headspace to control for the potential effects of variability in culture age within stationary phase,
469  (i.e. pooling 1 atm and 100 atm samples from each headspace). The pathway for glycine, serine,
470  and threonine metabolism was enriched under CO, headspace, while no pathways were

471  significantly enriched under N, (Supplemental Table 2). Five of the proteins in the pathway for
472  glycine, serine, and threonine metabolism (Figure 4) comprise the glycine cleavage system,

473  which is involved in glycine and serine catabolism or synthesis. The protein most highly

474  correlated with CO, samples through PLS-DA is glycine dehydrogenase (decarboxylating)

475  enzyme, which is noteworthy as it can either produce or consume CO, depending on which

476  direction the reaction proceeds, and has been previously shown to be upregulated in acid stressed
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477  E. coli (67). All 5 proteins involved in the glycine cleavage system were positively correlated
478  with CO, headspaces.

479 PLS-DA revealed that additional proteins involved in amino acid metabolism, including
480  deblocking aminopeptidase and arginase, were highly correlated with CO, grown cultures

481  (Supplemental Table 3 A). Deblocking aminopeptidase is potentially significant as it is involved
482  in amino acid metabolism and it is upregulated during heat and oxidative stress (68). Arginase is
483  notable as it is involved in the H. pylori acid stress response by producing urea from arginine
484  (32). Additional predicted proteins with expression that is highly correlated with CO, from PLS-
485 DA include stress response and respiratory proteins (Supplemental Table 3 A).

486 Predicted proteins with differential expression between N, and CO, (Kruskal-Wallis test,
487  p<0.05) include several that are involved in energy generation pathways (Supplemental Fig. 13
488 E-G). Aconitase hydratase is a TCA cycle protein that is abundant in all conditions, although it is
489  significantly higher under CO, headspaces. However, other TCA cycle enzymes do not show
490 significantly different expression under CO, or N,. An electron transfer flavoprotein, beta

491  subunit is significantly reduced under CO,, with another electron transfer flavoprotein showing
492  similar patterns of expression, but not significantly so. Similarly, a tungsten-containing

493  aldehyde:ferredoxin oxidoreductase implicated in carbon utilization (69) showed significantly
494 lower expression under COs.

495 Additional predicted proteins with differential expression between N, and CO, conditions
496 include proteins involved in stress response and/or protein folding (i.e. Chaperone Dnak, ATP-
497  dependent Clp protease ATP-binding subunit ClpX, ATP-dependent hsl protease ATP-binding
498  subunit, and a Universal stress protein). These all show significantly decreased expression under

499  CO; (Kruskal-Wallis test, p<0.05) (Supplemental Fig. 13 A-D).
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500

501 Discussion

502 Much of the current literature on microbial responses to supercritical CO, involves

503  shocking vegetative cells with rapid increases in headspace CO, content, leading to increased
504  pressure, and acidity and a loss in cell viability (4, 5, 8, 9, 11, 70). In contrast, the model system
505  for scCO, exposure employed in this study allows examination of living cells where cultures are
506 inoculation with spores, germination occurs after scCO, addition, and the resulting protein and
507 lipid profiles reflect acclimated growth. In this study we have examined, for the first time, how
508 proteins and lipids vary in different headspace and pressure/incubation conditions to gain insight
509 into how cells acclimate to growth under scCO,. To target similar growth phase in cultures

510 incubated across conditions with variable pressure and headspace we restricted this study to
511  cultures predicted to be in stationary phase based on growth curves conducted at 1 atm or the
512  growth-frequency based logistic regression analysis described in Peet et al (3), for cultures

513  grown at 100 atm. Indeed, observed cell density and protein expression across headspace and
514  pressure/incubation conditions are consistent with stationary phase growth. Congruence of

515  highly expressed proteins in scCO,-exposed proteomes with other Bacillus proteomes from

516  stationary phase cultures (55, 56, 71) is notable as it suggests that B. subterraneus MITOT1 can
517  acclimate and maintain housekeeping metabolic processes under a scCO, headspace.

