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INTRODUCTION

Bacterioplankton community composition and di -
ver sity is known to vary geographically (Pommier
et al. 2007) and over seasons (Murray et al. 1998,
Rein thaler et al. 2005); however, the importance for
 community function and response to disturbance is
poorly understood. Several studies have investigated
the potential linkage between community composition
and ecosystem function, but the results are conflicting.
In most cases, microbial communities are sensitive to
disturbance; however, microbial communities can re-

spond in different ways without affecting ecosystem
processes (reviewed by Allison & Martiny 2008): mi-
crobial composition can be resistant and withstand
disturbances without any change in composition
(Bowen et al. 2011), the community can be resilient
and quickly recover to the original composition
(Shade et al. 2011, Werner et al. 2011), or the commu-
nity can be functionally redundant, i.e. differently
composed communities perform similar functions
(Müller et al. 2002, Langenheder et al. 2005, Sjöstedt
et al. 2012). However, changes in community compo-
sition can also affect rates of ecosystem functioning
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(Findlay et al. 2003), suggesting that at least some
 microbial taxa are functionally dissimilar (Allison &
Martiny 2008). In order to reconcile these seemingly
opposing findings, the effect of disturbance on com-
munity function has been suggested to depend on the
function measured (Langenheder et al. 2005) and the
type of disturbance (Bressan et al. 2008).

Here, we sought to identify whether differences in
diversity and composition of bacterioplankton commu-
nities from the Gulf of Trieste affected functionality.
Since heterotrophic bacteria are an important link be-
tween dissolved organic carbon (DOC) and higher
trophic levels in marine waters, we used DOC utiliza-
tion as a proxy for community function. Quantity and
quality of DOC have strong impacts on bacterioplank-
ton community composition (Pinhassi et al. 1999,
Crump et al. 2003, Eiler et al. 2003), and there is evi-
dence that different phylogenetic groups pre ferably
utilize certain components of the bulk DOC pool (Mar-
tinez et al. 1996, Cottrell & Kirchman 2000, Riemann et
al. 2000). However, it has also been sug gested that
generalist bacteria, capable of metabolizing a wide va-
riety of organic carbon compounds, are important
members of the bacterioplankton community (Mou et
al. 2008, Gómez-Consarnau et al. 2012). We applied
continuous seawater cultures to manipulate the com-
position and diversity of bacterioplankton communities
from the Gulf of Trieste, northern Adriatic Sea. In this
approach, species vulnerable to a treatment are pro-
gressively lost from indigenous com munities. This is
comparable to natural systems where a disturbance
hampers some species and selects for adapted species
(Müller et al. 2002, Griffiths et al. 2004). The confined
bacterial communities were manipulated by sequential
increasing environmental stress by decreasing the
temperature, adding phosphate and lowering the oxy-
gen level. The changed conditions represent environ-
mental drivers that we expect to regularly affect bacte-
rioplankton assemblages indigenous to the Gulf of
Trieste. Subsequently, the abilities of the manipulated
communities to utilize DOC were compared to that of
the diverse indigenous community.

MATERIALS AND METHODS

Location and experimental setup

The Gulf of Trieste is the northernmost part of the
Adriatic sea (NE Mediterranean Sea). The area is
characterized by shallow waters with large fluctua-
tions in salinity (from 32.8 to 36.7) and temperature
(from 9 to 25°C). The concentration of phosphorus is

generally low and limits growth of phytoplankton
and bacterioplankton (Fajon et al. 1999, Malej et al.
2003), and oxygen depletion below the thermocline
is observed almost every year (Turk et al. 2001).

Filtered seawater inoculated with an indigenous
natural bacterial assemblage was exposed to de -
creased temperature (Stress 1), decreased tempera-
ture and phosphate addition (Stress 2) or decreased
temperature, phosphate addition and lowered oxygen
level (Stress 3) in a continuous culture setup (Sjöstedt
et al. 2012). Moreover, the setup included an incuba-
tion with only the stress conferred by confinement,
named ‘Control’. Effects of increasing environmental
stress on bacterial community composition, diversity
and functionality were identified by comparison to the
indigenous bacterial community (i.e. the inoculum).
Bacterial community composition and diversity, in the
inoculum and in the 4 cultures after 14 d of in cu ba -
tion, was analyzed using DGGE and 454-pyrosequen -
cing of 16S rRNA genes. The ability to utilize natural
DOC was examined in DOC-utilization assays.

