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Abstract

Understanding the microbial communities responses to biopile procedures is an essential step in the
field of microbial ecology and in bioremediation applications. In order to estimate metabolic dynamics at
a microbial community level, we used Biolog Ecoplates. Assays showed that the bacterial communities
from all samples were capable of utilizing a great variety from the 31 carbon substrates. Shannon’s
diversity index values were between 2.711+0.303 in August and 3.262+0.062 in April, recording a general
variation of 0.5 that is similar to other studies. Statistical analysis showed a good correlation coeficient
for 2-hydroxybenzoic acid, a compound that is metabolized through the nafhthalene degradation pathway.
Results showed a metabolic shift of the microbial community determined by temperature and the decrease
of aromatic hydrocarbon concentrations. The shift was observed in the dynamics of MPN from 9x10° to
1x10° cell/g of soil. Even if the initial total petroleum hydrocarbon concentration from the biopile matrix
was much higher than in other studies (10.25 g/kg), at the end of the evaluation the pollutant content of
the biopile matrix had a removal rate between 92-98% for monoaromatic hydrocarbons and 57-75% for

poliaromatic hydrocarbons.
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Introduction

A successful bioremediation program requires the
application of several strategies tailored to the specific
environmental parameters of the contaminated site, but
also tailored to pollutant structure [1]. Pollution with oil
compounds and oil sludge may cause a lot of damage
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in many environments, having long-term effects due to
their high toxicity and carcinogenic potential. One of
the most useful low-cost, clean environmental tools in
bioremediation of oil sludge is represented by biopile
procedures [2-3]. This approach is based on indigenous
microbial community metabolic activity, in order to
degrade persistent and recalcitrant compounds with high
molecular weight like polycyclic aromatic hydrocarbons
(PAHs) [2, 4]. Many factors influence the ability of the
microbial community to degrade high concentrations of
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various contaminants [1, 6], but the most important are
temperature, oxygen, and moisture. Thus the study of
metabolic specialization and metabolic dynamics might
be essential for the discrimination of the microbial
communities’ abilities to degrade contaminants in order
to remove them.

Measures of diversity and evenness have been used
in several types of research to study substrate utilisation
patterns from natural microbial populations in order to
evaluate and predict the magnitude of microbial functional
diversity [6]. A significant part of their proposed methods
are based on isolation and characterization of microbial
strains with specific metabolic activities within the
communities, but knowing that most microbial strains
are unculturable, the main conclusions are not even
close to the real function and structure of the microbial
community. In this regard, Biolog Ecoplates is a more
advanced technique used to observe the potential activity
of microbial communities and eliminate the limitation of
conventional microbiological methods. Biolog Ecoplates
generate reproducible patterns of carbon source utilization
and provide the possibility of distinguishing temporal and
spatial differences among microbial communities. [5, 7-8].

In this study, Biolog Ecoplates were used to evaluate the
metabolic activity of microbial communities from a long-
term oil polluted soil, in correlation with polyaromatic
hydrocarbon concentrations, in a bioremediation
project using field-scale biopile [1, 6]. According to our
knowledge, this was the first study regarding the metabolic
changes of microbial communities as a response to various
oil compound pollution for a 10-month period, analysing
the community level physiological profiles (CLPP) in
association with the decreasing concentration of several
aromatic hydrocarbons and heavy metals. In the last few
years Biolog Ecoplates have become a useful tool in soil
microbial ecology and they are generally considered a
sensitive fingerprinting tool for microbial communities’
metabolic activity. However, no perfect method for
processing and analyzing the huge amount of data has yet
been found [9-10].

Materials and Methods
Site Description

An outdoor oil sludge storage site was chosen for
this field experiment. This research was part of a larger
remediation project involving a large area from Arges
County, situated in a middle continental temperate zone
area with temperatures in summer of 26-30°C and -8°C in
winter, and with annual precipitation of about 800 mm/
mp with a maximum in May and June. A high amount
of oil sludge was the result of different processes of oil
exploitation. Aged oil sludge was dug out of the pools
and mixed thoroughly using an excavator [11]. Then
the sludge (about 82 mc) was divided into two piles,
S (56.870 mc) and N (24.483 mc) and mixed with calcium
sulfate, mechanically aerated.

