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ABSTRACT: The best metabolic conditions for the biodegradation of hydrocarbons by a selected microbial
consortium from a natural soil were investigated in order to improve the efficiency of bioremediation processes
for cleaning of polluted waters and soils. Phenanthrene is one of the most recalcitrant pollutants to microbial
decomposition and most difficult to remove. A microbial consortium was selected from a non polluted soil using a
selective medium containing phenanthrene as a sole carbon source; DNA was extracted from the purified strains
and the 16S rDNA was PCR-amplified and sequenced for the characterization. In order to improve the
bioavailability of phenanthrene a-, B—, y—, cyclodextrin were tested as coadjuvants. The degradation kinetics
were carried out in presence of a, B, y-, cyclodextrin in an aqueous phase at 28°C and 37°C; in presence of -
cyclodextrin in slurry phase at 37°C and in solid phase at room temperature. Phenanthrene concentration was
detected by HPLC. The degradation of phenanthrene depends on the type of cyclodextrins and on temperature.
In aqueous phase, the combined effect of temperature and addition of cyclodextrin improves the degradation of
phenanthrene, and B-cyclodextrin is the best coadjuvant when combined to a temperature of 37°C. In slurry
phase the degradation rate was lower than in solid phase, indicating a more important role of air availability than
of temperature in biodegradation process. The microbial consortium was characterized. In conclusion
bioaugmentation of indigenous microbial consortia, increase of bioavailability by (-cyclodextrin, high
environmental temperature and good aeration of soil result in a significant decrease (50% in 35 days) of
phenanthrene in polluted soils.

RESUMEN: Las mejores condiciones metabdlicas para la biodegradacion de hidrocarburos por un consorcio
microbiano seleccionado de un suelo natural fueron investigadas para mejorar la eficacia de los procesos de la
bioremediacién para la limpieza de aguas y de suelos contaminados. El fenantreno es uno de los contaminantes
mas recalcitrantes a la descomposicién microbiana y el mas dificil de eliminar. Un consorcio microbiano fue
seleccionado de un suelo no contaminado usando un medio selectivo que contenia el fenantreno como unica
fuente de carbono; EI ADN fue extraido de las colonias microbianas purificadas y el ADNr 16S fue PCR-
amplificado y ordenado para la caracterizacion. Con objeto de mejorar la biodisponibilidad del fenantreno, las a,
B, y-, ciclodextrina fueron probadas como coadyuvantes. Las cinéticas de degradacién fueron realizadas: en
presencia de a-, B-, y-, ciclodextrina en fase acuosa a 28°C y 37°C; en presencia de B-ciclodextrina en fase
fangosa a 37°C y en fase sodlida a temperatura ambiente. La concentracion del fenantreno fue detectada por
HPLC. La degradacion del fenantreno depende del tipo de ciclodextrinas y de la temperatura. En fase acuosa, el
efecto combinado de la temperatura y la adicién de ciclodextrina mejora la degradacion del fenantreno, y la -
ciclodextrina es el mejor coadyuvante cuando esta combinado a una temperatura de 37°C. En fase fangosa, la
tasa de degradacion fue mas baja que en la fase sdlida, indicando un papel mas importante de la disponibilidad
del aire que de la temperatura en el proceso de biodegradacion. El consorcio microbiano fue caracterizado. En
conclusion, la bioaugmentacion de consorcios microbianos autdctonos, el aumento de la biodisponibilidad por 3-
ciclodextrina, la alta temperatura ambiental y la buena aireacion del suelo dan lugar a una disminucion
significativa (el 50% en 35 dias) del fenantreno en suelos contaminados.
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INTRODUCTION

