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Abstract Soil enzymatic activities and microbial biomass carbon (Cp,;.) are considered to be two
important soil biological activities influenced by oil contamination occurring in the soil ecosystem.
This study focused on changes in the soil microbial community enzymatic activities as a result of
the potential inhibitory effects of hydrocarbon contamination. The relationship between hydrocar-
bons (kerosene and diesel), Cp,;c and enzymatic activity (dehydrogenase and phosphatase) was eval-
uated in three amended soil types collected from different areas (Fresh Boyndie, Insch and Brechin)
in Aberdeenshire (UK). Results showed that hydrocarbon contamination inhibited enzymatic activ-
ities in all the amended soil samples. The extent of inhibition increased significantly with increasing
levels of hydrocarbons, and varied with the incubation period. Insch soil had high C,,;. values and
high numbers of heterotrophic bacteria CFU, but it had the lowest dehydrogenase and phosphatase
activities of all three soils. Brechin soils had the highest phosphatase activity. Results also showed
that both Insch and Brechin soils had similar numbers of culturable hydrocarbon degrader bacteria
across all soil treatments with the exception of kerosene treatments, while Brechin soils had the high-
est culturable numbers of hydrocarbon degrading fungi across all three soil treatments with the
exception of incubated control and kerosene treatments. There were generally strong positive rela-
tionships in non-treated samples between bacterial heterotrophs and hydrocarbon degrading bacte-
ria in all three soils. Both incubated Insch and Brechin soil treatments exhibited a strong correlation
between fungal heterotrophs and hydrocarbon degraders. However, non-incubated Insch and Bre-
chin soils had a weak relationship between fungal heterotrophs and degrading fungi. Hydrocarbons
in soils provide a source of carbon for microbial growth and this helps to explain the high variation in
fungal data between soils which may be associated with different microbial communities in each soil.
© 2014 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. Thisis an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Petroleum oils are used in large quantities as fuels (Bierkens
and Geerts, 2014). Petroleum hydrocarbons are becoming a
global problem for the environment. They are highly persistent
in the environment, toxic and present significant health risks to
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human (Hentati et al., 2013). The use of indigenous microor-
ganisms in bioremediation processes can reduce the risks asso-
ciated with hydrocarbon contaminated soils (Suja et al., 2014).

Soil biological activity, including soil microbial biomass
and enzymatic activity, is influenced by a range of physico-
chemical, environmental parameters and perturbations
(Labud et al., 2007). Therefore, soil microbial activity is com-
monly used to assess disturbed soil.

Consideration of soil Cy,;. was largely neglected until the
mid 1970s. Several methods have been developed to quantify
soil Cp;c and these methods can be broadly divided into direct
or indirect methods (Winding et al., 2005; Kaschuk et al.,
2010). Examples of direct methods are microscopy or use of
culture media and enumeration of cultures. Indirect methods
comprise fumigation extraction (Jenkinson and Powlson,
1976) and substrate induced respiration (Anderson and
Domsch, 1978). Indirect methods are more rapid, cost effective
and easier to apply than direct methods.

Chloroform (ethanol free) fumigation is the most com-
monly used indirect method (Winding et al., 2005). Chloro-
form vapour lyses cells of living soil microorganisms
(Jenkinson and Powlson, 1976; Vance et al., 1987; Winding
et al., 2005), without affecting the non-living fraction of
organic matter. Non-fumigated and fumigated soils are subse-
quently compared to estimate the size of the freshly lysed bio-
mass. The carbon released by the chloroform is immediately
measured either as respired CO, over a specified period of
incubation or by direct extraction of soil with saline solution
(i.e. 0.5 M K»SOy). These techniques are known as the chloro-
form fumigation incubation method (CFI) and the chloroform
fumigation direct extraction method (CFE), respectively
(Jenkinson and Powlson, 1976; Vance et al., 1987; Winding
et al., 2005).

A consideration of the k..-factor (the extractable compo-
nent of Cp,;. after fumigation) is required in the fumigation
extraction method to convert the flush of microbial biomass
carbon mineralised to CO, over an incubation period. This
factor can be estimated, for example, by the addition of a
known amount of microbial C to the soil and measuring the
amount mineralised after incubation. The use of K..-factor is
controversial, however, common values of k. are 045
(Vance et al., 1987), 0.41 (Anderson and Domsch, 1978) and
0.33 depending on intrinsic soil properties such as pH and
organic matter content.

If soil quality is to be defined according to the presence and
activity of soil microbial populations, then an appropriate
technique must be selected. Plate count methods have been
used to monitor bioremediation processes (Margesin et al.,
2000; Alamri, 2006). It has been reported that the plate count
method is a reliable and sensitive technique compared to other
methods (e.g., Most Probable Number) used for assessing the
potential of biodegradation (Cassidy et al., 2000; Alamri,
2006). Number and species of total microbial population pres-
ent in soil can be quantified by colony enumeration on selective
media. More specific information can be collected by using
mineral salt medium (MSM) with a suitable hydrocarbon as
a carbon source (Balba et al., 1998).

