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Abstract – Two bacteria, namely Bacillus subtilis and Pseudomonas aeruginosa were exposed to different 
concentrations of diesel to increase their adaptation to the fossil fuel, and were used for the degradation of 
diesel-biodiesel blends. The biodegradation rate was evaluated using the redox indicator 2,6-dichlorophenol 
indophenol (DCPIP) test and gravimetric analysis. The preliminary exposure of cells to diesel proved to improve 
their biodegradation capacities, and exposure to a higher concentration (70%) of diesel resulted in maximum 
biodegradation of up to 58.38 g and 1.78 g of degraded oil per CFU/mL (1010) for P. aeruginosa and B. subtilis 
respectively. It was found that the adapted cells preferably used diesel in the blend. P. aeruginosa and B. subtilis 
exhibited different adaptation capabilities and biodegradation behaviour. Biodiesel stimulated the biodegradation 
of the diesel-biodiesel blends by non-adapted cells only; the adapted cells exhibited a different behaviour. 
Keywords: Diesel-biodiesel blend; induced adaptation; biodegradation; P. aeruginosa; B. subtilis.

INTRODUCTION

The dispersion of oil spills from point sources (tankers, 
pipelines and oil wells) and from nonpoint sources (routine 
discharges of fuel from commercial vessels or leakage 
from recreational boats) are contributing factors to the 
destabilisation of the ecosystem reported now and then 
around the world (Ribeiro et al., 2013; Meyer et al., 2014). 
Diesel oil contains thousands of hydrocarbons, which 
are highly toxic to many organisms, including humans 
(Yoon-Suk et al., 2009). Remediation of fuel contaminated 
water could be achieved by physical methods, making 
use of techniques such as floating booms, skimmers and 
oil-water separators (Fei et al., 2015). Chemical methods 
consist mainly of the dissolution of oil in water using 
chemical dispersants such as surfactants (Kaczorek et 
al., 2010). The above methods have been superseded 

by biological methods, which rely mostly on metabolic 
activities of microorganisms for the removal of pollutants 
and detoxification of water and are considered to be green 
processes. Microorganisms can degrade crude oil and have 
been exploited in the bioremediation of contaminated 
soils at large scale (Biogenie, 1995; Zittwitz et al., 
2000). Surfactant-producing bacteria are very effective 
in the degradation of oil and are often isolated from 
contaminated sites. Chandankere et al. (2013) isolated 
an efficient bio-surfactant-producing bacterium, Bacillus 
methylotrophicus from a petroleum reservoir in northeast 
China. Nine bacterial strains isolated from a polluted 
stream in Nigeria by Adebusoye et al. (2007) could 
degrade crude oil. The ability of a surfactant to increase 
the dispersion of hydrocarbons, as well as the contact area 
with microorganisms is crucial for the biodegradation 
process (Banat et al., 2000; Kaczorek et al., 2010). Crude 
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oil biodegradability potential of Pseudomonas aeruginosa 
ZJU was enhanced by stimulation of rhamnolipid 
production after preservation in a crude oil containing 
medium (Tang et al., 2007).

Hydrocarbon oil spills in terrestrial regions widely 
affect the microbial population in the topsoil (Bundy 
et al., 2002) and deeper soil regions (Krumholz, 1998). 
The nutrient cycle of subsurface soil environments is 
mainly disrupted by the decrease in microbial activity, 
affecting the recycling of macro nutrients, affecting the 
oxygen availability to microorganisms (Krumholz, 1998). 
Maila et al. (2005) reported that microbial density and 
diversity decrease in deeper soil regions as a response 
to diesel contamination. The ability of utilizing and/
or surviving toxic contaminants often determines the 
composition of microbial communities (Yoon-Suk et al., 
2009). It has been reported (Michaud et al., 2004) that 
short-chain alkanes (<C10) may become more soluble in 
water as they last longer, therefore increasing their toxicity 
towards microorganisms and delaying the efficiency of 
biodegradation (Atlas, 1981; Leahy and Cowell, 1990). The 
ability of microorganisms to adapt in contaminated areas 
through biotransformation may therefore be very important 
for the biodegradation of oil in both terrestrial and aquatic 
systems (Kleinsteuber et al., 2006; Zhen-Yu et al., 2008). 
Indigenous microorganisms adapted to the environment 
have been reported to have considerable oil bioremediation 
potential and therefore contribute significantly in the clean-
up process (Margesin and Schinner, 2001; Norman et al., 
2004; Vacca et al., 2005).

