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a b s t r a c t

Pollution history has often been proposed to explain site-dependent bioremediation efficiencies, but this
hypothesis has been poorly explored. Here, bacteria and their heterotrophic nanoflagellates (HNF)
predators originating from pristine and chronically oil-polluted coastal sites were subjected to crude
oil � nutrients or emulsifier amendments. The addition of crude oil had a more visible effect on bacteria
originating from the pristine site with a higher increase in the activity of given OTU and inactivation of
other petroleum-sensitive bacteria, as revealed by DNA and RNA-based comparison. Such changes
resulted in a delay in microbial growth and in a lower bacterial degradation of the more complex
hydrocarbons. Biostimulation provoked a selection of different bacterial community assemblages and
stirred metabolically active bacteria. This resulted in a clear increase of the peak of bacteria and their HNF
predators and higher oil degradation, irrespective of the pollution history of the site.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrocarbon-degrading bacteria are ubiquitously distributed in
marine environments and are responsible for petroleum biodeg-
radation (Leahy and Colwell, 1990; Yakimov et al., 2007). With
regard to the low rates of natural biodegradation, bioremediation
aims to stimulate this process as an oil spill countermeasure within
marine environments (Atlas, 1981; Prince, 1993; Van Hamme et al.,
2003). Among the environmental factors controlling bacteria, the
limitation by nutrient resources (Atlas and Bartha, 1972) and
petroleum bioavailability (Leahy and Colwell, 1990) have both often
been considered to have had a major impact on the rate of hydro-
carbon biodegradation. Biostimulation by nutrients (mainly
nitrogen and phosphorus) and/or surfactant (emulsifier) amend-
ment remains the most commonly used strategy to enhance
bacterial degradation (Head et al., 2006; Kasai et al., 2002; Van
Hamme et al., 2006). Biostimulation may increase significantly
hydrocarbon biodegradation, but it can also be ineffective because

of its unpredictable effects on the complex food web (Head and
Swannell, 1999). Heterotrophic nanoflagellates, (HNF, 2e10 mm in
size) in particular, have been clearly identified as major players in
the regulation of marine bacterial production and diversity (Jürgens
and Matz, 2002; Longnecker et al., 2010; Suzuki, 1999). Atlas and
Busdosh (1976) reported that one of the major changes in micro-
bial communities after oil pollution was the dominance of flagel-
lates over other heterotrophic protozoa. In a single study dealing
with HNF diversity based on 18S rDNA clone libraries, it was shown
that cosmopolitan non-specialists could grow efficiently in oil-
polluted seawater and control bacterial abundance (Dalby et al.,
2007). Compared to the number of studies investigating the
bacterial limitation by resources (“bottom-up effect” reviews by
Van Hamme et al., 2003; and Head et al., 2006), very few studies
have investigated the influence of grazers (“top-down control”) in
a biodegradation context (Kota et al., 1999), and even fewer under
biostimulation conditions (Dalby et al., 2007; Gertler et al., 2010).

Bacterial degradation of hydrocarbons and biostimulation effi-
ciencies could also be dependent of the considered environment
and especially its pollution history, enlightening the difficulty of
planning site-specific treatment strategies (Head et al., 2006).
Enzymatic capacities of a single cell are limited and an entire
bacterial community presenting highmetabolic capacities is pivotal
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in the degradation of complex mixtures of hydrocarbon such as
crude oil (Van Hamme et al., 2000). Such capacities may be higher
for already pre-adapted bacterial communities in chronically
polluted sites compared to a pristine environment (Bartha, 1986),
but this hypothesis has been poorly explored in the literature.

Most of the studies using new culture-independent 16S rDNA-
based methods have shown that biostimulation leads to
a decrease of the number of bacterial operational taxonomic units
(OTUs), with fewer dominant groups and radical shifts in the
bacterial community structure (Kasai et al., 2002; Rodríguez-Blanco
et al., 2010; Röling et al., 2002). 16S rDNA-based methods have
described the relative composition of the total bacterioplankton
community, and previous studies have used 16S rRNA-based
methods to characterize the active fraction of bacterial communi-
ties in different environments (Ghiglione et al., 2009; Lami et al.,
2009; Moeseneder et al., 2001), based on the observation that the
number of ribosomes per cell is proportional to its growth rate
(Kemp et al., 1993). Notably, Rodríguez-Blanco et al. (2010) under-
lined the importance of coupling 16S rDNA- and 16S rRNA-based
fingerprints to get a better view of changes after a biostimulation
treatment in both total (including dormant, senescent or dead cells)
and metabolically active communities.

