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Abstract: Anthropogenic disturbances have a negative impact on lake ecosystems, such as water
environmental degradation. Bacterioplankton communities are essential components in lakes and
consist of a few abundant species and several rare taxa. However, little is known about the community
diversity and composition of abundant and rare bacterioplankton subjected to different levels of
anthropogenic disturbances. In this study, water samples were collected from twelve freshwater
lakes located around the city of Nanjing, China. Both Illumina MiSeq sequencing and multivariate
statistical analysis were employed to determine the bacterioplankton community composition and
its relation to environmental variables. The results indicated that tourism disturbances (mostly
sewage discharge and tourist activities) altered the community structure of both abundant and
rare bacterioplankton by changing water physicochemical characteristics. Alpha diversity of both
abundant and rare taxa did not differ among different anthropogenic disturbance lakes (p > 0.05).
Rare bacterial taxa possessed higher alpha diversity than abundant taxa, though rare taxa occupied a
tiny portion of abundance (4.5%). Redundancy analysis demonstrated that dissolved organic carbon
(DOC) was the most significant correlation variable for constraining the variation of abundant taxa,
whereas total phosphorus (TP), ammonium nitrogen (NH4

+-N), and chlorophyll-a (Chl-a) were the
most dominant environmental factors constraining the rare taxa, indicating abundant and rare taxa
may have different ecological niches.

Keywords: abundant taxa; rare taxa; anthropogenic disturbance; diversity; composition;
freshwater lakes

1. Introduction

Bacterioplankton, which are ubiquitous and numerous in lake ecosystems, play prominent roles
in regenerating and mobilizing nutrients within freshwater food webs and have profound effects on
biogeochemical cycling and water quality [1]. Bacterioplankton communities are highly sensitive to
changing aquatic environmental conditions [2,3] and are strongly influenced by water chemistry [4–7].
Today, water quality for many water bodies has deteriorated due to anthropogenic disturbances,
such as industrial pollution [8], agricultural nonpoint source pollution [9], domestic sewage [10],
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aquaculture activities [11], tourist activities [12], climate change [13], and introduction of non-native
species [14]. Some studies have reported that most lakes in China are in a degraded state and
water quality has become a great concern due to industrialization and urbanization [15,16]. This is
particularly true for lakes situated in urban areas with high human density, such as the cities of
Wuhan and Nanjing [17], as they are more exposed to pollution due to industrial effluent and domestic
wastewater [18]. These remind us that microbial communities may be affected by environmental
change from anthropogenic perturbations, which, in turn, alter biogeochemical processes in these
water bodies [19].

A large number of previous studies have investigated the effects of anthropogenic disturbances on
aquatic plants and animals [20–23], but our knowledge regarding the aquatic microbial communities of
human-perturbed environments falls far behind that for macro-organisms [3]. Quite a few studies have
manifested that bacterial community composition and diversity in aquatic ecosystems can be affected
by anthropogenic disturbances [24–26]; however, whether or not all of the bacterial species showed
the same variation in responses to varying degrees of anthropogenic disturbances remains largely
unknown. Generally, bacterioplankton communities in lake ecosystems consist of a great number
of species, but only a few of them are abundant and most of the remaining ones are low-abundant,
which are known as a “rare biosphere” [27]. The taxonomic identification of the rare biosphere is made
feasible using high-throughput sequencing technology [27–29]. Abundant and rare bacterial taxa may
have different ecological roles in natural ecosystems [30,31]. Abundant bacterial taxa appear to make
a significant contribution to ecosystem processes in carbon flow and nutrient cycling, whereas rare
bacterial taxa can be considered as a seed bank and play a peripheral but indispensable role, but also
may become more-important-function taxa when the environment changes [29,31,32]. Furthermore,
recent studies have indicated that abundant and rare bacterial taxa may respond dissimilarly to
changes of environmental conditions [29,33–35]. Accordingly, we hypothesized in this study that the
diversity and composition of abundant and rare bacterioplankton responded differently to different
levels of anthropogenic disturbances.

To investigate the hypothesis, we collected water samples from a series of shallow freshwater
lakes around Nanjing, China, having differing degrees of anthropogenic disturbances. The patterns in
alpha and beta diversity of both abundant and rare bacterioplankton were characterized by Illumina
Miseq sequencing of the bacterial 16S rRNA gene. Specifically, the objectives of our study focused on
the answers to the following scientific questions: (i) Do the diversity and composition differ between
abundant and rare taxa? (ii) Do the diversity and composition of both abundant and rare taxa make
distinct response to different levels of anthropogenic disturbances? (iii) Do the environmental variables
constrain the bacterioplankton communities differently in abundant and rare taxa?

