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Abstract Bacteria were identified from a large, seasonally
flooded river (Parana River, Brazil) and two floodplain
habitats that were part of the same river system yet very
different in nature: clearwater Garcas Lagoon and the
highly humic waters of Patos Lagoon. Bacterioplankton
were collected during mid-summer (Jan. 2002) from water
samples (2 1) filtered first through a 1.2-pum filter then a
0.2-um membrane filter representing the particle-attached
and free-living sub-communities, respectively. DNA was
extracted from filters and purified and a 16S rRNA clone
library established for each habitat. Over 300 clones were
sequenced and checked for similarity to existing 16S
sequences in GenBank using the BLAST algorithm with
default parameters. Further classification of clones was
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done using a species “backbone” attachment followed by
parsimony analysis. The majority (85%) of sequences,
referred to here as operational taxonomic units (OTUs),
were most similar to uncultured bacterium 16S sequences.
OTUs from each Proteobacteria sub-phylum (v, 3, 7, 4, €)
were present in the Upper Parana River system, as well as
members of the Bacteroidetes. The microbial assemblage
from Patos Lagoon was least like other samples in that it
had no Firmicutes present and was dominated by Actino-
bacteria. Verrucomicrobia OTUs were only found in the
free-living assemblage. This study documents the presence
of globally distributed phyla in Upper Parana River and
taxa unique to habitat and particle attachment.

Introduction

Most molecular studies of freshwaters have concentrated on
lake (lentic) environments [e.g., 1, 4, 18, 24, 25, 52]. This
study joins a small number of 16S ribosomal RNA (rRNA)-
based phylogenetic analyses of Bacteria from large rivers
(i.e., Danube River [6, 50] and Columbia River [15]) and
contributes to limited yet growing knowledge of the
bacterial assemblage from the large, floodpulse Parana
River in South America [10].

Most medium to large rivers have areas adjacent to the
channel that are subject to seasonal surges of overland
water runoff that result in flooding. This condition creates a
large river floodplain ecosystem that is a complex mosaic
of lotic (main river channel), lentic (permanent and
temporal lagoons, shallow lakes, and wetlands) and semi-
lotic (sloughs and side river channels) aquatic habitats.
Periodic flooding, or a floodpulse, induces strong temporal
variation in physical, chemical, and biotic factors that
maintains a high degree of biodiversity [26, 44].
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The Upper Parand River basin, with a drainage area of
2.8x10° km? supports a high species diversity among
neotropical aquatic systems. Even though there are 300
phytoplankton, 55 amoeba, 218 rotifer, 40 cladoceran, 16
copepod, 80 invertebrate, 48 aquatic macrophyte, 170 fish,
and 59 amphibian and reptile taxa identified [2], little is
known about the prokaryote biodiversity. Given the high
number of taxa in other phyla, an underlying question
addressed by this study was whether prokaryotic species
would also show unusually high diversity relative to other
described freshwater systems.

The goal of this study was to describe select bacterial
assemblages in a large river floodpulse system in Brazil in
order to better understand floodpulse river ecology. Our
primary objective was to compare the mid-summer, post-
flood microbial assemblages from three different habitats
within the Parand River system: backwater lagoon, tribu-
tary lagoon, and mainstem river. Crump et al. [14] and
Crump and Baross [13] presented convincing evidence of
the high microbial activity and diversity on particles tran-

sported in a large river. For this reason, our secondary ob-
jective was to document and compare particle-attached to
free-living communities in samples collected from these
three habitats.

Materials and Methods
Sample Sites

Three sites on the Upper Parana River system were sampled
on 9 January 2002 (Fig. 1). With a 2.8-million-km? drainage
area, the 4,495-km-long Parana River and adjoining flood-
plains occupies the second largest hydrographic basin in
South America [2]. Of the over 8-million-km? basin that is
Brazilian territory, only the Upper Parana River represents
the last undammed reach in Brazil and thus preserves a 5—
20-km-wide floodplain with a diversity of habitats (e.g.,
lagoons, islands, channels) [10]. The three sites were chosen
to represent distinct habitat types within the floodplain that
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Figure 1 The Upper Parana River floodpulse system, with insets showing Garcas Lagoon (lower right) and Patos Lagoon (leff). The sampling

locations are shown by the * in each inset
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Table 1 Characteristics of the 3 sample sites, Parana River, Gargas Lagoon, and Patos Lagoon, Brazil

Parana River

Gargas Lagoon

Patos Lagoon

Ivinheima River

Surface area (km?)
Depth (m)

Habitat type
Temperature (avg.)

