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MICROBIAL COMMUNITIES AND RELATIONSHIP
WITH BIOFILM SPATIAL DISTRIBUTIONS
IN SUBSURFACE WASTEWATER INFILTRATION SYSTEMS

A pilot-scale subsurface wastewater infiltration system (SWIS) was designed for the treatment of
polluted river water. The components of microbial communities have been identified and characterized
and their dependences on some indicators of biofilm formation in the SWIS have been determined. The
average efficiencies of COD, TN and NH;-N removal were 43.3%, 28.8% and 79.6%, respectively.
According to the denaturing gradient gel electrophoresis (DGGE) profile, high intensity and uniform
bands were generated, indicating an abundant microbial community in each layer of the SWIS. Fur-
thermore, the Shannon index analysis showed high correlation to the spatial distribution of microbial
communities as well as the quantity of biofilm in each sample, which were characterized by measuring
volatile suspended solids (VSS), phospholipids, proteins and polysaccharides. Sequencing of partial
16S rRNA gene fragments revealed that the composition of the total bacterial communities was domi-
nated by Alphaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, Pseudomonas, Bacillus,
Flavobacteriaceae, TM-7, and other uncultured bacteria. These bacteria may contribute to nutrient
removal in SWIS.

1. INTRODUCTION

Urban landscape water is commonly polluted by low-concentration organic com-
pounds originating from rainstorm runoff and wastewater discharge [1, 2]. Subsurface
wastewater infiltration systems (SWISs) are increasingly used in the treatment of these
polluted landscape waters [2, 3]. Compared to the conventional activated sludge pro-
cess, SWISs have many advantages including simplicity in construction, low mainte-
nance costs, and ease of operation [4].
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Microbial communities in functional SWISs play an important role for the removal
of organic pollutants. In order to further study the underlying biological processes in-
volved, the importance of microbial community structures in the water—biofilm—plant
system must be determined. In general, microbial populations within SWISs are enu-
merated using the traditional plate count method [5]. However, more recently, studies
utilizing novel molecular biology and genetic techniques have been drawn a great deal
of attention, one example of which is polymerase chain reaction followed by denaturing
gradient gel electrophoresis (PCR-DGGE) [6].

The superiority of molecular biology applied in studying bacterial communities lies
in their entirety without the need to culture the communities. Denaturing gradient gel
electrophoresis (DGGE) of PCR amplified 16S rRNA gene fragments [7] and amplified
DNA fragment length polymorphism are culture-independent techniques that have been
widely used for exploring environmental microbial communities. For example, PCR-
-DGGE is used to investigate microbial communities in constructed wetland (CW) [8]
and other ecological treatment systems [9]. Mina et al. [10] found that the dynamics of
microbial communities revealed a high bacterial diversity within CW, with no relevant
differences in microbial composition at the inlet and the outlet. Wang et al. [11] con-
cluded that the performance band patterns of microbial community profiles in a novel
three-stage vermifiltration (VF) system changed depending on the nature of the matrices
and various sampling times.

However, there are only a small number of studies that have been published on the
characteristics of bacterial communities by using molecular biology technology and the
spatial distributions of bacterial communities within SWISs. These types of studies are
important for the determination of biofilm characteristics and their ability to remove
pollutants in SWISs. Zhang et al. [3] indicated that a range of parameters, including
volatile suspended solid (VSS), proteins, polysaccharides and viable cell number, can
be used to follow the biofilm development process in SWIS. VSS relates to biomass
growth and represents the non-ash portion of the total suspended solids. To a certain
extent, VSS can be used to express the quantity of biofilm present in a system. Protein
and polysaccharide are main components of the extracellular polymeric substance
(EPS), which helps biofilms attach to surfaces and binds the biofilms together, while
protecting the microbial inhabitants from the surrounding environment. These macro-
molecules are also representative of the quantity of biofilm. Zhang et al. [3] reported
the spatial distributions of biofilm properties applying these biofilm parameters in
SWIS.

These studies indicate that investigation of the microbial composition and function
within a SWIS can help researchers understand and control the biofilm formation pro-
cess, resulting eventually in an overall optimization of the SWIS. The objective of this
study is to evaluate the spatial distribution of microbial community structures and mi-
crobial diversity across different sections of a pilot SWIS, with the aim understanding
how these properties are related to the ability of a given SWIS to treat contaminated



Microbial communities in subsurface wastewater infiltration systems 57

river water. Furthermore, the relationships between microbial communities and biofilm
characteristics can be explored.

