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Microbial Communities in Hydrocarbon-Contaminated Soils

Abstract: Microbial community structures in hydrocarbon-contaminated soils from different
geographical origins, soil types and with different physico-chemical properties demonstrate
important patterns that alter in response to the contamination event itself, and during
subsequent biodegradation. The initial microbial community structure in a soil is a function
of the geographical location, the properties of the soil and the environmental conditions. The
addition of nutrients, levels of contamination, moisture and other physico-chemical para-
meters influence the predominant microbial populations. Arid, alpine and polar soils, which
are typically nutrient- and moisture-limited are often dominated by K-strategists such as
Actinobacteria, that are well adapted to low resource environments, and do not show major
alterations as a result of hydrocarbon contamination. In hydrocarbon-contaminated soil,
including alpine and polar soils, there is a dominance of Proteobacteria especially in the
early stages of hydrocarbon degradation. All groups of Proteobacteria, with the possible
exception of the Epsilonproteobacteria, respond positively to the influx of hydrocarbon sub-
strates and also to situations in which supplemental nutrients (N, P) are supplied. This pattern
is altered over time as hydrocarbon degradation reaches its plateau, and is frequently domi-
nated by Gammaproteobacteria. In temperate and tropical soils, the microbial community
structure is more diverse and the responses are not as pronounced, although again, the
Proteobacteria are typically dominant following hydrocarbon contamination. As more infor-
mation becomes available on the microbial community structures and their response at the
community level, more effective biodegradation strategies can be developed to capitalize on
this succession of active hydrocarbon degrading microorganisms.

1 Introduction

Human activities have generated a plethora of environmental pollutants, from heavy metals
and radioactive materials to a wide range of organic compounds. One of the largest sources of
environmental pollutants results from the use of fossil fuels to generate energy. Fossil fuels, in
the form of coal, natural gas and petroleum, are used for heating, electrical power generation,
and transportation of all kinds. They represent by far the largest source of energy for human
activities, accounting for 86% of all energy consumption worldwide in 2003 (Energy Informa-
tion Administration, 2005). Accordingly, the storage, transportation and combustion of fossil
fuels release massive amounts of contaminating hydrocarbons. Virtually no environment on
Earth is unaffected by hydrocarbon contamination: soils and sediments, groundwater, fresh-
water and oceans are all subjected to various degrees of contamination.

Ultra-high-resolution mass spectrophotometry recently indicated that there are more than
17,000 different compounds in crude oil (Marshall and Rogers, 2003). The compounds in this
complex mixture have a range of physico-chemical properties that influence their biodegrad-
ability and ultimate environmental fate. Representatives from all three major domains of life
have demonstrated the ability to metabolize hydrocarbons to various degrees and there are
currently in excess of 200 bacterial, algal and fungal genera that are known to use hydro-
carbons as carbon and energy sources (Head et al., 2006; Prince et al., 2003).

The extent to which microorganisms participate in the biodegradation of hydrocarbons
appears to be a function of the ecosystem and the local environmental conditions (as reviewed
by Leahy and Colwell, 1990). Prior exposure of a microbial community to anthropogenic
and/or natural sources of hydrocarbons is an important factor in determining the rate of
biodegradation.
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The objectives of this Chapter are to survey the impact of hydrocarbon contamination on
microbial community dynamics in various soil ecosystems and summarize changes in the
microbial community structure and composition associated with contamination events,
bioremediation treatments of contaminated sites or natural attenuation. © Table 1 provides
a summary of key studies that have shown shifts in the microbial community structure
associated with hydrocarbon contamination. Monitoring the hydrocarbon impacts on soil
microbial communities will help identify common patterns associated with soil hydrocar-
bon biodegradation and consequently lead to the development of better tools for rapidly
and reliably determining the effectiveness of bioremediation treatments on biodegradation
processes.

2 Influence of Physico-Chemical Parameters

Hydrocarbon biodegradation can occur in a variety of environments, some of which are
considered extreme (Margesin and Schinner, 2001), and include such important factors as
soil type, contamination type and concentration, temperature, pH, salinity, nutrient status,
etc. These parameters also influence the density and composition of the indigenous microbial
community, the activity of which will dictate the rate of hydrocarbon degradation.

An examination of the microbial community profiles of three different soil types con-
taminated with diesel fuel showed that there was no community convergence and that the
profiles that developed were dependent on soil type (Bundy et al., 2002). Hamamura et al.
(2006) extended this concept and examined seven diverse soil types from six geographically
distinct sites in the USA. Hydrocarbon degradation activity and microbial populations
differed between the soil types, but the isolated phylotypes were similar to other hydrocarbon
degraders (Nocardioides, Collimonas and Rhodococcus) from the same systems. One of the
important conclusions from this study was that soil type was an important factor in deter-
mining the microbial community structure in the soil.

