AEM

Journals.ASM.org

Free-Living and Particle-Associated Bacterioplankton in Large Rivers
of the Mississippi River Basin Demonstrate Biogeographic Patterns

Colin R. Jackson, Justin J. Millar, Jason T. Payne, Clifford A. Ochs
Department of Biology, The University of Mississippi, University, Mississippi, USA

The different drainage basins of large rivers such as the Mississippi River represent interesting systems in which to study pat-
terns in freshwater microbial biogeography. Spatial variability in bacterioplankton communities in six major rivers (the Upper
Mississippi, Missouri, Illinois, Ohio, Tennessee, and Arkansas) of the Mississippi River Basin was characterized using Ion Tor-
rent 16S rRNA amplicon sequencing. When all systems were combined, particle-associated (>3 pum) bacterial assemblages were
found to be different from free-living bacterioplankton in terms of overall community structure, partly because of differences in

the proportional abundance of sequences affiliated with major bacterial lineages (Alphaproteobacteria, Cyanobacteria, and
Planctomycetes). Both particle-associated and free-living communities ordinated by river system, a pattern that was apparent
even after rare sequences or those affiliated with Cyanobacteria were removed from the analyses. Ordination of samples by river
system correlated with environmental characteristics of each river, such as nutrient status and turbidity. Communities in the
Upper Mississippi and the Missouri and in the Ohio and the Tennessee, pairs of rivers that join each other, contained similar
taxa in terms of presence-absence data but differed in the proportional abundance of major lineages. The most common se-
quence types detected in particle-associated communities were picocyanobacteria in the Synechococcus/Prochlorococcus/ Cyano-
bium (Syn/Pro) clade, while free-living communities also contained a high proportion of LD12 (SAR11/Pelagibacter)-like Alpha-
proteobacteria. This research shows that while different tributaries of large river systems such as the Mississippi River harbor
distinct bacterioplankton communities, there is also microhabitat variation such as that between free-living and particle-associ-

ated assemblages.

Spatial patterns in bacterioplankton communities have been
examined on both small and large scales and along environ-
mental gradients such as depth or salinity (1-4). Such studies have
advanced the development of microbial biogeography (5, 6), and
compilation of local- and regional-scale studies has helped eluci-
date the factors that influence aquatic bacterial community com-
position on a global scale (7, 8). Despite the growing interest in the
spatial distribution of aquatic bacteria, the biogeography of mi-
crobial communities in large rivers is still poorly understood,
which is surprising given the ecological and economic importance
of these systems. Rivers form connections between terrestrial and
marine environments and act as conduits for the transport of both
nutrients and organisms. Bacteria dominate nutrient cycling in
large, well-mixed rivers (9), so patterns in riverine bacterial com-
munity structure are likely to be directly linked to biogeochemical
processes. The lotic nature of rivers also presents an interesting
situation in that unidirectional flow may constrain the distribu-
tion of bacteria among different tributaries of large rivers.
Current information on patterns in microbial community
structure in large rivers is limited. Denaturing gradient gel elec-
trophoresis (DGGE) of 16S rRNA gene fragments was used to
examine patterns in bacterial assemblages in the Changjiang and
Danube rivers (10, 11). Bacterial communities in the Changjiang
River changed gradually downriver (10), and similar patterns
were observed in the Danube, although there was an abrupt shift
in community composition associated with a phytoplankton
bloom (11). While providing valuable information on how bacte-
rioplankton assemblages change within a river system, these stud-
ies included only limited sequencing of 16S rRNA gene fragments.
Each of these previous studies also focused primarily on longitu-
dinal patterns in community structure in the main river channel,
and both the Changjiang and Danube are characterized by numer-
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ous small tributaries that enter the main channel, rather than
fewer larger contributors.

The Mississippi River has a different type of drainage network
and is primarily fed by a few major rivers that drain different
regions of North America. The drainage basin of the Mississippi
River covers over 40% of the continental United States and dis-
charges an average of 18,000 m> s~ " into the Gulf of Mexico (12).
Distinct subbasins can be identified, with the Upper Mississippi,
Missouri, Ohio, Tennessee, Arkansas, and Illinois rivers all con-
tributing to the main channel flow of the Lower Mississippi River.
Climate, population density, and land use vary substantially
among these subbasins, and the major tributaries to the Lower
Mississippi differ in their physicochemical characteristics (13, 14).
Thus, the large rivers of the Mississippi River Basin may provide a
unique system to examine spatial patterns in bacterial community
structure. In this study, we used 16S amplicon next-generation
sequencing to examine the bacterial communities in each of the
six major rivers that contribute to the Lower Mississippi. Because
a number of studies have shown that bacterial assemblages on
suspended particles can differ from free-living bacterioplankton
(15-18), we separated samples from each river into subsamples
that were retained on a 3-pm filter (defined as particle associated
but potentially including larger bacterial cells and clusters, fila-
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FIG 1 Locations (open circles) of the 18 sites on large rivers of the Mississippi
River Basin that were sampled for particle-associated and free-living bacterial
communities in July 2012. Three sites were sampled on each of the Arkansas,
Missouri, Upper Mississippi, and Ohio rivers, four sites on the Tennessee
River, and two sites on the Illinois River. Locations of major U.S. cities are
shown as a reference, as are U.S. state boundaries.

ments, and colonies of cells) and those that were <3 pm (defined
as free living but potentially including cells removed from parti-
cles during the filtering process). Thus, as well as examining bio-
geographic patterns at the large, regional scale, we also examined
heterogeneity at the particle scale versus the free-living mi-
croscale. Our results indicate that such microhabitat differences
can overwhelm larger-scale regional patterns but that distinct
free-living and particle-associated bacterial communities are as-
sociated with each of the major rivers and these patterns are cor-
related with underlying environmental differences.

