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ABSTRACT

A proxy model for optimization of operating conditions (pyrene concentration, biodegradation time and aeration) for biodegrada-
tion of pyrene by Corynebacterium sp and Pseudomonas putida was aimed to be investigated. The proxy model for biodegra-
dation of pyrene with activity of Corynebacterium sp and Pseudomonas putida was developed from experimental data using
response surface methodology (RSM) with central composite design (CCD) of the design of experiments software. Corynebac-
terium sp degraded 96.71 % of pyrene at optimal conditions of 68.16 mg/L of pyrene concentration, biodegradation time of 82.57
hours and aeration condition of 3.0125vvm, while Pseudomonas putida degraded 93.84 % of pyrene at optimal conditions of
69.90 mg/L of pyrene concentration, biodegradation time of 84 hours and aeration condition of 3.4995 vvm. The developed proxy
model of biodegradation of hazardous pyrene disposal under the stated operating conditions is fit and acceptable for optimiza-

tion.
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INTRODUCTION

Pyrene is a peri-condensed four-ring, hydrophobic com-
pounds, high molecular weight (HMW) polycyclic aromatic
hydrocarbon (PAH) and biochemical persistence within
ecosystem as a result of dense clouds of p-electrons on both
sides of the ring structures, making them resistant to nucleo-
philic attack (Johnsen et al, 2005; Obayori et al, 2009; Azeez,
2012). Pyrene contains domains of carcinogenesis and mu-
tagenesis in its molecule and it has been classified as pol-
lutant by the US-EPA as the 16 priority polycyclic aromatic
hydrocarbons (Obayori et al, 2009; Valentin et al, 2007).

The structural symmetry and stability enable pyrene hard to
be biologically attacked. It has been reported that microbes
that can specifically degrade pyrene include Mycobacterium
sp., Rhodococcus sp., Saccharothrix sp, Gordona sp., Pseu-
domonas sp., Cycloclasticus sp., Corynebacterium sp, Sphin-
gomonas yanoikuyae and it could degrade or merely convert

pyrene by co-metabolism (Hu et al, 2003; Hu et al, 2003;
Rentz et al, 2005; Sanghvi, 2005; Liang et al, 2006; Mahanty
et al, 2008; Kim et al, 2004; Azeez et al, 2013; Azeez, 2012;
Lease et al, 2011). Versatility of this species makes it a prob-
able inoculant in the remediation of pyrene contaminated
sites (Van Hamme et al, 2003). Corynebacterium variabilis
sp. Sh42 completely metabolized all representative com-
pounds to CO, and H,O (El-Gendy et al, 2006). Rentz et al
(2005) reported that mineralization of ,C, benzo [a] pyrene
by S. yanoikuyae JARO2 yielded 0.2 to 0.3% ,CO, when
grown with plant root products which indicated that the en-
hancement of phytoremediation of high molecular weight
PAH indicated that co-metabolism of plant/microbe interac-
tion plays an important role in rhizoremediation. Valentin
(2007) reported that about 80.6 % pyrene was degraded by
Bjerkandera sp with no significant effect of soil microflora
presence. The identification of key organisms that play a role
in pollutant degradation processes is relevant to the develop-
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ment of optimal in situ biodegradation strategies (Viggiani et
al, 2004; Abed et al, 2002). The discovery of aligned bacteria
for remediation with hazardous environmental pollutants has
been a driven agent of a large research community and gen-
erated biochemical, genetic and physiological knowledge
about the degradation capacities of microorganisms and their
applications in bioremediation (Van Hamme et al, 2003;
Dua et al, 2002). Biodegradation, a bioremediation tech-
nique employed for cleaning up contaminants of petroleum
hydrocarbons because it is simple to maintain, leads to the
destruction of contaminants, applicable over large areas and
cost effective (Vila et al, 2001). Different genera of bacteria
are known for their potential oil degradation which contains
different degradative enzymes involved in the metabolism
of hydrocarbons (Palmroth et al, 2005; Pazoa et al, 2004).
Researchers have developed models for kinetics, transport
and diffusivity of biodegradation of pyrene with activity of
Corynebacterium sp and Pseudomonas putida without con-
sidered the optimal conditions of the variables in the reactors
and the medium (Owabor et al, 2010; Azeez et al, 2014). The
stimulation of removal of contaminants from soil could not
only be brought about through several mechanisms of plant/
soil interaction but by increase in soil microbial activity, in-
crease in microbial association with the root and toxic com-
pounds, and changes in the physical and chemical properties
of the contaminated soil (Singh and Jain, 2003). Wang et al
(2009) reported that pyrene degradation efficiency increases
by the presence of Iron oxides as a photocatalyst. It has also
been demonstrated that the addition of nitrogen and phos-
phorus as essential nutrients obtained from mineral salt me-
dium (MSM) composition with continuously mixed slurry
or field-wet soil incubations not only increased the rate of
mineralization but increased the extent of mineralization of
pyrene and decreases the lag period before significant pyr-
ene mineralization could occur (Jones et al, 2008). Aeration
condition, nitrogen and light in the presence of TiO, and iron
oxide enhanced degradation or loss of PAHs concentrations
with variable degradation time (Swietlik et al, 2002; Wang
et al, 2009) but the optimal conditions for biodegradation of
pyrene have not been studied. The aim of this research was
to develop and examine optimal model for biodegradation
of pyrene by the activity of Corynebacterium sp and Pseu-
domonas putida with aeration condition, biodegradation time
and pyrene concentration which contributes significantly to
in - situ biodegradation.