Contaminant concentration and type also have a profound influence on the structure of
the developing microbial communities. For example, Muckian et al. (2007) noted a correlation
between polycyclic aromatic hydrocarbon structure (number of rings) and community com-
position in soil from a timber treatment facility in southern Ireland and Hawle-Ambrosch
et al. (2007) demonstrated a preferential degradation of shorter-chain alkanes, which was
more efficient with microbial consortia. Recently, Powell et al. (2006) used a quantitative-PCR
method targeting the alkB gene, encoding alkane hydroxylase, to show that the proportion of
alkB genotypes was positively correlated to the concentration of alkanes in a contaminated
Antarctic soil.

Nutrient treatments also have an impact on bioremediation effectiveness and on the
resulting microbial community structure. Denaturing gradient gel electrophoresis (DGGE)
was used to show dramatic shifts in microbial community structure during bioremediation of
creosote contaminated soil in Spain (Vinas et al., 2005). The early stages of bioremediation
were dominated by Alphaproteobacteria (Sphingomonas and Azospirillum) in all treatments but
in the later stages the Gammaproteobacteria (Xanthomonas), Sphingomonas and the Cyto-
phaga/Flavobacterium/Bacteriodes (CFB) group were dominant in non-nutrient treated sys-
tems, while Xanthomonas and Betaproteobacteria (Alcaligenes, Achromobacter) and
Sphingomonas dominated in the nutrient treatments. Baek et al. (2007) examined a variety
of bioremediation scenarios on crude oil contaminated soils including natural attenuation,
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biostimulation, biosurfactant addition, bioaugmentation and combined treatments. Although
the amount of hydrocarbon remaining after 120 days was similar for all treatments, the DGGE
profiles showed considerable differences before, after, and between all treatments.

The limited information available on hydrocarbon degradation in saline environments
indicates that at high salt concentrations (20%) hydrocarbon degradation is severely inhibited
(Kleinsteuber et al., 2006; Riis et al., 2003; Ward and Brock, 1978). Microbial population shifts
were observed during increasing salt concentrations, whereby Sphingomonas dominated at low
salt concentrations, but higher salt concentrations selected for Ralstonia, Halomonas, Dietzia
and Alcanivorax spp. in one study (Riis et al., 2003) and Cellulomonas, Bacillus, Dietzia and
Halomonas in another study (Kleinsteuber et al., 2006).

There is also evidence that polycyclic aromatic hydrocarbons are biodegraded under acidic
conditions (pH 2); however, no individual bacterial isolates could be identified that degraded
the tested substrates, and genes that are known to be involved in the degradation of these
compounds were not detected (Stapleton et al., 1998). The degradation was carried out by a
microbial consortium composed of yeast, fungi and bacteria.

3 Temperate Soils

It is generally well established that microbial community structures alter in response to
perturbation by contamination. Greene et al. (2000) showed a succession of microbial com-
munities in three aromatic hydrocarbon contaminated soils in Alberta, Canada, from Pseudo-
monas to Rhodococcus to Alcaligenes. Colores et al. (2000) used radiolabeled hexadecane and
phenanthrene in soil microcosms to determine the effect of surfactant on degradation. When
surfactant was added at a concentration above the critical micelle concentration, degradation
was inhibited. DGGE analysis showed that the presence of hydrocarbon stimulated Rhodo-
coccus and Nocardia (dominant DGGE bands, not detected in control soils), which were
subsequently displaced by Pseudomonas and Alcaligenes at high surfactant concentrations.
Culturing of these isolates demonstrated that they were in fact using the tested surfactant as a
carbon source.

A study of bacterial succession in a petroleum land treatment unit in a Guadalupe oil field
on the central Californian coast revealed different terminal-restriction fragment length poly-
morphism (T-RFLP) peaks at different stages of degradation (Kaplan and Kitts, 2004). When
the rate of degradation was at its highest, Flavobacterium and Pseudomonas dominated, which
subsequently returned to basal levels as hydrocarbon degradation rates began to decrease. At
this time, Thermomonas, Azoarcus, an unknown and Rhodanobacter became the predominant
phylotypes. There was a strong correlation between the bacterial succession of dominant
phylotypes and hydrocarbon biodegradation.

