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The bacterial community in the sea surface microlayer (SML) (bacterioneuston) is exposed to unique
physicochemical properties and stronger meteorological influences than the bacterial community in the
underlying water (ULW) (bacterioplankton). Despite extensive research, however, the structuring factors of the
bacterioneuston remain enigmatic. The aim of this study was to examine the effect of meteorological conditions
on bacterioneuston and bacterioplankton community structures and to identify distinct, abundant, active
bacterioneuston members. Nineteen bacterial assemblages from the SML and ULW of the southern Baltic Sea,
sampled from 2006 to 2008, were compared. Single-strand conformation polymorphism (SSCP) fingerprints
were analyzed to distinguish total (based on the 16S rRNA gene) and active (based on 16S rRNA) as well as
nonattached and particle-attached bacterial assemblages. The nonattached communities of the SML and ULW
were very similar overall (similarity: 47 to 99%; mean: 88%). As an exception, during low wind speeds and high
radiation levels, the active bacterioneuston community increasingly differed from the active bacterioplankton
community. In contrast, the particle-attached assemblages in the two compartments were generally less similar
(similarity: 8 to 98%; mean: 62%), with a strong variability in the active communities that was solely related
to wind speed. Both nonattached and particle-attached active members of the bacterioneuston, which were
found exclusively in the SML, were related to environmental clones belonging to the Cyanobacteria, Bacte-
roidetes, and Alpha-, Beta-, and Gammaproteobacteria originally found in diverse habitats, but especially in water
columns. These results suggest that bacterioneuston communities are strongly influenced by the ULW but that
specific meteorological conditions favor the development of distinctive populations in the air-water interface.

The uppermost level (top �1 mm) of virtually any body of
water is defined as the (sea) surface microlayer (SML). Due to
its location at the air-water interface, the SML influences ex-
change processes across this interface by forming a diffusive
boundary and by virtue of its physicochemical properties (32).
The bacterial community inhabiting the SML (bacterion-
euston) is exposed to environmental conditions substantially
different from those acting on the bacterioplankton in the
underlying water (ULW). Thus, the question arises whether
this unusual habitat determines a specific bacterial community
that influences interfacial processes such as air-water gas
fluxes.

One characteristic of the SML is the accumulation of diverse
organic and inorganic compounds (25), and increased exoen-
zymatic activities have been measured in this layer (29, 35).
Still, despite high concentrations of potential organic sub-
strates, bacterial growth efficiencies in the SML are generally
low (43), and the reduced bacterioneuston productivity sug-
gests that the SML is a stressful habitat (36, 48). Conditions
inhibitory to the bacterioneuston might include its increased
exposure to organic pollutants, heavy metals, and UV radiation
(34, 54).

Previous studies have reported contradictory data on differ-

ences in composition between bacterioneuston and bacterio-
plankton communities. A substantially lower diversity in the
SML than in the ULW was determined based on 16S rRNA
gene clone libraries from the North Sea (16). Furthermore,
bacterioneuston communities of alpine lakes have been shown
to be more similar to airborne than to planktonic populations
(21). In contrast, there were no consistent differences between
the SML and the ULW in 16S rRNA gene fingerprints from
the Mediterranean Sea and the Atlantic Ocean (1, 36). Addi-
tionally, nearly all cultured bacterial strains isolated from the
Mediterranean SML have been shown to be closely related to
environmental clones from diverse marine habitats (1). The
patterns of resistance to solar radiation of these isolates did
not differ from those of their planktonic counterparts, indicat-
ing that adaptation to environmental stress factors is not a
common trait among neustonic bacteria (3). However, the
SML and the ULW are known to differ with respect to the
relative abundances of bacterial groups incorporating leucine
and the functional traits for trace gas metabolism (12, 23, 36),
indicating that specific processes are driven by different active
bacterial groups in the SML and the ULW.