Oxygen (% saturation)

pH
Conductivity (uS)

Total phosphate (pug/l)
Total nitrogen (pg/1)

Total organic carbon (mg/1)
Avg. chlorophyll (ng/l)

Lotic

24.8 (18.9-29.9)*
83.5-124.7%

73

54.4

18.5

210 (111.0-350.0)°
1-4

25

~1.4 1.1 -
~12 2.8-4.8

Lentic Lentic Lotic

26.2 (18.7-31.0)° 23.7 (17.7-26.4)° 23.9 (16.8-30.4)
63.5-196.4° 59.6° 43.7-116.7°
6.3-8.1 6.4-7.1 7.0

21.99 (46.0-61.2)° 43.1 (34.0-52.0)° 43.0

46.1 (25.6-87.9)° 43.9 (25.8-66.6)° 50.0

209.2 (316.1-556.7)° 401.8 340

1.4 155 42

~3.0-28.2° 9.3 (~3.0-17.3)° 1.6

Ivinheima River characteristics are given because it is the tributary leading into the Parana River where Patos Lagoon is located. Ranges are given

in parentheses below averages when available
?Thomaz et al. [44]
® Data not published; collected in 2000 at the sampling sites

differed considerably in their physical, chemical, and morpho-
logical characteristics (Table 1). Water measurements included
pH (Digimed DM-2), conductivity (Digimed DM-3), oxygen
(YSI 55), and temperature (YSI 55). Water was also analyzed
for total organic carbon (Shimadzu TOC model 5000), total
phosphate [23], nitrogen forms [20, 31], and chlorophyll [23].

The Parana River was sampled near Porto Rico, Brazil
where the river had a low gradient (0.09 m/km), allowing a
great deal of sediment to accumulate on the river bed [2].
The water was typically low in total phosphate largely
because it was sequestered by biotic components of the
upstream reservoirs. Most of the nitrogen appeared as
nitrate because oxygen levels were close to 100% at all
times. The river had neutral pH and low chlorophyll
throughout the year [44].

Garcas Lagoon was located in Mato Grosso do Sul State,
Brazil and was connected to the Parana River by a narrow
(~6 m) channel. The phosphate (P) and nitrogen concentra-
tion were much like the Paran4, except that some (~0.1%) of
the nitrogen existed as ammonium due to oxygen levels in
the lagoon. Decomposition of organic matter and ammoni-
fication can cause near-sediment waters of the lagoon to
become anoxic and produce ammonia, as well as methane
and hydrogen sulfide. Much more variability was seen in
Gargas Lagoon pH and chlorophyll levels than was seen in
the river (Table 1) due to the relatively low alkalinity, high
temperature, and diel primary production patterns.

Patos Lagoon was also in Mato Grosso do Sul State on
the southeast bank of the Ivinheima River permanently
connected by a wide channel [39]. The Ivinheima River
was one of the main tributaries of the Parana River. Its
lower reach remains intact and largely unimpacted and
flows (0.85 m/s) through part of the Parand River
floodplain [3, 42]. However, the Ivinheima River was
surrounded by agriculture fields in its upper reaches and it
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carries more than twice the amount of P, making Patos
Lagoon richer in nutrients than Gar¢as Lagoon. Whereas
Gargas Lagoon and the Parand and Ivinheima Rivers all
have low total organic carbon (TOC) levels that range from
1 to 4 mg/l, Patos Lagoon can have exceptionally dark
waters during some months, such as when the samples were
collected for this study (TOC=15.5 ppm). The TOC was
primarily humic compounds that were leached by rain
events from organic-rich sand soils in the river floodplain.
Vegetation associated with the lagoon margins were
predominately Polygonum spp. and Eichornia azurea, as
well as other shrubs and grasses.