The main environmental concern considering fossil 
diesel is the low biodegradation rate in comparison with 
an alternative biodiesel source. Although simple aromatic 
compounds could be readily removed via microbial 
degradation, more complex compounds, including total 
petroleum hydrocarbons, appear to be more persistent in 
crude-oil-contaminated areas (Yoon-Suk et al., 2009). 

In 2012, the South African Department of Energy 
announced that there will be a minimum blending ratio of 
5% biodiesel, in an attempt to reduce the dependence on 
imported crude oil. For most of the investigations carried 
out at the bench scale, it was found that microorganisms 
easily biodegrade biodiesel and blends higher than B10 
compared to fossil diesel; assessing in the laboratory the 
ability of fungi to biodegrade soy-derived blended diesel, 
Bucker et al. (2011) found that the blend containing a higher 
proportion of vegetable oil biodiesel was much susceptible 
to biodegradation. A similar trend was observed by Meyer 
et al. (2014), who found that the presence of biodiesel 
increases the biodegradation of petroleum diesel. Although 
biodiesel is reported to be readily biodegradable compared 
to fossil diesel, there are conflicting opinions about the 
significance of blending on the biodegradation of diesel 
(Zhang et al., 1998; Sorensen et al., 2011). According to 
Pasqualino et al. (2006), there is a synergic effect in the 

biodegradation of blended biodiesel, while for others 
(Owsianiak et al., 2009) an increase in biodegradation will 
not necessarily be achieved through blending of biodiesel 
in fossil diesel.

The current study aims to investigate the concurrent 
impact of microbial adaptation and biodiesel blend grades 
on the biodegradation of blended biodiesel.

METHODOLOGY

Microorganisms

Pseudomonas aeruginosa ATCC 10145 used in 
this study was kindly offered by the Department of 
Microbiology, Faculty of Sciences of the North-West 
University (Potchefstroom-South Africa). This strain has 
been previously reported (Chayabutra and Yu, 2001) to 
produce biosurfactants such as rhamnolipids, which are 
essential in the degradation of fossil oil. Bacillus subtilis 
sp used in this study has been previously isolated from the 
mining area (isolate 753_63-F-SEQ (Dlamini et al., 2010)) 
and has shown good biodegradation capability (Mittal et 
al., 2013).

Induction of resistance

Stock cultures of P. aeruginosa and B. subtilis species 
from nutrient agar (composition in g.L-1; meat extract: 
1.0; peptone: 5.0; yeast extract: 2.0; sodium chloride: 
8.0; Agar: 15.0) were inoculated in 50 mL nutrient broth 
(composition in g.L-1; meat extract: 1.0; peptone: 5.0; 
yeast extract: 2.0; sodium chloride: 8.0), then incubated 
overnight at 30±0.5°C in a shaking incubator (160 rpm). 
The culture was transferred into 50 mL centrifuge tubes and 
centrifuged at 4000 rpm for 5 min to harvest the cells from 
the nutrient broth. The cells in the centrifuge tubes were 
washed several times with sterile distilled water to remove 
the residual broth and then the cells were suspended in 30 
mL of Bushnell Haas (BH) medium (composition in g.L-1: 
0.2 MgSO4, 0.02 CaCl2, 1.0 KH2PO4, 1.0 K2HPO4, 1.0 
NH4NO3, 0.05 FeCl3). An equivalent volume of diesel was 
added to make up a final concentration of 70% and 1% 
(v/v) diesel in the BH medium. The cells were exposed 
to 1% (v/v) or 70% (v/v) diesel for two weeks and eight 
weeks. The mixtures were incubated at room temperature 
(25±1°C) and gently mixed daily. The cells were transferred 
to fresh BH medium every two weeks.

Quantification of cells and viability

The quantification of the bacterial cells at the beginning 
of the experiment, as well as the determination of cell 
viability following exposure to fossil diesel, was done 
through plate count. To count the cells, an aliquot of 1 mL 
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of inoculum was serially diluted in sterile distilled water 
and 100 µL inoculated in freshly prepared nutrient agar 
plates (composition in g.L-1: meat extract powder 1.0; yeast 
extract 2.0; peptone 5.0; sodium chloride 5.0; agar 15.0; 
pH 7.4 ± 0.2 at 25°C; Merck Chemicals, SA), and then 
incubated at 30±0.5°C for 24 h. The number of colonies 
was expressed as colonies formed per unit (CFU).