Hydrocarbons are among the most widespread pollutants of soil. The remediation of polluted soil can be
achieved by chemical, physical or biological treatments [1,2]. Many bioremediation processes have been
developed to remove the contaminants. In particular in situ bioremediation is a suitable technology that avoids
great physical-chemical alterations of the site and allows the complete pollutant degradation [1,2,3,4,5]. One
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main factor that influences the extent of pollutants biodegradation is their bioavailability [5,6]. Hydrocarbons
bioavalaibility is very poor; in fact they are hydrofobic and pass very slowly into the aqueous phase liquid in wich
they are metabolized by microorganisms [6,7]. Moreover in the soil they are strongly adsorbed to clay or humus
fraction [6,8]. Microbial strain, temperature, soil texture and composition could also greatly influence the
degradation process. Phenanthrene is one of the most recalcitrant PAHs (polycyclic aromatic hydrocarbons).
This class of components are widely spread as pollutants of soils and waters. They are the result of incomplete
combustion of organic matter like domestic waste, coal and wood waste products, petroleum and gas refining
by-products other than natural sources as volcanic eruptions and wood fires [9]. Many PAHSs like phenanthrene
and naphtalene have been used for the synthesis of organic compounds such as pesticides, fungicides, dyes
and moth-killers [10]. PAHs are toxic, mutagenic and/or carcinogenic [11]. Phenanthrene is known as
photosensitizing for human skin and potent inhibitor of gap junctional intercellular communication [12]. The
complete biodegradation of hydrocarbons lead to final non-toxic products like CO,, water and cellular biomass
[13]. The ability of different microorganisms to degrade phenanthrene has been tested: Phanaerochaete
chrysosporium oxidises the molecule in C9 and C10 [14]; marine cyanobacteria like Agmellum quadruplicatum
PR-6 and Synechoccus oxidise phenanthrene by a monoxygenase [15]. The addition of surfactants can enhance
pollutants bioavalaibility increasing water solubility [16]; as a consequence the eluviation through the soil can
also be increased, but due to high adsorption power of soil this risk is not significant [17]. On the other hand
surfactants are frequently toxic and poorly biocompatible; sometimes they are also pollutant compounds.
o—, B—, and y—cyclodextrins are natural cyclic oligosaccharides formed by 6, 7 or 8 a—1,4-linked glucose units
respectevely [18]. Since they have toroidal hydrofobic cavities with a hydrophilic shell, they are water soluble and
form inclusion complexes with hydrofobic molecules of a size compatible with their hydrofobic core. Moreover
they are not toxic and easy biodegradable [19].

The aim of this work was to investigate the effect of the addition of the cyclodextrin, as bioavailability enhancer,
on the microbial degradation of organic pollutants and of the temperature, in water and soils a—, p— and y—
cyclodextrins were tested in biodegradation assays of phenanthrene in an aqueous phase at 28°C and 37°C
B—cyclodextrin in a slurry phase at 37°C, and p—cyclodextrin in solid phase at room temperature. The influence
of the soil texture effect on biodegradation rate was also studied using a simplified model (dodecane as
pollutant). The half-reaction degradation time was determined on three different soils using a degrading microbial
consortium selected from a polluted soil. Two different microbial consortia were used and compared: a microbial
consortium selected from a polluted soil and a microbial consortium isolated from a natural glass-covered soil in
order to take into account the italian laws that prevent the use of allochthone degradative strains. Microbial
strains isolated from this consortium were characterized by molecular analysis.

MATERIALS AND METHODS

1. Biodegradation of phenanthrene on liquid phase.

Microorganisms and growth conditions. The microbial consortium was selected from a natural, grass-covered
soil. 1 g of soil was used as inoculum in flasks containing 200 ml Bushnell-Haas Broth (BHB) with 250 ppm
phenanthrene as the sole energy and carbon source. The flasks were incubated at 28°C in an orbital shaker at
150 rpm in the dark for 15 days, then used as inoculum for the biodegradation assays. Single colonies from soil
and from liquid microcosms at the end of incubation time were obtained by plating cell suspension on Tryptic
Soy Agar (TSA). The purified strains were then plated on BHA and added with phenanthrene to ascertain their
capability to grow with phenanthrene as the sole energy and carbon source.

Biodegradation assays. Microcosms were prepared in 250 ml flasks and inoculated with 1 ml enrichment culture
cell suspension. 50 ml BHB with 1000 ppm phenanthrene were added with 500 mg o—, p— or y—cyclodextrin and
sterilized at 120°C x 20’; after the inoculum they were incubated in a Dubnoff shaker at 150 rpm, at 28°C or 37°C
for 26 days. Blank assays were carried out without inoculum, and with inoculum but without cyclodextrins.

