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Abstract 
 
In this study, a pilot combined sewer system was constructed to characterize the pollutant trans- formation in 
sewer sediment. The results showed that particulate contaminants deposited from sewage could be transformed into 
dissolved matter by distinct pollutant transformation pathways. Although the oxidation-reduction potential (ORP) 

was varied from -80 mV to -340 mV in different region of the sediment, the fermentation was the dominant process 
in all regions of the sediment, which induced hydrolysis and decomposition of particulate contaminants. As a result, 
the accumulation of dissolved organic matter and the variation of ORP values along the sediment depth led to the 
depth-dependent reproduction characteristics of methanogens and sulfate-reducing bacteria, which were existed in the 
middle and deep layer of the sediment respectively. However, the diversity of nitrifying and polyphosphate-
accumulating bacteria was  low in  sewer sediment and those microbial communities showed a non-significant correlation 
with nitrogen and phosphorus contaminants, which indicated that the enrichment of nitrogen and phosphorus 
contaminants was mainly caused by physical deposition process. Thus, this study proposed a promising pathway to 
evaluate pollutant transformation and can help provide theoretical foundation for urban sewer improvement. 
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1. Introduction 

 
Sewer systems, an important component of urban infrastruc- 

ture, are used to collect and transport sewage. In recent decades, 
according to the design criteria, sewer systems are designed as 
either combined or separated sewer systems, and due to the eco- 
nomic and technological conditions, combined sewer systems are 
mainly implemented in older and under-developed cities (Chhetri 
et al., 2016). Due to the collection requirements of residential 
wastewater, industrial wastewater and rainwater (Liu et al., 2015), 
the sewer pipe diameter in combined sewers is much larger than 
that in separated sewer systems, which results in that the sewage is 
transported at a low flow velocity in normal weather (Jalliffier- 
Verne et al., 2016). Therefore, particulate matter deposition oc- 
curs and generates the formation of sewer sediment in the sewer 

 

(Ashley et al., 2003), and the study showed that 30e500 g of par- 
ticulate matter was deposited per meter length of the sewer per 
day. Furthermore, to clarify the sediment transport process, diverse 
models of these physical processes were established (Skipworth 
et al., 1999; Mouri and Oki, 2010). Previous studies have mainly 
focused on physical deposition processes, while these studies did 
not reveal the change of the properties and characterize the 
transformation mechanism of sediment, where the complex re- 
actions might occur in urban sewer systems. 

Many urban sewers are under the dark and anaerobic environ- 
ment (Jin et al., 2015), and the abundant particulate matter 
depositing from sewage could induce the accumulation of substrate 
in sewer sediment. All the conditions mentioned above in sewer 
sediment are the same as the anaerobic wastewater treatment 
systems where the diverse matters were decomposed, therefore, it 
could be inferred that the same bioreactions might be also occurred 
in sewer sediment. Previous studies have shown that bio- 
production of sulfide and methane cannot be ignored in sediment 
(Liu et al., 2015), and it indicated the small organic molecules which 

 



 
 

were utilized by methanogens and sulfate-reducing bacteria might 
be abundant in the sewer sediment. In fact, the processes of 
methanogenesis and sulfate reduction mainly consume acetic acid 
and propionic acid (Pender et al., 2004; Muyzer and Stams, 2008), 
while the formation of sewer sediment is mainly attributed to 
particulate matter deposition. Therefore, diverse particulate matter 
hydrolysis processes must occur in the sediment that produce 
abundant, easily degradable substrates. The conversion of partic- 
ulate matter mainly results from the reproductive processes of 
homologous microbial communities, and in addition to the utili- 
zation of carbon substrates, the bioreactions generally involve the 
transformation of nitrogen and phosphorus matters, which has 
been also verified in anaerobic wastewater treatment systems 
(Tabatabaei et al., 2010). Accordingly, significant decomposition of 
these contaminants may occur under the similar anaerobic condi- 
tions of sewer sediment. However, to our best knowledge, although 
the WATS and the SeweX models (Hvitved-Jacobsen et al., 1998; 
Sharma et al., 2008) were proposed to evaluate biological reactions 
in sediment, those models only predicted the bioreactions occurred 
in biofilms, and the understanding of diverse matters trans- 
formation in sewer sediment is poor. Due to the potential risks of 
poisonous gas emission and corrosion as well as the effect on the 
influent quality of wastewater treatment plants caused by those 
biochemical reactions, it is necessary to gain a better understanding 
of pollutant transformation processes in sewer sediment. 

In order to reveal the unknown mechanism mentioned above, a 
pilot experimental sewer system was established to discover the 
pollutant transformation pathways in different longitudinal pro- 
files and depths of sewer sediment. By using high-throughput 
sequencing, the microbial community distribution in the inner 
sediment was characterized. Considering the effect of environ- 
mental factors e.g. oxidation and reduction potential (ORP), corre- 
lations between the pollutants and functional bacteria in different 
regions of the sediment were established. Therefore, a promising 
method to analyze and predict pollutant transformation in sewers 
was proposed, which can be a reliable guideline for urban sewer 
improvement and the prevention of urban accidents in sewer 
systems. 

