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To overcome the partial or complete failure of oil hydrocarbon bioremediation due to weathering processes,
occurring in most oil producing and spilling areas, nutritional requirements of the most widely used bacterium,
Pseudomonas aeruginosa, were shown to be necessary to predict in advance, because they affect its activity to
remove categories of polluting hydrocarbons. This study showed a high diversity of the relationship between
the metabolism and the biological activity of Pseudomonas aeruginosa. The Gulf area represents a good site to
isolate three highly adapted Pseudomonas aeruginosa strains from different highly polluted and weathered
soils. The close relationship between the bacterial strains and the micro environment composition was
investigated. Statistical analysis, using 2° factorial design, of the correlation between nutritional requirements
of three Pseudomonas aeruginosa strains and their potential to degrade diesel hydrocarbons was carried-
out. Long term adaptation of hydrocarbon-degrading bacteria to weathered hydrocarbons and harsh
conditions provides them with specific metabolic potentialities that vary from one isolate to another
although belonging to the same species. The sensitivity of hydrocarbon-degrading bacterial growth and the
biological activity of the three isolates were analyzed. The optimal media composition in term of carbon,
nitrogen and phosphorous concentrations related to their C/N/P ratios varied among the isolates with
a maximal biomass production reaching 90 x 10’ CFU ml~%. The significance of the first and second order
interactions of C, N and P sources showed high variability in the impact on growth and biological activity.
Hydrocarbon removal was much higher for high molecular weight ones, reaching almost 90% for strains

under specific growth conditions for each isolate. This is of high importance for remediating weathered oil.
Received 26th April 2017

Accepted 20th September 2017 Mostly, all strains expressed enhanced removal activity by the second week of incubation. However,

removal and conversion of diesel hydrocarbons was found to be highly sensitive to the availability and
DOI: 10.1039/c7ra04704e balance of the nutrients and varied from one Pseudomonas aeruginosa strain to another. This is of great

rsc.li/rsc-advances importance from the practical point of view for spilled oil bioremediation using Pseudomonas aeruginosa.

attractive option to reduce pressure on the environment." Soil
microorganisms are able to obtain energy by implementing
appropriate metabolic pathways to oxidize soil pollutants such
as hydrocarbons,” providing detoxification of the environment.?
Bacteria develop metabolic pathways to ensure high capabilities

1. Introduction

Bioremediation based on microorganisms to remove industrial
pollutants that contaminate the biogeochemical cycle, is an

of hydrocarbon biodegradation. One of them is chemotaxis
which is a system of signalling, allowing the cells to have access
to hydrocarbons by sensing high concentrations of the hydro-
carbons.*® Cells accumulate between the pollutants which are
hydrophobic and the aqueous medium, resulting in increasing
the rate of their desorption and thus degradation.” Some
bacteria are able to adsorb to pollutants rich particles through
their hydrophobic wall, and form biofilms.*® Others produce
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surfactants having the ability to increase the solubility of
hydrophobic compounds and to improve accessibility.* Then,
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bacteria use degradation products which are more hydrophilic
as carbon sources.” In addition, the physical and chemical
characteristics of soils as well as weather conditions, affect the
chemical stability of the pollutants and their availability to
biodegradation. While exposed to the environment, petroleum
products can change through photodegradation, oxidation,
partitioning, biodegradation, and volatilization, further making
it difficult to examine the risk of exposure. These weathering
processes are more accentuated in arid climate, such as in Gulf
area. Each polluted area is characterized by a set of biotic and
abiotic factors which guide to select the strategy of bioremedi-
ation of the corresponding pollutants. Therefore, there is need
for further studies as a way of characterizing the populations of
the hydrocarbons-degrading bacteria as well as their potential in
the metabolic activities, especially at harsh conditions. Micro-
organisms namely Burkholderia, Arthrobacter, Pseudomonas,
Mycobacterium, Rhodococcus, and Sphingomonas were found to be
involved in the process of alkylaromatic degradation. Recently,
Nwinyi et al. discovered microbial degradation of petroleum
hydrocarbons in the highly polluted tropical ecosystems.'” The
highest capability of degrading crude oil was attributed to Aci-
netobacter woffi, Pseudomonas fluorescens, Pseudomonas aerugi-
nosa, Alcaligenes sp., Bacillus sp., Bacillus subtilis,
Corynebacterium sp., and Micrococcus roseus. Several bacterial
isolates have received particular attention in terms of their
biodegradation potential. Pseudomonas aeuroginosa (P. aeur-
oginosa) is, so far, the most studied hydrocarbon-degrading
bacterium. In fact, the metabolic diversity of hydrocarbon-
degrading bacteria is the origin of success of bacterial processes.

The aim of the present study is to explore the effect of long
term adaptation of hydrocarbon-degrading P. aeruginosa strains
to weathered hydrocarbons at harsh conditions and their specific
metabolic potentialities. Isolation of three strains of P. aeruginosa
was performed according to an isolation strategy of hydrocarbon-
degrading bacteria from weathered soils as previously
showed.”™™ A factorial experimental design was applied to
investigate the correlation between growth parameters and
hydrocarbon-degradation activity. The chosen model was Linear
additive model for a Completely Randomized Design (CRD).
Indeed, separate control of each technological process parameter
is not enough for success of approaches of weathered oil biore-
mediation, but much focus should be laid on physiological
parameters. This should be important from the practical point of
view in any bioaugmentation processes for oil-hydrocarbons
remediation. A set of biotic and abiotic factors in each polluted
area should guide and orient the biodegradability of the corre-
sponding pollutants. In fact, this represents the main origin of
failure of most of bioaugmentation and/or biostimulation
applications for cleaning polluted areas with hydrocarbons using
intrinsic bacteria. Insights should be provided into the metabolic
diversity of those bacteria. Here, study of the biological diversity
adds to a better demonstration of diversity even within the same
species of bacteria, P. aeruginosa, a well-known hydrocarbon-
degrading bacterium. Factor analysis is a useful tool to investi-
gate the relationships in complex microbial systems. The novelty
of this work is to demonstrate for the first time by using the
factorial analysis that each strain of P. aeruginosa adapts
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differently the metabolism of hydrocarbons as a response to
variable medium compositions. Here, the response to the
combined factors was doubly observed by growth and tolerance
to toxicity as well as degradation of three ranges of hydrocarbons
specified by their molecular weights in raw diesel, which
increased the complexity of the system and the originality of the
study. It allowed to investigate the two concepts which are not
easily evaluated directly by collapsing the other variables into
a few interpretable underlying factors. The system comprised the
most influencing nutritional requirements which are carbon,
nitrogen and phosphorous and their interactions was studied
using 2" factorial design. To ensure such an evidence, adapted
bacteria to harsh conditions were isolated and used. The imple-
mentation of such an approach would lead to identify the most
appropriate conditions for success of bioaugmentation and/or
biostimulation applications. This would lead to overcome most
of oil bioremediation failure reasons related to the appropriate
implementation of P. aeruginosa.

