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Abstract

The phylogenetic identities and community diversity of indigenous bacterial populations in soil microcosms
previously enriched with various mono-aromatic including benzene, ethyl-benzene and xylene (BEX) hydrocarbons
were investigated using combinations of culture-based microbiological (phenotypic) as well as molecular (16S
ribosomal RNA gene sequencing) approaches. A total of 45 bacterial isolates belonging to 5 distinct phyla were
phylogenetically characterized among indigenous bacterial populations with putative hydrocarbon-degrading
potentials in the soil microcosms. In general, bacterial members belonging to the y-Proteobacteria (mostly species
of Pseudomonas and Acinetobacter) were found to numerically dominate {representing between 60 to 94%} among
the isolates from the three BEX-polluted microcosms. While, bacterial members belonging to the B-Proteobacteria
(Comamonas and Delftia spp) and Firmicutes (Bacillus spp) were also represented. Results obtained from the
community diversity calculations revealed relatively higher species richness in the benzene-spiked soils as compared
to the other microcosms. Overall, the differences observed in bacterial phylotypes among the microcosms are
probably attributable to the direct effects of the chemical properties of each hydrocarbon pollutant on the indigenous

microbial community.
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Introduction

Aromatic hydrocarbons such as benzene, toluene, ethyl-benzene
and xylene (i.e. BTEX) are ubiquitously found in various environments
including soils and sediments where they occur naturally, mostly as
part of lignin and as direct consequences of numerous anthropogenic
practices [1-3]. These organic pollutants are known to often persist
in such polluted environments partly due to their inherent toxicity
and carcinogenic potentials as well as their hydrophobic properties
which ensure their attachments to particulate organic matters in soil
and sediments [4-7]. Therefore the widespread distribution of BTEX
in various environments had resulted in several studies extensively
exploring their potential biodegradation by indigenous microbial
populations. However, while several indigenous bacterial species that
are capable of degrading BTEX and other hydrocarbon pollutants have
been successfully isolated from contaminated soils and sediments [8-
10], yet there is still currently paucity of information regarding the
diversity and structural compositions of indigenous hydrocarbon-
degrading bacterial populations mostly responsible for in situ
biodegradation of these common pollutants in various environments.

Previous studies have employed diverse approaches to elucidate
hydrocarbon-contaminated ~ environments  under  controlled
microcosm and/or field conditions in order to delineate and implicate
wide arrays of bacterial phyla capable of hydrocarbon utilization [11-
14]. For instance, Shi et al. [12] in their study utilized phylogenetic
probes to examine in situ microbial community structures in regions
of a contaminated, shallow sand aquifer that were also oxygen depleted.
They concluded that fuel contamination at their study site fostered
the proliferation of bacterial phylotypes that were previously minor
constituents of the aquifer and were made up of diverse taxa that were
dominated by members of the Proteobacteria. Similarly, Popp et al.
[14] found bacterial members belonging to three subclasses (i.e. a-,
B-, and y-) of the Proteobacteria to dominate in two clone libraries
that were generated by the analysis of small-subunit (SSU) rRNA

genes from mineral-oil contaminated soils. In contrast, Greene et al.
[13] observed successional and dynamic changes in the composition
of soil microbial communities that were enriched with a mixture of
aromatic hydrocarbons using reverse sample genome probing (RSGP),
including various bacterial members belonging to the a-Proteobacteria
(Sphingomonas spp), P- Proteobacteria (Alcaligenes spp) and
y-Proteobacteria (Pseudomonas spp), as well as the gram positive
bacteria with high GC (Rhodococcus spp) and gram positive bacteria
with low GC (Bacillus spp).

In this study, combinations of culture-based microbiological {i.e.
phenotypic} and molecular {16S ribosomal RNA gene sequencing}
approaches were used to isolate, characterize and identify 45 bacterial
isolates with putative hydrocarbon-degrading capability in three
soil microcosms previously spiked with BEX-hydrocarbons under
controlled laboratory conditions. Additionally, various bioinformatics
and analytical tools were employed for sequence alignments and
diversity measurements. The main objective was to compare the
bacterial community diversity in the hydrocarbon-degrading bacterial
populations in response to the BEX hydrocarbon treatments between
the microcosms. The goal was to determine whether, there will be
similar or disparate hydrocarbon-utilizing bacterial populations
among the indigenous microbial communities in the soil microcosms
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in response to the three separate BEX pollutants, based on their
chemical properties.