Field Sampling

Samples were taken from mark places, on the first
week of each month starting with March until December.
When field sampling was conducted, four samples were
taken, two from the north side and two more from the
south side of the biopile. The 50 g sludge samples were
stored at 4°C before subsequent analysis, but generally
field samples were laboratory analyzed on the same day.

Biolog Ecoplate

Dynamics of the catabolic diversity of soil microbial
community from the biopile was determined using a
Biolog ECO microplate (Biolog, Inc., CA, USA). Samples
were processed as previously using a 10-fold dilution and
pre-mix in order to discharge microorganisms from the
soil matrix. After 30 minutes of rest, 150 pl of supernatant
was inoculated to each well from a supplementary dilution
of 102 Plates were incubated in the dark at 24°C and
color development was monitored at 590 nm wavelength
every 24 h for five days using an automated microtiter-
plate reader (Biolog Inc.). Because the plates were
visibly colored by the addition of soil extract, the initial
absorbances were measured immediately after inoculation
and were subtracted from subsequent daily readings.

The average well color development (AWCD) for all
carbon sources [6, 12] was calculated, being an indicator
of total activity. Kinetic analysis also was performed
using average well colour development (AWCD) as a
parameter that enables us to capture an integral picture of
sample differences in carbon source utilization. AWCD
was calculated as the arithmetic mean of the OD values
of all of the positive wells in the plate per reading time for
all four samples [7, 13]. AWCD means [6] for the three
replicates on the same plate were calculated and then
compared among each monthly soil sample. The AWCD
can give an overall trend of metabolic activity of the
microbial communities in time.

Enumeration of Cultivable Bacteria

The number of total cultivable bacteria were assessed
by the plate count method. 5 g of fresh biopile sediment
sample diluted in 45 mL sterile water was homogenized
on a vortex mixer (S8A Stuart) at 2,200 rpm for 5 min
shaken, repeated three times and then allowed to settle
for 30 min. Serial dilutions were made and plated
in R2A (agar 15.0g , yeast extract 0.5g, acid hydro-
lysate of casein 0.5g, glucose 0.5g, soluble starch 0.5g,
K,HPO,, 0.3g, sodium pyruvate 0.3g, pancreatic digest
of casein 0.25g, MgSO, anhydrous 0.024g, and pH
7.240.2 at 25°C) for total heterotrophic bacteria (THB)
[11]. The colony-forming units (CFU) of total cultivable
microorganisms were recorded after incubation in the dark
at 28°C for seven days and verified after 14 days for new
colonies. Results were expressed per ml of 10-fold initial
dilution.
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Chemical Analysis

Polluted soil samples taken from the four sites were
dried, ground, and sieved through a 2-mm mesh before
analyzing any chemical composition. An independent
private laboratory analyzed total aromatic hydrocarbons
by SR-ISO 7877 [14], BTEX by SR-ISO 11423 [15],
and polyaromatic hydrocarbons by SR-ISO 13877 [16]
in order to determine soil quality [4]. The parameters of
the ASE300 were set according to [11]. Determination
of heavy metals (Cd, Cu, Pb, Ni and Zn) was performed
according to SR EN ISO 17294 [17] using atomic
absorption spectrometry [1, 11].

Statistical Analysis

Metabolic activity of microbial communities from
the biopile was compared within diversity indexes, and
AWCD performed based on the variance-covariance
matrix. We used one-way ANOVA analyses with Tukey’s
post test to determine levels of significance using Minitab
software. A level of 0.05 was used for the statistical Tukey
test. To compare the CLPPs, we performed principal
component analysis (PCA) using ecological analysis tools
for microbial ecology (EATME) [18]. Correlations were
performed using multiple linear regression with Pearson
methods. Shannon’s diversity index was calculated using
data from the DO, after subtraction of water blank values,
where pi is the ratio of the contribution of each individual
substrate to the sum of DO from all substrates, and is used
to assess the evenness of functional diversity [6, 9].