Soil enzyme activities have been considered as parameters
to provide a biological assessment of soil function. Several of
the soil enzyme activities have been proposed for evaluating
and monitoring remediation of hydrocarbon contaminated
soil. In this study, enzyme activity of dehydrogenase and

phosphatase will be considered as indicators for assessing
recovery of hydrocarbon impacted soils.

Dehydrogenase activity (DHA) has been proposed as a sen-
sitive indicator for evaluating microbial oxidative activity in
soils (Turgay et al., 2010; Serrano et al., 2009; Dawson et al.,
2007). Quantification of DHA in soil is made by measuring
the amount of an artificial electron acceptor reduced by the
microbial activity. Compounds such as soluble tetrazolium
salts are reduced to red coloured formazans, which can be
extracted and measured colorimetrically (Camifia et al.,
1998; Shaw and Burns, 2006).

Phosphatase activity (PA) is important to soil P cycling. PA
is sensitive to environmental perturbations, thus may be a suit-
able selection for inclusion in a soil quality index (Amador
et al., 1997; Turgay et al., 2010). PA is frequently measured
by quantifying the transformation of p-nitrophenyl phosphate.
The yellow product of PA (p-nitrophenol) can be quantified
colorimetrically (Tabatabai and Bremner, 1969; Shaw and
Burns, 2006). Soil quality can be determined according to
the presence and activity of soil microbial populations
whereas, the enzyme activities have been considered as param-
eters for evaluating and monitoring remediation of hydrocar-
bon contaminated soil.

The conceptual model of this study hypothesised different
trajectories of response variables to a given time point. This
point in time represents soil recovery. Soil recovery itself is a
composite of variables and processes, which individually may
follow different trajectories: (1) Functions in control soils
remain steady. (2) The addition of hydrocarbons causes an
increase in a given response variable against control soil, or
the addition of hydrocarbons may cause a decrease in a given
response variable initially. However, the given response vari-
able coincides with control at the end of incubation. (3) The
addition of hydrocarbons causes a decrease in a given response
variable against control soil. The main objective therefore of
this study is to evaluate the effect of hydrocarbon (diesel and
kerosene) contamination on soil microbial activity, in freshly
contaminated and incubated soils. Assays that constitute this
comprise soil Cp;., culturable counts and soil enzyme
activities.

2. Materials and methods

2.1. Determination of soil characteristics

Fresh Boyndie, Insch and Brechin soils were collected in Aber-
deenshire (UK) and sieved (2 mm) to remove stones and large
root fragments.

The physical-chemical properties of the soils studied were
determined by standard methods generally used in chemical-
soil laboratories. The following parameters were also deter-
mined for each soil: pH, Total N%, Total C% and EC (uS)
(Table 1), and hydrocarbon concentrations (Table 2).

2.2. Experimental design

Each individual soil sample was then subdivided into three
main treatment groups: an unamended control soil (C), kero-
sene (1% v/w) amended treatment (K), and diesel (1% v/w)
amended treatment (D). Kerosene and diesel were added to
the soils by nebulisation and the soils thoroughly mixed to
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Table 1 Physiochemical soil characteristics, = standard error (SE) of the mean for n = 3.
Characteristic Soils
Boyndie Insch Brechin
Mean S.E Mean S.E Mean S.E
pH (H,O) 7.57 +0.01 6.12 +0.02 6.55 +0.03
pH (CaCl,) 6.89 +0.03 5.32 +0.04 5.56 +0.00
WHC g g 0.24 +0.11 0.36 +0.01 0.29 +0.04
OM% 3.71 +0.03 10.59 +0.06 4.96 +0.03
Electro conductivity pS 108.67 +1.76 79.93 +1.39 89.77 +1.80
Total N% 0.12 +0.01 0.38 +0.03 0.15 +0.00
Total C% 2.03 +0.13 4.94 +0.48 2.26 +0.08
Extractable N-NO3 mg kg™ 9.96 +0.05 2.92 +0.09 1.37 +0.15
N-NH; mgkg™ 0.22 +0.03 3.94 +0.24 0.00 +0.00
P-PO;™ mgkg ™! 33.33 +0.42 3.78 +0.20 13.63 +0.75
Soil texture Sand% 83.17 +0.00 64.29 +0.00 69.79 +0.73
Silt% 5.46 +0.80 13.22 +0.70 12.08 +0.74
Clay% 11.37 +0.80 22.49 +0.70 18.13 +0.02
Soil texture class Loamy sand Sandy loam Sandy loam

Soil classification (Type (Association)) Iron podzol (Corby)

Brown Earth (Insch) Brown Earth (Brechin)

Table 2  Final hydrocarbon concentration (mg kg™") for each
soil treatment. Treatment abbreviations: C indicates control,
IC indicates incubated control, K indicates kerosene, IK
indicates incubated kerosene, D indicates diesel and ID
indicates incubated diesel. Different superscript letters within
columns show significant differences between each individual
soil treatment. = Standard error of the mean for n = 3. <100
indicate below level of detection.

Treatment  Soil hydrocarbon (mg kg™
Boyndie S.E Insch  S.E. Brechin  S.E.

