
Dynamics of the hydrocarbon-degrading
Cycloclasticus bacteria during mesocosm-simulated
oil spills

Eva Teira,1* Itziar Lekunberri,2 Josep M. Gasol,2

Mar Nieto-Cid,3,4 Xosé Antón Álvarez-Salgado3 and
Francisco G. Figueiras3

1Departamento de Ecoloxía e Bioloxía Animal,
Universidade de Vigo, Vigo, Spain.
2Institut de Ciències del Mar – CMIMA, CSIC,
Departament de Biología Marina i Oceanografia, Pg.
Marítim de la Barceloneta 37-49, 08003, Barcelona,
Spain.
3Instituto de Investigaciones Marinas-CSIC, Eduardo
Cabello s/n, Vigo, Spain.
4Marine Chemistry and Geochemistry, Woods Hole
Oceanographic Institution, Woods Hole, MA, USA.

Summary

We used catalysed reported deposition – fluores-
cence in situ hybridization (CARD-FISH) to analyse
changes in the abundance of the bacterial groups
Alphaproteobacteria, Gammaproteobacteria and
Bacteroidetes, and of hydrocarbon-degrading Cyclo-
clasticus bacteria in mesocosms that had received
polycyclic aromatic hydrocarbons (PAHs) additions.
The effects of PAHs were assessed under four con-
trasting hydrographic conditions in the coastal
upwelling system of the Rías Baixas: winter mixing,
spring bloom, summer stratification and autumn
upwelling. We used realistic additions of water
soluble PAHs (approximately 20–30 mg l-1 equivalent
of chrysene), but during the winter period we also
investigated the effect of higher PAHs concentrations
(10–80 mg l-1 chrysene) on the bacterial community
using microcosms. The most significant change
observed was a significant reduction (68 � 5%) in
the relative abundance of Alphaproteobacteria. The
magnitude of the response of Cycloclasticus bacteria
(positive with probe CYPU829) to PAHs additions
varied depending on the initial environmental condi-
tions, and on the initial concentration of added PAHs.
Our results clearly show that bacteria of the Cyclo-

clasticus group play a major role in low molecular
weight PAHs biodegradation in this planktonic
ecosystem. Their response was stronger in colder
waters, when their background abundance was also
higher. During the warm periods, the response of
Cycloclasticus was limited, possibly due to both, a
lower bioavailability of PAHs caused by abiotic
factors (solar radiation, temperature), and by inor-
ganic nutrient limitation of bacterial growth.

Introduction

Organic pollutant contamination is a constant problem in
many coastal waters adjacent to urban areas. In addition
to occasional oil tanker accidents, there are many recur-
rent sources of marine oil pollution that introduce organic
pollutants, particularly polycyclic aromatic hydrocarbons
(PAHs): uncontrolled releases from crude oil plants, con-
taminated freshwater and terrestrial run-off, etc. (Head
and Swannell, 1999). Although the toxic effect of these
contaminants on higher organisms, such as fish, molluscs
and other invertebrates are well known (e.g. Preston,
2002), the effects on natural microbial communities are
less clear (Castle et al., 2006). A heavy oil spill drifting
over the water surface, prevents gas exchange and elimi-
nates light and may as well directly leach toxins into the
water. Immediately after an oil spill, the soluble fraction of
PAHs is released into the water column. This fraction is
highly toxic and remains dissolved in seawater even after
the insoluble fraction has been removed. Low molecular
weight (LMW) PAHs with less than three benzene rings
disappear rapidly, mostly within 2–3 days. By contrast,
high molecular weight (HMW) PAHs with more than four
benzene rings remain in the water column for at least
9 days (Yamada et al., 2003).

Bacteria represent the predominant agents of hydrocar-
bon degradation in the marine environment and might be
both, stimulated or negatively affected, by the hydro-
carbons. A remarkable decrease in bacterial diversity
has been frequently reported following exposure to
hydrocarbons, as a consequence of a strong selection for
hydrocarbon-degrading bacteria (e.g. Nyman, 1999;
Röling et al., 2002; Castle et al., 2006). Many
hydrocarbon-degrading marine bacteria, mostly belong-
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ing to genus within the Gammaproteobacteria subclass,
have been isolated in recent years (see review by Head
et al., 2006). A recent study by McKew and colleagues
(2007a) showed that different petroleum hydrocarbons
are degraded by different bacterial taxa. Particularly, they
found that PAH-degrading bacterial communities, domi-
nated by the genus Cycloclasticus, were distinct from
those degrading alkanes. The genus Cycloclasticus, a
component of the Gammaproteobacteria subclass, had
been previously identified as a key player in the degrada-
tion of petroleum aromatic hydrocarbons (Geiselbrecht
et al., 1998; Kasai et al., 2002), accounting for up to 25%
of the total bacterial population in severely oil-polluted
waters (Maruyama et al., 2003; Harayama et al., 2004).

To date, quite a number of studies have investigated
changes in bacterial composition associated to PAHs pol-
lution using molecular techniques such as DGGE (dena-
turing gradient gel electrophoresis) of polymerase chain
reaction (PCR)-amplified 16S rRNA genes. However, no
consistent pattern of variability emerged from the applica-
tion of these molecular tools (Macnaughton et al., 1999;
Kasai et al., 2001; Ogino et al., 2001; Castle et al., 2006).
Polymerase chain reaction-based techniques allow for a
reasonably good characterization of the phylogenetic
composition of a sample, but they give limited information
on the proportions of distinct bacterial groups. In addition,
PCR techniques are time-consuming and expensive and
do not allow for an exhaustive study of the temporal
dynamics of a given bacterial group. One of the major
advantages of fluorescence in situ hybridization (FISH)
techniques is that they allow for quantification of the
actual abundance of a given phylogenetic group. Some
authors have compared the results emerging from PCR
techniques (clone libraries, DGGE) and FISH (Castle and
Kirchman, 2004; Alonso-Sáez et al., 2007), and con-
cluded that both techniques give different information and
are, thus, complimentary. The number of studies assess-
ing the effect of PAHs on the bacterial composition using
FISH techniques are rather limited (Syutsubo et al., 2001;
Yakimov et al., 2004; Castle et al., 2006).

