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Abstract 

Background:  Oil spills are ranked among the greatest global challenges to humanity. In Uganda, owing to the forth‑
coming full-scale production of multi-billion barrels of oil, the country’s oil pollution burden is anticipated to escalate, 
necessitating remediation. Due to the unsuitability of several oil clean-up technologies, the search for cost-effective 
and environmentally friendly remediation technologies is paramount. We thus carried out this study to examine the 
occurrence of metabolically active indigenous bacterial species and chemical characteristics of soils with a long his‑
tory of oil pollution in Uganda that can be used in the development of a bacterial-based product for remediation of 
oil-polluted sites.

Results:  Total hydrocarbon analysis of the soil samples revealed that the three most abundant hydrocarbons were 
pyrene, anthracene and phenanthrene that were significantly higher in oil-polluted sites than in the control sites. 
Using the BIOLOG EcoPlate™, the study revealed that bacterial species richness, bacterial diversity and bacterial activ‑
ity (ANOVA, p < 0.05) significantly varied among the sites. Only bacterial activity showed significant variation across 
the three cities (ANOVA, p < 0.05). Additionally, the study revealed significant moderate positive correlation between 
the bacterial community profiles with Zn and organic contents while correlations between the bacterial community 
profiles and the hydrocarbons were largely moderate and positively correlated.

Conclusions:  This study revealed largely similar bacterial community profiles between the oil-polluted and control 
sites suggestive of the occurrence of metabolically active bacterial populations in both sites. The oil-polluted sites had 
higher petroleum hydrocarbon, heavy metal, nitrogen and phosphorus contents. Even though we observed similar 
bacterial community profiles between the oil polluted and control sites, the actual bacterial community composition 
may be different, owing to a higher exposure to petroleum hydrocarbons. However, the existence of oil degrading 
bacteria in unpolluted soils should not be overlooked. Thus, there is a need to ascertain the actual indigenous bacte‑
rial populations with potential to degrade hydrocarbons from both oil-polluted and unpolluted sites in Uganda to 
inform the design and development of a bacterial-based oil remediation product that could be used to manage the 
imminent pollution from oil exploration and increased utilization of petroleum products in Uganda.
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Introduction
With the enormous use of petroleum hydrocarbons in 
commercial manufacturing and transportation, mineral 
oil has turn out to be a vital fossil gas worldwide [1]. Con-
sequently, one of the world’s commonest environmen-
tal challenge is caused by pollution of toxic petroleum 
products including heavy metals, benzene series and 
polycyclic aromatic hydrocarbons (PAHs) [1–5]. Due to 
the diverse chemical composition of petroleum prod-
ucts, its continuous contamination of the environment 
causes both short and long-term side effects [5]. Toxic 
petroleum products have been associated with numerous 
threats to human life and environment which includes 
alteration of soil characteristics, ecological dysfunction, 
reduced agricultural productivity and increased risk to 
human health [6–10].

Oil pollution of soil affects ecological processes lead-
ing to changes in microbial communities and activi-
ties within the soil [11, 12]. The adaptations and genetic 
changes shift towards hydrocarbon-degrading microor-
ganisms [13]. Isolation of high numbers of some microor-
ganisms, especially fungi and bacteria, from oil polluted 
sites serves to affirm their potential to utilize the pollut-
ant [14–16]. These isolates can play an important role in 
remediation of oil contaminated sites through bioreme-
diation techniques [17].

The adverse impacts of oil contamination on sur-
rounding environments as well as health [9, 18] calls for 
urgency of survey, extraction and removal of oil con-
taminants from soil [19]. Several clean-up technologies 
have been reported on the removal of hydrocarbons in 
polluted soils but most of them are either very expensive 
or require the integration of advanced mechanization 
[20]. Biodegradation by natural populations of microor-
ganisms represents one of the primary mechanisms by 
which petroleum and other hydrocarbon pollutants can 
be eliminated from the environment [21]. The technique 
involves the stimulation of specific microbes that use the 
discharged petroleum contaminants as a source of food 
and energy. Contrary to the several clean-up technolo-
gies for petroleum hydrocarbons in contaminated soils, 
the bioremediation technology has been reported to be 
efficient, cost-effective and environmentally friendly [20].

In earlier bioremediation studies by Li,Sun [22], indig-
enous microbes were found to be very effective in the 
degradation of total petroleum hydrocarbons than 
the introduced exotic microbes. Furthermore, biore-
mediation through bioaugmentation has always been 

unsuccessful [23], owing to the failure of the introduced 
exogenous microbes to compete favorably with the indig-
enous microbes at the polluted site [24, 25] probably 
due to the site condition and ecological specificity of the 
polluted area [23]. Consequently, bacteria were recently 
reported as the most active agents in oil bioremediation 
[26–28]. Therefore, there are prospects for the develop-
ment of bacterial-based oil-remediation products from 
the microbes present in the oil-polluted soil samples 
from the current study.

With the anticipated full-scale production of Uganda’s 
6.0 billion barrels of proven oil reserves in the Alber-
tine region [29] and the unregulated dumping of used 
oil products into the environment, oil and petroleum 
product pollution is likely to escalate. Thus, searching for 
more effective and more environmentally friendly biore-
mediation techniques involving the use of indigenous 
microbes is paramount. To the best of our knowledge, 
no baseline studies aimed at confirming the existence of 
petroleum hydrocarbon-degrading microbes in polluted 
soils in Uganda has been done. This study was carried out 
in selected garages and industries with a long history of 
motor oil pollution across the country to ascertain the 
occurrence of metabolically active bacterial populations. 
Establishing the occurrence of metabolically active bacte-
rial community in oil-polluted sites would pave way for 
isolation and characterization of indigenous bacterial 
populations to be assessed for oil-biodegradability poten-
tial and development of a bacterial-based product for 
remediation of oil polluted sites.

Materials and methods
Study site description
The study was carried out in three cities, namely Kam-
pala, Jinja and Hoima, located in the Central, Eastern 
and Western regions of Uganda, respectively (Fig. 1). The 
three cities lie within the geographical coordinates of 0° 
18′ 58.61“ N and 32° 34’ 55.88” E (Kampala), 0° 26′ 20.47“ 
N and 33° 12’ 11.41” E (Jinja) and 1° 25′ 59.30“ N and 31° 
21’ 8.68” E (Hoima) and at an average elevation of 1211, 
1204 and 1071 m above sea level, respectively. They expe-
rience a tropical climate receiving an annual rainfall of 
999.9, 2015 and 1435 mm for Kampala, Jinja and Hoima, 
respectively, and rainfall is bi-modally distributed with 
the wetter periods occurring from March to May and 
August to November. They experience a mean minimum 
temperature of 18.5 °C and a mean maximum tempera-
ture of 30.8 °C.