MATERIALS AND METHODS

Water samples were collected over a 2-week sampling campaign in July
2012 from a total of 18 sites in six major rivers that contribute to the Lower
Mississippi River (Fig. 1). Three sites were sampled on each of the Arkan-
sas, Missouri, Ohio, and Upper Mississippi rivers. Four sites were sampled
on the Tennessee River: two in the more upstream region and two in
Kentucky Lake, a large (649 km?®) open reservoir just before the river
merges with the Ohio. Two sites were sampled on the Illinois River. The
most downstream sample sites were 25 to 50 km before the confluence of
that river with the larger system, and other sample sites were progressively
50 to 80 km upstream of the previous site. Weather conditions were stable
over the course of the sampling period, with no storm events and mean air
temperatures ranging from lows of 22 to 25°C to highs of 32 to 36°C.
Samples were collected from the center of the main channel, and three
replicate water samples were taken from a 0.5-m depth and collected into
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sterilized Nalgene bottles. Samples were maintained (1 to 4 h) in an insu-
lated cooler filled with river water at ambient temperature until process-
ing. One hundred microliters of each sample was then filtered through a
sterilized 3-pwm polycarbonate filter to collect suspended particles, fol-
lowed by a second filtration through a sterilized 0.22-pm polyethersul-
fone filter to collect free-living cells. Thus, each sample was divided into
the particle-associated bacterioplankton community and the free-living
bacterioplankton community, and we henceforth use these terms to refer
to each sample type. Filters were frozen until DNA extraction 4 to 8 weeks
later.

DNA was extracted from each filter using PowerWater DNA isolation
kits (MoBio, Carlsbad, CA). Extracted DNA (approximately 5 to 10 ng)
was PCR amplified using 16S rRNA gene primers Bac8/28fand Univ1492r
under reaction conditions described previously (30 cycles of 95°C for 1
min, 45°C for 1 min, and 72°C for 3 min [19]). This preamplification step
prior to Ion Torrent Personal Genome Machine (PGM) sequencing was
necessary because DNA yields were low from some samples, which, com-
bined with the potential presence of inhibitory substances, led to poor
initial amplifications. Amplicons were purified (Exo-SAP; Affymetrix,
Santa Clara, CA) and diluted to equal concentrations per sample, and
tagged 16S rRNA gene V4 variable-region primers 515fand 806r (20) were
used in a single-step 30-cycle PCR using the HotStarTaq Plus master mix
kit (Qiagen, USA) under the following conditions: 94°C (3 min), followed
by 28 cycles of 94°C (30 s), 53°C (40 s), and 72°C (1 min), and a final
elongation step at 72°C (5 min). Sequencing was performed on an Ion
Torrent PGM at a commercial facility (MR DNA, Shallowater, TX). All
samples were processed using the same procedure (volume of water col-
lected, number of PCR cycles, etc.) to facilitate comparisons.

Raw sequence data were converted into fasta and quality files which
were accessed using mothur (21) and were processed and analyzed by
following general procedures recommended by Schloss et al. (22). Se-
quences were trimmed to retain an average quality score of at least 25 over
a 50-base window, and sequences that contained ambiguous bases or re-
peats of >6 bp or that were <150 bp long were removed. Sequences were
aligned to those in the silva rRNA database (23). Potential chimeric se-
quences were identified and removed using uchime (24), and the remain-
ing sequences were classified based on the Greengenes (25) classification
scheme (Greengenes May 2013 database: gg 13_5_99). Sequences classi-
fied as chloroplasts were removed from the data set, and the remaining
sequences were clustered into operational taxonomic units (OTUs) based
on a 3% sequence dissimilarity threshold (average-nearest-neighbor
method).

The number of sequences (initially 4,239 and no fewer than 3,758 for
subsets of analyses) in the sample with the lowest number of remaining
sequences was chosen as a subsample size to normalize community anal-
yses, with 1,000 random subsamples from each sample performed and
averaged for each analysis. Following the removal of potentially erroneous
rare OTUs (see below), beta-diversity between samples was primarily ex-
amined as pairwise similarities using the Jaccard index, which relies solely
on the presence or absence of each OTU in a specific sample (i.e., binary
data). We also analyzed the data using the theta index (26), which incor-
porates relative proportional abundance of OTUs; while those analyses
supported the findings of Jaccard index, they are not generally presented
here. Similarity matrices were ordinated by nonmetric multidimensional
scaling (NMDS), and analysis of similarity (ANOSIM) was used to test the
significance of differences between groups of samples. Separation of sam-
ples in NMDS plots (i.e., axis scores) was subsequently correlated to the
abundance of specific OTUs and environmental data via the corr.axes
command in mothur (Spearman ranked correlations), with significant
(P < 0.05) correlations used to indicate OTUs or environmental variables
that were drivers of sample variability. Differences between bacterial com-
munities were also evaluated at a sequence level using Unifrac (27) to
examine overall and pairwise similarities between river systems in terms
of clustering of sequences in phylogenetic trees (comparison of actual tree
structure to 1,000 randomly generated trees). Because Cyanobacteria were
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TABLE 1 Physicochemical data for major tributaries of the Lower Mississippi River”

Value for major tributary (river)