To the best of our knowledge, no study exists on the community
dynamics of both bacteria and their eukaryotic predators, in oil-
polluted marine water. The aim of the present study was to
compare the responses of bacterial communities, originating from
both a chronically oil-polluted environment (POLL) and from
a pristine environment (OLIG), to oil addition and biostimulation in
the presence of their nanoeukaryotes predators. We hypothesized
that the microbial community of the POLL site would be able to
adapt more easily to the oil input than the one of the OLIG site,
because of its pre-exposition to hydrocarbons. Bacterial and
nanoeukaryote consortia were assessed with the highly sensitive
and reproducible capillary electrophoresis single strand confor-
mation polymorphism (CE-SSCP) technique (Ghiglione et al., 2005).
This follows the temporal changes of both total (based on 16S
rDNA) and active (based on 16S rRNA) bacterial community struc-
ture, and the total nanoeukaryote community structure (based on
18S rDNA) during the course of the experiment.

2. Materials and methods

2.1. Microcosm experiments

Seawater samples from an unpolluted oligotrophic site (OLIG e

Anavissos Bay, Aegean Sea) and a chronically oil-polluted mesotro-
phic site (POLL e Elefsina Bay, Aegean Sea), were collected in April
and June 2005, respectively. The water was passed through a 10 mm
Polycarbonate Nuclepore� filter (147 mm) (Whatman plc, UK) in
a gravity filtration device (Bailey’s Plastic Fabrication, Dartmouth,
NS, Canada) to screen out larger organisms. The seawater was then
distributed evenly into four acid-washed 75 l glass aquaria. One of
the fourmicrocosms served as the control and nothingwas added to
the seawater. The following were added to each of the other three
microcosms: (i) Arabian light crude oil (100 ppm), (ii) crude oil
(100 ppm) and 0.1 g l�1 of autoclaved bat-guano as nutrients
(containing KH2PO4 51.43 mM, NH4Cl 37.4 mM and NaNO3 117.6 mM),
and (iii) crude oil and Alasan emulsifier (100 and 10 ppm, respec-
tively). Alasan (Navon-Venezia et al., 1995) is a bioemulsifier
complex of an anionic polysaccharide and proteins that does not
contain any contaminant DNA (provided by M. Yakimov, Istituto
Sperimentale Talassografico e CNR, Messina, Italy). Controls with
nutrient or emulsifier addition but without oil addition were done,
but only for the evaluation of the bacterial and nanoflagellate cell
abundance (data not shown). Gentle continuous water mixing in

each microcosm was accomplished by using a commercial fish
pump (Tunze, Italy) with a 35 l h�1 circulating capacity. Incubations
took place at 21 �C in the dark. Microcosm incubations lasted 10
days, bacterial and heterotrophic nanoflagellate countswere used as
a basis to choose the key samples for the molecular analysis pre-
formed in this study. The length of the experiment and the sampling
times were chosen based on two preliminary experiments. Prior to
the microcosm experiment, in order to determine the lag time
between oil addition and bacterial and nanoflagellate response, and
the replication of treatments, two preliminary experiments were
performed in June and October of the previous year (2004). These
experiments were done in triplicate and are described in detail by
Dalby et al. (2007). Briefly, thewater used for these experimentswas
from the oligotrophic (OLIG) Anavissos Bay, and was treated similar
as for the microcosm by screening though 10 mm. Three treatments
served as control and three others were amended with 600 ppm. of
Arabian light crude oil, and incubations lasted 18 and 9 days,
respectively. Oil addition resulted in a dramatic increase in HNF in
the first 48 h, while a clear preyepredator relationship between
bacteria and nanoflagellates appeared between 96 and 120 h. All
replicates evolved identically with time.

2.2. Hydrocarbon analysis

Oil composition was determined for the Anavissos experiment
(OLIG) at time zero and at 62, 86, 134 and 254 h after the crude oil
addition, and for the Elefsina experiment (POLL) at time zero and at
62, 134 and 206 h. For the hydrocarbon analysis, 100 ml of each
microcosm were collected and, after the addition of deutered
molecules n-C24D50, phenanthrene-D10, pyrene-D10 and chrysene-
D12 used as surrogate standards, were extracted with 20 ml of n-
hexane. The hexane extract was dried by passing it through Na2SO4
and concentrated to a final volume of 1 ml. Hydrocarbons were
determined in the final solutions by gas chromatographyemass
spectrometry (Hewlett Packard 6890 GS/MSD). A CP-Sil 8 MS
analytical column (30 m � 0.25 mm i.d. � 0.25 mm film thickness)
was used and the oven temperature was programmed from 60 �C
(1 min) to 300 �C (10 min) at 5 �C min�1. The following compounds
were quantified: n-alkanes from C12 to C34, the unresolved complex
mixture (UCM) of hydrocarbons, the resolved compounds and
some representative polycyclic aromatic hydrocarbons (phenan-
threne, chrysene, methyl- and dimethyl phenanthrenes and
methyl-chrysenes). The quantification was based on calibration
curves obtained by injecting standard solutions containing n-
alkanes (C12eC34) and the PAH compounds. Some light hydrocar-
bons such as pentane or hexane, may have been lost during the
drying process and evaporation of hexane, and were not taken into
account in our analysis. Moreover, a control experiment with oil
added in distilled water showed a rapid evaporation of n-alkanes
C12eC16, whereas no evaporation was observed for the other
alkanes as well as for the PAHs after 10 days incubation (data not
shown). Light hydrocarbons were not accounted for the total
alkanes (calculated from C17 to C36 linear alkanes).