Preparation of medium and inoculum for the
continuous cultures

Seawater was collected at 3 m depth, 2.3 km from
shore in the Gulf of Trieste, Northern Adriatic
(45° 33’ N; 13° 33’ E), using 7 l Niskin bottles mounted
on a rosette. Seawater used as medium in the contin-
uous seawater cultures was collected on 25 August
and inoculum on 8 September 2009. The seawater
temperature was 24.9°C and 22.7°C, and the salinity
was 36.35 and 36.06, respectively. Seawater was kept
in acid-washed polycarbonate bottles and processed
within 2 h. Seawater used as medium was filtered
through a 0.2 µm capsule filter (Acropak, Pall) using
a peristaltic pump and autoclaved twice before the
assembly of the continuous culture system. The sea-
water inoculum was gravity filtered (once through
3.0 µm, twice through 0.6 µm filters; polycarbonate,
Whatman) and stored at 4°C for ~12 h before inocula-
tion of the continuous seawater cultures.

Setup of continuous seawater cultures

The 4 continuous cultures were run for 14 d in the
dark at a dilution rate of 1 d−1 and are referred to as
Control (in situ temperature, 24°C), Stress 1 (16°C),
Stress 2 (16°C plus phosphate) and Stress 3 (16°C,
plus phosphate, plus lowered oxygen level). Stress 2
and 3 were amended with KH2PO4 (0.5 µmol l−1 final
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conc.). In Stress 3, the oxygen level was lowered by
bubbling with nitrogen gas (0.5 bar) instead of air
(see below). The systems were assembled and auto-
claved before 0.5 l inoculum was added to a 1 l culti-
vation bottle. The medium (one 10 l container per
culture) was fed drop-wise through a glass tube to
prevent back growth, and filtered air produced small
bubbles that served as a stirrer for the culture (Sjöst-
edt et al. 2012). At the end of the experiment, the
oxygen concentration in the continuous cultures was
measured using a combined conductivity and dis-
solved oxygen sensor (Con Ox Multi 350i WTW).

DOC degradation experiments

The capacity to utilize natural DOC was used to
measure community functionality. This was compared
for the inoculum and the bacterial communities in the
4 continuous cultures after 14 d of incubation. Micro-
bial DOC degradation was measured as the decrease
in DOC over time in triplicate batch incubations con-
taining sterile filtered seawater amended with a bac-
terial inoculum and inorganic nitrogen and phosphate
(10 µmol l−1 KNO3 and 0.5 µmol l−1 KH2PO4, final
conc.). Seawater used as medium (collected at the
same time as medium for the continuous cultures) was
filtered through 0.2 µm, Supor filters (Pall) using a
vacuum pump, kept in acid-washed polycarbonate
bottles, autoclaved twice and then stored at 4°C until
inoculation. An aliquot of 900 ml of seawater medium
was inoculated with 100 ml of filtered inoculum (pre-
pared as for the continuous cultures). DOC batch cul-
tures were started in triplicates from the inoculum
(start of experiment) and from the bacterial commu-
nity in each continuous culture (end of experiment)
and were incubated in the dark for 9 d. The batch cul-
tures started from the inoculum were incubated at in
situ temperature (24°C), and the other cultures were
incubated at the same temperature as the respective
continuous culture. Duplicate samples for DOC analy-
sis were collected daily from the batch cultures. The
samples (10 ml) were filtered through acid-washed
0.2 µm Supor filters (Pall) into polypropylene tubes
(Falcon), acidified with 170 µl of 1 mol l−1 HCl and
stored at 4°C until analysis. All materials in contact
with the samples were carefully acid-rinsed prior to
use. Samples were analyzed on a Shimadzu TOC-5000
high-temperature catalytic oxidation instrument using
potassium hydrogen phthalate as the standard sub-
stance. Normal distribution of the DOC data from the
DOC utilization assays was confirmed using the Sha -
piro-Wilk normality test, and differences were subse-

quently examined by ANOVA followed by a Tukey’s
post-hoc test.

Samples for bacterial enumeration were taken
daily and fixed and stored as described below.