Variable Arkansas Illinois Missouri Ohio Tennessee Upper Mississippi
PO,-P (mg liter ) 0.009 0.208 0.029 0.004 0.010 0.086
NH,-N (mg liter ") 0.010 0.014 0.013 0.079 0.054 0.012
NO,-N (mg liter ") 0.001 0.260 0.009 0.065 0.007 0.032
NO;-N (mg liter ") 0.009 0.798 0.642 0.572 0.052 1.206
TOC (mg liter ') 5.507 5.185 3.640 2.718 2.246 9.147
TKN (mg liter ) 0.734 0.825 0.647 0.682 0.590 0.947
TP (mg liter ") 0.032 0.245 0.054 0.029 0.028 0.093
Chlorophyll a (g liter ') 22.7 48.8 43.6 13.2 14.6 16.8
Turbidity (NTU) 6.5 21.0 24.7 6.2 4.7 10.3
Temp (°C) 31.6 32.2 30.1 30.4 29.8 29.9
DO (mg liter ') 7.37 3.35 4.13 5.54 4.80 5.93
Conductivity (us cm™ ") 79.8 348.0 267.2 419.3 285.2 209.4
pH 8.0 8.1 8.2 7.8 7.4 7.7

“ Values are means for 2 to 4 sites per river and are provided for phosphate-phosphorus (PO,-P), ammonium-nitrogen (NH,-N), nitrite-nitrogen (NO,-N), nitrate-nitrogen (NO5-
N), total dissolved organic carbon (TOC), total Kjeldahl-nitrogen (TKN), total dissolved phosphorus (TP), chlorophyll g, turbidity (nephelometric turbidity units [NTU]), water
temperature, dissolved oxygen (DO), conductivity, and pH. All values are based on collections in July 2012.

one of the main groups driving community differences (see below), all
analyses were also performed following the removal of Cyanobacteria
from the data set. These analyses followed the same procedures but used a
subsample size of 2,187 (the number of non-Cyanobacteria sequences in
the sample with the lowest number of sequences).

Water temperature, pH, conductivity, and dissolved oxygen (DO)
were measured at the time of sampling using a YSI multiparameter instru-
ment. Additional water samples were collected at each site for later anal-
yses by following standard limnological procedures (28). Chlorophyll a
concentration was determined by filtering water through Whatman GF/F
filters which were subsequently extracted using 90% NH,OH-buffered
acetone, and absorbance of released chlorophyll a was measured at 655
and 750 nm. Turbidity was determined using a Hach 2100A turbidimeter.
Soluble reactive phosphorus (PO,-P) and total dissolved phosphorus
(TP) were determined spectrophotometrically. Ammonium nitrogen
(NH,-N), nitrate nitrogen (NO;-N), nitrite nitrogen (NO,-N), Kjeldahl
nitrogen (TKN), and total organic carbon (TOC) were analyzed using a
Lachat autoanalyzer. Physicochemical metadata for each river are sum-
marized in Table 1.

Accession numbers. Sequence data are in the NCBI Sequence Read
Archive under BioSample numbers SAMN02836829 to SAMNO02836927.

RESULTS

Of the 108 samples collected, some gave very low DNA yields, so
99 samples underwent Ion Torrent sequencing. A total of 942,204
valid sequences were recovered from these samples, with an aver-
age length of 156 bp. Of these, 50,689 were identified as potential
chimeras and a further 176,395 were identified as being derived
from chloroplasts. The remaining 715,120 sequences (mean,
7,223 per sample) were classified into 30,211 OTUs, of which
20,173 were represented by just a single sequence. Because these
rare sequences could represent errors, as well as analyzing the
complete data set, we also analyzed the data following the removal
of these singleton OTUs (leaving a total of 694,947 reads repre-
senting 10,038 nonsingleton OTUs) and following the removal of
OTUs represented by 7 or fewer sequence reads (i.e., <0.001% of
the total reads, leaving a total of 672,688 reads representing 2,836
nonrare OTUs).

River bacterioplankton communities differed primarily on
whether they were particle associated or free living (Jaccard-based
ANOSIM, R = 0.579 and P < 0.001 when excluding singletons,