C <100®°  +£000 <100 000 <100® =000
IC <100®°  +£000 <100* 000 <100*® =000
K 2800° +£100 3700°  £100 2900° +200
IK <100®°  +£000 <100* 000 <100® =000
D 10070°  +300 11300° +300 9700° +300
ID 7004 +000 4009 +100 3009 +100

ensure homogenous distribution. Each soil treatment was fur-
ther subdivided into two sub-samples; one of each was then
placed in a cold room at 4 °C for two weeks to equilibrate.
These sub-samples were defined as ‘“‘non-incubated treat-
ments”. Hydrocarbon analysis and biological tests, in tripli-
cate, were sequentially performed immediately on each
treatment. The second group of sub-samples was defined as
“incubated treatments” (incubated control (IC), incubated
kerosene amended treatments (IK) and incubated diesel
amended treatments (ID)). The amendment and incubation
period conditions were as follows. Soil nutrients for the sam-
ples were first determined by measuring the available N and
P. Based on the initial concentration of hydrocarbon as C
100%, soils were amended by adding NH4;NO; and KH,PO,
as aqueous solutions to both IK and ID to achieve a final
C:N:P ratio of 100:10:2 (Margesin and Schinner, 1997).
Additionally, the moisture content (MC%) was adjusted to
65% + 5 for the incubated treatments. Soils were placed
in aluminium containers and incubated in a controlled
environment (Sanyo-Weiss Gallenkamp LTD, Loughborough,

Leicestershire) for ten weeks at 25 °C, 80% humidity and full
darkness. Soils were turned weekly and d.d.H,O was added
to maintain them at a water holding capacity (WHC) of
65% =+ 5. Hydrocarbon analysis and biological tests, in tripli-
cate, were then sequentially performed on each treatment
immediately after the incubation period finished.

2.3. Microbial biomass C (C,,.) and plate counts

Cic was determined using a fumigation-extraction method as
described by Vance et al. (1987), and the culturable microor-
ganism number was estimated using the plate count method
for soil total heterotrophs and hydrocarbon degraders accord-
ing to the procedure described by Jorgensen et al. (2000) and
Alamri (2006). All results of Cp;. were expressed as mg C
100 g~! oven dry soil. The numbers of colony forming units
(CFU) per 100 pl aliquot were counted where possible.

2.4. Soil enzyme assays

Soil enzyme activities have been considered as parameters to
provide a biological assessment of soil function and several
of the soil enzyme activities have been proposed for evaluating
and monitoring remediation of hydrocarbon contaminated
soil. In this study, the activity of the following enzymes was
determined, dehydrogenase (Trasar-Cepeda et al., 2000 modi-
fied by Dawson et al., 2007), and phosphatase (Tabatabai and
Bremner, 1969, modified by Dawson et al., 2007), as indicators
for assessing the recovery of hydrocarbon impacted soils.

2.5. Hydrocarbon extraction and GC-FID analysis

Hydrocarbon chemical analysis was modified from that
described by Francis-Obika (2004) and Alamri (2006). Briefly,
in triplicate, approximately 5 g dry weight of each sample was
weighed and mixed with 100 pl of Pristane (Ci9 Hyp), as an
external standard, and 5 g of anhydrous sodium sulphate (Na,.
SOy, Fischer). The mixture was then ground and homogenised
using a mortar and pestle for about 2 min to remove all free
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water. The ground samples were transferred into 50 ml centri-
fuge glass tubes, sealed with a screw cap lined with a PTFE
septum and then 25 ml of hexane was added to each sample.
Samples were sonicated for 30 min and shaken using an end-
over-end shaker for 16 h at 60 rpm and then centrifuged for
30 min at 1200 g and 4 °C.

After that, water partitioning was used to clean-up total
HC. Twenty ml of each extract was mixed with 100 ml of
d.d.H,O in a separation funnel and then manually shaken
for 5 min and allowed to stand for 2 min. The d.d.H,O phase
was removed and approximately 20 ml of the hexane phase
was collected in fresh Wheaton vials. One g of anhydrous
sodium sulphate and 1g of Cu turnings were added. The
Wheaton vials were then shaken for 30 min using an
end-over-end shaker at 60 rpm. Finally, the suspension was
transferred into fresh Wheaton vials. For GC-FID analysis,
4.9 ml of the hexane extract was transferred to a fresh vial
and mixed with 100 pl of squalane, as an internal standard.
Two millilitre of the extraction was transferred into GC-vials
(2 ml glass vials with PTFE seal, Fisher, UK), which were
then analysed using a Gas Chromatograph (CE instruments
GC 8000) coupled with a Flame Ionisation Detector
(GC-FID), Phenomenex ZBI1 capillary column (30 m length,
0.32 mm inside diameter, and 0.5 pm ft film thickness) and
an Autosampler AS 8000 1 pl injector. The detector temper-
ature was set as 310 °C and injector temperature at 250 °C.
The oven temperature was set at 60 °C for 2 min, increased
at 5°Cmin~!, held at 110°C for 1min, increased at
10 °C min~' to 300 °C, maintained for 15 min, and with a
total running time of 47 min. The final hydrocarbon concen-
tration in each treatment was calculated with reference to
internal standards and expressed as a % of the initial
addition.

