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Abstract Several studies have shown that biostimulation
can promote hydrocarbon bioremediation processes in
Antarctic soils. However, the effect of the different nutrient
sources on hydrocarbon removal heavily depends on the
nutrients used and the soil characteristics. In this work,
using a sample of chronically contaminated Antarctic soil
that was exposed to a fresh hydrocarbon contamination, we
analyzed how a complex organic nutrient source such as
fish meal (FM) and a commercial fertilizer (OSEII) can
affect hydrocarbon biodegradation and bacterial commu-
nity composition. Both amended and unamended (control)
biopiles were constructed and controlled at Carlini Station
and sampled at days 0, 5, 16, 30 and 50 for microbiolog-
ical, chemical and molecular analyses. FM caused a fast
increase in both total heterotrophic and hydrocarbon
degrading bacterial counts. These high values were main-
tained until the end of the assay, when statistically signif-
icant total hydrocarbon removal (71 %) was detected when

R. L. Dias - M. T. Del Panno

Centro de Investigacion y Desarrollo en Fermentaciones
Industriales (CINDEFI), Calle 50 y 115, B1900AJL La Plata,
Argentina

R. L. Dias - L. Ruberto

Consejo Nacional de Investigaciones Cientificas y Técnicas
(CONICET), Av. Rivadavia 1917, C1033AAJ Buenos Aires,
Argentina

L. Ruberto - A. Calabr6 - A. L. Balbo - W. P. Mac Cormack
Catedra de Biotecnologia, Facultad de Farmacia y Bioquimica,
Universidad de Buenos Aires, Junin 956 6°P,

C1113AAD Buenos Aires, Argentina

L. Ruberto - W. P. Mac Cormack (D<)
Instituto Antartico Argentino, Balcarce 290,
C1064AAF Buenos Aires, Argentina
e-mail: wmac@ffyb.uba.ar

compared with a control system. The FM biopile evidenced
the dominance of members of the phylum Proteobacteria
and a clear shift in bacterial structure at the final stage of
the assay, when an increase of Actinobacteria was
observed. The biopile containing the commercial fertilizer
evidenced a hydrocarbon removal activity that was not
statistically significant when compared with the untreated
system and exhibited a bacterial community that differed
from those observed in the unamended and FM-amended
biopiles. In summary, biostimulation using FM in biopiles
significantly enhanced the natural hydrocarbon-degradation
activity of the Carlini station soils in biopile systems and
caused significant changes in the bacterial community
structure. The results will be considered for the future
design of soil bioremediation protocols for Carlini Station
and could also be taken into account to deal with diesel-
contaminated soils from other cold-climate areas.

Keywords Antarctic soils - Hydrocarbons - Biopiles -
Biostimulation - Fish meal - Commercial fertilizer

Introduction

In the last years, there has been increased interest in the
Antarctica and its economic, political and scientific
importance. As a consequence, human activity in this
region (setting up scientific stations, increased tourism,
aircraft transportation and establishment of fisheries) has
increased, with the concomitant rise of the need for
petroleum transportation, storage and consumption. These
activities represent an important risk of hydrocarbon pol-
lution in soil and water, which was a major concern in the
Antarctic Treaty Consultative Meetings (ATCM 2012,
2013). In a remote and isolated area such as Antarctica, on-
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site bioremediation is the only feasible clean-up option for
hydrocarbon spills (Aislabie et al. 2004; Delille et al. 2009)
because transportation of contaminated soil does not rep-
resent a practical option, and also once in the soil, the rate
of natural attenuation is not fast enough to reduce the
hydrocarbon levels in an adequate time period (Snape et al.
2006). The success of bioremediation technology in Ant-
arctica is largely conditioned by several local environ-
mental factors such as the low temperatures and low
availability of nutrients, mostly N and P (Greer 2009).

