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ABSTRACT Comparative proteomics and untargeted metabolomics were combined to
study the physiological and metabolic adaptations of Rhodococcus gingshengii 1GTS8
under biodesulfurization conditions. After growth in a chemically defined medium
with either dibenzothiophene (DBT) or MgSOy4 as the sulfur source, many differentially
produced proteins and metabolites associated with several metabolic and physiologi-
cal processes were detected including the metabolism of carbohydrates, amino acids,
lipids, nucleotides, vitamins, protein synthesis, transcriptional regulation, cell envelope
biogenesis, and cell division. Increased production of the redox cofactor mycofacto-
cin and associated proteins was one of the most striking adaptations under biodesul-
furization conditions. While most central metabolic enzymes were less abundant in
the presence of DBT, a key enzyme of the glyoxylate shunt, isocitrate lyase, was up
to 26-fold more abundant. Several C1 metabolism and oligotrophy-related enzymes
were significantly more abundant in the biodesulfurizing culture. R. gingshengii IGTS8
exhibited oligotrophic growth in liquid and solid media under carbon starvation.
Moreover, the oligotrophic growth was faster on the solid medium in the presence of
DBT compared to MgSO4 cultures. In the DBT culture, the cell envelope and phospho-
lipids were remodeled, with lower levels of phosphatidylethanolamine and unsatura-
ted and short-chain fatty acids being the most prominent changes. Biodesulfurization
increased the biosynthesis of osmoprotectants (ectoine and mannosylglycerate) as well
as glutamate and induced the stringent response. Our findings reveal highly diverse and
overlapping stress responses that could protect the biodesulfurizing culture not only
from the associated sulfate limitation but also from chemical, oxidative, and osmotic
stress, allowing efficient resource management.

IMPORTANCE Despite decades of research, a commercially viable bioprocess for fuel

desulfurization has not been developed yet. This is mainly due to lack of knowledge

of the physiology and metabolism of fuel-biodesulfurizing bacteria. Being a stress-

ful condition, biodesulfurization could provoke several stress responses that are not Editor Marina Lotti, University of Milano-Bicocca,
understood. This is particularly important because a thorough understanding of the Milan, Italy

microbial stress response is essential for the development of environmentally friendly Address correspondence to Wael Ismail,

and industrially efficient microbial biocatalysts. Our comparative systems biology studies waelame@agu.edu.bh.

provide a mechanistic understanding of the biology of biodesulfurization, which Tihe awilhens dedkie e @arifilia: of iniaiest,

is crucial for informed developments through the rational design of recombinant
biodesulfurizers and optimization of the bioprocess conditions. Our findings enhance
the understanding of the physiology, metabolism, and stress response not only in
biodesulfurizing bacteria but also in rhodococci, a precious group of biotechnologically
important bacteria.
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icrobial biodesulfurization emerged as a green process for removing sulfur from

fossil fuels (1-3) to meet environmental regulations and satisfy the ever-increasing
global demand for cleaner fuels (4-6). Fuel biodesulfurization is based on the unique
metabolic capability of some bacteria to utilize sulfur-containing compounds (such
as dibenzothiophene, DBT) found in diesel fuel as their sole sulfur source without
consuming the carbon skeleton of these compounds. This is achieved via the sulfur-
specific 4S pathway discovered in the biodesulfurization model organism Rhodococcus
gingshengii IGTS8 (1-3, 7). Over the past three decades, several attempts have been
made to increase the biodesulfurization catalytic activity via genetic engineering and
physicochemical strategies that have been implemented to enhance the biodesulfuriza-
tion activity of different bacteria (8-14). Despite these enormous efforts, a process for
the biological desulfurization of fossil fuels has not yet been commercialized, in part due
to the very low catalytic activity and insufficient robustness of the biocatalysts/micro-
bial hosts used (11, 15). Furthermore, the almost exclusive focus on the 4S pathway
has left large gaps in our understanding of the general physiological and metabolic
adaptations of biodesulfurizing microbes, which is essential for the development of
efficient desulfurization bioprocesses (11, 15-19).

In fact, there is accumulating evidence that other metabolic features besides the
4S pathway are critical for the biodesulfurization phenotype (4). For example, differ-
ent bacteria harboring identical genes for the 4S pathway enzymes exhibit different
biodesulfurization phenotypes (4, 20, 21). On the other hand, Tanaka et al. (22) found
that the biodesulfurization activity of Rhodococcus erythropolis KA2-5-1 was stimulated
in the presence of the biodesulfurization-inhibiting inorganic sulfate by disruption of
the gene-encoding cystathionine B-synthase, an enzyme involved in sulfur assimilation.
Based on a genome-scale metabolic model, Aggarwal et al. (16) suggested that a
simultaneous decrease in sulfite reductase activity and an increase in sulfite oxidoreduc-
tase activity improve the biodesulfurization rate via the 4S pathway. Dorado-Morales
et al. (23) improved the biodesulfurization activity by inducing biofilm formation in R.
erythropolis.

These findings have highlighted the need for systematic in-depth studies to better
understand the physiology and metabolism of biodesulfurizing bacteria and to identify
genetic/metabolic engineering hotspots for the development of more catalytically
efficient biodesulfurizers. While comparative systems biology approaches have been
widely applied to understand the metabolic and physiological responses of bacteria to
different stresses (24-27), only a few studies exist for fuel-biodesulfurizing bacteria (28,
29). To fill this gap, we performed comparative proteomics and metabolomics on the
biodesulfurization model organism R. gingshengii IGTS8 grown on either MgSO4 or the
diesel-borne organosulfur compound DBT as the main sulfur source (19). Since DBT is
an unconventional sulfur source (less preferred than inorganic sulfate) (30), we hypothe-
sized that under biodesulfurization conditions, R. gingshengii IGTS8 undergoes metabolic
and physiological adaptations that are reflected in the proteome and metabolome.
Indeed, we found significant biodesulfurization-related and growth phase-dependent
shifts in the abundance of sulfur assimilation proteins and metabolites (19). Further
adaptations concerned the biosynthesis of key sulfur-containing metabolites such as
S-adenosylmethionine, coenzyme A, biotin, thiamin, the molybdenum cofactor, and
the low-molecular-weight thiols mycothiol and ergothioneine. Based on these data,
we developed a model for sulfur assimilation during biodesulfurization (19). In another
recent study on R. gingshengii IGTS8, Martzoukou et al. (31) showed that typical sulfur
assimilation enzymes, namely cystathionine B-synthase and cystathionine y-lyase, play
a role in sulfate- and methionine-dependent repression of the 4S biodesulfurization
pathway enzymes.
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Here, we further explored our proteomics and metabolomics data, conducted
genomic analyses, and found significant global differences between sulfate-assimilating
and biodesulfurizing R. gingshengii 1GTS8 cells. These data indicate that the response
reaches far beyond sulfur assimilation and further confirms the importance of a
thorough understanding of the physiology and metabolism of biodesulfurizing bacteria.

MATERIALS AND METHODS
Composition of the chemically defined medium

Chemically defined medium (CDM) was prepared in deionized water with the following
composition per liter: KHyPOy4, 1.08 g; KoHPO4, 5.6 g; NH4Cl, 0.54 g; CaCl,.2H50, 0.044 g;
FeCl».4H50, 1.5 mg; vitamins (cyanocobalamine 0.2 mg, pyridoxine-HCI 0.6 mg, thiamin-
HCI 0.4 mg, nicotinic acid 0.4 mg, p-aminobenzoate 0.32 mg, biotin 0.04 mg, Ca-pan-
tothenate 0.4 mgq); and trace elements (ZnCl,.7H50: 70 pg, MnCl,.4H50: 100 pg, CuCly:
20 Mg, COC|2.6H20: 200 Mg, Na2M004.2H20: 40 Mg, NiC|2.6H20: 20 Hg, HgBO3Z 20 pg)
In the inorganic sulfate cultures, MgSO4.7H,0 (0.5 mM) was added as the main sulfur
source, while the biodesulfurizing cultures had DBT (0.5 mM) (added from a 100-mM
stock in ethanol) as the main sulfur source. In addition, MgCl>.6H>0 (0.5 mM) was added
to the DBT cultures to compensate for the Mg concentration. No MgCl, was added to
the inorganic sulfate cultures. The carbon source (glucose) was added at a concentration
of 20 mM in both cultures. In addition, the biodesulfurizing culture had ethanol (0.5%,
vol/vol) as the co-solvent of DBT.