2. METHODS

Instrumentation and methods of analysis. Using standard methods provided by Chi-
nese EPA (2002), a colorimetric method was used to quantify NHZ-N, NOs-N, NOz-N,
total nitrogen (TN) and total phosphate (TP). A Merck Spectroquant TR420/NOVAGO
COD meter (Germany) was used for COD analysis. Each sample analysis was per-
formed in triplicate.

SWIS characteristics and sampling. A 50 m? pilot SWIS of the dimensions of
20%2.5x1.0 m was constructed in a village located on the Chongming Island, Shanghai,
China. River water was pumped into distribution pipes located at the bottom of the dis-
tributing slot. Treated effluent was collected through collection pipes at the bottom of
the pilot system. The whole system was divided into two parts: a water distribution and
a filter section. The distribution slot was charged with gravels (particle size 1-2 cm) and
the filter was charged with sand (particle size 0.3-1.0 mm, density 2.59 g/cm?3, porosity
42%, specific surface area 0.9361+0.0025 m?/g). During the experimental period, the
system was continuously fed with river water at a hydraulic load of 0.2 m%/(m?-day).

At the end of the experiment, sixteen samples (Nos. 1-16) were collected from the
longitudinal section of the system. The layout of the samples was a 4x4 square matrix,
at level and vertical intervals of 300 mm and 200 mm, respectively. All results were
obtained by averaging three measurements from each sample. During the experiment,
samples were stored in sample containers frozen at —20 °C.

DNA extraction. The culture-dependent method involved DNA extraction from col-
onies after 96 h culture grow to identify the microbial composition. Sterilized deionized
water (3 cm®) was used to wash colonies in each plate and DNA extraction was per-
formed by using alkaline lysis [12]. DNA extraction was performed within 24 h of sam-
pling for culture-independent procedure. A FastDNA® SPIN Kit for soil was used for
DNA extraction from 0.5 g of fillers sample according to the manufacturer’s instructions
(MP Biomedicals, Santa Ana, CA, USA). DNA quality was assessed by agarose gel
electrophoresis (0.8%) which was stained using ethidium bromide. No additional puri-
fication procedure was needed for any of the samples. Subsequently, the purified DNA
was stored at —20 °C before it was used as a template for PCR amplification.

Polymerase chain reaction. The full-length 16S rRNA gene fragment was amplified
using universal primers 8F and 1492R [13]. PCR amplification was performed under
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the following conditions: initial denaturation at 95 °C for 4 min, 30 cycles of denatura-
tion at 94 °C for 30 s, annealing at 65 °C for 30 s, and extension at 72 °C for 60 s
followed by a final extension step at 72 °C for 7 min. The presence of PCR products
was confirmed by electrophoresis on 0.8% agarose gels stained with ethidium bromide.

The second set of PCR amplifications was carried out using the primers 341F-GC
and 534R in succession, targeting the V3 region of 16S rRNA [6]. PCR amplification
was performed under the following conditions: 95 °C for 4 min, 30 cycles of denatura-
tion at 94 °C for 30 s, annealing at 58 °C for 30 s and extension at 72 °C for 60 s followed
by a final extension step at 72 °C for 10 min. The presence of PCR products was con-
firmed by electrophoresis on 0.8% agarose gels stained with ethidium bromide.

Denaturing gradient gel electrophoresis. A DCode Universal Mutation Detection
System (Bio-Rad, USA) was used to perform DGGE analysis. PCR products were
loaded onto 10% (wt /vol) polyacrylamide (37.5:1, acrylamide: bisacrylamide) gels with
a linear denaturing gradient from 40 to 60% (100% denaturant was a mixture of 7 M
urea and 40% deionized formamide). Electrophoresis was performed in 1xTAE buffer
and allowed to proceed for 5.5 h at 200 V and 60 °C. Gels were stained with ethidium
bromide solution and images were captured using a Bio-Rad gel documentation system
(Bio-Rad, USA).

