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Abstract

Certain factors hinder the commercialization of biodesulfurization process, including low substrate-specificity of the cur-
rently reported desulfurizing bacteria and restricted mass transfer of organic-sulfur compounds in biphasic systems. These
obstacles must be addressed to clean organic-sulfur rich petro-fuels that pose serious environmental and health challenges.
In current study, a dibenzothiophene desulfurizing strain, Gordonia rubripertincta W3S5 (source: oil contaminated soil)
was systematically evaluated for its potential to remove sulfur from individual compounds and mixture of organic-sulfur
compounds. Metabolic and genetic analyses confirmed that strain W3S5 desulfurized dibenzothiophene to 2-hydroxybiphe-
nyl, suggesting that it follows the sulfur specific 4 S pathway. Furthermore, this strain demonstrated the ability to produce
trehalose biosurfactants (with an EIL,, of 53%) in the presence of dibenzothiophene, as confirmed by TLC and FTIR analyses.
Various genome annotation tools, such as ClassicRAST, BlastKOALA, BV-BRC, and NCBI-PGAP, predicted the presence
of otsA, otsB, treY, treZ, treP, and Trehalose-monomycolate lipid synthesis genes in the genomic pool of strain W3S5,
confirming the existence of the OtsAB, TreYZ, and TreP pathways. Overall, these results underscore the potential of strain
W3SS5 as a valuable candidate for enhancing desulfurization efficiency and addressing the mass transfer challenges essential
for achieving a scaled-up scenario.

Keywords Biodesulfurization - Genome annotation - Organic-sulfur compounds - Sulfur specific 4S pathway - Trehalose
biosurfactants

Introduction

Sulfur is the third most prevalent element in petro-fuels
found as organic and inorganic forms (Feng et al. 2016;
Prasoulas et al. 2021; Silva et al. 2020). The combustion of
sulfur-rich petro-fuels release SOy gases that can cause seri-
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ous health and environmental problems (Akhtar et al. 2019;
Mohebali and Ball 2016; Porto et al. 2018). To meet the set
ultra-low levels of sulfur in petro-fuels, the scientists around
the world are working to find effective pre-combustion ways
to efficiently reduce sulfur in fuels with low operating costs
(Akhtar et al. 2019; Mohebali and Ball 2008; Parveen et al.
2020; Glekas et al. 2022).

Petroleum refineries are using a chemical hydrodesulfur-
ization (HDS) process to remove sulfur from petro-fuels,
however, it is ineffective against certain organic-sulfur com-
pounds i.e., dibenzothiophene (DBT), benzothiophene (BT),
and their alkylated forms (Ferreira et al. 2017). Moreover,
this method is energy-intensive, uses chemical catalysts, and
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releases toxic by-products such as H,S, resulting in equip-
ment erosion and environmental pollution (Martinez et al.
2017; Rangra et al. 2018). Biodesulfurization (BDS) is a
complementary alternative approach that uses particular
micro-organisms to remove inorganic sulfur as well as recal-
citrant organic-sulfur compounds from petro-fuels (Boniek
et al. 2015; Rangra et al. 2018; Al-khazaali and Ataei 2023).
In contrast to the HDS process, BDS is an eco-friendly,
energy-efficient method that works under mild conditions
and removes the sulfur from organic-sulfur compounds
without reducing their calorific value (Aggarwal et al.
2013; Rangra et al. 2018; Silva et al. 2023). A number of
bacterial genera have been reported, that can remove sulfur
from organic-sulfur compounds through a well-known “4S”
metabolic pathway (Akhtar et al. 2016a, b, 2018; Sadare
et al. 2017). During this pathway, the DBT is sequentially
converted into DBTO (DBT-Sulfoxide), DBTO, (DBT-Sul-
fone), HBPSi (2-Hydroxybiphenyl-2-Sulfinite), and 2-HBP
(2-Hydroxybiphenyl). The monooxygenases DszC, DszA
and desulfinase DszB (Bhanjadeo et al. 2018; Kilbane and
Stark 2016; Su et al. 2018; Wang et al. 2017) are involve in
this pathway, which are encoded by a group of three genes
dszC, dszA and dszB respectively (Bhanjadeo et al. 2018;
Santos et al. 2006; Su et al. 2018).

One of the major bottleneck of industrial-scale appli-
cation of BDS is the scarcity of bacterial strains capable
of desulfurizing a range of organic-sulfur compounds i.e.,
DBT, BT, and their alkylated derivatives (Alves et al. 2015;
Parveen et al. 2020). Another major characteristic of an ideal
desulfurizing strain is its ability to produce biosurfactants
(Alves et al. 2015; Parveen et al. 2020). Biosurfactants are
amphiphilic compounds that could play a critical role during
biodesulfurization as they increase the mass transfer of the
substrate between oil and the aqueous phase (biphasic sys-
tem) by decreasing the surface tension of the medium (Alves
et al. 2015; Raheb et al. 2009). Trehalose-surfactants have
the potential for use in cleaning oil storage tanks and micro-
bial enhanced oil recovery because of their extraordinary
capacity to reduce surface tension, environmentally benign
nature and enhanced solubility of hydrophobic compounds
(Sousa et al. 2020; Wang et al. 2019).

In this study, we present the research conducted on an
efficient C—S bond cleaving bacterial strain W3S5 able to
desulfurize various organic-sulfur compounds i.e., DBT, BT,
Thiophene, and their alkyl derivatives separately as well as
in mixture. Based on phylogenomic analysis, the strain has
been characterized as Gordonia rubripertincta W3S5, and
is found to follow the well-documented “4S” pathway of
DBT desulfurization as revealed by the complete identifica-
tion of dszABC genes and GC-MS analysis of the extracted
metabolites. Furthermore, strain W3S5 demonstrated the
ability to produce trehalose biosurfactants in the presence of
dibenzothiophene, as confirmed by TLC and FTIR analyses.
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Moreover, the trehalose biosynthesis genes have been identi-
fied in strain W3S5 using its whole genome sequence.

Materials and methods
Chemicals

All the organic-sulfur compounds and 2-HBP used in this
study were obtained from Sigma Co. (St. Louis, USA). All
other media components and solvents used for the extrac-
tion of surfactants, DBT desulfurization metabolites, and
GC-MS analysis were of HPLC-grade and bought from
Merck Co. (Darmstadt, Germany).

Sample collection

To isolate organic-sulfur compounds metabolizing microor-
ganisms, about 50 samples of crude-oil contaminated water,
sand, soil, and sludge were taken from an oil drilling com-
pany, in sterilized bags/bottles (Supplementary Fig. 1A).
The physicochemical properties, like nature of sample, total
dissolved solids (TDS), dissolved oxygen (DO), temperature,
electric conductivity (EC), salinity, and pH were recorded
for representative samples (Supplementary Table 1), by
multi-parameter (InoLab IDS Multi 9430, WTW, Germany).
For soil, sand and sludge samples the parameters were cal-
culated by making a 50% slurry (w/v) in deionized water.