Culturing of R. gingshengii IGTS8

Comparative proteomics and untargeted metabolomics on R. gingshengii IGTS8 (ATCC
53968) were conducted as described by Hirschler et al. (19). The strain IGTS8 was grown
in CDM with either MgSO4 or DBT as the main sulfur source, and glucose or glucose +
ethanol as the carbon source, respectively (19). Four biological replicates were prepared
for each culture, and there was a separate set of cultures for each harvesting time
point, that is, there was a total number of 16 cultures for each sulfur source (four
time points X four replicates). For the DBT cultures, cells were harvested after 32 hours
(early-log phase), 45.5 hours (mid-log phase), 54.5 hours (late-log phase), and 67.5 hours
(stationary phase). For the inorganic sulfate-containing cultures, cells were harvested
after 29 hours (early-log phase), 36 hours (mid-log phase), 41 hours (late-log phase), and
45.5 hours (stationary phase). Growth curves of both cultures are included in Fig. S1.

Quantitative proteomics

Details of sample preparation and nano liquid chromatography coupled to tandem
mass spectrometry (LC-MS/MS) analysis are included in the Supplementary Material and
described in Hirschler et al. (19). Raw MS data were processed using MaxQuant software
v1.6.0.16 (32). Peak lists were searched against the R. gingshengii IGTS8 proteins (6,734
sequences). The annotated genome is accessible via FigShare (DOI: https://dx.doi.org/
10.6084/m9.figshare.14547426). MaxQuant parameters were set as follows: MS tolerance
set to 20 ppm for the first search and 5 ppm for the main search, MS/MS tolerance set
to 40 ppm, maximum number of missed cleavages set to 2, Carbamidomethyl (C) set
as a fixed modification, Oxidation (M), and Acetylation (Protein N-term) set as variable
modifications. Identifications were validated at a false discovery rate (FDR) below 1%
at both peptide spectrum match and protein levels. Data normalization and protein
quantification were performed using label-free quantification (LFQ) with a “minimal
ratio count” of one. The “Match between runs” option was enabled using a 2-minute
time window after retention time alignment. All other MaxQuant parameters were set
as default. Differential data analysis was performed using the open-source ProStaR
software version 1.24.7 (33). To be considered for differential analysis, proteins must
be identified in all four replicates of the DBT or MgSO4 cultures. For residual missing
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values, the slsa algorithm was used for the POV (Partially Observed Values) imputation,
and MEC (Missing on the Entire Condition) values were replaced by the 2.5 percentile
value. A Limma moderated t-test was applied to the data set to perform differential
analysis. Benjamini-Hochberg method was used to adjust P-values for multiple testing,
and differentially expressed proteins were sorted out using a P-value threshold that
guarantees an FDR below 1%. Complete data set has been deposited to the ProteomeX-
change Consortium via the PRIDE partner repository (34) with the data set identifier
PXD021362. Data were analyzed with principal component analysis (PCA) on R (version
3.6.3) using the MetaboAnalyst package. The PCA test was built considering the different
proteins as individuals and the growth phases as variables. The PCA results indicate that
the two first axis represent 70.4% of the data set inertia (variability of the data cloud).

Functional classification of the detected proteins

To perform functional classification of the differentially expressed proteins, a BLAST
fasta36 search was performed (35). Similarity search was done against a public Rhodo-
coccus gingshengii genome from UniProtKB/Swiss-Prot (TaxID 334542, 16,072 entries, 24
November 2021). For each protein, gene ontology (GO) terms were queried from the
Gene Ontology database (http://geneontology.org/) and proteins were filtered according
to their functional classification.

Enrichment analysis of the differential proteins

Functional annotation enrichment analysis of differential proteomics data was per-
formed for each growth phase in an unbiased way using the desktop version of DAVID
(Ease v2.0) (36, 37) and an updated version of GO and KEGG pathway databases (18
October 2021). The list of differentially produced proteins from each comparison (DBT
and MgSOy4 cultures) was compared to the list of all proteins identified. Enriched GO
terms were filtered by only considering those with an Ease score lower than 0.1 and a
Benjamini P-value < 0.05.

Metabolomics analyses

Sample preparation procedures and untargeted LC-MS/MS analysis are described in
detail in the Supplementary Material and Hirschler et al. (19).

Untargeted gas chromatography-mass spectrometry (GC-MS) analysis

Fifty microliters of each extract were dried in a SpeedVac (Thermo Scientific) and
derivatized by adding 50 pL of a solution of methoxyamine hydrochloride (Sigma),
pyridine (>99.5%, Sigma), and a mixture of nine alkanes (C10-C12-C15-C18-C19-C22-C28-
(C32-C36 used as internal standards). The samples were heated at 40°C for 90 minutes
and shaken at 900 rpm in a thermomixer. Eighty microliters of N,O bis(trimethylsilyl)tri-
fluoroacetamide (>99%, Sigma) were added, and the microtubes were heated for
30 minutes at 40°C at 900 rpm. We used two different methods to analyze the extracts.
Silylated samples were analyzed by GC (436-GC, Bruker; column 30 m, 0.25 mm, 0.25 um
HP-5-MS) with He (carrier gas) inlet pressure programmed for a constant flow of 0.6 mL/
minute and mass spectrometric detector [SCION TQ, Bruker; 70 eV, mass to charge (m/z)
ratio of 50-700]. The injector temperature was set at 230°C. The GC temperature program
for the first method was as follows: injection at 70°C, oven 1 minute at 70°C, raised by
9°C/minute to 320°C, and held for 10 minutes at 320°C with a pressure pulse of 12 psi
during 1 minute. The second method was carried out with the temperature program:
injection at 60°C, oven 1 minute at 60°C, raised by 5°C/minute to 320°C, and held for
10 minutes at 320°C. The inlet pressure was programmed for a constant flow of 1 mL/
minute with a pressure pulse of 30 psi for 1 minute. The injector and mass spectrometric
detector sets were the same for both methods. For differential analysis, the raw data
were pre-processed with xcmsonline website. The m/z fragments of interest were then
tentatively identified on the basis of their mass spectra and their retention index. The
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mass spectrum of compounds was compared with the spectrum of known compounds
stored in the NIST and Wiley libraries. We consider that a molecule is present if it is
detected at least three times in a replicate.

Statistical analyses

Statistical analysis of the metabolomics data set was performed in Metaboanalyst 5.0
using the area of the peaks as the unit of reference. To comply with the small number of
samples, a Wilcoxon rank sum test was performed for comparison of the samples by pairs
(e.g., early-log DBT versus early-log MgSQ,). A fold change threshold of 2 and —2 was
used to determine the differential metabolites, with a P-value < 0.05. Then the annotated
metabolites were also analyzed using PCA test which was built considering the different
metabolites as individuals and the growth phases as variables. The PCA results indicate
that the two first axis represent 50% of the data set inertia (variability of the data cloud).
Finally, the metabolites intensities were also graphically presented for each growth phase
using boxplots drawn in the software R (4.0).

Oligotrophic growth of R. gingshengii IGTS8

To test whether R. gingshengii IGTS8 is capable of oligotrophic growth, we cultured it
in CDM (100 mL in 250-mL baffled flasks) with 0.1 mM DBT as the main sulfur source
without the addition of the carbon source glucose. To exclude ethanol (the DBT solvent)
from the cultures, we adopted two different methods. In the first method, DBT was
added to an empty sterile flask and ethanol was evaporated either at room temperature
for 30 minutes or on a hot plate at 40°C for 15 minutes in a biological safety cabinet.
When the DBT crystals appeared at the bottom of the flask and the liquid ethanol
(100 pL) was not visible, we assumed that ethanol was completely evaporated. The
culture medium which was prepared in another flask was then transferred to the flask
containing DBT. In the second method, DBT (1.84 mg) was directly added to the culture
medium as solid crystals (without ethanol). To check whether the oligotrophic growth
is induced under biodesulfurization conditions, control cultures were run in parallel
containing 0.1 mM MgSO,4 or DBT as the main sulfur source with and without ethanol
addition. When ethanol was added (100 pL), it was evaporated as described above.
Furthermore, another set of cultures was prepared in CDM lacking both the carbon
and sulfur sources (neither glucose, ethanol, DBT nor MgSO,4 was added). Growth was
followed by optical density measurements at 600 nm (ODggg) every 24 hours over an
incubation period of 7 days. Biodesulfurization of DBT was tested in culture samples
after 7 days of incubation using GC-MS as described (38). All cultures were prepared in
biological triplicates, inoculated with single colonies from LB agar plates, and incubated
for 7 days at 30°C in an orbital shaker. All experiments were repeated at least three
times. In addition, oligotrophic growth of the strain IGTS8 was investigated on plates of
CDM solidified with agar (16 g/L). Glucose and ethanol were excluded from all plates,
which contained either DBT (added as solid crystals, 1.84 mg/100 mL medium) or MgSO4
(0.1 mM) as the main sulfur source. Control plates were prepared without the addition
of any carbon or sulfur sources. Furthermore, positive control plates contained glucose
(10 mM), ethanol (0.1%), and 0.1 mM of either DBT or MgSOyg4. All plates were prepared in
duplicates, streaked with single colonies from LB agar plates, and incubated at 30°C for 7
days.

