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Abstract 

Five bacterial strains were isolated from an open cast coal mine located in La Guajira 

Colombia. The isolates had previously been characterized and identified as Pseudomonas 

sp and Pseudomonas stutzeri. The explosive ANFO, composed of ammonium nitrate and 

diesel fuel, is used for detonation processes in coal mining operations. Degradation of the 

second component of ANFO, which is diesel, by the five isolates and by a consortium was 

evaluated. Strains were cultured on a minimal salts medium with diesel as the only carbon 

source. Bacterial growth was monitored during 43 days. The biodegradation of diesel was 

determined by gas chromatography with a flame ionization detector. All five strains, as 

well as the consortium, showed a decrease in the total area under the hydrocarbon peaks, 

suggesting the removal of diesel components. Biodegradation efficiency was  96% for the 

consortium, individual strains also had high levels of biodegradation efficiency. These 

results suggest that these bacteria are useful candidates for diesel bioremediation. 
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1. Introduction 

Open cast coal mining requires the removal of surface materials and soils to expose sources 

of coal. Mining alters the ecology of an area, reducing the diversity of microorganisms 

(Johnson et al. 1991) in addition to deteriorating the environment (Tiwary, 2001). The 

explosive ANFO (AN-ammonium nitrate, FO-Fuel Oil), composed of ammonium nitrate 

and diesel fuel, is used for detonation processes in coal mining. It is a high order explosive, 

also used in demolishing roads and buildings. It is usually prepared in proportions of 96% 

ammonium nitrate and 4% diesel (Akhavan, 2004). Part of the explosive ANFO is 

deposited in the soil where certain microorganisms are able to survive under these extreme 

conditions. It is well known that only microbes which are resistant to this component will 

survive. 

Diesel is composed of saturated hydrocarbons as paraffins (n, iso and cycloparaffins) and 

aromatic hydrocarbons (naphthalenes and alkylbenzenes) (Zanaroli et al. 2010). Some 

microorganisms are able to use hydrocarbons as an energy source, and bacteria have been 

reported in remediation of diesel contaminated soils, including Pseudomonas sp., 

Pseudomonas stutzeri (Vázquez et al. 2009.), Pseudomonas aeruginosa (Hong, et al. 2004), 

Nocardioides albus, Collimonas sp., Rhodococcus coprophilus (Hamamura et al. 2006), 

Rhodococcus erythropolis (Bravo et al. 2009), and Acinetobacter sp. (Gallego et al. 2001), 



among others. The ability of bacteria to degrade soil pollutants such as hydrocarbons is 

useful for bioremediation purposes and their ability to emulsify hydrocarbons has been 

studied to this respect, making bacteria useful in the removal of this compound from the 

environment (Ganesh, A. and Lin, J. 2009). 

 

Five bacterial strains were selected from ANFO-contaminated soil, sampled at an open cast 

coal mine in La Guajira, Colombia. Bacteria were isolated from two locations at the coal 

mine, known as Patilla and Tabaco. Patilla has been operating for several years and Tabaco 

belongs to a new area of exploration. Four strains were isolated from the Tabaco pit and 

one strain from the Patilla pit. The isolates had previously been characterized and 

identified, and belong to Pseudomonas sp and Pseudomonas stutzeri. Microorganisms were 

chosen on the basis of being able to use ANFO as an alterative nitrogen and carbon source, 

as well as being resistant to its exposure (Mejía, Dussán 2008). Previous research had 

determined the ability of denitrifying bacteria to use ammonium nitrate and expression of 

genes related to the nitrogen cycle (Mejía N. 2010). 

 

Therefore the purpose of this study was to determine the ability of the five strains, 

previously selected from the coal mine, to degrade diesel (the second component 

of ANFO) as a carbon energy source. 

2. Materials and methods 

2.1 Bacterial strains and growth conditions 

Five bacterial strains were previously isolated from ANFO-contaminated soil. Samples 

were collected from two pits: Patilla (strain: PRIII) and Tabaco (strains: TRI, TRII, TRIII), 

at a coal mine in La Guajira, northeast Colombia (11° 5′ 22″ N, 72° 40′ 31″ W) (Mejía, N. 

and Dussán, J. 2008.). Strains had previously been characterized and stored at -80°C. The 

isolates belonged to Pseudomonas sp (PRIII and TRIV) and Pseudomonas stutzeri (TRI, 

TRII and TRIII). Each strain was sub-cultured in SPC (standard plate count agar) and 

incubated at 30°C for 24 hours. Subsequently, a selection pressure on solid medium was 

conducted. Strains were grown under a saturated diesel atmosphere. Strains were incubated 

at 30°C in a solid minimal salts medium (MSM), with a composition of KH2PO4 (0.5 g/L), 

Na2SO4 (2.0 g/L), KNO3 (2.0 g/L), CaCl2 (0.001 g/L), FeSO4 (0.0004 g/L) and MgSO4 · 

7H20 (1.0 g/L). Diesel, a commercial product obtained from the coal mine, was supplied as 

the sole carbon source. Replica-plating was employed, with all strains transferred to fresh 

media every 8 days for a total of 5 weeks of selection pressure. Strains that survived were 

kept in 10% glycerol at -80°C for further analysis.  

 

 

 

 



2.2 Liquid pressure  

First, the number of cells per colony was established for each strain. Each strain, previously 

preserved at -80°C, was cultured in SPC and incubated at 30°C for 24 hours. A series of 

dilutions were made for each strain by placing 10 colonies from each strain in 1 ml of water 

based on an assumption of 10
7
cells/colony. Then another 10 colonies from each strain were 

placed in a tight-lidded glass flask with 50 ml of liquid MSM and 5 ml of diesel. Each 

strain had three replicate flasks. Additionally, an abiotic control was made in triplicate. A 

consortium was formulated by inoculating equal proportions of all five strains in a flask in 

the same conditions as the individual tests. The consortium also had three replicate flasks. 

The 21 flasks were incubated at 30 °C for 43 days. 

 

2.3 Monitoring of bacterial growth 

Bacterial growth was monitored on days 0, 4, 7, 17 and 43. Serial dilutions were made for 

each of the flasks. First, 1 ml aliquot was taken from each flask and diluted to 10
6
 UFC/ml 

(colony forming units per ml). The last three dilutions were plated in SPC and incubated at 

30°C for 48 hours, subsequently, bacterial growth was determined for each treatment. 

Data analysis of bacterial growth was conducted using SPSS 18.0 and graphs were drawn 

in SigmaPlot 10.0 and R 2.12.0.  