Media and culture growth conditions

All the studies were carried out in a sulfur-free, chemically
defined, Minimal-salt Glucose (MG) media (Akhtar et al.
2009). The composition of the MG media per Litre of dis-
tilled water was glucose: 5.0 g, KH,PO,: 2.0 g, K,HPO,:
4.0 g, MgCl,-6H,0: 0.2 g (pH 7.0), NH,CI: 1.0 g, metal
solution 10.0 mL and vitamin mixture 1.0 mL. For solid
form of MG media, 0.75% of gellan gum powder was used.
The vitamin mixture was composed of calcium pantothenate:
0.4 g, niacin: 0.4 g, inositol: 0.2 g, pyridoxine hydrocholride:
0.4 g, p-amino benzoic acid: 0.2 g, and cyanocobalamine:
0.0005 g per 1000 mL (distilled water) and filter sterilized
through a vacuum filter assembly (LF-30, Rocker Scientific,
Taiwan) containing 0.2 pm nylon membrane filter. The metal
solution contained CaCl,: 2.0 g, NaCl: 1.0 g, ZnCl,: 0.5 g,
FeCl,-4H,0: 0.5 g, MnCl,-4H,0: 0.5 g, Na,MoO,: 0.1 g,
Na,WO,-2H,0: 0.05 g, CuCl,: 0.05 g, and 10 mL of HCI
(10 M) per 1000 mL (distilled water) and filter sterilized.
All the experiments were conducted in triplicates at 30 °C
and 180 rpm.
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Enrichment and purification of DBT desulfurizing
strains

Culture enrichment was carried out by suspending 5 g/5 mL
of oil-contaminated samples such as soil, sand, sludge and
water in sterilized MG media (100 mL) containing 0.5 mM
of DBT (prepared in ethanol ) as the sole sulfur source and
incubated at 30 °C and 180 rpm shaking (Kuhner, Switzer-
land). After 7 days of incubation, the culture broth (5 mL)
from each flask was transferred into fresh MG medium and
was sub-cultivated 3 times at the same growth conditions.
At the end of 3 sub-cultivations, the cultures were analyzed
for the metabolism of DBT into 2-HBP (a sulfur-free prod-
uct), by conducting Gibb’s assay. For this purpose, NaHCOj:
30 uL (1 M, pH 8) and Gibb’s reagent (2,6-Dichloroquinone-
4-chloroimide): 20 pL (1 mg/mL prepared in ethanol) were
added into 150 pL of cell-free supernatant, mixed, and left
at room temperature for 1 h. A blue color appears upon the
reaction of Gibb’s reagent with aromatic hydroxyl groups,
i.e., 2-HBP, which indicates the metabolism of DBT into
sulfur-free compounds (Kayser et al. 1993). The develop-
ment of blue color provides a qualitative assessment of a
microbial culture’s capacity to desulfurize organic sulfur
compounds; the darker the hue, the more effective the cul-
ture is in DBT desulfurization. To obtain the pure cultures,
the DBT enriched Gibb’s positive mixed cultures (W3SN1,
W3SL1, and W3S2) was serially diltued and spreaded on
MG media plates. After 5 days of incubation the well seper-
ated colonies were picked and streaked on new MG media
plates for 3 times in order to confirm the culture purity.
The pure cultures were cultivated in liquid MG media at
30 °C and 180 rpm for 7 days and tested for Gibbs activ-
ity. Initially 8 bacterial isolates (W3S2-P9, W3S4, W3SNS5,
W3SL1, W3SN1, W3S5, W3SN4, W3SN2) were purified
and screened from DBT enriched Gibb’s positive mixed-cul-
tures (see supplementary Fig. 1B, 1 C), of which the isolate
W3SS5 exhibited the highest level of desulfurization activ-
ity (see supplementary Fig. 1D) and was chosen for further
investigations. All the cultures were stored at — 20 °C in
cryo-vials containing 70% (v/v) glycerol and at 4 °C on LB/
MG media slants till further use.

Morphological and molecular identification
of isolated bacterium

The isolated DBT metabolizing strain was identified through
morphological and molecular methods. The morphological
characterization was carried out by carefully examining
the colony morphology and by determining the cell shape
through phase-contrast microscopy (CX41RF Olympus,
Japan). Molecular characterization of the isolated strain was
conducted by sequencing the 16S rRNA gene and whole
genome sequencing (Parveen et al. 2021). In the present

study, we have used TYGS: Type (Strain) Genome Server
(https://tygs.dsmz.de/) to undertake phylogenomic analy-
sis to identify the W3S5 strain (Meier-Kolthoff and Goker
2019). For, this purpose the fasta-formatted contig file was
uploaded to TYGS genome server to obtain the genome-
based phylogenetic tree using the default settings.

Genetic analysis of the dszABC operon of W3S5
The dszABC genes amplification, cloning and sequencing

DBT desulfurization genes dszA, dszB, and dszC of W3S5
strain were amplified using specific and degenerate primers
through PCR amplification. The specific and the degenerate
primers were designed using the 5’ and 3’ sequences of dsz-
ABC genes of Rhodococcus erythropolis IGTSS as described
in previous studies (Akhtar et al. 2014; Kilbane and Robbins
2007), and were obtained from Integrated DNA Technolo-
gies, Inc., UK (Supplementary Table 2). The detail of the
PCR profile for the amplification of dszABC genes is given
in Supplementary Tables 3, 4 and 5. The PCR amplicons
were cloned by TA cloning using Escherichia coli TOP10
competent cells and confirmed by restriction digestion and
colony PCR. The resulting clones were sequenced from
Macrogen, Korea using M 13 forward and reverse primers.

Identifying the complete dszABC gene sequences
by whole-genome sequence analysis

The draft genome sequencing (WGS) of the W3SS5 strain was
achieved through Illumina (NovaSeq) platform (2x 100 bp
paired-end) by Macrogen Inc. Korea. To identify the com-
plete dszABC gene sequences in W3S5 the PCR ampli-
fied partial dszABC gene sequences were used to conduct
a gene similarity search in the draft genome sequence of
W3S5 using RAST-alignment tool. The identified complete
sequences of dszA, dszB and dszC genes were submitted in
GenBank database at NCBI (www.ncbi.nlm.nih.gov).

Phylogenetic analysis of dszABC gene

The deduced complete dszABC gene sequences were used
for phylogenetic analysis to find out the evolutionary rela-
tionship between W3S5 and other bacterial desulfurization
genes. The homologous dsz gene sequences were retrieved
from BLASTn analysis (available at www.ncbi.nlm.nih.gov)
and applied to build the phylogenetic tree through MEGA-X
program (Tamura and Nei 1993; Tamura et al. 2013). A mul-
tiple-sequence alignment was generated through ClustalW
using default parameters and the resulting alignment was
employed to build the phylogenetic tree using Maximum
Likelihood method, Tamura-Nei-model, and bootstrap
approach (100 replicates). Initial tree(s) for the heuristic
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search were obtained by applying the Neighbor-Joining
method to a matrix of pairwise distances estimated using
the Maximum Composite Likelihood (MCL) approach.

Desulfurization of various organic-sulfur compounds

To investigate the broad substrate specificity, the W3S5 cul-
ture was initially examined to desulfurize various organic-
sulfur compounds individually. The strain was cultivated in
MG-medium with 0.2 mM concentrations of DBT (Diben-
zothiophene), DBTS (Dibenzothiophene Sulfone), 4-MDBT
(4-Methyldibenzothiophene), 2,8-DMDBT (2,8-Dimethyl-
dibenzothiophene), BT (Benzothiophene), 3-MBT (3-Meth-
ylbenzothiophene), TH (Thiophene), 2-MTH (2-Methylth-
iophene), and 3-MTH (3-Methylthiophene). To determine
whether these compounds were metabolized, the bacterial
cell growth (OD660 nm) and the production of the phenolic
end-product, 2—HBP/2—HBPeq (OD595 nm), were recorded
every 24 h. Furthermore, the isolate was also investigated
to desulfurize organic-sulfur compounds in combination as
well. For this purpose, the strain W3S5 was cultivated in
MG media containing 0.1 mM concentrations of each DBT,
3-MDBT, DBTS, BT and 3-MBT, making up a total con-
centration of 0.5 mM in the medium. The growth (OD660
nm) and the 2-HBP production (OD595 nm) was recorded
every 24 h.