Collection of Water Samples

Water samples were collected in sterile, UV-treated 1-1 glass
bottles and stored on ice until filtered. Water (2 1 from each site)
was first filtered through a 47-mm, 1.2-pm-pore Nucleopore
polycarbonate filter to capture larger particles where the
particle-attached bacteria fraction could be analyzed. The
filtrate was then passed through 47-mm, 0.2 pm-pore Millipore
Durapore filters to capture the free-living bacteria. Particle-
attached and free-living are therefore operational definitions of
the bacterioplankton assemblage. DNA from each filter type
was extracted separately.

DNA Manipulation

Filters cut into small pieces were placed in extraction buffer
(100 mM Tris-HCI [pH 8.0], 100 mM EDTA, 100 mM
sodium phosphate, 1.5 M sodium chloride, and 7.4 ul/ml
10 mg/ml proteinase K). Acid-washed PVPP (1:6.75 w/v)
was added to bind humic acids. The mixture was incubated
(37°C) with shaking (225 rpm) for 30 min followed by
addition of 20% SDS (65°C; 2 h), centrifugation (6,000%g;
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10 min), and removal of the supernatant. Extraction of the
filter was repeated two more times, the combined superna-
tant mixed with equal volume of chloroform/isoamyl
alcohol (24:1), centrifuged (6,000xg, 10 min), and the
aqueous phase collected. DNA was precipitated by addition
of 0.6 volume of isopropanol (1 h), dried, then resuspended
in nano-pure water. The extract was further purified by
passing it through a 1-ml syringe spin column packed with
Sepharose G-200. PCR amplification used the primer pair
PRBA338F (5" AC TCC TAC GGG AGG CAG CAG 3"
and PRUNS18R (5" ATT ACC GCG GCT GCT GG 3') [28,
36, 37] that generated ~180-bp fragments from the ribo-
somal RNA SSU. These generalized primers targeted a wide
variety of organisms in the domain Bacteria.

Cloning and Sequencing

After confirming the presence of amplification products on
agarose gels, DNA products were cloned into JM 109
competent cells using the pPGEM®-T Easy Vector System
(Promega, Madison, WI, USA) followed by plating of cells
on LB, ampicillin-enriched plates with IPTG/X-Gal (meth-
ods similar to [7]). Colonies of transformed cells were
screened using colony PCR, and products were visualized
by agarose gel electrophoresis. Appropriate-sized PCR
products were purified (Sephadex spin racks), dried, and
resuspended in water and sequenced using the Big Dye-
based system. Two-hundred clones from each of the three
study sites were sequenced for this study.

Out of 338 successfully sequenced clones, 142 were from
the Parana River, 111 from Gargas Lagoon, and 85 from
Patos Lagoon. The numbers of clones from particle-attached
and free-living subsamples are listed in Table 2. The clones
were classified into 56 operational taxonomic units (OTUs).
Nucleotide sequences were submitted to GenBank and are
available under accession number EU513884-EU514221.

Table 2 Comparison of species number, operational taxonomic units
(OTU), and diversity of OTUs by Simpson’s Index and Chaol estimator
from clones made from partial 16S rRNA sequences for total, particle-

Phylogenetic Analysis

Sequences were examined and archived using Sequencher
Software (Gene Codes Corp., Ann Arbor, MI, USA). Before
proceeding to the determination of bacterial diversity, we
checked our sequences for chimerism using the Chimera
Check program available at the MSU Center for Microbial
Ecology. All clones displaying chimeric profiles were
discarded from the analysis. We first analyzed our sequences
using BLAST searches. Many clones showed high similarity
(>97%) to known, cultured organisms, while others showed
similarity only to uncultured samples in the database.
Because of these results and because BLAST results are not
statements of evolutionary relationships, we used a parsimony
analysis strategy named “backbone attachment” to identify
our clones. Briefly, we aligned each experimental or unknown
SSU sequences with a large group of SSU sequences to a
matrix composed of a complete sampling or “backbone” of
bacterial ssRNA sequences from the ribosomal database Project
II [33]. We then did a parsimony analysis on the combined
datasets and classified our unknowns based upon whether they
attached to the “known” or “backbone” tree [32, 43]. To ame-
liorate methodological problems associated with phylogenetic
analysis using sequences of different length and or different
base composition called long branch attraction [19] and to
control as much as possible for lack of evolutionary signal
present in such short sequences, each clone was added and
aligned separately from all other clones and parsimony analysis
performed on each of the data sets (one per clone)[41].

