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Abstract: Bacterial and archaeal communities play important roles in wetland ecosystems. Although
the microbial communities in the soils and sediments of wetlands have been studied extensively,
the comprehensive distributions of planktonic bacterial and archaeal communities and their responses
to environmental variables in wetlands remain poorly understood. The present study investigated the
spatiotemporal characteristics of the bacterial and archaeal communities in the water of an artificially
irrigated estuarine wetland of the Liaohe River, China, explored whether the wetland effluent changed
the bacterial and archaeal communities in the Liaohe River, and evaluated the driving environmental
factors. Within the study, 16S rRNA quantitative PCR methods and MiSeq high-throughput sequencing
were used. The bacterial and archaeal 16S rRNA gene abundances showed significant temporal
variation. Meanwhile, the bacterial and archaeal structures showed temporal but not spatial variation
in the wetland and did not change in the Liaohe River after wetland drainage. Moreover, the bacterial
communities tended to have higher diversity in the wetland water in summer and in the scarce zone,
while a relatively higher diversity of archaeal communities was found in autumn and in the intensive
zone. DO, pH and PO4-P were proven to be the essential environmental parameters shaping the
planktonic bacterial and archaeal community structures in the Liaohe River estuarine wetland (LEW).
The LEW had a high potential for methanogenesis, which could be reflected by the composition of
the microbial communities.
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1. Introduction

Located at the transition zone of terrestrial and aquatic systems, wetlands include different
types of environments that play various functions in ecosystems. Estuarine wetlands are particularly
important ecosystems because of their large number, considerable size, various ecological functions,
and distinct location advantages [1]. The processes of biogeochemical cycling, purification and
energy transfer in estuarine wetlands cannot take place without the activities of microorganisms.
Conversely, the diversity, composition and structure of microbial communities can also be affected

Microorganisms 2020, 8, 198; doi:10.3390/microorganisms8020198 www.mdpi.com/journal/microorganisms

http://www.mdpi.com/journal/microorganisms
http://www.mdpi.com
https://orcid.org/0000-0003-1097-8179
http://dx.doi.org/10.3390/microorganisms8020198
http://www.mdpi.com/journal/microorganisms
https://www.mdpi.com/2076-2607/8/2/198?type=check_update&version=2


Microorganisms 2020, 8, 198 2 of 17

by the environmental compatibility of wetlands [2–4]. In wetland systems, many kinds of microbes
inhabit the water, sediments and plants and have different functions in response to the surrounding
environment [5–7].

Some previous investigations have shown the diversity, composition and structure of microbial
communities in estuarine wetlands [8,9] as well as the interactions between microbial communities and
environmental variables (e.g., salinity, pH, nitrogen content, sulfur content, total organic carbon, iron
and carbon and nitrogen mineralization) [7–10]. However, these studies have emphasized the soils,
sediments and rhizospheres of plants in estuarine wetlands, and therefore, the microbial community in
the water requires more illumination to better understand the whole estuarine wetland ecosystem.
In addition, despite their potential importance in estuarine wetland ecosystems, there is still limited
information on the temporal and spatial variation in the diversity, abundance, composition and
structure of the microbial communities in estuarine ecosystems [9]; information is especially lacking
regarding the locations where water discharges into estuarine systems, and whether this water transfer
influences the microbial community in the receiving areas remains unknown.

The Liaohe River estuarine wetland (LEW) is dominated by Phragmites australis and
Suaeda heteroptera, and tidal flats are successively distributed in the area [11]. Over the past few decades,
intensive human activities, such as agricultural practices, aquaculture production, petrochemical
industry development and urbanization, have significantly affected the nutrient biogeochemistry
of the estuary [3]. The distribution of the microbial community in the LEW has been evaluated in
previous studies; however, traditional molecular ecological methods have usually been used to carry
out the research [10,12], and emphasis has been placed on the soil [13]. More studies on the microbial
community in the LEW are required to compare this system with other estuarine wetland ecosystems.

Recently, the development of high-throughput sequencing has provided new insights into
microbial communities at a molecular level and revolutionized our view of microbial diversity with
molecular phylogenetic approaches [4,14]. Bioinformatics combined with statistical analysis have been
widely used to analyze numerous and complex experimental data [2,4]. High-throughput sequencing
and related analytical methods were applied in many studies to study microbial communities [2,4].
In this study, environmental parameter measurement, real-time PCR (qPCR), Illumina 16S ribosomal
RNA (rRNA) amplicon sequencing and various statistical analyses were applied. We aimed (i) to
investigate the spatiotemporal characteristics of the bacterial and archaeal communities in the wetland
water; (ii) to identify the critical environmental parameters influencing the bacterial and archaeal
communities in the LEW; and (iii) to determine whether wetland effluent changed the bacterial and
archaeal communities in the Liaohe River, as the wetland effluent eventually discharges into the
Liaohe River.

2. Materials and Methods

2.1. Study Area

Located north of the Bohai Sea in northeastern China and situated in the warm temperate zone,
which has a semihumid continental monsoon climate, the LEW (121◦30′–122◦00′ E, 40◦45′–41◦10′ N)
encompasses a marsh area of approximately 1000 km2. The average annual temperature ranges from
8.3–8.4 ◦C. The average annual precipitation ranges from 611.6–640.1 mm, but the average annual
evaporation ranges from 1392–1705 mm [15]. In recent years, because of scarce precipitation and
the unreasonable utilization of water resources, the wetland has been artificially irrigated by water
conservancy projects to improve reed production. We chose a Phragmites australis wetland as the study
site (Figure 1). The wetland is artificially irrigated with water from the Liaohe River, and the water
from the wetland is drained every autumn to harvest reeds and flows into the Liaohe River through
the Yuanyanggou stream and then into the sea. Therefore, the upstream and downstream areas where
the Yuanyanggou stream joins the Liaohe River were also investigated in this study (Figure 1).
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Figure 1. Location of the sampling station in the Liaohe River estuarine wetland (LEW). The uppercase
letters S and I refer to the scarce and intensive reed zones in the wetland, respectively, while U and D refer
to the upstream and downstream zones of the outlet from the wetland to the Liaohe River, respectively.

2.2. Sample Collection and Environmental Parameter Analysis

The first and second sampling sites were in the scarce (S) and intensive (I) zones of the reed
wetland, respectively. The third and fourth sites were upstream (U) and downstream (D) of the outlet
of the wetland that flows into the Liaohe River, respectively (Figure 1). At the first and second sampling
sites, samples were collected every six hours on 16th May, 15th June and 13th September in 2015, which
were classified as the initial growth, rapid growth and mature stages of reeds, respectively. At the
third and fourth sampling sites, samples were also collected every six hours on October 1st, when the
water in the wetland was discharged into the Liaohe River to harvest the reeds. Each water sample
was obtained using a bucket and poured into a 2 L sterile glass bottle for further treatments.

For the molecular experiment, approximately 300 mL water samples were filtered through
0.22 µm polycarbonate filters (47 mm, Whatman, Maidstone, UK). All samples were stored at −80 ◦C
until DNA analysis. The temperature (T), pH, dissolved oxygen (DO), and salinity (SAL) of the
water were determined in situ using an HQ40d multiparameter meter (HACH, Loveland, CO, USA).
The water samples for the dissolved organic carbon (DOC) and nutrient analyses were filtered
through 0.7 µm GF/F filters and 0.45 µm cellulose acetate filters and then surveyed with a TOC-VCPH
analyzer (Shimadzu, Kyoto, Japan) and a QuAAtro nutrient autoanalyzer (Seal Analytical, Norderstedt,
Germany), respectively. The determination of chlorophyll a (Chla) was performed by the acetone
method after the water samples were filtered with 0.45 µm cellulose acetate filters. More detailed
information regarding the environmental parameter analyses can be found in a previous study [16].

2.3. DNA Extraction and qPCR

The total genomic DNA of each water sample was extracted from filters. A filter for each
sample was cut into pieces and added to the PowerBead Tubes provided by the PowerSoil Isolation
Kit (MO Bio Laboratories, San Diego, CA, USA). The subsequent treatments were in accordance
with the manufacturer’s instructions except that 60 µL of Solution C6 was added in the last step.
The DNA products from the day and night samples (n = 4) were thoroughly mixed in equal amounts
to make the results more realistic. The quality and quantity of the extracted DNA were verified
with a NanoDropTM spectrophotometer (Thermo Scientific, Waltham, MA, USA) and agarose gel
electrophoresis, respectively, and stored at −20 ◦C until use.