Enumeration of bacteria, viruses and flagellates

Samples for bacterial and viral abundance in the
continuous cultures were obtained daily, fixed with
glutaraldehyde (1% final conc.) and stored at −80°C.
Duplicate samples were taken from all cultures at the
last day of sampling and generally varied less than
5%. Bacteria were stained with SYTO 13 (Molecular
Probes) and viruses with SYBR Green 1 (Molecular
Probes) and counted on a FACSCalibur flow cytome-
ter (Becton Dickinson) according to published proto-
cols (Troussellier et al. 1999, Brussaard 2004) using
fluorescent beads (True counts, Becton Dickinson) to
calibrate the flow rate.

On Days 6, 10 and 14, samples were examined to
verify that flagellates were not present in the cul-
tures. A total of 30 ml of sample was fixed with form-
aldehyde (3% final conc.) and filtered onto 1 µm
black polycarbonate filters. Cells were stained with
primulin (20 µg ml−1) (Chrzanowski & Simek 1990),
and filters were examined for flagellates using epi-
fluorescence microscopy (Zeiss Axioplan). No flagel-
lates were observed.

DNA extraction

Samples for analysis of bacterial community com-
position were collected from the continuous cultures
every day. Approximately 400 ml sample (collected
in a sterile bottle from the outflow of the continuous
culture) was filtered onto 0.2 µm Supor filters (25 mm
diam., Pall), which were stored at −20°C until extrac-
tion. DNA was extracted using an enzyme/phenol-
chloroform protocol (Riemann et al. 2000) but with a
30 min lysozyme digestion (5 mg ml−1 final conc.) at
37°C and an overnight Proteinase K digestion
(100 µg ml−1 final conc.) at 55°C (Boström et al. 2004).
DNA was re-suspended in TE buffer and quantified
using PicoGreen (Molecular Probes).

Community structure and succession as analyzed
by denaturing gradient gel electrophoresis (DGGE)

We used DGGE as a means of comparing commu-
nity structures based on the dominant phylotypes
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(representing >1% of the community; Muyzer et al.
1993) as well as to follow community succession in
selected cultures over time. Bacterial 16S rRNA
genes were PCR-amplified using primers GC341F
and 907R as previously described (Sjöstedt et al.
2012), and the products were quantified using Pico -
Green. Then, 60 ng of PCR product was analyzed by
DGGE using the D Gene System (Bio-Rad) at 60°C
for 6 h at 150 V. Gels were stained with SYBR Gold
(Molecular Probes). Based on the presence/absence
of DGGE bands, a dendrogram was constructed by
the software Quantity One 4.6.2 (Bio-Rad) using
the Dice coefficient and cluster analysis by the
unweighted-pair group method using arithmetic
 average. The Dice similarity coefficient represents
pairwise comparisons of the DGGE profiles. It is cal -
culated based on the formula Dsc = [2j / (a + b)],
where a is the number of DGGE bands in Lane 1, b is
the number of DGGE bands in Lane 2, and j is the
number of common DGGE bands in Lanes 1 and 2
(Fromin et al. 2002).

454-pyrosequencing of bacterial communities

454-pyrosequencing of 16S rRNA genes (including
the variable V4 to V6 regions) was used to compare
the community composition, at phylum and family
level, between the inoculum and the end communi-
ties in the continuous cultures. Sequence data were
also used to examine how bacterial diversity res -
ponded to the increasing environmental stress. A
primer cocktail containing the degenerate primers
530F (5’-GTG CCA GCM GCN GCG GTA-3’; Dowd
et al. 2008), with TA added at the 3-prime end to
increase specificity, and 1061R (5’-CRR CAC GAG
CTG ACG AC-3’; Andersson et al. 2008) labeled with
specific hexamers for each sample was used for the
amplification. The PCR products were gel purified
(QIAquick Gel Extraction Kit, Qiagen), concentrated
(QIAquick PCR Purification Kit, Qiagen) and quanti-
fied before being mixed in equimolar amounts. Addi-
tion of adaptor and pyrosequencing (Roche GS FLX
TITANIUM platform) on half of a plate was per-
formed at LGC Genomics (Germany) according to
the manufacturer’s instructions.