Detection of biosurfactants produced by W3S5
during DBT desulfurization

Qualitative tests for detecting the biosurfactants

Oil displacement and Emulsification index (% EL,,) tests
were performed for the detection of biosurfactants produced
by W3S5 strain, as described by Tabatabaee et al. (2005).
For oil displacement test, poured 50 mL of distilled water
into a petri dish (100 mm X 15 mm) and then added 20 pL
of crude-oil to the surface of water and allowed it to settle
at room temperature for 2 min. Dropped 10 pL of culture
extract (grown in 0.2 mM DBT supplemented MG media
for 5 days) onto the oil surface, that immediately created a
clear halo on the surface of oil. The diameter of the clear
halo was noted under visible light and used to calculate the
oil displacement area (ODA) by using Eq. 1.

ODA = 22/7 (radius)’cm?. 1)

The Emulsification index (% EI,,) was estimated by mix-
ing culture supernatant and the kerosene oil in equal vol-
umes (1:1) in a glass tube (125 mm X 15 mm). After being
vortexed for 3 min, the glass tubes were left at room temper-
ature for 24 h. The EI,, index was then calculated following
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Eq. 2, by measuring the total height of the liquid column and
the height of the emulsified layer using a ruler scale.

% El,, = Height of the emulsified layer/

2
Total height of the liquid column X 100. @
To compare the results, a positive control (1% Sodium
dodecyl sulfate) and a negative control (fresh culture
medium) were also used. These experiments were repeated
for three times to take an average of the recorded values.

Solvent extraction of biosurfactants

To characterize the biosurfactants produced by W3S5 strain, the
culture was cultivated in 100 mL of MG medium in triplicates,
added with DBT to a final concentration of 0.2 mM, and grown
for 5 days until it reached the log-phase. The whole culture broth
from the log-phase was used to extract the biosurfactants using
an equal volume of chloroform: methanol solution (2:1) thrice
by shaking the culture broth vigorously every time to allow the
separation of two layers until no further color appears in the
culture broth. The extracted biosurfactants concentrated to dry-
ness in a rotary vacuum evaporator (G3 Heidolph, Germany)
and were re-suspended in chloroform: methanol solution (2:1)
for further analysis (Wang et al. 2019).

Purification of biosurfactants by thin-layer chromatogra-
phy (TLC)

The extracted biosurfactants were purified by Thin-Layer Chro-
matography (TLC) using pre-coated aluminum sheets (Silica gel
60-F254 plates, Merck, Germany). To separate the crude biosur-
factants, 10 pL of the sample was carefully loaded on the TLC
plate, run for 90 min using butanol:pyridine:water (15:30:20,
v/v) solution as a mobile phase system, and left at room tem-
perature to dry for 10 min. The dried TLC plate was colored
developed by spraying with 0.5% of KMnO, solution prepared
in 1 N NaOH, carefully scratched the well separated bands from
the TLC plate and dissolved in chrolorom:methanol (2:1) solvent
till further use to perform Fourier Transform Infrared Spectros-
copy (FT-IR) analysis.

Identifying the trehalolipid-related genes in W3S5 by ana-
lyzing the genome sequence

To identify the trehalose-surfactant related genes in W3S5,
its whole-genome sequence was analyzed through differ-
ent online genome annotation programs such as Classi-
cRAST (version 2.0): Rapid Annotation using Subsystem
Technology (https://rast.nmpdr.org/), BV-BRC: Bacterial
and Virus Bioinformatics Resource Centre (https://www.
bv-brc.org/), BlastKOALA: BLAST- KEGG Orthology
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And Links Annotation (https://www.kegg.jp/blastkoala/)
and NCBI-PGAP: NCBI Prokaryotic Genome Annotation
Pipeline (https://www.ncbi.nlm.nih.gov/genome/) using
default settings. The RAST and BV-BRC annotation serv-
ers accepts FASTA formatted contig file while BlastKOALA
uses FASTA formatted amino acid sequence file as input
query. In case of NCBI-PGAP, the annotation for a genome
sequence becomes available at NCBI when the whole
genome sequence is submitted to NCBI genome server as
FASTA formatted contig file.

Analytical methods

To measure the bacterial cell growth, the optical-density
(OD660 nm) of the culture broth was recorded through Dou-
ble-Beam UV-Visible Spectrophotometer (Camspec M350,
UK), and the pH was noted using a multi-parameter (InoLab
IDS Multi 9430, WTW, Germany). The concentration of
2-HBP (end product) was measured by performing Gibb’s
assay and taking the optical density of the resulting blue-
colored solution at 595 nm followed by comparing the OD
values against 2-HBP standard-curve. The qualitative estima-
tion of DBT conversion into 2-HBP and the characterization
of desulfurization metabolites was conducted through High-
Performance Liquid Chromatography (HPLC) followed by
Gas Chromatography-Mass Spectrometry (GC-MS) analy-
sis. For this purpose, the W3S5 culture was inoculated in
MG media (100 mL) containing 0.2 mM of DBT (sole sul-
fur source) and incubated at 30 °C and 180 rpm. After 3
days of incubation, 50 mL of culture broth was removed for
metabolite extraction. To obtain the cell-free supernatant the
culture-broth was centrifuged at 13,000xg, 4 °C, and 15 min
followed by acidification to pH 2.0 using HCI (6 M) solu-
tion. The DBT desulfurization metabolites were extracted
from acidified supernatant with 30 mL of ethyl-acetate and
concentrated to dryness by evaporating the sample through
Rotary vacuum evaporator (G3 Heidolph, Germany). The
extracted metabolites were dissolved in acetonitrile solvent
and filtered using nylon filters (0.2 um pore size). The HPLC
(Perkin-Elmer Series 200, USA) analysis was performed at
245 nm using the Hypersil-C18-column (Thermo Hypersil-
Keystone, UK). The acetonitrile:water (60:40, v/v) solution
was used as the mobile-phase system for HLPC analysis,
and the samples were run at the rate of 1 mL per min to
obtain the bands of DBT metabolites. The DBT desulfuri-
zation metabolites were further characterized using a Triple
Quad 7000D GC-MS equipment from Agilent-Technologies
(Little Falls, California, USA) equipped with an Agilent-
Technologies 7683B series auto-injector and an Agilent-
Technologies 5975 inert XL Mass selective detector. The
samples (1.0 uL) were injected into HP-SMS column (30 m
X 0.25 mm, film thickness 0.25 mm; Little Falls, CA, USA)
in the split-mode keeping a split ratio of 1:10. The GC/MS

analysis was performed using an electron-ionization sys-
tem (70 eV) and keeping the column-oven temperature at
60 °C for 1 min, followed by ramping at 10 °C per min to
325 °C, for 10 min. Helium was employed as a carrier-gas at
a flow rate of 0.5 mL per min. The mass-scanning range was
adjusted as 50 to 550 m/z, whereas the injector and Mass
Spectrum transfer-line temperatures were adjusted to 220
and 290 °C, respectively. The extracted metabolites were
characterized by comparing their mass-spectra with stand-
ards as well as NIST02.L and WILEY7n.L. mass-spectral
libraries. Fourier-transform infrared spectroscopy (FT-IR)
was used to characterize the extracted/ TLC-purified biosur-
factants produced by the W3S5 strain. The FT-IR analysis
was performed in a dry atmosphere using Perkin-Elmer grat-
ing 1430 IR (Norwalk, CT). Data were collected in the range
of 400-4000 wavenumbers (cm™") having a resolution of
4 cm~! and processed with IR analytical software. Samples
were developed by diffusing the solid extract homogene-
ously in a potassium bromide matrix.

