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ABSTRACT Bacterioplankton are fundamental components of marine ecosystems
and influence the entire biosphere by contributing to the global biogeochemical
cycles of key elements. Yet, there is a significant gap in knowledge about their
diversity and specific activities, as well as environmental factors that shape their
community composition and function. Here, the distribution and diversity of sur-
face bacterioplankton along the coastline of the Gulf of Naples (GON; Italy) were
investigated using flow cytometry coupled with high-throughput sequencing of
the 16S rRNA gene. Heterotrophic bacteria numerically dominated the bacterio-
plankton and comprised mainly Alphaproteobacteria, Gammaproteobacteria, and
Bacteroidetes. Distinct communities occupied river-influenced, coastal, and off-
shore sites, as indicated by Bray-Curtis dissimilarity, distance metric (UniFrac), lin-
ear discriminant analysis effect size (LEfSe), and multivariate analyses. The heter-
ogeneity in diversity and community composition was mainly due to salinity and
changes in environmental conditions across sites, as defined by nutrient and
chlorophyll a concentrations. Bacterioplankton communities were composed of a
few dominant taxa and a large proportion (92%) of rare taxa (here defined as
operational taxonomic units [OTUs] accounting for <0.1% of the total sequence
abundance), the majority of which were unique to each site. The relationship be-
tween 16S rRNA and the 16S rRNA gene, i.e., between potential metabolic activ-
ity and abundance, was positive for the whole community. However, analysis of
individual OTUs revealed high rRNA-to-rRNA gene ratios for most (71.6% =
16.7%) of the rare taxa, suggesting that these low-abundance organisms were
potentially active and hence might be playing an important role in ecosystem
diversity and functioning in the GON.

IMPORTANCE The study of bacterioplankton in coastal zones is of critical impor-
tance, considering that these areas are highly productive and anthropogenically im-
pacted. Their richness and evenness, as well as their potential activity, are very im-
portant to assess ecosystem health and functioning. Here, we investigated bacterial
distribution, community composition, and potential metabolic activity in the GON,
which is an ideal test site due to its heterogeneous environment characterized by a
complex hydrodynamics and terrestrial inputs of varied quantities and quality. Our
study demonstrates that bacterioplankton communities in this region are highly di-
verse and strongly regulated by a combination of different environmental factors
leading to their heterogeneous distribution, with the rare taxa contributing to a ma-
jor proportion of diversity and shifts in community composition and potentially
holding a key role in ecosystem functioning.
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icrobes dominate the abundance, diversity, and activity of marine ecosystems,

being key components of marine food webs and playing vital roles in major
biogeochemical cycles, climate regulation, and the remineralization of organic matter
(1, 2). Bacteria (and archaea) numerically dominate the microbial fraction, including
both autotrophic primary producers that carry out photosynthesis and heterotrophic
organisms that recycle the dissolved organic carbon and nutrients, processing nearly
one-half of the global marine primary production (3). Bacterioplankton communities
exhibit high phylogenetic and physiological diversity (4), with a remarkable capacity to
transform and adapt to the environment around them (5). As a consequence, knowl-
edge of microbial community composition and diversity patterns is critical to deter-
mining the health and functioning of marine ecosystems (1).

High-throughput sequencing of ribosomal genes has facilitated an increasing rec-
ognition of the vast diversity of marine microbes (6). Bacterioplankton diversity and
distribution patterns have been extensively studied both at local (7, 8) and global scales
(9-11) using this technique, yet some oceanic regions, particularly in highly populated
coastal areas, remain underexplored (12). Determining the metabolic activity of bacte-
rioplankton is crucial for estimating their potential contribution to ecosystem pro-
cesses. Previous studies have examined bulk activity in terms of biomass production
and growth rates, for instance, using bacterial production assays (13, 14) or by mea-
suring incorporated labeled precursors (15, 16). However, much less is known of the
activity of specific taxa within complex bacterioplankton communities, an aspect that
can be analyzed using 16S rRNA-to-rRNA gene ratios as a proxy of potential growth rate
relative to abundance (17, 18). Although this approach is not free from bias, for
instance, due to more than one copy of the rRNA gene per cell (see references 17 and
19 and references therein), it can readily provide taxon-specific growth potential
information, thus acting as a proxy for their contribution to ecosystem processes, as
well as facilitating the identification of the key drivers of such processes (19). Previously,
it was presumed that under steady-state conditions and in the absence of top-down
regulation, most active bacteria are the ones that are most abundant, with higher
growth rates leading to higher biomass (17). Consequently, the rare bacteria were
generally considered to represent a “seed bank” encompassing slow-growing or dor-
mant individuals ready to respond only when environmental conditions became favor-
able again (20). However, a few recent studies showed that rare operational taxonomic
units (OTUs) can have higher levels of 16S rRNA (ribosomes) per rRNA gene (cell
number) and that they may be disproportionately active relative to their abundances
(21, 22). These findings have encouraged studies on the distribution patterns and
significance of the rare biosphere in ecosystem functioning and prompted further
analyses at finer taxonomic resolution.

