
Chemosphere 291 (2022) 133054

Available online 25 November 2021
0045-6535/© 2021 Elsevier Ltd. All rights reserved.

Glycerol-assisted degradation of dibenzothiophene by Paraburkholderia sp. 
C3 is associated with polyhydroxyalkanoate granulation 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Glycerol enhanced degradation of 
dibenzothiophene (DBT) in Para
burkholderia sp. C3. 

• Glycerol induced DBT cometabolism, 
revealed via proteomic profiling. 

• Glycerol fed into lipid metabolism pro
moting polyhydroxyalkanoate (PHA) 
granule accumulation. 

• 2-Bromoalkanoic acid inhibited PHA 
granule formation and the glycerol- 
enhanced DBT degradation in C3.  
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A B S T R A C T   

Glycerol is a biodiesel byproduct. In the present study, glycerol was used as a co-substrate during biodegradation 
of dibenzothiophene (DBT) by Paraburkholderia sp. C3. Polycyclic aromatic hydrocarbons (PAHs) are a group of 
persistent, ubiquitous and carcinogenic chemicals found in the environment. DBT is a major sulfur-containing 
PAH. The chemical properties of DBT make it an ideal model pollutant for examining the bioremediation of 
higher molecular weight PAHs. Bioremediation uses microbial catalysis for removal of environmental pollutants. 
Environmental microorganisms that encounter aromatic substrates such as heterocyclic PAHs develop unique 
characteristics that allow the uptake and assimilation of these cytotoxic substrates. Microbial adaptations include 
changes in membrane lipid composition, secretion of surface-active compounds and accumulation of lipid 
granules to withstand chemical toxicity. Biostimulation using more readily metabolized substrates can increase 
the biodegradation rate of PAHs, but the molecular mechanisms are not well understood. We analyzed the DBT 
biodegradation kinetics in C3, proteome changes and TEM micrographs in different culturing conditions. We 
utilized 2-bromoalkanoic lipid metabolic inhibitors to establish a correlation between polyhydroxyalkanoate 
(PHA) granule formation and the enhancement of DBT biodegradation induced by glycerol. This is the first 
description linking PHA biosynthesis, DBT biodegradation and 2-bromoalkanoic acids in a Paraburkholderia 
species.   

1. Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are planar aromatic mol
ecules composed of carbon and hydrogen atoms. Sulfur substitutions in 

PAHs distort planarity of the molecules, resulting in more reactive and 
carcinogenic heterocyclic PAHs (Dabestani and Lvanov 1999). After 
carbon and hydrogen, sulfur is the most abundant element in PAHs, 
existing in organic and inorganic fractions (Soleimani et al., 2007). A 
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major component in organic fractions is dibenzothiophene (DBT), fol
lowed by benzothiophene, benzonaphthothiophenes and their alkylated 
homologs (Li et al., 2012). DBT is a hydrophobic heterocyclic PAH; its 
recalcitrant properties allow it to ubiquitously concentrate in the envi
ronment (Seo et al., 2009). Consequently, DBT is typically used as a 
model chemical to study spatial distribution and quantification of 
thermodynamically stable sulfur-containing PAHs (Li et al., 2012). The 
chemical properties of DBT also make it an applicable model pollutant 
for bioremediation of higher molecular weight PAHs (Nzila et al., 2018) 
and other aromatic environmental pollutants. 

Bioremediation uses microbial catalysis for the removal of environ
mental pollutants. Two main factors affect PAH biodegradation effi
ciency: an appropriate microbial consortium (Szulc et al., 2014) and 
ample available organic carbon to support microbial growth (Tyagi 
et al., 2011). Environmental microorganisms encountering aromatic 
substrates such as heterocyclic PAHs develop unique characteristics 
allowing for the uptake and assimilation of these cytotoxic substrates (Di 
Martino et al., 2014). Adaptations that improve bioavailability include 
changes in membrane lipid composition to increase hydrophobicity and 
fluidity of outer membranes (Pini et al., 2009) and secretion of 
surface-active compounds (e.g., biosurfactants) that interact with 
non-conventional substrates (e.g., PAHs) to render them more 
bioavailable (Patowary et al., 2017). Within the cell, accumulation of 
lipid granules were shown to enable bacteria to better withstand 
chemical toxicity (Venkateswar Reddy et al., 2015; Cavaliere et al., 
2018). 

