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ABSTRACT 

 

Studies were aimed at developing a microbial process for removal of organic sulfur from 

fossil fuels using model organic sulfur containing compound like dibenzothiophene (DBT), 

which is believed to be found abundantly in structural matric of fossil fuels. For microbial 

isolation, different types of soil, sea sand, water, coal and oil sludge samples were collected 

from various locations. From these samples, 110 bacterial isolates of varying characteristics 

were screened for their dibenzothiophene (DBT) desulfurizing activity. Only isolate Eu-32, 

isolated from a soil sample taken from the roots of a Eucalyptus tree, displayed DBT 

desulfurizing activity. The Eu-32 isolate metabolised DBT to 2-hydroxybiphenyl (2-HBP), as 

detected by HPLC, and was also able to use other organic sulfur compounds as a sole sulfur 

source. Based on morphological, biochemical and molecular studies, it was found that this 

organism belonged to the genus Rhodococcus; with a maximum 95% identity to species in 

this genus for the partial sequence of the 16S rRNA gene. The structure and molecular mass 

of metabolites produced from DBT desulfurization were identified by GC-MS, indicating 

that this isolate followed 4S (sulfoxide-sulfone-sulfinate-sulfate) pathway for sulfur 

metabolism. However, a novel metabolite identified as biphenyl was also found as end 

product via a new proposed pathway in this study. 

 

The newly isolated Rhodococcus spp. (Eu-32) was used for biodesulfurization of fossil fuels 

i.e. coal and diesel oil. Shake flask studies were optimized for pH, pulp density, agitation 

speed and particle size using representative coal sample from Dukki, Baluchistan. The 

maximum desulfurization of 40% was achieved using coal particle size of 850µm with 10% 

pulp density, 30
o
C temperature, pH 7.0 at 180rpm in 15 days. For Dandot coal sample the 

total and organic sulfur contents were decreased by 32% and 40% respectively when 

compared to untreated coal under similar conditions. Moreover, the carbon contents and the 

calorific value (CV) of the biotreated coal were increased by 2.9% and 0.19% respectively. 

Similarly, biotreatment enhanced hydrogen and nitrogen contents of the coal as 3.9% and 

9.9% respectively. Biodesulfurization of coal in 1L locally fabricated fermentor under 

controlled conditions resulted in a total of 15% decrease of total sulfur in 21 days.  
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The Rhodococcus spp. (Eu-32) did not indicate considerable reduction of sulfur contents in 

case of experiments on diesel oil. In shake flask studies, only 6% decrease in total sulfur was 

observed. The Fourier Transform Infrared spectroscopic analysis of biodesulfurized diesel oil 

revealed that transmittance intensity of the sulphones, sulfonates, sulfates and sulfonic acids 

were slightly increased in the spectra of the biotreated oil sample validating a slight reduction 

of these molecules in the diesel oil.  

 

For the isolation and identification of C-S bond cleaving genes (dszABC genes) of 

Rhodococcus spp. (Eu-32), two types of primers (non-degenerate and degenerate) were used. 

Specificity of the PCR primers and sensitivity of the polymerase chain reaction were checked 

using a culture of Rhodococcus erythropolis IGTS8 as a positive control for these genes (gift 

from Dr. John Kilbane, USA). The dszA gene (494bp) of isolate Eu-32 showed that the most 

closely related sequence was from Rhodococcus erythropolis PR4 with 92% sequence 

identity to a putative FMNH-2 dependent monooxygenase. The dszB gene showed sequence 

homology with genome sequences of Rhodococcus species conferring different genes, while 

the dszC gene sequence (774bp) showed 100% homology with desulfurizing enzyme of 

Rhodococcus species.  

 

It was concluded that isolate Eu-32 is a unique and novel organic sulfur utilizing biocatalyst 

that desulfurized DBT through an extended sulfur-specific degradation pathway with the 

selective cleavage of C-S bonds. The genome components required for biodesulfurization 

activity are functional even present in highly divergent form as compared to desulfurizing 

genes, which have been documented by other workers. The newly isolated organic sulfur 

removal bacterium Rhodococcus spp. (Eu-32) could be effectively used for the removal of 

organic sulfur from fossil fuels, particularly from coal.  
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CHAPTER 1   

 

INTRODUCTION AND REVIEW OF LITERATURE 

 

National prosperity is highly dependent on secured energy supplies and natural resources of 

fossil fuels will be playing definite role in energy mix around the globe. Fossil fuels, a 

compendium of oil, coal and natural gas, originate from fossilized remains of animal and 

plant debris which have undergone sequential chemical and physical alteration in the course 

of geological time. About 87% of world energy requirements come from fossil fuels, 5% 

from nuclear power and 7% from other sources, like hydroelectric power and wood etc. The 

highest share in world’s energy resources is contributed by oil i.e. about 33%, followed by 

coal 30% and natural gas 24%. In Pakistan, annually about 90% of energy requirements are 

fulfilled by fossil fuels. Natural gas leads with a share of 52%, followed by oil 30% and coal 

7% (Fig. 1.1) (BP statistical review of world energy, June 2013).  

 

 

 

 

 

 

 

 

 

 

World       Pakistan 

 

Fig.1.1 Annual energy consumption profile of World and Pakistan. 
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1.1 USES OF FOSSIL FUELS 

 

Fossil fuels are of great importance because they can be burned (oxidized to carbon dioxide 

and water), producing significant amounts of energy per unit weight. From the early draw to 

the end of the day we use so many products of fossil fuels. Some of the major uses of fossil 

fuels are listed below:  

 

1. Fossil fuels, particularly coal, are used in power plants for electricity production. 

2. The vast majority of vehicles require fossil fuels to operate. 

3. About 90% of lignite produced around the world is used for generation of electricity 

and for heating purposes (Klein et al., 2001). 

4. Coke is obtained from coal which is used in steel industry as a reducing agent for the 

production of steel from iron ores.  

5. In an industrial facility we may depend on coal to fuel the huge furnaces. The coal is 

used to manufacture the brick sand petroleum for the tarring and waterproofing the 

roof.  

6. Coals can be solubilized chemically or by microbial action to produce chemical 

entities for fermentation and chemical industry. The solubilized coal is further treated 

to produce aromatic compounds, alcohols and methane etc. (Prakash et al., 2010). 

7. Most heating is provided through fossil fuel based heating oils and natural gas, or 

indirectly through fossil fuel generated electricity (Monticello and Finnerty, 1985). 

8. Like heating, most cooling systems rely directly or indirectly on fossil fuel provided 

energy. 

 

1.2 FORMS OF SULFUR IN FOSSIL FUELS 

 

Sulfur-containing compounds in fossil fuels (crude oil and coal) are generally divided into 

two major groups: inorganic sulfur and organic sulfur.  

 

Inorganic sulfur consists predominantly of sulfides and sulfates. Mainly sulfide minerals 

include pyrite (FeS2), chalcopyrite (CuFeS2), sphalerite (ZnS), galena (PbS), arsenopyrite 

http://en.wikipedia.org/wiki/Oxidized
http://en.wikipedia.org/wiki/Carbon_dioxide
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(FeAsS), molybdenite (MoS2), covellite (CuS), argentite (Ag2S), cinnabar (HgS) and others. 

The sulfate minerals include barite (BaSO4), gypsum (CaSO4.2H2O), anhydrite (CaSO4), and 

a number of iron sulfates and others (Prayuenyong, 2002). The pyrite is generally the major 

inorganic sulfur compound present in coal matrix.  

 

Organic sulfur is covalently bound into large complex structure of coal and is difficult to 

remove physically or chemically, in contrast to pyritic or inorganic sulfur. The organic sulfur 

in coal exists both as aliphatic and aromatic or heterocyclic forms, which can be classified 

into four groups (Prayuenyong, 2002): 

• Aliphatic or aromatic thiols 

• Aliphatic, aromatic, or mixed sulfides (thioethers) 

• Aliphatic, aromatic, or mixed disulfides (dithioethers) 

• Heterocyclic compounds or the thiophene type (dibenzothiophenes) 

 

The predominant portion of sulfur in most coal samples is inorganic (pyritic), however, 

organic sulfur sometimes accounts for more than 50% (up to 70%) of the total sulfur content 

in coal. The pyritic sulfur components occur as inclusions and are not integral part of the coal 

structure (Fig. 1.2). The pyrite occurs in particulate form, sometimes in bands, sometimes 

agglomerated into balls or nodules but frequently it is very finely disseminated. Pyritic sulfur 

can effectively be removed by various physical and chemical techniques such as heavy media 

separation, magnetic separation, leaching, selective agglomeration and float (Kawatra and 

Eisele, 2001). Organic sulfur in coal belongs to thiols, sulfides, disulfides and thiophenes 

(Table 1.1). Removal of organic sulfur form coal is impossible by application of physical 

methods, because organic sulfur is covalently attached to the structure of the coal (Fig. 1.2) 

and is also finely distributed (Kawatra and Eisele, 2001).  

 

Sulfur is considered the third most abundant element in petroleum, after carbon and hydrogen. 

Crude oils with higher density restrain more sulfur compounds. Distillation fractions with 

higher boiling point also contain also contain the higher concentrations of sulfur compounds  
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Table 1.1 The types of organic sulfur containing molecules identified in fossil fuels. 

Mercaptans (thiols)                Alkyl 

                Cyclic 

                 Aromatic 

Sulphides (aliphatic or aromatic)      Dialkyl 

    Alkylcycloalkyl 

                     Cyclic  

     Alkylaryl 

                  Thiaindans 

Disulphides         Disulphides 

Thiophenes                Alkyl- 

                   Benzo- 

                   Thieno- 

       Dibenzo- 

SH

SH

SH

S

S

S

S

S

S S

S

S

S

S

S
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(Soleimani et al., 2007). As in coal, organic and inorganic sulfur-containing compounds 

naturally occur in crude oil. Inorganic sulfur-containing compounds include elemental sulfur, 

H2S and pyrite and may be in dissolved or suspended forms. Organic sulfur compounds in 

crude oil are generally aromatic or saturated forms of thiols, sulfides and heterocycles. 

Among these, aromatic compounds such as dibenzothiophene (DBT) or its derivatives are of 

considerable importance because they have higher boiling points (more than 200°C) and it is 

difficult to remove them from middle distillates like atmospheric tower outlet streams 

(Kawatra and Eisele, 2001; Shennan, 1996). Benzothiophene (BT), non-β, single β and di-β-

substituted benzothiophenes (B.P.>219 °C) are the typical thiophenic compounds that are 

found in diesel (Soleimani et al., 2007).  

 

Some organic sulfur compounds are considered refractory (Ardakani et al., 2010 and 

Soleimani et al., 2007). These compounds are mainly stable aromatic sulfur-containing 

compounds, which need more invasive desulfurization procedure to remove their sulfur atom. 

The refractory portion of distillate/diesel fuels is attributed to thiophenic compounds such as 

DBT derivatives with 4 and/or 6 alkyl substituting groups (Ardakani et al., 2010).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.2 Structure of coal (Prayuenyong, 2002). 
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1.3 PROBLEMS ASSOCIATED WITH THE USE OF HIGH SULFUR FOSSIL 

FUELS 

 

Applications described in the preceding section require the provision of low sulfur fossil 

fuels due to several environmental and technical problems associated with the usage of high-

sulfur fuels.  

 

Fossil fuels are used by burning, which may causes pollution. Due to impurities in such fuels 

many waste products are produced, especially particulate matters and various gases such as 

sulfur dioxide, nitrogen oxides and volatile organic compounds. These waste products may 

have bad effects on our environment and animals, including man. Sulfur dioxide (SO2) can 

react with water vapors in the air and cause acid rain or low pH fogs. The acid formed in this 

way can hasten the erosion of historical buildings and other open installations. It can be 

transferred to soil, damage the foliage, depress the pH of the lakes with low buffer capacity 

and endanger the marine life (EPA-US, 2006). Furthermore, SO2 can be the cause of sulfate 

aerosol formation. The aerosol particles have an average diameter of 2.5μm that can be 

transported into the lungs and may cause respiratory illnesses. Governments and other 

regulatory agencies throughout the world have documented the problems associated with 

these emissions and are trying to reduce them through legislation in a particular way. These 

regulations come in the form of limitations on sulfur emissions from power plants (met by 

low-sulfur fuels, post-combustion scrubbing) and the imposition of increasingly stringent 

restrictions on the level of sulfur allowed in transportation fuels. As a result, various 

regulatory authorities are moving to eliminate sulfur completely from these fuels (Gupta et 

al., 2005). 

 

Combustion of coal containing excessive amount of sulfur and other minerals results in 

emission of sulfur and nitrogen oxides into the atmosphere and production of large amount of 

ash or clinker. Clinker clogs furnace grates, reducing the flow of air and, in severe cases even 

causing shutdown of furnaces. In order to maintain satisfactory SO2 levels in the atmosphere 

in regions where large scale coal combustion occurs, either coal with a total sulfur content of 

less than 1.5% must be used or provisions must be made to scrub sulfur dioxide out of the 
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stack gas before its entry into the atmosphere (Dugan and Apel, 1978). In the liquefaction, 

the sulfur present in the coal may poison the process catalysts thereby inhibiting the reaction. 

Similarly, sulfur compounds present in the coal may inhibit the growth of microorganisms 

involved in coal biosolubilization. A significant part of sulfur content of coal goes with coke 

during the coking process, and such coke when used in metallurgical process causes 

brittleness in steel. Therefore, this process also needs employment of coal with low sulfur 

and ash content. Using clean coal with low sulfur content can minimize environmental 

pollution and other problems associated with coal utilization. 

 

1.4 STRATEGIES TO REDUCE THE SULFUR CONTENTS FROM FOSSIL FUELS 

 

Sulfur can be removed from fossil fuels by various methods. Among these, 

hydrodesulfurization (HDS) is currently considered as one of the most important ones. 

Desulfurization by ionic liquids (ILs) is another method used to remove the sulfur from 

petroleum species. Other than HDS and IL, biological methods have also shown good 

potential to be a reasonable substitution for HDS or to be used in line with HDS in future 

sulfur refining systems (Soleimani et al., 2007). 

 

1.4.1 Hydrodesulfurization (HDS) 

 

The removal of organic sulfur from fossil fuel is difficult, because sulfur can only be 

separated from the organic molecule when certain chemical bonds are cleaved. High 

temperature and pressure are required for the breakage of such bonds. Hydrodesulfurization 

(HDS) is one of the current technologies to reduce sulfur in middle distillate/diesel fuels. It 

involves the use of chemical catalysts containing metals at high pressures and temperatures 

to remove sulfur compounds (Bhatia and Sharma, 2010). In this method the sulfur atom in 

sulfur containing compounds is reduced to H2S on CoMo/Al2O3 or NiMo/Al2O3 catalyst in 

the presence of H2 gas. The produced H2S is then catalytically air oxidized to elemental 

sulfur. Hydrodesulfurization may occur at 200–425°C and 150–250psi H2, depending on the 

hydrocarbon type and degree of desulfurization. To reach lower concentration of sulfur 

(< 15 mg/kg) higher temperature and pressure are required (Soleimani et al., 2007).  
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Although the concentrations of BT and DBT are considerably decreased by HDS (Monticello, 

1998) and it has been commercially used for a long time, it has following disadvantages:  

 

1. Hydrodesulfurization requires higher temperature, pressure, and longer residence time for 

the removal of refractory sulfur compounds, this makes the process expensive due to the 

requirement of stronger reaction vessels and facilities (McHale, 1981).  

 

2. For older units, which are not competent to meet the new sulfur removal levels, erection 

of new HDS facilities and heavy load of capital cost is expected. 

 

3.  Paraffinic sulfur compounds such as thiols, sulfides and disulfides can be removed 

effectively by HDS. However, some aromatic sulfur-containing compounds such as 4- 

and 4,6-substituted DBT, and polyaromatic sulfur heterocycles (PASHs) are resistant to 

HDS and form the most abundant organosulfur compounds after HDS (Ma et al., 1994; 

Monticello, 1998). 

 

4. The hydrogen atmosphere in HDS results in the hydrogenation of olefinic compounds 

and reduces the calorific value of fuel. To increase the calorific value, the HDS-treated 

stream is sent to the fluid catalytic cracking (FCC) unit, which adds to the cost (Esser et 

al., 2004; Hernandez-Maldonado and Yang, 2004). 

 

5. Although HDS is considered a cost-effective method for fossil fuel desulfurization, the 

cost of sulfur removal from refractory compounds by HDS is too expensive. Atlas and 

co-workers (2010) estimated the cost of lowering the sulfur content from 500 to 

200 mg/kg to be approximately one cent per gallon. To reduce the sulfur content from 

200 to 50 mg/kg, the desulfurization cost would be four times higher.  

 

Due to high average sulfur contents in the crude oil (Kilbane, 2006), there is need to 

economize the desulfurization process and avoid CO2 production, resulting from energy 

demanding processes such as HDS, milder desulfurization methods are to be developed. 
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1.4.2 Desulfurization by ionic liquids (ILs) 

 

An ionic liquid (IL) is a salt in the liquid state. The IL has been defined as salts with melting 

temperature below 100°C. They are largely made of ions and short-lived ion pairs. Ionic 

liquids have no measurable vapour pressure below their decomposition temperature and can 

have altered properties depending on their structure such as chemical and thermal stability, 

nonflammability and high ionic conductivity. Desulfurization by ILs is based on extraction 

theories and it is a mild process (Soleimani et al., 2007). The mechanism of catalytic 

oxidation of DBT in ionic liquid emulsion system has been shown in Fig. 1.3. Different types 

of ionic liquids such as imidazolium, pyridinium, and ammonium based ionic liquids with 

different anion have been demonstrated to be applicable for sulfur removal from liquid fuels. 

Organic ions in ILs can be designed in numerous varieties and they combine together to 

make practically unlimited number of ionic liquids (Freemantle, 2004). Among these, 

imidazolium based ionic liquids, such as [BMIM][PF6], [EMIM][BF4], [BMIM][MeSO4], 

[BMIM][AlCl4], [BMIM][OcSO4], have demonstrated a high selective partitioning for 

heterocyclic sulfur-containing molecules such as DBT, single β and di-β methylated DBTs 

(Kulkarni and Afonso, 2010; Soleimani et al., 2007). 

 

For the removal of organic sulfur from fuel oils, the selection of ions for ionic liquids is very 

important. Some of the chlorometallate ILs such as the ones with [BMIM][AlCl4] show good 

selectivity for sulfur removal; however, they are very sensitive to air and moisture and may 

cause alkene polymerization in fuel (Haung et al., 2004). For the extraction of DBT from oil 

phase, the size of anions in ILs has been found to be rather important. Bigger anions such as 

[OcSO4]
−
 could extract DBTs more effectively than smaller anions (e.g. [PF6]

−
 or [CF3SO3]

−
) 

(Jess et al., 2001). Esser et al. (2004) have reported that imidazolium ions with larger alkyl 

substitution groups are better solvents for DBT removal. However, they found that selectivity 

is lowered when the alkyl groups are beyond certain size. For example, although 

[BMIM][OcSO4] demonstrated a high partitioning for DBTs, it could also significantly 

dissolve non-sulfur organic molecules particularly cycloalkanes and aromatics. Therefore, it 

was not considered a selective ionic liquid for DBT compounds. 
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Fig. 1.3 Catalytic oxidation of DBT in ionic liquid emulsion system (Ge et al., 2011) 

 

 

The trend of using ILs for the removal of sulfur from fossil fuels is increasing (Rebelo et al., 

2006). The main purpose of research on ILs in future refineries is to economize 

desulfurization energy requirements, and to decrease CO2 production that is associated with 

other desulfurization processes such as HDS. During desulfurization process, the recovery 

and recycling of ILs is difficult (Rebelo et al., 2006). To recycle or recover ILs; organic 

solvent extraction techniques can be used however, loss of solvents during the extraction 

process is unavoidable and undesirable. 

 

1.4.3 Biological methods for the removal of sulfur (BDS) 

 

To overcome the disadvantages of HDS and ILs, the removal of sulfur from fossil fuels by 

biological methods is being considered as one of the alternatives (Soleimani et al., 2007; 

Linguist and Pacheco, 1999). In biocatalytic desulfurization, bacteria remove organosulfur 
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from fossil fuels without degrading the carbon skeleton of the organosulfur compounds. 

During a biodesulfurization process, alkylated dibenzothiophenes (Cx-DBTs) are 

transformed to non-sulfur compounds, for example 2-hydroxybiphenyl (2-HBP), and sulfate. 

Biodesulfurization offers mild processing conditions and lower need of hydrogen. Extensive 

energy savings can be made in the refinery by both these features. Moreover, considerable 

reductions in greenhouse gas emissions have also been predicted if BDS is used (Linguist 

and Pacheco, 1999). 

 

Sulfur atom forms 0.5–1% of bacterial cell dry weight (Kertesz, 2000). Sulfur is required by 

the microorganisms for their growth and biological activities. Sulfur generally occurs in the 

structure of some enzyme cofactors (such as Coenzyme A, thiamine and biotin), amino acids 

and proteins (cysteine, methionine, and disulfur bonds) (Kertesz, 2000; Stoner et al., 1990). 

Depending on their enzymes and metabolic pathways, microorganisms may have the ability 

to provide their required sulfur from different sources. Some microorganisms can use 

thiophenic compounds such as DBT to full fill their sulfur requirements and thus reduce the 

sulfur content in fuel. The removal of sulfur from fossil fuels by microorganisms is 

potentially advantageous. Firstly, it is carried out in mild temperature and pressure conditions; 

therefore, it is considered as an energy-saving process (an advantage over HDS). Secondly, 

in biological activities, biocatalysts (enzymes) are involved; therefore, the desulfurization 

would be highly selective (an advantage over ILs). Microorganisms are reported to have the 

abilities to remove sulfur from fossil fuels by different metabolic pathways. According to 

their mode of action they can be classified in to three different categories including: oxidative 

C-C cleavage, oxidative C-S cleavage and reductive C-S cleavage (Gupta et al., 2005). 

 

1.4.3.1 Oxidative C-C cleavage (Destructive biodesulfurization) 

 

Oxidative cleavage of DBT was first reported by Kodama and colleagues (Kodama et al., 

1970; Kodama et al., 1973). They identified various intermediates which are produced during 

the oxidation and proposed the well known Kodama pathway. Three major steps are involved 

in this pathway: hydroxylation, ring cleavage and hydrolysis (Fig. 1.4). Various 

microorganisms are identified to follow this pathway. Two microorganisms reported in 1970 
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were Pseudomonas jijani and P. abikonesis (Kodama et al., 1970), which form the basis of 

the Kodama pathway. Monticello and co-workers (1985) showed that degradation of DBT in 

these microorganisms is encoded by a 55-MDa plasmid. The product of DBT oxidation 

inhibits both cell growth and further DBT oxidation.  

 

Fig. 1.4 Kodama pathway of DBT oxidative degradation (Gupta et al., 2005). 
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It is reported that DBT oxidation is accelerated by naphthalene or salicylic acid (Kodama, 

1977; Monticello et al., 1985) and to a much lesser extent by DBT and is repressed by 

succinate. In addition to the Kodama pathway, P. putida follows an alternate pathway as well 

(Mormile and Atlas, 1988), in which DBT is degraded to DBT sulfone. The organism first 

metabolizes DBT via the Kodama pathway and then transforms DBT via the alternate DBT 

sulfone pathway (Fig. 1.5).  

 

Fig. 1.5 Two pathways of DBT degradation in P. putida (Gupta et al., 2005).  
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Similar observations were also made in the case of fungi Cunninghamella elegans (Crawford 

and Gupta, 1990) and Pleutoris ostreatus (Bezalel et al., 1996) that oxidized DBT to DBT 

sulfoxide and DBT sulfone as dead end products. The same pathway is also reported in 

Rhizobium meliloti (Frassinetti et al., 1998) and in Beijerincika sp. (Laborde and Gibson, 

1977). In case of Beijerincka sp., pyruvate is also formed, along with 3-hydroxy-2-formyl 

benzothiophene (HFBT). Although HFBT is reported as the end-product of DBT degradation 

via the Kodama pathway, there are instances where other possible products of HFBT have 

been reported. Eaton and Nitterauer (1994) showed that benzothiophene-2,3-dione was 

formed from 2-mercaoptophenylglyoxylate by acid-catalyzed dehydration due to the 

prevalence of acidic conditions during the extraction of culture supernatants (Eaton and 

Nitterauer, 1994). It has also been reported that HFBT can be degraded to carbon dioxide 

(Bressler and Fedorak, 2001). 

 

In HDS-treated diesel, the substituted DBTs are more common. In view of this, aerobic 

metabolism of methyl DBTs were also studied in Pseudomonas strains (Saftic et al., 1993). 

The metabolic products of DBT by these strains were benzothiophene- 2,3-dione, HFBT, 

DBT sulfoxide and sulfone. In cases where methyl DBT was subjected to Kodama 

desulfurization, it was found that the carbon–carbon cleavage occurred on the benzene ring 

that had no substituting group to form corresponding methyl 3-hydroxy-2-formyl-

benzothiophene (methyl HFBT). Pure cultures of Pseudomonas strains BT1, W1, F and four 

petroleum-degrading mixed cultures were used to study the transformation of dimethyl DBTs. 

The unsubstituted rings were degraded in 3,4- dimethyl DBT to give 6,7-dimethyl HFBT and 

6,7- dimethyl DBT-2,3-dione among other products. No significant C-C cleavage was 

observed when 4,6- dimethyl DBT was used as substrate by any of the cultures. This 

suggested that the Kodama pathway enzymes preferred to cleave the unsubstituted 

homocyclic rings, as compared with their methylated derivates (Kropp et al., 1997; Saftic et 

al., 1993). Studies on the degradation of HFBT, DBT sulfoxide and DBT sulfone by mixed 

culture (Mormile and Atlas, 1988) showed a reduction of HFBT. In the case of DBT 

sulfoxide and DBT sulfone no sulfate was released into the medium but there was production 

of carbon dioxide thus representing the degradation of these compounds but not complete 

demineralization. 
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1.4.3.2 Reductive C–S cleavage (Anaerobic biodesulfurization) 

 

For reductive desulfurization a reducing equivalent is required, which reduces DBT to 

biphenyl, releasing the sulfur as hydrogen sulphide (Kim et al., 1995). Desulfovibrio sp. 

anaerobically desulfurizes dibenzylsulfide, an organosulfur compound, in the presence of 

molecular hydrogen to toluene, benzyl mercaptane, and hydrogen sulfide. The reducing 

equivalent can also be provided by any other source. Kim and co-workers (1990) developed a 

bioelectrochemical process to deliver electrons through electrochemical cells to D. 

desulphuricans M6 that resulted in the formation of biphenyl and hydrogen sulfide from 

DBT. The effect of the presence of hydrocarbons on reductive DBT degradation was also 

studied by many researchers. Finnerty (1993) investigated that when DBT was dissolved in 

100% dimethylformamide, an organic solvent, the products of desulfurization were biphenyl 

and hydrogen sulphide. However, the hydrogen sulfide production was not solely related to 

the desulfurization of organosulfur compounds. Some anaerobic microorganisms, such as 

Desulfomicrobium scambium and Desulfovibrio longreachii, have been reported to have the 

ability to desulfurize only about 10% of DBT dissolved in kerosene. Five unknown products 

were observed, the pathway being reported as different from the one in which biphenyl is the 

end-product (Onodera-Yamada et al., 2001). Under anaerobic conditions, oxidation of 

hydrocarbons to undesired compounds such as colored and gum-forming products is minimal 

(McFarland, 1999). This advantage can be counted as an incentive to continue research on 

reductive biodesulfurization. However, maintaining an anaerobic process is extremely 

difficult and the specific activity of most of the isolated strains have been reported to be 

insignificant for DBTs (Armstrong et al., 1995). 