For the quantification of the bacterial and archaeal 16S rRNA genes, qPCR was performed
using an Applied BiosystemsTM 7500 Real-Time PCR System (Life Technologies, Forster City, CA,
USA) in triplicate with the fluorescent dye SYBR Green. The bacterial primers 338F (5′-ACTCCT
ACGGGAGGCAGCAG)/806R (5′-GGACTACHVGGGTWTCTAAT) [17] and the archaeal primers
U519F (5′-CAGYMGCCRCGGKAAHACC)/806R (5′-GGACTACNSGGGTMTCTAAT) [18] were used
to determine the copy numbers of the 16S rRNA genes. Melting curve analysis was performed to
confirm the specificity of each amplicon.
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2.4. Illumina 16S rRNA Gene Amplicon Sequencing

The 16S rRNA genes were amplified using bacterial primer set 343F (5′-TACGGRAGG
CAGCAG)/798R (5′-AGGGTATCTAATCCT) [19] and archaeal set Arch344F (5′-ACGGGGYGCAGCA
GGCGCGA)/Arch915R (5′-GTGCTCCCCCGCCAATTCCT) [20]. In the first amplification, the PCR
mixture was composed of 15 µL of 2× Taq Master Mix, 1 µL of each primer, 50 ng of DNA template and
diluted to a final volume of 30 µL with sterile water. The PCR conditions were 94 ◦C for 5 min, followed
by 25 cycles consisting of 94 ◦C for 30 s, 56 ◦C for 30 s and 72 ◦C for 30 s, 2 ◦C for 7 min and ending at
4 ◦C. After purification, to obtain the barcoded sequences, 50 ng of the PCR products were added to
the same 30 µL mixture for the second amplification and purification. The PCR conditions were the
same as those used for the first amplification except that the number of cycles was six. An Illumina
Sequencer MiSeq PE300 (San Diego, CA, USA) was used for the high-throughput sequencing by OE
Biotechnology Company (Shanghai, China).

The obtained raw paired-end reads were trimmed using Trimmomatic software (v0.35) [21]
before being assembled using FLASH software (v1.2.11) [22]. Then, the sequences were denoised and
filtered to guarantee the quality of the reads using QIIME software (v8.0) [23]. Briefly, any reads with
ambiguous, homologous or short (less than 200 bp) sequences were discarded, and the reads with
75% of the bases above Q20 were retained. Then, reads with chimeras were detected and removed.
The remaining high-quality reads were clustered into operational taxonomic units (OTUs) using
VSERCH (v2.4.2) with 97% similarity [24]. The representative read of each OTU was selected using
the QIIME package and annotated and blasted against the Silva database (v123) [25] using the RDP
classifier (v2.2) [26]. The data generated by high-throughput sequencing were deposited into the
Sequence Read Archive (SRA) database under accession number SRP199281.

2.5. Data Analysis

Spearman’s rank correlation coefficients were used to assess correlations between two independent
variables. Partial correlation analysis was added to determine the relationships between the
environmental parameters and the detection frequencies of the dominant microbial taxa to remove
autocorrelation between the environmental parameters. Mann–Whitney and Wilcoxon tests were used
to assess differences between two independent groups in different conditions. Stepwise regression
analysis was used to evaluate the effect of the environmental parameters on the α-diversity indices.
SPASS v17.0 (SPASS, Inc., Chicago, IL, USA) was used for all analyses.

To obtain the distribution pattern of the LEW microbial community structure, detrended
correspondence analysis (DCA) was used first to choose a linear or unimodal model. Then,
correspondence analysis (CA) or principal components analysis (PCA) was performed. Accordingly,
canonical correspondence analysis (CCA) was performed to verify the effects of the environmental
factors on microbial community variation in the LEW. The significance of the effects was determined
with a Monte Carlo permutation test (999 random unrestricted permutations). Prior to performing
CCA, closely autocorrelated environmental parameters (r > 0.08, p < 0.05) were filtered, and the top
environmental parameters that were correlated with microbial community structure were selected using
BIOENV/BVSTEP. Furthermore, a Mantel test was also used to calculate the relationship between the
environmental parameters and the microbial community structure. BIOENV/BVSTEP was performed
with PRIMER 5 software, and the DCA, CA, PCA, CCA, Monte Carlo permutation test and Mantel test
were performed using R v3.4.2 with the vegan package.

3. Results

3.1. Characterization of the Environmental Parameters

Based on a previous study [16], the averages (n = 4) of the environmental parameters from the LEW
were calculated, which are listed in Table S1. The main characterization of the environmental parameters
had been reported in a published study [16]; therefore, emphasis was placed on correlations between



Microorganisms 2020, 8, 198 5 of 17

the environmental parameters to better understand the relationship between the microbial community
and the environmental variables. Spearman’s correlation analysis indicated that T, SAL, dissolved
inorganic nitrogen (DIN), NO2-N and the DIN/PO4-P ratio were highly significantly correlated with
each other (r > |0.821|, p < 0.05) (Table S2), and DIN was also closely associated with NO3-N (r = 0.857,
p = 0.014). In addition, DO was negatively related to total phosphorus (TP) and positively related to
Chla (Table S2). In general, notable physical and chemical variations were found between the different
months (Mann–Whitney test, p < 0.05), whereas no significant differences were observed between the S
zone and I zone (Table S3). For example, the DO concentration was significantly higher in September
than in May and June (Mann–Whitney test, p < 0.05), and the Chla content was significantly different
only between May and September (Mann–Whitney test, p < 0.05). For the U and D areas, some of the
nutrient concentrations and the salinity distinctly changed following the discharge of wetland water
(Table S3).

3.2. Bacterial and Archaeal Community α-Diversity

For the bacteria, a total of 116,150 high-quality sequences were obtained from the studied water
samples in the LEW. Each bacterial library had 14,777 to 17,842 reads and was normalized to 14,776
reads after being resampled randomly. The number of OTUs ranged from 192–379 (clustered at the
97% identity level), which were well captured and proven by the high Good’s coverage (≥99.35%,
Table 1). The species diversity represented by the Shannon index ranged from 3.17 to 5.66. The highest
diversity was found in June in the wetland water samples, followed by September and May, and the
species diversity was higher in the D zone than in the U zone of the outlet water samples (Table 1).
The richness represented by the Chao 1 index ranged from 259.00 to 493.38, and the evenness estimated
by Pielou index ranged from 0.39 to 0.66 in all water samples (Table 1). The evenness showed the same
regulator with the diversity, that evenness was highest in June and lowest in May, whereas richness
showed a different pattern. Additionally, the diversity and evenness of the bacterial communities were
higher in the S zone than in the I zone.

Table 1. α-diversity indices of the water bacterial and archaeal communities in the LEW.

Sample * OTUs † Shannon † Chao 1 † Pielou † Good’s Coverage (%) †

Bacteria

5I 192 3.53 259.00 0.46 99.55
6S 367 5.66 406.47 0.66 99.43
6I 330 5.47 493.38 0.65 99.26
9S 375 4.55 473.06 0.53 99.26
9I 379 4.46 437.13 0.52 99.44
U 271 3.17 350.00 0.39 99.41
D 265 4.11 331.16 0.51 99.48

Archaea

5I 69 3.94 100.00 0.64 99.97
6S 528 7.02 544.88 0.78 99.89
6I 754 7.79 778.43 0.81 99.79
9S 532 7.81 546.53 0.86 99.91
9I 805 8.14 828.66 0.84 99.84
U 281 5.02 290.56 0.62 99.94
D 270 5.90 300.17 0.73 99.87

* The uppercase letters S and I refer to the scarce and intensive reed zones in the wetland, respectively, while U and
D refer to the upstream and downstream zones of the outlet from the wetland to the Liaohe River, respectively.
The digits indicate the sampling date. † The reads were normalized to 14,776 for the bacteria and to 27,695 for
the archaea.

A total of 267,253 valid reads of archaea were obtained after quality control, ranging from 27,696
to 53,552 reads of each sample, with an average of 38,179 ± 8711 reads. A total of 69 to 805 OTUs were
calculated after each archaeal library was normalized to 27,695 reads after being resampled randomly
(Table 1). Different with the bacterial results, the highest Shannon diversity, Chao 1 richness and
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Pielou evenness values of the archaeal communities were observed in September in the wetland water
samples, followed by June and May; the diversity and richness of the archaeal communities were
higher in the I zone than in the S zone. Regarding the samples in the U and D zones of the outlet from
the wetland to the Liaohe River, the archaeal community diversity, richness and evenness in the D
sample were higher (Table 1). Overall, the α-diversity of the bacterial communities tended to be higher
in the S zone and in June, while that of the archaeal communities tended to be higher in the I zone and
in September. The discharge of wetland water increased the α-diversity of the bacterial and archaeal
communities in the D water compared with those in the U water.