Growth of R. gingshengii IGTS8 on glycerol

To test the effect of the carbon source on the growth of R. gingshengii IGTS8 under
biodesulfurization conditions, it was cultured in CDM (100 mL in 250-mL baffled flasks)
containing 0.5 mM DBT and either glucose (20 mM) or glycerol (40 mM) as a carbon
source. The concentration of glucose and glycerol was adjusted to have a final carbon
concentration of 120 mM in both cultures. Ethanol (0.5%, vol/vol) was present in both
cultures as the co-solvent of DBT. The glucose and glycerol cultures were inoculated from
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the respective precultures to have a starting biomass load of 0.3 mg/L. All cultures were
run in biological triplicates at 30°C in an orbital shaker (180 rpm). Growth was followed
by ODggg every 24 hours.

Transmission electron microscopy

Cell pellets were harvested from 1 mL of the DBT and MgSOy4 cultures during the
early-log, mid-log, and stationary phase. After washing with deionized water, cells were
fixed overnight at 4°C with a solution containing glutaraldehyde (2.5%), and subse-
quently rinsed three times with phosphate buffer (0.1 M, pH 7.2). An additional fixation
step was conducted with a solution containing osmium tetroxide (1%) for 1 hour at room
temperature. Finally, increasing concentrations of water/ethanol solutions (35%, 50%,
70%, 85%, 95%, and 100%) were added to the cells to dehydrate them by washing the
cells for 10 minutes two times. Each cell pellet was washed with 1T mL of propylene oxide
(>99.5% vol/vol) for 5 minutes. Bacterial cells were then infiltrated at room temperature
with a mixture of ethanol:epoxy resin which was prepared as described by the manufac-
turer’s protocol. Thereafter, the bacterial cells were further infiltrated by epoxy resin:etha-
nol 1:3 for 1 hour, 1:1 for 2 hours, and 100% resin for 4 hours at room temperature. Resin
polymerization occurred during further incubation at 70°C for 12 hours. The resulting
resin blocks were ultrathin-sectioned and mounted onto copper slot grids. Thin sections
were imaged using a ThermoFisher Talos L120C G2 TEM operating at 120 kV. All the
reagents were purchased from Electron Microscopy Science.

Surface tension measurement

To check the IGTS8 cultures for biosurfactants production, the surface tension was
measured in cell-free supernatants collected from the DBT and MgSQO4 cultures (two
biological replicates) at time intervals at room temperature with a Kruss K100MK3
Tensiometer (Kruss, Germany) equipped with a platinum plate via the Wilhelmy plate
method. The tensiometer was calibrated by adjusting the measurement so that the
surface tension of water is 72 mN/m. The data were analyzed by one-way analysis of
variance using Tukey’s multiple comparisons test and applying a significance level of P <
0.05, using GraphPad Prism 6 (Trial Version).

RESULTS AND DISCUSSION
An overview of the proteomics and metabolomics data

Of the 6,734 proteins encoded by the R. gingshengii IGTS8 genome, we identified 2,896
proteins (43% of the total proteome) in our shotgun proteomics analyses of the DBT and
MgSO4 cultures. The relative abundance of many of these proteins varied significantly
depending on the sulfur source and growth phase (Tables S1 and S2), and most of the
differentially produced proteins (about 70%) were significantly more abundant in the
DBT culture. Only 1,089 proteins could be grouped into functional categories using GO
terms from the Gene Ontology database (Fig. 1; Fig. S2; Table S2). These proteins cover all
major metabolic and physiological processes including the metabolism of carbohydrates,
amino acids, lipids and fatty acids, nucleotides, vitamins and cofactors, protein synthesis,
nucleic acids processing, stress response, energy metabolism, cell envelope biogenesis,
and cell division. The majority of the categorized proteins (39%) were classified under the
category “ATP-binding proteins,” followed by the categories “protein metabolism” (19%)
and “lipid metabolism” (11%). Members of the ATP-binding proteins category perform
putative functions related to ATP binding/hydrolysis, for example, ABC-type transport-
ers, kinases, helicases, carboxylases, recombinases, proteases, ligases, and chaperons.
This protein category constituted the majority of the upregulated proteins in the DBT
culture followed by protein metabolism, lipid metabolism, amino acid metabolism,
and carbohydrate metabolism. In contrast, the majority of the downregulated proteins
were involved in carbohydrate metabolism, followed by lipid metabolism, ATP binding,
and protein metabolism. GO (biological process) enrichment analysis revealed temporal
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FIG 1 Functional classification of differentially produced proteins in R. gingshengii IGTS8 during the mid-log phase. (A) Proteins upregulated in the DBT culture.

(B) Proteins downregulated in the DBT culture. The names of the protein functional categories are generic terms according to the Gene Ontology database.

Therefore, the same functional category can be found in the upregulated and downregulated protein groups, which refer to different proteins belonging to the

same category. ECM: extracellular matrix (molecular function of this category is metal ion binding).

variations in terms of the number and type of the enriched functional protein categories,
the number of proteins in each enriched category, and the fold enrichment (Fig. S3).
A total of 140 metabolites were detected in the metabolome (Fig. S4 and S5; Tables
S3 through S5). The relative abundance of many metabolites varied significantly with
the sulfur source and growth phase. The most significant differences were observed for
metabolites of lipids, amino acids, as well as vitamins and cofactor metabolism.

PCA of the proteomics and the metabolomics data revealed distinct clusters for
the DBT and MgSOg4 cultures (Fig. S6 and S7). These results demonstrate a global and
versatile response of R. gingshengii IGTS8 under biodesulfurization conditions which, to
our knowledge, has not been reported to this extent for a biodesulfurizing bacterium.

Reorganization of central metabolism: induction of the glyoxylate shunt

With only a few exceptions, the levels of central metabolism proteins were either
significantly lower in the DBT culture throughout all growth phases or not significantly
different between the two cultures, including enzymes of glycolysis (Embden-Meyerhof-
Parnas and pentose phosphate pathways) and the tricarboxylic acid cycle (TCA) cycle
(Fig. 2; Tables S1 and S2). The lower abundance of glycolytic and TCA cycle enzymes
explains the lower specific growth rate of R. gingshengii on DBT (19). On the contrary,
isocitrate lyase, a key enzyme of the glyoxylate shunt, was up to 26-fold more abundant
in the biodesulfurizing culture and maintained its increased abundance throughout
all growth phases (Fig. 2). However, the other key enzyme of the glyoxylate shunt,
malate synthase, was significantly less abundant in the biodesulfurizing culture during
the late-log and stationary phases (Tables S1 and S2). The glyoxylate shunt is usually
activated under carbon starvation and when the TCA cycle is arrested due to nutrients
and oxygen limitations (39). Induction under sulfate starvation or biodesulfurization
conditions has not been reported to our knowledge.

The abundance of isocitrate lyase increased in Rhodococcus jostii RHA1 during carbon
starvation in the stationary phase (25). Isocitrate lyase and malate synthase were more
abundant in propane-grown cultures of Mycobacterium sp. strain ENV421 and Rhodo-
coccus sp. strain ENV425 compared to succinate-grown cultures. Upregulation of the
glyoxylate shunt enzymes was correlated with the net production of acetyl-CoA from
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propane (40). In addition, changes in the metabolic flux through the central metabolism
pathways occurred and isocitrate lyase was much more abundant when Rhodococcus
opacus PD630 was grown on phenol instead of glucose (41). In Mycobacterium tuberculo-
sis, the glyoxylate shunt was shown to be essential for fatty acid catabolism, virulence,
and survival (42). Moreover, isocitrate lyase is essential for growth under glycerol-limited
conditions and was proposed to be a key enzyme in a novel carbohydrate metabolic
route (43). Various physiological functions of the glyoxylate shunt have been reported
including detoxification of glyoxylate, utilization of triacylglycerols, and replenishment of
oxaloacetate during growth on acetate or fatty acids (39). It also avoids the loss of CO,
in the oxidative arm of the TCA cycle, preserves CoA units during oligotrophic growth,
and links gluconeogenesis to the oxidation of acetyl residues resulting from fatty acid
degradation (39).

