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A bacterial community may be resistant to environmental disturbances if some of its species show metabolic flexibility and phys-
iological tolerance to the changing conditions. Alternatively, disturbances can change the composition of the community and
thereby potentially affect ecosystem processes. The impact of disturbance on the composition of bacterioplankton communities
was examined in continuous seawater cultures. Bacterial assemblages from geographically closely connected areas, the Baltic Sea
(salinity 7 and high dissolved organic carbon [DOC]) and Skagerrak (salinity 28 and low DOC), were exposed to gradual oppos-
ing changes in salinity and DOC over a 3-week period such that the Baltic community was exposed to Skagerrak salinity and
DOC and vice versa. Denaturing gradient gel electrophoresis and clone libraries of PCR-amplified 16S rRNA genes showed that
the composition of the transplanted communities differed significantly from those held at constant salinity. Despite this, the
growth yields (number of cells ml~!) were similar, which suggests similar levels of substrate utilization. Deep 454 pyrosequenc-
ing of 16S rRNA genes showed that the composition of the disturbed communities had changed due to the recruitment of phylo-
types present in the rare biosphere of the original community. The study shows that members of the rare biosphere can become

abundant in a bacterioplankton community after disturbance and that those bacteria can have important roles in maintaining

ecosystem processes.

Recent molecular studies using sequences of small-subunit
rRNA genes have shown that the diversity of microbial com-
munities is composed of two components: first, a set of abundant
and actively growing taxa and, second, a seed bank of many rare
taxa (51, 57). Deep sequencing has shown that this rare biosphere
accounts for most of the observed phylogenetic diversity of micro-
bial communities (64). Accordingly, these have strongly skewed
rank abundance curves, with a dominance of the most common
taxa followed by a long, flattened tail of rare ones.

The uneven distribution of taxa may influence how microbial
communities respond to environmental disturbances and to what
extent changes in diversity will affect the rates of ecosystem pro-
cesses provided by the community. Numerous studies have shown
that microbial communities are sensitive to environmental
changes. Thus, the composition of microbial communities is often
altered by disturbances and does not recover over some time (re-
viewed in reference 3). If the population sizes of the metabolically
active part of the community drastically decrease, the processes
performed by the community can be significantly altered. Alter-
natively, the original community might contain functionally re-
dundant taxa such that ecosystem process rates are not affected by
community composition changes (3). It has been proposed that
the rare biosphere may serve as a reservoir from which new dom-
inant populations can emerge following environmental distur-
bances (64). This idea is supported by early work on cultivable
bacteria (22) and by recent molecular field data (5). However,
other studies do not support this (38); the large diversity of the
rare biosphere may partly stem from artifacts of the 454 pyrose-
quencing methodology (35, 58), and it has even been proposed
that the rare biosphere is merely dissolved DNA or dead cells (67).

The aim of the present study was to examine to what extent and
by which mechanisms aquatic microbial assemblages respond to
new environmental conditions. Among the numerous environ-
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mental factors thought to regulate bacterioplankton community
composition, dissolved organic carbon (DOC) and salinity appear to
be of main importance (52). Bacterial growth is often limited by the
availability of DOC (11, 13, 39), and the fraction of the DOC pool
available to bacteria varies between environments (65). Little infor-
mation, however, is available about the linkage between the capacity
of taxa to utilize particular substrates (14, 44, 60) and community-
level exploitation of the DOC pool. For instance, Covert and Moran
(15) found that different bacterial groups utilized low- and high-
molecular-weight DOC, while other studies suggest that bacterio-
plankton communities are dominated by generalist bacteria capable
of metabolizing a wide variety of organic carbon compounds (48). In
salinity gradients, however, the performance of bacterial communi-
ties may emerge solely as a response to changed salinity regardless of
differences in DOC composition (40), likely due to pronounced
compositional changes caused by requirement for or sensitivity to salt
(8, 10, 16, 28, 39, 40). However, the results are not consistent; some
studies show a homogeneous bacterioplankton community, despite
large gradients in salinity (37), whereas in other areas, even moderate
changes in salinity may affect bacterial community composition (33,
40), which in turn can lead to altered growth characteristics (40).
Consequently, salinity may be a key driver of bacterioplankton com-
munity function.
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Specifically, we examined effects of gradual changes in salinity
on bacterial community composition in continuous cultures us-
ing water and inocula from the Baltic Sea (salinity 7) and Skager-
rak (salinity 28), the strait between Norway, Sweden, and Den-
mark connected with the North Sea. These two connected systems
also differ in DOC, with concentrations in the Baltic Sea being
roughly double those in the Skagerrak (70), as well as in bacterial
community composition (55). The Baltic Sea has its outflow of
brackish water through the Danish straits, resulting in a stable
salinity gradient with increasing salinity from the Baltic toward
the Skagerrak. Nevertheless, exchange of water masses does occur
occasionally during storm-driven events when high-salinity water
from the Skagerrak enters the Baltic Sea. Thereby, the indigenous
bacterial assemblages in the respective environments are exposed
to pronounced fluctuations in salinity as well as in DOC, and it
may be assumed that the bacterial communities are able to re-
spond to these abrupt environmental changes.