 

1.4.3.3 Oxidative C-S cleavage (Specific oxidative desulfurization) 

 

In specific oxidative desulfurization process sulfur from DBT and methyl DBT is removed in 

a sulfur-specific manner without affecting the carbon skeleton thus the calorific value of the 

fuel value remains preserved (Fig. 1.6). Studies on biodesulfurization are focused on this 

technique for the past 10 years, due to its specificity for sulfur atoms and of operation under 

aerobic conditions. This process for sulfur removal was first reported for Rhodococcus 
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rhodochrous IGTS8 in 1993 by Gallagher and co-workers (Gallagher et al., 1993). During 

this process of conversion of DBT to 2-hydroxybiphenyl (2-HBP), four different sulfur 

containing molecules are formed because of which this pathway is known as the 4S pathway. 

In this pathway, consecutive oxidation of DBT sulfur results in to the formation of sulfoxide 

(DBTO), sulfone (DBTO2), sulfinate (HPBS) and hydroxybiphenyl (HBP) as shown in Fig. 

1.6. To date, several genera have been reported to have specific desulfurization activity 

however; most of them belong to Rhodococcus genus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.6 Sulfur specific DBT degradation via the 4S pathway (Gupta et al., 2005). 
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Besides R. rhodochrous IGTS8 (Kilbane and Jackowski, 1992), several other  aerobic 

bacteria, such as Rhodococcus erythropolis (Denis-Larose et al., 1997; Gallagher et al., 1993; 

Izumi et al., 1994; Lee et al., 1995; Ohshiro et al., 1996), Gordona sp. (Rhee et al., 1998b), 

Sphingomonas sp. (Darzins and Mrachko, 2000), Corynebacterium sp. (Omori et al., 1992), 

Mycobacterial sp. (Furuya et al., 2001; Nekodzuka et al., 1997), Bacillus subtilis (Kirimura 

et al., 2001), Nocardia sp. (Rhee et al., 1998b) and Paenibacillus sp. (Konishi et al., 1997) 

have been reported to be able to desulfurize DBT via a sulfur-specific pathway.  

 

1.5 MICROBIOLOGY OF GENUS RHODOCOCCUS 

 

According to the available informations from NCBI, 2011 the genus Rhodococcus belongs to 

the phylum and class of Actinobacteria, order of Actinomycetales, and family of 

Nocardiaceae. Plasmids of different sizes ranging from small circular to large and linear 

forms are present in Rhodococci (Desomer et al., 1988; Kilbane et al., 2002). In comparison 

to most bacteria, the Rhodococci have a thick cell envelope, which may give higher 

resistance for the absorption of required compounds (Carrano et al., 2001). The 

peptidoglycan layer of long aliphatic mycolic acid chain in Rhodococci cell walls, make them 

hydrophobic in nature. By taking lead of the hydrophobicity, Rhodococci can attach to 

oil/water interface while growing in aqueous–hydrocarbon system (Borole et al., 2002; Neu, 

1996). All Rhodococcus species form cocci, rods and extensively branched mycelia with 

commonly no aerial hyphae. With the exception of some strains, which require thiamine, 

Rhodococci grow on standard cultivation media at 30°C, and they require 1–3 days to form 

visible colonies on solid media. Rhodococci are Gram-positive, obligate aerobes, catalase-

positive, partially lysozyme sensitive, non-motile, non-endospore or non-conidia forming 

bacteria. They are chemoorganotrophic and have oxidative type of metabolism (de Carvalho 

and da Fonseca, 2005). 

 

1.5.1 Rhodococcus erythropolis IGTS8 

 

R. erythropolis was first isolated from soil (Finnerty, 1992; Goodfellow, 1992; Larkin et al., 

1998) and it is classified as a saprophyte Rhodococcus. Like all other species of Rhodococci 
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it is an aerobe and has no aerial hyphae. Some of the well known desulfurization competent 

strains of R. erythropolis are IGTS8, N1-43, D-1, KA2-5-1 and I-19. Amongst these the most 

extensively studied strain is IGTS8. Kilbane and Bielaga (1990) isolated R. erythropolis 

IGTS8 and this strain was used by Energy Biosystems Corp. (EBC) for the development of 

their commercial microbial desulfurization plan. The strain IGTS8 is a Gram-positive rod 

shaped bacterium with approximate length of 0.5μm. On nutrient agar medium IGTS8 forms 

cream color colonies, which after some time, however, turn into peach-colored colonies. 

 

The strain R. erythropolis IGTS8, for a while after being patented, was not fully identified; 

therefore, it was referred to as Rhodococcus sp. IGTS8. To determine the species of IGTS8, 

its membrane lipids were extracted by solvent and analyzed by gas chromatography. The 

comparison of the results with existing chromatograms from a variety of species proved the 

strain to belong to species rhodochrous (Kilbane II, 1992a; Kilbane II, 1992b). The strain 

was registered by the name R. rhodochrous IGTS8 and was deposited with the ATCC. In 

1997, nucleotide sequence analysis of 16S rRNA operon from this strain proved it to be R. 

erythropolis IGTS8 (GenBank accession no. AF001265). However, as this strain is a 

patented culture, in some publications it is still referred to as R. rhodochrous IGTS8 (ATCC, 

2011; Bressler et al., 1997; NCBI, 2011). 

 

The desulfurization genes of IGTS8 are located on a stable plasmid (Denome et al., 1993). 

The desulfurization trait of the strain is fully maintained by subculturing. Furthermore, heat 

treatment of the strain has shown no impact on loss of plasmid. However, 5 to 20s of UV 

emission (254nm at 3.5cm distance) to IGTS8 may have an adverse effect on its sulfur 

removal capability (Denome et al., 1993). Rhodococcus sp. UV1 is a UV desulfurization 

negative (dsz-) mutagenized strain of IGTS8, which lost its ability for specific desulfurization. 

The UV1 strain was prepared for genetic and cloning studies on IGTS8, which is the first 

stable carbon–sulfur cleaving bacterium. (Denome et al., 1993). Available records showed 

that prior to IGTS8, Isbister and Doyle (1985) had isolated the strain Pseudomonas sp. CB1 

(ATCC 39381), which could degrade DBT by cleavage of carbon–sulfur bond. Pseudomonas 

sp. CB1, however, lost its sulfur specific desulfurization trait and it could no longer be 

substituted. 

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=externObjLink&_locator=genbank&_cdi=4986&_issn=07349750&_originPage=article&_zone=art_page&_plusSign=%2B&_targetURL=http%253A%252F%252Fwww.ncbi.nlm.nih.gov%252Fentrez%252Fquery.fcgi%253Fcmd%253Dsearch%2526db%253Dnucleotide%2526doptcmdl%253Dgenbank%2526term%253DAF001265%5baccn%5d
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1.6 THE GENETICS OF BIODESULFURIZATION  

 

Isbister & Koblynski, in 1985, described a strain of Pseudomonas sp., CB-1, that could carry 

out sulfur specific metabolism of DBT (Gallagher et al., 1993). The intermediates of the 

dibenzothiophene (DBT) metabolism were dibenzothiophene sulfoxide (DBTO) and 

dibenzothiophene sulfone (DBTO2) and the end product was dihydroxybiphenyl; 

unfortunately this strain was lost before the metabolic pathway could be fully characterized 

(Gallagher et al., 1993). After 40 years of research effort, a potent organic sulfur 

metabolizing bacterium, Rhodococcus erythropolis IGTS8 was isolated by Kilbane (1990) at 

the Gas Technology Institute (formerly Institute of Gas Technology), USA. Since then, many 

researchers have isolated bacteria capable of desulfurizing DBT and its alkylated forms via 

the 4S pathway (Table 1.2 and 1.3). The genes involved in DBT metabolism have been 

designated bds (Ohshiro et al., 2005), dsz (Piddington et al., 1995), tds (Ishii et al., 2000), 

mds (Nomura et al., 2005) and sox (Denome et al., 1994). Because some other unrelated 

genes have already been labelled sox and to avoid confusion with these other genes, the sox 

description has been generally rejected. The Bds, Dsz, Tds and Mds have all been accepted as 

gene products. R. erythropolis IGTS8 (Gallardo et al., 1997; Gray et al., 1996; Oldfield et al., 

1997; Piddington et al., 1995) and Rhodococcus sp. X309 (Denis-Larose et al., 1997) were 

among the first strains to be characterized at the molecular level. A gene cluster that could 

complement a desulfurization-negative mutant of IGTS8 has been cloned and sequenced 

(Denome et al., 1994; Denome et al., 1993; Piddington et al., 1995), and found to comprise 

three open reading frames (ORFs), designated dszA, dszB and dszC. Subclone analyses 

revealed that the product of dszC converts DBT directly to DBTO2 and that the products of 

dszA and dszB act jointly to convert DBTO2 to 2-HBP. The three genes are grouped closely 

on a 120kb linear plasmid of strain IGTS8 (Denome et al., 1994). The desulfurization (Dsz) 

phenotype was conferred by a 4kb gene locus on the large plasmid (Denis-Larose et al., 1997; 

Gray et al., 1998; Oldfield et al., 1997; Rambosek et al., 1999). The desulfurization ability of 

Rhodococcus sp. ECRD-1 appeared to be an exclusive property of a 4kb gene locus on a 

large plasmid (Prince and Grossman, 2003). In Rhodococcus the dsz genes are located near 

insertion sequences on the plasmid (Denis-Larose et al., 1997; Kilbane and Le Borgne, 2004). 

Therefore, the desulfurization system is organized as one operon, with three genes (dszA, 
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dszB, dszC) transcribed in the same direction and under the control of a single promoter 

(Gray et al., 1998; Oldfield et al., 1997). The structure of the dsz operon is shown in Fig. 1.7. 

Fig. 1.7 The dsz operon of Rhodococcus erythropolis IGTS8 (Xu et al., 2009). The initiation 

codons and the termination codons are in bold type.  

 

The conserved nature of the dsz genotypes among desulfurizing strains from different 

geographical locations has been reported (Denis-Larose et al., 1997); sulfate reducers showed 

no cross-reactivity, suggesting that the anaerobic sulfur-specific removal sometimes reported 

occurs by a different pathway. The PCR amplification of dsz genes from soil samples 

revealed relatively few divergence in dsz gene sequences, with the majority of variations 

found in dszA, and even then homology to the R. erythropolis IGTS8 dszA sequence was 

95% or more (Duarte et al., 2001). The distribution of dsz genes in aerobic bacterial cultures 

strongly supports the hypothesis that these genes are commonly subjected to horizontal 

transfer in nature (Kilbane and Le Borgne, 2004). A bacterial culture that possesses identical 

dsz gene sequences can have very different Dsz phenotypes (Kayser et al., 2002; Kilbane, 

2006). This was clearly illustrated by examining the desulfurization activity of 

Mycobacterium phlei GTIS10 having dszABC gene sequences identical to R. erythropolis 

IGTS8; the temperature at which maximum desulfurization activity was detected in the 

cultures was about 50
o
C and 30

o
C, respectively (Kayser et al., 2002; Kilbane, 2006). 

Characterization of four bacterial cultures capable of utilizing DBT as the sole source of 

sulfur revealed that these cultures had identical dsz genes, but the cultures differed 

significantly with regard to their substrate range, desulfurization activity and yield of 
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metabolites (Abbad-Andaloussi et al., 2003a). A comparative study of M. phlei SM120-1 and 

M. phlei GTIS10 aimed at broadering the understanding of the Dsz trait at intra-species level 

shown considerable differences in the phenotypic and genotypic features of these two 

desulfurizing strains (Srinivasaraghavan et al., 2006). The range of Dsz phenotypes observed 

in different cultures may reflect the ability of each bacterial species or strain to provide 

cofactors and reaction substrates under the conditions tested. The transport of substrates and 

products might also contribute to desulfurization activity, as demonstrated by the fact that 

cell-free lysates of desulfurization cultures can exhibit a broader substrate range than the 

intact cell culture (Kilbane, 2006).  

 

The vast majority of DNA sequences of desulfurization genes are remarkably similar to the 

first desulfurization-competent culture, Rhodococcus erythropolis IGTS8 (Kilbane II, 1989; 

Kilbane, 1989; Kilbane, 2006). This may be a result of the strategies/conditions used to 

isolate desulfurization-competent cultures. Most desulfurization-competent cultures are 

mesophilic in nature, but a small number of known moderately thermophilic desulfurization-

competent cultures provide the best examples of divergent DNA sequences for 

desulfurization genes (Ishii et al., 2000; Kirimura et al., 2004). The DNA sequences of the 

desulfurization tdsABC genes of Paenibacillus sp. A11-2 are 73, 61, and 52% homologous 

with the dszABC genes of R. erythropolis IGTS8 (Ishii et al., 2000). Similarly, the 

desulfurization bdsABC genes of Bacillus subtilis WU-S2B share 61 and 58% homology with 

the dszABC and tdsABC operons, respectively (Kirimura et al., 2004). This provides credence 

to the hypothesis that desulfurization-competent cultures that occupy environmental niches 

distinct from those occupied by Rhodococcus cultures are likely to contain a diverse array of 

desulfurization genes (Kilbane and Robbins, 2007). Shavandi and co-workers (2010) 

reported the genomic structure and promoter analysis of the dsz operon for dibenzothiophene 

desulfurization from Gordonia alkanivorans RIPI90A. They demonstrated that unlike the dsz 

operon of Rhodococcus erythropolis, the operon of RIPI90A was located on chromosome. 

They observed that despite the remarkably high homology between dsz genes of G. 

alkanivorans RIPI90A and R. erythropolis IGST8, promoter sequences of the strains were 

not very similar. The dsz promoter of G. alkanivorans RIPI90A showed only 52.5% 

homology to that of R. erythropolis IGTS8 and Gordonia nitida. 
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Table 1.2 List of Rhodococcus strains that can selectively desulfurize DBT or its derivatives 

via the 4S pathway. 

 

Bacterium       Reference 

Rhodococcus erythropolis strain IGTS8   (Kilbane II, 1992b) 

(formerly R. rhodochrous strain IGTS8) 

Rhodococcus sp. strain UM3 and UM9  (Purdy et al., 1993) 

Rhodococcus erythropolis strain D-1   (Izumi et al., 1994) 

Rhodococcus sp. strain ECRD-1    (Lee et al., 1995) 

Rhodococcus erythropolis strain H-2   (Ohshiro et al., 1995) 

Rhodococcus sp. strain SY1     (Omori et al., 1995) 

Rhodococcus sp. strain X309 and B1   (Denis-Larose et al., 1997) 

Rhodococcus erythropolis strain I-19   (Folsom et al., 1999) 

Rhodococcus erythropolis strain KA2-5-1   (Kobayashi et al., 2000) 

Rhodococcus sp. strain P32C1    (Maghsoudi et al., 2000) 

Rhodococcus sp. strain T09     (Matsui et al., 2001) 

Rhodococcus sp. strain IMP-S02    (Castorena et al., 2002) 

Rhodococcus sp. strain FMF     (Akbarzadeh et al., 2003) 

Rhodococcus sp. strain DS-3     (Ma et al., 2006c) 

Rhodococcus sp.      (Labana et al., 2005) 

Rhodococcus erythropolis strain XP    (Yu et al., 2006) 

Rhodococcus sp. strain 1awq     (Ma et al., 2006a) 

Rhodococcus erythropolis strain DS-3   (Ma et al., 2006b) 

Rhodococcus erythropolis strain DR-1   (Li et al., 2007b) 

Rhodococcus erythropolis strain NCC-1   (Li et al., 2007c) 

Rhodococcus erythropolis strain LSSE8-1   (Xiong et al., 2007) 

Rhodococcus erythropolis strain FSD-2   (Zhang et al., 2007) 

Rhodococcus spp. (Eu-32)     (Akhtar et al., 2009) 

Rhodococcus erythropolis SHT87    (Davoodi-Dehaghani et al., 2010)  
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Table 1.3 List of bacterial strains other than Rhodococcus that can selectively desulfurize 

DBT or its derivatives via the 4S pathway. 

 

Bacterium       Reference 

Agrobacterium sp. strain MC501    (Constanti et al., 1994) 

Arthrobacter sp. strain ECRD-1    (Lee et al., 1995) 

Arthrobacter sulfureus     (Labana et al., 2005) 

Bacillus subtilis strain WU-S2B    (Kirimura et al., 2001) 

Bacillus brevis strain R-6     (Jiang et al., 2002) 

Bacillus sphaericus strain R-16    (Jiang et al., 2002) 

Bacillus subtilis strain Fds-1     (Ma et al., 2006d) 

Corynebacterium sp. strain SY1    (Omori et al., 1992) 

Corynebacterium sp. strain P32C1 (later   (Maghsoudi et al., 2000) 

Rhodococcus sp. P32C1) 

Corynebacterium sp. strain ZD-1    (Wang et al., 2006) 

Desulfovibrio desulfuricans     (Yamada et al., 1968) 

Gordona sp. strain CYKS1     (Rhee et al., 1998a) 

Gordona sp. strain WQ-01     (Jia et al., 2006) 

Gordonia alkanivorans strain 1B    (Alves et al., 2005) 

Gordonia sp. strain F.5.25.8     Isolated by (Duarte et al., 2001); 

identified by (Santos et al., 2006) 

Gordonia sp. strain ZD-7     (Li et al., 2006) 

Gordonia alkanivorans RIPI90A    (Mohebali et al., 2007) 

Klebsiella sp.       (Dudley and Frost, 1994) 

Mycobacterium sp. strain G3     (Nekodzuka et al., 1997) 

Mycobacterium sp. strain X7B    (Li et al., 2003) 

Mycobacterium sp. strain ZD-19    (Chen et al., 2008) 

Mycobacterium goodii strain X7B    (Li et al., 2007a) 

Mycobacterium phlei strain SM120-1   (Srinivasaraghavan et al., 2006) 

Mycobacterium phlei strain GTIS10    (Kayser et al., 2002) 

Nocardia globelula      (Wang and Krawiec, 1994) 
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Nocardia asteroids      (Olson, 2000) 

Nocardia globerula strain R-9    (Jiang et al., 2002; Luo et al., 2003) 

Paenibacillus sp. strain A11-2    (Konishi et al., 1997) 

Pseudomonas abikonensis strain DDA109   (Yamada et al., 1968) 

Pseudomonas jianii strain DDC279 and DDE27 (Yamada et al., 1968) 

Pseudomonas sp. strain ARK    (Honda et al., 1998) 

Pseudomonas delafieldii strain R-8    (Jiang et al., 2002) 

Pseudomonas putida strain CECT5279   (Alcon et al., 2005) 

Pantoea agglomerans D23W3    (Bhatia and Sharma, 2010)  

Sphingomonas sp. strain AD109    (Darzins and Mrachko, 2000) 

Sphingomonas subarctica strain T7b    (Gunam et al., 2006) 

Stenotrophomonas maltophilia strain Kho1   (Ardakani et al., 2010)  

Shewanella putrefaciens NCIMB 8768   (Ansari et al., 2007) 

Xanthomonas sp.      (Constanti et al., 1994) 

Several unidentified bacteria     (Abbad-Andaloussi et al., 2003b) 

 

 

1.7 DSZ ENZYMES 

 

The sulfur specific 4S pathway (Fig. 1.6) involves oxidation of the sulfur moiety and 

cleaving of the C–S bonds in a particular order. In the sequential oxidation, four key enzymes 

are involved, two monooxygenases, one desulfinase, and one NADH:FMN oxidoreductase. 

The latter provides the two monooxygenases with reduced flavin. In R. erythropolis IGTS8 

the pathway proceeds via two monooxygenases (DszC and DszA), supported by an 

FMN:NADH oxidoreductase (DszD), and a sulfinase (DszB). In this strain each of the 

enzymes has been purified and characterized. The desulfurization pathway needs cellular 

metabolism to produce reducing equivalents and is an energy-intensive process, with ~4 mol 

NADH required per mol DBT desulfurized (Oldfield et al., 1997). The DszC and DszA do 

not use NADH directly, but use FMNH2 from DszD. The DszD couples the oxidation of 

NADH with substrate oxidation by DszA and DszC. The products of the reactions (the 4S 
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pathway) are 2-HBP and sulfite (Mohebali and Ball, 2008). The overall reaction (for neutral 

pH) is as follows: 

 

DBT+3O2+4NADH+2H
+
 

                     
2-HBP+SO3

2-
+3H2O+4NAD

+
 

 

1.7.1 The DszC enzyme 

 

The DszC, a ~45 kDa protein, catalyses the sequential conversion of DBT via DBTO to 

DBTO2. The two catabolic steps require oxygen and FMNH2 for activity (Denome et al., 

1994; Gray et al., 1996; Oldfield et al., 1997; Xi et al., 1997). The DszC seems outstanding 

among other enzymes of the 4S pathway, because it catalyses two consecutive 

flavomonooxgenase reactions (Lei and Tu, 1996). 

 

1.7.2 The DszA enzyme 

 

The DszA, a ~50 kDa protein, catalyses the transformation of the sulfone to a sulfinate [2-

(29-hydroxyphenyl) benzene sulfinate, HBPS], also utilizing FMNH2 as a co-substrate 

(Denome et al., 1994; Oldfield et al., 1997; Xi et al., 1997), with a reaction rate 5–10-fold 

higher than DszC (Gray et al., 1996). The reaction requires oxygen and is NADH dependent. 

The oxygen atoms are derived from molecular oxygen (Lei & Tu, 1996; Oldfield et al., 1997). 

Gray et al. (1996) showed that in R. erythropolis IGTS8, DszA, like DszC, utilizes FMNH2 

as a co-substrate, apparently derived from the DszD reaction. This molecule would attack a 

C–S bond of the substrate (DBTO2), leading to its cleavage by the expulsion of sulfinate. 

 

1.7.3 The DszB enzyme 

 

The DszB is a ~40 kDa protein, which catalyses the conversion of HBPS to 2-HBP (Denome 

et al., 1994). On this basis DszB is classified as an aromatic sulfinic acid hydrolase catalysing 

the following reaction (Oldfield et al., 1997):  

 

HBPS+H2O   2-HBP+SO3 
2-

+2H
+
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It has been reported that DszB uses a nucleophilic attack of a base-activated water molecule 

on the sulfinate sulfur to form 2-HBP in a rate-limiting reaction (McFarland, 1999; Ohshiro 

and Izumi, 1999). The HBPS is the penultimate intermediate in the 4S pathway since 

HBPSA2-HBP would only require the cleavage of a single C–S bond. The DszB is an 

intracellular enzyme (Oldfield et al., 1997) and although the 4S pathway genes are expressed 

as an operon, The DszB is present at concentrations several-fold less in the cytoplasm 

compared with DszA and DszC (Gray et al., 1996; Li et al., 1996). 

 

1.8 COAL AND OIL BIODESULFURIZATION  

 

Biotreatment of fossil fuels may be regarded as suitable technology for the desulfurization of 

oil and coal before combustion, especially for small-scale combustion plants where flue gas 

cleaning is too expensive. "Organic sulfur" is characterized by covalent C-S bonds and can 

be regarded as an element which is integrated in the macromolecular matrix of coal and in 

organic sulfur compounds present in oil. It was generally accepted that dibenzothiophene 

(DBT) represents one of the frequently occurring substructure of organic sulfur compounds. 

Therefore in a number of studies on the biological desulfurization DBT was selected as a 

substrate for preadaptation of microbial cultures (Klein et al., 1994).  

 

1.8.1 Biodesulfurization of coal  

 

Removal of organic sulfur is more difficult than removal of inorganic sulfur. Many bacterial 

cultures have been reported to be useful for the removal of organic sulfur; however their 

capacities to remove organic sulfur were unstable and the results reproducibility was also 

poor. Almost every research team working on this aspect have stated the problems with 

stability or reproducibility. Although extensive studies have been carried out on bioremoval 

of organic sulfur, most of these were carried out using model compounds which are accepted 

to behave differently to sulfur in coal. For assessment of this technology, there is a dire need 

to carry out experiments on real form of fossil fuels. Sporadic reports are available on 

biodesulfurization of organic sulfur from coal. Some of the reported data has been cited here.  
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Kilbane (1989) reported that a mixed bacterial culture can remove 91% of the organic sulfur, 

but the process requires 212 days. Kilbane isolated a pure culture Rhodococcus rhodochrous 

(currently known as Rhodococcus erythropolis): about 35% organic sulfur removal has been 

reported with this microorganism (Kilbane, 1991). Isbister reported up to 32% organic sulfur 

removal with a mixed cultutre CB1 (Isbister, 1987), but this has not been found readily 

repeatble by others. Kargi and Robinson reported partial removal of organic sulfur by 

Sulfolobus acidocaldarius (Kargi and Robinson, 1984) , but in some other reports no clue is 

given of organic sulfur removal by the organism (Kargi and Robinson, 1985; Murr and 

Mehta, 1982). After acclimatization of Sulfolobus brerleyi (now Acidianus brerleyi), scientist 

and co-workers at University of Kentucky were capable of removing 30% of organic sulfur 

from coal (Khalid et al., 1989). A group of researchers reported 37% organic sulfur removal 

using Pseudomonas putida in a slurry pipeline reactor (Rai and Reyniers, 1988). A research 

team headed by the University of Cagliari, of Italy, has isolated microorganisms from coal 

mine that showed a 34% organic sulfur removal (Krawiec, 1988). 

 

Rhodococcus erythropolis IGTS8 (Rhodococcus rhodochrous) seems to be the most 

successful organic sulfur removal strain that could remove both inorganic and organic sulfur 

from coal. Bozdemir et al. (1996) investigated the effects of inoculum percentage, initial pH, 

growth temperature, shaking rate, substrate type and initial substrate concentration on the 

growth kinetics of Rhodococcus rhodochrous. The optimum value for each parameter that 

favoured the maximum specific growth rate was calculated from models established through 

linear of non-linear regression of the relevant data. Around these optima, biodesulfurization 

experiments were performed with sterile lignite. An increase in sulfate, pyritic and organic 

sulfur reduction with increasing reaction time was observed. The highest decreases in the 

total (30.2%) and organic sulfur (27.1%) contents were obtained with Mengen lignite at 75 h 

of biodesulfurization. 

 

Durusoy et al. (1997) studied the effects of substrate type in the growth medium, mixing time 

of lignite into the growth medium and the biodesulfurization time on sulfur removal. 

Biodesulfurization experiments were carried out with Mengen lignite under optimum growth 

conditions of Rhodococcus rhodochrous (now Rhodococcus erythropolis). They reported that 
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highest reduction of organic sulfur forms was 27.1% when sodium acetate was the substrate. 

Sulfate sulfur could be totally reduced when lignite was added to the culture medium 24h 

after incubation. Compared with sodium acetate, glycerol yielded higher sulfate sulfur 

reduction rates when lignite was added at the time of incubation. 

 

Erincin et al. (1998) studied the effects of lignite type and lignite particle size on the rate of 

sulfur removal. Biodesulfurization experiments were carried out with Mengen, Elbistan, 

Tugbilek and Gediz lignites at the optimum growth conditions of Rhodococcus rhodochrous 

(now Rhodococcus erythropolis). The highest decreases in the total (25.3%) and organic 

sulfur contents (21.4%) were obtained with Gediz and Mengen lignites, respectively. 

Furthermore, increased desulfurization rates have been observed with smaller particle sizes. 

Reduction in particle size from 390 to 63µm resulted in an increase in total sulfur and 

organic sulfur removal rates by factors of 2.8 and 19, respectively.  

 

Gomez et al. (1999) studied the microbial ecology of different Spanish coal samples. They 

isolated several bacteria from enrichment cultures, characterized them and evaluated their 

biodesulfurization abilities. Some of the isolates, B(30)15 and T(30)10, gave significant level 

of desulfurization of organic sulfur, close to 70%. One of the isolate related to Xanthomonas 

maltophilia was able to remove both organic and inorganic sulfur at neutral pH with 

efficiencies of 69% and 68% respectively. On the basis of the results obtained they 

demonstrated that some of the strains could be a potential candidate for industrial coal 

desulfurization processes. They reported these findings using glass column at 30
o
C and 

neutral pH and experiment was run for 12 days.  However, it is cynical if the data presented 

by this experiment are reliable, because no information on how they separated the bacterial 

cells from the coal samples was provided. Moreover, they have not provided any information 

about the changes in pH during the experiment. 

