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In this study, the compositional characteristics of extracellular polymeric substances (EPS) were systematically
explored to reveal their relationship with microbial community under different conditions in an up-flow bio-
logical aerated filter reactor. The aeration rates had a significant positive correlation (0.898≤R≤ 0.979) with
the tightly bound (TB)-EPS contents, but basically showed an opposite trend (R < −0.631) with the loosely
bound (LB)-EPS. Moreover, the filter medium heights also affected EPS distribution. The microbial biofilm
produced more LB-EPS and TB-EPS to withdraw from the extreme environment. Five fluorescent substances were
identified in the EPS by EEM-PARAFAC modeling; namely, two protein-like components (protein-like C1 and
tryptophan-like C2) and three humic-like components (UVA marine humic-like C3, hydrophobic humic acid-like
C4, and humic acid-like C5). Under different conditions, the relative abundance of Proteobacteria and Nitrospirae
had a significant positive correlation with C5 and C4, respectively. These results demonstrated that microbial
community distribution could affect EPS composition.

1. Introduction

The up-flow biological aerated filter (UBAF) reactor has good ap-
plication prospects in municipal wastewater treatment as a fixed-film
process, owing to its compact structure, ease of operation, low sludge
production, high environmental shock resistance, and efficiency in the

removal of carbon and ammonia (Tao et al., 2016). Previous re-
searchers have studied the pollutant removal efficiency of UBAFs, op-
timization of the reactor structure, and the distribution of microbial
community (Abu Hasan et al., 2013; He et al., 2018; Tao et al., 2016;
Yang et al., 2016). The microbial biofilm plays an important role in the
pollutant removal and reactor operation. However, research on the
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characteristics of biofilms in UBAFs is not sufficiently comprehensive,
and in-depth and comprehensive research on biofilm properties are
therefore required.

The major components of biofilm are the microorganisms and the
extracellular polymeric substances (EPS) (Miao et al., 2018), that they
excrete as products of various cellular processes (e.g., metabolism,
biomass growth, and decay) (Maqbool et al., 2016). These EPS play
essential roles in the mechanical stability, surface adhesion, and for-
mation of the biofilms itself (Flemming et al., 2016; Flemming and
Wingender, 2010; Sheng et al., 2010; Shi et al., 2017). Several studies
have demonstrated that EPS can affect the performance of wastewater
treatment by changing biofilm characteristics (Sheng et al., 2010; Shi
et al., 2017; Wang et al., 2018). Characterizing the compositions and
variations of the EPS can thus help understanding the mechanism of
pollutant removal and explain the potential drivers behind biofilm
functions (Miao et al., 2018). However, there are no known research
that have explored the compositions and contents of EPS in the UBAF
reactor.

Previous studies of EPS have focused mostly on their compositions
(Sheng and Yu, 2006; Yang and Li, 2009; Wang et al., 2018; Yu et al.,
2009; Zhu et al., 2013), fluorescence characteristics (Baghoth et al.,
2011; Maqbool et al., 2016; Sheng and Yu, 2006; Xu et al., 2013; Yu
et al., 2015;), extraction method (Keithley and Kirisits, 2018), dewa-
tering performance (Cao et al., 2018; Shao et al., 2009; Zhang et al.,
2015), and membrane pollution control (Nagaraj et al., 2018; Shi et al.,
2017). Miao et al. (2018) found that changes in the anammox bacteria
were basically consistent with the variation in EPS composition.
Moreover, they indicated that the microbial community could change
the composition and concentration of EPS. However, few studies have
explored the relationship between the EPS composition and microbial
community structure, despite that in-depth research of the relationship
could help understanding the mechanism of pollutant treatment and to
optimize the stable operation of UBAF reactors.