2. Materials and methods

2.1. Bacterial strains

Sampling was performed from seven highly oil-contaminated
locations. Oily-polluted soils were exposed for more than 5
years to extreme weather. Locations are auto-workshops
contaminated with lubricants, diesel and gasoil. Three other
different oil-industrial sites in Qatar, were also used in this
study (Dukhan sites).

Sampling was carried-out as previously reported.** The pH of
the soil samples was ranging between 7.0 and 7.5, and
temperatures between 35 and 40 °C.

Three strains were identified as P. aeruginosa coded QDD1,
QDD8, and QDD9 (Table 1). Their identification was performed
using molecular techniques by sequencing the 16S rDNA as
previously reported.”® The selected strains were initially recov-
ered from the established Qatari Hydrocarbon Degrading
Strains Bank preserved in 30% glycerol in Luria-Bertani (LB)
medium at —80 °C, by streaking on solid LB medium. These
strains were routinely streaked ahead for each experiment to
obtain viable, fresh, and pure cells.

2.2. Cultural media and conditions

Maintaining of the isolates was performed in LB medium. MSM
(Liquid Minimum Salt Medium) at a pH of 7.2, was composed of
(per liter): a nitrogen source (Ammonium Nitrate, NH,NO3) or
ammonium chloride (NH,Cl) and two phosphorus sources
(mixture of Na,HPO, and KH,PO,) at the concentrations spec-
ified in the experiments. Media contained K,SO,, 0.17 g, MgSO,,
7H,0, 0.10 g, and 1 ml of trace element solution composed of
(in 100 ml): EDTA, 0.1 g; ZnSO,, 0.042; MnSO,, 0.178 g; H;BO;,
0.05 and NiCl,, 0.1 g. All media were sterilized at 121 °C for
20 min. Solid MSM contained Agar 15 g 17'. MSM-ammonium
nitrate is named MSM1 and MSM-ammonium chloride is
named MSM2.

Diesel at 5% or 20% (v/v) (as specified in the experiments)
was added to the culture of a total volume of 20 ml. A stock of
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Table 1 P. aeruginosa strains, their origin and corresponding isolation medium

Strain  Origin Enrichment medium for isolation  Identification Access number
QD11  Polluted soil with weathered hydrocarbons (Dukhan)  MSM liquid with diesel Pseudomonas aeruginosa ~ CP015377.1
QDD8  Weathered lubricants (20 years) MSM liquid with crude oil Pseudomonas aeruginosa  JF919950.1
QDD9  Al-Zubara site (12 years) MSM liquid with crude oil Pseudomonas aeruginosa  ]X962695.1

diesel was furnished by a local refinery (Um-Said, Qatar,
personal contact). Hydrocarbons concentration in such diesel
was 750 g 17" carbon distributed between n-C12 and n-C25. C/N
ratios in each culture medium were calculated considering
diesel as sole carbon source, and NH,NO; or NH,CI as sole
nitrogen source. Inoculation of the cultures was performed as
previously reported by AlDisi et al** The initial biomass
concentration at inoculation time was almost the same for all
bacteria (2 x 10° CFU ml %). The produced biomass was
calculated as the final biomass from which the corresponding
initial biomass was subtracted. Experiments were carried-out at
30 °C with incubation in a rotating shaker set at 300 rpm.
Results were retrieved after one and two weeks of incubation.
The produced biomass was assessed by counting the Colony
Forming Units (CFU) using the serial dilution technique on LB
solid medium. Experiments and the two controls were per-
formed in triplicates. One of the two controls was the not
inoculated culture and which is incubated at the same condi-
tions. It served to evaluate the fate of diesel hydrocarbons in
cultures if not degraded by bacteria. Another control was done
for each isolate, but without diesel, to evidence that EDTA
cannot be used as substrate.

2.3. Factorial experimental plan

Emerging from the original MSM components, a 2° factorial
experimental design was applied to study the influence of the
main constituents of the medium on growth of the three
bacterial strains and their biological activities in terms of
hydrocarbons degradation. Three main parameters were chosen
for the study in MSM1 medium: nitrogen source [NH,NOs] (X1),
phosphorous source (X2) and diesel as carbon source (X3). Each
factor was investigated at two levels; low and high, which were
fixed following a preliminary investigation (not shown and
AlDisi et al.*%). The two limits for the nitrogen source were 2 g1~
and 8 g17'. The concentrations of the two phosphorous sources
as [Na,HPO,4, KH,PO ] were 1g1 " and 0.265 g1 ' -4 g1 " and
1.06 g 171, respectively. Diesel concentrations as carbon source
were 5% (v/v) and 20% (v/v). Building on that, eight (2°) different
growth conditions resulted. The other components of MSM
medium were maintained in all the eight experiments. The
chosen model was Linear additive model for a Completely
Randomized Design (CRD).

2.4. Analysis of diesel degradation by gas chromatography
(GC)

The capability of each strain to degrade diesel hydrocarbons
was examined through Gas Chromatography Analysis (GC-FID)
as previously reported in our laboratory.">** Removal efficiency

45922 | RSC Adv., 2017, 7, 45920-45931

of diesel components RE (%) was calculated as percentage of
decrease of the area corresponding to each hydrocarbon peak in
the chromatograms in comparison to the abiotic control. RE
(%) =100 — (A5 x 100/A.), with Ay is area of the peak, and A, the
area of the peak as obtained in the culture serving as control.*>**

Based on the technique described by Mnif et al*® the
concentrations of solubilized hydrocarbons in all the cultures
including the controls were ranging from 2 + 2 to 8 + 3 pgml ™"
hydrocarbons. Consequently, it was concluded that removal of
hydrocarbons was not due to their solubilisation in the medium
considering that cultures with diesel at 10% contained 75 mg
ml ™" at the beginning of the incubation.