2. Materials and Methods

2.1. Sampling Sites and Sample Collection

To investigate bacterioplankton community composition of lakes influenced to a variable degree
by anthropogenic disturbances, we classified lakes located in the Zhongshan scenic area of Nanjing,
China into 3 levels of anthropogenic disturbances (low, moderate, and high), mainly according to
tourist numbers. For each level, 3–5 unstratified freshwater lakes were sampled for bacterioplankton
community composition and environmental variables (Table 1). Low-anthropogenic-disturbance
lakes are those lakes situated within a water-resource conservation area and kept away from urban
settlements. The number of daily visitors is less than 10 people. People are not allowed to enter
the water nor are boats and cruise ships allowed on the lake. Moderate-anthropogenic-disturbance
lakes are those situated within a natural scenic area. Daily visitors reach around 50–300 people
per day. People may access and enter the lake, although boats and cruise ships are prohibited.
Small amount of sewage from scattered guesthouses has been found to drain into these lakes.
High-anthropogenic-disturbance lakes are those lakes found in tourist areas and are in proximity to
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residential areas. The number of daily visitors can reach 500–10,000 people. Different-sized boats
or cruise ships are allowed on the lake surface. Domestic sewage is often discharged directly into
these lakes.

Three replicate water samples were collected by boat and then mixed into 1 water sample for each
lake in April 2016. The locations of sampling sites (Figure S1) were recorded using a global positioning
system (GPS) (Table 1). All water samples were recovered at 0.5 m depth below the water surface using
a vertical water sampler (shaped like a Van Dorn sampler) (DSC2500, Xiamen Dengxun Instruments,
Xiamen, China), collected in sterilized polyethylene terephthalate plastic bottles, stored on ice, and then
transported to the laboratory for further analyses.

2.2. Measurement of Environmental Factors

The pH values were measured in situ by a multiparameter water-quality monitor (YSI 6600,
Yellow Springs Instruments, Yellow Springs, OH, USA). Unfiltered water samples were used for
determining concentrations of total nitrogen (TN) and total phosphorus (TP) [36]. 200 mL of raw
water for each sample was filtered using a vacuum pump (GM-1.0A, Tianjin Jinteng Lab Instrument
Co., Ltd., Tianjin, China) through 0.45-µm pore polycarbonate membrane filters (Millipore, Billerica,
MA, USA) for collecting phytoplankton algae. The chlorophyll-a (Chl-a) was spectrophotometrically
measured with hot ethanol as the extraction solvent [37]. Dissolved organic carbon (DOC) was
measured from 0.45-µm filtrates using a TOC analyzer (Multi N/C 2100, Analytic Jena, Jena, Germany).
The concentrations of ammonium nitrogen (NH4

+-N), nitrate nitrogen (NO3
−-N), and phosphate

phosphorus (PO4
3−-P) were measured through continuous flow analysis (Skalar SAN PLUS system,

Skalar Analytical BV, Breda, The Netherlands).

2.3. DNA Extraction, Polymerase Chain Reaction (PCR) Amplification, and Illumina MiSeq Sequencing

To collect bacterioplankton, for each sample we operated vacuum filtration and poured 200 mL of
water through a 0.22-µm pore polycarbonate membrane filter (Millipore, Billerica, MA, USA) and then
preserved them at −80 ◦C for DNA extraction.

We used an E.Z.N.A.® Water DNA Kit (Omega Biotek, Doraville, GA, USA) to extract the genomic
DNA of each water sample. We assessed the quality and quantity of the DNA using a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The universal primer
sets 515F (5′-GTGCCAGCMGCCGCGG-3′) and 907R (5′-CCGTCAATTCMTTTRAGTTT-3′) were
used to amplify the V4–V5 variable regions of the bacterial 16S rRNA gene [38]. PCR reactions
were conducted in a 20-µL mixture containing 0.4 µM of each primer, 2 µL of 2.5 mM of dNTPs,
0.4 µL of FasstPfu Polymerase (TransGen Biotech, Beijing, China), and 10 ng of DNA template.
PCR amplification was carried out under the following thermocycling steps: an initial denaturation at
95 ◦C for 5 min, followed by 24 cycles of denaturation at 94 ◦C for 30 s, annealing at 55 ◦C for 30 s,
and elongation at 72 ◦C for 30 s, with a final extension at 72 ◦C for 5 min. Following the amplification,
the PCR products were checked by 2% (w/v) agarose gel electrophoresis. To minimize differences
that result from PCR amplification, the PCR reactions were performed in triplicate. The PCR products
for each sample were pooled together immediately and then purified using an AxyPrepDNA gel
purification kit (Axygen Biotechnology Hangzhou Ltd., Hangzhou, China). The purified PCR products
were sent to the Shanghai BIOZERON Co., Ltd. for sequencing on an Illumina MiSeq platform
(Illumina, San Diego, CA, USA) using the MiSeq Reagent Kit v3 (600-cycle) (Illumina, San Diego,
CA, USA).
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Table 1. Sampling locations and water chemistry. One-way analysis of variance (ANOVA) was used in combination with Duncan’s test to examine the differences in
terms of environmental factors between different categorical sample sites.

