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Abstract Dianchi Lake is a typical Chinese eutrophic lake.
The bacterial community in the polluted water of the Dianchi
lakeshore was investigated by cultivation-independent
approaches. The amplicon length heterogeneity polymerase-
chain reaction (LH-PCR) was used to detect the major
differences in bacterial structure among the nine different
sampling sites. Cluster analysis shows that the bacterial
communities in water blooming sites were similar. Three genes
were employed to characterize bacteria in the two parts of
Dianchi Lake. The 16S rRNA gene was used to analyze the
total bacterial community, the ammonia monooxygenase
(amoA) gene for detecting ammonia-oxidizing bacteria, and
the nitrous oxide reductase (nosZ) gene for identifying
denitrifying bacteria. The clone library results demonstrate
that Proteobacteria, Bacteroidetes, and Cyanobacteria were the
dominant bacteria in both parts of the lake. The communities
of ammonia-oxidizing bacteria were very different in the two
parts of the lake and belonged to Nitrospira in the north and

Nitrosomonas in the south part, respectively. Denitrifying
bacteria in the Dianchi lakeshore were related to several
cultured denitrifiers such as Pseudomonas, Paracoccus,
Achromobacter, and Rubrivivax.

Keywords Dianchi Lake . Bacterial diversity . Ammonia-
oxidizing bacteria . Denitrifying bacteria

Introduction

Dianchi Lake (24°40′–25°02′N, 102°37′–102°48′E), located
in Kunming, Yunnan Province of China, is a typical severely
eutrophic lake. The watershed area is 2,920 km2 and the
average depth is 5.3 m. A dam divides the Dianchi Lake into
two parts: Caohai, the northern part, with a water surface
area of 10.8 km2; and Waihai, the southern part, with a water
surface area of 298.2 km2. Eutrophication of the lake is
caused mainly by human activities. Since the 1980s, a large
amount of pollutants, mainly from industrial and domestic
wastewater, runoff, and rural non-point source pollution,
have been discharged into Dianchi Lake. The water quality
has undergone a rapid decrease to far below the national
standards for surface water. In recent years, the Chinese
government has invested substantial financial and material
resources in the remediation of Dianchi Lake with a number
of measures, such as control of pollution sources, dredging
of lake sediment, and ecological restoration. Since then,
water quality has improved considerably. However, eutro-
phication is still a serious problem and represents a major
challenge for the local government.

In order to understand the role of bacteria in lake
ecosystems, a knowledge of the bacterial comminuty structure
is essential (Baik et al. 2008). Studies on the variations in
bacterial community at different times and locations may
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provide an understanding of the effects of environmental
variables or human activity on the bacterial diversity,
composition, and species richness in water or soil (Lin et al.
2010). In recent decades, culture-independent molecular
approaches based on 16S rRNA sequence have been used
widely for studies of eutrophic lakes (Kolmonen et al. 2004;
Muylaert et al. 2002; Tamaki et al. 2005; Tang et al. 2010).
Previous studies have shown that cyanobacterial blooms are
common in eutrophic freshwater and have caused deteriora-
tion of water quality (Bouvy et al. 1999; Dillon et al. 2009;
Fabbro and Duivenvoorden 1996). Moreover, heterotrophic
bacterial degradation of organic carbon synthesized during
blooms of cyanobacteria may also deplete the dissolved
oxygen to a level that is harmful to many organisms
(Eiler and Bertilsson 2004). Therefore, the composition of
the aquatic bacteria community may be used as an
indicator for the level of eutrophication of the water body.
Nitrogen is one of the primary resources for plant, alga,
and microbe biomass production. Increased nutrient input
can markedly alter aquatic ecosystems (Bernot et al.
2009). Studies on nitrification and denitrification are also
important for exploring the mechanisms of eutrophication
and greenhouse gas discharge (Altabet et al. 2002; Conley
et al. 2009; Sakano et al. 2002).

To investigate whether sample location and associated
water quality affect the composition and diversity of
bacterial communities at the shores of eutrophic lakes, we
collected water samples from nine different sites around the
Dianchi Lake ecosystem. We employed amplicon length
heterogeneity polymerase-chain reaction (LH-PCR) to
analyze all samples, and 16S rRNA gene clone libraries to
two typical samples to elucidate bacterial community diversity
and composition. Furthermore, to investigate the composition
of ammonia-oxidizing bacteria (AOB) and denitrifying
bacteria in the Dianchi lakeshore, we constructed clone
libraries of amoA (ammonia monooxygenase) and nosZ gene
(nitrous oxide reductase)—two genes often used as
functional markers for nitrification and denitrification
(Purkhold et al. 2000; Rösch et al. 2002; Rich et al. 2003;
Rotthauwe et al. 1997).