Since the liquid cultures were incubated at 30 °C during one
and two weeks, evaporation of added diesel was minimized by
performing the cultures in 50 ml glass tubes containing 20 ml
media and tightly sealed with rubber caps. To check for the
evaporation importance, the analysis of diesel fraction in the
negative control culture (not inoculated) showed that the slight
differences of composition compared to that of the raw diesel
added to the culture media were not statistically significant at
the GC-analysis conditions. Similar chromatograms were
obtained.

Three replicates were performed for each experiment and the
mean values with standard deviations were calculated using
Microsoft Excel 2016. Significance levels of the results were
analysed by using ANOVA at 95% confidence level.

2.5. 2" full factorial design and statistical analysis

Each experiment was performed in the same incubator and at
the same conditions. Cultures were arranged in a completely
randomized design (CRD) in factorial experiment. Each treat-
ment was replicated three times. Analysis of variance of bacte-
rial growth was performed, the additive model for analysis of
variance was: Y; =+ C+ N+ P+ C*N + C*P + N*P + C*N*P + ¢,
where Yj; is any growth observation reported in terms of the
Colony Forming Units (CFU) in cells per ml. u is the grand mean
of all recorded observations. C, N and P were the single factor
effects of the concentration of carbon, nitrogen and phosphorus
sources on growth, respectively. While (C*N), (C*P), and (N*P)
are the first order interaction between two factors. The second
order interaction is represented as (C*N*P). ¢; represents the
experimental error. The formulated equation explains the
sources of variation that can be observed in the growth results
when conducting statistical analysis. A low response is coded as
(—1) and a high response as (+1). Table 2 shows the composition
of the various eight conditions in a symbolic demonstration.
Multiple regression analysis was used to study the relationship
between the dependent variable (biomass) y, and three

This journal is © The Royal Society of Chemistry 2017
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Table 2 Factorial experiment model

Phosphorous
Nitrogen sources Carbon source
source [Na,HPO,-KH,PO,] [diesel]
Experiment [NH,NO;] (g17!) (g1 (% v/v)
1 2 1-0.265 20
2 2 4-1.06 20
3 2 4-1.06 5
4 2 1-0.265 5
5 8 4-1.06 5
6 8 1-0.265 5
7 8 1-0.265 20
8 8 4-1.06 20

independent variables carbon (C), nitrogen (N) and, phos-
phorus (P). The following regression equations were generated
and used to estimate the theoretical yield of produced biomass:

Produced biomass of QDD9 w; =
6.28 + 0.450C + 3.097N — 0.52P

Produced biomass of QDD9 w, =
3.14 + 1.128C + 5.04N — 3.25P

Produced biomass of QDD8 w; =
10.53 + 0.133C + 2.000N + 2.73P

Produced biomass of QDD8 w, =
34.78 — 0.383C + 1.875N — 4.51P

Produced biomass of QDD1 w; = 3.9 + 0.733C + 2.67N + 6.3P
Produced biomass of QDD1 w, = 44.0 — 0.833C + 447N — 8.4P

The statistics software package Minitab (Minitab 17, 2010,
Computer software, State College, PA: Minitab) was used to
obtain ANOVA tables, multiple regression analysis, expected
mean squares, and least square means for association analyses.
Calculation of the Least Significant Difference (LSD) using the
equation: LSD = ta sqrt (2MSe/r), allows examining which
particular combinations of means were the source of significant
variance. ta represents the theoretical ¢-value at significance
level 0.05 and degrees of freedom of the error. MSe is the means
square of the error, r is the replication, which is equal to 3 in our
study.

The statistics software package Minitab (Minitab 17, 2010,
Computer software, State College, PA: Minitab) was used to
obtain ANOVA tables, expected mean squares, and least
square means for association analyses. Calculation of the
Least Significant Difference (LSD) using the equation: LSD =
ta sqrt (2MSe/r), allows examining which particular combi-
nations of means were the source of significant variance. to
represents the theoretical ¢-value at significance level 0.05
and degrees of freedom of the error. MSe is the means square
of the error, r is the replication, which is equal to 3 in our
study.
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3. Results

3.1. Role of the medium components in growth and
hydrocarbon degradation activity of P. aeruginosa

To characterize the nutritional profile and the potential of diesel
hydrocarbons biodegradation of three strains of P. aeruginosa,
isolated from highly polluted soils with weathered oil in Qatar,
two culture media were used. MSM1 medium contained 4 g 17"
ammonium nitrate (NH,NOj;), providing 1.4 g 1”' N-ammonium
nitrate. MSM2 medium contained 4 g 1”' ammonium chloride
(NH,CI), providing 1.05 g 17! N-ammonium chloride. In fact, this
is a comparative study of two parameters; the composition of the
inorganic nitrogen source added to the growth medium and the
C/N ratio. In addition, two diesel concentrations of 5% (v/v) and
10% (v/v) were representing the unique carbon source, which
may provide information about tolerance to toxicity of each of the
P. aeruginosa strains. Consequently, four different growth
conditions resulted: MSM1 and MSM2 each with 5% and 10%
diesel. Results of Fig. 1 show the produced biomass following
growth of the 3 strains of P. aeruginosa at the different conditions
over one week of incubation. For instance, the growth of strain
QDDS significantly increased from 13 x 107 to 26 x 107 CFU
ml™' in MSM2 medium, when diesel concentration was
increased from 5% to 10%. However, produced biomass by QDD8
growth was significantly decreased from 28 x 10’ to 10 x 10’
CFU ml™' in MSM1 with increase of diesel. Opposite phenom-
enon was observed with strain QDD9, yet growth was inhibited
under higher diesel concentrations in MSM2 rather than MSM1.
On the other hand, strain QDD1 maintained similar growth
under the two examined nitrogen sources and C/N ratios, while
its growth was slightly enhanced when diesel concentration
increased in both media. For strain QDDS, the optimal growth
was at 5% diesel and ammonium nitrate (MSM1 medium).
Whilst, for strain QDD9, the optimal growth was observed with
5% diesel and ammonium chloride (MSM2 medium).