Our experimental approach demonstrates that the bacterial
communities responded to an environmental disturbance and
changed salinity and DOC by compositional succession, partly
accommodated by recruitment of members of the rare biosphere.
Nevertheless, community growth remained stable.

MATERIALS AND METHODS

Experimental setup. Natural bacterial communities were exposed to a
gradual transformation from a low- to a high-salinity environment and
vice versa in continuous seawater cultures. Two experiments were per-
formed: one in June 2007, referred to as experiment 1, and one in August
2007, referred to as experiment 2. In experiment 2, in addition to cultures
exposed to changed salinity, control incubations with constant high salin-
ity (salinity 28) or low salinity (salinity 7) were included in the experimen-
tal setup. Most data presented are from experiment 2, but some data from
experiment 1 are included to illustrate that observed patterns of bacterial
dynamics were similar in the two experiments.

Water collection. Seawater from 2 m depth was collected on two oc-
casions in 2007 in the Baltic Sea (57°27'N, 17°05’E) and the Skagerrak
(58°15'N, 11°22'E) using a Niskin bottle: experiment 1, Baltic Sea and
Skagerrak on 19 and 20 June, respectively; experiment 2, Baltic Sea on 20
August and Skagerrak on 21 August. Sampling for experiment 1 was per-
formed after the spring bloom, which otherwise would have affected the
community composition (54), and sampling for experiment 2 was before
the autumn storms, which transfer high-salinity water into the Baltic Sea.
Samples were kept in 20-liter polycarbonate bottles and processed within
1.5 h.

Preparation of medium and inoculum. Baltic and Skagerrak seawater
was used as medium and was prepared by consecutive filtration through
3.0-um-pore-size polycarbonate filters (Whatman) and 0.22-um-pore-
size Sterivex filters (Millipore) using a peristaltic pump. The filtered sea-
water, one full 20-liter container per continuous culture, was autoclaved
before assembly of the continuous culture system. The Sterivex filters
were frozen at —80°C until DNA extraction. The seawater inoculum was
gravity filtered (once through 3.0-wm-pore-size polycarbonate filters and
twice through 0.6-wm-pore-size polycarbonate filters [Whatman], to en-
sure that no protozoa were present in the inoculum) and stored at 4°C for
~24 h before inoculation of the continuous seawater cultures.

Setup of continuous seawater cultures. An outline of the experimen-
tal setup is shown in Fig. 1. The systems were assembled and autoclaved
before inoculation with 0.5 liter of Baltic or Skagerrak bacterial commu-
nity. Medium was fed dropwise through a glass tube to prevent back
growth (31). Air was passed through 0.2-um-pore-size polytetrafluoro-
ethylene Acrodisc CR filters (Pall Corporation) and used to force the
inflow to the cultures. The airflow formed small bubbles, which served as
a stirrer for the culture (73).
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FIG 1 Setup for continuous seawater cultures. Filtered and autoclaved Baltic
and Skagerrak seawater was mixed in the inflow to produce a salinity gradient.
Starting with 100% of the inoculum seawater, the gradient was produced by
changing the relative speed of the pumps controlling the inflow of media (P1
and P2). The bacterial communities from the Baltic and Skagerrak inocula are
referred to as BAL and SKA, respectively.

The experiments were run for 3 to 4 weeks at 20°C, which is the average
summer temperature in the Baltic Sea (63), at a constant dilution rate (~1
day—!), which is close to the median growth rate of marine bacteria rang-
ing from polar to temperate regions (47), and in a 12-h light and 12-h dark
cycle. After 6 days of adjustment at constant salinities, the salinities were
gradually increased (Baltic sample) or decreased (Skagerrak sample) over
the course of 11 days. Seawater medium from each location was mixed in
the inflow to the two cultures. By changing the relative speed of the pumps
controlling the inflow, while maintaining a constant dilution rate, the
supply of Baltic water to the Skagerrak culture and the supply of Skagerrak
water to the Baltic culture were successively increased (Fig. 1 and 2A). The
cultures were then run for at least an additional 5 days with a constant
supply of high-salinity (28, Skagerrak water) or low-salinity (7, Baltic
water) water to ensure that all of the water in the cultivation bottles was
exchanged and Skagerrak and Baltic salinities, respectively, were reached.
In experiment 2, cultures in which the salinity was kept constant at 7 for
the Baltic community and 28 for the Skagerrak community were run in
parallel to the transplant experiments.