Analysis of DGGE patterns. DGGE patterns were analyzed using Quantity One 4.1
software (Bio-Rad, USA). Similarity matrices and dendrogram of the DGGE profiles
were generated using the Pearson correlation coefficients and unweighted pair-group
method average (UPGMA), respectively. The structural diversity of the microbial com-
munity was expressed using the Shannon index of general diversity (H) [14]. H was
calculated based on peak height from various bacterial groups (16S rDNA bands).

The Shannon index is expressed as

S

H ——z 'In—

where n; is the height of the peak, N is the sum of all peak heights of the densitometric
curve, and s is the number of the bands. The richness of the microbial community was
determined using the number of bands in each lane. Statistical analysis was performed
by applying the general linear model (GLM) procedure of the SAS software 9.1 (SAS
Institute, Inc., Cary, NC, USA).

Cloning of PCR products and sequencing. The target DGGE bands were excised
and rinsed three times using 0.001 cm? sterile deionized water. Each gel fragment was
crushed with a pipette tip and DNA was dissolved in 0.0001 cm? of sterile deionized
water at —20 °C overnight. PCR amplification was performed with the primers 341F
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(without a GC clamp) and 534 R. The PCR products were cloned into a pMD18-T vector
(TaKaRa, Dalian, China) and sequenced by Invitrogen China (Shanghai, China).

2.8. PHYLOGENETIC ANALYSIS

Sequences were analyzed using a BLAST search of the NCBI nucleotides sequence
database (http://blast.ncbi.nlm.nih.gov/Blast.cgi). For phylogenetic analysis, sequences
were aligned with Clustal X. A phylogenetic tree was constructed using MEGA 5.0, and
reference sequences used for tree construction were acquired from the GenBank. DNA
sequences were subjected to the Classifier and Sequence Match programs of the Ribo-
somal Database Project (RDP) Il (http://rdp.cme.msu.edu). The 20 nucleotide sequences
reported in this study have been deposited into the GenBank database.

Quantification of biofilm components. The total number of viable cell was approx-
imated using the measured quantity of phospholipids. Extraction of phospholipids and
release of phosphates were performed by the method of Findlay et al. [15]. Phosphate
concentration was then correlated to viable biomass using the conversion factor, 1 nmol
phosphate is proportional to 3.4x107 cells [15].

Extracellular polymeric substances (EPSs) can arise from natural bacterial secretory
processes, cell lysis and hydrolysis [16]. EPS include a rich matrix of biopolymers, pol-
ysaccharides and proteins are two main constituents of EPSs. EPS extraction was per-
formed by the method modified from those reported by Liu and Fang [17]. The deter-
mination methods have been previously described by Zhang et al. [3].

Data analysis. The isoline of the Shannon index spatial distribution was drawn us-
ing Surfer 8.0. In addition, statistical analyses, including Pearson and Spearman’s rank
correlations, were carried out using SPSS 14.0 (SPSS, Inc., America). The Pearson cor-
relation coefficient (rp) was used to estimate linear correlations, where 1 means a perfect
positive correlation, —1 signifies a perfect negative correlation, and 0 indicates an ab-
sence of relationship. Correlations were considered statistically significant at a 99%
confidence interval (P < 0.01).

3. RESULTS AND DISCUSSION
3.1. OVERALL PILOT SYSTEM PERFORMANCE

During the operational period, the efficiency of COD removal ranged from 5 to
74%, with a mean of 43.3%. Due to the low concentration of organic matter, BOD/COD
value, and low organic loading, the efficiency of COD removal was not very high. In
fact, the SWIS could achieve higher COD removal efficiency with a higher organic
loading. The removal efficiencies of TN and NHZ-N were also investigated in this study,
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and the measured efficiencies of TN and NHZ-N were 0.6-88.9% and 23.0-100%, re-
spectively, with average removal efficiencies of 28.8% for TN and 79.6% for NHZ-N
(Table 1).