Category Lake Name (Abbreviation)
Locations Limnological Characteristics Water Chemistry

Longitude Latitude Water Depth
(m)

Surface Area
(km2)

TN
(mg/L)

TP
(mg/L)

NO3
−-N

(mg/L)
PO4

3−-P
(µg/L)

NH4
+-N

(mg/L)
DOC

(mg/L) pH Chl-a
(µg/L)

Low

Shanghuangma (SHM) 118.8803◦ E 32.0818◦ N 3.1 0.05 1.34 0.022 0.707 0.234 0.032 8.28 8.29 11.45
Xiahuangma (XHM) 118.8854◦ E 32.0783◦ N 5.8 0.12 1.27 0.024 0.480 0.081 0.026 8.69 9.07 4.32
Guanlian lake (GL) 118.8861◦ E 32.0779◦ N 2.4 0.04 0.67 0.018 0.246 0.409 0.064 6.03 8.71 4.80

Mean ± SD 1.09 ± 0.37 a 0.021 ± 0.003 a 0.478 ± 0.231 a 0.241 ± 0.164 a 0.041 ± 0.020 a 7.67 ± 1.43 a 8.69 ± 0.39 a 6.86 ± 3.99 a

Moderate

Zhongshan lake1 (ZS1) 118.8797◦ E 32.0566◦ N 2.6 0.01 3.97 0.050 3.250 0.123 0.078 11.47 8.41 10.13
Zhongshan lake2 (ZS2) 118.8784◦ E 32.0551◦ N 3.4 0.01 1.79 0.042 1.469 2.299 0.070 10.97 8.70 17.12
Zhongshan lake3 (ZS3) 118.8783◦ E 32.0499◦ N 1.9 0.05 0.54 0.033 0.052 0.488 0.031 8.79 8.71 12.01

Meihua Lake (MH) 118.8406◦ E 32.0504◦ N 2.2 0.04 0.50 0.023 0.059 0.205 0.037 7.78 9.11 8.85
Mean ± SD 1.70 ± 1.63 a 0.037 ± 0.012 a 1.208 ± 1.516 a 0.779 ± 1.025 a, b 0.054 ± 0.023 a 9.75 ± 1.76 a 8.73 ± 0.29 a 12.03 ± 3.63 a

High

Pipa lake (PP) 118.8290◦ E 32.0597◦ N 1.0 0.05 0.98 0.083 0.143 5.983 0.035 7.14 9.00 60.69
Yueya south lake (YY) 118.8351◦ E 32.0438◦ N 2.1 0.11 3.66 0.143 1.166 1.489 1.039 8.74 8.99 215.15

Qianhu lake (QH) 118.8379◦ E 32.0536◦ N 2.0 0.11 1.14 0.112 0.032 2.895 0.405 10.00 9.45 314.29
Xuanwu lake1 (XW1) 118.7973◦ E 32.0911◦ N 1.3 1.42 1.64 0.092 0.997 0.667 0.054 4.29 9.29 73.38
Xuanwu lake2 (XW2) 118.7967◦ E 32.0728◦ N 1.5 0.45 1.56 0.090 0.734 3.675 0.062 4.04 9.40 71.85

Mean ± SD 1.80 ± 1.08 a 0.104 ± 0.024 b 0.614 ± 0.507 a 2.942 ± 2.066 b 0.319 ± 0.431 a 6.84 ± 2.65 a 9.23 ± 0.22 b 147.07 ± 113.08 b

Notes: Values followed by same lowercase letter in superscript indicates no mean difference between different categories (p > 0.05). TN: total nitrogen; TP: total phosphorus; NO3
−-N:

nitrate nitrogen; PO4
3−-P: phosphate phosphorus; NH4

+-N: ammonium nitrogen; DOC: dissolved organic carbon; Chl-a: chlorophyll-a. Low: low-anthropogenic-disturbance lakes.
Moderate: moderate-anthropogenic-disturbance lakes. High: high-anthropogenic-disturbance lakes. SD: standard deviation.
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2.4. Sequence Data Processing

The Illumina Miseq paired-end sequences were processed using the Mothur (v.1.35.0) software
package (University of Michigan, Ann Arbor, MI, USA) (https://www.mothur.org/). Only sequences
that overlapped longer than 25 base pairs were assembled according to their overlap sequence.
We discarded reads that could not be assembled. We first filtered the sequence reads by removing
low-quality sequences (average quality < 30). Then, we excluded from further analysis sequences
containing ambiguous nucleotides and homopolymers longer than 6 nucleotides. The remaining
sequences were aligned based on the SILVA 16S rRNA gene template using the nearest alignment
space termination (NAST) algorithm. Chimeric sequences were identified and removed using the
command ‘chimera.uchime’ in Mothur. The command ‘pre.cluster’ pruned the dataset and accelerated
the distance-running procedure [39]. Taxonomic classification information was obtained using the
ribosomal database project (RDP) classifier at a bootstrap cutoff of 80% [40]. Operational taxonomic
units (OTUs) were clustered at a 97% similarity cutoff using the farthest-neighbor method [41,42].
We selected one sequence from each OTU to be a ‘representative sequence’. The phylogenetic tree of the
representative sequences was created using the FASTTREE software (v.2.1.10) [43]. Based on the OTUs
table and phylogenetic tree, we calculated the richness and alpha-diversity indices including Chao1,
Shannon, and Faith’s phylogenetic diversity (Faith’s PD) [44,45]. Beta-diversity was calculated on a
Bray–Curtis distance matrix [46] and visualized using nonmetric multidimensional scaling (NMDS)
plots based on an abundance-based (Bray–Curtis) distance with the statistical software R (v.3.3.1) [47].
Rarefaction curves for each sample were performed to estimate the sequence coverage.