Diversity Measures

Valid clone sequences were classified into OTUs and assigned
to phylum and, in the case of the Proteobacteria, sub-phylum.
The results were analyzed for (1) richness—defined as the
number of species; (2) Simpson’s Index as D=N (N—1))/%

attached, and free-living communities in the surface water from the
river and lagoon habitats on the Upper Parana River floodpulse system,
Brazil

Species richness Total clones analyzed

Detected OTUs

Chaol estimate Simpson’s Index Species evenness

Parana River

Particle 16 74

Free-living 23 68

Total 30 142
Gargas Lagoon

Particle 23 66

Free-living 23 45

Total 38 111
Patos Lagoon

Particle 21 58

Free-living 13 27

Total 29 85

16
23
30

23
23
38

21
13
29

18.0 0.889 0.822
29.8 0.924 0.870
34.0 0.917 0.880
47.0 0.918 0.865
51.1 0.932 0.872
118.7 0.946 0913
354 0.806 0.755
17.9 0.858 0.762
37.5 0.825 0.787
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(n(n,—1)—a measure of diversity that considers the number
of species, the total number individuals, and the proportion
of the total that occurs in each species; (3) evenness—
sometimes called relative diversity—is an expression of how
close a set of observed species abundances are to those from
an aggregation of species having max. possible diversity; and
(4) Chao-1 richness indicator [11] as S=S,ps+(a*/2b), where
S was Chao-1 richness estimator, S,,; was the observed
number of OTUs, a was the number of OTUs seen once, and
b was the number of OTUs observed twice.

Results
Diversity

Simpson’s Index provides a quantitative assessment of the
probability that two individuals in the assemblage are alike
and represents the probability that any taxon selected at
random would be different. Thus, the higher the Simpson’s
Index value, the greater the likelihood that any two randomly
drawn sequences would be different types (i.e., greater
diversity). Species evenness is the relative distribution of
individuals among the species present in an assemblage.

A relatively high Simpson’s Index of diversity (>0.82)
existed for all habitats (Table 2). Gargas Lagoon had the
highest diversity index (0.946) and showed the most even
distribution of species (0.913), while Patos Lagoon had the
lowest diversity (0.825) of the three habitats. Of note is that
Chao 1 estimate of species richness was about three times
higher at Garcas Lagoon than for the other two aquatic
habitats. For comparison between particle-attached and
free-living bacteria, Simpson’s Diversity Index and species
evenness were always greater, albeit marginally, for the
free-living than particle-attached assemblages (Table 2).

Phylogenetic Diagnostic Results

BLAST Searches using MEGABLAST Batch files resulted
in significant BLAST scores (<e-20) for 58.3% of the clones
with designation down to species for 22.1% of the clones and
designation to uncultured for 77.9% of the clones. Clones
from seven different bacteria phyla, including all the sub-
phyla of Proteobacteria, were represented in the samples
from the Parana River system (Supplementary Table 1).

Water from all three sites carried a similar percentage of
Proteobacteria (27-30%), with the (-Proteobacteria com-
prising the greatest portion of this phylum (17-21% of the
total; Fig. 2). In the Parana River system (i.e., Parana River
and Garcas Lagoon), most of the remaining taxa fell into
three phyla: the Firmicutes, Actinobacteria, and Bacteroi-
detes. A small percentage (<6%) of the remaining clones
was identified as Cyanobacteria or Verrucomicrobia.