The hydrocarbon spills generally produce an imbalance
in the C:N:P ratio. Under this condition, microbial biomass
formation in soil could be limited by the low N and P
levels. This problem is particularly relevant in many Ant-
arctic soils, because they normally exhibit a low avail-
ability of nutrients (Ferguson et al. 2003; Ruberto et al.
2009). In order to balance the C:N:P ratio in fuel-con-
taminated soils, nutrient supplementation (biostimulation)
has been reported to be an effective tool for enhancing
biodegradation activity and hence for reducing the eco-
logical impact of oil derivative pollution in the Arctic and
Antarctic areas (Braddock et al. 1997; Aislabie et al. 2006).
Although it is not generally known which indigenous
microorganisms should be favored to optimize the rate and
extent of bioremediation in a particular contaminated
environment, it was reported that added nutrients are not
incorporated equally by bacterial taxa in hydrocarbon-
contaminated soils (Bell et al. 2011). This fact could cause
a change in the composition and metabolic activity of the
autochthonous microbial community.

For this reason, in this work we aimed to study hydro-
carbon removal and bacterial community shifts occurring
when a chronically contaminated Antarctic soil is biosti-
mulated with different nutrient sources. Although chroni-
cally contaminated, the soil had also been impacted by a
recent diesel spill. This represents a relatively frequent
situation occurring near the fuel storage tank area of the
Antarctic station. While several papers have reported
studies on hydrocarbon bioremediation in polar soils, either
freshly (Delille 2000; Ruberto et al. 2003) or chronically
(Stallwood et al. 2005; Kauppi et al. 2011) contaminated,
to our knowledge no studies analyzing the biostimulation
effect were conducted using chronically contaminated soil
that had been exposed to a fresh hydrocarbon contamina-
tion. Although the accidental fresh contamination could
provide growth-supporting energy and carbon to the pre-
viously selected microbial community, a negative impact
could also be expected because of the toxic effects (Kang
and Park 2010). In order to cover different nutrient
requirements of the authoctonus microbial community
surviving the fresh contamination event, we decided to test
two different nutrient sources. One of these nutrients
sources, fish meal (FM), is a low-cost and easily available
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material in the south of Argentina that proved to be effi-
cient to stimulate microbial growth and hydrocarbon bio-
degradation (Lee et al. 1995; Delille et al. 2008). This
complex matrix also acts by increasing soil porosity, hence
favoring the aerobic metabolism of the pollutants (Kauppi
et al. 2011). The other nutrient source was the commercial
fertilizer OSE II® (Oil Spill Eater International Corp.),
which is listed on the US Environmental Protection
Agency’s National Contingency Plan for Oil Spills and is
reported to be a multienzyme liquid concentrate containing
nutrients, which was reported to produce a significant
hydrocarbon reduction after 45 days in a chronically con-
taminated antarctic soil (Dias et al. 2012). The amended
soil was arranged in biopile systems. Biopiles have proved
to be effective for reducing the hydrocarbon concentration
in contaminated soils of different origins (Jgrgensen et al.
2000; Delille et al. 2008; Sanscartier et al. 2009). An
advantage of this design is the possibility to treat a large
soil volume in a smaller area, compared with other designs
such as landfarming (Sanscartier et al. 2009). Studies
performed by Yergeau et al. (2009, 2012) using ex situ
biopiles (where soils were excavated, aerated and fertilized
to specifically stimulate growth of aerobic bacteria) for the
treatment of hydrocarbons contaminated high Arctic soils
showed that biopile treatment causes major shifts in
microbial communities, favoring the presence of aerobic
hydrocarbon-degrading components. To investigate the
changes in microbial community of the amended soil in the
biopiles, in this work we applied denaturing gradient gel
electrophoresis (DGGE), one of the most frequently used
techniques for this purpose (Ahn et al. 2006; Chemlal et al.
2012; Adetutu et al. 2014). Knowledge about these changes
is relevant to understand the effect of a disturbance in the
natural microbial communities and is required to achieve
an efficient bioremediation process management. (Popp
et al. 2006; Baek et al. 2007, Jin et al. 2013).

In this context, the aim of the study was to evaluate
biodegradation efficiency and changes in bacterial com-
munity structure caused by both a product specially
designed to enhance the soil hydrocarbon degrading
capability and a waste organic matter, such as FM. We
used small biopiles as the experimental design, containing
chronically contaminated and freshly diesel-impacted soil
from Carlini Station.