7188 aem.asm.org

and R = 0.588 and P < 0.001 when excluding reads that were
<<0.001% of total). Accounting for the relative abundance of cer-
tain OTUs strengthened this separation (theta-based ANOSIM on
the entire data set, R = 0.838 and P < 0.001 [Fig. 2]), and the
abundance of certain OTUs accounted for much of the difference
between particle-associated and free-living assemblages. OTUO1,
classified as being 98 to 99% similar to environmental clones
LD12 (29) and HTH6 (30), members of the LD12 freshwater tribe
of the SAR11/Pelagibacter group of Alphaproteobacteria, had the
most impact on community structure, accounting for 16% of the
sequences obtained from the free-living samples but just 0.5% of
the sequences from particles. In contrast, a number of OTUs (the
most abundant being OTU04) that were classified as being related
(93 to 99% similarity) to the Synechococcus/Prochlorococcus/Cya-
nobium (Syn/Pro) (31) group of the Cyanobacteria were more
abundant in the 16S rRNA gene amplicons generated from parti-
cles than from free-living samples. These picocyanobacteria were
the most prevalent taxa detected in the study and accounted for
29.6% of the particle-associated sequences and 16.9% of the free-
living sequences. Other OTUs also influenced the separation of
particle-associated and free-living communities, but these were
less abundant (Fig. 2). Because the differences between particle-
associated and free-living bacterial assemblages may have been
substantially influenced by the high proportion of Cyanobacteria,
we performed the same analyses excluding any sequences affili-
ated with that phylum. This resulted in the same general patterns
of overall community separation and influential OTUs (Jaccard-
based ANOSIM excluding rare species, R = 0.554 and 0.568 when
excluding singletons or those that were <0.001% of data set;
theta-based ANOSIM, R = 0.893; P < 0.001 for all [Fig. 2b]).
Because the overriding difference was between free-living and
particle-associated assemblages, these sample types were analyzed
separately to allow for clearer analysis of differences between river
systems. Free-living communities grouped by river sampled
(overall Jaccard-based ANOSIM, R = 0.970 and 0.927 when ex-
cluding singletons and OTUs that were <0.001% of the data set,
respectively; P < 0.001). All pairwise comparisons between rivers
were significant in the Jaccard-based analyses (ANOSIM, R =
0.805 to 0.989 and P < 0.001 for each), and NMDS clearly sepa-
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FIG 2 NMDS ordination of bacterioplankton communities sampled from
large rivers of the Mississippi River Basin that were particle associated (solid
circles) or free living (open circles). Communities were analyzed using all taxa
(a) (stress = 0.24; ANOSIM, P < 0.001) and excluding Cyanobacteria (b)
(stress = 0.26; ANOSIM, P < 0.001). Major taxa driving the particle/free-
living separation are shown and were classified as members of the LD12 clade
of SAR11/Pelagibacter (Alphaproteobacteria; OTUOL), the Syn/Pro clade of
Cyanobacteria (OTUO04), Actinobacteridae (Actinobacteria; OTU06), Methylo-
philales (Betaproteobacteria; OTU08), Gammaproteobacteria (OTU15), Planc-
tomycetacia (Planctomycetes; OTU28), Betaproteobacteria (OTU37), Algo-
riphagaceae (Bacteroidetes; OTUS51), and Nordella (Alphaproteobacteria;
OTU96) according to Greengenes classification. Arrow length relates to
strength of relationship (R values, 0.62 to 0.83; P < 0.001).

rated the free-living assemblages from the different rivers (Fig.
3a), although the stress level using two NMDS dimensions was
borderline acceptable (0.27). Important OTUs driving this sepa-
ration included two identified as uncultured representatives of the
Bacteroidetes (OTU34) and Planctomycetes (OTU91) that were ab-
sent from the free-living Arkansas or Tennessee River samples, as
well as OTUS83 (identified as a member of the Chloroflexi), which
was present only in those samples. An additional representative of
the Bacteroidetes (OTU97) was not detected in the Illinois River
samples and helped separate those assemblages (Fig. 3a).
Particle-associated bacterial communities also differed based
on river of origin (overall Jaccard-based ANOSIM, R = 0.918 and
0.912 when excluding singletons and OTUs that were <0.001% of
the total, respectively, and P < 0.001 [Fig. 3b)]). All pairwise com-
parisons between rivers were highly significant (ANOSIM, R =
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FIG 3 NMDS ordinations of bacterioplankton communities sampled from
the Arkansas (green triangles), Illinois (purple diamonds), Missouri (yellow
squares), Ohio (red circles), Tennessee (orange circles), and Upper Mississippi
(blue squares) rivers. Plots represent free-living (a) (stress = 0.27) and parti-
cle-associated (b) (stress = 0.26) communities analyzed using Jaccard similar-
ity scores excluding rare taxa accounting for <0.001% of the data set. Colored
rings group samples taken from the same site on a particular river. Major taxa
driving differences between rivers are shown and were classified as members of
the Planctomycetes (OTU25, OTU91, and OTU98), Bacteroidetes (OTU34),
Syn/Pro clade of Cyanobacteria (OTU36 and OTU69), Anaerolineae (Chloro-
flexi; OTU83), Flavobacteriales (Bacteroidetes; OTU97), Methylophilales (Beta-
proteobacteria; OTU102), and the NOR5/OM60 clade (Gammaproteobacterias
OTU142) according to Greengenes classification. Arrow length relates to
strength of relationship, and all relationships shown were significant at a P
value of <0.001.

0.674 t0 0.999 and P < 0.001 for each), and spatial patterns in the
NMDS ordination reflected those seen for the analysis of free-
living assemblages, with the Upper Mississippi, Missouri, and
Mllinois rivers tending to group together along the second dimen-
sion compared to the Arkansas, Tennessee, and Ohio (Fig. 3).
OTUs that were significant drivers of the separation of particle-
associated assemblages between rivers included one classified as a
member of the Planctomycetes that was related (98% similarity) to
the CL500-3 group (32), another member of the Planctomycetes
(OTU98), and an OTU (OTU69) affiliated with the Syn/Pro clade
(Cyanobacteria), all of which were present in all of the Tennessee
River samples but absent from some others. In contrast, a third
member of the Planctomycetes (OTU91) was generally confined to
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FIG 4 Compositions of free-living and particle-associated bacterioplankton communities sampled from large rivers of the Mississippi River Basin. Percentages
of major lineages accounting for >1% in any sample type are specifically labeled; less common lineages are grouped as “Other.” Each bar represents the mean
composition of 5 to 9 samples taken from that river, with a mean of 7,223 sequence reads per sample.

the Missouri, Illinois, and Upper Mississippi free-living samples,
while an OTU (OTU142) related to the NOR5/OM60 clade of
Gammaproteobacteria (33) was found just in the Missouri and
Upper Mississippi. Excluding Cyanobacteria from the analysis of
either the free-living or particle-associated samples had little effect
on the outcome, with different rivers still harboring distinct bac-
terial communities (ANOSIM, R = 0.794 to 0.880 and P < 0.001
for each).

