Growth and extracellular enzyme activity responses of a multi-enzymic strain of Serratia sp. in a

simulated diesel-contaminated system

ABSTRACT

Aim: The present study was aimed at elucidating the alternative metabolic preferences of Serratia sp.
strain DW2 that permitted its survival in a diesel-contaminated environment. Study design: We adopted
a 4 x 4 x 3 completely randomized design of a full-factorial experiment for the study. Place and duration
of study: The study was conducted at the Department of Microbiology, University of Calabar, Nigeria,
during the months of March and June. Methodology: In this study, Serratia sp. strain DW2 was isolated
from Douglas Creek water of the Qua Iboe Estuary, along the Qua Iboe terminal at Ibeno, Nigeria, as a
significant biological contributor to the decontamination process through inherent ability to utilize diesel oil
hydrocarbons. This paper elucidated the growth and responses of the bacterial lipase, caseinase and
gelatinase activities to diesel-oil hydrocarbon contamination. Results: Range finding test results showed
that the bacterium could grow in the presence of water soluble fraction (wsf-D) concentration between
0.0042 and 0.0335 pg/mL, albeit with increasing lag time and decreasing specific growth rate when
compared with growth in glucose-Bushnell-Haas broth. Lag time changes were not significantly
influenced by exposure time but changes in specific growth rate were. Gelatinase activity was most
susceptible to toxicant onslaught but was least affected by exposure time. Conversely, lipase activity was
the most affected by exposure time. Toxicant concentration/exposure time interaction of a two-way
analysis of variance model for caseinase activity was not significant (P > .05) but those for lipase and
gelatinase activities were. Conclusion: The bacterium survived diesel toxicity by exploiting its lipase and
gelatinase activities for provision of alternative sources of carbon, energy and nitrogen to drive ecosystem

decontamination in the event of refined petroleum contamination.
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1 INTRODUCTION

Microbial growth is a positive result of an assortment of multiple growth-sustaining biochemical
and/or enzymatic reactions and occurs in a continuum, particularly, in natural environments; recycling
through the various phases of growth such that the organisms self-perpetuate in their natural
environments. In polluted systems, stressors like hydrocarbons and toxic metals contribute to hampering
microbial growth and sundry metabolic and ecological activities, in addition to other naturally occurring
factors like oxygen tension, temperature, buffering capacity and salt content [1, 2]. In the Qua Iboe
estuary of Akwa Ibom State, Nigeria, where extensive oil production and transportation activities occur,
the adjoining creeks are chronically contaminated or polluted with petroleum hydrocarbons owing to
seepages, spills and sabotages [3]. The pollution worsens by reason of its location on the coast where
recreational activities dominate thus accounting for the intense drive for bioremediation. Several
microorganisms especially bacteria and fungi, comprising both yeasts and molds, have been reported to
have inherent abilities to degrade hydrocarbon pollutants, thus facilitating the decontamination process at
the coasts [4, 5]. These have been exploited in the controlled remediation of polluted sites through either
biostimulation or bioaugmentation [6]. In the event that targeted bioremediation is not implemented at the
polluted site, autochthonlous organisms with inherent abilities to degrade petroleum hydrocarbons are
reported to drive the self-decontamination or attenuation process in the polluted system. A major method
of survival for successful remediation of the site by bacteria is the use of alternative source of carbon and
energy at the site to enable the remediating microorganisms build up sufficient number of cells for the

remediation process.

In this study, we found a preponderant species of Serratia in a diesel contaminated water system
of Douglas Creek, Qua Iboe estuary, Nigeria. Its significantly higher percent abundance in the creek
prompted the investigation into the nature of metabolic activities that caused its selective preponderance
in the site. Initial site characterization put the concentration of water soluble fractions of petroleum at .03

pg/mL. The investigation sought to know the extent of inhibition of the contaminant on the dominant



metabolic activities of the bacterium as an indirect way to understand the basis for its superior abundance

in the polluted ecosystem.