Although we have no direct clues as to why the abundance of isocitrate lyase
increased in the DBT culture, we can hypothesize some scenarios based on our omics
data and the literature. The first scenario is related to a higher oxygen demand in the
biodesulfurizing culture which is needed to retrieve sulfur from DBT via the 4S pathway.
Hence, the biodesulfurizing culture might experience hypoxia, which is known to induce
the glyoxylate shunt (39). The other scenario deals with the presence of glucose as
a carbon source in the biodesulfurizing culture. In general, higher energy demand in
bacteria stressed with aromatic substrates (like DBT) was reported (41). Moreover, it is
known that there is a higher energy demand during desulfurization via the 4S pathway
where each mole of DBT requires 4 moles of NADH (44, 45). This extra NADH can be
more readily supplied from ethanol via alcohol dehydrogenase, which makes ethanol
superior to glucose as a carbon source in terms of a higher growth yield and specific
desulfurization activity (44-46). Accordingly, the specific combination of glucose and
DBT in the biodesulfurizing culture may induce a type of carbon nutritional stress that
leads to increased synthesis of the glyoxylate shunt enzymes.

To determine whether glucose was causing any growth defects in the DBT culture, we
grew strain IGTS8 on glycerol as an alternative carbon source in the presence of the same
DBT concentration added in the glucose culture. We noticed a slightly higher ODggg
and growth rate for the glycerol culture (Fig. S8). However, both the ODggq and specific
growth rate of the glycerol culture (0.072/hour) were not significantly different from that
of the glucose culture (0.066/hour). Although these results rule out growth disadvantage
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in the glucose culture, a potential nutritional stress cannot be completely excluded.
Therefore, we postulate that the biodesulfurizing culture could benefit from the available
ethanol (DBT solvent, 0.5%) as a source of the required reducing equivalents (NADH). This
reasoning is backed by the higher abundance of several alcohol dehydrogenases in the
DBT culture such as IGTS8_peg1280 and IGTS8_peg6110 (Tables S1 and S3). If ethanol
were further oxidized to acetate, the glyoxylate shunt would be required for further
metabolism.

In addition to the enzymes that operate the oxidative TCA cycle, a putative citrate
lyase, a key enzyme of the reductive TCA cycle, was significantly more abundant (up
to 17-fold) in the biodesulfurizing culture, and its level increased toward the stationary
phase. In general, the level of most carbohydrate metabolism enzymes was significantly
lower in the DBT culture, consistent with the metabolome profile (Fig. 2; Tables S3
through S5).

An NADP-dependent malic enzyme appears to be a key metabolic link between
glycolysis, gluconeogenesis, and the TCA cycle, which is controlled by the metabolic
switch or anaplerotic node (phosphoenolpyruvate-pyruvate-oxaloacetate node) (47).
This is inferred from the observation that malic enzyme was significantly more abun-
dant in the DBT culture, whereas the relative abundance of both phosphoenolpyruvate
carboxykinase and pyruvate carboxylase was not significantly different between the
DBT and MgSOy cultures (Tables S1 and S2). The malic enzyme catalyzes the oxidative
decarboxylation of malate to produce pyruvate and NADPH, which is crucial for anabolic
processes (39). Further discussion on central metabolism is included in the Supplemen-
tary Material.

Oligotrophy in the biodesulfurizing culture of R. gingshengii IGTS8

Oligotrophy is a common phenotype among some representatives of the genera
Rhodococcus and Streptomyces. It is usually induced, and allows the utilization of
atmospheric CO, and CO, under carbon starvation (48). The biodesulfurizing culture
of R. gingshengii 1GTS8 was highly enriched (up to 170-fold) during all growth phases
in two polypeptides annotated as carbon monoxide dehydrogenase D (IGTS8_peg6111)
and E (IGTS8_peg6112) proteins (Fig. S9; Tables S1 and S2). The former is identical
to an ATPase of the MoxR family from several Rhodococcus spp., which is known as
a modulator of stress response pathways and may have a chaperone-like role in the
maturation of proteins and insertion of cofactors (49, 50). MoxR homologs are important
for the formation of active methanol dehydrogenase in Paracoccus denitrificans (51) and
maturation of CO dehydrogenase in Oligotropha carboxidovorans (52). IGTS8_peg6112
is identical to uncharacterized proteins from Rhodococcus spp. that belong to the
conserved von Willebrand factor type A domain protein family (Pfam 05762, VWA_CoxE).
CoxE-like proteins are found in several bacteria as a part of their CO-oxidizing systems
(53) where they may be involved in post-translational assembly of the CO dehydrogen-
ase bimetallic cluster (54) or in protein-protein interactions (55). The arrangement of the
genes encoding the MoxR and CoxE homologs is consistent with the observation that
ATPases of the MoxR family are commonly encoded upstream of a gene encoding a von
Willebrand factor type A domain-containing protein (49, 50).

R. gingshengii IGTS8 moxR and coxE reside in an operon downstream of the gene
for methanol:N, N’-dimethyl-4-nitrosoaniline oxidoreductase (ThcE, IGTS8_peg6110,
UniProtKB-Q53062) which catalyzes the oxidation of methanol to formaldehyde (56) and
was significantly more abundant in the DBT culture (up to 46-fold) at all growth phases.
In R. erythropolis N9T-4, ThcE was induced during growth in aminutesimal medium
without a carbon source (oligotrophic growth) and was proposed to be a part of a
CO, fixation pathway involving methanol/formaldehyde (57). Notably, under the same
conditions, an aldehyde dehydrogenase was highly abundant (57, 58), an ortholog of
which is encoded downstream of the genes of the mycofactocin system of R. gingshengii
IGTS8 (discussed below).
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We postulate that MoxR/CoxE/ThcE orthologs are involved in C1 metabolism in
R. gingshengii IGTS8, where ThcE may be an alcohol dehydrogenase and MoxR/CoxE
may contribute to its maturation. The possibility that these proteins constitute a CO
dehydrogenase can be excluded because none of them shows homology to the major
structural subunits (CoxL, CoxM, and CoxS) of known CO dehydrogenases (53). In the
meantime, we do not exclude the ability of R. gingshengii IGTS8 to utilize CO/CO5 as a
carbon and energy source. Patrauchan et al. (25) reported higher activity and abun-
dance of CO dehydrogenase in carbon-starved stationary phase cells of R. jostii RHA1.
The proteins IGTS8_peg4820-IGTS8_peg4823 probably constitute the three structural
subunits of a putative CO dehydrogenase as well as a related protein annotated as
carbon monoxide dehydrogenase G protein (53). However, only the latter protein was
detected in the proteome and there was no significant difference in its abundance.
Assuming that R. gingshengii IGTS8 indeed possesses a CO dehydrogenase, then MoxR/
CoxE may constitute its post-translational maturation chaperone (52, 54).

C1 metabolism in the biodesulfurizing R. gingshengii 1GTS8 can furthermore be
inferred from our previous finding that a NAD/mycothiol-dependent formaldehyde
dehydrogenase had a slightly higher level in the presence of DBT (19, 59), suggesting
a role in formaldehyde dissimilation. In R. erythropolis N9T-4, the gene encoding an
ortholog of the NAD/mycothiol-dependent formaldehyde dehydrogenase is remarkably
expressed in the presence of formaldehyde (60). Furthermore, the glyoxylate shunt
enzymes were reported to play a role in oligotrophic growth in R. erythropolis N9T-4
(61), consistent with the higher abundance of isocitrate lyase in the DBT culture of R.
gingshengii IGTS8.

The higher abundance of putative C1 metabolism and oligotrophy-related enzymes
in the DBT culture raises the questions: can R. gingshengii IGTS8 grow oligotrophically?
and does this metabolic trait play any role under biodesulfurization conditions? To
find out whether R. gingshengii IGTS8 is capable of oligotrophic growth, we cultured
it in CDM lacking carbon and energy sources (glucose) in the presence of DBT as the
main sulfur source after evaporating the co-solvent of DBT (ethanol). Interestingly, IGTS8
grew under these conditions, reaching an average ODggq of 0.36 after 3 days (Fig. S10),
unlike other reported oligotrophs that can grow only on solid media (48). The average
ODgqg increased to 0.46 within 7 days and reached 0.6 in one biological replicate. We
observed considerable variations in the ODgpg between the biological replicates and
among the repeated cultures. GC-MS analysis after 7 days confirmed the utilization of
DBT and production of 2-hydroxybiphenyl, the typical product of the 4S biodesulfuri-
zation pathway (1-3) (Fig. S11), indicating the functionality of the 4S pathway under
oligotrophic conditions. R. gingshengii IGTS8 did not grow when DBT was replaced by
MgSOy4 (even after 1 month of incubation) or in a medium lacking both carbon and sulfur
sources (Fig. S10).