2.5. Abundant and Rare OTUs

Consistent with recent studies [30,48,49], we followed the arbitrary definitions of abundant and
rare OTUs in relation to their local relative abundance for downstream analysis. To facilitate the
comparisons, we adopted thresholds following References [31,50]. According to the rank abundance
curve (Figure S2), we considered OTUs to be abundant with relative abundance >0.01% in a sample,
and those with relative abundance ≤0.01% were defined as rare OTUs. Subsequently, separate tables
of abundant and rare OTUs were generated. To normalize sequences for comparison, we rarefied
all datasets to the lowest number of sequences for community-diversity analysis [30,48]. In our
study, 24,985 and 711 sequences were the lowest number of sequences recovered for abundant and
rare taxa, respectively (Table S1). Finally, random subsets of 24,985 and 711 sequences from each
sample were selected from abundant and rare bacterial communities, respectively. Analyses of alpha
and beta diversity of abundant and rare bacterial communities were conducted as described for the
total communities.

2.6. Statistical Analyses

One-way analysis of variance (ANOVA) in combination with Duncan’s test, was performed in
SPSS (v.17.0) software (IBM, New York, NY, USA) to examine the difference in environmental factors,
alpha diversity, and bacterial phyla/family/genera of abundant and rare bacterial taxa among different
lake categories. A two-tailed independent-samples t-test was also executed in SPSS to determine
the difference of alpha diversity between abundant and rare taxa within the same lake category.
Analysis of permutational multivariate analysis of variance (PERMANOVA) was applied to test the
compositional difference between abundant and rare bacterial taxa using ‘vegan‘ package [51] in R
(https://www.r-project.org). The relative contribution of environmental factors to bacterial community
distribution was identified using a constrained ordination named Redundancy analysis (RDA) due
to the maximum axis lengths being less than 4 (the maximum axis lengths of all, abundant, and rare
taxa were 2.69, 2.71, and 3.12, respectively) [30], which was determined by detrended correspondence
analysis (DCA). Both RDA and DCA were performed with the ‘vegan‘ package in R. Moreover,
the function vif.cca was used to determine the multicollinearity among environmental factors in R.

https://www.mothur.org/
https://www.r-project.org
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Then function envfit was run with 999 permutations in R to confirm the significant parameters (p < 0.05).
Venn diagram analysis was conducted with the ‘VennDiagram‘ package in R to show the numbers of
unique and shared OTUs between the different analyzed lakes.

2.7. Nucleotide Sequence Accession Numbers

The obtained raw-sequence data were submitted to the Sequence Read Archive (SRA) database
(http://www.ncbi.nlm.nih.gov/sra) at the National Center for Biotechnology Information (NCBI)
under accession number SRP095862.

3. Results

3.1. Water Chemistry

The measured environmental factors were summarized in Table 1. TP, pH, and Chl-a
were significantly higher in high-anthropogenic-disturbance lakes than in other lakes (ANOVA,
p < 0.05). The concentrations of PO4

3−-P showed significant difference between the low-
and high-anthropogenic-disturbance lakes (p < 0.05). Additionally, the highest concentrations
of both TN (1.80 ± 1.08 mg/L) and NH4

+-N (0.319 ± 0.431 mg/L) were observed in
high-anthropogenic-disturbance lakes. The concentrations of DOC and NO3

−-N indicated no
significant differences between different categories (p > 0.05).

3.2. Alpha Diversity of Bacterioplankton Community

Across all 12 samples, we obtained a total of 425,591 effective sequences for the 16S rRNA
gene, and the usable sequences ranged from 26,852 (ZS1 sample) to 57,195 (XW1 sample) (Table S1).
The rarefaction curves of the bacterial community were observed to be approximately planar
(Figure S3), suggesting that sequencing was sufficient in this study for the samples from all lakes.
To minimize the bias connected with sequencing coverage [31,48], we randomly selected 26,852
sequences (the lowest number of sequences for the whole dataset) from each sample for data analysis.
At a 3% dissimilarity level, a total of 2487 OTUs were detected from 322,224 (=12 × 26,852) sequences.
The OTUs’ richness presented fluctuation variation among water samples and the richness ranged from
762 to 1081 OTUs (Table S1). According to the total OTUs obtained, 631 (25.4%) abundant OTUs with
307,756 (95.5%) sequences and 1856 (74.6%) rare OTUs with 14,468 (4.5%) sequences were determined
(Figure S2). Venn diagram analysis indicated that abundant taxa shared more OTUs among low-,
moderate-, and high-anthropogenic-disturbance lakes, whereas rare taxa encompassed much more
unique OTUs in different classified lakes (Figure S4).

Alpha-diversity indices were calculated to comprehensively assess the species richness and
evenness, and values of alpha diversity in each of the individual samples were counted (see Table S1).
Both community richness (Chao1 index) and community diversity (Shannon index and phylogenetic
diversity (PD)) of abundant and rare bacterial taxa showed no significant differences between the
low-, moderate-, and high-anthropogenic-disturbance lake categories (ANOVA, p > 0.05) (Figure 1).
However, the number of Chao1, Shannon, and PD of rare taxa was significantly higher than those of
abundant taxa in terms of comparison within the same lake category (two-tailed independent-samples
t-test, p < 0.05) (Figure 1). Alpha-diversity indices for all taxa are summarized in Table S1.