 

2.4 Chromatography 

Diesel degradation on day 0 and day 43 was analyzed by gas chromatography with a flame 

ionization detector (CG-FID). Diesel was extracted from the aqueous phase with 30 ml of 

dichloromethane as a solvent. The two resulting phases were separated using separation 

funnels. The extraction was repeated three times and the phase containing diesel was kept. 

The sample was filtered with sodium sulfate to remove aqueous residuals and concentrated 

employing a rotary evaporator. Finally, 2 ml of dichloromethane were added and the 

sample was transferred to chromatography vials. 

 

The gas chromatographic analysis was implemented with a Shimadzu gas 

chromatograph GC-2014, equipped with a flame ionization detector (FID), a 

Shimadzu AOC-20i auto-injector, a splitless injection port, and a ZB 5% phenyl-95% 

dimethylpolysiloxane capillary column (5.30m x 0.25mm x 0.25µm), using GC Data 

System Solution Release 2.30 software. The injector and detector temperatures were kept at 

250ºC and 320ºC respectively. The temperature program was as follows: 50°C (5 min) 

to 250ºC (7 min) to 7ºC / min, then 10°C/min to 294.3ºC (10 min). Nitrogen was used 

as the carrier gas (99.995%, Cryogen) at a flow rate of 14 mL/min. 

 



The biodegradation efficiency (BE) was calculated according to Shukor et al. (2009) using 

the equation: BE (%) = 100 – (As x 100 / Aac) where As = total area of peaks in each 

sample, Aac = total area of peaks in the appropriate abiotic control, BE (%) = efficiency of 

biodegradation.  

3. Results 

3.1 Solid and liquid pressure  

Strains were cultured on MSM with diesel as the only carbon source in order to select 

bacteria able to use this carbon source. Solid pressure was first made using solid MSM, 

with an addition of 1 ml of diesel to create a saturated diesel atmosphere. Replica plating 

was employed for a month and growth registrations were made. All five strains were able to 

grow under the solid pressure, therefore they were preserved in glycerol broth at -80°C. 

The strains were then grown individually in liquid pressure using liquid MSM with 5 ml of 

diesel for a period of 43 days. All strains were present after the last diesel pressure. 

3.2 Monitoring of bacterial growth 

To evaluate bacterial growth under the liquid pressure, the number of cells for each flask 

was registered on days 0, 4, 7, 17 and 43 (Figure 1). On day 0 there were aproximately 10
6
 

cells/ml from each strain in their respective flasks, except for strains TRI and PRIII, with 

aproximately 10
5
 cells/ml per flask. On day 0, the consortium had approximately 10

7
 

cells/ml. All strains, including the consortium, experienced a notorious decrease in their 

growth on day 4 except for strain TRII, which registered a slight increase. On day 7, strains 

TRI, TRIV and PRIII increased their growth to 10
5
 cells/ml approximately, while strains 

TRII and TRIII showed a slight decrease in their growth. On day 17, all TR strains showed 

a decrease in growth: TRI decreased its growth to 10
4
 cells/ml, whereas TRII, TRIII and 

TRIV slowed to 10
5
 cells/ml. In contrast, on day 17 cellular growth increased in the 

consortium to 10
7
 cells/ml, whereas PRIII maintained growth at 10

5
 cells/ml, slightly 

higher than its initial rate. Finally, on day 43 TRI, TRII, TRIV, PRIII and the consortium 

showed higher growth, whereas TRIII decreased its growth to 10
6
 cells/ml. Strains TRI, 

TRIV and PRIII showed a greater growth than the initial rate on the last day. For strains 

TRII and TRIII, growth on the last day was lower than the initial rate, however, a 

significant amount of cells was present. On the abiotic control there was no growth at all. 

An analysis of variance (ANOVA) was performed to verify whether or not mean bacterial 

growth was equal between strains and days. The ANOVA showed significant differences in 

bacterial growth between days for all five strains and the consortium (p-value < 0.05). A 

Tukey’s test (α= 0.05, confidence interval 95%) was performed to identify which pair of 

groups exhibited statistical differences (Figure 1). 



Some visible changes were recorded in the liquid flasks treatment. The MSM phase showed 

turbidity due to the increase in bacterial growth. The diesel phase showed a lower level of 

coloration, with presence of emulsification drops. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Monitoring of bacterial growth.  Log values of Colony Forming Units per milliliter 

(CFU/ml) for all five strains and the consortium. Strains were incubated in liquid minimal 

salts medium (MSM) supplemented with diesel as the only carbon source at 30 C for 43 

days. Data are represented as the average of individual triplicate samples. Error bars 

represent standard error. 

3.3 Chromatography 

A GC/FID analysis was performed after 43 days of incubation to investigate the 

degradation of diesel. All strains showed a reduction in the area under the hydrocarbon 

peaks corresponding to 10 to 25 carbon atoms (C10 to C25) when compared to the abiotic 

control (Figure 2). TRI showed the greatest reduction in the total area under the peaks, with 

a maximum individual BE of 95%. PRIII and TRIV also had a high BE values of 70% and 

69%, respectively, followed by TRIII with a BE of 52%, and TRII with the lowest BE of 

10%. The peak corresponding to 10 carbon atoms disappeared entirely in the TRI and 

TRIV chromatograms. The consortium chromatogram showed a high reduction in the 

intensity of the hydrocarbon peaks. It also had a high BE of 96%, with the 

peaks corresponding to 10 and 11 carbon atoms disappearing completely (Figure 2G). 

Additionally, the area below each hydrocarbon peak was observed to be lower in the 

chromatograms belonging to the strains than to the abiotic control (Figure 4). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Diesel degradation. Gas chromatography and flame ionization detector  (GC/FID) analysis 

were made to evaluate the biodegradation of diesel components. GC profiles of all five strains and 

a consortium after 43 days of incubation in MSM with diesel as the only carbon source. (A) abiotic 

control, (B) inoculated with strain TRI, (C) inoculated with strain TRII. 
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Figure 2. Diesel degradation. Gas chromatography and flame ionization detector  (GC/FID) analysis 

were made to evaluate the biodegradation of diesel components. GC profiles of all five strains and 

a consortium after 43 days of incubation in MSM with diesel as the only carbon source. (D) 

inoculated with strain TRIII, (E) inoculated with strain TRIV, (F) inoculated with strain PRIII. 
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Figure 2. Diesel degradation. Gas chromatography and flame ionization detector  (GC/FID) analysis 

were made to evaluate the biodegradation of diesel components. GC profiles of all five strains and 

a consortium after 43 days of incubation in MSM with diesel as the only carbon source. (G) 

inoculated with the consortium, (H) comparative chromatogram of the consortium and the DRO 

standard of 25 ppm. 
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Figure 3. Area under the hydrocarbon peaks from 10 carbon atoms to 25 carbon atoms according 

to the gas chromatography analysis. Comparison between the abiotic control, strain TRII with a 

biodegradation efficiency (BE) of 10%, strain TRIII with a BE of 52%, strain PRIII with a BE of 70% 

and the consortium with a BE of 96%.   