The amounts and compositions of EPS were found to be affected by
various operational parameters of the biofilms process (Shammi et al.,
2017). In the UBAF reactor system, aeration is an important operational
parameter, playing roles in the supply of dissolved oxygen and the
growth of the biofilm. In addition, a suitable aeration rate could in-
crease the removal efficiency of pollutants and reduce the energy
consumption of the system (Rezakazemi et al., 2011). Previous studies
found that a high aeration rate could increase the shearing force of the
ceramsite surface and the velocity of the liquid phase (Ren et al.,
2018a). Abu Bakar et al. (2018) indicated that a high-water velocity
will increase the shearing of the biofilm surface and the production of
EPS. Furthermore, an increase in the EPS contents could stabilize the
biofilm structure and allow it to withstand the shear force. Therefore,
the compositions and contents of EPS under different aeration rates
should be deeply analyzed for a better understanding of the relationship
between biofilm functions and the microbial community structure.

In this study, the compositions and contents of EPS in a UBAF re-
actor were analyzed to determine the effects of different aeration rates
and filter medium heights on the biofilm properties. Three-dimensional
excitation–emission matrix (EEM) fluorescence spectroscopy and EEM-
PARAFAC modeling were used to explore the fluorescence properties of
each EPS fraction. The microbial community structures under the dif-
ferent reactor conditions were also investigated. Redundancy analysis
(RDA) was applied to analyze the relationship between the EPS com-
positions and microbial community structure. Such compositional
characterization of the EPS and microbial communities could help un-
derstanding the functions of the biofilm in the UBAF reactor.

2. Materials and methods

2.1. Laboratory-scale UBAF reactor and operation

The experiment was carried out in a laboratory-scale UBAF reactor

with a filter medium layer of 0.85m in height and 0.35m in diameter,
and a working volume of 0.06m3 (see Supplementary data). The details
of the device have been described in a previous paper (Ren et al.,
2018b). The UBAF reactor was fed synthetic wastewater, which was
prepared from tap water enriched with C6H12O6 as a carbon source,
NH4Cl and KNO3 as nitrogen sources, K3PO4·3H2O as a phosphorus
source, and CaCl2, MgSO4·5H2O, NaHCO3, and FeCl3 as trace element
sources. Inoculated sludge was collected from a secondary sedimenta-
tion tank (Xi’an Third Wastewater Plant, Xi’an, China). The activated
sludge was cultivated for one week before inoculation, and the nutrient
medium was replaced every day. The synthetic wastewater was based
on the contamination levels in domestic wastewater, and its char-
acteristics are listed in Supplementary data.

2.2. EPS extraction method

The EPS matrix can be divided into three parts, namely, the soluble
EPS (SL-EPS), loosely bound EPS (LB-EPS), and tightly bound EPS (TB-
EPS) (Xu et al., 2013). Heat extraction and centrifugation were used for
the extraction of the three parts. The extraction method used had been
proven to be able to obtain the EPS with relatively high efficiency and
low cell lysis (Baghoth et al, 2011; Xu et al., 2013). In this study, the
biofilm samples were first centrifuged at 4000 r/min for 5min,
whereupon the supernatant was filtered and collected as the SL-EPS
fraction. Next, the filtered biofilm samples were suspended in a 0.05%
NaCl solution (50 °C) and centrifuged at 10,000 r/min for 15min. The
supernatant was filtered and collected as the LB-EPS fraction. Finally,
the remaining biofilm samples were suspended in a 0.50% NaCl solu-
tion and then heated at 70 °C for 40min. The samples were centrifuged
at 10000r/min for 15min, and the supernatant that was subsequently
filtered was considered the TB-EPS fraction. All the supernatant sam-
ples were filtered using 0.45 μm Nylon66 membrane filters (Jinlong,
Keyilong Experimental Equipment Co., Ltd., Tianjin, China), with the
filtered solutions analyzed for EPS concentrations and fluorescence.