The research project IMPRESIÓN (Impact of the oil spill
from the Prestige on the planktonic microbial food web)

was designed to assess the effects of the soluble fraction
of PAHs derived from the Prestige oil spill on the plank-
tonic microbial food web of the coastal Atlantic waters
under four contrasting hydrographic conditions in the
coastal upwelling system of the Rías Baixas: winter
mixing, spring bloom, summer stratification and autumn
upwelling (i.e. Cermeño et al., 2006). Within this project
we analysed the changes in the abundance of three major
phylogenetic groups of bacteria, and particularly of the
hydrocarbon-degrading bacteria belonging to the genus
Cycloclasticus using CARD-FISH (Pernthaler et al.,
2002). We hypothesized that the dynamics of the bacterial
groups and, particularly, that of Cycloclasticus following
PAHs addition would vary depending on the experimental
and environmental conditions such as the concentration
of added PAHs, microbial assemblage composition, sea-
water temperature and seawater nutrient concentrations.

Results

For each of the four experiments we filled six mesocosms
with seawater from the Ría de Vigo. Two (March and July)
or three (September and January) replicates were used
as controls (no PAHs addition) and two or three were
amended with PAHs. The soluble fraction of PAHs was
obtained from Prestige-like heavy fuel oil. Polycyclic aro-
matic hydrocarbons addition was done after the first sam-
pling (day 0). The experiments lasted 9 days and were
sampled every 24 h during the first 5 days and thereafter,
every 48 h. At each sampling point we determined the
abundance of three major bacterial groups (Alphaproteo-
bacteria, Gammaproteobacteria and Bacteroidetes) and
of the hydrocarbon-degrading bacteria Cycloclasticus
using CARD-FISH and specific oligonucleotide probes.

Initial environmental conditions

In Table 1 we have summarized the initial environmental
conditions for each of the experiments. The lowest sea-
water temperature corresponded to early March 2005 due
to strong winter mixing. Confinement in the mesocosms
produced a spring phytoplankton bloom composed of the

Table 1. Mean � standard error initial values for environmental and biological variables.

Sampling
period T Sal DIN DIP SiO4 POC PON PA Chla

March 10.5 � 0.0 35.48 � 0.02 4.40 � 0.08 0.52 � 0.00 3.17 � 0.04 16.1 � 1.1 2.7 � 0.2 7.2 � 0.3 3.2 � 0.2
July 20.8 � 0.0 35.02 � 0.01 0.58 � 0.11 0.15 � 0.01 0.59 � 0.05 23.4 � 0.3 3.4 � 0.2 11.7 � 0.5 1.9 � 0.1
September 15.4 � 0.0 35.73 � 0.00 5.66 � 0.73 0.51 � 0.08 0.41 � 0.02 33.9 � 1.6 6.2 � 0.4 17.4 � 0.2 10.6 � 0.7
January 12.4 � 0.0 35.60 � 0.00 7.70 � 0.44 0.48 � 0.02 3.72 � 0.15 9.2 � 0.6 1.3 � 0.1 5.8 � 0.3 0.5 � 0.0

Temperature (T) in °C, salinity (Sal), dissolved inorganic nitrogen (DIN) in mM, dissolved inorganic phosphorous (DIP) in mM, silicate (SiO4) in mM,
particulate organic carbon (POC) in mM, particulate organic nitrogen (PON) in mM, prokaryotic abundance (PA) in ¥105 cell ml-1 and chlorophyll-a
concentration (Chla) in mg m-3. N = 6.
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diatoms Lauderia annulata and Chaetoceros socialis
during this experiment (M. Varela, pers. comm.) at the
expenses of the high initial nutrient levels. Dissolved inor-
ganic nitrogen (DIN) and phosphorous (DIP) concentra-
tions were the lowest during summer stratification (July),
coinciding with low chlorophyll-a (chla) levels. During
winter mixing (January), maximum concentrations of DIN
and silicate were recorded, accompanied by extremely
low levels of particulate matter, prokaryotic abundance
and chlorophyll-a. The highest initial chlorophyll-a con-
centration was observed in September, but, these values
quickly decreased after day 1, associated to a decaying

diatom bloom (M. Varela, pers. comm.), to levels as low as
1.6 mg chla m-3 at day 3. The levels of DIN in the meso-
cosms also decreased dramatically from day 0 to day 1
(from 5.9 to 0.7 mM) in September.

Initial bacterial community composition

The mean contribution of Bacteria to total prokaryotic
abundance (PA) in the initial samples for each experiment
ranged from 80%, in September, to 89% in March, and did
not show significant differences between the four experi-
ments (Fig. 1). The Bacteroidetes group always domi-
nated the initial bacterial community, contributing from
20 to 36% to total prokaryotic abundance. The initial rela-
tive abundances of Alpha-, Gammaproteobacteria and
Bacteroidetes were significantly different between experi-
ments (ANOVA test, P < 0.03, n = 20). The Alphaproteo-
bacteria and Bacteroidetes groups were relatively more
abundant in January, March and July than in September
(Bonferroni test, P < 0.03, n = 20). Gammaproteobacteria
were significantly more abundant in January than in Sep-
tember (Bonferroni test, P = 0.025, n = 20). Cycloclasticus
initial abundance was very close to the detection limit (103

cell ml-1), except in January, when their initial abundance
was approximately 3 ¥ 103 cell ml-1).

Dynamics of prokaryotes after PAHs addition

The temporal dynamics of the response of prokaryotes to
PAHs addition relative to unamended controls, revealed
only important changes for PA and the relative abundance
of Alphaproteobacteria (Fig. 2). Repeated measures

Fig. 1. Initial composition of the bacterial assemblage during the
different sampling periods. The relative abundance of each group
(Alpha, Alphaproteobacteria; Gamma, Gammaproteobacteria; Bact,
Bacteroidetes and Eub, Eubacteria) is expressed as percentage of
total DAPI-stained cells.