3.3. Bacterial and Archaeal Community Structures

The taxonomic identification results showed that the high-quality reads of bacteria obtained from
all the samples could be assigned into 17 phyla. Generally, the bacterial sequences that could be affiliated
with known phyla or candidate divisions ranged from 99.93% to 100% in all samples. The dominant
high-quality reads could be assigned into 4 phyla, Proteobacteria, Firmicutes, Actinobacteria and
Bacteroidetes (accounting for 98.65–99.96% in all samples). In detail (Figure 2a), most of the bacteria in
the wetland water samples belonged to Proteobacteria, especially in the September samples (75.76%
and 82.00%), while its proportion was only 12.39% in the I sample in May. Firmicutes was the dominant
bacterial phylum in May (68.54%) but was third and fourth in June (12.89% and 10.15%) and September
(0.51 and 1.04%), respectively. The relative abundances of Actinobacteria were higher in May (18.27%)
and June (34.01% and 24.50%) than in September (5.50 and 7.90%). Moreover, microorganisms from the
phylum Bacteroidetes accounted for only 0.75% in May. The relative abundances of these four major
bacterial phyla illustrated significant temporal variation in the bacterial community composition of the
wetland water. In addition, the relative abundance of Proteobacteria was higher in the D zone of the
outlet from the wetland to the Liaohe River than in the U zone, while Firmicutes showed the opposite
tendency. Compared with wetland water samples, the difference between the U and D water samples
could be well attributed to the wetland water input. At the class, order and family levels, notable
temporal variations were also found in the wetland water samples. The relative abundances of the U
and D water samples showed some differences. For example, Planococcaceae was the most abundant
bacterial family and accounted for 58.12% of the total reads in May but only 0.19% and 1.95% in June
and 0.16% and 0.27% in September, respectively (Figure 2b). Probably due to the low abundances of
Planococcaceae in the water samples in the mature stage of reeds, the abundance of Planococcaceae
was lower in the D zone than in the U zone.

Figure 2. Taxonomic composition of the bacterial communities in the LEW. Rare bacterial populations
accounted for <0.5% of the total sequences, and unclassified bacteria were included in the group “Other
and unclassified Bacteria”. (a) Phylum and (b) family classification levels.
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Temporal differences in the bacterial community composition among the wetland water samples
also existed at the genus level (Table 2). For example, the genera Psychrobacillus and Sporosarcina
had a high proportion in the May water sample but had a much lower abundance in the June and
September water samples. As the reeds were in the initial growth stage, the bacterial communities in
the wetland water may not have been strongly affected by the reeds. In particular, unclassified bacteria
in the family Chesapeake Delaware Bay occurred at a very high proportion (42.78% and 47.57%) in the
September water samples. In addition, Planococcus showed a much higher abundance in the U and D
zones of the outlet from the wetland to the Liaohe River compared with the abundance in the wetland
water samples and showed a higher abundance than the other genera in the U and D water samples.
Planococcus was dominant in Liaohe River and negligibly affected by wetland effluent.

Table 2. Proportion (%) of the bacterial sequences assigned to the top 30 bacterial genera in the total
bacterial sequences from each water sample collected from the LEW.

Genera 5I 6S 6I 9S 9I U D

Planococcus - - 1.48 0.15 0.27 61.32 42.24
Psychrobacter 7.00 1.01 17.03 - - 3.47 10.48

Psychrobacillus 34.76 - 0.12 - - - 0.98
Bacillus 8.13 12.36 3.64 0.18 0.30 0.90 1.20

Sporosarcina 23.08 - - - - - -
Pseudomonas - 4.49 1.46 0.74 0.28 0.98 10.23

Mycobacterium 4.95 1.95 1.14 0.28 0.17 5.93 1.98
CL500-29 marine group 0.41 4.05 3.09 0.75 1.08 1.48 0.55

Flavobacterium - 2.25 4.31 1.97 1.91 0.53 -
Altererythrobacter - 1.17 0.84 0.24 0.72 0.32 5.74

hgcI clade - 3.48 3.76 0.22 0.64 0.10 -
Rheinheimera - 0.14 - 4.88 1.71 0.17 -
Acinetobacter - 1.56 3.57 - - 0.36 0.37
Limnohabitans - 2.17 2.95 0.10 0.15 - -

Paracoccus - 0.36 1.10 - - 2.67 1.01
Stenotrophomonas - - 0.29 - - 2.87 1.80
Exiguobacterium - - 4.26 - - 0.35 0.13
Brevundimonas - 1.78 1.10 0.32 0.18 0.39 -

Lutibacter - - - - 3.64 - -
NS3a marine group - 1.43 1.77 0.12 0.26 - -

Owenweeksia - 0.46 0.36 1.88 0.73 - -
Candidatus Pelagibacter - - - - - 0.79 1.87

Rhodobacter 0.22 0.96 0.57 0.30 0.19 0.18 0.13
BAL58 marine group - 0.42 0.76 0.68 0.63 - -

MWH-UniP1 aquatic group - 0.61 0.96 0.38 0.37 - -
GKS98 freshwater group 1.56 0.24 0.16 - - - -

OM43 clade - 0.44 0.51 0.30 0.55 - -
Methylophilus - - - 0.98 0.88 - -
Methylophaga - - 0.24 0.68 0.22 - 0.70

Citricoccus 1.26 - - - - 0.17 0.11

The “-” symbol indicates that the proportion of the bacterial sequences in the total bacterial sequences was <0.1%.

Taxonomic analysis demonstrated that most of the sequences (92.77%) obtained from the LEW
samples could be assigned into four archaeal phyla: Woesearchaeota (DHVEG-6) (39.45% of the
total reads in all samples), Euryarchaeota (30.64%), Thaumarchaeota (18.29%) and Miscellaneous
Crenarchaeotic Group (4.40%) (Figure 3). Generally, there was obvious temporal variation in the
water samples, and specifically, the archaeal phylogenetic groups/lineages of the initial growth stage
of reeds were significantly different from those of the rapid growth and mature stages of reeds in
quantity and type. For example, the relative abundance of Woesearchaeota (DHVEG-6) in May was
only 0.01% but increased to 39.30–84.28% in June and September. Furthermore, the proportion of
unclassified Woesearchaeota (DHVEG-6) was notably high (75.52% in Woesearchaeota (DHVEG-6)



Microorganisms 2020, 8, 198 8 of 17

and 50.99% of the total reads in the June and September water samples). The relative abundances of
these dominant Woesearchaeota (DHVEG-6) populations increased as the reeds grew, suggesting that
these populations may be closely related to the growth of reeds in the wetland (Figure 3). The highest
relative abundance of Halobacteria was found in the May wetland water (Figure 3). For the U and
D water samples of the outlet from the wetland to the Liaohe River, different with those in wetland
water samples, Thaumarchaeota and Euryarchaeota were illustrated to be the dominant phyla, and
the frequently detected classes were Marine Group I and Soil Crenarchaeotic Group (SCG) (Figure 3).
In the LEW water samples, the high potential for methanogenesis was proven, as demonstrated by the
large distributions of classes Methanomicrobia and Methanobacteria; however, the relative abundance
of Halobacteria had no direct correlation with SAL (Spearman correlation, p > 0.5), which might be
controlled by other environmental variables.

Figure 3. Taxonomic composition of the archaeal communities in the LEW. Rare archaeal populations
accounted for <0.5% of the total sequences, and unclassified archaea were included in the group “Other
and unclassified Archaea”.

Consistent with the results of the bacterial and archaeal community taxonomic compositions,
ordinal analysis at the OTU level demonstrated that the bacterial and archaeal community structures in
the wetland water samples both had evident temporal differences and showed the same characteristics
between samples U and D from the Liaohe River (Figure 4). These results suggested that (i) seasonal
variation related to the different growth periods of reeds was the main factor influencing the bacterial
and archaeal community structures in the wetland; (ii) furthermore, the wetland effluent contributed
little to the bacterial and archaeal community structures of the receiver, the Liaohe River. In addition,
at the phylum and genus levels, the bacterial and archaeal community distribution patterns were in
accordance with those at the OTU level (Figure S1).
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Figure 4. Correspondence analysis (CA) of the bacterial (a) and archaeal (b) community structures at
the OTU level in the LEW.

3.4. Abundances of the Bacterial and Archaeal 16S rRNA Genes

The qPCR results revealed that the abundances of the bacterial and archaeal 16S rRNA genes in
the water from the LEW ranged from 3.39 × 107 to 3.09 × 109 copy/L and 1.14 × 107 to 8.54 × 108 copy/L,
respectively (Figure 5). Significant temporal differences were observed in the bacterial and archaeal
16S rRNA gene abundances between the samples in June and September (Mann–Whitney test, p < 0.05
and p < 0.01), and obvious spatial differences were also found between the wetland samples in the S
and I zones in June and September (p < 0.05). Moreover, the abundances of bacterial and archaeal 16S
rRNA genes in the June samples were obviously higher than those in the May and September samples
in the I zone (Figure 5), indicating that the rapid growth stage of reeds harbored the highest bacterial
and archaeal 16S rRNA gene abundances.