Materials and Methods
Microcosm experiments

The soil samples used for the microcosm experiments in this study
were collected within the premises of the Botanical Garden located
in the Science Complex at Albion College in Albion, Michigan, USA
(42.24°N 84.76°W). The collected soil was mostly silt and sand that
was slightly greyish brown in coloration and made up of mostly fine
particles. The soil pool collected was then divided into three equal
subsamples (10 grams each) in sterile clay pots that were then used
for the microcosm experiments. Briefly, the indigenous bacterial
populations in the soils were exposed to the various BEX hydrocarbon
substrates by adding and mixing thoroughly up to 10% V/W of each
BEX substrate to soils in the sterile clay pots before incubating at 30°C
in the dark for a period of about 2 weeks as previously described in
Chikere et al. and Olapade et al. [15,16].

Isolation of hydrocarbon-utilizing bacteria

After 2 weeks of incubation, 0.1 g of soil subsamples were removed
from each treatment into sterile 10 mL Bushnell Haas (BH) broth
(Difco & BBL, USA) that was supplemented with 0.025% of each of
the hydrocarbon substrate. The tubes were then incubated with shaking
at 180 rpm at 30°C in the dark for at least a minimum of 48 hours.
After incubation, 0.2 mL was transferred from each broth onto sterile
Bushnell Haas agar (BHA) plates (comprised per liter of: magnesium
sulfate 0.2 g; calcium chloride 0.02 g; monopotassium phosphate
1.0 g; diammonium hydrogen phosphate 1.0 g; potassium nitrate
1.0 g and ferric chloride 0.05 g. 15 g of agar added to make the BH
agar plates). Organic source was introduced through the vapor phase
transfer by aspetically placing sterile Whatman filter papers previously
impregnated {wet} with the respective hydrocarbon (BEX) substrate
inside the lids of the Petri Plates, before incubating at 30°C in the dark
for 48 hours. Bacterial isolates that grew on the BHA plates were then
selected as putative hydrocarbon-degraders for subsequent screening
and characterization according to standard methods [17]. All the
isolates selected were screened for the 238 base pair long catechol 2,
3-dioxygenase [C230] gene fragment according to Mesarch et al. [18]
using primers DEG-F (5CGACCTGATC(AT)CGCA TGACCGA-3’
and DEG R (5T(CT)AGGTCA(GT)(AC)ACGGTCA3. All the
hydrocarbon substrates utilized in this study were of analytical grade
and obtained from Fisher Scientific.

Growth of bacterial isolates on hydrocarbon sources

Eleven bacterial isolates were selected based on their phylogenetic
identities to represent the 11 main phyla obtained from the 45 total
bacterial species in the three BEX microcosms. These selected bacterial
isolates were then individually examined for their potential growth in
the presence of various organic compounds as sole sources of carbon
as previously described by Zhang et al. and Zhao et al. [9,10]. Briefly,
0.01% (W/V) of 12 different substrates selected because of their variable
chemical compositions and ubiquity in contaminated environments,
were added as sole carbon sources to previously sterilized BH medium
and then incubated with shaking at 180 rpm at 30°C in the dark as done
previously by Zhao et al. [10]. Solid substrates were either previously
dissolved in 5% (W/V) diethyl ether before spraying onto the surface
of the BH medium or placed directly on the plate lid in the case of
naphthalene crystals [9]. Bacterial growth was then determined based

on presence/absence of turbidity or the formation of clear zones around
colonies on solid media.

16S ribosomal RNA gene amplification

16S rRNA gene amplification was carried out by targeting the
almost full-length 16S rRNA gene with the universal bacterial primer
pair 27F (5° AGA GGG AGA ACG CCT AGA TCG 3’) and 1492R
(5GGT TAC CTT GTT ACG ACT T3’) as previously described by
Olapade [19]. Briefly, the PCR aliquots were heated at 95°C for 5
minutes following by 30 cycles of the following: 95°C for 5 minutes,
55°C for 1 minute and 72°C for 2 minutes. The amplified PCR products
were then confirmed on agarose gel and purified with a QIA quick PCR
purification kit (QIAGEN, Valencia, CA) before subsequently utilized
for sequencing.