Fig. 2. Time-course of mean total prokaryotic
abundance (black circles),
Alphaproteobacteria (white circles),
Gammaproteobacteria (black triangles)
Bacteroidetes (white triangles) and Eubacteria
(squares) in the PAHs-amended mesocosms
expressed as a percentage relative to the
values in the control mesocosms (Abundance
in treat ¥ 100/Abundance in control) in March
(A), July (B), September (C) and January (D).
The error bars represent the standard error
from two replicates in March and July and
three replicates in September and January.
The horizontal lines in each graph represent
the 200, 100% (no change) and 50% relative
to control.
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ANOVA (RMANOVA) results showed a significant effect of
PAHs addition (treatment) on PA and the relative abun-
dance of Alphaproteobacteria (%ALPHA) (Table 2, ‘Treat’
effect). The effect of PAHs addition was stronger on PA
than in %ALPHA, as reflected by the higher proportion of
variance explained by the treatment (0.965 for PA, 0.830
for %ALPHA, see Table 2). There was a significant inter-
action between time (sampling day) and treatment (PAHs
addition) for PA but not for %ALPHA (Table 2,
‘Time ¥ Treat’ effect). The interaction plots (see Experi-
mental procedures) and multiple tests based on estimated
marginal means (Fig. 3A) indicate that PA was signifi-
cantly higher from day 2 to day 8, in the treated than in the
control mesocosms. A clear interaction effect between
experiment (sampling period) and treatment was also
detected for both PA and %ALPHA (Table 2, ‘Exp ¥ Treat’
effect). This means that the effect of PAHs addition dif-
fered between experiments. Interaction plots revealed
that there is no significant effect of PAHs addition on PA in
March, and on %ALPHA in July (Fig. 3B and D). Whereas
PAHs addition stimulated PA (positive effect), the rela-
tive abundance of Alphaproteobacteria was negatively
affected by the treatment. Although the effects of PAHs
were significant, the magnitude of the PA stimulation was
rather small, being, on average, 150% relative to control
(excluding data from March), and the relative abundance
of Alphaproteobacteria was, on average, 68%, excluding
data from July.

During the last experiment (January 2006) we addition-
ally run microcosm experiments in 5-l bottles, in order to
test for the effect of higher PAHs concentrations (Fig. 4).

We observed a strong positive response of PA in the
treatment with the highest PAHs concentration, where the
per cent relative to control reached 712% at day 8. In all
the other three treatments the per cent was, on
average < 150%. The main phylogenetic groups did not
show any response to PAHs addition, except for
Alphaproteobacteria, that showed a considerable reduc-
tion in all but the treatment with the lowest PAHs addition
(on average < 50% relative to control in days 7–8).

Dynamics of Cycloclasticus abundance after
PAHs addition

Cycloclasticus reached maximum abundances (15–
20 ¥ 103 cell ml-1) in March and January (Fig. 5A and D).
The specific growth rate of Cycloclasticus was also higher
in March (1.28 d-1) and January (0.99 d-1) than in July
(0.85 d-1) and September (0.51 d-1). In all the four experi-
ments, these bacteria increased their abundance after
PAHs addition during 2–4 days, and thereafter their
numbers decreased to a constant level, usually still sig-
nificantly higher than the background abundance mea-
sured in the control bags. The maximal contribution of
Cycloclasticus bacteria to total prokaryotic abundance
ranged from 0.3% in July to 6.4% in March. When taking
into account the complete data set, we found a significant
effect of PAHs addition on the abundance of Cyclo-
clasticus (RMANOVA, Table 2). There were significant
time ¥ treatment and experiment ¥ treatment effects,
which indicate that the effect of PAHs on the abundance of
Cycloclasticus varied in time and that the response was

Table 2. Repeated measures ANOVA with one within-subjects factor (sampling day, time) and two between-subjects factors (experiment, exp;
and treatment, treat).

Effects PA %EUB %ALPHA %GAMMA %BACT CYCLO

Within-subjects
Time < 0.001 0.006 0.011 < 0.001 < 0.001 < 0.001

0.547 0.360 0.302 0.555 0.555 0.543

Time ¥ Exp < 0.001 0.002 < 0.001 < 0.001 < 0.001 < 0.001
0.775 0.585 0.667 0.881 0.881 0.669

Time ¥ Treat < 0.001 0.301 0.332 0.089 0.957 < 0.001
0.503 0.153 0.129 0.186 0.021 0.523

Time ¥ Exp ¥ Treat < 0.001 0.450 0.166 0.996 0.965 < 0.001
0.671 0.354 0.354 0.081 0.064 0.668

Between-subjects

Exp < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
0.904 0.904 0.938 0.947 0.947 0.970

Treat < 0.001 0.373 < 0.001 0.411 0.411 < 0.001
0.965 0.114 0.830 0.069 0.069 0.969

Exp ¥ Treat < 0.001 0.959 0.011 0.271 0.271 < 0.001
0.958 0.040 0.732 0.230 0.230 0.931

PA, prokaryotic abundance; %EUB, relative abundance of bacteria (over DAPI counts); %ALPHA, relative abundance of Alphaproteobacteria;
%GAMMA, relative abundance of Gammaproteobacteria; %BACT, relative abundance of Bacteroidetes; CYCLO, abundance of Cycloclasticus. For
each pair factor or factor combination and variable, the significance (upper value) and the partial h2, which reflects the proportion of variance
associated with each factor or factor combination (lower value, italics) are given. Significant effects are in bold.
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different between experiments. Interaction plots show that
the positive effects of PAHs addition was significant from
day 1 to day 4 (Fig. 3E) and that the magnitude of the
response is higher in March and January (Fig. 3F).

In the microcosm experiments run during the last
experiment (January 2006), the abundance of Cycloclas-
ticus followed a similar temporal dynamics as that
observed in mesocosms, reaching maximum abundances
at days 4–5 (Fig. 6). We observed that on average, the
half-life time of PAHs was higher in the microcosms than
in the mesocosms (65 and 24 h respectively), something
that we attributed to a lower atmosphere contact area of
the microcosms, and that would explain the relatively
longer persistence of Cycloclasticus growth in the micro-
cosms than in the mesocosms. The maximal abundance
(approximately 2 ¥ 105 cells ml-1) was observed at the
highest initial PAHs concentration, comprising 11% of the
total prokaryotic community. There was a highly signifi-
cant lineal relationship between the mean maximum

abundance of Cycloclasticus and the mean initial PAHs
concentration (r2 = 0.97, P = 0.015, n = 4). When we did
this analysis with data from the mesocosm experiments
only (Fig. 7), the obtained model was not significant
(P = 0.214, n = 4). The maximal abundance of Cycloclas-
ticus in July and September was lower than expected by
the initial concentration of PAHs.