The Gulf of Naples (GON) is a semienclosed deep embayment opening into the
southern Tyrrhenian Sea, in the midwestern Mediterranean basin, with an average
depth of 170 m and a surface area of 870 km?2. Situated beside the urbanized and
densely populated city of Naples, Italy, and its surroundings, the GON is subjected to
severe anthropogenic pressures, such as land and industrial runoffs, improperly treated
sewage discharge, and maritime trafficking (23). In its southern part, the GON receives
several inputs from the Sarno River (one of the most polluted rivers in Europe),
particularly following heavy rain events or from uncontrolled urban discharges. The
GON is characterized by complex hydrodynamics, with a variable boundary between
coastal and offshore waters, whose position depends upon the general circulation of
the Tyrrhenian Sea, which intrudes eddies into the GON, mainly in the fall and winter
(24). The extension of the boundary between mesotrophic coastal and oligotrophic
offshore waters strongly depends on local physical geography and bottom topography
(25) but also on seasonal variability (26, 27). At times when northerly currents dominate,
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FIG 1 Map of the Gulf of Naples highlighting the location of the stations sampled. Samples for flow
cytometry and 16S rRNA gene sequencing were collected at all stations, whereas samples for 16S rRNA
sequencing were obtained only from stations PO1, TA1, and VE3 (indicated with red symbols). Red
rectangle indicates Sarno River-influenced stations. The map was created with Ocean Data View software
(version 4.7.3).

freshwater inputs from the Volturno and Garigliano Rivers can be traced into the GON
from the northern Gulf of Gaeta (28). The high morphological diversity and dynamic
nature of the GON make it an ideal site to study microbial community structure and
dynamics in response to environmental factors. Extensive investigations in this region
have surveyed planktonic eukaryotes (23, 29), but bacterial communities have received
much less attention, except for cyanobacteria (30, 31) and pathogens (e.g., see refer-
ences 32 and 33). However, there has been a recent focus on using picophytoplankton
to track physical processes, such as eddies, vertical mixing, and upwelling events (e.g.,
see references 30 and 31).

The aim of this study was to characterize GON bacterioplankton communities in
terms of abundance and distribution and to relate them to the general environmental
conditions present along the coastline of the GON. To facilitate this, we used flow
cytometry and high-throughput sequencing of 16S rRNA gene amplicons to obtain
high-resolution taxonomic identification. At three sites, potential metabolic activity
relative to abundance was also investigated using 16S rRNA-to-16S rRNA gene ratios of
individual operationally defined taxa.

RESULTS AND DISCUSSION

Temperature, salinity, inorganic nutrients, and chlorophyll a. To gain compre-
hensive information about bacterial diversity and community composition in surface
waters of the GON, a total of 16 stations spanning both coastal and offshore sites were
sampled (Fig. 1). The values of all measured environmental parameters are reported in
Table 1. Temperature and salinity values were quite homogeneous across the sampled
region, ranging from 15.75°C (SA6) to 16.56°C (TA2) and from 36.13 practical salinity
units (PSU) (MC) to 37.52 PSU (PO3), respectively, indicating active mixing in the area.
As a consequence, stations located in the Sarno River catchment (SA1 to SA5) did not
show significantly lower salinity values, as expected from freshwater discharge, al-
though relatively higher nutrient concentrations (especially of N and P) detected at
these stations (especially SA1) were interpreted as indicators of river influence (Table 1).
The highest salinity (37.40 PSU and 37.52 PSU) and lowest chlorophyll a (0.93 and 0.62
g - liter—) values were recorded at stations PO3 and VE3, respectively, indicative of
offshore oligotrophy.
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TABLE 2 Good’s coverage and diversity indices at GON stations?

Good'’s coverage Chao1 Berger-Parker Shannon index Invsimpson
Station ID? (avg = SD) (%) ACE* ACE“ (avg = SD) (avg * SD) dominance index (avg *= SD) (avg = SD)
PO3 A 99.7 £ 0.02 399 354 = 42 331 +27 0.24 3.25 £0.008 11.98 £ 0.11
VE3 A 99.7 £ 0.02 459 350 = 39 347 = 29 0.31 3.05 £0.010 7.97 = 0.08
TG1 B 99.6 = 0.02 542 455 + 69 373 =36 0.14 3.23 £0.007 14.64 + 0.10
PO1 B 99.6 = 0.02 507 479 * 68 392 =40 0.13 3.17 £0.007 14.43 = 0.10
TG2 B 99.6 + 0.02 551 461 * 56 401 * 31 0.13 3.23 £ 0.005 15.00 = 0.08
TA1 B 99.8 £ 0.02 614 333 54 277 =36 0.13 2.66 = 0.008 9.15 = 0.05
TA2 B 99.8 = 0.02 730 340 = 60 279 =33 0.14 2.78 = 0.008 10.01 = 0.06
SA5 B 99.5 £0.03 714 594 = 74 482 £ 48 0.16 3.26 £ 0.008 15.12 £ 0.11
SA8 B 99.6 = 0.03 523 520 = 55 428 * 37 0.13 3.36 £ 0.007 16.66 = 0.11
SA7 C 99.6 = 0.03 724 609 * 80 438 = 49 0.32 2.73 £0.008 7.29 = 0.06
SA1 C 99.5 £0.03 753 727 =108 498 £ 62 0.25 2.85 £0.009 8.93 = 0.07
SA2 C 99.3 = 0.04 935 962 = 111 688 * 64 0.26 2.96 = 0.009 8.97 = 0.08
SA3 C 99.4 £ 0.02 782 788 =74 561 = 42 0.21 3.18 £ 0.006 11.95 = 0.07
SA4 C 99.5 £ 0.03 829 706 = 74 542 =50 0.16 3.26 = 0.007 13.85 *0.10
SA6 C 99.7 = 0.02 378 343 =42 293 =25 0.19 3.00 = 0.005 11.18 = 0.06
MC 99.6 418 418 400 0.22 3.17 11.74

aStandard deviation values were generated by mothur after multiple resampling of the OTU abundance values in order to normalize the data in order to have equal
number of sequences in each library.

bDifferent uppercase letters next to the station names indicate significant differences between groups of stations (as in Fig. 2a) as obtained using the ANOSIM R
statistic (Fig. S2).

cACE*, richness estimation of the nonnormalized 16S rRNA gene libraries.