4. Discussion 

All strains except TRII showed a decrease in growth in the first days of treatment (day 4) as 

a result of the diesel selection pressure. Strains TRI, TRIV and PRIII showed an increase in 

growth over time, in fact, on day 43, the final growth rate was higher than the initial 

rate. These strains might be facultative oligotrophs due to the increase in cellular growth in 

the last days of the incubation period when nutrient-poor conditions exist (Tada et al. 

1995). In fact, the coal mine with ANFO residues is an oligotrophic environment. The 

consortium showed the same growth behavior as these strains, with higher cellular growth 

on the last day than the first day of incubation (ANOVA, p < 0.05). Only strains TRII and 

TRIII did not show an increase in growth over the incubation period, rather, they 

maintained a constant population size of 10
5 

cells/ml.  

 

The results suggest that the strains used diesel as a carbon energy source. It has been 

previously established that diesel oils are good carbon sources for alkane degraders (Kang 

et al. 2009) and  the microorganisms studied have the ability to grow under these extreme 

conditions because they were isolated from ANFO contaminated soil. 

 



The biodegradation of diesel was also evidenced by the reduction in the area under the 

hydrocarbon peaks in the chromatograms when compared to that of the abiotic control 

(Figure 2). All five strains studied, as well as the consortium, showed a decrease in the total 

area under the hydrocarbon peaks, suggesting the removal of diesel components. The 

difference between the areas under the control hydrocarbon peaks and the strains is evident 

in the chromatograms (Figure 3). The consortium chromatogram (Figure 3) shows a 

decrease in the area under the hydrocarbon peaks when compared to the 

DRO standard of 25 ppm. Many studies report that the mineralization of hydrocarbons is 

potentiated by the co-existence and cooperation of a group of microorganisms, as is the 

case in a consortium (Ghazali et al. 2004), (Zanaroli et al. 2010).  

 

Biodegradation efficiency (BE) was high for all strains except TRII. The consortium 

showed the greatest biodegradation efficiency of 96%, followed by strain TRI, at 95%. 

These results indicate that the Pseudomonas strains employed in this study were able to 

degrade diesel. In fact, the Pseudomonas genus has been reported as one of the major 

hydrocarbon degrading groups in previous research (Shukor et al. 2009). 

 

Microorganisms are capable of breaking down large molecules in metabolic processes. It 

has been shown that hydrocarbon degrading microorganisms first remove n-alkanes, then 

iso-alkanes, cycloalkanes, ring aromatics, and finally polyaromatics (Bacosa et al 2010) 

(Geerdink, et al. 1996), therefore allowing these microorganisms to break down diesel 

hydrocarbon chains. Diesel is composed of hydrocarbons containing 10 to 24 carbon atoms 

(Villa et al. 2010). Strains TRI and TRIV had the ability to completely remove molecules 

of 10 carbon atoms and the consortium could totally degrade components with less than 11 

carbon atoms, demonstrating a higher biodegradation rate. Research has shown that the 

biodegradation rate is high because these bacteria are dealing with simple molecules, such 

as n-alkanes (C10, C11), however, the rate might be lower for branched alkanes, n-alkyl 

aromatics, cyclic alkanes and polynuclear aromatics (Zanaroli et al. 2010). 

 

No significant differences were found between the strains isolated from the Patilla pit 

(PRIII) and those isolated from the Tabaco pit in terms of  bacterial growth and diesel 

biodegradation. Tukey’s test (α= 0.05, confidence interval 95%) grouped TRI and PRIII in 

the same subgroup, corresponding to those strains with higher individual values of 

biodegradation efficiency. 

 

5. Conclusions 

By correlating bacterial growth and diesel degradation, it could be concluded that 

strains increasing their growth rate in the early days of the incubation period, and those that 

also showed a higher cellular growth at the end of the assay, were those with the highest 

biodegradation efficiency (TRI, TRIV, PRIII and the consortium). Results suggest that 



bacteria employed in this study belonging to Pseudomonas sp and Pseudomonas stutzeri 

are useful candidates for diesel bioremediation because they are resistant to diesel 

compounds, which is an important requirement for bioremediation purposes (Kang, et al., 

2009). Pseudomonas stutzeri has been previously reported in diesel degradation studies 

(Gallego et al. 2001) (Malkawi et al. 2009), (Vázquez et al. 2009). 

A previous study (Mejía N. 2010) using the same strains isolated from a coal mine in La 

Guajira, Colombia, demonstrated that these bacteria were able to grow by employing 

ANFO components as a nitrogen source. These isolates were shown to be denitrifying 

bacteria and the presence and expression of genes related to the nitrogen cycle were also 

determined. Since these bacteria are also able to employ ANFO as a carbon energy source, 

as demonstrated in this study, these strains could be employed for restoration purposes 

of soils exposed to ANFO. 

 

6. Acknowledgements 

This work was supported by the Research Fund from the Faculty of Science at Los Andes 

University and Microbiological Research Center (CIMIC), Bogota, Colombia. 

7.  References 

1. Akhavan, J., 2004. The chemistry of explosives. 2 Nd ed. Cambridge: The Royal Society of Chemistry. 5-

16.  

 

2. Bacosa, H., Suto, K., Inoue, C., 2010. Preferential degradation of aromatic hydrocarbons in kerosene by a 

microbial consortium. International Biodeterioration & Biodegradation 64, 702-710. 

 

3. Bravo,V., Spyra, W., Antaño, L. R., 2009. Biodegradation of High Concentrations of Benzene and Diesel 

in a Fixed-Film Reactor. Water Air Soil Pollution 204, 351–361.  

 

4. Gallego, J. L.R., Loredo1, J. , Llamas, J. F., Vázquez, F. , Sánchez, J., 2001. Bioremediation of diesel-

contaminated soils: Evaluation of potential in situ techniques by study of bacterial degradation. 

Biodegradation 12, 325–335. 

 
5. Ganesh, A., Lin, J., 2009. Diesel degradation and biosurfactant production by Gram-positive isolates. 

African Journal of Biotechnology 8, 5847-5854. 

 

6. Geerdink, M.J., Van Loosdrecht, M.C.M., Luyben, K.Ch.A.M., 1996. Biodegradability of diesel oil. 

Biodegradation 7, 73-81. 