 

The main obstacle at the present stage of organic sulfur desulfurization may be the dearth of 

analytical techniques. Several analytical techniques are under development, but until they are 

commercialized and widely accepted by coal scientists, microbial removal of organic sulfur 

from coal will remain controversial and indirect.  
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1.8.2 Biodesulfurization of oil 

 

A number of researchers have studied the biodesulfurization process in the presence of model 

oil fractions or pure hydrocarbons (Caro et al., 2007; Finnerty, 1993; Jia et al., 2006; Li et al., 

2007c; Ohshiro and Izumi, 1999; Rhee et al., 1998a). Obviously, the analysis of the 

biodesulfurization of organosulfur compounds in the presence of pure hydrocarbon provides 

a valuable background to the study of the biodesulfurization of crude oil fractions.  

 

Biodesulfurization of oil fractions has been reported by many scientists. Rhee et al. (1998) 

worked on desulfurization of MDUF (middle distillate unit feed) and LGO (light gas oil) by 

resting cells of Gordonia strain CYKS1. The resultant specific desulfurization rates of 

MDUF and LGO were 5.3 and 4.7µM S (g dry cell weight)
-1

 h
-1

, respectively. Folsom and 

co-workers (1999), investigated the desulfurization of Cx-DBT present in HDS-treated-

middle-distillate petroleum containing the organosulfur compounds (>95%) as thiophenic 

compounds, using resting cells of R. erythropolis I-19. The initial desulfurization rate of the 

oil fraction was 2.5µM (g dry cell weight)
-1

 min
-1

, based on the change in total sulfur content 

in the oil phase. The researchers concluded that reactivities were not equivalent for all 

organosulfur compounds. Grossman et al. (1999) assessed Rhodococcus sp. ECRD-1 for its 

ability to desulfurize a middle-distillate (diesel range) fraction (232–343
o
C) of Oregon Basin 

crude oil. They reported that overall about 30% of the sulfur was removed, and 50% of the 

remaining sulfur was oxidized to a chemical state most similar to that of DBTO2 and HBP-

sultine. Biodesulfurization reduced the number of sulfur compounds present in the oil and 

also reduced its sulfur content by 92%. Kaufman and co-workers (1999) demonstrated the 

biodesulfurization of two different crude oils using wild type Rhodococcus sp IGTS8. 

Analysis of the crudes before and after biodesulfurization did not reveal a decrease in total 

sulfur, GC-MS did reveal significant (43-99%) desulfurization of dibenzothiophenes (DBT) 

and substituted DBTs. Fractionation of the whole crude, followed by analysis using gas 

chromatography-sulfur chemiluminescence detection (GC-SCD) of the aromatic fraction of 

the Van Texas crude oil, demonstrated a reduction of sulfur in this fraction from 3.8% to 

3.2%. They concluded that IGTS8 may be capable of biodesulfurization of refined products 

such as gasoline and diesel whose predominant sulfur species are dibenzothiophenes. They 
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also suggested that further biocatalyst development would be needed for effective treatment 

of the spectrum of sulfur-bearing compounds present in whole crudes. 

 

Maghsoudi et al. (2001) evaluated the ability of Rhodococcus sp. P32C1 for desulfurization 

of n-hexadecane (n-C16) containing dibenzothiophene (DBT), and two different diesel oils. 

The maximum specific production rate of 2-hydroxybiphenyl (2-HBP) in two-phase system 

was 43.5 mmol/(kg dry cell·h
-1

). The total sulfur content of 303 ppm in the light diesel oil 

previously processed through hydrodesulfurization (HDS) was reduced by 48.5wt.% and the 

diesel oil with initial sulfur of 1000ppm was desulfurized by 23.7wt.%. 

 

Castorena et al. (2002) isolated desulfurizing bacteria able to convert dibenzothiophene into 

2-hydroxybiphenyl and sulfate from contaminated soils collected in Mexican refineries. A 

deeply hydrodesulfurized diesel oil containing significant amounts of 4,6-

dimethyldibenzothiophene was treated with Rhodococcus sp. IMP-S02 cells. Up to 60% of 

the total sulfur was removed and all the 4,6- dimethyldibenzothiophene disappeared as a 

result of this treatment. 

 

Abbad-Andaloussi and co-workers (2003) reported that biodesulfurization yield was 

dependent upon the diesel oil used, especially its sulfur content. They reported that some 

HDS-recalcitrant compounds such as 4,6-dimethyl dibenzothiophene, could be completely 

removed, but highly-alkylated dibenzothiophenes were resistant to the action of the 

biocatalysts. Using strain MK7-C1 (R. erythropolis) and diesel oil 690A, the total 

desulfurization yield was close to 50%. However, the final desulfurization yield was highly 

dependent on the diesel oil used. The higher was the sulfur content, the lower was the 

desulfurization yield. In another study, the sulfur content of straight-run diesel oil was 

reduced from 1807 to 741 ppm by resting cells of Nocardia globerula R-9, at a mean rate of 

5.1 mmol S kg
-1

 h
-1

 (Mingfang et al., 2003). 

 

Ishii et al. (2005) employed growing cells of Mycobacterium phlei WU-0103 for 

desulfurization of straight-run light gas oil (LGO), total sulfur content in 12- fold-diluted 

straight-run LGO was reduced from 1000 to 475 ppm sulfur at 45
o
C. Shan et al., (2005) 
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reported that the alkylated DBTs (dibenzothiophenes) in the HDS-treated 

(hydrodesulfurized-treated) diesel oil could be selectively and efficiently desulfurized by 

resting cells of Pseudomonas delafieldii R-8, a Gram-negative bacterium. They reported that 

the rates of biodesulfurization relate to the number and position of alkyl groups attached to 

the DBT. 

 

Yu et al. (2006) isolated a soil resident strain XP and identified it as Rhodococcus 

erythropolis. R. erythropolis XP efficiently desulfurized benzonaphthothiophene, a 

complicated model sulfur compound that exists in crude oil. Resting cells could desulfurize 

diesel oil (total organic sulfur, 259ppm) after hydrodesulfurization. The sulfur content of 

diesel oil was reduced by 94.5% by using the resting cell biocatalyst for 24h at 30°C. Li and 

co-workers (2008) reported improved biodesulfurization of hydrodesulfurized diesel oil 

using Rhodococcus erythropolis and Gordonia sp. The average desulfurization rate was 

0.22mg sulfur (g dry cell wt)
-1

 h
-1

. They concluded that a bacterial mixture is therefore 

efficient for the practical biodesulfurization of diesel oil. Nandi (2010) reported the use of an 

indigenously designed airlift reactor (vol. 43.746dm
3
) to lower down sulfur content of 

hydrodesulfurized diesel from 500ppm (mg/dm
3
) to ultra low level using Rhodococcus sp. as 

microbial biocatalyst. Concentration of organo sulfur compounds reached to almost zero 

level at 120h. 

 

1.9 CURRENT STATUS AND FUTURE PROSPECTS OF BIODESULFURIZATION 

OF FOSSIL FUELS IN PAKISTAN 

 

Fossil fuels are abundant and economical commodities, which have a multitude of 

applications in industrial processes including power generation. Well-developed coalfields of 

Pakistan are located in Punjab, Baluchistan and Sindh and these are situated in three distinct 

areas termed as coal provinces. There are also coalfields in Khyber Pakhtunkhwa, which are 

being exploited on small scale. Sindh Province has total coal reserves of 184 billion tonnes, 

including the largest coal reserve of Thar with 175 billion tonnes. The quality of coal is 

mostly lignite to sub-bituminous.  Thar is still under-developed and couldn’t find any 

significant contribution the energy mix of the country. However, Dr. Samar Mubarakmand, 
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an eminent scientist of Pakistan, is supervising Thar Coal Power Project, which is based on 

underground gasification of Block V of Thar coal. The whole idea behind this project is to 

develop an underground in situ technique to recover the fuel or exploit the feedstock value of 

coal. Thar coal seams will be transformed into coal gas which could be used for the power 

generation. Baluchistan and Punjab provinces have 217 and 235 million tonnes of coal 

reserves, respectively which range from sub-bituminous A to high volatile bituminous. Most 

of the coal from developed coal mines under the administration of Pakistan Mineral 

Development Corporation (PMDC) is being used in brick kilns. In energy sector, indigenous 

coal contributes only 1% for electricity generation.   

 

Pakistani coal contain about 3-12% sulfur in it. Presence of sulfur in coal renders it of limited 

use due to environmental and technical problems. Consequently, a mixture of high-sulfur 

indigenous coal with low-sulfur imported coal is being used for electricity generation. 

Similarly, huge price is required to pay for the procurement of low-sulfur oil. Therefore, 

biodesulfurization of oil is also an attractive process for oil selling sector, as removal of 

sulfur enhances its price. Hydrodesulfurization (HDS) of fossil fuels is carried out by an 

expensive hydrogenation process for sulfur compounds that use inorganic catalyst at a high 

temperature and pressure. However, thiophenic compounds such as dibenzothiophene (DBT) 

and its derivatives are refractory to HDS. Biotechnology, as an emerging technology, is 

supposed to contribute greatly in solution of dilemmas faced during traditional operations. 

Similarly, the novel developments in biodesulfurization offer environment friendly technique, 

lower operating costs, less stringent processing conditions and cost effective commercial 

scale microbial processes.  

 

Previously, in fossil fuel biotechnology lab of NIBGE, an extensive work has been carried 

out for the removal of inorganic (pyritic) sulfur from fossil fuels, especially from coal. The 

process of coal biodesulfurization has been upscalled up to heap level. Heap leaching was 

carried out at the level of 10 and 20 tonnes coal heaps with 60% sulfur removal efficiency. 

Furthermore, a prototype of 300 tonnes coal heap was set up with a local cement industry and 

75% microbial desulphurization was achieved. It is necessary for biodesulfurization process 

to remove not only inorganic sulfur but also organic sulfur otherwise; the process may not be 
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commercially viable. Therefore, in the present work attempts were made for isolation of 

potent organic sulfur metabolizing (C-S bond cleavage) microorganisms from local 

environments. Optimization of growth effecting parameters like pH, temperature and time 

duration using model organic sulfur containing compounds and fossil fuels was carried out. 

Moreover, acquisition and manipulation of genes responsible for C-S bond cleavage and 

biodesulfurization studies in lab scale fermentors were also carried out. The main objectives 

of the current study were as follows: 

 

OBJECTIVES 

 

1- Screening and taxonomic evaluation of potent organic sulfur metabolizing (C-S bond 

cleavage) microorganisms from local environments. 

2- Optimization of growth effecting parameters like pH, temperature and time duration 

using model organic sulfur containing compounds and fossil fuels. 

3- Acquisition and manipulation of genes responsible for C-S bond cleavage. 

4- Biodesulfurization studies in lab scale fermentors. 
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CHAPTER 2 

 

MATERIALS AND METHODS 

 

2.1 SAMPLE COLLECTION 

  

Different types of soil, sea sand, water, coal and oil sludge samples were collected in sterile 

bags/bottles from various locations for microbial isolation. These samples were brought to 

the laboratory under cold conditions and stored at 4
o
C till further use. Soil samples were 

made into slurries by mixing with sterile distilled water (50%, w/v). Coal samples were 

manually crushed into smaller lumps and were suspended in sterile distilled water (50%, w/v) 

having 100µl of tween 20.  

 

2.2 MICROBIAL ISOLATION  

 

2.2.1. Medium used for the isolation of microorganisms  

 

Isolation of microorganisms was performed using MG-medium (Kirimura et al., 2002). It 

consisted of followings in 1000ml of distilled water: 

 

KH2PO4   2.0g 

K2HPO4  4.0g 

NH4Cl   1.0g 

MgCl2. 6H2O  0.2g  

 

Glucose  5.0g 

Metal Solution  10.0ml 

Vitamin mixture 1.0ml 

DBT   0.54mM 

Basal Salt Solution (BSS) pH 7.0 
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Basal salt solution was sterilized by autoclaving at 121°C temperature and 15psi pressure for 

15min. Glucose was sterilized separately by autoclaving at 121°C temperature and 15 psi 

pressure for 15min.  

 

2.2.1.1 Metal solution  

The metal solution consisted of followings in 1000ml of distilled water: 

Ingredients   

CaCl2   2.0g 

NaCl   1.0g 

FeCl2. 4 H2O  0.5g 

ZnCl2   0.5g 

MnCl2.4H2O  0.5g 

Na2MoO4.2H2O 0.1g 

CuCl2   0.05g 

Na2WO4. 2 H2O 0.05g 

HCl (10M)  10ml  

Metal solution was sterilized by passing through autoclaved 0.2µm nitrocellulose membrane 

filter and was stored in a pre-autoclaved bottle of suitable size at 4ºC till further use.  

 

2.2.1.2 Vitamins mixture 

 The vitamin mixture consisted of followings in 1000ml of distilled water: 

Ingredients     

Calcium pantothenate   400mg 

Inositol    200mg 

Niacin     400mg 

Pyridoxine hydrochloride  400mg 

þ-aminobenzoic acid     200mg 

Cyanocobalamine   0.5mg 

 

Vitamin mix was sterilized by passing through autoclaved 0.2µm nitrocellulose membrane 

filter and was stored in a pre-autoclaved bottle of suitable size at 4ºC till further use.  
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2.2.1.3 Dibenzothiophene (DBT) stock solution 

 

For the addition of an appropriate amount of DBT, which is non-soluble in water, a stock 

solution was prepared (100mM DBT in ethanol) and was filter sterilized using a 0.2m pore 

size polytetrafluoroethylene (PTFE) filter paper. The stock solution was stored at room 

temperature till further use. Basal salt solution (BSS), glucose solution, vitamin mix, metal 

solution and DBT solution all were prepared separately and were mixed together after 

sterilization.  

 

2.2.1.4 Solid medium 

 

Solid medium was prepared as described in section 2.2.1 by adding 0.75% of gelrite to basal 

salt solution as gelling agent.  

 

2.3 ENRICHMENT OF THE MICROBIAL CULTURES FROM ENVIRONMENTAL 

SAMPLES 

 

For enrichment of the bacterial culture, sterilized MG medium was taken in pre sterilized 

Erlenmeyer flasks of 250ml capacity, plugged with cotton. A small amount of each sample 

was inoculated in liquid MG medium and incubated shaken at 30
o
C and 50

o
C for 3-5 days. 

Then aliquots of turbid cultures were transferred into fresh MG medium. Appearance of 

turbidity in experimental flasks was indicative of growth, while in control flasks culture 

media remained clear. 

 

2.4 DEVELOPMENT AND STORAGE OF PURE CULTURE  

 

After 5 sub-cultivations in MG medium, the culture broths were appropriately diluted with 

distilled water and spread onto LB medium (10g Tryptone, 5g Yeast extract, 10g NaCl in 

1000ml of distilled water, pH 7.2) agar plates and incubated at 30ºC and 50
o
C. Colonies 
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appeared after 2-4 days of incubation. The partially separated colonies were picked and 

streaked on fresh LB agar plates. The single colony isolation procedure was repeated for 

three times to testify culture purity. Then well separated colonies formed on these plates were 

again inoculated into liquid MG medium with DBT. Enriched cultures were stored in micro-

tubes containing 50% (v/v) glycerol at –20
o
C and in slants containing LB/MG media at 4

o
C 

till further use. For longer storage the glycerol cultures were also stored at -80
o
C. 

 

2.5 SCREENING OF MICROORGANISMS 

 

Screening studies were conducted to select the microbial strains having organic sulfur 

metabolizing activity. For this purpose the isolated microbial strains were cultivated in 250ml 

Erlenmeyer flasks having 0.54mM of DBT at 30
o
C/50

o
C and 180rpm in an orbital shaking 

incubator. After 3 days, the culture broth from each flask was tested for the production of 

hydroxybiphenyl (2-HBP) through Gibb’s assay (section 2.8.1). The Gibb’s positive isolates 

were used in further studies.  

 

2.6 IDENTIFICATION OF THE ISOLATES  

 

The Gibb’s test positive bacterial isolate Eu-32 was subsequently identified on the basis of 

morphological, biochemical and molecular methods. In case of morphological studies phase 

contrast microscope was used.  

 

2.6.1 Morphological identification 

 

2.6.1.1 Colony morphology studies 
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Colonies that grow on solid media plates (LB or MG) were examined by stereomicroscope 

(Optika SZM-2D, Ireland) and morphological features like colony color, colony form, colony 

elevation, and colony margins were studied. 

    

2.6.1.2 Cell morphology by phase contrast microscopy 

 

Phase contrast microscope (Zeiss Axiovert, MC80, Germany) was used to record cell size, 

shape, morphology, motility and presence or absence of endospores etc. Microscope was 

fitted with a camera to take photographs of peculiar structures. 

 

2.6.2 Biochemical characterization 

 

2.6.2.1 Gram’s staining 

 

Following solutions were prepared for Gram’s staining. 

A. Hucker's crystal violet reagent 

B. Stabilised Lugol-PVP complex 

C. Safranin (counter stain) 

 

A. Hucker's crystal violet reagent: Hucker's crystal violet reagent was made by mixing two 

solutions, solution A and solution B. Solution A was prepared by mixing 2.0g of crystal 

violet in 20.0ml of ethanol (95%). Solution B was prepared by mixing 0.8g of 

Ammoniumoxalate in 80.0ml of distilled water. Then these two solutions were mixed 

together. 

 

B. Stabilised lugol-pvp complex: This solution was made by mixing 1.3g of iodine, 1.0g of 

polyvinypyrroliodine and 2.0g of KI in 100.0ml of distilled water. 

 

C. Counter stain: This solution was prepared by mixing 0.25g safranin and 10.0ml of 

ethanol (95%) in 100.0ml of distilled water.  
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Procedure 

 

A thin film from fresh bacterial culture was spread on a sterile glass slide and was fixed by 

gentle heating on a Bunsen flame. 

1. Then slide was flooded with Hucker's reagent for 1 min. 

2. After that slide was washed by dipping the slide into slow running tap water. 

3. Then the slide was flooded with iodine solution for 1 min. 

4. Slide was placed diagonally in glass box and iodine solution was rinsed off with 

safranin. Then excess amount of fresh safranin was added for 35 seconds. 

5. Slide was washed with water as described under (3). 

6. Allowed the slide to air-dry. 

7. Gram-positive cells appeared purple and Gram-negative cells pink, under the 

microscope. 

 

2.6.3 Catalase test 

 

To test for the enzyme catalase for unknown isolate following procedure was adopted:  

1. Picked the inoculum from plate culture and placed on a slide.  

2. Added one drop of 3% H2O2.  

3. Production of lots of bubbles indicated a positive reaction. 

 

2.6.4 Molecular characterization 

 

Taxonomical identification was performed by 16S ribosomal RNA gene (rRNA) 

amplification and sequencing. Genomic DNA extraction, purification of PCR product, 

cloning and product sequencing was carried out as described under section 2.13.8. The PCR 

mediated amplification of 16S rRNA gene was performed with Bioline Biotaq DNA 

polymerase (UK), 20ng of the template DNA, 0.4μM of each primer, 0.3mM each of 

deoxyribonucleotide triphosphate (dNTPs) mix (Invitrogen), 2.0mM MgCl2 and 10X NH4 

buffer with a final 1X concentration as recommended by the manufacturer. Amplification 



PhD thesis Nasrin Akhtar 

 

40 

 

was achieved with 1 cycle of 5 min of denaturation at 94°C, 30 cycles of 0.45min of 

denaturation at 94°C, 0.45 min of annealing at 50°C and 1.30 min of extension at 72°C, plus 

a final additional extension at 72°C for 10min using a Geneflow thermal cycler, UK. The 

amplified 16S rRNA gene was subsequently sequenced through Source Bioscience, UK 

using the M13 or T7 forward and reverse primers. 

2.6.4.1 Phylogenetic analysis of isolate and recovered dsz genes 

 

The 16S rRNA gene sequence was compared with others in the GenBank databases using the 

National Center for Biotechnology Information (NCBI) basic local alignment search tool 

(BLAST) ―blastn‖ (www.ncbi.nlm.nih.gov). The determination of dsz gene sequence identity 

was performed using the BLAST program ―tblastx‖ of the NCBI. The 16S rRNA gene 

sequences and deduced amino acid sequences of the recovered dsz genes sequences of 

isolated bacteria were compared with other using the ClustalX 1.81 programme (Thompson 

et al., 1997) under the default settings (multiple alignment parameters: gap opening 10.00 

and gap extension 0.20). The aligned sequences were used to construct a distance matrix 

(Jukes and Cantor, 1969) after the generation of 100 bootstrap sets, that was subsequently 

used to construct a phylogenetic tree by a neighbor-joining method (Saitou and Nei, 1987) 

using Treecon for windows (Van de Peer and De Wachter, 1993). The % identity between 

the deduced amino acid sequences and others was determined using the Clone Manager suite 

version 7.0. 

 

2.6.4.2 Nucleotide sequence accession numbers  

 

The partial 16S rRNA gene sequence for isolate Eu-32 (1481bp) is available in the databases 

under accession number DQ386111. The accession numbers (in parentheses) of the other 16S 

rRNA gene sequences used for producing the phylogenetic tree  are  Rhodococcus 

erythropolis IGTS8 (AF001265); Rhodococcus yunnanensis (AY602219); Rhodococcus 

fascians (AB180236); Rhodococcus luteus (AJ576249); Rhodococcus erythreus (X79289); 

Rhodococcus globerulus (X80619); Rhodococcus marinonascens (X80617); Rhodococcus 

http://www.ncbi.nlm.nih.gov/
http://is/
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tukisamuensis  (AB067734); Rhodococcus maanshanensis  (AF416566); Escherichia coli 

(EU130557).   

 

Nucleotide sequences from partial dszA and dszC genes were deposited with Gen-Bank of 

National Center for Biotechnology information (www.ncbi.nlm.nih.gov) under accession 

numbers KF031127 and KF031128 respectively. The dszA & dszC  nucleotide and protein 

sequences used in this study for phylogenetic analysis were obtained from the NCBI and 

their accession numbers are as follows: Rhodococcus erythropolis IGTS8 (AAA99482 & 

AAA99484), Rhodococcus sp. XP (AAP33509 & AAP33510), Rhodococcus sp. SDUZAWQ 

(AAV49165 & AAV49167), Paenibacillus sp. A11-2 (BAA94831 & BAA94833), Bacillus 

subtilis WU-S2B (BAC20180 & BAC20182), Agrobacterium tumefaciens (AAX76900 & 

AAX76902), Mycobacterium sp. G3(BAC41357 & BAC41359), Gordonia alkanivorans 

strain 1B (AAT78716 & AAT78718), Gordonia sp.CYKS2 (AAQ96169 & AAQ96171), 

Gordonia alkanivorans (AAU14817 & AAU14819), Gordonia sp. RIPI (CAJ00733 & 

CAJ00735) and Gordonia amicalis (ABK20068 & ABK20070). 

 

 2.7 OPTIMIZATION OF THE GROWTH AFFECTING PARAMETERS 

 

Physiological characteristics of DBT desulfurization and cell growth were investigated by 

examining the effect of various process variables. In below mentioned optimization studies 

growth was estimated by taking optical density (OD) at 660nm (1.0 OD660nm= 0.4g dry cell 

mass/L) by using double beam spectrophotometer (Camspec MC50, UK). The pH was 

measured by Crison pH meter (GLP 21, EEC). The DBT desulfurization was measured by 

estimating the 2-HBP produced in the culture broth by Gibb’s assay and HPLC analysis of 

the culture extract. All the experiments were run in duplicate.   

 

2.7.1 Effect of DBT concentration 

 

The effect of the initial DBT added in the medium was investigated. The initial DBT 

concentrations used in the study were in a range from 0.1 to 1.0mM. A volume of 100ml of 

MG medium (pH 7.0 adjusted with 1M NaOH) was taken in Erlenmeyer flasks of 250ml 

http://www.ncbi.nlm.nih.gov/
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capacity. Then DBT solution (100mM in ethanol) was added in each flask to a final 

concentration ranging from 0.1-1.0mM with an automated pipette. Each flask was inoculated 

with a freshly grown Eu-32 culture at inoculumn size of 5% (v/v). The flasks were incubated 

at 30ºC in a gyratory shaker at 180rpm for seven days. Samples were taken after each 12 

hours and were tested for change in pH, biodesulfurization of DBT and increase in bacterial 

growth.  

 

2.7.2 Effect of pH 

 

To determine the optimal pH for cell growth and desulfurization activity, the effects of the 

initial pH values were investigated. The MG-media with varying pH values (5-10 with a gape 

of one) were prepared by the addition of 1M HCl or 1M NaOH. A 100ml volume of the 

medium was inoculated (5% v/v) with an overnight grown culture and was incubated shaken 

at 30
o
C and 180rpm. Samples were taken after each 12 hours and were tested for change in 

pH, biodesulfurization of DBT and increase in bacterial growth. 

 

2.7.3 Effect of temperature 

 

To determine the optimal temperature for cell growth and desulfurization activity of DBT, 

the bacterial culture was grown at different temperatures (20, 25, 30, 35, 40 and 45
o
C). For 

this purpose 100ml of MG medium (pH 7.0 adjusted with 1M NaOH) was taken in 

Erlenmeyer flasks of 250ml capacity. Then DBT solution (prepared in ethanol) was added to 

a final concentration of 0.2mM with an automated pipette. Each flask was inoculated with a 

freshly grown bacterial culture at inoculumn size of 5% (v/v). The flasks were incubated at 

different temperatures (20-45ºC) in a gyratory shaker at 180rpm for seven days. Samples 

were taken after each 12 hours and were tested for change in pH, biodesulfurization of DBT 

and increase in bacterial growth. 

 

2.7.4 Effect of carbon sources 
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To investigate the effect of different carbon sources on growth and desulfurization activity of 

DBT, the screened bacterial isolate was grown in 100ml of MG-medium supplemented with 

various carbon sources (sodium citrate, fructose, lactose, ethanol, glutamic acid, sucrose, 

glucose and glycerol). The MG-medium (pH 7.0 adjusted with 1M NaOH) was taken in 

Erlenmeyer flasks of 250ml capacity and was provided with each carbon source at a final 

concentration of 5g/l. The DBT solution (prepared in ethanol) was added to a final 

concentration of 0.2mM. Each flask was inoculated with a freshly grown bacterial culture at 

inoculumn size of 5% (v/v). The flasks were incubated at 30ºC in a gyratory shaker at 

180rpm for seven days. Samples were taken after each 12 hours and were tested for change 

in pH, biodesulfurization of DBT and increase in bacterial growth. 

 

2.7.5 Effect of agitation speed 

 

To investigate the effect of different agitation speeds on growth and desulfurization activity 

of DBT, the screened bacterial isolate was grown in 100ml of MG-medium supplemented 

with 5g/l of glucose as carbon source and 0.2mM of DBT as organic sulfur source at various 

agitation speeds (150, 180 and 210rpm). Flasks were inoculated with a freshly grown 

bacterial culture at inoculumn size of 5% (v/v). The flasks were incubated at 30ºC in a 

gyratory shaker at different agitation speeds for seven days. Samples were taken after each 

12 hours and were tested for change in pH, biodesulfurization of DBT and increase in 

bacterial growth.  

 

2.7.6 Effect of 2-HBP 

 

Inhabitation of cell growth and desulfurization activity by the end product from DBT 

desulfurization was investigated by using various concentrations of 2-HBP in MG medium 

using the screened bacterial isolate. The MG medium having 5g/l of glucose as carbon source 

was supplemented with 2-HBP (0.1, 0.2, 0.3, 0.4 and 0.5mM) in pure form and in 

combination with DBT at fixed concentration of 0.5mM. Experiment was carried out in 

100ml of MG medium (pH 7.0 adjusted with 1M NaOH) taken in Erlenmeyer flasks of 

250ml capacity. Each flask was inoculated with a freshly grown bacterial culture at 
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inoculumn size of 5% (v/v). The flasks were incubated at different temperatures 30ºC in a 

gyratory shaker at 180rpm for seven days. Samples were taken after each 12 hours and were 

tested for change in pH, biodesulfurization of DBT and increase in bacterial growth. 