518 Analysis of acclimation of B. subterraneus MITOTL1 to scCO, through lipid and

519  proteome profiling supports the hypothesis that resistance to CO; stress is similar to an acid
520  stress response, as the high concentration of CO, (associated with a supercritical headspace)
521  results in a significant pH reduction in the growth media (3). Analysis of lipids suggests a

522  reduced proportion of branched fatty acyl lipids and increased average acyl chain lengths under
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523  scCO; in strain MITOT1 that may increase membrane rigidity. These observations are supported
524 Dby qualitatively similar trends observed in B. cereus MIT0214, notably longest average lipid

525  chain lengths under 100 atm CO; (Supplemental Fig. 5) (72). These lipid changes observed in
526  cells grown under scCO, suggests that modulation of membranes to be less fluid may be an

527  important acclimation mechanism in response to the membrane permeabilizing effects of scCO,
528 and is similar to changes observed in acid stressed (22) and solvent stressed bacteria (21).

529 While our data do not reveal significant differences in the abundance of predicted S-layer
530 proteins between N, and CO,, existing literature from Bacillus strains indicate that S-layers may
531 facilitate acclimation to acid and CO; stress (57, 58, 73, 74). S-layers also play a role in cell

532  adhesion, virulence, and membrane stability as they form a protein lattice on the cell surface (59,
533  75). Given the stresses that scCO, imposes (e.g. cytoplasm acidification and membrane

534  permeabilization), and the changes observed in membrane lipids, we hypothesize that universally
535  high S-layer production may predispose MITOTL1 to survive and grow under diverse

536  environmental stresses, including those associated with scCO,.

537 Principal component and clustering analyses indicated that both headspace and pressure
538  help explain variability in the MITOT1 proteomes, with samples separating by headspace along
539 the first principal component and by pressure along the second principal component (Figure 3).
540 Interestingly, the protein profiles of cells grown under scCO, appears to be intermediate between
541  low pressure CO; and high pressure N, consistent with our hypothesis that acidity and pressure
542  may have some opposing effects.

543 The protein most highly correlated with the CO, headspace condition was glycine

544  dehydrogenase, a component of the glycine cleavage system, which has been demonstrated to be

545  upregulated in acid stressed E. coli (67). Enrichment of amino acid metabolism in CO,
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546  conditions, in particular five proteins mediating the glycine cleavage system, supports the

547  hypothesis that this system may play a role in CO, acclimation. Two other proteins enriched

548  under CO; conditions, arginase and deblocking aminopeptidase, have been previously shown to
549  be pH or stress-responsive. Arginase is associated with pH neutralization (32) and deblocking
550  aminopeptidase is upregulated during heat and oxidative stress (68). These amino acid metabolic
551  proteins represent future targets for understanding how MITOT1 responds to elevated CO;

552  stress, as amino acid metabolizing pathways are involved in acid neutralization through

553  production of neutralizing compounds (27, 76) and consumption of protons (28), while various
554 amino acids have been documented as compatible solutes for osmotic regulation (77).

555 The stationary phase cultures examined in this study reflect cells that are no longer

556  growing, and these share some similarities with natural settings where a large portion of cells are
557  static i.e. in dormant forms such as spores or in very slow growing states (78, 79). Bacteria

558  grown under continuously-diluted culture conditions mimicking static conditions reveal lower
559  expression of DNA and protein repair than stationary phase cultures where toxic end products
560 may accumulate and damage cells (80). Both non-static and stationary-phase populations must
561  downregulate ribosomal proteins and energy generation pathways as growth rate slows,

562  suggesting that stationary phase cultures can approximate some aspects of static populations (78-
563  80).

564 While doubling times for static subsurface microbial populations are estimated to exceed
565  hundreds of years (81), these populations can influence the biogeochemistry of the subsurface
566  and may respond to perturbations in their environment. Stimulated growth of static microbial
567  populations, such as spores, may be relevant in the context of various subsurface industrial

568  activities including enhanced oil recovery, hydraulic fracturing, and geologic carbon
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569  sequestration. For example, active subsurface communities can affect variables such as porosity
570 and permeability through mineral dissolution and nucleation (2, 82, 83). Additionally, cells in
571  static or stationary phases may be more resistant to some stresses (8, 84, 85) and thus more likely
572  tosurvive and grow after a perturbation in the subsurface (such as scCO, exposure during

573  geologic carbon sequestration (GCS)). Indeed, it has been inferred that microbial communities in
574  the deep subsurface may be acclimating to influxes of scCO, during GCS through changes in
575  community composition (86, 87).