9ACE, richness estimation of 165 rRNA gene libraries normalized to the library with the lowest number of sequences.

Bacterial abundance. The abundances of phototrophic and heterotrophic bacteria
enumerated by flow cytometry are reported in Table 1 and in Fig. S1 in the supple-
mental material. Heterotrophs dominated numerically, with average = standard devi-
ation (SD) abundances of 1.15 X 10% = 0.57 X 10° cells - mI~", while autotrophs were
dominated by Synechococcus (average = SD values, 1.11 X 10* = 0.45 X 10* cells -
ml~—") at all stations. Prochlorococcus was detected at only 5 stations, at concentrations
between 1.11 X 103 and 2.52 X 103 cells - mI='. No clear patterns in Synechococcus
abundance were observed, while heterotrophic bacteria were more abundant at the
MC station and near the Sarno River and less abundant at the offshore stations VE3
and PO3.

Alpha and beta diversity. The rarefaction curves of the observed OTUs (Fig. S2a)
approached saturation only for stations SA1, TA1, TA2, SA2, and SA5, indicating
insufficient sampling depth for the others. Although the Chao1l curves (Fig. S2b) were
steeper, they did not saturate for each library. However, the Shannon rarefaction curves
(Fig. S2¢), which consider both richness and evenness, showed saturation and a stable
pattern in all samples, suggesting that sampling was sufficient to accurately describe
the trends in alpha diversity. Furthermore, Good’s coverage was >99% for all the
samples (Table 2), indicating that, while possibly more rare taxa could be recovered by
a deeper sampling, the rarefied sequencing depth we used satisfactorily represented
the alpha diversity at the sampling sites.

The Chao1 diversity index was higher at most stations near the mouth of the Sarno
River (Table 2) and was positively correlated with ammonium (Pearson’s r = 0.66, P <
0.05). This pattern has been previously observed along coast to offshore transects, for
instance, in the Southern Adriatic Sea (34), Blanes Bay in the northwestern Mediterra-
nean Sea (35), the South China Sea (36), and Moreton Bay in Australia (37). The higher
richness in coastal areas may be due to terrestrial inputs, to the availability of organic
and inorganic matter at high concentrations, and to continuous mixing of local and
external communities, resulting in numerous favorable niches for bacterioplankton
communities. The higher rates of primary production in coastal areas provide a larger
fraction of organic matter in the form of detritus, most of which is degraded by
heterotrophic bacteria prior to entering higher trophic levels, supporting bacterial
communities with higher richness in these areas (38).

The Bray-Curtis dissimilarity dendrogram clustered the samples into four different
groups (Fig. 2a). Group | grouped the offshore PO3 and VE3 stations, confirming the
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FIG 2 Station clustering based on Bray Curtis dissimilarity (a) and the distance matrix generated by calculating pairwise UniFrac
metrics (b). The scale bar in panel b shows the distance between clusters in UniFrac units; if two or more environments have similar
lineages, they have a distance of 0. The significance of the cluster nodes was determined using the jackknife analysis. Jackknife
significance values are >99.9% = 1, 90 to 99% = 2, 70 to 90% = 3; 50 to 70% = 4, <50% = 5, and higher values indicate a higher

adaptation of communities to the existing environmental conditions.

similarity inferred from salinity and chlorophyll a data. Group Il included stations TG1,
TG2, and PO1, located in front of the heavily urbanized areas of the Neapolitan
province. Group Il included stations TA1, TA2, SA5, and SA8, north and south of the
zone of influence of the Sarno River, while group IV included stations SA7, SA1, SA2,
SA3, SA4, and SA6, which are closest to the Sarno River. Groups Il and IV subclustered
stations TA1 and TA2 (llla) and SA5 and SA8 (lllb). Group IV subclustered stations SA1
and SA2 (IVa) and SA4 and SA6 (IVb). The MC station was not included in any of the
clusters. Bray-Curtis clustering of samples was confirmed to be significant using the
ANOSIM R statistic (Table S2), except for the lack of difference between groups Il and
Il (R = 0.75, P > 0.05); hence, these two groups are considered one cluster (Il+1ll). The
OTUs responsible for Bray-Curtis similarity within groups were identified using similarity
percentage (SIMPER) analysis (Table S3). Bacterial communities in groups |, lI+1ll, and IV
were 88.7%, 88.6%, and 88.8% similar, respectively, mainly due to similar proportions of
the same OTUs (Table S2). The MC station showed relatively high proportions of some
OTUs (including some rare ones) compared to all other stations, such as those attrib-
uted to Nereida spp., Flavobacteriaceae, Gammaproteobacteria, Oceanospirillaceae, the
Roseobacter clade, Rickettsiales, Flavobacterium. and Cryomorphaceae, which are prob-
ably responsible for its outgrouping in the Bray-Curtis dendrogram.