    

2.8 ANALYTICAL METHODS 

 

Following analytical methods were used during DBT desulfurization studies: 

 

2.8.1 Gibb’s assay for 2-hydroxybiphenyl (2-HBP) 

 

Gibb’s assay is a colorimetric method and was used to detect and quantify the accumulated 

phenolic compounds (2-HBP) in the culture by using Gibb’s reagent (2,6-Dichloroquinone-4-

Chloroimide). The reagent reacts with aromatic hydroxyl group of 2-HBP to form a blue-

coloured complex that can be monitored spectrophotometrically. In this method 150μl 

reaction mixture was removed from a growing culture and mixed with 30μl of 1M NaHCO3 

(pH 8.). A volume of 20µl of Gibb’s reagent (1mg/ml in ethanol solution)] was then added, 

and the reaction mixture was then agitated at room temperature for 15-45min for full color 

development. The absorbance of the reaction mixture was determined at 595nm and was 

compared with a 2-HBP generated standard curve (Akhtar et al., 2009). 

 

2.8.2 Turbidometric assay for sulphate  

 

The sulphate concentration was determined turbid-metrically method (Dodgson, 1961). An 

aliquot (20ml) was filtered through membrane filter (pore diameter 0.4µm) to remove all 

cells. The filtrate was transferred to a volumetric flask (100ml) containing 20ml electrolyte 

solution (60g NaCl, 5.125ml HCl/250ml of distilled water) and 15ml BaCl2 solution (30g 

BaCl2.2H2O/250ml of distilled water). Then distilled water was added to make the final 

volume 100ml; within 5min the optical density was measured at 405nm.  

 

2.8.3 Extraction of metabolites for HPLC and GC-MS analysis  
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During the course of bacterial growth, aliquots of the cultures (5ml) were removed and 

acidified to pH ≤2.2 by the addition of 6M HCl and extracted with 4 ml of ethyl acetate. The 

extract was filtered through a 0.2μm pore size (Millipore) membrane filter for HPLC and 

GC-MS analysis.  

 

2.8.3.1 HPLC analysis 

Dibenzothiophene and 2-hydroxybiphenyl were quantified using high performance liquid 

chromatography at 245nm using standard calibration curve (HPLC, Varian, Australia) 

equipped with a Hyperesil C18 column (Thermo Hypersil-Keystone, UK). The mobile phase 

for HPLC was 60% acetonitrile-water and the flow rate was 1.0ml/min.  

 

2.8.3.2 GC-MS analysis 

 

The molecular structures and masses of the metabolites produced from DBT desulfurization 

were analyzed using gas chromatography-mass spectrometry (GC-MS) (TRACE GC 

ULTRA, Thermo Electron Corp., USA). The carrier gas was helium and flow rate was 

1.0ml/min. The injection temperature was maintained at 280
o
C. The oven temperature was 

programmed to start at 40
o
C, which was held for 3min, and was increased to a final 

temperature of 280
o
C at a rate of 10

o
C/min.  The analysis was carried out in full scan and in 

SIM (Selective Ion Mass) mode using a TR-5 column (0.25mm id. X 30m length; 5% Phenyl 

Polysiloxane). The interpretation of each spectrum was performed by NIST mass spectral 

search programme (version 2.0 d, USA). For GC-MS analysis samples were concentrated 

under nitrogen gas prior to injection.  

 

2.9 BIODESULFURIZATION OF COAL 

 

2.9.1 Coal samples 

 

Coal samples taken from Dukki coal mine, Baluchistan and Dandot coal mine, Punjab were 

used in these studies. Coal lumps were crushed in jaw crusher, further pulverized in ring mill 

grinder (FRITSCH, Germany) and separated into various particle size fractions by ASTM 
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sieving machine. The samples were dried in an oven to constant weight and analyzed for total 

sulfur, inorganic sulfur (pyritic sulfur), sulfate sulfur and ash contents. Besides, 50% (w/v) 

slurries of the powdered coal samples were made in sterile distilled water to measure their 

pH values. 

2.9.2 Sterilization of coal 

 

Finely grounded coal was mixed with the liquid growth (MG) medium then sterilized in the 

autoclave at 120
o
C and 15psi pressure for 30min, the medium was kept at room temperature 

for 18 to 24 hours (overnight). The same autoclaving cycle was repeated and proceeded with 

the experiment. 

 

2.9.3 Studies on process variables for biodesulfurization of coal 

 

The effect of different process parameters like coal pulp density, pH, agitation speed and 

mesh size was studied on biodesulfurization of Dukki coal. In each case total experimental 

run was for 25 days. Changes in pH during biodesulfurization of coal were determined by 

measuring the pH of periodically taken liquid samples using a digital pH meter (GLP 21, 

Crison, EEC). The microbial desulfurization activity was determined by analysis of the 

desulfurized coal on automated CHNS analyzer (PE 2400, Perkin Elmer, USA).  

 

2.9.3.1 Effect of pulp density  

 

The effect of different coal pulp densities was studied on the rate of biodesulfurization of 

coal in MG medium with 2.5%, 5%, 10%, 15% and 20% (w/v) coal pulp densities. 

Experiments employing growing cell culture (1x10
6
 cells/ml) were conducted in 250ml 

Erlenmeyer flasks containing 100ml of MG medium supplemented with finely ground coal 

(40-80 mesh) at 180rpm agitation, initial pH 7.0 and temperature 30
o
C.  

 

2.9.3.2 Effect of pH 
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Initial medium pH effect was studied on biodesulfurization of coal in the range of 4-9, each 

with a gap of one. Desulfurization experiments were conducted using 5% coal pulp density 

by employing growing cell culture (1x10
6
 cells/ml) in 250ml Erlenmeyer flasks containing 

100ml of MG medium supplemented with finely ground coal (40-80 mesh) at 180rpm 

agitation and temperature 30
o
C.  

2.9.3.3 Effect of agitation speed 

 

The effect of different agitation speeds ranges from 150-240rpm was studied on 

biodesulfurization of Dukki coal. Desulfurization experiments were conducted using 5% coal 

pulp density by employing growing cell culture (1x10
6
 cells/ml) in 250ml Erlenmeyer flasks 

containing 100ml of MG medium supplemented with finely ground coal (40-80 mesh) at 

temperature 30
o
C and different agitations (150, 180, 210 and 240 rpms).  

 

2.9.3.4 Effect of mesh size 

 

Effect of different mesh size coal particles was studied on biodeuslfurization of coal. The 

mesh numbers used were 20 (850µm), 40 (425µm), 80 (180µm), 100 (150µm), 140 (106 µm) 

and 400 (38µm). Desulfurization experiments were conducted using 5% coal pulp density by 

employing growing cell culture (1x10
6
 cells/ml) in 250ml Erlenmeyer flasks containing 

100ml of MG medium supplemented with different mesh numbers coal at temperature 30
o
C 

and 180rpm.  

 

2.9.4 Fermentor studies 

 

Biodesulfurization of coal in locally fabricated fermentor (Bio-Fer 001, ICCC) was also 

carried out. Fermentor having 1L working volume was run at 5% (w/v) coal pulp density 

with air flow rate 100ml/min, temperature 30ºC agitation speed 180rpm and pH maintained 

at 7.0 either by 1M NaOH or 1M HCl solution. Samples were taken at regular time intervals 

and analyzed for total sulfur contents on automated CHNS analyzer (PE 2400, Perkin Elmer 

series, USA).  

 



PhD thesis Nasrin Akhtar 

 

48 

 

2.10 ANALYTICAL METHODS FOR COAL 

 

2.10.1 Separation of coal for CHNS analysis 

 

Coal samples obtained from biodesulfurization experiments were processed by differential  

centrifugation and by boiling to yield clean coal samples suitable for the analysis. Coal 

samples were first shaken vigorously to dissociate bacteria that may be attached to coal 

particles. The aqueous suspension was then centrifuged at 5000rpm for 5min. The 

supernatant containing bacteria was carefully removed by aspiration. The pellet, which 

contained coal, was resuspended in water and transferred to a centrifuge tube, shaken 

vigorously, and then centrifuged at 5000rpm for 5min. The supernatant was removed, and the 

pellet/coal sample was dried.  

 

2.10.2 Determination of sulfur and iron contents in coal 

 

Total sulfur content of the samples was determined by analysis on Elemental Analyzer 

(Perkin Elmer, USA) in CHNS mode. To determine the pyritic sulfur content, 1.0g of 

powdered coal samples were refluxed separately with 2M HNO3 for 1.5h and with 0.4M HCl 

for 0.5h (Kargi and Robinson, 1985). An aliquot from each of the extracts was 

spectrophotometrically analyzed for total iron concentration by a modified 1,10-

phenanthroline method as described below (Furman, 1963). The difference in iron 

concentrations of HNO3 and HCl extracts was used to calculate the pyritic sulfur content of 

coal. The sulfate sulfur content was determined from the HCl extract turbidimetrically 

(Dodgson, 1961). The values of pyritic and sulfate sulfur contents were added to obtain the 

total inorganic sulfur. The difference between total sulfur and total inorganic sulfur conferred 

organic sulfur content of the coal samples. 

 

Concentration of ferrous and total iron (ferrous + ferric) in the sample solution was 

determined spectrophotometrically by a modified 1,10-phenanthroline method (Furman, 

1963). It contains the following reagents which were prepared in distilled water. 
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Reagents:  

Sodium acetate:    10 % (w/v) solution  

Hydroxylamine hydrogen chloride:  10 % (w/v) solution  

1, 10-phenanthroline    1.0 % (w/v) solution  

 

Procedure 

 

For determining total iron, 1.0ml aliquot of the sample was dispensed in 25ml measuring 

flask and added 2.0ml of sodium acetate solution.  Then added 1.0ml of hydroxylamine (10% 

w/v) and 1.0ml of 1,10-phenanthroline (1% w/v) solutions. Allowed to stand for 15min for 

the development of vivid red color, made the volume up to the mark with distilled water, 

mixed well and measured the absorbance at 510nm against distilled water as reference on a 

double beam UV-Visible spectrophotometer (Camspec, UK). The same procedure was 

adopted for the determination of ferrous ions but with the exclusion of hydroxylamine 

hydrogen chloride. Concentration of iron was determined by comparing the absorbance of 

the samples with that of 1-10 ppm iron standards, run similarly. 

 

2.10.3 Proximate analysis  

 

A typical proximate analysis includes the moisture, ash, volatile matter, and 

fixed carbon contents. These parameters were determined by 

Thermogravimetric analyzer (TGA-701, LECO, USA).  

 

2.10.4 Determination of calorific value of coal 

 

To determine the calorific value of the coal the biotreated coal samples were prepared as 

described in section 2.10.1. Calorific value (CV) of coal was determined by using Bomb 

Calorimeter (AC500, LECO, USA). The calorific value of the sample was determined by 

combustion of the sample (about 1.0g) in a controlled environment i.e. the combustion vessel. 

An electronic thermometer measured the temperature of the water, which surrounded the 
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combustion vessel. The heat released during combustion of the sample was proportional to 

the calorific value of the sample.  

 

2.10.5 Field Emission Scanning Electron Microscopic (FESEM) studies 

 

Biotreated coal samples were taken directly from the media and mounted on specimen stubs  

with colloidal graphite paint, dried for 4 hours at 37
o
C in an oven. Dried specimen was then 

placed in vacuum evaporator (JEOL, JEE 420, Japan) and obtained a vacuum of 3x10
-4

 Pa. 

The sample was sputter-coated with a layer of carbon at an angle of 90
o 
for 40 seconds. Then 

sample was removed after releasing the vacuum and examined with a JEOL, JSM-7500S 

(made in Japan) Field Emission Scanning Electron Microscope (FESEM) operated at 5kV. 

 

2.11 BIODESULFURIZATION OF DIESEL OIL 

 

2.11.1 Oil samples 

 

Diesel oil samples having different sulfur contents were provided by Parco oil refinery, 

Pakistan. These include the high speed diesel oil (HSD) and straight run diesel oil (SRD). 

Only the HSD (due to its higher sulfur contents) was used for this study. Some of the 

characteristics of the diesel oil sample were estimated including specific gravity, sulfur 

contents, flash point, cloud point and Pour point. The different metal contents (Cu, Fe, Zn, 

Cd, Ni, Ag, Mn, Mg and V) of the samples were estimated by using atomic absorption 

spectrophotometer (AA 240FS, Varian, Australia).   

 

2.11.2 Ashing of oil samples  

 

The diesel oil samples were treated by using the method described by (Milner et al., 1952). 

The oil sample was treated with concentrated sulphuric acid (2g) and heated on a hot plate 

until dried in a ceramic crucible. The crucible was transfer to a muffle furnace and ashed at 

550
o
C until all traces of carbon were removed. This was indicated by the absence of a 

charcoal colour and took about 30min. After cooling, the sample was treated with 



PhD thesis Nasrin Akhtar 

 

51 

 

concentrated hydrochloric acid (6ml) and filtered through a Whatman filter paper No 1. The 

solution was then made up to 25ml with distilled water. This sample was used for the 

estimation of metals present in oil by atomic absorption spectrophotometer (AA 240FS, 

Varian, Australia) 

 

 

2.11.3 Studies on process variables for biodesulfurization of diesel oil 

 

The key parameters evaluated were effect of oil pulp density and agitation speed on 

biodesulfurization of diesel oil. 

 

2.11.3.1 Effect of oil pulp densities  

 

The oil pulp densities used in the study were 2.5, 5, 10, 15, 20 and 25%. A 100ml volume of 

MG medium (pH 7.0 adjusted with 1M NaOH) was taken in Erlenmeyer flasks of 250ml 

capacity. Each flask was inoculated with a freshly grown bacterial culture at inoculumn size 

of 5% (v/v). The flasks were incubated at 30ºC in a gyratory shaker at 180rpm. Samples were 

taken at regular time intervals and were centrifuged at 10,000rpm for 10min in order to 

separate the mixture of oil, water and cells. To ensure that any observed change was strictly 

cell-dependent, parallel experiments were performed without cells. The pH of the recovered 

samples was measured by Crison pH meter (GLP 21, EEC). 

 

2.11.3.2 Effect of agitation speed 

 

In order to check the effect of different agitations speeds on biodesulfurization of diesel oil, 

the oil was desulfurized in MG medium supplemented with 5% of diesel oil and agitated at 

150, 180, 210, and 250rpm. A 100ml volume of MG medium (pH 7.0 adjusted with 1M 

NaOH) was taken in Erlenmeyer flasks of 250ml capacity. Each flask was inoculated with a 

freshly grown bacterial culture at inoculumn size of 5% (v/v). The flasks were incubated at 

30ºC in a gyratory shaker at 150, 180, 210, and 250rpms. Samples were taken at regular time 

intervals and were centrifuged at 10,000rpm for 10min in order to separate the mixture of oil, 
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water and cells. To ensure that any observed change was strictly cell-dependent, parallel 

experiments were performed without cells. The pH of the recovered samples was measured 

by Crison pH meter (GLP 21, EEC). 

 

2.11.4 Fermentor studies 

 

Fermentor (Bio-Fer 001, ICCC) having 1L working volume was run at 5% (v/v) oil pulp 

density with air flow rate 100ml/min, temperature 30ºC agitation speed 180rpm and pH 

maintained by 1M NaOH or 1M HCl solution. Samples were taken at regular time intervals 

and were centrifuged at 10,000rpm for 10min in order to separate the mixture of oil, water 

and cells.  

 

2.12 ANALYTICAL PROCEDURES FOR OIL  

 

2.12.1 Estimation of total sulfur  

 

Total sulfur content of the oil samples was determined by analysis on Elemental Analyzer 

(PE 2400, Perkin Elmer series, USA) in CHNS mode. 

 

2.12.2 Fourier Transform Infrared (FTIR) spectrometer studies 

 

Oil samples were also analyzed by FTIR spectrophotometer. Fourier Transform Infrared 

(FTIR) spectra of biotreated and untreated oil were collected using Perkins-Elmer spectrum 

BX FTIR system (Beaconsfield Bucks, England). A small amount of the sample was applied 

on KBr cell in FTIR instrument. The samples were equilibrated for a short time in air. The 

spectra were recorded within the range of 400-4000cm
-1

 at 16 scans and 8cm
-1

 resolution. 

The background obtained from a scan of empty cell was automatically subtracted from the 

sample spectra.  

 

2.13 ACQUISITION AND MANIPULATION OF C-S BOND CLEAVING GENES  
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2.13.1 Total genomic DNA isolation  

 

Genomic DNA was isolated from liquid bacterial culture cultivated in MG medium 

supplemented with 0.54mM DBT (harvested during the Log phase) by using the cetyl 

trimethylammonium bromide (CTAB) method as follows (Ausubel et al., 1995) and stored at 

–20
o
C till further use as follows:  

 

1. Bacterial culture was centrifuged for 5min at 10,000rpm to get cell pellet. Pellet was 

resuspended in 576µl of TE buffer by repeated pippetting. Then 30µl of 10% SDS 

and 3µl of proteinase K (20mg/ml) were added, mixed and incubated at 37
o
C for 1 

hour. 

2. 100µl of 5M NaCl were added. Then 80µl of CTAB/NaCl solution was added and 

mixed by inverting the tubes several times. After mixing, tubes were incubated at 

65
o
C for 10min. 

3. Equal volume of chloroform/isoamylalcohol (24:1) was added in each tube, and 

mixed gently by inverting the tubes to form an emulsion. 

4. Tubes were microcentrifuged for 5min and the supernatant was transferred to a fresh 

tube.  

5. Equal volume of phenol/chloroform/isoamylalcohol (25:24:1) was added in each tube, 

and microcentrifuged for 5min. The supernatant was transferred in a fresh tube. 

6. Then 0.6 volume of isoproponol was added in the supernatant and mixed gently until 

DNA got precipitated.  

7. Each tube was allowed to stay at –20˚C for 1 hour.  

8. Microcentrifuged the precipitated mixture briefly and discarded the supernatant. 

Washed the DNA pellet with 1.0ml of 70% ethanol.  

9. Suspended the DNA pellet in appropriate volume of deionized H2O.  

10. Quality of DNA was checked by running on 1% agarose gel. 

11. DNA quantity was determined on Nano Drop 1000 spectrophotometer, Thermo 

Scientific USA. 

 

2.13.2 Plasmid DNA isolation by alkaline denaturation method 
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For isolation of plasmid DNA following procedure was used:  

1. Bacterial culture was centrifuged for 5min at 10,000rpm to get cell pellet. 

2. Resuspended the pelleted cells in 0.5ml of solution I (50mM glucose, 25mM Tris-HCl 

[pH 8.0], 10mM EDTA containing 10mg of lysozyme per ml). Incubated at 37°C for 

30min. 

3. Place a 100µl aliquot of cell mix in four Eppendorf tubes. To each tube added 200µl of a 

freshly made solution of 0.2N NaOH, 4% sodium dodecyl sulfate (SDS). Incubated on 

ice for 10 min. 

4. Then added 150µl of 5M potassium acetate (pH 5) and incubated on ice for an additional 

10min. 

5. Samples were spun in a microcentrifuge (5min at room temperature and maximum speed). 

Removed 400µl of supernatant from two tubes and pool. 

6. Added 400µl of liquid phenol. Mixed solution gently and then added 400µl of chloroform. 

Mixed and centrifuged for 5min in a microcentrifuge at room temperature and maximum 

speed. 

7. Transferred the 750µl of the aqueous-phase solution to a clean tube. Precipitated DNA by 

adding an equal volume of isopropanol. Mixed gently and incubated at room temperature 

for 30min. 

8. Collected plasmid DNA by a 15min centrifugation in a microcentrifuge. 

9. Washed the DNA pellets in 80% ethanol. Dry briefly in air. Resuspended each pellet in 

25µl of deionized water. 

10. Apply 5 to 10µl of DNA solution to a 0.55% agarose gel. Stain DNA with ethidium 

bromide (10mg/ml) after electrophoresis (30-50V) in 40mM Tris-acetate, 1mM EDTA 

(1X TAE) buffer. 

 

2.13.3 Preparation of agarose gel (1%) for DNA electrophoresis 

 

1. For 1% agarose gel, desired amount of agarose was taken in a flask containing TAE 

buffer (1.0X) and was melted in microwave oven.  

2. Melted agarose was cooled to 45-55°C and poured onto the gel-casting tray. A comb 

was inserted into it.  
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3. Air bubbles were removed, if any, underneath the comb or on the surface of gel and 

the gel was allowed to solidify at room temperature.  

4. After solidification of gel, the comb was removed carefully to avoid tearing of wells.  

5. The gel casting tray, containing gel, was placed in electrophoretic tank, having 1.0X 

TAE buffer in it. An aliquot of 2l ethidium bromide (10mg/ml) was added to the 

tank. 

6.  DNA samples were mixed with appropriate volume of loading dye and loaded into 

the wells with a micropipette.  

7. Voltage was set at 70V. Movement of dye indicated the migration of DNA from 

anode to cathode through gel. 

8. When dye covered the distance sufficient for separation of DNA fragments, the 

power supply was turned off.  

9.  DNA fragments were visualized under UV light in gel documentation system (Bio-

Rad) and photographed. 

 

2.13.4 Primers used to PCR amplify the dszABC genes  

 

Two types of oligonucleotide (non-degenerate and degenerate) were used in order to amplify 

the dszABC gene sequences of Rhodococcus spp. Eu-32 (Table 2.1). Non-degenerate, 

polymerase chain reaction (PCR) primers were based on the 5' and 3' termini of dsz genes of 

Rhodococcus sp. SDUZAWQ, Rhodococcus erythropolis IGTS8, Rhodococcus sp. XP and 

Agrobacterium tumefaciens. The nucleic acid sequences of the degenerate PCR primers were 

designed using conserved amino acid sequences of DBT-desulfurizing enzymes from R. 

erythropolis IGTS8 (DszA AAA99482.1, DszB AAA99483.1, DszC AAA994 84.1), 

Paenibacillus sp. A11-2 (TdsA BAA94831.1, TdsB BAA 94832.1, and TdsC BAA94383.1), 

B. subtilus WU-S2B (BdsA BAC20180.1, BdsB BAC 20181.1, and BdsC BAC 20182.1) and 

G. alkinovorans strain 1B (DszA AAT787 16.1, DzsB AAT78717.1, and DszC 

AAT78718.1). Oligonucleotides for PCR amplification of dszABC genes were purchased 

from Integrated DNA Technologies, Inc., UK. 
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Table 2.1 List of primers used for the PCR amplification of dszABC genes. 

A.  Non-degenerate primers 

 

Primer 

 

Sequence 

dszA Forward 5'-CACCATGACTCAACAACGACAAATGC-3' 

dszA Reverse   5'-TCATGAAGGTTGTCCTTGCAG-3' 

dszB Forward 5'-CACCATGACAAGCCGCGTCGACCC-3' 

dszB Reverse 5'-CTATCGGTGGCGATTGAGGC-3' 

dszC Forward 5'-CACCATGACACTGTCACCTGAAAAGC-3' 

dszC Reverse   5'-TCAGGAGGTGAAGCCGGGAA-3' 

AF 5'-CACCGACGCATACGCGATGACTCAACAAC-3' 

AR 5'-CGACGCGGCTTGTCATGAAGGTTGTCCT-3'  

AEu-32F 5'-CGG GGA GGG TTT CTC GAC CAC GA-3' 

Eu2AF 5'-CGACGCCACCCTCCCGCGGAGTG-3' 

 

B. Degenerate primers 

DAF 5'-CATYTDGCCGGKTTYTTYKCRGC-3'  

DAR 5'-CGDTSCTGCARMABMGGMACCAC-3' 

DA44F 5'-CACCGCSCGBACHCTSGAGCG-3' 

DA230R 5'-CCSGCCTGMADGATSACMGG-3'  

DB67F 5'-GCYTACACCCGHTTTGGBGG-3'  

DB353R 5'-AGRAATTSSGGDGCCGCCCA-3' 

DB254F 5'-GCSAGYGTBTGGACGGTCAGC-3'  

DA413F 5'-GASGARTTYGTCGACMARGTGGT-3'  

ARTLERG-AF   5'-GCSCGKACHCTSGAGCGSGGC-3' 

RYDRADEFL-AR   5'-AAYTCRTCRGCVCGGTCRTABCG-3'  

GNASSENN-CF 5'-GGRAAYGCMTCCAGCGARAACAA-3' 

GFDRFWR-CR 5'-GTYGCGCCARAASCGGTCRAADCC-3' 

AYTRFGG-BF 5'-GCYTACACCCGHTWTGGBGG-3' 

ASVWTVS-BR 5'- GCTGACCGTCCAVACRCTSGC-3' 

GLSTL SSH-AR 5'-TGRCTKGAYAGSGTMGASARWCC-3' 
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2.13.5 Desulfurization positive strain of Rhodococcus erythropolis IGTS8 

 

In order to check the specificity of the PCR primers and sensitivity of the polymerase chain 

reaction, for amplification of desulfurizing genes, a positive culture of Rhodococcus 

erythropolis IGTS8 was obtained from Dr. John Kilbane, Illinois Institute of Technology, 

USA as a gift. 

 

2.13.6 The DNA PCR 

 

The PCR amplifications using non degenerate oligonucleotide primers were performed with 

Pfx50 DNA polymerase (Invitrogen, California, USA), 20ng of the template DNA, 0.4μM of 

each primer, 0.3mM each of deoxyribonucleotide triphosphate (dNTP) mix (Invitrogen), and 

1.2mM MgSO4 in 10X Pfx50 PCR buffer recommended by the manufacturer. Amplification 

was achieved with 1 cycle of 5min of denaturation at 95°C, 30 cycles of 1min of denaturation 

at 95°C, 1min of annealing at 51.8°C (for dszA), 55°C (for dszB), 56.7°C (for dszC) and 2 

min of extension at 72°C, plus a final additional extension at 72°C for 15min with a 

Geneflow, thermal cycler, UK.  

 

The PCR amplifications using degenerate oligonucleotide primers were performed with 

Bioline Biotaq polymerase (UK), 20ng of the template DNA, 0.4μM of each primer, 0.3mM 

each of deoxyribonucleotide triphosphate (dNTP) mix (Invitrogen), 2.0mM MgCl2 and 10X 

NH4 buffer with a final 1X concentration as recommended by the manufacturer. 

Amplification was performed by both normal and touchdown gradient PCR amplification 

(Table 2.2). 

 

2.13.7 Extraction of DNA from agarose gel (Gel extraction)  

 

Gel extraction was done by using NucleoSpin Extract II Gel Extraction Kit Instruction 

Manual as follows: 

 

1. Excised the DNA fragments from the agarose gel with a clean, sharp scalper. 



PhD thesis Nasrin Akhtar 

 

58 

 

2. Weighed the gel in a colourless tube. Added 6 volume of buffer NT to 1 volume of 

gel (100mg ~200µl). 

3. Incubated at 50
o
C for 10min (or until the gel has completely dissolved). Gel was 

dissolved by vortexing the tube every 2-3min during the incubation. 

4. Placed a NucleoSpin Extract II column in a 2ml collection tube. 

5. To bind DNA, applied the sample to the NucleoSpin Extract II column, and 

centrifuged for 1min. 

6. Discarded the flow-through and placed NucleoSpin Extract II column in the same 

collection tube. 

7. To wash, added 0.7ml of buffer NT3 to NucleoSpin Extract II column and 

centrifuged for 1min. 

8. Discarded the flow-through and centrifuged the NucleoSpin Extract II column for an 

additional 2min at 13,000rpm. 

9. Placed the NucleoSpin Extract II column into a clean 1.5ml micro centrifuge tube. 

10. To elute DNA, added 50µl of buffer NE or H2O to the centre of the NucleoSpin 

Extract II column and incubated at room temperature for 1min, and then centrifuged 

for 1min at 13000rpm.  

11. DNA quantity was determined on Nano Drop 1000 spectrophotometer, Thermo 

Scientific, USA. 