2.6. Statistical analysis

Analysis of variance using one-way and two-way ANOVA was
carried out and all significance analyses were performed at
P < 0.05 using Minitab for Windows v. 15™. When the data
and residuals were not normally distributed or did not have
equal variance after transformation, the non-parametric Krus-
kal-Wallis test was used. In addition, the relationships
between data were examined using Pearson’s correlation coef-
ficient. If data were not normally distributed and could not be
transformed, Spearman’s rank was applied.

3. Results

3.1. Soil microbial biomass carbon (C,,.)

Results of soil Cp;. for all three soils are presented in Fig. 1.
Generally, the highest C,,;c was associated with the Insch soil
samples which differed significantly (P < 0.05) from the other
two soils (Boyndie and Brechin). The values of C;. in the
Boyndie soil were in the range of 17-27 (mgl00 g~ soil dw).
There were no significant differences (P > 0.05) between all
Boyndie soil treatments either incubated or non-incubated,
with the exception of D and ID. Boyndie ID was approxi-
mately 30% lower than D. There was no significant
(P > 0.05) effect on Boyndie soil treatments caused by the
incubation period or hydrocarbon added. However, the
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Figure 1  Microbial biomass carbon (Cp,;.) in the incubated and
non-incubated soil treatments. Abbreviations on the x axis: C
indicates control, IC indicates incubated control, K indicates
kerosene, IK indicates incubated kerosene, D indicates diesel and
ID indicates incubated diesel. Different superscript letters show
significant differences between treatments for individual soil (One
way ANOVA, Tukey test, P < 0.05). Error bars represent stan-
dard error of the mean for n = 3. LSD is the least significant
difference at P = 0.05.

interaction between these two variables had a significant
(P < 0.05) effect on soil treatments.

In Insch soil treatments (Fig. 1), the mean Cy;. in IC was
approximately 35% greater than C. There were no significant
differences (P > 0.05) between incubated and non-incubated
treatments. Both D and ID treatments recorded the highest
mean Cpie (approximately 40 mg 100 g~ soil dw) for each
treatment, not only across the Insch soil samples but also com-
pared to the other two soils (Boyndie and Brechin soils). Insch
K and its incubated equivalents were 20-30% lower than both
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D and ID. The interaction between the incubation period and
hydrocarbon added had a significant effect (P < 0.05) on Insch
soil treatments. The incubation period alone had no significant
effect. However, the addition of hydrocarbon had a significant
effect (P < 0.05) on Insch soil treatments.

Incubated Brechin soil treatments had the lowest Cy;. of
the three soils (Fig. 1). There was approximately a 50%
decrease in the incubated Brechin soil compared to non-incu-
bated Brechin soil. K was significantly (P < 0.05) lower than
D, however, there was no significant difference (P > 0.05)
observed between IK and ID. There was no significant differ-
ence in Cp;. between the non-incubated Brechin soil treat-
ments, C and D had similar Cp,;., but K was significantly
lower. There was a significant (P < 0.05) effect on Brechin soil
treatments caused by incubation period and hydrocarbon
added. Moreover, the interaction between these two variables
had a significant (P < 0.05) effect on soil treatments.

3.2. Plate counts

Table 3 summarises bacterial and fungal culturable hetero-
trophs and hydrocarbon degrader plate count results for all
the three soils. Generally, non-incubated kerosene amended
treatments had the highest bacterial numbers. Non-incubated
Insch soil treatments had the lowest fungal numbers.

3.2.1. Heterotrophic bacteria

A comparison of heterotrophic bacteria in the hydrocarbon
amended treatments across all three soils showed that Insch
soil treatments had approximately 25% more colonies
than Brechin soil treatments. Insch soil treatments had

approximately 80% more culturable CFU than Boyndie soil
treatments (Table 2). Kerosene amended treatments had signif-
icantly greater numbers of CFU (P < 0.05) than the diesel
amended treatments (approximately 50%) in both Insch and
Brechin soils. There were no significant differences
(P > 0.05) measured in bacterial heterotrophic numbers in
Boyndie soil between K and D. Both the non-incubated C
and the IC equivalent recorded the lowest culturable number
of bacterial heterotrophs across all three soils. There were no
significant differences (P > 0.05) in bacterial heterotroph
counts between the incubated control and non-incubated C
soils, with the exception of the Brechin soil, where C was sig-
nificantly (P < 0.05) higher than IC. The culturable number of
bacterial heterotrophs broadly decreased by approximately
50-80% in IK and ID treatments for both Insch and Brechin
soils compared to non-incubated treatments. There was no sig-
nificant difference (P > 0.05) between non-incubated and
incubated Boyndie treatments (Table 2).

3.2.2. Hydrocarbon degrading bacteria

Both Insch and Brechin soils had similar numbers of culturable
hydrocarbon degrader bacteria across all soil treatments with
the exception of K treatments (Table 3). Brechin K treatment
culturable numbers were about 70% greater than Insch K treat-
ment CFU numbers. Generally, Boyndie soil had the highest
CFU numbers of hydrocarbon degrading bacteria of all the
three soil treatments with the exception of Brechin K treatment
which had the highest overall. The lowest culturable numbers
were recorded in the Insch soil treatments. Both K and D
amended treatments had 50-90% higher CFU degrader num-
bers than the incubated treatments. For each individual soil,

Table 3 Plate counts for the incubated and non-incubated soil treatments £+ standard error (SE) of the mean for n = 3,
abbreviations: C indicates control, IC indicates incubated control, K indicates kerosene, IK indicates Incubated kerosene, D indicates
diesel and ID indicates Incubated diesel. Different superscript letters within columns show significant differences between individual
soil treatments (One way ANOVA, Tukey test, P < 0.05). LSD is the least significant difference for each individual soil at P = 0.05.