Keywords:  Bacterial profiles, BIOLOG EcoPlate™, Bioremediation, Chemical profiles, Garages, Hydrocarbons, 
Industries, Oil-pollution
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Sampling technique
Soil samples were collected from purposively selected 
sites within garages and industries with a long history 
of oil pollution. For each of the oil-polluted garage or 
industry, five spots were strategically selected and sam-
ples were collected within a depth of 0 to 15 cm using 
a stainless steel soil auger and trowel. Upon comple-
tion of sampling from a particular site, the trowel and 
the soil augur were sterilized by dipping them in 70% 
ethanol and burning to avoid cross contamination of 
samples. For each site, the five samples were mixed 
thoroughly within a polythene bag to constitute a 
composite sample. Similarly, control soil samples were 
picked from the nearby unpolluted sites, 1000 m away 
from the polluted sites [30]. For each site, 500 g of the 
composite sample was transferred into well-labeled 
sterile zip-lock bag, immediately sealed off and trans-
ferred into a cold box maintained at 4 °C to avoid any 
changes in the bacterial community structure and the 
chemical characteristics of the samples. The samples 
were transported to the Central Diagnostics Laboratory 

at the Department of Plant Sciences, Microbiology and 
Biotechnology, Makerere University.

Determination of the chemical characteristics of the soil 
samples
The soil samples were oven dried at 40 °C for 24 hrs [31]. 
The dry soil samples were later ground to a fine pow-
der using a ceramic mortar and pestle and sieved with a 
500 μm pore size metallic sieve (Endecotts BS410, Fisher 
Scientific UK) to remove coarse particles and debris. Soil 
pH was determined using a calibrated pH meter, organic 
matter content by Walkley-Black potassium dichromate 
wet oxidation method [32] while total nitrogen was 
determined by the semi-micro Kjeldahl method [33]. The 
available phosphorus was determined following Ammo-
nium Molybdate-Ascorbic acid method [34], using a UV/
Visible spectrophotometer at 860 nm.

Determination of heavy metal content of the soil samples
Soils were analyzed for total concentration of Zn, Cr, 
Mn, Ni and Pb at the Chemistry Analytical Laboratory, 

Fig. 1  Location of the study sites
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Department of Chemistry, Makerere University. A fine 
ground dry soil sample of 1.25 g was weighed and trans-
ferred to a 250 mL conical flask and 50 mL of deionized 
water was added, followed by 50 mL of aqua regia, a mix-
ture of concentrated HCl and HNO3 AR 70% (Fisher Sci-
entific, UK), in a ratio of 3:1. The resultant mixture in the 
conical flask was placed on a hot plate inside a fume cup-
board, heated at a temperature of 100 °C for 1 hour, and 
then at 125 °C, 150 °C, and 175 °C at intervals of 15 min 
until 5 mL of the mixture was left in the conical flask. 
This was followed by cooling to room temperature before 
adding 1 mL of 30% H2O2 and heating for another 15 min. 
This procedure was repeated once, and then 3 mL of 
30% H2O2 was added and the mixture heated for 15 min 
to complete the digestion of any organic matter. The 
digested sample was cooled and diluted with deionized 
water up to the 100 mL mark before filtering for analy-
sis of total concentration of the heavy metals with Flame 
Atomic Absorption Spectrophotometer (Agilent 240FS 
AA, USA).

Determination of the total hydrocarbons
Sample extraction
Determination of total hydrocarbon contents of the sam-
ples was done at the Directorate of Government Ana-
lytical Laboratory (DGAL), Ministry of Internal Affairs, 
Kampala, Uganda. Extraction of samples was done 
according to Coulon and Wu [35] and Adeniji,Okoh [36]. 
Briefly, the soil samples in the amber bottle were thor-
oughly mixed to make a homogenous sample. Approxi-
mately 5 g of the soil composite was quickly weighed 
into a 100 mL-capacity amber bottle. Five grams of 
anhydrous NaSO4 was then added to the bottle and the 
mixture was agitated. An internal standard, 1-chlorooc-
tadecane (300 μg/mL) was added to the soil sample and 
30 mL of dichloromethane was added to the sample due 
to its consistency, efficiency and ability of not interfering 
with the samples. The bottle containing soil sample was 
corked very tight and transferred to a mechanical shaker. 
The sample was agitated for 6 hours at room tempera-
ture. After agitation, the sample was allowed to settle for 
1 hour and then filtered through 110 mm filter paper in a 
Whatman fat-free extraction thimble into an Erlenmeyer 
flask. The filtrate was allowed to concentrate to 1 mL by 
evaporation overnight in a fume hood.

Sample cleaning
The extracted samples were cleaned using a glass column 
to remove all impurities in preparation for Gas Chroma-
tography (GC) column analysis according to Alinnor and 
Nwachukwu [37] and Okop and Ekpo [38]. Briefly, the 
concentrated sample extract was mixed with cyclohexane 
in a beaker and transferred into prepared column. The 

column was packed with silica gel matrix using dichlo-
romethane to form a slurry. Anhydrous Na2SO4 was 
added into the column followed by addition of pentane as 
an elution solvent. The sample extract put in the packed 
column was eluted using pentane as mobile phase solvent 
and the eluted sample was collected in a beaker. The sam-
ple was eluted further by adding more pentane through 
the column. After elution, the column was rinsed with 
dichloromethane. The eluted samples were left to stand 
overnight at room temperature in a fume hood for evap-
oration in order to concentrate the samples. A blank 
sample was simultaneously processed without the soil 
samples.

Gas chromatography‑mass spectrophotometry analysis 
(GC‑MS)
The separation and detection of compounds in the soil 
sample extracts and standards were carried out using 
Shimatzu TQ8040 triple Quadruple Gas Chromatog-
raphy Tandem Mass Spectrophotometer according to 
Coulon and Wu [35], Okop and Ekpo [38] and Alin-
nor and Nwachukwu [37]. Briefly, 3 μl of concentrated 
cleaned eluted samples were put in vials and injected into 
GC-MS columns (−ZB-5SMi, 30 m × 0.25 mm × 0.25 μm 
50 m × 0.32 mm) for separation of compounds. The 
micro-syringe was rinsed with the dichloromethane after 
each sample was injected. Temperature profile of the 
GC-MS were programmed as; column initial tempera-
ture of 80 °C, held for 20 min, followed by a temperature 
increase of 5 °C /min to 180 °C, held for another 5 min to 
250 °C, and more 15 min to 310 °C. Injection tempera-
ture was 320 °C and injection mode was splitless, Car-
rier gas was helium with pressure of 79 kPa, total flow 
50 mL/min, column flow − 1.29 mL/min and linear veloc-
ity- 41.4 mL/min. After separation, the compounds were 
passed through the mass spectrophotometer with elec-
tron impact (EI) ionisation carried out at 70 eV and the 
ion source temperature at 250 °C. Data from the GC–MS 
and compounds were identified based on comparison 
of mass spectral fragmentation with those in the NIST 
library. The total hydrocarbon content of the soil sam-
ples were resolved at a particular chromatogram in mg of 
total hydrocarbon/kg of soil sample.