 
7. Ghazali, F. M. , Zaliha, R. N. , Rahman, A., Salleh, A. B., Basri M., 2004. Biodegradation of hydrocarbons 

in soil by microbial consortium. International Biodeterioration & Biodegradation 54, 61 – 67. 

8. Hamamura, N., Olson, S. H., Ward, D. M., Inskeep W. P.,2006. Microbial Population Dynamics 

Associated with Crude-Oil Biodegradation in Diverse Soils. Applied and Environmental Microbiology, 72, 

6316-6324. 

 



9. Hong, J. H.,  Kim, J.,  Choi, O. K.,  Cho, K.S.,  Ryu., H. W., 2004. Characterization of a diesel-degrading 

bacterium, Pseudomonas aeruginosa IU5, isolated from oil-contaminated soil in Korea. World Journal of 

Microbiology and Biotechnology 21, 381-384. 

10. Johnson, D. B., Williamson, J. C., Bailey, A. J., 1991. Microbiology of soils at opencast coal sites. I. 

Short-and long-term transformations in stockpiled soils. Journal of Soil Science, 42, 1–8.  

 

11. Kang, Y. S., Park, Y. J., Jung, J., Park, W., 2009. Inhibitory Effect of Aged Petroleum Hydrocarbons on 

the Survival of Inoculated Microorganism in a Crude-Oil-Contaminated Site. Journal of Microbiology and 

Biotechnology, 19, 1672–1678. 

 

12. Malkawi, H.I., Fatmi, L. M., AL-Deeb, T. M.,2009.Mutational Analysis of Oil Degrading Genes in 

Bacterial Isolates from Oil Contaminated Soil at the Jordanian Oil Refinery. World Applied Sciences Journal 

6, 208-220. 

 

13. Mejía, N., Dussán, J., 2008. Characterization of Prominent Aerobic Coal Mine Original Bacteria That 

Employ the Explosive ANFO as an Alternative Carbon and Nitrogen Source. A Bs. Thesis. Los Andes 

University, Colombia. 

 

14. Mejía N., 2010. An Explosive Condition: Open Cast Coal Mining Soil Subsurface Biodiversity and the 

Expression of Nitrogen Cycle Genes. A Msc. Thesis. Los Andes University, Colombia. 

 

15. Milcic, T. J., Lopez, V. Y., Vrvic, M.M., Saval, S., 2001. Detection of catabolic genes in indigenous 

microbial consortia isolated from a diesel-contaminated soil. Bioresource Technology 78, 47-54 

 
16. Shukor, M.Y., Hassan, N.A.A., Jusoh, A.Z., Perumal, N., Shamaan, N.A., MacCormack, W.P., Syed, 

M.A., 2009. Isolation and characterization of a Pseudomonas diesel-degrading strain from Antarctica. The 

Journal of Environmental Biology 30, 1-6.  

 

17. Tada,Y., Ihmori, M., Yamaguchi.J., 1995. Oligotrophic Bacteria Isolated from Clinical Materials. Journal 

of clinical Microbiology, 33, 493–494. 

 

18. Tiwary, R.K., 2001. Environmental impact of coal mining on water regime and its management. Water, 

air and soil pollution 132, 185-199.  

 

19. Vázquez , S., Nogales B., Ruberto L., Hernández E., Christie-Oleza J., Lo Balbo A., Bosch R., Lalucat 

J., Mac Cormack W., 2009. Bacterial Community Dynamics during Bioremediation of Diesel Oil-

Contaminated Antarctic Soil. Microbial Ecology 57, 598–610. 

 

20. Villa, R. D., Trovó, A. G., Pupo, N. R. F., 2010. Diesel Degradation in Soil by Fenton Process. Journal of 

the Brazilian Chemical Society 21, 1088-1095.  

 

21. Zanaroli, G., Di Toro, S., Todaro, D., Varese, G. C., Bertolotto, A., Fava, F., 2010. Characterization of 

two diesel fuel degrading microbial consortia enriched from a non acclimated, complex source of 

microorganisms. Microbial Cell Factories 9:10, 1-13. 

 

 

 

 

 

http://www.springerlink.com/content/?Author=Ji+Hye+Hong
http://www.springerlink.com/content/?Author=Jaisoo+Kim
http://www.springerlink.com/content/?Author=Ok+Kyoung+Choi
http://www.springerlink.com/content/?Author=Kyung-Suk+Cho
http://www.springerlink.com/content/?Author=Hee+Wook+Ryu
http://www.springerlink.com/content/0959-3993/
http://www.springerlink.com/content/0959-3993/
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nogales%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ruberto%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hern%C3%A1ndez%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Christie-Oleza%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lo%20Balbo%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bosch%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lalucat%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lalucat%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mac%20Cormack%20W%22%5BAuthor%5D


Presence and Expression of  the Alkane Monooxygenase  gene (alkB) and alkS 

Regulator by Diesel Degrading Bacteria  Isolated  from an Open Cast Coal Mine in La 

Guajira, Colombia 

 

 

Mónica Numpaque
1
*, Jenny Dussán

1
* 

 
1
CIMIC Centro de investigaciones microbiológicas, Universidad de Los Andes, Bogotá, 

Colombia 

 

Abstract 

Open cast coal mining operations involve the use of the explosive ANFO (AN-ammonium nitrate, 

FO-Fuel Oil), composed of ammonium nitrate and diesel fuel for the detonation processes. 

Degradation of the second component of ANFO, which is diesel, by four bacterial strains of 

Pseudomonas sp and Pseudomonas stutzeri was previously determined by gas chromatography with 

a flame ionization detector. Analysis for the presence and expression of 

the  alkane monooxygenase gene (alkB) and the alkS regulator gene involved in the degradation 

of diesel by four strains was estimated in this study. Bacteria were grown on a minimal salts 

medium with diesel as the only carbon source. PCR was performed to evaluate the presence of alkB 

and alkS genes, RNA extraction and retro transcription was implemented to evidence the expression 

of the alkB and alkS genes. In addition an enzymatic assay for the activity of alkB was undertaken. 

Results for the presence and expression of the alkB gene showed band size products between 500-

600 bp. This suggests that the alkB gene is involved in the degradation of alkanes and that it is 

expressed under diesel pressure conditions.  

Key words: Pseudomonas, diesel, biodegradation, alkB, alkS, RTPCR. 

1. Introduction 

The explosive ANFO (AN-ammonium nitrate, FO-Fuel Oil), composed of ammonium 

nitrate and diesel fuel, is used for detonation processes in coal mining. The explosive is 

usually prepared in proportions of 96% ammonium nitrate and 4% diesel (Akhavan, 2004). 