Using several molecular profiling methods, Mills et al. (2003) demonstrated a shift in
the microbial community structure following hydrocarbon contamination, the major changes
associated with a decrease in Betaproteobacteria and an increase in Gammaproteobacteria
after 21 days. The latter group decreased to unamended levels after 31 days of treatment.
Community structural differences were also observed by Kasai et al. (2005), who found a
different community in a petroleum contaminated zone compared to an adjacent uncon-
taminated site in Japan. A comparison of clone libraries from the two soils demonstrated
that Epsilon- and Gammaproteobacteria, Crenarchaeota and Methanosarcinales were only
detected at significant levels in the contaminated soil. Popp et al. (2006) showed that
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hydrocarbon-contaminated soil in Germany was dominated by Gammaproteobacteria (espe-
cially Pseudomonas spp.), Alphaproteobacteria and Betaproteobacteria, with the presence of
Actinobacteria, Firmicutes, Bacteroidetes and Epsilonproteobacteria detected in lower numbers.

Kasai et al. (2001) investigated microbial communities in paste samples of heavy oil from the
Nakhodka tanker oil-spill on the beaches of Japan and the associated seawater. Analysis of the
community profiles using DGGE revealed differences between the contaminated seawater and
the beaches, demonstrating a dominance of Alphaproteobacteria in seawater, however, the beach
samples, showed a dominance of Hydrogenophilus thermoluteolus. This bacterium is not known
to degrade hydrocarbons, although known hydrocarbon degraders such as Sphingomonas,
Alcanivorax borkumensis and Stenotrophomonas were also detected in the beach samples.

Quatrini et al. (2008) used a culture-based approach to investigate the petroleum hydro-
carbon degrading potential of indigenous microbes in a sandy Mediterranean coastal envi-
ronment that was contaminated with petroleum hydrocarbons. The microorganisms isolated
using fuel mix as sole carbon and energy sources were mainly Gram-positive rods related to
Nocardia, Rhodococcus and Gordonia, with a single Gram-negative isolate identified as Pseu-
domonas. The study concluded that Actinomycetes might have a major role in the bioremedia-
tion of alkane contaminated, dry, resource limited soils such as beaches and shorelines. Pucci
et al. (2000) used a similar culture-centric approach to investigate the influence of crude oil
contamination on bacterial communities of semiarid soils in Patagonia. Initially, there was a
microbial population dominated by Gram-positive Actinomycetales ( Dietzia, Gordonia, Nocar-
dia, Rhodococcus, Streptomyces) but following exposure to crude oil, Gram-negative bacteria
such as Pseudomonas, became predominant, accompanied by lower proportions of Actinomy-
cetales (Corynebacterium, Nocardia, Rhodococcus, Streptomyces, Gordonia). Macnaughton et al.
(1999) investigated community changes on an artificially contaminated coastal region of
Delaware using culture-independent techniques (DGGE and phospholipid fatty acid analysis
(PFLA)). PFLA results showed a shift in the community from eukaryotic biomass to Gram-
negative bacteria during oil exposure. The DGGE analysis showed considerable microbial
community changes between treatments, again with a dominance of Gram-negative bacteria
in the Alphaproteobacteria and CFB phylum following oil treatment, while Alphaproteobacteria
were never detected in un-oiled controls.

Other studies have also shown changes in the microbial community structures associated
with many factors that include the type and concentration of contamination, nutrient status,
soil type and other physico-chemical properties, in addition to changes associated with season
and geographical location. Taken together, these results clearly demonstrate the dynamic
nature of indigenous soil microbial populations, and emphasize that each ecosystem needs
to be evaluated separately. Nevertheless, common patterns in microbial community structures
and how they adjust to these factors are emerging.

4 Tropical Soils

Tropical soils contain a plethora of potential hydrocarbon degrading microorganisms includ-
ing bacteria, yeast and fungi. Chaillan et al. (2004) isolated aerobic hydrocarbon-degrading
microorganisms from soils and freshwater ponds located in southeast Kalimantan (Borneo
Island, Indonesia) contaminated for several years by Indonesian crude oil. Bacterial strains
of the genera Aeromicrobium, Brevibacterium, Burkholdia, Dietzia, Gordonia and Mycobac-
terium, the fungi Amorphoteca, Aspergillus, Fusarium, Graphium, Neosartorya, Paecilomyces,
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Penicillium, and Talaromyces and yeasts belonging to Candida, Pichia and Yarrowia were all
identified. Supaphol et al. (2006) investigated the effect of the addition of N and P on the
bioremediation of oil contaminated tropical soil collected from around an oil storage tank in
Bangkok, Thailand. DGGE was used to compare the community structure over time and
predominant bands were identified as Bacillus, Microbacterium and Pseudomonas. These three
genera were isolated into pure culture using lubricating oil as a sole carbon source and
accounted for 38% of the 317 isolates obtained: 77 isolates were Bacillus, 35 Microbacterium
and 9 Pseudomonas. These isolates were much more efficient at degrading the lubricating oil in
liquid media or in sand as consortia rather than individually.