2 MATERIALS AND METHODS

2.1 Isolation and identification of bacterium

The bacterium was isolated from Douglas Creek water sample along the Qua Iboe terminal (QIT)
of Mobil Producing Nigeria Unlimited, on Bushnell-Haas broth (HiMedia M350, Mumbai-India)
supplemented with 0.1% diesel oil as sole source of carbon and energy and solidified by 1.5% agar-agar
(Oxoid), after pH had been adjusted to 7.0 + 0.2. The bacterium was identified by morphological and
biochemical characterizations using the MICROGEN ID Kit (Microgen Bioproducts Limited, UK) along with
their identification system software. Molecular characterization by 16S rRNA sequencing followed the

protocol described in Ekpenyong et al. [7].

2.2 Growth in glucose minimal medium

Control growth of the bacterium was evaluated in Bushnell-Haas broth medium supplemented
with 1% D-glucose (Merck) after pH adjustment to 7.0 £ 0.2. Medium was dispensed in 9.8 mL volumes
into 50 mL Erlenmeyer flasks and sterilized by autoclaving at 121°C for 15 min. D-glucose was selected
to inhibit, partially, prodigiosin biosynthesis which would interfere with optical density measurement for
biomass determination at 600 nm [8, 9]. Cooled sterilized media were inoculated with 2% (v/v) 18 h-old
tryptic soy broth culture and incubated at room temperature (28 + 2°C) on a shaker agitating at 150 rpm
for 24 h. Cells were harvested by centrifugation at 8,000 rpm for 15 min and cells washed with phosphate
buffer (0.05M, pH 7.0) and concentrated bacterial suspension prepared in the same buffer. Lower
concentrations of cells were prepared through a series of 8-10-fold dilutions from the concentrated
suspension. Optical densities of different concentrations were measured at 600 nm wavelength and
corresponding dry weight and viable cell counts determined as per Asitok and Ekpenyong [10].
Calibration curve was plotted by regressing log,, transformed number of viable cells against dry weight

and absorbance.



2.3 Extracellular enzyme production, quantification and activity assay

Lipolytic potential of the bacterium was conducted on Tween 80-minimal medium with
composition as detailed in Iboyo et al. [11]. Total protein was quantified by the Bradford method of protein
detection and quantification using bovine serum albumin as standard, after centrifugation, membrane
filtration (0.22 uM Millipore) and dialysis of fermentation broth. Lipase activity assay was conducted as
per the protocol by Iboyo et al. [11]. One unit of lipase activity was defined as the amount of enzyme that

released 1 mM of p-nitrophenol per min under the assay conditions.

Caseinolytic potential of the bacterium was evaluated on skimmed-milk minimal agar medium
[12]. Enzyme activity assay was conducted on dialyzed fraction after total protein quantification, according
to the protocol of Vasquez et al. [13] using azocasein as substrate. One unit of caseinolytic activity was
defined as the amount of crude enzyme required to digest 1 mg of azocasein in one minute under the

assay conditions [14].

Gelatinolytic potential of the bacterial strain was evaluated by using Todd-Hewitt agar plates
(Difco) supplemented with 3% gelatin. Plates were incubated for 24 h at room temperature (28 + 2°C) and
colonies with opaque zones were selected as gelatinase-positive isolates. Gelatinase-positive isolates
were confirmed by gelatin liquefaction test [15]. Enzyme activity assay was conducted with the dialyzed
fraction of culture supernatants obtained after centrifugation (8,000 rpm for 15 min) and sterilization by
membrane filtration (0.22 uM) using the protocol described in Zeng et al. [16] with minor modifications.
Briefly, an azo dye-impregnated collagen (0.25 g) was washed in 50 mL of 0.05 M Tris-HCI buffer (pH 7.8
1 0.2) containing 0.001 M CacCl, to obtain a final concentration of 5 mg/mL. The protein solution was left
to stand for 90 min at 37°C and then centrifuged at 1,500 x g for 10 min. The residue was re-suspended
in 50 mL of the same buffer and 0.75 mL aliquots transferred into 1.5-mL Eppendorf tubes. Triplicate
tubes were incubated at 37°C on a rotary shaker (100 rpm, 15 min) followed by addition of 0.25 mL of
culture supernatant. The mixture was incubated for 4 h at 37°C on a shaker and reaction stopped by
placing tubes on ice-water bath [17]. Cold sample was centrifuged at 1,500 x g for 5 min and absorbance
of supernatant measured at 550 nm. Absorbance was fed into gelatinase calibration curve using glycine