Materials and methods
Study site and experimental design
A 50-day (4 January—23 February) experiment using soil

biopiles was conducted during the 2010 Antarctic summer
at the Carlini Argentinean Scientific Station (62°14'S,
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58°40'W), which is located on Potter Peninsula, 25 de
Mayo Island (King George Island) in the South Shetland
Islands (Fig. 1). During the study period (50 days), the
total precipitation was 35.5 mm, while the average of the
daily mean temperature was 0.9 °C with a maximum of
7.7 °C and a minimum of —5.5 °C.

The chronically contaminated soil used in this study was
collected just under an aerial diesel transport pipe, near the
fuel storage tanks. This soil had suffered several previous
small spills of diesel as a result of fuel manipulation and
transportation, but there had also been a spill of fresh diesel
a few weeks before the assay. Hence, this soil had a
combination of old and recent hydrocarbon contamination.

The contaminated soil was sieved (2 mm mesh) in order
to obtain a homogeneous material. Biopiles consisted of
30 kg of sieved soil placed in plastic boxes (22.5 cm depth,
49.5 cm length and 35.5 cm width), which were located in
an open area, partially protected from rain and snow in
order to avoid the waterlogging of the systems. Three
biopiles were prepared: FM (containing soil biostimulated
with 3 % w/w of dry and previously sterilized FM), CP
(containing soil amended with 15 ml/kg of the commercial
product OSE 1I®, as suggested by the manufacturer for
surface spills on land) and CC (control system containing

unamended soil). The FM chemical composition was 9 %
(w/w) of total N and 4.27 % (w/w) of P content and pro-
vided proteins, lipids, fibers, vitamins and calcium. OSE
I1® is listed in the US Environmental Protection Agency’s
National Contingency Plan as useful for oil spills, and it
was applied following the manufacturer’s instructions. The
N and P content of the OSE II® was estimated as 0.055 and
0.0065 %, respectively, based on the information of the
original patent of the product (Stillman 1992).

Biopiles were sampled in triplicate during summer at
days 0, 5, 16, 30 and 50. Before sampling, biopiles were
gently mixed, and three subsamples were taken and used
independently for chemical and microbiological analysis.

Soils and chemical analysis

The soil was analyzed for texture using the pipette method
(Gee and Bauder 1986). Organic carbon (Walkley and
Black 1934), extractable phosphorous (Bray and Kurtz
1945) and total Kjeldhal nitrogen were also evaluated.
Water content was determined gravimetrically by heating
samples at 105 °C for 24 h. For pH measurements, 10 ml
of sterile saline solution (NaCl 8.9 g/l) was added to 1 g of
soil and vortexed for 1 min. The total hydrocarbon content
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was determined by GC using a Shimadzu GC-9A equipped
with a flame ionization detector (FID) and a capillary
column (30 m x 0.25 mm i.d) with a coating of 5 % PH-
ME siloxane (0.25 pm inner layer). Ten milliliters of
CH,Cl, was added to 5 g of wet soil in a flask. Then, a
spatula tip of anhydrous Na,SO, was added to each flask.
Samples were sonicated for 1 h and centrifuged at
1,000¢ for 15 min, and the supernatant was carefully sep-
arated to analyze the total hydrocarbon concentration. GC
operating conditions were set up as follows: the oven
temperature was 100 °C for 1 min and ramped to 250 °C
(10 °C for 1 min), keeping this temperature for 5 min. The
injector temperature was 280 °C. The carrier gas (He,) was
used at a flow rate of 31 cm/s. Results were obtained and
analyzed with PC-Chrom software.

Bacteriological counts

The amounts of total heterotrophic aerobic bacteria (HAB)
and hydrocarbon-degrading bacteria (HDB) in each soil
sample were estimated by viable cell counts. One gram of
recently sampled soil was suspended in 10 ml of sterile
saline solution with 1 % (v/v) of Tween 80 (to favor
detachment of cells from the soil particles) (Vester et al.
2014) and vigorously shaken for 5 min. Serial dilutions of
soil suspension were plated on casein-peptone-starch (CPS)
agar (Wynn-Williams 1992) for the evaluation of HAB and
on solidified saline basal medium (SBM) supplemented
with 2 % (v/v) diesel oil for enumeration of HDB. SBM
was prepared as described by Espeche et al. (1994).
Plates were incubated for 30 days at 15 °C and results
expressed as colony-forming units per gram of dry weight
soil (CFU/g dw). Differences among mean values for
bacterial counts (and also for hydrocarbon content) were
determined using one-way ANOVA and Tukey’s post test.