Supplementation with co-substrates is a strategy to induce adaptive 
pathways in biodegrading bacteria. For example, addition of glycerol – a 
biodiesel byproduct with versatile functions in microbial cells – 
enhanced DBT biodegradation 18-fold in Paraburkholderia sp. C3 (pre
viously Burkholderia sp. C3) (Ortega Ramirez et al., 2020). Glycerol 
supplementation induced rhamnolipid (RL) biosynthesis and acceler
ated bacterial growth. Proteomic analysis revealed that β-oxidation and 
de novo synthesis of fatty acids (FAS II) pathways were involved (Ortega 
Ramirez et al., 2020), which was later supported by total genomic 
sequencing of C3 and DBT biodegradation experiments (Cao et al., 
2021). Glycerol readily enters β-oxidation and FAS II pathways pro
ducing the lipid precursor for RL biosynthesis, R-3-hydrox
ydecanoyl-CoA, which is also a precursor in the biosynthesis of 
polyhydroxyalkanoates (PHAs) (Choi et al., 2011). This study associates 
the accumulation of PHA granules upon addition of glycerol into the 
culture media with enhancement biodegradation of DBT by Para
burkholderia sp. C3. It also furthers the understanding of the mechanisms 
involved in bacterial adaptation to non-conventional substrates such as 
PAHs. 

PHAs are accumulated as intracellular granules (Lu et al., 2009). The 
accumulation of PHA granules has been described under metabolic 
stress conditions (Di Martino et al., 2014) and for energy storage (Rehm 
et al., 2001). PHAs can protect cells from phenolic microbial inhibitors 
such as catechol (Obruca et al., 2021). Catechol is a metabolite in the 
DBT oxidation pathway (Li et al., 2019). We hypothesized that PHA 
granules facilitate glycerol-enhanced DBT biodegradation in C3. This 
hypothesis was tested by inhibiting PHA precursor biosynthesis with 
2-bromohexanoic acid (HEX) and 2-bromooctanoic acid (OC) (Gutierrez 
et al., 2013), and analyzing the inhibitors’ impact on bacterial growth, 
DBT degradation kinetics, proteomic profiles, and PHA granule 
formation. 

2. Materials and methods 

2.1. C3 cultivation and DBT biodegradation 

We followed methods previously described (Ortega Ramirez et al., 
2020). Briefly, C3 cells were grown overnight in LB rich medium, 
washed three times, adjusted to 0.5 OD600, and inoculated to a con
centration of approximately 0.05 OD600 in five ml of minimal medium 

(MM) (Bastiaens et al., 2000) containing 50 mM glycerol and 0.54 mM 
(100 ppm) DBT in a test tube. The final concentrations of HEX and OC 
were 2 mM and 5 mM. Growth curves of C3 cultured with glycerol, but 
without DBT were also prepared (Fig. 1). All cultures were incubated in 
a rotary shaker at 30 ◦C and 200 rpm. The extraction and analysis of DBT 
were performed as previously described (Akhtar et al., 2009). Briefly, 
after culture acidification to pH 2–3 with HCl, DBT was extracted three 
times with ethyl acetate. Analysis was on an Agilent 1100 series high 
performance liquid chromatograph (HPLC) equipped with an Aqua C18 
column (150 × 4.60 mm, 5 μm particle size; Phenomenex, Inc.). DBT 
was detected at 245 nm. 

2.2. Data calculation 

We followed methods previously described (Ortega Ramirez et al., 
2020). Measured concentrations of DBT were averaged for each time
point and the standard errors of the mean (SEM) representing variations 
among 3 or 6 biological replicates were calculated. Time points were 
fitted with a first-order kinetic equation, C = C0 × e− kt. DBT half-life 
(t1/2) was calculated as t1/2 = ln 2

k . Multifactorial analysis of variance 
(ANOVA) with unequal sample sizes (n, 15 or 30) was used to calculate 
statistical significance (p-value < 0.05) using IBM SPSS Statistics 19 
software. The p-value was set to 0.001 when the null hypothesis of ho
mogeneity of variances was rejected. Least significant difference (LSD) 
and Tukey’s honestly significant difference (HSD) post hoc tests were 
used for further exploration of the results. The fixed factors analyzed 
were type of inhibitor (OC, HEX or without; 3 levels), concentration (0, 2 
or 5 mM; 3 levels) and incubation time (5 levels). The statistical model is 
provided in Suplemental information 1. 

2.3. Protein extraction 

C3 cells were collected from cultures at day two and washed three 
times with Milli-Q (mQ) water. Proteins were then extracted according 
to previously reported methods (Dephoure and Gygi, 2011) with mod
ifications (Ortega Ramirez et al., 2020). Briefly, cell pellets were 
resuspended in lysis buffer consisting of 9 M urea and a protease in
hibitor cocktail (Sigmafast™ Protease Inhibitor Cocktail Tablet, 
Sigma-Aldrich, Milwaukee, WI, USA). Cell membranes were then dis
rupted with six cycles of bead-beating at maximum speed for 60 s on a 
mini-beadbeater (BioSpec Products, Bartlesville, OK, USA); cells were 
put on ice for 60 s between each bead-beating cycle. Cell debris was 
removed by centrifugation. Proteins were concentrated with an Amicon 
Ultra-0.5 ml centrifugal filter (3K cut-off; Millipore, Bay City, MI, USA). 
Proteins (36 μg) were separated by 12% SDS-PAGE and visualized with 
Coomassie blue. 