However, the evaluation of tolerance of the strains in high
diesel concentrations is to be correlated to their capabilities of
degrading diesel hydrocarbons at various nitrogen sources and
C/N ratios. The removal of Low Molecular Weight (LMW),
Medium Molecular Weight (MMW) and High Molecular Weight
(HMW) hydrocarbons was assessed by GC-FID analysis. Solu-
bilized hydrocarbons within the aqueous phase of the culture
broths (aqueous phases) were at negligible concentrations for
the three strains, ranging from 2 + 2 to 8 & 3 ug ml~* hydro-
carbons, knowing that diesel concentrations were 5% or 10%
corresponding to 37.5 mg ml~" or 75 mg ml~" hydrocarbons,
respectively at the inoculation time. A sample of the diesel layer
from each culture was analysed by GC-FID, showing accurate
results, compared to pre-extraction with hexane from all the
culture broths (not shown). The biodegradation of diesel
hydrocarbons was monitored in the cultural media (MSM) of
the three P. aeruginosa strains. The non-inoculated medium was
used as control, considered as the abiotic test and to select
representative peaks, covering a wide range from the low MW
hydrocarbons to high MW ones. Fig. 2 shows the chromatogram
of diesel from the negative control, indicating ranges of low

RSC Adv., 2017, 7, 45920-45931 | 45923
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Fig.1 Growth of P. aeruginosa strains on two media; MSM1 and MSM2 under 5% and 10% diesel over one week of incubation of P. aeruginosa

strains: QDD1 (m), QDD8 (2) and QDD9 (N).
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Fig.2 Chromatogram of diesel from the negative control, indicating ranges of low (n-C12-n-C16), medium (n-C17-n-C20), and high (n-C21-n-
C25), molecular weight hydrocarbons corresponding to their retentions times.

(n-C12-n-C16), medium (n-C17-n-C20), and high (n-C21-n-C25),
molecular weight hydrocarbons corresponding to their reten-
tion times. The hydrocarbons Removal Efficiencies (RE) of the
most representative hydrocarbons grouped in the three ranges,
by P. aeruginosa strains cultured in MSM1 and MSM2 media
with 5% and 10% diesel and after one week incubation are
shown in Table 3.

The GC-analysis results clearly confirm the biological capa-
bility of the studied P. aeruginosa strains to degrade diesel
hydrocarbons under both concentrations 5% and 10%. Inter-
estingly, different removal patterns among strains could be
derived from these results, showing different sensitivity of P.
aeruginosa strains to the medium components and

45924 | RSC Adv., 2017, 7, 45920-45931

composition. Moreover, the three strains are able to remove
high molecular weight alkanes with an efficiency of 82% to 90%,
in both media and at both diesel concentrations. Differences in
the efficiency of the strains is more observable with removal of
low and medium molecular weight hydrocarbons. By corre-
lating growth to hydrocarbons removal, it is obviously clear that
they are strongly concomitant, which is in fact expected.

3.2. Factorial investigation of strains’ potentiality to degrade
diesel hydrocarbons

Three-factors experimental strategy was based on carbon,
nitrogen and phosphorous sources and two responses were
monitored after one and two weeks of incubation: produced

This journal is © The Royal Society of Chemistry 2017
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Table 3 Removal Efficiencies (RE) of hydrocarbons grouped in the
three ranges, by the isolated strains cultured in MSM1 and MSM2 media
with 5% and 10% diesel and after two weeks incubation. MSM1/MSM2-
5% diesel means RE in MSM1/RE in MSM2 with 5% diesel. MSM1/MSM2-
5% diesel means RE in MSM1/RE in MSM2 with 10% diesel

MSM1/MSM2-5% MSM1/

Removal efficiency (%) diesel MSM2-10% diesel
QDD1

LMW hydrocarbons 68 £ 3/59 &2 73 £3/79+3
MMW hydrocarbons 51 £2/58 &2 66 £ 3/60 & 2
HMW hydrocarbons 84 +3/73+3 90 +3/79 + 3
QDDS8

LMW hydrocarbons 73 £3/78+2 84 +3/89 + 3
MMW hydrocarbons 69 £ 2/58 &2 71 £3/63 £ 2
HMW hydrocarbons 83 £3/72+3 89 +3/81+3
QDD9

LMW hydrocarbons 59 £2/65 £ 2 58 £2/50 £ 2
MMW hydrocarbons 48 +2/41 £ 2 62 £ 2/68 + 2
HMW hydrocarbons 82 +2/64 + 3 84 £3/89 + 3

biomass assessed as CFU and biological activity assessed as
hydrocarbons Removal Efficiencies (RE). Each factor included
two levels (high and low concentration); attempting to expose
the strains to a variety of conditions ranging from minimal up
to excess nutrients. The unique carbon source which is diesel,
was tested at 5% (v/v) and 20% (v/v). Ammonium nitrate
(NH4NOj3), was provided at 2 g 17" and 8 g 1. While phos-
phorous source from both sodium phosphate (Na,HPO,) and
potassium phosphate (KH,PO,) varied between 1 g 17 and
0.265 ¢ I'" to 4 g 1"! and 1.06 g 1", respectively. Other
components were kept in agreement with the original minimal
salt medium (MSM). Results of Fig. 3 clearly show differences of
biomass production by each strain at all the 8 cultural condi-
tions. This means that each P. aeruginosa strain exhibited
different metabolic requirements, depending on the concen-
tration of each nutrients and the C/N/P ratios. Indeed, the
growth of each P. aeruginosa strain was affected differently by C/
N/P ratios. The analysis of variance (ANOVA) examined the
individual effect of each nutritional element as well as the first
order interactions between each two elements, besides the
second order interaction among the three elements together.
The ANOVA analysis was constructed for all strains under the
eight different growth conditions and over the two weeks period
(Table 4). To estimate the theoretical yield of produced biomass
for the different bacterial strains, multiple regression analysis
was used based on the relationship between the dependent
variable (biomass) y, and three independent variables carbon
(C), nitrogen (N) and, phosphorus (P). Comparisons between
the theoretical vs. experimental biomass was conducted using
paired #test (data are not shown).