Fuel acquisition and preparation

Fossil diesel (B0) meeting the requirement of the 
South African Petroleum Industry Association (SAPIA) 
was purchased from an authorized local fuel vendor in the 
North West Province of South Africa. 

Biodiesel was prepared from refined sunflower oil 
with a methanol to oil molar ratio of 6:1 and KOH catalyst 
loading of 1 wt%. The reaction was done in a batch reactor 
for 90 minutes at a temperature of 60±1°C. The biodiesel 
mostly contained esters of C18:1 (42.9 wt%) and C18:2 
(50.9 wt%).

The following blending ratios (% v/v) were prepared 
for the required investigations; B0; B10; B50; B100.

Gravimetric analysis and extraction

To monitor the biodegradation rates of diesel blends 
by induced species; the species were added to 50 mL of 
Bushnell Haas (BH) medium in a 250 mL Erlenmeyer 

flask containing 1 g of blended diesel (B0, B10, B50, and 
B100) and incubated in an incubator with shaker (105 
rpm) at 30±0.5°C for 7 days. Bushnell-Haas medium is 
recommended when examining the microbial deterioration 
of hydrocarbons present in fuels. The amount of biodegraded 
blended diesels was determined by a gravimetric method 
based on the procedure described by Diaz-Ramirez et 
al. (2008); an aliquot of 5 mL of n-hexane was added to 
the remaining mixture in the 250 mL Erlenmeyer flask 
which was transferred to a separation funnel. This process 
was carried out twice to ensure complete extraction. The 
separated extracts were treated with 0.4 g Na2SO4, which 
removes the excess water present in n-hexane. The treated 
extract was decanted, leaving the salt behind. The n-hexane 
was removed from the extract in a rotary evaporator 
operating at 40±0.5°C under reduced pressure. The weight 
of the residual blended diesel was measured.

Validity and interpretation of results

2,6-dichlorophenol indophenol (DCPIP) analysis
DCPIP was used to validate (as a control) the results 

of the gravimetric analysis. Higher degradations recorded 
by gravimetric analysis had to correspond to a change in 
colour in the tubes (Fig. 1) in the shorter exposure time of 
the DCPIP test; while the lower degradations recorded by 
gravimetric analysis had to correspond to relatively longer 
time for colour change in the test tubes. 

Figure 1. B. subtilis (1% exposure) DCPIP indicator test for blended diesel (B100, B50, B10, B0 and control from left to right) after 
26 hours of incubation at 105 rpm and 30 ºC
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This technique is based on the redox indicator (DCPIP). 
The inoculum was transferred to a sterile Bushnell-Hass 
medium (10 mL) with 1% (v/v) of the fuel blends in assay 
tubes. The DCPIP was added up to a concentration of 20 
mg/mL and the solution was constantly agitated at 105 rpm 
and temperature of 30±0.5°C; the color change was then 
monitored over time (Mariano et al., 2008).

Synergism in biodegradation
A model derived from the concept of Pasqualino et al. 

(2006) and Mariano et al. (2008) was used in this study 
to predict the biodegradation value of the blended diesel. 
The level of error between the model and the experimental 
values informed about the synergism of the degradation 
of bio-fossil diesel blends. This was supported by 
investigating the biodegradation behaviour of the adapted 
and non-adapted bacteria.

Data analysis
Experiments were conducted in duplicate with an 

abiotic control and the percentage experimental errors 
were used to evaluate the statistical reliability of the data 
obtained at 95% confidence interval.

RESULTS AND DISCUSSION

Comparative adaptive capabilities of P. aeruginosa 
and B. subtilis

Based on their ability to produce surfactant and break 
down hydrocarbons (Chayabutra and Yu, 2001; Gudina et 
al., 2013), P. aeruginosa and B. subtilis are often utilized 
for bioremediation purposes, but their activities are 
enhanced when they have been previously exposed to the 
pollutant (Das and Mukherjee, 2007; Kaczorek et al., 2010; 
Chandankere et al., 2013). The exposure of these species 
to 1% and 70% (v/v) concentrations of diesel mixture 
was meant to induce biotransformation that will improve 
their resistance to diesel as well as trigger the production 
of surfactants necessary for biodegradation (Tang et al., 
2007). Cell growth was monitored during the two week 
and eight week incubation periods and expressed as CFU 
counts. A small decline of the growth of both bacteria 
species was observed after two weeks, but the cells quickly 
recovered and reached the initial count or more after eight 
weeks for P. aeruginosa and B. Subtilis, respectively. Table 
1 shows the CFU counts for both species.