MATERIALS AND METHOD

Pyrene, dichloromethane and hexane (Analytical grade
Chemicals) were purchased from Patanne Chemicals, a re-
nowned laboratory chemicals and equipment dealer in Benin
City.

Preparation of Mineral Salt Medium and Isola-
tion of Microbes

The microorganisms Corynebacterium sp and Pseudomonas
putida for the experiment were isolated from the subsurface
soil of about 0-15cm depth obtained from an uncultivated
land in the Nigerian Institute for oil palm research (NIFOR),
Benin City in Nigeria. The subsurface soil used for isolation
of microbes has been described by (Azeez et al, 2010). The
method described by Azeez et al (2012) was employed in
which the soil was sieved using 2mm mesh screen for uni-
form particle size and stored in sterilized polyethylene bag
at room temperature covered with aluminium foil for further
use. Mineral salt medium (MSM) was used to avoid drastic
fluctuation of pH which may be detrimental to the viabil-
ity of the microbes in the batch medium and it was carbon
free before pyrene was added after autoclaved at 121 C for
15 minutes. The MSM was prepared with Analytical grade
chemicals composition: KH,PO, (9.0g/1), K,HPO, (1.5g/1),
NH,CI (1.5g/l), CaCl, (20mg/l), and MgSO, (0.2g/l) at a
standardized pH of 7.2 using 0.1N NaOH. The MSM was
sterilized in an autoclaved at 121 C for 15 minutes and then
stored in a secured corner in the laboratory until the exper-
iment was set up. 0.5 g of soil samples were added into
100 ml MSM. The medium containing the soil sample and
0.1w/v % pyrene was incubated at 2842 C on a rotary incu-
bator shaker at 150 revolutions per minute for 24 h. The pure
culture of colonies of Corynebacterium sp and Pseudomonas
putida were maintained on nutrient agar plates for 72 hours
at 2842 C temperature for production of the microbes’ en-
masse mainly for reduction of the lag phase and suitability
of the inoculums in pyrene contaminated environment before
the biodegradation.

Biodegradation Analysis of Pyrene

The quantity of pyrene as presented in the Table 1 was dis-
solved in 10% dichloromethane solution and make up to 1
liter by water. The solvent was volatized from pyrene solu-
tion under fume-hood. 250 ml of each of the pyrene solu-
tion measured into bioreactor vessel and 10 ml of inoculums
was transferred from each agar plate of Corynebacterium
sp and Pseudomonas putida into pyrene contaminated wa-
ter and incubated at 28+2 C on a rotary incubator shaker at
150 revolutions per minute and supernatant was withdrawn
for analysis at designed biodegradation time (3.546, 24,
54, 84 and 104.45 hour), centrifuged, decanted and cells of
Corynebacterium sp and Pseudomonas putida settled down
at the bottom of the centrifuged tube were scooped and dried
in an oven at 60,C for 8 hours.