Discussion

The mesocosms experiments were designed in order to
describe the effect of PAHs derived from the Prestige oil
spill on the planktonic microbial food web of the coastal
Atlantic waters under four contrasting hydrographic
conditions. Although we tested relatively low PAHs con-
centrations (20–30 mg l-1 chrysene), they were three- to
sixfold higher than the 90% percentile of the concentra-
tions found along the Galician coast affected by the Pres-
tige oil spill just after the accident, which rarely exceeded

Fig. 3. Interaction plots showing estimated
marginal means (means of each variable
predicted by the ANOVA model) of prokaryotic
abundance (A, B), % Alphaproteobacteria (C,
D) and Cycloclasticus abundance (E, F) in
control (dashed lines) and PAHs-amended
(solid lines) mesocosms across time (A, C, E)
or experiment (B, D, F). Solid symbols
represent a significant effect of treatment at
each level of time or experiment; open
symbols, not significant effect.
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5 mg l-1 chrysene (González et al., 2006). Experiments
performed with higher PAH additions might have given
more contrasted results, but we were interested in the
effects that had possibly been created by that oil spill. The
Prestige oil spill was found to consist of a complex mixture
of hydrocarbons, where the aromatic fraction (mainly
naphthalene, phenanthrene and alkyl derivatives) com-
prised approximately 53% (Alzaga et al., 2004). Polycy-
clic aromatic hydrocarbons represented 99.7% of the
water soluble fraction of the Prestige oil and alkanes were

almost undetectable (J. Albaigés, pers. comm.). Although
it was not possible to use exactly the Prestige oil, we used
an oil with a very similar composition (see Experimental
procedures).

After fuel addition bacterial abundances usually tend to
increase according to both experimental and field obser-
vations (Ohwada et al., 2003; Nayar et al., 2005; Sargian
et al., 2005; Bode et al., 2006). Our results also show an
overall increase of PA after PAHs treatment as compared
with the control. However, the effect of fuel additions on PA

Fig. 4. Time-course of total prokaryotic
abundance (black circles),
Alphaproteobacteria (white circles),
Gammaproteobacteria (black triangles)
Bacteroidetes (white triangles) and Eubacteria
(squares) in microcosms amended with 10
(A), 20 (B), 40 (C) and 80 (D) mg l-1 of PAHs,
expressed as a percentage relative to the
values in the control mesocosms. The error
bars represent the standard error. The
horizontal lines in each graph represent the
200, 100% (no change) and 50% relative to
control.
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varied between experiments (Table 2). The magnitude of
PA increment was considerably higher in July and Septem-
ber than in January, and not significant in March (Fig. 3),
thus confirming the hypothesis of a variable response of
natural bacterial assemblages to oil additions, depending
on the initial environmental (temperature, nutrient concen-
tration) and biological (planktonic assemblage composi-
tion, trophic relationships) conditions.

Effects of PAHs addition on major phylogenetic
bacterial groups

Only a few studies in the past years have focused on the
structural changes that occur in natural marine planktonic
bacteria after oil pollution. They have used either qualita-
tive (e.g. fingerprinting methods, Yakimov et al., 2004;
Denaro et al., 2005; Castle et al., 2006; Coulon et al.,
2007; McKew et al., 2007a) or quantitative methods (e.g.
Fluorescence In Situ Hybridization, Castle et al., 2006 or
Q-PCR analysis, McKew et al., 2007b). Castle and col-
leagues (2006) found that naphthalene (an LMW-PAH)
caused a reduction in the number of detectable phyloge-
netic groups: 3 days after the addition, both Alphaproteo-
bacteria and Bacteroidetes groups became undetectable
with FISH. In contrast, we did not observe such losses of
entire groups at any time in the four mesocosm experi-
ments, although the concentration of PAHs in our study
was one order of magnitude lower that the concentration
used by these authors. However, we did find a significant
reduction in the relative abundance of Alphaproteobacte-
ria in the PAHs-amended mesocosms (Table 2 and
Fig. 3D). There are at least two plausible explanations for
the reduction of these bacteria after PAHs addition: they
could be outcompeted by other groups, or their growth
could be inhibited by the chemicals added. We did not
observe a parallel increment in the relative abundance of
either Gammaproteobacteria or Bacteroidetes groups,
which would support the first explanation. Two recent
studies provide evidence for the inhibitory effects
hypothesis. McKew and colleagues (2007a) suggested
that Roseobacter-related bacteria, an important group of

Fig. 6. PAHs concentration and changes in
Cycloclasticus abundance in microcosms
amended with 10 (A), 20 (B), 40 (C) and 80
(D) mg l-1 of PAHs.
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Alphaproteobacteria which may play a key role in the
degradation of n-alkanes, could be inhibited by PAHs.
Labbé and colleagues (2007) also found that the relative
abundance of Alphaproteobacteria was about twice
higher in pristine than in hydrocarbon-contaminated
Alpine soils. The fact that a reduction in Alphaproteobac-
teria was not observed in July, even a transient increment
of Alphaproteobacteria occurs between day 1 and 4,
could be related to a faster degradation of PAHs due to
abiotic factors, such as temperature or solar radiation
which were higher in that experiment (see next section).

Gammaproteobacteria have been found to become pre-
dominant after petroleum-derived hydrocarbon additions
(Yakimov et al., 2004; Castle et al., 2006; McKew et al.,
2007a). Surprisingly, in our study we did not observe any
significant effect of PAHs addition over the relative abun-
dance of Gammaproteobacteria. This contrasting finding
could be related to the concentration of PAHs added in our
mesocosm experiments as compared with the levels of
addition in the aforementioned studies. Our highest con-
centration was approximately 30 mg l-1 chrysene, while
the initial hydrocarbon concentration was, e.g. 640 mg
naphthlene l-1 in the Castle and colleagues (2006) study.
Other possible explanation is related to the specificity of
the probe used to detect Gammaproteobacteria. We did
find a significant increase in Cycloclasticus abundance,
which actually belong to Gammaproteobacteria, however,
it is very likely that the Gammaproteobacteria probe did
not target Cycloclasticus (see Experimental procedures).
Finally, It could also be related to the use of crude oil
rather than soluble PAHs additions (Yakimov et al., 2004;
McKew et al., 2007a). Both these studies showed a domi-
nance of the Gammaproteobacteria subclass related to
alkane-degrading bacteria Thalassolituus or Oleispira,
that grows on aliphatic hydrocarbons, alkanoles and
alkanoates.