Table 1. The colony forming units (CFU/mL) for the 2 experimental sets over exposure time (weeks)  
Exposure Time (weeks) P. aeruginosa B. subtilis

1st set of experiments 1% diesel
0 58 ×109 8 ×109

2 16 ×108 14 ×107

8 2 ×109 6 ×1012

2nd set of experiments 70% diesel
0 2 ×1012 22 ×1010

2 13 ×107 4 ×109

8 10 ×105 3 ×108

The initial decline in viable cell growth in both species 
may be ascribed to the change of substrate and the possible 
inhibition of cells by the diesel, which contains toxic trace 
elements such as heavy metals (Yoon-Suk et al., 2009). 
Hydrocarbons in fossil fuels are reported to alter microbial 
membrane structures by changing membrane fatty acids 
and protein composition (Van Hamme et al., 2003). It 
has been reported (Macnaughton et al., 1999; Yoon-Suk 
et al., 2009) that contamination of diesel results in less 
diverse microbial communities in the ecosystem due to the 
susceptibility of microorganisms to stressful conditions, 
but as observed in this study, microbial communities 
recover following adaptation (Roling et al., 2002). 

The effect of diesel concentration was not conclusive 
as the inhibition of P. aeruginosa increased with the diesel 
concentration while the opposite trend was observed with 
B. subtilis. It was observed that P. aeruginosa was more 
susceptible to the presence of diesel than B. Subtilis, which 

is likely due to the fact that the latter have the potential 
to form endospores when exposed to stressful conditions 
(Nicholson et al., 2000).

Biodegradation potential of induced B. subtilis and P. 
aeruginosa

The induced cells were used to degrade various grades 
of blended diesel. Figs. 2 and 3 show that the degradation 
rate increased with the concentration of biodiesel in the 
blend.

To determine the influence of the concentration of 
diesel and exposure time during induction, the cells 
induced in 1% and 70% diesel mixtures for two weeks and 
eight weeks were used for the biodegradation of blended 
diesel. Fig. 2 shows that the cells of B. subtilis exposed to 
1% and 70% diesel mixtures for eight weeks achieved the 
highest biodegradation rate of B0; B10 and B50, while the 
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cells exposed for only two weeks were most effective in 
the degradation of pure biodiesel. This could be ascribed 
to the fact that longer exposure and higher concentration of 
diesel may stimulate biotransformation, enabling tolerance 
to diesel as well as a change of nutrient priority, as the 
microorganism has now synthesized enzymes for the use 
of new substrates or combination of substrates.

A different trend was observed when P. aeruginosa 
cells induced under similar conditions (1% and 70%) were 
used for biodegradation of diesel blends. Fig. 3 shows that, 

although the cells induced in 70% diesel mixture were 
the most effective during the degradation of B0, the cells 
induced in 1% diesel mixture for two weeks performed 
better than the other cells when degrading B10; B50 and 
B100. Tang et al. (2007) also observed that P. aeruginosa 
exposed to crude oil was not able to emulsify or biodegrade 
crude oil; there was a need in that case to expose the cells to 
glycerol for stimulation of the production of the surfactant 
rhamnolipids useful for biodegradation. 

Figure 3. Biodegradation of diesel blends by induced P. aeruginosa

Figure 2. Biodegradation of diesel blends by induced B. subtilis
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The comparison of the trends in Figs. 2 and 3 could 
elucidate the effect of induction time on the biodegradation 
potential. It can therefore be seen that, from two weeks to 
eight weeks induction time, there was an increase of the 
capacity of B. subtilis to degrade fuel containing fossil 
diesel. An increase in capacity of 14%, 10% and 5% 
was recorded as the cells induced in 1% diesel mixtures 
degraded B0; B10 and B50 blends, respectively, while the 
increases of the performance of the cells induced in 70% 
diesel mixtures were 33% (B0); 26% (B10) and 13% (B50). 
It is plausible that, with time, B. subtilis species improve the 
mechanism to tolerate diesel oil, and metabolise proteins 
required for the breakdown of complex molecules of the 
diesel. The adaptation capability of B. subtilis is clearly 
illustrated in Table 1, where the decrease of cell growth 
after two weeks is followed by a recovery after eight weeks 
of exposure to diesel.