Part of the explosive ANFO is deposited in the soil where certain microorganisms are able 

to survive under these extreme conditions. It is a widely known fact that only microbes 

resistant to this component will survive. 

Four bacterial strains were selected from ANFO-contaminated soil, sampled at an open cast 

coal mine in La Guajira, Colombia.  Three of the isolates had previously been characterized 

and identified, and belong to Pseudomonas sp and Pseudomonas stutzeri (Mejía, N. and 

Dussán, J. 2008). One isolate (PQII) was identified in this study as Arthrobacter sp. The 

ability of the four strains to degrade diesel (the second component of ANFO) as a carbon 

energy source was determined by gas chromatography with a flame ionization detector 

(CG-FID).  

 



Alkane monoxygenase enzyme activity has been widely reported in  diesel degradation. 

Microorganisms first remove the n-alkanes to degrade hydrocarbons, this enzyme is 

responsible for the conversion of alkanes into acetyl-CoA. Alkane monoxygenase activity 

has been reported in microorganisms such as Pseudomonas maltophilia, 

Pseudomonas putida, Burkholderia cepacia, Acinetobacter sp., Pseudomonas aeruginosa, 

Pseudomonas oleovorans, among others able to use hydrocarbons as an energy source 

(Yuste et al. 1998), (van Beilen, et al., 2001) (Belhaj et al. 2002).  

Alkanes are chemically very stable molecules with linear, branched or cyclic structures. In 

the alkanes biodegradation pathway the hydroxylase, also known as 

monooxygenase, transfers a single atom of  

oxygen to the alkane converting it in a primary alcohol, the methyl terminal group 

is oxidized. The dehydrogenases are responsible for the following steps in order to 

obtain a fatty acid that can be oxidized, in this way microorganisms are able to 

obtain energy through the Krebs cycle (van Beilen, et al., 2001), (Rojo, F. 2010).  

 

The model for alkane degradation has been described for Pseudomonas putida Gpo1, which 

has the OCT plasmid.  Alkane degradation is encoded by two gene operons separated 

by 9.7kb. The first operon with a size of 18kb is called the alkBFGHJKL and it contains the 

information for the transformation of alkane to acetyl-CoA. The second operon, with a size 

of 16 kb is responsible for the pathway regulation and has an additional box that codifies 

for the rubredoxin reductase (van Beilen, et al., 2001).  

 

Aerobic degradation of alkanes begins with monooxygenase (alkB) binding to the 

membrane which together with the soluble enzymes rubedoxin (alkF and  alkG) 

and rubedoxin reductase (alkT) cause the alkane hydroxylation. The alcohol can 

be oxidized (alkJ, alcohol dehydrogenase) to an aldehyde and then to an acid (alkH, 

aldehyde dehydrogenase) in order to be integrated into the beta-oxidation and finally into 

the Krebs cycle. The regulation of the alkane degradation system is performed by the AlkS 

protein (van Beilen, et al., 2001). 

 

The purpose of this study was to determine the presence and expression of   the 

alkane monooxygenase gene (alkB) and of the alkS  regulator gene  involved in the 

degradation of diesel by four strains  previously selected from the coal mine.  

2. Methods 

2.1 Bacterial Strains and Growth Conditions 

Four bacterial strains were isolated from a coal mine in La Guajira, northeast Colombia 

(11° 5′ 22″ N, 72° 40′ 31″ W). Samples were collected from two pits: Patilla (strains: PRIII 

and PQII) and Tabaco (strains: TRI and TRII). The isolates belonged to Pseudomonas sp 



(PRIII), Pseudomonas stutzeri (TRI, TRII) (Mejía, N. and Dussán, J. 2008) and 

Arthrobacter sp.  (PQII).  First, a selection pressure on solid medium was conducted. 

Strains were incubated at 30°C in a solid minimal salts medium (MSM), with a 

composition of KH2PO4 (0.5 g/L), Na2SO4 (2.0 g/L), KNO3 (2.0 g/L), CaCl2 (0.001 g/L), 

FeSO4 (0.0004 g/L) and MgSO4 · 7H20 (1.0 g/L). Diesel was supplied as the sole carbon 

source in order to create a saturated diesel atmosphere. Replica-plating was employed, with 

all strains transferred to fresh media every 8 days for a total of 5 weeks of selection 

pressure. Then 10 colonies from each strain were placed in glass flasks with tight-fitting 

lids with 50 ml of liquid MSM and 5 ml of diesel. Each strain had three replicate flasks. 

Additionally, an abiotic control was made in triplicate. The 15 flasks were incubated at 30 

°C for 43 days. The strains were also grown in glass flasks with tight-fitting lids with 50 ml 

of liquid MSM and 5 ml of glucose 0.05% following the same procedure. Bacterial growth 

was monitored on days 0, 4, 7, 17 and 43 by serial dilutions for each of the flasks. 

 

2.2 Design of Primers for the Alkane Monoxygenase Gene (alkB) and alkS Regulator Gene 

Primers for alkB were designed by using Primer3 program (17) and checked by BLAST 

(16). Alkane monoxygenase gene sequence of Pseudomonas stutzeri were obtained from 

Genbank accession number AAV41375.1. These primers (Invitrogen) were alkb-f (5´-

AACATAACCGTGGCCATCAC-3´) and alkb-r (5´-AACACCACGCTGTACATCCA-3´). 

For alkS degenerate primers were designed based on the conserved region within the alkS 

gene of four bacterial strains (GeneBank accession numbers: P17051.3, YP_001185933.1, 

Q9L4M7.1, CAB54064.1). Alignment and design were made by using iCODEHOP – 

clustal program (19). These primers (Invitrogen) were alkb-f (5´- 

GCATCAAGTACATCAACACAaaytayrynyt-3´) and alkb-r (5´- 

cayccngtnytGCGGGACTTCCTGC-3´).   

2.3 PCR Amplification 

Template DNA was obtained from cells grown overnight in Luria Bertani (LB) broth at 

30°C/ 220rpm. Afterwards, cells were heat-lysed for 15 min and centrifuged for 2 mins at 

13000 rpm, 1.5 µL of supernatant total DNA were placed in a reaction tube with PCR 

mixes constituted by 1X PCR buffer, 2.5 mM MgCl2, 0.5 U of BIOLASE™ DNA 

polymerase (Bioline, Massachusetts, USA), 0.2 mM of dNTP’s, and 0.3 µM of each 

primer, in a final volume of 25 μl. PCR amplifications were carried out in an iCycler™ 

thermal cycler (Bio-Rad, California, USA) under the conditions: an initial step at 95°C for 

4 min, followed by 35 cycles of denaturation at 95°C for 45 s, annealing at 55°C for 45 s 

for alkB primer pair and at 63°C for alkS primer pair, and elongation at 72°C for 45 s. A 

final extension cycle was run at 72°C for 10 min. PCR products were analyzed by gel 

electrophoresis 1% agarose gels. Gels were stained with ethidium bromide and images were 

captured with a GelDoc imaging system (BioRad).  

