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Abstract

Background: Planktonic bacteria are recognized as important drivers of biogeochemical processes in all aquatic ecosystems,
however, the taxa that make up these communities are poorly known. The aim of this study was to investigate bacterial
communities in aquatic ecosystems at llha Grande, Rio de Janeiro, Brazil, a preserved insular environment of the Atlantic rain
forest and how they correlate with a salinity gradient going from terrestrial aquatic habitats to the coastal Atlantic Ocean.

Methodology/Principal Findings: We analyzed chemical and microbiological parameters of water samples and constructed
16S rRNA gene libraries of free living bacteria obtained at three marine (two coastal and one offshore) and three freshwater
(water spring, river, and mangrove) environments. A total of 836 sequences were analyzed by MOTHUR, yielding 269
freshwater and 219 marine operational taxonomic units (OTUs) grouped at 97% stringency. Richness and diversity indexes
indicated that freshwater environments were the most diverse, especially the water spring. The main bacterial group in
freshwater environments was Betaproteobacteria (43.5%), whereas Cyanobacteria (30.5%), Alphaproteobacteria (25.5%), and
Gammaproteobacteria (26.3%) dominated the marine ones. Venn diagram showed no overlap between marine and
freshwater OTUs at 97% stringency. LIBSHUFF statistics and PCA analysis revealed marked differences between the
freshwater and marine libraries suggesting the importance of salinity as a driver of community composition in this habitat.
The phylogenetic analysis of marine and freshwater libraries showed that the differences in community composition are
consistent.

Conclusions/Significance: Our data supports the notion that a divergent evolutionary scenario is driving community
composition in the studied habitats. This work also improves the comprehension of microbial community dynamics in
tropical waters and how they are structured in relation to physicochemical parameters. Furthermore, this paper reveals for
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the first time the pristine bacterioplankton communities in a tropical island at the South Atlantic Ocean.
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Introduction

Microorganisms have large population sizes and show long-
distance dispersal, high reproductive rates and remarkable genetic
diversity, suggesting that they can cross environmental boundaries,
including salinity, more frequently than multicellular organisms
[1]. These particularities support the Baas-Becking hypothesis
formulated in 1934, summed up as follows: “Everything is
everywhere, but the environment selects” (revised by Hooper
et al. [2]). Although this seems logical and plausible, the clustering
test performed i silico by Lozupone and Knight [3] using
annotated sequences from 202 globally distributed natural
environments demonstrates that salinity is the major barrier to
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microbial communities, showing a strong environment-specific
evolution between freshwater and marine bacteria.

Until the late 1980’s, fresh and salt water planktonic bacteria
were thought to be ecologically similar, despite minor differences
such as some biotic interactions within the food web and sodium
requirement. Salt-dependence in marine bacteria was not
considered a fundamental ecological difference and species
distribution and their physiology were thought to be similar to
freshwater bacteria [4].

Since molecular methods started to be applied to the study of
uncultivated microbial communities [5,6], knowledge of microbial
ecology in aquatic systems has been significantly increased [7-11].
The first difference seen in bacterial community composition in
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fresh and marine water was the dominance of f-Proteobacteria in the
former, in contrast to the dominance of o- and y- subdivisions of
Proteobacteria in the latter [12-14]. Most bacterial sequences
retrieved from freshwater environments were neither affiliated
with known bacterial species nor with soil and marine relatives but
clustered in a habitat-specific manner, leading to the conclusion
that these were typical freshwater bacteria. Interestingly, this
bacterial cluster presented a cosmopolitan distribution, including
habitats located in different climatic zones [15].

Estuarine waters are dynamic environments due to the mixing
of sediments, marine and freshwater, resulting in salinity and
nutrient gradients. Shifts in physical, chemical, and microbiolog-
ical properties between freshwater and adjacent coastal marine
environments occur in short periods of time, driven by tides and
freshwater flow, creating an intense abiotic pressure that influences
the composition of bacterioplankton communities [16]. The
presence and abundance of typical freshwater and marine
bacterial taxa are closely related with these gradients and also
with growth rates, viral lysis, predation, and retention times [17—
20]. Long-term adaptability to different salinity conditions is also
indicated by the ability of some organisms to occur in both marine
and freshwater habitats [21]. In spite of a number of published
studies of large estuaries and @ silico comparisons between
freshwater and seawater bacterioplankton, very few concerned
South American tropical habitats.

The Atlantic rain forest, a species diversity hotspot [22—23],
represents a substantial contribution of organic and inorganic
material to the coastal waters of the Southwest Atlantic Ocean.
Bacteria and fungi from Atlantic forest habitats have been
analyzed mainly by culture-dependent methods [24-27]. By
means of 16S rRNA gene libraries, it has been estimated that
millions of new bacterial species exist in the Atlantic rain forest soil
and phyllosphere [28-29]. As most of the Brazilian population
lives in the coast, Atlantic forest habitats are greatly impacted by
human activities. The Atlantic rain forest extends along the
Brazilian coast from Rio Grande do Norte to Rio Grande do Sul
states and has been reduced to less than 8% of its range [30]. The
forest has a well-defined dry winter and rainy summers with high
precipitation levels, with a mean annual rainfall of 1368 mm [31]
that greatly increases river transport. This dynamic hydrology
sustains a great biodiversity of flora and fauna which characterizes
the Atlantic forest as a diversity hotspot [22—23].

One of the few protected areas of the Atlantic rain forest is Ilha
Grande island in Rio de Janeiro state, Brazil (Figure 1). Ilha
Grande has some coastal marine and freshwater sites that may be
considered as undisturbed. Based on the construction and analyses
of 16S rRNA gene libraries, we compared bacterioplankton
diversity in six representative habitats of Ilha Grande’s aquatic
ecosystems in the context of a salinity gradient. Here we present
results that corroborate the idea of divergent evolution and the
lack of transitions between marine and freshwater bacterial
communities.