These findings demonstrate the ability of R. gingshengii IGTS8 to grow oligotrophically
and suggest that this phenotype might be induced under biodesulfurization conditions,
consistent with the upshift of putative C1 metabolism enzymes in the DBT culture such
as a putative carbonic anhydrase, 5-formyltetrahydrofolate cyclo-ligase, methylenetetra-
hydrofolate dehydrogenase, and 5,10-methylenetetrahydrofolate reductase, in addition
to several aldehyde dehydrogenases (Tables ST and S2) (48). These results, however, raise
the question: what was the carbon and energy source that allowed the DBT culture
to grow? Although ethanol in the DBT culture was evaporated before inoculation, it
was crucial to determine if it has an effect on oligotrophy as it was recently reported
to induce oligotrophy-related enzymes in R. erythropolis N9T-4 (62), knowing that the
IGTS8 strain can grow on ethanol as a sole carbon and energy source. Therefore, we
cultured the IGTS8 strain in CDM lacking glucose with MgSO4 as the main sulfur source
and ethanol was added and then evaporated before inoculation as we did with the
DBT culture. The growth profile of this culture was similar to that of the corresponding
DBT culture (Fig. S10), indicating that the observed growth in the glucose-free DBT or
MgSOy4 cultures is correlated with the addition of ethanol. But how ethanol could play
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a role although it was evaporated from the cultures before inoculation? It appears that
some ethanol molecules were trapped in the headspace of the cultures and these could
support the observed growth.

Since we have no control over the amount of ethanol molecules trapped in the
headspace, this amount could be variable which explains the large differences in the
ODggg between the biological replicates. Accordingly, we postulate that R. gingshengii
IGTS8 can utilize ethanol from the gas phase of the cultures, and in that case, ethanol
may serve both as a carbon/energy source and/or an inducer of oligotrophy enzymes.
To confirm our hypothesis, we cultured the IGTS8 strain in CDM with either MgSOg4
or DBT without glucose, and ethanol was fully excluded from the culture medium by
adding DBT in the form of solid crystals. These cultures failed to grow within 7 days of
incubation, further confirming the importance of ethanol.

Assuming that ethanol remaining in the headspace of the liquid cultures was utilized
as a carbon and energy source, we can still propose oligotrophy in R. gingshengii IGTS8
because prior evaporation of ethanol excludes the presence of a high ethanol concen-
tration in the cultures, thus creating the main trigger of oligotrophy, namely carbon
starvation (4). However, results from the liquid cultures provide no clues as to the
activation or induction of oligotrophy under biodesulfurization conditions (in the DBT
culture). To get deeper insights into this aspect, we cultured the strain IGTS8 on plates
of CDM solidified with agar, which supports better growth of oligotrophs than in the
liquid medium (48). Interestingly, the strain IGTS8 grew on plates without glucose and
ethanol where DBT was added as solid crystals (Fig. S12 through S16). On these plates,
single colonies started to appear after 3 days of incubation and continued to increase in
size up to day 7. The colony size was smaller, and the growth was slower, compared to
cultures grown on plates containing glucose, ethanol, and DBT, which can be reconciled.
These findings provide several clues. First, the strain IGTS8 is capable of oligotrophic
growth, confirming the outcome of the liquid cultures. Second, ethanol is not required
for oligotrophy on a solid medium, on contrary to liquid cultures. To answer the question
of whether oligotrophy is induced under biodesulfurization conditions, we cultured
the strain IGTS8 on CDM agar plates lacking glucose and ethanol in the presence of
MgSO4 as the main sulfur source. This culture gave scarce growth which was weaker
and slower compared to growth on the DBT crystal plates. Single colonies could be
clearly recognized only after 6 days of incubation, suggesting better oligotrophic growth
under biodesulfurization conditions. Oligotrophic growth on plates lacking glucose and
ethanol raised a question about the carbon and energy sources that the strain IGTS8
utilized. R. gingshengii IGTS8 did not show prominent growth on CDM agar plates
lacking carbon (glucose and ethanol) and sulfur (DBT, MgSOg4) sources within 7 days
of incubation, showing that it cannot utilize agar as a source of the lacking nutrients. This
finding renders the utilization of atmospheric CO/CO5 as the most plausible explanation
of the observed oligotrophic growth on the CDM agar plates. However, these postula-
tions await further studies to be validated.

Although we showed that R. gingshengii IGTS8 is capable of oligotrophic growth
under carbon starvation in the presence of DBT, it is uncertain whether oligotrophy or
heterotrophic CO/CO, assimilation occurred in the biodesulfurizing cultures which had
plenty of carbon (glucose and ethanol), thus excluding the main trigger of oligotrophy,
namely carbon starvation. Increase in the abundance of putative C1 and oligotrophy-
related enzymes could be a nonspecific stress response to sulfate limitation stress in the
DBT culture or to the presence of ethanol, which was reported to induce oligotrophic
enzymes (62). Alternatively, as we reasoned above for the glyoxylate shunt, a potential
glucose-induced nutritional stress that occurs only in the DBT culture could urge the
biodesulfurizing cells to use additional resources to meet their demand for energy and
reduce equivalents. The glyoxylate shunt could be important under these conditions to
avoid the loss of CO, in the oxidative arm of the TCA cycle and to preserve CoA units (39,
48,61).
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A higher abundance of C1 metabolism and oligotrophy-related enzymes under
biodesulfurization conditions could support energy scavenging for survival or persis-
tence (63). In oleaginous bacteria (including Rhodococcus spp.), CO, assimilation via
anaplerotic reactions under heterotrophic conditions could be crucial for the biosynthe-
sis of triacylglycerols and odd-numbered fatty acids which are enriched in triacylgly-
cerols (64). While oligotrophy in the DBT culture appears consistent with the higher
production of the glyoxylate shunt key enzyme isocitrate lyase (61), it remains to be
determined whether CO or CO, uptake and metabolism actually occurred and what
the implications of this “mixotrophic” phenotype (63) might be during biodesulfuriza-
tion. It is worth noting that the molecular mechanisms regulating oligotrophy and the
underlying CO, fixation pathways and carbon metabolism have not been elucidated (48).

The mycofactocin system is highly induced in the biodesulfurizing culture

One of the most interesting and genuine findings of our study is the strong upshift of the
mycofactocin biosynthesis and associated proteins in the DBT culture, a response that
has not been reported in biodesulfurizing or sulfate-deprived bacteria (Fig. 3; Tables S1
and S2). Mycofactocin is a glycosylated redox cofactor that is ribosomally synthesized
and post-translationally modified. It is commonly found in Mycobacterium spp. and
other Actinomycetota including rhodococci (65). Among the mycofactocin biosynthesis
proteins, MftB (IGTS8_peg6132), MftC (IGTS8_peg6133), and MftD (IGTS8_peg6134) were
much more abundant in the DBT culture during all growth phases with a fold change
ranging from 9.9- to 4,096-fold. These levels did not vary remarkably with the growth
phase. In fact, the radical S-adenosylmethionine enzyme MftC, which catalyzes the first
step of mycofactocin biosynthesis (modification of the precursor peptide MftA) (Fig.
S17) exhibited the highest fold change among all identified proteins (fold change =
1,520 to 4,337). In addition to the mycofactocin biosynthesis proteins, the R. gingshen-
gii IGTS8 mycofactocin gene cluster encodes several putative mycofactocin-associated
oxidoreductases (65, 66), two of which (IGTS8_peg6137 and IGTS8_peg6144) were
also significantly more abundant under biodesulfurization conditions (up to 55.7-fold
and 20-fold, respectively). IGTS8_peg6144 is located downstream of the mycofactocin
gene cluster and is probably encoded in a separate operon because it is preceded
by a gene encoding a putative transcriptional regulator. The IGTS8_peg6144 is identi-
cal to S-ethyldipropylcarbamothioate-inducible aldehyde dehydrogenase (ThcA) from
R. erythropolis (UniProtKB-P46369), which degrades aldehydes produced by N-dealkyla-
tion of thiocarbamates (67). Notably, IGTS8_peg6144 is an ortholog of the aldehyde
dehydrogenase that is highly induced during oligotrophic growth of R. erythropolis N9T-4
(58).

The physiological functions of mycofactocin are being explored, and roles in survival
under hypoxia, redox homeostasis, as well as glucose and alcohol metabolism have been
reported (65, 66, 68). Recently, the role of mycofactocin in glucose metabolism in M.
tuberculosis was inferred from the reduced activity of NADP*-glucose-6-phosphate
dehydrogenase in a AmftD mutant (68). The authors suggested that mycofactocin may
serve as an external redox exchange system for NADP*-glucose-6- phosphate dehydro-
genase under oxygen limitation. A similar role in glucose metabolism could be proposed
for the strain IGTS8.