Materials and methods

Study sites and water sample collection

Nine sampling sites were selected around the Dianchi Lake
(Fig. 1). All sites are located on the lakeshore and represent
the most contaminated areas. The samples were collected
on 12 and 13 January 2010. The temperature was 20°C.
Surface water samples (approximately 2–10 cm from the
surface) were taken in plastic bottles and transported
immediately to the laboratory.

Water quality analysis

Total organic carbon (TOC), pH and concentrations of
NH3-N, NO2

−-N, and NO3
−-N, were measured. The pH

was measured by a pH meter (Model 868, Thermo Orion,
Waltham,MA). TOC was measured by a TOC analyzer
(TOC-vCPH, Shimadzu, Tokyo, Japan). The concentra-
tions of NH3-N, NO2

−-N, and NO3
−-N were measured

using standard methods with a UV-VIS spectrometer
(Shimadzu UV2401), i.e., salicylate-hypochlorous acid,
N-1-naphthyl-ethylenediamine, and UV-spectrophotometric
determination, respectively (State Environmental Protection
Administration of China 1989).

Total DNA extraction from water samples

Water samples (300 ml) were filtered through Millipore
membrane filters (pore size, 0.22 μm) using sterile syringes.
Membranes were cut into pieces with sterile scissors and used
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Fig. 1 Plan view of the Dianchi lakeshore sampling sites, Yunnan
province, China. The bold line represents the dam that separates
Caohai and Waihai. Site locations: 1 25°00′53.3′′N, 102°39′10.0′′E; 2
24°58′51.8′′N, 102°37′51.2′′E; 3 24°59′43.8′′N, 102°38′57.5′′E; 4, 5
24°57′43.1′′N, 102°38′42.0′′E; 6 24°50′29.6′′N, 102°39′49.8′′E; 7 24°
41′06.8′′N, 102°38′05.6′′E; 8 24°52′33.0′′N, 102°46′36.2′′E; 9 24°54′
25.7′′N, 102°45′01.1′′E
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immediately for DNA extraction. DNA extraction was
performed using a 3S spin DNA isolation kit for environmental
samples K717 (Shanghai Biocolor Bioscience & Technology
Company, Shanghai, China). The extracted DNAwas stored in
TE buffer in a −20°C freezer.

Length heterogeneity polymerase-chain reaction

LH-PCR was performed to detect the major differences in
bacterial communities among samples from the nine sites.
The 16S rRNA gene from the extracted total DNA was
amplified with the universal primers 27 F (5′-AGAGTTTG
ATCCTGGCTCAG-3′) and 338R (5′-GCTGCCTCC
CGTAGGAGT-3′) (Ritchie et al. 2000). The 27 F primer
was labeled with 6-carboxyfluorescein at the 5′ end. PCR
amplification was performed in a thermocycler (Takara Bio,
Otsu, Japan) with the program described by Ritchie et al.
(2000). PCR products were purified using a QIAquick PCR
purification kit (Qiagen, Hilden, Germany) and were sent to
the SinoGenoMax (Beijing, China) for GeneScan analysis.

LH-PCR electropherograms were analyzed using the
Genemapper 3.7 software. Signals with a peak height below
100 in relative fluorescence units were regarded as back-
ground noise and excluded from the analysis. LH-PCR for
each sample was performed in triplicate.

LH-PCR data analysis

Relative area ratios for LH-PCR were calculated by
dividing each individual peak area by the total peak area
of each electropherogram. The peaks with a relative area
ratio ≥1% were selected for further analysis (Lueders and
Friedrich 2003). Three parameters were used to compare
LH-PCR fingerprint patterns: the richness (S), (total
number of peaks detected in a sample); the Shannon–
Weaver’s diversity index (H), (equal to �P

pi ln pi, where
pi is the relative area ratio detected in a sample), and the
evenness (E), (equal to H/ln S) (Shannon and Weaver
1963). In addition, the profiles of LH-PCR were aligned
and a binary matrix was created, where the presence or
absence of peak was scored as 1 or 0. This binary matrix
was used to compute the community similarity values
among the nine sites based on the simple matching (SM)

coefficient of similarity. The matrix of SM similarity was
then used for unweighted pair group method with arithmetic
mean (UPGMA) clustering, and the results were plotted with
the software NTSYS-2.10e.