Isolation of DNA and PCR amplification

For molecular analysis, three soil subsamples from each
biopile were pooled, and total DNA was extracted using the
E.Z.N.A.® Soil DNA Kit (Omega Bio-Tek, Norcross, GA,
USA), following the manufacturer’s instructions. DNA was
purified using the Genomic Blood DNA Purification Kit
(GE), spectrophotometrically quantified with QUBIT
(Invitrogen, Brazil) and also evaluated by electrophoresis
in 1.5 % (w/v) agarose gels stained with ethidium bromide.

A fragment of the variable region V3-V5 of the 16S
rDNA was amplified using the eubacterial primers 341-F-
GC and 907-R (Muyzer et al. 1998). The PCR reaction
mixture contained 1 pl of the extracted genomic DNA,
5 uM of each primer, 2.5 pM of each deoxyribonucleotide
triphosphate, 10 mg/ml of bovine serum albumin, 1 U of
GoTaq (Promega, USA) and 1X GoTaq buffer. PCR was
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performed in a total volume of 30 pl. Thermocycling was
performed under the following conditions: an initial
denaturation step for 4 min at 95 °C; ten cycles consisting
of 94 °C for 30 s; 62 °C for 45 s; 1 min at 72 °C followed
by a step down of 30 s at 94 °C, 45 s at 57 °C, and 72 °C
for 1 min (25 cycles) and a final extension at 72 °C for
10 min. The quality of the PCR products was analyzed by
agarose gel electrophoresis.

Denaturing gradient gel electrophoresis (DGGE)

PCR products were separated by denaturing gradient gel
electrophoresis, using DGGE (Bio-Rad D GENE System,
Munich, Germany), on a 6 % (w/v) polyacrylamide gel
(acrylamide:N,N'-methylenbisacrylamide, 37.5:1) and 1x
TAE buffer (10 mM sodium acetate, 0.5 mM Na,-EDTA
and 20 mM Tris base, pH 7.4). The denatured gradient of
the gel was 45-70 % (100 % denaturant corresponds to
7 M urea and 40 % v/v formamide). Gels were run at
60 °C for 16 h at 100 V, stained for 1 h with SybrGold
(Invitrogen) in 1x TAE buffer, viewed under UV light and
analyzed using the GelCompar II® software package
(Applied Maths, Kortrijk, Belgium). Densitograms were
obtained from DGGE lanes and used for calculating a
similarity matrix using Pearson’s product correlations
(Pearson 1926). Only bands representing more than 2 % of
total relative intensity in the DGGE banding pattern were
considered. The dendrogram was calculated by the un-
weighed pair group method with the arithmetic mean
(UPGMA) (Del Panno et al. 2005).

Clone library sequencing and phylogenetic analysis
of DGGE bands

In this part of the work, we focused our analysis on the
identification of the dominant taxonomic groups present in
the sole system exhibiting significant hydrocarbon
removal. For this purpose, PCR products (at the initial and
final time) from the FM biopile were analyzed and com-
pared with those from the CC biopile. PCR products were
purified with the Genomic Blood DNA Purification Kit
(GE), cloned into the pGEM-t easy vector (Promega,
Madison, WI) and transformed into competent Escherichia
coli DH5a,, as described by the manufacturer’s protocol.
Blue-white screening was used, and 30 white colonies were
randomly picked.

In order to verify whether the cloned sequences were
present in the original bacterial community patterns
revealed by DGGE, a colony PCR was performed. For this
purpose, each clone was picked up with a tip and resus-
pended with 30 pl of distilled water in a 0.2-ml PCR tube.
The bacterial suspension was kept for 10 min at 95 °C to
disrupt the cells. After that, the PCR master mix was
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added, and the amplification was performed as described
above. Colony PCR products and PCR products from the
original bacterial community were separated by DGGE in
order to verify the clone position and, consequently, the
presence of each sequence in the original community.
Cloned sequences correlating with bands present in the
original bacterial community were sequenced (Macrogen®
Korea) compared with the GenBank database using the
BLASTN facility of the National Center for Biotechnology
Information (http://ncbi.nlm.nih.gov) and classified using
the Ribosomal Database Project (RDP) 16S rDNA database
(release 8.1, Cole et al. 2009).