The communities transplanted from low to high salinity are called
Baltic transplant (BAL-T), and the ones transplanted from high to low
salinity are called Skagerrak transplant (SKA-T). In experiment 2, control
cultures with constant salinity are referred to as Baltic constant (BAL-C)
and Skagerrak constant (SKA-C). The bacterial communities from the
original Baltic and Skagerrak inocula are referred to as BAL and SKA,
respectively. The experimental setup resulted in four different cultures in
experiment 2 (BAL-T, SKA-T, BAL-C, and SKA-C) and two in experi-
ment 1 (BAL-T and SKA-T).

Sampling the cultures. Samples for bacterial enumeration were col-
lected in sterile polypropylene tubes from the outflow of the continuous
cultures, fixed for ~24 h in formaldehyde (final concentration, 3%), and
filtered onto 0.2-um-pore-size black polycarbonate filters (GE Water &
Process Technologies). Cells were stained with SYBR gold (final concen-
tration, 1X; Molecular Probes), and at least 200 cells or 30 fields filter !
were counted at X 1,250 magnification using epifluorescence microscopy
(Zeiss Axioplan). The filters were also examined for protozoa, but none
were observed. For DNA extraction, 100 ml of sample was filtered onto
0.2-pum-pore-size Supor filters (25 mm; Pall Corporation), which were

Applied and Environmental Microbiology


http://aem.asm.org

Salinity

Bacteria (x10 8 mr)

07|III||II|

1 3 &5 7 9 |1|1|1|3|1|5|1]7|1|9|2[1
Time (days)

FIG 2 Effects of seawater exchange on salinity (A) and bacterial abundance
(B) in the experimental system. Data from experiment 2. The communities
transplanted from low to high salinity are called Baltic transplant (BAL-T), and
the ones transplanted from high to low salinity are called Skagerrak transplant
(SKA-T). Experiment 2 also included two control cultures with constant sa-
linity, which are referred to as Baltic constant (BAL-C) and Skagerrak constant
(SKA-C). The patterns of changes in salinity and bacterial counts for the
BAL-T and SKA-T communities were similar in experiment 1.

then frozen. Samples for salinity measurements were stored frozen until
measurement of conductivity. Flow rate was recorded daily by weighing
the bottles collecting the outflow.

DOC and inorganic nutrients. Samples were taken from media and
cultures at the end of experiment 2. DOC samples were filtered (0.2-um-
pore-size Supor filters; Pall Corporation), acidified, and stored frozen
until analysis on a Shimadzu TOC-5000 high-temperature catalytic oxi-
dation instrument. Calculation of carbon concentrations was made with
potassium hydrogen phthalate as the standard substance. Samples for
inorganic nutrients were filtered through glass fiber filters (GF/F) and
stored frozen until analysis on a Bran & Luebbe TRAACS 800 autoana-
lyzer using standard seawater methods (29).

DNA extraction. DNA was extracted from Sterivex filters (5 liters
Baltic and Skagerrak inocula) and Supor filters (community DNA from
the continuous cultures) using an enzyme/phenol-chloroform protocol
(25, 62) but with a 30-min lysozyme digestion (final concentrations, 5 mg
ml~! for Sterivex filters and 1 mg ml~! for Supor filters) at 37°C and an
overnight proteinase K digestion (final concentration, 100 ug ml—!) at
55°C (9). DNA was quantified using the PicoGreen assay (Molecular
Probes).

PCR, DGGE, clone libraries, and 454 pyrosequencing. For experi-
ment 2, time course changes in bacterial community compositions were
followed by PCR-denaturing gradient gel electrophoresis (DGGE) as de-
scribed by Riemann et al. (62). Bacterial 16S rRNA genes were PCR am-
plified using puReTaq Ready-To-Go PCR beads (GE Healthcare), 0.04 ng
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DNA pl™1, and primers GC341F (50) and 907R (49). Based on the pres-
ence/absence of DGGE bands, a dendrogram was constructed by the soft-
ware Quantity One, version 4.6.2 (Bio-Rad), using the Dice coefficient
and cluster analysis by the unweighted-pair group method using arithme-
tic average (UPGMA).

A total of 10 libraries of 96 clones were generated from experiments 1
and 2. Bacterial 16S rRNA genes were amplified using primers 27F and
1492R (27), and products were purified using a gel extraction kit
(E.Z.N.A.), followed by a Cycle-Pure kit (E.Z.N.A.). Products were cloned
(TOPO TA cloning kit; Invitrogen), plasmid DNA was extracted (R.E.A.L.
Prep 96 plasmid kit; Qiagen), and the inserts (~750 bp) were sequenced
by the dideoxynucleotide termination method with primer 27F (commer-
cially by Macrogen, South Korea).