 

In the case of PCR amplification for bacterial identification of strain PQII, the same 

methodology was performed however the PCR mix was constituted by 1X PCR buffer, 2.5 



mM MgCl2, 0.5 U of BIOLASE™ DNA polymerase (Bioline, Massachusetts, USA), 0.2 

mM of dNTP’s, and 0.3 µM of each primer (27F and 1495R) targeting the 16S rRNA gene, 

and 2 μl of template DNA in a final volume of 25uL. PCR amplifications were carried out 

in an iCycler™ thermal cycler (Bio-Rad, California, USA) under the conditions: an initial 

step at 94°C for 3 min, followed by 25 cycles of denaturation at 94°C for 45 s, annealing at 

50°C for 45 s, elongation at 72°C for 45 s, and a final extension of 72°C for 10 min. 

 

2.3 RNA Extraction and RT-PCR Amplification 

RNA extraction from 7 day samples was made using ZR RNA MiniPrep™ kit (Zymo 

research) protocol. RNA quality was evaluated by 1 % agarose gel electrophoresis and 

ethidium bromide staining and quantity by 260/280 ratio using Nanodrop technologies. 

cDNA was obtained using  2 Step PCR Long Range™ Kit (QUIAGEN) and random 

primers (Invitrogen) . alkB and alkS genes were amplified from this cDNA, the mix was 

constituted by 1x PCR Buffer, 1.5mM of MgCl2, 0.2mM of dNTP’s and 5U of Taq 

Polymerase (BIOLASE™) in a final volume of 25 μl. Thermocycler conditions were: 95°C 

for 4 min, followed by 35 cycles of denaturation at 95°C for 45 s, annealing at 55°C for 45 

s for alkB primer pair and at 63°C for alkS primer pair, and elongation at 72°C for 45 s. A 

final extension cycle was run at 72°C for 10 min. PCR products were analyzed by gel 

electrophoresis, excised and then purified with the Wizard® SV Gel and PCR Clean-Up 

System kit (Promega, California, USA). cDNA-PCR products were sequenced under 

BigDye™ terminator cycling conditions. High-quality sequences were compared to 

GenBank for a similarity analysis using BLAST (18). 

2.4 Enzymatic Assay  

 

The methodology of enzyme detection was made according to Shukor et al. (2009). Cells 

grown on liquid MMS with addition of diesel were harvested by centrifugation at 5000rpm 

x 60 minutes at 4°C. Cell pellets were washed three times with 0.85%NaCl to discard the 

excess of diesel. The cells were suspended in 5 ml of the buffer for alkane-oxidizing 

enzyme contained 50 mM Tris-HCl (pH 7.5) with 0.5 mM EDTA and disrupted by 

sonication at 400A for 10 minutes, consisting of intermittent sonication for 15 sec on and 

15 sec off continuously. The resulting supernatant was used as source of crude enzyme. In 

addition 10 ml of the substrate (Decane) were previously diluted in 100 ml of buffer 

containing 400 ul of Triton-X-100 2.5 % in PBS pH 7.4 as the nonionic surfactant. 

The reaction mixture for n-alkane-oxidizing enzyme consists of 40 μl of Decane 

(substrate), 25 μl of 50 mM Tris-HCl (pH 7.5), 20 μl of cell free extract (enzyme) and 10 

ml of deionized water was prepared and incubated at 30°C for 10 minutes. 1-decanol was 

extracted by SPME and determined by using GC-FID. For the control experiment, a 

mixture without the substrate was similarly treated. 

 

3. Results   

 



 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Monitoring of bacterial growth.  Log values of Colony Forming Units per milliliter (CFU/ml) for all four strains. 

Data are represented as the average of individual triplicate samples. Error bars represent standard error. (a-d) Strains 

grown on MMS + diesel, (e-h) strains grown on MMS + glucose.  
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3.1 Monitoring of Bacterial Growth 

Bacterial growth was evaluated under the liquid pressure with diesel as the only carbon 

source. In contrast it was also evaluated by using glucose as the carbon source. The number 

of cells for each flask was registered on days 0, 4, 7, 17 and 43 (Figure 1). On the abiotic 

control there was no growth at all 

An analysis of variance (ANOVA) was performed to verify whether or not mean bacterial 

growth in  diesel pressure and glucose flasks was equal. The ANOVA showed significant 

differences in bacterial growth between treatments for all four strains  (p-value < 0.05).  

3.2 PCR Amplification 

Figure 2a shows PCR products for alkB gene. TRI gave a product size of 500 bp. TR II 

showed a product of 900 bp. PR III showed two bands with a size product of 600 and 800 

bp, the small band was excised and purified. PQ II showed a product of 900 bp. Figure 2b 

shows PCR products for alkS. For alkS more than one band was obtained since degenerate 

primers were used. For each strain the band of the expected size (500bp) or the lowest size 

was excised and sequenced.    

    

 

 

 

 

 

 

 

 

 

 

Figure 2. Agarose gel (1%) electrophoresis of PCR amplification of alkB and alkS genes.  

(a) Primer pair alkB, lane MW: 100bp molecular weight marker, lane 1: negative control,  

lane 2: TRI, lane 3: TRII, lane 4: PRIII and lane 5: PQII. (b) Primer pair alkS lane MW: 

100bp molecular weight marker, lane 1: negative control,  lane 2: TRI, lane 3: TRII, lane 4: 

PRIII and lane 5: PQII. 

A B MW       1         2          3          4       5        MW       1         2          3          4       5        



3.3 RNA Extraction and RT-PCR (reverse transcriptase) Amplification 

High quality RNA was obtained (figure 3) in concentrations ranging between 500-1180 

ng/µl for diesel and between 1635-3163 ng/µl for glucose. The culture was 10
6
- 10

7
 

CFU/ml. 

  

  

 

 

 

 

 

 

 

Figure 3. (a) RNA extracted from cultures with MMS and diesel as carbon source, lane 

MW: 100bp molecular weight marker, lane 1: TRI, lane 2: TRII, lane 3: PRIII (b) RNA 

extracted from cultures with MMS and glucose as carbon source, lane MW: 100bp 

molecular weight marker, lane 1: TRI, lane 2: TRII, lane 3: PRIII, lane 4: PQII. 

