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Abstract There are several problems limiting an industrial application of fossil fuel
biodesulfurization, and one of them is the cost of culture media used to grow the microorgan-
isms involved in the process. In this context, the utilization of alternative carbon sources
resulting from agro-industrial by-products could be a strategy to reduce the investment in the
operating expenses of a future industrial application. Recently, Gordonia alkanivorans 1B was
described as a fructophilic desulfurizing bacterium, and this characteristic opens a new interest
in alternative carbon sources rich in fructose. Thus, the goal of this study was to evaluate the
utilization of sugar beet molasses (SBM) in the dibenzothiophene (DBT) desulfurization
process using strain 1B. SBM firstly treated with 0.25 % BaCl, (w/v) was used after sucrose
acidic hydrolysis or in a simultaneous saccharification and fermentation process with a
Zygosaccharomyces bailii Talfl invertase (1 %), showing promising results. In optimal
conditions, strain 1B presented a pima of 0.0795 h™', and all DBT was converted to 2-
hydroxybiphenyl (250 M) within 48 h with a maximum production rate of 7.78 pM h™".
Our results showed the high potential of SBM to be used in a future industrial fossil fuel
biodesulfurization process using strain 1B.

Keywords Biodesulfurization - DBT - Sugar beet molasses - Gordonia alkanivorans strain 1B -
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Introduction

The technology used to reduce sulfur in fossil fuels consists of a process called
hydrodesulfurization (HDS). This process is expensive since it is carried out at high temper-
ature and pressure and does not work well on various polyaromatic sulfur heterocycles always
present in crude oil such as dibenzothiophene (DBT) and substituted DBTs (methylated DBTs
and benzo-DBTs), which are particularly recalcitrant to HDS [1]. To achieve lower sulfur
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concentrations, refiners need to increase the capital investment and/or the operating costs [2].
Moreover, increasing the severity of HDS elicits undesirable effects on fuel quality, as other
chemical components are reduced [3].

The microbiological process, biodesulfurization (BDS), could be a potential complemen-
tary technology to the physicochemical process, removing HDS recalcitrant molecules [4].
Lower capital and operating costs, ability to produce substantially less greenhouse gasses, and
high valuable by-products are the potential benefits of BDS. Moreover, BDS takes advantage
of'the specificity of enzymes, especially for DBT and substituted DBTs. Therefore, BDS offers
an alternative way to obtain “zero sulfur” products [2]. Recent discoveries related to
biodesulfurization mechanisms may lead to commercial applications of biodesulfurization
through engineering recombinant strains for overexpression of biodesulfurization genes,
removal of end-product repression, and/or by combining relevant industrial and environmental
traits with improvements in bioprocess design [5]. DBT and its derivatives are often used in
fossil fuel biodesulfurization as a model compound. Gordonia alkanivorans strain 1B was one
of the previously reported good DBT desulfurizing bacteria [6].

However, there are several problems limiting an industrial application of fossil fuel BDS,
and one of them is the cost of culture media used to grow the microorganisms involved in the
process. In this context, the utilization of alternative carbon sources resulting from agro-
industrial by-products could be a strategy to reduce the investment in the operating expenses
of a future industrial application. Recently, G. alkanivorans strain 1B was described as a
fructophilic bacterium [7], and this characteristic opens a new interest in alternative carbon
sources rich in fructose. The utilization of alternative carbon sources that can efficiently be
used for the formulation of the culture medium for biodesulfurization studies was already
described [4, 8, 9]. Moreover, G. alkanivorans could be a good choice for a future industrial
application since it is a better desulfurizing bacterium compared with Rhodococcus
erythropolis, as it can desulfurize both BT and DBT and also exhibits higher desulfurization
activity [10]. The importance of the emerging genus Gordonia in industrial and environmental
biotechnology is evidenced by the recent increase in associated publications, gene sequence
depositions, and patent applications [11].

Sugar beet molasses (SBM) is a very abundant industrial by-product rich in sucrose
(~50 %, w/v) which can be hydrolyzed to glucose and fructose with a low price of commer-
cialization ($100-$150 per ton). Several biotechnological applications related with fossil fuel
field using SBM were reported such as for biohydrogen and biogas production [12], ethanol
production [13], lactic acid production [14], and 2,3-butanediol production [15]. The utiliza-
tion of this low-cost carbon source can contribute to decrease the fossil fuel BDS cost using
G. alkanivorans strain 1B.