Cycloclasticus dynamics after PAHs addition

Diverse petroleum-degrading bacteria inhabit marine
environments, including hydrocarbonoclastic bacteria,
which use hydrocarbons almost exclusively as carbon
source (see reviews by Head et al., 2006; McKew et al.,
2007a). These specialists are usually present in very low
numbers, and given the appropriate conditions can grow
and multiply rapidly (Head et al., 2006). We observed a
quick response of bacteria belonging to the genus Cyclo-
clasticus after PAHs addition, reaching maximum abun-
dances in about 3 days. In a very recent paper, McKew
and colleagues (2007a) identified bacteria belonging to
the Cycloclasticus genus dominating the community of
bacteria degrading naphthalene, phenanthrene and
pyrene. These LMW-PAHs have been shown to degrade
within 2–3 days (Yamada et al., 2003). This would per-

fectly explain the rapid response of Cycloclasticus
observed both in mesocosms and microcosms. The sig-
nificant lineal relationship obtained between initial PAHs
concentration and the maximal abundance of Cycloclas-
ticus in the microcosm experiments suggests that this
genus was largely responsible for the degradation of the
LMW fraction of the added PAHs. Kasai and colleagues
(2002) also showed that PAHs degradation occurs in par-
allel with the growth of Cycloclasticus cells on the surface
of oil-polluted grains of gravel. The explanation for the
quick decline of Cycloclasticus abundance after days 4–5
is, however, not clear. Their abundance could drop off by
grazing, or, they could become inactive and die off, once
the substrate they are specialized on is depleted. The
contribution of Cycloclasticus to total prokaryotic abun-
dance was relatively low (from 0.3 to 6.4%) compared with
the abundance detected after the Nakhodka oil spill
(Maruyama et al., 2003), likely reflecting a lower concen-
tration of PAHs in our experiments. In July and Septem-
ber, the maximal relative abundance of the genus
Cycloclasticus was the lowest (0.3% and 0.5%), which
could be related to a predominance of other groups of
hydrocarbon-degrading bacteria.

These variability in the oil-degrading microbial commu-
nity could be related to environmental differences, such
as solar radiation, seawater temperature or nutrient
concentrations. Dutta and Harayama (2000), for example,
observed that sunlight promotes a decrease in the oil
aromatic fraction. Significant faster photodegradation
rates have been observed specially for LMW-PAHs
(Nadal et al., 2006). The high solar radiation in July could
have favoured photooxidation of PAHs, leading to low
maximal abundances of Cycloclasticus.

Coulon and colleagues (2007) recently showed that
seawater temperature can lead to the selection of differ-
ent hydrocarbon-degrading bacterial groups, and con-
cluded that a change in temperature may have a much
more profound effect on the oil-degrading microbial com-
munities than nutrient additions. However, Cycloclasticus
is a cold-tolerant and versatile group of bacteria that has
been shown to grow in the temperature range 4–20°C
(Coulon et al., 2007). Additional experiments conducted in
our lab showed that when exposing a natural seawater
assemblage amended with naphthalene (500 mg l-1) to
different temperatures (from 8 to 25°C) Cycloclasticus
growth increased with increasing temperature (details not
shown). On the other hand, high temperatures can
directly modify the bioavailability of the PAHs by increas-
ing volatilization and solubility of some hydrocarbons
(Coulon et al., 2007), and act synergistically with UVB
radiation enhancing photodegradation rates (Nadal et al.,
2006). A faster volatilization of the LMW-PAHs during July
and September, due to the higher ambient temperatures,
could explain the relatively low abundance of Cycloclas-

8 E. Teira et al.

© 2007 The Authors
Journal compilation © 2007 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology



ticus after the simulated oil spill. The very short half-life of
PAHs in July compared with the other three experiments
(11 h, vs. 18–24 h in March, September and January)
could be related to a greater importance of abiotic degra-
dation processes (volatilization, photodegradation) in July
than in the other three periods.

Finally, the inorganic nutrient concentration was also
lower in July (day 1 dissolved inorganic nitrogen, DIN,
1.16 mM DIN) and September (DIN, 0.72 mM) than in
March (DIN, 2.14 mM) and January (DIN, 8.66 mM). The
availability of limiting resources is a key factor controlling
hydrocarbon degradation, and some studies point out that
nutrient concentrations might directly influence the rela-
tive degradation of polycyclic aromatic and saturated
hydrocarbons, through a change in bacterial composition.
Laboratory experiments using beach-simulation tanks,
demonstrated that Cycloclasticus cells grow up to two
orders of magnitude more after fertilization with nitrogen
and phosphorus compared with unamended tanks (Smith
et al., 1998). A stepwise multiple regression analysis
including as independent variables temperature, DIN con-
centration at day 1 and initial PAHs concentration,
excluded temperature as a significant variable but
resulted in a model which explained 95% of the variability
observed in the maximum abundance reached by Cyclo-
clasticus (Table 3).

In conclusion, we clearly show that bacteria belonging
to the genus Cycloclasticus play a major role in LMW-
PAHs biodegradation in a planktonic ecosystem. Their
response is stronger in cold waters, where their back-
ground abundance is also higher. During the warm
periods, the response of Cycloclasticus is limited, possibly
due to both, a higher removal of PAHs by abiotic factors
(solar radiation, temperature), and because of inorganic
nutrient limitation.

Experimental procedures

Experimental set-up and sampling

Six mesocosms of 1.5 m in diameter and 2 m deep were
filled with seawater from the middle Ría de Vigo. The bags
were filled from their bottom through a 200-mm mesh, in
order to exclude mesozooplankton. Once filled, the bags
were closed with a bottom stopper and gently transported to
shore, where they were attached to a harbour in a protected
bay. Two of the mesocosms were used as controls, two

were treated by adding a low concentration of soluble PAHs
(approximately 5–10 mg l-1 chrysene) and two with a high
concentration of soluble PAHs (approximately 20–30 mg l-1

chrysene). Due to logistic problems during the first two
experiments, which affected the bags with low PAH concen-
tration, in the other two experiments we eliminated the low
concentration treatment in order to triplicate the control and
the high PAHs concentration treatments. Polycyclic aromatic
hydrocarbons addition took place after the first sampling
(named as day 0). The water soluble fraction of PAHs was
prepared by addition of 15 kg of Prestige-like heavy fuel oil
provided by the Oficina ‘Técnica de Coordinación del Pro-
grama de Intervención Científica en la Catástrofe del Pres-
tige’ in 300 l of 0.2 mm-filtered seawater, taken from the
cultivation plant facilities of the Instituto de Investigaciones
Marinas. The mixture was vigorously stirred with a mechani-
cal stirrer during 4 h to allow extraction of the soluble frac-
tion into seawater. The resulting extract, with approximately
700 mg l-1 of soluble PAHs, was separated from the
insoluble fuel oil by decantation and collected on 25 l poly-
ethylene barrels. Finally, the content of the barrels were
added to the mesocosms to get the desired initial soluble
PAHs concentrations. Polycyclic aromatic hydrocarbons
were measured following the MARPOLMON protocol
(UNESCO, 1984), with modified volumes, and referred to a
chrysene standard.