2.3. EPS analysis method

The protein (PN), polysaccharide (PS), and nucleic acid (DNA)
contents were used to represent the extraction efficiency of each EPS
fraction. The EPS level was analyzed according to the method described
by Yu et al. (2009). The PN content was determined by the modified
Lowry method, using bovine serum albumin (A116563-5g, Aladdin,
Shanghai Jingchun Biochemical Technology Co., Ltd., Shanghai, China)
as the standard substance. The PS content was measured by the an-
throne method, using glucose as the standard substance. The DNA
content was determined by the diphenylamine colorimetric method,
with calf thymus DNA (C119712, Aladdin, Shanghai Jingchun Bio-
chemical Technology Co., Ltd., Shanghai, China) as the standard sub-
stance. The total suspended solids and volatile suspended solids (VSS)
were measured according to previously described standard methods
(Yu et al., 2009). The EPS concentration is expressed in the amount of
substance per gram of organic matter, and the unit is mg/g VSS.

2.4. Excitation-emission matrix analysis

The FluoroMax-4 spectrofluorometer was applied for detecting the
fluorescent substances in the EPS samples. The fluorescent substances
mainly included protein-like components, tryptophan, humic acid, and
fulvic acid (Sheng et al., 2013). EEM spectra were gathered in the
scanning emission (Em) range of 290–550 nm at 2-nm increments by
varying the excitation (Ex) wavelength from 240 to 450 nm at 2-nm
increments. The slit width was 3 nm for all samples.

2.5. EEM-PARAFAC modeling

PARAFAC modeling was carried out by analyzing the EEM
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fluorescence data with the DOMFluor/PARAFAC toolbox in Matlab
R2014a (Mathworks, Natick, MA, USA) (Stedmon and Bro, 2008). As
suggested by Stedmon and Bro (2008), parameters with non-negative
constraints were applied to allow only chemically relevant results. The
pretreatment process was used to minimize the scattering effect and
other properties of the EEM. The EEM result for Milli-Q water was
treated as the background value and subtracted from all the EPS sam-
ples. Other Rayleigh and Raman scattering effects were also deducted.
The treatments described above reduced the influence of the EPS con-
centrations on the component matrix. The EEM data were calculated
using the 2–7 components of the PARAFAC model. The correct number
of components was mainly determined by residual analysis and visual
inspection (Liu et al., 2017).

2.6. Microbial community analysis

The biofilm of the filter medium was detached from its surface in
the UBAF reactor. Biofilms of filter medium at different aeration rates
(1.11×10−5 m3/s, 1.81×10−5 m3/s, and 2.50× 10−5 m3/s) and
layer heights (0.1 m, 0.4m, and 0.7m) were also collected. The samples
from different aeration rates (1.11×10−5 m3/s, 1.81× 10−5 m3/s,
and 2.50×10−5 m3/s) were taken from reactor operated with a filter
medium height of 0.85m, and those from different filter medium
heights (0.1 m, 0.4 m, and 0.7m) were taken from reactor operated
with an aeration rate of 2.50×10−5 m3/s. DNA was extracted using a
PowerBiofilm™ DNA Isolation kit for biofilm (Mo Bio, Carlsbad, CA,
USA) and stored at− 20 °C. In addition, the microbial community
structure was further analyzed with high-throughput sequencing tech-
nology, using Illumina Hiseq 2000 from the Shanghai Personal
Biotechnology Co., Ltd. (Shanghai, China).

2.7. Statistical analysis

SPSS 22.0 for Windows (SPSS Inc., Chicago, IL, USA) was used for
all statistical analyses. Pearson’s correlation analysis was performed to
determine the relationships between the aeration rates and EPS con-
tents, with significance levels set at p < 0.05 (*) and p < 0.01 (**).
The correlation coefficient R was also determined.

CANOCO 4.5 software was applied to analyze the relationships
among the aeration rates, filter medium heights, EPS contents, and
microbial community structure. First, the longest gradient of the de-
trended correspondence analysis was < 3.0 (Zhang et al., 2018). The
result indicated that the linear model was more suitable for the aeration
rates, filter medium heights, EPS contents, and microbial community.
Hence, RDA was conducted to link the changes of the microbial com-
munity with the environmental variables and EPS contents.