3.3. Bacterioplankton Community Structure

In general, the bacterioplankton community for all analyzed lakes consisted of 44 phyla, 85 classes,
154 orders, 266 families, and 544 genera, showing typical freshwater-lake bacterial groups [1]. At the
phylum level, Proteobacteria (Alpha-, Beta-, and Gammaproteobacteria), Actinobacteria, Bacteroidetes,
and Cyanobacteria were the dominant phyla (their average relative abundance >10.0 %) for all bacterial
taxa, and the relative abundance of total phyla exhibited variations in the lakes along the disturbance
gradient (Figure S5). PERMANOVA test indicated that abundant and rare taxa were compositionally

http://www.ncbi.nlm.nih.gov/sra
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distinct (Table S2). Moreover, the taxonomic distribution of abundant and rare bacterioplankton
differed (Figure 2). Concretely, Actinobacteria, Bacteroidetes, Betaproteobacteria, and Cyanobacteria were the
most predominant abundant taxa; Deltaproteobacteria, Firmicutes, Gammaproteobacteria, and Unclassified
were the most predominant rare taxa. Moreover, the rare taxa had more taxonomic groups than
abundant taxa (Figure 2). At the family level, Acidimicrobiaceae, Sporichthyaceae, Cryomorphaceae,
Flavobacteriaceae, Chitinophagaceae, FamilyI, Planctomycetaceae, Caulobacteraceae, Rhodobacteraceae,
Sphingomonadaceae, Burkholderiaceae, and Comamonadaceae were dominant in both abundant and rare
taxa (Figure S6). The top 10 detected genera for all, abundant, and rare bacterial taxa are summarized
in Table S3. The hgcI_clade was the most frequently identified genus in different taxa, followed by
Flavobacterium and CL500-29_marine_group.
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Figure 1. Comparisons of alpha diversity of abundant and rare bacterioplankton among low-,
moderate- and high-anthropogenic-disturbance lakes. ANOVA coupled with Duncan’s test was
used to examine the differences in terms of community diversity among different lake categories.
Two-tailed independent-samples t-test was conducted to determine the difference of alpha diversity
between abundant and rare taxa within same lake category. Same lowercase letter above the error
bars means no significant difference (p > 0.05). Abundant: abundant taxa; Rare: rare taxa; PD: Faith’s
phylogenetic diversity.
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Figure 2. Comparisons of relative abundance of dominant bacterioplankton phylum/subphylum
(at least one of the two taxa has an average relative abundance >1.0 %) between abundant and
rare OTUs in twelve sampled lakes. Values and error bars show averages and standard deviations,
respectively. Significant differences (two-tailed paired-samples t-test, p < 0.05) are indicated in asterisks.
***: p < 0.001; *: p < 0.05. ns: not significant.
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Further, the dissimilarity of bacterioplankton communities within the different categories of
anthropogenic disturbance was characterized for all, abundant, and rare taxa using NMDS analysis
(Figure 3). The all and abundant bacterioplankton communities at low, moderate, and high levels of
anthropogenic disturbance were clustered into their respective categories. However, for NMDS plots
derived from rare bacterioplankton communities, sites of low and moderate anthropogenic disturbance
were clustered together. Only rare bacterioplankton from the high-anthropogenic-disturbance lakes
were clustered independently.
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In addition, the community of abundant and rare bacterioplankton varied in responses to the
different anthropogenic disturbances. At the phylum level, Cyanobacteria, Chloroflexi, and Firmicutes
from abundant bacterioplankton differed among low-, moderate-, and high-anthropogenic-disturbance
lakes (ANOVA, p < 0.05) (Figure 4a), whereas all dominant phyla/subphyla of rare taxa showed no
significant differences among different lake categories (ANOVA, p > 0.05) (Figure 4b). At the family
level, Flavobacteriaceae (Bacteroidetes), Rhodobacteraceae (Alphaproteobacteria), and Sphingomonadaceae
(Alphaproteobacteria) in abundant taxa were all observed at higher abundances in the moderate lake
category (Figure S6a). As for rare bacterial taxa, Flavobacteriaceae and Chitinophagaceae assigned to
Bacteroidetes exhibited significant differences among different lake categories (ANOVA, p < 0.05)
(Figure S6b). At the genus level, there were, in total, nine bacterial genera having significant
differences (ANOVA, p < 0.05) among different lake categories selected in abundant and rare taxa,
respectively (Table 2). Among the 18 selected genera, only Hydrogenophaga assigned to Betaproteobacteria
was found in both abundant and rare taxa (Table 2).

Water 2018, 10, x FOR PEER REVIEW 8 of 16 

 

(Figure 3). The all and abundant bacterioplankton communities at low, moderate, and high levels of 

anthropogenic disturbance were clustered into their respective categories. However, for NMDS 

plots derived from rare bacterioplankton communities, sites of low and moderate anthropogenic 

disturbance were clustered together. Only rare bacterioplankton from the 

high-anthropogenic-disturbance lakes were clustered independently. 