Soil Treatment Heterotrophic Hydrocarbon degrading
Bacteria SE Fungi SE Bacteria SE Fungi SE

Boyndie C 534E+05* +649E+04 2.75E+03*  +4.16E+02 4.97E+05°  +549E+04 9.47E-+02* £2.00E+02
IC 1.12E+06° +1.60E+05 191E+03*  £252E+02 431E+05*  +0.00E+00 1.32E+03* +2.33E+02
K 2.13E+06" £1.58E+05 2.37E+03* £291E+02 1.81E+06° +8.69E+04 121E+03* +8.82E+01
IK 273E+06° +£240E+04 2.15E+03*  £3.76E+02 5.97E+05°  +9.07E+04 6.99E-+02® +233E+02
D 1.85E+06° £1.15E+05 2.10E+03* £2.60E+02 1.06E+06° +£6.36E+04 1.30E+03* +1.53E+02
ID 2.19E+06* +1.13E+05 1.91E+03* +£1.86E+02 543E+05° +590E+04 6.55E+02® +1.67E+02
LSD 4.57TE+05 8.63E+02 1.08E-01 6.02E +02

Insch C 6.72E+05* £1.01E+05 1.29E+03* +£1.33E+02 5.15E+04*¢ +376E+03 3.73E+02* +£3.33E+01
IC 5.19E+05* +296E+04 9.89E+02°  +2.03E+02 4.41E+04° +643E+03 3.25E+02* +£5.77E+01
K 2.54E+07° £4.26E+05 126E+03* +£1.15E+02 7.26E+05° +6.93E+04 3.70E-+02* +8.82E+01
IK 3.97E+06% +346E+05 2.59E+03* +896E+02 8.58E+04*  +1.34E+04 4.11E+02* +1.73E+02
D 1.02E+07° £6.77E+05 133E+03* £577E+01 2.76E+05°  £3.53E+04 3.48E+02* +5.77E+01
ID 3.62E+06¢ +£882E+04 7.62E+03°  +1.11E+03 8.17E+04* +131E+04 1.94E+03° +3.79E+02
LSD 8.66E +05 2.33E-01 1.50E-01 4.48E+02

Brechin C 1.32E+06*° £1.51E+05 3.43E+03*" +£4.18E+02 595E+04® +£241E+04 226E+03* +1.20E+03
IC 3.98E+05%  +2.19E+04 2.11E+03*® +426E+02 4.42E+04°¢ +1.00E+04 8.30E-+02® +3.48E+02
K 1.93E+07° £1.71E+06 4.68E+03* £577E+01 240E+06° +£4.03E+05 6.74E+03> +9.07E+02
IK 1.1I9E+06* +£1.33E+05 1.56E+03*® +£7.37E+02 6.35E+04%° +145E+04 547E+02° +3.33E+02
D 741E+06° £561E+05 4.39E+03* £577E+01 4.13E+05°  +1.15E+04 6.87E+03 £1.45E+03
ID 2.83E+06° +1.76E+05 7.99E+03* +1.72E+03 1.33E+05*° +3.38E+04 3.61E+03* +1.12E+03
LSD 1.12E-01 3.36E-01 2.85E-01 2.58E+03
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there was no significant difference (P > 0.05) in hydrocarbon
degrading bacterium culturable numbers between incubated
hydrocarbon amended treatments and the C soil equivalents.
Culturable numbers of hydrocarbon degrading bacteria were
about 70% greater in both incubated and non-incubated C
for Boyndie soils compared to the other two soils (Table 3).

3.2.3. Heterotrophic fungi

Insch soils had 20-50% lower culturable numbers of hetero-
trophic fungi compared to the other two soils, with the excep-
tion of the IK and ID treatments. There were no statistical
differences (P > 0.05) between the IK treatments in all three
soils. Insch and Brechin ID had the highest culturable numbers
of heterotrophic fungi (Table 3). Generally, Brechin soils had
the highest culturable numbers of fungal heterotrophs with
the exception of the IK treatment which had approximately
50% of the culturable numbers of the non-incubated treat-
ments. Boyndie soils had similar numbers of fungal hetero-
trophs with no significant differences (P > 0.05) between all
treatments for both incubated and non-incubated.