Partial bacterial 16S rRNA genes (including the variable V4 to V6
regions) were amplified for pyrosequencing from the Baltic inoculum and
the transplanted Baltic community from experiment 2 using a primer
cocktail containing the degenerate primers 530F (5'-GTGCCAGCMGC
NGCGGTA-3" [19]), but with TA added at the 3 prime end to increase
specificity, and 1061R (5'-CRRCACGAGCTGACGAC-3' [4]). Pyrose-
quencing was performed at the University of Copenhagen on a 454 GS
FLX system (Roche Applied Science) according to the manufacturer’s
instructions.

Sequence analysis. Base calling on the Sanger data was performed
using the PHRED software (21) and resulted in 960 sequences. For the 454
data (16,793 sequences with an average length of 224 bp), primer and
adaptor sequences were trimmed using the SeqClean software (http:
//compbio.dfci.harvard.edu/tgi/software/) with UniVec_Core as the da-
tabase (http://www.ncbi.nlm.nih.gov/VecScreen/UniVec.html). Reads
<150 bp long and reads with undetermined nucleotides were removed
from the 454 data set (34). The Greengenes online tool (http://greengenes
Ibl.gov) was used to align sequences and exclude non-16S rRNA genes.
Aligned sequences retrieved from Greengenes are truncated if the query
sequences do not properly align to any one of the nonchimeric template
sequences that Greengenes uses internally for aligning sequences. This is a
way to prevent possible chimeras from being included in the Greengenes
output. In total, 848 aligned sequences were retrieved from Greengenes
for the Sanger data set and 16,760 were retrieved for the 454 data set. An
additional, more thorough screening for chimeric sequences was made by
use of the ChimeraSlayer utility (30) using default settings, detecting 21
additional chimeras in the Sanger data set and 247 in the 454 data set.

The Greengenes classification tool was used to assign a taxon for each
sequence (17). Greengenes currently supports three different taxonomies:
RDP, National Center for Biotechnology Information (NCBI), and
Hugenholtz (17). If two of these showed the same taxonomic lineage on
the phylum/class level, the sequence was kept for further analysis, result-
ingin 821 sequences for the Sanger data set and 16,497 for the 454 data set.
Sequences shorter than 750 nucleotides were removed from the Sanger
data set, leaving a final number of 727 sequences.

Maximum likelihood trees were inferred with the aid of RaxML soft-
ware (version 7.0.4), using the GTRMIX model with default settings (66).
The phylum trees were used as input to the RAMI tool to cluster similar
sequences (56). RAMI defines clusters on the basis of the patristic distance
(branch length) between external nodes in a phylogenetic tree. The patris-
tic distance threshold was set to 0.06, which corresponds approximately to
a 97% similarity cutoff (56). The produced clusters are used here as oper-
ational taxonomic units (OTUs). OTUs were defined as abundant if they
accounted for >1% of the 454 reads (51) and rare if they accounted for
<0.1% of the reads (24, 51).

Community distance analysis of the clone libraries was performed
using the UniFrac software. To assess whether the UniFrac distance met-
rics between communities were significant, P value significance tests were
done as implemented in the UniFrac program (42). The combinations
were constructed so that all pairwise library combinations were tested
against each other. The relative differences between all community phy-
logenies were examined by Jackknife clustering, which performs hierar-
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TABLE 1 Bacterial abundance in situ and in the cultures in the beginning and at the end of experiments 1 and 2 and flow rate in the cultures

in experiment 24

No. of cells (10°) ml—!

Expt no. (mo) and sample? Days 1-7 Days 15-21 Days 22-28 In situ Flow rate (ml day—1)
Expt 2 (August)

BAL-T 1.2*+04 1.3 £0.2 2.6 477 = 71

BAL-C 1.2+04 2.7*0.3 456 = 71

SKA-T 1.3 0.4 2.5 *0.6 0.8 483 £ 83

SKA-C 1.2*+04 1.5*0.3 449 * 56
Expt 1 (June)

BAL-T 1.3 0.2 1.7 £ 0.2 1.8 NA

SKA-T 1.0 £ 0.4 22 %02 2.3 NA

@ Values are means * standard deviations. NA, not available.

? BAL-T, Baltic transplant, community transplanted from low to high salinity; BAL-C, Baltic constant, culture with constant low salinity; SKA-T, Skagerrak transplant, community
transplanted from high to low salinity; SKA-C, Skagerrak constant, culture with constant high salinity.

chical clustering based on the pairwise UniFrac distance metrics. The
robustness of the Jackknife analysis for sampling size and evenness is
assessed by quantifying how often the cluster nodes are recovered for a
random sample from part of the original data. This resampling was per-
mutated 1,000 times using 75% of the smallest library (26 sequences) as
the minimum number of sequences kept for each sample in the resam-
pling.

Nucleotide sequence accession numbers. Sanger sequences have
been deposited in the EMBL database under accession numbers FR647485
to FR648326, while pyrotag sequences have been deposited in the NCBI
Sequence Read Archive under accession number SRA012481.2.