 

2.13.8 Cloning of the PCR products 

 

2.13.8.1 LB plates with Ampicillin 

 

The LB plates with ampicillin were prepared and were used to allow to grow only the 

colonies harboring the transformed plasmid. LB medium with 1.5% agar was prepared in 

distilled water. Medium was autoclaved and allowed to cool to 50°C before adding 

ampicillin to a final concentration of 100µg/ml. Poured 30–35ml of medium into 85mm petri 

dishes. Let the agar harden and plates were stored at 4°C for up to 1 month or at room 

temperature for up to 1 week. 
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Table 2.2 Touchdown gradient PCR profile  

 

Steps Temperature (
o
C) Time (min) 

1 95 5:00 

2 95 0:30 

3 63 0:45 

4 72 0:45 

5 95 0:30 

6 61 0:45 

7 72 0:45 

8 95 0:30 

9 59 0:45 

10 72 0:45 

11 95 0:30 

12 57 0:45 

13 72 0:45 

14 95 0:30 

15 55 0:45 

16 72 0:45 

17 95 0:30 

18 53 0:45 

19 72 0:45 

20 95 0:30 

21 51 0:45 

22 72 0:45 

23 95 0:30 

24 49 0:45 

25 72 0:45 

26 95 0:30 

18 53 0:45 

19 72 0:45 

20 95 0:30 

21 51 0:45 

22 72 0:45 

23 95 0:30 

24 49 0:45 

25 72 0:45 

26 95 0:30 

27 49
 o

C   -to-  64
 o
C  gradient 0:45 

28 72 1-2 min  
(depends upon the product size) 

29 Go to step 26   for 25 times 

30 72 10:00 

31 8 Hold 



PhD thesis Nasrin Akhtar 

 

60 

 

Amplified DNA was purified with a NucleoSpin Extract II gel extraction kit (Macherey-

Nagel, Germany) as described below. 

 

2.13.8.2 LB plates with Ampicillin/IPTG/X-Gal 

 

Solid medium LB plates were made with ampicillin as above then 40µl of 100mM IPTG and 

40µl of 40mg/ml X-Gal was spreaded over the surface of an LB/ampicillin plate and allowed 

to absorb for 30 minutes at 37°C prior to use. For TOP10 competent cells, IPTG was not 

used.  

 

2.13.8.3 Cloning reaction  

 

Cloning reaction for pET 100/D-TOPO (Fig. 2.1) and pGEM-TEasy (Fig. 2.2) vector is given 

in Table 2.3. 

 

Table 2.3 Cloning reaction for pET 100/D-TOPO and pGEM-TEasy vector. 

Reagents pET 100/D-TOPO pGEM-TEasy 

Fresh PCR product 0.5 to 4.0μl 0.5 to 4μl 

Buffer (2X) - 5.0μl 

Salt Solution 1.0μl - 

Vector 1.0μl 1.0μl 

T4 ligase - 1.0μl 

Deionized water to a final 

volume of 

6.0μl 10.0μl 

 

In case of pET 100/D-TOPO the reaction mixture was incubated for 5 minutes at room 

temperature (22-23°C) while the reaction mixture for pGEM-TEasy vector was incubated 

overnight at 4°C.  
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2.13.8.4 Transforming one shot Top10 competent cells 

 

Escherichia coli TOP10 one shot competent cells (Invitrogen, USA) were used as host strains 

for general cloning studies. Transformation was carried out as followed: 

 

1. 5μl of the cloning reaction was added into a vial of one shot TOP10 chemically 

competent E. coli and mixed gently.  

2. Incubated on ice for 30 minutes. 

3. Heat-shocked the cells for 30 seconds at 42°C without shaking. 

4. Immediately transferred the tubes to ice. 

5. 250μl of the LB medium was added in the mixture. 

6. Caped the tube tightly and incubated shaken the tube horizontally (200rpm) at 37°C 

for 1 hour. 

7. Spreaded 100-200μl from each transformation tube on a pre warmed selective LB 

plates with ampicillin and incubated overnight at 37°C.  

8. Growth appeared in the form of blue and white colored colonies. Prepared LB liquid 

media, autoclaved it and after cooling added ampicillin in concentration of 100mg/ml 

in it and poured 5ml of media in each test tube. Picked up ~5 pure single white 

colonies from cultured plates with the help of sterilized pipette tips and inoculated 

into the liquid medium. Test tubes were placed overnight in shaker at 37
o
C and 

200rpm. 

 

2.13.8.5 Plasmid isolation (Miniprep) 

 

Plasmid isolation was carried out using Quantum prep Plasmid Miniprep Kit (Fermentas) 

according to the instruction manual. 

1. All centrifugation steps were performed at maximum speed (12-14,000rpm). 

2. Transferred an overnight culture (1-2ml) of plasmid containing cells to a micro- 

centrifuge tube. Pelleted the cells by centrifugation for 30 seconds. Removed all the 

supernatant by aspirating. 
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3. Added 200µl of the cell resuspension solution and vortex or pipetted up and down 

until the cell pellet was completely resuspended. 

4. Added 250µl of cell lysis solution and mixed gently by inverting the caped tubes 

about 10 times (do not vortex).  

5. Added 250µl of neutralization solution and mixed gently by inverting the caped tubes 

about 10 times (do not vortex).  

6. Pelleted the debris for 5 minutes in a micro-centrifuge. A compact white debris pellet 

formed along the side or bottom of tube. The supernatant at this step contained the 

plasmid DNA. 

7. Transferred the clear lysate to a spin filter, added 200µl of thoroughly suspended 

matrix, and then pipetted up and down to mix. When matrix had been added to the 

samples mix and centrifuge for 30 seconds. 

8. Removed the spin filter from tube, discarded the filtrate at the bottom of tube and 

replaced the filter in the same tube. Added 500µl of wash buffer and washed the 

matrix by centrifugation for 30 seconds. 

9. Removed the spin filter from tube, discarded the filtrate at the bottom of the tube and 

replace the filter in the same tube. Added 500µl of wash buffer and washed the matrix 

by centrifugation for 2 minutes to remove residual traces of ethanol. 

10. Removed the spin filter and discarded the micro-centrifuge tube. Placed the filter in 

one of the 1.5ml collection tubes, which accommodated the spin filter. Added 100µl 

of deionized water or TE buffer. Eluted the DNA by centrifugation for 1minute at top 

speed.  

11. Discarded the spin filter and stored the eluted DNA at –20
o
C. 

 

2.13.8.6 Digestion of miniprep 

 

Digestion of miniprep was carried out as follow:  

Reaction mixture contained following for pET100/D-TOPO vector: 

Nhe 1    0.5l 

Sac 1    0.5l 
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Buffer 1   1.0l 

Plasmid DNA   1.0l (200-300 ng/l) 

Nanopure water   6.9l 

Total volume    10l 

Reaction mixture contained the following for pGEM-TEasy vector: 

EcoR1    1.0l 

Buffer 1   1.0l 

Plasmid DNA   1.0l (200-300 ng/l) 

Nanopure water   7.0l 

Total volume    10l 

Reaction mixtures were incubated at 37C for 3 hours.  

 

2.13.8.7 Selection of clones containing inserts for sequencing 

 

Selection of clones was carried out after digesting plasmid DNA with restriction enzymes. 

Only those clones, which contained an observable insert after the digestion reaction, were 

sequenced commercially using the M13-forward and M13-reverse primers (Invitrogen) by 

Source Bioscience, UK. Cloned fragments were subsequently sequenced through Source 

Bioscience, UK using the M13 or T7 forward and reverse primers. 

Phylogenetic analysis of the recovered dsz genes was carried out as described in section 

2.6.4.1. 

 

2.13.9 Blast analysis of the sequenced genes 

 

Homology searches were made against the GenBank nucleotide databases by using BLASTN 

and TBLASTX (Altschul et al., 1997) for the predicted nucleotide matches and ORFs.  
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Fig. 2.1 pET100/D-TOPO vector circle map (Invitrogen, USA; www.invitrogen.com). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2 pGEM-TEasy vector circle map (Promega, USA; www.promega.com). 

 

 

 

 

http://www.invitrogen.com/
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CHAPTER 3 

 

RESULTS AND DISCUSSION 

 

3.1 SAMPLE COLLECTION AND DESCRIPTION  

 

Samples collected from various places for the isolation of potent organic sulfur metabolizing 

microorganisms were soil, sea sand, water, coal and oil sludge in nature. A brief description 

of samples is given in Table 3.1. The pH of the samples ranged from acidic to basic and some 

samples were neutral in pH.  

 

Microorganisms must find in its environment all the substances required for energy 

generation and cellular biosynthesis. In other words, microorganisms can also be used to 

determine the bioavailability of a given chemical compound in soil (Arias et al., 2005). To 

assess some of the important elements as constituents of microbial cellular material in the 

soil sample positive for the presence of sulfur metabolizing bacteria, the metal analysis of the 

soil sample taken from the roots of Eucalyptus tree (code Eu) was carried out. The different 

metals detected in soil sample included Cu 0.003745ppm, Fe 2.027ppm, Zn 0.0249ppm, Ni 

0.00461ppm, Mn 0.03081ppm and Mg 0.982ppm while, Ag and V were below the detectable 

limit.  

 

3.2 ISOLATION AND CHARACTERIZATION OF SULFUR METABOLIZING 

BACTERIA 

 

For isolation of potent organic sulfur metabolizing microorganisms, samples were collected 

from diverse environments (Table. 3.1). Only one sample, taken from the roots of a 

Eucalyptus tree, showed positive Gibb’s reaction (indicative of sulfur metabolism) in liquid 

MG medium containing DBT (0.54mM) as the sole sulfur source. A large number of isolates, 
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on the basis of colony characteristics, were isolated from this enriched (five sub cultivations) 

sample including isolate Eu-32 which was found to use dibenzothiophene (DBT) as a sole 

source of sulfur.  

 

Table 3.1 Description of the samples taken from various places for the isolation of organic 

sulfur metabolizing microorganisms. 

Sr. Sample  Sampling     Nature  pH 

# Code     site  

1. MG  Marigold, NIBGE garden   Soil    7.92 

2. Eu  Eucalyptus tree roots, NIBGE  Soil   7.20 

3. HP  Coal heap, NIBGE   Coal lumps  2.20 

4. HPS  Coal heap, NIBGE   Soil+coal  2.92 

5. CT  Cotton field, NIBGE   Soil   7.49 

6. CS  Castor oil plant, NIBGE  Soil   7.66 

7. LS1  Lucky Shah, Karachi   Liquid   6.94 

8. LS2  Lucky Shah, Karachi   Liquid   6.29 

9. LS3  Lucky Shah, Karachi   Liquid   6.81 

10. LS4  Lucky Shah, Karachi   Soil   6.60 

11. MP1  Mungo Peer, Karachi   Liquid   6.99 

12. MP2  Mungo Peer, Karachi   Liquid   7.09 

13. KB1  Karachi Beach    Sand   7.02  

14. KB2  Karachi Beach    Sand   7.01 

15. KB3  Karachi Beach    Sand   6.89 

16. KB4  Karachi Beach    Sand   6.99 

17. KB5  Karachi Beach    Sand   6.72 

18. OSL  Oil sludge, Attock Oil refinery  Sludge      - 

19. OS  Attock Oil refinery   Soil   6.6 

20. D1  Dye industry, Faisalabad  Waste water   6.5  

21. D2  Dye industry, Faisalabad  Soil   6.7 

22. DR  Drain, Faisalabad   Liquid   7.8 

23. W  Coal heap inoculum pond, NIBGE Liquid   3.5  
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This isolate converted DBT to 2-hydroxybiphenyl (2-HBP) as determined by Gibb’s assay 

(Fig. 3.1) and also confirmed by HPLC. The requirement of sulfur by microorganisms is very 

low in absolute terms (Kilbane II, 1990). The natural abundance and the ubiquity of 

inorganic sulfur, which is the preferred form of sulfur for microbial attack, make it 

unnecessary for an organism to utilize organic sulfur to meet its growth needs. Therefore, the 

probability of isolating microorganisms from nature having the ability to utilize organic 

sulfur is fairly remote (Kilbane II, 1990). This could be a possible reason why, out of 110 

isolates, only one isolate was found to convert DBT to 2-HBP.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1 Gibb’s assay showing the production of phenolic compound like 2-HBP (blue color 

formation) in the culture media.  

A=Eu-32 grown culture broth with DBT (0.54mM) 

B= Control (MG medium having 0.54mM of DBT and without inoculation) 

C=Standard 2-HBP  

 

A B C 
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The isolate Eu-32 formed orange yellow colonies on LB media plates with smooth 

appearance and turned rough in appearance by increasing the incubation time (Fig. 3.2). By 

phase contrast microscopy (Zeiss Axiovert, MC80, Germany), the isolate Eu-32 appeared to 

be rod shaped (size ~1-1.5µm) (Fig. 3.3). It was catalase positive and oxidase negative 

According to nucleotide BLASTN (NCBI, www.ncbi.nlm.nih.gov) results for the partial 16S 

rRNA gene sequence (492 bases, the first nucleotide corresponded to Escherichia coli 16S 

rRNA gene at position 04) the isolate resembled to the genus Rhodococcus. The top hit and 

highest score was obtained with Rhodococcus sp. strain 40 (acc. no. AJ002093), with 95% 

sequence identity to the sequence of isolate Eu-32 (Table 3.2). Out of the isolates available in 

the databases that had been identified as the species of Rhodococcus, Eu-32 showed the 

highest level of identity to Rhodococcus fascians (95%) and Rhodococcus yunnanensis 

(95%). The gaps in BLASTN results were 2% in the case of R. fascians while they were 3% 

in the case of R. yunnanensis (Table 3.2). The percentage identity values for the 16S rRNA 

gene sequence between isolate Eu-32 and other organic sulfur metabolizing species with 

validly published names were below 95% (range 94-91%). To determine the phylogenetic 

position of isolate Eu-32, the partial 16S rRNA gene sequence was compared with type 

strains of Rhodococcus species retrieved from the GenBank. The tree was rooted with the 

16S rRNA gene sequence of Escherichia coli as an out group. It is evident from the 

phylogenetic tree (Fig. 3.4) that isolate Eu-32 and R. yunnanensis formed a separate 

phylogenetic branch along with R. fascians and R. luteus, a grouping well supported by 

bootstrapping. Bacteria with 16S rRNA gene similarities of 97.5% and above may be put 

under the same species (Stackebrandt and Goebel, 1994).Where there is doubt, DNA-DNA 

re-association values can be obtained; a homology value of 70% is deemed to be the 

minimum for species identity (Wayne et al., 1987). For isolate Eu-32, although it formed a 

separate clade with R. yunnanensis (Fig. 3.4), the 16S rRNA gene sequence identity was less 

than 97% and indicate that isolate Eu-32 might be a different species than R. yunnanensis. 

For this reason we have tentatively named it Rhodococcus spp. strain Eu-32.  

 

This is the first report of the isolation of organic sulfur metabolizing bacteria from the soil 

collected from the roots of a Eucalyptus tree. This finding extends our knowledge about the 

diversity and prevalence of these bacterial types in such environments. In addition to 2-HBP, 

http://www.ncbi.nlm.nih.gov/
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the formation of biphenyl in the 4S pathway indicates that this is a novel organism following 

a novel DBT desulfurization pathway, in comparison to other biodesulfurizing Rhodococcus 

species.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2 Colonies of the pure culture of isolate Eu-32 on LB media plate under 

stereomicroscope. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3 Phase contrast microscopic picture (100X resolution) of cells of isolate Eu-32.  
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Table 3.2 Percentage sequence identity of the partial 16S rRNA gene sequence of isolate Eu-

32 with related taxa. 

    

   

    

Accession number  Strain   %Identities  % Gaps 

 

AJ002093  Rhodococcus sp. Strain 40  95  2 

  

AB010913  Rhodococcus sp. SRB1948-Z40 95  2 

  

AB180236  Rhodococcus fascians   95  2 

  

DQ985073  Rhodococcus sp. JL1088  95  2 

  

AY602219  Rhodococcus yunnanensis  95  3 

  

AF235011  Rhodococcus sp. UFZ-B520  95  2 

  

AB269261  Rhodococcus kyotonensis  94  4 

  

AM905946  Rhodococcus erythropolis  94  4 

  

AJ576249  Rhodococcu luteus, isolate 7Y 94  3 
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Fig. 3.4 The inferred relationship, based on partial 16S rRNA gene sequence, of the 

organic sulfur metabolizing isolate Eu-32 obtained in this study (in bold) to other 

bacteria. The tree was rooted with Escherichia coli. Scale bar represents the number of 

inferred nucleotide substitution per site. Bootstrap values (100 replicates) are shown at 

the nodes.  
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3.3 OPTIMIZATION OF GROWTH EFFECTING PARAMETERS  

 

3.3.1 Effect of carbon sources 

 

Biodesulfurization activity is a function of several parameters including the carbon source, 

sulfur source and the fermentation conditions. In order to achieve the better desulfurization 

rates it is necessary to produce the biocatalysts with increased desulfurizing capabilities. 

With this in mind, the effect of different carbon sources on biodesulfurization of DBT was 

investigated. To test the effect of carbon source on the growth characteristic and 

desulfurization ability of Eu-32, eight different carbon sources i.e. sodium citrate, fructose, 

lactose, ethanol, glutamic acid, sucrose, glucose and glycerol were used to supplement MG 

medium. All these experiments were conducted using an initial carbon source concentration 

of 0.5% (w/v). The growth and desulfurization activity was highest with glucose. Besides, a 

good growth was also obtained with sucrose and fructose but, the DBT desulfurization 

activity was less as compared to glucose. The growth was lowest with glutamic acid, which 

may be due to deleterious effect of this carbon source. Moreover, the glutamic acid imparted 

an acidic environment in the medium which may have inhibited the growth of the 

microorganism (Fig. 3.5). The desulfurization of DBT was highest with glucose at final 

concentration of 5g/L. Therefore, the following studies of growing cells were performed 

using glucose as carbon source. Isolate Eu-32 can grow without glucose, but the 

desulfurization ability was only about 0.04±0.004mM of 2-HBP production after 72 hours of 

growth (Fig. 3.6).  

 

All bacteria must utilize the energy sources in their environment in order to produce ATP 

which is required for all of the biosynthetic processes of the microorganism. Bacteria 

produce enzymes that allow them to oxidize environmental energy sources; however, the 

energy sources that different bacteria use depends on the specific enzymes that each bacteria 

produce. Bacteria often use carbohydrates as energy sources (Wawrik et al., 2005).  Many 

bacteria use glucose, a monosaccharide or simple sugar, because many bacteria possess the 

enzymes required for the degradation and oxidation of this sugar. Similar may be the case in 

current study that Rhodococcus spp. (Eu-32) preferred to use the glucose as carbon source 



PhD thesis Nasrin Akhtar 

 

73 

 

and thus a good desulfurizing activity was also obtained by using glucose instead of any 

other carbon source.  

Fig. 3.5 Effect of different carbon sources on growth of Rhodococcus spp. (Eu-32).  

 

Fig. 3.6 2-HBP production using various carbon sources by Rhodococcus spp. (Eu-32).  
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3.3.2 Effect of temperature 

 

Growth and desulfurizing capability of the Rhodococcus spp. (Eu-32) were measured at 

seven different temperature values, from 20-50
o
C. As can be seen in Fig. 3.7, that isolate Eu-

32 is a mesophilic bacterium and grows well at temperature 30
o
C. Cell concentration, 

1.8±0.03g dry cell mass/L is highest at stationary phase when temperature is 30
o
C. The 

biomass concentration decreased when growth temperature was above and below this 

temperature. The desulfurization ability of Eu-32 was measured by the amount of 2-HBP 

produced by the conversion of DBT. Maximum 2-HBP production was obtained at 30
o
C (Fig. 

3.8), where about 0.19±0.025mM of 2-HBP production with desulfurizing capability 95% 

(approximately) was observed (Fig. 3.8). At this temperature, the maximum percentage of 

desulfurizing capability value was reached between 48-72h, from the beginning of the 

growth, at the late exponential growth phase. When temperature value employed was the 

lowest (20
o
C) and the highest (50

o
C), the percentage of desulfurizing capability did not reach 

values higher than 1.0 %. As shown in Fig. 3.8, isolate Eu-32 exhibited high DBT-degrading 

activity at temperature 30
o
C. The upper and lower temperature values are a function of the 

cell metabolism. The reason for lower desulfurization activity at lower temperatures may be 

that molecules move slower and the desulfurizing enzymes cannot mediate in chemical 

reaction and eventually the viscosity of the interior of the cell brings all activity to halt. 

Similarly, as the temperature increases, molecules move faster, enzymes speed up DBT 

metabolism and cells rapidly increase in size. But, above a certain value all of these activities 

are proceeding at such high rates, enzymes start to denature, and the total effect is 

detrimental. Thus cellular growth also ceases.  
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Fig. 3.7 Effect of different temperatures (
o
C) on growth of Rhodococcus spp. (Eu-32). 

 

Fig. 3.8 2-HBP production at various temperatures (
o
C) by Rhodococcus spp. (Eu-32).  
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3.3.3 Effect of pH 

 

To determine the optimal pH for cell growth and desulfurization activity of Rhodococcus spp. 

(Eu-32), the effects of different initial pH values were investigated. A rich cell growth, and 

thus desulfurization activity, was observed at pH 7.0. It had been observed that the 

desulfurization activity of isolate Eu-32 was directly related to the growth rate. When the pH 

was initially fixed at 7.0, about 0.19±0.03mM of DBT was desulfurized in 72 hours (Fig. 3.9, 

3.10) and the cell concentration reached 1.8±0.1g /L as shown in Fig. 3.9. A drop in pH value 

was also observed during the growth.  In the case of pH 8.0 and 9.0, about similar levels of 

cell growth were observed. Both cell growth and the desulfurization activity were decreased 

as pH was decreased below 7.0. At pH 6.0, only 0.1±0.03mM of 2-HBP was produced and 

the final cell concentration was 0.51g/L. When the pH was below 6.0, neither a significant 

desulfurization of DBT nor an observable cell growth occurred.  

 

Preliminary optimization of growth affecting parameters showed isolate Eu-32 to be a 

neutrophilic microorganism. This isolate displayed a wide pH range for DBT desulfurization 

capacity from 5.0-9.0 with an optimum at pH 7.0. Growth yields were reduced away from the 

optimum pH. The pH decreased as the biodesulfurization proceeded, which may be due to 

the accumulation of sulfate ions in the medium. The consecutive oxidation of DBT sulfur by 

bacteria resulted in the release of sulfur, either in the form of sulfite or sulfate (Setti et al., 

1999). In current study the detected form of sulfur in the culture supernatant consisted of 

sulfate. The amount of sulfate detected was small and not stoichiometric to the amount of 

DBT converted to 2-HBP. This may be due to the reason that liberated sulfate was consumed 

by the bacteria to satisfy its growth requirements and any remaining sulfur was stored by the 

organisms for future use. Consequently, very little sulfate sulfur (the released form of sulfur 

from DBT) would be left to be liberated in the media (Kilbane II, 1990).  

 



PhD thesis Nasrin Akhtar 

 

77 

 

Fig. 3.9 Effect of different pH values on growth of Rhodococcus spp. (Eu-32). 

 

Fig. 3.10 2-HBP production at various initial pH values by Rhodococcus spp. (Eu-32). 
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3.3.4 Effect of agitation speeds (aeration rate) 

 

In order to evaluate the effect of different agitation speeds on the growth and desulfurization 

of DBT, four experiments were carried out at 150, 180, 210 and 240rpms. It was observed 

that with the increase of agitation speed from 150 to 240rpm the cell concentration also 

increased (Fig. 3.11). The maximum cell concentration 2.68±0.25g/L was obtained at 

240rpm after 48 hours of growth. Optimal desulfurization capability was obtained at 180rpm 

(Fig. 3.12). Although the highest cell concentration was achieved at 240rpm, but the 

desulfurization capability of the culture was highest at 180rpm. This means the higher cell 

concentration may mask the DBT desulfurization ability of Eu-32 with availability of lesser 

oxygen. Moreover, this fact may indicate that oxygen could be a limiting factor for DBT 

degradation by the growing cells. Mohebali and co-workers (2007) reported that increasing 

cell concentrations led to a decrease in DBT degradation by the formation of cellular flocs, 

due to hydrophobic nature of desulfurizing bacteria. The same phenomenon may have been 

taking place in the case of Eu-32 in that the formation of cellular colloidal material at high 

cell mass concentrations may have enshroud the biodesulfurization activity by lowering the 

mass transfer of DBT and dissolved oxygen availability to the growing bacterial aggregates.  
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Fig. 3.11 Effect of various agitation speeds on growth of Rhodococcus spp. (Eu-32). 

 

Fig. 3.12 2-HBP production at various agitation speeds by Rhodococcus spp. (Eu-32). 
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3.3.5 Effect of DBT concentration  

 

The DBT is basically a xenobiotic compound and high concentration of DBT had inhibitory 

effects on cell growth and desulfurization activity. The effect of the initial DBT 

concentration added in the medium is shown in Fig. 3.13. The initial DBT concentration was 

varied in a range from 0.2 to 1.0mM. Both growth and DBT desulfurization was highest 

when the initial DBT concentration was 0.2mM. The desulfurization rate was observed to be 

strongly affected by an increased DBT concentration. The desulfurization of DBT decreased 

as the initial DBT concentration was increased up to 1.0mM (Fig. 3.14).  

 

In current study it was observed that desulfurization ability of the Rhodococcus spp. Eu-32 

decreased by increasing the DBT concentration. Kim et al. (2004) studied the effect of 

different DBT concentrations on growth and desulfurization rate using the Gordonia sp. 

CYKS1.  They reported that when the initial DBT concentration was increased up to 1.5mM, 

the desulfurization rate was also increased while no significant changes in the growth rate 

occurred. Ohshiro et al. (1995b) and Setti et al. (1996) have also reported the inhibitory 

effects of DBT. It is known that only water-soluble compounds play an inhibitory role on cell 

growth or enzyme activities. DBT has an extremely low solubility to water and expected to 

precipitate on being added to the medium; thus DBT in solid form in the medium was 

expected to be have negligible effects, if any, on desulfurization activity and cell growth. 

However, most microbial strains with DBT desulfurization activity are known to secrete 

some biosurfactants to solubilize and thus enhance the bioavailability of DBT. If a strain 

secretes a sufficient amount of biosurfactants, the effects of the amount of DBT added would 

not be limited by its intrinsic solubility to water  (Kim et al., 2004).  
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Fig. 3.13 Effect of various DBT concentrations on growth of Rhodococcus spp. (Eu-32). 

 

Fig. 3.14 2-HBP production by Rhodococcus spp. (Eu-32) using various DBT 

concentrations.  
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3.3.6 Effect of 2-HBP concentration 

 

Some previous studies have indicated that the final metabolite 2-HBP of DBT 

biodesulfurizing via 4S pathway could inhibit the microbial growth and DBT desulfurization 

(Lee et al., 1995; Okada et al., 2002). In order to investigate the effect of different 2-HBP 

concentrations on growth of Rhodococcus spp. (Eu-32) the isolate was grown in different 2-

HBP concentrations. Cell growth was severely inhibited when the initial 2-hydroxybiphenyl 

(2-HBP) concentration was increased from 0.1mM to 0.5mM (Fig. 3.15). It was found that 

cell growth was completely inhibited in the presence of 2-HBP at 0.5mM (Fig. 3.16) or 

higher concentration. The highest cell mass was obtained at 0.1mM initial 2-HBP 

concentration in the culture medium with the production of 0.2±0.0015g dry cell/L after 96 

hours of growth. The inhibition of cell growth was relatively high with high initial 2-HBP 

concentration. A concentration of 0.2mM 2-HBP is reported to be inhibitory and 0.4mM 2-

HBP has been reported to completely prevent growth and desulfurization activity of 

Corynebacterium (Omori et al., 1992), Rhodococcus (Reichmuth et al., 2000; Naito et al., 

2001) and Gordonia (Chang et al., 2001) cultures. It has been reported that microbial strains 

with increased tolerance for 2-HBP are needed for a viable biodesulfurization process 

(McFarland 1999), and Rhodococcus spp. (Eu-32) appears to be more resistant to 2-HBP 

than previously reported desulfurization competent bacterial cultures. We could conclude 

that high concentration of the end product 2-HBP would inhibit the cell growth and DBT 

biodegradation, but the growth of cell would be enhanced in the presence of low 

concentration of 2-HBP. 
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Fig. 3.15 Visual observation of inhibitory effect of 2-HBP on growth of Rhodococcus spp. 