This trend was, however, not observed with P. 
aeruginosa; Fig. 3 indicates that the longer induction time 
resulted in the decrease of the biodegradation capability of 
P. aeruginosa, although the cells exposed for eight weeks in 
70% diesel mixture did perform better for the degradation 
of B0 and B10 than their counterparts that were exposed 
for two weeks. According to Tang et al. (2007), stressful 
conditions in the crude oil may reduce the ability of P. 
aeruginosa ZJU to produce surfactants required for crude 
oil degradation.

Concept of bacteria adaptation and degradation of 
diesel blend

It is difficult to evaluate the performance of non-adapted 
and adapted species in blended diesel, given the challenge 
to start each individual experiment with the same amount 
of cells. Therefore, a method of calculation is needed to 
evaluate the adaption, irrespective of the starting amount 
of cells.

It was suggested by Zang et al. (1998) that the presence 
of biodiesel (B100) in diesel blend (B0) could assist in 
the biodegradation of fossil diesel (B0) even faster than 
the fossil diesel would degrade as a pure species. Since 
most organisms struggle to biodegrade fossil diesel (B0), 
nutrient supplementation is often needed. In blended 
diesel the biodiesel (B100) is assumed to accelerate the 
biodegradation of fossil diesel. Faster degradation of the 
blend was observed (Fig. 2 and 3) at higher concentration 
of biodiesel. A model was proposed by Pasqualino et al. 
(2006) and Mariano et al. (2008) to evaluate the effect of 
the addition of biodiesel on the degradation of fossil diesel 
in the diesel blend. The model was based on the production 
of CO2, a by-product of microbial biodegradation.

where LC is the total level of CO2 derived from microbial 
biodegradation, D is the fraction of fossil diesel present, 
B the fraction of biodiesel present, (CO2)B0  the amount 
of CO2 produced by pure fossil diesel as by-product of 
biodegradation and (CO2)B100 is the amount of CO2 produced 
by pure biodiesel as by-product of biodegradation. A 
similar model could be derived for the interpretation of the 
gravimetric analysis results in this study; assuming that: 

The derived equation that was then used in this study 
is shown below;

where D is the fraction of fossil diesel in the blend, B is 
the fraction of biodiesel in the blend, (%Biodegradation)B0 
is the % biodegradation obtained from the experiments 
for pure fossil diesel, (%Biodegradation)B100 is the 
% biodegradation obtained from the experiments for 
pure biodiesel and (%BD)BlendPredict is the predicted 
biodegradation value for the specific blended diesel.

The meaning of equation (3) could be explained by the 
following scenarios;

• If the predicted value for the biodegradation 
((%BD)BlendPredict) and the actual experimental 
biodegradation data for a specific blend (e.g., B10) 
are more or less the same, i.e., (%BD)BlendPredict) 
= (%BD)BlendExperimental), then the addition of 
biodiesel (B100) did not contribute to enhance the 
biodegradation of fossil diesel (B0) in the blend. 

• If the predicted value for the biodegradation () 
and the actual experimental biodegradation data 
for a specific blend (e.g., B10) differ greatly from 
one another, i.e., (%BD)BlendPredict # (%BD)
BlendExperimental, then the addition of biodiesel 
(B100) contributed greatly to enhance the 
biodegradation of fossil diesel (B0) in the blend.

Therefore, the error (Ed)between the predicted value of 
biodegradation and the actual experimental biodegradation 
results for a specific blend would give an indication as 
to what extent the biodiesel (B100) in the blend helped 
enhance the biodegradation of fossil diesel (B0).

𝐿𝐶 = 𝐷. 𝐶𝑂2 𝐵0 + 𝐵. 𝐶𝑂2 𝐵100

𝐶𝑂2 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 =  % 𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛

%𝐵𝐷 𝐵𝑙𝑒𝑛𝑑 𝑃𝑟𝑒𝑑𝑖𝑐𝑡 = 𝐷. %𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝐵0 +𝐵. %𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝐵100

𝐸𝑑 = 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 −𝑀𝑜𝑑𝑒𝑙 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒

%𝐵𝐷 𝐵𝑙𝑒𝑛𝑑 𝑃𝑟𝑒𝑑𝑖𝑐𝑡 = 𝐷. %𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝐵0 +𝐵. %𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝐵100

