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This study was conducted to investigate the occurrence of PAH degrading microorganisms

in  two river systems in the Western Cape, South Africa and their ability to degrade two PAH

compounds: acenaphthene and fluorene. A total of 19 bacterial isolates were obtained from

the  Diep and Plankenburg rivers among which four were identified as acenaphthene and

fluorene degrading isolates. In simulated batch scale experiments, the optimum tempera-

ture  for efficient degradation of both compounds was determined in a shaking incubator

after  14 days, testing at 25 ◦C, 30 ◦C, 35 ◦C, 37 ◦C, 38 ◦C, 40 ◦C and 45 ◦C followed by exper-

iments in a Stirred Tank Bioreactor using optimum temperature profiles from the batch

experiment results. All experiments were run without the addition of supplements, bulking

agents, biosurfactants or any other form of biostimulants. Results showed that Raoultella

ornithinolytica,  Serratia marcescens, Bacillus megaterium and Aeromonas hydrophila efficiently

degraded both compounds at 37 ◦C, 37 ◦C, 30 ◦C and 35 ◦C respectively. The degradation of

fluorene was more efficient and rapid compared to that of acenaphthene and degradation at

Stirred Tank Bioreactor scale was more efficient for all treatments. Raoultella ornithinolytica,

Serratia marcescens, Bacillus megaterium and Aeromonas hydrophila degraded a mean total of

98.60%, 95.70%, 90.20% and 99.90% acenaphthene, respectively and 99.90%, 97.90%, 98.40%

and  99.50% fluorene, respectively. The PAH degrading microorganisms isolated during this

study significantly reduced the concentrations of acenaphthene and fluorene and may be

used on a larger, commercial scale to bioremediate PAH contaminated river systems.
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ntroduction

olycyclic aromatic hydrocarbons (PAHs) are a group of recal-
itrant, bioaccumulative, semi-volatile organic pollutants that
re widespread in the environment and enter environmental
atrices via natural (such as volcanoes) and anthropogenic

ources (such as industrial activities).1 They are composed of
wo or more  fused aromatics (benzene rings) and a system
f hydrophobic and lipophilic double bonds throughout their
ydrocarbon rings. These groups of compounds have poten-
ial harmful effects on ecosystems as well as human health
ecause many  of them have been shown to be carcinogenic,
eratogenic and mutagenic.2

Several approaches and strategies including physical,
hemical and biological strategies have been developed, opti-
ised and utilised to ameliorate PAH contamination and

eplenish polluted sites. Some of the available physical and
hemical (conventional) techniques have been shown to
ave significant drawbacks such as technological complexity,
igh cost and a general lack of acceptance. Bioremedi-
tion, which is the use of biological systems to control
ollution, has been shown to be a cost effective and envi-
onmentally friendly approach to remediate contaminated
ites.3 Several bacterial (Pseudomonas, Alcanivorax, Microbulb-
fer, Sphingomonas, Micrococcus, Cellulomonas, Dietzia, Gordonia,

arinobacter4) and fungal species (Aspergillus sp.,  Trichocladium
anadense, and Fusarium oxysporum5) capable of degrading PAH
ompounds have been isolated and characterised. It is how-

ver imperative to investigate the PAH degrading capability of
ndigenous microorganisms in various ecosystems especially
hose that are subject to significant point sources of PAH pol-
ution. This study isolated and identified four PAH degrading

ig. 1 – Map  of the Diep and Plankenburg rivers showing location
esidential area, B – substation in industrial area, C – informal se
heo Marias sportsclub and F – Rietvlei boating club).
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microorganisms from the Diep and Plankenburg rivers in
the Western Cape, South Africa and also investigated their
degradative potential of two PAH compounds (acenaphthene
and fluorene) under optimum temperature conditions.

Acenaphthene and fluorene were selected as model com-
pounds for this study, because of their relatively simple
structure and solubility capacity in organic solvent (ace-
tonitrile) which allowed easier simulation during laboratory
experiments. Acenaphthene is a PAH compound consisting of
naphthalene with an ethylene bridge connecting positions 1
and 8 while fluorene contains two benzene rings each of which
is coplanar with the central Carbon 9.6

Materials  and  methods

Study  area

Three sampling points were identified along each of the
two rivers studied. Along the Plankenburg River; Points A–C
represents an agricultural farming and residential area, a
substation in industrial area and the informal settlement
of Kayamandi, respectively. For the Diep River, Points D–F
represents the Zoarvlei nature reserve (industrial as well as
residential), the Theo Marias Sports club (Industrial and Res-
idential Area) and the Rietvlei Boating club respectively as
shown in Fig. 1.

Sampling
Water and sediment was collected once a month over a
period of one year. Water samples were collected in sterile
amber bottles while sediment samples were collected using a

s of sampling sites (A – agricultural farming and
ttlement of Kayamandi, D – Zoarvlei nature reserve, E –
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sterile Ekman grab and placed in polypropylene containers
which were wrapped in aluminium foil. Both the water and
sediment samples were kept on ice at 4 ◦C during transport to
the laboratory for analyses. During sampling, physicochemi-
cal parameters such as temperature, pH and conductivity were
measured and recorded using a handheld PCS teslr 35 multi-
parameter gauge (Wirsam, SA). All samples were analysed in
not more  than 90 h after collection.