3.3. Responses of P. aeruginosa strain QDD9

Based on the results of Table 5 with relation to Table 4, the
analysis of variance (ANOVA) showed that both C and N

This journal is © The Royal Society of Chemistry 2017
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significantly affected the growth, while P effect was not significant
in case of strain QDD9 in week 1. When carbon was increased in
the medium from low (5%) to high (20%), the growth of QDD9
was significantly increased from 23.7 x 10” CFU ml " to 30.4 x
10’ CFU ml ™. In addition, when nitrogen was increased in the
medium from low (2 g 1"") to high (8 g 17%), its growth was
increased significantly from 17.8 x 10’ CFU ml™ " to 36.3 x 107
CFU ml™~". However, increasing phosphorus did not affect the
growth significantly. The first order interaction between C and P
was highly significant for QDD9 while the effect of both (C x N)
and (N x P) interactions were not significant. The results showed
that the combination of high carbon and high phosphorus
concentrations increased the growth of QDD?9, significantly.

However, increasing phosphorus did not affect the growth
significantly. When computing the Least Significant Difference
(LSD) between the means, results helped revealing which exact
combination was the source of significance in the case of the
strain QDD9. All possible interactions are represented as follows:
(C1P1*C1P2), (C2P1*C2P2), (C1P1*C2P1), (C1P2*C2P2),
(C1P1*C2P2), and (C1P2*C2P1). LSD results showed that only
when the culture medium was shifted from low carbon/high
phosphorous to high carbon/high phosphorous, growth was
not affected significantly. All other interactional changes between
carbon and phosphorous significantly affected growth of QDD9.
The analysis of variance demonstrated that the second order
interaction between the three factors (C*N*P) was significant for
this case. Hence, adding high carbon, high nitrogen, and high
phosphorous to the medium affected QDD9 growth, signifi-
cantly. The interaction (C1IN1P1*C2N2P1) showed the highest
significant increase of growth from 15 x 10" CFU ml™" to 47.3 x
107 CFU ml ™. Further, the combination of high C, high N, and
low P gave the highest cell biomass of 47.3 x 10’ CFU ml ™", After
2 weeks of incubation, single factor analysis indicated similar
results with QDD9 than that of the first week with highly signif-
icant effects of C and N, while the effect of P was not. However,
differently, with high diesel level (20%) the produced biomass
increased significantly from 31.85 x 10’ CFU ml~" obtained at
low level (5%) to 48.75 x 10” CFU ml ™. Nitrogen increase from
lower level to higher level led to significant increase of biomass
from 25.2 x 10" CFU ml™* to 55.4 x 10’ CFU ml™*. On the other
hand, the first order interaction (C x N) was significant along
with the interaction (C x P) which showed significant effect from
the first week. Whilst, the interaction between N and P was not
significant. LSD results for (C x N) interaction showed that
increasing the carbon from low to high while maintaining
nitrogen low had no significant effect on growth; unlike all other
combinations. With regard to the (C x P) interaction, the
combinations that were not the source of significant impact on
cell growth were (C1P1*C1P2) and (C1P2*C2P2). By the second
week of growth, the second order interaction (C x N x P) had no
longer significant impact on strain QDD9 growth.

By comparing to the theoretical values, the CFUs obtained
experimentally after one week of growth were all higher. This is
not automatically the case after two weeks of growth. This
conclusion was obtained by comparisons between the theoret-
ical vs. experimental biomass, conducted using paired ¢test
(data are not shown).
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concentration of the corresponding element.

This finding confirms that an interaction of all growth
parameters exists and affects the metabolism of the cells which
adapts as a consequence of the evolution of the growth factors
instantly available in the medium.

3.4. Responses of P. aeruginosa strain QDD8

Based on the results of the first week of incubation (Table 5), the
analysis of variance of strain QDDS8 growth (Table 3) showed

45926 | RSC Adv., 2017, 7, 45920-45931

torial investigation of the role of C, N and P nutritional elements in growth of P. aeruginosa. (a) QDD1, (b) QDD8 and (c) QDD9 over one
and two weeks (mm) periods under eight different growth conditions. (1) Represents low concentration and (2) represents high

that N significantly impacted the growth while C and P did not.
Indeed, higher concentration of nitrogen in the medium caused
significant increase of growth from 18 x 107 CFU ml~" to 30 x
10" CFU ml ™" (Table 4). According to ANOVA analysis, none of
the first order interactions (C x N), (C x P), nor (N x P)
exhibited significant effect on cell growth. However, the second
order interaction (C x N x P) was highly significant. This
means that supplying the culture medium with high

This journal is © The Royal Society of Chemistry 2017
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Table 4 Overall ANOVA analysis of growth of the three P. aeruginosa strains QDD1, QDD8, and QDD9 over two-week period. Factors and their
interactions are shown as C: carbon, N: nitrogen, and P: phosphorous®

Week 1 Week 2
Source of variation Degree of freedom QDD1 QDDS8 QDD9 QDD1 QDDS8 QDD9
C 1 726%* 24 ns 273.38%** 937.5%* 198.38* 1717%*
N 1 1536** 864%* 2072.04%* 4320.2%* 759.38%** 5490.4**
P 1 150%* 28.17 ns 1.04 ns 266.7** 77.04 ns 40 ns
C*N 1 308.17** 0.67 ns 51.04 ns 400.2%* 176.04%* 376%*
C*P 1 1148.17** 140.17 ns 360.38%** 352.7%%* 5.04 ns 408.4*
N*P 1 28.17 ns 13.5 ns 3.37 ns 1600.7** 57.04 ns 77 ns
C*N*P 1 384%* 308.17** 145.04%* 192.7%*%* 45.38 ns 26 ns
Error 16 11.46 36.46 24.04 17.7 32.83 72.9

“ * indicates that the difference between means is significant, ** indicates that the difference between means is highly significant, and (ns)

indicates that the difference between means is not significant.

concentrations of carbon, nitrogen, and phosphorous had
significant impact on the growth of strain QDDS8. The combi-
nation that showed the highest significant difference was
(C1IN1P2*C1N2P2). Under this cultural condition, growth
increased significantly from 16.3 x 10’ CFU ml " to 36.7 x 10’
CFU ml ™" (Table 5). The highest cell growth of 36.7 x 10’ CFU
ml ™ was noticed under the condition CIN2P2. Strain QDDS
demonstrated different behaviour in the second week of
growth. The analysis of variance showed that the C effect
became significant as well as the N effect. Although,

phosphorous effect remained insignificant. Noticeably, growth
exhibited a decrease from 39.25 x 107 CFU ml™ " to 33.5 x 107
CFU ml™" when carbon concentration was increased in the
medium from 5% to 20%. However, when nitrogen was
increased in the medium from 2 g 1™' to 8 g 17, growth
increased from 30.75 to 42 x 10" CFU ml ™' (Table 5).