3. Results and discussion

3.1. Effects of aeration rates on the contents and compositions of EPS

Fig. 1 shows the variations of EPS contents at different aeration
rates in the UBAF reactor, where T-EPS represents the total content of
each fraction and equaled the sum of the SL-EPS, LB-EPS, and TB-EPS at
the same aeration rate. As shown in Fig. 1, the contents of PN in the EPS
matrix were higher than those of PS and DNA. The concentrations of
PN, PS, and DNA were 141.33–178.64mg/g VSS, 52.4–89.36mg/g
VSS, and 6.09–9.62mg/g VSS, respectively, and were consistent with
results from previous studies (Shao et al., 2009; Wang et al., 2018). He
et al. (2018) reported that the higher production of PN over PS might
contribute to maintenance of the structure and stability of the EPS
matrix. In addition, the contents of the EPS showed an increasing trend
from SL-EPS to TB-EPS. The distribution was related to the EPS struc-
ture.

The aeration rates significantly affected the contents of each frac-
tion in the EPS matrix. The concentration of TB-EPS had a significant

positive correlation (R≥ 0.898, p≤ 0.001) with the aeration rates.
When the aeration rate was 2.50× 10−5 m3/s, the PN, PS, and DNA
concentrations were 141.80 ± 0.50mg/g VSS, 71.98 ± 2.71mg/g
VSS, and 6.57 ± 0.23mg/g VSS, respectively. The main reason for this
is because a high aeration rate induces the biofilm to produce more EPS,
which could stabilize the biofilm structure and allow it to withstand the
shearing force (Abu Bakar et al., 2018). The PN and PS concentrations
of the SL-EPS and LB-EPS had a negative correlation
(−0.976≤ R≤−0.744, 0.0001≤ p≤ 0.022) with the aeration rates.
The EPS distribution was mainly related to the shearing effect of
aeration. A previous report had indicated that a higher aeration rate
formed higher shearing in the filter medium surface of the UBAF reactor
(Ren et al., 2018a). The higher shearing force would lead to the outer
layer of EPS being stripped from the microbial cell surface. The DNA
concentration at the aeration rate of 1.81× 10−5 m3/s was
9.62 ± 0.35mg/g VSS, being significantly higher than that at the other
conditions. Previous research found that the UBAF reactor achieved
higher pollutant removal at the aeration rate of 1.81× 10−5 m3/s (Ren
et al., 2018b). In addition, this condition increased the diversity of the
microbial community. These results showed that the aeration rate of
1.81×10−5 m3/s might promote the metabolic activity of the mi-
crobes.

3.2. Effects of filter medium height on the contents and compositions of EPS

The distribution of the EPS concentrations at different filter medium
heights is shown in Fig. 2. The concentrations of PN at the different
filter medium heights were significantly higher those of PS and DNA. In
addition, the concentrations of PN and DNA had a negative correlation
(−0.999≤ R≤−0.250, 1.1× 10–6≤ p≤ 0.516) with the filter
medium heights. The total concentrations of PN and DNA at the filter
medium height of 0.10m reached to 141.71 ± 0.52mg/g VSS and
9.92 ± 0.26mg/g VSS, respectively. The results might be related to
the abundance and diversity of the microbes, which previous research
had found to be significantly higher at the bottom of the filter medium
layer than at the other layers (Ren et al., 2018b). However, PS had a
positive correlation (−0.237≤ R≤ 0.785, 0.012≤ p≤ 0.677) with
the filter medium heights, where its concentration (35.11 ± 5.09mg/g
VSS) at the height of 0.70m was significantly higher than that at the
other heights. He et al. (2017) indicated that EPS could serve as a
carbon source for biological processes under extreme conditions. At the
bottom of the filter medium layer, the higher abundance and diversity
of the microbial community would mean a greater requirement of
carbon sources for growth and metabolism. Because part of the PS
might be treated as a carbon source by microbes, the PS concentration
was reduced at this layer.