Clone library analysis

PCR amplification of the 16S rRNA gene (27 F and 1492R;
Bai et al. 2008) from the total DNA of samples from sites
#1 and #5 sites was performed for bacteria detection. In
addition, PCR for the amoA gene of nitrifiers and the nosZ
gene of denitrifiers from the total DNA of both these latter
sites was performed as described in previous studies (Rösch
et al. 2002; Rotthauwe et al. 1997).

All PCR products were purified with the Qiaquick gel
extraction kit and cloned into pGEM-T Easy vectors
(Promega, Madison, WI). The recombinant plasmids were
transformed into competent E. coli JM109 cells. Fifty-five
clones for 16S rRNA gene and 30–50 clones for amoA and
nosZ genes from sites #1 and #5 were randomly selected
and sequenced with vector-specific primers M13F and
M13R using an ABI 3730xl DNA Analyzer (Applied
Biosystems, Foster City, CA). Chimeric sequences in the
16S rRNA clone library were detected using the Mallard
(Ashelford et al. 2006) programs, and excluded from further
analysis.

Using the Mothur software, diversity statistics, including
library coverage (Good 1953), nonparametric richness Chao
1 (Chao 1987), and Shanon-Weaver index, were calculated
(Schloss et al. 2009). Operational taxonomic units (OTUs)
were defined as groups where the sequence similarities were
greater than 97%.

Representative 16S rRNA gene sequences from the OTUs
combined from sites #1 and #5 were blasted against the
published gene sequences from the Ribosomal Database
Project (RDP) (Cole et al. 2009), and the amoA and nosZ
sequences were blasted against the National Center for
Biotechnology Information (NCBI) database. Sequence anal-
ysis was performed by the BioEdit software and phylogenetic
trees were constructed using the neighbor-joining method with
the software MEGA 4.0 (Tamura et al. 2007).

The representative sequences (OTUs) of 16S rRNA,
amoA, and nosZ in this study have been deposited in the

Indicator Site #

1 2 3 4 5 6 7 8 9

pH 7.64 7.67 7.64 7.79 7.97 7.97 8.04 8.06 8.05

TOC 8.93 12.92 11.72 14.26 18.74 18.42 20.40 10.37 16.76

NH3-N 3.19 0.20 10.47 0.03 0.52 0.04 0.15 0.22 0.38

NO2
−-N 0.043 0.057 0.002 0.014 0.001 0.003 0.006 0.006 0.009

NO3
−-N 10.08 5.40 2.66 0.16 1.67 0.36 0.08 1.27 0.52

Table 1 Water properties of
sampling sites on the Dianchi
lakeshore. The data represent the
mean of two independent
replicate measurements. TOC
Total organic carbon
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NCBI database under accession numbers HQ324827–
HQ324887.

Results

Water quality

The water characteristics of the nine different sites in the
Dianchi lakeshore are listed in Table 1. The concen-
trations of NH3

−-N, NO2
−-N and NO3

−-N, show that the
level of N pollutants in Caohai was higher than that in
Waihai. This is consistent with field observations, with
blooms of algae being more abundant in Caohai than in
Waihai.

LH-PCR analysis

The LH-PCR technique was used to determine the major
differences in bacterial communities in the nine sampling
sites. Statistical analysis of the LH-PCR profiles showed
that the number of LH-PCR fragments varied from 8 to 18.
The 341 bp (#1 and #2), 319 bp (#3) and 318 bp (#4)
fragments were the dominant groups in Caohai according to
the statistical results of relative abundances of the LH-PCR
fragments (Supporting information, Fig. S1), The 341 bp
and 342 bp fragments were both present in the four Caohai
samples. In Waihai, the 319 bp (#5), 315 bp (#6 and #7),
322 bp (#8), and 316 bp (#9) fragments were the dominant
groups. The 319 bp, 341 bp, and 346 bp fragments were
detected in the five Waihai samples.