Unweighted Unifrac confirmed differences between river sys-
tems, showing an overall significant difference between rivers for
both free-living and particle-associated assemblages (Unifrac
scores of 0.713 and 0.784; P < 0.01 for both) and for all pairwise
comparisons between rivers (Unifrac scores of 0.756 t0 0.819; P <
0.001 for each). Excluding Cyanobacteria sequences from the data
set did not change these findings (Unifrac scores of 0.712 and
0.774; P < 0.001 for overall differences between free-living and
particle-associated samples, respectively, by river type; pairwise
comparison scores of 0.755 to 0.816; P < 0.001 for all).

Cyanobacteria accounted for 30.4% of the 715,120 bacterial
sequences in the data set (Fig. 4). Across all rivers, sequences iden-
tified as Cyanobacteria were proportionally more abundant in the
amplicons generated from particle-associated samples (40.5% of
all sequences) than from the free-living samples (19.3%). While
Cyanobacteria were dominant in the particle-associated assem-
blages from all rivers, they were less dominant in some free-living
communities. There were low percentages of sequences identified
as Cyanobacteria in the 16S rRNA genes amplified from free-living
samples taken from the Missouri and Ohio (7.3% and 9.8%, re-
spectively), and free-living communities in those rivers appeared
to be more dominated by Bacteroidetes and Alphaproteobacteria
(Fig. 4). The Missouri and Ohio also had lower proportions of
Cyanobacteria in the bacterial communities associated with parti-
cles than the other rivers. Seventy-seven percent of the cyanobac-
terial sequences were classified as OTUs related to the picocyano-
bacterial Syn/Pro clade. To verify this classification, we cloned
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representative samples (one free-living and one particle-associ-
ated per river) of the amplicons containing base 8 through base
1492 of the 16S rRNA gene by established procedures (34, 35) and
sequenced approximately 600 bp of randomly selected clones.
BLAST searches of these sequences confirmed this affiliation, with
the closest matches (94 to 98%) being to both Prochlorococcus
marinus and Cyanobium gracile in the verified 16S rRNA gene
GenBank database (those sequences are available in GenBank un-
der accession numbers KJ914642 to KJ914659). A total of 41/85
(48%) of the sequenced 16S rRNA clones generated from particle-
associated samples were classified as Cyanobacteria, compared to
9/82 (11%) of clones from the free-living samples, of which 16/85
(19%) and 5/82 (6%) were identified as members of the Syn/Pro
clade.

Sequences classified as Proteobacteria (22.0% of the total Ion
Torrent data set) and Bacteroidetes (14.6%) were also commonly
detected in the amplified 16S rRNA gene fragments produced
from each sample, and the Proteobacteria appeared to be propor-
tionally more abundant among amplicons generated from free-
living bacterioplankton (33.4%) than from particles (11.6%). Al-
phaproteobacteria were the most dominant subphylum of
Proteobacteria in the free-living samples, accounting for 17.8% of
all sequences detected, although almost all (>93%) belonged to
the LD12 freshwater tribe of the SAR11/Pelagibacter group. As
with the Syn/Pro clade of the Cyanobacteria, we verified this clas-
sification by BLAST searches of longer (600 bp) reads from 16S
rRNA gene clone libraries. A total of 10/82 (12%) sequences from
the free-living clone libraries and 2/85 (2%) of those from the
particle-associated libraries were classified as this group, matching
99 to 100% to environmental sequences believed to be related to
LD12 and 93 to 94% to “Candidatus Pelagibacter” spp. in the
verified 16S rRNA GenBank database (sequence accession num-
bers are KJ914630 to KJ914641). Beta-, Gamma-, and Deltaproteo-
bacteria were less abundant than the Alphaproteobacteria in free-
living assemblages, accounting for 8.4%, 5.4%, and 0.9% of the
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Torrent sequences, respectively (Fig. 4). For particle-associated
communities, Alphaproteobacteria (3.8%), Betaproteobacteria
(2.3%), Gammaproteobacteria (2.9%), and Deltaproteobacteria
(1.5%) subphyla all accounted for <5% of the total number of
sequences obtained. Deltaproteobacteria were the only subphylum
of Proteobacteria to have proportionally more sequences in the
amplified 16SrRNA genes derived from particles than from free-
living bacterioplankton. Other than higher percentages of Alpha-
proteobacteria in the free-living assemblages obtained from the
Ohio and Missouri, the different river systems were generally
fairly similar in the percentages of different proteobacterial sub-
phyla in their data sets. The relative abundances of Bacteroidetes
were also quite similar in the amplified 16S RNA gene fragments
obtained from the different rivers, and even between particle-as-
sociated and free-living bacterial assemblages (Fig. 4).

Other phyla that were represented by appreciable numbers of
sequences included the Planctomycetes (4.1% of free-living se-
quences and 12.2% of particle-associated sequences), Verrucomi-
crobia (6.2% free-living and 6.6% particle-associated sequences),
and Actinobacteria (9.7% free-living and 1.2% particle-associated
sequences). Verrucomicrobia and Planctomycetes were more prev-
alent in the amplicons obtained from the Missouri River samples,
accounting for a greater percentage of that system’s data sets than
the other rivers. Free-living communities in the Ohio and Tennes-
see had higher prevalences of sequences classified as Actinobacteria
in their amplified 16S rRNA gene fragments than the other rivers,
although this pattern was not as noticeable for the particle-asso-
ciated samples. DNA amplified from the free-living bacterio-
plankton communities in the Ohio River was unusual in that se-
quences classified as Acidobacteria were an order of magnitude
more prevalent than in the other river systems (4.9% of the se-
quences obtained, compared to 0.2 to 0.6% for the other rivers).
Across all samples, the amplified sequences were classified into 50
distinct phyla, approximately half of which were candidate phyla,
although many of these other lineages were represented by just a
few sequences. Seven percent of sequences were classified as be-
longing to domain Bacteria but could not be definitively placed
within a phylum according to Greengenes taxonomy schemes.