Bands located in the same position in different lanes of
the DGGE gel were identified with the same number in the
DGGE pattern.

Results
Soil characterization

The analyzed soil had a sandy texture with 2.7 % clay, 4 %
silt and 93.3 % sand. Organic carbon, total nitrogen and
extractable phosphorous levels were 0.98, 0.045 and
0.0033 %, respectively. The C/N relation was 21.7. The
water content was 11 %, and the pH was 7.1. The initial
hydrocarbon concentration in the soil was 21,909 mg/kg
dw.

Bacterial counts and total hydrocarbon removal

Evolution of the heterotrophic aerobic bacterial (HAB)
counts is shown in Fig. 2a. An initial increase (days 0-5)
was observed in the FM biopile. After day 5, the counts
mantained a constant level that was significantly higher
than CC at the end of the assay (p < 0.01). The FM system
also showed an increase in the HDB during the first 5 days
(Fig. 2b). After a slow decrease, the counts reached
approximately 10® CFU/g until the end of the assay.

The control system showed a similar initial increase in
HAB counts, but exhibited a decrease between days 5 and
16, with values dropping to levels near 10’ CFU/g until
day 50 and determining the above-mentioned significant
differences with FM. HDB counts in CC decreased the first
5 days and subsequently maintained a level of 10° CFU/g,
which was significantly lower than for FM (p < 0.01).

The CP system exhibited an initial decrease in HAB
counts of one order of magnitude. After that, values
showed oscillations but ranged near 10’ CFU/g. On the
other hand, after 5 days the HDB counts increased up to
15 days and were higher than those from CC (p < 0.01).
This system showed an HDB/HAB ratio close to 1 from
days 16 to 50.
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Figure 3 shows the total hydrocarbon concentration
(THC) in the contaminated soil at day O and in the three
biopiles at day 50. From the initial concentration of
hydrocarbon measured in soil (21,909 mg/kg dw),
6,190 mg/kg dw remained in the CC biopile at day 50,
accounting for 72 % of hydrocarbon loss. At the end of the

@ Springer


http://ncbi.nlm.nih.gov

682

Polar Biol (2015) 38:677-687

assay, the THC value from FM biopile was 1,815 mg/kg
dw, which represented a significant reduction (p < 0.01) of
71 % compared to CC at the same time. Conversely, the
THC value from CP biopile was 5,037 mg/kg dw, resulting
in a nonsignificant THC decrease (19 %) compared to CC
at day 50.

Effect of nutrient amendment on bacterial community
structure and dynamics

The effect of nutrients on the bacterial community structure
was investigated using 16S rDNA-based PCR-DGGE. The
DGGE banding pattern in the different treatments at days
0, 5 and 50 is shown in Fig. 4.

The dendrogram obtained from the densitometric ana-
lysis of DGGE (Fig. 5) evidenced that all samples from CC
systems clustered together exhibiting a high percentage of
similarity (86 %) and evidenced minor changes in bacterial
community structure along the time in the unamended soil.
Soil samples from FM systems at days 0 and 5 shared the
same community structure as evaluated by DGGE.
Although grouped in a different cluster, samples from days
0 and 5 of FM and the CC samples showed a high per-
centage of similarity (82 %).

FM at day 50 exhibited a dramatic shift in bacterial
community structure, sharing only 32 % of similarity with
the cluster comprising all the rest of samples.

All samples from the CP system formed a subcluster
with an 82 % similarity. This subcluster shared a 68 %

Fig. 4 Denaturing gradient gel electrophoresis (DGGE) profile of the
bacterial community from the soil biopiles at days 0, 5 and 50 of the
assay. FM and CP represent biopiles amended with FM and the
commercial product OSE II®, respectively. CC control system. BHPO
represents the marker lane. Numbers 1-35 indicate the DGGE bands
included in the PCA. Asterisks indicate the sequenced DGGE bands
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similarity with all the CC and the early stages of FM. This
suggests that the main change in CP community structure
seems to occur just after the nutrient addition. After that,
only minor changes occurred in the CP system.