A recent review of the microbiology of oil-contaminated desert soils in Kuwait indicated
that nutrient starvation is the most severe limitation (Radwan, 2008). Despite the large
temperature difference, desert soils share important features with polar and alpine soils in
that they are nutrient-poor and have low available water. In the Kuwaiti desert, the predomi-
nant indigenous oil degrading bacteria were Micrococcus, Pseudomonas, Bacillus, Arthrobacter,
Rhodococcus and Streptomyces. Oil utilizing fungi, including Aspergillus, Penicillium, Fusarium
and Mucor, were also identified. A significant population density of thermophilic hydrocarbon
degrading bacteria related to Geobacillus stearothermophilus were also detected in desert soil.
These microorganisms were consistently found in higher numbers in oil contaminated soils
than in pristine soils. In the presence of plants, oil degrading rhizosphere bacteria, the most
prevalent being Cellulomonas, Rhodococcus and Arthrobacter, were enriched.

5 Alpine Soils

Alpine microorganisms with the ability to degrade hydrocarbons at low temperature have
been comprehensively reviewed by Margesin (2007). Earlier studies demonstrated that pristine
alpine soils do contain high numbers (~10° to 10* cells g ' soil) of indigenous bacteria able to
utilize diesel oil as a sole carbon source (Margesin and Schinner, 1997) which was later
corroborated by Margesin et al. (2003) showing that both contaminated and uncontaminated
alpine soils contain significant oil degrading bacterial populations (~10° to 107 cells g~ ' soil).
What is interesting for the recent study is that cold-adapted degraders (10°C) were 2—3 orders
of magnitude higher than their mesophilic (37°C) counterparts, emphasizing the importance
of cold—adapted microbes in the bioremediation of hydrocarbons (Margesin et al., 2003).
Margesin et al. (2003) also found that catabolic genotypes involved in the degradation of
n-alkanes from targeted Gram-negative bacteria (Pseudomonas putida and Acinetobacter) were
significantly higher in contaminated (50-75%) than the corresponding pristine soils
(0-12.5%) indicating an enrichment effect for microorganisms capable of hydrocarbon
degradation. Furthermore, there was a higher significant positive correlation between the
level of contamination and the number of genotypes of Gram-negative (P. putida and
Acinetobacter) rather than Gram-positive genotypes (Rhodococcus and Mycobacterium).

A similar shift in the microbial community structure, with respect to an enrichment of
Gram-negative Proteobacteria, was recently demonstrated in a phylogenetic survey of pristine
and hydrocarbon contaminated alpine soils (Labbé et al., 2007). DGGE analysis demonstrated
a predominance of Actinobacteria and Proteobacteria in pristine (18 and 73%, respectively)
and contaminated soils (20 and 76%, respectively). However, the classes of Proteobacteria were
directly related to the presence (or absence) of contamination. In particular, the proportion of
Alphaproteobacteria was greater in pristine soils (46%) than in contaminated soils (24%) and



2324

Microbial Communities in Hydrocarbon-Contaminated Soils

Beta- (8%) and Gammaproteobacteria (24%) were only detected in contaminated soils.
Moreover, of all detected classes of bacteria, only the Gammaprotebacteria were significantly
(P < 0.01) positively correlated to that of soil TPH content.

6 Polar Soils

Various studies have shown that there are large numbers of indigenous microbes in polar soils
that are capable of degrading hydrocarbons, with culturable population densities as high as 10
cells g7l soil (Braddock et al., 1997; Coulon et al., 2005; Saul et al., 2005; Whyte et al., 2001).

Cold-adapted hydrocarbon degraders have been isolated without difficulty from many
polar soils, and the bioremediation of hydrocarbon-contaminated polar soils has been recently
reviewed (Aislabie et al., 2006). Common examples of hydrocarbon-degrading bacteria in-
clude psychrotolerant Pseudomonas, Sphingomonas and Rhodococcus strains isolated from
Arctic environments (Thomassin-Lacroix et al., 2002; Whyte et al., 1997, 1998) and Antarctic
soils (Aislabie et al., 2000; Saul et al., 2005). Deppe et al. (2005) used DGGE to show that nine
species closely related to the genera Pseudoalteromonas, Pseudomonas, Shewanella, Marino-
bacter, Psychrobacter (Gammaproteobacteria) and Agreia were present in an Arctic consortium
degrading crude oil at 4°C. Interestingly, in different combinations, the isolated strains could
not significantly degrade crude oil, indicating the importance of this mixed community. These
same bacterial groups were present in hydrocarbon contaminated alpine soils (Margesin et al.,
2003). Thomassin-Lacroix et al. (2002) found Pseudomonas, Rhodococcus and Sphingomonas
sp. were enriched from Arctic soils contaminated with diesel oil, and Eriksson et al. (2001)
has shown that Rhodococcus is adept at surviving laboratory-simulated freeze-thaw cycles
(7°Cand —5°C), subsequently becoming a predominate member of the microbial community
degrading hydrocarbons within an Arctic tundra soil sample.