2.4. Protein sample preparation and liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) 

From each gel lane, 12 to 14 gel slices (1 mm3) were washed with 25 
mM ammonium bicarbonate (NH4HCO3)/50% acetonitrile (ACN) until 
gel pieces became clear. The protein disulfide bonds were reduced with 
dithiothreitol (DTT) at 56 ◦C for 30 min. The exposed cysteine residues 
were alkylated with iodoacetamide (IAA) at ambient temperature for 20 
min. Gel pieces were dehydrated with 100% ACN prior to the DTT 
reduction and IAA alkylation steps. An in-gel protein digestion was done 
with Trypsin/Lys-C Mix, Mass Spec Grade (Promega, Fitchburg, WI, 
USA) at 37 ◦C for 16–18 h. The fractions of alkylated and reduced 
peptides were collected from the gel by centrifugation and then were 
desalted and concentrated with Pierce C18 tips (Thermo Scientific, 
Waltham, MA, USA). 

Peptides were analyzed on a Bruker nanoLC-amaZon speed ion trap 
mass spectrometer system (Bruker Daltonics, Billerica, MA, USA). 
nanoLC separations were on a C18 analytical column (0.1 × 150 mm, 3 
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μ, 200 Å, Bruker Daltonics) with gradient elution from 5% to 65% ACN 
in 0.1% formic acid for 80 min after a 2-min running delay. After 
elution, the mobile phase was switched to 95% ACN in 0.1% formic acid 
for 10 min, and then to 5% ACN in 0.1% formic acid for 20 min to 
equilibrate the column. The flow rate was 800 nl/min. The mass spec
trometer parameters were set at a capillary voltage of 1600 V and a 
capillary temperature of 149.5 ◦C. A survey scan from m/z 400–3000 
was followed by data-dependent MS/MS acquisition of the 10 most 
abundant ions and 0.5 Da instrument error. Dynamic exclusion was set 
to repeat the same precursor ion twice, followed by excluding it for 0.8 
min. 

2.5. Protein database search 

Raw files (file type BAF) were converted to mascot generic format 
(mgf) with DataAnalysis software (Bruker Daltonics). Apex was used as 
the peak picking algorithm with 100 as the absolute intensity threshold. 
Parameters for finding MS and MS/MS compounds were selected based 
on the capabilities of the instrument. The protein database, containing 
canonical and isoform protein sequences from Burkholderia [UniProt 
taxonomy: 32008], was downloaded in FASTA format from the UniProt 
Knowledgebase (April 4, 2016 at 9:35 a.m.). The database search was 
conducted with MyriMatch (Tabb et al., 2008). The search parameters 
were set to ion trap for instrument type, auto for precursor mass, tryp
sin/P for enzyme, m/z 0.5 for both precursor and fragment tolerance. 
Modifications were carbamidomethyl (fixed) and methionine oxidation 
(variable). 

2.6. Data normalization 

Spectral counts of proteins identified (by peptide assignment) in each 
treatment were obtained with IDPicker 3.0 (Ma et al., 2009). Filters to 
match peptides with their MS/MS spectra were: Maximum false dis
covery rate (FDR) of 1% and minimum one spectrum per peptide and per 
match. In order to match peptides to proteins, a minimum of two distinct 
peptides and spectra and a minimum of one additional peptide were 
allowed (Tabb et al., 2008; Ma et al., 2009). Data were normalized ac
cording to (Griffin et al., 2010) with the assumption that MS/MS in
tensities are equal to one regardless of the peptide length. A log 
(normalized count + 1) was applied, and the normalized data files were 
compared to the raw ones. Treatments were: A, 0.54 mM DBT; B, 50 mM 

glycerol; C, 50 mM glycerol and 0.54 mM DBT; and D, 50 mM glycerol, 
0.54 mM DBT and 2 mM OC. The calculated relative abundance of each 
protein was averaged for biological triplicates in each treatment. The 
normalized relative abundance of each protein identified in the different 
conditions and their p-value is provided in Supplemental information 2. 

2.7. Transmission electron microscopy (TEM) 

Specimens were fixed with 2.5% glutaraldehyde and 0.1 M calcium 
chloride in 0.1 M sodium cacodylate buffer, pH 7.2 for a week, washed 
in 0.1 M cacodylate buffer twice for 30 min each time, followed by post 
fixation with 1% OsO4 in 0.1 M cacodylate buffer for 1 h. Cells were 
dehydrated in a graded ethanol series (30%, 50%, 70%, 85%, 95% and 
100%), substituted with propylene oxide and embedded in LX112 epoxy 
resin. Ultrathin (60–80 nm) sections were obtained on an RMC Power
Tome ultramicrotome, double stained with uranyl acetate and lead cit
rate, viewed on a Hitachi HT7700 TEM at 100 kV and photographed 
with an AMT XR-41B 2k x 2k CCD camera. 