Determination  of  the  presence  and  concentration  of
acenaphthene  and  fluorene  in  the  river  systems

Acenaphthene and fluorene were extracted from the
water samples with 50 ml  4:1 mixture of n-hexane and
dichloromethane (DCM)7 in 500 ml  separating funnels. The
flask was left for 15 min  at room temperature to allow for
equilibration and efficient phase separation. This procedure
was repeated thrice to ensure good PAH recovery (above 70%).
The extracts were combined and dried in a water bath at
35 ◦C under a stream of nitrogen. The dried samples were
reconstituted to 2 ml  with n-hexane.

The extracts were cleaned using solid phase extraction
(SPE) technique. The SPE glass tube frits were conditioned
by eluting each one with 10 ml  DCM, and 20 ml  n-hexane at
a flow rate of 1.0 ml/min. Each PAH concentrate extract was
then loaded on the SPE/PTFE frits tubes and eluted with 70 ml
of n-hexane. The eluates were dried in a water bath under a
nitrogen stream. The resulting residues were re-dissolved in
3 ml  methanol and dried again in a water bath under a nitrogen
stream. Each of the dried concentrates was dissolved in 1 ml
of n-hexane and filtered through 0.45 �m Millipore acrodisc
membrane filters.8 The samples were run on GC/FID (gas chro-
matograph/flame ionisation detection).

Isolation  and  identification  of  microorganisms  from  the
Diep and  Plankenburg  river  systems

Standard microbiological techniques including serial dilution,
plating and culturing were employed to isolate microor-
ganisms. Various general, selective and differential media
including Nutrient agar, MacConkey agar (Merck, Germany)
Mannitol Salt agar, Eosin Methylene Blue (EMB) agar, Pseu-
domonas isolation agar base (Oxoid, England), Aeromonas
isolation agar and Glutamate Starch Phenol Red (GSP) agar
(Fluka, India), amongst others were used to isolate bacterial
species. Phenotypic identification techniques such as staining
and biochemical tests were conducted for ‘tentative’ identifi-
cation of the isolates. Isolates were selected on the basis of
morphology; colour, cell shape and size, pigmentation and
Gram reaction. Isolates were further identified using molecu-
lar techniques. DNA was extracted from the bacterial cultures
using the ZR Fungal/Bacterial DNA kitTM (Zymo Research).
The concentrated DNA samples of the bacterial strains were
amplified by polymerase chain reaction (PCR) using a ther-
mal  cycler (Mastercycler ® personal, Eppendorf AG, Germany).
The 16S target region was amplified using the universal

primers 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′-
CGGTTACCTTACGACTT-3′).9,10 The PCR reactions include an
initial denaturation step at 94 ◦C for 10 min  followed by 30
cycles of denaturation at 95 ◦C for 15 s, primer annealing at
 b i o l o g y 4 8 (2 0 1 7) 314–325

60 ◦C for 1 min  and primer extension at 72 ◦C for 1 min. In the
final step, the samples were incubated at 72 ◦C for 10 min. PCR
amplification was verified by gel electrophoresis, performed
in horizontal submarine apparatus with 1% agarose gel, TAE
buffer as the tank buffer. Electrophoresis was carried out for
2 h at 50 V and the gel visualised in an UV illuminator. The
PCR amplified DNA was purified and sequenced in the for-
ward and reverse directions on the ABI PRISMTM 3500 analyser.
The nucleotide sequences obtained were analysed using CLC
main workbench 7 followed by a BLAST (Basic Local Align-
ment Search Tool) search provided by NCBI (National Centre
for Biotechnology Information) (www.ncbi.nlm.nih.gov) and
identified.

Identification  of  potential  PAH-degrading  bacterial  species
using  temperature  optimisation  screening

Each isolate designated DR, DB, PA, LC, LP, MA,  DL, PY, PR,
XP, RC, SE, AH, BA, TA, QO, ST, KP and DG was screened to
determine which members of the bacterial species isolated
are potential PAH degraders. In simulated experiments, 114
flasks (each containing 80 ml  sterile distilled water, 10 ml  of
the analyte (acenaphthene, fluorene) in solution and 10 ml
of bacterial culture) were used as starter medium. The iso-
lates were cultured in liquid medium overnight and each PAH
compound was dissolved first in 30% acetonitrile because
of PAH poor aqueous solubility and subsequently taken into
solution by gently shaking in amber bottles in a shaking
incubator for three days at 70 rpm. The experiment was car-
ried out in a shaking incubator over a period of four weeks
at 25 ◦C, 30 ◦C, 35 ◦C, 37 ◦C, 38 ◦C, 40 ◦C and 45 ◦C,11–14 and
150 rpm.15 Bacterial culturing was done daily in order to assess
which microorganisms can withstand the PAH compounds
and which isolates can utilise them as carbon sources. The
culturing was done by taking 1 ml  of the sample as rapidly
as possible, diluting serially ten-fold and subsequently plat-
ing on media plates. Plate count, morphology, motility, Gram
reaction and biochemical tests were all monitored throughout
the experiments. The degradation potential of the identi-
fied isolates was determined using HPLC coupled with a dual
wavelength absorbance detector.16–18 Only isolates that could
degrade up to 75% acenaphthene and fluorene were selected
for subsequent degradation studies.