Determination of bacterial activity
BIOLOG EcoPlate™ (Biolog, Inc., Hayward, CA, USA), 
which contains three replicated wells of 31 carbon sub-
strates, was used to investigate the carbon metabolic 
activity among the aerobic and heterotrophic bacterial 
communities in all the soil samples [39–42]. Briefly, a soil 
suspension was prepared by vortexing 1.5 g of soil (dry 
weight) in 15 mL of sterile phosphate buffered saline (pH, 
7) and allowed to settle for 2 hours. The supernatant was 
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serially diluted up to 10− 2 dilution. Using a multi-channel 
pipette, aliquots of 150 μL of the 10− 2 dilution for each 
sample was inoculated into each well of BIOLOG Eco-
plates™ and incubated at 28 °C in an oven. Colour devel-
opment of each well was measured as the optical density 
immediately after inoculation and after every 24 hours 
post-inoculation for 1 week at 590 nm with the BioTeK 
microplate reader (ELx800TM, USA).

Analysis of bacterial activity
Individual absorbance values of the 31 single substrates 
were corrected by subtraction of the blank control value 
(raw difference). According to Classen,Boyle [43], the 
wells’ optical density values that were negative or under 
0.06 to zero were adjusted. To minimize the effects of 
different inoculum densities, data were normalized by 
dividing the raw difference values by their respective 
average well colour development (AWCD) values. The 
number of active wells were determined as described by 
Li [44] quantifying the number of positive wells (> 0.06 
absorbance units above the time zero reading) and this 
was taken to be a representative of the bacterial species 
richness [45]. The bacterial activity in each microplate 
was expressed as the average well colour development 
(AWCD) [46, 47] using the expression below, where OD1 
is the optical density value from each well.

The Shannon-Wiener Diversity Index (H) was 
used to determine the species diversity of bacteria as 
described by Yan,McBratney [48], Frąc,Oszust [46] and 
Fowler,Cohen [49] using the OD of 0.06 as threshold for 
positive response using the following expression:

Where pi, in this case, is the proportion of AWCD of 
a particular substrate to the AWCD of all substrates of a 
particular soil sample.

Quality assurance
Prior to use, all solutions, transfer equipment, and glass-
ware were sterilized in an autoclave. Weighing of soil 
samples, serial dilutions and plate inoculation was done 
under a laminar-flow hood to minimize the risk of con-
tamination from the surrounding. For heavy metal anal-
ysis, the glassware used was thoroughly cleaned and 
all the reagents were of analytical grade. Double dis-
tilled water was used throughout the analysis. Replicate 

(1)AWCD =

∑ ODi

31

(2)H =

N∑

i=l

pi ln pi

samples, blanks and standard reference were included in 
all analyses.

Data analysis
All statistical analyses were performed using the R sta-
tistical package 3.5.1 [50]. Data for community structure 
and activity were checked for normality of distribution 
and homogeneity of variance using Shapiro-Wilk test and 
then subjected to analysis of variance to explore variabil-
ity across the selected cities and sites followed by sepa-
ration of means by Tukey’s Honest Significant Multiple 
Comparison. Means were considered to be significantly 
different at p < 0.05. Data for species richness was trans-
formed and analyzed using ANOVA but the median val-
ues were used to show the results. Median values and 
study ranges (lowest and highest values) were used to 
present the results for the chemical properties for each 
category of soil sample. The principle component analy-
sis was used to explore the overall differences and simi-
larities in bacterial community structure of the cities and 
sites.

Results
Chemical characterization of the oil polluted soils
The chemical characteristics of the soil samples col-
lected are presented in Table  1 below (Supplementary 
Table  1). There was a wider variation (study range i.e. 
lowest-highest) in pH of the oil-polluted soil samples 
(5.3-7.9) as compared to the control soil samples (6.1-
7.1). The organic matter content of the oil-polluted soil 
samples was 4.5 to 5.8 folds higher than that of the con-
trol soils. Generally, garage oil-polluted soil samples were 
richer in organic matter content than the industrial oil-
polluted soil samples. We observed higher nitrogen and 
phosphorus in oil-polluted soil samples as compared 
to the control soil samples apart from soil samples col-
lected in Kampala. The garage oil-polluted soils had 
higher heavy metal content than the control soil samples 
except for manganese collected from Jinja and nickel in 
soil samples collected from Kampala and Jinja. On the 
contrary, industrial oil-polluted soil samples had higher 
heavy metal content than the control soil samples except 
for chromium in soil samples collected from Jinja, man-
ganese in soil samples collected from Kampala and Jinja, 
nickel in soil samples collected from Kampala and Jinja 
and lead in soil samples collected from Jinja.

Hydrocarbon contents of soil samples collected 
from the three cities
The hydrocarbon contents of the soil samples var-
ied significantly between the cities (F2,156 = 117.88; 
p < 0.001) and the sites (F1,156 = 43.903; p < 0.001). The 
most abundant hydrocarbons were pyrene, anthracene, 
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Table 1  Chemical characteristics (median and range values) of soils samples collected from the three cities