as primary amino acid standard. One unit of gelatinase activity was defined as the amount of enzyme that



liberated 1umole of glycine from gelatin in one min under the assay conditions. Specific activities of all
three enzymes were calculated by dividing volumetric enzyme activity by total protein and expressing as

U/mg.

2.4 Range-finding test of water soluble fraction of diesel on Serratia sp. strain DW2

2.4.1 Preparation of water soluble fraction of diesel

Water soluble fraction of diesel (wsf-D) was prepared according to the method of Asitok et al.
[12], except that diesel served as hydrocarbon source. The resulting wsf-D served as 100% toxicant
solution. Total petroleum hydrocarbon (TPH) in the soluble fraction was determined by gas

chromatography.

2.4.2 Range finding experiment

To establish which concentration(s) of the soluble fraction could support growth and which would
inhibit it, a range finding test was conducted. The 100% stock solution of wsf-D, containing 8.58 pg/mL
total petroleum hydrocarbon (TPH), was diluted to obtain lower concentrations using a series of 2-fold
dilutions. Lowest concentration of 8.39 x 10 pug/mL was obtained at 1024-fold dilution. An aliquot of 4.5
mL of filter-sterilized (0.22 uM-Millipore) toxicant was aseptically mixed with 4.3 mL of sterilized (121°C for
15 min) Bushnell-Haas broth in 50 mL Erlenmeyer flasks which were subsequently inoculated with 0.2 mL
(105 cfu/mL) of twice-washed (phosphate buffer 0.05 M, pH 8.0) 18-h old tryptic soy broth bacterial
culture. Final toxicant concentration in each flask was half the concentration mixed with broth. Flasks
were incubated on orbital shaker operating at 150 rpm for 120 h. Cells were harvested, at 24 h interval,
by centrifugation at 8,000 rpm for 15 min and cells washed with phosphate buffer (pH 7.0). Optical
densities of growth at different wsf-D concentrations were measured at 600 nm wavelength and

corresponding viable cell counts determined after adequate dilutions of cell suspension.



25 Toxicity studies

2.5.1 Growth toxicity studies

Each growth-enhancing concentration obtained from the range-finding test was tested against
exponentially growing cells of the bacterium and activities of lipase caseinase and gelatinase determined.
To evaluate the toxicity of wsf-D on lag time and specific growth rate of the bacterium, 0.5 mL of washed
bacterial suspension (108 cfu/mL) was mixed with 0.5 mL of each of 4 toxicant concentrations (A = 0.0042
pg/mL, B = 0.0084 pg/mL, C = 0.0168 pg/mL, D = 0.0335 pug/mL) and incubated at room temperature for
15, 30, 45 and 60 min. A positive control (100% growth or activity) was set up with 0.5 mL of washed cell
suspension + 0.5 mL of phosphate buffer. The negative control (0% growth or activity) contained 0.5 mL
washed bacterial suspension + 0.5 mL 100% (8.58ug/mL) wsf-D concentration. The arrangement was
prepared in triplicates resulting in a 4 concentration x 4 exposure time x 3 replicates = 48 experimental
runs. Second, all the mixture preparations were aseptically transferred to 9 mL sterilized glucose-
Bushnell-Haas broth in 50 mL Erlenmeyer flask in an inoculation hood and incubated at room
temperature for 48 h. Lag time and specific growth rates were monitored and compared with those of

control.