At least three factors limit general comparisons between
neustonic and planktonic communities. First, the various SML
sampling techniques differ in their operating modes and there-
fore result in the collection of SML samples from layers of
different thicknesses (24). Recent studies have highlighted this
problem, emphasizing that SML studies carried out with dif-
ferent sampling methods must be compared with caution (2,
10, 48). Second, particulate organic material is consistently
enriched in the SML (25), which might result in strong differ-
ences between particle-attached and nonattached bacterion-
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euston communities, as is known from estuaries (9). Particle-
attached cells were found to be the dominant respiring fraction
in the SML (20), where they show high abundances (4). How-
ever, distinctions between the particle-attached and nonat-
tached bacterioneuston communities have only rarely been
made, which limits generalizations. Third, meteorological con-
ditions have a much stronger influence on the bacterioneuston
than on the bacterioplankton community. For instance, high
wind speeds cause increasing turbulence, and breaking waves
disturb the SML. Conversely, decreasing wind speeds reduce
surface mixing, and under highly calmed conditions, slicks are
formed that can encompass large areas of coastal waters (44).
Therefore, the variability of SML properties in response to
changing meteorological conditions might at least partially ex-
plain the opposing results of bacterioneuston diversity re-
ported so far.

The aim of this study was to obtain further insights into the
patterns of bacterioneuston community structure and compo-
sition under various meteorological conditions. Accordingly,
SML and ULW samples of the coastal Baltic Sea, one of the
largest brackish basins of the world, were compared by single-
strand conformation polymorphism (SSCP) fingerprint analy-
sis of 16S rRNA and the 16S rRNA gene to account for the
active and total communities, respectively. Additionally, non-
attached and particle-attached bacterial communities were dis-
tinguished in order to obtain higher-resolution comparisons.

MATERIALS AND METHODS

Study site and sea surface microlayer sampling. Samples from the SML were
collected from the southern Baltic Sea, offshore of Warnemünde in proximity to
position 54°19�N, 12°05�E, between July and September 2006, June and August
2007, and February and May 2008 (see Table S1 in the supplemental material).
The glass-plate technique (19), which collects 7 to 10 ml of the upper 30 to 50 �m
of the sea surface with each dip, was used to obtain 50 to 500 ml of the SML,
sampled between 7 and 11 a.m. Control samples from the ULW were taken from
a depth of 1 m with a 2-liter glass collection tube whose ends were closed by a
drop-weight mechanism. Samples were kept in the cold and dark after sampling
and were returned to the laboratory within 1 to 2 h, where they were processed
for analysis. Meteorological data were recorded and provided by the meteoro-
logical station in Rostock-Warnemünde, located at the shore in proximity to the
study site (see Table S1 in the supplemental material). Data for total organic
carbon (TOC) and total nitrogen (TN) in the SML and the ULW were taken
from previous studies (48, 49) (see also Table S1).

Extraction of nucleic acids and fingerprint analysis. Identical volumes of SML
and ULW water samples from each station were filtered through 3-�m-pore-size
Isopore filters (Millipore), which presumably retain the major particle-attached
bacterial fraction (37). The filtrate was then filtered through 0.22-�m-pore-size
Isopore filters (Millipore) to collect the nonattached bacterial fraction. In cases
in which the SML water volume was less than the water volume in the corre-
sponding ULW sample due to SML sample volume limitations, the concentra-
tions of nucleic acids in the corresponding SML and ULW samples were adjusted
to ensure the comparability of fingerprint analyses (see below). All filters were
frozen rapidly in liquid nitrogen and were stored at �80°C. DNA and RNA were
extracted from the material trapped on the filters using the phenol-chloroform
extraction method of Weinbauer et al. (51). Briefly, after cell lysis, a pH-depen-
dent procedure was carried out to extract DNA (phenol-chloroform at pH 7.5 to
8) or RNA (phenol-chloroform at pH 4.5 to 5). All extracts were washed with
ethanol, and the nucleic acids were quantified spectrophotometrically using an
ND-1000 spectrophotometer (NanoDrop Technologies).

For the analysis of the presumably more active community (16S rRNA fin-
gerprints), RNA was reverse transcribed into cDNA. Coprecipitated DNA in
10-�l aliquots (containing 40 ng to 1 �g of total nucleic acid) was removed using
DNase I (DNA-free kit; Ambion) according to the manufacturer’s instructions.
cDNA was synthesized from 20 ng of RNA by reverse transcriptase PCR (RT-
PCR) using the universal primer 1492R (5�-GGTTACCTTGTTACGACTT-3�)
(31) and the iScript cDNA synthesis kit (Bio-Rad). Complete removal of DNA

was tested by an additional RT-PCR without the reverse transcriptase enzyme.
Successful cDNA synthesis was confirmed by a subsequent PCR, as described
below.