Materials and Methods

Sampling

The six analysed sites, three freshwater and three marine, are shown
in Figure 1: FWS - a water spring (23°10°57.00"S/44°14'55.19"W);
FWR - Parnaioca river (23°11'21.33"S/44°15'11.08"W); SWP -
Parnaioca beach (23°11'24.77"S/44°15'15.07"W), just where Par-
naioca river flows into; FWM - a mangrove (23°10'26.98"S/
44°17'08.49"W) which, at the time of sampling, had the communi-
cation to the sea closed by a sand barrier; SWA - Aventureiros beach
(23°11'24.53"S/44°18'58.06"W); SWM - two milles west from Ilha
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Grande island near Meros island (23°12'53.67"S/44°21'55.03"W).
Water samples (5.8 Liters) were collected at 1 m depth (except for the
water spring) on September 7, 2007 for DNA extraction and for abiotic
and microbiological characterization (100 mL). Samples were kept on
ice until processed in the laboratory.

Chemical and microbiological parameters

Chemical data were determined in triplicates by standard
oceanographic methods. Temperature, salinity, and pH were
determined at the moment of sample collection using a field
thermometer, a hand-held refractometer (Leica) and pH strips.
Ammonia was measured by the indophenol method [32], nitrite
by diazotation [33] and nitrate by reduction in a Cd-Cu column
followed by diazotation [33]. Total phosphorus was evaluated by
acid digestion to phosphate and silicate by reaction with molibdate
[33].

Bacterial abundance was determined by flow cytometry [34]
and bacterial production by *H-leucine incorporation [35-37].
Specific production (SP) is an index calculated as the ratio
Microbial Production versus Microbial Abundance [38] that
allows comparisons of secondary productivity between environ-
ments with differences in prokaryotic counts.

DNA extraction

The water samples were filtered through 0.2 pm Sterivex filters
(Millipore, Bedford, MA, USA) after filtration through 3.0 um to
separate free-living microbes from larger organisms and particles.
Total cellular nucleic acids were isolated by cell lysis with
proteinase K and SDS, followed by phenol-chloroform extraction
[39]. DNA integrity was checked on a 1% (w/v) agarose gel that
was subsequently stained with Syber Green (FMC Bioproducts,
Rockland, ME, USA) and the gel image was digitalized with
Storm Image Scanner (GE Healthcare, Little Chalfont, UK).

Bacterial 16S rRNA gene library construction

PCR was performed in 50 pl reaction mixtures (2.5 mM
MgCly, 0.2 mM deoxynucleoside triphosphates, 1 ng of each
primer.ul~!, 2.5 U of High Fidelity 7ag DNA polymerase
[Promega], 1x PCR buffer and 200 ng of each environmental
DNA sample, using the universal bacterial primers 27BF (5'-
AGAGTTTGATCCTGGCTCAG-3") [40] and 907RAB (5'-
TTTGAGTTT MCTTAACTGCC-3") [41]. PCR amplification
began with a 5 min denaturing step at 94°C; this was followed by
25 cycles of 94°C for 90 seconds, 50°C for 90 seconds, and 72°C
for 2 min. The final cycle was an extension at 72°C for 5 min.
PCR products were concentrated and purified with a GFx PCR
DNA and Gel Band Purification Kit (GE Healthcare) after
electrophoresis on a 1% (w/v) agarose gel. PCR products were
cloned into the pGEM-T cloning vector (Promega) and used to
transform competent £. coli DH10B cells. Positive colonies for the
blue-white colony screen used for this vector were picked and
frozen at —70°C. Six 16S rRNA gene libraries were constructed
from different environmental DNA samples.

Sequence analyses and taxa identification

Approximately 192 clones from each clone library were
submitted to sequence analysis. Plasmidial DNA from each clone
(400 ng) was prepared and PCR-sequencing reactions with primer
27BF were carried out using the DYEnamic ET terminator cycle-
sequencing kit (GE Healthcare). Partial 16S rRNA sequences were
obtained by capillary electrophoresis on a MegaBacel000 DNA
analysis system (GE Healthcare). Chromatograms were trans-
formed into Fasta format with Phred software [42] and sequences
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Figure 1. Map of the studied site and the six sampled locations. FWS - Parnaioca freshwater spring; FWP - Parnaioca river; FWM — mangrove;
SWP - Parnaioca beach; SWA - Aventureiros beach; SWM - seawater near Meros island.

doi:10.1371/journal.pone.0017789.g001

with less than 300 bp and chimeras were removed prior to further
analysis using MOTHUR. A total of 831 valid sequences with
approximately 642 bp were compared with sequences in the
Ribosomal Database Project I [43]. Sequences were also analyzed
by BLAST [44] searches in GenBank database (http://www.ncbi.
nlm.nih.gov) and were aligned with representative bacterial
sequences obtained from the public databases using ClustalX
software [45]. The partial 16S rRNA gene sequences generated in
this study have been deposited in GenBank under accession
numbers FJ717864-F]J718690. All submissions conform to the
“Minimum information standards” recommended by the Geno-
mic Standards Consortium [46].