 

Figure 3. Nonmetric multidimensional scaling (NMDS) plots based on Bray–Curtis distance matrix 

showing the differences of bacterioplankton community composition of (a) all, (b) abundant, and (c) 

rare taxa among low (green), moderate (blue), and high (red) anthropogenic disturbance. 

In addition, the community of abundant and rare bacterioplankton varied in responses to the 

different anthropogenic disturbances. At the phylum level, Cyanobacteria, Chloroflexi, and Firmicutes 

from abundant bacterioplankton differed among low-, moderate-, and 

high-anthropogenic-disturbance lakes (ANOVA, p < 0.05) (Figure 4a), whereas all dominant 

phyla/subphyla of rare taxa showed no significant differences among different lake categories 

(ANOVA, p > 0.05) (Figure 4b). At the family level, Flavobacteriaceae (Bacteroidetes), Rhodobacteraceae 

(Alphaproteobacteria), and Sphingomonadaceae (Alphaproteobacteria) in abundant taxa were all observed 

at higher abundances in the moderate lake category (Figure S6a). As for rare bacterial taxa, 

Flavobacteriaceae and Chitinophagaceae assigned to Bacteroidetes exhibited significant differences 

among different lake categories (ANOVA, p < 0.05) (Figure S6b). At the genus level, there were, in 

total, nine bacterial genera having significant differences (ANOVA, p < 0.05) among different lake 

categories selected in abundant and rare taxa, respectively (Table 2). Among the 18 selected genera, 

only Hydrogenophaga assigned to Betaproteobacteria was found in both abundant and rare taxa (Table 

2). 

 

Figure 4. Comparison of dominant bacterial phyla/subphyla (average relative abundance >1.0%) 

among low-, moderate-, and high-anthropogenic-disturbance lakes in (a) abundant and (b) rare taxa, 

respectively. ***: p < 0.001; *: p < 0.05 (One-way ANOVA test). No asterisk: not significant (AVOVA, 

p > 0.05). 

Figure 4. Comparison of dominant bacterial phyla/subphyla (average relative abundance >1.0%)
among low-, moderate-, and high-anthropogenic-disturbance lakes in (a) abundant and (b) rare taxa,
respectively. ***: p < 0.001; *: p < 0.05 (One-way ANOVA test). No asterisk: not significant (AVOVA,
p > 0.05).
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Table 2. Comparisons of all the detected bacterioplankton genera of abundant and rare taxa among low-,
moderate-, and high-anthropogenic-disturbance lakes using one-way ANOVA analysis. Only genera
having significant difference (p < 0.05) among low, moderate, and high categories are shown.

Taxon Phylum Genus (Abundance on Average, %) Low Moderate High p-Value

Abundant

Bacteroidetes
Ferruginibacter (<1.0%) b a b 0.011
Flavobacterium (3.57%) a b b 0.044

Fluviicola (2.62%) a b b 0.048

Proteobacteria

Alsobacter (<0.5%) a b b 0.005
Hydrogenophaga (<1.0%) a b a 0.044
Methylocaldum (<0.5%) b a a 0.046

Rhodobacter (<1.0%) a b a 0.038
Rhodovarius (<0.5%) b a ab 0.021
Sphingopyxis (<0.5%) a b a 0.016

Rare

Bacteroidetes Filimonas (<0.5%) ab a b 0.041

Proteobacteria

Aquicella (<0.5%) b a a 0.026
Defluviicoccus (<0.1%) a b a 0.008
Diplorickettsia (<0.1%) b a a 0.017

Haliangium (<0.5%) b a a 0.001
Hydrogenophaga (<0.1%) a b a 0.000

Phaselicystis (<0.1%) b a a 0.007
Silanimonas (<0.5%) a b a 0.038

Verrucomicrobia Candidatus_Methylacidiphilum (<0.5%) b a ab 0.021

Notes: Values in the same row with the same lowercase letter mean no significant difference (p > 0.05).
Low: low-anthropogenic-disturbance lakes; Moderate: moderate-anthropogenic-disturbance lakes; High:
high-anthropogenic-disturbance lakes. The color category in each cell shows the level of average relative abundance.
Red: high average relative abundance; orange: medium average relative abundance; yellow: low average relative
abundance. The same color in the same row of the table means the same abundance.