Degradation  study

The microorganisms that successfully degraded acenaph-
thene and fluorene up to 75% and above from the temperature
optimisation experiments were selected as potential PAH
degraders and used for degradation experiments at flask and
Stirred Tank Bioreactor scale; where natural conditions were
mimicked and no supplementary nutrients added in order to
keep the system cost-effective. Samples were obtained daily to
monitor bacterial growth, changes in morphology, Gram reac-
tion and the number of cells was counted using plate counts.
The degree of degradation was assessed using HPLC equipped

with a dual wavelength absorbance detector16; the mobile
phase was acetonitrile, the flow rate of the mobile phase was
maintained at 1 ml/min, standard solutions of the compounds
were used as reference/control, the samples were injected one

http://www.ncbi.nlm.nih.gov/
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Table 1 – Mean physicochemical parameters of river
systems recorded during sampling time.

Sampling
points

Temperature
(◦C)

pH  Conductivity
(mS/m)

A 11.8 6.7 449
22.9 5.8 740

B 12.1 6.9 668
22.3 6.1 711

C 12.1 7.2 708
23.7 6.8 749

D 11.4 7.3 715
27.8 8.0 761

E 13.5 7.1 444
28.8 7.9 751
b r a z i l i a n j o u r n a l o f m i c 

fter the other and the utilisation rates of the compounds
ere calculated based on the peak area per cent and reten-

ion time. The ratio of the amount of substrate degraded in
est reactors to the amount of the substrate recovered in the
ontrol reactors was also calculated to determine the extent
f degradation. The filters used to purify samples prior to
unning on the HPLC were of Polypropylene material to pre-
ent adsorbance of the analyte unto the filters thereby leading
o erroneous conclusions. Draw time was approximately one

inute, as the sample collection was done as rapidly as pos-
ible to avoid disrupting the experiment and all experiments
ere run in triplicate.

lask  scale  degradation

he methodology adopted for the flask scale experiment
as similar to the screening protocols. The experiment was

epeated for the selected PAH degrading microorganisms and
he biodegradative potential of single species were compared
ith consortium (cocktail) flasks. Solutions containing 10%

nalyte, 10 ml  overnight culture and made up to a final vol-
me  of 100 ml  with sterile distilled water was placed in 36
eparate conical flasks. Prior to inoculating with overnight cul-
ures, the PAHs were dissolved in acetonitrile (30%) and taken
nto solution. For each compound, there were two flasks con-
aining consortium (a combination of all isolates), as well as a
ask that was not inoculated designated as sterile control for
ach compound. The sterile control was to account for PAH
osses due to other factors apart from biological such as pho-
ooxidation and volatilisation amongst others and was also
sed to compare degradative capabilities of the isolated cul-
ures. The experiment was carried out in a shaking incubator
hich was run at 25 ◦C, 30 ◦C, 35 ◦C, 37 ◦C, 38 ◦C, 40 ◦C and

5 ◦C and 150 rpm for 14 days (the 14 day period was selected
ecause the PAH degrading microorganisms all degraded the
ompounds within that time range at the temperature opti-
isation screening scale). All flasks were capped with cotton
ool and covered with aluminium foil to minimise losses due

o photooxidation.

tirred  Tank  Bioreactor  scale

 total of 18 reactors were used during this study. The reac-
ors were amber coloured glass containers with a working
olume of 1 L (Glasschem, Stellenbosch, South Africa). All
he reactors were equipped with over-head stirrers with flat-
lade radial turbine impellers and were all run at 150 rpm.
he flange of each reactor had five openings which were all
apped with polypropylene plastic caps and fit to the reac-
or vessel by a wire spring. Each reactor was run for a total
f four weeks with the same content as used in the flask
cale reactors. Temperatures were maintained at optimum for

ach sample obtained from flask scale experiments using a
ot water bath equipped with a thermometer to ensure tem-
erature accuracy. One of the 18 Stirred Tank Bioreactors was

eft uninoculated and served as the sterile control, while the
ther 17 were inoculated with DR, DB, SE, AH and the cocktail
espectively.
F 13.9 7.0 589
28.5 7.8 773

Data  analysis

All data obtained from this study were analysed by an SPSS
statistical package using repeated measures ANOVA. The
means and standard deviations of triplicate treatments were
also calculated and Microsoft EXCEL software was used to
illustrate graphs.

Results  and  discussion

The mean physicochemical parameters measured and
recorded at sampling sites during winter and summer samp-
ling time are recorded in Table 1.