Figure 5. Abundances of the bacterial and archaeal 16S rRNA genes in the water samples from the LEW.

The abundance of bacterial 16S rRNA genes was lower in the U zone than in the D zone of the
outlet from the wetland to the Liaohe River, but the result was opposite for the archaea (Figure 5).
Statistical analysis indicated that the abundances of bacterial 16S rRNA genes were significantly
higher than those of archaea (Wilcoxon test, p < 0.05). The relative abundances of bacterial 16S rRNA
genes to the total bacterial and archaeal 16S rRNA genes were 74.70% and 96.98% in the wetland and
outlet, respectively.
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3.5. Effect of the Environmental Parameters on the Bacterial and Archaeal Communities

3.5.1. Effect of the Environmental Parameters on the Abundances and α-Diversity Indices of the
Bacterial and Archaeal Communities

Spearman’s correlation analysis demonstrated that none of the environmental parameters were
significantly correlated with the abundances of the bacterial and archaeal 16S rRNA genes, except that
DOC was closely related to the abundance of bacterial 16S rRNA genes (r = −0.857, p < 0.05). Stepwise
regression analysis revealed that for the bacterial communities in the LEW, DOC was negatively
associated with the Shannon diversity and Pielou evenness, and DO was most significantly correlated
with the Chao 1 richness (Table 3). The Pielou evenness was also greatly affected by T, DIN and SAL,
whereas the Shannon diversity was affected by DIN/PO4-P (Table 3, p < 0.001). Overall, TP was the
environmental parameter with the most influence on the α-diversity of the LEW archaeal communities,
and DOC was related to the Shannon diversity in the bacterial and archaeal communities (Table 3).

Table 3. Stepwise regression analysis between the α-diversity indices of the bacterial communities in
the LEW water and the environmental parameters.

Community α-Diversity Index R2 p n Explanatory Variables (β-Weights)

Bacteria
Shannon 0.995 0.002 7 DIN/PO4-P (−0.941) ***, DOC (−0.454) *
Chao 1 0.901 0.01 7 DO (0.641) *, NH4-N (−0.547) *

Pielou 1.000 <0.001 7 T (0.478) ***, DOC (−0.636) ***, DIN
(−0.530) ***, SAL (−0.118) ***

Archaea
Shannon 0.938 0.004 7 TP (−1.029) ***, DOC (−0.412) *
Chao 1 0.749 0.012 7 Chla (0.865) *
Pielou 0.860 0.003 7 TP (−0.927) **

*** p < 0.001; ** p < 0.01; * p < 0.05.

3.5.2. Correlations of the Detection Frequencies of the Dominant Bacterial and Archaeal Taxa with the
Environmental Parameters

Details of the direct correlation analysis between the detection frequencies of the dominant taxa
(accounting for >0.5% of the total sequences) and the environmental parameters are listed in Tables S4
and S5. Among all the environmental parameters, DO and TP had significant correlations with 27 and
25 bacterial taxa, respectively, while pH and TP had significant correlations with 11 and 7 archaeal
taxa, respectively; these parameters were much more influential than the other parameters (Table S6).
However, as the environmental factors were autocorrelated (Table S2), partial correlation analysis was
used to distinguish the effects of the different parameters. The results indicated that in the water of the
LEW, DO had the greatest effect on the dominant bacterial taxa, successively followed by Chla, pH, TP,
DOC, total nitrogen (TN) and NH4-N, while pH had the greatest effect on the dominant archaeal taxa,
followed by TP (Table S6).

In general, the detection frequency of Methylophilales showed a marginally positive correlation
with DO (r = 0.964, p < 0.001) and negative correlation with TP (r = −0.786, p = 0.036) (Table S4).
When autocorrelation between DO and TP was considered, the detection frequency of Methylophilales
emerged as having a significant positive correlation with DO after controlling for TP (r = 0.970, p = 0.001)
but had no significant correlation with TP after controlling for DO (r = 0.504, p > 0.05). However,
the correlation of the detection frequency of Proteobacteria with DO and TP became nonsignificant
after controlling for each other, implying that the coeffects of these environmental factors may structure
the distribution of Proteobacteria in the LEW.

3.5.3. Effect of the Environmental Parameters on the Bacterial and Archaeal Community Structures

After considering autocorrelation between the environmental parameters, BIOENV/BVSTEP was
applied to select the environmental parameters that affected the bacterial or archaeal community
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structures the most. The CCA biplot showed that axis 1 and axis 2 explained 32.79% and 31.16% of
the variation for the bacteria and 34.26% and 29.77% of the variation for the archaea, respectively.
The results indicated that the effects of the environmental parameters on the bacterial and archaeal
community structures were generally consistent (Figure 6). DO, PO4-P and pH showed highly
significant correlations with the bacterial community structures successively, while pH affected the
archaeal community structures the most, followed by DO and PO4-P, as determined with 999 Monte
Carlo permutations (p < 0.05). DO and pH mostly impacted the bacterial and archaeal communities in
the wetland water samples at the mature stage of reeds, while PO4-P mostly impacted the bacterial
and archaeal communities in the U and D water samples. Furthermore, consistent with the results of
the CCA analysis, the Mantel test demonstrated that DO, pH, PO4-P, T and DOC were the essential
factors for the bacterial and archaeal community structures (p < 0.05).

Figure 6. Canonical correspondence analysis (CCA) of the bacterial (a) and archaeal (b) community
structures with the environmental parameters in the LEW.

4. Discussion

4.1. Distinct Seasonal Dynamics of Planktonic Bacterial and Archaeal Communities in the Wetland

The microbial communities in the sediments, soils and rhizospheres of various wetlands that are
associated with different specific characteristics and functions have been explored extensively [2,5,27,28];
however, studies on the microbial communities in wetland waters remain limited [29]. In the current
study, we investigated the planktonic microbial community in an artificially irrigated estuarine wetland
and its receiving river as well as the responses of the community to environmental parameters.

Our results indicated that the bacterial and archaeal 16S rRNA gene abundances varied
considerably in different seasons in the wetland. Considering the different water temperatures
in May, June and September, this phenomenon could be due to plant growth characteristics at
different stages that affect the physical and chemical characteristics of water. Numerous studies
have demonstrated that different vegetative periods can markedly influence the soil, sediment and
rhizosphere microbial population abundances in wetlands [30–32]; however, few studies have explored
the relationship between plant growth stage and microbial population abundance in wetland water,
although it has been proven that plants influence planktonic bacterial abundance [33]. It was reported
that 50% plant cover was the best ratio to promote the growth of diverse microbial communities and
obtain the most efficient wetlands [34], which explains the difference in the bacterial and archaeal
abundances in the S and I reed zones in the LEW. Overall, vegetation growth stage and coverage play
vital roles in determining wetland planktonic microbial communities.
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Temporal and spatial variations in microbial biodiversity have been previously observed in natural
wetlands [9,31,35] and constructed wetlands [4,14,30,32], but these studies have mostly emphasized
soils [4,9,14,31,32], sediments [9,35] and rhizospheres [30]. The present study revealed the temporal and
spatial dynamics of bacterial and archaeal richness, diversity and evenness in the water of an estuarine
wetland. The results indicated that the bacterial communities tended to have higher diversity indices in
the wetland water in summer, while higher diversity indices for the archaeal communities were found
in the wetland water in autumn. In mangrove and intertidal wetland mudflats, summer samples had
higher diversity indices than winter samples of bacterial communities, while archaeal communities had
lower diversity indices in summer [35]. In addition, the Chao 1 richness, Shannon diversity and Pielou
evenness in the wetland water were much lower in the observed planktonic bacterial communities
than in the archaeal communities, while the richness and diversity of the bacterial communities were
much higher than those of the archaeal communities in the wetland soils [14,32,36,37].