The method described by (Azeez, 2012) was em-
ployed using UV visible spectrophotometer to
measure absorbance of the pyrene in aliquot. The
absorbance of the pyrene was recorded at a wave-
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length of 267 nm in the UV region after isolation of
the microbes from centrifuge of 10 ml aliquots at
10,000 revolutions per minute for 20 minutes and
allowed to settle for 30 minutes to obtain a clear
supernatant. Pyrene was extracted from 5 ml of the
clear supernatant using Sml of hexane for 10 min-
utes in a separating funnel. The top solution in a
separating funnel was a solution of pyrene in hex-
ane and poured into the corvettes of the spectropho-
tometer and absorbance readings at a wavelengths
of 267 nm was recorded. The procedure was re-
peated in designed biodegradation time immediate-
ly after inoculation with Corynebacterium sp and
Pseudomonas putida for a period of 104.45 hours
of incubation and solutions of pyrene in the hexane
were prepared to give a concentration of 0.3mg/ml.
The absorbance of the solutions was read at the ap-
propriate wavelengths 267nm for the pyrene solu-
tion. The standard model obtained by Azeez (2012)
was used for the conversion of pyrene absorbance
to mg/L. The percentage of biodegradation of pyrene was
evaluated as follows:

% Degraded (Y,) = % x 100%

o

(1

Where v, is the concentration of pyrene utilized or degraded,
C, and C, is the initial concentration of anthracene and con-
centration of pyrene at any time after inoculums respectively
measured in mg/L.

Experimental design and Statistical
Optimization

A 2, full factorial Central Composite Design (CCD) with
response surface methodology of Design — Expert software
version 6.0.8 (2002 East Hennepin ave., Suite 480 Minne-
apolis, MN 55413, stat Ease, Inc.) was used. Eight hundred
milliliters of the autoclaved MSM and 0.4 liters of pyrene
solution with variable concentration and inoculum of 200
mL were introduced aseptically to make up 0.5 liters of the
working volume. Three factors were considered to perform
response surface methodology (RSM) with CCD at variable
concentration of pyrene (X)), fermentation time (X,) and
aeration (X,). The bioreactor was operated for variable con-
centration (9.66, 25, 47.5, 70, 85.34 g/L), aeration (2.159,
2.5, 3.0, 3.5 and 3.841 vvm) and biodegradation time (3.55,
24, 54, 84 and 104.45 hours) at a temperature of 28+2 C as
presented in the Table 1. Aliquot was withdrawn for analysis
based on designed factors from bioreactor as presented in the
Table 2 for experimental variables. The range of these values
was considered since it characterized the optimum range for
the microbes and the expected range in which the process
could be operated.

The experiments were performed in triplicates and the av-
erage of pyrene degraded by Corynebacterium sp (Y1) and

Pseudomonas putida (Y2) obtained were taken as the re-
sponse function (Y7) of the factors. The Second degree poly-
nomials equation (2) which contains factors with interaction
terms were used to calculate the predicted response:

¥, =Bp+ Xty B.X, + X1y Jgiixiz + E?=12?=i+1 JGE_;'XEX}' += (2)

Where ¥, is the response of anthracene degraded by
Corynebacterium sp and Pseudomonas putida as dependent
variables; n is the number of independent variables (factors),
Xi(i=1,2,3...) and Xj j-1.25.)« the concentration of pyrene
degraded, degradation time and aeration respectively; £ is
the random error; fowometerm, and i, fij and fii are the coef-
ficients of linear, interaction and quadratic term respectively.

The model was developed based on experimental data using
response surface methodology with statistical optimization
using analysis of variance (ANOVA). The quadratic models
were represented as 3D with contour plots and response sur-
face curves were generated for variables.

RESULTS AND DISCUSSION

The results of the experimental data shows that the degrada-
tion of pyrene by the activity of Corynebacterium sp is more
fit than that of Pseudomonas putida due to high correlation
coefficient (R,) of Corynebacterium sp 0.96108 (> 0.9) com-
pared with Pseudomonas putida 0.61095 (< 0.9) as shown
in the Figure 1 and 2 respectively. This indicates 96.11 %
for Corynebacterium sp and 61.10 for Pseudomonas putida
are variability in the response that could be explained by the
quadratic and linear model respectively.