Results and Discussions

Dynamics of Metabolic Capacities
of Microbial Community

In most studies, the soil samples have been collected
from replicated treatment plots or from different kinds
of ecosystems. In this study we collected four samples
(D1S1, DI1S2, DINI, and DIN2) flag-marked from the
same biopile and analyzed for 10 months. Biolog EcoPlate
assays showed that the bacterial communities from all
samples utilized a variety of the 31 carbon substrates,
grouped in the following classes of compounds: amines,
carbohydrate complex carbon sources, carboxylic acids,
amino acids, and phosphate carbon according to similar
studies [7, 19-20]. The utilization of carbon sources into
six substrate groups showed similar use every month,
despite the temperature variations between cold and
extremely hot seasons.

Utilization of carbon sources calculated as AWCD
(average color) [7] (Fig. 1), and showed a sigmoidal trend
of microbial community metabolic activity and response.
Similar studies underlined that AWCD values could reflect
the oxidative capacity of soil microorganisms developing
in the Biolog Microplates and is usually used as an
indicator of overall microbial activity from the location
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Fig. 1. Dynamics of microbial community metabolic abilities
from the biopile for each carbon souce group over 10 months.

of samples [7]. In our study this is an indication of a
high oxidative potential of biodegradative activity of the
microbial community, the decreasing AWCD values from
august can be due to high ambient average temperature,
which caused a strong dehydration in the biople matrix.
The autumn and winter months also registered a low
metabolic activity due to decreasing pollutants, microbial
community selected until that time being most probably
specialized on such compounds. AWCD shows the fastest
rate of carbon substrate consumption, suggesting great
genetic diversity within the analized bacterial community
[3,19,21].

Shannon’s diversity index values were between
2.711+0.303 in August and 3.262+0.062 in April,
registering a general variation of 0.5 that is similar to other
studies that evaluated this index in different environments.
Surprisingly, the biodegradative community from our
study presented a higher diversity index than those
reported in grassland (2.26+0.31 and 2.92+0.23) [21].

In most studies, the soil samples are collected from
replicated treatment plots or from different kinds of
ecosystems [11, 21], but we compared diversity indices
within each month using a two-way analysis of variance
(ANOVA) using the three replicates from Ecoplates
and all four locations for all 31 carbon sources. All
substrates analyzed supported the growth of the microbial
communities of biopile in every sampling time studied.
ANOVA of H revealed that the data is statistically
significant for each moment of prelevation with a
p<0.001, and Tukey test grouped all moments of sampling
except August, which seems to have a different metabolic
activity. ANOVA on AWCD also revealed that all data are
statistically significant with a p<0.001 but were detected
in three groups A--> March, May, April, July; B-->March,
July, December, October; and C --> December, October,
September, August. When we applied logarithmic Pearson
correlation of those data in the EATME online software
package, the three groups remained the same.

In order to distinguish the carbon utilization patterns
of biopile microorganisms, PCA of substrate utilization
patterns was performed using a Pearson correlation from
EATME. The correlation matrix generated indicated that
phenyl ethyl-amine is the carbon source having the biggest
correlation coefficient of 0.76 (G4) with PC1 (Fig.2),
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which can be explained on the one hand by its presence in
the biopile matrix because itis a plant component, and on the
other hand is a compound that can be produced by several
bacterial strains as an antimicrobial substance. Another
good correlation coefficient with PC1 was observed
for the D-xylose 0.70 (B2) derivate of hemicellulose
— one of the main constituents of plant biomass. The
microbial community from biopile was shown to be able
to metabolise 2-hydroxybenzoic acid (salicylic acid) and
the isomer form 4-hydroxybenzoic acid, having a good
correlation 0.70 and 0.57, respectively, that was expected
because it is believed that a majority of bacteria are
able to use salicylic acid, which is an intermediate in the
naphthalene pathway, possess the enzyme required for the
degradation of naphthalene or certain tricyclic aromatic
hydrocarbons [2, 10].