3. Results and discussion 

3.1. Glycerol-enhanced DBT biodegradation is inhibited by 2-bromoal
kanoic acids in C3 

Significant differences in DBT degradation by C3 were attributed to 
inhibitor concentration (p < 0.001) rather than to the inhibitor alkyl- 
chain length (C6 vs C8): Our statistical model (Supplemental informa
tion 1, Adjusted R2 = 0.917) associated a 58.9% effect to the inhibitor 
concentration (0, 2 or 5 mM) and a 14.2% effect to the type of inhibitor 
(none, HEX, OC) (Fig. 1B). 

A 2 mM inhibitor concentration decreased the DBT biodegradation 
rate constant from 0.479 day− 1 with no inhibitors to 0.324 day− 1 with 
HEX, and to 0.374 day− 1 with OC (Table 1). At 5 mM, the rate constant 
decreased from 0.479 to 0.162 day− 1 with HEX and to 0.033 day− 1 with 
OC (Table 1). 

Unlike the biodegradation of DBT by C3, both the type of inhibitor 
and the inhibitor concentration influenced C3 growth (Fig. 1A). When 
C3 cells were cultured in 50 mM glycerol and 0.54 mM DBT (no inhib
itor), growth reached an OD600 of 0.55 at day 4. When the inhibitors 
were added, C3 growth reached an OD600 of 0.19 with 2 mM HEX and an 
OD600 of 0.56 with 5 mM HEX by day 7. The opposite was observed for 

Fig. 1. Inhibition of PHA granule formation by OC decreased DBT biodegradation and C3 growth. All cultures contained 50 mM glycerol. The final concentrations of 
the 2-bromoalkanoic acids, OC and HEX, were 2 mM and 5 mM. An exponential decay equation, C = C0 × e− kt, was used for fitting data points. Error bars represent 
variations among 3 or 6 samples. Inhibitors significantly affected DBT degradation (p < 0.001). HEX, 2-bromohexanoic acid; OC, 2-bromooctanoic acid. 
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the biodegradation of DBT. C3 cells grown with 2 mM HEX had higher 
degradation levels at day 4 as compared with those cultivated with 5 
mM HEX. It is interesting that 2 mM HEX had a greater effect on C3 
growth than its DBT biodegradation ability. C3 growth at 2 and 5 mM 
OC achieved 0.13 and 0.08 OD600, respectively, by day 7 and further 
increased by day 10. These observations suggest that glycerol-enhanced 
co-metabolism is the result of several metabolic mechanisms and not 
only those involved with increased C3 biomass. 

The effects of HEX and OC on C3 growth in cultures supplemented 
with 50 mM glycerol in the absence of DBT were also studied (Fig. 1A). 
C3 cells grew equally with 2 mM and 5 mM of HEX. Unlike with HEX, 5 
mM of OC decreased C3 growth compared to 2 mM of OC. A 2 mM OC 
concentration was selected as the DBT degradation inhibitor for prote
ome profiling experiments because the inhibition of DBT degradation 
was transient in the presence of 2 mM of OC and the degradation kinetics 
was similar to the one in the absence of inhibitor. 

3.2. The global correlation of the C3 proteome treated with OC resembles 
the one with DBT alone 

A total of 1935 proteins were identified with a 0.03% FDR (Sup
plemental information 2). Within each treatment, identified proteins 
were consistent among biological triplicates. The global effects of each 
treatment are shown with the PCA plot in Fig. 2. 

The global proteome from C3 grown with 50 mM glycerol and 0.54 
mM DBT (Treatment C) clustered on the PC1 axis with the proteome 
from C3 grown with 50 mM glycerol (Treatment B), whereas the global 
proteome from C3 grown with 50 mM glycerol, 0.54 mM DBT and 2 mM 
OC (Treatment D) clustered along the PC1 axis with the proteome from 
cells grown in the 0.54 mM DBT treatment (Treatment A). Thus, OC 
appeared to reduce the influence of glycerol supplementation on global 
proteome profiles. 

The individual proteins showing significant differences (Supple
mental information 3, adjusted p-value < 0.05) in relative abundances of 
the confidently identified 1935 proteins were compared in a heat map 
(Fig. 3). This analysis reached similar conclusions to the PCA analysis. 
The proteome of C3 exposed to OC behaves similarly to the one exposed 
to DBT at the global (Fig. 2) and local levels (Fig. 3) of correlation. 