The sum of the concentrations of n-alkanes, UCM (unresolved
complex mixture), resolved compounds and the PAH quantified in
this study are referred to as total hydrocarbons (THC). The recov-
eries of the surrogate standards were always above 80%. Replicate
analyses showed that the coefficient of variation of measured
values was always less than 10%. During the incubation time,
hydrocarbon concentrations were expressed relative to
17a(H),21b(H)-hopane, a known degradation-resistant compound
present in crude oil. The percentage of biodegradation was calcu-
lated by dividing the concentration of individual compounds rela-
tive to that of 17a(H),21b(H)-hopane at the time ofmeasurement by
the concentrations relative to that of 17a(H),21b(H)-hopane at the
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start of the experiment. Presenting data as a percentage of
biodegradation and in relative concentration to degradation-
resistant compound was a safer way to compare results within
and between mesocosms that may have presented patchy
concentrations of oil.

2.3. Bacterial and nanoflagellate cell counts

To enumerate HNF and bacteria, 5e15 ml and 1e5 ml aliquots,
respectively, were sampled at 0, 19, 40, 65, 90, 114, 137, 185 and
237 h for the POLL experiment, and at 0, 65, 86, 93, 110, 134, 164,
231 and 255 h for the OLIG experiment. Samples were preserved
with formaldehyde at a final concentration of 2%, kept at 4 �C in
the dark, filtered on black Nuclepore filters (pore size: 0.8 mm and
0.2 mm for nanoflagellates and bacteria, respectively), stained with
DAPI (Porter and Feig, 1980) and stored at �20 �C until counting.
Heterotrophic nanoflagellates and bacteria were enumerated
using an Olympus AX-70 PROVIS epifluorescence microscope at
1000X.

2.4. Nucleic acid extraction, 16S and 18S PCR amplification and CE-
SSCP analysis

500 ml of seawater were filtered on a 0.2 mm-pore-size filter
(47 mm, PC, Nucleopore) and frozen until nucleic acid extraction.
Samples were taken during the course of the experiment at time 0,
40, 65 and 114 h in the POLL microcosms, and at 0, 65, 93 and 134 h
in the OLIG microcosms, according to the maximum bacterial and
HNF abundances (see results Fig. 2). DNA and RNA extractions, and
16S cDNA synthesis were performed as previously described
(Ghiglione et al., 2009).

Both DNA and cDNA served as a template for PCR amplification
of the variable V3 region of the 16S rDNA using w49F and

fluorescently 50-labeled with phosphoramidite (TET, Eurogentec)
w34R primers according to Ghiglione et al. (2005).

DNA also served as a template for PCR amplification of the V8
variable region of the 18S by using phosphoramidite (TET)-labeled
Uni1392r (50-ACG-GGC-GGT-GTG-TRC-30) (Lane et al., 1985) and
Euk1209f (50-CAG-GTC-TGT-GAT-GCC-CGC-GC-30) (Giovannoni
et al., 1988) primers. 18S rDNA amplification was done with the
same products and thermocycler as for 16S PCR amplification, but
using the following protocol: 94 �C for 1 min, 65 �C for 1min and
72 �C for 1min, 10 touchdown cycles of denaturation at 94 �C for
1 min, annealing at 65 �C (with the temperature decreasing 1 �C
each cycle) for 1 min, and extension at 72 �C for 1 min, followed by
15 cycles of 94 �C for 1 min, 55 �C for 1 min and 72 �C for 1 min, and
a final elongation step at 72 �C for 10 min.

CE-SSCP and analysis of the electropherograms were performed
as described in a previous paper (Ghiglione et al., 2008). All peaks
were checked manually for correct retention time (i.e. 1 OTU, �6
retention time AU) and shape. Electrophoregrams were transferred
to the SAFUM software (Zemb et al., 2007) to render a profile of
fluorescence intensity as a function of retention time per sample. It
allowed the comparison of CE-SSCP profiles based on the presence
and intensity of each individual peak and analysis using indirect
multivariate analysis. Similarity matrices based on BrayeCurtis
distances and ordination analyses along with their corresponding
dendrogramsweregenerated by theunweightedpair groupmethod
using average linkages (UPGMA) by using the PRIMER 5 software
(PRIMER-E, Ltd., UK). To test the null hypothesis that there was no
difference between bacterial communities of different experimental
conditions, we conducted an analysis of similarities with the
subroutine ANOSIM of PRIMER according to a protocol previously
described (Ghiglione et al., 2008). DNA- and RNA-based fractions of
each sample were also compared manually. A matrix was estab-
lished according to the presence or absence of peaks. This allowed
the calculation for each sample of the percentage of peaks that were
common in both DNA- and RNA-based fractions (DNAþRNAþ) that
were only present in DNA-based fractions (DNAþRNA�), or only
present in RNA-based fractions (DNA�RNAþ).