3.4. Effects of Environmental Factors on Bacterioplankton Distribution

Based on the environmental factors and the observed OTUs, the effects of environmental factors
on the distribution of bacterioplankton community were examined by RDA ordination. The two RDA
axes (RDA1, RDA2) explained 19.33%, 19.33%, and 17.14% of the variation in bacterial community
for all, abundant, and rare taxa, respectively (Figure 5). There was no common environmental factor
significantly linked to the variability of all, abundant, and rare taxa. RDA results indicated that DOC
was significantly associated with the distribution of all and abundant bacterioplankton community
(p < 0.05, calculated by function envfit). However, RDA for the rare bacterioplankton community
showed a different constraining pattern of environmental factors. TP, NH4

+-N, and Chl-a were the
significant explanatory factors for the variation of the rare bacterioplankton community composition
(p < 0.01).
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Figure 5. Redundancy analysis (RDA) of the bacterioplankton community and environmental factors.
Constrained environmental factors were determined by function vif.cca. Straight lines with an arrow
represent the environmental factors and the length of the lines is associated with the strength of the
correlation with the bacterioplankton community. Significance (p-value) between an environmental
factor and the microbial community was determined by function envfit. *: p < 0.05; **: p < 0.01. Low:
low-anthropogenic-disturbance lakes; Moderate: moderate-anthropogenic-disturbance lakes; High:
high-anthropogenic-disturbance lakes, (a) All taxa, (b) Abundant taxa, (c) Rare taxa.
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4. Discussion

Most studies did not differentiate the microbial community when exploring the diversity and
composition of the microbial community in response to anthropogenic disturbances in aquatic
ecosystems [25,26,52,53]. Considering possibly discrepant ecological roles in abundant and rare
bacteria [31], we chose to divide the bacterioplankton community into two main components.
In this study, we examined the diversity and composition of abundant and rare taxa in freshwater
lakes subjected to different levels of tourist disturbances, coupled with physicochemical analyses,
high-throughput sequencing technology, bioinformatics analyses, and multivariate statistical methods.
For our study sites, tourism disturbances, including sewage discharge from tourism industry and
tourist activities, are the main anthropogenic perturbations [54].

4.1. Water Chemistry Characteristics under Anthropogenic Disturbance

In the present study, the measured environmental factors of the lakes reflected relatively
fluctuant nutrient concentrations. In fact, those lakes having a higher anthropogenic disturbance
had higher nutrient concentrations (TN, TP, PO4

3−-P, and NH4
+-N) (Table 1). Previous studies

suggested that sewage discharged into freshwater aquatic environments could generate high nutrient
concentrations (e.g., TN and TP) [55–57]. Besides, one study recently assessed the influence of
tourism on surface-water quality and reported that activities related to tourism in a river resulted
in higher concentrations of TN and TP in the midstream and downstream areas than upstream [12].
Although natural processes may contribute to increased nutrient levels within aquatic systems [58],
the moderate- and high-anthropogenic-disturbance lakes involved in our study indicated that
anthropogenically derived sources were responsible for a significant proportion of total nutrient
input. The high-anthropogenic-disturbance lakes in our study may be suffering from considerably
serious environmental degradation.

4.2. Alpha Diversity and Composition Comparisons between Abundant and Rare Bacterial Taxa

In concordance with previous research on oil-contaminated soils [49], we also observed that
alpha diversity of rare bacterial taxa was significantly higher than that of abundant bacterial taxa
(Figure 1), though rare bacteria occupied a tiny portion of abundance (4.5%). This result suggests that
rare taxa are a significant contributor to alpha diversity [49,59]. The abundance of any given bacterial
species is the results of balance between its growth rate and loss factors [29,60]. Low abundance could
actually protect rare taxa from active loss by both viral lysis and predation [61]; then, rare taxa are
likely to experience a low risk of extinction as equally as abundant taxa [31,60]. Relative to rare taxa,
abundant ones are generally detected to a deeper degree [60,62]. However, with the aid of advanced
molecular techniques and increasing sampling efforts, rare bacteria have been successfully explored in
oceans [63], soils [49], wastewater treatment reactors [30], coastal lakes [33], and plateau lakes [60].

Here, our results indicate that there are marked differences in the taxonomic compositions
between abundant and rare bacterioplankton communities (Figure 2 and Figure S4, Table S2).
Although both abundant and rare bacterioplankton communities were dominated by Proteobacteria
(mostly Alpha-, Beta-, and Gammaproteobacteria), Bacteroidetes, and Actinobacteria, which are common
and often numerically important constituents of freshwater bodies and are important contributors to
global biogeochemical processes [1], abundant taxa presented in larger proportions in Betaproteobacteria,
Bacteroidetes, and Actinobacteria than rare taxa, suggesting that abundant taxa may globally act as a
protagonist to mediate geochemical cycling [30,49]. However, Deltaproteobacteria were rare taxa striking
higher than abundant taxa. A previous study revealed that organisms within Deltaproteobacteria play
significant roles in N2O reduction in different environments [64]. This suggests that rare taxa could
play non-negligible roles in the denitrification process [65]. Meanwhile, the proportion of unclassified
and other bacteria is also rare taxa, significantly higher than abundant taxa, implying that rare taxa
may contain astonishing explorable biological resources [59]. At a bacterial genus level, nearly all the
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top ten bacterial genera in abundant taxa occupied higher relative abundance than those of rare taxa
(Table S3). Previous studies suggested that abundant bacterial taxa might grow on a broader-resources
range compared with rare bacterial taxa, and hence being able to attain high abundance [31,66], while a
few rare bacterial taxa may be adapted to use only some specific substrates [31].