2.5.2 Enzyme toxicity studies

For enzyme toxicity studies, the method described by Usharani and Muthuraj [18] was employed.
The effect of the 4 concentrations of wsf-D on caseinase activity was determined by adding 1 mL of each
concentration to 1 mL of the cell-free supplements in the activity assay mixture as outlined and incubating
at 30°C in a water bath for 15 to 60 min. Caseinolytic activity toxicity assay was conducted according to
Asitok et al. [12] while lipase toxicity study was conducted by adding 1 mL of each toxicant concentration
of the wsf-D to the activity assay mixture as described in Iboyo et al. [11]. Gelatinase toxicity assay was
performed by adding 1 mL of each toxicant concentration to the assay mixture in Zeng et al. [16].

Incubations for all enzyme activity studies were at the assay conditions for the respective enzymes.



Residual activities of all enzymes were calculated as ratios of enzyme activities in the presence of
different concentrations of the toxicant (inhibited activity) at the various exposure periods to the

uninhibited enzyme activity of the control.
2.6 Statistical analysis

Correlation and two-factor analysis of variance was conducted on data using SPSS version 20 for
Windows (IBM, USA). Significant means were separated by Bonferroni post hoc multiple comparison test

at a significance level of 1%.
3 RESULTS AND DISCUSSION

The bacterium was identified as a red-pigmenting Gram-negative facultatively anaerobic rod-
shaped bacterium that utilized glucose fermentatively. The red pigment was cell-associated but soluble in
aqueous solutions. Molecular characterization by 16S rRNA sequencing identified the bacterium as a
strain of Serratia with 100% sequence homology with Serratia sp. ZJ-I (GenBank Accession No.
JQO954966A). The bacterium demonstrated tremendous abilities to elaborate extracellular enzymes like
caseinase, lipase (Plate 1) and gelatinase (Plate 2). Plate 1 reveals the large precipitation zone around
the red-pigmenting bacterium on Tween 80-minimal medium. Red pigmentation (prodigiosin production)
is @ common identifying phenotype of the genus Serratia [19]. Plate 2, on the other hand, shows the
hydrolysis of solidified gelatin in the presence of Serratia sp. strain DW2. Gelatin liquefaction is a
confirmatory test for gelatinase production among bacteria [15].

The composition of the water soluble fraction of the diesel (WSF-D) used in the study is shown as
Figure 1. The chromatogram shows that diesel hydrocarbon fraction was dominated by nCi; to nCyg
fractions. Total petroleum hydrocarbon (TPH) was determined as 8.58 ug/mL.

The bacterium, Serratia sp. strain DW2, demonstrated significant growth with very minimal red-
pigmentation in Bushnell-Haas minimal broth medium supplemented with D-glucose. Growth rate of the
bacterium in this medium was 2.145 h™', with a lag time (time to first doubling of bacterial population) of
4.5 h. Baseline specific caseinase activity of the bacterium was 4.06 U/mg and those of lipase and

gelatinase were 3.73 U/mg and 4.85 U/mg respectively. Figure 2 shows the relationship that existed



Plate 1 Lipolytic potential of Serratia sp. strain DW2 on Tween 80-minimal agar medium

Plate 2 Gelatin liquefaction test of Serratia sp. strain DW2. A — Positive liquefaction in test; B —
No liquefaction in control tube



[ FID1A, (FEB2071\SPDC BO WELL11TP & MRS ATIM 280211BS 2011-02-28 09-41-57\MRSATMDIESELWATERBASEDUPL D)
pA ] a
1 o
180—_
160 —
i 140
120—_
100 |
80
60 [=]
o™ < 0 mr«ﬁ?’-w.-qumm,_m%
4 — - o - €3 o —
| + | o = 2222 8BTEERIU0G0000RER § &
4077 : e e O e s
| 7 1 & @ ] B . (o !
| Lo rie - casBiileseaniadense ¢ g
20 g =5 F ¥ awlgm?;{me‘ﬁ:::‘;é%%zﬁ 3
. I ._?,.,.ff,,‘.‘-img»d'r'*"!""‘ TN [T e S
0 T T T T
0 5 10 15 20 25 S 30
Figure 1 Gas chromatogram of total petroleum hydrocarbons (TPH) in water soluble fraction
(WSF) of diesel
=o—Lo0g10 viable count —#—Cell dry weight
10 - 0.25
9
—
=)
S 8 - 020 2
o =
o 7 ~
= =2
o i o
s 6 0.15 &
c 5 >
g 4 010 =
S DS
o
g 3 =
8’ D
S 2 - 0.05 S
1
0 L] L] L] L] L] L] L] O-OO