Biodiversity and phylogenetic analyses

Re-sampling and adjustment of the total number of sequence
reads to identical sequencing depth was done before analysis [47].
Sequences were clustered as OTUs at an overlap identity cutoff of
97% or 80% by MOTHUR software [48]. Richness and diversity
statistics including the nonparametric richness estimators ACE,
Chaol and the Shannon diversity index were calculated. The
diversity of OTUs and community overlap were also examined
using rarefaction analysis and Venn diagrams. Phylogenetic trees
were constructed for marine and freshwater libraries with
reference sequences from GenBank by the neighbor-joining
algorithm based on distances calculated by the Kimura-2 method.
This analysis was performed with the MEGA4 program [49] and
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bootstrap analysis with 1000 replications was used. Tree topology
and distribution of hits along the tree were uploaded to the
UniFrac computational platform [3,50]. Unilrac is a beta
diversity metric analysis that quantifies community similarity
based on phylogenetic relatedness. In order to visualize distribu-
tion patterns of bacterial communities we used the UniFrac metric
to perform PCA highlighted by significance. Libraries were sub-
sampled randomly to test the consistency of the results.

Statistical comparison between 16S rRNA libraries

In an attempt to determine the differences between clone
libraries, we applied LIBSHUFF statistics [51] that uses Monte
Carlo methods to generate homologous and heterologous
coverage curves. Sequences were randomly shuffled 999 times
between samples prior to the distance between the curves being
calculated wusing the Cramér-von Mise statistic test. The
DNADIST program of the PHYLIP package, using the Jukes-
Cantor model for nucleotide substitution was used to generate the
distance matrix analyzed by LIBSHUFT.

Results

Abiotic and microbiological parameters

Abiotic and microbiological parameters from each sampling site
are shown in Table 1. Temperatures varied from 22 to 28°C. The
low salinity found at Parnaioca beach (SWP) is explained by the
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mput of freshwater from Parnaioca River to this site. In the same
way, salinity in the mangrove (FWM) was typical of a freshwater
environment due to strong rainfall that fell a few days before
sampling which increased river input and blocked the communi-
cation of the mangrove with the sea by a sand barrier. For further
analysis, the water spring, river and mangrove habitats were
considered as freshwater environments, and Parnaioca, Aventure-
iros beach and Meros Island as marine environments. All are
representative samples of the dynamic environmental conditions
which characterize the Atlantic rain forest. Analysis of nitroge-
nated compounds showed the highest ammonia concentration at
the mangrove site, FWM, while nitrate was the main compound in
Parnaioca river, FWP. Nitrite concentrations ranged between 0.33
and 0.54 uM and silicate concentrations reached high values in
the mangrove. Freshwater samples were more acidic than marine
ones, with pH values ranging from 5.5 to 6.5 (Table 1).

Prokaryotic counts were in the range of 10° cells per mL, being
most abundant in the mangrove. Bacterial production values,
which mean the heterotrophic activity, varied from 0.26 to
3.44 ug C.L”"h™". Although the highest heterotrophic activity
was found in the mangrove, the bacterial production versus
bacterial counts ratio (specific productivity - SP) was higher in the
river. Marine samples presented SP values varying from 2.88 to
3.54 ag C.cell”'h™" (Table 1).

Clone library coverage, richness and diversity

The number of OTUs from each site as well as richness and
diversity indexes calculated by MOTHUR [48] are shown in
Table 2. The coverage of each library was calculated using the
abundance-based coverage estimator (ACE). We also grouped
freshwater (FWS, FWR, FWM) and marine sites (SWP, SWA,

Table 1. Abiotic and microbiological parameters.

FRESHWATER SEAWATER

FWS FWP FWM SWP SWA SWM

°sal (S) 009 083 073 2667 3364 3263
T (°Q) 22 22 28 25 25 26
TP (uM) 054 022 078 032 049 033
INH; (uM) 048 111 717 140 090 073
°NO,~ (uM) 044 033 054 039 038 041
NO;™ (uMm) 180 820 nd 095 090 073
95i0; (uM) 2045 2803 4498 2285 244 153
pH 55 55 6.5 7.0 75 7.0

"MA (10°cells.mL™") 0.15 023 136 030 026 012
MP (ugC.L - .h"") 026 197 344 108 076 044
isp (fg C.cell h™") 169 851 253 354 288 343

Saline Barrier Segregates Bacteria

SWM) to perform these calculations. In order to account for
uneven sampling efforts, the same number of sequences was
randomly selected from each sample. The Parnaioca water spring,
FWS, library had higher richness based on ACE, Chaol and H'.
Parnaioca river, the mangrove and Meros island libraries had the
lowest richness values, but the H' values were not far from the
other libraries. Although no major differences among marine
samples were found, SWP was the richest sample. Interestingly,
the comparison between marine and freshwater libraries showed
that, at 97% similarity level, bacterial richness and diversity of
fresh and seawater communities are similar.

All rarefaction curves at a high cutoff’ phylogeny resolution
(97 %) show that the diversity is very high and the total coverage of
bacterial richness was not achieved. A decline in the rate of OTU
detection at 80% cutoff indicates that the most dominant bacterial
phyla have been detected for freshwater and marine samples.
Rarefaction analysis at this cut-off revealed that freshwater
environments were more diverse than marine ones, as well as at
97% cutoff’ (Figure 2). Additionally, Venn diagram shows that no
OTUs are shared between fresh and marine water samples at
species level (97%) indicating that the bacterial communities are
completely different in these two kinds of environment.