Table 1
Operation performance of SWIS for river water treatment
Parameter Organic matter Total nitrogen NHi-N
Influent, mg/dm? 14-62 (40+2.8) 1.1-10 (3.9+0.4) 0.13-6.6 (1.44+0.50)
Effluent, mg/dm?® | 1146 (21.8+1.60) | 0.12-7.2 (3.0+0.3) 0-1.1 (0.2+0.1)
Reduction,% 5-74 (43.3+6.20) | 0.6-88.9 (28.84+6.90) | 23-100 (79.6+15.0)

In SWISs, the environment around the filler is crucial for the metabolism of micro-
organisms. Therefore, oxidation-reduction potential (ORP) was used to express the re-
dox environment around the filler in this study. The ORP reflects the concentrations of
DO, organic substrates, and some toxic compounds, as well as the activity of the micro-
organisms in the reactor system [18]. In the pilot SWIS, the ORP decreased gradually
from 308.1 mV in the top left section to 268.3 mV in the bottom right section. An ORP
greater than 100 mV is commonly interpreted to as an aerobic environment [19]. In
addition, the concentration of inlet nitrates ranged from 0.28 to 2.40 mg/dm?, compared
to the concentration of outlet nitrates, which changed from 2.05 to 3.85 mg/dm?®. The
concentration of inlet nitrites ranged from 0.044 to 0.11 mg/dm?3, higher than the con-
centration of outlet nitrites, which ranged from 0.001 to 0.002 mg/dm?d. In the SWIS, the
concentration of nitrites was lower, and due to the aerobic environment around filter,
the nitrites were oxidized into nitrates. Nitrification in the aerobic environment explains
the concentration gradients of nitrates and nitrites from inlet to outlet in the pilot SWIS.

Because the environment within the pilot SWIS was favorable for nitrification, the
efficiency of NHZ-N removal was high. Achak et al. [20] concluded similarly that the
removal rate of NH3-N can reach 97% when a sand filter is applied to treat olive mill
wastewater. Although the pilot SWIS provides a preferable environment for nitrifica-
tion, it was not able to create suitable environment for denitrification. Because of poor
anaerobic environment and carbon source deficiency at the bottom of system, the re-
moval efficiency of TN requires additional improvements.

3.2. DIVERSITY OF MICROBIAL COMMUNITY BASED ON PCR-DGGE

The microbial diversity of all samples was evaluated by the DGGE analysis of the
amplified partial 16S rRNA genes. Some regularities of 16S rRNA patterns were ob-
served throughout the pilot SWIS (Fig. 1). The DGGE profiles showed the uniform and
concentrated bands on the electropherogram that were attributed to the abundant micro-
bial community in each layer of the SWIS.
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Fig. 1. DGGE profile of bacterial 16S rRNA fragments of total bacterial population from SWIS samples.
The numbers 1-20 indicate that the bands were successfully amplified and sequenced

The number of bands in samples 9-16 (the lower layer fillers) ranged from 33 to 57,
appreciably more than the number of bands in samples 1-8 (the upper layer fillers),
which ranged from 17 to 47. The distribution regularities were in accordance with the
quantities of biofilms, which is in line with observation made by Zhang et al. [3]. The
differences in the number of bands between upper and lower layer fillers are likely due
to the accumulation of organic matter, which maximized VSS and phospholipids at the
bottom of the SWIS. Assuming an even water distribution, the larger number of bands
were present in the upper layer fillers than the lower layer fillers, the latter of which
may contain an insufficient supply of nutriments, preventing microorganism growth. In
addition, the location, intensity, and number of bands were different across the different
filler samples from the SWIS. Bands of higher intensities were observed in every sam-
ple, suggesting certain dominant species at various locations in the system. For instance,
bands 16, 17 and 18 were brighter than others bands in samples 9-16, which showed
that the species in the former were dominant. On the contrary, the bands 10, 14 and 15
were brighter than bands in samples 1-8, which showed that the species were dominant
in upper layer fillers.

The reason we observed dominance of certain species over others may be because
different microbial species thrive under different ecological conditions. Certain species
transitioned from dominant to non-dominant to non-existent through the different sam-
ple layers, due to their sensitivity to the changes in environmental conditions. Further-
more, according to the DGGE profile, the intensity of the band signals DGGE profile
for some certain community showed the similar regularity with quantities of biofilms.
For example, the minimum signal intensity observed for band 18 was in the top left
section of the system, while the maximum signal intensity was found in the bottom right
section. The signal intensity increased gradually from the top left section to the bottom
right, which linked to the quantity of biofilm in each of these sections.
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3.3. SHANNON INDEX ANALYSIS AND CORRELATION WITH THE QUANTITIES OF BIOFILM

The most fundamental characteristic of SWISs is that their function relies signifi-
cantly on the metabolism of the microorganisms inside biofilms. Several parameters can
be used to measure the quantity of biofilms, such as VSS, protein and polysaccharide,
etc. Using these parameters and the Shannon index, it was found that the quantities of
biofilms increased horizontally from left to right (Table 2).