The 454-pyrosequencing resulted in 488 561 se -
quen ces. Sequences < 150 bp, sequences with unde-
termined nucleotides or sequences not containing
the correct primer sequence were removed using the
Ribosomal Database Project (RDP) pyrosequencing
pipeline (http://pyro.cme.msu.edu/). Forward primer
sequences were also removed in this step. The re -

maining sequences (383 571) were clustered at 97%
similarity using cropLINUX (Hao et al. 2011), which
uses a Gaussian Mixture model and can automati-
cally determine the best clustering result for 16S
rRNA sequences at different phylogenetic levels
without setting a cut-off threshold, like hierarchical
clustering does (Hao et al. 2011). Using cropLINUX,
1327 clusters (operational taxonomic units [OTUs])
were produced. These were further screened for chi -
meric sequences at the OTU level using Chimera -
Slayer (Haas et al. 2011), and 115 chimeric OTUs
(7208 sequences) were removed. The Greengenes
online tool (http://greengenes.lbl.gov) was used to
align and classify the sequences. This tool gives taxo -
nomic results from Greengenes, RDP and National
Center for Biotechnology Information (NCBI). In
most cases, all 3 databases gave the same result;
however, when not consistent, Greengenes was used
for the classification since it was also used for the
alignment. A total of 229 OTUs (1411 sequences)
could not be aligned, and 11 OTUs (148 sequences)
could not be classified. These OTUs were removed
from the data set. Singletons were removed (571 OTUs/
sequences), leaving a final number of 630 OTUs
(374 804 sequences).

Maximum likelihood trees were inferred with
the aid of the RAxML software (v. 7.2.8) using the
GTRGAMMA model with default settings (Stama -
takis 2006). Community distance analysis was per-
formed using the unweighted UniFrac measure
(http://bmf2.colorado.edu/fastunifrac/) (Lozupone &
Knight 2005), which is a qualitative analysis using
presence/absence of data to compare community
composition. The distance between 2 communities is
calculated as the fraction of branch length that leads
to descendants in either, but not both, of 2 communi-
ties (Lozupone et al. 2007). To assess whether the
UniFrac distance metrics between communities were
significant, Unifrac significance and p-value signifi-
cance tests were done as implemented in the UniFrac
program (Lozupone & Knight 2005). Each pair of
samples was tested against each other, and the 
p-values were corrected for multiple comparisons
using Bonferroni correction. Based on the pairwise
UniFrac values, a principal coordinates analysis
was performed to examine the similarities among
samples.

To visualize the distribution of the most abundant
OTUs between the different treatments, a maximum
likelihood tree with a heatmap was constructed. The
tree was based on 121 OTUs, each represented by
>100 sequences across samples, 49 reference se -
quences from other studies and 1 outgroup sequence
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from the Aquifex genus. The tree was constructed as
described above, and the heatmap was constructed
using iTOL (http://itol.embl.de/).

Random re-sampling of 15 000 sequences per sam-
ple was performed using a script developed in MAT-
LAB to normalize the relative abundance of se quen -
ces between samples. Rarefaction curves (Analytical
Rarefaction 1.3, www.uga.edu/strata/software/index.
html), CACE coverage estimate (Chao et al. 1993),
SChao1 richness (Chao 1984) and the Shannon diver-
sity index (Shannon 1948) were calculated using the
re-sampled data set.

Nucleotide sequence accession numbers

DNA sequences have been deposited in the NCBI
Sequence Read Archive under accession number
SRA055085.

RESULTS AND DISCUSSION

The main aim of the present study was to examine
whether differences in bacterial community composi-
tion and diversity would affect function. Increasing
environmental stress was applied in continuous bac-
terioplankton cultures to obtain communities differ-
ing in diversity and composition relative to in situ
characteristics. We selected stress factors, here de -
fined as perturbations anticipated to affect bacterial
communities, that regularly affect bacterioplankton
assemblages indigenous to the Gulf of Trieste. In
addition, confinement in itself (the Control) was
expected to have a major effect on bacterial diversity
and composition. The selected stress factors (de crea -

sing temperature, added phosphate and lowered
oxygen level) are known to affect bacterial growth.
For instance, lowered temperature may negatively
affect bacterioplankton growth rate (e.g. Pomeroy et
al. 1991, Wiebe et al. 1992, Kirchman & Rich 1997),
whereas addition of phosphate would conceivably
cause major community compositional successions in
the phosphorus-limited Gulf of Trieste (Fajon et al.
1999, Malej et al. 2003). Finally, the manipulated
communities were examined for their functionality,
proxied by the ability to utilize bulk DOC, which is
a key process in marine biogeochemistry and an
important subsidy to higher trophic levels in aquatic
systems. Our study demonstrates that confinement
and the selected stress factors caused a reduced bac-
terial diversity and changed composition relative to
the inoculum. However, DOC degradation did not
differ significantly from the inoculum, suggesting
this community function to be resilient to environ-
mental stress and diversity loss and to be driven by
functionally redundant taxa.