In the wetland, there were seasonal changes in both the bacterial and archaeal community
compositions and structures. Previous studies have also reported seasonal variation in bacterial
and archaeal community compositions and structures in natural and constructed wetlands [27,32].
Verrucomicrobia, Proteobacteria, Bacteroidetes, Firmicutes and Actinobacteria were reported to be the
dominant phyla of the planktonic bacterial communities in wetlands [29,38–41]. In this study, although
their proportions showed seasonal shifts, Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes
were dominant in all samples taken from the LEW. Verrucomicrobia accounted for only 0.09% of all
samples, which may be due to the alkaline environment of the LEW, as Verrucomicrobia was found to
be closely associated with the most oligotrophic aquatic ecosystems and low pH values [42]. In the
soils and sediments of wetlands, Euryarchaeota, Thaumarchaeota, Crenarchaeota, Woesearchaeota
and Bathyarchaeota have all been detected as dominant phyla [32,36,37]; however, until now, limited
reports have documented the major archaeal groups present in wetland water. In the wetland, the class
Halobacteria was dominant in the wetland water in May, which was concordant with previous
observations of planktonic archaeal communities [43,44], but different from the U and D water samples.
This phenomenon suggests that different habitats might have a significant influence on the archaeal
communities. It is worth noting that Woesearchaeota (DHVEG-6) was dominant in the wetland waters
in June and September. Woesearchaeota was reported as the major archaeal group in constructed
wetland systems planted with Cyperus papyrus or Canna indica L., and the metabolic capacities and
ecological functions of this group require further study [36].

4.2. Negligible Effect of the Wetland Effluent on the Bacterial and Archaeal Communities in the Liaohe River

In the Liaohe River, after receiving water from the wetland, no obvious changes were observed in
the bacterial and archaeal community structures between the U and D water samples. The proportions
of the dominant bacteria and archaea in the U and D water were obviously different from those in
the wetland water samples. In the current study, Proteobacteria, Firmicutes and Actinobacteria were
dominant in the bacterial communities and Euryarchaeota and Thaumarchaeota were dominant in the
archaeal communities in the U and D samples, which was consistent with the results of other studies
in estuarine waters [45–48]. Therefore, for reed wetland management, the policy of wetland drainage
into the Liaohe River every autumn to harvest reeds is feasible and acceptable for the environment of
the Liaohe River.

4.3. DO and pH as the Most Influential Factors in Shaping the Planktonic Bacterial and Archaeal Communities
in the Liaohe River Estuarine Wetland (LEW)

In this study, the abundance of bacterial 16S rRNA genes was significantly negatively correlated
with DOC. It was reported that high DOC concentrations stimulated bacterial abundances and
productivity in a riverine wetland [49], but bacterial abundances in Lake Namco showed no connection
with DOC [50]. This suggested that bacterial abundance could be affected by complex factors.
In contrast to the negative relationships between water DOC, NH4-N, DIN and TP and the bacterial
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and archaeal α-diversity indices, a previous study reported that the supply of available nutrients
(TOC, TN and TP) positively influenced planktonic microbial diversity [51]. This phenomenon can be
explained by the fact that not only the concentration but also the balance of available resources can
determine biodiversity [52].

Many studies have proven that cotemporary environmental factors (T, SAL, pH, heavy metals,
nutrients and microbial components) as well as environmental characteristics (such as stream width)
drive the distribution of planktonic bacterial and archaeal communities [53–55]. In this study, DO
was the most important factor for the dominant bacterial taxa. The four dominant phyla were all
significantly correlated with DO and TP, except Actinobacteria, which was markedly affected by pH
and TN. In a high-altitude freshwater wetland [29], Actinobacteria had a significant positive correlation
with NO2-N, while the other phyla did not show a close correlation with the water chemical parameters.
Moreover, pH was the most important factor for the dominant archaeal taxa. Interestingly, pH was
also observed to be the most influential factor shaping the archaeal communities in coastal wetland
soil [35] and tropical soil [56]. In contrast with the results of saline lake waters, Halobacteria of
Euryarchaeota increased with salinity [43]; however, in this wetland system, Halobacteria was not
directly correlated with SAL but was markedly negatively correlated with pH. These findings support
the traditional perspective that local environmental conditions are important drivers of variation in
microbial communities [53].

4.4. Potential Roles of the Dominant Bacterial and Archaeal Taxa in the LEW

Microorganisms belonging to the phyla Proteobacteria and Firmicutes are able to degrade a variety
of organic compounds, which accounts for the effective removal of DOC [14]. For example, the genera
Pseudomonas, Acinetobacter and Bacillus have been linked to the biological degradation of organic and
natural compounds [57,58]; however, no significant correlations were observed between these genera
and DOC in the LEW, except for the genus Acinetobacter. Wetlands play an important role in methane
emissions, and the methanogenic microorganisms involved in this process are also assumed to play
vital roles in degrading organic carbon [59]. In the LEW, except for the large distributions of archaeal
classes Methanomicrobia and Methanobacteria, high abundances of methanogenic microorganisms in
the order Methylococcales of Gammaproteobacteria and Methylophilales of Betaproteobacteria were
also observed, including the dominant genera Methanosarcina, Methanobacterium and Methanosaeta,
suggesting their methanogenic activity and ability to degrade organic compounds. Moreover, the lowest
proportion of methanogenic microorganisms was observed in September. In a previous study,
the population of methanogenic archaea was significantly smaller in September and October than
in June, July and August in a C. angustifolia marsh but was highest in September in a C. lasiocarpa
marsh [60]. Therefore, considering temperature, the growth stage of reeds in the wetland can affect
methanogen activity.

The distributions of orders Flavobacteriales and Burkholderiales were dominant in June and
September in the wetland; these microorganisms take part in denitrifying activity [61], and their
presence revealed the improved denitrification ability in June and September compared to that in
May. However, in a wetland treating polluted river water, a lower denitrification rate and denitrifier
abundance were observed in summer than in spring and winter [62]. The nitrifying microorganisms
Nitrosomonadales, Candidatus Nitrosopumilus and Candidatus Nitrososphaera promote nitrification by
oxidizing ammonia [63,64], and they were also detected in the LEW but in lower numbers than the
denitrifying microorganisms. This phenomenon could indicate that the ammonia removal process
(nitrification-denitrification cycle) in the LEW was mainly limited by nitrification [5]. Moreover,
the desulfuration bacteria (Desulfuromonadales and Desulfovibrionales of Deltaproteobacteria)
detected in the water samples was more abundant in September. As Bacillus and Pseudomonas
contain rhizobacteria that can promote plant growth [65,66], their abundances tended to be higher
when the reeds were at the initial and rapid growth stages.
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5. Conclusions

In summary, this study provides a comprehensive view of the abundance, diversity, composition,
structure and responses to environmental parameters of the bacterial and archaeal communities in the
water of the LEW. In this wetland system, the reeds are irrigated with water from the Liaohe River,
and water is discharged into the Liaohe River in autumn every year. The results revealed significant
temporal variation in the planktonic microbial community in the wetland. Although changes were
observed in microbial abundance and α-diversity, the microbial structure was the same between the
S zone and I zone. Generally, drainage increased the microbial abundance and α-diversity but had
no significant influence on the planktonic microbial composition and structure in the Liaohe River.
In addition, the environmental parameters DO and pH had a strong impact on the LEW planktonic
bacterial and archaeal communities, respectively, especially for the dominant taxa and community
structure. The wetland exhibited methanogenic activity. Our study supplements knowledge regarding
microbial communities in wetland waters and their relationship with environmental parameters.
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the LEW. Table S2: Spearman’s correlation analysis between the environmental parameters. Table S3: Difference
between two environmental categories. Table S4: Spearman’s correlation analysis between the dominant bacterial
populations and the environmental parameters in the LEW. Table S5: Spearman’s correlation analysis between the
dominant archaeal populations and the environmental parameters in the LEW. Table S6: The numbers of microbial
taxa whose detection frequencies were significantly correlated with the environmental parameters.

Author Contributions: Conceptualization, T.M. and Y.Z.; data curation, M.L. and Y.Z.; formal analysis, M.L. and
Y.Z.; investigation, T.M., M.M. and Y.Z.; methodology, Y.Z.; writing—original draft, M.Y.; writing—review and
editing, Z.Y. and Y.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of China
(2017YFC1404402, 2017YFC1404404), the Scientific and Technological Innovation Project of the Qingdao National
Laboratory for Marine Science and Technology (2016ASKJ02) and the National Natural Science Foundation of
China (41620104001).