The concentrations of PN, PS, and DNA in the LB-EPS were basically
similar to those in the LB-EPS at the different filter medium heights.
However, the contents of TB-EPS were significantly higher those of SL-
EPS and LB-EPS. These results might be related to the microbial com-
munity and ambient conditions. Compared with the EPS contents at the
different aeration rates, those at the different filter medium heights
showed a significant difference. The LB-EPS, TB-EPS, and T-EPS con-
tents at the different filter medium heights were higher than those at
the different aeration rates, whereas the SL-EPS contents presented the
opposite trend. This might be related to differences in the metabolic
activity of the microbes. The biofilm samples from reactors at different
aeration rates were taken from the filter medium height of 0.85m. The
dissolved oxygen content (8.56–8.99mg/L) at this position was sig-
nificantly higher than that under the other filter medium heights
(0.90–1.71mg/L) (Ren et al., 2018a), indicating that the microbial
community structure might have changed. On the other hand, previous
studies found that the shearing force of the ceramsite surface increased
at the filter medium height of 0.85m (Ren et al., 2018a). The high
shearing force could reduce the concentration of SL-EPS and increase
the production of LB-EPS and TB-EPS. These results indicated that the
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Fig. 1. Variations of protein (PN), polysaccharide (PS), and DNA in the EPS matrix under different aeration rates: (a) Distribution of PN; (b) Distribution of PS; (c)
Distribution of DNA.

Fig. 2. Variations of protein (PN), polysaccharide (PS), and DNA in the EPS matrix under different filter medium heights: (a) Distribution of PN; (b) Distribution of
PS; (c) Distribution of DNA.
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high production of LB-EPS and TB-EPS could help the biofilm to with-
draw from the effects of the external environment.

3.3. Three-dimensional EEM contour of each EPS fraction

A total of 18 fluorescence EEM contours for the EPS samples under
the different aeration rates and filter medium heights are depicted in
Supplementary data. The EEM contours of TB-EPS showed four fluor-
escence peaks under the different conditions. However, SL-EPS and LB-
EPS showed different fluorescence peaks (four peaks, two peaks, or one
peaks) under the different conditions, indicating that these two frac-
tions might be significantly affected by the external environment. EEM-
PARAFAC modeling was applied to distinguish the fluorescent compo-
nents. The results of CompareSpecSSE indicated that the 5-component
model was more suitable for the analysis of EPS fluorescent substances
in biofilms (see Supplementary data). In addition, the results of split-
half validation (see Supplementary data) further verified the suitability

of the model.
Fig. 3 presents the results of the fluorescent components and split-

half validation of samples extracted under different aeration rates and
filter medium heights. Previous studies (Table 1) showed the presence
of five components, consisting of two protein-like substances and three
humic-like substances. C1, with its Ex/Em peak at 280/334 nm, was
identified as a protein-like substance (Cao et al., 2018; Yu et al., 2015).
C2, which exhibited a single Ex/Em peak at 290/344 nm, was assigned
to a tryptophan-like substance (Murphy et al., 2011). It was notable
that C1 and C2 were classified as protein-like components that were
related to biological production and microbial community activity (Lu
et al., 2009; Xu et al., 2013). C3 was located at the Ex/Em peak of 312/
368 nm. Fluorescence in this region is attributed to UVA marine humic-
like substances, which are mainly derived from anthropogenic waste-
water (Coble, 2007; Stedmon et al., 2011). C4 (Ex/Em=374(442)/
532 nm) and C5 (Ex/Em=350/440 nm) were identified as hydro-
phobic humic acid-like and humic acid-like substances, respectively,

Fig. 3. EEM-PARAFAC results for Component 1 (C1), Component 2 (C2), Component 3 (C3), Component 4 (C4), and Component 5 (C5) and the split-half validation:
The contour plots (Fig. 3(a), (c), (e), (g), and (i)) represent the spectral shapes of excitation (Ex) and emission (Em) of soluble (SL)-EPS, loosely bound (LB)-EPS, and
tightly bound (TB)-EPS. The line plots (Fig. 3(b), (d), (f), (h), and (j)) represent the split-half validation results.