(Eu-32). The concentration of 2-HBP was increased from 0.1-0.5mM (left to right).  

 

Fig. 3.16 Effect of different 2-HBP concentrations on growth of Rhodococcus spp. (Eu-32).  
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3.3.7 Growth specificity of alternate sulfur sources 

 

Many types of organic sulfur containing compounds can be detected in fossil fuels and are 

difficult to remove using conventional hydrodesulfurization treatment (Kirimura et al., 2001). 

In order to assess the ability of isolate Eu-32 to use sources of sulfur other than DBT, the MG 

medium was supplemented with 0.25mM of various sulfur compounds as sole source of 

sulfur for six days (Fig. 3.17). The isolate produced rich growth (measured by taking OD at 

660nm) on all the sulfur sources used. However, the growth on Thiophene 3-carboxylic acid, 

þ-toluene sulphonic acid and elemental sulfur (25mg/100ml) was insignificant in comparison 

to the other sulfur compounds (Fig. 3.17). The affinity of the isolate Eu-32 for varied sulfur 

sources makes it a potentially useful strain for use in the desulfurization of fossil fuels and its 

products. Moreover, it may be useful for desulfurization of other DBT derivatives, such as 

alkyl substituted DBTs, which also occur in fossil fuels (Li et al., 2005). 

 

Fig. 3.17 Growth of isolate Eu-32 on various sulfur sources.  
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3.4 METABOLIC PATHWAY AND CHARACTERISTICS OF DBT 

DESULFURIZATION  

 

The metabolism of DBT by aerobic microorganisms has been generally classified into three 

types (Gupta et al., 2005); 1) The carbon skeleton of DBT is partially oxidized while the C-S 

bond remains intact (Kodama et al., 1970), 2) DBT serves as a source of carbon, sulfur and 

energy (Vanafferden et al., 1990) and 3) DBT serves as a sole source of sulfur. Moreover, in 

type III metabolism, DBT is desulfurized by the selective cleavage of C-S bond resulting in 

the accumulation of 2-HBP (Gallagher et al., 1993; Izumi et al., 1994).  

 

Our study indicated that DBT degradation by isolate Eu-32 may belong to type 3 metabolism 

in which C-C bonds remain protected, with 2-HBP as the end product. The conversion of 

DBT to 2-HBP was monitored using chromatographic techniques (HPLC and GC). Analysis 

of the culture extracts (by HPLC) indicated the presence of DBT, DBTO2, 2-HBP and 

biphenyl (Fig. 3.18) when compared with chromatographs from the standards. The total GC 

chromatogram (in Selective Ion Mode) of the ethyl acetate extract from Eu-32 cultures 

grown on DBT as sole source of sulfur showed the presence of three main peaks with 

retention times (Rt) 15.27min, 11.56min and 8.86min (Fig. 3.19). Further analysis (GC-MS) 

confirmed the presence of 2-HBP in the culture extracts (m/z= 170, Fig. 3.23). In addition to 

the substrate i.e. DBT (m/z=186, Fig. 3.21) the DBTO2 was also detected by GC-MS analysis 

(m/z= 216, Fig. 3.22). Other than the above mentioned metabolites of the 4S pathway, DBTO 

and HPBS were also detected by GC-MS analysis, although their peaks were not very 

prominent in comparison to the other metabolites.  

  

In another critical experiment, isolate Eu-32 was grown in MG-medium having DBTO2 and 

it was found that this isolate could utilize DBTO2, instead of DBT, as the sole source of sulfur, 

which was confirmed by the presence of 2-HBP in the medium. This result further confirms 

that DBTO2 is one of the intermediates in DBT metabolism. Therefore, the DBT 

desulfurizing pathway was found to be identical to the well documented 4S pathway up to 

the formation of 2-HBP. 
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3.5 NEW PROPOSED EXTENDED PATHWAY FOR DBT DESULFURIZATION 

 

The mass balance between DBT and 2-HBP was not consistent. It is possible that either all 

the DBT was not metabolized by the target microorganisms or some metabolites other than 

2-HBP might have been produced in the culture medium. To test this hypothesis, the culture 

extract was further analyzed by GC-MS (in full scan mode) for the presence of any other 

metabolites, which have not earlier been documented in 4S pathway. During this analysis, 

another product was detected in the broth, which was identified as biphenyl with mass ions at 

m/z 154 (Fig. 3.24) and retention time 7.07min (Fig. 3.20). This showed that 2-HBP may be 

further biotransformed to biphenyl by the removal of an OH group. For further confirmation, 

2-HBP was used as the sole sulfur source in MG medium. Isolate Eu-32 showed poor growth 

under these conditions and very little transformation of 2-HBP to biphenyl was observed. 

When the concentration of 2-HBP was above 0.4mM the growth was completely inhibited. 

Moreover, to assess the effect of high transfer line temperature in GC-MS analysis on the 

auto-conversion of 2-HBP to biphenyl, the authentic standard of 2-HBP was analyzed 

carefully on GC and it only showed the peak for 2-HBP. This confirmed that high 

temperature did not result in auto formation of biphenyl with the removal of OH group from 

the 2-HBP. These results imply that biphenyl may be directly formed from HPBS, and 

biphenyl could be an additional product of DBT desulfurization. Moreover, the mass balance 

between DBT and 2-HBP was almost consistent when biphenyl was also taken in to account. 

It is reported that 2-HBP (final product of DBT) may add to environmental pollution 

(Ichinose et al., 1999; Li et al., 2009), but that the formation of biphenyl may partially 

eliminate the toxic effects of 2-HBP, and consequently lower the polluting impact on the 

environment. The production of two extra sulfur free metabolites, 2-methoxybiphenyl (2-

MBP) and biphenyl, in addition to 2-HBP, has been documented by Li et al. (2005) when 

they targeted DBT using Microbacterium strain ZD-M2. While the production of only 2-

MBP other than 2-HBP has been reported by Li et al. (2007), Okada et al., (2002) and Chen 

et al. (2009) using Mycobacterium goodii X7B, Mycobacterium strain G3 and 

Mycobacterium sp. respectively. However, using Rhodococcus species this could be the first 

observation where biphenyl has been formed as another end product of DBT desulfurization. 

Therefore, it can be concluded that isolate Eu-32 desulfurized DBT through specific cleavage 
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of the C-S bonds (Fig. 3.25) and the production of end products of biphenyl and 2-HBP 

indicating that it is a novel organism utilising a pathway for DBT degradation distinct 

(Akhtar et al., 2009) from earlier reports e.g. (Denis-Larose et al., 1997; Gallagher et al., 

1993; Izumi et al., 1994; Lee et al., 1995; Ohshiro et al., 1996).  

 

 

Retention Time (min) 

 

Fig. 3.18 HPLC chromatogram of the ethyl acetate extract.  

EA= Ethyl Acetate 

2-HBP=2-hydroxybiphenyl 

DBTO2= Dibenzothiophene sulfone 

DBT= Dibenzothiophene 

 

 

 

A
b
so

rb
an

ce (m
A

u
) 

5 10 15 20 25

Minutes

-1

0

1

2

3

4

5

6

mAU c:\star\data\nasrin\extract. old 21-11-08.run

X:

Y:

 1.4238 Minutes

0.0319 mAU

W
I:8

D
B

T

19.5 

DBT 

14.7 

Biphenyl 

6.9 

2-HBP 

5.2 

DBTO2 

3.75 

EA 

Retention Time (min) 



PhD thesis Nasrin Akhtar 

 

88 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.19 GC chromatogram in Selective Ion Mass (SIM) mode of the metabolites of DBT 

desulfurization produced by isolate Eu-32: DBTO2 (15.27 min), DBT (11.56 min), 2-HBP 

(8.86 min). 
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Fig. 3.20 GC chromatogram in Full Scan mode of the metabolites of DBT desulfurization 

produced by isolate Eu-32: Biphenyl (7.07 min), 2-HBP (8.67 min), DBT (11.39 min), 

DBTO2 (14.08 min). 
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Fig. 3.21 GC/MS analysis of desulfurized DBT metabolites produced by isolate Eu-32, 

showing the presence of DBT (molecular mass 184). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.22 GC/MS analysis of desulfurized DBT metabolites produced by isolate Eu-32 

showing the presence of DBTO2 (molecular mass 216). 
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Fig. 3.23 GC/MS analysis of desulfurized DBT metabolites produced by isolate Eu-32 

showing the presence of 2-HBP (molecular mass 170). 

 

 

 

 

 

 

 

 

 

 

Fig. 3.24 GC/MS analysis of desulfurized DBT metabolites produced by isolate Eu-32 

showing the presence of biphenyl (molecular mass, 154).  

 

The x-axis of GC-MS chromatograms is the increasing m/z ratio.  The y-axis is the relative 

abundance of each ion, which is related to the number of times an ion of that m/z ratio strikes 

the detector.  Assignment of relative abundance begins by assigning the most abundant ion a 

relative abundance of 100%. 
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Fig. 3.25 Proposed pathway of DBT desulfurization by isolate Eu-32. Abbreviations are as 

follows: DBT, dibenzothiophene; DBTO, DBT sulfoxide; DBTO2, DBT sulfone; HPBS, 

hydroxyphenyl benzene sulfonate; 2-HBP, 2-hydroxybiphenyl. 
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3.6 BIODESULFURIZATION OF COAL 

 

Most of the studies pertaining to the microbial removal of organic sulfur from fossil fuels 

have been focused on bioprocessing of model organic sulfur compound like DBT 

(introduction section). The main emphasis of a biodesulfurization experiment should remain 

the subsequent removal of sulfur from actual matrix of target fossil fuels. By targeting actual 

form of organically bound sulfur in fossil fuels will provide data of great relevance than 

experiments which employ model compounds.  In case of biological removal of sulfur from 

coal the attentions were mainly directed to pyrite removal, very few studies have explicitly 

devoted to organic sulfur removal (Bayram et al., 2002; Durusoy et al., 1997; Gomez et al., 

1999). In present study it has been established that the isolate Eu-32 remove sulfur from DBT 

via sulfur specific pathway as confirmed by HPLC and GC-MS analysis of the culture extract. 

For the application of the process on the actual form of fossil fuels like coal, 

biodesulfurization experiments were carried out using local coal.  

 

3.6.1 Coal analysis 

 

When analyzed on elemental (CHNS/O) analyzer, the coal samples from Dukki were found 

to contain 7.5% total sulfur. Spectrophotometrically determined inorganic sulfur content of 

these coal samples was 2.0%, the remaining 5.0% being organic sulfur. Results of analysis of 

other coal samples showed that Harnai coal contained 10% total sulfur with nearly 6.5% 

pyritic sulfur content, while Dandot coal contained 2.93% total sulfur with 0.83% pyritic 

sulfur component (Table 3.3). Dukki and Dandot coals were selected for further 

biodesulfurization studies in view of their higher organic sulfur contents (Table 3.3).  

 

Ash content of coal is the non-combustible residue left after coal is burnt. It represents the 

bulk mineral matter after carbon, oxygen, sulfur and water (including from clays) has been 

driven off during combustion. For the analysis of ash contents the coal was thoroughly burnt 

and the ash material was expressed as a percentage of the original weight. The highest ash 

contents were present in Harnai coal i.e. 28% while the Dukki coal showed lowest ash 

contents of 8.6% (Table 3.3). 
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Table 3.3 Ash content and different forms of sulfur in coal samples of various origins.  

 

Origin of Coal  Ash (%)    Sulfur (%)    

     Organic Pyritic  Sulfate         Total 

 

Harnai   28±2.5  2.50±0.33 6.50±0.20 1.00±0.01 10.0±0.54 

Lakhra   11±2.0  2.20±0.13 4.00±0.13 0.30±0.01 6.50±0.27 

Khushab  20±2.8  2.50±0.12 5.50±0.20 0.50±0.02 8.50±0.34 

Dukki   8.6±1.2 5.00±0.33 2.00±0.15 0.50±0.02 7.50±0.50 

Dandot   11.2±1.5 1.95±0.00 0.83±0.21 0.15±0.01 2.93±0.22

  

 

The pH values of 50% (w/v) aqueous slurries of the coal samples are given in Table 3.4. The 

Dukki coal samples had pH value 2.0, while the pH value of 2.5 was exhibited by coal 

sample from Dandot site. The coal sample from Harnai was also fairly acidic, having pH 

value 3.2. 

 

 

Table 3.4 pH values of different coal samples made into 50% slurry with water.  

 

Origin of coal    pH 

 

Harnai     3.2 

Lakhra     5.0 

Khushab    3.5 

Dukki     2.0 

Dandot     2.5 
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3.6.2 Maceral analysis of coal samples 

 

In coals, macerals are organic entities which are recognizable microscopically and the 

contribution of maceral content in coal structure is dependent on plant composition 

originating from different parts of plants. These can be distinguished on the basis of certain 

chemical and physical characteristics which include color, shape, morphology, reflectance 

level, intensity of fluorescence and degree of preservation of the cell structure.  Macerals 

have been classified into three major groups. 1) Vitrinite (Often regarded as huminite in 

brown coals) 2) Liptinite 3) Inertinite. Vitrinite macerals originate from woody plant material 

like stem, trunks, roots, and branches which are derived from the lignin and cellulose of plant 

tissues (Taylor et al., 1998). Liptinite attributes to those parts which are chemically more 

resistant to physical and chemical alteration for example pollens, cuticles, spores, waxes and 

resins. Liptinite is high in hydrogen content and corresponds to the aliphatic components in 

coal structural matrix as compared to other two major maceral groups. The plant source for 

inertinite macerals is the same as that of vitrinite and liptinite, but with high aromatization 

and condensation. In addition, this is the part which has high carbon content and has been 

exposed to chemical and bacterial attack, prior to coalification process (Scott and Glasspool, 

2007; Taylor et al., 1998). 

 

In current work, the petrographic study of thin section of Dukki and Dandot coal under 

reflected light dominantly exhibited telinite maceral which belonged to vitrinite group. The 

maceral telinite has cellular structure originated from vegetal matter like trunks, branches, 

stems and roots of trees. This maceral is relatively oxygen rich and is mostly present in low 

to high sub-bituminous coals, having good coking power. 

 

3.6.3 Metal analysis of coal samples  

 

The metal analysis of the Dukki and Dandot coals, carried on atomic absorption 

spectrophotometer (AA 240FS, Varian, Australia) revealed the highest concentration of iron 

(Fe) while, the lowest concentration detected was for cadmium (Cd); lead (Pb) was not 

detected in Dukki coal and it was 0.26ppm in Dandot coal (Table 3.5). Two types of sulfur 
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species are present in coal i.e. inorganic and organic. The inorganic sulfur is mainly present 

in the form of pyrite (FeS2). The high concentration of iron in both coal samples also 

indicated the presence of pyritic sulfur.  

 

 

Table 3.5 Metal contents of coal samples (ppm) determined using atomic absorption 

spectrophotometer (AA 240FS, Varian, Australia).   

 

Sr. No. Metal (ppm) Dukki coal Dandot coal 

 

1 

 

Cd 

 

0.0150±0.001 

 

0.0105±0.002 

2 Cr 1.1025±0.020 1.0250±0.130 

3 Cu 0.1530±0.001 0.3740±0.011 

4 Fe 267.2965±10.20 14.9440±2.100 

5 Ni 0.3665±0.001 0.2800±0.001 

6 Mn 0.7305±0.003 0.1125±0.010 

7 Pb ND 0.2620±0.020 

8 Zn 0.8645±0.010 3.4215±1.010 

 

ND= Not Detected 

 

3.7 STUDIES ON PROCESS VARIABLES FOR BIODESULFURIZATION OF COAL 

 

Microbiological coal desulfurization is a complex process. The process involves microbial 

growth on the surface of coal particles with the diffusion of dissolved nutrients through the 

product layer surrounding the coal particles. The environmental conditions should be 

optimized and controlled at optimal levels to obtain the maximum sulfur removal rate. The 

factors which should be considered in developing an economically feasible microbial process 

includes coal particle size, coal concentration, availability of oxygen (agitation speed) and 

pH values. 
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3.7.1 Effect of pH  

 

The pH of the medium imparts an important effect on the biodesulfurization ability of 

bacteria. The effect of the initial pH of the medium was investigated in the range 4 to 9 with 

coal pulp density 5%, mesh size 80 (180µm) and agitation speed 150rpm. The maximum 

desulfurization was achieved in case of pH 7.0 where about 18±1.2% decrease in total sulfur 

contents was achieved in about 20 days (Fig. 3.26). A decrease in pH was observed during 

biodesulfurization process from 7 to 5.5. No detectable pyritic sulfur was present in the 

culture medium as measured by 1, 10-phenanthroline method. Setti and co-workers (1999) 

reported that the consecutive oxidation of organic sulfur by bacteria resulted in the release of 

sulfur, either in the form of sulphite or sulphate (Setti et al., 1999). The pH decreased as the 

biodesulfurization proceeded, may be due to the accumulation of sulphate ions/sulphonic 

acid in the medium. 

Fig. 3.26 Effect of different pH values on biodesulfurization of coal. 

 

3.7.2 Effect of pulp densities 

 

To optimize pulp density, experiments were performed at 2.5%, 5%, 10%, 15% and 20% 
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 (w/v) pulp densities having coal particle mesh size 80 (180µm), pH 7.0 and agitation speed 

150rpm, using Rhodococcus spp. Eu-32. Initially, about 23±2.0% of total sulfur removal was 

achieved after 5 days at 20% pulp density. After 20 days almost similar level of sulfur 

removal (28±2.8%) was achieved at 10, 15 and 20% pulp densities (Fig.3.27). However, at 

5% pulp density a total of 18% sulfur removal was achieved in the same time period.  

 

The concentration of coal particles in the reaction medium has an intense effect on the 

economics of the biodesulfurization process. High coal concentrations in the reaction 

medium would results in better process economics, allowing larger masses of coals to be 

processed per unit reaction volume (Kargi, 1982). The biodesulfurization capacity of 

Rhodococcus spp. (Eu-32) enhanced by increasing the pulp densities from 10 to 20% (w/v). 

However, a concentration above 20% (w/v) decreased the biodesulfurization level of coal, 

which may be due to extensive sheer stress on the microorganisms as a result of attrition, a 

build up of compounds leached from the coal (inhibitory to the growth of microorganisms), 

and poor heat and mass transfer owing to the difficulties in agitating the slurry and 

agglomeration of coal particles. As the isolate Eu-32 can remove sulfur even at 20% coal 

pulp density so, it can play an important role in achieving a better economic process.  

Fig. 3.27 Effect of different coal pulp densities on biodesulfurization. 
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3.7.3 Effect of agitation speed 

 

When investigated the effect of different shaking speeds (experimental conditions 10% coal 

pulp density, mesh number 80 and pH 7.0), maximum desulphurization was achieved at 180 

and 210rpm speeds with 20% sulfur removal in 5 days (Fig. 3.28). The sulfur removal 

decreased when the shaking was either increased or decreased from these values. Possibly, 

increase in shaking speed from 210 to 240rpm resulted in denaturation of the microbial cells 

and subsequently a reduced sulfur removal was achieved. Moreover, it is likely that at low 

agitation speed lesser oxygen was available for microbial growth and thus a lesser sulfur 

removal observed at 150rpm.   

Fig. 3.28 Effect of different agitation speeds on biodesulfurization of coal.  

 

3.7.4 Effect of mesh sizes 

 

One of the chief hurdles or rate-limiting factors in the microbiological removal of organic 

sulfur from coal is the accessibility of the organosulfur compounds in the coal matrix. In 

other words, even though a microorganism is capable of cleaving carbon-sulfur bonds, the 
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ability of the microorganism to contact and react with organic sulfur compounds will be 

influenced by the physical structure of the coal (i.e., particle size, pore size distribution, and 

rigidity/plasticity). Microbial coal desulfurization involves the oxidation of sulfur compounds 

on the surface of the coal particle. Therefore, the available particle surface area is an 

important factor that determines the rate of sulfur removal from coal.  

 

The effects of different coal particle size mesh numbers 20 (850µm), 40 (425µm), 80 

(180µm), 100 (150µm), 140 (106µm) and 400 (38µm) at pH 7.0, pulp density 10% (w/v) and 

agitation speed 180rpm were investigated on biodesulfurization ability of Rhodococcus spp. 

(Eu-32). The ultimate removal at 400 mesh (38µm) was low while the highest sulfur removal 

was achieved with 20 mesh (850µm) with a total removal of 40±2.4% sulfur in 15 days (Fig. 

3.29). It is reported that a reduction in coal particle size resulted in significant enhancement  

Fig. 3.29 Effect of different particle sizes on biodesulfurization of coal.  

 

in sulfur removal rate (Erincin et al., 1998). In our case, we observed that reduction in 

particle size from 850 to 38µm resulted in decreased removal of sulfur.  It may be due to the 



PhD thesis Nasrin Akhtar 

 

101 

 

reason that the reduction in size may have produced non-uniformly distributed sulfur 

containing coal particles. The sulfur free coal particles may have created extra absorption 

sites for microorganisms resulting in low concentration of microbial cells on sulfur 

containing coal particles and therefore a reduction in the removal of sulfur. So, we can 

conclude that the optimum particle size will vary for different coals depending upon the 

pyritic and organic sulfur contents and their distribution among coal matrix.  

 

3.7.5 Biodesulfurization of Dandot coal 

 

Biodesulfurization experiments were also carried out using coal taken from Dandot coal 

mines, Pakistan, under optimum growth conditions of the bacterial culture worked out using 

Dukki coal. The total and organic sulfur contents were decreased by 32±1.8% and 40±2.4% 

respectively when compared to untreated coal (Table 3.6). Moreover, the carbon contents and 

the calorific value (CV) of the biotreated coal displayed slight increase (Table 3.6). This 

increase in CV may be attributed to the fact that unwanted minerals (pyrite, sphalerite, galena, 

gypsum and silica etc.) were removed during the biotreatment, which otherwise, had 

remained a kind of ―heat sink‖. However, biotreatment enhanced hydrogen and nitrogen 

contents of the coal as 3.9% and 9.9% respectively. The increased hydrogen and nitrogen 

contents may be due the presence of biomass in the treated coal samples despite careful 

washing procedures (Kilbane, 1990). The aqueous supernatant obtained from 

biodesulfurization experiment of the coal did not contain any detectable sulfate sulfur which 

could be due to the fact that that sulfate sulfur liberated from coal matrix might had been 

picked up by the growing bacterial cell mass.  

 

Previously, it has been shown that by employing pure culture of At. ferrooxidans, 75% of the 

pyritic sulfur was removed after 16 days of shaking, whereas, this value was 90% in the same 

number of days when a mixed consortium of At. ferrooxidans and At. thiooxidans was used 

(Ghauri et al., 2009). By employing isolate Eu-32 only 1.2% decrease in pyritic sulfur was 

achieved and the organic sulfur removal was 40%. Isolate Eu-32 is a neutrophilic bacterium 

and could not work optimally with the acidophilic microorganisms but, use of acidophiles 
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and neutrophiles in succession could be helpful for higher sulfur removal from coal and may 

prove more practicable. 

 

 

 

 

Table 3.6 Comparison of carbon, hydrogen, sulfur contents and calorific value (CV) of 

untreated and biotreated Dandot coal. 
 

 

 

Note: Biotreated coal was the coal sample taken from the shake flask after 

biodesulfurization with Rhodococcus spp. (Eu-32). The values are the mean of 

duplicate experiments. 

+ sign represents increase 

- sign represents decrease 

 

 

 

 

3.8 BIODESULFURIZATION OF COAL IN 1L FERMENTOR 

 

Controlled environmental conditions were provided to the Rhodococcus spp. (Eu-32) for coal 

biodesulfurization in 1L fermentor. Analysis of microbially desulfurized coal sample on 

elemental analyzer revealed nearly 15±0.25% removal of total sulfur in 16 days (Fig. 3.30). 

Interestingly, a 7% reduction in nitrogen content was also observed in biotreated samples. 

Moreover, the carbon content of these samples was 57%, which was about 12% greater than 

that of untreated samples. The sulfur removal achieved in this study was not of the level that 

 

Coal Type 

 

Carbon 

(%) 

 

Hydrogen 

(%) 

 

Nitrogen 

(%) 

 

Sulfur (%) 

 

CV 

(Cal/g) Total Sulfate Pyritic Organic 

 

Untreated  

 

63.46 

 

5.35 

 

8.30 

 

2.93 

 

0.15 

 

0.83 

 

1.95 

 

6676 

 

Biotreated  

 

65.32 5.56 9.12 1.98 0.14 0.82 1.16 6689 

% Increase/ 

Decrease 

 

(+) 2.9 (+)3.9 (+) 9.9 (-) 32 (-)6.0 (-)1.2 (-)40 (+)0.19  
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was obtained in the shake flask studies under completely controlled environmental conditions. 

One of the possible reasons may be that conditions were not ideally controlled in fermentor.  

 

Sulfur removal efficiency of acidophilic microorganisms is higher (Ghauri et al., 2009) than 

that of organic sulfur removal microorganisms. But, the organic sulfur removal 

microorganisms are ineffective for the removal of pyritic or inorganic sulfur and similarly 

acidophilic microorganisms are not suitable for the removal of organic sulfur as they are 

autotrophic in nature. So, for higher sulfur removal from coal there is need to use both 

inorganic and organic sulfur removal microoganisms in consortium which may not be 

practicable in true sense. Isolate Eu-32 is a neutrophilic bacterium and could not work 

optimally with the acidophilic microorganisms but, use of acidophiles and neutrophiles in 

succession could be helpful for higher sulfur removal from coal and may be more practicable 

for subsequent upscalling processes as discussed earlier. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.30 Biodesulfurization of coal in 1L fermentor. 
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3.8.1 Effect of biotreatment on surface area of coal 

 

Coal is a complex heterogenous mixture of organic (maceral) and inorganic (mineral) 

components and has a very complicated pore structure. Pores in the coals are subdivided 

according to the size of pore diameter into three classes, namely micropores (<2 nm), 

mesopores (2–50 nm) and macropores (>50 nm) (IUPAC, 1982). The Langmuir equation is 

widely accepted interpretation models of gas adsorption in order to determine the surface 

area of coal. The Langmuir model assumes that adsorption takes place in the form of a single 

layer of molecules and the maximum amount of adsorbate (total number of molecules) is 

defined by the monolayer capacity of the material (Gregg and Sing, 1982; Sing et al., 1985).  

 

Surface area of biotreated and untreated coal samples was determined using ASAP2020, 

surface area analyzer, USA. The biotreatment resulted in significant increase in the BET and 

Langmuir surface area of the coal, by 16 and 20 times respectively (Table 3.7). The increase 

in surface area of the coal samples may be due to the fact that unwanted minerals have been 

removed from the coal and the closed pores have opened, ultimately the density and surface 

area of the coal increased.  

 

 

Table 3.7 Surface area of the biotreated and untreated coal. 

 

Surface Area      Untreated coal Biotreated coal Increase 

Single point surface area at P/Po     0.0552 m²/g    0.5102 m²/g  9 times      

 

BET surface area       0.0349 m²/g    0.5441 m²/g  16 times     

 

Langmuir surface area      0.0376 m²/g    0.7706 m²/g  20 times      
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3.8.2 Field Emission Scanning Electron Microscope (FESEM) analysis of the coal 

 

The adhesion of the bacterial cells to the coal surface was observed under FESEM. 

Rhodococcus spp. Eu-32 cells showed a higher tendency of attachment to the surface of coal 

particles (Fig. 3.31). Scanning electron microscopy revealed extensive cell adhesion to coal 

crystals treated with bacterial cells. Scanning electron microscopy of the samples revealed 

holes of exactly of the size of bacteria in the coal crystal. The adhesion may be due to a 

stronger interaction then the hydrophobic and electrostatic interactions. The extracellular 

polymeric substances in outer layer are reported to be involved in bacterial adhesion to the 

pyrite crystals (Gehrke et al., 1998). 