Acknowledgments: We thank Li Zou and Lu Li for their assistance in collecting the samples and analyzing the
physical and chemical parameters.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chi, Y.; Zheng, W.; Shi, H.H.; Sun, J.K.; Fu, Z.Y. Spatial heterogeneity of estuarine wetland ecosystem health
influenced by complex natural and anthropogenic factors. Sci. Total Environ. 2018, 634, 1445–1462. [CrossRef]

2. Zhang, C.; Nie, S.; Liang, J.; Zeng, G.M.; Wu, H.P.; Hua, S.S.; Liu, J.Y.; Yuan, Y.J.; Xiao, H.B.; Deng, L.J.; et al.
Effects of heavy metals and soil physicochemical properties on wetland soil microbial biomass and bacterial
community structure. Sci. Total Environ. 2016, 557, 785–790. [CrossRef]

3. Huang, X.; Bai, J.; Li, K.R.; Zhao, Y.G.; Tian, W.J.; Dang, J.J. Characteristics of two novel cold- and salt-tolerant
ammonia-oxidizing bacteria from Liaohe Estuarine Wetland. Mar. Pollut. Bull. 2017, 114, 192–200. [CrossRef]

4. Hua, G.F.; Cheng, Y.; Kong, J.; Li, M.; Zhao, Z.W. High-throughput sequencing analysis of bacterial community
spatiotemporal distribution in response to clogging in vertical flow constructed wetlands. Bioresour. Technol.
2018, 248, 104–112. [CrossRef] [PubMed]

5. Cao, Q.Q.; Wang, H.; Chen, X.C.; Wang, R.Q.; Liu, J. Composition and distribution of microbial communities
in natural river wetlands and corresponding constructed wetlands. Ecol. Eng. 2017, 98, 40–48. [CrossRef]

6. Riva, V.; Mapelli, F.; Syranidou, E.; Crotti, E.; Choukrallah, R.; Kalogerakis, N.; Borin, S. Root bacteria recruited
by Phragmites australis in constructed wetlands have the potential to enhance azo-dye phytodepuration.
Microorganisms 2019, 7, 384. [CrossRef] [PubMed]

7. Mateu, M.G.; Park, C.E.; McAskill, C.P.; Baldwin, A.H.; Yarwood, S.A. Urbanization altered bacterial and
archaeal composition in tidal freshwater wetlands near Washington DC, USA, and Buenos Aires, Argentina.
Microorganisms 2019, 7, 72. [CrossRef]

http://www.mdpi.com/2076-2607/8/2/198/s1
http://dx.doi.org/10.1016/j.scitotenv.2018.04.085
http://dx.doi.org/10.1016/j.scitotenv.2016.01.170
http://dx.doi.org/10.1016/j.marpolbul.2016.08.077
http://dx.doi.org/10.1016/j.biortech.2017.07.061
http://www.ncbi.nlm.nih.gov/pubmed/28734588
http://dx.doi.org/10.1016/j.ecoleng.2016.10.063
http://dx.doi.org/10.3390/microorganisms7100384
http://www.ncbi.nlm.nih.gov/pubmed/31554215
http://dx.doi.org/10.3390/microorganisms7030072


Microorganisms 2020, 8, 198 15 of 17

8. Franklin, R.B.; Morrissey, E.M.; Morina, J.C. Changes in abundance and community structure of
nitrate-reducing bacteria along a salinity gradient in tidal wetlands. Pedobiologia 2017, 60, 21–26. [CrossRef]

9. Zhang, H.X.; Zheng, S.L.; Ding, J.W.; Wang, O.M.; Liu, F.H. Spatial variation in bacterial community in
natural wetland-river-sea ecosystems. J. Basic Microb. 2017, 57, 536–546. [CrossRef]

10. Guan, X.Y.; Han, J.B.; Wang, B.; Dong, Y.; Jiang, B.; Chen, Z.; Yang, A.F.; Wang, Z.H.; Zhou, Z.C. Analysis of
bacterial communities in Liaodong Bay Dalinghe estuarine wetland. Ecol. Environ. Sci. 2012, 21, 1063–1070.
(In Chinese) [CrossRef]

11. Yang, J.S.; Zhan, C.; Li, Y.Z.; Zhou, D.; Yu, Y.; Yu, J.B. Effect of salinity on soil respiration in relation to
dissolved organic carbon and microbial characteristics of a wetland in the Liaohe River estuary, Northeast
China. Sci. Total Environ. 2018, 642, 946–953. [CrossRef]

12. Zhao, X.L.; Zhou, G.S.; Zhou, L.; Lv, G.H.; Jia, Q.Y.; Xie, Y.B. Characteristics of soil microbial community in
bulrush wetlands of Panjin, Northeast China. Chin. J. Soil Sci. 2008, 39, 1376–1379. (In Chinese) [CrossRef]

13. Li, T.T.; Hu, H.; Li, Z.Y.; Zhang, J.Y.; Li, D. The impact of irrigation on bacterial community composition and
diversity in Liaohe estuary wetland. J. Ocean Univ. China 2018, 17, 855–863. [CrossRef]

14. He, T.; Guan, W.; Luan, Z.Y.; Xie, S.G. Spatiotemporal variation of bacterial and archaeal communities in a
pilot-scale constructed wetland for surface water treatment. Appl. Microbiol. Biotechnol. 2016, 100, 1479–1488.
[CrossRef]

15. Yang, F.; Zhao, D.Z.; Suo, A.N. The study of Shuangtaizihekou wetland landscape temporal and spatial
changes. Remote Sens. Technol. Appl. 2008, 23, 51–56. (In Chinese)

16. Li, L.; Zou, L.; Yang, Y.; Q., R.Q.; Dai, Q.Y.; Jian, H.M. Diurnal variations of nutrient composition and
structure in reed wetland of Liaohe river estuary. Trans. Oceanol. Limnol. 2018, 2, 80–87. (In Chinese)

17. Peiffer, J.A.; Spor, A.; Koren, O.; Jin, Z.; Tringe, S.G.; Dangl, J.L.; Buckler, E.S.; Ley, R.E. Diversity and
heritability of the maize rhizosphere microbiome under field conditions. Proc. Natl. Acad. Sci. USA 2013,
110, 6548–6553. [CrossRef]

18. Porat, I.; Vishnivetskaya, T.A.; Mosher, J.J.; Brandt, C.C.; Yang, Z.M.K.; Brooks, S.C.; Liang, L.Y.; Drake, M.M.;
Podar, M.; Brown, S.D.; et al. Characterization of archaeal community in contaminated and uncontaminated
surface stream sediments. Microb. Ecol. 2010, 60, 784–795. [CrossRef]

19. Nossa, C.W.; Oberdorf, W.E.; Yang, L.Y.; Aas, J.A.; Paster, B.J.; DeSantis, T.Z.; Brodie, E.L.; Malamud, D.;
Poles, M.A.; Pei, Z.H. Design of 16S rRNA gene primers for 454 pyrosequencing of the human foregut
microbiome. World J. Gastroenterol. 2010, 16, 4135–4144. [CrossRef]

20. Ohene-Adjei, S.; Teather, R.M.; Ivanj, M.; Forster, R.J. Postinoculation protozoan establishment and association
patterns of methanogenic archaea in the ovine rumen. Appl. Environ. Microb. 2007, 73, 4609–4618. [CrossRef]

21. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics
2014, 30, 2114–2120. [CrossRef] [PubMed]

22. Reyon, D.; Tsai, S.Q.; Khayter, C.; Foden, J.A.; Sander, J.D.; Joung, J.K. FLASH assembly of TALENs for
high-throughput genome editing. Nat. Biotechnol. 2012, 30, 460. [CrossRef] [PubMed]

23. Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Pena, A.G.;
Goodrich, J.K.; Gordon, J.I.; et al. QIIME allows analysis of high-throughput community sequencing data.
Nat. Methods 2010, 7, 335–336. [CrossRef] [PubMed]

24. Rognes, T.; Flouri, T.; Nichols, B.; Quince, C.; Mahe, F. VSEARCH: A versatile open source tool for
metagenomics. PeerJ. 2016, 4, e2584. [CrossRef]

25. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glockner, F.O. The SILVA
ribosomal RNA gene database project: Improved data processing and web-based tools. Nucleic Acids Res.
2013, 41, D590–D596. [CrossRef]

26. Wang, Q.; Garrity, G.M.; Tiedje, J.M.; Cole, J.R. Naive Bayesian classifier for rapid assignment of rRNA
sequences into the new bacterial taxonomy. Appl. Environ. Microb. 2007, 73, 5261–5267. [CrossRef]

27. Wu, H.P.; Zeng, G.M.; Liang, J.; Guo, S.L.; Dai, J.; Lu, L.H.; Wei, Z.; Xu, P.A.; Li, F.; Yuan, Y.J.; et al. Effect of
early dry season induced by the Three Gorges Dam on the soil microbial biomass and bacterial community
structure in the Dongting Lake wetland. Ecol. Indic. 2015, 53, 129–136. [CrossRef]

28. Abed, R.M.M.; Al-Kharusi, S.; Gkorezis, P.; Prigent, S.; Headley, T. Bacterial communities in the rhizosphere
of Phragmites australis from an oil-polluted wetland. Arch. Agron. Soil Sci. 2018, 64, 360–370. [CrossRef]