3.2.4. Hydrocarbon degrading fungi

Brechin soils had the highest culturable numbers of hydrocar-
bon degrading fungi across all three soil treatments with the
exception of IC and IK treatments (Table 3). Brechin IC
degrading fungi population sizes were approximately 50% of
C numbers. No significant differences (P > 0.05) were
observed between IK treatments across all the three soil treat-
ments. Similarly, there were no statistical differences
(P > 0.05) in the culturable number of hydrocarbon degrading
fungi in Boyndie and Insch soils with the exception of ID treat-
ment which was significantly (P < 0.05) higher (Table 3). The
hydrocarbon degrader fungus culturable number decreased by
about 50% in Boyndie and Brechin incubated hydrocarbon
amended treatments compared to non-incubated treatments.
In contrast, the count in Insch ID was approximately 80%
higher compared to D treatment.

3.2.5. Relationship between heterotrophs and degraders

The relationships between heterotrophic bacteria and hydro-
carbon degrading bacteria are illustrated in Fig. 2. There were
generally strong positive relationships in non-treated samples
between bacterial heterotrophs and hydrocarbon degrading
bacteria in all three soils. However, the correlation declined
after incubation in all three soils (Fig. 2).

The relationships between heterotrophic fungi and hydro-
carbon degrading fungi are presented in Fig. 3. There was no
clear correlation in the Boyndie soil between heterotrophic
fungi and hydrocarbon degrading fungi (Fig. 3). Both incu-
bated Insch and Brechin soil treatments exhibited a strong cor-
relation between fungal heterotrophs and hydrocarbon
degraders. However, non-incubated Insch and Brechin soils
had a weak relationship between fungal heterotrophs and
degrading fungi (Fig. 2).

3.3. Enzyme activity

3.3.1. Dehydrogenase activity (DHA)

Boyndie and Brechin soils generally had the highest dehydro-
genase activity (DHA) and Insch soil had significantly
(P < 0.05) lower DHA than the other two soils as presented
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Figure 2 The relationship between measurable counts and
enumeration of heterotrophic bacteria and hydrocarbon degrad-
ing bacteria in non-incubated and incubated treatments in the
three soils. (@) indicates control. (O) indicates incubated control,
(V) indicates kerosene, (37) indicates incubated kerosene, (M)
indicates diesel and ([J) indicates incubated diesel.

in Fig. 4. Incubated Brechin soil had significantly higher
DHA than Boyndie and Insch equivalents. There was no sig-
nificant difference (P > 0.05) measured in DHA between the
non-incubated Boyndie and Brechin soils with the exception
of that in kerosene amended treatment. Boyndie K DHA
was significantly (P < 0.05) higher than Brechin K treatment.
There was no significant difference (P > 0.05) between DHA
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Figure 3 The relationship between measurable counts and
enumeration of heterotrophic fungi and hydrocarbon degrading
fungi in non-incubated and incubated treatments in the three soils.
(®) indicates control. (O) indicates incubated control, (V)
indicates kerosene, (57) indicates incubated kerosene, (M) indicates
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in the non-incubated Insch and Brechin treatments, with
the exception of Insch diesel amended soil, which had lower
DHA.

Boyndie soil (freshly contaminated) had higher DHA than
the incubated soils by approximately 20-40% (Fig. 4). The
DHA assay was able to discriminate between the controls,

kerosene, IK indicates incubated kerosene, D indicates diesel and
ID indicates incubated diesel. Different letters on the bars show
significant differences between treatments (One way ANOVA,
Tukey test, P < 0.05). Error bars represent standard error of the
mean for n = 3. LSD is the least significant difference at
P = 0.05.

which was significantly (P < 0.05) higher than both the K
and D treatments. There was no significant difference
(P > 0.05) between K and D treatments. There were no signif-
icant differences (P > 0.05) between all incubated Boyndie
treatments. There were also no differences found between
freshly hydrocarbon contaminated Boyndie soils and the incu-
bated equivalent.
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Insch soils had the highest DHA compared to the other two
soils. For Insch soil, the IK treatment was approximately 50%
higher than the other Insch soil treatments, with the exception
of the control soil (Fig. 4). There were no significant differ-
ences (P > 0.05) observed between either C and the incubated
control or D and its incubated equivalent. K and D were sig-
nificantly (P < 0.05) lower than C by about 35%. There was
no significant difference (P > 0.05) observed between K and
D treatments.

Brechin soil had the lowest DHA in K treatments. How-
ever, DHA increased significantly in the IK by approximately
30% greater compared to the similar sample before incuba-
tion. There were no statistically significant differences
(P > 0.05) observed between the other Brechin soil treatments,
including D and the incubated equivalent, C and IC (Fig. 4).

3.3.2. Phosphatase activity (PA)

Brechin soils had the highest PA but Insch soils had the lowest
PA of all three soils (Fig. 5) There were no significant differ-
ences in PA between Boyndie and Brechin hydrocarbon
amended (kerosene and diesel) treatments both before and
after incubation. Boyndie soils differed significantly
(P <£0.05) from Insch soils, with the exception of ID treat-
ments. Generally, there was a clear decline observed in PA
across all incubated treatments for the three soils compared
to the non-incubated soil treatments.

There were no significant differences (P > 0.05) for
Boyndie soil PA between C and the incubated equivalent soil.
However, both K and D were about 50-60% higher than the
incubated equivalents (Fig. 5). D and K had the highest PA.
There were no significant differences (P > 0.05) between all
of the incubated Boyndie treatments. PA in D differed signif-
icantly (P < 0.05) and was greater than C for Boyndie soil.