A total of four experiments were run under contrasting
initial conditions: one in spring (March 2005), one in summer
(July 2005), one in early autumn (September 2005) and one
during winter (January 2006). The experiments were carried
out during the four most relevant periods of the seasonal
cycle in the coastal NE Iberian Atlantic waters: winter mixing,
spring bloom, summer stratification and autumn upwelling. In
this article we present only data from the control and high
concentration treatment for the four experiments. The experi-
ments run for 8 days after the PAH additions. Samples were
taken every day during the first 5 days, and thereafter every
2 days.

Additional microcosm experiments

In January 2006 we conducted additional microcosm experi-
ments in order to test the response of the community to a
gradient of PAHs concentrations. The microcosms were run
in parallel to the mesocosms and with the same initial sea-
water, although the PAHs were already added at day 0. We
prepared a total of 10 microcosms, consisting in 5-l PET
bottles, with a wide opening. The microcosms were kept
opened and refrigerated by circulating surface seawater and
were incubated outside the Institute. Two microcosms were
used as controls (no PAHs addition), the other eight were
spiked, in duplicate, with final PAHs concentration of

Table 3. Regression model relating maximum Cycloclasticus abundance (cells ml-1) to initial PAHs concentration (PAHs, in mg l-1) and dissolved
inorganic nitrogen concentration at day 1 (DIN, in mM).

Independent variable N R2 Adjusted R2 F P Coefficient � SE B Coefficient P

PAHs 8 0.945 0.923 43.2 0.001 2 583 � 332 0.842 0.010
DIN 5 526 � 1 897 0.315 0.033
Constant -5 756 � 14 403 0.100
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approximately 10, 20, 40 and 80 mg l-1. These concentra-
tions were, thus, 0.5 ¥, 1 ¥, 2 ¥ and 4 ¥ the ‘High’ treatment
in the mesocosms. The microcosms were kept for 8 days,
sampling every 24 h, except at day 6. Samples were taken
for analysis of bacterial community composition, as
described below.

Bacterial community composition

Samples from the mesocosms were collected with an inte-
grated 1.5 m tube minimizing stirring, to avoid resuspension
from the bottom of the bags, and deposited into polycar-
bonate carboys that were brought back to the laboratory.
Less than 30 min later, 5 ml of water samples were fixed by
adding to them 0.2-mm filtered paraformaldehyde (2% final
conc.) and subsequently, the samples were stored at 4°C in
the dark for 12–18 h. Thereafter, the samples were filtered
through a 0.2-mm polycarbonate filter (Millipore, GTTP,
25 mm filter diameter) supported by a cellulose nitrate filter
(Millipore, HAWP, 0.45 mm), washed twice with Milli-Q water,
dried and stored in a microfuge vial at -20°C until further
processing.

Bacterial assemblage composition changes were moni-
tored using FISH techniques with oligonucleotide probes spe-
cific for the domain Eubacteria (EUB338) (Amann et al.,
1990), the Alpha- (ALF968) (Glöckner et al., 1999) and Gam-
maproteobacteria (GAM42a) (Manz et al., 1992) subclasses,
the Bacteroidetes group (CF319a) (Manz et al., 1996) and
the genus Cycloclasticus (CYPU829) (Maruyama et al.,
2003). We also tried a general probe targeting Betaproteo-
bacteria (BET42a) (Manz et al., 1992), but this group was
very close to the detection limit (< 0.4%), so these data are
not included. We checked the specificity of the GAM42a
probe using the BLAST program (Altschul et al., 1997). The
probe sequence did not produce significant alignments with
known sequences of many hydrocarbon-degrading bacteria,
such as Cycloclasticus, Alcanivorax, Thalassolituus, but it
aligned to sequences from other bacteria able to degrade
hydrocarbons, such as Pseudomonas or Marinobacter.

Filters for CARD-FISH were embedded in low-gelling-point
agarose and incubated with lysozyme. Filters were cut in
sections and hybridized with horseradish peroxidase (HRP)-
labelled oligonucleotide probes and tyramide-Alexa488 for
signal amplification following the protocol described in Pern-
thaler and colleagues (2002) and Teira and colleagues
(2004). Cells were counter-stained with a DAPI-mix [5.5 parts
of Citifluor (Citifluor), 1 part of Vectashield (Vector Laborato-
ries) and 0.5 parts of PBS with DAPI (final concentration
1 mg ml-1)].

The slides were examined under a Zeiss Axioplan 2 micro-
scope equipped with a 100-W Hg-lamp and appropriate filter
sets for DAPI and Alexa488. More than 800 DAPI-stained
cells were counted per sample. For each microscope field,
two different categories were enumerated: (i) total DAPI-
stained cells and (ii) cells stained with the specific probe.
Negative control counts (hybridization with HRP-Non338)
averaged 0.5% and were always below 1.0% of DAPI-stained
cells. The counting error, expressed as the percentage of
standard error between replicates, was < 2% for DAPI counts
and < 9% for FISH counts.

Statistical analysis

In order to test for differences at day 0 between the four
experiments, we used ANOVA after log or arcsine data
transformation. For post hoc multiple comparisons we used
the Bonferroni test in order to control for type I errors.