The goal of this study was to evaluate the potential of SBM as a cheaper carbon source in
the dibenzothiophene desulfurization process using G. alkanivorans strain 1B. As far as we
know, this is the first report describing the SBM utilization in fossil fuel BDS studies.

Materials and Methods

Chemicals and SBM

DBT (99 %) was obtained from Acros Organics, 2-hydroxybiphenyl (2-HBP) was from
Sigma, and dimethylformamide (DMF) was from Riedel de Haén. BaCl,-2H,O (>99 %)

was obtained from Merck. 4-Methyldibenzothiophene (4-mDBT) (96 %) was from Aldrich
Chem. Co. All other reagents were of the highest grade commercially available. The industrial
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sugar beet molasses was kindly supplied by Tate & Lyle Acucares Portugal S.A, located at
Santa Iria de Azoia, Lisboa, and its initial sugar concentration was about 500 g 1 ' of sucrose.

Microorganism and Culture Media

The microorganism used in this study was the bacterium G. alkanivorans strain 1B, isolated in our
laboratory [6]. The basal salt medium used for the cultivation/maintenance of this microorganism
and further on for the desulfurization assays was a sulfur-free mineral culture medium (SFM)
containing 1.22 g I NH,CI, 2.5 g I'" KH,PO,, 2.5 g I"' Na,HPO,2H,0, and 0.17 g 1"
MgCl,-6H,0. This medium was supplemented with 0.5 ml 1™ of a sulfur-free trace element
solution [7], and its final pH was adjusted to 7.5, before autoclaved at 121 °C, 1 atm for 15 min.
Filter sterile samples of SBM (untreated and treated with different conditions as described below)
were added and diluted to the culture medium as the only carbon source, to an initial concentration
of 10-18 g I"! total sugars. Bacterial cultures were performed in shake flasks with 150 ml of
culture medium at 30°C and 150 rpm of agitation. For all desulfurization tests performed in
triplicates, 250 uM of DBT, dissolved in DMF, was added into the sterilized medium.

SBM Sulfate Precipitation

The sulfate precipitation was performed with the commonly used method of barium chloride
(BaCl,). Five samples of SBM were treated with a range of BaCl, concentrations (0, 0.25, 0.5,
1.0, and 1.5 %, w/v) for sulfate precipitation during overnight at 30°C, and then they were
centrifuged to remove the pellet that contains the precipitated sulfates.

SBM Acidic Hydrolysis

SBM treated with BaCl, was diluted (dilution 1/20 (v/v) in water) and submitted to an acidic
hydrolysis to convert sucrose into fructose and glucose. The molasses’ pH was lowered to 2
using HCI 4.0 M, and it was left for 48 h at 55 °C to allow complete hydrolysis. After, this
hydrolysed SBM is adjusted to pH 7.5 and filter sterilized (0.22-um cellulose acetate mem-
branes) to further BDS assays (described above).

SSF Assay

Simultaneous saccharification and fermentation (SSF) assay was performed using a crude
enzymatic extract containing inulinase/invertase activity produced by the yeast
Zygosaccharomyces bailii strain Talfl as previously described [9]. This enzymatic extract
was previously dialyzed using a dialysis membrane with a cutoff of 10 kDa overnight to
remove sulfur sources that can inhibit the desulfurization process and further added, 1 % (v/v),
to BDS assays (above described). The initial invertase activity in the dialyzed enzyme extract
used was about 90 U ml™'. One unit of invertase activity (U) was defined as the amount of
enzyme responsible for the production of 1 pmol of reducing sugar per minute.

Analytical Methods
The cell growth was monitored by measuring the optical density (OD) of the culture broth
samples at 600 nm (Thermo Electron Corporation Spectrophotometer, model Genesys 6,

Madison, USA). Dry cell weight (DCW) was determined using 0.22-um cellulose acetate
membranes after 18 h at 100°C. Sugar concentrations (glucose, fructose, and sucrose) were
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measured by high-performance liquid chromatography as described by Alves et al. [4]. The
DBT desulfurization was evaluated measuring the 2-HBP production (the final product of
DBT desulfurization). The 2-HBP was extracted from the culture broth, previously acidified
with HCI, with ethyl acetate during a 5-min vortex. After the phase separation occurs, the
organic phase was analyzed by gas chromatography (GC) in a gas chromatograph (Model
CP9001, Chrompack, Middelburg, The Netherlands) equipped with a flame ionization detec-
tor. An Alltech 10 % SE-30 on 80/100 Chromosorb W-HP column was used with nitrogen as
the carrier gas. The chromatograph oven start temperature was of 190°C for 2 min and the end
temperature 225°C maintained for 1 min (heating rate of 6°C min""). The injector and detector
temperatures were set for 250 and 290°C, respectively. In all GC measurements, 4-mDBT was
used as an internal standard to minimize variations.

