














show the same community structure (see Fig. S3b in the supple-
mental material). The relative abundances of different taxonomic
groups detected by CARD-FISH were compared with the relative
abundances of the same taxonomic groups found in the 454 py-
rosequencing data set and with the different taxonomic levels of
the 454 pyrosequencing data set. A weak positive correlation be-
tween the CARD-FISH and 454 pyrosequencing data set (R �
0.21, P 	 0.05) was observed, indicating that the two methods
show the same direction of the underlying patterns but that the
bacterial structure revealed by the two methods is not the same
(see Fig. S3b in the supplemental material). In addition, a cluster
analysis was performed to reveal the differences in the clustering
of the samples using the CARD-FISH and 454 pyrosequencing
data (see Fig. S12 in the supplemental material). The dendrogram

based on the CARD-FISH data showed two clusters, one mainly
containing samples from the euphotic zone and one containing
samples from the deep/mixed layer. On the other hand, 454 pyro-
sequencing data showed the clustering of winter and summer
samples in one cluster and of autumn and spring samples in the
other, with an additional cluster containing samples with a high
contribution of Sphingomonadales-related pyrotags.

DISCUSSION

In this study, we present findings on the seasonal dynamics of
picoplankton communities in the South Adriatic through the
whole water column over a period of 1 year in which a strong, deep
convection occurred. Our results are based on a combination of
two molecular techniques, the high-resolution 454 pyrosequenc-

FIG 5 Taxonomic classifications and relative contribution of the most common bacterial pyrotags (
2%) inside and outside the SAP. NA, data not available.
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ing and the quantitative CARD-FISH techniques. Only a weakly
positive correlation between the CARD-FISH and 454 pyrose-
quencing data was found. In addition, the CARD-FISH and 454
pyrosequencing data were used to build a cluster dendrogram that
showed a different clustering of a part of the samples. The discrep-
ancies in the compositional information obtained by 454 pyrose-
quencing and CARD-FISH data likely result from the distortion of
454 pyrosequencing read frequencies by PCR bias, problems with
library construction, clade-specific differences in the rRNA
operon number, and DNA extraction efficiency. In addition, the
inactive physiological status of the cells can lead to discrepancies.
Half of the picoplankton community is composed of SAR11,
which has a low rRNA content, especially at greater depths, which
can lead to an underestimation of SAR11 counts by CARD-FISH
(36).

A deep-water convection event, typical for midlatitude ecosys-
tems, is one of the most important factors influencing seasonal
picoplankton dynamics (e.g., cell numbers, metabolic activities)
in the South Adriatic (6, 7, 17). The observed convection is pecu-
liar and stronger than that in other midlatitude systems because of
the local meteorological conditions (strong winds) and hydro-
graphic conditions needed for dense water formation (22, 23).

This strong convection event greatly influenced the distribution of
different picoplankton clades not only by transporting typical
deep-water clades, such as SAR324, SAR202, and SAR406, to the
surface but also indirectly by supplying nutrients for phytoplank-
ton blooms. In addition, the convection event influenced the bac-
terial diversity and composition in both the euphotic zone and the
deep layer.

The alpha diversity of euphotic bacterial communities in the
South Adriatic varied strongly according to season, with the high-
est abundances being detected in summer and the lowest abun-
dances being detected in the postconvection period, i.e., spring. In
the euphotic zone, the increase in richness to the summer maxi-
mum observed was different from that in western English Channel
surface waters, where a winter maximum and a summer mini-
mum were observed (37, 38), and from that in the Bermuda At-
lantic Time-Series Study (BATS), where an opposite pattern was
detected, with higher richness values being found in winter, dur-
ing the mixing, and lower richness values being found in summer,
under stratified conditions (17). The diversity minimum in
spring, during the maximum productivity, could be explained by
the availability of a series of new ecological niches due to the pro-
duction of phytoplankton-derived organic matter, in which spe-

FIG 6 Vertical and seasonal distribution of Cyanobacteria (a), Gammaproteobacteria (b), and Bacteroidetes (c) inside and outside the SAP. Relative cell
abundances are represented as percentages of the DAPI counts.
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cialists could bloom (39). In addition, the maximum richness ob-
served in summer could be explained by the intensification of the
gyre (in summer, both stations were under the influence of LIW)
that caused a stronger introgression of LIW, a possible source of
new LIW-specific subclades (21, 40).

During the entire year, the euphotic zone and the mixed layer
were dominated by Bacteria, while Archaea were only a minor
constituent, as was found elsewhere (41, 42). SAR11 was the most
abundant phylogenetic group and regularly accounted for more
than 40% of the communities. A similar seasonal pattern of a
postconvection SAR11 maximum was found in the northwestern
Sargasso Sea (7), while in a coastal oligotrophic Mediterranean
system, a higher relative abundance of SAR11 was detected in
spring and summer (9). However, in both studies the relative con-
tribution of SAR11 to the whole community was lower than that
in our study. This could, however, also be attributed to the lower
number of SAR11-specific probes used in these studies, as here a
highly sensitive combination of six FISH probes, one helper oli-
gonucleotide, and signal amplification via CARD-FISH was ap-
plied for the quantification of SAR11. The worldwide distribution
and high annual abundance of this clade (43), supported by
genomic data (44, 45), suggest that the SAR11 clade plays a major
role in the oxidation of low-molecular-weight dissolved organic
matter in oligotrophic systems.