A repeated measures ANOVA (RMANOVA) with one within-
subjects factor (time) and two between-subjects factors
(experiment and treatment) was conducted to asses time
effects and all possible interactions. Time is a within-subjects
factor because the same mesocosm is sampled at sequential
time periods (every 24–48 h). All data fitted a normal distri-
bution (Kolmogorov-Smirnoff test), however, even after log or
arcsine data transformation, the homogeneity of covariance
matrices failed for some variables. For the latter case we
applied the Huynh-Feldt adjustment to correct P-values
(Scheiner and Gurevitch, 1993). Profile plots and multiple
comparison tests with the estimated marginal means were
used to interpret interactions between factors. The marginal
means are the means of each variable across levels of each
factor predicted by the model. Profile plots are the line
plots of marginal means of a response variable across levels
of a factor. When two factors are involved these are called
interaction plots. We constructed the interaction plots repre-
senting time or experiment factors along the X-axis and the
treatment factor as different lines in the same plot. Parallel or
roughly parallel lines indicate little or no interaction.

Acknowledgements

We thank all the people involved in the project IMPRESION
who helped with the preparation and sampling of the meso-
cosms during the four experiments. We also would like to
thank the captain and crew on board the RV Mytilus and RV
Arao. This research was supported by the MEC contract
IMPRESION (VEM2003-20021). E.T. was funded by an Euro-
pean Community Marie Curie Reintegration Fellowship
(MERG-CT-2004-511937) and a Juan de la Cierva-MEC
contract.

References

Alonso-Sáez, L.V., Balagué, O., Sánchez, E.L., Sà, J.M.,
González, J., Pinhassi, R., et al. (2007) Seasonality in bac-
terial diversity in north-west Mediterranean coastal waters:
assessment through clone libraries, fingerprinting and
FISH. FEMS Microb Ecol 60: 98–112.

Altschul, S.F., Madden, T.L., Schäffer, A.A., Zhang, J.,
Zhang, Z., Miller, W., and Lipman, D.J. (1997) Gapped
BLAST and PSI-BLAST: a new generation of protein data-
base search programs. Nucleic Acids Res 25: 3389–3402.

Alzaga, R., Montuori, P., Ortiz, L., Bayona, J.M., and
Albaigés, J. (2004) Fast solid-phase extraction gas
chromatography mass spectrometry procedure for oil
fingerprinting. Application to Prestige oil spill. J Chromatogr
1025: 133–138.

Amann, R.I., Binder, B.J., Olson, R.J., Chisholm, S.W.,
Devereux, R., and Stahl, D.A. (1990) Combination of 16S
ribosomal rRNA-targeted oligonucleotide probes with flow
cytometry for analysing mixed microbial populations. Appl
Environ Microbiol 56: 1919–1925.

10 E. Teira et al.

© 2007 The Authors
Journal compilation © 2007 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology



Bode, A., González, N., Lorenzo, J., Valencia, J., Varela,
M.M., and Varela, M. (2006) Enhanced bacterioplankton
activity after the ‘Prestige’ oil spill off Galicia, NW Spain.
Aquat Microb Ecol 43: 33–41.

Castle, D., and Kirchman, D.L. (2004) Composition of estua-
rine bacterial communities assessed by denaturing gradi-
ent gel electrophoresis and fluorescence in situ
hybridization. Limnol Oceanogr Methods 2: 303–314.

Castle, D.M., Montgomery, M.T., and Kirchman, D.L. (2006)
Effects of naphthalene on microbial community composition
in the Delaware estuary. FEMS Microb Ecol 56: 55–63.

Cermeño, P., Marañón, E., Pérez, V., Serret, P., Fernández,
E., and Castro, C.G. (2006) Phytoplankton size structure
and primary production in a highly dynamic coastal eco-
system (Ria de Vigo, NW-Spain): seasonal and short-time
scale variability. Estuar Coast Shelf Sci 67: 251–266.

Coulon, F., McKew, B.A., Osborn, A.M., McGenity, T.J., and
Timmis, K.N. (2007) Effects of temperature and biostimu-
lation on oil-degrading microbial communities in temperate
estuarine waters. Environ Microbiol 9: 177–186.

Denaro, R., D’Auria, G.D., Di Marco, G., Genovese, M.,
Troussellier, M., Yakimov, M.M., and Giuliano, L. (2005)
Assessing terminal restriction fragment lenght polymor-
phism suitability for the description of bacterial community
structure dynamics in hydrocarbon-polluted marine
environments. Environ Microbiol 7: 78–87.

Dutta, T.K., and Harayama, S. (2000) Fate of cude oil by the
combination of photooxidation and biodegradation. Envrion
Sci Technol 34: 1500–1505.

Geiselbrecht, A.D., Hedlund, B.P., Tichi, M.A., and Staley,
J.T. (1998) Isolation of marine polycyclic aromatic hydro-
carbon (PAH)-degrading Cycloclasticus strains from the
Gulf of Mexico and comparison of their PAH degradation
ability with that of Puget Sound Cycloclasticus strains. Appl
Environ Microbiol 64: 4703–4710.

Glöckner, F.O., Fuchs, B.M., and Amann, R. (1999) Bacteri-
oplankton compositions of lakes and oceans: a first com-
parison based on fluorescence in situ hybridization. Appl
Environ Microbiol 65: 3721–3726.

González, J.J., Viñas, L., Franco, M.A., Fumega, J., Soriano,
J.A., Grueiro, G., et al. (2006) Spatial and temporal distri-
bution of dissolved/dispersed aromatic hydrocarbons in
seawater in the area affected by the Prestige oil spill. Mar
Pollut Bull 53: 250–259.

Harayama, S., Kasai, Y., and Hara, A. (2004) Microbial com-
munities in oil-contaminated seawater. Curr Opin Biotech
15: 205–214.

Head, I.M., and Swannell, R.P.J. (1999) Bioremediation of
petroleum hydrocarbon contaminants in marine habitats.
Curr Opin Biotech 10: 234–239.

Head, I.M., Martin Jones, D., and Röling, W.F.M. (2006)
Marine microbes make a meal of oil. Nat Rev Microbiol 4:
173–182.

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

Kasai, Y., Kishira, H., and Harayama, S. (2002) Bacteria
belonging to the genus Cycloclasticus play a primary role in
the degradation of aromatic hydrocarbons in a marine
environment. Appl Environ Microbiol 68: 5625–5633.

Labbé, D., Margesin, R., Schinner, F., Whyte, L.G., and Greer,
C.W. (2007) Comparative phylogenetic analysis of micro-
bial communities in pristine and hydrocarbon-contaminated
Alpine soils. FEMS Microbiol Ecol 59: 466–475.