As shown in Table 2, the diversity of bacterial communi-
ties in the Dianchi lakeshore as indicated by the Shannon-
Weaver’s index (H), ranged from 1.30 to 2.43. In comparison
with Caohai, the H values in different Waihai sites were more
distinct. The same pattern was also found when the evenness
index was compared.

The similarity of bacterial LH-PCR profiles within the
dataset was expressed in terms of an SM similarity
coefficient. These coefficients were then used to generate
distances in order to construct a dendrogram that depicts the
similarities between different profiles of the Dianchi

lakeshore samples (Fig. 2). The dendrogram showed a
distinct grouping among samples obtained from Caohai and
Waihai sites, except that sample #3 from Caohai was
grouped with samples #5 and #8 from Waihai. The LH-PCR
profile from Caohai site #4 was distinctively different from
Waihai site #5, although these two sites are located very
close to each other.

Clone libraries

We characterized the total, nitrifying, and denitrifying
bacterial communities in two water samples (#1 and #5)
of the Dianchi lakeshore using the three target genes coding
for 16S rRNA, ammonia monooxygenase (amoA), and
nitrous oxide reductase (nosZ).

Nearly complete bacterial 16S rRNA gene (1.5 kb) of
110 random clones from Caohai site #1 and Waihai site #5
were sequenced. All sequences were checked for chimeras,
yielding 64 sequences (37 from site #1 and 27 from site #5)
for further analysis.

The number of OTUs for each site as well as estimates
of species coverage, richness, and diversity were calculated
for the 16S rRNA, amoA, and nosZ libraries retrieved from
sites #1 and #5 (Table 3). Coverages of amoA and nosZ

Fig. 2 Dendrogram of unweighted pair group method with arithmetic
mean (UPGMA) cluster analysis based on the length heterogeneity
polymerase-chain reaction (LH-PCR) profiles in the nine sites of
Dianchi lakeshore

Table 2 Diversity indices including richness (S), Shannon–Weaver’s
diversity index (H) and evenness (E) from the length heterogeneity
polymerase-chain reaction (LH-PCR) analysis of water samples from

the nine sites on the Dianchi lakeshore. Samples 1–4 are from Caohai
and 5–9 samples are from Waihai

Site #

Index 1 2 3 4 5 6 7 8 9

S 13 13 14 14 13 8 16 12 18

H 2.03 1.89 2.17 1.98 2.16 1.30 2.43 1.68 2.39

E 0.80 0.74 0.82 0.75 0.84 0.63 0.88 0.68 0.83
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clone libraries in site #1 and #5 were greater than 60%,
indicating that these gene sequences represented the
majority of genes in all libraries. The Chao 1 values and
Shannon’s indices of 16S rRNA clone libraries in #1 and #5
sites were similar, but the values and indices of amoA and
nosZ in site #1 were higher than those in site #5.

A phylogenetic tree was constructed based on the analysis
of 16S rRNA sequences (Fig. 3). Three groups including
Proteobacteria, Bacteroidetes and Cyanobacteria were
detected in Caohai, and five groups including Proteobacteria,
Bacteroidetes, Cyanobacteria, Verrucomicrobia, and Plancto-
mycetes were found in Waihai. The Proteobacteria were
dominant in the Caohai clone library (45.9% of the total
OTUs) but were less represented in the Waihai clone library
(22.2%). In both Caohai and Waihai, the Proteobacteria
consisted of three classes, α-proteobacteria, β-proteobacteria
and γ-proteobacteria, with the latter two classes being the
major groups. One-third of the total OTUs belonged to two
classes of Bacteroidete in both Caohai and Waihai, i.e.,
Flavobacteria and Sphingobacteria. Cyanobacteria were the
predominant bacteria in Waihai clone library (37.0%), but
accounted for only 18.9% of Caohai clone library. Verruco-
microbia and Planctomycetes were two minor groups in the
Waihai clone library. Most of the clones were highly related to
sequences previously described in the GenBank database.

The oxidation of ammonia to nitrite by autotrophic
nitrifiers is a key process in nitrogen transformation and its
removal from the lake. The first crucial step, the oxidation
of ammonia to hydroxylamine, is catalyzed by ammonia
monooxygenase (AMO). A combined phylogenetic tree
based on the partial amoA genes in site #1 and #5 was
constructed as shown in Fig. 4. Most of the amoA genes
shared high levels of sequence similarity (>80%) to known
sequences registered in the NCBI database. The results
indicated that the ammonia-oxidizing bacteria in sites #1
and #5 were different. In Caohai site #1, 69.5% of AOB
were grouped in the genus of Nitrosospira based on amoA
gene. Other amoA genes had a great similarity with the

amoA gene of unidentified bacteria in the database.
However, in Waihai site #5, all AOB were grouped in the
Nitrosomonas lineage based on amoA gene.