Phylogenetic and community diversity analysis

Thebacterial isolates from the soil microcosms that were successfully
sequenced were analyzed using the Sequencher program (version 4.5;
Gene Codes Co., Ann Arbor, MI) and then compared with previously
published GenBank sequences using the BLAST system to determine
their close relatives [20]. Sequence alignments and other manual
editing were carried also out with ClustalW according to Perriere et al.
[21]. Community diversity measurement for species richness, Shannon
Index, and species evenness were also calculated among the isolates
obtained from the three microcosms. Additionally, alpha, beta and
gamma diversity calculations were carried out according to Whittaker
[22].

Nucleotide sequence accession numbers

The 45 nucleotide gene sequences obtained from this study have
already been submitted to DDBJ/GenBank/EMBL under accession
numbers LC018399 to LC018443.

Results
Hydrocarbon-utilizing bacterial isolation

Forty-five (45) bacterial isolates were successfully obtained from
the hydrocarbon-contaminated soils on solid BHA media after
exposure to benzene, ethyl-benzene and xylene under controlled
laboratory conditions. The various phenotypic characteristics of these
bacterial isolates are as listed in (Table 1). Briefly, the isolates are
mostly gram negative, rod-shaped, endospore negative, but lipase and
catalase positive, among other biochemical tests performed. Majority
of the representative isolates were found to belong to the subclass of
gamma Proteobacteria including several species of Pseudomonas and
Acinetobacter (Tables 2 and 3). Comparatively, more bacterial isolates
were obtained from the benzene-spiked soil microcosm (Figure 1)
as indicated by a higher Shannon-Weiner diversity index of 13.07
as compared to relatively lower indices (8.35) and 9.45 in the ethyl-
benzene and xylene microcosms, respectively (Table 4). Also, results
obtained from Alpha Diversity calculation revealed relatively higher
species richness [6] in benzene-spiked soils to the lowest [4] in the
ethyl-benzene microcosm.

Growth on carbon substrates

The potential of 11 of the representative bacterial isolates (i.e. 6
isolated from the Benzene, 2 from ethyl-benzene and 3 from the xylene
microcosms) to grow in the presence of 12 different carbon sources were
examined. The organic substrates including the BTEX compounds,
methanol, naphthalene, and phenanthrene among others, were selected
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Isolate | Gram Rxn | Shape Endosp. | Citrate TSI Indole | Motility MR VP Lipase = Amylase | Catalase Coag. Oxidase
B1 - R - + KIA - + - - + - + - +
B3 - R - - AA - - + - + + - - -
B5 - R - - K/A - - + - +* + + - -
B7 - R - - K/A - - - - + - ++ - -
B11 - R - + A/A + - + - + + + +
B15 - R - + A/A - + - + ++ - + - |
E1 - R - - A/A - + - - + - + - +
E5 + R + + K/A + - - + +* +++ ++ - +
X1 - R - + K/IA - + - - +* + + - +
X3 - R - + K/IA . + - + +++ - ++ - -
X12 - R - + A/A - + - - + ++ + | +

Gram Rxn: Gram Reaction; Endosp: Endospore; TSI: Triple Sugar Iron; MR: Methyl Red; VP: Voges Proskauer; Coag: Coagulase; I: Inconclusive; *: Weak Result; +:
Positive Result; -: Negative Result; R: Rod; K/A: Glucose fermentation with acid production; A/A: Glucose fermentation with acid accumulation in slant and butt.

Table 1: Phenotypic characterization of representative bacterial isolates from BEX contaminated soils.

Isolate ID Group Closest BLAST match (Gen accession #) % ldentity GenBank accession #
B1 Gammaproteobacteria Pseudomonas resinovorans (KF929419) 99 LC018399
B3 Gammaproteobacteria Pseudomonas sp (JQ781621) 93 LC018401
B5 Gammaproteobacteria Acinetobacter sp (AB619594) 99 LC018403
B7 Gammaproteobacteria Acinetobacter calcoaceticus (JQ781621) 90 LC018405
B11 Gammaproteobacteria Pseudomonas geniculata (KF193605) 90 LC018409
B15 Betaproteobacteria Delftia sp (JX997845) 99 LC018413
E1 Gammaproteobacteria Pseudomonas geniculata (KF254505) 98 LC018414
E5 Firmicutes Bacillus thuringiensis (EU239465) 98 LC018417
X1 Gammaproteobacteria Pseudomonas plecoglossicida (KJ819566) 96 LC018429
X3 Betaproteobacteria Comamonas thiooxydans (AB734814) 98 LC018431
X12 Gammaproteobacteria Pseudomonas sp (DQ973492) 96 LC018439
Table 2: 16S rRNA identification of representative bacterial isolates from the soil microcosms contaminated with BEX.
Soil Microcosm