The results of bacterial identification for PQII strain showed that this isolate belongs to 

Arthrobacter sp. with a 98% of sequence identity according to GeneBank BLAST (18). This 

bacteria is commonly isolated from soils (Efroymson, et al. 1991).  

3.3.1 Expression of alkB and alkS genes (cDNA PCR) 

The expression of alkB and alkS genes was evaluated by RNA extraction followed by 

reverse transcription and cDNA-PCR of these genes using specific primers.   In the culture 

with diesel as the carbon source all four strains showed cDNA-PCR products (figure 4) for 

alkB to be between 500-1000 bp. These results are similar to those obtained by the DNA-

PCR for alkB. On the other hand in the culture with glucose as a carbon source no 

expression was detected for alkB in strains TRI and TRII. In the case of PR III and PQII 

there were detected 3 bands that were excised and sequenced.  

For alkS expression essays only strain PRIII showed presence of bands in the culture with 

diesel as the carbon source. The band with the lowest size was excised and sequenced. 

A 
B 

MW       1         2          3          4             MW       1         2          3          4             
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Expression of alkS gene did not show any detectable bands in the case of TRI, TRII and 

PQII.  On the culture with glucose as a carbon source no expression was detected for alkS.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 . Agarose gel (1%) electrophoresis of cDNA-PCR amplification of alkB and alkS 

genes.  (a) alkB expression in culture with diesel as a carbon source, lane MW: 100bp 

molecular weight marker, lane 1:negative control, lane 2: TRI, lane 3: TRII, lane 4: PRIII 

and lane 5: PQII. (b) alkB expression in culture with glucose as a carbon source, lane MW: 

100bp molecular weight marker, lane 1: negative control, lane 2: TRI, lane 3: TRII, lane 4: 

PQII and lane 5: PRIII. (c)  alkS expression in culture with diesel as a carbon source, lane 

MW: 100bp molecular weight marker, lane 1: TRI, lane 2: TRII, lane 3: PRIII and lane 4: 

A B 

C D 
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PQII and lane 5: negative control. (d) alkS expression in culture with glucose as a carbon 

source, lane MW: 100bp molecular weight marker, lane 1: TRI, lane 2: TRII, lane 3: PRIII, 

lane 4: PQII and lane 5: negative control. 

The expression of alkB at seven day of treatment was evidenced in strains TRI and PRIII 

according to the sequencing of the bands. A 100% of sequence identity was found for PRIII 

and a 97% of sequence identity for TRI. No significant results were found for the presence 

and expression of alkS according to the sequencing of the bands. This result suggests that 

the primers designed for alkS were not specific enough thus poor amplification efficiency 

was obtained.  

2.4 Enzymatic Assay  

Alkane monoxygenase oxidizing activity was detected in PRIII strain. The alcohol formed 

1-decanol was authenticated using a standard for 1-decanol for GC-FID.  

 

4. Discussion  

Growth was recorded in all strains in both conditions: MMS with diesel and MMS with 

glucose. In MMS-diesel strains showed decreased growth on day four of treatment due to 

adaptation to the selection media. Strains TRI and PR III showed an increment in growth 

over time in fact these two strains showed the highest biodegradation efficiency according 

to the chromatograms in the previous work. In the case of TRII and PQII these strains did 

not show an increment in growth over time, however, they did maintain a significant 

growth: above 10
4
 cells per milliliter.  On the other hand, growth on MMS with addition of 

glucose was higher than growth on MMS with diesel as a carbon source. This was expected 

because bacteria can easily use glucose as a carbon energy source (Fraenkel and Vinopal, 

R. 1973). To obtain energy from glucose bacteria employ the glycolysis pathway composed 

of constitutive enzymes which are always produced by cells independently of the 

composition of the culture medium (Doelle et al. 1982) Strains reached about 10
8
 cells per 

milliliter on day 17. In contrast, on the last days of treatment, strains showed a decreased in 

growth due to the limited space and low nutrition conditions.  Pseudomonas sp.  has been 

reported to use glucose as a carbon energy source. (Fuhrer et al. 2005) Statistical analysis 

showed significant differences between growth data in both culture media (ANOVA, p < 

0.05). Results evidenced that these strains are able to grow under these conditions using 

diesel and glucose as a carbon energy source thus it was possible to continue with gene 

expression studies.  

 

In diesel biodegradation, the alkane degradation pathway has been reported as one of the 

principal methods used by microorganisms to degrade diesel (van Beilen, et al., 2001). This 

pathway is composed of the operon alkBFGHJKL that contains the information for 

the transformation of alkane to acetyl-CoA. The two principal genes in this operon are alkB 

and alkS, the former codifies for the alkane monoxygenase enzyme and the latter for the 

http://jb.asm.org/search?author1=Tobias+Fuhrer&sortspec=date&submit=Submit


regulator protein of the pathway. In this study we analyzed the expression of these two 

principal genes by diesel degrading bacteria selected from an open cast coal mine. Results 

suggest that all four strains have the gene encoded in their genomes as shown by the PCR 

product. Presence of these genes was reflected as a band of the expected size on the 

electrophoresis. According to these findings these bacteria should be able to use the alkane 

degradation pathway to degrade diesel.  

 

A reverse transcription was undertaken in order to confirm that these bacteria are using the 

alkane pathway to degrade diesel. Results showed that TRI and PRIII are expressing the 

alkane monoxygenase (alkB) gene under diesel growth conditions. In fact these two strains 

showed the higher biodegradation efficiencies in the previous work. In contrast no 

expression was found in the culture with glucose as the carbon source. Bacteria do not 

synthesize catabolic enzymes unless the substrate for these enzymes is present (Rojo, F. 

2010). This result indicates that the alkane degradation pathway is induced by the presence 

of diesel. The enzymes involved in the alkane degradation pathway are inducible 

enzymes that are synthesized in response to a particular substrate (Kato et al. 2009).  As 

diesel was the only carbon source added to the culture bacteria needed to produce the 

enzymes involved in the alkane degradation pathway to obtain energy (Grundmann et al. 

2008).  In addition, results for alkane monoxygenase oxidizing activity in the case of PRIII 

suggest the existence of terminal n-alkane oxidizing activity in this strain.  

Even presence and expression of the alkS gene was not shown in these study it should be 

expressed when alkB is expressed. According to the alkane degradation pathway alkS  in 

the presence of alkanes activates the PalkB promoter from which the alkBFGHJKL operon 

is expressed (Canosa et al. 2000) . Further molecular studies are required to evidence the 

expression of alkS regulator gene.  
 