576 The demonstration of microbial growth under a scCO, headspace calls into question the
577  use of scCO; as a food and medical sterilizing agent where spores may be present, but it is

578  encouraging for the development of applications involving scCO, including bioengineering in
579  GCS and biocatalysis under scCO,. Biocatalysis under scCO; is currently conducted with

580 enzymes or inactivated cells (88). Biphasic reactors containing scCO, and an aqueous (or other
581  solvent) phase have been explored for extraction of various biologically produced compounds
582  that partition into the scCO, phase (1, 89). This study provides insights into how live cells

583  maintain biocompatibility with scCO; through shifts in lipid composition and protein expression,
584  and provides candidate targets to improve the growth of non-biocompatible strains. Membrane
585 lipid modifications to create a more rigid membrane and activity of the glycine cleavage system
586  may help cells acclimate to scCO,. In addition, we hypothesize that introduction of cells as

587  spores to scCO, systems, followed by germination and growth of acclimated cells may help

588  Bacillusspp. tolerate the complex stresses associated with scCO,. New opportunities for

589  biotechnology development in biofuels, pharmaceuticals, and microbially-enhanced GCS will be

590 possible with microbes that are able to grow in an aqueous phase in contact with scCO,. For any
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of these applications to be realized, the continued investigation and development of supercritical

CO; tolerant microorganisms like B. subterraneus MITOTL is crucial.
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616

617 FigurelLegends

618 Figurel. Major lipid classesof MITOT1 sampled in stationary phase under 5 headspace
619 and pressure conditions. Significance described in the text is denoted with (*). Significantly
620  more saturated, normal fatty acids were present in scCO,-grown cultures when compared to both
621 1 atm CO;and 1 atm ambient cultures (t-test p=0.04, p=0.02, respectively). Iso and anteiso

622  branched fatty acids are summed to make up ‘Total branched’ fatty acids. Total branched and
623  normal fatty acids are summed to make up saturated fatty acids. Saturated and unsaturated fatty
624  acids sum to 1 for each sample.

625

626  Figure 2. Averagefatty acid chain lengths of MITOT1 sampled in stationary phase under 5
627 headspacesand pressure conditions. Significance described in the text is denoted with (*). 100
628 atm CO, chain lengths are significantly greater than 1 atm N, and 1 atm ambient samples (t-test
629  p<0.04).

630

631  Figure3. Principal component analysis of duplicate MITOT 1 proteomes. Samples separate
632 by headspace along principal component 1, and by pressure along principal component 2, with
633  the first two principal components explaining 79.6% of variability.

634

635 Figured4. Enrichment of glycine, serine and threonine metabolism under CO.. (A) Heatmap
636  of spectrum counts for proteins in the KEGG gene set for glycine, serine and threonine

637  metabolism. Enrichment under CO, headspace samples indicated via GSEA (nominal p = 0.018).

638  Proteins from the Glycine cleavage system are outlined and are all positively correlated with a
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639  CO, headspace, (PLS-DA p(corr) of 0.98 for Glycine dehydrogenase P2 protein [H], 0.90 for
640  Dihydrolipoamide dehydrogenase [L], 0.85 for Glycine dehydrogenase P1 protein [P], 0.42 for
641  Aminomethyltransferase [T], and 0.40 for Serine hydroxymethyltransferase [S]). The final

642  number on each protein annotation is the RAST annotation fig number. (B) The Glycine cleavage
643  system for glycine metabolism can either produce or consume CO,. Letter codes on diagram
644  correspond to names followed by code in square bracket given in part A. Modified with

645  permission: (90)

646  (https://en.wikipedia.org/wiki/Glycine_cleavage_system#/media/File:Glycine_decarboxylase co
647  mplex.svg).
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component 2, with thefirst two principal components explaining 79.6% of variability.
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Figure4. Enrichment of glycine, serineand threonine metabolism under CO.,. (A)
Heatmap of spectrum countsfor proteinsin the KEGG gene set for glycine, serine and
threonine metabolism. Enrichment under CO, headspace samples indicated via GSEA
(nominal p = 0.018). Proteins from the Glycine cleavage system are outlined and are all
positively correlated with a CO, headspace, (PLS-DA p(corr) of 0.98 for Glycine
dehydrogenase P2 protein [H], 0.90 for Dihydrolipoamide dehydrogenase [L], 0.85 for
Glycine dehydrogenase P1 protein [P], 0.42 for Aminomethyltransferase [T], and 0.40 for
Serine hydroxymethyltransferase [S]). The final number on each protein annotation is the
RAST annotation fig number. (B) The Glycine cleavage system for glycine metabolism can
either produce or consume CO,. Letter codes on diagram correspond to names followed by
code in square bracket given in part A. Modified with permission: (90)
(https://en.wikipedia.org/wiki/Glycine_cleavage system#/media/File:Glycine decarboxylase
_complex.svg).
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