Consistent with the higher abundance of putative C1 metabolism enzymes and
proposed oligotrophy in the DBT culture, a mycofactocin system-associated transcrip-
tional regulator was shown to regulate the expression of genes encoding the NAD-
dependent aliphatic aldehyde dehydrogenase (ThcA) and N, N’-dimethyl-4-
nitrosoaniline-dependent methanol dehydrogenase (ThcE) (58), which are highly
expressed in Rhodococcus erythropolis N9T-4 under oligotrophic conditions, as their
orthologs identified here. Furthermore, mycofactocin serves as an electron acceptor of
methanol dehydrogenase in the methylotroph Mycobacterium smegmatis (69). Therefore,
we propose a role for the mycofactocin system in oligotrophy or C1 metabolism in R.
gingshengii IGTS8. It is also possible that the upshift in mycofactocin production in the
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label-free quantification (LFQ) values showing the abundance profile of the mycofactocin system and associated proteins in the dibenzothiophene (DBT, in blue)

and inorganic sulfate (MgSQy, IS, in red) cultures. The growth phases are abbreviated as EL (early-log), ML (mid-log), LL (late-log), and SP (stationary phase).
Significance is attested by a Limma moderated t-test as follows: no * P> 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

biodesulfurizing culture could be a response to the presence of ethanol, in line with its
role in alcohol metabolism (69, 70). Based on the observed oxidative stress response in
the DBT culture of R. gingshengii IGTS8 (19), a role for mycofactocin in redox balance
could be envisaged. In accordance with its role as a redox cofactor, several mycofactocin-
associated oxidoreductases were also more abundant in the DBT-grown cells of R.
gingshengii IGTS8.

Cell envelope biogenesis and degradation

In view of the hydrophobicity (low bioavailability, aqueous solubility = 1.47 mg/L)
(71) and potential toxicity of DBT (72), cell surface modifications could be expec-
ted as a stress response (73). Indeed, more than 40 differentially produced proteins
related to cell envelope biogenesis and degradation were identified, thus constitut-
ing the largest functional category of proteins detected. These included many trans-
glycosylases, transpeptidases, endopeptidases, murein hydrolases, and peptidoglycan
biosynthesis and recycling enzymes, in addition to cell surface-associated proteins.
More than 50% of those proteins, especially peptidoglycan biosynthesis and recy-
cling proteins, were significantly less abundant under biodesulfurization conditions
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(Tables S1 and S2), coinciding with the differential levels of cell wall/cell surface
biosynthesis metabolites such as diaminopimelic acid, dTDP-p-fucosamine, trehalose,
guanosine diphosphate mannose, and UDP-N-acetylmuramoyl-L-alanyl-b-glutamyl-6-car-
boxy-L-lysyl-p-alanyl-p-alanine (Tables S3 through S5).

Trehalose, which was less abundant in the DBT culture, is not only a key component
of the cell envelope in rhodococci (trehalose mycolate) but also acts as a compatible
solute, a stress protector, and a cell membrane stabilizer (73, 74). It is also a component
of glycolipid biosurfactants produced by several Rhodococcus spp. (75), agreeing with
the observed decrease in surface tension in both the DBT and inorganic sulfate cultures
(Fig. S18). However, there was no statistically significant difference between the surface
tension values of both cultures.

We detected several MCE (Mammalian Cell Entry) family proteins, mostly encoded
in one operon, that were consistently depleted in the biodesulfurizing culture during
all growth phases (Fig. 4A). Analysis of R. gingshengii IGTS8 genome revealed 26 MCE
family members encoded mostly from gene clusters. These proteins are ubiquitous in
Proteobacteria and Actinobacteria and constitute putative ABC-type transporters involved
in lipid asymmetry in the cell membrane through the trafficking of phospholipids (76,
77). In Actinomycetota, a MCE4 protein is involved in cholesterol uptake (76, 77). However,
it is hard to reconcile that MCE proteins could play a role in the uptake of DBT because
they were strongly downregulated in the DBT culture.

Cell surface modifications are also evident by the higher abundance in the DBT
culture of three enzymes (IGTS8_peg5608-IGTS8_peg5610) involved in fucose (O-antigen
nucleotide sugar) biosynthesis. GDP-L-fucose is a component of the cell envelope
lipopolysaccharides in rhodococci (78) (Fig. 4B). In R. gingshengii IGTS8, GDP-L-fucose can
be produced from GDP-mannose which was relatively more abundant in the DBT culture
starting from the mid-log phase. Another operon (IGTS8_peg1492-IGTS8_peg1494)
encodes enzymes of lipoarabinomannan biosynthesis which were 3.5- to 6-fold more
abundant in the DBT culture (Fig. 4B; Tables S1 and S2).

Biodesulfurization is associated with remodeling of the cell membrane
composition

The type of sulfur source had a profound effect on lipid and fatty acid metabolism in R.
gingshengii 1GTS8 (Tables S1 and S2), with most of the enzymes involved being more
abundant under biodesulfurizaiton conditions. Ethanolamine ammonia lyase was highly
enriched (up to 904-fold) (Fig. 5A). Diacylglycerol and triacylglycerol/wax ester biosyn-
thetic enzymes were generally more abundant, whereas the abundance of different
types of lipases decreased in the presence of DBT (Tables S1 and S2). In line with the
proteomics data, many metabolites of glycerophospholipid and fatty acid metabolism
were differentially abundant (Tables S3 through S5). Ethanolamine and the monoacylgly-
cerols 1-octadecanoyl-rac-glycerol (membrane stabilizer) and 1-hexadec-9-enoyl-sn-
glycerol 3-phosphate were uniquely detected in the DBT culture (Fig. 5), whereas the
levels of phosphatidylethanolamines (PEs) and all detected diacylgycerols were higher
during growth on sulfate (Tables S3 through S5).

Remodeling of the cell membrane lipid composition is a common stress response in
bacteria exposed to hydrophobic xenobiotics (like DBT, alkanes, aromatic compounds)
and extremes of temperature, salinity, pH, and so on (73, 79), which is manifested in a
process known as homeoviscous adaptation (80). Reducing the content of unsaturated
fatty acids, particularly C16:1 and C18:1, as found in the DBT culture minimizes cell
membrane fluidity and permeability, reminiscent of responses to high temperature (73,
79). R. erythropolis DCL14 responded to shifts in pH (from 7 to 3 and 11) and temperature
(from 28°C to 4°C and 37°C) by increasing the degree of membrane fatty acid saturation
(81). In addition, a relatively higher content of long-chain fatty acids (C16-C19) and a
downshift of shorter fatty acids (C12-C14) in the DBT culture leads to increased hydro-
phobicity of the cell surface and also reduces the cell membrane fluidity (79). Chen et al.
(82) reported increased cell surface hydrophobicity in Gordonia sp. SC-10 during
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biodesulfurization of diesel (in a biphasic system) compared to cells grown in aqueous
cultures with sodium sulfate as the sole sulfur source, which was attributed to higher
production of mycolic acids. Both responses are consistent with the hydrophobic nature
of DBT and could simultaneously enable better substrate access and protection from
hydrocarbon-associated toxicity (83).
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FIG 5 (A) A gene cluster encoding proteins of ethanolamine utilization and boxplots of the label-free quantification (LFQ) values showing the abundance

profile of ethanolamine and ethanolamine ammonia lyase and (B) metabolites of lipid metabolism (PEs and acylglycerols) in the dibenzothiophene (DBT, in blue)
and inorganic sulfate (MgSQy, IS, in red) cultures. The growth phases are abbreviated as EL (early-log), ML (mid-log), LL (late-log), and SP (stationary phase).
Significance is attested by a Limma moderated t-test as follows: no * P> 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

A decrease in cell membrane fluidity by increasing the content of saturated and long-
chain fatty acids was also reported in the presence of high NaCl concentrations to
prevent the leakage of solutes in halotolerant bacteria (81, 84). This trend of fatty acid
changes is contrary to that observed in Rhodococcus aetherivorans BCP1 grown on
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naphthenic acids where saturated fatty acids (C16:0 and C18:0) were of lower abundance
compared to a glucose culture (85). Our observations do not fully agree with those of
Watanabe et al. (86) who correlated an increase of the biodesulfurization activity with a
higher fluidity of the cell membrane due to a reduced (28%-41%) level of 10-methyl fatty
acids.