PAHs  in  the  river  systems

The two PAHs investigated in this study were detected at
varying concentrations in the collected sediment and water
samples. They were detected at more  elevated concentra-
tions in sediment samples than in surface water samples
(Table 2). This could be attributed to the capacity of PAH
compounds to adsorb unto particulate matter.1 Higher con-
centrations of the compounds were detected during the
winter months (May to September) compared to during the
summer sampling time (December to March). This trend
is comparable with results obtained by Zhang and Tao19

who reported higher PAH occurrence in winter compared
to summer time in Beijing, China. This suggests that the
most important source of PAH compounds into these river
systems might be atmospheric deposition, because during
winter there is increased vehicular activity and other fos-
sil fuel combustion activities (such as the use of heating
systems) which significantly deposits PAH compounds into
environmental matrices.20,21 The most contaminated site was
Site F (Rietvlei boating club) with an average of 0.80 and
0.90 ppm acenaphthene and fluorene detected from sedi-
ments respectively during winter months and 0.6 and 0.7
respectively during summer sampling time. Therefore, in

addition to atmospheric deposition, boating activities (emis-
sions from which being a significant petrogenic PAH source),
could also contribute to the input of the PAH compounds in
the river.
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Table 2 – Acenaphthene and fluorene concentrations detected at the sampling sites along the Diep and Plankenburg
rivers.

Sampling session/matrix Sampling points

Point A Point B Point C Point D Point E Point F

Winter Water ND 0.004 0.0008 ND ND 0.004 Ace (ppm)
0.0009 0.20 0.0007 ND 0.0006 0.004 Flu (ppm)

Sediment 0.20 0.40 0.10 ND 0.07 0.80 Ace(ppm)
0.60 0.90 0.60 0.40 0.80 0.90 Flu (ppm)

Summer Water ND 0.0006 ND ND ND 0.0006 Ace(ppm)
ND 0.003 ND ND 0.0009 0.005 Flu (ppm)

0.
0.
Sediment 0.04 0.20 

0.04 0.70 

Bacterial  isolates  identified  from  the  Diep  and
Plankenburg  river  systems  using  conventional  techniques

A total of 19 bacterial isolates were obtained from the sampling
points along the Diep and Plankenburg river systems (surface
water and sediments). The isolates’ DNA sequences queried
on the NCBI database corresponded with the named biological
sequences within the NCBI database. Table 3 presents the 19
bacterial species isolated from Diep and Plankenburg rivers.

After all the isolated species were screened, four of the iso-
lates successfully degraded acenaphthene and fluorene above
75% and were selected for further degradation studies. The
microorganisms selected were: Raoultella ornithinolytica,  Serra-
tia marcescens,  Bacillus megaterium and Aeromonas hydrophila.
These microorganisms’ DNA sequences have been deposited
in The National Centre for Biotechnology Information (NCBI)
Genbank under the accession numbers; KT239136, KT239137,

KT239139 and KT239138 respectively. Of the four selected
microorganisms, three (R. ornithinolytica,  S. marcescens and A.
hydrophila) are Gram negative microorganisms. The reason

Table 3 – Molecular (BLAST) identity of the bacterial
species isolated from the Diep and Plankenburg rivers.

S/N Isolate Percentage
similarity (%)

BLAST ID

1 DR 99 Raoultella ornithinolytica
2 DB 100 Bacillus megaterium
3 PA 99 Pseudomonas aeruginosa
4 LC 99 Raoultella planticola
5 LP 99 Klebsiella oxytoca
6 MA 99 Escherichia coli
7 DL 99 Enterobacter cloacae
8 PY 99 Exiguobacterium acetylicum
9 PR 99 Acinetobacter sp.

10 XP 99 Exiguobacterium sp.
11 RC 99 Bacillus sp.
12 SE 99 Serratia marcescens
13 AH 99 Aeromonas hydrophila
14 BA 99 Bacillus aryabhattai
15 TA 100 Bacillus aquimaris
16 QO 100 Bacillus marisflavi
17 ST 99 Staphylococcus saprophyticus
18 KP 99 Citrobacter freundii
19 DG 99 Exiguobacterium undae

Key:  ID- Identity.
03 ND 0.004 0.6 Ace(ppm)
002 ND 0.004 0.7 Flu (ppm)

why there are more  Gram negative microorganisms able to
‘pass’ the screening compared to Gram positive microorgan-
isms is because of the thicker peptidoglycan wall that Gram
positive bacteria possess. The peptidoglycan wall of Gram
positive bacteria absorbs the contaminants (PAHs) and the
bacterial cell becomes overwhelmed, thus killing the cell.22

The percentage degradation recorded by all isolated bacterial
species at the screening stage are shown in Table 4. Certain
isolates such as Bacillus sp.,  B. aryabhattai, B. marisflavi and C.
freundii successfully degraded up to and above 75% fluorene,
but did not degrade acenaphthene accordingly (Table 4) and
thus were not suitable candidates for degradation studies. The
reason for this trend could not be verified as both compounds
have the same number of rings (Fig. 1). Some bacterial species
could degrade neither compound and some could not with-
stand the stress induced by the exposure to the compounds.
This was deduced from the plate count, Gram reactions and
biochemical tests monitoring during the experiments. Kleb-
siella oxytoca, E. coli, E. cloacae and S. saprophyticus did not grow
on culture media plates for the duration of the experimenta-
tion. For species that successfully degraded the compounds,
an increase in number of colonies was observed exponen-
tially throughout the period of the experiment. This continued
well until after the microorganisms had degraded a significant
portion of the compounds, after which, a decline in colony
growth was observed (Fig. 2).