The nosZ gene encoding nitrous oxide reductase is unique
to denitrifying bacteria, and it has been used recently to detect
denitrifier-specific DNA in environmental samples (Scala and
Kerkhof 1999; Stres et al. 2004). A phylogenetic tree based
on the partial nosZ gene in samples from the #1 and #5 sites
was constructed as shown in Fig. 5. The nosZ sequences
detected in this study were similar to those from bacterial
isolates affiliated with the α, β, and γ subclass of the class
Proteobacteria. In Caohai site #1, the dominant sequence was
the Dianchi-N1, and most of sequences (64.3%) in the library
were assigned to the β-Proteobacteria lineage. In Waihai #5,
the sequence of Dianchi-N6 (71.4%) was dominant, and it
was assigned to the α-Proteobacteria lineage.

Discussion

The bacterial composition of the water samples in the
Dianchi lakeshore was related to water quality and blooms.
Based on clustering analysis (Fig. 2) and the observation of
sampling sites, #1, #2 and #4 sites were allocated to the
same group of water-blooming sites. The Shannon’s indices
(Table 3) showed that the AOB based on amoA gene and
denitrifying bacteria based on nosZ gene in site #1
encompassed more diverse phylotypes than that in site #5
because inorganic N compounds at site #1 were signifi-

Fig. 3 Neighbor-joining trees showing the phylogenetic affiliation of
the operational taxonomic units (OTUs) retrieved from the samples of
Caohai (#1) and Waihai (#5). The numbers on the branch nodes
represent percentage of bootstrap resamplings based on 1,000
replicates (only values greater than 50% are shown). The scale bar
indicates the average numbers of nucleotide substitutions per site.
Haloarchaeon was used as the outgroup in the tree. The relative
abundances of OTUs in the libraries of #1 (■) and #5 (▲) are
indicated in parenthesis

�

Table 3 Sequence diversity and library coverage estimations in clone libraries. OTU Operational taxonomic unit

Type No. of
sequences

No. of OTU
(>97% identity)

Coverage %a Chao 1 value Shannon’s
index

#1 16S rRNA 37 24 51% 62 (36, 150) 2.95

#5 16S rRNA 27 21 37% 66 (34, 178) 2.95

#1 amoA 46 9 93% 10 (9, 17) 1.69

#5 amoA 50 4 96% 4 (4, 12) 0.36

#1 nosZ 16 5 69% 16 (8, 58) 1.23

#5 nosZ 28 6 89% 8 (6, 21) 1.03

a Library coverage was calculated using C=1-n/N, where n is the number of OTUs without a replicate and N is the total number of sequences.
Numbers in parentheses are lower and upper 95% confidence intervals for the Chao 1 estimators. The Shannon–Weaver’s index H = �P

pi ln pi,
where pi=ni/N, ni is the number of OTUs with i individuals and N is the total number of individuals

Ann Microbiol (2012) 62:715–723 719



Dianchi-8 ( 2.7 0)
Thiothrix fructosivorans (L79962)

Dianchi-13 ( 2.7 0)
Legionella hackeliae (M36028)

Dianchi-7 ( 0 3.7)
Pseudomonas migulae (AM933502)
Dianchi-6 ( 2.7 0)
Pseudomonas sp. (FJ461426)

Dianchi-11 ( 5.4 0)
Rheinheimera sp. (GQ168584)
Dianchi-12 ( 2.7 0) 

Rheinheimera sp. (EU037269)
Uncultured Xanthomonadaceae bacterium (EF020325)

Dianchi-9 ( 2.7 7.4) 
Dianchi-10 ( 2.7 0) 

Dianchi-14 ( 0 3.7) 
Uncultured beta proteobacterium (AY510249)

Dianchi-4 ( 2.7 0) 
Uncultured beta proteobacterium (FJ484399)

Dianchi-5 ( 2.7 0) 
Uncultured beta proteobacterium (AF204249)
Dianchi-3 ( 2.7 0) 
Comamonadaceae bacterium (AJ556799)

Dianchi-2 ( 2.7 0) 
Hydrogenophaga caeni (DQ372983)

Dianchi-1 ( 5.4 3.7) 
Comamonadaceae bacterium (FJ755906)
Dianchi-17 ( 0 3.7) 
Alpha proteobacterium (AF236002)

Dianchi-16 ( 2.7 0) 
Rhodobacter sp. (DQ413163)
Dianchi-15 ( 2.7 0) 
Apha proteobacterium (EU180521)

Dianchi-42 ( 2.7 0) 
Unidentified proteobacterium (AB015518)

Dianchi-35 ( 2.7 0) 
Dianchi-34 ( 5.4 0) 
Leadbetterella byssophila (AY854022)
Emticicia sp. (DQ664246)

Dianchi-36 ( 0 3.7) 
Adhaeribacter aquaticus (AJ626894)

Pontibacter sp. (GQ927312)
Dianchi-33 ( 2.7 0) 

Uncultured Sphingobacteria bacterium (EF520603)
Dianchi-39 ( 2.7 0) 
Dianchi-38 ( 0 3.7) 
Uncultured Sphingobacteria bacterium (EF520591)

Dianchi-40 ( 0 3.7) 
Candidatus Aquirestis calciphila (AJ786340)

Dianchi-37 ( 0 3.7) 
Dianchi-32 ( 2.7 3.7) 
Dianchi-31 ( 8.1 0) 
Flavobacterium cheniae (EF407880)
Dianchi-26 ( 2.7 0) 
Flavobacterium sp. (AM177628)
Dianchi-27 ( 8.1 0) 
Flavobacterium sp. (AB426577)
Dianchi-28 ( 0 3.7) 
Flavobacterium aquatile (AM230485)

Dianchi-30 ( 0 3.7) 
Flavobacterium sp. (AM934678)
Dianchi-29 ( 0 3.7) 
Flavobacterium sp. (GU295968)

Dianchi-22 ( 0 11.1) 
Aphanizomenon flos -aquae (EU157994)

Dianchi-23 ( 0 7.4) 
Microcystis aeruginosa (AF139292)
Dianchi-18 ( 18.9 0) 
Lemna minor (DQ400350)
Calycanthus floridus (AJ428413)
Dianchi-21 ( 0 11.1) 
Stephanodiscus minutulus (AY221720)
Thalassiosira pseudonana (EF067921)
Dianchi-19 ( 0 3.7) 
Uncultured cyanobacterium (EF520518)

Pyrenomonas salina (X55015)
Dianchi-20 ( 0 3.7) 
Rhodomonas salina (EF508371)
Dianchi-24 ( 0 3.7) 

Alterococcus agarolyticus (AF075271)
Luteolibacter algae (AB331894)
Dianchi-25 ( 0 3.7) 
Uncultured Verrucomicrobia bacterium (DQ501335)
Dianchi-41 ( 0 3.7) 
Planctomycete str. (AJ231176)

Haloarchaeon (GQ375040)

100

100
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81

100
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100
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100

100
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81
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100

78
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100

100
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100
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100
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84

57

81

97

99

99

52

50

0.10

γ -proteobacteria ( 21.6 11.1)

β -proteobacteria ( 16.2 7.4)

α-proteobacteria ( 5.4 3.7)

Unclassified proteobacteria ( 2.7 0)

Bacteroidetes ( 35.1 30.6)

Cyanobacteria ( 18.9 37.0)

Verrucomicrobia ( 0 7.4)

Planctomycetes ( 0 3.7)
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cantly higher with regard to NH3-N and NO3
−-N concen-

tration. Based on 16S rRNA sequences in the #1 and #5
samples, most of them corresponded to aquatic bacteria,
which, according to the blast results from the NCBI
database, are able to degrade different types of organic
substances. A number of bacterial species were also
found to be plant symbionts, such as algal-bacteria. These
results suggest that there was a clear relationship between
the bacterial community and the eutrophication process, as
was shown in a study of another Chinese lake, Taihu Lake
(Liu et al. 2009). In addition, the bacterial diversity and
composition between sites of #4 and #5 differed significantly
(Fig. 2, Table 2), although they are separated only by a dam.
This indicates that differences in the level of pollution
contribute to the variation in the structure of the microbial
community (Table 1).