Parameter Site Kampala city Jinja city Hoima city Study ranges

Oil-
polluted 
soil

Control Oil-
polluted 
soil

Control Oil-
polluted 
soil

Control Oil-polluted soil Control

pH Garage 6.9 6.3 6.7 6.7 6.5 6.8 6.1-7.9 6.1-7.1

Industry 7.9 6.3 7.0 6.7 6.7 6.8 5.3-7.3 6.1-7.1

Organic content (%) Garage 25.5 4.50 26.9 4.20 20.3 3.50 14.0-43.8 1.6-6.0

Industry 23.1 4.50 19.3 4.20 20.9 3.50 5.7-36.0 1.6-6.0

Nitrogen (%) Garage 0.34 0.28 0.27 0.19 0.49 0.19 0.13 − 0.70 0.03 − 0.35

Industry 0.22 0.28 0.32 0.19 0.34 0.19 0.08 − 0.60 0.03 − 0.35

Phosphorus (%) Garage 0.27 0.24 0.17 0.07 0.08 0.06 0.06-0.88 0.01-0.33

Industry 0.13 0.24 0.28 0.07 0.12 0.06 0.05-0.98 0.01-0.33

Zinc (mg/kg) Garage 46.7 17.1 46.2 31.7 35.9 3.2 27.4-49.7 2.5-42.2

Industry 24.8 17.1 36.9 31.7 37.4 3.2 6.4-48.6 2.5-42.2

Chromium (mg/kg) Garage 19.1 9.6 17.8 17.3 16.5 8.5 7.5-30.4 4.6-25.5

Industry 12.8 9.6 13.0 17.3 15.3 8.5 9.0-29.6 4.6-25.5

Manganese (mg/kg) Garage 18.3 14.6 22.1 30.6 11.6 6.1 7.5-32.6 0.2-58.5

Industry 9.8 14.6 25.5 30.6 13.7 6.1 5.0-50.3 0.2-58.5

Nickel (mg/kg) Garage 0.42 0.43 0.75 1.57 0.37 0.14 0.12-2.25 0.03-3.3

Industry 0.26 0.43 0.57 1.57 0.31 0.14 0.13-2.01 0.03-3.3

Lead (mg/kg) Garage 1.51 0.31 2.01 1.99 0.19 0.07 0.06-3.99 0.04-4.01

Industry 0.39 0.31 0.27 1.99 0.26 0.07 0.05-3.38 0.04-4.01

Fig. 2  Most abundant hydrocarbons in soil samples collected from the three cities and sites
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phenanthrene, fluorene, chrysene and acenaphthylene 
while the least abundant were benzo(g,h,i) perylene, 
dibenz(a,h))anthracene, benzo(b) fluoranthene, and 
benzo(a) pyrene (Fig.  2; Supplementary Table  1). Over-
all, out of the 15 most abundant hydrocarbons analyzed, 
11 of them had significantly higher composition in oil-
polluted soil samples than in the control soil samples. 
Soil samples collected from industrial oil-polluted sites 
in Kampala had high contents for most of the different 
hydrocarbons.

Bacterial community structure and activity
The study revealed significant variation in bacterial activ-
ity (Two-way ANOVA, F(2,16) = 8.02, p = 0.004), bacte-
rial species richness (Two-way ANOVA, F(2,16) = 9.684, 
p = 0.0018) and diversity (Two-way ANOVA, 
F(2,16) = 8.971, p = 0.002) amongst the sites. These bacte-
rial species characteristics also varied significantly across 
the cities (Two-way ANOVA, F(2,16) = 4.152, p = 0.035).

Oil-polluted soil samples collected from garages had 
higher bacterial species richness, diversity and activity 
than that of the other sites for all the three cities. The two 
parameters, bacterial species richness and diversity did 
not show any significant variation across the three cities 
(ANOVA, p > 0.05). For Hoima city, the garage sites had 
significantly higher species richness, diversity and activ-
ity than the industrial and control sites, while for Jinja 
city, significant difference were only between garage sites 
and the control sites (Tukey’s test, p < 0.05). Contrary to 
what was observed in Hoima and Jinja cities, these bac-
terial population characteristics did not significantly vary 
for sites in Kampala (Tukey’s test, p > 0.05) (Fig.  3; Sup-
plementary Table  1). Oil-polluted soils collected from 
garages in Hoima and Jinja were comparable (Tukey’s 
test, p > 0.05).

The PCA biplot shows that PC 1 and PC 2 explains 
78.55% of the variations in the bacterial community 
structure and activity of the oil-polluted and control 
soils, with the PC 1 and PC 2 explaining 49.58 and 28.97% 
of the variability, respectively. With the exceptional case 
of some garage oil polluted soils from Hoima and Jinja 
and industrial oil polluted soils from Kampala city, all the 
oil polluted samples were distributed along the positive 
terminal of the PC 1 axis along with Zn, Mn, Cr, Pb, and 
OM content (Fig.  4). The control soils were distributed 
along the negative terminal of PC 1 with Ni except for 
some control soils that were collected from Jinja. Along 
the PC 2, the largest proportion of the oil polluted soil 
samples were distributed on the negative terminal while 
the control soil samples on the positive terminal along 
with Cr and Mn.

The correlation analysis revealed significant moderate 
positive correlations between the bacterial community 

profiles and organic matter content and zinc (Table  2). 
Similarly, the correlation between nitrogen and AWCD 
was also moderate and significant. All the correlations 
between bacterial community profiles and P, Cr and Pb 
were insignificant and weakly positive. Similar correla-
tions were observed between pH and H; pH and S; Mn 
and H; Mn and AWCD and Ni and H. On the other hand, 
the correlations between S and Mn; S and Ni; AWCD 
and pH and AWCD and Ni were insignificant and very 
weakly negative.

Discussion
We report the abundant presence of metabolically active 
indigenous bacterial species and the chemical character-
istics of soils that have a long history of oil pollution in 
Uganda. Elsewhere, the bacterial species isolated from 
such oil-polluted soils have been proposed to potentially 
possess oil-degrading traits, and may therefore be used in 
the development of bacterial-based products for reme-
diation of oil-polluted sites [22]. The findings of the cur-
rent study are novel since, to the best of our knowledge, 
there is no earlier baseline research that confirmed the 
existence of potential petroleum hydrocarbon-degrading 
microbes in polluted soils in Uganda.

Our findings revealed that all the soil samples were 
characterized with median pH values that were neutral 
except for soil samples collected from industrial oil-pol-
luted sites in Kampala. The median pH and pH ranges 
determined in this study for both oil polluted and con-
trol soils were within the ranges characterized to be 
neutral according to Jensen and Thomas [51], except for 
industrial oil polluted soil samples collected from Kam-
pala city which had a weakly alkaline pH value of 7.9. In 
line with previous studies by Achuba and Peretiemo-
Clarke [52], the changes in pH were minimal and within 
ranges that have no significant effects on the bacterial 
growth.

In agreement with earlier studies by Liao,Wang [53] 
and John,Ntino [54], we observed higher organic mat-
ter, nitrogen and phosphorus contents in the oil-polluted 
sites as compared to the control sites. This could be 
attributed to the presence of high organic matter, trace 
phosphorus and nitrogen in petroleum fuels [55–57]. 
Thus, the continuous pollution of the garage and indus-
trial sites with petroleum fuels could have led to sig-
nificant increase in the content of both organic matter 
and these nutrients, as reported elsewhere [58]. These 
results are partly in disagreement with the findings of 
Egobueze,Ayotamuno [59], who observed that petroleum 
fuel contamination increased the amount of organic mat-
ter but decreased the available phosphorous and nitro-
gen [59]. Though some researchers have reported that 
the high nutrient content of petroleum fuels supports 
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Fig. 3  Bacterial species richness (A), bacterial species diversity (B) and bacterial activity (C) of the soil samples collected from the three cities. Means 
for each site for a particular city, with different letters of the alphabet are significantly different (Tukey’s test, p < 0.05)
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the growth of oil degrading bacteria [60, 61], there is 
evidence that the alterations in soil properties resulting 
from oil pollution impair plant growth and other ecosys-
tem services [62]. Therefore, the remediation of oil pol-
luted soil to restore its natural state is vital.