5. Conclusions 

According to these results it may be concluded that strains are degrading diesel by the 

alkane degradation pathway. The presence and expression of the alkB gene in strains TRI 

and PRIII indicates that these isolates are employing the alkane pathway in a higher 

metabolic rate; in fact, these two strains have the highest biodegradation efficiency. In 

addition Pseudomonas sp has been reported to employ the alkane degradation pathway 

(Dinamarca et al. 2003), (Yuste et al. 1998), (van Beilen, et al., 2001) (Belhaj et al. 2002). 

Moreover the alkB gene has been sequenced from Pseudomonas stutzeri (Genbank 

accession number AAV41375.1). These results in relation to the previous work suggest that 

these strains could be employed for bioremediation purposes.  

 

 



 

6. Acknowledgements 

 

This work was supported by the Research Fund from the Faculty of Science at Los Andes 

University and Microbiological Research Center (CIMIC), Bogota, Colombia. 

7. References 

 

1. Akhavan, J., 2004. The chemistry of explosives. 2 Nd ed. Cambridge: The Royal Society of 

Chemistry. 5-16.  

 

2. Belhaj,A , Desnoue,N, Elmerich, C., 2002. Alkane biodegradation in Pseudomonas 

aeruginosa strains isolated from a polluted zone: identification of alkB and alkB-related 

genes. Research in Microbiology 153, 339–344.  

 

3. Canosa,I, Sanchez, J, Yuste, L, Rojo, F.   A positive feedback mechanism controls 

expression of AlkS, the transcriptional regulator of the Pseudomonas oleovorans alkane 

degradation pathway. Molecular Microbiology (2000) 35(4), 791-799. 

 

4. Doelle, H. W.   Ewings, K. N. and  Hollywood, N.W. 1982.  Regulation of glucose 

metabolism in bacterial systems. Advances in Biochemical Engineering/Biotechnology. Vol 

23/1982, 1-35.   

 

5. Dinamarca, M.A., Aranda, I.O., Puyet, A. and Rojo, F. 2003. Expression of the 

Pseudomonas putida OCT plasmid alkane degradation pathway is modulated by two 

different global control signals: evidence from contibuous cultures. Journal of bacteriology, 

Vol 185-16,  4772-2778.  

 

6. Efroymson, R.A. and Alexandre, M. 1991. Biodegradation by an Arthrobacter Species of 

Hydrocarbons Partitioned into an Organic Solvent. Appl. Environ. Microbiol. vol. 57 no. 5 

1441-1447  

 

7. Fraenkel, D and Vinopal, R. Carbohydrate Metabolism in Bacteria, 1973. Annual Review 

of Microbiology. Vol. 27: 69-100.  

 

8. Fuhrer,T, Fischer,F and Sauer, W. J. 2005 Experimental Identification and Quantification 

of Glucose Metabolism in Seven Bacterial Species. Bacteriol.  vol. 187 no. 5 

 

9. Grundmann, O.,  Behrends, A., Rabus, R.,  Amann, J., Halder, T., Heider, J., Widdel, F. 

2008. Genes encoding the candidate enzyme for anaerobic activation of n-alkanes in the 

denitrifying bacterium, strain HxN1. Environmental Microbiology. Vol 10-2, 376-385. 

 

10. Kato, T, Miyanaga, A., Kanaya, Sand Masaaki Morikawa, M. 2009. Alkane inducible 

proteins in Geobacillus thermoleovorans B23. BMC Microbiology 2009, 9:60 

 

http://www.springerlink.com/content/?Author=Horst+W.+Doelle
http://www.springerlink.com/content/?Author=Ken+N.+Ewings
http://www.springerlink.com/content/?Author=Ken+N.+Ewings
http://aem.asm.org/search?author1=Rebecca+A.+Efroymson&sortspec=date&submit=Submit
http://jb.asm.org/search?author1=Tobias+Fuhrer&sortspec=date&submit=Submit
http://jb.asm.org/search?author1=Eliane+Fischer&sortspec=date&submit=Submit
http://jb.asm.org/search?author1=Uwe+Sauer&sortspec=date&submit=Submit


11. Mejía, N., Dussán, J., 2008. Characterization of Prominent Aerobic Coal Mine Original 

Bacteria That Employ the Explosive ANFO as an Alternative Carbon and Nitrogen Source. 

A Bs. Thesis. Los Andes University, Colombia. 

 

12. Mejía N., 2010. An Explosive Condition: Open Cast Coal Mining Soil Subsurface 

Biodiversity and the Expression of Nitrogen Cycle Genes. A Msc. Thesis. Los Andes 

University, Colombia. 

 

13. Rojo, F. 2010. Enzymes for Aerobic Degradation of Alkanes. Handbook of hydrocarbon 

and lipid microbiology. Part 10, 781-797.  

 

14. Shukor, M.Y., Hassan, N.A.A., Jusoh, A.Z., Perumal, N., Shamaan, N.A., MacCormack, 

W.P., Syed, M.A., 2009. Isolation and characterization of a Pseudomonas diesel-degrading 

strain from Antarctica. The Journal of Environmental Biology 30, 1-6.  

 

15. Van Beilen, J.B. , Pnanke, S., Lucchini, S., Franchini, A., Rothlisberger, M. and Witholt, 

B., 2001. Analysis of Pseudomonas putida alkane-degradation gene clusters and flanking 

insertion sequences: evolution and regulation of the alk genes. Microbiology 147, 1621-

1630.  

 

16. Yuste, L., Canosa, I., Rojo,F. 1998. Carbon source dependent expression of the PalkB 

promoter from the Pseudomonas oleovorans Alkane degradation pathway. Journal of 

Bacteriology, vol 180-19, 5218-5226.  

 

17. Primer3 program for general users and for biologist programmers, 2011. On line at: 

http://simgene.com/Primer3 

 

18.  BLAST Basic Local Alignment Search Tool, 2011. On line at: 

http://blast.ncbi.nlm.nih.gov/Blast.cgi 

 

 

19. iCODEHOP program COnsensus-DEgenerate Hybrid Oligonucleotide Primers, 2011. On 

line at https://icodehop.cphi.washington.edu/i-codehop-context/Welcome 

 

 

https://springerlink3.metapress.com/content/978-3-540-77584-3/
https://springerlink3.metapress.com/content/978-3-540-77584-3/
http://simgene.com/Primer3
http://blast.ncbi.nlm.nih.gov/Blast.cgi
https://icodehop.cphi.washington.edu/i-codehop-context/Welcome