The CFUs obtained experimentally after one week of growth
were in general slightly higher if not similar by comparing to the
theoretical values. This is not statistically significant in all
cultural conditions after two weeks of growth, as shown by

Table 5 Triplicate average growth of P. aeruginosa strains QDD1, QDD8 and QDD9 over week 1 and week 2 incubations, as determined
experimentally (Exp.). Multiple regression analysis was used to calculate the theoretical values (Theo.). (I) First order interactions (C*N), (II) first

order interactions (C*P), (lll) first order interaction (N*P), (IV) second

order interactions (C*N*P). The values indicated with one level of one

parameter and the other parameter without level means the average growth at the low levels of the second

Mean produced biomass (10" CFU ml™")

Week 1 Week 2

QDD1 QDDS8 QDD9 QDD1 QDDS8 QDD9
Cultural Order of
conditions interactions Exp. Theo. Exp. Theo. Exp. Theo. Exp. Theo. Exp. Theo. Exp. Theo.
CIN1 I 20.7 12.9 17.2 15.2 15.8 14.7 39.2 48.8 20.7 36.6 20.7 18.9
C1N2 29.5 28.9 28.8 27.2 31.5 33.3 74.2 75.6 29.7 47.9 43.0 49.1
C2N1 24.5 23.9 18.8 17.2 19.7 21.5 34.8 36.3 43.0 30.9 29.7 35.8
C2N2 47.7 39.9 31.2 29.2 41.2 40.1 53.5 63.1 67.8 42.1 65.9 66.0
C1P1 II 29.5 9.2 19.5 11.9 20.0 8.4 63.8 37.6 29.0 31.7 29.0 7.9
C1P2 20.7 14.2 26.5 14.1 27.4 8.0 49.5 30.9 54.2 28.1 34.7 5.3
C2P1 26.7 20.2 26.3 13.9 34.5 15.1 43.7 25.1 34.7 25.9 54.2 24.8
C2P2 45.5 25.2 23.7 16.1 26.4 14.7 44.7 18.4 43.3 22.3 43.3 22.3
N1P1 111 19.0 10.9 17.7 15.3 18.3 12.3 32.2 50.7 24.7 37.3 24.7 12.4
N1P2 26.2 15.9 18.3 17.4 17.2 11.9 41.8 44.0 25.7 33.7 25.7 9.8
N2P1 37.2 26.9 28.2 27.3 36.1 30.9 75.3 77.5 58.5 48.6 58.5 42.6
N2P2 40.0 31.9 31.8 29.4 35.5 30.5 52.3 70.9 52.3 45.0 52.3 40.0
C1N1P1 v 20.0 14.6 18.0 15.9 15.0 14.6 35.3 46.5 35.7 35.4 15.0 18.0
C1N1P2 21.3 19.6 16.3 18.1 16.7 14.2 43.0 39.9 37.0 31.8 26.3 15.4
C1N2P1 39.0 30.6 21.0 27.9 25.0 33.2 92.3 73.4 47.3 46.7 43.0 48.2
C1N2P2 20.0 35.6 36.7 30.1 38.0 32.8 56.0 66.7 37.0 43.1 43.0 45.7
C2N1P1 18.0 25.6 17.3 17.9 21.7 21.3 29.0 34.1 26.3 29.7 34.3 34.9
C2N1P2 31.0 30.6 20.3 20.1 17.7 20.9 40.7 27.4 24.0 26.1 25.0 32.3
C2N2P1 35.3 41.6 35.3 29.9 47.3 39.9 58.3 60.9 43.3 40.9 74.0 65.2
C2N2P2 60.0 46.6 27.0 32.1 35.0 39.5 48.7 54.2 40.3 37.3 61.7 62.6
Mean 30.6 25.2 24.0 21.3 27.0 22.9 50.4 49.1 38.7 36.1 40.2 32.9
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comparisons between the theoretical vs. experimental biomass,
conducted using paired t-test (data are not shown). Here,
adaptation of the metabolism of the cells is clear depending on
the interaction between the studied growth parameters.

3.5. Responses of P. aeruginosa strain QDD1

Strain QDD1 demonstrated quite interesting results upon the
analysis of variance (ANOVA). Most of its growth showed highly
significant differences. The main effects of the three factors
indicated that all C, N, and P have highly significant impact on
cell growth (Table 4). As shown in Table 5, in the first week of
incubation, growth had increased from 25.1 x 10’ CFU ml ™" to
36.1 x 10" CFU ml™ ' when carbon was increased in the medium
from 5% to 20% diesel. In addition, high nitrogen concentra-
tion caused the cells to grow from 22.6 x 10” CFU ml ™" to 38.6
x 107 CFU ml ™ '. Further, when phosphorous represented as
[Na,HPO,, KH,PO,] was increased in the medium from 1 g 17"
and 0.265 g 17" to 4 g 17" and 1.06 g 17" respectively, produced
biomass increased significantly from 28.1 x 10’ CFU ml™' to
33.1 x 10’ CFU ml " (Table 5). First order interaction of both (C
x P) and (C x N) were highly significant, unlike the (N x P)
which was not. In both significant interactions, the only insig-
nificant combinations were (C1N1*C2N1) and (C1P1*C2P1)
according to the LSD calculations. In other words,
maintaining N and P low makes the increase in carbon
concentration ineffective in raising the growth significantly.
Examining the second order interaction (C X N x P), ANOVA
results showed that it had significant effect on growth. When
computing LSD between the means, the largest significant
difference was detected in (C2N1P1*C2N2P2). Shifting the
growth medium conditions from low N and P to high N and P
while keeping C in high concentration (20% diesel) increased
the biomass production from 18 x 107 CFU ml™* to 60 x 10’
CFU ml ™" (Table 5). In fact, the cultural condition that showed
the highest growth of strain QDD1 in week 1 was C2N2P2. By the
second week, all the analysed factors seemed to have high
significant effect on cell growth. This means that single factor
effect of C, N, and P, besides the first and the second order
interactions were all significant. However, growth decreased
significantly from 56.7 x 10” CFU ml™ " to 44.15 x 10’ CFUml ™"
when carbon was added to the medium in high concentration.
Growth also witnessed a decrease from 53.75 x 10’ CFUml ™" to
47.1 x 10" CFU ml~" when phosphorous was raised. Dissimi-
larly, when nitrogen concentration was increased up to 8 g 177,
cell growth increased significantly from 37 x 10’ CFU ml™ " to
63.85 x 10” CFU ml ™" (Table 5). In the first order interactions,
the source of significance was not from the following combi-
nations (C1N1*C2N1), (C2P1*C2P2), or (C1P2*C2P2). Unlike all
other strains, the interaction (N*P) is significant with all its
combinations in week 2 for strain QDD1. As carbon concen-
tration is kept constant in the medium, (N2 x P1) allowed cells
to grow up to 75.3 x 10” CFU ml ™ *. LSD results from the second
order interaction (C x N x P) brought out that moving cells
from the medium containing low C, high N, low P to the
medium containing high C and low N and P had the highest