Degradation  efficiencies

Flask  scale  degradation
For all flask scale degradation experiments, the optimum
temperature ranged between 30 ◦C and 38 ◦C which are com-
parable with results obtained by Antizar-Ladislao et al.23 and
Moscoso et al.15 For most experiments, there was a sharp
decline in degradation efficiency at 40 ◦C and 45 ◦C (Table 5),
this could be due to the increase in temperatures coupled
with a reduction in oxygen in the reactors at higher tem-
perature profiles.24 For R. ornithinolytica and S. marcescens on
acenaphthene and fluorene, the most efficient degradation
was observed at 37 ◦C with a mean percentage degradation
of 97.80% and 99.90% achieved by R. ornithinolytica and degra-
dation percentages of 91.90% and 97.90% achieved for S.

marcescens (Table 5). This might be due to the fact that both
organisms grow optimally at 37 ◦C.25,26 Both organisms also
showed good degradation efficiencies at 38 ◦C, which are also
comparable to results obtained by Antizar-Ladislao et al.23,27
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Table 4 – Percentage degradation achieved by bacterial isolates at the temperature optimisation screening scale.

Isolate Percentage degradation (%)/temperature (◦C) Analyte

25 30 35 37 38 40 45

R. ornithinolytica 55.20  92.00 95.00 95.00 98.50 73.20 62.90 Ace
91.20 90.00 96.50 99.00 99.60 91.60 91.60 Flu

B. megaterium 64.80 88.40 73.20 62.80 62.80 61.50 60.90 Ace
92.30 95.40 94.60 92.30 92.30 71.40 93.80 Flu

P. aeruginosa 12.02 25.00 38.56 46.89 45.23 10.00 10.00 Ace
66.00 68.00 70.00 70.90 70.90 55.00 47.00 Flu

R. planticola ND ND ND ND ND ND ND Ace
ND ND ND 5.01 3.02 3.02 ND Flu

K. oxytoca ND ND ND ND ND ND ND Ace
ND ND ND ND ND ND ND Flu

E. coli ND ND ND ND ND ND ND Ace
ND ND ND ND ND ND ND Flu

E. cloacae ND ND ND ND ND ND ND Ace
ND ND ND ND ND ND ND Flu

E. acetylicum ND ND ND 11.09 18.66 ND 55.62 Ace
45.00 69.58 69.71 72.89 72.00 71.00 71.00 Flu

Acinetobacter sp. ND ND ND ND ND ND ND Ace
ND ND 19.28 56.32 ND ND ND Flu

Exiguobacterium sp. 52.00 12.00 54.00 55.00 66.21 55.89 64.00 Ace
66.09 68.21 60.23 60.23 ND 63.20 70.23 Flu

Bacillus sp. 31.20 45.09 16.30 ND ND ND ND Ace
88.90 93.20 91.02 87.74 25.32 18.00 07.00 Flu

Serratia marcescens 15.00 5.80 77.30 91.90 91.70 75.40 73.70 Ace
62.30 92.30 95.40 97.90 97.90 73.40 23.20 Flu

Aeromonas hydrophila 75.40 99.40 99.50 99.20 89.88 62.80 55.20 Ace
74.10 95.80 99.23 99.80 74.40 64.60 57.30 Flu

Bacillus aryabhattai ND ND ND ND ND ND ND Ace
88.00 99.00 91.00 88.32 84.20 63.20 ND Flu

Bacillus aquimaris ND ND ND ND ND ND ND Ace
ND ND ND ND ND ND ND Flu

Bacillus marisflavi ND ND ND ND ND ND ND Ace
78.00 98.00 90.00 72.00 71.00 13.20 05.78 Flu

S. saprophyticus ND ND ND ND ND ND ND Ace
ND ND ND ND ND ND ND Flu

Citrobacter freundii ND ND ND ND ND ND ND Ace
ND 77.00 79.30 94.32 88.56 45.23 ND Flu

E. undae 13.02 ND ND ND 12.01 36.01 61.32 Ace
70.00 69.00 58.00 23.00 73.00 73.89 74.23 Flu

B
w
a
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B
g
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w
fl
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a
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Key:  Ace: acenaphthene; Flu: fluorine; ND: no degradation.