For 16S rRNA and 16S rRNA gene SSCP fingerprint analyses of the bacterial
communities, 10 ng of DNA extracts and 2 �l of cDNA amplicons were PCR
amplified using primers Com1f (5�-CAGCAGCCGCGGTAATAC-3�) and
Com2r-Ph (5�-CCGTCAATTCCTTTGAGTTT-3�) (46), which amplify Esche-
richia coli 16S rRNA gene positions 519 to 926, according to the protocol of
Labrenz et al. (30). The annealing temperature was 50°C. Single-stranded DNA
was generated and purified, and SSCP analysis was carried out as described by
Schwieger and Tebbe (46). Agarose gel electrophoresis was performed to ensure
complete exonuclease digestion of the PCR products and, if needed, was used to
finally adjust template concentrations for subsequent SSCP analysis. Fifty to 250
ng of single-stranded DNA was loaded onto the SSCP gels, whereby the con-
centrations of the corresponding SML and ULW samples were always the same.

Cluster analysis. Pairwise comparisons of band patterns from the SML and
the ULW were carried out using digitized images and GelCompar II (Applied
Maths NV) based on densitometric curves, i.e., comparing gray values of specific
positions between two gel lanes. Background subtraction, least-square filtering,
and optimization were carried out according to the manufacturers’ instructions.
The results of the comparisons are expressed as pairwise similarities, i.e., the
percentage of similarity between the compositions of the bacterioneuston and
bacterioplankton communities, based on the Pearson correlation coefficient (41).
The pairwise similarity data from stations 16 to 19 (see Table S1 in the supple-
mental material) are those cited by Stolle et al. (49). The curve-based correlation
was chosen because during band-based analysis (Jaccard coefficient) the optimi-
zation procedure was not as thorough as that in a curve-based correlation when
tested on internal reference lanes. The values of the band-based pairwise simi-
larities of the fingerprints were lower than those of curve-based analyses, but the
values for the two procedures correlated with each other, implying that the
trends evidenced by these analyses are comparable (see Table S3 in the supple-
mental material).

Sequence analysis. In the SSCP gels, individual bands exclusively observed in
the 16S rRNA fingerprints of the SML samples were excised and reamplified
according to the method of Labrenz et al. (30). PCR products were purified using
the NucleoSpin II extraction kit (Macherey-Nagel) as described by the manu-
facturer and were sequenced by Qiagen using primers Com1f and Com2r. The
forward and reverse sequences of all bands were checked for accuracy using
SeqMan software (DNAStar). The sizes of the sequences ranged from 242 to 399
bp. The phylogenetic affiliations of the partial 16S rRNA sequences were esti-
mated by employing the basic local alignment search tool (BLAST) (5). Align-
ments were checked and the sequences taxonomically grouped using the ARB
software package (33).

Statistical analysis. The Wilcoxon test (for which the significance level was a
P value of �0.05) was applied to test differences revealed by pairwise compari-
sons between the nonattached and particle-attached size fractions as well as
between 16S rRNA and 16S rRNA gene fingerprints. Spearman’s rank correla-
tion (for which the significance level was a P value of �0.05) was applied to test
the association between pairwise comparisons and meteorological conditions as
well as concentrations of TOC and TN. Additionally, this association was further
analyzed using the following polynomial, quadratic nonlinear regression: f(x) �
y0 � a � x � b � x2.

Nucleotide sequence accession numbers. For each operational taxonomic unit
(OTU) determined in this study, a representative 16S rRNA sequence was
deposited in the GenBank database. The sequences were assigned accession
numbers HM193050 to HM193082 (Table 1).