Bacterial Groups

In order to reveal bacterial phyla composition in such diverse
communities, sequences from each library were classified with the
RPD classifier tool (http://rdp.cme.msu.edu/classifier). Marine
samples showed a higher abundance of Cyanobacteria, Alphaproteo-
bacteria while freshwater samples were dominated by Betaproteo-
bacteria (Figure 3). Gammaproteobacteria were found mainly in the
river (FWP) and Meros island (SWM) sites. A minor proportion of
Deltaproteobacteria was observed in the FWP and mangrove (FWM)
libraries. Actinobacteria were seen only in the river and mangrove
environments, being more abundant in the latter one. Bacteroidetes
were present in all the sites, except at the water spring. The newly
described group ODI1 was only found at the water spring and
mangrove sites. A greater percentage of unclassified sequences
were found in marine samples. Freshwater samples were richer at
the phylum level than marine ones, with nine and four phyla
represented, respectively.

Phylogenetic Analysis
The phylogenetic tree allowed us to recognize the bacterial
phylotypes that compose the groups listed above (Figure 4). The

Table 2. Species richness estimates and diversity of 16S rRNA
gene sequences as determined by MOTHUR software.

FRESHWATER SEAWATER

FW FWS FWP FWM SW SWP SWA SwWM

2Sal, salinity;

5T, temperature;

TP, total phosphorous;
9NHs, ammonia;

*NO, ", nitrite;
NO; ™, nitrate;
9Si0,, silicon;

"MA, microbial abundance;

IMP, microbial production; and

isp, specific production.

FWS - Parnaioca freshwater spring; FWP - Parnaioca river; FWM - mangrove;
SWP - Parnaioca beach; SWA - Aventureiros beach; SWM - seawater near
Meros island.

doi:10.1371/journal.pone.0017789.t001

@ PLoS ONE | www.plosone.org

“OTUs 269 89 56 58 219 920 63 57
PACE 2457 1024 184 101 762 233 187 296
Chao1 1018 564 130 85 543 220 134 252

‘H’ 533 443 3.72 3.83 507 442 3.90 3.69

“Number of unique OTUs defined by using the furthest neighbor algorithm in
MOTHUR at 97% similarity.

PAbundance based coverage estimator (ACE).

“Shannon-weaver index of diversity (H’).

FWS - Parnaioca freshwater spring; FWP - Parnaioca river; FWM - mangrove;
SWP - Parnaioca beach; SWA - Aventureiros beach; SWM - seawater near
Meros island. FW and SW were calculated by merging the respective libraries.
doi:10.1371/journal.pone.0017789.t002
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and F). In A and B or C and D each freshwater or marine water librarie
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SWA - Aventureiros beach; SWM - seawater near Meros island.
doi:10.1371/journal.pone.0017789.g002

tree shows that most of our sequences were affiliated to
environmental uncultured bacterial species. In freshwater samples,
Betaproteobacteria sequences were affiliated to uncultured bacteria
from lakes, freshwater ponds, aquifers, rivers, and subsurface
freshwater. A great number of sequences from the river site were
closely related to Acidovorax sp. The Acinetobacter was the most
represented group among Gammaproteobacteria. Members of Bacter-
oidetes were not found in the water spring while they occurred in
high percentage in the mangrove and river sites. Among all
freshwater sequences, only two mangrove clones fell into the
Alphaproteobacteria clade, being related to Rhodobacteriaceae retrieved
from a Taiwan mangrove and river sediments, and two other

@ PLoS ONE | www.plosone.org

OTUs fell into the Deltaproteobacteria group. At the mangrove,
Actinobacteria were mainly represented by Microbacteriaceae. Addi-
tionally, in the mangrove and river libraries we found members of
the recently proposed OD1 group, affiliated with a eutrophic lake
bacterium. The Cyanobacteria found in the mangrove were related
to marine species, different from those of the water spring site
which were more related to drinking water system bacteria.
Phylogenetic analysis of the marine libraries revealed that
Cyanobacteria were well represented by Prochlorococcus and Syneccho-
cocus, which is expected for coastal marine samples. Sequences
from marine samples were mainly represented by Alphaproteobac-
teria. In this group, a representative clade with OTUs related to
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uncultured bacteria from Chesapeake Bay (USA), Mallorca Island
(Spain), and Guanabara Bay (Brazil) and other clades with OTUs
related to genera commonly found in marine waters, like
Roseobacter and Ruegeria, were observed. The distribution of OTUs
within Gammaproteobacteria followed this pattern, with a represen-
tative clade formed by uncultured bacteria from marine samples
and by Neptunitbacter and Oceanospirillum species and another clade
related to Alteromonas.

Library Comparison

The comparison by LIBSHUFT statistics revealed that bacterial
community composition differed significantly between marine and
freshwater sampling sites. We obtained p<0.0001 for the
comparisons of each marine library to each freshwater ones and
also for the comparison of all marine sequences against all
freshwater ones. Nevertheless, freshwater libraries were different
among themselves whereas marine libraries were statistically
similar (p=0.0003 for the comparison between Parnaioca and
Aventureiros, p =0.0004 for Parnaioca and Meros, and p=10.1718
for Aventureiros and Meros).

Through a scatter plot of the first two principal coordinates by
the Unilrac analysis (Figure 5), PC1 and PC2 explained 9.5% and
7.4% of the data variation, respectively. The randomly construct-
ed sub-libraries were grouped according to the original libraries.
Marine libraries were separated from freshwater ones in the plot
by PC1. The three marine libraries grouped together showing a
high similarity with each other, whereas freshwater samples were
dispersed in the plot and seem to be different among them.
Additionally, the mangrove FWM clustered between freshwater
and marine samples along the PC1 axis, which divides saline and
other freshwater environments. This result corroborates the
LIBSHUFF analysis, wherein only marine libraries reached high
p values.

Discussion

In this work we investigated for the first time the bacterio-
plankton diversity in the tropical island, Ilha Grande. This
environment suffers very low anthropogenic impact and is located
in the Brazilian coast at the South Atlantic Ocean. The differences
found in community composition add new knowledge to
planktonic bacteria distribution in freshwater and coastal marine
ecosystems.