. megaterium efficiently degraded both compounds at 30 ◦C
ith mean degradation percentages of 88.40% and 95.40% for

cenaphthene and fluorene respectively (Table 5). This trend
ould also be attributed to optimum growth temperature for
. megaterium as shown by Logan and De Vos28 who compared
rowth temperature between 3 ◦C and 45 ◦C and determined
0 ◦C to be the optimum temperature for growth of the organ-
sm. For A. hydrophila,  optimum degradation was observed
t 35 ◦C with percentage degradation of 99.50% and 99.10%
chieved for acenapthene and fluorene respectively. At tem-
erature values of 30 ◦C, 35 ◦C and 37 ◦C efficient degradation
as achieved for acenaphthene (99.40%, 99.50%, 99.20%) and
uorene (95.20%, 99.10%, 98.50%) respectively (Table 5).

Fluorene degradation was generally more  efficient and
ore  rapid than acenaphthene degradation (Tables 5 and 6)
s evidenced by the higher degradation percentages obtained
ver a wider range of temperatures. R. ornithinolytica degraded
bove 91% of fluorene at all temperature values tested
25–45 ◦C). This is more  efficient compared to acenaphthene
degradation at sub-optimal temperatures (55.20%, 73.20%,
62.90% at 25 ◦C, 40 ◦C and 45 ◦C respectively). B. megaterium
also degraded above 92% at all temperature profiles except at
40 ◦C where 71.40% degradation was achieved. These values
are better compared to 88.40% achieved at optimum tempera-
ture and between 73.20% and 64.80% achieved at sub-optimal
temperatures during acenaphthene degradation studies. For
most treatments, more  than half of the compound had been
degraded by the fifth day of treatment. The reason for this
trend could not be verified.

The results obtained showed that for the pure strain exper-
iments, A. hydrophila degraded acenaphthene best (99.50%)
while R. ornithinolytica degraded fluorene most efficiently
(99.90%). The poorest degradation was achieved in reactor
B (acenaphthene and B. megaterium) for which only 88.40%

degradation percentage was achieved at optimum temper-
ature (Table 5). After the first few days of the experiment,
biodegradation profiles became static in reactor B, factors
influencing this occurrence could include (i) a decrease in
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the bioavailability of the compound; (ii) accumulation of
toxic metabolites; or (iii) the enrichment of more  recalci-
trant compounds.24 For the cocktail experiments, a slight
improvement in degradation efficiency was observed for both
compounds especially fluorene with degradation percentages
within the range of 98.60% and 99.50% recorded at all tem-
perature profiles. This could be due to multiple, co-operative
metabolic capacities which could in turn improve the effi-

ciency of the bioremediation processes.24 At temperatures
higher than 60 ◦C the isolates could not survive and thus
degradation percentages significantly declined.

B. megaterium acenaphth ene degradation B.  m 
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Fig. 2 – Microbial plate counts from first to fourtee
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Stirred  Tank  Bioreactor  scale

At the Stirred Tank Bioreactor scale mean percentage degra-
dation achieved ranged between 90.20% and 99.90% for all
experiments (Table 6). R. ornithinolytica, S. marcescens, B. mega-
terium, A. hydrophila and the cocktail showed a 98.60%, 95.70%,
90.20%, 99.90% and 99.60% degradation efficiency for ace-
naphthene and a 99.90%, 97.90%, 98.40%, 99.50% and 99.20%

degradation efficiency for fluorene. The improved efficiency
at STR scale compared to flask scale could be attributed to
improved oxygenation and mixing afforded the system by the

egaterium fluorene degradatio n
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Fig. 2 – 

verhead stirrers and impellers as opposed to the gentle agi-
ation available in the shaking incubator at the flask scale.
gitation has been shown to significantly improve the disso-

ution rate of PAH particles as PAH biodegradation is known
o be inhibited by slow dissolution rates thus contributing
o increased efficiency of STRs.29 A study by Vinas et al.,24

howed significant increase in degradation efficiency rates
ith improved agitation and stirring compared to gentle agi-

ation. The increased dissolution rate is influenced by two
actors both of which enhance the volumetric mass transfer
o-efficient. These factors include: reduced film thickness due
o intense turbulence generated by the agitation inside the
ioreactor and the increased interfacial surface area of the
AH particles resulting from collisions between particles and
articles as well as between particles and the impeller.29 The
ean biodegradation percentages achieved by the microor-

anisms at the Stirred Tank Bioreactor scale are represented
n Table 6.

icrobial  cell  count  during  and  after  degradation

uring R. ornitinolytica treatment of acenaphthene, at opti-
al  temperature range (30–38 ◦C) there was an increase in
ell count from 5 × 104 CFU/ml to 7 × 108 CFU/ml by the sev-
nth day of the experiment (Fig. 2). However, by the 14th
ay of the experiment, there was a drastic decrease in cell
ount to around 5 × 103 CFU/ml. At 25 ◦C, 40 ◦C and 45 ◦C
tinued)

there was an increase in cell count from 5 × 104 CFU/ml
to 5 × 105 CFU/ml, 6 × 107 CFU/ml, 5 × 107 CFU/ml respectively
by day seven (Fig. 2). For fluorene, at 25 ◦C, 30 ◦C, 35 ◦C,
37 ◦C, 38 ◦C, 40 ◦C and 45 ◦C there was an increase in cell
count from 5 × 103 CFU/ml to 6 × 105 CFU/ml, 7 × 107 CFU/ml,
9 × 108 CFU/ml, 9 × 108 CFU/ml, 9 × 108 CFU/ml, 8 × 108 CFU/ml
and 7 × 108 CFU/ml respectively by the seventh day of the
experiment (Fig. 2).