@ Springer

Rio Parana
X. Cyanobacteria

Unknown 1%
4%

XXII. Verrucomicrobia Alphaproteobacteria

4%

XX. Bacteriodes
17%

Betaproteobacteiria

Gammaproteobacteria
1%

XIV. Actinobacteria Deltaproteobacteria

2%

XIIl. Firmicutes
34%

Epsilonproteobacteria
0%

Unknown
4%

Garcias Lagoon

Alphaproteobacteria
5%

X. Cyanobacteria
5%

XXII. Verrucomicrobia
2%

Betaproteobacteiria
17%

XX. Bacteriodes
19%

‘Gammaproteobacteria
3%
XVIL. Spirochaetes
1% Deltaproteobacteria
2%
XIV. Actinobacteria

2%

Patos Lagoon

Alphaproteobacteria
2%

XXII. Verrucomicrobia
2%

X. Cyanobacteria
6%

Unknown
6%

Betaproteobacteiria
XX. Bacteriodes P B
5%
Gammaproteobacteria
1%
Deltaproteobacteria

1%
Epsilonproteobacteria
5%

XIV. Actinobacteria
54%

Figure 2 Comparison of the quantitative contribution of clones
affiliated with different phyla and sub-phyla to the total number of
clones from Parana River, Gargas Lagoon, and Patos Lagoon. Clones
not associated with any known sequence are included as Unknown

Some differences between genera could be seen between
the lotic habitat (Parana River) and the two lentic habitats
(Garcas Lagoon and Patos Lagoon; Fig. 3). Of the four
identified a-Proteobacteria genera named, only Caulobacter
was found in the river. Though Comamonas was found at all
sites, it was the most abundant of the (3-Proteobacteria in the
river. Taxa unique to the lentic habitat fell into - and &-
Proteobacteria subdivisions (e.g., Moraxella; ~-Proteobac-
teria). Although Cyanobacteria were found in all locations,
only Pleurocapsa was found in the lagoons.

One of the most unusual findings was the absence of
Firmicutes from Patos Lagoon, even though a relatively
high diversity of genera from this group was described in
the other two habitats (i.e., >13—-19% Eubacterium in both).
However, the greatest diversity of OTUs at Patos was in the
Actinobacteria, with Dermatophilus showing the greatest
abundance of any genera (42%). Other genera that appeared
to be habitat specific were Actinomyces, being unique to the
river, and the Bacteroidetes genera Porphyromonas and
Persicobacter, found in both the river and Gargcas Lagoon.

The particle-attached and free-living bacterial communities
shared many taxa; however, some differences were apparent
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Figure 3 Percent abundance of
different OTUs reported on the
genera level or the closest rele-
vant taxanomic grouping by
sampling site: Parana River,

X. CYANOBACTERIA -
Pleurocapsa
Cyanobacteria sp. 1

Xll. PROTEOBACTERIA
Proteobacteria sp. 1
Proteobacteria sp. 2
ALPHAPROTEOBACTERIA

Parana River

Gargas Lagoon Patos Lagoon

=

Gargas Lagoon, and Patos

Rhizobium
Lagoon

Beijerinckia

Caulobacter
Sphingomonas
BETAPROTEOBACTERIA

Alcaligenes

Oxalobacter

Comamonas

Methylophilus

Neisseria

Nitrosospira
Burkholderiales sp. 1
Burkholderiales sp. 2
Betaproteobacteria sp. 1
GAMMAPROTEOBACTERIA

Enterobacter

Moraxella
Gammaproteobacteria sp. 1
DELTAPROTEOBACTERIA
Desulfurella

Nannocystis

Pelobacter
Deltaproteobacteria sp. 1
EPSILONPROTEOBACTERIA

Campylobacter
Helicobacter

XIlill. FIRMICUTES
Acidaminococcus
Acholeplasma
Bacillus

Bacillales sp. 1
Eubacterium_desmolans
Heliobacterium

XIV. ACTINOBACTERIA
Actinomyces
Coriobacterium
Dermatophilus
Kineosporia
Sporichthya
Actinobacteria sp. 1
Actinobacteria sp. 2
Actinobacteridae sp. X
Actinomycetales sp. 1
Actinomycetales sp. 2
Actinomycetales sp. 3
XVII. SPIROCHAETES
Leptospira