Table 1
Spectral characteristics of the five components identified by PARAFAC analysis in this study and in previous studies.

This study Previous studies

Components Ex/Em Ex/Em Description References

C1 280/334 280/330–340 Protein-like substance Seredyńska-Sobecka et al. (2011); Yu et al. (2015)
280/335 Protein Cao et al. (2018)

C2 290/344 290/352 Tryptophan-like Murphy et al. (2011)
280–285/340–350 Protein Sheng and Yu (2006)

C3 312/368 290–310/370–410 UVA marine humic-like Coble (2007)
315/384 Marine humic-like Stedmon et al. (2011)

C4 374(4 4 2)/532 240–275(339–420)/434–520 Hydrophobic
Humic acid-like

Ishii and Boyer (2012)

C5 350/440 (230–260, 320–350)/420–450 Humic substances Cao et al. (2018); Qu et al. (2012)
350/443.5–445 Humic acid-like substances Wei et al. (2017)
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according to previous studies (Cao et al., 2018; Ishii and Boyer, 2012;
Qu et al., 2012; Wei et al., 2017).

3.4. PARAFAC analysis of EEM spectra

The maximum fluorescence intensities (Fmax) of the three EPS
fractions obtained under different UBAF reactor conditions are shown
in Fig. 4. The fluorescence intensity of the components of each EPS
fraction was affected by the various aeration rates and filter medium
heights. For the different aeration rates, the Fmax values of the protein-
like substances (C1 and C2) in each EPS fraction were basically higher
than those of the humic acid-like substance (Fig. 4(a)). The results were
similar to those of Maqbool et al. (2016). The Fmax values of C2, C3,
C4, and C5 in SL-EPS and LB-EPS had a significant negative correlation
(−0.984≤ R≤−0.739, 1.512×10−6≤ p≤ 0.023) with the aera-
tion rates. A high aeration formed high turbulence, which could reduce
the EPS contents. C1 in SL-EPS also showed a significant negative
correlation (R=−0.934, p=2.224× 10−4) with the aeration rate,
whereas C1 in LB-EPS showed the opposite trend (R=0.900,
p=9.432×10−4). Abu Bakar et al. (2018) indicated that a high
aeration rate impacted the production of EPS in biofilm. The high C1
content would help the biofilm to increase its detachment resistance in
order to withstand the shearing force and to stabilize its structure. In
addition, there was no significant correlation between the fluorescence
intensity of the five components in TB-EPS and the aeration rates. The
Fmax values of C2, C3, C4, and C5 in TB-EPS were significantly higher

than those in SL-EPS and LB-EPS. The humic acid-like components (C3,
C4, and C5) were higher at the aeration rate of 2.5× 10−5 m3/s than at
1.11×10−5 m3/s and 1.81× 10−5 m3/s. The results showed that the
high humic acid-like components of TB-EPS could be beneficial for
stabilizing the biofilm structure under high aeration rates.

The Fmax distributions of each EPS fraction at different filter
medium heights were similar to the distributions at various aeration
rates (Fig. 4(b)). The contents of protein-like substances (C1 and C2)
were significantly higher than those of humic-like substances (C3, C4,
and C5) in SL-EPS and LB-EPS. Moreover, the Fmax of C2 in TB-EPS was
higher than that of the other fluorescent substances. The results were
consistent with the EPS fraction concentration. However, the Fmax of
C1 in TB-EPS was significantly lower than that of the other substances.
The difference in microbial metabolic activity might have affected the
distributions of Fmax, as previously shown in another study (Miao
et al., 2018). The filter medium heights showed a significant negative
correlation (−0.979≤ R≤−0.765, 4.634× 10−6≤ p≤ 0.016) with
the humic-like substances (C3, C4, and C5) of SL-EPS, the humic-like
substances (C3 and C5) of LB-EPS, and the protein-like substances (C1
and C2) of TB-EPS, whereas they did not show a correlation with the
other fluorescent substances. These results were related to the differ-
ences in the shearing force of the ceramsite surface and the metabolic
activity of the microbial community.

Fig. 4. Distribution of the maximum fluorescence intensity (Fmax) in the EPS matrix at different aeration rates and filter medium heights: (a) Aeration rates; (b) Filter
medium heights.
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3.5. Microbial community composition

To explore the relationship between the EPS and the microbial
community, the relative abundance of the microbes at the phylum and

genus levels were determined (Fig. 5). At the phylum level (Fig. 5(a)),
Proteobacteria (34.4%–50.4%) was the phylum with the highest abun-
dance in all samples, followed by Firmicutes (12.7%–23.1%), Actino-
bacteria (6.2%–20.5%), Bacteroidetes (6.3%–18.7%), and Planctomycetes

Fig. 5. Microbial community structures at different aeration rates and filter medium heights at the phylum and genus levels: (a) Relative abundance of the phyla at
different conditions; (b) Heat-map distribution of the genus-level community composition combined with cluster analysis at different aeration rates and filter medium
heights: Red represents a high relative abundance of the genus in the sample; green represents a lower abundance. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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(1.5%–11.0%). The results were generally consistent with those re-
ported by Tao et al. (2016), with the exception that the relative
abundance of Proteobacteria was lower in their study, likely because of
differences in the reactor structure and microbial growth environment
between the studies. The microbial community structure changed with
the increase in aeration rates. The relative abundance of Proteobacteria
had a significant positive correlation with the aeration rates, which was
likely because the high aeration rate provided an adequate supply of
dissolved oxygen for the activity and growth of the Proteobacteria.
Previous studies have reported that the phylum Proteobacteria could
convert nitrite to nitrate and remove phosphorus in the biological
treatment of wastewater (Isanta et al., 2015). The relative abundance of
Planctomycetes gradually decreased with the increase of the aeration
rate from 1.11× 10−5 m3/s to 2.50×10−5 m3/s. Mulder et al. (1995)
identified the Planctomycetes as being anaerobic ammonium-oxidizing
bacteria, which could convert NH4

+-N directly into N2.
Compared with the structure under the different aeration rates, the

microbial community structure showed a significant difference with the
increase in filter medium heights (Fig. 5(a)). At the bottom of the filter
medium layer, the relative abundance of Proteobacteria, Firmicutes, and
Planctomycetes reached to 49.6%, 23.1%, and 11.0%, respectively,
which was significantly higher than that at the other heights. These
results were mainly related to the organic matter concentration and
biofilm growth environment. Previous studies found that the dissolved
oxygen concentration at the bottom of the filter medium layer was
lower than that at other heights (Ren et al., 2018a). This condition
would contribute to the growth of Planctomycetes. In addition, the high
organic matter concentration at the filter medium height of 0.1m could
provide adequate nutrients for the growth of heterotrophic micro-
organisms (including Proteobacteria, Firmicutes, etc.). The metabolism of
these bacteria was improved in this condition. At the top of the filter
medium layer, the relative abundance of Nitrospirae (4.7%) was sig-
nificantly higher than that at the other heights. As indicated by Pereira
et al. (2014), the Nitrospirae belong to the nitrite-oxidizing bacteria, and
a high dissolved oxygen concentration could increase the growth of
these bacteria.