Table 2
Shannon index and biofilm parameters
No Band Shannon Aqu;«::us VSS Phospholipids Protein Polysaccharides
" | quantities | index %] [0/100g] | [nmol/g offiller] | [pg/(goffiller)] | [ug/(g of filler)]
1 17 0.69 6.26 0.92 41.4 70.7 529.3
2 18 1.83 6.74 0.94 45.0 74.4 577.5
3 23 221 7.51 0.99 50.4 82.2 634.7
4 42 2.97 141 1.06 61.0 98.0 753.9
5 32 2.27 8.45 0.95 48.3 84.7 632.0
6 33 2.71 10.2 1.01 52.4 96.7 676.2
7 41 2.99 134 1.11 60.2 113.0 744.3
8 47 3.13 21.9 1.14 74.4 136.7 860.9
9 33 2.69 12.2 1.07 57.6 123.5 704.1
10 36 2.84 15.2 1.18 67.2 135.7 788.8
11 48 3.29 18.7 1.23 73.4 150.4 868.5
12 53 3.54 25.8 1.28 84.4 172.6 1009.9
13 41 3.02 17.0 1.19 66.8 131.4 753.6
14 43 3.08 20.3 1.27 74.0 148.5 876.4
15 50 3.44 26.5 131 84.0 163.5 959.7
16 57 3.57 33.0 1.37 96.7 195.1 1109.9

As for VSS and phospholipids, the values ranged from 0.92 to 1.06 g/(100 g of
filler) and 41.4 to 61.0 g/(g of filler), respectively, in row 1 (the top layer of longitudinal
section, from sample 1 to sample 4). However, the VSS and phospholipids values ranged
from 1.19 to 1.37 g/(100 g of filler) and 66.8 to 96.7 g/(g of filler), respectively, in row
4 (the top layer of longitudinal section from sample 13 to sample 16). Other parameters
such as protein and polysaccharides, were similar across all samples. These results con-
firmed the theoretical operational mechanism of SWIS. Furthermore, the Shannon index
showed homologous regularity. H increased from the left to the right in the horizontal
direction. The Shannon index ranged from 0.69 to 2.97 for row 1 and from 3.02 to 3.57
for row 4.

On the whole, the Shannon index was lowest in the top left section of the system,
while the highest value was found in the bottom right section (Fig. 2). The Shannon
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index increased gradually from the top left to the bottom right, ranging from 0.69 to
3.57. The regularity of the Shannon index distribution in the SWIS was consistent with
that of the aqueous rate, VSS, phospholipids, protein and polysaccharides (Fig. 2). It
was because that the accumulation of organic matter in water flow reduced to the max-
imum of several parameters in the bottom with the operation of system [3].

Influent 1 L L L L s L s s " ' Infent

1 b)

Fig. 2. Spatial distributions of the Shannon index (a) and viable cell number (b) in SWIS

According to Table 2, the lower layer appears to select for highly divergent and
distinct biofilm communities, with Shannon indexes ranging from 2.69 to 3.57. These
values are higher than those calculated for the upper layer, with Shannon indexes rang-
ing from 0.69 to 3.13. These confirmed the spatial distributions of biofilm quantities
further from the microcosmic level.

The spatially dependent diversification of microorganism communities was due to
the changes of environmental conditions and nutrition levels. The low aqueous rate in
the top left of the system reduced the biofilm quantity, where microorganisms were
supplied with insufficient nutrition for metabolism. Consequently, the biodiversity was
low in the top left portion of the pilot SWIS. Along the direction of water flow, the
presence of ample nutrition resulted in favorable living environments for the growth and
proliferation of aerobic and anaerobic microorganisms.