Many abiotic parameters, such as nutrient concentration and
organic matter, are thought to influence the composition of
natural bacterioplankton communities [52-53]. In the same
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manner, autochthonous biological activity can modify water
chemical features [54]. In this study, nutrient concentrations in
marine samples were similar to Sepetiba Bay values but lower than
in the highly eutrophic Guanabara Bay [55,39]. Both are
economically important water bodies which lie geographically
close to Ilha Grande. In the mangrove environment, high bacterial
production contrasts with low specific productivity. A possible
explanation is that many marine cells that entered into the
mangrove are not active anymore because of the change in
salinity. In opposition, the river community, that reached higher
specific productivity values, seems to be a well-adapted commu-
nity, which probably has a large supply of oxygen available for
aerobic metabolism. In estuaries, shifts in bacterioplankton
community composition along salinity gradients are related to
residence and community doubling times [16,18]. Specific
productivity and bacterial abundance estimates allow microbial
communities to be compared and can be used to measure the
metabolic status of the planktonic microbes [38]. A particular
estuarine community is formed in intermediate salinities when
average metabolic status and, consequently, the doubling times are
shorter than residence times. Although specific productivity values
for Parnaioca river and all marine samples are around one order
of magnitude higher when compared to a previous study in
Guanabara bay, an urban, pollution impacted Brazilian bay [56],
there is no water residence time as the river water flows directly
into the sea without a transition area, causing an abrupt change in
salinity, and giving no time for the development of local bacterial
species. The consequence is a complete shift in community
composition when Parnaioca river and Parnaioca beach are
compared, despite the close proximity (50 m) of these two sites.

Typical marine clades, such as CGyanobacteria and the Alpha and
Gamma subdivisions of Proteobacteria were more represented in
marine coastal and open-sea samples, not just in our data but also
in the literature [16,57]. However, in contrast to previous studies
that found a low relative abundance of phototrophic Gyanobacteria
compared to heterotrophic bacteria [58-59], members of
Synechococcus and  Prochlorococcus were one of the most abundant
groups in Ilha Grande marine samples.

The most abundant group in water spring, river, and mangrove
sites were the Betaproteobacteria, a typical freshwater clade [12] that
was not recorded in marine samples. Recovery of 16S rRNA gene
clones affiliated to Betaproteobacteria is common in libraries
constructed from coastal samples, but few to no Betaproteobacteria
have been reported by open ocean surveys [16,57,60-62]. These
findings lead to the idea that bacterioplankton represented by
these lineages have a probable freshwater origin and are adapted
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Figure 4. Phylogenetic tree of bacterial clones obtained in the
freshwater or seawater locations. Reference sequences from
GenBank (in bold). OTUs were defined by using a distance level of
3% by using the furthest neighbor algorithm in MOTHUR. One access
number from each OTU is displayed. The tree topology is based on
neighbor joining and bootstrap analysis was performed with 1000
replications. Bootstrap value >50 and representative OTUs are shown.
More detailed trees can be found in Figures S1 and S2.
doi:10.1371/journal.pone.0017789.9g004
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Figure 5. Match between bacterial communities in freshwater
and seawater samples. Principal coordinates plots (PCA) were
generated using the pair wise unweighted UniFrac distances. Freshwa-
ter in open symbols: FWS (A) - water spring; FWP (O) - Parnaioca river,
FWM () - mangrove. Marine samples in filled symbols: SWP (®) —
Parnaioca beach, SWA (H) - Aventureiros beach, SWM (A) - Meros
island.

doi:10.1371/journal.pone.0017789.g005

to coastal marine environments and could be representative of
bacterioplanckton phylotypes that transit between freshwater and
marine habitats [63]. However, the present data clearly do not
support this proposal, since no Betaproteobacteria was retrieved from
our marine libraries.

The Gammaproteobacteria and  Bacteroidetes clades were well
represented in both saline and freshwater environments. This
might be a consequence of the presence of closely related marine
phylotypes of common freshwater taxa [59]. In fact, the bacterial
phylotypes belonging to these two clades encompass distantly
related organisms in freshwater and marine samples, as seen in the
phylogenetic trees, indicating an evolutionary separation between
these marine and freshwater lineages [1]. In the marine sites,
several Gammaproteobacteria and Bacteroidetes related OTUs were
affiliated to sequences from marine habitats of different geographic
areas, indicating that these are worldwide distributed bacteria.

Our data show a strong spatial heterogeneity of bacterial
community composition in Ilha Grande. Most libraries, except
when the three marine libraries are compared among themselves,
are statistically different to each other. This most likely reflects the
remarkable abiotic differences of these environments, especially
salinity. This was also observed by Vieira et al [56] in Guanabara
Bay, but contrasts to the results found for Chesapeake Bay (USA),
where only temporal variation was significant [64]. The water
spring is an interesting case, as it is highly different from the other
environments, including other freshwater habitats. This may be
explained by a strong influence of soil, plant-associated and
underground water bacterial communities.