We report a generally high concentration of heavy 
metals in the polluted sites than the control sites. Simi-
lar results were earlier reported elsewhere [63]. How-
ever, we observed that with the exception of zinc which 
had significant correlation with the bacterial community 

Fig. 4  Principal component analysis biplots for oil-polluted and control soils collected from the three cities (KI, Kampala industry; KG, Kampala 
garage; KX, Kampala control; HI, Hoima industry; HG, Hoima garage; HX, Hoima control; JI, Jinja industry; JG, Jinja garage; JX, Jinja control)

Table 2  Correlation between heavy metal content and bacterial profiles (Spearman’s, n = 27)

Species diversity (H), Species richness (S), Bacterial activity (AWCD), p ≤ 0.05*, p ≤ 0.01**, p ≤ 0.001***, NS – Not significant

The correlations between the bacterial community profiles and the hydrocarbons were largely positively correlated apart from the correlations with Benzo(k) 
fluoranthene (Bl), Benzo(a) pyrene (Bp) and Benzo(g,h,i) perylene (Be) (Table 3). Positive correlations between bacterial community profiles and Naphthalene, 
Acenaphthene, Fluorathnthene and Indeno(1,2,3-cd) pyrene were all significant. For Acenaphthylene and Phenanthrene, they were only significant for AWCD while 
for Fluorene and Pyrene, they were significant for both S and AWCD and Dibenz(a,h) anthracene for only H. On the other hand, the negative correlations were only not 
significant for S and Benzo(g,h,i)perylene

Profiles pH OC N P Zn Cr Mn Ni Pb

H 0.07NS 0.52** 0.33NS 0.27NS 0.59** 0.30NS 0.25NS 0.07NS 0.36NS

S 0.13NS 0.51** 0.25NS 0.19NS 0.56** 0.29NS -0.01NS -0.19NS 0.18NS

AWCD -0.02NS 0.61** 0.47* 0.28NS 0.71*** 0.29NS 0.13NS -0.15NS 0.33NS

Table 3  Correlation between the abundant hydrocarbons and bacterial profiles (Spearman’s, n = 27)

Species diversity (H), Species richness (S), Bacterial activity (AWCD), p ≤ 0.05*, p ≤ 0.01**, p ≤ 0.001***, NS – Not significant, Naphthalene (Na), Acenaphthylene 
(Ac), Acenaphthene (Ae), Fluorene (Fl), Phenanthrene (Ph), Anthracene (An), Fluorathnthene (Fu), Pyrene (Py), Chrysene (Ch), Benzo(b) fluoranthene (Bf ), Benzo(k) 
fluoranthene (Bl), Benzo(a) pyrene (Bp), Dibenz(a,h) anthracene (Da), Indeno(1,2,3-cd) pyrene (Ip), Benzo(g,h,i) perylene (Be)

Profiles Na Ac Ae Fl Ph An Fu Py Ch Bf Bl Bp Da Ip Be

H 0.46* 0.38NS 0.66** 0.36NS 0.39NS 0.26NS 0.47* 0.37NS 0.30NS 0.45NS −0.63*** −0.59** 0.49* 0.60** −0.49*

S 0.45* 0.40NS 0.70** 0.39* 0.39NS 0.23NS 0.43* 0.52* 0.45NS 0.60NS −0.50** −0.48* 0.46NS 0.48* −0.34NS

AWCD 0.50** 0.49* 0.64* 0.49* 0.41* 0.30NS 0.51** 0.53* 0.39NS 0.62NS −0.47* − 0.43* 0.44NS 0.65** −0.50**
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profiles (Table  2), the differences in the concentrations 
of the other heavy metals between the oil polluted and 
the control sites were not high enough to cause sig-
nificant differences in bacterial community parameters. 
The co-existence of both oil-hydrocarbons and zinc, as 
observed in the current study, may pose threats to eco-
system health. In line with previous studies by Ijah and 
Antai [64], our study showed that there was excessively 
high concentrations of oil hydrocarbons in the oil-pol-
luted sites as compared to the control sites. This could 
be explained by the fact that oil is rich in different types 
of hydrocarbons [65], and it therefore augments the total 
hydrocarbons present in the environments it pollutes.

Evident from the ecological analysis and PCA results, 
the bacterial community profiles between the oil-polluted 
and control sites were largely similar, suggestive of the 
occurrence of metabolically active bacterial populations in 
both sites. However, we observed significantly higher bac-
terial diversity, species richness and activity in oil-polluted 
garage soils than all the other sites. For the industrial oil-
polluted sites, these bacterial community parameters were 
higher than that of the control, though not significantly 
different. Generally, the higher bacterial species richness 
and diversity in oil-polluted soil has also been reported 
earlier by Liao,Wang [53] and Ikhajiagbe and Ogwu [66]. 
The higher species richness and diversity reported in the 
current study are suggestive of the existence of different 
indigenous bacterial species with varying metabolic func-
tions in oil-hydrocarbon biodegradation processes.

Despite this observation, the actual bacterial species 
present could be different between the oil-polluted and 
control soils, with the oil polluted soils harboring species 
with higher potential for oil degradation. The long expo-
sure to significantly higher concentrations of oil hydro-
carbons as observed in this study could have mediated 
the bacterial community shift towards more efficient oil 
degrading species. The shifts in microbial communities 
due to hydrocarbon exposure have also been pointed out 
in several studies [60, 67]. The shifts in bacterial compo-
sition due to oil pollution leads to the establishment of 
bacterial communities, of which potential oil-degraders 
constitute up to 100% [67]. However, the existence of 
oil degrading bacteria in unpolluted soils should not be 
overlooked as they have been reported to occur there-
in [68–70]. The potential variations in the actual bacte-
rial species between the oil-polluted and control soils in 
Uganda need to be ascertained.