Effect of treatments on bacterial and 
viral abundance

Since the main objective of the 4 continuous cul-
tures was to construct bacterial communities differ-
ing in structure and diversity, not to identify specific
and un-replicated effects of temperature, phosphate
or oxygen, the effects of the manipulations on other
parameters are only briefly addressed below. The
bacterial abundance was 3.2 × 106 cells ml−1 at the
start of the experiment but then decreased in all
treatments, except for the Control, during the first
day (Fig. 1A). The addition of phosphate resulted in
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higher phosphate concentrations and
lower nitrogen concentrations in
Stress 2 and 3 relative to the Control
and Stress 1 (Table 1) and is probably
related to a change in the system from
phosphorus to nitrogen limitation.
The addition of phosphate seemed to
overrule the negative effect of low-
ered temperature and stimulated bac-
terial abundance. The oxygen con-
centrations in the Control and Stress
1 and 2 treatments were comparable
to that in the inoculum. In Stress 3,
the oxygen concentration was re -
duced to 1.37 mg ml−1, corres ponding to 17% oxygen
saturation (Table 1). However, the decreased oxygen
level did not significantly affect bacterial abundance.
After ~8 d, bacterial abundance stabilized and varied
by 14% in Stress 3 but <10% in the other treatments
during the last week (Fig. 1A). The stabilization of
bacterial abundance suggests establishment of com-
munities adapted to the manipulated conditions.
Viral abundance roughly mirrored bacterial abun-
dance and reached highest levels in Stress 2 and 3,
but showed higher variation than bacterial abun-
dance during the last week of sampling (Fig. 1B).

Effect of manipulations on bacterial community
composition and diversity

DGGE of 16S rRNA genes showed that community
composition changed considerably, with bands dis-
appearing and appearing over time indicating a
change in abundant phylotypes during the experi-
ment (shown for Stress 3 in Fig. S1 in the Supple-
ment at www.int-res.com/ articles/ suppl/ a071 p015
_supp .pdf). However, as suggested by the stabiliza-
tion of bacterial abundances, similar banding pat-
terns and number of bands were obtained toward
the end of the incubation, indicating a stabilization
and establishment of communities adapted to the
manipulated conditions. When the  different treat-
ments were compared, more discer nible bands
were observed in the inoculum than in the treat-
ment samples from the last day (data not shown).
Based on a dendrogram constructed from the band-
ing patterns, the inoculum and the Control formed
one cluster, whereas Stress 1 to 3 formed a second
cluster. However, the similarity analysis is only
based on the most dominant phylotypes, and simi-
larities between all treatments were rather low,
varying from around 20 to 40% (Fig. 2).

Based on 454-pyrosequencing, all except 4 of the
dominant OTUs (representing ≥100 sequences) were
detected in the inoculum. Fifty of the OTUs were
only detected in the inoculum, and 1 OTU was only
in the Control, whereas the rest of the OTUs were
shared between at least 2 communities (Fig. S2 in
the Supplement). Several rare OTUs (<0.1% of the
reads) in the inoculum became abundant (>5% of
the reads) in at least one of the treatments. These
rare OTUs are probably members of the rare bio-
sphere that proliferated in response to the changed
environmental conditions (Pedrós-Alió 2006, Sjöst-
edt et al. 2012). Upon confinement in the continuous
culture, OTUs only detected in the inoculum
decreased in abundance to below the detection
limit. The abundance of most of these OTUs in the
inoculum was below 1%, and it is possible that they
were not actively growing (dormant or dead) and
therefore flushed out of the continuous culture.
Alternatively, optimal growth conditions were not
met in the continuous cultures. Nevertheless, as
expected, much fewer OTUs were detected in the 4
manipulations (including the Control) relative to the
inoculum.
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Temp Salinity N P O2 O2 

(°C) (µmol l−1) (µmol l−1) (mg l−1) (% sat.)