Results
Isolation and identification

To obtain efficient DBT desulfurizing bacteria, a total of 50
crude-oil contaminated samples were screened using MG
media containing 0.5 mM of DBT as a sole sulfur source.
Out of eight bacterial cultures, W3S5 exhibited maximum
desulfurization activity (see Supplementary Fig. 1D). The
2-HBP bar graph in Fig. 1B represents that isolate W3S5
successfully desulfurized nearly all the DBT into 2-HBP
within 72 h of incubation to obtain sulfur for its growth. This
phenomenon was further evaluated by growing the culture
in MG-medium containing either an organic-sulfur source
(DBT) or a carbon source (glucose) or both. Figure 1C dem-
onstrate that the isolate W3S5 growth was highest when both
glucose and DBT were supplied in the medium, and reduced
significantly when only DBT or glucose were added in the
medium. These findings confirm that W3S5 requires both a
carbon source and an organic-sulfur source for its optimum
growth. The isolate shows a distinctive colony morphology
when grown on LB agar plates and appeared as coccoid
shape under phase-contrast microscope (Fig. 1A).

For genome-based identification of strain W3S5, the
phylogenomic analysis was carried out through TYGS:
Type (Strain) Genome Server (https://tygs.dsmz.de). The
phylogenomic tree in Fig. 2 demonstrates that the strain
W3SS5 clusters with the Gordonia rubripertincta NBRC
101,908 and Gordonia rubripertincta ATCC 14,352 type
strains, with a bootstrap value of 97, a & value of 0.087,
and sharing approximately the same G+ C content of 67%
with genome sizes of 4.8, 5.6, and 5.2 Mb (see Fig. 2, label
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Fig. 1 Phenotypic traits and DBT desulfurization estimation of strain
W3S5. A The pure culture of W3S5 showing distinctive colony mor-
phology with characteristics such as pink colored, elevated, viscous
texture, and entire at the edges, when grown on LB agar plates (i), the
cells appeared as circular, non-motile, non-spore-forming, and coc-
coid shape, when observed under phase-contrast microscope, mag-
nification 100 X, Ph:3, (ii). B Estimation of cell growth and 2-HBP

1-5) respectively. The number of coded proteins for Gor-
donia rubripertincta NBRC 101,908, Gordonia rubriper-
tincta ATCC 14,352 and W3S5 are also nearly the same
i.e., 5023, 4802 and 4326 (see Fig. 2, label-6) respectively.
From these results it can be concluded with high confidence
that strain W3S5 is taxonomically more related to Gordonia
rubripertincta.

Elucidation of the DBT desulfurization pathway
through metabolic and genetic analysis

The desulfurizing metabolites produced by W3S5 strain dur-

ing the desulfurization of DBT were identified using HPLC
and GC-MS analysis of extracted metabolites. Initially, the
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production by W3S5 strain when cultivated in liquid MG medium
supplemented with 0.2 mM of DBT and 5% of glucose. (C) A com-
parison of cell growth and 2-HBP production when W3S5 was culti-
vated in MG medium with DBT only (organic-sulfur source), glucose
only (carbon source), or DBT plus glucose (organic-sulfur source
plus carbon source). The SD (n=3) is shown as error bars

HPLC analysis was performed, which revealed the existence
of DBT, DBTO,, and 2-HBP in the extracted metabolites,
when compared to the standards. The further characteri-
zation of DBT desulfurization metabolites was conducted
through GC-MS analysis of the extracted metabolites. In
GC chromatogram, a strong peak was detected at a reten-
tion time (R,) of 6.461 min along with some minor peaks
(Fig. 3A). When the GC spectra was compared with the
standards, the sharp peak (Rf: 6.461 min) was identified
as 2-HBP while the minor peaks at the Rf of 12.814 and
10.065 min were identified as DBT and DBTO, respec-
tively. The mass-spectrometry of detected peaks further
validated the existence of 2-HBP, DBTO, and DBT in the
culture extract. The main ion peaks detected at the m/z of
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Fig.2 The TYGS genome-based phylogenomic analysis of W3S5
strain. The phylogenomic tree was constructed using GBDP dis-
tances estimated from genome sequences and was deduced using
FastME 2.1.456. The branch support was calculated using GBDP
pseudo-bootstrap values from 100 replications and are shown above
each branch, whereas the branch lengths are scaled with reference
to GBDP distance formula d5. The clustering produced 10 species
and subspecies clusters. The colored leaf-labels in the figure repre-
sent various aspects of the genome annotations and the same color
codes have been used to identify the species and subspecies within
the same taxon, such as label 1 and 2 in the figure shows clusters of

184.1, 216.1, and 170.2 (Fig. 3B, C and D), correspond to
the molecular masses of DBT, DBTOZ, and 2-HBP respec-
tively, when compared with MS Spectra in WILEY7n.L,
and NISTO02.L mass-spectral libraries and standards. The
DBTO was not detected in the analysis which may be due to
its instant conversion into DBTO, or the hydrophilic nature
that hinders its extraction with organic solvents from culture
broth (Parveen et al. 2020; Su et al. 2018)

] [JHHE E

(3) Sequence length (6) Number of proteins (?) Kind

Min. (4.5 Mb) Min. (4222) _|Type strain

- @ Type species
Max. (6511
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same dDDH (digital DNA-DNA Hybridization) species and subspe-
cies, respectively. The percent G+C content of each species is rep-
resented on label 3 by light to dark blue color codes, with the low-
est to greatest values. Similarly, labels 4, 5, and 6 with the brown,
black, and mustard color codes, respectively, denote the delta value,
genome size, and number of proteins for each species. The length of
the colored boxes varies to show the range of values. Whereas label
7 designates the type of strain at each branch, such as Type-Strain,
Type-Specie, or User-Strain, with each denoted by a white box, a red
circle and a plus sign respectively

The enzymes of the “4S” pathway are encoded by the
dszA, dszB, and dszC genes, which are found on the plas-
mid DNA in the form of an operon (Ferreira et al. 2017). In
order to characterize the complete dszABC gene sequences
in strain W3S5, initially the partial sequences of dszA
(~350 bp), dszB (~600 bp) genes and almost the complete
sequence of dszC (~ 1250 bp) gene were obtained by PCR
amplification and sanger sequencing. The NCBI-BLASTn
analysis of these sequences showed >95% similarity with
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Fig.3 Characterization of DBT desulfurization pathway in W3S5
by GC-MS analysis of the extracted metabolites. A Gas-Chromato-
gram of DBT desulfurization extracted metabolites. B, C, D Mass-
spectrum of main ion peaks 184.1, 216.1, and 170.2, identified as
DBT, DBTO, and 2-HBP respectively. E Proposed “4S” pathway
of DBT desulfurization in W3S5 strain, interpreted from GC-MS
analysis. The DBT is first converted into DBT-sulfoxide (DBTO)

dsz genes of other desulfurizing bacteria. The RAST align-
ment search of partial dszA, dszB and dszC gene sequences
against the genome sequence of W3S5 revealed the presence
of dszABC genes on contig#22 in the form of an operon
(Fig. 4A).