Results and Discussion
SBM as Carbon Source

Sugar beet molasses was used as alternative carbon source to grow G. alkanivorans strain 1B
in the DBT desulfurization process. In a first set of assays, untreated SBM was added to the
bacterial culture medium to an initial concentration of 18 g 1"! of total sugars to ensure total
DBT desulfurization. The time-course profiles for growth and desulfurization characteristics
obtained with G. alkanivorans strain 1B for this untreated SBM are presented in Fig. 1. The
growth occurs during 3 days with a i 0f 0.067 h™" and with a biomass yield of 0.471 g g~
sugar. Although the high bacterial growth, there is no DBT desulfurization, suggesting that the
untreated SBM used have enough quantity of sulfur sources to allow complete bacterial
growth and to inhibit desulfurization. In addition, the high 1,,.« obtained can also be explained
by the presence of more easily assimilated sulfur sources, which promotes faster bacterial
growth than DBT. A previous study with strain 1B growing in commercial sucrose and DBT as
the only sulfur source showed a fimax of 0.038 h™' [7].
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Fig. 1 Time-course profile displaying the growth, sucrose consumption, and the desulfurization characteristics
of G. alkanivorans strain 1B in batch cultures with 250 uM DBT and diluted SBM (18 g I"! total sugars). All
results were obtained in triplicate, and standard deviation is indicated by the error bars
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Effect of BaCl, Concentration on Sulfate Removal from SBM

The presence of small amounts of sulfates inhibits the DBT desulfurization by the desulfurizing
microorganisms [8, 16, 17]. The strategy is to remove these sulfates from SBM before its
utilization in the desulfurization process as have already been performed with success for other
alternative carbon source [8]. So, to obtain a low sulfate concentration, SBM was treated with
four barium chloride concentrations ranging from 0.25 to 1.5 % (w/v). The four treated SBM
samples and the untreated SBM were diluted into the culture medium (10 g 1™") and used as the
only carbon source to promote the bacterial growth and DBT desulfurization by strain 1B,
during 5 days (Fig. 2). The maximum desulfurization was obtained in the SBM samples treated
both with 0.25 and 0.5 % BaCl,, where the 2-HBP produced attained about 200 uM in
comparison with the insignificant level of 2-HBP produced using the untreated SBM
(18 uM). In these set of assays, the prior dilution of the untreated SBM to an initial concen-
tration of 10 g I"! of total sugars have also diluted the amount of the existent sulfates to a final
concentration that did not inhibit completely the DBT desulfurization and thus a low desulfur-
ization was observed (9 % of that obtained in the best conditions). For the SBM treated with 1
and 1.5 % of BaCl,, a slight decrease in the desulfurization ability by strain 1B was observed,
reducing the production of 2-HBP from 200 to 187 and 186 uM, respectively, probably due to
BaCl, toxicity. In a previous work, it was shown that 0.5 % BaCl, was the best concentration to
remove sulfates from carob pulp liquor [8]. But in the case of SBM, these results highlight that
the treatment with 0.25 % BaCl, overnight (16—18 h) was the adequate for sulfate removal from
molasses, viewing the maximal 2-HBP production within further BDS assays.

Biodesulfurization Using SBM Treated with BaCl,
Further BDS assays were carried out using SBM treated with 0.25 % BaCl, (SBM;). The

treatment used does not change significantly the total amount of sucrose present in SBM, so the
SBM; was added to the bacterial culture medium in a dilution 1:50 to an initial concentration of
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Fig. 2 2-HBP produced by strain 1B within BDS assays using several SBM treated previously with a range of
BaCl, concentrations (0, 0.25, 0.5, 1.0, and 1.5 % w/v), after 5 days of culture
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about 12+2 g 1" sucrose. Three different set of assays were carried out using this SBM, as
carbon source: (i) DBT desulfurization using directly SBM,, (ii) DBT desulfurization using
SBM; after acidic hydrolysis (SBM_ap), and (iii) DBT desulfurization using SBM; in a SSF
approach with Z. bailii strain Talfl crude enzymatic extract exhibiting invertase activity.