Bacterial community composition. A total of 1,235 OTU, after excluding single-
tons, were used to assess bacterial community composition; 99% of these OTUs could
be classified at the phylum level. These were affiliated with 17 major phyla and 3
candidate divisions (Fig. 3a). Overall, the surface bacterioplankton at all stations was
dominated by Proteobacteria (~69%), followed by Bacteriodetes (~27%), as in other
studies from the Mediterranean Sea (39). Proteobacteria was also the most diverse
bacterial group, comprising the highest number of retrieved OTUs (47.2% of the whole
data set). Of these, the most frequently occurring OTUs belonged to Gammaproteo-
bacteria and Alphaproteobacteria (35% and 32% of Proteobacteria, respectively), mainly
represented by Oceanospirillales and Alteromonadales (18% and 14% of the Gamma-
proteobacteria, respectively) and Rickettsiales (19% and 12% of the Alphaproteobacteria,
respectively).

Similar to studies conducted in surface waters on a global scale (9, 10), the dominant
components of bacterial communities of the GON were present at all stations but in
different proportions (Fig. 3b). Based on SIMPER analysis and following OTU grouping,
Rhodobacterales resulted in the highest contributing clade at coastal sites (group lI+1lI
stations), while SAR11 and SAR86 were the most abundant offshore (group | stations).
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FIG 3 (a) Bacterial community composition at the phylum level at each GON station sampled. The phylum Proteobacteria is split into several classes
(Alphaproteobacteria, Betaproteobacteria, Deltaproteobacteria, Gammaproteobacteria, and Epsilonproteobacteria). Bacterial OTUs that could not be classified were
labeled as “other bacteria.” (b) The relative abundances of the top 12 abundant phylotypes in the GON at a lower taxonomic level (order/family level).
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This is consistent with previous observations in the Southern Adriatic Sea (34) and the
northwestern Mediterranean Sea (40) about SAR11 distribution. Members of SAR11 and
SAR86 are well known for their ability to grow at low substrate concentrations, due to
their streamlined genomes (41, 42) and light-harvesting proteorhodopsins for ATP
production (42, 43), likely conferring them a selective advantage in oligotrophic waters
(44). In contrast, the dominance of members of the Rhodobacterales (mainly of the
genus Nereida and the Roseobacter clade) at coastal stations is likely due to the higher
nutrient concentrations and chlorophyll a levels at these sites, given their known ability
to thrive in more eutrophic environments with high primary productivity (45) and to
use phytoplankton-derived dissolved organic carbon, especially that originating from
diatoms (e.g., see reference 46), which abundantly bloom in the GON (47). At river-
influenced stations (group V), Alteromonadales (mainly Glaciecola and SAR92) domi-
nated, related to their preference for high nutrient concentrations, a feature in good
agreement with their copiotrophic nature (48), the exception being the SAR92 clade,
which was more abundant at offshore stations, as already reported (49).

Cyanobacteria represented ~1% of the total bacteria, with Synechococcus and
Prochlorococcus present at all stations but with their contributions increased at both
coastal and offshore (Synechococcus) or offshore stations alone (Prochlorococcus), only
partially matching flow cytometry data (Table 1 and Fig. S1). This shows that sequenc-
ing was robust enough to retrieve Prochlorococcus even in samples where it was below
the detection limits of flow cytometry. Contrary to other studies (e.g., see references 34,
50, and 51), Cyanobacteria did not dominate in the GON and did not show a clear
distribution pattern, which may support their high genetic diversity with physiologi-
cally diverse clades in terms of light and nutrient adaptation (52-54). Thus, a more
precise mapping of the microdiversity among closely related cyanobacterial lineages is
critical to understanding their distribution pattern in this area.

In order to identify a significant differential distribution of bacterial groups at the
OTU level in relation to environmental parameters, linear discriminant analysis effect
size pipeline (LEfSe) analysis was applied. For this test, we considered stations within
group | (offshore), Il and Il together (coastal), and IV (river influenced) to be the ones
identified by the Bray-Curtis dendrogram (Fig. 2a) and confirmed by ANOSIM (Table S2).
A total of 87 OTU, including both rare and abundant (<0.1% and >0.1% of total
sequences, respectively) OTUs, were found to be differentially abundant in the three
areas, with 14 OTU specialized for river-influenced stations, 18 OTU for coastal stations,
and 55 OTU for offshore stations (Fig. 4a). However, many OTUs expected to be
specialized at offshore stations (e.g., SAR11 and SAR92) were not highlighted by this
test, due to the fact that they showed similar numerical distributions at both coastal
and river-influenced stations, and LEfSe takes into account only the OTUs that are
differentially abundant between the groups considered. Therefore, we performed a
second LEfSe test considering river-influenced and coastal stations together (groups II,
lll, and 1V), named “coastal+river-influenced,” and compared this merged group with
the offshore group (group ). This second LEfSe test showed that a total of 113 OTU,
including both rare and abundant OTUs, were differentially abundant, with 82 OTU
specialized for offshore stations and 31 OTU for coastal+river-influenced stations (Fig.
4b). It is important to note that the offshore area consisted of a higher number of
significantly differentially abundant OTUs than the coastal areas, contributed mainly by
rare OTUs, suggesting a niche adaptation strategy adopted by these low-abundance
and highly diverse taxa (55). Analysis at the OTU level is necessary to understand
bacterial distribution patterns with the highest resolution. Our results highlight that the
variability in bacterial community compositions across different sites in the GON is
driven not only by abundant but also by rare species, whose spatial dynamics needs
further thorough description and understanding.