Inoculum 22.7 36.1 0.46 0.10 6.39 94
Control 24.0 32.7 7.67 bd 6.51 94
Stress 1 16.0 33.2 5.08 bd 7.93 99
Stress 2 16.0 32.0 1.27 0.03 8.02 99
Stress 3 16.0 32.1 1.27 0.09 1.37 17

Table 1. Environmental variables in the inoculum and in the treatments after
14 d of incubation. Control (24°C); Stress 1 (16°C); Stress 2 (16°C and elevated
phosphate); Stress 3 (16°C, elevated phosphate, and lowered oxygen level). P:
PO4

3−; N: NH4
+, NO2

− and NO3
−. The detection limit for P was 0.003 µmol l−1. 

bd: below detection

Fig. 2. Dendrogram comparing bacterial community compo-
sition in the inoculum (Day 0) and in different continuous
cultures (Day 14) analyzed by DGGE. Control (24°C);
Stress 1 (16°C); Stress 2 (16°C and elevated phosphate);
Stress 3 (16°C, elevated phosphate, and lowered oxygen 

level)

http://www.int-res.com/articles/suppl/a071p015_supp.pdf
http://www.int-res.com/articles/suppl/a071p015_supp.pdf
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The rarefaction curves for all samples except for
the inoculum were in a near-plateau phase (Fig. S3 in
the Supplement). Nevertheless, according to the
CACE coverage estimate, our sampling only detected
29 to 43% of the OTU richness in the samples, which
is consistent with the results from Chao1 richness
estimator giving a higher probable total number of
OTUs than the number of observed OTUs. The num-
ber of OTUs in the inoculum (502 OTUs) was much
higher than in the continuous cultures after 14 d of

incubation (51 to 158 OTUs; Fig. 3A). The pattern
was the same both for the observed and predicted
number of OTUs and for the Shannon diversity
index, with highest richness and diversity observed
in the inoculum and decreased levels in all treat-
ments, including the Control (Fig. 3A). The high
diversity in the inoculum is comparable to previous
observations from the Mediterranean Sea (e.g. Pom-
mier et al. 2010), and a decreased diversity as a con-
sequence of confinement (Massana et al. 2001, Sjöst-
edt et al. 2012) and environmental stress (Reice 1985,
Berga et al. 2012) is consistent with other cultivation
studies. The slightly higher diversity in Stress 3 may
be due to proliferation of diverse facultative anae -
robic bacteria, a trait that does not appear linked to
phylogeny (Riemann & Azam 2002). Hence as ex -
pected, a much lower bacterial diversity was ob -
served in the 4 manipulations (including the Control)
relative to the inoculum.

In agreement with the DGGE results, Unifrac
analysis showed that all communities except Stress 2
and 3 were significantly different from each other (p ≤
0.05, according to UniFrac significance and/or p-
value significance tests). On the principal coordinates
analysis (resulting from pairwise UniFrac values),
Stress 2 and 3 clustered together, indicating that
phosphate availability is an important selective driver
for bacterial community composition (Fig. 3B). This is
consistent with previous findings showing that
 specific bacterioplankton groups are adapted to low
phosphate concentrations, e.g. SAR11 and Pro -
chlorococcus (Martiny et al. 2006, Sowell et al. 2009).
In addition, phosphate availability affected the viral
abundance (Fig. 1B), which may indirectly influence
bacterial community composition through virus-
 mediated mortality (Scanlan & Wilson 1999). Most
notably, Gammaproteobacteria accounted for 70 to
90% of the sequences in the treatments but only
~30% in the inoculum and the Control. Major differ-
ences between the treatments were evident at the
family level, particularly within Gammaproteobacte-
ria. The inoculum was domina ted by Alpha- and
Gammaproteobacteria and Bacte ro idetes (Fig. S4A in
the Supplement), which is consistent with existing
data from the Gulf of Trieste in late summer (Tinta
2011). Within Gammaproteobacteria, the in oculum
was dominated by Pseudomonadaceae and the
 Control by Vibrionaceae (Fig. S4B). In Stress 1, the
gammaproteobacterial Families Moraxellaceae and
Alteromonadaceae were dominant. Interestingly, the
Family Moraxellaceae consists of psychrophilic or
mesophilic bacteria (Rossau et al. 1991), which may
explain their selective growth at lowered tempera-
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Fig. 3. (A) The number of OTUs, SChao1 richness estimates
(estimated number of OTUs) and Shannon diversity indices
for the continuous cultures after 14 d incubation and for the
inoculum as analyzed by 454-pyrosequencing. (B) Principal
coordinates analysis of the same samples using unweighted
UniFrac. Shown is a plot of the first 2 principal coordinate
axes. In: inoculum; C: Control (24°C); S1: Stress 1 (16°C); S2:
Stress 2 (16°C and elevated phosphate); S3: Stress 3 (16°C, 