2. Biodegradation of dodecane and phenanthrene on solid phase.

Dodecane

Microbial inoculum. Microbial colonies were isolated from a petroleum-polluted soil by dispersing a sterile water
suspension of soil in MMA (Mineral Medium Agar: 0.8 g/l K;HPQO,, 0.2 g/l KH,PO,, 0.05 g/l CaSO,2H,0, 0.5 g/l
MgSO,7H,0, 0.09 g/l FeSO,7H,0, 1 g/l (NH4).SO4, 15 g/l agar) with 4% v/v dodecane as the sole carbon
source in Petri dishes, and incubating them at 28°C for 5 days. A random pool of selected colonies was
transferred to 200 ml of LMM (Liquid Mineral Medium: as MMA, without agar) with 4% v/v dodecane in a conical
flask and incubated on an oscillatory shaker at 140 rpm for 5 days at 28°C. This culture was used as inoculum
for the degradation kinetic assays.
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Biodegradation kinetics. Three mineral soils with different textures were examined: a sand (sand 97.6%, silt
1.6%, clay 0.8%), a loamy sand (sand 80.4%, silt 17.8%, clay 1.8%) and a clay (sand 3.9%, silt 60.3%, clay
35.8%). Organic matter was absent. 700 g of each soil, previously dried in an oven at 120°C for 7 h, were
posed to a depth of 10 cm depth in an impermeable, open box. 470 ul dodecane and 1% (w/w) water-melted B-
cyclodextrin were added, then 100 ml of microbial culture were spread as inoculum and 200 ml of mineral growth
medium (LMM) were added. Daily, water was balanced and soil homogeneity and aeration were maintained by
vigorous and accurate mixing. The temperature was kept at 20°C. The tests were performed by monitoring the
dodecane decrease, in the presence and absence of B-cyclodextrin and with the three different soil textures
(sand, loamy sand and clay).

Phenanthrene

Microorganisms and growth conditions. As in biodegradation of phenanthrene on liquid phase.

Biodegradation assays. Microcosms were prepared in 250 ml flasks and inoculated with 1 ml enrichment culture
cell suspension. 50 g of unsteril soil was added with 1000 ppm phenanthrene, 25% water and 500 mg -
cyclodextrin; it was balanced to C:N:P=100:15:1 with urea and DAP, then inoculated and incubated in static
conditions at room temperature for 90 days. Blank assays were carried out without inoculum, and with inoculum
but without cyclodextrins; blank soils were sterilised (under fluent vapour for 30’, for three times with intervals of
two days of incubation at 28°C). All microcosms were incubated in the dark and added with sterile water to
restore the initial weight three times a week.

3. Biodegradation of phenanthrene on slurry phase.

Microorganisms and growth conditions. As in biodegradation of phenanthrene on liquid phase.

Biodegradation assays. Microcosms were prepared in 250 ml flasks and inoculated with 1 ml enrichment culture
cell suspension. 50 g of unsteril soil was added with 1000 ppm phenanthrene, 80% water and 500 mg -
cyclodextrin; it was balanced to C:N:P=100:15:1 with urea and DAP, then inoculated and incubated in an Infors
shaker at 150 rpm at 37°C for 80 days. Blank assays were carried out without inoculum, and with inoculum but
without cyclodextrins; blank soils were sterilised (under fluent vapour for 30’, for three times with intervals of two
days of incubation at 28°C). All microcosms were incubated in the dark and added with sterile water to restore
the initial weight three times a week.

Pollutants analysis

Phenanthrene. The phenanthrene was extracted in 2 x 15 ml (aqueous phase) or 3 x 50 ml (slurry and solid
phase) ethyl acetate; 500 ppm naphthalene was added as internal standard during the extraction. The extract
was diluted, then analysed by HPLC Jasco PU-980 equipped with Jasco UV-2075 Plus UV/V detector in a
Supelcosil LC18 15 cm x 4.6 mm column. Operating conditions: elution with acetonitrile:water 60:40, flux 2
ml/min, X 254 nm. The residual phenanthrene concentration was analysed at the end of degradation process
and expressed as percent respect to the value obtained from the analysis of sterile test flasks incubated without
microbial inoculum.