3.3. Glycerol assimilation is delayed by the OC inhibitor 

In treatments B (50 mM glycerol) and C (50 mM glycerol and 0.54 
mM DBT), upon uptake, possibly by GlpF (not detected; however, GlpF 
detected in chromosomes 2, Cao et al., 2021), glycerol underwent 

phosphorylation by GlpK (UniProtID: A0A0D5VFT7) followed by con
version to dihydroxyacetone-3-phosphate by GlpD (UniProtID: 
A0A0D5VFY1) and entered glycolysis or gluconeogenesis as D-glycer
aldehyde-3-phosphate (Table 2). This supported cell growth and 
consequently enhanced DBT biodegradation (Fig. 1). C3 also assimilated 
glycerol as glycerate-3-phosphate by glycerate kinase (GK) (UniProtID: 
A0A0D5VC54) when C3 was cultured with glycerol (Treatment B) or the 
DBT/glycerol mixture (Treatment C) (Table 2). However, the relative 
abundances of GK were lower than those of GlpD (UniProtID: 
A0A0D5VFY1) and GlpK (UniProtID: A0A0D5VFT7). Glycerol assimi
latory proteins GlpD and UspC (UniProt ID: A0A0D5V9F3) were only 
detected in treatments with glycerol biostimulation (Treatments B and 
C). Interestingly, these proteins (GlpD, UspC) were not detected in 
treatment D, indicating that the OC inhibitor prevented glycerol 
assimilation at day 2 of incubation. The UgpC subunit was detected in 
treatments B and C (Table 2). UgpC is the ATP binding subunit of 
UgpBAEC, an ABC-type transporter involved in glycerol-3-phosphate 
import that supplies the cell with organic bound phosphate (Blank, 
2012). 

3.4. Glycerol biostimulation induced DBT biodegradation enzymes in C3 

The results suggest that a cometabolism phenomenon occurred with 
DBT, a non-conventional substrate that provides neither energy or nu
trients, and glycerol, a conventional carbon source. This phenomenon 
has been described for other non-conventional substrates (Wackett, 
1996). Moreover, the results indicate that glycerol induced accumula
tion of catabolic enzymes contrary to the laws of cell metabolic effi
ciency (Table 2, Fig. 4: Treatment B). The only aromatic-catabolizing 
enzymes involved in degradation of DBT and other xenobiotics (e.g., 
naphthalene and phenanthrene) that were not detected in Treatment B 
were naphthalene-1,2-dioxygenase (UniProt ID: A0A0M4NP56), DbtAd 
(UniProt ID: Q93NA7), PhnD (UniProt ID: C7DQZ8) and catechol-2, 
3-dioxygenase (UniProt ID: Q9RB89). Our proteomics data set is an 
example of cometabolism for bacterial growth, in which the conven
tional substrate may also function to induce several catabolic enzymes 
for degradation of the non-conventional substrate (Elliot et al., 2010). 

Proteins specifically involved in DBT degradation were identified in 
C3 (Fig. 4; Table 2). Fig. S1 shows the putative catalytic steps of these 
enzymes from initial deoxygenation to acetal production (DbtA
cAdBCDE). The protein cluster was initially observed in Burkholderia 

Table 1 
Influence of 2-bromoalkanoic acid inhibitors on the DBT biodegradation rate 
constant and DBT half-life. An exponential decay equation, C = C0 × e− kt, was 
used for fitting “N” data points, where k is rate constant and t is time in days. 
Fold-change was relative to the rate constant of cultures grown with 50 mM 
glycerol & 0.5 mM DBT. a Relative to DBT alone.  

Treatment Rate constant 
(Day− 1) 

R2 Half-life 
(Day) 

N Fold 
change 

50 mM glycerol & 0.5 
mM DBT 

0.479 ± 0.02 0.99 1.6 30 18.0a 

2 mM HEX, 50 mM 
glycerol & 0.5 mM 
DBT 

0.324 ± 0.00 1.00 2.1 15 11.8 

2 mM OC, 50 mM 
glycerol & 0.5 mM 
DBT 

0.374 ± 0.03 0.97 1.9 30 13.8 

5 mM HEX, 50 mM 
glycerol & 0.5 mM 
DBT 

0.162 ± 0.05 0.88 4.3 15 5.4 

5 mM OC, 50 mM 
glycerol & 0.5 mM 
DBT 

0.032 ± 0.00 0.98 215 15 0.3  

Fig. 2. The proteome of Paraburkholderia sp. C3 exposed to 2 mM OC clustered 
closer to the one exposed to DBT alone. DBT, dibenzothiophene; OC, 2-bro
mooctanoic acid. 
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fungorum sp. DBT1 (Di Gregorio et al., 2004; Piccoli et al., 2014). 
The identified enzymes, DbtAcAdBCE (Table 2), evidenced that C3 

degrades DBT through lateral deoxygenation, also known as the Kodama 
pathway (Kodama et al., 1973). The first and most important step in this 
pathway is mediated by a two-subunit DBT dioxygenase composed of 
DbtAc and DbtAd (Fig. 4, Table 2). Bacteria with a mutated DBT diox
ygenase lose their ability to metabolize DBT (Denome et al., 1993; Di 
Gregorio et al., 2004). Ring-hydroxylating dioxygenases incorporate 
molecular oxygen at PAH positions 1,2; 3,4 or 9,10. Deoxygenation is 
necessary for ortho-, meta- and para-cleavage of the aromatic ring. The 
position of oxygen incorporation depends on the dioxygenase specificity 
(Seo et al., 2007; Gao et al., 2013). The metabolites produced are 
therefore dependent on the initial deoxygenation reaction. 