XX. BACTERIODETES
Chitinophaga
Porphyromonas
Persicobacter
Bacteriodetes sp. 1
Bacteriodetes sp. 2
XXII. VERRUCOMICROBIA
Verrucomicrobium
UNKNOWN TAXA
clone_OPB46
clone_OPB92
Unknown sp. 1
Unknown sp. 3
Unknown sp. 4
Unknown sp. 5
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(Fig. 4). The Verrucomicrobia were only detected in the free-
living assemblage. Members of the Firmicutes, when pre-
sent, had less than 1/2 of the relative abundance in free-
living than particle-attached communities (i.e., Parana River
and Gargas Lagoon). With reference to the clone libraries,
there was more than twice the abundance of free-living
Actinobacteria in Patos Lagoon than on the particles at the
same location. Also, in Patos Lagoon, 50% or more of the
free-living and particle-attached communities were Acti-
nobacteria, while there was about three-fold less (-
Proteobacteria in the free-living vs. the particle-attached
assemblage.

\QI r\‘; 19' % 0 r\‘) rLQ % O
Percent

Discussion

Use of culture-independent, molecular techniques to identify
aquatic bacteria has begun to lay the foundation for a more in-
depth understanding of aquatic microbial ecology. Freshwater
bacteria commonly appear in the phyla Cyanobacteria,
Bacteroidetes, o-, (3-, and y-Proteobacteria, Actinobacteria,
and Verrucomicrobia [52] with the groups in the o- and (-
Proteobacteria, Cytophaga—Flavobacteria—Bacteroides,
Actinobacteria, Verrucomicrobiales, and gram-positives,
now referred to as “globally distributed” freshwater phylo-
genetic clusters [4, 15, 16, 18, 25, 34, 53, 54]. Yet, globally
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Rio Parana: Particles ALPHAPROTEOBACTERIA

BETAPROTEOBACTERIA

UNKNOWN TAXA GAMMAPROTEOBACTERIA

3%

XX. BACTERIODETES

DELTAPROTEOBACTERIA

XIV. ACTINOBACTERIA

Xlll. FIRMICUTES

Garcass Lagoon: Particles

UNKNOWN TAXA

X. CYANOBACTERIA

XX. BACTERIODETES
K ALPHAPROTEOBACTERIA
6%

BETAPROTEOBACTERIA

DELTAPROTEOBACTERIA
XIV. ACTINOBACTERIA
15%

EPSILONPROTEOBACTER
A

Xlll. FIRMICUTES
9 3%

Patos Lagoon: Particle

X. CYANOBACTERIA
5%

UNKNOWN TAXA ALPHAPROTEOBACTERI
% A

3%
XX. BACTERIODETES
3%

BETAPROTEOBACTERIA
23%

SILON
PROTEOBACTERIA
5%

XIV. ACTINOBACTERIA
56%

Figure 4 Comparison of the free-living and particle-attached micro-
bial community as percentage of clones affiliated with different phyla
and sub-phyla in three aquatic habitats from the Upper Parana River:

distributed freshwater bacteria are not ubiquitous to all
aquatic habitats. For instance, comparisons of 16S rRNA
clone libraries and in situ hybridization reveals that the -
Proteobacteria subdivision common to freshwater lake and
river habitats does not exist, or exists to a minor degree, in
marine habitats (i.e., [22, 35, 52]).

Bacterial communities from the Upper Parana River did
not show unusually high biodiversity (56 OTUs) when
compared to other freshwater microbial assemblage studies
based on 16S rRNA clone libraries, FISH, and DGGE; other
studies typically have <75 bacterioplankton OTUs in a given
freshwater environment (e.g., [6, 15, 18, 30]. We expected
higher species diversity because floodplain systems are
characterized by disturbance, which can lead to increased
species diversity. In floodplain water bodies, nitrogen and
phosphorus usually increase during the beginning of the
seasonal flood due to leaching of organic matter from the
floodplain, as well as macrophyte decomposition. However,
decomposition leads to strong oxygen decrease in the
lagoons [44]; thus, shallow conditions in the lagoons during
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Rio Parana: Free-living
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BETAPROTEOBACTERIA
4%
EPSILONPROTEOBACTERIA
0%

XX. BACTERIODETES
Xlll. FIRMICUTES
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XVII.. SPIROCHAETES
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34%

Patos Lagoon: Free-Living X. CYANOBACTERIA

BETAPROTEOBACTERIA
UNKNOWN TAXA GAMMAPROTEOBACTERI
% A

VERRUCOMICROBIA 4%

BACTE:(IODETES DELTAPROTEOBACTERIA

EPSILONPROTEOBACTERIA
4%

XIV. ACTINOBACTERIA

Parand River, Gargas Lagoon, and Patos Lagoon. Clones not
associated with any known sequence are included as Unknown Taxa

dry periods tend to correspond with peak chlorophyll and
high daytime oxygen levels, as well as increased nitrogen
and phosphorus concentrations in the water column [45]. No
doubt higher diversity associated with these seasonal
variations in nutrient and oxygen conditions would be
observed if sampling were extended throughout the year.