Conclusion
This study revealed largely similar bacterial commu-
nity profiles between the oil-polluted and control sites 
suggestive of the occurrence of metabolically active 

bacterial populations in both sites. Additionally, we 
observed higher concentrations of hydrocarbons such 
as pyrene, anthracene and phenanthrene as well as 
heavy metals, organic matter content, nitrogen and 
phosphorus in the oil polluted sites than the controls. 
Even though we observed similar bacterial community 
profiles between the oil polluted and control sites, the 
actual bacterial community composition may be differ-
ent, owing to a higher exposure to petroleum hydrocar-
bons. However, the existence of oil degrading bacteria in 
unpolluted soils should not be overlooked. Thus, there is 
a need to ascertain the actual indigenous bacterial pop-
ulations with potential to degrade hydrocarbons from 
both oil-polluted and unpolluted sites in Uganda to 
inform the design and development of a bacterial-based 
oil remediation product that could be used to man-
age the imminent pollution from oil exploration and 
increased utilization of petroleum products in Uganda.

Abbreviations
GC-MS: Gas Chromatograph-Mass Spectrophotometry; AWCD: Average Well 
Colour Development; OD: Optical density; UNCST: Uganda National Council 
for Science and Technology; DGAL: Directorate of Government Analytical 
Laboratory.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12866-​022-​02541-x.

Additional file 1. 

Acknowledgements
Not applicable.

Authors’ contributions
JES, ASM, AW and HOO conceived the study. JES, ASM, AW and HOO designed 
the experiments. JES, AW, ASM, PS, SN and FO performed the experiments. 
JES, ASM, PS, SN and FO analyzed the data. JES generated the first draft of 
the manuscript. All the authors read, reviewed and agreed to the submitted 
version of the manuscript.

Funding
The authors are grateful to the Government of Uganda for the full financial 
support extended through the Makerere University Research and Innovations 
Fund (MakRIF).

Availability of data and materials
All data generated or analysed during this study are included in this published 
article [and its supplementary information files].

Authors’ information
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

https://doi.org/10.1186/s12866-022-02541-x
https://doi.org/10.1186/s12866-022-02541-x


Page 11 of 12Ssenku et al. BMC Microbiology          (2022) 22:120 	

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Plant Sciences, Microbiology & Biotechnology, Makerere 
University, Kampala, Uganda. 2 Department of Microbiology, Faculty of Health 
Sciences, Islamic University in Uganda, Kampala, Uganda. 3 Department 
of Medical Microbiology and Immunology, Faculty of Health Sciences, 
Busitema University, Mbale, Uganda. 4 Department of Biology and Chemistry, 
Universität Bremen, Bremen, Germany. 5 Department of Chemistry, Natural 
Chemotherapeutics Research Institute (NCRI), Kampala, Uganda. 

Received: 24 October 2021   Accepted: 25 April 2022

References
	1.	 Wu X, Yue B, Su Y, Wang Q, Huang Q, Wang Q, et al. Pollution charac‑

teristics of polycyclic aromatic hydrocarbons in common used mineral 
oils and their transformation during oil regeneration. J Environ Sci. 
2017;56:247–53.

	2.	 Khayati G, Barati M. Bioremediation of petroleum hydrocarbon contami‑
nated soil: optimization strategy using Taguchi Design of Experimental 
(DOE) methodology. Environ Process. 2017;4(2):451–61.

	3.	 Adebiyi FM, Oluyemi EA, Adeyemi AF, Akande AA, Ajayi OS. A meas‑
urement of selected polycyclic aromatic hydrocarbons in petroleum 
product contaminated soils using a gas chromatograph. Pet Sci Technol. 
2015;33(1):62–71.

	4.	 Pinedo J, Ibáñez R, Lijzen JPA, Irabien Á. Assessment of soil pollution 
based on total petroleum hydrocarbons and individual oil substances. J 
Environ Manag. 2013;130:72–9.

	5.	 Nriagu J. Oil industry and the health of communities in the Niger Delta of 
Nigeria; 2011.

	6.	 Kolesnikov S, Aznaurian D, Kazeev KS, Val’kov V. Biological proper‑
ties of south Russian soils: tolerance to oil pollution. Russ J Ecol. 
2010;41(5):398–404.

	7.	 Rauckyte T, Żak S, Pawlak Z, Oloyede A. Determination of oil and grease, 
total petroleum hydrocarbons and volatile aromatic compounds in soil 
and sediment samples. J Environ Eng Landsc Manag. 2010;18(3):163–9.

	8.	 Unimke A, Mmuoegbulam A, Bassey I, Obot S. Assessment of the micro‑
bial diversity of spent-oil contaminated soil in Calabar, Nigeria. Journal of 
advances. Microbiology. 2017:1–9.

	9.	 Yuniati MD. Bioremediation of petroleum-contaminated soil: a review. 
IOP Conference Series: Earth Environ Sci. 2018;118:012063.

	10.	 Qiao GM, Dong WP, Wang WL. The research and suggestions for the 
present situation of environmental supervision of waste mineral oil in our 
country. Chinese Shandong Chem Ind. 2015;44(11):152–3.

	11.	 Masakorala K, Yao J, Chandankere R, Liu H, Liu W, Cai M, et al. A combined 
approach of physicochemical and biological methods for the characteri‑
zation of petroleum hydrocarbon-contaminated soil. Environ Sci Pollut 
Res. 2014;21(1):454–63.

	12.	 Delille D, Pelletier E. Natural attenuation of diesel-oil contamination in a 
subantarctic soil (Crozet Island). Polar Biol. 2002;25(9):682–7.

	13.	 Maishanu HM, Bashir A, Shehu K, Mainasara MM, Magami IM. Evaluation 
of Physico-chemical and fungal species associated with oil contaminated 
soil from selected automobile garage in Sokoto Metropolis. Traektoriâ 
Nauki= path of Science. 2018;4(3):5001–506.

	14.	 Ekhaise F, Nkwelle J. Microbiological and physicochemical analyses 
of oil contaminated soil from major motor mechanic workshops in 
Benin City Metropolis, Edo state, Nigeria. J Appl Sci Environ Manag. 
2011;15(4):597–600.

	15.	 Hassanshahian M. Isolation and characterization of biosurfactant produc‑
ing bacteria from Persian gulf (Bushehr provenance). Mar Pollut Bull. 
2014;86(1):361–6.

	16.	 Hassanshahian M, Emtiazi G, Kermanshahi RK, Cappello S. Comparison of 
oil degrading microbial communities in sediments from the Persian Gulf 
and Caspian Sea. Soil Sediment Contam Int J. 2010;19(3):277–91.

	17.	 Ahmed F, Fakhruddin A. A review on environmental contamination of 
petroleum hydrocarbons and its biodegradation. Int J Environ Sci Natural 
Resources. 2018;11(3):1–7.

	18.	 Rosales RM, Martínez-Pagán P, Faz A, Bech J. Study of subsoil in 
former petrol stations in SE of Spain: physicochemical characteriza‑
tion and hydrocarbon contamination assessment. J Geochem Explor. 
2014;147:306–20.