%𝐵𝐷 𝐵𝑙𝑒𝑛𝑑 𝑃𝑟𝑒𝑑𝑖𝑐𝑡 = 𝐷. %𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝐵0 +𝐵. %𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝐵100

𝐸𝑑 = 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 −𝑀𝑜𝑑𝑒𝑙 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒(1)

(2)

(3)

(4)
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Therefore, to summarise the concept, the larger the 
Ed value becomes, the more biodiesel (B100) assists in 
the biodegradation of fossil diesel (B0). The smaller  Ed 
value becomes, the less biodiesel (B100) assists in the 
biodegradation of fossil diesel (B0).

Evaluation of the adaptation of bacterial species in 
fossil diesel

The level of adaptation could then be calculated using 
a similar approach as described above. The following 
assumptions are made;

• If the species adapted to the fossil diesel (B0) 
(adaptation induced at various concentrations of 
fossil diesel and exposure times), then the species 
would not rely most on nutrient supplementation 
such as biodiesel (B100) when inoculated in 
blended diesel. This is explained by the fact that an 
adapted cell can consume fossil diesel (B0).

• If the species did not adapt after exposure to fossil 
diesel, then the species would benefit from the 
addition of a secondary nutrient source such as 
biodiesel (B100) when the species is inoculated in 
blended diesel. This is explained by the fact that 
non-adapted cells struggle to consume the fossil 
diesel (B0) in the blend and therefore a secondary 
easily consumable nutrient (B100) is needed for 
microbial survival in blended diesel.

Relating these assumptions to the initial statement, 
the following could be said for adapted and non-adapted 
cells as a function of the  value. It could be assumed 
that the adapted cells would have small  values because 
theoretically the adapted cells would prefer fossil diesel 
or rather the addition of biodiesel (B100) would not alter 
the biodegradation of fossil diesel (B0) since these cells 
could already consume fossil diesel (B0). Then it is valid 
to assume that the model and experimental values would 
be relatively the same. Consequently, a small error will be 
expected because there is a small difference between the 
model prediction values and the experimental values.

It could also be assumed that the non-adapted cells 
will have larger  values because the bacterial species did 
not adapt and consequently a secondary nutrient source 
(B100) is necessary to assist in the biodegradation of fossil 

diesel (B0). Therefore, the model prediction value and 
experimental value will differ significantly for low blends 
(<B10), leading to large values of .

The adapted cells do not depend on a secondary nutrient 
source (B100) in a low blended diesel (B10); therefore, 
these cells should have small  values. Non-adapted cells are 
highly dependent on a secondary nutrient source because 
of the inability to consume the fossil diesel (B0) in low 
diesel blends (e.g., B10).

Influence of parameters on cell adaptation and 
biodegradation potential

Diesel concentration and cell adaptation
The theory and formulas stated above are used to 

evaluate the adaptability of bacterial species using the 
experimental data from the gravimetric analysis. To 
evaluate the effect of the fossil diesel concentration on 
the adaption capabilities, the  values were calculated for 
the B10 blend (considered as the blend with higher fossil 
diesel concentration in this study). One would expect the 
bacterial species to adapt more rapidly when induced 
in 70 % diesel mixture as compared to the 1% diesel 
mixture. So according to the theory described above, the 
cells exposed to 70 % diesel mixture are likely to exhibit 
smaller  values when compared with the cells exposed to 
1% diesel mixture. The experimental and calculated data 
are expressed in Table 2.

It is very important to note that the % biodegradation 
for adapted cells is lower due to the fact that the experiment 
started with fewer cells. Therefore, one must look at the  
values to determine the exact effect.

The calculations above showed that, as expected, the 
cells that were exposed to 70% diesel mixture exhibited 
lower  values and the cells that were less likely to adapt after 
exposure to 1% diesel mixture exhibited higher  values. 
This therefore corroborates the principles stipulated above.