significant difference. However, the highest biomass
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production was obtained under the interaction (C1 x N2 x P1)
(Table 5).

By comparing to the theoretical values, the CFUs obtained
experimentally after one week of growth were much higher,
reminding the results obtained with QDD9. After two weeks of
growth, this is still applicable for most of the conditions. The
interactions among the three factors are then highly observed at
the cultural conditions in which the metabolism of the cells
shall adapt as a consequence of the available nutrients to use
hydrocarbons for growth.

3.6. Impact of growth requirements on P. aeruginosa activity
profiles for diesel hydrocarbons degradation

In correlation with the growth analysis, hydrocarbons removal
was assessed using GC-analysis in the diesel layer from each
growth condition. Table 6 shows the RE of each strain under
four selected representative growth conditions. As the coding
implies, condition C1N2P1 contains low carbon (diesel)
concentration 5% (v/v), low nitrogen concentration (2 g 1°*
NH,NO;), and high phosphorous concentration (4 g 1”' and
1.06 g 17! of Na,HPO, and KH,PO, respectively). While condi-
tion C2N2P2 consisted of high carbon concentration (20% (v/v)
diesel), high nitrogen concentration (8 g "' NH,NO3), and high
phosphorous concentration (4 g 17" and 1.06 g 1" of Na,HPO,
and KH,PO, respectively).

Removal efficiencies of each strain under representative
growth conditions for the three strains, further support the
diversity of biological activity among the three P. aeruginosa
strains. Biodegradation of diesel hydrocarbons varied consid-
erably under different growth conditions. For instance, under
growth condition C1N1P2, hydrocarbon removal was much
higher for strains QDD8 and QDD9 compared to QDD1. On the
other hand, when nutrients were at maximum concentrations,
strains QDD1 and QDDS8 exhibited lower hydrocarbons RE than

Table 6 Removal Efficiencies (RE) of hydrocarbons grouped in the
three ranges, by the isolated strains cultured at four representative
growth conditions coded CIN1P2, C2N2P2, CIN1P1 and C1IN2P1 and
after two weeks incubation. Carbon source was 5% (v/v) as C1 and 20%
(v/v) as C2, N: nitrogen source [NH4sNOzl was 2 gl "tasNland 8 gl tas
N2, and P: phosphorous sources as [Na,HPO,4, KH,PO,4] were 1 g [
0.265gltasPland 4 g% 1.06 g™t as P2

Removal efficiency (%)  CIN1P2  C2N2P2  CIN1P1  CIN2P1
QDD1

LMW hydrocarbons 47 +3 43+ 3 38+2 58 £2
MMW hydrocarbons 53 +2 56 + 3 46 + 2 66 + 2
HMW hydrocarbons 74+ 3 70+ 3 50+ 3 67 +3
QDDS

LMW hydrocarbons 79+ 2 54+ 3 33+2 62+ 2
MMW hydrocarbons 75+ 3 53+ 2 41+ 2 61+ 2
HMW hydrocarbons 88 +3 71+ 3 54+ 3 63+3
QDD9

LMW hydrocarbons 69 + 3 78+ 3 48 £ 2 64+ 2
MMW hydrocarbons 68 + 2 72+ 3 49 + 2 62+ 2
HMW hydrocarbons 82+ 3 87 +3 59+ 3 71+ 3

This journal is © The Royal Society of Chemistry 2017
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QDD9. Under minimal nutrients concentrations (C1N1P1)
strains exhibited low removal activity. However, when nitrogen
was supplied at maximal concentration while C and P were
minimal as in condition (C1N2P1), removal was improved.

4. Discussion

In order to demonstrate the sensitivity of hydrocarbon-
degrading bacterial growth and biological activity to C, N and
P balance, three strains of P. aeruginosa isolated after long
adaptation at harsh conditions with weathered hydrocarbons
were cultured at a set of media composition. Statistical analysis
demonstrated variability of the final biomass produced by the
three strains of P. aeruginosa, in media with different combi-
nations of C, N and P concentrations and ratios, indicating that
growth and tolerance to toxicity are highly dependent on the
components of the culturing medium. Some strains may be
tolerant to higher diesel concentrations in a medium, but not in
another. Even that all the strains belong to P. aeruginosa species,
they exhibited different activities at various growth conditions,
showing high variability of potency within the same group of P.
aeruginosa isolates. Knowing that degradation of hydrocarbons
by bacteria is a complex process, these findings showed that the
nutritional requirements and nutrients availability as well as
the concentration of hydrocarbons present may play the key role
in the hydrocarbons degradation activity among hydrocarbon-
degrading bacteria. Our findings confirm the previous specu-
lations of Jasmine and Mukherji,"” who showed that the nutri-
ents availability as well as their concentrations present in the
microenvironment of the microbial cells would affect hydro-
carbon degradation. Inhibition of microbial growth under high
diesel concentrations has been reported in several bioremedi-
ation studies.'” In fact, diesel at certain concentrations could be
toxic to microorganisms via the solvent impacts that can alter
the plasma membrane.*®**