Figure 2

0.017 0.057 0.098 0.315 0.743 1.027 1423 1.898
Optical density 600nm

Relationship among optical density, viable count and cell dry weight of Serratia sp. strain
DW2 grown in glucose-Bushnell-Haas broth

3
=1



among cell dry weight, optical density and viable cell count. Linear regression analyses of data showed
that optical density had a better relationship with cell dry weight than with viable cell count with respective
linear model goodness-of-fit, R?, values of 0.9729 and 0.9187 (P =.001). This discrepancy derives from
the fact that cell dry weight, unlike viable cell count, measures both life and dead cells. This is similar to
optical density measure which does not discriminate between live and dead cells in its ability to obstruct
transmission and/or absorption of light through a defined path length. The ideal thing to have done would
be to simply measure bacterial growth with optical density [20], however, in toxicity studies such as this,
viable counts data are more expressive of bacterial responses than cell dry weight [21] because only live
cells respond to toxicant onslaught.

Growth of the bacterium in a medium contaminated by diesel was observed to be grossly
inhibited. A range finding test result presented as Figure 3 revealed that the bacterium could grow in a
medium supplemented with a range of TPH concentration from 0.0042 to 0.0335 ug/mL above which cells
started to die as indicated by the two linear positions on the plot.

Utilization of petroleum hydrocarbons as sources of carbon and energy by Serratia marcesens
and other species had earlier been reported by Rajasekar [22] and Xia et al. [23]. The first linear portion
correlated significantly, strongly and positively (P = .031 < .05; R = .962, R? = .939, adjusted R® = .909;
MSE = .409) with WSF-D-TPH concentrations and suggested growth of the bacterium. The second linear
portion correlated significantly, strongly but negatively (P = 1.63E-07 < .0001; R = -.998, R? = .997,
adjusted R? = .996; MSE = .123) with WSF-D-TPH concentrations suggesting bacterial death. The
difference in significance levels, adjusted R? and mean square error (MSE) values indicate that WSF-D-
TPH is more of a growth-inhibiting substrate that a growth-promoting one, suggesting that respective
variations in growth and death was substrate concentration-dependent. Since survivability of bacteria was
critical to successful natural attenuation of the ecosystem, we measured diesel toxicity to the bacterium
using the concentrations that supported growth since this concentration of TPH was observed in the

ecosystem where the bacterium was isolated (data not shown).
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Toxicity was conducted bearing in mind the obvious influence of time on toxicity mediation,
therefore, toxicant concentration and exposure time served as independent factors. These factors were
earlier reported as influencing factors in diesel toxicity studies involving Citrobacter amalonaticus strain
Y1FSW [24]. The dual effects of wsf-D-TPH and exposure time on lag time, specific growth rate and
residual activities of lipase, caseinase and gelatinase were evaluated. Figure 4 shows the influence of
wsf-D and exposure time on growth lag time and specific rate of growth. The figure reveals that change in
lag time increased as concentration of wsf-D-TPH increased but barely changed with exposure time.
Higher concentrations with longer exposure time resulted in larger changes in specific growth rate. A very
significant and interesting revelation in the figure is the influence of exposure time on the relationship
between lag time and specific growth rate. The results revealed that the longer the exposure time, the
worse the relationship as expressed by the wide separation between the data points. Figure 4 shows the
influence of toxicant concentration and exposure time on residual activities of lipase, caseinase and
gelatinase. These results showed that residual activities of lipase and gelatinase decreased with
increasing toxicant concentration moving further and further away from 1. On the contrary, the toxicity
pattern of residual caseinase activity barely changed with increases in exposure time. The figure revealed
that gelatinase was the most susceptible of the three enzymes to toxicant onslaught but that lipase

activity was the most susceptible to changes in exposure time.