OTU frequency. Forty-eight OTU (95.8% of the total sequences) were abundant
(here defined as OTUs accounting for >0.1% of the total sequences) at either all or
=50% of the total stations. Forty-eight OTU (2.6% of the total sequences) were
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FIG 4 LEfSe analysis, indicating significantly differential distribution of taxa in the different groups of stations as identified by Bray-Curtis dendrogram (Fig. 2a)
followed by ANOSIM R statistic (a), and after grouping coastal+river-influenced stations (b). Red asterisks indicate abundant OTUs that were present in all the
libraries, while blue asterisks indicate OTUs that shifted between abundant and rare among stations. OTUs without an asterisk are rare (<0.1% of total sequences

of the libraries).

observed to be abundant at <50% of all stations, while 1,139 OTU (1.6% of the total
sequences) were considered rare (here defined as OTUs accounting for <0.1% of the
total sequences). These numbers suggest that a tremendous bacterial diversity in the
GON is accounted for by the so-called “rare biosphere,” as described in reference 56,
which is in agreement with the findings of other studies (34, 35, 57). Among the rare
OTUs, Arcobacter, Chlamydiae, Firmicutes (mainly Ruminococcaceae, Veillonellaceae,
Lachnospiraceae, and Staphylococcaceae), Fusobacteria, Lentisphaeraceae (Lentisphaera
and Victivallis), Spirochaetes, Synergistetes, and Vibrio spp. were observed (<0.01% of
the total sequences) and were attributed to sewage-associated-bacteria or pathogens
(e.g., see references 58-60), indicating the dispersal of fecal bacteria from the anthro-
pogenically affected coastal area and suggesting that they can survive in marine waters
and therefore represent a reservoir of pathogenicity potentially harmful to human
health. Similarly, the presence of Rhodocyclales, which are known to degrade several
pollutants (61), is suggestive of pollutant biodegradation occurring in the GON, which

is related to the many anthropogenic activities along the GON coastline.

Bacterial communities and environmental factors. In order to identify the specific
environmental factors that might explain bacterial community composition in the GON,
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FIG 5 CCA ordination plot depicting the relationship between environmental parameters and bacterial
community structure, as represented by 16S rRNA gene sequence data.

canonical correspondence analysis (CCA) was performed using OTU abundances and
the measured environmental parameters (Fig. 5). The first two axes explained 78% and
18% of the cumulative variance, respectively. Monte Carlo permutations (999 permu-
tations) indicated that only salinity (P = 0.004), chlorophyll a (P = 0.001), and ammo-
nium concentrations (P = 0.012) were significant determinants of bacterial community
structure in terms of abundance of OTUs, based on the envfit parameter. Ammonium
was a determinant at the Sarno River-influenced stations (Fig. 2a, group V), which were
dominated by Alteromonadales. Likewise, the bacterial community structure at the MC
station, which is largely explained by chlorophyll a, was dominated by members of the
Rhodobacterales. Salinity was the dominant variable at the oligotrophic sites VE3 and
PO3 that were mainly dominated by SAR11. The effects of other environmental
parameters, such as temperature, nitrate, nitrite, silicate, and phosphate, were probably
masked by the complex physical features of the GON at the time of sampling, including
mixing. These results indicate that, similar to other marine areas (34, 62), it is a
combination of several environmental factors that influence the local distribution of
bacterial populations in the GON. Indeed, the unexplained variation in the CCA is likely
due to unmeasured environmental variables and processes, with the processes includ-
ing top-down controls, like grazing and viral lysis, which are also known to shape
bacterial community composition.

In order to further compare the phylogenetic diversity of the bacterial communities
between stations, UniFrac distance metrics were calculated based on a maximum
likelihood tree constructed using one representative sequence from each OTU (Fig. 2b).
Weighted hierarchical clustering showed that community composition was more sim-
ilar at those sites located in close vicinity to each other or with similar features.
Although similar clustering was also mirrored by a Bray-Curtis dendrogram (Fig. 2a) and
CCA (Fig. 5), UniFrac analysis revealed that environmental heterogeneity not only
regulates the spatial distribution of abundance of different taxonomic groups at the
local scale in the GON but may also have resulted in distinct phylogenetic diversity (see
Fig. 2b).

Bacterial potential metabolic activity. The potential activity of each operationally
defined taxon and the correlation between potential activity (16S rRNA frequency) and
abundance (16S rRNA gene frequency) were assessed at the three stations where
good-quality RNA could be obtained: VE3, PO1, and TAT1. These stations are also
representative of the coastal (TAT and PO1) and offshore areas (VE3). The 16S rRNA-
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FIG 6 Correlation between 16S rRNA and 16S rRNA gene frequencies at stations VE3, PO1, and TA1 with
slopes for each station (slope for the total data is y = 0.6191x + 0.7343; r? = 0.3845). Individual data
points correspond to paired log(rRNA + 1) and log(rRNA gene + 1) for each individual OTU. Data were
log transformed in order to eliminate bias. Therefore, correlations are limited to OTUs where both rRNA
and rRNA gene sequences were present.

to-rRNA gene ratios may have been affected by the extraction of DNA and RNA from
different lysates, but libraries were normalized by an equal number of sequences before
performing calculations or statistical tests, in order to avoid any bias (as also indicated
in Materials and Methods).