The 16S rRNA clone libraries of sites #1 and #5 indicated
that Proteobacteria, Bacteroidetes and Cyanobacteria were the
most dominant phyla at these two sites. Proteobacteria and
Bacteroidetes are known to be the most prominent heterotro-
phic microorganisms in marine (Dillon et al. 2009; Stevens et
al. 2005) and lake (Martinez-Alonso et al. 2008; Ye et al.
2009) waters. Cyanobacteria are ubiquitous, ecologically
important, and phylogenetically diverse components of the
phytoplankton of marine and freshwater environments
(Talbot et al. 2008). According to the clone library results,
they are the dominant bacteria in sites #1 and #5. This is a
clear indication of the inferior water quality in Dianchi lake.
The massive growth of cyanobacteria, in particular, can lead

to toxic outcomes and endanger human health and safety (de
Figueiredo et al. 2010). Plantomycetes and Verrucomicrobia,
which are also common members of aquatic or soil
environments (Hugenholtz et al. 1998; Wagner and Horn
2006), were present only in the sample from site #5. These
results indicates the presence of more polluted water and a
less diverse bacterial population (Table 1, Fig. 3).

In order to identify the peaks from the LH-PCR profiles
of the samples from nine sites, we also performed LH-PCR
analysis for each OTU in the clone libraries from sites #1
and #5. The results show that several OTUs shared the
same peak length (data not shown). Therefore, it was
difficult to identify the genus information of each peak and
community distribution from the LH-PCR profiles because
one LH-PCR peak may represent more than one genus.
However, the results demonstrated that the dominant peaks in
the LH-PCR profiles were identical to the peaks of OTUs
belonging to Proteobacteria, Bacteroidetes, or Cyanobacteria.
This indicated that these three phyla might be dominant in the
nine sampling sites.

The AOB form a tight cluster within the β subclass of
Proteobacteria and include members of the genera Nitro-
somonas and Nitrosospira (Chen et al. 2009; Teske et al.
1994). Our study found that the dominant AOB in Caohai
and Waihai regions of the Dianchi lakeshore are signifi-
cantly different (Fig. 4). This characteristic of the AOB
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Fig. 5 Phylogenetic tree constructed for partial nosZ OTU sequences
(700 bp) retrieved from samples from Caohai (#1) and Waihai (#5).
The numbers (only those >50% are shown) on the branch nodes
indicate the percentages of bootstrap support for the clades based on
1,000 bootstrap resamplings. Numbers in the brackets are each strain’s
GenBank accession in the NCBI. The relative abundances of OTUs in
the libraries of #1 (■) and #5 (▲) are indicated in parenthesis. The
phylogenetic positions of known cultures based on 16S rDNA gene
are indicated by α, β, and γ for the α, β, and γ subclasses of the
Proteobacteria
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Fig. 4 Phylogenetic tree constructed for amoA OTU sequences
(490 bp) retrieved from samples from Caohai (#1) and Waihai (#5).
The numbers (only those >50% are shown) on the branch nodes
indicate the percentages of bootstrap support for the clades based on
1,000 bootstrap resamplings. Numbers in the brackets are each strain’s
GenBank accession in the NCBI. The relative abundances of OTUs in
the libraries of #1 (■) and #5 (▲) are indicated in parenthesis
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community is possibly caused by the substantial differences
in nitrogen forms and their concentration levels between the
two parts of the lake (Table 1). In addition, the heteroge-
neity in substrate affinity of the ammonia-oxidizing enzyme
system among the dominant AOB species may also help
account for differences found (Chen et al. 2009). The
cloning library results of nosZ gene suggest that the
denitrifying bacteria in Dianchi Lake are related to some
cultured denitrifiers such as the Pseudomonas, Paracoccus,
Achromobacter, and Rubrivivax group (Fig. 5). It is
inconsistent with another study of natural environment
where the nosZ gene was not found to be associated with
any cultivable denitrifying bacteria (Scala and Kerkhof
1999). However, our result was supported by a study of
denitrifying bacteria in a wastewater treatment reactor
(Sakano et al. 2002).

The bacterial community structure of the polluted water
in the Dianchi Lake can be used as an indicator to reveal
ecological change under the developing pressure in the
watershed. This microbial information about the lake
environment will be beneficial in evaluating the remediation
efforts made by local government in this region.
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