Analysis of the OTUs showed that many of the
designated globally distributed freshwater groups were
present in this study, yet unique OTUs were also detected
among the habitats and relative to particles. Over one
quarter of the clones in the river and lagoon habitats
belonged to the Proteobacteria phylum, with the most
dominant sub-phylum being the beta group. The (-
Proteobacteria has been found in most studies completed
on freshwater environments, which has been primarily
northern hemisphere lakes [1, 4, 8, 18, 21, 25, 34, 35, 49].
Interestingly, this sub-phylum has typically been absent
from marine aquatic habitats (see review in [21]).

All other Proteobacteria (o, (3, 7y, d, €) sub-phylums
were present in the Upper Parana River system samples.
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The a-, 7-, and J-Proteobacteria groups were found in all
habitats in much lower percentages (<5%) than the beta sub-
group. Both a- and ~-Proteobacteria have been commonly
found in other freshwater lakes but varied greatly in
abundance [18] with estimates as high as 19% and 9%,
respectively, in Adirondack Lakes, NY [25]. Because many
of the members of the y-Proteobacteria are copitrophic and
such conditions are supported sporadically in natural
freshwaters, the relative abundance of members of this
group was as variable as nutrient conditions [51]. The 6-
Proteobacteria represented in this study were also present
in microbial communities of six other Adirondack Lakes
[34]. Interestingly, the &-Proteobacteria have not been
reported as typical members of other freshwater habitats
yet existed in the lagoon sites in the Upper Parana River.

Members of the Bacteroidetes phylum were present in
all habitats, especially in the Parana River and connected
Gargas Lagoon (17-19%). Distribution of Bacteroidetes in
both habitats could be due to water exchange, especially
during flooding, between Gargas Lagoon and the Parana
River, or if the OTUs were simply adapted to both habitats.
Bacteroides, in the Bacteroidetes phylum, have frequently
been found in lakes in various locations (e.g., Austria,
Germany, Russia, USA; [22, 25]. Patos Lagoon, with its
high humic content (~50 ppm total organic carbon) and
separate tributary water source, had about 1/3 less abun-
dance of Bacteroidetes.

Another globally distributed freshwater group is the
Actinobacteria, which dominated 54% of the microbial flora
in Patos Lagoon. In the other two habitats, it made up less
than a quarter of the assemblage. Other researchers report
that about 60% of bacterioplankton communities can be from
this group and note that numbers likely depend on trophic
status, geographic location, and DOC content [22, 48].

The relationship between Actinobacteria abundance and
dissolved organic carbon and/or humic content appears
unresolved. Glockner et al. [22] speculated that (-Proteo-
bacteria may rapidly utilize the main carbon input to alpine
Lake Gossenkollesse, but the Actinobacteria were more
effective at consuming lower levels of organic carbon thus
able to maintain a presence and become dominant when
other substrates had become exhausted. In contrast, Bukert
et al. [9] noticed increased lake DOC correlated with
decreased Actinobacteria abundance. This might suggest
that Actinobacteria are outcompeted by other species when
DOC levels are high, with low DOC lending them a
competitive advantage. Haukka et al. [24] found Actino-
bacteria and Verrucomicrobia to be the first and second
most dominant taxa in Finnish forest lakes of varying
humic content and concluded that humics did not directly
affect community composition. Finally, Methé and Zehr
[35] found a positive correlation between DOC content and
~- and (-Proteobacteria abundance yet no correlation with

Actinobacteria abundance further indicating that while lake
water chemistry could have a significant influence on
bacterial diversity and abundance in general, it seems to
not affect the Actinobacteria. Planctomycetales, though
often found in freshwater habitats [18, 22, 47], were not
found in the Upper Parana River floodpulse system.