At present, there are few molecular-based studies in the literature comprehensively de-
scribing the microbial communities of polar soils affected by hydrocarbon degradation. A
study by Juck et al. (2000) presents one of the first studies to compare community structures
between pristine and petroleum hydrocarbon contaminated soils in the Canadian Arctic using
DGGE analysis. The predominant band patterns (63.6%) represented high G + C micro-
organisms in the Actinomycetales order and 36.4% belonged to the Proteobacteria, with the
Gammaproteobacteria, comprised primarily of the genera Xanthomonas, Halomonas and
Methylobacter, being the most significant members (62.5%) of the Proteobacteria. The results
of this study indicated that geographic origin was a more important determinant in clustering
of DGGE profiles than petroleum contamination.

Studies comparing and contrasting microbial communities between contaminated and
non-contaminated polar soils have only been presented by two key studies (Aislabie et al.,
2001; Saul et al., 2005) both situated in the Antarctic. Aislabie et al. (2001) used a culture-
based approach to compare isolated microorganisms from pristine and contaminated Antarc-
tic soils. A shift in microbial inhabitants was observed: yeast was only cultivated from oil
contaminated soils and higher numbers of filamentous fungi were isolated from contaminated
sites compared to pristine soils. The filamentous fungi shifted from Chrysosporium dominance
in control soils to Phialophora dominance in hydrocarbon contaminated soils. Saul et al.
(2005) present the first comprehensive comparison of microbial communities between pris-
tine and hydrocarbon impacted soils around Scott Base, Antarctica, using a culture-based and
culture-independent approach. Members of the Actinobacteria were found in both soil types,
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but distinct differences were detected between contaminated and pristine soils. For example,
bacteria belonging to the Fibrobacter/Acidobacterium, CFB, Deinococcus/Thermus and low
G + C Gram-positive genera were almost exclusively present in pristine soils, whereas con-
taminated soils were dominated by species related to the Proteobacteria, including Pseudomo-
nas, Sphingomonas and Variovorax.

There is virtually no information available on the effects of hydrocarbons on permafrost
microbial communities although the structures of several of these communities have been
reported (Gilichinsky et al., 2007; Steven et al., 2007; Vishnivetskaya et al., 2006). In one study,
the biodegradation of hydrocarbons in permafrost incubated at 5°C was observed, but the
characteristics of the microorganisms and microbial community were not examined (Borresen
et al., 2003).

7 Research Needs

Over the last decade or so, there have been numerous developments in methods to analyze
complex microbial communities and their functions. The exploitation of new proteomics and
genomics tools (Zhao and Poh, 2008) to establish relationships between microbial community
structure and function will help provide much needed insight into the degradation of
environmental pollutants, how microorganisms respond to different stimuli, and especially
how degradation systems function at the community level. A recent review of molecular
techniques to characterize microbial communities in contaminated soil and water has pre-
sented methods, including high throughput techniques, to link microbial phylogeny and
ecological function (Malik et al., 2008). Stable isotope probing (SIP) is another technique
that can distinguish between who is there and who is actually functioning in the system under
evaluation by coupling stable isotopic compounds with molecular techniques. As recently
reviewed by Madsen (2006), important information is presented about how to use SIP and
how to interpret subsequent results. The key is to develop data on both the phylogenetically
dominant and active hydrocarbon-degrading strains in oil contaminated environments.

Due to the metagenomics revolution, genomics-based databases that are growing at
immense rates, and will enable more complex communities to be assembled to give a more
meaningful understanding of the phylogeny/function relationships. Large managed databases
of microbial diversity, and changes associated with both contamination events and bioreme-
diation are required; however, it is essential to develop a uniform way of presenting data since,
at present, there is a considerable amount of disparate data that defies comparison. Therefore,
there is a clear need to develop standardized analytical approaches and tools to enable the
development of comprehensive databases that would allow researchers and practitioners to
access and compare data from sites having different contaminant types, geographical loca-
tions, nutritional and physico-chemical properties. A recent article by Marzorati et al. (2008)
presents a means to normalize DGGE data so it can be compared between laboratories and
environments. This could be a major step forward in the use of screening data (as an
alternative to large scale sequencing) to evaluate different environments.