3. Results

3.1. Changes in hydrocarbon composition of crude oil

We evaluated the initial total hydrocarbon (THC) concentration
(same protocol as described in Section 2.2) to 0.0014 ppm for the
Anavyssos sample and 0.171 ppm for the Elefsina sample. The total
hydrocarbon concentration (THC) decreased linearly in both oil
amended water samples with a higher degradation observed at the
end of the experiment for the OLIG (51% remaining) compared to
the POLL experiment (77% remaining, Fig. 1). Addition of nutrients
and emulsifier resulted in a more rapid and more efficient removal
of THC in the OLIG (52% and 42% remaining in nutrients and
emulsifier amended microcosms, respectively) as well as in the
POLL (44% and 59% remaining in nutrients and emulsifier amended
microcosms, respectively). In both nutrients and emulsifier amen-
dedmicrocosms, the degradation of THCwas severely reduced after
120 h (Fig. 1).

The general dynamic of two oil-representative classes of
hydrocarbons, i.e. n-alkanes and PAH, showed two stages. During
the first 62 h in the POLL and the first 86 h in the OLIG conditions,
we observed a maximum degradation of alkanes, but lower
degradation of PAH. This trend was inverted in a following stage
with a slowdown of alkanes degradation and an acceleration in PAH
degradation, in both conditions. This trendwas particularly marked
for nutrients and emulsifier amended microcosms (Fig. 1). After
200 h of incubation, the decrease of n-alkanes and PAH was almost

Fig. 1. Quantities (in percentage) of total hydrocarbon compounds (THC), n-alkanes
(C17 to C36) and polycyclic aromatic hydrocarbons (PAH) in the (A) OLIG and the (B)
POLL sites during the microcosm experiments. Uncertainties were 7.8% for n-alkanes,
8.4% for the PAHs and 9.8% for THC.
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two-times higher in the oil amended POLL (remaining of 17% of n-
alkanes and 37% of PAH) than in the OLIG (remaining of 30% of n-
alkanes and 64% of PAH). In the nutrients and emulsifier amended
microcosms, a complete removal of n-alkanes was observed after
136 h in the OLIG site whereas it occurred after 200 h in the POLL
microcosm (Fig. 1). We also found a higher decrease of PAH
compounds in nutrients or emulsifier amended microcosms with
higher degradation in the POLL compared to OLIG conditions.
Indeed, PAHs remaining in the OLIG microcosm at the end of the
experiment were 57%, 64% and 31% of the initial quantity in the oil,
oilþ nutrients and oilþ emulsifier microcosms, respectively. These
percentages were 37%, 9% and 13% in the POLL conditions, respec-
tively (Fig. 1).

3.2. Bacterial and HNF abundances under oil pollution

The initial bacterial abundance was higher in the POLL (4.1�106

cells ml�1) compared to the OLIG (7.6 � 105 cells ml�1). The addi-
tion of crude oil led to a peak in bacterial abundance in the OLIG
(5.5 � 106 cells ml�1 after 93 h). The peak in bacterial abundance in

the oil polluted POLL (5.5 � 106 cells ml�1 after 65 h) was similar to
the peak in the control condition (6.7� 106 cells ml�1 after 65 h). In
both sites, the HNF abundance remained relatively low during the
course of the experiment in both control and oil supplemented
microcosms (below 1.0 � 103 cells ml�1). The addition of
oilþ nutrients or oilþ emulsifier resulted in an increase in bacterial
abundance (peak of 1.3� 107 or 6.4�106 cells ml�1 in the OLIG and
1.1 �107 or 1.2 � 107 cells ml�1 in the POLL, respectively) followed
by a large increase in HNF abundance (5.7 � 103 or 8.6 � 103

cells ml�1 in the OLIG and 1.1 � 104 or 1.3 � 104 cells ml�1 in the
POLL, respectively). The addition of nutrients/emulsifier also
reduced the initial lag time in the bacterial and HNF increase in
both the OLIG and the POLL relative to the oil only condition (Fig. 2).
Bacterial abundances peaked later in the OLIG microcosms (93, 86
and 62 h for oil, oil þ nutrients and oil þ emulsifier, respectively)
compared to the POLL microcosms (40, 65 and 40 h for oil,
oil þ nutrients and oil þ emulsifier respectively) in response to oil
or oil þ nutrients or oil þ emulsifier addition (Fig. 2). HNF peaks
always followed bacterial peaks, and occurred between 86 and
134 h in the OLIG and between 65 and 114 h in the POLL site. Similar

OLIG  POLLBA

Fig. 2. Bacterial and nanoflagellates abundances in the control, oil, oil þ nutrients and oil þ emulsifier conditions in the (A) OLIG and (B) POLL microcosms.
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tendencies, but with bacterial peak values 2 times lower and
nanoflagellate peak values 1.5 times higher, were found in control
mesocosms where nutrients or emulsifiers were added but without
oil (data not shown).