Dodecane. Dodecane was extracted by adding 6 ml of water to 15 g of soil sample and shaking with three
successive aliquots of a total volume of 30 ml of toluene. The mixture was centrifuged at 4000 rpm for 5 min and
the organic phase was transferred to a fresh tube. 100 pl of a standard solution of 1% w/v naphthalene in
toluene were added to 1 ml of extract. The samples were analysed by a gas chromatograph GC HP 5890 series
Il equipped with a flame ionization detector on a HP1 Cross-Linked Methyl Silicone capillary column, 15 m long
and 0.32 mm i.d., film thickness 1.0 mp The operating conditions were: temperature from 100 to 250°C at
20°C/min; pressure 13 psi; injection volume 4 pl. Results were elaborati with excel and modelled as a pseudo
first order kinetic.

Isolation of pure cultures of microorganisms able to degrade and tolerate phenanthrene.

1 g of natural grass-covered soil was added to 9 ml physiological solution (NaCl 9%.). The suspension was
opportunely diluted and plated at different concentrations on Tryptic Soy Agar (TSA). Plates were incubated at
37°C for 15 days in the dark. Bacterial species were then grown on liquid TSB medium, while fungal species
were grown on MALT-agar medium.

Molecular characterization of pure strains

DNA from microbial isolates was extracted and purified as previously described [20]. Primers ITS1 and ITS4 [21]
were used to amplify a region of rDNA including ITS1 and ITS2 and the 5.8S rDNA gene. PCR amplifications
were performed in a total volume of 50 pl by mixing 2 pl of the template DNA with 0.2 mM concentrations of each
primer, 1 yM concentrations of each deoxynucleoside triphosphate, 1,5 mM MgCl, and 1U of Taqg DNA
polymerase in 1X PCR Buffer (Fermentas). These reactions were subjected to an initial denaturation of 3 min at
94°C, followed by 25 cycles of 30 sec at 94°C, 30 sec at 55°C, and 1min at 72°C, with a final extension of 5 min
at 72°C in a BIO-RAD Gene Cycler thermal cycler. Genomic DNA from bacterial isolates was extracted with a
glass-beads method. PCR amplifications of the Small-subunit (SSU) rRNA genes were performed with the same
reaction mixture described for fungi but using universal primers 27F (5-AGAGTTTGATCCTGGCTCAG-3’) and
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1492R (5’-GGTTACCTTGTTACGACTT-3’). For strain isolated from the consortium, sequence determination
was performed by using internal 16S rRNA primers 27F, 531R (5-CGGCCGCGGCTGCTGGCACGTA-3),
COM1 (5-CAGCAGCCGCGGTAATAC-3’) and 1378R (5-CGGTGTGTACAAGGCCCGGGAACG -3). The
protocol for amplification consisted of an initial denaturation of 3 min at 94°C, followed by 30 cycles of 1 min at
94°C, 1 min at 50°C, and 90 sec at 72°C, with a final extension of 5 min at 72°C. PCR products were checked by
agarose gel electrophoresis and were purified with the GenElute PCR Clean-up Kit (SIGMA). Sequence
determination was performed using the automated sequencer model ABI PRISM 3100 (Applied Biosystems). For
each strain consensus sequence from Forward and Reverse was obtained with ChromasPro version 1.3.
Database searches were conducted by using the BLAST program [22] with the GenBank database. 16S rDNA
sequences retrieved from the database were aligned by using ClustalX software, version 1.81.

Results and discussion

In figure 1 is reported the phenanthrene degradation in absence of cyclodextrin and in presence of a—, f—and
y— cyclodextrins at different temperatures. Cyclodextrins improve phenanthrene degradation both at 28°C and
37°C. In presence of f B-cyclodextrin the consortium degrades the highest amount of pollutant.

The temperature effect on phenantrene biodegradation is reported in figure 2. The amount of residual
phenanthrene is the smallest at 37°C at day 24. This effect is probably related to the mesophylic nature of
selected strains. Temperature effect on phenanthrene biodegradation seems to be more effective than the
bioavailability increase.