Phylogenetic analysis offers a thorough understand-
ing of evolutionary relationship among genus/species or
genes (Gray et al. 1996; Kilbane II and Le Borgne, 2004;
Pylro et al. 2012). The complete dszABC gene sequences
(retrieved from RAST) of W3S5 showing > 88% homol-
ogy with dszABC genes of other desulfurizing bacteria
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by DBT monooxygenase DszC through addition of an oxygen mol-
ecule. The DBTO is transformed into DBT sulfone (DBTO,) by the
same enzyme through addition of another oxygen molecule. The DBT
monooxygenase DszA then converts DBTO, into sulfinate HBPSi
(2-Hydroxybiphenyl-2-Sulfinite. Finally, the HBPSi is metabolized
into 2-Hydroxybiphenyl (2-HBP)) and sulfate by desulfinase DszB
enzyme by cleaving the C—S bond

during NCBI-BLASTn analysis (Fig. 4B) were used to
construct the phylogenetic tree using MEGA-X program.
The phylogenetic trees in Fig. 4C show that the dszA,
dszB, and dszC genes of W3S5 form a cluster (cluster
I) with Gordonia sp. IITR100 (KC693733.1), Gordo-
nia sp. WQ-01 (DQ448811.1), Gordonia alkanivorans
RIPI90OA (EU364831.1), and Gordonia alkanivorans 1B
(AY678116.1) which shows a close evolutionary related-
ness among their dszABC genes than with other species
desulfurizing genes (see cluster II) making a separate
cluster suggesting that the dsz genes of W3S5 strain are



World Journal of Microbiology and Biotechnology (2024) 40:103

Page90f18 103

e Contig#22

@s. rusripertine YH—— I T ) T ) )

A)
B)
Gene Nearest homologs Query Identity
Name coverage (%)
(%)
dszA Gordonia sp. IITRIOO (KC693733. 1) 100 100
Gordonia alkanivorans RIPI90A 100 99.8
(EU364831.1)
Gordonia alkanivorans strain IB 100 99.93
(AY6781 16.1)
Gordonia sp. WQ-01 (DQ448811.1) 100 99.86
Gordonia sp. CYKS2 (AY3965 19. 1) 100 99.30
Rhodococcus sp. XP (AY278323 .I) 100 88.87
Rhodococcus sp. SDUZAWQ 100 88.80
(AY789136. 1)
Brevibacillus brevis (DQ062 1 61.1) 100 88.80
Rhodococcus sp. DS-3 (DQ444325. 1) 100 88.73
Gordonia nitida (AY714057.1) 100 88.73
Agrobacterium tumefaciens (AY960 127 .1) 100 88.73
dszB Gordonia sp. IITRIOO (KC693733. 1) 100 100
Gordonia alkanivorans RIPI90A dszB 100 100
(EU364831.1)
Gordonia alkanivorans 1B (AY678 116. 1) 100 100
Gordonia sp. CYKS2 (AY3965 19. 1) 100 99.97
Rhodococcus qingshengii IGTS8 100 88.42
(CP029300.1)
Rhodococcus sp. DS-3 (DQ444325 .1) 100 88.42
Rhodococcus sp. XP (AY278323. 1) 100 88.42
Brevibacillus brevis (DQ062 1 61.1) 100 88.42
Agrobacterium tumefaciens (AY960127 .1) 100 88.42
dszC Gordonia sp. IITRIOO (KC693733. 1) 100 100
Gordonia alkanivorans RIPI90A 100 100
(EU364831.1)
Gordonia alkanivorans strain IB 100 100
(AY6781 16.1)
Gordonia sp. CYKS2 (AY3965 19) 100 99.84
Gordonia sp. WQ-0 1 (DQ448815. ) 100 99.44
Rhodococcus gingshengii TGTS8 100 99.02
(CP029300.1)
Brevibacillus brevis (DQ062 161. I) 100 90.02
Agrobacterium tumefaciens (AY960127. 1) 100 90.02
Rhodococcus sp. XP (AY278323.1) 100 90.02
Nocardia globerula (AY7 14059. I) 99 88.94
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Fig.4 Characterization of complete dszABC gene sequences in strain
W3S5 and determination of their evolutionary relationship with other
related desulfurizing bacteria. A The structure of dsz operon located
at contig#22, identified in W3S5 strain by searching the whole-

conserved and quite similar to the dsz genes of Gordonia
species.

Based on the characterization of the DBT desulfuriza-
tion metabolites i.e., DBT, DBTO,, 2-HBP and the iden-
tification of dszABC genes it is evident that the isolate
W3S5 follows the same steps of “4S” pathway reported

genome sequence through RAST alignment tool. B The outcomes of
BLASTRn search displaying the closely related sequences to the com-
plete dszABC gene sequences of W3S5. C Phylogenetic tree of dsz-
ABC genes of W3S5

in the literature (Gunam et al. 2006; Parveen et al. 2020;
Su et al. 2018). Keeping in view our findings we have
proposed a basic schematic of “4S” pathway in W3S5 as
shown in Fig. 3E.
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Fig.5 Desulfurization of DBTs, BTs and THs by W3S5, as a single
sulfur source and as a mixture. A Comparison of growth and B pro-
duction of phenolic end-product i.e., 2-HBP/2-HBP, by isolate

equivalent

W3S5, cultivated in MG media in the presence of 0.2 mM of DBT
(Dibenzothiophene), DBTS (Dibenzothiophene Sulfone), 4-MDBT
(4-Methyldibenzothiophene), 2,8-DMDBT  (2,8-Dimethyldiben-
zothiophene), BT (Benzothiophene), 3-MBT (3-Methylbenzothio-

Investigating the desulfurization of DBTs, BTs,
and THs, both separately as well as a mixture
by strain W3S5

The isolate W3S5 was interrogated for its ability to metabo-
lize a variety of HDS resistant organic-sulfur compounds
like DBTs, BTs, and THs. The line graph in Fig. SA shows
the cell growth of W3S5 cultivated in the presence of DBT,
DBTS, 4-MDBT, 2,8-DMDBT, BT, 3-MBT, TH, 2-MTH,
and 3-MTH. The isolate exhibited the highest growth in
the presence of DBT, 2,8-DMDBT, 4-MDBT, DBTS, BT
and 3-MBT. In addition to these compounds, a relatively