29. Zhang, J.X.; Zhang, X.L.; Liu, Y.; Xie, S.G.; Liu, Y.G. Bacterioplankton communities in a high-altitude
freshwater wetland. Ann. Microbiol. 2014, 64, 1405–1411. [CrossRef]

http://dx.doi.org/10.1016/j.pedobi.2016.12.002
http://dx.doi.org/10.1002/jobm.201700041
http://dx.doi.org/10.3969/j.issn.1674-5906.2012.06.012
http://dx.doi.org/10.1016/j.scitotenv.2018.06.121
http://dx.doi.org/10.3321/j.issn:0564-3945.2008.06.031
http://dx.doi.org/10.1007/s11802-018-3391-3
http://dx.doi.org/10.1007/s00253-015-7072-5
http://dx.doi.org/10.1073/pnas.1302837110
http://dx.doi.org/10.1007/s00248-010-9734-2
http://dx.doi.org/10.3748/wjg.v16.i33.4135
http://dx.doi.org/10.1128/AEM.02687-06
http://dx.doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
http://dx.doi.org/10.1038/nbt.2170
http://www.ncbi.nlm.nih.gov/pubmed/22484455
http://dx.doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
http://dx.doi.org/10.7717/peerj.2584
http://dx.doi.org/10.1093/nar/gks1219
http://dx.doi.org/10.1128/AEM.00062-07
http://dx.doi.org/10.1016/j.ecolind.2015.01.041
http://dx.doi.org/10.1080/03650340.2017.1352087
http://dx.doi.org/10.1007/s13213-013-0785-8


Microorganisms 2020, 8, 198 16 of 17

30. Faulwetter, J.L.; Burr, M.D.; Parker, A.E.; Stein, O.R.; Camper, A.K. Influence of season and plant species on
the abundance and diversity of sulfate reducing bacteria and ammonia oxidizing bacteria in constructed
wetland microcosms. Microb. Ecol. 2013, 65, 111–127. [CrossRef]

31. Wang, X.L.; Xu, L.G.; Wan, R.G.; Chen, Y.W. Seasonal variations of soil microbial biomass within two typical
wetland areas along the vegetation gradient of Poyang Lake, China. Catena 2016, 137, 483–493. [CrossRef]

32. Li, B.X.; Chen, H.L.; Li, N.N.; Wu, Z.; Wen, Z.G.; Xie, S.G.; Liu, Y. Spatio-temporal shifts in the archaeal
community of a constructed wetland treating river water. Sci. Total Environ. 2017, 605, 269–275. [CrossRef]
[PubMed]

33. Xu, X.J.; Lai, G.L.; Chi, C.Q.; Zhao, J.Y.; Yan, Y.C.; Nie, Y.; Wu, X.L. Purification of eutrophic water containing
chlorpyrifos by aquatic plants and its effects on planktonic bacteria. Chemosphere 2018, 193, 178–188.
[CrossRef] [PubMed]

34. Ibekwe, A.M.; Lyon, S.R.; Leddy, M.; Jacobson-Meyers, M. Impact of plant density and microbial composition
on water quality from a free water surface constructed wetland. J. Appl. Microbiol. 2007, 102, 921–936.
[CrossRef]

35. Zhou, Z.C.; Meng, H.; Liu, Y.; Gu, J.D.; Li, M. Stratified bacterial and archaeal community in mangrove and
intertidal wetland mudflats revealed by high throughput 16S rRNA gene sequencing. Front. Microbiol. 2017,
8, 2148. [CrossRef]

36. Long, Y.; Yi, H.; Chen, S.L.; Zhang, Z.K.; Cui, K.; Bing, Y.X.; Zhuo, Q.F.; Li, B.X.; Xie, S.G.; Guo, Q.W. Influences
of plant type on bacterial and archaeal communities in constructed wetland treating polluted river water.
Environ. Sci. Pollut. Res. 2016, 23, 19570–19579. [CrossRef]

37. Long, Y.; Zhang, Z.K.; Pan, X.K.; Li, B.X.; Xie, S.G.; Guo, Q.W. Substrate influences on archaeal and bacterial
assemblages in constructed wetland microcosms. Ecol. Eng. 2016, 94, 437–442. [CrossRef]

38. Baik, K.; Park, S.; Kim, E.; Bae, K.; Ann, J.H.; Ka, J.O.; Chun, J.; Seong, C. Diversity of bacterial community in
freshwater of Woopo wetland. J. Microbiol. 2008, 46, 647–655. [CrossRef]

39. Buesing, N.; Filippini, M.; Burgmann, H.; Gessner, M.O. Microbial communities in contrasting freshwater
marsh microhabitats. FEMS Microbiol. Ecol. 2009, 69, 84–97. [CrossRef]

40. Zhang, L.; Gao, G.; Tang, X.M.; Shao, K.Q.; Bayartu, S.; Dai, J.Y. Bacterial community changes along a salinity
gradient in a Chinese wetland. Can. J. Microbiol. 2013, 59, 611–619. [CrossRef]

41. Elsayed, O.F.; Maillard, E.; Vuilleumier, S.; Imfeld, G. Bacterial communities in batch and continuous-flow
wetlands treating the herbicide S-metolachlor. Sci. Total Environ. 2014, 499, 327–335. [CrossRef] [PubMed]

42. De Figueiredo, D.R.; Pereira, M.J.; Moura, A.; Silva, L.; Barrios, S.; Fonseca, F.; Henriques, I.; Correia, A.
Bacterial community composition over a dry winter in meso- and eutrophic Portuguese water bodies.
FEMS Microbiol. Ecol. 2007, 59, 638–650. [CrossRef] [PubMed]

43. Jiang, H.C.; Dong, H.L.; Deng, S.C.; Yu, B.S.; Huang, Q.Y.; Wu, Q.L. Response of archaeal community
structure to environmental changes in lakes on the Tibetan Plateau, Northwestern China. Geomicrobiol. J.
2009, 26, 289–297. [CrossRef]

44. Fan, L.M.; Song, C.; Meng, S.L.; Qiu, L.P.; Zheng, Y.; Wu, W.; Qu, J.H.; Li, D.D.; Zhang, C.; Hu, G.D.; et al.
Spatial distribution of planktonic bacterial and archaeal communities in the upper section of the tidal reach
in Yangtze River. Sci. Rep. UK 2016, 6, 39147. [CrossRef]

45. Hu, A.Y.; Yang, X.Y.; Chen, N.W.; Hou, L.Y.; Ma, Y.; Yu, C.P. Response of bacterial communities to
environmental changes in a mesoscale subtropical watershed, Southeast China. Sci. Total Environ. 2014, 472,
746–756. [CrossRef]

46. Liu, J.W.; Yu, S.L.; Zhao, M.X.; He, B.Y.; Zhang, X.H. Shifts in archaeaplankton community structure along
ecological gradients of Pearl Estuary. FEMS Microbiol. Ecol. 2014, 90, 424–435. [CrossRef]

47. Hu, A.Y.; Hou, L.Y.; Yu, C.P. Biogeography of planktonic and benthic archaeal communities in a subtropical
eutrophic estuary of China. Microb. Ecol. 2015, 70, 322–335. [CrossRef]

48. Gorrasi, S.; Pesciaroli, C.; Barghini, P.; Pasqualetti, M.; Fenice, M. Structure and diversity of the bacterial
community of an Arctic estuarine system (Kandalaksha Bay) subject to intense tidal currents. J. Mar. Syst.
2019, 196, 77–85. [CrossRef]

49. Farnell-Jackson, E.A.; Ward, A.K. Seasonal patterns of viruses, bacteria and dissolved organic carbon in a
riverine wetland. Freshwater Biol. 2003, 48, 841–851. [CrossRef]

50. Liu, X.B.; Yao, T.D.; Kang, S.C.; Jiao, N.A.Z.; Zeng, Y.H.; Liu, Y.Q. Bacterial community of the largest
oligosaline lake, Namco on the Tibetan Plateau. Geomicrobiol. J. 2010, 27, 669–682. [CrossRef]

http://dx.doi.org/10.1007/s00248-012-0114-y
http://dx.doi.org/10.1016/j.catena.2015.10.020
http://dx.doi.org/10.1016/j.scitotenv.2017.06.221
http://www.ncbi.nlm.nih.gov/pubmed/28667854
http://dx.doi.org/10.1016/j.chemosphere.2017.10.171
http://www.ncbi.nlm.nih.gov/pubmed/29131976
http://dx.doi.org/10.1111/j.1365-2672.2006.03181.x
http://dx.doi.org/10.3389/fmicb.2017.02148
http://dx.doi.org/10.1007/s11356-016-7166-3
http://dx.doi.org/10.1016/j.ecoleng.2016.06.015
http://dx.doi.org/10.1007/s12275-008-0135-x
http://dx.doi.org/10.1111/j.1574-6941.2009.00692.x
http://dx.doi.org/10.1139/cjm-2013-0212
http://dx.doi.org/10.1016/j.scitotenv.2014.08.048
http://www.ncbi.nlm.nih.gov/pubmed/25201820
http://dx.doi.org/10.1111/j.1574-6941.2006.00241.x
http://www.ncbi.nlm.nih.gov/pubmed/17381519
http://dx.doi.org/10.1080/01490450902892662
http://dx.doi.org/10.1038/srep39147
http://dx.doi.org/10.1016/j.scitotenv.2013.11.097
http://dx.doi.org/10.1111/1574-6941.12404
http://dx.doi.org/10.1007/s00248-015-0597-4
http://dx.doi.org/10.1016/j.jmarsys.2019.04.004
http://dx.doi.org/10.1046/j.1365-2427.2003.01052.x
http://dx.doi.org/10.1080/01490450903528000