RESULTS

Salinity, DOC, and inorganic nutrients. The salinities of the Bal-
tic and Skagerrak samples were ~7 and ~28, respectively. In ex-
periment 2, an increase in salinity was recorded on day 7 in the
BAL-T community, and the salinity reached the Skagerrak level,
salinity 28, on day 21 (Fig. 2A). In contrast, the salinity in the
SKA-T community started to decrease on day 7 and reached the
Baltic level, salinity 7, on day 21. The DOC concentrations in
the Baltic and Skagerrak media were 450 uM and 267 uM, respec-
tively, and were 258 uM and 483 uM in the transplanted commu-
nities, BAL-T and SKA-T, respectively, on day 21. Concentrations
of inorganic nitrogen and phosphate in the cultures were 1.6 to 2.5
M and 0.04 to 0.13 uM, respectively. Thus, we do not consider
that the growth of the bacteria was limited by nitrogen and phos-
phate.

Total count and growth yield. In experiment 2, the bacterial
abundance of the transplanted communities, BAL-T and SKA-T,
reached the same levels as in the respective controls with the same
salinity (SKA-C and BAL-C; Table 1; Fig. 2B). The bacterial abun-
dance in the BAL-T community decreased between days 15 and 18
but then reached the same level as in SKA-C. In experiment 1, a
similar time course of development of bacterial abundance was
observed, with slightly higher levels in SKA-T than in BAL-T (Ta-
ble 1). The number of cells per ml is used in this study as a mea-
surement of growth yield.

Bacterial community dynamics. DGGE of 16S rRNA genes
from experiment 2 showed that the composition changed consid-
erably in the SKA-T treatment as the salinity decreased, with
bands disappearing and appearing over time (see lanes 1 to 8 in
Fig. SIA in the supplemental material). The SKA inoculum
showed 17 discernible bands, which after 3 weeks were reduced to
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6 in the SKA-T community, compared to 7 bands in the SKA-C
community. In the SKA-C culture (see lanes 9 to 14 in Fig. SIA in
the supplemental material), the composition of the bacterial com-
munities also changed over time, but banding patterns were dif-
ferent relative to SKA-T. This was evident from a dendrogram
constructed from the DGGE banding patterns (Fig. 3A), where the
SKA-T and SKA-C communities formed separate clusters, with
the exception that the SKA-C sample from day 4 clustered with the
SKA-T samples. The original SKA inoculum formed a discrete
branch.

Analysis of the BAL-T and BAL-C communities from experi-
ment 2 also showed a changed bacterial community composition
over time, resulting in different DGGE banding patterns in BAL-T
and BAL-C at the end of the experiment (Fig. 3B; see Fig. S1B in
the supplemental material).

Community composition determined by clone libraries.
Clone libraries were generated from the Baltic and Skagerrak in-
ocula (BAL and SKA), the last day in BAL-T and SKA-T in exper-
iments 1 and 2, and from BAL-C and SKA-C in experiment 2,
resulting in a total of 10 libraries of 96 clones. In all transplant
experiments, the phylogenetic richness of the communities de-
creased; i.e., the inocula contained OTUs representing 5 to 7 phy-
logenetic groups, while the transplanted communities contained 2
to 4 phylogenetic groups (Fig. 4; see Table S1 in the supplemental
material). Clones representing Actinobacteria and Cyanobacteria
disappeared as salinity changed in both the BAL and SKA trans-
planted communities. The clone library analysis also showed that
the phylogenetic composition of the inocula from Skagerrak and
the Baltic Sea differed significantly (Fig. 4; see Tables S1 and S2
in the supplemental material). Furthermore, there were major dif-
ferences in the composition between the communities collected in
June (experiment 1) and August (experiment 2). In experiment 1,
one OTU was shared between all libraries. In experiment 2, none
of the clone-based OTUs detected at the end of the water-
transplant experiments (in BAL-T or SKA-T) or in the constant
cultures (BAL-C or SKA-C) were detected in the original inocula.

Community distance analysis was performed using the UniFrac
software, which measures the distance between community phylog-
enies as the percentage of branch length that is unique to one or the
other community in a phylogenetic tree (42). Two identical com-
munities will have all nodes and branch lengths in common, and
the UniFrac distance metric will be 0 (0% difference). In contrast,
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FIG 3 Changes in bacterial community composition during the exposure of a Skagerrak community to a low-salinity environment (A) and the exposure of a
Baltic community to a high-salinity environment (B). The dendrograms were constructed from DGGE profiles (see Fig. S1 in the supplemental material) using
average linkage (UPGMA). Data from experiment 2. SKA, Skagerrak inoculum; BAL, Baltic inoculum. Other abbreviations are explained in the legend to Fig. 2.

if two samples already differ in the first node of the phylogenetic
tree, no common nodes or branches exist and the UniFrac metric
will be 1 (100% difference). The UniFrac analysis confirmed that
the transplanted and constant communities were significantly dif-
ferent from the inocula (P = 0.05, UniFrac significance test/P test;
Fig. 5; see Table S2 in the supplemental material) and that the
structures of the communities transplanted from low to high sa-
linity and vice versa were generally significantly different from
those held under constant conditions (P = 0.03).