@ Springer

phene), TH (Thiophene), 2-MTH (2-Methylthiophene), and 3-MTH
(3-Methylthiophene) respectively, as a single sulfur source. C A time-
course study of cell growth and production of phenolic end-product
i.e., 2-HBP/2-HBP for 192 h, when DBTs, and BTs (DBT,

equivalent

DBTS, 4-MDBT, BT, and 3-MBT) were supplied in MG medium
together in equimolar ratio (0.1 mM)

less growth was also observed in the presence of TH and its
derivatives, indicating the utilization of these compounds
by W3SS5 for its growth. The overall order of growth for all
these compounds was: DBT >2,8-DMDBT >BT > 3-MBT >
DBTS >4-MDBT >3-MTH > 2-MTH > TH. The bar graph
in the Fig. 5B represent the production of 2-HBP resulti
ng from the desulfurization of DBT, DBTS, 4-MDBT, BT
and 3-MBT within 144 h of incubation. A maximum 2-HBP
production was observed after 96 h of incubation, indicat-
ing that the isolate W3S5 desulfurized DBT and DBTS into
2-HBP by ~95% and ~75% respectively, while 4-MDBT,
BT, and 3-MBT were desulfurized into 2-HBP,, by ~50%.
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Overall, the order of desulfurization activity for these com-
pounds was: DBT >DBTS > BT > 3-MBT >4-MDBT. The
formation of 2-HBP/2HBP equivalent was not detected
in cultures treated with 2,8-DMDBT, TH, 2-MTH, and
3-MTH. This suggests their conversion into non-phenolic
end products or that the produced phenolic end products did
not react with the Gibbs reagent, that do not give a blue reac-
tion with Gibb’s reagent. In addition to desulfurize DBTs,
and BTs as a single-sulfur source, the isolate W3S5 was also
investigated to desulfurize them simultaneously as a mixture
as well. The Fig. 5C compares the growth and desulfuriza-
tion activity (2-HBP production) by isolate W3S5 for the
desulfurization of DBTs and BTs (DBT, 3-MDBT, DBTS,
BT and 3-MBT) when supplied together in MG medium in
equimolar ratios (0.1 mM). The isolate exhibited an increase
in growth after 72 h of incubation, however, a sharp increase
in growth and the production of 2-HBP was observed after
96 h of incubation and was found maximum at 192 h of cul-
tivation. Although the lag-phase for growth was prolonged,
the results indicate that the isolate W3S5 can effectively
desulfurize DBTs, and BTs when supplied together as a
mixture.

Characterization of biosurfactants in W3S5 strain

Biosurfactants are amphiphilic surface-active compounds
that help a bacterium in the biotransformation/biodegrada-
tion of water insoluble compounds by decreasing the surface
tension of the medium (Mnif and Ghribi 2015). In order
to check the production of biosurfactants by isolate W3S5
during DBT desulfurization, a qualitative estimation was
carried out by performing the oil-displacement assay and
calculating the emulsification index (% El,,) of the cell-free
culture. A positive control (SDS, a strong amphiphilic com-
pound) and a negative control (culture medium) were used
to validate the result. In oil-displacement test, the cell-free
culture created a clearing zone of 2.3 cm, while for positive
control (SDS) it was 4 cm (see Supplementary Fig. 2A). The
negative control did not show any oil displacement, which
confirms that the clearing zone formed by cell-free culture
was due to the presence of surface-active compounds (SAC)
released in the culture medium during desulfurization of
DBT. To further validate these results the emulsification
index of the cell free culture, positive control and the nega-
tive control was also calculated. The EI,, for cell free cul-
ture was 53% and for positive control 65%, while negative
control did not show any emulsification (see Supplementary
Fig. 2B).

The crude biosurfactants were purified using Thin-Layer
Chromatography (TLC). Yellow-colored spot appeared
on the TLC plate with a purple-colored background when
developed with potassium permanganate stain, indicat-
ing the glycolipid nature of the extracted biosurfactants.

The TLC purified biosurfactants were subjected to FTIR
analysis in the range of 4000—500 cm™! and the resulting
IR spectrum was interpreted by reading the IR spectrum
chart/table from Sigma-Aldrich and previous reports on
the characterization of glycolipids (De Smet et al. 2000;
Wang et al. 2019). The Fig. 6A shows the FT-IR spectrum
of the TLC purified biosurfactants. A wide band detected
in the range of 3200-3500 cm™! can be assigned to O-H
bond vibrations, indicating the presence of an alcohol group
(De Smet et al. 2000; Wang et al. 2019). A strong band
detected at 2970-3007 cm™' range exhibited the existence
of unsaturated hydrocarbons and sharp bands observed at
2951-2850 cm™! were designated to C—H stretching bands
of CH, and CH; groups demonstrating the presence of satu-
rated hydrocarbons (De Smet et al. 2000; Wang et al. 2019).
A strong band at 1708 cm~! was also observed, that is a
characteristic band of esters denoting the presence of car-
bonyl groups in the extracted biosurfactans (De Smet et al.
2000; Wang et al. 2019). A medium sized band observed at
1464 cm™! was ascribed to C—H stretching bands (De Smet
et al. 2000; Wang et al. 2019). Moreover, the absorption
bands observed at 1190-1456 cm™! denote the existence of
aliphatic chains in the analyzed compound (De Smet et al.
2000; Wang et al. 2019). The sharp bands detected in the
range of 950-1155 cm™! were attributed to C—O vibration
bands, which are characteristic of the sugar rings (De Smet
et al. 2000). These FT-IR findings strongly suggest that the
extracted biosurfactants are glycolipid in nature and may
belong to trehalose subclass.

Identification of trehalolipid-biosurfactant genes
in W3S5 strain by genetic analysis

In total, five trehalose synthesis pathways have been reported
in bacteria of which the OtsAB, TreYZ, and TreS are the
three major pathways that are often present in more than
one copies for some specific bacteria, depending on the
physiological requirements in the environment (Cardoso
et al. 2007; Ruhal et al. 2013). The existence of a certain
metabolic pathway within an organism is generally inferred
by recognizing the respective enzyme-coding genes. The
trehalose-related metabolic pathways in W3S5 were identi-
fied by analyzing its whole genome sequence via different
online genome annotation programs such as ClassicRAST,
BlastKOALA, BV-BRC, and NCBI-PGAP. Moreover, the
KEGG and MetaCYS pathway analysis were also performed
and the proposed pathway in W3S5 were drawn on the basis
of results obtained from all these studies. The trehalose-
related genes predicted by the four annotations and their
potential functions are presented in Table 1. All four annota-
tions generated different results with respect to the number
of genes identified and their copy number. ClassicRAST
and BlastKOALA predicted 10 genes, whereas BV-BRC
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Fig.6 Characterization of biosurfactants production in W3S5 dur-
ing DBT desulfurization, by Fourier-transform infrared spectroscopy
(FTIR) and whole-genome sequence analysis. A The FT-IR spectrum

and NCBI-PGAP predicted 5 and 3 genes respectively. The
results indicate that nearly all annotations predicted the
presence of otsA, otsB, treY, treZ and treP genes (Table 1)
in the genome that confirms the presence of OtsAB and
TreYZ and TreP pathways in W3S5 strain (Fig. 6B). The
OtsAB pathway, is the most prevalent pathway for stress
response in bacteria that starts with glucose-6-phosphate and
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of TLC purified biosurfactants in the range of 4000-500 cm™'. B A
schematic of TreYZ, OtsAB and TreP pathways of trehalose biosyn-
thesis identified in strain W3S5

UDP-glucose to form trehalose-6-phosphate, catalyzed by
trehalose-6-phosphate synthase (otsA) (Avonce et al. 2006),
which is then dephosphorylated by trehalose-6-phosphate
phosphatase (otsB) to release a free trehalose molecule
(Avonce et al. 2006). Whereas, in TreYZ pathway, the glyco-
gen or oligomaltodextrin is transformed into maltooligosyl-
trehalose by transglycosylation of terminal maltosyl residue
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Table 1 Identification of genes involved in trehalose metabolism in Gordonia rubripertincta W3S5, using various bioinformatics annotation

tools

Gene  Gene product Function RAST  BlastKOALA BV-BRC NCBI-PGAP

otsA Alpha,alpha-trehalose-phosphate Trehalose biosynthesis + otsA  + otsA + otsA + otsA
synthase

otsB Trehalose-6-phosphate phosphatase Trehalose biosynthesis ++ otsB - ++ otsB  ++ otsB

treZ Malto-oligosyltrehalose trehalohydrolase Trehalose biosynthesis +treZ  +treZ + treZ -

treY Malto-oligosyltrehalose synthase Trehalose biosynthesis + treY - + treY -

IpqY trehalose/maltose transport system Trehalose biosynthesis - + IpqY - -
substrate-binding protein