McKew, B.A., Coulon, F., Osborn, A.M., Timmis, K.N., and
McGenity, T.J. (2007a) Determining the identity and roles
of oil-metabolizing marine bacteria from the Thames
estuary, UK 2006. Environ Microbiol 9: 165–176.

McKew, B.A., Coulon, F., Yakimov, M.M., Denaro, R., Gen-
ovese, M., Smith, C.J., et al. (2007b) Efficacy of interven-
tion strategies for bioremediation of crude oil in marine
systems and effects on indigenous hydrocarbonoclastic
bacteria. Environ Microbiol 9: 1562–1571.

MacNaughton, S.J., Stephen, J.R., Venosa, A.D., Davis,
G.A., Chang, Y.-J., and White, D.C. (1999) Microbial popu-
lation changes during bioremediation of and experimental
oil spill. Appl Environ Microbiol 65: 3566–3574.

Manz, W., Amann, R., Ludwig, W., Wagner, M., and Schlei-
fer, K.H. (1992) Phylogenetic oligodeoxynucleotide probes
for the major subclasses of Proteobacteria – problems and
solutions. Syst Appl Microbiol 15: 593–600.

Manz, W., Amann, R., Ludwig, W., Vancanneyt, M., and
Schleifer, K.H. (1996) Application of a suite of 16S rRNA-
specific oligonucleotide probes designed to investigate
bacteria of the phylum cytophaga-flavobacter-bacteroides
in the natural environment. Microbiology (Uk) 142: 1097–
1106.

Maruyama, A., Ishiwata, H., Kitamura, K., Sunamura, M.,
Fujita, T., Matsuo, M., and Higashihara, T. (2003) Dynam-
ics of microbial populations and strong selection for Cyclo-
clasticus pugetii following the Nakhodka oil spill. Microb
Ecol 46: 442–453.

Nadal, M., Wargent, J.J., Jones, K.C., Paul, N.D., Schuhma-
cher, M., and Domingo, J.L. (2006) Influence of UV-B
radiation and temperature on photodegradation of PAHs:
preliminary results. J Atmos Chem 55: 241–252.

Nayar, S., Goh, B.P.L., and Chou, L.M. (2005) Environmental
impacts of diesel fuel on bacteria and phytoplankton in a
tropical estuary assessed using in situ mesocosms.
Ecotoxicology 14: 397–412.

Nyman, J.A. (1999) Effect of crude oil and chemical additives
on metabolic activity of mixed microbial populations in
fresh marsh soils. Microb Ecol 37: 152–162.

Ogino, A., Koshikawa, H., Nakahara, T., and Uchiyama, H.
(2001) Succession of microbial communities during a bio-
stimulation process as evaluated by DGGE and clone
library analyses. J Appl Microbiol 91: 625–635.

Ohwada, K., Nishimura, M., Wada, M., Nomura, H., Shibata,
A., and Okamoto, K., et al. (2003) Study of the effect of
water-soluble fractions of heavy-oil on coastal marine
organism using enclosed ecosystems, mesocosms. Mar
Pollut Bull 47: 78–84.

Pernthaler, A., Preston, C.M., Pernthaler, J., DeLong, E.F.,
and Amann, R. (2002) Comparison of fluorescently labeled
oligonucleotide and polynucleotide probes for the detection
of pelagic marine Bacteria and Archaea. Appl Environ
Microbiol 68: 661–667.

Preston, B.L. (2002) Spatial patterns in benthic biodiversity of
Chesapeake Bay, USA (1984–99): association with water
quality and sediment toxicity. Environ Toxicol Chem 21:
151–162.

Dynamics of Cycloclasticus in marine mesocosms 11

© 2007 The Authors
Journal compilation © 2007 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology



Röling, W.F.M., Milner, M.G., Jones, D.M., Lee, K., Daniel,
F., Swannell, R.J.P., and Head, I.M. (2002) Robust hydro-
carbon degradation and dynamics of bacterial communities
during nutrient-enhanced oil spill bioremediation. Appl
Environ Microb 68: 5537–5548.

Sargian, P., Mostajir, B., Chatila, K., Ferreyra, G.A., Pelletier,
E., and Demers, S. (2005) Non-synergistic effects of water-
soluble crude oil and enhanced ultraviolet-B radiarion on a
natural plankton assemblage. Mar Ecol Prog Ser 294:
63–77.

Scheiner, S.M., and Gurevitch, J. (1993) Design and
Analysis of Ecological Experiments. London, UK:
Chapman & Hall.

Smith, V.H., Graham, D.W., and Cleland, D.D. (1998)
Application of resource-ratio theory to hydrocarbon
biodegradation. Environ Sci Technol 32: 3386–3395.

Syutsubo, K., Kishira, H., and Harayama, S. (2001) Develop-
ment of specific oligonucleotide probes for the identification
and in situ detection of hydrocarbon-degrading Alcanivorax
strains. Environ Microbiol 3: 371–379.

Teira, E., Reinthaler, T., Pernthaler, A., Pernthaler, J., and
Herndl, G.J. (2004) Combining catalyzed reporter
deposition-fluorescence in situ hybridization and microau-
toradiography to detect substrate utilization by Bacteria
and Archaea in the deep ocean. Appl Environ Microbiol 70:
4411–4414.

UNESCO (1984) Manual for monitoring oil and dissolved/
dispersed petroleum hydrocarbons in marine waters and
on beaches. IOC Manual and Guides 13: 1–35.

Yakimov, M., Gentile, G., Bruni, V., Cappello, S., D’Auria, G.,
Golyshin, P., and Giuliano, L. (2004) Crude oil-induced
structural shift of coastal bacterial communities of rod bay
(Terra Nova Bay, Ross Sea, Antarctica) and characteriza-
tion of cultured cold-adapted hydrocarbonoclastic bacteria.
FEMS Microb Ecol 49: 419–432.

Yamada, M., Takada, H., Toyoda, K., Yoshida, A., Shibata, A.,
Nomura, H., et al. (2003) Study of the fate of petroleum-
derived polycylic aromatic hydrocarbons (PAHs) and the
effect of chemical dispersant using an enclosed ecosys-
tem, mesocosm. Mar Pollut Bull 47: 105–113.

12 E. Teira et al.

© 2007 The Authors
Journal compilation © 2007 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology


