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Abstract Although organic-aggregate-associated bacteria
play a pivotal role in microbial food webs and in the
cycling of major elements, their community composition
and diversity have not been extensively studied, especially
in shallow freshwater systems. This study is among the first
to explore intra-lake horizontal heterogeneity of organic-
aggregate-associated bacterial community composition
(OABC) in the large, shallow, and eutrophic Lake Taihu.
During November 2006, samples were collected at four
locations representing different trophic states and food web
structures. Regional variability of OABC and diversity
were studied by amplified ribosomal DNA restriction
analysis and comparative analysis of four large 16S
ribosomal RNA clone libraries. Our results demonstrate
that OABC were numerically dominated by members of the
[3-proteobacteria (19.2—-38.6%), Bacteroidetes (3.6-20.0%),
and a-proteobacteria (11.5-19.2%) groups. The dominance
of the Bacteroidetes group was related to algae-based
aggregates. Horizontal heterogeneity of OABC exists
within habitats, suggesting that the trophic state of the
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water and the physicochemical properties of organic
aggregates (OA) play a key role. Diverse bacterial
communities found on OA were substantially different
from free-living ones. Comparative statistical analyses of
the habitats of OA-associated bacteria highlight the poten-
tial ecological importance of the exchange between OABC
and the surrounding planktonic community. Lastly, we
found at least 45% of sequences closely related to ones
previously found in soils, sludge, sediments, and other
habitats. This demonstrates that microorganisms from
terrestrial and sediment habitats are an important compo-
nent of OA.

Introduction

Microscopic and macroscopic aggregates are an abundant
component of aquatic ecosystems. The occurrence and
ecological importance of macroscopic aggregates (also
known as marine snow) in the pelagic environment has
been extensively studied for more than 30 years [1, 21, 26,
44], and several studies on macroscopic aggregates in deep-
lake and lotic ecosystems, known as lake snow and river
snow, have been reported in recent years [7, 18, 19]. It has
also been suggested that aggregates serve as transient
microhabitats suitable for anaerobic processes within an
oxygenated water column [34]. Abundant bacteria, rich
nutrients, and high metabolic activity of attached micro-
organisms made the aggregates “hotspots” in energy
fluxing, biogeochemical cycling, and food web dynamics
[2, 6,9, 33, 43]. Attached bacteria are often larger and more
abundant and are capable of having much higher cellular
uptake rates of sugars and amino acids than free-living
bacteria [43]. Comparative phylogenetic evidence based on
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16S ribosomal DNA (rDNA) sequences of aggregate-
associated and free-living bacteria indicated that organic-
aggregate-associated bacterial communities (OABC) differ
from those inhabiting the surrounding water column [14,
38]. Although there are differences between aggregate-
associated and free-living bacterial communities, the release
of amino acids into the surrounding water and high
detachment rates of aggregate-associated bacteria suggest
substantial exchange between the two communities [20, 51].

Compared with pelagic systems in which low hydrody-
namic stress allows macroscopic (>500 pm) organic
aggregates to form, aggregate formation in shallow turbid
systems experiencing strong wind mixing exhibits pro-
nounced differences [43]. Wind-driven sediment resuspen-
sion and intense restructuring of the aggregates are major
features of shallow systems [43]. As a result, micro-
aggregates (5-500 pm) can dominate shallow systems.
Aggregate-associated microbial decomposition is likely to
be significant in shallow systems and can lead to the
solubilization and mineralization of particulate organic
matter, which can supply phytoplankton with inorganic
nutrients [43].

While organic aggregates in marine, deep-lake, and lotic
systems have been well characterized, little is known about
the OABC and their ecological importance in large shallow
lakes. To better understand the importance of OABC in
these systems, we investigated the spatial heterogeneity of

Site 3: 130 clones, 71 OTU
Pianctomycetes (8.5%
Unclassified (3.8%)

OABC in a shallow eutrophic subtropical lake (Lake
Taihu), the third largest lake in China. In contrast to smaller
lakes, Taihu has significant geographic environmental
gradients, and it harbors two distinct ecological habitats
(i.e., macrophyte- and phytoplankton-dominated lake hab-
itats). For these reasons, Taihu provides an ideal model
system for investigating the influences of environmental
parameters on OABC [36, 55]. Several studies have been
reported on the composition and dynamics of pelagic and
total bacterial communities in Taihu [52, 54-57]. This is the
first attempt to explore the composition of OABC in this
large subtropical shallow lake. The major aim of the present
study was to explore and characterize the OABC in Lake
Taihu and to assess (1) whether the OA-associated and free-
living differ in composition and (2) whether horizontal
heterogeneity of OABC exists within habitats having
different trophic states and food web dynamics.

Materials and Methods
Site Description and Sampling

Lake Taihu (30° 05-32° 08'-N and 119° 08'-121° 55'-E)
is located in the delta of the Yangtze River in Eastern
China. It has a large surface area (2,338 km?) and is
shallow (mean depth=1.9 m) [36]. The maximum lake
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Figure 1 Comparison of the quantitative distribution of clones
affiliated with selected phylogenetic groups in the noncyanobacterial
organic-aggregate-associated bacterial clone libraries from four loca-
tions of Lake Taihu. Clones affiliated with Acidobacteria, Verrucomi-
crobia, Nitrospira, and Gemmatimonadetes are included in “Others.”

@ Springer

Proteobacteria (62.3%)

Pfanmmycefes
(5.5%)

a-{19.2%)

The sampling sites are located in the areas of River Mouth of Liangxi
River (site 0), Meiliang Bay (site 3), Lake Center (site 8), and East
Taihu (site 24) with contrasting physicochemical properties. The
sampling sites are described in more detail in Table 1
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length is 68.5 km and the width is 56 km (Fig. 1). The
shallowest region, which has a mean depth of <1.5 m, is
about 452 km? and situated mostly in East Taihu, while the
area with depths >2.5 m is in the north and west part of the
lake, occupying 197 km?. Freshwater input is dominated by
the northern and western watersheds, which discharge via
the eastern basin and East Taihu Bay. The hydrology and
nutrient inputs to the lake result in a trophic gradient
characterized by hypereutrophic conditions in the northern
part and mesotrophic conditions in its southeastern part
[12].

Samples were collected at four stations representing
different trophic states and food web structures. More
detailed ecological characterizations of the four stations can
be found elsewhere [31, 54, 55]. One sampling station (site
0) is located in a highly eutrophic area near the river mouth
of Liangxi River; the eutrophication is due to nitrogen and
phosphorus from domestic wastewater discharged from the
river (Fig. 1). The second sampling station (site 3) is
located in Meiliang Bay, which is also highly enriched with
nitrogen and phosphorus. This bay, at the northern end of
Taihu, has a surface area of approximately 100 km?. It
experiences intensive blooms of algae, dominated by
Cyanobacteria, during summer and autumn. The third
sampling station (site 8) is located in the open lake
(Fig. 1), where the water is less enriched with nitrogen
and phosphorus but exposed to frequent wind mixing [54].
The fourth sampling station (site 24) is located in East
Taihu, which is characterized by submersed macrophyte
communities and clear water, with relatively low phyto-
plankton concentrations.

Samples were collected from surface water (top 50 cm)
with 5-1 plastic bottles cleaned with 75% ethanol on
November 14, 2006. The samples were immediately trans-
ported to the laboratory and processed. A 46-ml subsample
was transferred in autoclaved PP tubes (Greiner Bio-one
GmbH, Germany) containing 4 ml of prefiltered (pore size,
0.2 um) glutaraldehyde (final concentration 2% v/v).
Samples were then stored in a refrigerator at 4°C until
slides for enumeration and image analysis were prepared.
To concentrate the aggregates, samples were centrifuged
(5,000xg) for 10 min, modified after [7]. The precipitates
were resuspended in autoclaved particle-free 0.85% NaCl
solution to increase the concentration 200-fold. They were
then used to count the abundances of bacteria associated
with OA or stored frozen at —80°C until DNA extraction.
Water depth, water temperature, pH, Secchi depth, and
coverage by macrophytes were measured on location.
Conductivity, dissolved oxygen, total nitrogen (TN), dis-
solved inorganic nitrogen (DIN), total phosphorus (TP),
dissolved inorganic phosphorus, total suspended solids
(TSS), dissolved organic carbon, chlorophyll a (Chl «),

and the OA-associated TP and TN were measured accord-
ing to standard methods [23].

Enumeration of Bacteria and Organic Aggregates

For bacterioplankton and OA abundance, a well-mixed
subsample was diluted with particle-free distilled water
(1:10) and stained with 4',6'-diamidino-2-phenylindole
(DAPI, Sigma) at a final concentration of 2 pg/ml for
10 min [25]. In order to minimize destruction of aggregates,
vacuum filtration was achieved by a simple hand pump
(MityVac, USA) with the vacuum press <10 mmHg. After
staining, samples were filtered onto black polycarbonate
filters (0.2-um pore size, 25-mm diameter, Poretics™) and
embedded in nonfluorescent immersion oil (Cargille type
A, Cargille Laboratories, Inc., USA). Bacterioplankton cells
and OA were enumerated using a Zeiss Axiovert 135 M
epifluorescence microscope equipped with an HBO 100-W
mercury lamp and a filter set (excitation: G 365, emission:
BP 445/50, Zeiss filter set 49; Zeiss, Germany). A
minimum of 20 fields and at least 400 bacterioplankton
cells and 100 organic aggregates (diameter >5 pm) were
counted per sample. For the abundance of bacteria
associated with OA, the resuspended OA solution was
diluted 200-fold and treated with formaldehyde, dispersant,
and ultrasound [48], followed by the standard epifluores-
cence microscopic count method for the bacterioplankton.

Scanning Electron Microscopy

The procedure for scanning electron microscopy (SEM)
followed the protocol described by Paerl and Shimp [35].
Subsamples of 50-ml surface water were fixed overnight in
2% v/v glutaraldehyde (final concentration) buffered with
0.1 M sodium cacodylate at 4°C. Two milliliters of each
sample except site 24 (10 ml) were filtered through a 5-um-
pore-size polycarbonate membrane (25-mm diameter, Milli-
pore). The filters were washed with 0.1-M sodium cacodylate
buffer, serially dehydrated in 10%, 25%, 50%, 75%, and
100% tert-butanol solutions (10 min in each stage), followed
by vacuum freeze drying for 1 h, and viewed on a scanning
electron microscope (JSM 6300, JEOL).

DNA Extraction, PCR Amplification, and Cloning

Total DNA for OA-associated microorganisms was
extracted using proteinase K, sodium dodecyl sulfate, and
cetyltrimethylammonium bromide concomitant with chlo-
roform extraction and isopropanol precipitation according
to the previous protocol [58]. To reduce inhibition by humic
acid during polymerase chain reaction (PCR) amplification,
the crude DNA extracts were diluted to 50-fold.
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Amplifications of 16S ribosomal RNA (rRNA) genes for
the clone library construction of OA-associated samples
from the four stations were performed using the eubacterial
forward primer 8F (5-AGAGTTTGATCMTGGCTCAG-
3") and universal reverse primer 1492R (5'-GGTTACCTT
GTTACGACTT-3") [32], which are targeted to universally
conserved regions to permit the amplification of an
approximately 1,500-bp fragment. PCR amplification was
performed in 50-ul reaction mixtures containing 1x PCR
buffer, 1.5 mM MgCl,, 200 uM dNTPs, 0.5 uM of each
primer, 1.5 U of Taq polymerase (MBI Fermentas,
Germany), and about 10 ng diluted DNA extract. Ampli-
fication was carried out in a thermocycler (PTC 200
gradient cycler, MJ Research) using a touchdown program:
denaturation at 94°C for 5 min, 13 cycles of denaturation at
94°C for 1 min, annealing at 65°C (the temperature was
decreased by 1°C every cycle until the touchdown
temperature of 53°C was reached) for 1 min and extension
at 72°C for 1.5 min. Twenty-two additional cycles were
carried out at an annealing temperature of 53°C, followed
by a final extension at 72°C for 10 min. PCR products were
purified immediately with the E.ZN.A.® Cycle-Pure Kit
(Omega), and the 16S rRNA gene fragments were cloned
into pGEM-T Easy vector (Promega) following the manu-
facturer’s instructions. The randomly chosen clones were
amplified directly from cells using vector primers T7 and
Sp6 to check the sizes of the inserts and abandon false-
positive clones.