In order to investigate the relationship between the indicators of biofilm quantity
including VSS, proteins, polysaccharides, and phospholipids, the correlation analysis
has been carried out (Table 3). The indicators were significantly related to the Shannon
index. Statistical analysis showed that the Pearson’s correlation coefficient (r,) between
either VSS, phospholipids, proteins or polysaccharides and the Shannon index were
0.843, 0.856, 0.838 and 0.865 (P < 0.01), respectively. All correlations were statistically
significant at a 99% confidence interval (P < 0.01, Table 3). These results can be inter-
preted using the above described spatial distribution (Fig. 2). The accumulation of or-
ganic matter in the direction of water flow resulted in the similar trends between the
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indicators of biofilm quantity and the Shannon index. In conclusion, the results in this
study confirm the relationship between VSS, phospholipids, proteins, polysaccharides
and the Shannon index.

Table 3

Results of the correlation analysis? between the Shannon index and biofilm parameters

Item Shannon index | VSS | Phospholipids | Protein | Polysaccharide
Shannon index — 0.843 0.856 0.838 0.865
VSS 0.843 - 0.972 0.978 0.956
Phospholipids 0.856 0.972 - 0.979 0.993
Protein 0.838 0.978 0.979 - 0.970
Polysaccharide 0.865 0.956 0.993 0.970 —

aCorrelation is significant at the 0.01 level (2-tailed).
3.4. PHYLOGENETIC ANALYSIS

Cluster analysis of the PCR amplified fragments demonstrated that the microbial
community profiles were clustered into the following four groups (Fig. 3): group 1,
samples 1-4 (biofilms at the depth of 30 cm), group 2, samples 5-8 (biofilms at the
depth of 50 cm), group 3, samples 9-12 (biofilms at the depth of 70 cm), group 4, sam-
ples 13-16 (biofilms at the depth of 90 cm). This suggests that the compositions of
biofilms and microbial populations were similar horizontally across the SWIS and that
the compositions of biofilms and microbial populations were different vertically
through the SWIS.
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Fig. 3. Dendrogram generated by the UPGMA clustering analysis
of 16S rRNA-based DGGE profile
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The clustering analysis of phylogenetic relationships based on the sequence results
is shown in Fig. 3 and further confirmed the distribution of biofilms quantities, which
were possibly perhaps determined by the regularity of the water stream. Given the dif-
ferences observed in the bacterial profiles throughout the entire system (Fig. 1), the
composition of the microbial community was examined using sequence analysis. DNA
sequences of 20 bands that were clearly visible in the DGGE gels were determined. All
of the identified bands exhibited similarity between 90 and 100% with previously iden-
tified gene sequences in GenBank, which are listed in Table 4.

Table 4
Bacterial 16S rRNA gene sequences obtained from SWIS
Secz)l;r;ced Closely related sequences (Accession No.) en\l/sicr)clﬁltriint Id‘[e(;:]'ty
1 uncultured planctomycete clone soil 97
DOK_NOFERT_clone488 (DQ829420)
uncultured Alphaproteobacteria bacterium clone
2 QEDSlCEOGp(08921713) sludge 100
3 uncultured Pseudomonas sp. clone L6B-307 (GU000234) sediment 100
4 uncultured Chitinophagaceae bacterium clone soil 99
SDs2-62 (JX493492)
5 Bacillus nanhaiensis strain 1348 (KF218170) sludge 100
6 Bacillus sp. Ca7 (JX258924) bioreactor 99
5 Uncultured candidate division sludge 94
TM7 bacterium clone as1-51 (GU257584)
8 Bacillus sp. STA (KC870063) river water 99
9 Flavobacteriaceae bacterium enrichment culture clone petroleum 100
MT-1779 (AM292405)
10 Klebsiella oxytoca strain Y7B1 (JQ638332) flowers 99
1 Uncultured Desulfuromonadales bacterium clone soil 97
AMHH1 (AM935554)
12 Uncultured candidate division WS3 bacterium clone sediment 9
DGGE gel band LVo0-S51-17 (GU326310)
13 Bdellovibrio sp. ETB (DQ302728) soil 100
14 Sphingosinicella sp. YJ22 (JN848800) soil 99
Uncultured Desulfuromonas sp. clone .
15 |ro.69 (1x510181) i soil %
16 Uncultured Chloroflexi bacterium clone soil 98
P-R16 (JN038805)
Uncultured Sphingobacteriales bacterium clone .
7 e (JFesfsgcg soil %
18 Uncultured Verrucomicrobia bacterium clone soil 92
Pas 9 2 (JF410510)
Uncultured bacterium gene clone
19 |o7Novi-08 (A861835%) sewage 100
20 Flavobacterium sp. IHB B 3314 (HM563055) soil 99
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The phylogenetic relationships based on the sequencing results are shown in Fig. 4.
The dominant bacterial phylogenetic lineages derived from the biofilm samples in-
cluded: Alpha-proteobacteria (bands 2 and 14), Gamma-proteobacteria (bands 3 and
10), Delta-proteobacteria (bands 11, 13, 15 and 18), Bacillus (bands 5 and 8), Flavo-
bacteriaceae (bands 4 and 9), TM-7 (band 7) and other uncultured bacteria.
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Fig. 4. Neighbor-joining phylogenetic tree of 16S rRNA gene sequences