For B. megaterium an increase was observed in plate
count from 6 × 104 CFU/ml to 7 × 105 CFU/ml at 30 ◦C dur-
ing acenaphthene treatment by the fourth day of the
experiment (Fig. 2). At all other temperature profiles,
there was no significant increase in plate count. For flu-
orene however, at 25 ◦C, 30 ◦C, 35 ◦C, 37 ◦C, 38 ◦C, 40 ◦C
and 45 ◦C there was an increase in plate count from
6 × 104 /ml to 9 × 105 CFU/ml, 9 × 108 CFU/ml, 8 × 107 CFU/ml,
8 × 107 CFU/ml, 8 × 105 CFU/ml, 7 × 104 CFU/ml, 7 × 104 CFU/ml
respectively after 7 days (Fig. 2).

There was an increase in average plate count ranging
from 4 × 105 CFU/ml to 6 × 108 CFU/ml after seven days for
S. marcescens degradation experiments within the optimum
temperature range for acenaphthene (35–38 ◦C) and fluorene
(30–38 ◦C). At 25 ◦C, 40 ◦C and 45 ◦C there was no significant
increase in plate count for both compounds (Fig. 2).
At Stirred Tank Bioreactor scale, an increase was also
observed in plate count ranging from 4 × 104 CFU/ml to
5 × 106 CFU/ml to 8 × 109 CFU/ml to 9 × 109 CFU/ml by the sev-
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Table 5 – Mean biodegradation values of acenaphthene and fluorene recorded at flask scale after 14 days.

Flasks Temperature
(◦C)

Initial
concentration

(ppm)

Residual
concentration

(ppm)

SD  (±) Percentage
degradation

(%)

A (Ace + R. ornithinolytica)  25 50 22.38 0.54 55.2
30 50 3.72 0.8 92.6
35 50 2.31 1.5 95.4
37 50 1.09 0.2 97.8
38 50 0.21 0.3 95.8
40 50 13.41 1.23 73.2
45 50 18.56 0.9 62.9

B (Ace + S. marcescens)  25 50 27.49 0.02 45
30 50 22.38 0.89 55.2
35 50 11.33 0.96 77.3
37 50 4 1.63 91.9
38 50 4.14 0.64 91.7
40 50 12.29 0.45 75.4
45 50 13.16 1.19 73.7

C (Ace + B. megaterium) 25 50 17.58 0.63 64.8
30 50 5.82 0.32 88.4
35 50 13.41 0.74 73.2
37 50 18.62 1.19 62.8
38 50 18.57 1.6 62.8
40 50 19.25 3.56 61.5
45 50 19.5 3.36 60.9

D (Ace + A. hydrophila) 25 50 12.29 3.98 75.4
30 50 0.28 0.23 99.4
35 50 0.24 0.06 99.5
37 50 0.42 1.75 99.2
38 50 5.06 1.97 89.88
40 50 18.62 2.67 62.8
45 50 22.38 0.35 55.2

(Ace + cocktail) 25 50 13.1 0.03 73.8
30 50 0.28 0.65 99.4
35 50 0.3 0.54 99.4
37 50 0.42 0.34 99.2
38 50 0.02 0.74 99.9
40 50 0.42 0.56 91.5
45 50 4.78 0.21 90.4

J (fluorene + R. ornithinolytica) 25 50 4.22 1.23 91.6
30 50 1.96 1.12 96.1
35 50 0.75 1.69 98.5
37 50 0.02 0.65 99.9
38 50 0.18 0.36 99.6
40 50 4.22 0.39 91.6
45 50 4.33 0.98 91.6

K (fluorene + S. marcescens)  25 50 18.87 0.36 62.3
30 50 3.65 0.21 92.3
35 50 2.28 0.14 95.4
37 50 1.06 0.47 97.9
38 50 1.07 0.13 97.7
40 50 13.29 0.36 73.4
45 50 38.4 0.97 23.2

L (fluorene + B. megaterium)  25 50 2.68 1.16 94.6
30 50 2.28 1.23 95.4
35 50 3.85 4.56 92.3
37 50 3.87 4.41 92.3
38 50 3.87 2.13 92.3
40 50 14.2 0.12 71.4
45 50 3.08 0.96 93.8

M (fluorene +A. hydrophila)  25 50 12.7 1.1 74.4
30 50 2.39 0.36 95.2
35 50 0.44 0.21 99.1
37 50 0.73 0.15 98.5
38 50 12.79 0.92 74.4
40 50 14.71 0.89 64.6
45 50 21.36 6.39 57.3
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Table 5 – (Continued)

Flasks Temperature
(◦C)

Initial
concentration

(ppm)

Residual
concentration

(ppm)

SD  (±) Percentage
degradation

(%)