Identification of the dominant bacterial DGGE bands

The characteristics of the sequenced bands are described in
Table 1. It is interesting to note that many of the closest
organisms were previously isolated from soil and water
samples from cold environments. Fifty-three percent of the
total sequenced bands were ascribed to the phylum Prote-
obacteria. As mentioned above, most of these bands were
present in the CC biopile, for example, bands ascribed to
the families Caulobacteraceae (genus Brevundimonas),
Acetobacteraceae and Comamonadaceae (genus Polaro-
monas). These bands were not detected in the FM biopile at
day 50. Sequences of the families Carnobacteriaceae
(genus Carnobacterium) and Micrococcaceae (genera
Arthrobacter and Cryobacterium), corresponding to the
phylum Actinobacteria, represented 20 % of the total
sequenced bands and were only identified in the FM biopile
at day 50. Finally, members from the families Planococc-
aceae (genus Planococcus, phylum Firmicutes) and
Sphingomonadaceae were found in both biopiles during the
entire assay.

Discussion

The results from the bioremediation assay presented in this
work evidenced a positive effect of the biostimulation with
FM on the bioremediation of an Antarctic soil from Carlini
station.

One of the observations worthy of comment is the 72 %
of reduction in the initial hydrocarbon content observed in
the CC biopile at day 50 that corresponds to both abiotic loss



Polar Biol (2015) 38:677-687

683

Table 1 Phylogenetic affiliation of cloned sequences from DGGE gels

Band Band detection Closest organism” %o Isolation origin
Similarity
12 All except FM t50 (CC  Brevundimonas sp. TP-Snow-C32 99 Snow from the Tibetean Plateau
t50) (HQ327141.1)
15 All except FM t50 (CC  Uncultured bacterium clone 97 Arsenic-contaminated aquifer at 85 m depth
t0) (GU183588.1)
16 All except FM t50 (CC  Sphingomonas sp. FG03 (EU784670.1) 99 Phenol-contaminated soil in Northwest of China
t50)
17 CC t0, t5 and t50 Uncultured Sphingomonadaceae 98 Soil from Canada
bacterium (GU300207.1)
20 FM t50 Uncultured Alpha-proteobacterium 99 Uranium-contaminated sediment in Oak Ridge, TN,
(DQ316817.1) USA
21 All except FM t50 (CC  Caulobacter sp. ECN-2008 99 Contaminated Paulinella cromatofora culture
t50) (AM940947.1)
24 CC (10, 5 and 50) and Carnobacterium sp. G4a-1 100 Gas hydrate containing sediment. (1,049 m water
FM t50 (FN397989.1) depth; 77 m below seafloor)
25 All except FM t50 (CC  Uncultured bacterium clone 99 Hydrocarbon-contaminated aquifer
t0) (GU453471.1)
27 FM t50 Uncultured bacterium (JF357615.1) 100 Straw compost from Yongji City, China
28 All except FM t50 (CC  Uncultured Rhodoferax sp. 99 Soil near Roopkund glacier, Himalayan mountain
t0) (GQ366604.1) ranges, India
29 All except FM t0 (CC Bacillus sp. G2 (2006) (DQ667102.1) 91 Ross Sea, Antarctica

t50)

31 All except CP (t5 and
50) (FM t50)

33 FM t50 Arthrobacter sp. 4-20 (GU213306.1)

34 FM t50 Arthrobacter sp. KOPRI 25422
(GU062491.1)

35 FM t50 Cryobacterium sp. Hh31 (JF267311.1)

Planococcus sp. ZD22 (DQ177334.1)

99 Soil contaminated by petroleum effluents from Da
Qing oil field, China
99 Freshly deposited granite sand, Central Alps
100 Arctic soil from Svalbard, Norway
100 Soil of a glacier from Xinjiang Uyghur Autonomous

Region, China

Samples in bold indicate the system from which the band was obtained, cloned and sequenced

? Sequences were matched with the closest relative from the GenBank database

and natural biodegradation. Although chronically contami-
nated, the soil had also suffered a recent spill of fresh diesel;
hence, it contained a high proportion of light hydrocarbons
that could undergo volatilization and stripping processes.
Also, as was reported by Delille et al. (2008), working with
pilot biopiles containing diesel-contaminated subAntarctic
soils, freshly sieved and aerated soil prior to biopile pro-
cessing seems to be an important factor determining the high
hydrocarbon removal efficiency. Therefore, sieving and
mixing could be another factor favoring the increase of
hydrocarbon loss in all biopiles, including the controls.
Values as high as 75 % of hydrocarbon removal in a newly
diesel-contaminated Antarctic soil were observed by Ru-
berto et al. (2003) after 51 days in microcosms performed in
1-1 flasks. It could be possible that in the work of Ruberto
et al. (2003) the small size and high surface/volume ratio of
the flask microcosms greatly contributed to the high
hydrocarbon removal in the control treatment.