Amplified Ribosomal DNA Restriction Analysis

Amplified ribosomal DNA restriction analysis (ARDRA)
was used to characterize the 16S rRNA gene diversity within
the collection of 1,030 positive clones from the four clone
libraries. The PCR products were digested simultaneously
with two restriction enzymes Haelll and HindIll (MBI
Fermentas, Germany). The digestions were performed for
3 h at 37°C in 20-pl reaction volumes containing 10-pl
PCR products, 2-ul 10x buffers, 7.5-ul sterile Milli-Q
water, and 0.5 ul (10 U/ul each) of the restriction enzymes.
The digestion products were run on a 2.5% agarose gel in
1x Tris—borate—EDTA buffer at 4 V cm ™' for 3 h. Gels were
stained with SYBR Green I (1:10,000 dilution; Amresco),
made visible by UV transillumination, and photographed
with an Omega 10™ gel documentation system (Ultra-Lum
Inc., USA). The images were analyzed with Bionumerics
software version 4.0 (Applied Maths, Kortrijk, Belgium)
according to BioNumerics Quick Guide. Gel photographs
were entered into a BioNumerics database, and the
background noise was removed from the densitometric
curves. After normalization, the bands in the sample lanes
were recognized first with the software’s automatic band
search, followed by manual corrections. The ARDRA
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patterns were used to construct a dendrogram by using the
unweighted pair group method with arithmetic mean
clustering algorithm using the Pearson correlation coeffi-
cient along with the fine optimization option. Bacterial
isolates that produced the same ARDRA pattern were
grouped together and a lane or cluster of lanes with less
than 5% distance to the adjacent lane(s) was defined as a
primary operational taxonomic unit (pre-OTU).

Sequencing and Phylogenetic Analysis

Representative clone inserts from each of the unique pre-
OTUs in each clone library were sequenced on an
automated DNA capillary sequencer (model 3730; Applied
Biosystems) using the primer 8F and the ABI Prism
BigDye terminator sequencing kit v3.1 (Applied Biosys-
tems). All partial 16S rDNA sequences were edited
manually using the software BioEdit (version 7.0.9). To
check the accuracy of ARDRA patterns, sequences were
aligned with ClustalW and grouped together based on
sequence similarity. And sequences with 97% sequence
similarity to any other were treated as a single phylotype (or
OTU). All assembled sequences were examined for
chimeric artifacts using the CHIMERA CHECK software
of the Ribosomal Database Project II (RDP) [29]. Twenty-
seven chimerical sequences and 15 DNA sequences from
plastids (or chloroplast) were excluded from further
analysis. The remaining sequences were compared to the
16S rDNA sequences of the closest organisms from the
GenBank and RDP databases to obtain a preliminary
phylogenetic affiliation of the clones. The phylogenetic
analyses were performed with the Molecular Evolutionary
Genetics Analysis (MEGA) software package version 4.0
[46] (available at http://www.megasoftware.net). Evolution-
ary history was inferred using the minimum evolution
method [40]. The robustness of tree topologies was
confirmed by maximum parsimony analysis with 500
bootstrap replications. Evolutionary distances were com-
puted using the maximum composite likelihood method
[45] and neighbor-joining algorithm was used to generate
the initial tree.

Calculation of Diversity Indices and Clone Library
Similarity Analysis

For each clone library, the ARDRA- and sequencing-based
distribution of clones in different OTUs was used to
estimate the 16S rDNA library size, coverage, richness,
and evenness. These diversity indices were calculated by
using the free software Species Prediction and Diversity
Estimation (Chao and Shen, http://chao.stat.nthu.edu.tw/
softwareCE.html). Species richness was estimated using the
nonparametric Chao estimator S=BSobS+(a2/2b), where Sops
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is the observed number of OTUs; a is the number of OTUs
observed just once and b is the number of OTUs observed
twice [10]. Coverage is calculated as C=1—(s/n), where s is
the number of unique OTUs and n is the number of
individuals in the subsample. The bacterial diversity and
dominance of each cloning library was estimated by using
Shannon’s diversity index (H'), a summary variable that
incorporates the richness and evenness of phylotypes
(OTUs), and the Simpson’s dominance index, respectively.
For the diversity index calculation, the following equation
was used: H' = — 3 (p; x Inp;), where p/=n/N, n; is the
number of clones in the ith OUT and N is the total number
of clones in the sample. Here, the higher value indicates
higher diversity. Serensen similarity index was used for
calculating the similarity degree at community level [11].
Furthermore, to evaluate how well our clone libraries
represent the true diversity of the sample, nonparametric
richness estimators (Scpao1) Were calculated progressively
as more clones were sequenced described by Kemp and
Aller [24].

Statistics

Canonical correspondence analysis (CCA) was applied for
revealing relationship between the members of OABC and the
major environmental variables controlling the compositions of
different members. All data were log(x+ 1)-transformed. The

CCA was performed with the software CANOCO 4.5
(SCIENTIA Software) by using unimodal method because
detrended correspondence analysis run on species variables
indicated that the length of the first axis was >2. The
significance of the first ordination and canonical axes
together was assessed in permutation tests with 499
unrestricted Monte Carlo permutations.

Nucleotide Sequence Accession Numbers

The 429 partial 16S rRNA gene sequences determined in
the present study were deposited in the GenBank with the
following accession numbers: EU272936 to EU273248 and
EU373097-EU373211.

Results
Environmental Characterization

Key abiotic, chemical, and biological parameters measured
at the four sites of Lake Taihu are presented in Table 1.
From north to southeast, the nutrient concentrations at the
sampling stations showed a well-defined gradient. For
example, the concentrations of TP and TN in the river
mouth of Meiliang Bay were about 48 and ten times that of
in East Taihu, respectively. The Lake Center had the highest

Table 1 Physicochemical and biological characteristics of environmental parameters and chemical characteristics of the studied organic

aggregates

Parameter River Mouth Meiliang Bay Lake Center East Taihu

Abiotic parameters
Water temperature (°C) 16.4 15.6 14.9 15.5
Water depth (m) 1.0 2.2 2.4 1.7
Secchi depth (SD, m) 0.20 0.18 0.20 1.40
pH 7.74 8.07 8.26 8.24
Dissolved oxygen (DO, mg 17" 2.95 8.34 8.92 9.41
Conductivity (cond, ps cm™") 715 670 545 595
Total suspended solids (TSS, mg ) 94.80 124.70 168.47 3.28

Nutrients
PO,/ -P (ug 1) 50 3 1 1
Total phosphorus (TP, ug 1) 287 141 98 6
Total phosphorus associated with OA (ug 1) 216 120 87 4
Dissolved inorganic phosphorus (DIP, pg 1" 108 21 8 2
Total nitrogen (TN, mg 1" 7.09 3.22 1.35 0.67
Total nitrogen associated with OA (mg 17" 0.98 1.56 0.82 0.17
Dissolved inorganic nitrogen (DIN, mg 17" 6.51 2.04 0.63 0.47
Dissolved organic carbon (DOC, mg 1) 6.10 6.94 6.48 5.64

Biological parameters
Chlorophyll a (Chl a, ug I'") 491 13.39 3.35 1.79
Submerged macrophytes (percent cover) 0 0 0 80
Bacterioplankton number (10° ml™") 14.1 18.0 16.3 4.8
OA-associated bacterial number (10° ml™") 12.2 21.6 22.8 3.6
OA number (10° ml™") 2.5 7.0 7.5 14
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value of TSS (168.47 mg I "). Regression analysis revealed
that OA-associated TP was significantly correlated with TP,
TN, and DIN (P<0.05). Only East Taihu was covered
(coverage >80%) by a mixed community of floating leafed
species (mainly Nymphoides peltata) and submersed mac-
rophytes (mainly Potamogeton malaianus, Elodea nuttal-
lit). The Chl a concentrations determined at the four
sampling stations varied from 1.79 pg 1" in the macro-
phyte-dominated East Taihu to 13.39 pg ' in the algae-
dominated Meiliang Bay. Although the Chl @ concentration
in the center of the lake was not very high, there was a
substantial amount of brown senescent and dead algal
material in the water column at the time of sampling.

Bacterial and Organic Aggregate Abundance
and Morphology

Along the sampling stations, OA abundance ranged form
1.4 to 7.5x10° ml™", and the abundance of free-living and
OA-associated bacteria varied from 4.8 to 14.1x10° ml™!
and 3.6 to 22.8x10° ml™', respectively (Table 1). About
43% to 58% of total bacteria were found associated with

OA. East Taihu showed the lowest abundance of OA, OA-
associated bacteria, and free-living bacteria. The highest
bacterioplankton and OA-associated bacterial abundance
were recorded in Meiliang Bay and the central region of the
lake. Regression analysis revealed that OA-associated
bacterial abundance was significantly correlated with TSS
(P<0.05). Clear morphological differences can be observed
on SEM micrographs for OA and OA-associated bacteria
collected from the four sampling stations (Fig. 2). The size
of most OA ranged from 10 to 200 pwm, and they consisted
predominantly of debris of Cyanobacteria and zooplankton
(in Meiliang Bay and Lake Centre), unidentifiable compo-
nents (in River Mouth), and diatom frustules and detritus of
macrophytes or charophyta (in East Taihu; Fig. 2). Intense
colonization of mucilage surrounding cyanobacterial cells
was observed by DAPI stain and SEM.

Clone Library Coverage and Diversity Analysis
For each of the four stations, comprehensive clone libraries

were built with careful consideration for ARDRA resolu-
tion and sequence quality. In total, 223 OTUs were

Figure 2 Scanning electron micrographs of typical organic aggregates obtained from different aquatic systems a River Mouth, b Meiliang Bay, ¢
Lake Center, and d East Taihu. Small arrows indicate the presence of some associated bacterial microcolonies
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obtained from 852 clones using 97% similarity threshold to
classify different OTUs. The Scpao1 accumulation curves
approached an asymptote, which indicated that the sam-
pling of our clone libraries was satisfactory (Fig. 3 A1-D1).
Then, richness (Chao), dominance (Simpson index), and
biodiversity coverage of the clone libraries were calculated
(Table 2). The predicted value of Chaol at each sampling
station varied between 122.1 and 174.9, with an average of
142.1. Interestingly, the estimated richness (average=121)
for the two lake stations (Meiliang Bay and Lake Center)
that experienced cyanobacterial blooms is less than that
(average=149) of the other two stations, which suggested
that the richness of the OA-associated bacterial community
may have been negatively affected by the conditions
created by the cyanobacterial bloom.

The reciprocal Simpson index was much lower in the
two bloom libraries compared with the other two libraries,
revealing a more uneven distribution of the phylotypes
(OTUs) for the bloom communities. However, when all
cyanobacterial clones were excluded from the analyses, the
reciprocal Simpson index for the two bloom libraries
increased to values that were much higher than those of
other two libraries (Table 2), suggesting that the distribution
of noncyanobacterial clones between different OTUs was
more even. The higher A’ values representing species

Figure 3 Left panels: predicted 2007 A4
number of phylotypes based on 160

Schao1 versus size of subsamples

of four libraries derived from 120

natural OA-associated bacterial 80
communities. Each point is the
mean of ten replicate subsam-
ples of the library. Right panels:
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Table 2 Comparison of organic-aggregate-associated bacterial operational taxonomic units (OTUs) diversity, by means of the Chaol richness

estimator and the reciprocal Simpson’s dominance index

System Chaol estimate OTUs Clones RSI H’ C (%)
River Mouth +Cyano 174.9 (37.2) 82 227 27.11 4.12 77.5
—Cyano 169.3 (36.0) 80 223 26.25 4.09 77.6
Meiliang Bay +Cyano 134.8 (23.5) 76 211 14.20 3.91 78.2
—Cyano 127.3 (22.7) 71 130 39.37 4.48 65.4
Lake Centre +Cyano 122.1 (20.0) 75 223 16.84 3.92 82.1
—Cyano 115.1 (21.1) 67 128 61.12 443 70.3
East Taihu +Cyano 136.7 (29.7) 70 191 29.22 4.05 79.1
—Cyano 129.6 (30.2) 64 146 37.94 4.15 74.0

Standard error for the Chaol estimator is given in brackets. Values for complete libraries and libraries where cyanobacterial clones were excluded

from analysis are labeled +Cyano and —Cyano, respectively
RSI reciprocal Simpson index, A’ Shannon index, C coverage

obtained from comparative analyses of the four non-
cyanobacterial 16S rRNA gene clone libraries studied
(Table 3). However, when Cyanobacteria were counted,
the homogeneity reached up to 60%. The most similar
clone libraries were from the two cyanobacterial bloom
systems, Meiliang Bay and Lake Center, and this was also
corroborated by community-level ARDRA fingerprinting.

Taxonomic Groups and Their Distribution

Among 852 clones, a total of 429 nonchimerical partial
(700 bp) 16S rRNA gene sequences from the four studied
bacterial libraries were acquired. There were 225 clones
belonging to the Cyanobacteria phylum, and few of them
were from the clone library of River Mouth. Members of
Microcystis spp. were found almost only in Meiliang Bay
and Lake Center, whereas members of Synechococcus spp.
were retrieved mostly from Lake Center and East Taihu
(Fig. S1_A). In addition, 110 clones (48.9%) from all of the
studied locations affiliated with the Cyanobacteria phylum
could not be related to any known genus. All the clones
were excluded from the subsequent analysis because this

study mainly focused on the composition of heterotrophic
bacterial communities associated with OA.

As determined by the Basic Local Alignment Search
Tool and the RDP classifier, most noncyanobacterial clones
from the libraries were affiliated with the (3-proteobacteria
(32.7%), x-proteobacteria (15.0%), Bacteroidetes (12.3%),
y-proteobacteria (9.1%), Planctomycetes (8.6%), Actino-
bacteria (4.6%), O-proteobacteria (3.3%), Firmicutes
(2.7%), and e-proteobacteria (2.4%) groups. Clones affili-
ated with Acidobacteria, Verrucomicrobia, Nitrospira, and
Gemmatimonadetes were also found in low numbers (<10
clones per phylum; Fig. 1). In addition, 34 clones (5.4%)
could not be affiliated with any known bacterial group.

In total, 392 clones were affiliated with the phylum
Proteobacteria, which was the most abundant phylum in the
four libraries; representing 72.2%, 53.1%, 55.5%, and
62.3% of the noncyanobacterial clones, respectively
(Fig. 1). The Proteobacteria are divided into five subphy-
lums, and four of these («-, 3-, -, and d-proteobacteria)
were detected in all four libraries. Members of the
subphylum [3-proteobacteria were frequently encountered
in all four OA-associated bacterial clone libraries,

Table 3 Comparison of bacterial community composition in the four districts of Lake Taihu using both amplified ribosomal DNA restriction
analysis (ARDRA) patterns and by comparing operational taxonomic units (OTUs) in large 16S rRNA clone libraries

Districts of Lake Taihu

Serensen similarity index (%) for bacterial communities associated with organic aggregates

Meiliang Bay

Lake Center

East Taihu

ARDRA Clone Clone*

ARDRA Clone Clone*

ARDRA Clone Clone*

River Mouth 21.5 339 29.3 17.8 27.3 22.4 18.4 32.9 28.2
Meiliang Bay 31.8 60.3 39.0 24.7 50.2 333
Lake Center 30.3 56.2 38.7

Similarities (S, Serensen estimate) of bacterial communities of four lakes were calculated by using binary data with the equation S=25,/(S1+55),
where S}, represent the total number of OTUs or ARDRA patterns present in both samples, and S; and S, are the total number of OTUs or

ARDRA patterns in samples 1 and 2, respectively.

# Similarities of 16S rRNA clone libraries where all cyanobacterial clones had been excluded
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corresponding to 38.6%, 19.2%, 32.8%, and 35.6% of the
clones from River Mouth, Meiliang Bay, Center Lake, and
East Taihu libraries, respectively (Fig. 1). About 35.9% of
the phylotypes (OTUs) were most closely related to
phylogenetic groups containing cultured representatives,
i.e., Comamonadaceae, Burkholderiaceae, and Alcaligena-
ceae (Fig. 4b). Most of the sequences affiliated with
Burkholderiales, in which the family of Comamonadaceae
and Burkholderiaceae were dominant. Phylogenetically,
more than a half (53.8%) of the phylotypes of f3-
proteobacteria belonged to already-known freshwater clus-
ters, e.g., Rhodoferax sp. BAL47, LiUU-5-340.2, and
Polynucleobacter necessaries (represented 18% of all 3-
proteobacteria clones; Fig. 4b). Sequences affiliated with oc-

proteobacteria accounted for 16.1%, 11.5%, 11.7%, and
19.2% of the noncyanobacterial clones, respectively, and
grouped mainly in the family Sphingomonadaceae contain-
ing cultured representatives (Figs. 1 and 4a). Many of the
16S rDNA sequences affiliated with «-proteobacteria
belong to previously described freshwater clusters, e.g.,
LD12, LiUU-9-283, Novosphingobium subarctica, and
Brevundimonas intermedia (Fig. 4a). Compared with the
other three clone libraries, the relative abundance of y- and
d-proteobacteria in Meiliang Bay library was much higher,
but no €-proteobacteria were found (Figs. 1 and S1 B).
Among all the phylotypes affiliated with y-, 8-, and €-
proteobacteria, only four phylotypes affiliated with -
proteobacteria contained cultured representatives; the others