Table 1 shows the degradation time of dodecane on sand, loamy sand and clay, obtained using a microbial
consortium isolated from a petroleum-polluted soil. Pollutant degradation is modelable as a pseudo first order
reaction. The half-reaction time (T1/2) on sand was 76.9 h without B-cyclodextrin and 45.4 h with B-cyclodextrin.
The half-reaction time varied from 101.7 h without B-cyclodextrin to 67.2 h with B-cyclodextrin on loamy sand.
The half-reaction time on clay was reduced from 199.3 h without B-cyclodextrin to 151.4 h with B-cyclodextrin.
The degradation time gain due to B-cyclodextrin was 40.9% in sand, 33.9% in loamy sand and 24.2% in clay.
The positive effect of B-cyclodextrin decreases from sand to clay. As expected, biodegradation is slower in clay,
where the fine texture hinders the diffusion of the oxygen required for the aerobic metabolism. Moreover, fine-
textured soils have more total pore spaces than sandy soils; these spaces are mostly micropores and the
resultant adsorption is very strong. An intrinsically biodegradable compound that diffused into soil micro- and
nano-pores is then shielded toward microbial attacks and is only very slowly degraded. This could explain the
minor effect of B-cyclodextrin in clay, although its solubilization effect on pollutant does not change. Also in this
case the addition of B-cyclodextrin improves the pollutant biodegradation.

Since slurries are used to carry out ex situ treatments on polluted soils, the biodegration of phenanthrene was
studied also in slurry phase. Figure 3 shows the amount of degraded phenanthrene on slurry and solid phase
with or without B-cyclodextrin, used as better bioavailability coadjuvant (figure 1, table 1). The presence of
cyclodextrin increases the degradation both in solid and in slurry phase, proving the crucial role of the
bioavailability in the phenanthrene bioremediation. From figure 3 results that the phenanthrene biodegradation is
higher in solid phase that in slurry phase. The better results obtained on solid phase could be explained by the
higher oxygen availability respect to the slurry phase, in which soil macropores are filled with water. Soil
oxygenation is as important as the temperature increase. Biodegradation of phenanthrene was higher at 37°C
and with B-cyclodextrin in slurry phase, even if not at the same extent as in aqueous phase assays.

Since the existing italian laws do not allow the use of allochthon microorganisms or of exogenous compunds in
the “in situ” bioremediation processes, we looked for an autochthon source of strains and selected a microbial
consortium from a natural, grass-covered soil in order to degrade phenanthrene on liquid, solid and slurry phase.
The selected consortium was composed by a number of microbial strains that were purified and analysed
according 16S and ITS sequences. The detected strains were Streptomyces spp., Bacillus spp., Aspergillus
spp., Penicillium restrictum spp and Achromobacter xylosoxidans. Penicillium ssp., Aspergillus ssp. e
Streptomyces ssp. are already known for their capability to degrade PAHSs [23, 24, 25]. The presence of Bacillus
sp. can be considered very interesting for the degradative microbial consortium as these microrganisms can
produce bioemulsifier compounds [26], so they could contribute both directly and indirectly to PAH degradation,
by increasing bioavailability also to other degrading strains. According to these results the bioaugmentation of
indigenous microorganisms significantly improves the biodegradation rate even in the case of a recent pollution
or of a non polluted soil. The use of B-cyclodextrin, high temperatures and aeration of soil improve the overall
process.
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CONCLUSIONS

The bioavailability of phenanthrene is a fundamental factor for its biodegradation both in soil and in water. The
positive effect of coadjuvants is influenced by the soil texture, but in any case the degradation time gain is
always high. A temperature increase gives rise to a better degradation, in particular in water, probably due to a
higher inclusion complex solubility. B-cyclodextrin is a suitable bioavailability coadjuvant and it is safe for the
environment. In situ bioremediation strategies in soils can be considered as more effective than ex situ
processes carried out in slurry phase. Degradative autochthon microbial consortia selected from natural soils
can be used for effective phenanthrene biodegradation, even in the case of a recent pollution event. Then the
use of allochthon degrading microbial strains is not strictly required. According to our study 50% of phenanthrene
can be removed in 35 days. This means that even in case of a recent pollution event the indigenous
microorganisms of a soil can be effective in bioremediation process. Suitable technical interventions aimed to
stimulate the microbial activity and to increase bioavailability of hydrofobic xenobiotic pollutants are
advantageous.
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Sand Loamy sand Clay
Full degradation time without B-cyclodextrin 76.9 101.7 199.3
Degradation time with B-cyclodextrin 45.4 67.2 151.4
Degradation time gain (due to cyclodextrin) 40.9% 33.9% 24.2%
Required time 1 1.48 3.33

Tab. 1. Degradation time on sand, loamy sand and clay (hours).
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Fig. 3. Phenantrene biodegradation in slurry and solid phase.
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