454 pyrosequencing of BAL and BAL-T communities. In ex-
periment 2, a total of 7,775 and 8,722 sequences were retrieved
from the transplanted community (BAL-T) and the inoculum
(BAL), respectively (Fig. 4; see Table S1 in the supplemental ma-
terial). The numbers of OTUs identified in BAL and BAL-T were
432 and 116, respectively. The Baltic community was dominated
by Actinobacteria, Alphaproteobacteria, and Bacteroidetes, which
were also the dominant groups in the clone libraries. The BAL-T
community was dominated by Gammaproteobacteria, compared
to Gamma- and Alphaproteobacteria in the clone library. The per-
centages of 454 reads found in the Sanger libraries were 24% and
53% for the BAL and BAL-T communities, respectively, when
sequences were compared at a 100% similarity level. It should be
noted that the overlapping region was only 150 bp.

To identify OTUs shared between BAL and BAL-T, a phyloge-
netic tree was constructed with the 454 sequences from both li-
braries (see Fig. S2 in the supplemental material). In theory, all
OTUs in the BAL-T sample should have been present in the BAL
sample. Constrained by the depth of sequencing, however, only 27
OTUs in the BAL-T community were also detected in the BAL
sample (Fig. 6; see Table S3 in the supplemental material). The
relative abundances of 11 of these 27 OTUs were higher in BAL-T
than in BAL. Identical sequences (100.0% nucleotide similarity)
in BAL and BAL-T were found for 5 of the OTUs with higher
abundance in BAL-T than in BAL, and in total, 14 of the 27 OTUs
shared between BAL and BAL-T contained identical sequences
(see Table S3 in the supplemental material). For example, within
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the alphaproteobacterial OTU 1, 1 single read in the BAL sample
resulted in 247 identical reads recruited in BAL-T. Similarly, 2
identical reads in BAL within the gammaproteobacterial OTU 1
resulted in 1,136 identical reads in the BAL-T community.

Recruitment of initially rare taxa (<0.1% of the 454 reads) in
the BAL community in response to the water transplant was ob-
served among Alphaproteobacteria, Bacteroidetes, and Gammapro-
teobacteria (Fig. 6; see Table S3 in the supplemental material). In
the BAL-T community, 12 OTUs accounting for >1% of the 454
reads were found, and 9 of these OTUs were also detected in the
BAL community (Table 2). The taxonomy of these 9 OTUs was
determined at the family level and at the genus level, if the classi-
fication from the three different taxonomies (RDP, NCBI, and
Hugenholtz) showed the same taxonomic lineage (Table 2). Two
dominant gammaproteobacterial OTUs in the BAL-T community
belonged to the family Pseudomonadaceae, genus Pseudomonas
(30.5% and 2.3% of the reads), which accounted for only 0.06%
and 0.01% of the reads in the inoculum, respectively. Other dom-
inant gammaproteobacterial OTUs belonged to the families Chro-
matiaceae and Idiomarinaceae (genus Idiomarina). The most
prevalent Bacteroidetes OTU in the BAL-T community belonged
to the family Flammeovirgaceae and accounted for 22.2% of the
reads, but accounted for 0.15% of the reads in the inoculum. Two
of the dominant alphaproteobacterial OTUs were members of the
family Hyphomonadaceae and the genera Maricaulis and Hy-
phomonas, respectively. Other dominant OTUs belonged to the
families Hyphomicrobiaceae and Caulobacteraceae (genus Pheny-
lobacterium).

DISCUSSION

We used continuous seawater cultures to investigate how and to
what extent bacterial assemblages respond to changes in salinity
and DOC. Using DGGE and clone library analyses, we found that
unique multispecies communities with nearly no OTUs in com-
mon with the original inocula were recruited. However, the in-
creased depth of sequencing provided by 454 pyrosequencing
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FIG 4 Distribution of major taxonomic groups based on number of sequences
determined by clone libraries and 454 sequencing of samples from experiment
(exp) 1 (June) and experiment 2 (August). BAL 454 and BAL-T 454 denote that
the community composition was determined by 454 sequencing. SKA, Skagerrak
inoculum; BAL, Baltic inoculum. Other abbreviations are explained in the legend
to Fig. 2. Detailed data are shown in Table S1 in the supplemental material.

demonstrated that some species from the rare biosphere in an
inoculum became dominant in its transplanted community in
response to environmental change. Despite major differences in
composition between the disturbed and constant communities,
the growth yields (number of cells ml~!) were similar, findings
which suggest similar levels of substrate utilization.