Differences in community structure between the river systems
were linked to physicochemical differences (Fig. 5). Total dis-
solved phosphorus and PO,-P were highly correlated (R = 0.99),
as were TOC and Kjeldahl nitrogen (R = 0.91), so only one of each
pair was used in analyses (representing overall phosphorus con-
tentand organic Cand N content, respectively). Turbidity showed
the strongest relationship to NMDS axis scores for both free-living
samples (second axis, R = 0.95 and P < 0.001 [Fig. 5a]) and
particle-associated samples (first axis, R = 0.38 and P < 0.01;
second axis, R = —0.87 and P < 0.001 [Fig. 5b]). In both cases,
turbidity pulled in the direction of the Missouri River samples,
and this system, followed by the Illinois and Upper Mississippi,
showed the highest turbidity (Table 1). The other parameter re-
lated to suspended particle content, chlorophyll a, was also found
to exert a major influence on bacterial communities when com-
pared using presence-absence data (first axis, R = —0.41 and P <
0.01; second axis, R = 0.67 and P < 0.001 [Fig. 5a]; second axis,
R = —0.81, P < 0.001 [Fig. 5b]). Chlorophyll a pulled in the
direction of the Illinois and Missouri Rivers, which had at least
twice the chlorophyll a content of the other rivers (Table 1). Phos-
phorus (second axis, R = 0.72 and P < 0.001 [Fig. 5a]; second axis,
R = —0.61 and P < 0.001 [Fig. 5b]), pH (second axis, R = 0.48
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FIG 5 NMDS ordinations of bacterioplankton communities sampled from
the Arkansas (green triangles), Illinois (purple diamonds), Missouri (yellow
squares), Ohio (red circles), Tennessee (orange circles), and Upper Mississippi
(blue squares) rivers and the underlying physicochemical factors driving com-
munity differences. Plots represent free-living (a) (stress = 0.27) and particle-
associated (b) (stress = 0.26) communities analyzed using Jaccard similarity
scores excluding rare taxa accounting for <0.001% of the data set. Arrows
indicate environmental factors that were significantly (P < 0.01) correlated
with scores on at least one NMDS axis for each plot and the direction and
extent of influence, with arrow length reflecting the strength of the relation-
ship. Colored rings group samples taken from the same site on a particular
river.

and P < 0.001 [Fig. 5a]; second axis, R = —0.66 and P <
0.001[Fig. 5b]), and organic C and N content (TOC relationship
to second axis, R = 0.48 and P < 0.001[Fig. 5a]; second axis, R =
—0.49 and P < 0.001[Fig. 5b]) all pulled in directions similar to
those of turbidity and chlorophyll a content, and together these
factors helped separate the Missouri, the Illinois, and, to a lesser
extent, the Upper Mississippi from the other rivers. PO,-P levels,
in particular, were substantially higher in the Illinois (0.20 to 0.25
mg liter ') and Upper Mississippi (0.09 to 0.1 mg liter ') rivers
than elsewhere (all others below 0.06 mg liter ~"), supporting this
ordination, while TOC was also highest in the Upper Mississippi
samples (8 to 9 mgliter ). Inorganic nitrogen content was related
to the NMDS axis scores in two ways: NO5-N pulled in the direc-
tion of the Upper Mississippi River samples, the only system to
have nitrate levels of >1 mg NO;-N liter ' (Table 1), a pattern
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that was significant for free-living samples (first axis, R = 0.45 and
P < 0.01; second axis, R = 0.48 and P < 0.001 [Fig. 5a]) and
particle-associated samples (first axis, R = 0.73 and P < 0.001;
second axis, R = —0.38 and P < 0.01 [Fig. 5b]). NH,-N was less
strongly correlated to axis scores than NO5-N (first axis, R = 0.40
and P < 0.01 [Fig. 5a]; second axis, R = 0.37 and P < 0.01 [Fig.
5b]) and pulled in the direction of the Ohio River with some
influence from the Tennessee, the two systems with the highest
NH,-N levels (Table 1).

Overall, the physicochemical data suggested that differences in
bacterioplankton community structure between the six river sys-
tems in terms of the presence or absence of taxa were related to
environmental differences. The different river systems could be
summarized as higher nitrate-phosphorus-TOC (Upper Missis-
sippi), higher chlorophyll-phosphorus-turbidity (Illinois), higher
turbidity-chlorophyll (Missouri), higher ammonium-conductiv-
ity/lower phosphorus (Ohio), higher ammonium-conductivity/
lower phosphorus-nitrate-temperature-pH (Tennessee), and
higher pH-temperature/lower phosphate-nitrate (Arkansas).

DISCUSSION

Next-generation sequencing has been used to examine biogeo-
graphic patterns in bacteria in small fluvial networks (36, 37) or in
sections of large rivers, such as coastal margins and estuaries (38).
We know of no previous studies that have attempted to character-
ize bacterial communities in the major tributaries of a large river
network such as the Mississippi. The large rivers that form the
Lower Mississippi River drain areas that are subject to different
climatic regimes and show differences in geology and land use (13,
14). Given these differences in drainage basin characteristics, it is
not surprising to find that these rivers harbor distinct bacterial
communities and that we can link patterns in community struc-
ture to environmental parameters.