elevated phosphate and lowered oxygen level)
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ture. In Stress 2 and 3, the Families Oceano spi rilla -
ceae and Alteromonadaceae (genus Micro bulbifer in
Stress 2 and Alteromonas in Stress 3) were prominent
(Fig. S4B). Both Alteromonas and Vibrio spp. have
previously been observed to become en riched upon
confinement (Eilers et al. 2000). Hence as expected,
the 4 manipulations (including the Control) differed
markedly in composition relative to the inoculum.

Effect of bacterial community composition and
diversity on functionality

Community functionality, proxied by the consump-
tion of natural DOC over 9 d, was investigated in
batch cultures of sterile seawater amended with bac-
teria from the inoculum and the continuous cultures

after 14 d incubation. Bacterial abundance increased
in all treatments, but with a short lag phase in all
treatments except the Control (Fig. 4A). The initial
concentration of DOC in the incubators (223 ± 35 µM)
was reduced by 25 to 34%, and despite large differ-
ences in community composition (Fig. 3B & Fig. S4)
and diversity (Fig. 3A), no significant differences in
DOC utilization were observed after 9 d of incubation
(Fig. 4B). Also, no significant differences were found
between the treatments (Control or Stress 1 to 3) dur-
ing any of the earlier time points. However, at Day 5,
there was a significant difference between the inocu-
lum and Stress 1, and at Day 7, the DOC concentra-
tion was significantly higher in the inoculum than in
Stress 1 and Control (p ≤ 0.05).

We used DOC degradation as a proxy for commu-
nity function because, although coarse, this ability
appears to us to be more ecologically relevant than
the targeting of specific functions. Consistent with
our findings, some previous studies have reported no
linkage between community structure and broad-
scale functional performance in incubations (e.g.
Langenheder et al. 2005, 2006, Reinthaler et al.
2005), probably because processes carried out by a
limited range of microorganisms are more sensitive
to perturbations than processes carried out by a wide
range of microorganisms (Griffiths et al. 2004, Girvan
et al. 2005). Studies of soil microbial communities
suggest that ecosystem functioning is independent
of species diversity as long as all functional groups
are represented (Griffiths et al. 2000, Müller et al.
2002), and ecosystems with high species richness
may there fore be insensitive to diversity variations
(Naeem 1998). This is consistent with our observation
that dramatic reductions in diversity of Adriatic bac-
terioplankton or differences in community composi-
tion did not reduce a broad-scale function like DOC
utilization. Disturbance-induced changes in commu-
nity composition have, however, been suggested to
modify the competitive interactions among taxa re -
sulting in a switch to new substrates (Berga et al.
2012). Whether the constant DOC utilization is a
result of switching to new substrates or true func-
tional redundancy cannot be separated without
detailed examination of the utilization patterns of
single carbon sources. Therefore, while a high bacte-
rioplankton diversity is likely essential for maintain-
ing specific functions during environmental pertur-
bation (e.g. in a dynamic coastal environment like
the Gulf of Trieste), oscillations in overall DOC
exploitation are not linked to community succession
or diversity but rather are governed by factors limit-
ing bacterial growth in general.
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Fig. 4. Dynamics in the DOC batch cultures. (A) Bacterial
abundances. Values are averages from triplicate batch cul-
tures. (B) Change in DOC consumption. Values are averages
of duplicate samples from triplicate batch cultures, and error
bars indicate standard deviations. Control (24°C); Stress 1
(16°C); Stress 2 (16°C and elevated phosphate); Stress 3 

(16°C, elevated phosphate and lowered oxygen level)
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