The bacterial community composition in the Baltic Sea and in
Skagerrak was dominated by the phylogenetic groups commonly
found in the areas (Fig. 4) (5, 55, 61). Community composition
differed between the inocula, presumably reflecting seasonal vari-
ations in the bacterial communities in the Baltic Sea and in Skager-
rak (54). As anticipated, the prevalence of phylogenetic groups
that are common in freshwaters, like Actinobacteria and Verruco-
microbia (28, 72), decreased in the communities exposed to in-
creased salinity. However, the parallel decrease of Actinobacteria
in the Baltic community held at a low and stable salinity level
suggests that the decrease may also be related to the factors leading
to difficulty of cultivation of members of this phylum from plank-
tonic systems. Gammaproteobacteria increased in abundance in all
cultures, which is probably due to a high growth capacity and
ability to exploit nutrients when available (20, 23, 53). Betaproteo-
bacteria are common in freshwater (28, 72) but are also present in
coastal waters (59). Interestingly, in our cultures Betaproteobacte-
ria showed a slight increase with increasing salinity and were, thus,
actively growing at salinity 28. Hence, if advected from the Baltic
Sea and into the Skagerrak, some Betaproteobacteria may thrive
under the local high-saline conditions. This is consistent with the
observation of Betaproteobacteria in the SKA community in June.

Bacterial abundance in the continuous cultures was higher in
water from the Baltic Sea than that from Skagerrak. This was con-
sistent with the DOC concentration in the Baltic Sea medium or
cultures being almost twice as high as in Skagerrak water. The
higher DOC concentration in the Baltic Sea (32, 70) is due to a
large load of riverine DOC, which constitutes an important nutri-
ent and energy source for bacterioplankton (74). In accordance
with our results, experiments from Swedish lakes showed that
DOC concentration was positively correlated with bacterial abun-
dance and that the origin of the medium affected bacterial activity
and DOC utilization (41). Interestingly, Tranvik and Hofle (69)
found that DOC from humic and clear-water lakes was utilized to
the same extent regardless of the origin of the inoculum, indicat-
ing that bacterial communities can adapt quickly to new condi-
tions, at least in terms of utilization of carbon sources. Hence, in
our experimental system without grazers and with available inor-
ganic nutrients, the level of bioavailable DOC was presumably the
main determinant of bacterial growth yield.

BAL exp 2

BAL exp 1 W >999%
SKAexp2 oy 90.90%
SKA exp 1

SKA-T exp 2 W 70-90%
SKA-Cexp2 [ 50-70%
BAL-Texp2 [ <50%
BAL-C exp 2

BAL-T exp 1

SKA -Texp 1

FIG 5 Relative phylogenetic distances between the communities in the full Sanger data set (experiments 1 and 2). The dendrogram is based on hierarchical
clustering analysis of the localities based on the pairwise UniFrac distance metric. Nodes in the tree are colored according to the fraction of the random samples
that the nodes were recovered in. SKA, Skagerrak inoculum; BAL, Baltic inoculum. Other abbreviations are explained in the legend to Fig. 2.
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and BAL-T are given in Table 2 and Table S3 in the supplemental material.

The recruited low-salinity community (SKA-T) obtained the
same growth yield as the low-salinity control community (BAL-
C). Similarly, the bacterial abundance in the BAL-T community
reached the same level as in the SKA-C community. Hence, de-
spite the fact that the communities differed significantly in com-
position, similar growth yields were obtained, indicating that the
recruited communities exploited the resource (DOC) to the same
extent. This may suggest that the different communities were
functionally redundant; i.e., the rare taxa favored by the environ-
mental disturbance fulfilled similar ecological roles as the abun-
dant species being replaced (12). Alternatively, the rare taxa may
fill new functional niches and become abundant as a result of
lower predation pressure. Moreover, a portfolio effect (3), where
positive responses of some taxa are averaged with negative re-
sponses of other taxa (18), may have contributed to the stable
growth yield.

The occasional mixing of Baltic and Skagerrak waters can be
assumed to maintain low-abundance populations of Baltic species
in the Skagerrak and vice versa. Hence, assuming that “everything
is everywhere, but the environment selects” (7), it should be pos-
sible to recruit a Skagerrak community from a Baltic inoculum
and vice versa. However, analysis of the clone libraries showed
that the recruited communities differed significantly from the na-
tive communities found in the Baltic Sea and Skagerrak (Fig. 5).
There may be several explanations for the limited overlap between
the compositions of the recruited and native communities: (i)
everything is not everywhere, as suggested from the noncosmo-
politan distribution of the rare biosphere in the Arctic Ocean (26);

(ii) if present in the inocula, some rare species may not be actively
growing (dead or dormant) and therefore risk being flushed out of
the container before optimal growth conditions are met; (iii) bot-
tle effects were incompatible with the required growth conditions
for the rare species; and (iv) removal of grazers allowed specific
organisms to proliferate. These may have been suppressed by
grazing under natural conditions.