The seasonality of Cyanobacteria, which was the second most
abundant group, strongly depended on the convection event
when a strong decrease in their relative abundance was observed.
A similar strong decrease in Prochlorococcus abundances due to a
seasonal deep convection, which was attributed to the selective
elimination of low-light (LL)-adapted Prochlorococcus ecotypes
incapable of coping with turbulent deep winter mixing, was ob-
served at BATS (46). In autumn, Synechococcus-specific pyrotags
were dominant above 75-m water depths, while below 75 m, Pro-
chlorococcus-specific pyrotags were more abundant. In other sea-
sons, only Prochlorococcus-specific pyrotags or the same abun-
dance of pyrotags specific to both genera could be found at all
depths (47). The increase of Bacteroidetes and Gammaproteobac-
teria in spring detected here is atypical of the findings for oligo-
trophic offshore waters (41). However, in coastal and eutrophic
systems, the increase in the abundance of these two groups in
spring has been linked to phytoplankton blooms and was related
to the breakdown of the biomass of phytoplankton blooms (39,
48). Furthermore, it was suggested that Bacteroidetes are increas-
ingly being replaced by Gammaproteobacteria in the postbloom
period (39, 48). A similar pattern could be observed in our data in
autumn and spring. The response of these groups to a phytoplank-
ton bloom could be observed, especially in spring, when, in a
postconvection period, the highest Chl a concentration, which
was mainly attributed to Chaetoceros spp. and Guinardia striata
diatom blooms, was observed (S. Ljubimir, personal communica-
tion). In coastal waters, Ulvibacter, Formosa-related, and Polarib-
acter species from the order Flavobacteriales, phylum Bacte-
roidetes, were found to increase in number during or shortly after
a diatom bloom (39). Although Bacteroidetes-specific pyrotags
from the South Adriatic were mainly assigned to the Flavobacte-
riales, none of the groups mentioned above were found in high
numbers. Instead, the NS2b, NS4, and NS5 clades were the main
Flavobacteriales groups, indicating that they could be better
adapted to oligotrophic conditions. In the same study, Reinekea
and SAR92 gammaproteobacterial groups were found to increase

in number after the diatom bloom and as a response to algal decay
(39). Similar to the findings for the Bacteroidetes groups, no
Reinekea species- or SAR92-specific pyrotags were observed in
high proportions, but instead, SAR86 dominated the Gammapro-
teobacteria, indicating that SAR86 is an analog of Reinekea spp.
and SAR92 in oligotrophic offshore waters.

The deep-layer samples showed a higher relative abundance of
Archaea, especially in autumn and summer, than the euphotic and
mixed layers. A similar abundance of Archaea was observed in the
Atlantic mesopelagic waters (41, 49) and eastern Mediterranean
deep waters (50). The greater abundance of Archaea in the deep
layer in autumn and summer points to a response of Archaea to
processes in the euphotic zone (51). In winter at 800 m and 1,000
m and in spring at 600 m, an unexpected dominance of Sphin-
gomonadales-related pyrotags almost completely belonging to a
single genus (Sphingobium) was observed. Blooms of a single spe-
cies from the order Sphingomonadales have previously been re-
ported in a coastal lagoon and co-occurred with a bloom of fila-
mentous cyanobacteria (52). The SAR202 clade exhibits an
abundance pattern similar to that of Archaea, being more abun-
dant in the deep layer in autumn and summer but not in winter,
when it is uniformly distributed through the water column (41,
53). The SAR406 clade comprised �6% of the deep-layer commu-
nities throughout the year, with the exception of summer, when its
abundance increased to more than 10%. The deltaproteobacterial
SAR324 clade, like the SAR406 clade, peaked in the deep layer in
summer, with a secondary peak occurring in the winter mixed
layer (41). In the same study, patchy distributions of SAR406
along the Atlantic transect that were explained by a possible nat-
ural variation due to seasonality were observed (41). The same
explanation could be applied to explain the summer seasonal peak
of SAR406 in our study.

The environmental parameters measured did not reveal any
clear insight into the factors that shape the bacterial distribution in
the South Adriatic (see the Results section in the supplemental
material). Of all abundant taxa, only the Deferribacteres signifi-
cantly correlated with nitrate concentrations, as was previously
found in the western English Channel, but apart from that, the
presence of bacterial groups mainly correlated with the presence
of other bacterial groups, indicating the difficulties in explaining
bacterial distributions and dynamics using correlation methods,
especially in cases of seasonal sampling campaigns (38, 54).

Overall, we showed in this study that the strong winter convec-
tion of 2012 had profound consequences for the bacterial and
archaeal picoplankton communities of the South Adriatic Sea
with respect to species richness, species diversity, and the abun-
dances of different phylogenetic groups. The convection episodes
are obviously changing the biogeochemistry and microbiology of
the whole Adriatic. In the future, high-frequency sampling might
reveal further details on the surprisingly dynamic succession of
picoplankton clades in oligotrophic offshore waters.
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