Overall, rRNA and rRNA gene libraries were positively correlated at all the three sites
(Fig. 6) (Spearman’s and Kendall's P < 0.0001; Kendall's 7, VE3 = 0.22, PO1 = 0.52,
TA1 = 0.53). The average 16S rRNA-to-rRNA gene ratios for rare (<0.1% of total
sequence abundances) and abundant bacteria were 2.3 (from 0.2 to 8.47, n = 209) and
0.71 (from 0.09 to 1.51, n = 79), respectively, at station VE3; 1.63 (from 0.27 to 6.67,n =
103) and 0.95 (from 0.18 to 2.2, n = 57), respectively, at station PO1; and 1.2 (from 0.22
to 4.90, n = 87) and 0.8 (from 0.19 to 1.92, n = 57), respectively, at station TA1, with
the ratio for rare bacteria being significantly higher than the ratio for abundant bacteria
(P < 0.05, t test). At all three stations, most (79.80% at VE3, 54.40% at PO1, and 70.20%
at TA1) of the abundant taxa had a ratio of <1, whereas most (84.60% at VE3, 77.66%
at PO1, and 52.84% at TA1) of the rare taxa had a ratio of =1. For instance, an abundant
SAR11 OTU (ID-10) showed ratios of <1 at all the three sites (Fig. 7), similar to what was
observed in other studies for SAR11 (22). Likewise, OTUs attributed to Rhodobacter-
aceae and Flavobacteriaceae showed a 16S rRNA-to-rRNA gene ratio of <1. However,
cultivated members of these groups have been previously reported to possess more
than one ribosomal operon (22), which may explain this ratio. As for the rare OTUs,
Blastopirellula (Planctomycetaceae) showed a very high 16S rRNA-to-rRNA gene ratio
(8.5) at the VE3 site. The possibility of a sequencing artifact for this high ratio was
excluded, since the same behavior was observed for other Blastopirellula OTUs identi-
fied at the same station. These results suggest that although potential activity and
abundance showed a significant positive correlation at the whole-community level, this
may not hold true at the individual taxon level; therefore, abundance may not reflect
the degree of their potential activity, as was also observed in previous studies in other
geographical areas (17, 18). While the role of the abundant phylotypes in ecosystem
functioning is well recognized, the contribution of the rare ones remained largely
underestimated until recently, due to the previous assumption of them being merely
the slow-growing and dormant members of the community (20). In general, the
abundant bacterial phylotypes altogether contribute a higher proportion of biomass
production or activity, but not always on a per-cell basis, while rare bacteria can have
16S rRNA-to-rRNA gene ratios of >1, therefore exhibiting higher potential activity than
the abundant ones, as reported by us and others (17, 18, 22). Unfortunately, due to our
small sample size, correlations between 16S rRNA and rRNA genes for individual OTUs
could not be statistically tested.
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FIG 7 Comparison of the relative abundances and potential activities of different phylogenetic groups within and between different sites in the GON. (A)
Maximum likelihood phylogenetic tree of the 50 most abundant OTUs present in all the equally subsampled 16S rRNA and 16S rRNA gene libraries;
Methanococcoides burtonii, an archaeal species, was included as an outgroup. (B) Heatmap showing the log abundance [log (observations + 1)] for each 165
rRNA and 16S rRNA gene OTU present in the tree. (C) Specific potential activity relative to abundance of each OTU present at the VE3, PO1, and TA1 stations

calculated using the rRNA-to-rRNA gene ratio.

OTUs were ranked on the basis of their abundance in each library. Differences in the
relative rank of the same OTU among different sites, and between rRNA gene and rRNA
libraries of the same site, were observed. For instance, the majority of the top 50 most
abundant OTUs were shared by all six libraries, but the relative abundances of these
OTUs varied between sites. In addition, variations in the sequence abundance of the
same OTU between rRNA gene and rRNA libraries resulted in substantial variation in the
16S rRNA-to-rRNA gene ratio among OTUs, both within and between stations (Fig. 7).
These differences can be attributed to different biotic and abiotic environmental factors
(as in references 18 and 63) or to differences in evenness of diversity between rRNA
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genes and rRNA at different stations (as also found by Hunt et al. [17]). Both hypotheses
are possible in our case, since the average = SD Shannon index values of the rRNA gene
and rRNA libraries were 3.05 = 0.24 and 2.44 = 0.80, respectively, and the values of the
measured environmental factors were also different. Differences in the 16S rRNA-to-
rRNA gene ratio can also be due to life strategies adopted by some bacteria, for
instance, the increase in ribosomal concentration as they enter dormancy to achieve
higher protein synthesis potential to be used after recovery to a vegetative stage in
response to favorable cues (64).

Conclusions. The observed strong spatial structuring of bacterial communities in
the GON is tightly regulated by environmental factors and local hydrological features,
suggesting a niche-based community assembly, in accordance with the famous dictum
“everything is everywhere, but the environment selects” (65). Further evaluation of the
bacterial association and the cooccurrence network is needed to gain additional insights
into the potential relationships within these communities, as well as to reveal ecological
processes, such as top-down and bottom-up regulation and community succession, as
suggested by other researchers (e.g., see reference 66). Regular monitoring of bacterio-
plankton community structure and activity, both at the seasonal and annual scale, will
facilitate a better understanding and predictions of their responses to the changing
environment. In particular, in our data, salinity appears to play a relevant role, and in this
context, the GON may represent an interesting test site to predict the responses of the
microbial components to the changing climate-induced salinity increase in the oceans (67).
Our study also highlights the relevance of the rare phylotypes in the heterogeneous
bacterial diversity and their potential role in ecosystem functioning, suggesting that they
harbor a persistent functional pool of ecological potential rather than acting merely as a
“seed bank” (68). Therefore, an assessment of their spatiotemporal dynamics and mecha-
nisms controlling their population size is crucial.