As seen by Lozupone [3], our data showed a clear separation
between freshwater and marine libraries. The PC1 axis repre-
sented the saline barrier which segregates marine and freshwater
bacterial communities. In fact, salinity is pointed out as the major
environmental determinant of aquatic microbial community
composition, rather than extremes of temperature, pH, or other
physical and chemical factors by the global pattern of the bacterial
diversity [3]. Recently, deep evolutionary divergence between
marine and freshwater SAR11 lineages was seen not only by
means of 16S phylogenetic constructions and Unifrac analysis, but
also by Iragment Recruitment Analysis using metagenomic
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libraries from environments of different salinities [65]. Although
our marine samples clustered together in the PCA analysis,
freshwater ones were dispersed in the plot, showing a higher
heterogeneity among these environments. Interestingly, mangrove
communities cluster along the PC1 axis, between saline and other
freshwater environments. This could be a result of the recent
changes in salinity due to a sand barrier formation and the intense
rainfall that brought a large input of freshwater to this habitat. The
dispersion seen among the freshwater environments has been
observed in other studies [3,65] and is probably the result of
complex interactions between biotic and abiotic factors, not only
salinity, which ultimately shape communities in natural habitats.

Community composition changes across salinity gradients
probably lead to changes in expression patterns that can modify
the way in which organisms interact with each other and with the
environment. In fact, seasonal changes in bacterial gene expression
patterns across the salinity gradient in the Columbia river was
recently observed by microarrays [66].

In summary, our results support the notion of ecologically
defined bacterial species and processes and increase our
knowledge about the relationships between bacterial diversity
and environmental parameters in a tropical region.

Supporting Information

Figure S1 Phylogenetic tree of bacterial clones obtained
in the freshwater locations. Reference sequences from
GenBank (in bold). OTUs were defined by using a distance level
of 3% by using the furthest neighbor algorithm in MOTHUR.
The tree topology is based on neighbor joining and bootstrap
analysis was performed with 1000 replications. Bootstrap value

References
1. Logares R, Brate J, Bertilsson S, Classen JL, Schalchian-Tabrizi K, et al. (2009)

Infrequent marine-freshwater transitions in the microbial world. Trends in
Microbiol 17: 414-422.

2. Hooper SD, Raes J, Foerstner KU, Harrington ED, Dalevi D, et al. (2008) A
molecular study of microbe transfer between distant environments. PLOS One
3: €2607.

3. Lozupone C, Knight R (2007) Global patters in bacterial diversity. Proc Natl
Acad Sci USA 104: 11436-11440.

4. Hobbie JE (1988) A comparison of the ecology of planktonic bacteria in fresh
and salt water. Limnol Oceanogr 33: 750-764.

5. Pace NR, Stahl DA, Lane DJ, Olsen GJ (1986) The analysis of natural microbial
populations by ribosomal RNA sequences. Adv Microb Ecol 9: 1-55.

6. Olsen GJ, Lane DJ, Giovannoni SJ, Pace NR, Stahl DA (1986) Microbial
Ecology and Evolution: A Ribosomal RNA Approach. Ann Rev Microbiol 40:
337-365.

7. Fuhrman JA (2002) Community structure and function in prokaryotic marine
plankton. Antonie Van Leeuwenhoek 81: 521-527.

8. Karl DM (2002) Microbiological oceanography - Hidden in a sea of microbes.
Nature 415: 590-591.

9. Rocap G, Larimer FW, Lamerdin J, Malfatti S, Chain P, et al. (2003) Genome
divergence in two Prochlorococcus ecotypes reflects oceanic niche differentia-
tion. Nature 28: 1042-1047.

10. Venter JC, Remington K, Heidelberg JF, Halpern AL, Rusch D, et al. (2004)
Environmental genome shotgun sequencing of the Sargasso Sea. Science 304:
66-74.

11. McCarren J, Becker JW, Repeta DJ, Shi Y, Young CR, et al. (2010) Microbial
community transcriptomes reveal microbes and metabolic pathways associated
with dissolved organic matter turnover in the sea. Proc Natl Acad Sci USA 107:
16420-16427.

12. Methé BA, Hiorns WD, Zehr JP (1998) Contrasts between marine and
freshwater bacterial community composition: Analyses of communities in Lake
George and six other Adirondack lakes. Limnol Oceanogr 43: 368-374.

13. Mullins TD, Britschgi TB, Krest RL, Giovannoni S] (1995) Genetic
Comparisons reveal the same unknown bacterial lineages in Atlantic and
Pacific bacterioplankton communities. Limnol Oceanogr 40: 148-158.

14. Giovannoni SJ, Mullins TD, Field KG (1995) Microbial diversity in oceanic
systems: TRNA approaches to the study of unculturable microbes. In: IJoint, ed.
Molecular Ecology of Aquatic Microbes. Berlin: Springer-Verlag. pp 217-248.

15. Hahn MW (2006) The microbial diversity of inland waters. Environ Biotechnol
17: 256-261.

@ PLoS ONE | www.plosone.org

Saline Barrier Segregates Bacteria

<50 and singletons are not shown. FWS (A) — Parnaioca
freshwater spring; FWP (O) — Parnaioca river; FWM () —
mangrove.

(TIF)

Figure S2 Phylogenetic tree of bacterial clones obtained
in seawater locations. Reference sequences from GenBank (in
bold). OTUs were defined by using a distance level of 3% by
using the furthest neighbor algorithm in MOTHUR. The tree
topology is based on neighbor joining and bootstrap analysis was
performed with 1000 replications. Bootstrap value <50 and
singletons are not shown. SWP (®) — Parnaioca beach; SWA (l) —
Aventureiros beach; SWM (A) — seawater near Meros island.
(TIF)

Acknowledgments

We acknowledge Genome Sequencing facilities core Johanna Débereiner
IBqM/UFR].

We are grateful to Aline Turque, Denise Oliveira, and Vivian Monteiro
for library construction and sequencing, and Alessandra Gonzalez for
bacterial abundance and production measurements. Special thanks to
Barbara Ignacio for enthusiastic discussions.