RESULTS

Comparison of bacterioneuston and bacterioplankton com-
munity structures. Nineteen samples of the SML in the south-
ern Baltic Sea were taken from 2006 to 2008, during spring and
late summer (see Table S1 in the supplemental material), and
the community structure of the bacterioneuston was compared
to that of the bacterioplankton in the ULW. Their pairwise
similarities for the nonattached size fraction were 46.7 to
96.9% (mean, 84.7%) in the active communities and 66.3 to
98.7% (mean, 91.8%) in the total communities (Fig. 1). The
corresponding values for the particle-attached size fraction
were 25.4 to 97.8% (mean, 62.8%) and 7.8 to 96.6% (mean,
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60.8%), respectively (Fig. 1). The differences between the non-
attached and particle-attached size fractions for both the active
and total communities were significant (P, �0.01 by the Wil-
coxon test; n � 19) (Fig. 1). Also, the differences between the
active and total communities in the nonattached size fraction
were significant but at a lower probability (P, 0.011 by the
Wilcoxon test; n � 19) (Fig. 1).

To determine whether meteorological conditions were re-
sponsible for the differences between the bacterioneuston and
bacterioplankton community compositions, values for the pair-
wise similarities were plotted against wind speed, global solar
radiation, and UV-A radiation during sampling, and against
mean wind speed and mean global solar radiation 6 h prior to
sampling (see Table S2 in the supplemental material). Spear-
man’s rank correlation showed no relation between any of
these parameters and the differences among the bacterial com-
munities, except between the mean wind speed 6 h prior to
sampling and the active communities of the particle-attached
size fraction (Fig. 2D). Additionally, the relation between the
pairwise similarities and the accumulation of TOC and TN was
significant only for the total communities in the particle-at-
tached size fraction (see Table S2 in the supplemental mate-
rial). Despite this overall lack of correlation, the similarities
among the active communities in the nonattached size fraction
tended to decrease at the lowest wind speeds and at the highest
radiation levels (Fig. 2C, E, and G). Nonlinear regression was
applied to further elucidate these effects and showed an asso-
ciation with mean wind speed 6 h prior to sampling (Fig. 2C),
mean global solar radiation 6 h prior to sampling (Fig. 2E), and
UV-A radiation during sampling (Fig. 2G). In contrast, non-
linear regression did not reveal any influence of meteorological
conditions on the total communities of the nonattached size
fraction or on the changing patterns of all fingerprints within
the particle-attached size fraction (data not shown). In sum-
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FIG. 1. Differences in pairwise similarities between bacterion-
euston and bacterioplankton communities of 16S rRNA (active com-
munity) (RNA) and 16S rRNA gene (total community) (DNA) fin-
gerprints of the nonattached (NA) and particle-attached (PA)
communities (n � 19). Levels of significance by the Wilcoxon test are
indicated as follows: *, P � 0.05; **, P � 0.01; n.s. (not significant),
P � 0.05.
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mary, wind speed history was positively related to pairwise
similarities in the active communities of both size fractions,
and most meteorological parameters were related to the de-
creasing similarities in the active communities of the nonat-
tached size fraction.

Identification of members of the bacterioneuston commu-
nity. An additional aim of this study was to identify specific,
active bacterioneuston members by analyzing SSCP bands de-
tectable solely in the SML 16S rRNA fingerprints. No unique
SSCP bands were identified in the SML fingerprints from 6 out
of 19 stations; however, in the remaining 13 stations, 133 SSCP
bands, ranging from 1 to 22 bands per sample, were found
exclusively in the SML fingerprints. Of these, 52 bands be-
longed to the nonattached and 81 to the particle-attached size
fraction. Sufficient sequencing results were obtained for 38%
of all sequences (n � 51). Based on their relative band inten-
sities (Table 1), these sequences accounted for an average of
65% (	28%) (n � 13) of all SML-specific SSCP bands at each
station. Notably, the highest number of SML-specific se-
quences (n � 15) per sample was retrieved from station 17
(Table 1; see also Table S1 in the supplemental material),
where a dense surface film (slick) had been observed during
sampling (49).