SugA trehalose/maltose transport system Transport across cell membrane - + sugA - -
permease protein

sugB trehalose/maltose transport system Transport across cell membrane - + sugB - -
permease protein

mmpL3 trehalose monomycolate/heme trans- Transport of trehalose monomycolates - + mmpL3 - -
porter

treP Trehalose phosphorylase Trehalose metabolism + treP  + treP - -

papA3  mycolipenoyltransferase / trehalose Biosynthesis of polyacyltrehalose (PAT)  — ++ papA3 - -
acyltransferase trehalose-based cell wall glycolipid

glgE Putative glucanase Trehalose biosynthesis + glgE - - -

pgmB  Beta-phosphoglucomutase Trehalose uptake and utilization +pgmB - - + pgmB

Jfop trehalose O-mycolyltransferase Trehalose mycolate metabolism - ++ fop + fop -

glaB Glucoamylase Trehalose biosynthesis + GlcP - - -

GlcP  Glucose/mannose:H + symporter Trehalose uptake and utilization + GlecP - - -

glgB 1,4-alpha-glucan (glycogen) branching ~ Trehalose biosynthesis + glgB - - -
enzyme

stf0 trehalose 2-sulfotransferase Biosynthesis of sulfolipid, a trehalose- - + stf0 - -

based cell wall glycolipid

The plus sign “+” represent the no of copies of a gene and minus sign “~” represent the gene was not detected.

into a trehalosyl group by maltooligosyl-trehalose synthase
(treY) and subsequently the trehalose is liberated from
maltooligosyl-trehalose by the action of maltooligosyl-treha-
lose trehalohydrolase (treZ) (Avonce et al. 2006; Takayama
et al. 2005). The TreP is another pathway found in bacteria,
which consists of a single reversible reaction to synthesis
trehalose from p-glucose and B-p-glucose 1-phosphate, cata-
lyzed by trehalose phosphorylase (treP) (Takayama et al.
2005). Furthermore, the trehalose-monocorynomycolates
(TMM) transporter gene (mmpL3) and trehalose O-myco-
lyltransferase gene (fbp) were also detected by BlastKOALA
and BV-BRC annotations respectively (Table 1), indicating
the synthesis of TMM lipids and their transport across the
cell membrane (Li et al. 2019; Luong et al. 2018).

Certain genes associated with trehalose transport such as
IpqY, SugA, and SugB were predicted by the BlastKOALA
annotation (Table 1). Trehalose acyltransferase (papA3) and
2-sulfotransferase (szf0) genes that contribute to the biosyn-
thesis of trehalose-based cell wall glycolipids were also
detected by BlastKOALA annotation (Table 1). Beta-phos-
phoglucomutase (pgmB) and Glucose/mannose:H+ sym-
porter (GlcP) genes involved in the uptake and utilization
of trehalose and the trehalose phosphorylase (treP) gene

implicated in trehalose catabolism/anabolism were identified
by ClassicRAST, BlastKOALA, and NCBI-PGAP annota-
tions (Table 1) indicating that isolate W3S5 can use treha-
lose as carbon/energy sources or as a solute for maintaining
the osmotic pressure of the cell under stress conditions. Fur-
thermore, the genes for 1,4-alpha-glucan (glycogen) branch-
ing enzyme (glgB) and putative glucanase (g/gE) were also
recognized by ClassicRAST annotation. The glgB and glgE
genes participate in glycogen metabolism and are intercon-
nected with trehalose biosynthesis as glycogen is used as a
substrate for trehalose biosynthesis during the TreYZ path-
way and therefore influences trehalose biosynthesis at these
nodes.

Discussion

Biodesulfurization of organic-sulfur compounds present in
petro-fuels has attracted attention on a global scale due to
the lack of economic and environmentally favorable methods
for the removal of organic sulfur as opposed to inorganic
sulfur removal (Davoodi-Dehaghani et al. 2010; Kalita et al.
2022; Al-khazaali and Ataei 2023; Silva et al. 2023). Certain
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microbes can obtain sulfur from complex organic-sulfur
compounds for growth and other essential functions, and
therefore can be used to remove organic-sulfur from petro-
fuels with no negative environmental impact (Sousa et al.
2020). For the past several decades, DBT has been utilized
as a model compound to isolate and characterize the organic-
sulfur compound desulfurizing bacteria, since it is prevalent
in ptero-fuels and challenging to remove using traditional
methods (Davoodi-Dehaghani et al. 2010; Pavlopoulos et al.
2010; Xia 2018). Here, we are providing a detailed study on
an efficient DBT desulfurizing strain, W3S5, isolated from
an oil-contaminated soil sample that can desulfurize ~99%
of DBT (0.2 mM) within 48 h of incubation. When grown in
MG medium containing only DBT, the isolate did not show
prominent growth, however, when both DBT and glucose
were provided, a very rich growth was obtained indicating
that the isolate utilizes DBT as a sole sulfur source and not
as a carbon source (Fig. 1C). Through TYGS based phy-
logenomic analysis the strain has been identified as Gor-
donia rubripertincta, as it makes a cluster with Gordonia
rubripertincta type strains in the phylogenomic tree by
sharing similar genome features (Fig. 2). The TYGS has
been applied in this study because it is one of the best tools
for genome-based classification of species as it contains a
large-scale database of type strains genomes having legally
published names and utilizes trustworthy whole-genome
based classification and phylogeny methods (Meier-Kolthoff
et al. 2013; Meier-Kolthoff and Goker 2019). Our findings of
GC-MS analysis of extracted metabolites and genetic stud-
ies of dsz genes revealed the production of core metabolites
DBT, DBTO,, and 2-HBP indicating that W3S5 follows the
“4S” pathway (Fig. 3) of DBT desulfurization encoded by
dszA, dszB, and dszC genes present on contig# 22 in the
form of an operon spanned by some mobile/transposable
elements (Fig. 4A). In literature, two major pathways the
ring destructive “Kodama pathway” and sulfur specific “4S
pathway” have been reported for DBT desulfurization by
aerobic bacteria (Gunam et al. 2006; Parveen et al. 2020;
Su et al. 2018). In “4S” pathway the sulfur is specifically
removed through enzymes by cleaving the C—S bond instead
of C—C bond without breaking the carbon-skeleton, that pre-
serves the calorific value of the fuel (Ferreira et al. 2017,
Gunam et al. 2006; Parveen et al. 2020; Su et al. 2018). Our
studies showed that W3S5 also follows the “4S” pathway of
DBT desulfurization, and hence able to preserve the calorific
value of the fuel when applied as a biocatalyst. The phyloge-
netic analysis of dszABC genes showed a close evolutionary
relatedness with Gordonia species suggesting that the dsz
genes of W3SS5 strain are conserved and quite similar to the
dsz genes of other desulfurizing Gordonia species (Fig. 4C).