# Bacterial Species Benzene Ethyl-benzene Xylene Total Representation %
1 Pseudomonas resinovorans 8 (0.53) 1(0.07) 5(0.33) 14 31.11

2 Pseudomonas geniculata 1 0 (0.00) 12 (0.80) 1(0.07) 13 28.89

3 Pseudomonas sp 0 (0.00) 0 (0.00) 1(0.07) 1 222

4 Pseudomonas mosselii 0 (0.00) 1(0.07) 2(0.13) 3 6.67

5 Pseudomonas geniculata 2 1(0.07) 0 (0.00) 0 (0.00) 1 2.22

6 Comamonas testosteroni 0 (0.00) 0 (0.00) 6 (0.40) 6 13.33

7 Delftia sp 1(0.07) 0 (0.00) 0 (0.00) 1 2.22

8 Bacillus thuringiensis 0 (0.00) 1(0.07) 0 (0.00) 1 222

9 Acinetobacter calcoaceticus 1 1(0.07) 0 (0.00) 0 (0.00) 1 2.22

10 Acinetobacter sp 3(0.20) 0 (0.00) 0 (0.00) 3 6.67

11 Acinetobacter calcoaceticus 2 1(0.07) 0 (0.00) 0 (0.00) 1 2.22

Total 15 15 45 100

Table 3: Occurrences of the 11 bacterial species isolated from the soil contaminated microcosms. The relative abundances (Pi) relative to total abundance of each species

are in parenthesis.

because of their composition as part of various petroleum products and
their widespread distribution in contaminated soils (Table 5). All of the
bacterial isolates examined were able to grow, with varying degree in
the presence of benzene, ethyl-benzene, xylene, ethanol, naphthalene,
and phenanthrene. While 9 out of the 11 bacterial isolates were able to
utilize both benzene and phenol, however, none of the isolates appeared
to show noticeable growth in both dimethylsulphoxide (DMSO) and
salicylic acid (SA).

Discussion

The ecological importance of accurately delineating the bacterial
composition and diversity in hydrocarbon-contaminated soil can never

be overemphasized, especially based on previous studies that have
documented significant shifts in bacterial community compositions
in various environments during enrichments with various organic
substrates [7,12-14,16,23]. In particular, Shi et al. [12] utilized 16S
rRNA probing to explore both pristine and contaminated aquifers and
found that toluene exposure significantly enhanced the proliferation
of bacterial phylotypes that were previously minor constituents of the
contaminated aquifer community examined. Their results suggested
that toluene treatment probably helped in the identification and
characterization of toluene-degrading phyla within the hydrocarbon
utilizing assemblages. Also, another study corroborated this potential
shift by utilizing 16S rRNA clone libraries to reveal that disparate
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Figure 1: Percent abundance of bacterial isolates from the contaminated soils after exposure to BEX.

Soil Microcosm

Representative Isolates Benzene Ethyl-benzene Xylene
Pseudomonas resinovorans X X X
Pseudomonas geniculata 1 X X

Pseudomonas sp X
Pseudomonas mosselii X X
Pseudomonas geniculata 2 X
Comamonas testosteroni X
Delftia sp X
Bacillus thuringiensis X
Acinetobacter calcoaceticus 1 X
Acinetobacter sp X
Acinetobacter calcoaceticus 2 X
Alpha Diversity 6 4 5
Beta Diversity B versus E: 8 E versus X: 3 B versus X: 8
Gamma Diversity 11

X: presence of isolate; Alpha Diversity: total number of species i.e. species richness; Beta Diversity: comparison of diversity between microcosms i.e. amount of isolate
change; Gamma Diversity: overall diversity in soil microcosms; B: Benzene; E: Ethyl-benzene; X: Xylene

Table 4: Alpha, beta and gamma diversity values for bacterial isolates from the three soil microcosms enriched with hydrocarbons.