Only 3 out of the 51 sequences showed a �97% 16S rRNA
gene sequence similarity to environmental clones in the NCBI
database (Table 1). Sequences related to the identical environ-
mental clone and with �99% sequence similarity to each other
were grouped into an operational taxonomic unit (OTU). The
33 OTUs thus identified and their closest environmental clones
are shown in Table 1. These clones were originally found in

several habitats, such as different water columns, microbial
mats, and soils, or were associated with metazoans. Active
members of the SML included those belonging to the phyla
Cyanobacteria and Bacteroidetes as well as to the alpha, beta,
and gamma subgroups of the phylum Proteobacteria, with sim-
ilar distributions in the two size fractions and a dominance of
Gammaproteobacteria and Cyanobacteria (see also Fig. S1 in
the supplemental material). Overall, within each phylogenetic
group, several orders and families were identified, except in the
Betaproteobacteria, in which identification was limited to mem-
bers of Burkholderiales (Table 1). While several phylogenetic
affiliations, e.g., Chromatiaceae, were detected in both size
fractions, others were present exclusively in either the nonat-
tached (e.g., Shewanellaceae) or the particle-attached (e.g.,
Enterobacteriaceae) size fraction (Table 1). However, only
two OTUs were common to both size fractions; the remain-
ing OTUs were found exclusively in either the nonattached
or the particle-attached fingerprints. Most OTUs belonged
to Gammaproteobacteria (n � 12) or to Cyanobacteria (n �
7) (Table 1).

DISCUSSION

The aim of the present study was to better understand the
influence of various meteorological conditions on the develop-
ment of a particular bacterial community in the sea surface
microlayer of the southern Baltic Sea. Thus, low wind speed
history was found to have the strongest differentiation effect on
active bacterioneuston assemblages (as determined by 16S
rRNA analysis), followed by global solar radiation and UV

FIG. 2. Relationship of meteorological conditions (mean wind speed 6 h prior to sampling [A to D], mean global solar radiation 6 h prior to
sampling [E and F], and UV-A radiation [G and H]) with the pairwise similarities between bacterioneuston and bacterioplankton community
structures in the 16S rRNA gene (DNA) (A and B) and 16S rRNA (RNA) (C to H) fingerprints. Results for the nonattached (NA) (upper row
of panels) and particle-attached (PA) (lower row of panels) communities are shown. Significant correlations (rs, Spearman correlation coefficient)
and nonlinear regression (r2) are indicated (gray lines). p, level of significance.
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radiation. In contrast, the total communities (as determined by
16S rRNA gene analysis) were not influenced by any of the
meteorological conditions investigated. Phylogenetically, ac-
tive members of the bacterioneuston belonged to Cyanobacte-
ria, Bacteroidetes, and the alpha, beta, and gamma subgroups of
Proteobacteria. Their 16S rRNA sequences were related mainly
to environmental clones from soils and different water col-
umns, and thus, they most likely did not form distinct bacte-
rioneuston assemblages.

Comparison of bacterioneuston and bacterioplankton com-
munity compositions. Opposing results have been reported
regarding the differences between SML and ULW bacterial
communities. For instance, 16S rRNA gene-based analyses
showed bacterioneuston diversity patterns strongly distinguish-
able from those of bacterioplankton when the SML was sam-
pled with membrane filters (12, 16) but not when a screen
sampler was used (1, 36). This discrepancy was caused partly by
the different SML sampling techniques (2, 10), demonstrating
the importance of sample collection. The most important con-
siderations for obtaining high-quality SML samples are mini-
mal dilution with bulk water, a lack of bias due to sampler
selectivity, collection of a large sample volume within a rea-
sonable sampling time, and easy handling of the samplers (17,
24). The glass-plate sampling device used in our study was
chosen because (i) its layer thickness is in the range of 50 �m,
as recommended in previous reports (10, 55), (ii) larger
amounts of water could be sampled for further analyses, and
(iii) previous studies demonstrated that this method shows no
selectivity in the analysis of bacterial community composition
(48).

Pairwise comparisons of bacterial community structures of
the SML and ULW, as carried out in this and other studies,
allow assessment of the extent of bacterioneuston and bacte-
rioplankton differentiation. Whereas previous studies gener-
ally compared total bacterial communities, we sought to
achieve a higher-resolution comparison by distinguishing be-
tween nonattached and particle-attached communities as well
as between active and total communities. In our study it be-
came obvious that the differences between the SML and ULW
exhibited by particle-attached assemblages were much more
pronounced than those for the nonattached assemblages, in
which the two compartments were highly similar. This is in
accordance with the notion that particulate material is gener-
ally inhabited by specific bacterial assemblages that are distin-
guishable from those of the surrounding bulk water and that
differ depending on the particle type (47). These observations
underline the importance of distinguishing different size frac-
tions as well as active and total communities in order to obtain
more-profound comparisons of bacterioneuston and bacterio-
plankton diversity analyses.