Attempt made to analyze these effects using multivariate analysis of variance model failed
because results of the bivariate correlation of the five dependent variables (DVs) revealed multicolinearity
where all correlate pairs were strongly correlated above r = .80 (Asitok and Ekpenyong, 2019) and so
two-way analysis of variance (ANOVA) was separately conducted for each DV. Table 1 presents the
results of Pearson’s bivariate correlations and shows that all the correlations were significant at P = .01.
Correlation between the two growth variables was positive and those between any two enzyme activity
variables were also positive. However, all correlations between either of the two growth variables and any
enzyme activity were negative. The least correlated pair (r = .819) was that between change in lag time
and change in specific growth rate. Change in lag time was calculated by subtracting the lag time of the
bacterium after exposure to WSF-D-TPH from that in the control. A similar calculation was made for

change in specific growth rate.

12



~#-MCSGR =-=MCLT ~#-MCSGR =e—=MCLT

25 - P 10. o 3 1
= |iomin 98 w25 30min L 10w
o 2 A - 8 & D) g’
3 7S @ 5 L g S
£ 15 1 60 = o
g, 5.5 515 - -6 E
8 1- - 4o S =
6 B 3 C_U o 1 - B 4 C_U
c c c [
& 0.5 1 -2 3 8p5 - Lo 8
p L 1= =7 =

0 T T T 0 0 T T T O
0.00420.0084 0.0168 0.0335 0.0042 0.0084 0.0168 0.0335
Concentration of water soluble Concentration of water soluble

fraction of diesel (ug/mL) fraction of diesel (ug/mL)
=#-MCSGR =¢—=MCLT
35 ; | 14 o 4 o “#=MCSGR =¢=MCLT _ 14 =
L3 45 min L2 g 23.5 1 60 min - 12 ‘é’)
o |
& 25 1 10§ g3 10 £
= L 8 o £ 5 -8 2
P E » 21 45
215 - 6 5 515 - 0 o
£ < 5 -4 =
o 11 - 4 = g 1 4 S
D
S 0.5 A -2;%05- -2 S
= — 0 0 : : : 0
0.00420.0084 0.0168 0.0335 0.0042 0.0084 0.0168 0.0335
Concentration of water soluble Concentration of wter soluble
fraction of diesel (ug/mL) fraction of diesel (ug/mL)
Figure 3 Effect of water soluble fraction of diesel on growth of Serratia sp. DW2 as a function of

exposure time. MCLT-Mean change in lag time; MCSGR-Mean change in specific growth
rate; SGR-Specific growth rate

13



=0—RLPA =E—RCNA RGNA =—RLPA =E—=RCNA RGNA

1 =
. 1 - .
b - 1
g 82 . 5min > 09 30 min
i 0'7 ] > 0.8 -
o g 0.7 1
e 0.6 1 i
> o 0.6
0.5 1 e
S 0.4 1 2 22
T 0.3 - = 0.4 4
S U — 0.3 1
2 0.2 - <
£ 01 - 2 0.2 1
x o ‘3 0.1
0 v . ' m 0 L] L] L] 1
0.0042  0.0084 0.0168 0.0335 0.0042 00084 00168 0.0335
Concentration of water soluble fraction Concentration of water soluble fraction
of diesel (ug/mL) of diesel (ug/mL)
——RLPA —E—-RCNA RGNA ——RLPA =#—-RCNA RGNA
0.9 1 0.9 -
208 - 45 >0.8 A 60 min
Z 0.7 A 2 0.7 A
S 0.6 S 0.6 -
[«5) : @ .
€05 - E 05 -
0.4 - S 0.4 -
'S 0.3 4 'S 0.3 1
202 1 202 - \
X 0.1 4 @ 0.1 -

0 L] L] L] L} 0 L] L] L] 1
0.0042 0.0084 0.0168 0.0335 0.0042 0.0084 0.0168 0.0335
Concentration of water soluble fraction Concentration of water soluble fraction

of diesel (ug/mL) of diesel (ug/mL)
Figure 4 Effect of water soluble fraction of diesel on Serratia sp. strain DW2 enzyme activities as a

function of exposure time. RLPA-Residual lipase activity; RCNA-Residual caseinase
activity; RGNA-Residual gelatinase activity.