Isolate ID T X E-B B P M E T-80 N PA DMSO SA
B1 ++ + + ++ ++ ++ ++ + ++ ++ - -
B3 ++ ++ + ++ ++ ++ ++ + ++ ++ - -
B5 ++ ++ + ++ - ++ ++ + ++ ++ - -
B7 ++ ++ + ++ ++ ++ ++ + ++ ++ - -
B11 ++ ++ + ++ ++ ++ ++ + ++ ++ - -
B15 ++ ++ + ++ ++ ++ ++ - ++ ++ - -
E1 ++ ++ ++ ++ ++ - ++ + ++ ++ - -
E5 ++ ++ ++ ++ ++ ++ ++ + ++ ++ - -
X1 ++ ++ + ++ - ++ ++ - + ++ - -
X3 ++ ++ + - ++ ++ ++ - ++ ++ - -

X12 ++ ++ + - ++ ++ ++ - + ++ - -

T: Toluene; X: Xylene; E-B: Ethyl-benzene; B: Benzene; P: Phenol; M: Methanol; E: Ethanol; T-80: Tween80; N: Naphthalene; PA: Phenanthrene; DMSO: Dimethyl
Sulphoxide; SA: Salicylic acid; ++: Good Growth; +: Poor Growth; -: No Significant Growth

Table 5: Growth of representative bacterial isolates from the BEX soil microcosms on various hydrocarbon substrates.
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bacterial phylotypes responded when exposed to toluene treatments in
two separately contaminated soil microcosms that were then examined
under controlled laboratory conditions [16].

The Shannon-Weiner diversity indices obtained in the three
microcosms i.e. 13.07 in the benzene spiked microcosm, 8.35 (ethyl-
benzene) and 9.45 (xylene) appeared to be relatively higher than those
previously reported in similar studies that were based on examining
microbial diversity in contaminated soils [14,23,24]. Comparatively,
some of these studies documented lower Shannon-Weiner diversity
indices that ranged from about 1.45 to upwards of 3.93 in their
studied environments. However, it should be pointed out that, the
relatively high diversity indices recorded in this present study could
partly be attributable to the use of top soils with mostly biologically
active compositions as compared to such soils with aged petroleum
contamination [25] or those mostly made of sandy and stony soils from
Antarctica [23].

Furthermore, the results of both alpha and beta diversity measures
probably suggest slight differences in the preferences of the indigenous
hydrocarbon degraders for the three separate hydrocarbon substrates
used in the BEX-spiked microcosms. Since previous studies have also
indicated individual preferences for BTEX by microbial consortia
under controlled conditions typically in the order of toluene-benzene-
ethylbenze-and xylene [26]. Therefore it can be suggested that the
differences observed in bacterial diversity among the microcosms
are partly attributable to the chemical properties of the hydrocarbon
substrates. Comparatively, utilization of benzene as a substrate has
been found to be most widely preferred by soil microbial communities
followed closely by preference for toluene, the xylenes, styrene and
naphthalene in that order [13].

The numerical dominance of bacterial members belonging to the
y- Proteobacteria, mainly species of Pseudomonas and Acinetobacter,
in this study appeared to further corroborate previous documentations
that have also revealed high occurrences or community shift towards
these particular bacterial phylotype, among indigenous hydrocarbon-
degrading microbial communities in response to hydrocarbon
contamination [16,27,28]. Specifically, members of the pseudomonads
observed to be dominant in the three microcosms examined in this
study have also been shown to be prolific hydrocarbon degraders in
several studies of contaminated environments [9,15,28-30]. Probably
because the pseudomonads are copiotrophic with propensity for
high concentrations of nutrients [31], thereby giving them the edge
in typically outnumbering other bacterial competitors within any
contaminated environment. The Acinetobacter species, which were also
well represented within the BEX-polluted soil microcosms examined,
have been previously shown to have the potentials of producing
various biosurfactants that can be used to solubilize and biodegrade
hydrocarbon compounds [32]. Overall, the differences observed in the
bacterial phylotypes isolated from the three polluted soil microcosms
in this study, suggests that the shifts in community compositions are
probably attributable to variations in the chemical properties of the
BEX pollutants on the indigenous hydrocarbon-degrading bacterial
assemblages within the soil assemblages.

Conclusion

This study has documented changes in hydrocarbon-degrading
bacterial assemblages within the same soil community in response to
varying hydrocarbon substrates. The observation further corroborates
previous reports of such shifts in indigenous microbial community
structures and diversity, mostly towards the dominance of taxa with

hydrocarbon-degrading capabilities. Potential shifts in microbial
community compositions in polluted environments are partly
attributable to the metabolic proficiency of the assemblages as well as
the type and complexity of the hydrocarbon pollutants.
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