Influence of meteorological conditions. In general, differ-
ences between active bacterioneuston and bacterioplankton
community compositions in both size fractions were highest
during low wind speeds (Fig. 2), suggesting a shift in the com-
position of active bacteria in the SML under calm conditions.
In a previous study, a correlation between wind speed history
and changing SML properties was demonstrated (36). Also in
the present study, only wind speed history, expressed as the
mean wind speed 6 h prior to sampling and not the actual wind
speed during sampling, was related to the differences between

the bacterioneuston and bacterioplankton fingerprints. This
probably reflected the fact that the reduction of turbulent
surface mixing induced by low wind speeds is time delayed. In
the presence of less wind-induced surface mixing, the sea sur-
face calms. This may in turn promote the development of a
distinct, active bacterioneuston community. The development
of a distinct total-bacterioneuston community most likely re-
quires more than 6 h of low turbulence in the SML. Similar
suggestions have been made regarding estuarine bacterion-
euston assemblages, since they are exposed to strong hydrody-
namics (45), and might explain previous observations of highly
distinctive bacterioneuston assemblages after a few days in
mesocosm experiments and during slick formation (13, 49). In
addition, alpine lakes, which are exposed to less wind stress
than marine systems, contain unique archaeal assemblages in
the air-water interface and ULW (6), and even specific ne-
ustonic bacteria, such as Nevskia ramosa, may live in limnic
habitats (39).

Compared to wind speed history, global solar radiation and
UV-A radiation had only minor impacts on the differences
between the active bacterioneuston and bacterioplankton com-
munities, implying low structuring effects on bacterioneuston
assemblages in the present study. This has also been shown for
the near-surface bacterioplankton composition of the North
Sea, which was only slightly influenced by changing levels of
UV radiation (52). However, in the active communities of the
nonattached size fraction examined in the present study, the
strongest differences occurred in response to the highest radi-
ation levels. This suggests that increasing exposure to UV-
induced stress alters the community composition of nonat-
tached, active bacterioneuston members, which again is
favored during low wind conditions. In contrast, variability in
the particle-attached fingerprints was not related to changing
levels of radiation, probably due to the sheltering from UV
exposure conferred by particle association (22, 53).

Interestingly, none of the meteorological conditions corre-
lated with changes in the total bacterioneuston and bacterio-
plankton assemblages, at least based on our methodological
approach. A previous study likewise detected no association
between wind speed and differences between total bacterion-
euston and bacterioplankton communities in coastal Mediter-
ranean waters (1), indicating that the high spatial and temporal
variability in the SML is also caused by other factors. The
dynamic patterns of the similarities between the SML and
ULW in the total, particle-attached communities were found
to be related to TOC and TN accumulation in the SML (see
Table S2 in the supplemental material). The SML is generally
characterized by strong enrichment of organic and inorganic
substances, especially of the particulate fraction (25). Under
very calm conditions, e.g., in visible surface films, the particu-
late fraction increasingly contributes to the total-organic-mat-
ter pool (49). Thus, the changing enrichment of particulate
organic matter may account even better for the differences in
community composition that were already shown for bacterial
abundances and productivity (49). Further evidence of large
differences between the community compositions of the SML
and the ULW following increases in the amount of organic
matter comes from mesocosm experiments, in which au-
totrophic production resulted in high concentrations of trans-
parent exopolymeric particles in the SML (10, 11).
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Identification of active bacteria in the SML. To identify
active bacterioneuston members of the southern Baltic Sea,
SML-specific SSCP bands from 16S rRNA fingerprints of the
particle-attached and nonattached size fractions were se-
quenced. This approach allowed us to obtain sequences of
most of the abundant (as revealed by their relative band in-
tensities) and potentially active members of the bacterion-
euston. Mostly, these sequences were closely related to 16S
rRNA sequences in the NCBI database, covering diverse hab-
itats such as marine, brackish, and limnic waters, as well as soils
and metazoans. This supports previous findings showing that
unknown taxa are not widespread among bacterioneuston
communities (1, 21). Compared to those in the other samples
investigated, an unusually high number of OTUs (eight, be-
longing to several phylogenetic groups) (Table 1) were de-
tected in a slick sample from station 17 (49), supporting the
conclusions from the fingerprint analyses that highly calmed
conditions promote distinctive bacterioneuston populations.