MATERIALS AND METHODS

Sample collection, chlorophyll, and nutrient analysis. Sixteen surface seawater samples (Fig. 1)
were collected from 10 to 29 April 2013 on board the R/V Minerva Uno and the R/V Vettoria, using a
rosette sampler equipped with 10-liter Niskin bottles and a conductivity-temperature-depth (CTD) probe
(SBE 911plus; SeaBird Electronics, USA). At all stations, seawater samples for chlorophyll a, inorganic
nutrient (NO,, NO,, NH,, PO,, and SiO,) analyses, flow cytometry counts, and 16S rRNA gene and 16S
rRNA library preparation were collected from the same Niskin bottle. Duplicate samples for flow
cytometry (1 ml each) were placed in 1.5-ml cryovials, fixed with a mixture of 0.05% (vol/vol) glutaral-
dehyde and 1% (wt/vol) paraformaldehyde (final concentrations) for 10 min in the dark, frozen in liquid
nitrogen, and stored at —80°C until analysis, as performed in reference 31. For DNA collection, 2 liters of
each sample was prefiltered through a 10-um-pore-size mesh net to remove large eukaryotes and debris
and successively filtered through 47-mm glass filter/A filters (Whatman, UK), whose nominal pore size
(1.67 um) is larger than most free-living marine bacteria (55). Cells were then collected onto a
0.22-um-pore-size Sterivex filter cartridge (Millipore, USA) using a peristaltic pump at 24 rpm. Sterivex
filters were then sealed, frozen in liquid nitrogen, and stored at —80°C until DNA extraction. For RNA
collection, the procedure was exactly the same as for the DNA extraction, except for the last filter, which
was a 0.22-um-pore-size 47-mm Durapore filter (Millipore), using a vacuum pump at low vacuum (2.9
Ib/in?). After filtration, each filter was stored in a cryovial, frozen in liquid nitrogen, and stored at —80°C
until RNA extraction.

Samples for the measurement of total chlorophyll a were filtered onto 25-mm Whatman GFF filters,
frozen, and stored in liquid nitrogen until analysis. Concentrations were determined using a Shimadzu
(Japan) RF-5301PC spectrofluorometer, as previously described (69). Discrete samples for inorganic
nutrient concentrations (NO,, NO,, NH,, PO,, and SiO,) were frozen and stored at —20°C until analysis.
Concentrations were determined using a FlowSys AutoAnalyzer (Systea S.p.A., Italy) (70). The detection
limits were 0.01 uM for nitrates, nitrites, and phosphates, 0.05 M for ammonia, and 0.1 uM for silicates.

Flow cytometry. Bacterioplankton cell concentrations were estimated using a FACSCalibur (Becton
Dickinson, USA), according to standard procedures (71). For an assessment of heterotrophic bacteria,
frozen samples were thawed and stained with SYBR green | (Molecular Probes, Inc., USA). Cell abun-
dances were determined by extraction using CellQuest software (Becton Dickinson).

Nucleic acid extraction and sequencing. DNA extraction was performed using the DNeasy blood
and tissue kit (Qiagen, USA), according to the manufacturer’s instructions, with the only minor modifi-
cation being overnight incubation at 56°C following addition of the Qiagen lysis buffer and proteinase
K to the Sterivex filters. RNA extraction was performed using the PowerWater RNA isolation kit (Mo Bio
Laboratories, USA), according to the manufacturer’s protocol. DNA contamination was checked by PCR
of the 16S rRNA gene using standard primers and conditions (72). The minimum amount (20 ng) of
extracted RNA was reverse transcribed with random primers using the iScript cDNA synthesis kit (Bio-Rad,
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USA), according to the manufacturer’s instructions. DNA and cDNA samples were shipped to the
GeneCore Genomics Core Facility at the European Molecular Biology Laboratory, Heidelberg, Germany,
for paired-end multiplexed sequencing using the Illumina MiSeq platform. The PCR protocol used for
amplifying DNA and cDNA was standardized to use the minimum amount of template. The primers used
for library preparation covered the V4 and V5 hypervariable regions (515F-926R) of the 16S rRNA gene,
as in reference 73, with only one base difference (515F, 5'-GTGCCAGCMGCCGCGGTAA-3’; 906R, 5'-CC
GYCAATTYMTTTRAGTTT-3').