Microorganisms 2020, 8, 198 17 of 17

51. Logue, J.B.; Langenheder, S.; Andersson, A.F.; Bertilsson, S.; Drakare, S.; Lanzen, A.; Lindstrom, E.S.
Freshwater bacterioplankton richness in oligotrophic lakes depends on nutrient availability rather than on
species-area relationships. ISME J. 2012, 6, 1127–1136. [CrossRef] [PubMed]

52. Van Horn, D.J.; Sinsabaugh, R.L.; Takacs-Vesbach, C.D.; Mitchell, K.R.; Dahm, C.N. Response of heterotrophic
stream biofilm communities to a gradient of resources. Aquat. Microb. Ecol. 2011, 64, 149–161. [CrossRef]

53. Heino, J.; Tolkkinen, M.; Pirttila, A.M.; Aisala, H.; Mykra, H. Microbial diversity and community-environment
relationships in boreal streams. J. Biogeogr. 2014, 41, 2234–2244. [CrossRef]

54. Wei, G.S.; Li, M.C.; Li, F.G.; Li, H.; Gao, Z. Distinct distribution patterns of prokaryotes between sediment
and water in the Yellow River estuary. Appl. Microbiol. Biot. 2016, 100, 9683–9697. [CrossRef] [PubMed]

55. Xu, Z.; Woodhouse, J.N.; Te, S.H.; Gin, K.Y.H.; He, Y.L.; Xu, C.; Chen, L. Seasonal variation in the
bacterial community composition of a large estuarine reservoir and response to cyanobacterial proliferation.
Chemosphere 2018, 202, 576–585. [CrossRef]

56. Tripathi, B.M.; Kim, M.; Lai-Hoe, A.; Shukor, N.A.A.; Rahim, R.A.; Go, R.; Adams, J.M. pH dominates
variation in tropical soil archaeal diversity and community structure. FEMS Microbiol. Ecol. 2013, 86, 303–311.
[CrossRef]

57. Guan, W.; Yin, M.; He, T.; Xie, S.G. Influence of substrate type on microbial community structure in
vertical-flow constructed wetland treating polluted river water. Environ. Sci. Pollut. Res. 2015, 22,
16202–16209. [CrossRef]

58. Jung, J.; Park, W. Acinetobacter species as model microorganisms in environmental microbiology: Current
state and perspectives. Appl. Microbiol. Biotechnol. 2015, 99, 2533–2548. [CrossRef]

59. Yan, C.; Zhang, H.; Li, B.; Wang, D.; Zhao, Y.J.; Zheng, Z. Effects of influent C/N ratios on CO2 and CH4

emissions from vertical subsurface flow constructed wetlands treating synthetic municipal wastewater.
J. Hazard. Mater. 2012, 203, 188–194. [CrossRef]

60. Liu, D.Y.; Ding, W.X.; Yuan, J.J.; Xiang, J.; Lin, Y.X. Substrate and/or substrate-driven changes in the abundance
of methanogenic archaea cause seasonal variation of methane production potential in species-specific
freshwater wetlands. Appl. Microbiol. Biotechnol. 2014, 98, 4711–4721. [CrossRef]

61. Gabarro, J.; Hernandez-del Amo, E.; Gich, F.; Ruscalleda, M.; Balaguer, M.D.; Colprim, J. Nitrous oxide
reduction genetic potential from the microbial community of an intermittently aerated partial nitritation SBR
treating mature landfill leachate. Water Res. 2013, 47, 7066–7077. [CrossRef] [PubMed]

62. Li, B.X.; Chen, J.F.; Wu, Z.; Wu, S.F.; Xie, S.G.; Liu, Y. Seasonal and spatial dynamics of denitrification rate
and denitrifier community in constructed wetland treating polluted river water. Int. Biodeterior. Biodegrad.
2018, 126, 143–151. [CrossRef]

63. Kim, B.K.; Jung, M.Y.; Yu, D.S.; Park, S.J.; Oh, T.K.; Rhee, S.K.; Kim, J.F. Genome sequence of an
ammonia-oxidizing soil archaeon, “Candidatus Nitrosoarchaeum koreensis” MY1. J. Bacteriol. 2011, 193,
5539–5540. [CrossRef] [PubMed]

64. Mosier, A.C.; Allen, E.E.; Kim, M.; Ferriera, S.; Francis, C.A. Genome sequence of “Candidatus Nitrosopumilus
salaria” BD31, an ammonia-oxidizing archaeon from the San Francisco Bay estuary. J. Bacteriol. 2012, 194,
2121–2122. [CrossRef]

65. Ling, N.; Deng, K.Y.; Song, Y.; Wu, Y.C.; Zhao, J.; Raza, W.; Huang, Q.W.; Shen, Q.R. Variation of rhizosphere
bacterial community in watermelon continuous mono-cropping soil by long-term application of a novel
bioorganic fertilizer. Microbiol. Res. 2014, 169, 570–578. [CrossRef]

66. Wang, Q.; Xie, H.J.; Ngo, H.H.; Guo, W.S.; Zhang, J.; Liu, C.; Liang, S.; Hu, Z.; Yang, Z.C.; Zhao, C.C. Microbial
abundance and community in subsurface flow constructed wetland microcosms: Role of plant presence.
Environ. Sci. Pollut. Res. 2016, 23, 4036–4045. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/ismej.2011.184
http://www.ncbi.nlm.nih.gov/pubmed/22170419
http://dx.doi.org/10.3354/ame01515
http://dx.doi.org/10.1111/jbi.12369
http://dx.doi.org/10.1007/s00253-016-7802-3
http://www.ncbi.nlm.nih.gov/pubmed/27557722
http://dx.doi.org/10.1016/j.chemosphere.2018.03.037
http://dx.doi.org/10.1111/1574-6941.12163
http://dx.doi.org/10.1007/s11356-015-5160-9
http://dx.doi.org/10.1007/s00253-015-6439-y
http://dx.doi.org/10.1016/j.jhazmat.2011.12.002
http://dx.doi.org/10.1007/s00253-014-5571-4
http://dx.doi.org/10.1016/j.watres.2013.07.057
http://www.ncbi.nlm.nih.gov/pubmed/24183561
http://dx.doi.org/10.1016/j.ibiod.2017.10.008
http://dx.doi.org/10.1128/JB.05717-11
http://www.ncbi.nlm.nih.gov/pubmed/21914867
http://dx.doi.org/10.1128/JB.00013-12
http://dx.doi.org/10.1016/j.micres.2013.10.004
http://dx.doi.org/10.1007/s11356-015-4286-0
http://www.ncbi.nlm.nih.gov/pubmed/25772872
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Area 
	Sample Collection and Environmental Parameter Analysis 
	DNA Extraction and qPCR 
	Illumina 16S rRNA Gene Amplicon Sequencing 
	Data Analysis 

	Results 
	Characterization of the Environmental Parameters 
	Bacterial and Archaeal Community -Diversity 
	Bacterial and Archaeal Community Structures 
	Abundances of the Bacterial and Archaeal 16S rRNA Genes 
	Effect of the Environmental Parameters on the Bacterial and Archaeal Communities 
	Effect of the Environmental Parameters on the Abundances and -Diversity Indices of the Bacterial and Archaeal Communities 
	Correlations of the Detection Frequencies of the Dominant Bacterial and Archaeal Taxa with the Environmental Parameters 
	Effect of the Environmental Parameters on the Bacterial and Archaeal Community Structures 


	Discussion 
	Distinct Seasonal Dynamics of Planktonic Bacterial and Archaeal Communities in the Wetland 
	Negligible Effect of the Wetland Effluent on the Bacterial and Archaeal Communities in the Liaohe River 
	DO and pH as the Most Influential Factors in Shaping the Planktonic Bacterial and Archaeal Communities in the Liaohe River Estuarine Wetland (LEW) 
	Potential Roles of the Dominant Bacterial and Archaeal Taxa in the LEW 

	Conclusions 
	References