3.3. Community structure of total (16S rDNA) and metabolically
active (16S rRNA) bacteria

Community structure of total and metabolically active bacteria
was obtained by comparing 16S rDNA- and 16S rRNA-based CE-
SSCP profiles, respectively. At the beginning of the experiment, the
number of DNA and RNA ribotypes in the OLIG (38 and 40 peaks,
respectively) was higher than in the POLL microcosms (30 and 29
peaks, respectively). The number of CE-SSCP peaks varied greatly in
the OLIG microcosm with a clear decrease in both DNA (from 38 to
27 � 3, n ¼ 4) and RNA (from 40 to 22 � 8, n ¼ 4) peaks from the
beginning to the end of the experiment in all conditions (Table 1).
The largest decrease in the number of peaks was found at the RNA
level in the nutrients and emulsifier conditions (from 40 to 19 and
14 peaks, respectively), whereas their decrease at the DNA level
was as high as for the control (Table 1).

During the course of the OLIG experiment, the percentage of
peaks common to both 16S rDNA and 16S rRNA-based fingerprints
(DNAþRNAþ) decreased below 53% in all the oil polluted micro-
cosms, including nutrients and emulsifier conditions
(mean ¼ 39 � 7%, n ¼ 9), whereas it remained stable in the control
samples (more than 64%, maximum of 81%, mean ¼ 75 � 8.3%,
n ¼ 4) (Fig. 3). The percentage of peaks unique to the 16S rDNA
fingerprints (DNAþRNA�) in the oil polluted microcosms varied
between 18% and 56% (mean ¼ 33.5 � 11.4%, n ¼ 9), and always
remained higher than in the control (mean ¼ 10 � 1.9%, n ¼ 4). The
number of peaks unique to the 16S rRNA fingerprints (DNA�RNAþ)
also increased drastically in the oil polluted microcosms
(mean ¼ 27.6 � 3.9%, n ¼ 9) compared to the control
(mean ¼ 15.6 � 6.9%, n ¼ 4) (Fig. 3).

The number of CE-SSCP peaks was much more stable from the
beginning to the end of the POLL experiments on both DNA (from
29 to 27 � 2, n ¼ 4) and RNA levels (from 30 to 29 � 8, n ¼ 4)
(Table 1). The differences in the presence/absence of DNA and RNA
peaks observed in the OLIG experiment between control and oil
amended samples were less visible in the POLL experiment with no
clear difference between the trend of DNAþRNAþ, DNAþRNA- or
DNA�RNAþ in control and oil polluted microcosms, including
nutrients and emulsifier conditions (Fig. 3).

The hierarchical analysis based on both presence/absence and
relative abundance of CE-SSCP peaks showed different bacterial

community structures in OLIG and POLL microcosms (data not
shown, R ¼ 0.265, p ¼ 0.001) where clusters were different. In the
OLIG experiments, significant differences were found by the ANO-
SIM statistical test between three clusters in (i) control (control
versus oil R ¼ 0.337, p ¼ 0.006), (ii) oil only (oil versus nutrients and
emulsifier R ¼ 0.566, p ¼ 0.001) and (iii) oil with nutrients or
emulsifier (nutrients versus emulsifier R ¼ 0.098, p ¼ 0.19) (Fig. 4).
Incubation of water in confined conditions resulted in rapid
changes (less than 65 h) in bacterial community structures for all
conditions. In control and oil amended clusters, bacterial commu-
nity structure did not change dramatically after 65 h. In both
clusters, RNA-based profiles formed a separated sub-cluster
different from DNA-based profiles (Fig. 4). Changes after 65 h
were more pronounced in the oil þ nutrients and oil þ emulsifier
microcosms. On the one hand, oil þ nutrients profiles were
different at 65, 93 and 134 h with close DNA- and RNA-based
profiles for each time. On the other hand, oil þ emulsifier profiles
changed from 65 to 93 h, but showed similar profiles at 93 and
134 h, with DNA- and RNA-based profiles found in separated sub-
clusters (Fig. 4).

In the POLL experiments, UPGMA dendogram showed two
different clusters with (i) control and oil only and (ii) nutrients or
emulsifier conditions (R ¼ 0.822, p ¼ 0.001) (Fig. 4). Control and oil
samples were closer than in the OLIG microcosms and DNA- and
RNA-based profiles evolved separately during the course of the
experiment. Until 65 h, oil þ nutrients and oil þ emulsifier profiles
were separated into two sub-clusters where DNA- and RNA-based
fingerprints of a given sample were close. An important shift

Table 1
Number of detected ribotypes in CE-SSCP patterns of bacterial DNA and RNA-based
profiles and of eukaryotes DNA-based profiles in oligotrophic (OLIG) and chronically
polluted (POLL) sites in control, oil, oilþ nutrients, oilþ emulsifier at different times
(0, 65, 93 and 134 h for OLIG and 0, 40, 65 and 114 h for POLL).