N (fluorene + cocktail) 25 50 0.69 1.69 98.6
30 50 0.25 2.36 99.5
35 50 0.31 3.35 99.4
37 50 0.29 2.13 99.4
38 50 0.3 0.36 99.4
40 50 0.25 0.36 99.5
45 50 0.25 0.38 99.5
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Key:  Ace: acenaphthene, Cocktail: R. ornithinolytica,  S. marcescens,  B. m

nth day for all experiments (Fig. 2). The reason for the
ncrease in plate count was associated with rapid cell prolif-
ration because of the supply of adequate carbon sources.30,31

owever, by the end of the experiments, there was either
 drastic decline in cell growth or the microorganisms were
ead evidenced by no cell growth on culture media plates.
his was attributed to the possibility that the microorganisms
ad utilised all the contaminants (serving as carbon sources)
nd hence, stopped replicating abundantly. Apart from sub-
trate depletion, another plausible explanation for the drastic
ecline in microbial numbers is that toxic intermediates and
y-products such as salicylate as well as oxy-PAHs; including
AH-ketones, quinones and coumarins32–35 might have been
roduced and accumulated in the reactors thereby causing the
eath of the bacterial cells.

The indigenous microorganisms used in this study have
reat hydrocarbonoclastic potential since natural attenuation
ccurred without any nutrient supplementation or any other
ort of biostimulation. They cannot be described as obligate
ydrocarbonoclastic microorganisms (OHCBs) since they were
uccessfully cultured on undefined growth media.

The temperature conditions under which the microorgan-
sms were isolated are not best suitable for the biodegradative
otential of the isolates to be optimally expressed. This is
hown by the varying optimum temperature profiles encoun-

ered during the flask scale experiments (none of which
orresponds with the temperature conditions at sampling
ime). Each microorganism investigated had a particular

Table 6 – Mean biodegradation percentages of acenaphthene an
Stirred Tank Bioreactor scale.

Reactor Initial concentration
(ppm)

O (Ace + R. ornithinolytica)  50.00 

P (Ace + S. marcescens)  50.00 

Q (Ace + B. megaterium)  50.00 

R (Ace + A. hydrophila)  50.00 

S (ace + cocktail) 50.00 

T (fluorene + R. ornithinolytica) 50.00  

U (fluorene + S. marcescens)  50.00 

V (fluorene + B. megaterium) 50.00 

W (fluorene +A. hydrophila) 50.00 

X (fluorene + cocktail) 50.00 

Key:  Ace- acenaphthene, Cocktail: Raoultella ornithinolytica,  Serratia marcesce
ium,  A. hydrophila.

optimum temperature requirement which directly influenced
treatment efficiency of the PAH compounds. However, for the
likely adoption of these microorganisms and temperature pro-
tocols for restoration of PAH contaminated river systems, the
temperature of river systems cannot be controlled in order to
achieve successful bioremediation, but bioremediation efforts
can be made on warm days when the average temperature
ranges between 30 ◦C and 38 ◦C.

Under appropriate temperature conditions, the microor-
ganisms studied can utilise acenaphthene and fluorene as
carbon or energy sources therefore might be capable of effi-
ciently remediating PAH polluted environments, as evidenced
by the increase in cell numbers recorded during bioremedia-
tion studies.

The hydrocarbonoclastic microorganisms identified in this
study could possibly be utilised in the remediation of PAH
polluted river systems on a commercial scale. In addition,
industries in the vicinity of the river systems can use these
microorganisms to pre-treat their wastes/effluents prior to
release into the environment or waste disposal systems. Fur-
thermore, it would be a more  efficient, cost-effective and
environmental friendly approach to pre-treat effluents and
waste waters compared to many  other available techniques,
such as activated sludge systems, desalination, distillation,
dark fermentation and wet oxidation, among others.
Attempts can possibly be made to use the identified
hydrocarbonoclastic microorganisms for degradation of other
polycyclic aromatic hydrocarbon compounds. The structure

d fluorene by the PAH degrading microorganisms at the

Residual
concentration (ppm)

SD  Percentage
degradation (%)

0.68 0.01 98.60
2.15 0.30 95.70
4.91 0.90 90.20
0.03 0.06 99.90
0.15 0.93 99.60
0.02 0.09 99.90
0.99 0.36 97.90
0.82 0.23 98.40
0.24 0.36 99.50
0.39 1.6 99.20

ns,  Bacillus megaterium and Aeromonas hydrophila.
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and toxicity of the by-products and intermediates produced
during the microbial metabolism of acenaphthene and flu-
orene should be investigated in further studies. The factors
responsible for the more  proficient degradation of fluorene
compared to acenaphthene should also be investigated.

Raoultella ornithinolytica, S. marcescens and B. megaterium can
be used on a larger, commercial scale to restore polluted
aquatic ecosystems. However, A. hydrophila has been shown
to cause diseases in commercially important aquatic species
such as fish36,37 and therefore, cannot be used on a larger, com-
mercial scale to replenish PAH contaminated river systems
due to safety reasons.
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