In addition to all the available direct molecular approaches, it is still important to isolate
and characterize pure cultures of hydrocarbon-degrading microorganisms that inhabit less-
commonly studied environments. The development of specialized culturing techniques,
suitable to, and representative of the many unexplored environments that may contain unique
microorganisms, is another area that requires additional research effort.



2326

Microbial Communities in Hydrocarbon-Contaminated Soils

References

Aislabie J, Foght ], Saul D (2000) Aromatic hydrocarbon-
degrading bacteria from soil near Scott Base,
Antarctica. Polar Biol 23: 183-188.

Aislabie J, Fraser R, Duncan S, Farrell RL (2001) Effects
of oil spills on microbial heterotrophs in Antarctic
soils. Polar Biol 24: 308-313.

Aislabie J, Saul DJ, Foght JM (2006) Bioremediation of
hydrocarbon-contaminated polar soils. Extremo-
philes 10: 171-179.

Baek K-H, Yoon B-D, Kim B-H, Cho D-H, Lee I-S,
Oh H-M, Kim H-S (2007) Monitoring of microbial
diversity and activity during bioremediation of
crude oil-contaminated soil with differing treat-
ments. ] Microbiol Biotechnol 17: 67-73.

Borresen M, Breedveld GD, Rike AG (2003) Assessment
of the biodegradation potential of hydrocarbons in
contaminated soil from a permafrost site. Cold
Regions Sci Technol 37: 137-149.

Braddock, JE, Ruth ML, Catterall PH, Walworth JL,
McCarthy KA (1997) Enhancement and inhibition
of microbial activity in hydrocarbon-contaminated
Arctic soils: Implications for nutrient-amended
bioremediation. Environ Sci Technol 31: 2078-2084.

Bundy JG, Paton GI, Campbell CD (2002) Microbial
communities in different soil types do not converge
after diesel contamination. J Appl Microbiol 92:
276-288.

Chaillan F, Fleche AL, Bury E, Phantavong Y-H,
Grimont P, Saliot A, Oudot J (2004) Identification
and biodegradation potential of tropical aerobic
hydrocarbon-degrading microorganisms. Res Micro-
biol 155: 587-595.

Colores GM, Macur RE, Ward DM, Inskeep WP (2000)
Molecular analysis of surfactant-driven microbial
population shifts in hydrocarbon-contaminated
soil. Appl Environ Microbiol 66: 2959-2964.

Coulon F, Pelletier E, Gourhant L, Delille D (2005)
Effects of nutrient and temperature on degra-
dation of petroleum hydrocarbons in contami-
nated sub-Antarctic  soil.
1439-1448.

Del Panno MT, Morelli IS, Engelen B, Berthe-Corti L
(2005) Effect of petrochemical sludge concentra-

Chemosphere  58:

tions on microbial communities during soil biore-
mediation. FEMS Microbiol Ecol 53: 305-316.

Deppe U, Richnow H-H, Michaelis W, Antranikian G
(2005) Degradation of crude oil by an arctic micro-
bial consortium. Extremophiles 9: 461-470.

Energy Information Administration (EIA). 2005. Inter-
national Energy Annual 2005, web site: www.eia.
doe.gov/iea.

Eriksson M, Ka, J-O, Mohn WW (2001) Effects of low
temperature and freeze-thaw cycles on hydrocarbon

biodegradation in Arctic tundra soil. Appl Environ
Microbiol 67: 5107-5112.

Gilichinsky DA, Wilson GS, Friedmann EI, McKay CP,
Sletten RS, Rivkina EM, Vishnivetskaya TA,
Frokhina LG, Ivanushkina NE, Kochkina GA,
Shcherbakova VA, Soina VS, Spirina EV,
Vorobyova EA, Fyodorov-Davydov DG, Hallet B,
Ozerskaya SM, Sorokovikov VA, Laurinavichyus
KS, Shatilovich AV, Chanton JP, Ostroumov VE,
Tiedje JM (2007) Microbial populations in Antarctic
permafrost: biodiversity, state, age, and implication
for astrobiology. Astrobiology 7: 275-311.

Greene EA, Kay JG, Jaber K, Stehmeier LG, Voordouw G
(2000) Composition of soil microbial communities
enriched on a mixture of aromatic hydrocarbons.
Appl Environ Microbiol 66: 5282-5289.

Hamamura N, Olson SH, Ward DM, Inskeep WP (2006)
Microbial population dynamics associated with
crude-oil biodegradation in diverse soils. Appl
Environ Microbiol 72: 6316-6324.