Figure 3 shows the time-course profile displaying the bacterial growth and desulfurization
characteristics of G. alkanivorans strain 1B in batch cultures using SBM; as carbon source and
250 uM of DBT as sulfur source. These results show that strain 1B started the 2-HBP production
after 24 h of growth with the maximum 2-HBP production at 96 h (122 uM). The efficiency of
BaCl, treatment was once again confirmed since the significant production of 2-HBP only was
possible because the initial sulfate concentration in SBM; was very low. In these conditions, the
bacterial culture presented a /iy of 0.04 h™' with a biomass yield of 0.377 g g ' sugar. The
decrease of [t and biomass yield of strain 1B with the utilization of SBM; in comparison with
those untreated SBM (Fig. 1) can be explained by the different sulfur source used, respectively,
DBT and sulfates. Sulfates are a more easily assimilated sulfur source in comparison with DBT,
which support a faster growth of strain 1B. In this process, strain 1B presented a maximum 2-
HBP production rate of 2.56 uM h™' and a maximum 2-HBP specific production rate (¢,_ygp) of
2.20 umol g”' DCW h™'. In a previous study with the same bacterial strain growing on
commercial sucrose, the values of maximum 2-HBP production rate and ¢,.ypp reported were
1.91 uM h™" and 0.718 umol g ' DCW h ™", respectively [7]. The higher desulfurization ability
of strain 1B when growing in SBM; was probably due to the presence of some nutrients in this
complex alternative carbon source which can promote a faster bacterial metabolism.

Knowing from previous works that G. alkanivorans strain 1B is a desulfurizing bacterium
able to use several carbon sources, such as glucose and sucrose [6], but that prefers fructose
due to its fructophilic behavior [7], with which achieves an enhanced DBT desulfurization
(9.29 uM h"); further BDS assays were carried out based on hydrolyzed SBM,. A set of
assays were carried out using SBM; which was acidified to hydrolyze sucrose into glucose and
fructose (SBM;_apy) and then used as carbon source for DBT desulfurization by strain 1B.
Figure 4 shows the time course of bacterial growth, 2-HBP production, and sugar consumption
during the 3 days of culture with SBM_sp. The strain 1B presented a iy of 0.0575 h,
almost 44 % higher than in the growth with SBM; not hydrolyzed. The 2-HBP was detected
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Fig. 3 Time-course profile displaying the growth, sucrose consumption, and the desulfurization characteristics
of G. alkanivorans strain 1B in batch cultures with 250 pM DBT and diluted SBM treated with 0.25 % w/v BaCl,
(10 g I'" total sugars). All results were obtained in triplicate, and standard deviation is indicated by the error bars
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after 19 h of culture with the maximum production of 168 pM after 66 h. The maximum 2-
HBP production rate and ¢, ypp obtained in these conditions were 5.76 uM h™' and
2.61 pmol g ' DCW h™!, respectively. As expected, these 2-HBP production rates increased
significantly in comparison with the rates obtained for SBM; directly. Alves and Paixdo [7]
have showed that G. alkanivorans strain 1B growing in a mixture of glucose-fructose as
carbon sources presented a ¢, yypp of 1.9 umol g ' DCW h™' which is 27 % lower than the ¢,
upp obtained for SBM_xy. This enhancement of DBT desulfurization using the SBM,_sy can
indicate, once again, the presence of inducers in this complex carbon source. Moreover, an
increase of biomass yield was also observed from 0.377 to 0.488 g g ' sugar, a value very
similar to that of the untreated SBM. Figure 4 shows strain 1B utilized glucose and fructose
simultaneously but with a faster consumption of fructose, as expected due to its fructophilic
behavior [7]. The maximum fructose consumption rate was 0.167 g "' h™!, and the maximum
glucose consumption rate changed from 0.078 g 1I"' h™' (during the high availability of
fructose) to 0.134 g I"' h™! (after the low availability of fructose).