Results indicate that Proteobacteria dominated by the Alpha-, Beta-, Gamma- and
Delta-classes, are clearly the most prevalent phylum in wetlands soils. Nevertheless,
due to the similar environmental characteristics found in, SWIS and wetland soils, the
two environments may harbor similar microbial communities. As shown in Table 4, the
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primary functional microorganisms found in SWIS, include Alpha-, Gamma- and Delta-
proteobacteria (bands 2, 3, 10, 11, 13, 14, 15 and 18). These Proteobacteria usually
live in water bodies and soil, are highly adaptable to various environments, and highly
active in the removal of pollution in a variety of wastewater treatment technologies.
Previously, the Proteobacteria phylum was shown to dominate the bacterial communi-
ties in various types of constructed wetlands, comprising 63% of the total analyzed
clones [21]. While identifying and characterizing sulfur-oxidizing bacteria in a wetland
treating tannery wastewater, Aguilar et al. [22] reported bacteria isolates showing sim-
ilarity to Alpha-, Beta-, Gammaproteobacteria classes, with some isolates particularly
closely related to Pseudomonas stutzeri and Actinobacter sp. In addition, heterotrophic
bacteria, such as Alphaproteobacteria, Bacillus, and Flavobacteriaceae were found in
SWIS as dominant classes, perhaps owing to the aerobic environment, which may favor
their growth.

The sequences corresponding to bands 5 (KF218170) and 8 (KC870063) showed
a high degree of similarity to Bacteroidetes. Bacteria of the order Bacillus usually are
found in wastewater, marine environments, sludge and biofilms. Several enzymes such
as protease, lipase, etc., which hydrolyze proteins and lipids, are produced by Bacillus.
Protease production is an inherent property of Bacillus species and these enzymes are
generally known to be constitutively expressed or partially inducible and are controlled
by numerous complex mechanisms that turn on during the transition state between ex-
ponential growth and the stationary phase [23].

Bacteria such as Aerobacter aerogenes, Mycobacterium phlei and Pseudomonas sp.
are known to perform nitrification [24]. Pseudomonas sp. (band 3) in SWIS may con-
tribute to the removal of TN, despite the low removal efficiency. This result is consistent
with the findings by Grant and Long [25], who suggested that the genera Bacillus, Mi-
crococcus, and Pseudomonas are likely the most important in soils, while Pseudomo-
nas, Aeromonas and Vibrio are key in the aquatic environment. Additionally, potentially
denitrifying bacteria belonging to Flavobacterium sp. were found in the pilot SWIS and
they may also contribute to the removal of TN. The phylogenetic tree showed close
relationships between bands 4 and 9 and other uncultured denitrification bacteria.

4. CONCLUSIONS

For the pilot SWIS used to treat river water, the average removal efficiencies of COD,
TN and NH4"-N were 43.3%, 28.8% and 79.6%, respectively. The distribution of microbial
communities and Shannon indexes corresponded well with the quantities of biofilm, char-
acterized by VSS, phospholipids, proteins and polysaccharides. Sequencing of partial 16S
rRNA gene fragments revealed that the total bacterial community composition was
dominated by Alphaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, Pseudo-
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monas, Bacillus, Flavobacteriaceae, TM-7, and other uncultured bacteria. The phyloge-
netic analysis of microbial communities further confirmed the spatial distributions reg-
ularities of biofilms quantities.
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