Time (h) OLIG POLL

0 65 93 134 0 40 65 114

Bacteria DNA Control 38 31 29 27 29 26 38 25
Oil 38 22 24 24 29 27 28 24
Oil þ nutrients 38 35 27 28 29 22 24 29
Oil þ emulsifier 38 26 22 30 29 28 25 30

RNA Control 40 33 29 32 30 31 28 23
Oil 40 27 28 24 30 28 25 27
Oil þ nutrients 40 36 26 14 30 30 30 41
Oil þ emulsifier 40 25 22 19 30 27 29 28

Eukaryote DNA Control 23 15 10 8 13 13 9 8
Oil 23 16 12 8 13 13 13 10
Oil þ nutrients 23 16 10 6 13 13 11 10
Oil þ emulsifier 23 6 5 6 13 9 11 10

OLIG

 POLLB

A

Fig. 3. Percentage of ribotypes unique to the 16S rDNA (DNA) or the 16S rRNA (RNA)
CE-SSCP fingerprints, or common to both (DNA þ RNA), in the (A) OLIG and (B) POLL
microcosms.

C. Sauret et al. / Marine Environmental Research 79 (2012) 70e7874



Author's personal copy

occurred after 65 h for DNA- and RNA-based oil þ nutrients and
oil þ emulsifier profiles (Fig. 4).

3.4. Changes in total nanoeukaryote community structure

Total nanoeukaryote community structures were studied by 18S
rDNA-based CE-SSCP analysis. As for bacterial community struc-
ture, eukaryotic community structures were different in the OLIG
and the POLL (data not shown, R ¼ 0.505, p ¼ 0.001). At the
beginning of the experiment, the number of OTUs in the OLIG
microcosm was higher than in the POLL microcosm (Table 1).
During the 134 h of incubation, the number of OTUs decreased
dramatically in the OLIG experiment (from 23 to 7� 1, n¼ 4), while
it remained more stable in the POLL microcosm (from 13 to 9 � 1,
n ¼ 4). In both sites, oil addition alone had no important effect on
the number of OTUs, relatively to what was observed in the control
during the incubation (11 � 3, for OLIG control, 12 � 4 for OLIG oil,
10 � 2.6 for POLL control, 12 � 1.7 for POLL oil, with n ¼ 3 in each
condition). Biostimulation, and in particular with emulsifier addi-
tion, induced a significant decrease in the number of OTUs in the
OLIG site (from 23 to 6 in less than 65 h in the oil þ emulsifier
condition) that was less important in the POLL site (from 13 to 9 in
less than 40 h). In both the OLIG and the POLL, the nanoeukaryote
community structure evolved during the incubation time (Fig. 5).
Whereas, no clear trend was found in the OLIG microcosms since

specific conditions did not cluster distinctly, in the POLL micro-
cosms control þ oil and nutrients þ emulsifier clustered in two
groups after 65 h (R ¼ 0.333, p ¼ 0.0029).

4. Discussion

4.1. Influence of pollution history in the response of bacterial and
nanoeukaryote communities to the addition of oil only

Overall, the addition of crude oil had a more visible effect on the
OLIG compared to the POLL bacterial communities. As previously
observed in other pristine environments, the pollution in the OLIG
site induced a dramatic decrease in both total (DNA-based) and
metabolically active (RNA-based) bacterial OTUs (Table 1)
(Bordenave et al., 2007), which was less obvious in the chronically
polluted POLL experiments. Moreover, the addition of oil to the
OLIG microcosms induced an increase of bacterial OTUs detected
only on the DNA, but not on the RNA level (DNAþRNA�), sug-
gesting that some OTUs, which originated from this pristine envi-
ronment, became much less active to a point where they could not
be detected on the RNA-based CE-SSCP profiles. This was observed
in parallel with a large increase in the proportion of metabolically
active OTUs in the bacterial community, as revealed by the
remarkable increase of OTUs found at the RNA level, but not at the
DNA level (Fig. 3). The contribution of these populations to the total
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Fig. 4. UPGMA dendrograms generated from the DNA and RNA-based CE-SSCP patterns of bacterial communities originated from (A) OLIG and (B) POLL in four different conditions:
control, oil, oil þ nutrients (Nutrients), oil þ emulsifier (Emulsifier) at different times (0, 65, 93 and 134 h for OLIG and 0, 40, 65 and 114 h for POLL).
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Fig. 5. UPGMA dendrograms generated from the DNA-based CE-SSCP patterns of eukaryote communities from (A) OLIG and (B) POLL in four different conditions: control, oil,
oil þ nutrients (Nutrients), oil þ emulsifier (Emulsifier) at different times (0, 65, 93 and 134 h for OLIG and 0, 40, 65 and 114 h for POLL).
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community in terms of cell numbers was probably too low for
detection at the DNA level, but due to their high metabolic activity
and the accompanying 16S rRNA synthesis, these OTUs were
detectable at the RNA level (Lami et al., 2009; Moeseneder et al.,
2005, 2001). Such tendencies were less visible in the POLL micro-
cosms (Table 1 and Fig. 3), suggesting that the tolerance to oil
within a bacterial community may be closely linked to their
previous exposure to pollution. Even if adaptation or intolerance to
oil have already been observed in culture conditions (Dott et al.,
1989), our culture-independent approach, combining 16S rDNA
and 16S rRNA-based analysis, has confirmed that pollution history
can be a determining parameter in the response of bacteria and
nanoeukaryotes communities. The use of indirect gradient multi-
variate analysis revealed that the influence of the pollution history
mainly affected the timing of the bacterial community structure
changes in response to the addition of oil only. The hierarchical
analysis showed clear changes after 65 h of oil exposure in the OLIG
microcosms and 40 h in the POLL (Fig. 4) that corresponded to the
bacterial growing phase (Fig. 2). This result was in accordance with
previous hypotheses suggesting a longer lag period for bacteria
originated from pristine sites to adapt to oil pollution (Bordenave
et al., 2007; Head et al., 2006; Maila et al., 2006).