Insch K had the lowest PA for non-incubated treatments. K
treatment differed significantly (P < 0.05) from the other two
non-incubated Insch soil treatments (C and D). PA in all incu-
bated Insch treatments was approximately 60—70% lower than
in the non-incubated treatments. There were no significant dif-
ferences (P > 0.05) between all of the incubated Insch soils
(Fig. 5).

Both Brechin C and D had the highest phosphatase activ-
ity, not only for the Brechin soil treatments, but also relative
to all the three soils. K treatment was about 35% lower than
both non-incubated Brechin soil treatments, however, with
no significant difference (P > 0.05) with D treatment. There
were no significant differences (P > 0.05) observed in PA
between incubated Brechin soil treatments but PA was approx-
imately 50-70% lower than in the non-incubated samples
(Fig. 5).

4. Discussion

Evaluating the effect of different hydrocarbons on soil micro-
bial activity and determining the suitability of analytical tech-
niques for discriminating between soil treatments are essential
for investigating petroleum-polluted soils.

For soil microbial biomass carbon (Cy;.), soil characteris-
tics play an important role in controlling the effect of hydro-
carbon contaminants on the diversity and function of soil
microbial communities. High organic matter and clay content
are often associated with high concentrations of Cy;., a finding
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Figure 5 Phosphatase activity (PA) in the incubated and non-
incubated soil treatments. Abbreviations on the x axis: C indicates
control, IC indicates incubated control, K indicates kerosene, IK
indicates incubated kerosene, D indicates diesel and 1D indicates
incubated diesel. Different letters on the bars show significant
differences between treatments (One way ANOVA, Tukey test,
P < 0.05). Error bars represent standard error of the mean for
n = 3. LSD is the least significant difference at P = 0.05.

confirmed in the present study where Insch soils were found to
have higher C.,;. values than other soil types that contain
lower levels of organic matter and clay. It has previously been
reported that organic matter protects soil microorganisms
against the effect of hydrocarbons which would lead to lower
inhibition of soil Cp. (Labud et al., 2007). Organic matter
and clay content can absorb hydrocarbons and decrease bio-
availability during their aqueous phase (El-Tarabily, 2002;
Eibes et al., 2006).
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The addition of diesel and kerosene to soils can act as sig-
nificant sources of C for microbial growth and activity (Bundy
et al., 2002), and thereby contribute to higher C,,;. values. Die-
sel treatments have higher Cp,;. than kerosene treatments and
this may be due to the fact that diesel is a less toxic source
of carbon. The effect of hydrocarbon toxicity is influenced
by hydrocarbon type (Labud et al., 2007). The higher the con-
centration of low-boiling and/or unsaturated compounds, aro-
matics and acids, the more toxic hydrocarbons are to
microorganisms in the soil (Xu and Johnson, 1995). Hydrocar-
bon toxicity occurs due to disruption of plasma membranes.
Lighter fractions (e.g. kerosene) produce greater disruption
than heavier diesel fractions (Fernandes et al., 2003; Gouda
et al., 2008). The physical properties of hydrocarbons play a
key role in their behaviour in soils. Kerosene fractions are
more volatile than diesel and are lighter in open systems where
fractions may be lost to the atmosphere. Therefore, increased
toxicity, decreased availability of short chain hydrocarbons
(Cermak et al., 2010) and decreased total HC (as a potential
C substrate) all contribute to lowering Cp,;. values for kerosene
treated soils. Understanding hydrocarbon mobility and behav-
iour in soil provides important information for exposure
assessments (hazard and risk) and assessments of potential
hydrocarbon bioavailability. Therefore, fugacity models
(Mackay and Paterson, 1991; Mackay, 2001) have been used
to predict the distribution and concentration of hydrocarbon
contaminants in different soil phases (air, aqueous, solid)
(Coulon et al., 2010b).

In addition to consistency in an assay, there is also a need
for consistency in procedures and to optimise preparation
stages. Incubation time may lead to unavoidable experimental
artefacts. It has been demonstrated that storage conditions and
watering regimes both strongly influence microbial activities,
but that this is co-mediated by the soil type (Gonzalez-
Quinones et al., 2009; Yong et al., 2007). In this work it was
clear that the incubation period for control Brechin soils
exerted a stronger negative effect on soil Cp;e, than for the
other two soil types.

For plate counts, it is known that zymogenous populations
proliferate following addition of readily assimilated substrates
at the expense of autochthonous groups (Killham, 2006).
Hydrocarbons in soil provide a source of C for microbial
growth and this explains the high CFU for heterotrophic bac-
teria in freshly contaminated soils compared to control soils of
all three types. The addition of N and P to nutritionally bal-
ance the incubated hydrocarbon amended treatments may also
enhance the growth of zymogenous populations and increase
CFU counts of heterotrophic bacteria compared to incubated
controls (Margesin et al., 2000).

The CFU count for heterotrophic bacteria was influenced
by soil properties and by hydrocarbon type. High organic mat-
ter and clay content, as found in Insch soils, may reduce the
bioavailability of hydrocarbons through sorption and increase
the enumeration compared to sandier, textured soils (Labud
et al., 2007). Soil pH is an important factor that can affect soil
microorganism diversity (Killham, 2006). Relatively low pH
values (6.0-6.5) of Insch and Brechin soils are associated with
higher heterotrophic bacteria CFU counts compared to the
higher pH Boyndie soil (pH 7.5).