The fast stimulation on the HAB and HDB counts
caused by FM evidenced that this organic nutrient

represents an excellent substrate for enhancing growth of
the soil hydrocarbon-degrading bacteria.

Although there is no consensus on the optimum C to N
ratio for enhancing biodegradation of hydrocarbons in soil,
some investigations have recommended that the maximal
N application can be calculated as the mass of N per mass
of soil water rather than to C concentrations (Ferguson
et al. 2003). As polar soils often have low water-holding
capacities, it may be difficult in practice to maintain opti-
mal nutrient concentrations while precluding osmotic stress
caused by overfertilization with inorganic fertilizers. Thus,
the use of slow-release fertilizers, such as FM, was tested
in cold soils (Aislabie et al. 2006) and sediments (Pelletier
et al. 2004) and was also used as a nutrient source and
carrier material in a recently patented biorremediaton
method for treatment of ice-covered polar regions (Helmke
et al. 2013). In our treatment, after the 3 % FM addition,
the N and P content was increased up to 0.32 and 0.13 %,
respectively, in the FM biopile, providing a readily bio-
degradable form of organic matter and a spongy texture to
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the soil that could improve oxygen availability. This
positive effect of FM on soil biodegradation has previously
been proved for other bulking agents (Hamzah et al. 2012)
and certainly could have contributed to the observed
stimulation of bacterial counts and the consequent high
elimination efficiency. High hydrocarbon elimination effi-
ciency using biopiles with subAntarctic soils amended with
FM was also observed by Delille et al. (2008), working
with pristine soils artificially contaminated with fresh die-
sel. As was mentioned in the introduction section, revision
of the literature evidenced that the biopile technique was
successfully applied in a variety of contaminated polar
soils amended with N and P. The FM had also been pre-
viously used by us in a bioremediation treatment of
chronically contaminated Antarctic soil performed in land
plots. However, nonsignificant hydrocarbon removal was
observed (Dias et al. 2012). In that case, it was reported
that growth enhancement caused by FM seemed to be
unspecific, favoring the activity of the total bacterial
community but not the specific hydrocarbon-degrading
fraction. In contrast, it is possible that in the present work,
in the presence of a fresh fraction of hydrocarbons, the FM
resulted in a cometabolic source, which promoted the
degradation of the available hydrocarbon coming from the
fresh spill.

The biopile amendment with the commercial product
OSE II® showed a different result. HDB counts were
increased in CP, but no differences in hydrocarbon elimi-
nation were observed when comparing this system with the
unamended control.