Pairs of rivers that are geographically close to each other in
terms of our sampling sites but have different drainage basins,
such as the Missouri and the Upper Mississippi or the Ohio and
the Tennessee, showed similarities in bacterial composition in
terms of the presence or absence of specific OTUs but were found
to be quite different when proportional abundance of bacterial
groups was considered. The Missouri drains much of the arid
Great Plains and more of its watershed is grassland than any other
tributary. The Missouri merges with the Upper Mississippi, which
largely drains cropland, to form the Lower Mississippi, doubling
the river’s discharge and increasing its turbidity (11, 14). While
bacterial communities in the Missouri and Upper Mississippi
were similar in terms of the types of taxa present, they differed in
the relative abundances of different bacterial lineages, regardless
of whether they were free living or particle associated. These dif-
ferences were largely driven by a greater proportion of cyanobac-
terial sequences (especially the Syn/Pro clade) in the Upper Mis-
sissippi. The Upper Mississippi River had almost twice the levels of
nitrate, phosphorus, and organic matter as the Missouri. Given
the amount of agriculture in the Upper Mississippi drainage basin,
elevated nutrient levels were expected, and the contribution of this
system to nutrients in the greater Mississippi River system is well
established (39, 40). That these two major rivers had somewhat
similar bacterial communities in terms of what was present, but
showed some broad differences when abundance was included,
does suggest that land use characteristics, through water chemis-
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try, may be a factor determining the structure of bacterial assem-
blages in these systems.

The Illinois River also transports substantial amounts of ni-
trate and phosphorus to the Lower Mississippi (41) and had the
highest concentrations of phosphate found in this study, as well as
the highest levels of chlorophyll a. Free-living and particle-associ-
ated assemblages in the Illinois were distinct from the other sys-
tems in terms of the presence and absence of nonrare taxa, but
they showed some similarities to those in the Upper Mississippi
when abundance of major lineages was considered. This might be
expected given that those two rivers share similar drainage char-
acteristics. At a finer level than reported here, one of the major
differences between the two rivers was in the proportions of spe-
cific OTUs of the Syn/Pro clade (Cyanobacteria). That raises an
interesting question as to whether these two rivers, which drain
areas of similar land use, may differ in the relative importance of
specific ecotypes of certain bacterial species. 16S rRNA sequences
from the Syn/Pro clade occur as gene clusters that separate based
on environmental characteristics (42), and the unidirectional na-
ture of rivers may present an intriguing system in which to exam-
ine 16S rRNA gene microvariation.

The Ohio-Tennessee subbasin is wetter and more forested than
the other regions. When the Ohio River merges with the Lower
Mississippi, it doubles its discharge again and brings in water that
has lower turbidity and nutrient concentrations. Bacterial com-
munities in the Ohio River were generally most similar to those in
the Tennessee in terms of the presence or absence of taxa, but as
with the Upper Mississippi and Missouri, these two rivers were
found to be clearly different when relative abundances of bacterial
lineages were considered. The Ohio and Tennessee had higher
levels of ammonium than the other systems (three times the level
of the next highest system), but the Tennessee differed from the
Ohio in having much lower levels of nitrate. This suggests that
nitrogen chemistry may be an important influence on the bacterial
composition of these systems. One of the most striking differences
between the Ohio and Tennessee rivers in terms of their bacterial
community was that the Ohio yielded the greatest proportion of
sequences affiliated with the Alphaproteobacteria, especially those
showing similarities to the freshwater LD12 subgroup of the
widely distributed marine SAR11/Pelagibacter clade (25% of par-
ticle-associated sequences and 1% of free-living sequences), while
the Tennessee yielded the lowest proportion of this taxon (10% of
particle-associated and 0.4% of free-living sequences). Represen-
tatives of the LD12 subgroup (29, 43) appear to be abundant in
freshwaters around the world, although little is known of their
ecology (44, 45). These LD12-like sequences were the most abun-
dant sequences identified in this study, although they were largely
represented by just a single OTU (OTUO01) which was detected in
the free-living samples from all six rivers. This freshwater clade has
been recognized as having low phylogenetic diversity (46), and it is
an intriguing contrast that of the two most dominant bacterial
taxa in the Mississippi River system, one (a Syn/Pro clade cyano-
bacterium) shows substantial phylogenetic variation between
river systems, while the other (LD12-like Alphaproteobacteria) is
largely found as a single, cosmopolitan OTU.

There were some differences in bacterial community structure
between different sites on the same river, as evidenced by group-
ings of points on NMDS plots, but in many cases this was little
more than the variation observed between replicate samples taken
from the same site. Thus, for most of our analyses we allowed this
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within-river variation to be added into the error term (i.e., treating
all samples within a river as replicate samples from that river).
Even taking this approach allowed distinct bacterial communities
to be distinguished for the different river systems. With the excep-
tion of the Tennessee River, samples from each river were col-
lected 20 to 150 km upstream of the confluence with the main
channel. Sampling close to the “end” of each river should mean
that the samples taken were the sum effect of selection pressures
on the microbial community in that river, i.e., that this is the
community that that river is contributing to the larger system.
While the Tennessee River samples included sites from the regular
river channel and from a large reservoir, the variation in commu-
nity structure within those samples was equal to that seen for the
other rivers, suggesting that the river system, and presumably
overall drainage basin characteristics, has a greater influence on
bacterial community structure than the particular habitat type.