 

 

 

 

 

 

Fig. 3.31 Scanning electron micrographs of coal particles treated with Rhodococcus spp. (Eu-

32). A: Showing pits and holes formed due to bacterial attack on the surface (5 µm); B: 

Showing the bacterial adhesion (7.5µm). 

 

A B
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3.9 BIODESULFURIZATION OF DIESEL OIL  

 

A sample of High Speed Diesel (HSD) fuel with sulfur contents of 2.35±0.21% was used for 

biodesulfurization with Rhodococcus spp. (Eu-32). Some properties of the HSD are given 

below in Table 3.8. The atomic absorption spectrophotometric analysis of the oil showed the 

presence of Cu 26.7ppm, Zn 4.83ppm and Mg 49.5ppm while, the Fe, Cd, Ni, Ag, Mn and V 

were not detected in the oil.  

 

 

Table 3.8 Some properties of the High Speed Diesel oil used for biodesulfurization studies. 

 

Properties   Value    

 

Sp. Gravity  0.8464    

Sulfur contents 2.35±0.21%    

Flash point  71
o
C    

Cloud point  +6
 o
C      

Pour point  0
 o
C     

 

 

 

3.9.1 Effects of process variables on biodesulfurization of diesel oil in shake flasks  

 

The effect of different oil pulp densities (2.5, 5, 10, 15, 20 and 25%) was investigated on 

biodesulfurization ability of isolate Eu-32. The elemental analysis of the biotreated oil 

samples on CHNS analyzer showed that there was no considerable difference in total sulfur 

contents of all oil pulp densities. When the oil pulp density was below 5% the oil and cells 

were much homogenized with each other and it was very difficult to separate the oil phase 

from the media. In contrast, when the oil pulp density was above 10% it was easy to separate 

the oil phase from the cellular portion but, in all the pulp densities the sulfur contents 

remained almost unchanged after biotreatment with Rhodococcus spp. (Eu-32). Similarly the 
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effect of different agitation speeds on biodesulfurization ability of Rhodococcus spp. was 

evaluated as described in the materials and methods section 2.11.3.2. The desulfurization 

ability of Eu-32 was slightly increased when the agitation speed was 180rpm. When the HSD 

oil was treated with Rhodococcus spp. (Eu-32), at 30
o
C, 180 rpm with 5% oil pulp density 

having 5% glucose in the MG medium as carbon source, the sulfur contents decreased from 

2.35% to 2.2% i.e. the total decrease in sulfur content was about 6%. When the oil was 

biotreated without glucose in the medium no reduction in the total sulfur contents was 

observed even after 25 days as compared to the control (Table 3.9).  

 

 

Table 3.9 Comparison of carbon, hydrogen and sulfur contents (%) of biotreated and 

untreated diesel oil with and without glucose in shake flasks. 

 

Sample ID  Carbon Hydrogen  Nitrogen Sulfur 

 

Control HSD  80.56  11.22   10.73  2.35 

 

Without Glucose 80.41  11.09   9.75  2.36 

 

With Glucose   82.0  11.11   9.83  2.2 

 

 

Benzothiophenes and dibenzothiophenes (DBTs) are the main organic sulfur compounds in 

the middle-distillate fractions, e.g. the diesel and fuel oil range. Removal of these organo 

sulfur compounds is considerably difficult by hydrodesulfuriztion (HDS). Therefore, HDS is 

not effective for deep-desulfurization of fractions containing heterocyclic sulfur compounds. 

Microbial desulfurization of petroleum, as an alternative method has attracted numerous 

attentions during last decade. In order to make this new process as commercially feasible and 

viable, microbial desulfurization must be able to selectively remove sulfur from fuels. A lot 

of microbial species have been isolated by different scientists which can remove sulfur from 

such organo sulfur compounds via a sulfur specific pathway (4S pathway), but a few 
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information on the biodesulfurization of diesel oils has been reported (Maghsoudi et al., 

2001). In current study the HSD diesel oil contain about 2.35% of sulfur. Although, the 

Rhodococcus spp. (Eu-32) showed very promising results towards biodesulfurization of DBT 

but, the analysis of the biotreated diesel oil showed no considerable decrease in total sulfur 

contents of HSD diesel oil as analyzed by CHNS analyzer. Andaloussi and co-workers (2003) 

obtained somewhat similar results, showing that strain MK5-C1, which was quite stable and 

active on DBT in organic media, was not able to desulfurize hydrodesulfurized middle 

distillate. They reported that this may be due to the narrow substrate specificity of that 

biocatalyst. Similarly in our case the HSD oil may contain those sulfur species, for which 

isolate Eu-32 has lesser affinity to use them as sulfur source.   

 

3.9.2 Biodesulfurization of diesel oil in 1L fermentor  

 

Although, the studied Rhodococcus spp. (Eu-32) showed very promising results towards 

biodesulfurization of model compound DBT and coal but, the analysis of the biotreated 

diesel oil showed relatively lower decrease in total sulfur contents of HSD diesel oil. In case 

of 1L fermentor studies, the sulfur contents remained almost unchanged after 

biodesulfurization experiment (Table 3.10). The possible reason may be due to the narrow 

substrate specificity of the biocatalyst which could not oxidize methylated forms of DBTs 

(Cx-DBT), a major constituent of diesel oils. Additionally, the position of the methyl group 

also influences the reaction rate as in most cases, alkylation near the sulfur leads to slower 

rates (Monticello, 2000). In Rhodococcus species, the Dsz enzymes are soluble and 

presumably found in the cytoplasm. This is in contrast to the enzymes for the metabolism of 

other very hydrophobic molecules, such as alkanes, which are associated with the cell 

membrane (Monticello, 2000). The involvement of intracellular C-S bond cleaving enzymes 

implies that the substrates must enter the cell prior to their metabolism. So, another reason 

for less sulfur removal from oil may be the mass transfer limitations i.e. the transfer of the 

polyaromatic sulfur heterocycles from the oil phase into the cell. In case of coal, 

microorganisms acquire their sulfur needs through oxidation of the sulfur by making an 

adhesion to the surface of coal particle while, in case of oil the hydrophobic surface let the 

organism to drink from the oil. So, the physical properties of cell may also affect the ability 
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of the microorganism to biodesulfurize a particular material. The low stability of the desired 

activity in oil may be due to accumulation of lipophilic compounds into lipid bilayers, which 

have conferred toxicity problems to the bacterium. Moreover, the heterogeneity of coal and 

diesel oil with respect to their sulfur species may also be the possible reason of lesser sulfur 

removal from oil. This finding validated that the same microorganism may not be effectively 

used with all types of fossil fuels. In other words, the biological removal of organic sulfur 

from different forms of fossil fuels may have to be tailored separately using different 

microbial species. Furthermore, biological treatments using isolate Eu-32 could be more 

suitable for materials like coals and may not stand equal for biodesulfurization of other fossil 

fuels.  

 

 

Table 3.10 Comparison of carbon, hydrogen and sulfur contents (%) of biotreated and 

untreated diesel oil with and without glucose in 1L fermentor. 

 

Sample ID  Carbon Hydrogen  Nitrogen Sulfur 

 

Control HSD  80.56  11.22   10.73  2.35 

 

Without Glucose 79.99  11.00   9.71  2.34 

 

With Glucose   80.50  11.29   9.70  2.33 

 

 

3.9.3 FTIR analysis of the oil samples 

 

The sulfur-containing compounds in crude oil include sulfides, thiols, thiophenes, substituted 

benzo- and dibenzothiophenes (BTs and DBTs), benzonaphthothiophene (BNT), and many 

considerably more complex molecules. Aliphatic mercaptans and thiophenols, as liquids and 

in solutions, show S-H stretching absorption in the range of 2600-2550 cm
-1 

(Silverstein and 

Webster, 1997). The FTIR spectrum of the original diesel oil provided in Fig. 3.32 showed S-
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H stretching vibration with %T of 72.88. The S-H stretching band of biotreated oil 

showed %T of 78.77 (Fig 3.33). The transmittance is inversely proportional to absorbance so, 

an increase in transmittance of biotreated oil means that there was a decrease in sulfur 

contents of the molecules which have an S-H functional group in their structure. The 

stretching vibrations assigned to the C-S linkage occur in the region of 700-600 cm
-1

. Two 

weak peaks were present at 700 and 613 cm
-1, 

showing the sulfides C-S bond stretching. 

 

The S-S stretching vibration is very weak and falls between 500-400 cm
-1

. Alkyl and aryl 

sulfoxides as liquids or in solution form show strong absorption in the 1070-1030 cm
-1 

region. 

Spectra of sulfones show strong absorption bands at 1350-1300 cm
-1 

and 1160-1120 cm
-1

. 

These bands arise from asymmetric and symmetric SO2 stretching respectively (Silverstein 

and Webster, 1997). The sulfone stretching with increased transmittance was present in 

biotreated oil. Solutions of sulfonamides strongly absorb at 1370-1335 cm
-1

. The asymmetric 

S=O stretching frequencies for sulfonates, sulfates and sulfonic acids are at 1372-1335, 1415-

1380 and 1350-1342 cm
-1

 respectively. Some of the above mentioned stretchings were 

present in biotreated oil FT-IR spectra with increased transmittance (Fig. 3.33). 

 

The transmittance intensities of the bands representing the presence of sulphones, sulfonates, 

sulfates and sulfonic acids have been slightly increased in the spectra of the biotreated oil 

sample, indicating a reduction of these molecules in the diesel oil after biotreatment with 

isolate Eu-32 (Fig. 3.33). 
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3.10 ACQUISITION AND MANIPULATION OF dszABC GENES 

 

 

3.10.1 DNA isolation  

 

Intact total genomic DNA was isolated by adopting two methodologies as described in 

chapter 2, section 2.13.1 and 2.13.2. The electrophoresis was carried out in a 0.55% agarose 

gel for 15 hours and 30V in 1X TAE buffer. The same gel was again run for an additional 4 

hours at 50V in the same buffer. In addition to the bright chromosomal DNA band, two 

slightly bright bands were also obtained, showing that the Rhodococcus spp. (Eu-32) 

harbored two large plasmids (Fig 3.34). Denome et al., (1995) reported that Rhodococcus 

erythropolis IGTS8 had two large plasmids of 50kb and 120kb in its genome. Likewise, the 

presence of two larger plasmids in our isolate (Eu-32) may reflect the conservation of 

plasmid encoded desulfurizing genes in this specie.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.34 Total genomic DNA of Rhodococcus spp. (Eu-32).  

Lanes: 1 and 2: Plasmid and chromosomal DNAs; 3 and 4 chromosomal DNA. 

     1      2       3 4      

Plasmid DNA 

Chromosomal DNA 
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3.10.2 Primer designing  

 

In order to design non-degenerate primers for the PCR amplification of dszABC genes of 

isolate Eu-32, the 16S rRNA gene sequences of already reported dibenzothiophene 

desulfurizing bacteria were compared and aligned with the partial sequence of isolate Eu-32. 

The aligned sequences were used to construct a distance matrix, after the generation of 100 

bootstrap sets that was subsequently used to construct a phylogenetic tree, by neighbor-

joining method. The dszABC gene sequences of those species which were forming a separate 

branch with isolate Eu-32 in 16S rRNA gene sequence based phylogenetic tree were 

subsequently used for non-degenerate primer designing. The dsz A, B and C genes of 

Rhodococcus sp. SDUZAWQ, Rhodococcus erythropolis IGTS8, Rhodococcus  sp. XP were 

aligned to find the most conserved regions to be used as non-degenerate primers. 

 

The nucleic acid sequences of the degenerate PCR primers were designed using conserved 

amino acid sequences of DBT-desulfurizing enzymes (aligned by using CLUSTALX version 

1.81) from R. erythropolis IGTS8, Paenibacillus sp. A11-2, B. subtilus WU-S2B and G. 

alkinovorans strain 1B. The position of the different degenerate and non degenerate primers 

is shown in the schematic Fig 3.35 based on the R. erythropolis IGTS8 dszABC gene 

sequences.  

 

3.10.3 PCR amplification of dszA, B and C genes using non-degenerate primers 

 

Attempts to use PCR primers (non-degenerate) based on the 5′ and 3′ termini of Rhodococcus 

sp. SDUZAWQ, Rhodococcus erythropolis IGTS8 and Rhodococcus sp. XP desulfurization 

genes were unsuccessful in obtaining appropriate portions of the desulfurization genes from 

Rhodococcus spp. (Eu-32). Although supposedly stringent PCR conditions were applied, but 

multiple bands were obtained in each case (Fig. 3.36). The PCR amplified target bands were 

eluted from the agarose gel, cloned and sequenced. In the case of dszA gene sequence the top 

database hit in TBLASTX was Rhodococcus opacus B4 DNA complete genome, with 

features having 83% homology with putative phosphatase. In the case of dszB gene the top 

database hit in TBLASTX was Rhodococcus equi 103S chromosome and the features in this 
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AYTRFGG-BF  DB254F 

DB353 R ASVWTVS-BR 

dszC forward 

dszC reverse 

GNASSENN-CF 

GFDRFWR-CR 

Eu2AF 

 

AR 

part of genome sequence were having 81% homology with putative substrate binding protein. 

While in the case of dszC gene the top database hit in TBLASTX was Rhodococcus equi 

103S chromosome having 90% homology with Propionate-CoA ligase/acetyl-CoA 

synthetase (Table 3.11).  

 

 

Fig. 3.35 Schematic diagram drawn for this study based on the dsz gene sequences of R. 

erythropolis IGTS8 (Alves et al., 2007), showing the position of the primers used to amplify 

the dszABC genes of Rhodococcus spp. (Eu-32). 
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Fig. 3.36 PCR amplification of dszA, B and C genes from Rhodococcus spp. (Eu-32). 

A. PCR amplification of dszA gene using non-degenerate dszA forward and reverse primer 

pair. Lanes: 1, dszA; 3, 1kb DNA ladder (Fermentas SM0313).   

B. PCR amplification of dszB gene using non-degenerate dszB forward and reverse primer 

pair. Lanes: 1 & 2 dszB; 3, 1kb DNA ladder (Fermentas SM0313). 

C. PCR amplification of dszC gene using non-degenerate dszC forward and reverse primer 

pair. Lanes: 1, 1kb DNA ladder (Fermentas SM0313); 2, 3 & 4 dszC. 
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The PCR amplification of dszA gene using the AF and AR non-degenerate primer pair 

resulted in three dominant bands (Fig. 3.37) with one band of expected size of 1.37kb (code 

NA2). This 1.37kb and two other bands i.e. 1.35kb (code NA7) and 900bp (code NA14 & 

NA15) were eluted from the gel and were cloned and sequenced. The 900bp band generated 

two types of clones after restriction analysis so; both of these clones were sequenced. In 

TBLASTX the top database hit for NA2 clone sequence was Rhodococcus opacus B4 

plasmid pROB01 DNA, complete sequence and the features in this part of DNA sequence 

were having similarity with putative and hypothetical proteins (Table 3.12). In case of clone 

NA7, the top database hit was Rhodococcus equi 103S chromosome and the feature in this 

part of chromosome sequence was having maximum of 84% homology with glutamate 

synthase small subunit G1tB1&G1tB2. The top database hit for clone NA14 and NA15 was 

Rhodococcus opacus B4 DNA, complete genome with features having homology with 

hypothetical membrane protein (79%) and Rhodococcus equi 103S chromosome with 

features showing homology with putative acetyl transferase (59%) respectively (Table 3.12).  

 

The desulfurization genes have often been shown to be conserved among Rhodococcus 

species (Denis-Larose et al., 1997). So, in order to amplify the dsz genes polymerase chain 

reaction (PCR) primers based on the 5' and 3' termini of different Rhodococcus species and 

related bacterial specie were designed. The non degenerate primers based on the 5' and 3'  

termini genes generally failed to amplify appropriate genes from Rhodococcus spp. (Eu-32). 

Unfortunately these validated primers generated multiple bands and failed to amplify the 

specific dsz genes or operon of isolate Eu-32. This result suggests that the initial assumption 

of high gene identity to previously sequenced dszABC or of gene synteny was incorrect.  
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Fig. 3.37 PCR amplification of dszA gene of Rhodococcus spp. (Eu-32) using AF and AR 

primer pair.  

Lanes: 1, 1kb DNA ladder (Fermentas SM0313); 2, dszA gene of Eu-32. 
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3.10.4 PCR amplification of dszABC genes of Rhodococcus erythropolis IGTS8 using non-

degenerate primers  

 

As the non-degenerate primers failed to amplify the dszABC genes of isolate Eu-32 so, in 

order to check the specificity of the PCR primers and sensitivity of the polymerase chain 

reaction, a positive culture sample of Rhodococcus erythropolis IGTS8 was obtained from Dr. 

John Kilbane, Illinois Institute of Technology, USA. The non-degenerate primers 

successfully amplified the specific genes of Rhodococcus erythropolis IGTS8. The PCR 

amplification of dszA, dszB and dszC genes of R. erythropolis was carried out using non-

degenerate primers. The primers yielded unique amplicons of the target sizes (Fig. 3.38) as 

reported earlier (Denome et al., 1993). For dszA, dszB and dszC genes 1.36kb, 1.09kb and 

1.25kb bands were obtained respectively (Fig. 3.38A and B). The amplification of all the 

three genes in lieu resulted in an amplicon of 3.7kb band (Fig 3.38B). These genes were 

cloned and sequenced.  The DNA sequence of dszABC and dszA gene showed homology 

with Rhodococcus erythropolis dszA, dszB and dszC genes complete sequence (Table 3.13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.38 PCR amplification of dszABC genes of Rhodococcus erythropolis IGTS8 

 

(A)  Lanes: L, Hyper ladder 1; 1, dszA (1.36kb) 

 

(B)  Lanes: L, Hyper ladder 1; 1&2, dszB (1.09kb); 3&4, dszC (1.25kb); 5&6, dszABC 

(3.7kb) 
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3.10.5 Degenerate primers for the isolation of dszABC genes of Rhodococcus spp. (Eu-32)  

 

Generally, if two organisms are related, their DNA sequences for a particular gene will show 

some degree of identity. We reported, that Rhodococcus spp. (Eu-32) desulphurized DBT 

through a novel extended 4S pathway (Akhtar et al., 2009) and being related to the genus 

Rhodococcus, we presumed that it may also harbour DBT desulphurizing genes (dszABC 

genes) similar to the well documented desulphurizing bacterium Rhodococcus erythropolis 

sp. IGTS8. Therefore, for PCR amplification and characterization of the presumed dszABC 

genes involved in C-S bond cleavage of Rhodococcus spp. (Eu-32), we designed specific 

primers based on the 5' and 3' regions of dszABC genes of R. erythropolis IGTS8. These 

primers generated multiple bands, despite stringent PCR conditions and did not amplify 

homologous dsz genes from Rhodococcus spp. (Eu-32). Accordingly degenerate PCR 

primers were designed to amplify the presumed dszABC genes of Eu-32 (see Fig. 3.35). For 

this purpose, a comparison of the protein sequences of dissimilar desulfurization enzymes 

(DszABC, BdsABC, and TdsABC) of Rhodococcus erythropolis IGTS8 (AAA99482), 

Gordonia alkinovorans strain 1B (AAT78716), Bacillus subtilus WU-S2B (BAC20180) and 

Paenibacillus sp. A11-2 (BAA94831) was carried out which revealed multiple conserved 

regions. Conserved amino acid regions that were unique to desulfurization genes were 

identified (Fig 3.39, 3.40, 3.41). Then the DNA sequences that encoded for these conserved 

protein motifs were compared among divergent desulfurization-competent cultures to 

determine if the DNA sequences of these regions are sufficiently conserved to allow useful 

PCR primers to be designed. The PCR primers targeting some of the most highly conserved 

regions of the desulfurization genes were designed. The redundant nature of the genetic code 

makes it possible for DNA sequences to vary from one species of microorganism to another 

yet encode for proteins with identical amino acid sequences. Therefore, examining protein 

sequences may allow the detection of conserved regions of genes that might not be as readily 

detected by comparing DNA sequence data (Kilbane and Robbins, 2007).  
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3.10.6 PCR amplification of dszA gene using degenerate primers 

 

In order to PCR amplify the dszA gene of Rhodococcus spp. Eu-32, different degenerate 

primer pairs were designed. Attempts were made to amplify the dszA gene in shorter 

fragments. In first attempt partial PCR amplification of dszA gene was carried out using 

degenerate primer pair DAF and DAR. Multiple bands were obtained along with the 

expected size band of 1.22kb (Fig. 3.42A). This band was eluted, cloned and sequenced. In 

TBLASTX the top database hit for NA16 clone sequence was Rhodococcus equi 103S 

chromosome and features in this part of DNA sequence were having similarity with LexA 

repressor (94%) and some other proteins (Table 3.14). The partial PCR amplification of dszA 

gene using DA44F and DAR primer pair also showed multiple bands (Fig. 3.42B). The 

expected size band of 1150bp (clone code NA4) was eluted, cloned and sequenced. The top 

database hit for NA4 clone sequence was Rhodococcus jostii RHA1 complete genome and 

the feature in this part of genome sequence had 95% homology with Ribonucleoside-

diphosphate reductase (Table 3.14).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      A             B 

Fig. 3.42 PCR amplification of dszA gene using degenerate primers. 

(A) PCR amplification using DAF and DAR primer pair  

(B) PCR amplification using DA44F and DAR primer pair.  

Lanes: 1, 1 kb DNA ladder (Fermentas SM0313); 2 &3, dszA gene.  
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Attempts were also made to partially PCR amplify the dszA gene of Eu-32 using another 

degenerate primer pair ARTLERG-AF and RYDRADEFL-AR. Based on the Rhodococcus 

erythropolis IGTS8 dszA sequence, a 350bp band was expected after PCR amplification. The 

touchdown gradient PCR amplification was carried out to reduce the non specific 

amplifications. The primer annealing temperatures ranged from 49
o
C to 64

o
C. A 350bp band 

was obtained (Fig. 3.43) at all temperatures along with other multiple bands. The 350bp band 

(clone code AJ1) was eluted, cloned and sequenced. In TBLASTX the AJ1 sequence showed 

highest homology with Rhodococcus erythropolis PR4 DNA, complete genome sequence. 

The features in that part of genome sequence had 92% of homology with Putative-FMNH2 

dependent monooxygenase (Table 3.15). A normal forward primer AEu-32F was designed 

from the known dszA (AJ1) sequence of Eu-32 and was used in combinations with other 

degenerate primers to obtain more amplicons of the dszA and dszABC genes sequence of 

Rhodococcus spp. Eu-32. This non-degenerate primer along with a reverse degenerate primer 

DA230R gave a discrete band of expected size of 194bp (Fig. 3.44). This band was gel eluted, 

cloned in pGEM-TEasy vector and sequenced. The sequence was subjected to BLAST search 

using the TBLASTX. The TBLASTX analysis of this 194bp DNA sequence showed the top 

database hit similarity with Rhodococcus erythropolis PR4 DNA, complete genome sequence. 

The features in this part of genome sequence were having 86% homology with Putative 

FMNH2-dependent monooxygenase Table 3.15.  

 

Both AJ1 and A15 sequences were resulted in getting a total of 494bp partial DNA sequence 

of the dszA gene of isolate Eu-32. The deduced 164 amino acid sequence from the 496 bp 

dszA gene of isolate Eu-32 showed 77% identity with putative FMNH2 dependent 

monooxygenases of several bacterial species in BLAST search. Low identities (range 32-

37%) were found between the partial DszA of isolate Eu-32 and other corresponding DBT 

desulphurizing monooxygenases. The partial DszA of isolate Eu-32 showed only 36% 

sequence homology with DszA of Rhodococcus sp. IGTS8, despite the organisms being 

closely taxonomically related. 
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Fig. 3.43 Touchdown gradient PCR amplification of dszA gene (partial) using ARTLERG-

AF and RYDRADEFL-AR primer pair. Lanes: 1, 49ºC; 2, 50.4ºC; 3, 51.7ºC; 4, 53.1ºC; 5, 

54.5ºC; 6, 55.8ºC; 7, 57.2ºC; 8, 58.5ºC; 9, 59.9ºC; 10, 61.3ºC; 11, 62.6ºC; 12, 64ºC & L, 

100bp DNA ladder, NEB (N3231S) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.44 PCR amplification of dszA (partial) by using AEu-32F and DA230R primer pair. 

Lanes: 1, dszA (partial) and 2, 100bp DNA ladder, NEB (N3231S). 
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A phylogenetic tree based on the dszA gene sequence (496bp) of Eu-32 and other 

desulfurizing bacterial species was constructed. The gene sequences were aligned using 

CLUSTALX software and the aligned sequences were used to construct a distance matrix, 

after the generation of 100 bootstrap sets, which was subsequently used to construct a 

phylogenetic tree by neighbor-joining method, using TREECON software. It is evident from 

the phylogenetic tree that Eu-32 is forming a separate branch and was far away from R. 

erythropolis IGTS8 (Fig.3.45). This indicates that the dszA gene is quite divergent from the 

already reported species desulfurizing genes. 

 

The vast majority of DNA sequences of desulfurization genes are remarkably similar to 

Rhodococcus erythropolis IGTS8, the first desulfurization-competent culture. This may be a 

consequence of the strategies/conditions used to isolate desulfurization competent cultures 

(Kilbane, 1989; Kilbane, 2006). Most desulfurization competent cultures are mesophilic, but 

the few known moderately thermophilic desulfurization competent cultures provide the best 

examples of divergent DNA sequences for desulfurization genes. The DNA sequences of the 

desulfurization genes tdsABC of Paenibacillus sp. A11-2 are 73, 61, and 52% homologous 

with the dszABC genes of R. erythropolis IGTS8 (Ishii et al., 2000). Similarly, the 

desulfurization genes bdsABC of Bacillus subtilis WU-S2B share 61 and 58% homology with 

the dszABC and tdsABC operons respectively (Kirimura et al., 2004). This provides credence 

to the hypothesis that desulfurization competent cultures that occupy environmental niches 

distinct from those occupied by Rhodococcus cultures are likely to contain a diverse array of 

desulfurization genes. 

 

From this finding it can be concluded that the dszA partial sequence from Eu-32 is a true 

dszA sequence because, there are conserved protein motifs in dszA while include not only the 

motifs that were used as the targets of the PCR amplification but also some other regions. So, 

it appeared that the dszA partial sequence is from a new desulfurization strain that differs 

significantly from the DNA sequence of the dszA gene of Rhodococcus erythropolis IGTS8.  
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Fig. 3.45 Phylogenetic tree based on the partial FMNH2 dependent DBTO2 

monooxygenase (DszA) sequence of Eu-32 (in this study) and other 

desulfurizing bacterial species. Scale bar 0.1 substitutions per site. 
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3.10.7 PCR amplification of dszB gene using degenerate primers  

 

Different degenerate primers were designed based on the conserved protein sequence of four 

divergent biodesulfurizing species (see materials and methods section 2.13.4). Touch down 

gradient PCR amplification of dszB gene of Eu-32, using degenerate primer pair DB67F (5′-

GCYTACACCCGHTTTGGBGG-3′) and DB353R (5′-AGRAATTSSGGDGCCGCCCA-3′) 

resulted in non specific amplifications and no band at expected size of 900bp was obtained. 

Similarly, when dszB gene was amplified using DB353R (5′-

AGRAATTSSGGDGCCGCCCA-3′) and DB254F (5′-GCSAGYGTBTGGACGGTCAGC-3′) 

primer pair, multiple bands were obtained with no band, at the expected size of 320bp.  

 

Further the dszB gene of Eu-32 was PCR amplified using another degenerate primer pair 

AYTRFGG-BF and ASVWTVS-BR. A band of about 578 or 600bp was expected with PCR 

amplification. Multiple bands were obtained after PCR along with the expected size 578bp 

band (code B) and another band of 600bp (code BJ6) was also obtained (Fig. 3.46). Both 

bands were gel eluted, cloned in pGEM-TEasy vector and sequenced. The TBLASTX 

analysis of the BJ6 clone sequence showed highest homology (top database hit) with 

Rhodococcus erythropolis PR4 DNA, complete genome sequence. The features in this part of 

genome sequence were 77% homologous with Putative F420-dependent oxidoreductase 

(Table 3.16). The top database hit for clone B in TBLASTX was Rhodococcus jostii RHA1, 

complete genome. The features in this part of genome sequence were having 70% homology 

with cytochrome c assembly membrane protein (Table 3.16). 