The Model F-value of 27.44 with 0.01% error and 8.38 with
0.014 error for Corynebacterium sp and Pseudomonas putida
respectively as presented in the Table 3. The error values for
the activity of Corynebacterium sp and Pseudomonas putida
indicated that the model terms are significant. The determi-
nation of the significant parameters was performed through
a hypothesis test (p — value) with a 5 % level of significance.
Parameters with p — value higher than 0.05 is significance
while parameter with p — value less than 0.05 is significant.
The response surface model obtained for Corynebacterium
sp was for quadratic while for Pseudomonas putida was lin-
ear and presented as equation (3) and (4) respectively:

¥, = —109.322 — 0.0012438X, + 1.7390X, + 65.921X; — 0.0045045X7 — 0.011624X7 —
10.578XF + 0.011069% ., + 0.008111¥,¥; — 0.01625X,X;

3)
“4)

Y, = 32.98853 + 0.08201X, + 0.594053X%, + 1.492211X,

Though, the adjusted correlation coefficient (adj. R, =
0.92606) for the activity of Corynebacterium sp on pyrene
was also satisfactory for confirming the significance of the

response surface model but fairly significant in the case of
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activity of Pseudomonas putida on pyrene due to low cor-
relation coefficient (adj. R,= 0.538) (see Table 3).

Furthermore, an adj. R, close to the R, values insures a sat-
isfactory adjustment of the quadratic models to the experi-
mental data by the activity of the two microbes used for this
research as presented in the Table 3. Therefore, the regres-
sion models explained the removal efficiency well.

Though, the “Pred R,” for both microbes are not as close
to the “Adj R,” as presented in the Table 3 and it does not
justify that the proxy model cannot be used for design since
the adequate precision 19.777 (> 4) and 10.139 (>4) for the
response surface model of Corynebacterium sp and Pseu-
domonas putida respectively.

Based on linear regression analysis presented in the Table
4, parameters or model terms with a level of significance
higher than p value (p > 0.05) were dismissed (Azeez et al,
2013; De Lima et al, 2010; Nwabanne and Ngwu, 2013). The
significant model terms for pyrene degradation by the activ-
ity of Corynebacterium sp include the intercept (), bio-
deg,:radation time (X,) quadratic of the biodegradation time
(X7 and interaction of the pyrene concentration and bio-
degradation time (X,X,) while for pseudomonas putida were
intercept (55 )and biodegradation time (X ). The equation
(3) and (4) reduced to equation (5) and (6) which represents
proxy model for biodegradation of pyrene by the activity of
Corynebacterium sp and Pseudomonas putida respectively.

¥, = —109.322 4 1.7390X, — 0.011624X7 + 0.011069X, X, (5)
¥, =32.98853 + 0.594053%, (6)

The obvious prominence in the response surfaces indicated
that the optimal conditions were located exactly inside the
design boundary indicating the stationary point and it was a
single point of maximum response. The model gave a maxi-
mum solution of 96.711 % pyrene degraded by Corynebac-
terium sp with pyrene concentration of 68.16 mg/L, bio-
degradation time of 82.57hours and aeration condition of
3.0125vvm, while the highest pyrene degraded by Pseu-
domonas putida obtained was 93.843% under conditions of
69.90mg/L pyrene concentration, biodegradation time of 84
hours and aeration 3.4995 as shown in the Figure 3 and 4.

The biodegradation of pyrene with activity of Corynebac-
terium sp (96.71 %) and Pseudomonas putida (93.84) us-
ing response surface methodology with central composite
design gave the best result compared with 89.1 % and 79.4
% pyrene degraded by Mycobacterium sp reported by Far-
shid (2013), 80.6 % pyrene degraded by Bjerkandera sp with
no significant effect of the presence of soil microflora as re-
ported by Valentin (2007), and 70 % of pyrene degraded by
Corynebacterium variabilis sp. Sh42 to carbon (VI) oxide
and water reported by El-Gendy et al (2010) as well as re-

port of Shokrollahzadeh et al (2012) in which 78 % of pyrene
was degraded by Sphingopyxis sp. This may be attributed to
enrich mineral salt medium composition and kinetics.

To validate the agreements of the results achieved from the
model and experiments, two additional experiments were
conducted by using pyrene concentration, biodegradation
time and aeration condition in the optimum region. As shown
in Table 5, the degraded pyrene by the activity of Corynebac-
terium sp and Pseudomonas putida obtained from the ad-
ditional experiments are very close to those estimated using
the model, implying that the response surface methodology
approach was appropriate for optimizing the conditions of
the biodegradation process of pyrene.