Thus, the acidic hydrolysis of SBM;, allowed the achievement of an enhanced DBT
desulfurization by strain 1B using an alternative carbon source cheaper than commercial
sucrose. However, in order to turn the process more eco-friendly and also decrease the costs
associated with the sucrose hydrolysis of SBM,, the utilization of invertases in a simultaneous
saccharification and fermentation approach was also studied. The application of invertases to
DBT desulfurization using SBM, was based on the promising results recently obtained by
Paixao et al. [9], when they applied inulinases to a BDS using inulin/Jerusalem artichoke juice
as carbon source. So, another set of DBT desulfurization assays were performed using SBM;
and a crude enzymatic extract containing inulinase/invertase activity produced by the yeast
Z. bailii strain Talfl (1 % v/v) in SSF approach. The results obtained are presented in Fig. 5,
where the time course of bacterial growth, 2-HBP production, sucrose hydrolysis, and glucose
and fructose consumption during 55 h of strain 1B culture with SBM; can be observed. The
SSF process allowed a faster growth of strain 1B with a /i, 0f 0.08 h ™! and a higher biomass
yield of 0.72 g ' sugar. The amount of invertase crude extract (1 % v/v) was adequate since
all the sucrose present in culture medium was hydrolyzed after 30 h. In addition, after 7 h,
about 85 % of sucrose was converted to glucose and fructose, allowing that no fructose/
glucose limitation occurred in the beginning of the strain 1B growth. Once again, glucose and
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Fig. 4 Time-course profile displaying the growth, sugars consumption, and the desulfurization characteristics of
G. alkanivorans strain 1B in batch cultures with 250 uM DBT and diluted SBM treated with 0.25 % w/v BaCl,
and hydrolyzed (12 g 1" total sugars). All results were obtained in triplicate, and standard deviation is indicated
by the error bars
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fructose are assimilated simultaneously but the fructose was consumed faster than the glucose.
The presence of some nutrients/inducers in the enzymatic extract can also explain the increase
of desulfurization ability of G. alkanivorans strain 1B.

The 2-HBP was detected after 7 h of culture, being the maximal quantity produced of
249.5 uM at 47.5 h of culture, which corresponds to the total desulfurization of DBT present in
the culture medium (250 uM). The maximum 2-HBP production rate achieved was
7.78 uM h!, and the g>-up Was 3.12 umol gfl DCW h'. Comparing this ¢,_ypp value to
others obtained with the same strain grown in pure commercial glucose [6] and fructose [7], an
enhancement of about 284 and 47 % can be stated, respectively. In literature, other Gordonia
sp. strains have been described for BDS, showing a lower or similar 2-HBP production rate
[18-20] but also exhibiting higher 2-HBP production rates, especially after process optimiza-
tion using resting cells [21-23].

Moreover, previous works using G. alkanivorans strain 1B grown in cheaper alternative
carbon sources derived from agro-industrial materials reported lower values of desulfurization,
namely: the achievement of a ¢, ypp of 1.1 pmol gfl DCW h™! in a DBT desulfurization
process using recycled paper sludge hydrolyzate as carbon source [4], which is about 3fold
lower than that observed with SBM; within the SSF, and the achievement of a maximum 2-
HBP production rate of 4.8 uM h™" in a BDS using Jerusalem artichoke juice as carbon source
[9], which is about 38 % lower than that obtained with SBM, within the SSF. These results
highlight the potential of SBM; as a cheaper carbon source to grow G. alkanivorans strain 1B
in a future process optimization with resting cells viewing its upscale application.

Conclusions

This work showed that sugar beet molasses, a renewable substrate since it is an agro-industrial
by-product, is a good alternative carbon source that can contribute to the decrease of culture
media costs necessary to obtain biocatalysts to be applied in a biodesulfurization process. In
comparison with the pure sucrose refined from sugar cane price (about $500-$600 per ton),

300 [ 14
§ 4=2-HBP  =—Ln OD 1

250 —=Glucose —¢=—Fructose L[I 12 —
—@—Sucrose > 10 ‘—_»
E 200 \(;;
32 18 &
o 150 | S
T 1° &
o 100 | 14 O
5

50 | 12

0 : y o— 0

0 12 24 36 48 60
Time (h)

Fig. 5 Time-course profile displaying the growth, sugars production/consumption, and the desulfurization
characteristics during a SSF approach with G. alkanivorans strain 1B and 1 % invertase crude extract (v/v) in
batch cultures with 250 uM DBT and diluted SBM treated with 0.25 % w/v BaCl, (13 g I'" total sugars). All
results were obtained in triplicate, and standard deviation is indicated by the error bars
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the use of SBM as carbon source implies a cost reduction of 3fold. Moreover, SBM utilization
in an SSF process, with invertase crude extract, contributes to an improved DBT desulfuriza-
tion due to possible nutrients/inducers from the molasses or from the enzymatic extract.
Therefore, our results showed the high potential of SBM to be used in a future industrial
fossil fuel BDS process using G. alkanivorans strain 1B.
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