	19.	 Lim MW, Lau EV, Poh PE. A comprehensive guide of remediation tech‑
nologies for oil contaminated soil — present works and future directions. 
Mar Pollut Bull. 2016;109(1):14–45.

	20.	 Asemoloye MD, Jonathan SG, Ahmad R. Synergistic plant-microbes 
interactions in the rhizosphere: a potential headway for the remediation 
of hydrocarbon polluted soils. Int J Phytoremediation. 2019;21(2):71–83.

	21.	 Gargouri B, Karray F, Mhiri N, Aloui F, Sayadi S. Bioremediation of petro‑
leum hydrocarbons-contaminated soil by bacterial consortium isolated 
from an industrial wastewater treatment plant. J Chem Technol Biotech‑
nol. 2014;89(7):978–87.

	22.	 Li P, Sun T, Stagnitti F, Zhang C, Zhang H, Xiong X, et al. Field-scale 
bioremediation of soil contaminated with crude oil. Environ Eng Sci. 
2002;19(5):277–89.

	23.	 Macaulay B, Rees D. Bioremediation of oil spills: a review of challenges for 
research advancement. Annals of Environ Sci. 2014;8:9–37.

	24.	 Yang S-Z, Jin H-J, Wei Z, He R-X, Ji Y-J, Li X-M, et al. Bioremediation of oil 
spills in cold environments: a review. Pedosphere. 2009;19(3):371–81.

	25.	 Zouboulis A, Moussas P, Nriagu E. Groundwater and soil pollution: 
bioremediation. Encyclopedia of Environmental Health: Elsevier; 
2011.

	26.	 Das N, Chandran P. Microbial degradation of petroleum hydraocarbon 
contaminants: an overview. Biotechnol Res Int. 2011;2011:941810.

	27.	 Rahman KSM, Rahman TJ, Kourkoutas Y, Petsas I, Marchant R, Banat IM. 
Enhanced bioremediation of n-alkane in petroleum sludge using bacte‑
rial consortium amended with rhamnolipid and micronutrients. Bioresour 
Technol. 2003;90(2):159–68.

	28.	 Brooijmans RJW, Pastink MI, Siezen RJ. Hydrocarbon-degrading bacteria: 
the oil-spill clean-up crew. Microb Biotechnol. 2009;2(6):587–94.

	29.	 WorldBank. Uganda oil revenue management – closing gaps in the fiscal 
and savings frameworks to maximize benefits. Washington, DC; 2020.

	30.	 Okoye AU, Chikere CB, Okpokwasili GC. Isolation and characterization of 
hexadecane degrading bacteria from oil-polluted soil in Gio community, 
Niger Delta. Nigeria Scientific African. 2020;9:e00340.

	31.	 Okalebo JR, Gathua KW, Woomer PL. Laboratory methods of soil and 
plant analysis: a working manual. 2nd ed. Sacred Africa: Nairobi; 2002. 
p. 21.

	32.	 Nelson DW, Sommers LE. Total carbon, organic carbon, and organic mat‑
ter. Methods of soil Analysis. 1996:961–1010.

	33.	 Bremner JM, Mulvaney CS. Nitrogen-Total. In: Page AL, Meller RH, Keeney 
D, editors. Methods of soil analysis Part 2, vol. 9 ed1982. 2nd ed: Agron 
Monograph. p. 595–624.

	34.	 Knudsen D, Beegle D. Recommended Phosphorous tests. In: Dahnke, 
editor. Recommended Chemical Soil Tests Procedures for North central 
Region, Bulletin No 499 Revised. North Dakota: North Dakota Agric. Exp. 
Sta, Fargo. 1988:12–5.

	35.	 Coulon F, Wu G. Determination of petroleum hydrocarbon compounds 
from soils and sediments using ultrasonic extraction. Hydrocarbon and 
Lipid Microbiology Protocols: Springer; 2014. p. 31–46.

	36.	 Adeniji A, Okoh O, Okoh A. Analytical methods for the determination of 
the distribution of total petroleum hydrocarbons in the water and sedi‑
ment of aquatic systems: a review. J Chem. 2017;2017.

	37.	 Alinnor I, Nwachukwu M. Determination of total petroleum hydrocarbon 
in soil and groundwater samples in some communities in Rivers state, 
Nigeria. J Environ Chem Ecotoxicol. 2013;5(11):292–7.

	38.	 Okop IJ, Ekpo SC. Determination of total hydrocarbon content in soil 
after petroleum spillage. London: Proceedings of the world congress on 
engineering, U.K; 2012. p. 4–6.

	39.	 Liang Y, Zhao H, Deng Y, Zhou J, Li G, Sun B. Long-term oil contamina‑
tion alters the molecular ecological networks of soil microbial functional 
genes. Front Microbiol. 2016;7:60.

	40.	 Choi K-H, Dobbs FC. Comparison of two kinds of Biolog microplates (GN 
and ECO) in their ability to distinguish among aquatic microbial com‑
munities. J Microbiol Methods. 1999;36(3):203–13.

	41.	 Douterelo I, Goulder R, Lillie M. Soil microbial community response to 
land-management and depth, related to the degradation of organic 
matter in English wetlands: implications for the in situ preservation of 
archaeological remains. Appl Soil Ecol. 2010;44(3):219–27.



Page 12 of 12Ssenku et al. BMC Microbiology          (2022) 22:120 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	42.	 Chakraborty A, Chakrabarti K, Chakraborty A, Ghosh S. Effect of long-term 
fertilizers and manure application on microbial biomass and microbial 
activity of a tropical agricultural soil. Biol Fertil Soils. 2011;47(2):227–33.

	43.	 Classen AT, Boyle SI, Haskins KE, Overby ST, Hart SC. Community-level 
physiological profiles of bacteria and fungi: plate type and incuba‑
tion temperature influences on contrasting soils. FEMS Microbiol Ecol. 
2003;44(3):319–28.

	44.	 Li J, Jin Z, Gu Q. Effect of plant species on the function and structure of 
the bacterial community in the rhizosphere of lead–zinc mine tailings in 
Zhejiang. China Canadian J Microbiol. 2011;57(7):569–77.

	45.	 Ssenku J, Ntale M, Oryem-Origa H. The efficacy of compost, limestone 
and growth of Leucaena leucocephala (lam.) de wit, Senna siamea (lam.) 
and Eucalyptus grandis W. hill ex maid. For the restoration of bacterial 
functional diversity in the rhizosphere in copper tailings and pyrite soils. J 
Natural Sci Res. 2014;4(10):39–54.