14



Table 1 Pearson’s bivariate correlation of bacterial responses to the toxic effects of water soluble
fraction of diesel and exposure time

Change in Residual Residual Residual Change in
specific growth lipase activity =~ caseinase activity  gelatinase activity  lag time
rate

Change in 1
specific
growth rate

Residual -.830** 1
lipase
activity

Residual -.863** .963** 1
caseinase
activity

Residual -.852** .939** 977** 1
gelatinase
activity

Change in .819** -.882** -.933** -.951* 1
lag time

** Correlation is significant at the P = .01 level
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Highest correlation (r = .977) was observed between residual gelatinase activity and residual caseinase
activity suggesting that both enzymes were affected by the toxicant to roughly the same degree. Residual
enzyme activity was calculated as a ratio of the specific activity of the enzyme after toxicant exposure to

that in the control without prior toxicant exposure.

The Levene’s test of equality of variance was not significant: F (15, 32) = 1.810, P = .078, for
change in lag time suggesting that the homogeneity assumption was met. Two-factor ANOVA conducted
on the data revealed that the interaction between WSF-D-TPH concentration and exposure time did not
make significant contribution to changes in the lag time of the bacterium, F (9, 32) = 1.106, P = .387, n2 =
.237. However, the main effect of WSF-D-TPH concentration was significant, F (3, 32) = 139.095, P <
.0001, r]2 = .929. From an overall model goodness-of-fit R? of .949, toxicant concentration contributed
92.9% of the fit. The main effect of exposure time was also significant, F (3, 32) = 56.429, P < .0001, r]2 =
.841 suggesting that exposure time made 8.8% less contribution to the adequacy of the model than WSF-

D-TPH concentration.

The assumption of homogeneity for change in specific growth rate (P = .273), residual lipase
activity (P = .243), residual caseinase (P = .132) and residual gelatinase activities (P = .120) were not
also violated. Two-way analysis of variance for residual caseinase activity revealed that the interaction
between concentration of WSF-D-TPH and exposure time was not significant, F (9, 32) = 1.983, P = .075,
n° = .358. However, the main effects of toxicant concentration and exposure time made significant (P <
.0001) contributions of 99% and 95.7% respectively to the changes observed in residual caseinase
activity of Serratia sp. strain DW2. The interaction effects between WSF-D-TPH concentration and
exposure time were significant for change in specific growth rate (R2 =99.7%, P <.0001), residual lipase
activity (R2 =92.2%, P < .0001) and residual gelatinase activity (R2 =76.7%, P < .0001). The Bonferroni
multiple comparison post hoc tests for specific growth rate changes, residual lipase activity and residual

gelatinase activity revealed that mean differences of all pairwise comparisons were significant (P < .05) .
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4 CONCLUSION

Serratia sp. strain DW2 was isolated from the hydrocarbon-impacted Douglas creek waters of
Qua Iboe Estuary, Nigeria and demonstrated significant ability to utilize petroleum hydrocarbons as sole
source of carbon and energy thus contributing to the natural attenuation of the ecosystem. The bacterium
also demonstrated significant abilities to elaborate caseinolytic protease and gelatinase for nitrogen
cycling as well as lipase for carbon cycling and ultimate ecosystem health. However, growth of the
bacterium was reduced in the presence of tolerable concentrations of soluble fractions of diesel through
inhibition of enzyme activity. Interactions between toxicant concentration and exposure time did not
significantly influence changes in lag time and residual caseinase activity; however, changes in the
specific growth rate of the bacterium were significantly dependent on such interaction effect. Exposure
time was found to interfere with the relationship between changes in lag time and specific growth rate.

The bacterium is recommended as a model bacterium for natural attenuation studies in the ecosystem.
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