Figure 4 Minimum evolution
trees inferred by analysis of
partial 16S rDNA sequences
(700 bp) obtained from four
clone libraries for River Mouth
(a*), Meiliang Bay (b*), Lake
Center (c*), and East Taihu (d*)
in Lake Taihu. Numbers of
clones in each OTU are given in
parentheses. Brackets following
clone name indicate clusters
previously reported by Crump
and Hobbie [13], Eiler and
Bertilsson [15], Hahn [22], Wu
et al. [56], and Zwart et al. [59].
Separate phylogenetic trees are
shown for the (a) x-proteobac-
teria (Escherichia coli,
DQ118017 was used as out-
group), b (-proteobacteria
(Geobacter bremensis, U96917
was used as out-group), ¢ Bac-
teroidetes (C. akagii CK58,
AJ237755 was used as out-
group). The percentage of repli-
cate trees in which the associat-
ed taxa clustered together in the
bootstrap test (500 replicates) is
shown next to the branches.
Branches corresponding to par-
titions reproduced in less than
50% bootstrap replicates are
collapsed. The evolutionary dis-
tances were computed using the
maximum composite likelihood
method [45] and were in the
units of the number of base
substitutions per site. The
neighbor-joining algorithm was
used to generate the initial tree.
Phylogenetic analyses were
conducted in MEGA4 [46]
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Figure 4 (continued)
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Figure 4 (continued) C. Bacteroidetes
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had no pure cultured representatives. Interestingly, all the
sequences affiliated with d-proteobacteria closely related to
sequences previously obtained from sediment, soil, sludge,
or biofilm samples and not from pelagic freshwater ones.
Seventy-seven clones affiliated with the phylum Bacter-
oidetes accounted for 12.3% of the total sequenced clones
(Fig. 1). Bacteroidetes was the most commonly represented
phylum in the OA-associated bacterial library of Meiliang
Bay characterized by a Cyanobacteria-dominated algal
bloom at the time of sampling. A further separation into
classes within Bacteroidetes is clearly visible in the
phylogenetic tree in Fig. 4c. The majority of the 16S rRNA
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gene sequence fragments of the phylum Bacteroidetes
belong to the class Sphingobacteria. Only 15 clones were
affiliated to the class Flavobacteria, but no sequence related
to the class Bacteroidetes. Fourteen clones could not be
affiliated to any class of the phylum Bacteroidetes. In
general, 44% clones affiliated with Bacteroidetes belong to
previously described freshwater clusters (Fig. 4c) [13, 59].

Only 4.6% of the total clones were affiliated with the
phylum Actinobacteria, and most of them were phyloge-
netically related to the freshwater clusters Urk0-14, ML-5-
51.2, ACK-M1, acll-D, Med0-06, CL500-29, and Sta2-30
[49, 56, 59] (Fig. S1 _C). Interestingly, the phylotypes
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affiliated to Actinobacteria in the Lake Center library
accounted for 57.1% of all Actinobacterial phylotypes from
all the four libraries.

A total of 54 clones affiliated with Planctomycetes
accounted for 8.6% of the total clones, and most of them
had no closely related cultured representatives (Fig. 1,
Fig. S1 D). Firmicutes, Acidobacteria, Verrucomicrobia,
Nitrospira, and Gemmatimonadetes were minor components
in the libraries studied; they varied from 0.3% to 2.7%.
Firmicutes were absent in East Taihu library (Fig. S1_D).
Acidobacteria were found in all of the libraries, but
Verrucomicrobia were absent from the nutrient-contaminated
location (River Mouth). Nitrospira were only found in Lake
Center and East Taihu libraries (Fig. S1_C). Only two clones
from Meiliang Bay and the Lake Center were affiliated with
the phylum Gemmatimonadetes (Fig. S1_D). Finally, 34
clones (accounting for 5.4% of all clones) from the four
libraries could not be affiliated to any known group. Some of
them are shown in the phylogenetic tree in Fig. S1.

Statistics

Results of CCA illustrated that the differences in OABC
between the four sampling sites are related to the four most
important environmental factors (TP, TN, pH, and water
temperature). TP and TN contributed significantly to
variance in OABC (P<0.05; Fig. 5). The eigenvalues of
the first and second axis were 0.746 and 0.656, respective-
ly, and the two axes explained 71.4% of the observed
variation in OABC.

0
- Meiliang Bay
O
§ 1 Lake Centre
<
3 o TP
| TN
N pr
P R
é O
River Mouth
1 East Taihu
O
‘0.
-1.0 Axis 1 (38.0%) 1.5

Figure 5 Canonical correspondence analysis biplots showed the
differences in OABC relation to main environmental factors at four
sites in Lake Taihu. 7, TN, and TP refer to water temperature, total
phosphorus, and total nitrogen, respectively
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Discussion

The sampling method of aggregates is of vital importance
for further analysis. While single aggregates in the sea and
in deep lakes often were collected by scuba diving [43], the
high concentration of small particles in Lake Taihu requires
other methods. Unfortunately, at present time, we have no
method which can completely separate the inorganic
material from organic material in turbulent shallow lakes.
In this study, we chose the centrifugation method to collect
our OA samples following the protocol of Bockelmann et
al. [7]. There are two reasons. Firstly, there were abundant
new-formed small cyanobacterial colonies in the water
samples from Meiliang Bay and Lake Center. According to
our previous study using DAPI and scanning electronic
microscopy, we found that most of the new-formed small
cyanobacterial colonies almost had no associated hetero-
trophic bacteria. Using the centrifugation method, we
removed majority of this type of algal colonies suspended
in the aqueous phase after centrifugation. Because our
research was focused on the associated heterotrophic
bacteria, by doing so, we were able to study an important
category of attached bacteria. Secondly, our research
objects were the community structure of associated bacte-
ria. Organic materials, not the inorganic ones, were
intensively colonized by bacteria in the surface water of
Lake Taihu (data not shown). Although the sampling
procedure integrated over many different particle types
including organic and inorganic particles, the collected
inorganic components had little effect on the analysis of
aggregate-associated bacterial community composition. So
we called our collected samples as organic aggregates for
emphasizing the habitat of the associated bacteria, just as
Bockelmann et al. [7] did.