In our experiment, the changes in bacterial community struc-
tures coincided with the peaks of bacterial abundance observed in
both OLIG and POLL microcosms (Fig. 2). The selected populations
on the newly available carbon source peaked two days later in the
OLIG (maximum abundance of 5.5 � 106 cells ml�1 at 93 h)
compared to the POLL microcosms (maximum of 5.5 � 106 cells
ml�1 at 40 h). These changes also concurred with differential
capacities of petroleum hydrocarbon biodegradation between OLIG
and POLL. In accordance with general trends observed after oil
pollution (Head et al., 2006), we found that n-alkanes were at first
degraded (more than 40% of n-alkanes degradation occurred in the
first 62 h), followed by the removal of the more recalcitrant PAH
fraction (less than 15% of PAH degradation in the first 62 h and up to
60% after 200 h). In a recent study it has been shown that most
bacteria are able to degrade alkane compounds from biogenic
sources, and therefore alkane degradation capacities are not
necessarily related to crude oil degradation (Paisse et al., 2011). In
our study, the influence of pollution history on oil degradation was
mainly visible on the PAH fraction which was degraded more
rapidly and twice more in the POLL compared to the OLIG (Fig. 1).
These results imply that bacterial communities subjected to
previous hydrocarbon exposure are more reactive to the degrada-
tion of the PAH fraction of the oil. Interestingly, the pollution
history also influenced the response of nanoeukaryote communi-
ties (�10 mm) to the addition of oil alone. The number of nano-
eukaryote OTUs decreased drastically in pristine the OLIG
microcosms, whereas it remained more stable for the pre-exposed
POLL communities immediately after oil addition (Table 1).
Changes in nanoeukaryote community structure occurred more
rapidly in the POLL (between 40 h and 65 h) compared to the OLIG
(between 65 h and 93 h) (Fig. 5). Successively to these changes in
community structure, the abundance of the opportunistic nano-
eukaryotes peaked at 114 h in the POLL (9.0 � 102 cells ml�1),
whereas no clear peak was found in the OLIG microcosms (Fig. 2).
Our results showed that a small proportion of nanoeukaryotes
could survive in oil-polluted seawater (Andrews and Floodgate,
1974; Dalby et al., 2007). The peak of opportunistic nano-
eukaryote abundance in the POLL microcosm occurred following
the peak of bacterial abundance, revealing a classical
preyepredator relationship (Pernthaler, 2005). However, we could
not find any direct link between the peak of nanoeukaryote
abundance or changes in nanoeukaryote community structure on
the evolution of the bacterial community structure, nor any

negative or positive feedback on oil removal. Overall, the addition
of oil alone did not result in an important increase in bacterial
abundance or their predators compared to the biostimulation
experiment (see below). Further studies are needed to address the
role of nanoeukaryote predators on oil biodegradation along with
grazing experiments (Kota et al., 1999; Matz and Jürgens, 2003).

4.2. Response of bacteria and nanoeukaryote communities after
biostimulation by nutrients and an emulsifier

The response of bacterial and eukaryotic communities was
always faster in the POLL microcosm compared to the OLIG under
biostimulation (nutrients or emulsifier addition) conditions (Figs. 4
and 5). The magnitude of the increase in the activity of given OTUs
and the inactivation of other petroleum-sensitive bacteria was
similar in biostimulated conditions compared to oil addition alone
one (Fig. 3). However, the hierarchical analysis showed that bio-
stimulationwith nutrients or emulsifier on oil pollutedmicrocosms
selected different bacterial OTUs with low similarities with the
control and oil alone bacterial communities (Fig. 4). This tendency
was found for both OLIG and POLL bacterial community structures,
even if the shift was more rapid for the communities in the POLL
chronically polluted site. Interestingly, similar bacterial communi-
ties were found at both DNA and RNA levels after biostimulation in
both OLIG and POLL oil polluted microcosms, a situation that was
not observed in the control or oil alone conditions. This suggests
that independent to the pollution history of the site, biostimulation
stirredmetabolically active bacterial OTUs. In our study, this change
led to a better biodegradation of n-alkanes (disappearance in 134 h
in the OLIG and 200 h in the POLL) as well as PAH (almost disap-
pearance in the POLL in 200 h and 12% of PAH degraded more than
control in the OLIG) (Fig. 1). These results are in accordance with
previous studies that have established clear changes in bacterial
communities after biostimulation (Coulon et al., 2007;
MacNaughton et al., 1999; Röling et al., 2002) and found similar 16S
rDNA- and rRNA-based bacterial communities at the end point of
a biostimulation experiment (Rodríguez-Blanco et al., 2009). To our
knowledge, we have presented here the first results on the influ-
ence of the pollution history on both total and metabolically active
bacterial community responses under two biostimulation assays.
We have assumed that the site subjected to chronic pollution has
had a real advantage compared to a pristine site for the removal of
more complex hydrocarbons that needed a longer “activation” of
particular hydrocarbonoclastic species.