Majority of BDS studies reported in literature could
applied either DBTs or BTs, however only a few bacte-
ria have been recorded to desulfurize both DBTs and BTs
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(Chen et al. 2021; Mohamed et al. 2015; Raheb and Hajipour
2011). We find that W3S5 can effectively metabolize all
three classes of compounds i.e., DBTs, BTs, and THs when
fed in MG medium separately as well as in a mixture. The
overall growth order for all these compounds was: DBT > 2
,8-DMDBT > BT >3-MBT >DBTS >4-MDBT > 3-MTH
>2-MTH > TH, and desulfurization activity order for com-
pounds showing Gibb’s positive test was: DBT >DBTS >
BT >3-MBT >4-MDBT (Fig. 5A and B). In case of meth-
ylated thiophenic compounds, the strain W3S5 showed a
little more growth with double methylated compound (like
2,8-dimethyl DBT) as compared to single methylated com-
pounds (Fig. 5A). In cultures treated with 2,8-DMDBT, TH,
2-MTH, and 3-MTH, the 2-HBP/2-HBP equivalent forma-
tion was not detected, however, the increase in growth in the
presence of these compounds suggests that the isolate W3S5
have utilized these compounds to obtain sulfur for its growth
and might have converted them into some non-phenolic end
products that are non-reactive with Gibb’s reagent. Further-
more, there is a possibility that the produced phenolic end
product did not react with the Gibbs reagent, which does
not yield a blue reaction. For instance, 2,8-DMDBT may
be converted into 3’,5-dimethyl-2-hydroxybiphenyl by the
bacterium, a phenolic end product that does not give a blue
reaction with Gibb’s reagent. Gibb’s reagent specifically
reacts with phenols lacking substituents in the ortho posi-
tion. Determining the formation of end products from the
use of these phenolic compounds will require further studies
through GC-MS/LC-MS/NMR in the future.

There could be several reasons for these variable effects
of derivatizations; varying degrees of microbial toxicity of
these compounds, the bacterium might be using various met-
abolic pathways for the more complicated compounds, or the
more complex compounds may have a stronger affinity for
the transport proteins. Collectively, the results indicate that
as compared to the previous reported desulfurizing bacteria,
the W3SS5 strain can not only effectively desulfurize DBTs
but also BTs as well as THs that are the highly recalcitrant
organic-sulfur compounds present in petro-fuels (Chen et al.
2021; Mohamed et al. 2015; Raheb and Hajipour 2011).

In addition to desulfurize DBTs and BTs as a single-
sulfur source, the isolate W3S5 was also investigated to
desulfurize them together in equimolar ratios (0.1 mM). As
compared to single-sulfur compounds (Fig. 5C), a delayed
onset of log-phase was observed for the mixture of com-
pounds (DBT, DBTS, 3-MDBT, BT and 3-MBT) after
96 h of incubation instead of 24 h, which might be due to
the need for the cells to adjust to an environment rich in
multiple organic-sulfur compounds and time for producing
the respective BDS enzymes. In addition, there may be a
competition (gradation in affinity) among different organic
sulfur compounds to attach with the receptors/transporters
responsible for the uptake of these compounds into the cell
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which can cause a delay in the onset of the log phase. So,
even if one compound can be metabolized optimally when
supplied individually, it may have a different behavior in
uptake and metabolism in the presence of multiple sulfur
compounds. After adaptation, the isolate successfully desul-
furized 36% of the total amount of mixed-compounds within
192 h of cultivation, suggesting its potential to utilize multi-
ple organic-sulfur compounds simultaneously. Overall, this
is the first study on the desulfurization of DBTs as well as
BTs, as single-sulfur source and a mixture of compounds by
Gordonia rubripertinca W3S5.

Restricted mass transfer of substrate between oil and the
aqueous phase is another main bottleneck in the large-scale
application of BDS (Alves et al. 2015; Parveen et al. 2020;
Hasanbeik et al. 2022). Biosurfactants are amphiphilic sur-
face-active compounds that aid in enhancing the substrate
mass transfer in biphasic systems by lowering the surface
tension of the medium (Mnif and Ghribi 2015). We have
found that strain W3S5 produces trehalose-surfactants dur-
ing the biodesulfurization of DBT, as confirmed by TLC
and FTIR analyses. The FTIR analysis of the TLC purified
biosurfactants in the range of 4000-500 cm™' confirmed
that the produced biosurfactants are trehalose-surfactants
(Fig. 6A). Trehalolipids are one of the best-studied sub-
classes of glycolipids, that have wide range industrial appli-
cations including microbial enhanced oil recovery, because
of their adaptive structural and functional groups that give
them the desired high surface activity (Arguelles 2000).
Several bacterial species have been reported to produce tre-
halolipids, of which Rhodococcus genus is well reported
to produce various types of trehalolipids such as trehalose-
monocorynomycolates (TMM), trehalose-dicorynomyco-
lates (TDM), and trehalose-tricorynomycolates (TTM),
including succinoyl trehalose lipids and trehalose tetraes-
ters (Franzetti et al. 2010; Kretschmer et al. 1982; Luong
et al. 2018). However, no study has been reported for the
production of trehalolipids by a desulfurizing Gordonia
specie (Luong et al. 2018). We are first time reporting the
production of trehalose-surfactants by a desulfurizing Gor-
donia rubripertincta W3S5 strain and have identified the
trehalose-surfactant related genes by analyzing its whole
genome sequence using several online genome annotation
programs i.e., ClassicRAST, BlastKOALA, BV-BRC, and
NCBI-PGAP (Table 1). We have identified three potential
trehalose biosynthesis pathways, OtsAB, TreYZ, and TreP in
strain W3S5 based on data obtained from these annotations
(Fig. 6B). Additionally, few genes related to the biosynthesis
of trehalose-monocornymycolate (TMM), a precursor for the
synthesis of various types of trehalolipids were also identi-
fied. The results also suggest that it is best to perform a
genomic analysis using multiple annotations as each tool has
certain limitations such as differences in variances, the lim-
ited knowledge available in a database to correctly identify

or annotate certain enzymes, or the sequences that could
not meet the threshold of that database. A thorough under-
standing of biosurfactants produced by DBT desulfurizing
bacteria would be helpful in studies intended in improving
the desulfurization rate by increasing the mass transfer of the
organic-sulfur compounds with the help of biosurfactants.

Conclusion

In conclusion, our study provides in-depth insights into the
remarkable biodesulfurization potential of the strain W3S5,
which was isolated from oil-contaminated soil. Our findings
reveal that strain W3S5 follows the “4S” pathway of DBT
desulfurization and can metabolize a variety of HDS-resist-
ant organic-sulfur compounds, including DBTs, BTs, and
THs separately as well as in a mixture. Moreover, it produces
trehalose-surfactants during DBT desulfurization, enabling
the bacterial cells to efficiently uptake the DBT from the
medium by reducing the surface tension. Furthermore,
we present the first comprehensive analysis of the whole-
genome sequence of the desulfurizing strain W3S5 using
different annotation programs, which identified three poten-
tial trehalose synthesis pathways, namely OtsAB, TreYZ,
and TreP, as well as trehalose-monomycolate lipid synthesis
genes. The identification of various trehalose-related genes
in the strain W3S5 provides new insight into the mechanisms
governing sulfur removal, which opens up new possibilities
for optimizing this process. Overall, these findings suggest
that the isolated strain Gordonia rubripertincta W3S5 has
the potential for sustainable and efficient biodesulfurization
of wide range of organic-sulfur compounds and could be a
highly effective candidate in advanced biodesulfurization
research aimed at addressing environmental issues related
to sulfur-emissions.
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