Phn and Nag-like aromatic catabolic enzyme clusters identified 
previously in C3 for phenanthrene and naphthalene degradation (Tit
tabutr et al., 2011) were detected in all treatments. Detection of phen
anthrene and naphthalene dioxygenase subunits (Table 2, UniProt ID: 
C7DR00 and A0A0M4NP56, respectively) suggested the potential for 
broad enzyme specificity towards DBT degradation. This mechanism 
was independent of glycerol biostimulation as the dioxygenases were 
detected in treatment A (DBT alone) as well as in treatments B, C and D 
(in the presence of glycerol). Phenanthrene is a 3-ring PAH with an 
octanol/water partitioning coefficient (logP) that is similar to DBT (logP 
4.46 vs 4.44 (Heipieper and Martínez, 2010)). Dioxygenases with broad 
specificity have been reported to degrade biphenyl, 2,4-dinitrotoluene 
and DBT (Kimura et al., 1997; Seo et al., 2011). Additionally, E. coli 
transformants containing phn and nag-like dioxygenase genes partially 
degraded DBT (Tittabutr et al., 2011) and may share a crossover 
metabolic point between phenanthrene and DBT in Mycobacterium aro
maticivorans JS19b1T (Seo et al., 2011). Our proteomic results indicated 
that DBT, phenanthrene and naphthalene may undergo crossover 
pathways in C3. 

Catechol 2,3-dioxygenase (UniProt ID: Q9RB89) was detected in 
treatments A and D, but not in treatments B and C. Catechol 2,3-dioxy
genase degrades catechol into cis, cis-muconic acid (Fuchs et al., 2011). 
It is hypothesized that C3 grown with DBT alone converted salicylic acid 
into catechol and gentisate that were further converted into cis, cis-
muconic acid and maleylpyruvic acid, respectively (Fig. 4). In treat
ments B and C, salicylic acid was fully converted into maleylpyruvic 

acid. These changes suggest that glycerol biostimulation may reduce 
metabolite cytotoxicity (George and Hay, 2012). Catechol and gentisate 
metabolites were also observed in the carbaryl biodegradation pathway 
in C3 (Seo et al., 2013). 

3.5. Glycerol induced PHA granule biosynthesis in C3 

Glycerol entered the lipid metabolic pathways in C3 as indicated by 
detection of proteins related to the FAS II pathway (Table 2). Addi
tionally, significant abundances of phasins (UniProt ID: A0A0N1KL01 
and A0A0D5VHK5), multifaceted PHA granule-associated proteins, 
suggest that C3 forms PHA granules upon cultivation with glycerol, 
glycerol/DBT (Table 2: Treatments B, C and D) and DBT alone (Table 2: 
Treatment A). Phasins attach to granules serve a role in PHA volume-to- 
surface ratio determination (Jendrossek, 2009) and stabilization (Jura
sek and Marchessault, 2002), whereas poly(R)-hydroxyalkanoic acid 
synthase (UniProt ID: A0A0Q5H1G7, W6X074 and A9BZX2) and 
poly-beta-hydroxybutyrate polymerase (UniProt ID: D8P4I5) catalyze 
granule formation and aggregation (Lu et al., 2009). PHA granule for
mation suggests lipid storage when a high concentration of carbon 
source is available (Rehm et al., 2001). Interestingly, some of these 
proteins (e.g., phasins) were also observed in C3 cultured with DBT 
alone, which would be considered a carbon limiting condition. How
ever, the abundances of enzymes responsible for granule formation and 
aggregation were much higher when glycerol was used as a co-substrate 
than when DBT was the only carbon source. The findings support that 
glycerol biostimulation increased PHA granule formation in C3 
(Table 2). PAHs such as phenanthrene and naphthalene have been 
observed to attach to PHA granules (Cavalier et al., 2018) possibly 
denoting a slow PAH release mechanism that would potentially reduce 
their toxicity. PHA accumulation has been described as a stress response 
in several microorganisms such as Pseudomonas and stress factors such 
as osmotic and oxidative pressure (Obruca et al., 2021). It is apparent 
that DBT causes toxicity stresses to C3 cells, which is a probable cause of 
PHA accumulation. 

Lastly, abundances of cyclopropane-fatty-acyl-phospholipid syn
thase (UniProt ID: A0A0D5VF95), involved in formation of cyclopro
pane membrane fatty acids from S-adenosyl-L-methionine and 
phospholipid olefinic, and phosphatidylethanolamine-binding family 

Fig. 3. Individual proteins profiles with significant differences in relative abundance (Adjusted p > 0.05) exposed to DBT are similar to those exposed to OC inhibitor. 
DBT, dibenzothiophene; OC, 2-bromooctanoic acid. 
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protein (UniProt ID: A0A0D5VCV0) suggested that glycerol provides C3 
with a carbon supply for lipid changes to the cell membrane. Cyclo
propane fatty acids were observed in response to organic solvent (Pini 
et al., 2009) and naphthalene tolerance (Adebusuyi and Foght, 2013) in 
Pseudomonas species. 