While communities could be grouped by river system, the
overarching separation when relative abundance of taxa was con-
sidered was between free-living and particle-associated assem-
blages. Differences between free-living and particle-bound com-
munities have been described for many environments (15-18),
suggesting that such microscale heterogeneity in aquatic micro-
bial communities is common. While still significant, differences
between these sample types was less striking when only based on
presence or absence data, likely because of methodological con-
straints. We defined particle-associated cells as being those col-
lected on a 3-pm filter, and this distinction has been used by
others (16, 18, 47). Filtration likely does not result in 100% sepa-
ration of particle-bound cells from those that are free living; some
particle-associated cells may have separated from particles during
the filtering process, some free-living cells may have become
trapped with particles on the filter surface, and there are also po-
tential particles <3 pm in diameter. These factors would have
blurred differences between the two microhabitat types, allowing
free-living taxa to be present in our “particle” samples, and vice
versa, resulting in fewer differences between the two sample types
when the Jaccard index was used. However, these potential meth-
odological limitations make the separation between the two types
of samples even more striking. Particle-associated communities
clearly had a different structure from those that were free living,
whether examined at the phylum level or in terms of specific
OTUs. Large rivers are often characterized by high loads of sus-
pended particles: the Mississippi River is estimated to carry 200
million metric tons of sediment into the Gulf of Mexico each year
(48). Suspended particles in rivers are hot spots for bacterial pro-
duction and activity (49, 50), and finding that such particles har-
bor a distinct bacterial community from the bulk water suggests
that much of the nutrient and organic matter processing within
large rivers occurs by bacterial assemblages that differ structurally
from the free-living bacterioplankton. Such small-scale biogeo-
graphic patterns in both community structure and biogeochemi-
cal cycling are not often considered when assessing nutrient bud-
gets for large ecosystems.

In total, we detected over 30,000 OTUs, of which two-thirds
were represented by just a single sequence. While the presence of
many singletons is supportive of the “rare biosphere” (51), it
could also represent amplification or sequencing errors. We clus-
tered OTUs at a 3% sequence similarity threshold which would
reduce these errors, and using a subsampling approach for com-
munity analyses should further reduce distortion from potentially
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artificial OTUs (52). To absolutely eliminate potential errors from
these singletons, we also analyzed the data set without them, as
well as following the exclusion of OTUs that were represented by
<0.001% of the total sequence reads (OTUs with <7 reads).
These two methods of excluding these rare taxa gave the same
results and in each case supported or even strengthened the find-
ings based on the entire data set. With or without rare taxa, the size
of the subsamples of sequences used in analyses (3,758 to 4,239)
was certainly large enough based on recommended levels (1,000
sequences) for intercommunity comparisons of beta-diversity
(53). While 30,000 total OTUs were detected, this was across two
habitat types (particle associated and free living) from six different
rivers, all of which were shown to have distinct communities. The
number of OTUs within any particular sample fell between 400
and 2,000, which is similar to that obtained by next-generation
sequencing of bacterial assemblages in river sediments (36, 37).
Good’s coverage scores for each sample suggested that diversity in
these systems is actually likely to be higher, especially for the par-
ticle-associated assemblages from the Upper Mississippi and Mis-
souri (coverage scores of 0.82 to 0.88), and in general, coverage
was better for free-living samples (coverage scores of 0.91 to 0.97)
than for particle-associated samples (0.82 to 0.96).

We used Ion Torrent sequencing to analyze biogeographic pat-
terns in riverine bacterial communities, rather than more estab-
lished next-generation technologies such as 454, because we
sought more to compare the assemblages in the different systems
rather than to absolutely classify them. Ion Torrent has not been
used extensively in microbial community surveys but has been
shown to give results similar to those obtained with 454 in terms of
community comparisons, with only minimal misclassification er-
rors, even following a preamplification step (36). We obtained
final read lengths that averaged 156 bp, long enough for microbial
community comparisons (54) and sufficient to determine differ-
ences between the bacterial assemblages sampled in this study. To
verify our identification of some of the more common taxa, we
also cloned and sequenced a longer 16S rRNA gene fragment, and
we were able to confirm classifications made by the Ion Torrent
data. Interestingly, the proportions of sequences from these com-
mon taxa in clone libraries (following a single amplification step)
were not drastically different than those in Ion Torrent libraries
generated following preamplification. Sequences classified as the
LD12 tribe of SARI1/Pelagibacter (Alphaproteobacteria) ac-
counted for 12% and 2% of the free-living and particle-associated
cloned sequences, respectively, compared to 16% and 0.5% in the
Ion Torrent data set, while sequences identified as the Syn/Pro
clade (Cyanobacteria) accounted for 6% and 19% of the free-living
and particle-associated clone libraries, respectively, compared to
17% and 27% of the Ion Torrent sequences. Thus, while our pre-
amplification step may have created some bias, it seems that in the
case of the dominant taxa, this did not alter patterns in their dis-
tribution much more than a single 16S rRNA gene amplification
step. That said, the relative abundances of OTUs or taxonomic
groups as determined in this study likely do not represent actual
abundances of living cells in any specific sample, and because we
used a preamplification step, we do not report calculations of
alpha-diversity. Regardless, particle-associated bacterial commu-
nities were clearly distinct from free-living bacterioplankton, em-
phasizing the importance of small scale spatial heterogeneity in
aquatic systems, although much of this difference occurred be-
cause of differences in the relative abundances of different taxa.
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Regional-scale differences were also apparent, with the major riv-
ers of the Mississippi River Basin differing in their bacterial com-
positions, likely because of environmental differences between the
various drainage basins. Future work could address how these
distinct bacterioplankton communities intermingle following the
merging of these large tributaries with the main channel, which
would presumably change both the environmental characteristics
of the river and its bacterial community composition.
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