4.3. Alpha Diversity and Community Composition of Abundant and Rare Bacterial Taxa under
Anthropogenic Disturbance

Alpha-diversity comparisons of both abundant and rare taxa among different anthropogenic
disturbance lakes showed no significant difference (ANOVA, p > 0.05), indicating that different
levels of anthropogenic disturbances have less impact on alpha diversity of abundant and rare
taxa in our investigated lakes. However, we observed that variable levels of anthropogenic
disturbances could alter the distribution of abundant and rare bacterioplankton communities. Based on
NMDS results (Figure 3), abundant bacterioplankton appeared to be more easily influenced under
anthropogenic perturbations, whereas rare bacterioplankton were more likely to show resistance in
moderate-anthropogenic-disturbance lakes. Previous studies reported that the rare bacterial taxa
with lower abundance (<0.1%) could already reach a more stable community, whereas abundant
bacterial taxa can fluctuate significantly depending on environmental conditions and were more
sensitive to changed conditions than rare bacterial taxa [35,49]. However, rare bacterial taxa presented
characteristic metabolic activities [63] and, therefore, can also respond rapidly to environmental
changes (e.g., high anthropogenic disturbance as occurred in our current study). Moreover, in view
of rare bacterial taxa that are an important contributor to alpha diversity [49,59], they may serve as
a diverse source pool to improve the resistance or resilience of bacterioplankton communities and
probably play fundamental roles in maintaining the lake ecosystem stability [31,49,62].

Furthermore, bacterial genera of abundant taxa having significant difference (ANOVA, p < 0.05)
among different lake categories overwhelmingly exhibited higher abundance in moderate and
high lake categories. However, those of rare taxa largely occupied higher abundance in the
low category (Table 2). Only Hydrogenophaga, having significant difference among different
lake categories, was shared in both abundant and rare taxa. Previous studies proved that
Hydrogenophaga are capable of degrading a variety of environmental organic pollutants [67]. It is
also known that Flavobacterium, Rhodobacter, and Sphingopyxis in abundant taxa with relatively
higher abundance in moderate-anthropogenic-disturbance lakes are able to biodegrade many
environmental organic compounds [68–70]. Filimonas in rare taxa, presenting higher relative abundance
in high-anthropogenic-disturbance lakes, are involved in carbohydrate degradation and can act as a
carbohydrate degrader in diverse environments [71]. However, Diplorickettsia and Haliangium in rare
taxa were only detected in low-anthropogenic-disturbance lakes, and were not detected in moderate
and high categories, indicating that they may be not suitable to survive in unfavorable environmental
conditions. Together, abundant and rare taxa may establish cooperation or complementary relationship
to have synergistic effects on high-anthropogenic-disturbance ecosystems [49,50].

4.4. Linking Environmental Factors with Bacterioplankton Community Composition

An important ecological objective in environmental microbiology is to determine the possible
influencing factors that are tightly associated with the bacterial community structure. Generally,
water physicochemical quality was frequently identified as a significant environmental driver to
bacterial community composition in many ecosystems [30,31,35,60]. Our results showed that abundant
and rare bacterioplankton presented remarkably different patterns because both abundant and rare
bacterioplankton were constrained by different explanatory factors (Figure 5). DOC was the most
significant environmental factor for explaining the variation of abundant bacterioplankton, whereas TP,
NH4

+-N, and Chl-a were the most predominant factors constraining the rare bacterioplankton.
This finding suggests that abundant and rare bacterioplankton may respond to distinct abiotic
parameters, and those have a different ecological niche. Consistent with our present study,
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some recent studies revealed that abundant and rare bacterioplankton in freshwater lakes and
reservoirs were also significantly correlated with different environmental factors [31,35]. Interestingly,
similar observations have also been reported in activated sludge bioreactor [30], soil [50], and intertidal
marine ecosystem [72]. Recent work has confirmed that abundant and rare bacterial taxa had discrepant
ecological niches and different roles in oil-contaminated soils [50]. Hence, the bulk of abundant and
rare bacterioplankton may play different roles in our sampled lakes, and we infer that abrupt change
in those related environmental factors might lead to alteration of the abundance and structure of
abundant and rare bacterioplankton. In fact, it is believed that the majority of the rare biosphere
are dormant or inactive populations in an environment [35,61] but may become abundant taxa as
favorable environmental conditions are met [29,63,73]. As an example, Teira et al. [74] found that
the genus Cycloclasticus (a hydrocarbon-degrading Gammaproteobacteria) became an abundant species
of the bacterial community when adding polycyclic aromatic hydrocarbons (PAHs) in microcosm
experiments, but once the PAHs were completely consumed, they rapidly declined their abundance.

5. Conclusions

In summary, our work reveals the diversity and composition of abundant and rare bacterial
taxa derived from freshwater lakes in response to different levels of tourism disturbances.
Tourism disturbances can alter water environmental factors and the community structure of both
abundant and rare bacterioplankton. Alpha diversity of both abundant and rare taxa did not differ
among distinct levels of anthropogenic disturbance. Abundant and rare bacterial taxa were constrained
by different environmental factors. Overall, this study provides insight into the abundant and rare
bacterioplankton communities subjected to varying degrees of tourism disturbances. However,
further analyses of function roles of abundant and rare taxa are needed for better understanding
lake-ecosystem functions under different levels of tourism disturbances.
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