Heterotrophic bacteria CFU counts were affected by
hydrocarbon type. Kerosene impacted soils had a lower C;c
than diesel impacted soils, but soil heterotrophic bacteria

counts were higher for the diesel impacted soils. Luria Bertani
(LB) is a general growth medium, but is perhaps beneficial for
communities that have survived in kerosene impacted soils.
The diesel impacted heterotrophic communities simply
respond differently to LB. The bio-stimulation effect of LB
is different for different treatments. Hence, the kerosene pop-
ulation is stimulated to a greater extent by LB than the diesel
impacted population, and this outcome can be seen across all
three soils.

The addition of hydrocarbon was the main driver for the
increase of CFU for both heterotrophic bacteria and hydrocar-
bon degrading bacteria. Studies have reported that an increase
in the numbers of hydrocarbon utilisers is positively correlated
with hydrocarbon concentration (Margesin et al., 2000; Bundy
et al., 2002; Alamri, 2006). The increase in numbers of cultur-
able hydrocarbon degrading bacteria demonstrates how rap-
idly indigenous soil microorganisms are able to adapt to new
substrates (Margesin et al., 2000). The findings of the present
study indicate that hydrocarbon degrading bacteria CFU
was high in treatments of freshly hydrocarbon-contaminated
soils. Kerosene had a stronger stimulatory effect compared
to diesel, and this may have increased the numbers of kerosene
degrading bacteria compared to diesel treatments. Soil micro-
bial communities, including hydrocarbon degrading bacteria,
are soil specific (Bundy et al., 2002). The number of CFUs
for hydrocarbon degrading bacteria was the highest in the
Boyndie soil, possibly because it has a different microbial com-
munity compared to the other two soils.

Soil type and pH also had an effect on heterotrophic and
degrading fungi. Variation in fungi counts between soils may
be associated with different microbial communities in each
soil. The Brechin soil had a higher number of heterotrophic
and degrading fungi than the other two soils; (1). The pH of
Brechin soil is different from the other two soils and/or (2).
The microbial community present in the Brechin soil differs
from the other two soils.

For enzyme activity, dehydrogenase activity (DHA) is a
measure of the oxidation—reduction capability of the active soil
microbial biomass (Shaw and Burns, 2006). Soil characteristics
such as organic matter and soil texture are known to affect
DHA. Although Insch soil had high C,;. values and a high
number of heterotrophic bacteria CFU, it had the lowest
DHA. Additionally, Insch soil contained high levels of organic
matter which may limit available carbon sources with low
DHA. A comparison of the incubated control with its equiva-
lent in Boyndie soil shows that the incubation period had a
negative effect on DHA. Incubation time may affect the bal-
ance of soil nutrients compared to natural soil. It has been
reported that measuring levels of DHA does not allow discrim-
ination between soil treatments (Trasar-Cepeda et al., 2000).
The high concentration of hydrocarbons decreased the
DHA. Kerosene added to soils has a toxic effect on soil micro-
organisms, as shown in the non-incubated Insch and Brechin
soils, and this can lead to lower DHA. In contrast, the bio-
availability of kerosene decreased with incubation time and
this is associated with an increase in DHA.

Unlike DHA, phosphatase activity (PA) phosphatases are
not purely intracellular and are not dependent on cell activity.
They are also not ubiquitous and may be absent from parts of
the microbial community. Phosphatase activity is also influ-
enced by soil P-status. PA in all three soils was negatively influ-
enced by the incubation period reflecting the added nutrients
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and increased P availability. Turgay et al. (2010) reported
that some enzymes, including phosphatases, are involved in
N and P cycling and may not directly influence hydrocarbon
presence. The low pH of Insch soil (6.12) may also be a
reason for low PA compared to the other two soils as more
P will be desorbed from soil colloids at a lower pH (Paza
et al., 2010).

5. Conclusion

The influence of hydrocarbons on enzymatic activity is
related to soil physicochemical properties. Insch soil had high
Cric values and a high number of heterotrophic bacteria
CFU, but had the lowest dehydrogenase and phosphatase
activity of all the three soils. Brechin soils had the highest
phosphatase activity. There were generally strong positive
relationships between bacterial heterotrophs and hydrocar-
bon degrading bacteria in non-treated samples of all three
soils. Both incubated Insch and Brechin soil treatments
showed strong correlations between fungal heterotrophs and
hydrocarbon degraders. Conversely, non-incubated Insch
and Brechin soils showed weak relationships between fungal
heterotrophs and degrading fungi. In conclusion, the results
of the current study show that soil characteristics play an
important role in controlling the effect of hydrocarbon
contaminants on the diversity and function of soil microbial
communities. Measuring soil enzymatic activities can provide
information about the function and structure of soil micro-
bial communities in hydrocarbon contaminated soils. These
measures could be used as rapid and cost-effective means
for evaluating and monitoring remediation of hydrocarbon
contaminated soil.
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