This commercial product is listed as a nutrient/enzyme
additive and consists of nitrogen, phosphorus, readily
available carbon and vitamins for quick colonization of
naturally occurring bacteria. There is very little informa-
tion available in the scientific literature reporting OSE I1®
application in hydrocarbon-contaminated soils. A field
demonstration was carried out by Zwick et al. 1997 at a
bioventing site at a Marine Corps Air Ground Combat
Center (MCAGCQC) in California to investigate the efficacy
of OSE II in a fuel-contaminated vadose zone. The selec-
tion of OSE II was based on the recommendation of its use
by EPA and also on evidence from a previous microcosm
study in which various amendments were evaluated by
monitoring microbial respiration using soils collected from
oil-contaminated estuarine environments (Zhu et al. 2004).
Also in our own previous study carried out in land plots,
the presence of OSE I1® resulted in significant hydrocarbon
removal from chronically contaminated soil in the Carlini
base (Dias et al. 2012). Considering the fact that our both
bioremediation treatments were applied to similar soils
from the same station and using the same fertilization
protocol, we principally attribute this divergence in the
efficiency of OSE II® in hydrocarbon elimination to the
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different soil contamination histories. The chronically
polluted soil used in our previous study (10.336 mg/kg dw
of total hydrocarbon concentration) had been stored for
years in metal containers until it was decided to test the
efficiency of OSE II in a bioremediation treatment. The
observed stimulating effect could probably be related to the
fact that OSE II® supplies a variety of growth factors that
promote the elimination of aged hydrocarbons (Zhu et al.
2004) and also surface active compounds enhancing the
bioavailability of recalcitrant hydrocarbons (Stillman
1992). Instead, the soil of the present study, despite having
a long history of hydrocarbon contamination, was also
under acute contamination caused by a recent fresh diesel
spill, which increased the overall hydrocarbon concentra-
tion to 21,909 mg/kg dw. Under this hydrocarbon excess,
the concentration of OSE II could prove to be low for
maintaining an actively degrading bacterial population
during the whole experiment. One of the reasons for this
result could be the level of N and P provided by OSE II®,
which could be insufficient for a good biodegradation rate
under this higher level of fresh hydrocarbons present in this
assay.

DGGE analysis showed similar band patterns at 0, 5 and
50 days from the unamended biopile, suggesting that minor
changes were induced in the soil bacterial community
structure by manipulation. Although grouped in a different
cluster, the profiles at days 0 and 5 from FM biopile evi-
denced a high similarity percentage (82 %) with those from
CC biopile, suggesting that although the FM addition had a
great effect on the bacterial density, it only caused minor
changes in the bacterial community structure at the first
stages of the process. The treatment progress could be
inferred by the obvious structural change observed at the
last sampling time in the FM biopile, which correlated with
the high hydrocarbon elimination. In correspondence with
the observed bacterial counts, the OSE 11® addition pro-
duced only comparatively minor temporal changes in the
bacterial community structure for all of the treatment
(68 % similarity). This observation was accompanied by a
minor hydrocarbon removal activity.

Identification of the taxonomic groups from the most
efficient treatment (FM biopile), although limited to the
dominant groups, revealed the dominance of members of
the phylum Proteobacteria (genera Caulobacter, Sphingo-
monas, Brevundimonas, Rhodoferax). Members of this
phylum were reported to be predominant in chronically
hydrocarbon-contaminated soils from Antarctica (Greer
et al. 2010; Mac Cormack et al. 2011) and also from the
Arctic (Bell et al. 2013). The presence of available
hydrocarbon and FM could promote the selection of an
active and fast hydrocarbon degrading population
(r-strategist). Despite the evidence of an inhibitory effect of
the fresh spill on the bacterial population density in the CC
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biopile, the surviving population was also mainly repre-
sented by members of the phylum Proteobacteria. Toward
the end of the treatment, with lower levels of available
hydrocarbons and probably also low nutrient concentra-
tions, better adapted bacteria as members of Actinobacteria
were selected in the FM biopile. Actinobacteria were fre-
quently reported in hydrocarbon-contaminated Antarctic
soils (Saul et al. 2005; Aislabie et al. 2014) and also seem
to be involved in aerobic and microaerophilic hydrocarbon
degradation in soils from different cold environments
(Whyte et al. 2002; Margesin et al. 2003; Bjorklof et al.
2008; Ruberto et al. 2008). This group was considered to
be k-strategist microorganisms and has been referred to as
a major component in the later stages of successions of
soils (Shrestha et al. 2007). Its absence in the first stages of
the treatment could be related to the fact that the soil,
despite its long previous history of hydrocarbon exposure,
had received a significant amount of fresh diesel, resulting
in an unfavorable environmental condition for
Actinobacteria.

In summary, the results evidenced that biostimulation
using the complex organic matrix FM is effective to
enhance hydrocarbon bioremediation in biopile systems of
frequently impacted soil as a consequence of the various
activities conducted at the station. Comparison of the
results with those previously obtained evidenced that bio-
remediation success is closely dependent on the previous
history of pollution and mode of soil storage, even applying
the same amendment procedure. Finally, the increase in
hydrocarbon removal mediated by FM was accompanied
by a clear change in the bacterial community structure and
an increase in the proportion of the k-strategist Actino-
bacteria at the final stages of the process.
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