The downshift of PE content in the DBT culture (Fig. 5) suggested alterations in
the head groups of phospholipids (79), consistent with the upregulation of enzymes
involved in phosphatidylinositol metabolism and downregulation of enzymes catalyzing
inositol degradation. The lower abundance of myo-inositol-2-phosphate in the DBT
culture could be due to higher consumption in phospholipid biosynthesis. CDP-diac-
ylglycerol-glycerol-3-phosphate 3-phosphatidyltransferase, involved in phosphatidylgly-
cerol biosynthesis, was significantly more abundant in the DBT culture (87), indicating
remodeling of the glycerophospholipids and modulation of cell surface charge as a stress
response (81, 83). The cell membrane charge is a function of the relative proportions of
zwitterionic glycerophospholipids like PE and the acidic phosphatidylglycerol (87).

The lower abundance of PEs in the DBT culture appears to contradict the significant
upregulation of CDP-diacylglycerol-serine O-phosphatidyltransferase and phosphatidyl-
serine decarboxylase, involved in PE biosynthesis, which could refer to regulation at
the enzymatic activity level. Alternatively, consumption of PEs could be higher in the
DBT culture as precursors for diacylglycerol, fatty acids, phosphatidic acid, and lipopo-
lysaccharides (87). While the higher turnover rate of PEs could explain their lower
abundance and exclusive detection of ethanolamine in the DBT culture, it is not clear
why ethanolamine was still detectable in the DBT culture despite the presence of a much
higher level of enzymes involved in its consumption (ethanolamine ammonia lyase).
Notwithstanding this apparent discrepancy, the presence of ethanolamine and the
upregulation of cobalamin biosynthesis enzymes further justify the higher abundance
of ethanolamine ammonia lyase and aldehyde dehydrogenase catalyzing ethanolamine
utilization (88). In the strain IGTS8, genes encoding ethanolamine utilization enzymes
are located immediately downstream of the mycofactocin gene cluster, indicating a
potential functional relationship.

Amino acid metabolism

Many enzymes of amino acid transport and metabolism were enriched in the DBT
culture (Fig. 6; Tables S1 through S5). Glutamate and glutamate synthase were more
abundant, which may be due to their key role in the biosynthesis of other amino acids,
various cofactors, and secondary metabolites, in addition to their role in osmoregulation
(89). This is consistent with results for Rhodococcus biphenylivorans grown on phenol
compared to glucose (27). The level of L-histidinol, a histidine biosynthesis metabolite,
was also higher in the DBT culture (Tables S3 through S5). Increased biosynthesis of
glutamate and histidine could be important for the DBT culture to synthesize the
low-molecular-weight thiol ergothioneine and 5-methyltetrahydropteroyltri-L-glutamate,
the cofactor of the methionine biosynthesis enzyme MetE. Both ergothioneine and MetE
are enriched under biodesulfurization conditions (19). Consistent with these findings,
dihydrofolate synthase/folylpolyglutamate synthase, which catalyzes successive addition
of L-glutamate to tetrahydrofolate, was significantly more abundant in the DBT culture
(Tables S1 and S2). Serine biosynthesis enzymes (3-phosphoglycerate dehydrogenase
and phosphoserine phosphatase) and serineacetyltransferase (CysE) were significantly
more abundant in the DBT culture (Tables S1 and S2), accounting for the higher content
of O-acetyl-L-serine that we reported earlier and provide further evidence for the role of
direct sulfhydrylation in cysteine biosynthesis in the biodesulfurizing culture (19).
Enzymes of valine/leucine/isoleucine degradation and glycine/serine/threonine
turnover were significantly upregulated in the DBT culture, which could enable a better
supply of energy, reducing equivalents, and anabolic precursors (90) (Fig. 6). Perhaps the
significantly higher glycine content in the DBT culture is due to simultaneous upshift
of sarcosine oxidase abundance and depletion of a glycine oxidase. The latter produces
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FIG 6 (A) A gene cluster encoding proteins of valine/leucine/isoleucine degradation. (B) Boxplots of the label-free quantification (LFQ) values showing the
abundance of the profile of amino acid metabolism proteins and (C) metabolites in the dibenzothiophene (DBT, in blue) and inorganic sulfate (MgSOy, IS, in
red) cultures. The growth phases are abbreviated as EL (early-log), ML (mid-log), LL (late-log), and SP (stationary phase). Significance is attested by a Limma
moderated t-test as follows: no * P> 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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H»0,, thus its decreased abundance could mitigate oxidative stress. Increased glycine
cleavage in the DBT culture may not only mitigate its inhibitory effect on growth and cell
wall biosynthesis (91) but also supply additional NADH, and thus energy, for desulfur-
ization (92). In addition, glycine cleavage produces an activated methylene group in
the form of 5, 10-methylenetetrahydrofolate which is used in the synthesis of purines,
pyrimidines, methionine, and S-adenosylmethionine (93).

Nucleotide metabolism and genetic information processing

Proteins of DNA replication, transcriptional regulation, purine and pyrimidine metab-
olism, DNA repair, biosynthesis of modified nucleotides (pseudouridine, queuosine),
environmental information processing, chromosome partitioning, RNA processing,
ribosome biogenesis, as well as CAMP receptor protein were all differentially produced R.
gingshengii 1GTS8 depending on the sulfur source (Fig. 7; Tables ST and S2). In line with
the proteomics data, the metabolome revealed 16 differentially abundant metabo-
lites, mainly related to purine and pyrimidine nucleotide metabolism. The majority of
these metabolites were less abundant in the DBT cultures (Tables S3 through S5). For
instance, the sulfate culture had a higher content of 7-aminoethyl-7-deazaguanine, an
intermediate of the biosynthesis of the modified nucleotide queuosine from S-adeno-
sylmethionine present in certain tRNAs (transfer ribonucleic acid). Most of the identi-
fied transcriptional regulators were more abundant in the DBT culture. The differential
expression of many transcriptional regulators, including two-component systems, sSRNA
(small ribonucleic acid), and RNases could be a mechanism of natural adaptation of the
bacterium to the low availability of sulfur in the form of DBT. Alternatively, it suggests
a need in the biodesulfurizing culture to control and reorganize its physiology and
metabolism as a part of its global stress response (94, 95).

MprAB, which induces the production of the serine protease chaperone PepD, may
serve as an example (Fig. 7A and B). In Mycobacterium tuberculosis, PepD binds a 35-kDa
antigen whose cleavage helps maintain cell wall homeostasis and regulate stress
response pathways (96, 97). Moreover, MprAB directly regulates the expression of the
alternative sigma factors SigB and SigE (97). In addition to a previously reported putative
extracytoplasmic function sigma factor SigE (19), we found here that SigB was also more
abundant under biodesulfurization conditions (Fig. 7B; Tables S1 and S2). Both allow the
adaptation response of bacteria to environmental stimuli causing starvation, cell
envelope stress, and oxidative stress (73, 98-100).

A global and fast stress response requires a higher fidelity and efficiency of the
protein biosynthesis machinery. This can be inferred from the higher abundance of
proteins involved in tRNA modification and ribosome biogenesis in the DBT culture, for
example, formyltransferase, rRNA methyltransferase, tRNA-i(6) A37 methylthiotransfer-
ase, and proteins of pseudouridine and queuosine biosynthesis (Fig. 7B; Tables S1 and
S2). Translational fidelity can have an impact on the proteome, thus contributing to
responses to stressful conditions (101, 102). Post-transcriptional modifications affect
stability, enhance decoding efficiency, increase ribosomal binding affinity, and promote
correct tRNA and mRNA translocation through the ribosome (103-105). Queuosine
deficiency in the anticodons of tRNAs reduce cell viability during the stationary phase
(106), renders cells sensitive to oxidative stress, and affects metal homeostasis (102, 107).
The lower abundance of the queuosine precursor, 7-aminomethyl-7-deazaguanine
(preQ1) in the DBT culture could be due to higher consumption for queuosine biosynthe-
sis. In addition, the higher abundance of several RNases in the DBT culture, such as RNase
P and RNase lll, suggests a role in RNA processing and ribosome biogenesis and as
coordinators of bacterial stress response. Deletion of RNase-encoding genes in Pseudo-
monas putida reduced the growth rate and increased its sensitivity to inhibitory chemi-
cals and oxidative and temperature stress (95). Further discussion on RNA modification is
included in the Supplementary Material.