 

Kilbane and Robbins (2007) reported that conserved protein motifs may indicate important 

features of the proteins needed for enzymatic activity, substrate binding, or interaction with 

cofactors. However, conserved protein motifs may also be shared with nondesulfurization 

enzymes, and may reflect the evolutionary history of the desulfurization enzymes. We also 

observed the similar results over here, although we got the bands of expected size, but the 

sequencing results revealed the superfluous matches in NCBI blast search.   

 

As the dszA partial sequence of isolate Eu-32 was having homology with the monooxygenase 

of Rhodococcus erythropolis PR4 DNA genome sequence and the dszB gene of isolate Eu-32 
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(clone BJ6) also showed homology to the genome sequence of this microorganism. So, a 

phylogenetic tree based on the dszB gene sequence (clone BJ6) of Eu-32 and other 

desulfurizing bacterial species was constructed. The gene sequences were aligned using 

CLUSTALX software and the aligned sequences were used to construct a distance matrix, 

after the generation of 100 bootstrap sets, which was subsequently used to construct a 

phylogenetic tree by neighbor-joining method, using TREECON software. It is evident from 

the phylogenetic tree that Eu-32 is forming a separate branch and was far away from R. 

erythropolis IGTS8 (Fig.3.47). This indicates that the dszB gene (clone BJ6) is also quite 

divergent from the already reported species desulfurizing genes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(100bp DNA ladder, NEB, N3231S) 

 

 

 

Fig. 3.46 PCR amplification of dszB (partial) of Eu-32 by AYTRFGG-BF and ASVWTVS-

BR primer pair. Lanes: 1, 100bp DNA ladder, NEB (N3231S); 2, dszB. 

 

 

 

 

 

 

600bp BJ6 

578bp B 

 

    1       2 

600bp  

500bp 

400bp 

 



PhD thesis Nasrin Akhtar 

 

136 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PhD thesis Nasrin Akhtar 

 

137 

 

 

Fig. 3.47 Phylogenetic tree based on the partial dszB gene 

sequence of Eu-32 (in this study) and dszB genes sequences of 

other desulfurizing bacterial species. 
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3.10.8 PCR amplification of dszAB genes using degenerate primers  

 

It is reported that some part of the dszA and dszB gene sequence is overlapping in R. 

erythropolis IGTS8 (Xu et al., 2009). So, for joint PCR amplification of dszAB genes of 

isolate Eu-32 different degenerate primers were used. Touchdown gradient PCR 

amplification of dszAB genes using degenerate primer pair DA413F and DB353R resulted in 

multiple bands. The expected band was of size 1260bp, but we got a band at 1350bp named 

as AB1 (Fig. 3.48). That band was gel eluted, cloned and sequenced. The top database hit in 

TBLASTX for AB1 sequence was Rhodococcus opacus B4 DNA, complete genome. The 

features in this part of genome sequence were having highest of 83% sequence homology 

with Acyl-CoA desaturase (Table 3.17). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.48. Touchdown Gradient PCR amplification of dszAB gene of Eu-32 using DA413F 

and DB353R primer pair. Lanes: L,100bp DNA ladder, NEB (N3231S); 1, 49ºC; 2, 50.4ºC; 3, 

51.7ºC; 4, 53.1ºC; 5, 54.5ºC; 6, 55.8ºC; 7, 57.2ºC; 8, 58.5ºC; 9, 59.9ºC; 10, 61.3ºC; 11, 

62.6ºC; 12, 64ºC; 13, -ve control. 
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Touchdown gradient PCR amplification of dszAB gene of Rhodococcus spp. (Eu-32) using 

AEu-32F and ASVWTVS-BR primer pair also resulted in multiple bands including an 

expected size band of 1.68kb (Fig. 3.49). This band was gel eluted, cloned and sequenced. 

The top database hit for AB23 sequence in TBLASTX was Rhodococcus jostii RHA1, 

complete genome. The features in this part of genome sequence were 93% homologous with 

Dipeptide/oligopeptide ABC transporter, permease complex (Table 3.18). 

 

Similarly, PCR amplification of dszAB gene using AEu-32F and DB353R primer pair also 

resulted in multiple bands other than an expected size band of 1.98kb (clone code 2k21, Fig. 

3.50). This band was gel eluted, cloned and sequenced. The top database hit in TBLASTX 

for 2k21 sequence was Rhodococcus erythropolis PR4, complete genome. The features in 

this part of genome sequence were having maximum of 76% homology with conserved 

hypothetical protein (Table 3.18).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.49 Touchdown gradient PCR amplification of dszAB genes using AEu-32F and 

ASVWTVS-BR primer pair. Lanes: 1, 46.5ºC; 2, 48ºC; 3, 49.6ºC; 4, 51.1ºC; 5, 52.7ºC; 6, 

54.2ºC; 7, 55.8ºC; 8, 57.3ºC; 9, 58.9ºC; 10, 60.4ºC; 11, 62ºC; 12, 63.5ºC and 13, negative 

control; L, 1kb DNA ladder, Fermentas (SM0313). 
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Fig. 3.50 PCR amplification of dszAB gene using AEu-32F and DB353R. Lanes: 1, 1Kb 

DNA ladder (Fermentas, SM0313); 2 and 3, dszAB gene 
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3.10.9 PCR amplification of dszC gene using degenerate primers 

 

The two conserved regions of DszC proteins sequences, used to design PCR primers are 

shown in Fig. 3.41. A 23bp forward PCR primer with four redundant positions and a melting 

temperature of about 70°C was constructed targeting the GNASSENN region. A 24bp primer 

with five redundant positions and a melting temperature of about 77°C was constructed 

targeting the GFDRFWR region of DszC. The GFDRFWR region was particularly 

interesting because it was near the end of the dszC gene and could therefore be used in 

conjunction with a primer targeting dszA sequences in PCR amplification strategies aimed at 

obtaining nearly complete desulfurization operon fragments. The conserved amino acid motif 

GFDRFWR was also found by investigators comparing the DszC/BdsC/TdsC proteins 

(Kilbane and Robbins, 2007).  

 

The PCR amplification of dszC gene carried out using degenerate primer pair GNASSENN-

CF and GFDRFWR-CR, resulted in several amplicons rather than a unique product, but one 

of the bands was approximately the size (774bp) of what we were expecting and was also the 

strongest band (Fig. 3.51). This band was gel eluted, cloned and sequenced. The restriction 

analysis of the cloned gene showed two types of patterns. So, both types of clones (C2 and 

CJ) were sequenced. The DNA sequence of C2 showed top database hit homology with 

Kribbella flavida DSM 17836, complete genome. The features in this part of genome 

sequence were having 83% homology with Appr-1-p processing protein. The CJ clone 

sequence showed 100% homology with desulfurizing enzyme of Rhodococcus sp., when 

subjected for TBLASTX analysis (Table 3.19).  

 

In order to find the closest relative of the DNA sequence of clone CJ among other 

desulfurizing species a phylogenetic tree was constructed using the neighbor joining method. 

It is evident from the phylogenetic tree that Eu-32 and Gordonia nitida formed a close clade 

with Agrobacterium tumefaciens, Rhodococcus sp. SDUZAWQ, Rhodococcus sp. XP and 

Rhodococcus erythropolis IGTS8, a grouping well supported by bootstrapping (Fig. 3.52). 

On the other hand the dszA and dszB genes sequences of Rhodococcus spp. (Eu-32) in 
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phylogenetic tree (Fig. 3.52) formed separate branches which were quite away from the 

Rhodococcus erythropolis IGTS8. The divergence of dszA and dszB genes from the already 

reported desulfurizing dsz genes and the close relatedness of the dszC gene to desulfurizing 

bacterial species may reflect the evolutionary history of the desulfurization enzymes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.51 PCR amplification of dszC gene using GNASSENN-CF and GFDRFWR-CR 

Primer pair. Lanes: 1, 100bp DNA ladder, NEB (N3231S); 2, dszC gene 
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Fig. 3.52.  Phylogenetic tree based on the partial 

FMNH2 dependent DBTO monooxygenase 

(DszC) sequence of Eu-32 (in this study) and 

other desulfurizing bacterial species. Scale bar 0.1 

substitutions per site.  
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3.10.10 Collective PCR amplification of dszABC genes  

 

Attempts were also made to PCR amplify the dszABC genes of Rhodococcus spp. Eu-32 

jointly using different degenerate primer pairs. The primers AEu-32F and GFDRFWR-CR 

yielded several amplicons. The expected band of size 3139bp was gel eluted, cloned and 

sequenced. In TBLASTX the DNA sequence showed that spurious bands were cloned and 

neither showed homology with dsz genes (Table 3.20).   

 

The genome sequencing projects emphasizes the significance of having improved tools to 

correctly identify desulfurization genes due to increasing number of such desulfurization 

genes in different data bases. For example, the genome sequence of Ralstonia solanacearum 

and the gene sequence under GenBank accession number NC_006351 are some of several 

GenBank entries listed as possibly containing desulfurization genes (Kilbane and Robbins, 

2007). The similar observations have also been noted by Lee and co-workers (2006) that 

proteins that have homology with DszB can be found in genome sequences of various 

microbial species and are often found in genomic contexts that differ from the dsz operon and 

may indicate yet to be discovered sulfur metabolic pathways (Lee et al., 2006). On the basis 

of these observations we may conclude that as the dszA gene of Eu-32 was found in genome 

context of R. erythropolis PR4, that differ from the dsz operon with no discovered sulfur 

metabolic pathway so, it may be possible that other genes (like dszB) may also be 

homologous with genome sequence of various microbial species that has yet to be discovered 

for their desulfurizing abilities.  
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3.10.11 DNA sequence analysis of the desulfurization genes of Rhodococcus spp. (Eu-32) 

 

PCR primers targeting the conserved regions of the desulfurization genes shown in Tables 

2.1 were used to amplify desulfurization genes from Rhodococcus spp. (Eu-32). An analysis 

of the similarity of the dsz gene sequences obtained from the Rhodococcus spp. (Eu-32) was 

performed using the BLAST (TBLASTX) tool on the NCBI website. The highest level of 

DNA similarity/identity detected in databases was 92% for the dszA partial gene (494bp). 

The dszC gene sequence (774bp) showed 100% homology with desulfurizing enzyme of 

Rhodococcus sp., while, the dszB gene showed homology with genome sequences of 

different Rhodococcus species, but remained unsuccessful to amplify the specific gene. The 

schematic map showing the position of different clone sequences obtained by PCR 

amplification is shown in Fig. 3.53. The Rhodococcus erythropolis IGTS8 dszA gene 

displayed only 20-23bp regions of similarity (Fig. 3.54) with the dszA gene of Rhodococcus 

spp. (Eu-32). When more distantly related sequences, such as those from Bacillus subtilis 

WU-S2B (bdsA) was included in the comparison there was only a region of 31bp that was 

identical with dszA gene of isolate Eu-32. Moreover, the dszA gene sequence of isolate Eu-32 

showed no significant homology with tdsA gene sequence of Paenibacillis sp. A11. 

 

The dszB gene of isolate Eu-32 showed no significant homology with dszB gene of R. 

erythropolis (AAA99483.1). While there were regions of 17bp and 12bp that were identical 

among Paenibacillus SP. A11-2 (BAA94383.1) and Bacillus subtilus WU-S2B 

(BAC20182.1) respectively.  Besides, the dszC gene sequence of Rhodococcus spp. (Eu-32) 

was 99% (identities= 665/668) (Fig. 3.54), 64% (identities = 88/137) and 74% (identities 

=493/668) identical to the R. erythropolis IGTS8 (AAA99484.1), Paenibacillus SP. A11-2 

(BAA94383.1) and Bacillus subtilus WU-S2B (BAC20182.1) desulfurizing genes 

respectively.   

 

The DNA sequences of the desulfurization genes tdsABC of Paenibacillus sp. A11-2 are 73, 

61, and 52% homologous with the dszABC genes of R. erythropolis IGTS8 (Ishii et al., 2000). 

Similarly, the desulfurization genes bdsABC of Bacillus subtilis WU-S2B share 61 and 58% 

homology with the dszABC and tdsABC operons respectively (Kirimura et al., 2004). This 
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provides credibility to the hypothesis that desulfurization competent cultures that occupy 

environmental niches distinct from those occupied by Rhodococcus cultures are likely to 

contain a diverse array of desulfurization genes. 

 

 

 

Fig. 3.53 Schematic map showing the position of the cloned dsz genes of Rhodococcus spp. 

Eu-32 amplified using degenerate primers and some non-degenerate primers. 

 

(In case of dszA gene single head arrow lines are showing the joint amplification regions with 

dszB gene).  
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CHAPTER 4 

 

GENERAL DISCUSSION AND CONCLUSIONS 

 

Biotechnology has been accepted as an attractive way of improving the efficiency of many 

industrial processes and offering solutions for some of the serious environmental concerns. 

One of the reasons for this potential is due to the extraordinary metabolic capability that 

exists within the microbial world. Likewise, biotechnology, as an emerging technology, is 

supposed to contribute greatly in fossil fuels beneficiation processes. The scope of this 

unconventional approach appears as solution of dilemmas faced during traditional operations 

used for biodesulfurization of fossil fuels. Lower processing costs, less stringent conditions 

and cost-effective commercial processes are major benefits, which can be achieved by 

application of biotechnology in the field of fossil fuel beneficiation. We have set up the basic 

infrastructure required for hunting the ultra-modern approaches, which are being taken on in 

the developed countries for harnessing the microbial resources from the local environments, 

which have biotechnological potential for possible commercial exploitation. We have 

explored the area of biodepyritization (inorganic sulfur removal) of coal successfully 

achieving the sulfur removal up to 75%. The possibilities of using fermentors and drum 

reactors for depyritization have been demonstrated with substantial removal of pyritic sulfur 

from coal. For upscaling, optimization of the parameters for desulfurization has also been 

worked out in 10, 20 and 300 tonnes coal heaps. The cost of desulfurization is Rs. 1500-

2000/tonne by non biological methods. On the contrary, the microbiological depyritization 

process costs Rs. 800-1000/tonne of coal (Ghauri et al., 2009). Microbial desulfurization can 

save the potential in terms of Rs. 700-1000/tonne with respect to non biological methods. 

Thus by establishing this technology we can reduce the burden on our foreign exchange 

expenditures. However, the area of organic sulfur removal from fossil fuels has not been 

investigated to a greater extent. So, in the current study, work was carried out to remove the 

organic sulfur from fossil fuels using local organic sulfur metabolizing bacteria. For this 

purpose, microbial isolates capable of removing organic sulfur (C-S bond cleavage) were 
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screened and characterized. Experiments were designed to investigate impact of some 

important process variables on biodesulfurization of model organic sulfur containing 

compounds like dibenzothiophene (DBT) and fossil fuels (coal and oil). Moreover, the 

identification and characterization of genes involved in C-S bond cleavage were also carried 

out and a new pathway for organic sulfur removal was proposed (Akhtar et al., 2009). 

 

For isolation of potent organic sulfur metabolizing microorganisms, samples were collected 

from diverse environments. Out of 110 bacterial isolates, isolated from different 

environmental samples, only one isolate, Eu-32, originated from a soil sample taken from the 

roots of a Eucalyptus tree displayed DBT desulfurizing activity. The requirement of sulfur by 

microorganisms is very low in absolute terms (Kilbane II, 1990). The natural abundance and 

the ubiquity of inorganic sulfur, which is the preferred form of sulfur for microbial attack, 

make it unnecessary for an organism to utilize organic sulfur to meet its growth needs. 

Therefore, the probability of isolating microorganisms from nature having the ability to 

utilize organic sulfur is fairly remote (Kilbane II, 1990). This notion is reflected in this study 

in a way that out of 110 isolates, only one isolate was found to metabolize DBT to 2-HBP. 

This is the first report of the isolation of organic sulfur metabolizing bacteria from the soil 

collected from the roots of a Eucalyptus tree. This finding extends our knowledge about the 

diversity and prevalence of these bacterial types in such environments.  

 

From this finding we established that these types of microorganisms are not ubiquitous in the 

natural environments because of specific metabolic activity towards the use of sterically 

hindered sulfur containing compounds as their sole sulfur source. At the same hand, the 

environments in which they are present are not selective for such bacterial types only but also 

harbour other types of microorganisms, which may not have established any beneficial 

association among themselves and are surviving independently in these environments. These 

types of environments could be highly diverse and the microorganisms involved in 

desulfurization activities may also be diverse as compared to other microorganisms and this 

conviction was validated using different microbiological, biochemical, molecular and 

analytical techniques.  
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The metabolism of DBT by aerobic microorganisms has been generally classified into three 

types (Gupta et al., 2005); 1) The carbon skeleton of DBT is partially oxidized while the C-S 

bond remains intact (Kodama et al., 1970), 2) DBT serves as a source of carbon, sulfur and 

energy (Vanafferden et al., 1990) and 3) DBT serves as a sole source of sulfur. Moreover, in 

type 3 metabolism, DBT is desulfurized by the selective cleavage of C-S bond resulting in 

the accumulation of 2-HBP (Gallagher et al., 1993; Izumi et al., 1994). Our study indicated 

that DBT degradation by isolate Eu-32 belonged to the type 3 metabolism in which C-C 

bonds remained protected with 2-HBP as the end product. However, a novel metabolite 

identified as biphenyl was also found as an end product via a new proposed pathway in this 

study (Akhtar et al., 2009). So, it is likely that isolate Eu-32 metabolized DBT using a variant 

of the 4S pathway. Using Rhodococcus species, this could be the first observation where 

biphenyl has been formed as another end product of DBT desulfurization. Therefore, it was 

concluded that isolate Eu-32 desulfurized DBT through specific cleavage of the C-S bonds 

and the production of biphenyl along with 2-HBP indicated it to be a novel organism utilising 

a pathway for DBT degradation distinct from earlier reports. 

 

In order to design a biotechnological process which could have some industrial importance, 

there is dire need to optimize various process variables using some model/reference 

compound and subsequently the actual form of targeted material. In other words to achieve 

better desulfurization rates it is necessary to produce the biocatalysts with increased 

desulfurizing capabilities. For this purpose, we optimized various parameters which could 

affect the growth and desulfurization ability of isolate Eu-32. Significant desulfurization and 

rich growth were obtained when glucose was used as carbon source. Preliminary 

optimization of growth affecting parameters showed isolate Eu-32 to be a heterotrophic 

neutrophilic mesophile. Moreover, optimization of these parameters helped us in not only 

developing a process for rapid biodesulfurization of model organic sulfur containing 

compound but also the actual form of fossil fuel i.e. the coal. Sulfur removal from DBT was 

validated to be growth associated in this study. Since the increase in biomass concentration 

may be taken as proportional to the ATP generated from the oxidation of sulfur compounds 

and the ATP generated to be proportional to electron removed from sulfur, then the increase 

in biomass concentration can be assumed to be linked to the 2-HBP released in the medium. 
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For identification and characterization of dszABC genes responsible for C-S bond cleavage of 

Rhodococcus spp. (Eu-32), we took the advantage from already documented organism’s gene 

sequences which have such activities. The desulfurization genes have often been shown to be 

conserved among Rhodococcus species (Denis-Larose et al., 1997). So, in order to achieve 

this goal the polymerase chain reaction primers (non-degenerate) based on the 5' and 3' 

termini of dsz genes of different Rhodococcus species were designed. The PCR primers 

based on the 5' and 3' regions of these Rhodococcus dszABC genes generally failed to 

amplify specific genes from Rhodococcus spp. (Eu-32), instead these primers generated 

multiple bands. This finding suggested that the high gene identity of isolate Eu-32 to 

previously sequenced dszABC or of gene synteny was not indicated. The genes involved in 

organic sulfur removal are shown to be diverse but still followed previously documented 

metabolic pathway (4S) with modifications as far as end products are concerned.  

  

The redundant nature of the genetic code makes it possible for DNA sequences to vary from 

one species of microorganism to another yet encode for proteins with identical amino acid 

sequences and vice versa. Therefore, examining protein sequences may allow the detection of 

conserved regions of genes that might not be as readily detected by comparing DNA 

sequence data (Kilbane and Robbins, 2007). So, further to amplify dszABC genes of Eu-32, 

conserved amino acid regions that were unique to desulfurization genes among four 

divergent desulfurizing bacterial strains Rhodococcus erythropolis IGTS8 (AAA99482), 

Gordonia alkinovorans strain 1B (AAT78716), Bacillus subtilus WU-S2B (BAC20180) and 

Paenibacillus sp. A11-2 (BAA94831) were compared and used to design the degenerate PCR 

primers. Using different sets of degenerate primers, we were able to get the amplicons of 

dszABC genes of different sizes with variable homologous regions when compared with the 

findings of the other workers (Kilbane and Robbins, 2007).  

 

The dszA gene (494bp) of isolate Eu-32 showed that the most closely related sequence was 

from Rhodococcus erythropolis PR4 with 92% sequence identity to a putative FMNH-2 

dependent monooxygenase. The dszB gene showed homology with genome sequences of 

different Rhodococcus species, while the dszC gene sequence (774bp) showed 100% 

homology with desulfurizing enzyme of Rhodococcus sp. When we compared these genes 
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with the positive control strain of Rhodococcus erythropolis IGTS8, the dszA gene of 

Rhodococcus spp. (Eu-32) displayed only 20-23bp regions on the termini of the amplicon 

having similarity with the dszA gene of strain IGTS8. The dszB gene showed no significant 

homology with dszB gene of strain IGTS8. While, the dszC gene sequence was 99% identical 

to the dszC gene sequence of strain IGTS8 (Fig. 4.1). The divergence of dszA and dszB genes 

from the well documented strain IGTS8 dsz genes and the close relatedness of the dszC gene 

to strain IGTS8 dszC gene may reflect the evolutionary history of the desulfurization 

enzymes of Eu-32. It could also be assumed that required genes for organic sulfur 

metabolism may only be present on dszA and dszC genes in isolate Eu-32. Furthermore all 

the three genes of Eu-32, amplified in this study, may not be present in an operon form and 

each gene may have an independent promoter at 5' end. 

 

 

 

dszA (1.36kb)    dszB (1.09kb)   dszC (1.25kb) 

 

 

 

………………………………………………………………………………………………...... 

        

          Eu-32 dszA (494bp)      Eu-32 dszB (600bp)                   Eu-32 dszC (774bp) 

           

 

 

 

Fig. 4.1 Schematic diagram showing the regions of similarity between Rhodococcus 

erythropolis IGTS8 (A) and Rhodococcus spp. Eu-32 (B).  

 

 Yellow bars are showing the regions of similarity between isolate Eu-32 and IGTS8. 

 Doted lines are showing the regions of dszABC genes of isolate Eu-32 targeted using 

different primers. 

 Blue color is showing the isolate Eu-32 dszABC genes regions having homology with 

enzymes of 4S pathway. 

 Pink color is showing the R. erythropolis IGTS8 dszABC genes  

A 

B 
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The genome sequencing projects emphasizes the significance of having improved tools to 

correctly identify desulfurization genes due to increasing number of such desulfurization 

genes in different data bases. For example Lee and co-workers (2006) have observed that 

proteins that have homology with DszB can be found in genome sequences of various 

microbial species and are often found in genomic contexts that differ from the dsz operon and 

may indicate yet to be discovered sulfur metabolic pathways. Likewise, we may conclude 

that as the dszA gene of Eu-32 was found in genome context of R. erythropolis PR4, that 

differ from the dsz operon with no discovered sulfur metabolic pathway so, it could be 

possible that other genes (like dszB) may also be homologous with genome sequence of 

various microbial species that has yet to be discovered for their desulfurizing abilities.  

 

Due to indicative diversity of these genes found in this organism, it is supposed that required 

functioning of genes is similar to already reported organisms but, the diverse genes are 

giving homologous physiological activity. The diverse genetic makeup of the particular 

region may be due to the production of a novel end product in the metabolic pathway of this 

organism which may have conferred the divergence in dsz genes as well. So, we hypothesize 

that apart from getting a homologous physiological response by diverse genes some novelty 

in metabolic activity has also been found which may further be explored in futuristic studies. 

Moreover, it may be possible that the genes for biphenyl production are located within the 

gene pools responsible for the production of the end product of the 4S pathway i.e. 2-HBP 

and confer the high divergence in gene context of Eu-32.  

 

There are many reports on Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans, 

which have been quite successful in decreasing pyritic sulfur (Kargi and Robinson, 1982; 

Ghauri et al., 2009) but, organic sulfur is conceivably not metabolized by such bacteria as 

they are autotrophic in nature. So, more attention has been focused on organic sulfur removal 

in this or other studies (Durusoy et al., 1997). For any pre-combustion coal desulfurization 

process to obviate the need for subsequent desulfurization, greater than 90% of the total 

sulfur must be removed (Kargi and Robinson, 1982). Therefore, the focus of the current 

research concerning the microbiological removal of sulfur from coal centers on the removal 

of organic sulfur, which is a complex process. Biotechnological process involves microbial 
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growth on the surface of coal particles with the diffusion of dissolved nutrients through the 

product layer surrounding the coal particles. The environmental conditions are needed to be 

optimized and controlled at optimal levels for specific target material to obtain the maximum 

sulfur removal rate. General factors which could be considered in developing an 

economically feasible microbial process includes coal particle size, coal chemistry, pulp 

density, availability of oxygen (agitation speed), temperature and pH etc. 

 

Two coal samples (originated from Dukki and Dandot) were desulfurized using the Eu-32 

isolate. The maceral analysis of both coal samples revealed that their cellular structure was 

originated from similar type of vegetal material. The metal analysis of the coal samples also 

showed a non-significant difference in the value of all the metals except in their iron content. 

This thing indicated that coal chemistry may not have played a critical role in the 

biodesulfurization process, as almost equal level of sulfur was removed from both types of 

coals in the same time period. Our results revealed that isolate Eu-32 could selectively 

remove significant amounts of organic sulfur from coal and could be used in the pre-

combustion operations. Obviously, these results aimed at exploring the possibility of finding 

microorganisms with metabolic properties that enable them to operate in conditions of 

industrial interest. Research support made during the current study on developments of 

microbiological process by dealing with isolated bacteria, model compounds, and coal 

samples might be helpful in establishing a platform for a solid pilot-scale study. In NIBGE, 

lab scale experiments for coal biodepyritization led to 90% efficiency in sulfur removal. The 

league of indigenously isolated chemolithotrophic bacteria was involved in coal 

desulfurization. For higher sulfur removal from coal, there is need to use both inorganic and 

organic sulfur removal microorganisms in consortium which may be not practicable in true 

sense. Isolate Eu-32 is a neutrophilic bacterium and could not work optimally in conjunction 

with the acidophilic microorganisms (effective for inorganic sulfur removal) but, use of 

acidophiles and neutrophiles in succession may prove to be helpful for higher sulfur removal 

from coal and may be more practicable for subsequent upscaling processes. It is likely that a 

superbug developed through genetic engineering that can reduce greater levels of organic 

sulfur from coal even under acidic conditions, then by placing the carrot, cart and horse in 

proper order, a promising progress can be made in the area of coal beneficiation. 
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Although, the studied Rhodococcus spp. (Eu-32) showed very promising results towards 

biodesulfurization of model compound DBT and coal but, the analysis of the biotreated 

diesel oil showed relatively lower decrease (6%) in total sulfur contents of HSD diesel oil. 

While in case of 1L fermentor studies, the sulfur contents remained almost unchanged after 

biodesulfurization experiment. The possible reasons for lesser sulfur removal from oil may 

be due to the following factors. 1) The narrow substrate specificity of the biocatalyst; 2) The 

mass transfer limitations; 3) The low stability of the desired activity in oil due to 

accumulation of lipophilic compounds into lipid bilayers, which may conferred toxicity 

problems to the bacterium; 4) The heterogeneity of coal and diesel oil with respect to their 

sulfur species may also be the possible reason of lesser sulfur removal from oil. This finding 

validated that the same microorganism may not be effectively used with all types of fossil 

fuels.  
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