Author Contributions

Conceived and designed the experiments: CBS RPV OBM. Performed the
experiments: CBS RPV RP. Analyzed the data: CBS RPV AMC RMA.
Contributed reagents/materials/analysis tools: AMC RP RMA OBM.
Wrote the paper: CBS RPV AMC RMA.

16. Crump BC, Armbrust EV, Baross JA (1999) Phylogenetic analysis of particle-
attached and free-living bacterial communities in the Columbia river, its estuary,
and the adjacent coastal ocean. Appl Environ Microbiol 65: 3192-3204.

17. Gonzalez JM, Sherr EB, Sherr BF (1990) Size-selective grazing on bacteria by
natural assemblages of estuarine flagellates and ciliates. Appl Environ Microbiol
56: 583-589.

18. Crump BC, Hopkinson CS, Sogin ML, Hobbie JE (2004) Microbial
biogeography along an estuarine salinity gradient: Combined Influence of
bacterial growth and residence time. Appl Environ Microbiol 70: 1494-1505.

19. Cottrel MT, Waidner LA, Yu L, Kirchman DL (2005) Bacterial diversity of
metagenomic and PCR libraries from the Delaware River. Environ Microbiol 7:
1883-1895.

20. Vieira RP, Gonzalez AM, Cardoso AM, Oliveira DN, Albano RM, et al. (2008)
Relationships between bacterial diversity and environmental variables in a
tropical marine environment, Rio de Janeiro. Environ Microbiol 10: 189—
199.

21. Sigee DC (2005) Bacteria: the main heterotrophic microorganisms in freshwater
systems. In: Sigee DC, ed. Freshwater microbiology: biodiversity and dynamic
interactions of microorganisms in the freshwater environment John Wiley &
Sons. pp 287-338.

22. Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB, Kent J (2000)
Biodiversity hotspots for conservation priorities. Nature 403: 853-858.

23. Carnaval AC, Hickerson MJ, Haddad CF, Rodrigues MT, Moritz C (2009)
Stability predicts genetic diversity in the Brazilian Atlantic forest hotspot.
Science 323: 785-789.

24. Baltazar LM, Ribeiro MA (2008) First isolation of Cryplococcus gattii from the
environment in the state of Espirito Santo. Rev Soc Bras Med Trop 41:
449-453.

25. Souchie EL, Saggin-Jinior O], Silva EM, Campello EF, Azcon R, et al. (2006)
Communities of P-solubilizing bacteria, fungi and arbuscular mycorrhizal fungi
in grass pasture and secondary forest of Paraty, RJ-Brazil. An Acad Bras Cienc
78: 183-193.

26. Lima-Bittencourt CI, Astolfi-Filho S, Chartone-Souza E, Santos FR,
Nascimento AM (2007) Analysis of Chromobacterium sp. natural isolates from
different Brazilian ecosystems. BMC Microbiol 21: 7:58.

27. Carvalho FRS, Vazoller RF, Foronda AS, Pellizari VH (2007) Phylogenetic
Study of Legionella Species in Pristine and Polluted Aquatic Samples from a
Tropical Atlantic Forest Ecossystem. Curr Microbiol 55: 288-293.

28. Lambais MR, Crowley DE, Cury JC, Biill RC, Rodrigues RR (2006) Bacterial

diversity in tree canopies of the Atlantic forest. Science 312: 1917.

March 2011 | Volume 6 | Issue 3 | 17789



29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

Faoro H, Alves AC, Souza EM, Rigo LU, Cruz LM, et al. (2010) Influence of
soil characteristics on the diversity of bacteria in the Southern Brazilian Atlantic
Forest. Appl Environ Microbiol 76: 4744-4749.

Morellato LPC, Haddad CFB (2000) Introduction: The Brazilian Atlantic
Forest. Biotropica 32: 786-792.

Marengo JA (2001) Variabilidade da Precipitagdo no Brasil. A¢io Ambiental 4:
10-13.

Parsons TR, Maita Y, Lalli CM (1984) A manual of chemical and biological
methods for seawater analysis. Oxford: Pergamon Press. 173 p.

Grasshoff K, Kremling K, Erhardt M (1999) Methods of seawater analysis.
Wiley-VCH Verlag, Germany, 3rd ed. pp 600.

Andrade L, Gonzalez AM, Aradjo IV, Paranhos R (2003) Flow cytometry
assessment of bacterioplankton in tropical marine environments. J Microbiol

Methods 55: 841-850.

. Kirchman DL, K’nees E, Hodson R (1985) Leucine incorporation and its

potential as a measure of protein synthesis by bacteria in natural aquatic systems.
Appl Environ Microbiol 49: 599-607.

Smith DC, Azam F (1989) A simple, economical method for measuring bacterial
protein synthesis rates in seawater using 3H-leucine. Mar Microb Food Webs 6:
107-114.

Gonzalez AM, Paranhos R, Andrade L, Valentin J (2000) Bacterial production
in Guanabara Bay (Rio de Janeiro, Brazil) evaluated by 3H-leucine
incorporation. Braz Arch Biol Technol 43: 493-500.

Urbach E, Kevin LV, Young L, Morse A, Larson GL, et al. (2001) Unusual
bacterioplankton community structure in ultra-oligotrophic Crater Lake. Limnol
Oceanogr 46: 557-572.

Vieira RP, Clementino MM, Cardoso AM, Oliveira DN, Albano RM, et al.
(2007) Archaeal communities in a tropical estuarine ecosystem: Guanabara Bay,
Brazil. Microb Ecol 54: 460-468.

Lane DJ (1991) 16S/23S rRNA sequencing. In: Stackebrandt E, Goodfellow M,
eds. Nucleic Acid Techniques in bacterial systematic. New York: Willey. pp
115-175.