3.6. 2-Bromoalkanoic acids delay glycerol-induced PHA granule 
formation in C3 

C3 protein profiles suggested that enhanced PHA granule formation 
is associated with glycerol-enhanced DBT degradation. C3 cells cultured 
with DBT alone (Treatment A) did not have PHA granules at day 2 of 
incubation. Granules were observed at day 7 (data not shown), but only 
in a few cells (Fig. 5, DBT). On the contrary, PHA granules had formed 
by day 2 with glycerol supplementation, as observed by the white round 
vesicles inside the cells. A further increase in granulation was observed 
on day 7 of incubation (Fig. 5, glycerol and DBT). Finally, both HEX and 
OC at 2 mM inhibited PHA granule formation on day 2. Granulation was 
restored by day 7. 

TEM sample preparation involves the fixing of cells into a solid 

support from which cross sections are cut, limiting the amount of in
formation that can be obtained on the exact size of PHA granules. 
However, the trend was that smaller vesicles were observed at the 
earlier stage of incubation (Day 2), whereas bigger granules approxi
mately 100–200 nm in diameter were observed at the later stage of in
cubation (Day 7). Cell membrane detachment of vesicles was also 
observed (Fig. 5, DBT) and was more noticeable in C3 cells cultured with 
DBT as the only carbon source. Altogether, PHA granule formation 
mediated glycerol-enhanced DBT degradation in C3. 

4. Conclusion 

Our study analyzed the molecular mechanisms involved in glycerol- 
enhanced DBT biodegradation by the Paraburkholderia species. Prote
omics profiling in Paraburkholderia sp. C3 revealed catabolic enzymes 
that are specific for DBT biodegradation by cells supplemented with 
glycerol, denoting a cometabolism phenomenon. Changes in lower ar
omatic catabolism pathways for the production of less toxic metabolites 
and glycerol-enhanced PHA granules were observed and were associated 
with DBT biodegradation determined by the use of inhibitors during 

Table 2 
C3 protein profiles involved in glycerol assimilation, DBT biodegradation, PHA synthesis and PHA granule formation. ND: Not detected. Treatments were: A, 0.54 mM 
DBT; B, 50 mM glycerol; C, 50 mM glycerol and 0.54 mM DBT; D, 50 mM glycerol, 0.54 mM DBT and 2 mM OC. Proteins were extracted on day 2. Three biological 
replicates were analyzed in each treatment.  