The significantly higher abundance of adenylate cyclase and cyclic AMP receptor
protein (CRP) in the DBT culture (Tables S1 and S2) suggests a role of the signaling
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FIG 7 (A) Gene cluster encoding the mycobacterial persistence regulator. (B) Boxplots of the label-free quantification (LFQ) values showing the abundance

profile of proteins involved in genetic information processing, and (C) vitamin and cofactor metabolism in the dibenzothiophene (DBT, in blue) and inorganic

sulfate (MgSQOy, IS, in red) cultures. The growth phases are abbreviated as EL (early-log), ML (mid-log), LL (late-log), and SP (stationary phase). Significance is

attested by a Limma moderated t-test as follows: no * P> 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

molecule cAMP in the regulation of gene expression. Cyclic AMP itself was less abundant
in the DBT culture (Tables S3 and S4), probably because it was bound to CRP which
regulates processes such as the TCA cycle, stress response, osmoregulation, nitrogen
assimilation (108), and triacylglycerol biosynthesis (109). We searched the IGTS8 genome
for CRP consensus-binding sites (5-GTGANNTGNGTCAC-3’) (109) using online Find
Individual Motif Occurrences Version 5.5.0 (19, 110, 111) and found 203 hits (Tables S6
through S8) in the proximity of genes encoding many of the differentially produced
proteins involved in the following: mycofactocin biosynthesis, TCA cycle, carbohydrate
metabolism, iron transport, the stringent response, nitrosative stress, mycobacterial
persistence, cell cycle, MCE proteins, as well as amino acid and nucleotide metabolism. In
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addition, genes encoding proteins of biosynthesis of biotin and the low-molecular-
weight thiols mycothiol and ergothioneine, which we found previously to be upregula-
ted in the DBT culture (19) are located close to putative CRP-binding sites.

Metabolism of vitamins and cofactors

Biodesulfurization was accompanied by changes in the production of vitamins and
cofactors such as cobalamin, riboflavin, vitamin B6, or coenzyme F420 (Fig. 7C; Tables S2
and S3). These results reflected changes in the abundance of the respective biosynthetic
enzymes such as glutamine amidotransferase involved in B6 production via the pyridoxal
5’-phosphate synthase complex, YggS mediating pyridoxal 5-phosphate homeostasis
(112, 113), or enzymes of the biosynthesis of cobalamin, which is required for the proper
functioning of ethanolamine ammonia lyase (114).

Energy conservation

Many proteins with a role in energy conservation were enriched in the DBT culture
(Tables S1 and S2) including ATP synthase FO sector subunit ¢, cytochrome d-ubiquinol
oxidase subunit I, flavodoxin, and UDP-galactose-lipid carrier transferase. The higher
abundance of these proteins likely reflects the higher energy demand of the DBT
culture, due to the upregulated proteins and stress-related products (19) and the need to
maintain cellular viability and resist stress-related damage (115).

Morphological and ultrastructural changes in the biodesulfurizing culture

Morphological and ultrastructural changes in bacteria are common responses to various
stressors (73). The DBT-grown culture was dominated by cells that appeared shorter and
broader than the MgSO4-grown cells, particularly during the early- and mid-log phases.
Moreover, the DBT culture was characterized by cells having multiple division septa and
irregular shapes, both of which were not observed in the MgSOg4 cultures (Fig. 8). This
is consistent with the differential synthesis of cell cycle proteins, indicating reductive
division and cell cycle perturbations (85) (Tables S1 and S2). A similar response to carbon
starvation was reported for Rhodococcus jostii RHA1 (25). During the early-log phase, the
cells contained electron-dense (dark) areas or inclusion bodies, probably polyphosphates
(85, 116) or oligobodies (48), which were relatively more abundant on DBT. Differently
shaped electron-transparent inclusions possibly composed of triacylglycerols (116-118)
were more abundant during growth on MgSO,4 (Further discussion of triacylglycerol
production can be found in the Supplementary Material.). Similar inclusion bodies were
observed in biodesulfurizing Gordonia sp. SC-10 but were not found in the absence of
DBT or diesel and, therefore, postulated to represent accumulation of the organosulfur
substrates (82). A number of cells from the mid-log phase of the DBT culture revealed
spherical extensions or vesicle-like structures protruding from the cell surface. These cell
surface—associated vesicles are reminiscent of the outer membrane vesicles produced by
Gram-negative bacteria on exposure to xenobiotics, osmotic stress, and heat shock (119,
120). In Gram-negative bacteria, these vesicles are composed of proteins and fatty acids
and are one of the stress responses that lead to increased cell surface hydrophobicity
and promote biofilm formation (119, 120). How they could be produced in Gram-positive
bacteria and their role in the desulfurizing culture remain to be unveiled.

Other stress responses of the biodesulfurizing R. gingshengii IGTS8

A general stress response of R. gingshengii IGTS8 under biodesulfurization conditions
was evident from the increased production of a large arsenal of stress-related proteins
(32 proteins). Most of these proteins (85%) were significantly overrepresented in the
biodesulfurizing culture (73, 121). The most significantly enriched proteins include those
involved in transcriptional regulation (SigB, stress-associated sigma factor), biosynthesis
of osmoprotectants, and the alarmone of the stringent response (ppGpp), oxidative
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FIG 8 TEM images of the DBT and MgSOy4 cultures of R. gingshengii IGTS8 at different growth phases. Green arrows: electron-dense inclusions, red arrows:
electron-transparent inclusions, blue arrows: multiple division septa, and black arrow: cell-surface-associated vesicles or extensions.
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stress, Ter stress response, peptide transport, cell division under stress (cell filamentation
protein, fic), in addition to several chaperones (Fig. 9; Tables ST and S2).

Higher production of the osmoprotectant ectoine in the DBT culture was confirmed
by its accumulation (up to 39-fold), consistent with the upregulation of the ectoine
biosynthesis enzymes (Fig. 9; Tables S1 and S2). Moreover, 2-(a-p-mannosyl)-p-glycerate
(another compatible solute) was much more abundant in the DBT cultures (up to 17-fold)
(Fig. 9). Although this response has not been reported for biodesulfurizing or sulfate-
deprived cultures, and there was no osmotic stress in the DBT culture, these compounds
could protect proteins from aggregation under different stress conditions, such as heat,
desiccation, freezing, and thawing, thus highlighting overlap of stress responses (73,
122).

The strong upregulation of dipeptide/oligopeptide transport proteins in the DBT
culture (Tables S1 and S2) may reflect attempts to scavenge sulfur from peptides
containing sulfur amino acids and may constitute a sulfate starvation-specific response
as reported in Brevibacterium aurantiacum (123). Alternatively, it could be a general
nutrient starvation response (124). The proteomics data provide clues to the induction of
the stringent response in the DBT culture. Since the stringent response comes into play
under nutrient starvation (125), it can be postulated that lack of sulfate and potential
glucose-induced carbon limitation stress in the biodesulfurizing culture were, at least
partially, the triggers of the stringent response.

It is worth noting that genes encoding many of the differentially produced
proteins are grouped within the IGTS8_peg6050-6150 segment of the genome,
including proteins of the MCE family (IGTS8_peg6054-6062), valine/leucine/isoleucine
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degradation (IGTS8_peg6083-6090), MoxR/CoxE/ThcE (IGTS8_peg6110-6112), mycofac-
tocin (IGTS8_peg6130-6144), and ethanolamine utilization (IGTS8_peg6146-6148),
suggesting this segment as a potential active genomic island.

Conclusions

Contrary to earlier assumptions, biodesulfurization in R. gingshengii 1GTS8 causes a
far-reaching stress response that exceeds the central desulfurization pathway and even
sulfur assimilation. Extensive metabolic reorganization and physiological responses
reflect the complexity of the biodesulfurization phenotype and highlight the impor-
tance of a thorough and global understanding of the physiology and metabolism
of fuel-biodesulfurizing microbes. Generally, the observed biodesulfurization-induced
responses mimic those known to occur under nutrient starvation, osmotic stress,
xenobiotic stress, and heat stress, suggesting an overlap of stress response pathways
which are orchestrated to ensure the protection and survival of the culture and to
optimize resource management. The notion that glucose is not the most preferred
carbon source for R. gingshengii 1GTS8 during biodesulfurization raises the possibility
that some of the detected physiological and metabolic adaptations may be driven by
the specific combination of glucose and DBT. Due to our experimental design and the
known overlap of stress response pathways, it was not possible to determine which
responses were specifically triggered by potential glucose-related stresses. Despite this
limitation, our findings not only pave the way toward a better understanding of the
physiology and metabolism of fuel-biodesulfurizing bacteria but also empower current
and future efforts to promote biodesulfurization catalytic efficiency. This could be
approached via directed evolution and metabolic engineering endeavors that enable
better protection of biodesulfurizing cells and improve the metabolic flux in pathways
that could ultimately lead to higher sulfur utilization rates. Circumventing the slow
growth via manipulating the cell cycle machinery and the resuscitation factors consti-
tutes a potential intervention. In particular, the role of mycofactocin and the glyoxylate
shunt, the importance of oligotrophy, lipid metabolism, as well as cell surface modifica-
tions are worth investigating.
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