At the genus level (Fig. 5 (b)), the microbial community structure
was significantly different at the various aeration rates and filter
medium heights. Genera with a high abundance at 1.11×10−5 m3/s
showed a significant change when the aeration rate was increased to
2.50×10−5 m3/s in Fig. 5(b). Under the aeration rate of
1.11×10−5 m3/s, the highly abundant genera mainly appeared in the
upper part of the figure. When the aeration rate was 1.81× 10−5 m3/s,
the relative abundance of the genera was uniform and the microbial

community structure was similar to that at the aeration rate of
2.50×10−5 m3/s. The result was mainly related to the supply of dis-
solved oxygen and the aeration-causing shearing force. With the in-
crease in the filter medium height, the microbial community structure
changed significantly. The distribution of genera in high abundance at
the filter medium height of 0.1m was basically consistent with the
distribution at the aeration rate of 1.11×10−5 m3/s. Under the filter
medium heights of 0.4 m and 0.7 m, the genera in high abundance were
mainly concentrated in the lower part of the figure. This distribution
was because the lower dissolved oxygen concentration and higher or-
ganic matter contents could affect the distribution of the microbial
community structure. Furthermore, the different distributions of the
microbial community structure could lead to changes in the EPS con-
centration, the relationship between these two parameters was further
analyzed by RDA.

3.6. Relationship between microbial community and EPS distribution

In the RDA graph, the first axis explained 80.8% and 89.5% of the
variance in the microbial community structure at the different aeration
rates and filter medium heights, and the second axis explained the
variance by 19.2% and 10.5%, respectively (Fig. 6). In Fig. 6, when the
angle between two angles is< 90°, the smaller angle implies a stronger
positive correlation. A greater angle (more than 90°) indicates a
stronger negative correlation. Moreover, the arrow length represents
the importance of the parameter (Zhang et al., 2018). The relative
abundance of Nitrospirae, Chloroflexi, Planctomycetes, and Actinobacteria
was of important for the variation in aeration rates. In addition, in the
different filter medium heights, Nitrospirae and Firmicutes were im-
portant parameters. The results were consistent with the microbial
community distributions under different reactor conditions. For the
different aeration rates (Fig. 6(a)), the relative abundance of Proteo-
bacteria had a significant positive relationship with the C5, C1, and PS
contents, whereas it had a significant negative relationship with the C2,
PN, C3, C4, and DNA contents. In contrast, Nitrospirae, Chloroflexi, and
Bacteroidetes showed the opposite relationship compared with the Pro-
teobacteria.

The relationship between the microbial community structure and
the EPS compositions at different filter medium heights was sig-
nificantly different compared with that at the different aeration rates
(Fig. 6(b)). The relative abundance of Proteobacteria and Planctomycetes
had significant positive correlation with the C2, C5, and PN contents,
whereas they had significant negative correlation with the C1, PS, and
C4 contents. In addition, Nitrospirae had significant positive correlation

Fig. 6. Redundancy analysis between the EPS distribution and microbial community structure under different aeration rates and filter medium heights: (a) Aeration
rates 1.11, 1.81, and 2.50 represent the aeration rates of 1.11× 10−5 m3/s, 1.81× 10−5 m3/s, and 2.50×10−5 m3/s, respectively; (b) Filter medium heights.
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with the C4 and PS contents. These results indicated that the difference
in microbial community structure affected the concentration and
compositional distributions of EPS at different environmental condi-
tions. However, this study failed to systematically investigate the re-
lationship between the EPS composition and the microbial community
structure. Therefore, in order to reveal the details of this relationship,
further work is needed to analyze the sources of EPS. In-depth research
will help understanding the mechanism of pollutant removal and to
conduct a better application of the UBAF reactor.

4. Conclusions

The relationships between the EPS and microbial community
structures at different aeration rates and filter medium heights were
explored. The results showed that the variation in aeration rates sig-
nificantly (R≤−0.744 & R≥ 0.898, p≤ 0.022) affected the EPS dis-
tribution. EEM-PARAFAC analysis indicated that the Fmax values of
protein-like substances (C1 and C2) were consistently more dominant
than those of humic-like components (C3, C4, and C5). Functional
microorganisms (Proteobacteria, Planctomycetes, and Nitrospirae) were
detected in all samples. The microorganisms showed a significant cor-
relation with the contents of PN, PS, DNA, and fluorescent substances of
EPS in the UBAF reactor.
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