UniProt ID Protein description (name) Relative abundance by treatment 

Metabolic function A B C D 

G5L3J5 Hydratase aldolase (DbtE)a DBT degradation 1.98 1.27 2.33 2.40 
Q93CN9 Extradiol dioxygenase (DbtC) DBT degradation 1.82 0.96 1.43 1.91 
Q93CN7 Putative monooxygenase α- subunit  2.02 1.62 2.02 1.87 
Q93NA7 Dioxygenase β- subunit (DbtAd)a DBT degradation 1.83 ND 1.83 2.30 
Q93NA6 Dihydrodiol dehydrogenase (DbtB) DBT degradation 1.63 0.88 1.28 1.35 
Q93CN6 Putative hydrolase  0.97 1.09 0.93 1.30 
Q93NA8 Dioxygenase α- subunit (DbtAc) DBT degradation 1.59 1.00 1.44 1.60 
C7DQZ5 Dehydrogenase (PhnF) Phenanthrene degradation 1.03 1.08 1.23 0.74 
C7DQY7 Cis-naphthalene dihydrodiol dehydrogenase (NahB) Naphthalene degradation 1.49 1.64 1.46 1.13 
C7DQY6 PAH dioxygenase small subunita PAH degradation 1.45 1.40 1.12 0.92 
C7DQY8 Salicylaldehyde dehydrogenase (NagF) Naphthalene degradation 1.38 1.24 1.82 1.96 
C7DQY1 Ferredoxin reductase (NagAa) Salicylic acid degradation 1.32 1.36 1.36 1.34 
C7DQZ1 Gentisate-1,2-dioxygenase (NagI) Gentisate degradation 1.40 1.09 1.12 1.20 
C7DR01 Dihydrodiol dehydrogenase (PhnB) Phenanthrene degradation 1.17 1.06 1.13 0.82 
C7DQZ7 Extradiol dioxygenase (PhnC) Phenanthrene degradation 1.34 0.95 1.38 1.20 
C7DQY5 PAH dioxygenase large subunit PAH degradation 1.31 0.76 1.30 1.10 
C7DQZ6 Hydratase/aldolase (PhnE) Phenanthrene degradation ND 0.75 1.19 1.30 
C7DQY9 1,2-Dihydroxynaphthalene dioxygenase (NahC) Naphthalene degradation 1.23 ND ND 1.24 
C7DQZ2 Fumarylacetoacetate hydrolase  0.72 0.79 0.70 0.53 
C7DQZ0 Reductase component of salicylate-5-hydroxylase (NdsA)  1.02 0.75 1.05 0.41 
C7DQZ3 Salicylate-5-hydroxylase large oxygenase component (NagG) Salicylic acid degradation ND 1.01 1.29 0.69 
C7DR00 Dioxygenase β-subunit (PhnAd) Phenanthrene degradation ND 0.60 ND ND 
C7DQZ8 Isomerase (PhnD) Phenanthrene degradation 0.23 ND 0.44 0.53 
R9W162 Aromatic-ring-hydroxylating dioxygenasea  1.73 0.42 1.58 2.17 
Q9RB89 Catechol 2,3-dioxygenasea Catechol degradation 1.71 ND ND 1.44 
A0A0M4NP56 Naphthalene-1,2-dioxygenasea Naphthalene degradation 1.68 ND 1.66 1.76 
A0A0D5VFY1 Glycerol-3-phosphate dehydrogenase (GlpD)a Glycerol utilization ND 1.07 1.94 ND 
A0A0D5V9F3 sn-glycerol-3-phosphate import ATP-binding (UgpC)a Glycerol utilization ND 0.51 0.82 ND 
A0A0D5VFT7 Glycerol Kinase (GlpK)a Glycerol utilization ND 1.54 1.46 ND 
A0A0D5VC54 Glycerate kinase Glycerol utilization ND 0.86 0.46 ND 
Q63S87 β-oxoacyl-ACP synthesis (FabF) FASII pathway ND 0.62 1.38 ND 
A0A0D5VAR9 3-oxoacyl-ACP-reductase (FabG) FASII pathway 1.32 1.06 1.36 1.45 
A0A0D5VAC6 3-hydroxy -ACP-dehydratase (FabZ) FASII pathway 0.98 ND ND 1.10 
K8R0G3 Acyl-CoA dehydrogenase (FadE) β-oxidation ND ND 0.69 ND 
Q3JVY2 Enoyl-CoA hydratase/3- hydroxyacyl-CoA dehydrogenase (FadB) β-oxidation ND 1.15 1.14 ND 
A0A0Q5H1G7 Poly(R)-hydroxyalkanoic acid synthasea PHA synthesis 0.23 0.00 0.83 0.80 
W6X074 Poly(R)-hydroxyalkanoic acid synthase, class Ia PHA synthesis 0.41 0.00 0.54 0.95 
A9BZX2 Poly(R)-hydroxyalkanoic acid synthase, class Ia PHA synthesis 0.00 0.13 0.83 0.80 
D8P4I5 Poly-beta-hydroxybutyrate polymerase PHA synthesis 0.23 0.37 0.49 1.05 
A0A0D5VF95 Cyclopropane-fatty-acyl-phospholipid synthase  ND 0.95 1.52 0.26 
A0A0N1KL01 Phasin family proteina PHA granule accumulation 2.03 2.13 2.26 1.96 
A0A0D5VHK5 Phasin family domain protein PHA granule accumulation ND 1.57 1.78 0.80 
I7A5Y0 PHA synthesis regulatory protein (PhaR) PHA synthesis regulation 0.94 0.42 0.46 0.26 
A0A0D5VCV0 Phosphatidylethanolamine-binding family proteina  0.23 0.66 0.96 1.24  

a The relative abundance among treatment showed significant differences (adjusted p-value < 0.05). 
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DBT degradation kinetic experiments and TEM microscopy. Lastly, a 
protein involved in changes in the cell membrane fatty acid composition 
was detected when glycerol was the co-substrate, which may be partially 

responsible for an increased xenobiotic tolerance and bioavailability. 
Broad-enzyme specificity and metabolic pathway crossover was also 
suggested by the proteomic data, independent of glycerol 

Fig. 4. Biostimulation with glycerol induced catabolic DBT degradation enzymes in Paraburkholderia sp. C3. Proteins with significant differences in relative 
abundance (Adjusted p > 0.05) are shown with *. DBT, dibenzothiophene. 

Fig. 5. Glycerol-induced PHA lipid vesicle formation in C3 was inhibited by HEX and OC. Cells were incubated with 0.54 mM DBT with or without 50 mM glycerol. 
Cell membrane vesicle detachment is shown with an arrow. DBT crystals were observed surrounding C3 cells. Micrographs were taken at days 2 and 7 of incubation. 
PHA vesicles were between 100 and 200 nm in diameter. HEX, 2-bromohexanoic acid; OC, 2-bromooctanoic acid; DBT, dibenzothiophene; PHA, 
polyhydroxyalkanoate. 
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supplementation. The mechanisms described here may help with deci
sion making in bioremediation of PAH-contaminated sites. 
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