It may be just as likely that the type of DOC affects
Actinobacteria and Bacteroidetes abundance in Patos
Lagoon. Oliverira et al. [38] explained that during high water
periods, as was the case during this study, dissolved humic
substances in Patos Lagoon were allochthonous in origin.
Their spectroscopic results showed that fulvic acids found in
Patos Lagoon water were similar to soils in area, suggesting
that the source was pedogenic. However, Barreto et al. [5]
provided evidence that while fulvic acids predominate in the
DOC of the area (i.e., Lake Ipé, Curutuba Channel, part of
the Upper Paranid River; Fig. 1), the organic acids were
probably from plant leachate.

Differences in community composition associated with
particles were documented in another large river, the
Columbia, and, therefore, we wanted to see if differences
could be detected in the Parand River. In the Columbia
River (USA), particles have been shown to maintain 90%
of the heterotrophic bacterial activity (10-100% more
active than free-living bacteria), be responsible for most
of the organic matter degradation [12, 14], and support
part of the detritivorous food web [40]. The operational
process of filtering water in any study in an attempt to
separate free-living bacteria from particle-attached has
limitations due to inherent particle build up on the filter
causing change in pore-size filtrate and potential collection
of otherwise free-living bacteria on the particles. Therefore,
we expected to have a relatively high amount of OTU
overlap due to filtration artifact and the fact that the same
globally distributed taxa would likely be attached to
particles as found to be free living. Even so, we noted that
the Verrucomicrobia were only found in the free-living
community, just as shown by Crump et al. [15]. These data
do not seem to correlate to other studies in which
Verrucomicrobiales were frequently found in pelagic zones
of lakes where particle suspension would not necessarily be
likely as in the fluvial load of rivers [4, 25, 34, 53, 54].

Notes on species preference to habitat are necessary to
increase our understanding of the ecology of microbes.
Studies conducted in lakes have shown that bacteria commu-
nities can vary substantially, likely due to water turbidity,
primary production, nutrient dynamics, macrophyte presence,
and humic content [29, 46]. In this study, some OTU-specific
differences existed between lotic and lentic habitats.

About 9% of the OTUs were only found in both lentic
habitats (Pleurocapsa, Alcaligenes, Moraxella, Helico-
bacter, a Bacteroidetes genera). While members of the
Alcaligenes are known to be strict aerobes, some members
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have been isolated under denitrifying conditions; a physi-
ological trait described in this genus. Presence of Moraxella
and Helicobacter was more perplexing as members of these
genera are typically isolated from human mucosal surfaces;
perhaps similar habitats (i.e., exudates in rhizospheres)
represented in these stagnant waters provide a similar
ecological niche.

About 14% of the OTUs were only found in the lotic
habitat (Caulobacter, Neisseria, Pelobacter, Acholeplasma,
Actinomyces, clone OPB46, and a genera each of Burkhol-
derales, ~-Proteobacteria, and Actinomyceles). The dimor-
phic prosthecate Caulobacter is ubiquitous in natural
freshwaters, responding to spring nutrients and persisting
through summer [17]. Pelobacter is described as making up
a significant part of the anaerobic microbial community of
sediments and sewage sludge, Acholeplasma belongs to the
Firmicutes (Class Mollicutes) that include the smallest of
bacteria lacking a cell wall, and the high G-C, gram positive
filamentous Actinomyceles are primarily aerobic soil organ-
isms known for their diverse production of extracellular
enzymes and diverse production of metabolic products [17].
Large rivers, like the Parana River, have many water sources,
many affected by land use (i.e., livestock, untreated sewage,
agriculture) and non-point source water input. This may
possibly explain the presence of Neisseria, which are
primarily commensal microorganisms most often found in
the mucous membrane of mammals [27].

This study presented preliminary data on the composition
of aquatic microbial communities in three habitats of the
Upper Parand River floodpulse system. The results showed
(1) similar biodiversity as communities documented in other
freshwater habitats, (2) the presence of globally distributed
phyla, (3) differences in composition between habitats, and (4)
taxa unique to habitat and particle attachment.
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