Surprisingly, the bacterial communities selected after inorganic
nutrients addition or Alasan bioemulsifier addition on oil polluted
microcosms, generally clustered in the same group (Fig. 4). It is
commonly accepted that inorganic nutrients resources, mainly
nitrogen and phosphorus, are limiting factors in oil degradation by
bacteria (Atlas and Bartha,1972; Swannell et al., 1996). For example,
some opportunistic species such as oil-degrading Alcanivorax
populations are able to grow on petroleum only when nutrient
resources are sufficient (Cappello et al., 2007). Another limiting
factor is the low availability of oil for bacterial degradation;
a problem that can be solved by the use of emulsifiers. The Alasan
emulsifier is a high-molecular-weight molecule produced by Aci-
netobacter radioresistens. Its emulsifying activity, resulting from the
interaction of proteins and polysaccharides, gives extremely stable
oil-in-water emulsions, including n-alkanes with chain lengths of
10 or higher, alkyl aromatics, liquid paraffin and crude oil (Navon-
Venezia et al., 1995). It has already successfully been used both to
enhance PAH biodegradation (Barkay et al., 1999) and as a carbon
and energy source in bacterial strain isolation (Navon-Venezia
et al., 1998). Besides its simple emulsifying effect, the chemical
structure of Alasan emulsifier may provide not only a fresh carbon
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and energy source, but also an organic nutrient input for bacteria
(Navon-Venezia et al., 1998). That may explain the similar influence
of nutrient addition or Alasan emulsifier addition on oil-polluted
bacterial community structure observed in our study. It was diffi-
cult from our experimental procedure to differentiate the relative
actions of the Alasan bioemulsifier as to whether it acted primarily
as an emulsifier, a carbon or an organic nutrient source for the
bacterial communities.

As found in oil alone treatments, the changes in bacterial
communities after biostimulation on oil polluted microcosms was
concomitant with a peak in bacterial abundance that occurred
more rapidly in the POLL compared to the OLIG. The peaks of
bacterial abundance were two-times higher than in the oil alone or
nutrient alone or emulsifier alone treatments, especially for the
nutrient amendment on oil polluted microcosms. In both OLIG and
POLL, bacterial peaks of abundance were immediately followed by
peaks of their HNF predators, which were up to 10 times higher in
biostimulated than in oil alone treatment and 1.5 less abundant
than in nutrient alone or emulsifier alone treatments (Fig. 2). As
observed in other pristine environments (Fenchel, 1982), nano-
eukaryotes had controlled bacteria within less than 48 h of the
height of their outbreak. Moreover, molecular analysis showed
clear changes in nanoeukaryote community structures following
the peak of bacteria (Fig. 5) with a clear decrease in their OTU
numbers (Table 1). It is generally accepted that HNF grazing on
bacteria is size-selective (Hahn and Hofle,1999; Jurgens et al., 1999;
�Simek et al., 1997), and del Giorgio et al. (1996) estimated that
grazing rates on metabolically active bacteria could be four or more
times higher than those on inactive bacteria. Other authors have
found biochemical prey-recognition mechanisms via specific cell
surface epitopes, suggesting a possibility of grazing on specific
bacterial OTUs (Martel, 2009; Wootton et al., 2007). We could not
verify this hypothesis in our experiment as we lacked significant
evidence showing any important changes in bacterial community
structure relative to the variations in HNF abundance in either OLIG
or POLL microcosms (Fig. 5).

Under biostimulation, we found a decrease in degradation rates
of total hydrocarbons that coincided with the maximum of HNF
abundance; a situation that was not found in the oil-alone treat-
ment where bacterial and HNF abundances were 2-fold lower.
These results, have reinforced the role of HNF predation on oil
bacterial degradation already suggested in a previous study on oil
contaminated aquifer sediment (Kota et al., 1999) and have
confirmed that nanoeukaryotes can compromise the positive effect
of biostimulation on hydrocarbon biodegradation. Although the
preyepredator relationship between bacteria and their nano-
eukaryotes grazers is well known in pristine marine environments,
this relationship remains under-investigated in crude oil polluted
marine environments. Our results clearly showed the responsive
features of oil-tolerant nanoeukaryotes and their grazing activity
should be taken into account in future in situ bioremediation
practices. Further studies are needed to examine the effect of such
microbial responses to higher trophic levels.
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