CONCLUSION

The central composite design and response surface meth-
odology successfully enabled in obtained proxy model for
the determination of optimal operating conditions for bio-
degradation of pyrene with the activity Corynebacterium sp
and Pseudomonas putida in a short period of time with the
least number of experiments. The proxy model validity of
the model was proven by repeating the experiment at opti-
mal conditions. The response surface methodology demon-
strated the best optimal conditions of pyrene degraded by
Corynebacterium sp with 96.71 % of 68.16 mg/L of pyrene
concentration, biodegradation time of 82.57 hours and aera-
tion condition of 3.0125vvm, while the pyrene degraded by
Pseudomonas putida was 93.84 % at optimal conditions of
69.90 mg/L pyrene concentration, biodegradation time of 84
hours and aeration of 3.4995vvm. The validated results of
an experiment were found to be in good agreement with the
optimal solution predicted by the model.
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Table1: Levels of Different Factors for Biodegradation

Process Variables -1.682 -1 0 1 +1.682
Concentration of Anthracene (X)) (g/L) 9.660 25 47.5 70 85.34
biodegradation time (X)) (hr) 3.546 24 54 84 104.45
Aeration(X)) (vwm) 2.159 2.5 3.0 3.5 3.841

Table 2: CCD Matrix of Coded and Experimental Variables for Biodegradation of Pyrene

1 -1 -1 -1 25 24 25
2 1 -1 1 70 24 35
3 0 0 0 475 54 3
4 0 1.682 0 47.5 104.45 3
5 0 0 0 475 54 3
6 1 1 1 70 84 35
7 -1.682 0 0 9.660 54 3
8 0 0 1.682 47.5 54 3.841
9 1 1 -1 25 84 2.5
10 0 0 -1.682 47.5 54 2.159
11 1 1 -1 70 84 25
12 0 0 0 475 54 3
13 0 0 0 475 54 3
14 -1 1 1 25 84 35
15 0 0 0 475 54 3
16 0 -1.682 0 475 3.546 3
17 1 -1 -1 70 24 25
18 1.682 0 0 85.340 54 3
19 -1 -1 1 25 24 35

20 0 0 0 475 54 3
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Table 3: Analysis of Variance (ANOVA) of response surface model for biodegradation of Pyrene

Biodegradation of Pyrene by Corynebacterium sp

Model 13692 9 15214 27439 < 0.0001 0.961085 0.92606 0.70549 19.777
Residual 554.45 10 55.445

Lack of Fit 554.45 5 110.89

Pure error 0 5 0

Total 14246.8 19

Biodegradation of Pyrene by Pseudomonas putida

Model 4391.6 3 1463.9  8.3753 0.0014 0.61095 0.5380 0.2940 10.139
Residual 2796.6 16 174.8

Lack of Fit 2796.6 11 254.23

Pure error 0 5 0

Total 7188.2 19

Table 4: Model Coefficient Estimated by Linear Regression

Intercept

-109.322
-0.00124
1.739025
65.92078

-0.0045

-0.01162

-10.5782

0.011069
0.008111
-0.01625

27.43931
4.638344
204.573

0.236443

1.351623

28.44703

1.81778

8.054036
0.001201
0.008573

< 0.0001
0.056711
< 0.0001
0.63727

0.27199

0.00033127

0.20732

0.017610
0.97303
0.92806

32.98853
0.08201

0.594053
1.492211

8.375289
0.266039
24.81633
0.043496

0.0014166
0.61306
0.00013582
0.83743
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Table 5: Validation of experiments at optimum conditions

Pyrene degraded by Corynebacterium sp

Experimental value 68.16 82.57 3.0125 94.6
Predicted value 68.16 82.57 3.0125 96.71
Error (%) 2.23
Pyrene degraded by Pseudomonas putida
Experimental value 69.9 84 3.4995 92.05
Predicted value 69.9 84 3.4995 93.84
Error (%) 1.94
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Figure 1: Predicted Value against experimental Value for Pyrene degraded by Corynebacterium sp
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Figure 2: Predicted Value against experimental Value for Pyrene degraded by Pseudomonas putida
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DESIGN-EXPERT Plot
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Figure 3: 3-D Plot Response Surface of biodegradation of Pyrene by Activity of Corynebacterium sp
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Figure 4: 3-D Plot Response Surface of biodegradation of Pyrene by Activity of Pseudomonas putida
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