	46.	 Frąc M, Oszust K, Lipiec J. Community level physiological profiles (CLPP), 
characterization and microbial activity of soil amended with dairy sew‑
age sludge. Sensors. 2012;12(3):3253–68.

	47.	 Gomez E, Garland J, Conti M. Reproducibility in the response of soil bac‑
terial community-level physiological profiles from a land use intensifica‑
tion gradient. Appl Soil Ecol. 2004;26(1):21–30.

	48.	 Yan F, McBratney AB, Copeland L. Functional substrate biodiversity of cul‑
tivated and uncultivated a horizons of vertisols in NW New South Wales. 
Geoderma. 2000;96(4):321–43.

	49.	 Fowler J, Cohen L, Jarvis P. Practical statistics for field biology. John Wiley 
& Sons. 2013.

	50.	 RCoreTeam. R. A language and environment for statistical computing. R 
Foundation for statistical computing. Vienna; 2020.

	51.	 Jensen D, Thomas L. Soil pH and the Availability of Plant Nutrients. IPNI 
Plant Nutrition TODAY. 2010;No. 2 Available from: www.​ipni.​net/​pnt. Cited 
2021 17/09/2021.

	52.	 Achuba FI, Peretiemo-Clarke BO. Effect of spent engine oil on soil catalase 
and dehydrogenase activities. Int Agrophys. 2008;22(1):1–4.

	53.	 Liao J, Wang J, Jiang D, Wang MC, Huang Y. Long-term oil contamination 
causes similar changes in microbial communities of two distinct soils. 
Appl Microbiol Biotechnol. 2015;99(23):10299–310.

	54.	 John RC, Ntino ES, Itah AY. Impact of crude oil on soil nitrogen dynamics 
and uptake by legumes grown in wetland ultisol of the Niger Delta, 
Nigeria. J Environ Prot. 2016;7(04):507.

	55.	 Boughton B, Horvath A. Environmental assessment of used oil manage‑
ment methods. Environ Sci Technol. 2004;38(2):353–8.

	56.	 Wang X, Feng J, Wang J. Petroleum hydrocarbon contamination and 
impact on soil characteristics from oilfield Momoge wetland. Huan jing 
ke xue= Huanjing kexue. 2009;30(8):2394–401.

	57.	 Zhu Q, Wu F, Saito M, Tatsumi E, Yin L. Effect of magnesium salt con‑
centration in water-in-oil emulsions on the physical properties and 
microstructure of tofu. Food Chem. 2016;201:197–204.

	58.	 Nyarko H, Okpokwasili G, Joel O, Galyuon I. Effect of petroleum fuels 
and lubricants on soil properties of auto-mechanic workshops and 
garages in Cape Coast metropolis, Ghana. J Appl Sci Environ Manag. 
2019;23(7):1287–96.

	59.	 Egobueze FE, Ayotamuno JM, Iwegbue CMA, Eze C, Okparanma RN. 
Effects of organic amendment on some soil physicochemical charac‑
teristics and vegetative properties of Zea mays in wetland soils of the 
Niger Delta impacted with crude oil. Int J Recycling Organi Waste Agri. 
2019;8(1):423–35.

	60.	 Hazen TC, Dubinsky EA, DeSantis TZ, Andersen GL, Piceno YM, Singh N, 
et al. Deep-sea oil plume enriches indigenous il-degrading bacteria. Sci‑
ence. 2010;330(6001):204–8.

	61.	 Yang Y, Wang J, Liao J, Xie S, Huang Y. Abundance and diversity of soil 
petroleum hydrocarbon-degrading microbial communities in oil explor‑
ing areas. Appl Microbiol Biotechnol. 2015;99(4):1935–46.

	62.	 Chukwu E, Udoh B. Effect of crude oil and industrial wastes pollution on 
some soil chemical properties in Ikot Abasi, Niger Delta Area, Nigeria. 
Proceedings of the 38th Annual Conference of the Soil Science Society of 
Nigeria. 2014.

	63.	 Dell Anno F, Brunet C, van Zyl LJ, Trindade M, Golyshin PN, Dell’Anno A, 
et al. Degradation of hydrocarbons and heavy metal reduction by marine 
bacteria in highly contaminated sediments. Microorganisms. 2020;8.

	64.	 Ijah UJJ, Antai SP. Removal of Nigerian light crude oil in soil over a 
12-month period. Int Biodeterior Biodegradation. 2003;51(2):93–9.

	65.	 Cheffi M, Hentati D, Chebbi A, Mhiri N, Sayadi S, Marqués AM, et al. Isola‑
tion and characterization of a newly naphthalene-degrading Halomonas 
pacifica, strain Cnaph3: biodegradation and biosurfactant production 
studies. 3 Biotech 2020;10(3):89.

	66.	 Ikhajiagbe B, Ogwu MC. Hazard quotient, microbial diversity, and plant 
composition of spent crude oil-polluted soil. Beni-Suef Univ J Basic 
Applied Sci. 2020;9(1):1–9.

	67.	 Vyas TK, Dave B. Effect of crude oil concentrations, temperature and pH 
on growth and degradation of crude oil by marine bacteria; 2007.

	68.	 Chaı̂neau CH, Morel J, Dupont J, Bury E, Oudot J. Comparison of the 
fuel oil biodegradation potential of hydrocarbon-assimilating microor‑
ganisms isolated from a temperate agricultural soil. Sci Total Environ. 
1999;227(2):237–47.

	69.	 Loretta OO, Samuel O, Johnson GH, Emmanue S. Comparative studies on 
the biodegradation of crude oil-polluted soil by Pseudomonas aerugi‑
nosa and Alternaria species isolated from unpolluted soil Microbiology. 
Res J Int. 2017;19(1):1–10.

	70.	 Malik ZA, Ahmed S. Degradation of petroleum hydrocarbons by oil field 
isolated bacterial consortium. Afr J Biotechnol. 2012;11(3):650–8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

http://www.ipni.net/pnt

	Bacterial community and chemical profiles of oil-polluted sites in selected cities of Uganda: potential for developing a bacterial-based product for remediation of oil-polluted sites
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Study site description
	Sampling technique
	Determination of the chemical characteristics of the soil samples
	Determination of heavy metal content of the soil samples
	Determination of the total hydrocarbons
	Sample extraction
	Sample cleaning
	Gas chromatography-mass spectrophotometry analysis (GC-MS)
	Determination of bacterial activity
	Analysis of bacterial activity
	Quality assurance
	Data analysis


	Results
	Chemical characterization of the oil polluted soils
	Hydrocarbon contents of soil samples collected from the three cities
	Bacterial community structure and activity

	Discussion
	Conclusion
	Acknowledgements
	References