Although the investigation was a momentary picture of
the lake based on one sampling date, our present prelim-
inary study provides insights into the ecological importance
of OA-associated bacterial communities. We found that
bacterial colonization was highly variable between the
aggregates sampled from the four locations with different
food web structures; usually, colonization was highest on
cyanobacterial aggregates. SEM identified a wide variety of
bacterial morphologies, suggesting a diverse community
associated with organic aggregates, especially associated
with cyanobacterial aggregates (Fig. 2). This was confirmed
by phylogenetic analyses of 16S rRNA genes, where
bacteria affiliated with nine phyla were identified.

Many studies have demonstrated that the (3-proteobac-
teria are abundant in most freshwater environments [15, 17]
and they are also believed to share the ability to degrade
complex organic macromolecules with the Bacteroidetes
[28]. In our study, sequences affiliated with the clusters
obtained from two cyanobacterial blooms in Swedish lakes
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[15] were abundant, e.g., the LiUU-9-115.2 and LiUU-9-
283.2 clusters of a-proteobacteria; the LiUU-3-128, LiUU-
5-340.2, and LiUU-5-131 clusters of [(3-proteobacteria
(Fig. 4a, b). Both o- and 3-proteobacteria were dominant
in the mucilage of Cyanobacteria during bloom events [16,
30]. One explanation for this is that several members of the
Proteobacteria attach to Cyanobacteria and cause cell lyses
and death of some cyanobacterial species [16, 30]. The (3-
proteobacteria also constituted the numerically most impor-
tant bacterial group in lotic microbial aggregates (river
snow) obtained from the Elbe River [7] and lake snow
aggregates from Lake Constance [41, 50]. These findings
are consistent with our results. In contrast, our present study
showed sequences affiliated with the Polynucleobacter
necessarius cluster of 3-proteobacteria to be a major group
dwelling on OA (Fig. 4b). Furthermore, three subclusters
(PencB, PencC, and PencD) with minimum 16S rRNA
gene similarities of >95.0% were detected. The Polynu-
cleobacter community inhabiting Taihu Lake was well
characterized by fluorescence in situ hybridization (FISH)
with Polynucleobacter-specific probes [52] and by other
cultivation-independent methods [55], and even a Poly-
nucleobacter strain (isolate MWH-TaW3) was isolated
from this lake [22]. It is stated that all detected Poly-
nucleobacter cells (detected by FISH) appeared as single
freely suspended cells [52]. This statement contrasts with
findings presented here. Although we cannot exclude the
coprecipitated free-living ones by the centrifugation meth-
od, we argue that such big percentage of Polynucleobacter
were not mainly from the pelagic ones. The Polynucleo-
bacter accounted for 5.9% of the total OA-associated
bacterial clones in our study, while they only represented
1.1% of the total free-living clones reported by Wu et al.
[55]. One explanation may be that specific Polynucleo-
bacter cells have adapted well to the anaerobic micro-
habitats inside of OA. Recently, obligate endosymbionts of
at least two species of ciliate have been found; the 16S
rDNA sequences of these endosymbionts are >99% similar
to that of its closest free-living Polynucleobacter bacterium
[47]. Thus, another explanation for these conflicting results
is that the Polynucleobacter sequences obtained here are
from unknown endosymbionts of ciliate or other protozoa.
P. necessarius bacteria, detected by cultivation-independent
methods, are found globally in the pelagic zone of many
lakes across the entire range of trophic states [59]. It
appears that they depend upon autochthonous rather than
allochthonous substrates, but little is known of their
ecological properties [22, 53].

Previous findings have highlighted the importance of
Bacteroidetes, formerly known as the Cytophaga—Flavo-
bacteria—Bacteroides phylum, during phytoplankton blooms
[15, 39]. In our study, members of the Bacteroidetes formed
a substantial component of the bacterial communities

associated with algae-based OA (Fig. 1). Previous studies
have demonstrated that bacterioplankton belonging to this
group is abundant in lakes associated with cyanobacterial
blooms [15] and in marine habitats [17]. In addition, they
have also been shown to represent a significant part of
microbial assemblages frequently found on macroscopic
organic matter particles, such as marine snow [14, 38], lake
snow [41], and river snow [7]. Many studies also showed
that Bacteroidetes were dominant in particle-associated
communities in freshwater systems [4, 42]. The high
abundance of Bacteroidetes in the free-living assemblages
and detritus-associated communities is related to their
physiological characteristics. Surface-dependent gliding
motility is an important and widespread characteristic of
these bacteria. Second, Bacteroidetes are chemoorganotro-
phic and efficiently degrade a variety of high-molecular-
weight compounds such as protein, cellulose, pectin, and
chitin, typical components of the high molecular mass
fraction of DOM [28]. In the present study, about 56% of
the clones affiliated with Bacteroidetes had no close
freshwater clusters representatives. These Bacteroidetes
might be able to exploit complex organic macromolecules
such as cyanobacterial exudates or exopolymers. More
direct evidence has shown that the abundance of a
Bacteroidetes species capable of lysing Cyanobacteria cells
was tightly coupled to the development of a bloom event
[37]. Previously observed exoenzyme activities associated
with naturally occurring aggregates [21, 44] may be due to
the specific colonization of newly formed phytodetrital
aggregates by members of these bacterial groups [14].
Accordingly, it is not surprising that phylotypes affiliated
with Bacteroidetes were especially abundant in the samples
derived from cyanobacterial aggregates from Lake Taihu in
this study. Although it is not always possible to predict
phenotypic properties solely on the basis of its phylogenetic
position [14], together with previous studies, our data
suggest that these populations may be responsible for
microbial-mediated particle decomposition in the organic
aggregates.