Enumeration of Cultivable Bacteria

The previous results are also sustained by the number
of cultivable microorganisms forming units from soil
samples, presented in Fig. 3. At the start of bioremediation
processes, in March, the total heterotrophic bacterial
average number was 9x10° and after one month of
bioremediation procedures the average number was much
higher in April and May, with 1x10° cell/g of soil. These
may be because of optimal ambient temperatures with an
average of 10-12°C, but also the availability of carbon
sources, even those sources represented by aromatic
hydrocarbons and also the water availability in spring.
In July and August, metabolic activity and most probable
number were drastically decreased mostly because of the
high daytime temperature of almost 40°C that had major
implications on water availability in the biopile matrix.
In autumn months the average number of cultivable
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Fig. 2. Principal component analysis on data of activity on
carbon sources in Biolog EcoPlates from each month of biopile
sampling. (A2-H4 are the carbon sources from the first EcoPlates
replicate, acording to their position on the plate.)

bacteria was slightly decreasing because the carbon source
concentrations were significantly lower. Several authors
reported that organic management practices may lead to
increased soil microbial biomass activity and microbial
functional and taxonomic richness and diversity when
compared to conventional farming [22-23]. Several en-
vironmental studies have mentioned differences in hete-
rotrophic bacterial number in natural ecosystems, raising
between 1 x 10" and 5 x 10'? culturable microorganisms
in grassland soil [24] and naphthalene degrader microor-
ganisms in soil, between 2.2 x 10% and 1.5 x 10 cells/g or
average MPN counts obtained from the oil-contaminated
soil ranged 2.1 x 10° cells/ g of soil [23] or 6 x 10* PAH-
degrading bacteria/g of soil in a microcosm during experi-
mental biostimulation procedures [25].

Chemical Analysis

Aromatic hydrocarbons analysis revealed very high
concentrations at the start of this study compared with
other reports [4, 26, 27]. The initial concentration of
pollutants, from March, was very high: total petroleum
hydrocarbon 10.25 g/kg, BTEX 18.33 mg/kg, PAH
44275 mg/kg, and TOC 72.5 g/kg. Components
determined initially had the following values: naphthalene
65.05 mg/kg, benzene 0.56 mg/kg, toluene 1.23 mg/kg,
ethylbenzene 3.38 mg/kg, xylene 11.2 mg/kg, anthra-
cene 17.59 mg/kg, fluoranthene 75.7 mg/kg, and
benzo(a)anthracene 27.43 mg/kg; heavy metals detected
were lead 40.23 mg/kg, cadmium 1.75 mg/kg, zinc
511.25 mg/kg, copper 82.75 mg/kg. Despite the high
amount of pollu-tants, the mean pH value was 7.5 —
an almost ideal condition for microbial community
bioremediation process.

At the end of the monitoring, the pollutant content
of the biopile matrix had between 92-98% removal of
monoaromatics hydrocarbons and between 57-75%
removal of polyaromatic hydrocarbons [2]. On the other
hand, heavy metals persist, lead concentration did not
register any significant modification, and cadmium, copper,
and zinc concentrations were reduced only by 9-16% from
initial levels. Correlation analysis of all contaminants
detected in the biopile showed good correlation values for
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Fig. 3. The average MPN count of four replicates obtained from
the oil-contaminated biopile.
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toluene, benzene, and ethylbenzene and xylene R = 0.95
(p<0.01; maybe due to their similar catabolic pathways
in microbial cells), and also between naphthalene,
phenanthrene R = 0.80 (p<0.01) and fluoranthene,
anthracene R = 0.88 (p<0.01). Another aspect that can be
underlined is that polyaromatic hydrocarbon removal had
a good correlation with pH value. As mentioned in other
studies [11], this seemed to be a relationship between the
removal of Cu and Zn, in our study having a correlation
coefficient of R = 0.87 (p<0.01), but initial concentration
was five times higher.

Conclusions

Thebiopileapproach inthis case study, for oil compound
removal, was a successful technique in order to eliminate
polyaromatic hydrocarbons by endogenous microbial
community biodegradation. The dynamics of metabolic
capacities indicated a high activity of microorganisms
capable of utilized complex carbon sources. Moreover,
correlations were found between metabolic pathways and
naphthalene-decreasing concentrations. An increasing
number of microbial cells per g of soil and pollutants
decreasing concentrations indicated a high metabolic
activity, especially for aromatic hydrocarbon degraders.
Even if in our data statistical analysis does not retrieve
any correlation between metabolics and the number of
microbial community or ambient temperature, most papers
seem to underline the importance of seasonal temperature
changes.
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