Sequence analyses. Low-quality raw reads with a contaminating adapter sequence or with a Phred
value less than 25 were excluded using Trimmomatic (74) The resulting sequences were further
processed and analyzed using the mothur software package (version 1.33.1 [75]), according to the MiSeq
standard operating procedure (SOP) (http://www.mothur.org/wiki/MiSeq_SOP [76]). Reads were joined
into contigs using the sequence and quality score data from the Fastq files. Primers were trimmed, and
sequences were further screened according to the following parameters: minimum length, 370 bp;
maximum length, 376 bp; maximum number of Ns, 0; and maximum homopolymers, 8. Unique
sequences, i.e., randomly screened sequences from groups of identical sequences present in two or more
copies, were screened out in order to speed up the process and to avoid computational memory
problems. The resulting sequences were aligned against the SILVA reference database (version 102) and
preclustered, allowing a maximum of three differences between sequences. Chimeric sequences were
detected with the UCHIME algorithm (77) and removed. After this filtration, taxonomic assignment was
realized using the SILVA taxonomy string with the k-nearest-neighbor algorithm at a bootstrap confi-
dence score of 100 and a minimum similarity threshold of 80%. Across all 16S rRNA gene libraries, a total
of 8,811,540 raw reads were obtained, from which 1,216,213 high-quality sequences with an average
read length of 370 to 376 bp were used for taxonomic assignment. Only a very small number (10
sequences) of archaeal sequences assigned to Euryarchaeota and Crenarchaeota appeared in the whole
data set, and these were not included in further analysis. Sequences flagged as chloroplasts, mitochon-
dria, or eukaryotes were also excluded. The remaining 1,210,304 sequences were clustered de novo using
the average neighbor algorithm at a distance cutoff 97% similarity, resulting in 2,681 OTU. OTUs
identified as singletons were excluded from the data set to limit the inflation caused by spurious OTUs
(PCR artifacts), and a consensus taxonomy for each of the remaining 1,235 OTU was obtained. The full
lists of OTUs for the 16S rRNA gene and the 16S rRNA libraries are provided in Data Sets ST and S2 in
the supplemental material.

Diversity estimates and statistical analyses. The 165 rRNA gene libraries prepared using samples
collected from all the 16 stations produced 26,177 to 151,291 reads, 487 to 1,362 unique sequences, and
281 to 715 OTU after quality filtration (details for each station are in Table S1). Rarefaction curves for the
observed OTUs, Chao1, and Shannon diversity index values were generated using the “rarefaction.single”
command built in mothur (Fig. S2) and compared as in reference 78 to evaluate the sampling effort and
the alpha diversity of the different communities. Good’s coverage was >99% for all the samples,
indicating that the majority of the species present were sufficiently sampled. Good’s coverage, alpha
diversity indices (Shannon-Wiener [79, 80] and invsimpson [81]), richness estimators (Chao1 [82]), and
abundance-based richness estimation (ACE) (83) were computed based on multiple random resamplings
to make the sample size equal to the sample with the lowest number of sequences (26,177, MC station).
The Berger-Parker dominance index (84) was also calculated but on nonnormalized data. Beta diversity
measures were performed on normalized sample sizes in R using the vegan package. Sample clustering
using the Bray-Curtis dissimilarity index was carried out using the functions “vegdist” and “hclust” in the
R software. A statistical comparison of Bray-Curtis dissimilarity values between community clusters and
subclusters was performed using pairwise analysis of similarity (ANOSIM) using the software Primer 6
(85). The main operationally defined taxa contributing to >90% similarity within Bray-Curtis clusters of
bacterial communities were identified using similarity percentage (SIMPER) analysis (86) in Primer 6 (85).
Based on SIMPER analysis, we were able to identify which taxa are driving the differences observed in the
composition between sites in the GON, and then we grouped all the OTUs with the same affiliation at
the order/family level.

The relationships between bacterial communities and environmental parameters were explored
using canonical correspondence analysis (CCA) using the vegan package in the R software, using the
envfit parameter. Data were log(x + 1) transformed prior to any statistical analysis. The distribution
patterns of all the abundant taxa in each station were visualized by generating heatmaps in the MeV
program (http://mev.tm4.org/#/welcome).

A linear discriminant analysis (LDA) effect size pipeline (LEfSe [87]), available at http://huttenhower
.sph.harvard.edu/galaxy/, was used to determine significantly differentially distributed OTUs. A threshold
of 2.0 was chosen as threshold for the logarithmic LDA scores.

A sequence from each OTU was randomly selected using the “get.oturep” command in mothur and
used for alignment in ClustalW, incorporated as an accessory application in the BioEdit software package
(version 7.2.5) (88). Maximum likelihood phylogenetic distances were calculated using the aligned
representative sequences in FastTree (89). The corresponding tree was visualized in MEGA (version 6) (90)
and was used for UniFrac analysis (91) in order to compare the phylogenetic distances between microbial
communities as a function of different sites. In order to assess which stations in the tree had similar
bacterial assemblages, a hierarchical clustering with abundance weight was performed, based on the
distance matrix generated by computing pairwise UniFrac distance. The robustness of the clustering was
determined by weighted Jackknife analysis, with random resampling of the sequences and clustering
with 1,000 permutations while calculating support for each node.
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Potential metabolic activity. The 16S rRNA-to-rRNA gene ratio was used to assess the potential

specific activity relative to the abundance of each operationally defined taxon at the three stations
marked in Fig. 1 (VE3, PO1, and TAT) from where we could obtain good-quality RNA. All samples
were extracted, amplified, and analyzed using the same procedure to avoid any bias. Singletons were
removed, and data were natural log(x + 1) transformed prior to statistical testing. All tests were
performed on normalized data sets with an equal number of sequences for the 16S rRNA gene and 165
rRNA libraries of each sample. Since assumptions of parametric regressions were not fulfilled even after
normalization of the data, nonparametric Spearman and Kendall's tau tests were performed in the R
software. Heatmaps were generated to visualize differences in the 16S rRNA gene and 16S rRNA
abundances of the same OTU between sites and of different OTUs within each site. Differences in 16S
rRNA-to-rRNA gene ratios between OTUs were also assessed within and between sites. Sequences were
weighted to bacterial abundances.

Accession number(s). The sequences obtained in this study have been deposited in the European

Nucleotide Archive (ENA) with accession numbers ERS1162689 to ERS1162707 (study BioProject acces-
sion no. PRJEB14040).
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