Most of the OTUs phylogenetically located within the Cya-
nobacteria were detected in the particle-attached size fraction
and were related predominantly to sequences from planktonic
habitats (Table 1), e.g., Nodularia spumigena, which is highly
abundant in Baltic Sea surface blooms (40). Several proteo-
bacterial OTUs of the Rhodobacteriaceae, Burkholderiales,
Chromatiaceae, Moraxellaceae, and Shewanellaceae were origi-
nally assigned to sediments and microbial mats; interestingly
enough, in this study most of these OTUs were allocated to the
particle-attached size fraction. Organisms from the sediment-
water interface and particle-attached organisms might have
specific requirements to inhabit the air-water interface, where
conditions might be comparable to those of solid substrata
(28). However, since the water depth at the sampling site in the
southern Baltic Sea is shallow (
10 m), sediment turbulence
and thus passive transport of these OTUs into the SML, rather
than specific colonization within this layer, could also have
occurred.

A large proportion of the OTUs from the nonattached and
particle-attached size fractions showed the highest similarities
to planktonic members of limnic, brackish, and marine waters.
Among these, all Bacteroidetes were related to bacterioplank-
ton sequences. Generally, Bacteroidetes are widespread among
bacterioneuston populations (1, 12, 36), most likely the result
of their high potential for degrading complex polymeric sub-
stances (27). Interestingly, Flavobacteriaceae were detected
only in the nonattached size fraction. One such OTU was
closely related to Polaribacter filamentus, which is known to
contain gas vacuoles (18). This finding suggests that some
members of the bacterioneuston actively regulate the duration
of their stay in the SML.

The dominance of Gammaproteobacteria in our samples
confirms previous studies in which culture-independent (16,
36) and culture-dependent (14, 15, 50) methods were used to
examine marine bacterioneuston assemblages. The ability of
Gammaproteobacteria to respond quickly to nutrient enrich-
ment may account for their predominance in the SML (38, 42).
Members of the Gammaproteobacteria and Bacteroidetes from
the Mediterranean bacterioneuston contributed strongly to
strains with a high resistance to solar radiation (3). Leucine
uptake in the Atlantic SML was also dominated by these
groups, further indicating their strong presence in bacterion-

euston assemblages (36). Notably, the Chromatiaceae-related
sequences within the Gammaproteobacteria detected in the
present study clustered closely together with Rheinheimera bal-
tica and Rheinheimera perlucida, isolated from Baltic Sea sur-
face waters (7, 8). The high contribution of organisms related
to Rheinheimera spp. further suggests that the dominant active
members of the bacterioneuston in the Baltic Sea do not spe-
cifically inhabit the SML.

Conclusions. The identification of active bacterioneuston
members and the high similarity between the nonattached
communities of the SML and ULW in the Baltic Sea together
support previous findings that the bacterioneuston is strongly
influenced by the underlying bacterioplankton (26). Increasing
differences between the active, nonattached communities were
associated with low wind speed and high radiation levels, in-
dicating that in a stable SML the profile of the active bacte-
rioneuston community changes in response to specific condi-
tions, e.g., enhanced radiation exposure. In contrast, the
difference in the particle-attached community structure be-
tween the bacterioneuston and the bacterioplankton was found
to be highly variable for both the total and the active commu-
nities and only weakly linked to wind speed, probably reflecting
the importance of particle dynamics in this unusual habitat.
Thus, a combinatory influence of wind stress, radiation expo-
sure, and particulate organic material accumulation seems to
differentiate the community structure of bacterioneuston from
that of bacterioplankton, especially in the active communities.
It is thus plausible that under these conditions, air-water ex-
change processes might be specifically influenced by the bac-
terioneuston; however, the significance still needs to be re-
solved.
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