Actinobacteria form one of the dominant fractions in
freshwater bacterioplankton communities, accounting for as
much as 70% of the total bacterioplankton in lakes and
rivers distributed globally [5, 59]. Within-lake horizontal
heterogeneity of bacterioplankton community composition
in Taihu and seasonal patterns of bacterial community
structure in Meiliang Bay have been investigated [55, 56].
The results indicated that Actinobacteria was the most
commonly represented phylum in the bacterioplankton
communities, accounting for 44.8% and 59.4% in Meiliang
Bay and East Taihu clone libraries, respectively [55].
However, our results demonstrate a substantial difference
between OA-associated and free-living bacterial communi-
ties at both the phylum and subphylum levels. Only 29
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clones (4.6%) were affiliated with Actinobacteria in the
OA-associated bacterial clone library. Allgaier and Grossart
[3] compared free-living and particle-associated bacterial
communities in four lakes of Northeastern Germany by
FISH, and their results showed that the majority of
Actinobacteria are free-living and only few are attached.
This is consistent with our results.

Generally, the origin, size, and composition of organic
aggregates have a pronounced effect on the bacterial
colonization. Although many sequences were similar to
those found in the previously studied pelagic freshwater
habitat, our data showed that nearly half of the clones
obtained grouped with the sequences from other habitats
(Fig. 4). To better understand the habitats of the new
phylotypes, we searched for the closest published sequen-
ces on GenBank from aquatic or terrestrial environmental
samples. Using these data, we found that about 55% of total
clones from the OA-associated bacterial libraries were
closely related (88—100% sequence similarity) organisms
or clones from pelagic freshwater environments (Fig. 6).
Among these pelagic freshwater bacteria, about 19% were
from Taihu, which were identified by Wu et al. [55, 56]. In
East Taihu, these sequences were most similar to sequences
recovered from pelagic habitats and represented 78% of the
total OA-associated bacteria. In other locations, however,
pelagic-associated bacteria accounted for less than 51%.
Meanwhile, the relative proportion of sediment-associated

Relative Ratio (%)

Figure 6 Proportion of habitat affiliations of the sequences based on
comparison of our 16S rRNA clone library sequences with the closest
relatives from the GenBank. The /left bars give the frequency
distribution for the sample River Mouth (4), Meiliang Bay (B), Lake
Center (C), East Taihu (D); the bar labeled Total gives the frequency
distribution for all samples. Habitats affiliated with anaerobic swine
lagoon, subsurface aquifer, wastewater, rumen fluid, human gut, and
fuel cell anode as well are included in Others

@ Springer

bacteria in East Taihu was the smallest. The observation of
these sequences recovered from multiple habitat types
indicates potential microbial exchange between OA and
the surrounding water. The observed release of amino acids
into the surrounding water and the high calculated
detachment rates of aggregate-associated bacteria [20, 27,
51] support our hypothesis that there is substantial exchange
between the two communities. Soil bacteria constituted the
next largest group in Meiliang Bay, Lake Center, and East
Taihu, whereas sludge bacteria account for the second largest
group (20%) in the River Mouth (Fig. 6). The high proportion
of sludge bacteria in the River Mouth library may have
resulted from Liangxi River discharge. Previous studies have
demonstrated significant influences of allochthonous bacteria
on bacterioplankton diversity in lakes [8, 55]. The presence
of clones in each OA-associated bacterial library closely
related to clones or isolates from soils and sludge may
indicate the import of allochthonous bacteria associated with
detritus from terrestrial environments.

The high inter-habitat variability of OABC might be
governed by differences in environmental conditions
between the sites. The result of CCA illustrates that the
trophic state was the most important environmental factor
in structuring the OABC (Fig. 5). In freshwater systems,
increasing nutrient loading causes shifts in food web
structure, increased intensity of destructive algal blooms,
and the disruption of important ecosystem functions, and all
responses are tightly linked [54, 55, 57]. Heterotrophic
bacteria respond to nutrient enrichment promptly, resulting
in changes in microbial species and community composition.

The different composition of OABC in this study
(Table 3 and Fig. 1) is the result of the trophic gradient
and the food web dynamics. In East Taihu, the dominant
(78%) heterotrophic bacterial sequences were associated
with pelagic habitats (Fig. 6); this may be related to low
nutrient levels, abundance of macrophytes, and scarcity of
OA. Submersed macrophytes caused an immobilization of
the sediment, and, due to the lack of sediment resuspension,
the water column in the macrophyte-dominated parts
contained a much lower concentration of OA [55]. Our
sampling procedure integrated over many different particle
types with different origins. The chemical composition of
OA from different sites was quite different, e.g., the ratio of
the OA-associated TN to the TN of the sampled water was
much higher (by twofold to fourfold) in Meiliang Bay and
Lake Center compared to the other two sites (Table 1).
Trophic states might structure OABC by way of influencing
the chemical composition of OA. In Meiliang Bay and Lake
Center, we found substantial amounts of brown senescent
and dead algal material in the water column. The decom-
posed algae are a good source of OA. And this source of
organic matter can be utilized by specific groups of OA-
associated bacteria. The relationship between nutrient
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states, macrophytes, organic aggregate concentrations,
cyanobacterial blooms, and composition of OABC should
be examined in more detail.

In conclusion, this is among the first reports on micro-
scopic aggregate-associated bacterial diversity in a large
shallow aquatic system. Our results demonstrate that OA
microhabitats harbor diverse bacterial communities which
differ from planktonic ones in Lake Taihu. Phylogenetically,
clone libraries of noncyanobacterial OA-associated bacteria
were dominated by {3-proteobacteria, Bacteroidetes, and «-
proteobacteria sequences, but, at individual sites, these
proportions varied. Horizontal heterogeneity of OABC
existed between habitats and the relative high proportion of
Bacteroidetes associated with algae-derived aggregates
suggests that the trophic state and the physicochemical
properties of OA play a key role in sustaining OABC
structures. Comparative statistical analyses of the habitats of
OA-associated bacteria highlight the potential ecological
importance of the exchange between OABC and the
surrounding planktonic community. Furthermore, micro-
organisms from terrestrial and sediment habitats may be an
important component of OA.
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