Hawle-Ambrosch E, Riepe W, Dornmayr-
Pfaffenhuemer M, Radax C, Holzinger A,
Stan-Lotter H (2007) Biodegradation of fuel oil
hydrocarbons by a mixed bacterial consortium in
sandy and loamy soils. Biotechnol J 2: 1564—1568.

Head IM, Martin Jones D, Roling WEM (2006) Marine
microorganisms make a meal of oil. Nat Rev Micro-
biol 4: 173-182.

Juck D, Charles T, Whyte LG, Greer CW (2000) Polypha-
sic microbial community analysis of petroleum
hydrocarbon-contaminated soils from two northern
Canadian communities. FEMS Microbiol Ecol
33: 241-249.

Kaplan CW, Kitts CL (2004) Bacterial succession in a
petroleum land treatment unit. Appl Environ
Microbiol 70: 1777-1786.

Kasai Y, Kishira K, Syutsubo K, Harayama S (2001)
Molecular detection of marine bacterial popula-
tions on beaches contaminated by the Nakhodka
tanker oil-spill accident. Environ Microbiol 3:
246-255.

Kasai Y, Takahata Y, Hoaki T, Watanabe K (2005) Phy-
siological and molecular characterization of a
microbial community established in unsaturated,
petroleum-contaminated soil. Environ Microbiol
7: 806-818.

Kleinsteuber S, Riis V, Fetzer I, Harms H, Miiller S (2006)
Population dynamics within a microbial consortium
during growth on diesel fuel in saline environments.
Appl Environ Microbiol 72: 3531-3542.

Labbé D, Margesin R, Schinner F Whyte LG,
Greer CW (2007) Comparative phylogenetic analy-
sis of microbial communities in pristine and


http://www.eia.doe.gov/iea
http://www.eia.doe.gov/iea

Microbial Communities in Hydrocarbon-Contaminated Soils

2327

hydrocarbon-contaminated Alpine soils. FEMS
Microbiol Ecol 59: 466-475.

Leahy JG, Colwell RR (1990) Microbial degradation of
hydrocarbons in the environment. Microbiol Rev
54: 305-315.

Macnaughton SJ, Stephen JR, Venosa AD, Davis GA,
Chang Y-J, White DC (1999) Microbial population
changes during bioremediation of an experimental
oil spill. Appl Environ Microbiol 65: 3566-3574.

Madsen EL (2006) The use of stable isotope probing
techniques in bioreactor and field studies on biore-
mediation. Curr Opin Biotechnol 17: 92-97.

Malik S, Beer M, Megharaj M, Naidu R (2008) The use of
molecular techniques to characterize the microbial
communities in contaminated soil and water. Envi-
ron Int 34: 265-276.

Margesin R (2007) Alpine microorganisms: useful tools
for low temperature bioremediation. ] Microbiol 45:
281-285.

Margesin R, Labbé D, Schinner F, Greer CW, Whyte LG
(2003) Characterization of hydrocarbon-degrading
microbial populations in contaminated and
pristine alpine soils. Appl Environ Microbiol 96:
3985-3092.

Margesin R, Schinner F (1997) Efficiency of indigenous
and inoculated cold-adapted soil microorganisms
for biodegradation of diesel oil in alpine soils. Appl
Environ Microbiol 63: 2660-2664.

Margesin R, Schinner F (2001) Biodegradation and bio-
remediation of hydrocarbons in extreme environ-
ments. Appl Microbiol Biotechnol 56: 650—-663.

Marshall AG, Rogers RP (2003) Petroleomics: the next
grand challenge for chemical analysis. Acc Chem Res
37: 53-59.

Marzorati M, Wittebolle L, Boon N, Daffonchio D,
Verstraete W (2008) How to get more out of
molecular fingerprints: practical tools for microbial
ecology. Environ Microbiol 10: 1571-1581.

Mills DK, Fitzgerald K, Litchfield CD, Gillevet PM (2003)
A comparison of DNA profiling techniques for
monitoring nutrient impact on microbial commu-
nity composition during bioremediation of petro-
leum-contaminated soils. ] Microbiol Methods
54: 57-74.

Muckian L, Grant R, Doyle E, Clipson N (2007) Bacterial
community structure in soils contaminated by poly-
cyclic aromatic hydrocarbons. Chemosphere 68:
1535-1541.

Popp N, Schlémann M, Mau M (2006) Bacterial diversity
in the active stage of a bioremediation system for
mineral oil hydrocarbon-contaminated soils. Micro-
biology 152: 3291-3304.

Powell SM, Ferguson SH, Bowman JP, Snape I (2006)
Using real-time PCR to assess changes in the hydro-
carbon-degrading microbial community in Antarc-
tic soil during bioremediation. Microb Ecol 52:
523-532.