Theoretically P. aeruginosa exposed to 70% diesel 
mixture will develop a quick biotransformation and 
therefore higher biodegradation capability. Fig. 4 shows 
that the trend of biodegradation by P. aeruginosa species 
induced in higher concentrations (70%) of fossil diesel 
(B0) is almost similar to the predicted trend; this was also 
observed with B. subtilis species induced under the same 
conditions. Based on the above data, higher performance 
of B. subtilis species will be expected after induction in 

Table 2. Ed values derived from the effect of diesel concentration on the adaptation of cells and degradation of B10 blends

Induced cell results for B10
% Biodegradation

Ed value (%) Starting amount of cells 
(CFU/mL)Experimental Values Model prediction

P. aeruginosa (1%) 58.25±5.18 32.70±2.94 25.5±0.68 123 × 107

P. aeruginosa (70%) 33.679±2.99 33.20±2.92 0.47±0.08 130 × 106

B. subtilis (1%) 21.61±1.45 13.58±0.91 8.03±0.43 3 × 1010

B. subtilis (70%) 18.4426±1.26 14.75±1.01 3.70±0.82 4 × 109
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70% diesel mixture, which is confirmed in Fig. 5 as the 
biodegradation trend exhibited by cells previously induced 
in 70% diesel mixtures is much closer the predicted trend 
compared to the cells induced in 1% diesel mixture.

Overall it could be noted that the more likely a species 
is to adapt, the less the experimental data would deviate 
from the model line. A similar observation was found for 
the cells induced for eight weeks.

In Fig. 3 above it appears that the less adapted cells (1%) 
biodegraded the blends to a much higher extent compared 
to the 70 % induced cells. This could be attributed to the 
relatively higher number of starting cells.

Consequently, the  values give a good indication of 
the extent of cell adaptation. The  values for both species 
exposed to 1% and 70% diesel mixtures are shown in 
Figs. 6 & 7. These figures show that the cells induced in 
1% diesel mixtures had larger  values when compared 
to the cells induced in 70% diesel mixtures. The  values 
reported in Table 2 clearly indicate that the cells easily 
adapt at higher concentration of diesel, improving their 
biodegradation potential.

In order to normalize the data a method consisting of 
calculating the grams of oil used per starting CFU/mL was 
considered.

Figure 5. Comparison between experimental data and model predicted values for B. subtilis exposed at 70% and 1% 
diesel mixture.

Figure 4. Comparison between experimental data and predicted values for P. aeruginosa exposed to 70% and 1% diesel 
mixture.
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Figure 6. The  value for the biodegradation of different blends by P. aeruginosa induced in 1% and 70% diesel mixture

Figure 7. The  value of the biodegradation of different blends by B. subtilis induced in 1% and 70% diesel mixture

(5)

Table 3. Normalization of data in terms of grams of oil used per CFU/mL (1010)

Blended diesel Grams oil used per starting CFU/mL (1010)
P. aeruginosa (1%) P. aeruginosa (70%) B. subtilis (1%) B. subtilis (70%)

B0 2.44 25.77 0.0236 0.225
B10 4.82 25.45 0.0733 0.470
B50 5.74 44.45 0.0910 0.807
B100 6.21 58.38 0.2320 1.78
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The biodegradation capabilities of P. aeruginosa and B. 
subtilis induced in 70% diesel mixture are reported as grams 
of oil used per starting CFU/mL in Figs. 8 and 9. It could 
be observed that taking into account the starting number of 
cells gives a clear estimate of the ability of the species to 
degrade the blended diesel; therefore, the induction of cells 
at higher concentration (70%) of diesel clearly stimulated 
biotransformation in the bacteria, enabling effective use of 

the blended diesel. This confirms the findings by Striebich 
et al. (2014) that the degradation profile of an organism is 
determined by its intrinsic metabolic function. On the other 
hand, it could be observed that the biodegradation potential 
of P. aeruginosa is higher compared to B. Subtilis; this 
allows to differentiate the ability for the species to tolerate 
the fossil diesel with regard to inhibition and its ability to 
actually use fossil diesel as nutrient.

CONCLUSION

It was possible to ascertain in this study the 
conditions under which the synergy of fuel could promote 
biodegradation. The use of the Ed values showed that the 
synergy was more beneficial for less adapted cells while 
the cells that have effectively adapted tend to preferably 

utilise the fossil diesel in the blend. The induction of cells 
was found to be effective when they were exposed to a 
higher concentration of fossil diesel for a longer period of 
time. The findings in this study can be used to enhance 
the capacity of microorganisms during bioremediation of 
polluted areas.

Figure 8. Grams blended diesel used per starting CFU/mL (1010) for P. aeruginosa induced in 1% and 70% diesel mixture.

Figure 9. Grams blended diesel used per starting CFU/mL (1010) for B. subtilis induced in 1% and 70% diesel mixture
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