Interestingly, the three studied P. aeruginosa strains have
tolerated a high diesel concentration of 10% (v/v) in same media
and cultural conditions. The components of the medium
seemed to contribute in the change of the membrane proper-
ties, from which results a different sensitivity to the solvent
effect. This may be considered in selecting candidates and
fixing the nutritional requirements of P. aeruginosa in biore-
mediation applications in oily-polluted soils. The spectrum of
hydrocarbons removal is indicative, but cannot be the only
information source of the ability of each strain to degrade
hydrocarbons. Some hydrocarbons may be converted or
partially degraded while others are removed. The pattern of
activity of each hydrocarbon-degrading P. aeruginosa strain is
then interestingly studied in the complex mixture of hydrocar-
bons in diesel. The study of the role of two nitrogen sources and
two diesel concentrations providing different C/N ratios using
three strains of P. aeruginosa spotted the light on how crucial is
the nutritional microenvironment in influencing growth as well
as the biological activities of bacterial strains. However, there is
a gap in understanding the role of nutritional elements such as
carbon, nitrogen, and phosphorous in growth of P. aeruginosa
for hydrocarbon-biodegradation in complex hydrocarbon

This journal is © The Royal Society of Chemistry 2017
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mixtures, knowing the complexity of the biodegradative path-
ways which are highly dependent on the metabolic pathways. In
literature, estimation of C/N/P ratios was always based on
removal of categories of hydrocarbons or for the complete
mineralization in absence of weathering processes. In addition,
the originality of this work is the attempt to integrate the study
of the most essential nutritional elements as well as their
interactions. Results emphasized the role of nitrogen in
enhancing both growth and biological activity of hydrocarbon
degrading strains as previously speculated by Braddock et al.*®
Furthermore, strains were generally able to attack high MW
hydrocarbons only by the second week. As time passes, cells are
able to produce larger quantities of bio-surfactants that facili-
tate the cell/diesel interaction and thus biodegradation.** Here,
it is clearly shown, that this differs from one P. aeruginosa strain
to another depending on the medium components. Obviously,
nutrients concentration plays a critical role in hydrocarbons
biodegradation activity of bacterial strains. Nevertheless,
neither excess nor minimal concentrations are favourable for
strains to express good biological removal of categories of
hydrocarbons, which evidences the previous observations of
Braddock et al.*® Hence, the highest growth of a strain is not
always translated into the highest RE of hydrocarbons. In fact,
the biological activity involved in degradation of diesel hydro-
carbons is complex, many bioconversion reactions may occur.
Further, the cultural media may lead to production of different
molecules and different concentrations of surfactants, which
are key tools involved in hydrocarbons biodegradation. This
may explain the fluctuations observed at different compositions
(especially nitrogen) and among strains. Moreover, GC-analysis,
as RE, showed fluctuations from one week to another, one
condition to another, and one strain to another. This might lead
to a clearer view of the optimal growth condition under which
each strain produces considerable biomass and favour hydro-
carbon removal. Nevertheless, the statistical investigation
carried-out using Analysis of Variance (ANOVA) allowed to test
the significance of differences among two or more means
(populations) which in turn allowed to show the high variability
in the impact of the growth parameters on the biological activity
among the three strains of P. aeruginosa. It was clearly observed
that higher nitrogen concentration increased cells growth
significantly of all strains both in the first and second week of
incubation. All strains were positively sensitive to nitrogen
concentration in the medium. However, growth of strains
generally seemed to be less affected by phosphorous concen-
tration variation as was similarly observed by Coulon et al.** In
fact, it is known that attempts to enhance hydrocarbon degra-
dation were usually reported by the addition of supplemental
nitrogen and to a lesser degree phosphorous.”** Some strains
were found to be more sensitive (e.g., QDD1) to C/N/P ratio than
others (e.g., QDDS8). Yet, C/N/P ratios were generally more
limiting factors in the first week of the growth. However, the
growth might turn into saturation and the three-factor inter-
actions are no longer significant by the second week of growth.
High behavioural variability exists within the group of three P.
aeruginosa strains, isolated from harsh conditions, more
demonstrating variability in nutritional requirements for
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hydrocarbons degradation by each isolate. A specific adaptation
event to specific environmental conditions occurs with each
bacterial strain. This conclusion is confirmed by calculation of
the theoretical yield of produced biomass for the different
bacterial strains, by multiple regression analysis, based on the
relationship between the dependent variable (biomass) y, and
three independent variables carbon (C), nitrogen (N) and,
phosphorus (P). Comparisons between the theoretical vs.
experimental biomass was conducted using paired ¢-test (data
are not shown). In general, all bacterial strains showed signifi-
cant higher experimental yield of produced biomass compared
to the theoretical except some interactions at week 2. These
results indicate that the effect of the growth parameters
continuously affect the metabolism of the cells in media con-
taining hydrocarbons as sole carbon sources. The metabolism
of degradation of hydrocarbons is then highly sensitive to C, N
and P ratios. This is quantitatively and statistically demon-
strated for the first time. This is to be considered in selecting
appropriate P. aeruginosa isolates for bioaugmentation/
biostimulation approaches in remediating each oily-polluted
soil.

5. Conclusions

Three strains of P. aeruginosa isolated from soils, highly
polluted with weathered oil at harsh weather and soils
exhibited different growth and hydrocarbon-degrading capa-
bilities as shown using a 2* full factorial design. This diversity
was related to the three major nutritional parameters in the
MSM medium which are carbon, nitrogen and phosphorous
sources. Growth and tolerance to toxicity were shown to be
highly dependent on the components of the culturing
medium. First order and second order interactions showed
high variability in the impact of nutrients on the biological
activity among the three strains of P. aeruginosa. Moreover,
some strains were shown to be more sensitive to C/N/P ratio
than others, but each with different behaviour. Removal and/
or conversion of diesel hydrocarbons were shown highly
sensitive to the balance of the nutrients and vary from one P.
aeruginosa strain to another. These findings clearly show high
diversity of P. aeruginosa metabolism involved in hydrocarbon
degradation. Using raw diesel as source of mixed hydrocar-
bons was one of the factors allowing detection of such diversity
rather than using pure hydrocarbon-based media. This is
important from the practical point of view in selecting and
implementing appropriate P. aeruginosa isolates in bioreme-
diation approaches.
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