Exposure of the Baltic inoculum to Skagerrak water led to a
recruitment of taxa. While several factors, e.g., changed salt and
DOC levels, lack of grazing, and confinement, could have caused
this recruitment, it is noteworthy that several of the main OTUs,
accounting for 0.01 to 0.15% of the reads from the inoculum but
1.4 t0 30.5% of the reads from the transplanted community (Table
2), showed a high salt tolerance. For instance, the genera of the
recruited gammaproteobacterial OTUs, Pseudomonas and Id-
iomarina, prefer salinities of 30 to 50 (43) and 10 to 100 (68),
respectively. Similarly, the alphaproteobacterial genus Maricaulis
contains marine, halophilic caulobacteria with optimal growth at
salinities of 20 to 60 (1, 2). Other recruited alphaproteobacterial
genera, Phenylobacterium and Hyphomonas, also contain species
with a wide salt tolerance (43, 46). It should be noted, however,
that characteristics other than salt tolerance may have contributed
to the recruitment of certain taxa. For instance, some members of
the Maricaulis and Hyphomonas genera possess a prostheca used
to attach to surfaces (2, 46, 71), which may be advantageous dur-
ing confinement. Nevertheless, upon storm-driven intrusions of
high-saline water from the Skagerrak, these indigenous Baltic taxa

TABLE 2 Phylogenetic affiliations of the main OTUs recruited from the inoculum (BAL) upon exposure to Skagerrak water, as revealed

by 454 pyrosequencing®

% of reads in:
Phylum/class Family Genus BAL BAL-T
Gammaproteobacteria OTU 1* Pseudomonadaceae Pseudomonas 0.06 30.5
Bacteroidetes OTU2* Flammeovirgaceae Unclassified 0.15 222
Alphaproteobacteria OTU 1% Hyphomonadaceae Maricaulis 0.06 5.2
Alphaproteobacteria OTU 6 Hyphomicrobiaceae Unclassified 0.01 4.1
Alphaproteobacteria OTU 7* Caulobacteraceae Phenylobacterium 0.04 3.0
Gammaproteobacteria OTU 5 Chromatiaceae Unclassified 0.01 2.9
Gammaproteobacteria OTU 12* Pseudomonadaceae Pseudomonas 0.01 2.3
Alphaproteobacteria OTU 5 Hyphomonadaceae Hyphomonas 0.02 1.7
Gammaproteobacteria OTU 6 Idiomarinaceae Idiomarina 0.06 1.4

a*, OTUs that at least in one case contain identical sequences (100% sequence similarity) in BAL and BAL-T. For all OTUs shared between BAL and BAL-T, see Table S3 in the

supplemental material. BAL, Baltic inoculum; BAL-T, Baltic transplant.
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would conceivably be able to respond to the abrupt environmen-
tal change and proliferate.

DGGE analysis, clone libraries, and 454 sequencing all showed
a decreased diversity in the transplanted community compared to
the inoculum, when the numbers of bands, phyla, and OTUs,
respectively, were compared. Similar to our findings, other studies
have shown that bacterial communities in stressed environments
may have lower diversity relative to undisturbed communities (6,
45). Such stressed communities may show enhanced physiological
tolerance and substrate utilization, suggesting proliferation and
dominance of generalist bacterial populations as a consequence of
disturbance (6, 45). Therefore, it is possible that the dominant
OTUs in the transplanted communities, which were recruited
from the rare biosphere in the inoculum, are generalists. These
may be unable to compete for a narrow niche, but since they are
able to withstand a wide range of conditions, they can persist at
low levels in an environment and proliferate upon disturbance
(45). However, an alternative explanation may be that the domi-
nant OTUs in the transplanted communities are specialists that
were rare in the inocula because of intense predation control or
increased in abundance because of confinement.

The experimental data presented here suggest that disturbance
(salinity and DOC change) elicits pronounced changes in bacterial
community composition, partly accommodated by recruitment
of members of the rare biosphere. This rebuts speculation that the
rare biosphere exclusively consists of dead cells or free DNA (67).
Consistent with early observations of recruitment of cultivable
bacteria during experimental confinement (22), it has been sug-
gested that rare bacterial taxa are active and have the potential to
increase in abundance (36). Concordantly, the present experi-
mental evidence documents that rare species detected by deep
sequencing indeed can become abundant in response to environ-
mental change, hence enabling a bacterial community to rapidly
respond to and recover from shifts in environmental conditions,
while sustaining the growth yield. Growth yield is a coarse mea-
sure of community function, and patterns could have looked dif-
ferent under different conditions or if a different measure for
community function was used. Nevertheless, the finding that
highly divergent bacterial communities can obtain similar growth
yields adds uncertainty to the value of information about compo-
sition from an ecosystem modeling perspective. This highlights, as
previously emphasized (3), that more empirical work is needed to
understand the functional consequences of changes in microbial
composition in the face of environmental disturbance.
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