Weisburg WG, Barns SM, Pelletier DA, Lane DJ (1991) 16S ribosomal DNA
amplification for phylogenetic study. J Bacteriol 173: 697-703.

Edwing B, Hillier L, Wendl M, Green P (1998) Basecalling of automated
sequencer traces using phred. I. Accuracy assessment. Gen Res 8: 175-185.
Cole JR, Chai B, Marsh TL, Farris RJ, Wang Q, et al. (2003) The Ribosomal
Database Project (RDP-II): previewing a new autoaligner that allows regular
updates and the new prokaryotic taxonomy. Nucleic Acids Res 31: 442-443.
Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local
alignment search tool. J] Mol Biol 5: 403-410.

. Thompson JD, Gibson T]J, Plewniak F, Jeanmougin F, Higgins DG (1997) The

ClustalX windows interface: flexible strategies for multiple sequence alignment
aided by quality analysis tools. Nucleic Acids Res 24: 4876-4882.

Yilmaz P, Kottmann R, Field D, Knight R, Cole J, et al. (2010) The “Minimum
Information about an ENvironmental Sequence” (MIENS) specification. Nature
Precedings doi:10.1038/npre.2010.5252.1>.

Gilbert JA, Field D, Swift P, Thomas S, Cummings D, et al. (2010) The
Taxonomic and Functional Diversity of Microbes at a Temperate Coastal Site:
A “Multi-Omic’ Study of Seasonal and Diel Temporal Variation. PLoS ONE
5(11): e15545.

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, et al. (2009)
Introducing mothur: open-source, platform-independent, community-supported

@ PLoS ONE | www.plosone.org

49.

50.

51.

52.

53.

56.

57.

58.

60.

61.

62.

63.

64.

66.

Saline Barrier Segregates Bacteria

software for describing and comparing microbial communities. Appl Environ
Microbiol 75: 7537-7541.

Kumar S, Tamura K, Jakobsen IB, Nei M (2001) MEGA2: molecular
evolutionary genetics analysis software. Bioinformatics 17: 1244-1245.
Lozupone C, Hamady M, Knight R (2006) UniFrac - an online tool for
comparing microbial community diversity in a phylogenetic context. BMC
Bioinformatics 7: 371.

Schloss PD, Larget BR, Handelsman J (2004) Integration of microbial ecology
and statistics: a test to compare gene libraries. Appl Environ Microbiol 70:
5485-5492.

Jickells TD (1998) Nutrient Biogeochemistry of the coastal zone. Science 281:
217-222.

Carlson CA, Giovannoni 8], Hansell DA, Goldberg SJ, Parsons R, et al. (2002)
Interactions among dissolved organic carbon, microbial processes, and
community structure in the mesopelagic zone of the northwestern Sargasso
Sea. Limnol Oceanogr 49: 1073-1083.

Strom SL (2008) Microbial ecology of ocean biogeochemistry: A community
perspective. Science 320: 1043-1045.

. Almeida WI, Vieira RP, Cardoso AM, Silveira CB, Costa RG, et al. (2009)

Archaeal and bacterial communities of heavy-metal contaminated acidic Waters
from zinc mine residues in Sepetiba Bay. Extremophiles 13: 263-271.

Vieira RP, Gonzalez AM, Cardoso AM, Oliveira DN, Albano RM, et al. (2008)
Relationships between bacterial diversity and environmental variables in a
tropical marine environment, Rio de Janeiro. Environ Microbiol 10: 189-199.
Brown MV, Philip GK, Bunge JA, Smith MC, Bisset A, et al. (2009) Microbial
community structure in the North Pacific ocean. ISME J 3: 1374-1386.
Giovannoni SJ, Rappé MS (2000) Evolution, diversity and molecular ecology of
marine prokaryotes. In: Kirchman DL, ed. Microbial Ecology of the Oceans
Wiley and Sons. pp 47-84.

. Pommier T, Canbick B, Riemann L, Bostrom KH, Simu K, et al. (2007) Global

patterns of diversity and community structure in marine bacterioplankton. Mol
Ecol 16: 867-880.

Riemann L, Leitet C, Pommier T, Simu K, Holmfeldt K, et al. (2006) The
native bacterioplankton community in the central baltic sea is influenced by
freshwater bacterial species. Appl Environ Microbiol 74: 503-515.

Rusch DB, Halpern AL, Sutton G, Heidelberg KB, Williamson S, et al. (2007)
The Sorcerer II Global Ocean Sampling Expedition: Northwest Atlantic
through Eastern Tropical Pacific. PLOS Biol 13: 398-431.

Huber JA, Mark Welch DB, Morrison HG, Huse SM, Neal PR, et al. (2007)
Microbial population structures in the deep marine biosphere. Science 318:
97-100.

Rappe MS, Giovannoni SJ (2003) The uncultured microbial majority. Ann Rev
Microbiol 57: 369-394.

Kan JJ, Crump BC, Wang K, Chen F (2006) Bacterioplankton community in
Chesapeake Bay: Predictable or random assemblages. Limnol Oceanogr 51:
2157-2169.

5. Logares R, Brate J, Heinrich F, Shalchian-Tabrizi K, Bertilsson S (2010)

Infrequent Transitions between Saline and Fresh Waters in One of the Most
Abundant Microbial Lineages (SAR11). Mol Biol Evol 27: 347-357.

Smith MW, Herfort L, Tyrol K, Suciu D, Campbell V, et al. (2010) Seasonal
Changes in Bacterial and Archaeal Gene Expression Patterns across Salinity
Gradients in the Columbia River Coastal Margin. PLOS ONE 5: e13312.

March 2011 | Volume 6 | Issue 3 | 17789