Prince RC, Lessard RR, Clark JR (2003) Bioremediation
of marine oil spills. Oil Gas Sci Technol 58: 463—468.

Pucci OH, Bak MA, Peressutti SR, Klein I, Hirtig C,
Alvarez HM, Wiinsche L (2000) Influence of crude
oil contamination on the bacterial community of
semiarid soils of Patagonia (Argentina). Acta Bio-
technol 20: 129-146.

Quatrini P, Scaglione G, De Pasquale C, Riela S, Puglia
AM (2008) Isolation of Gram-positive n-alkane
degraders from a hydrocarbon-contaminated Medi-
terranean shoreline. ] Appl Microbiol 104: 251-259.

Radwan S (2008) Microbiology of oil-contaminated des-
ert soils and coastal areas in the Arabian Gulf
region. In Microbiology of Extreme Soils, Soil Biol-
ogy, vol. 13. P Dion, CS Nautiyal (eds.). Berlin:
Springer-Verlag, pp. 275-297.

Riis V, Kleinsteuber S, Babel W (2003) Influence of high
salinities on the degradation of diesel fuel by bacte-
rial consortia. Can ] Microbiol 49: 713-721.

Saul DJ, Aislabie JM, Brown CE, Harris L, Foght JM
(2005) Hydrocarbon contamination changes the
bacterial diversity of soil from around Scott Base,
Antarctica. FEMS Microbiol Ecol 53: 141-155.

Stapleton RD, Savage DC, Sayler GS, Stacey G (1998)
Biodegradation of aromatic hydrocarbons in an ex-
tremely acidic environment. Appl Environ Micro-
biol 64: 4180-4184.

Steven B, Briggs G, McKay CP, Pollard WH, Greer CW,
Whyte LG (2007) Characterization of the microbial
biodiversity in a permafrost sample from the Cana-
dian high Arctic using culture-dependent and cul-
ture-independent methods. FEMS Microbiol Ecol
59: 513-523.

Supaphol S, Panichsakpatana S, Trakulnaleamsai S,
Tungkananuruk N, Roughjanajirapa P, O’Donnell
AG (2006) The selection of mixed microbial inocula
in environmental biotechnology: Example using
petroleum contaminated tropical soils. ] Microbiol
Methods 65: 432—441.

Thomassin-Lacroix EJM, Eriksson M, Reimer K],
Mohn WW (2002) Biostimulation and bioaugmen-
tation for on-site treatment of weathered diesel
fuel in Arctic soil. Appl Microbiol Biotechnol 59:
551-556.

Vinas M, Sabaté J, Espuny MJ, Solanas AM (2005) Bac-
terial community dynamics and polycyclic aromatic
hydrocarbon degradation during bioremediation of
heavily creosote-contaminated soil. Appl Environ
Microbiol 71: 7008-7018.

Vishnivetskaya TA, Petrova MA, Urbance J, Ponder M,
Moyer CL, Gilichinsky DA, Tiedje JM (2006) Bacte-
rial community in ancient Siberian permafrost as
characterized by culture and culture-independent
methods. Astrobiology 6: 400-415.

Ward DM, Brock TD (1978) Hydrocarbon degradation
in hypersaline environments. Appl Environ Micro-
biol 35: 353-359.



2328 Microbial Communities in Hydrocarbon-Contaminated Soils

Whyte LG, Bourbonniere L, Greer CW (1997) Biodegra-
dation of petroleum hydrocarbons by pschrotrophic
Pseudomonas strains possessing both alkane (alk)
and naphthalene (nah) catabolic pathways. Appl
Environ Microbiol 63: 3719-3723.

Whyte LG, Goalen B, Hawari J, Labbé D, Greer CW,
Nahir M (2001) Bioremediation treatability assess-
ment of hydrocarbon-contaminated soils from
Eureka. Nunavut Cold Reg Sci Technol 32: 121-132.

Whyte LG, Hawari J, Zhou E, Bourbonniére L,
Inniss WE, Greer CW (1998) Biodegradation of
variable-chain-length alkanes at low temperatures
by a psychrotrophic Rhodococcus sp. Appl Environ
Microbiol 64: 2578-2584.

Zhao B, Poh CL (2008) Insights into environmental
bioremediation by microorganisms through func-
tional genomics and proteomics. Proteomics 8:
874-881.



	51 Microbial Communities in Hydrocarbon-Contaminated Temperate, Tropical, Alpine, and Polar Soils
	1 Introduction
	2 Influence of Physico-Chemical Parameters
	3 Temperate Soils
	4 Tropical Soils
	5 Alpine Soils
	6 Polar Soils
	7 Research Needs
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