 

 
2. Materials and methods 

 
2.1. Sewer system operation and sample collection 

 
The simulated sewer system constructed for this study is shown 

in Fig. 1(a). The total effective length of this sewer was 32 m, and 
the diameter of the pipe was 200 mm. The different layers were 
connected   by   a   cylindrical   inspection   well    that    was 400 

mm x 600 mm. The sewage was raised to the top layer by a 
submersible pump from a cyclic water tank, and the sewage flowed 
to the bottom layer via gravity. To fully simulate the gravity flow 

state of an urban sewer, the simulated sewer was designed with a 
slope of 5%. The inner surface of the pipe was polished to simulate 
real pipes and to ensure the proper resistance coefficient and 
Reynolds number in the sewer system. The sewage was collected 
from wastewater treatment plant in Xi'an, China, in addition, the 
particulate matters which deposited from sewage induced the 
formation of sediment in 180 d, and then the pollutant trans- 
formation and microbial community distribution were detected in 
60 d. 

To evaluate the diverse pollutant transformation characteristics, 
sediment samples were collected in seven regions of the sewer 
sediment at seven different times (1, 10, 20, 30, 40, 50, 60 day at the 
operation process of pilot sewer system) (Fig. 1(b)). When the 
sewer sediment was sampled, two perspex sheets (semicircle and 
the size was the same as the pilot sewer pipe) were used to insert 
the sewer sediment (the distance between two perspex sheets was 
3e5 cm), and then pick up a longitudinal section of sediment which 
could guarantee that the sediment structure were not damaged. 
One of the perspex sheets were drilled in advance, and the posi- 
tions of holes were same as the seven sampling position in sedi- 
ment (shown in Fig. 1(b)), therefore, after the sediment was picked 
up, the target sewer sediment could be taken out from the seven 
holes in the perspex sheet. 

 
2.2. Chemical analysis 

 
Total chemical oxygen demand, nitrogen and phosphorus were 

measured in accordance with standard methods (APHA et al., 2002). 

All sludge samples were filtered through a 0.45 mm filter before SCOD 
detection. The ORP of sediment was measured by a HQ30d meter 
(HACH. USA). The methane and hydrogen sulfide was measured by a 
GC310 meter (China). 

SCFAs and CH4 were measured by gas chromatography. For the 
detection of short-chain fatty acids (SCFAs): Phosphoric acid (3%) 
was dropwise added to regulate the pH of the samples to approx- 
imately 4. The SCFAs concentration was characterized by the COD 
concentration: 1.07 for acetic acid, 1.51 for propionic acid, 1.82 for 
butyric and isobutyric acid, and 2.04 for valeric and isovaleric acid 
(Feng et al., 2009). 

 
2.3. Illumina  high-throughput  sequencing 

 
2.3.1. Extraction of genome DNA 

The total genome DNA was extracted from the samples using the 
CTAB/SDS method. The DNA concentration and purity was moni- 
tored on 1% agarose gels. According to the concentration, the DNA 

was diluted to 1 ng/ml using sterile water. 

 
2.3.2. Amplicon generation 

The sludge samples were sent to the Novogene Institute (Beijing, 

 
 

 
 

Fig. 1. Experimental setup. (a) Schematic representation of the simulated sewer system (b) Schematic view of sample collection regions in the sewer pipe. 
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China) for Illumina high-throughput sequencing on a HiSeq 2000 
platform (Illumina, USA). Primers 515F-806R were used to target 
the V3-V4 region of the 16S SSU rRNA. All PCR reactions were 
carried out in 30 mL volumes with 15 mL of Phusion® High-Fidelity 
PCR Master Mix (New England Biolabs), 0.2 mM of forward and 
reverse primers, and approximately 10 ng of template DNA. Ther- 

mal  cycling  consisted  of  initial  denaturation  at  98 oC  for  1 min, 
followed by 30 cycles of denaturation at 98 oC for 10 s, annealing at 
50 oC for 30 s, and elongation at 72 oC for 30 s. Finally, the samples 
were held at 72 oC for 5 min. 

 
2.3.3. PCR products quantification and qualification 

The same volume of 1X loading buffer (contained SYB green) 
and PCR products were mixed, and electrophoresis was operated 
on 2% agarose gel for detection. Samples with a bright main strip 
between 400 and 450 bp were chosen for further experiments. 

 
2.3.4. PCR products mixing and purification and library preparation 
and sequencing 

The PCR products were mixed in equidensity ratios. Then, the 
mixture of PCR products was purified with a GeneJET Gel Extraction 
Kit (Thermo Scientific). Sequencing libraries were generated using 
the Illumina TruSeq DNA PCR-Free Library Preparation Kit (Illu- 
mina, USA)  following the manufacturer's recommendations and 
adding index codes. The library quality was assessed on a Qubit@ 
2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 
system. Finally, the library was sequenced on an Illumina HiSe 
platform, and 250 bp paired-end reads were generated. 

 
2.3.5. Sequencing data analysis 

Paired-end reads from the original DNA fragments were merged 
using FLASH (Mago�c and Salzberg, 2011) e a very fast and accurate 
analytical tool designed to merge paired-end reads when there are 
overlaps between reads1 and reads2. Paired-end reads  was assigned 
to each sample according  to the unique barcodes. Se- quences were 
analyzed using the QIIME software package (Quan- titative Insights 
Into Microbial Ecology) (Caporaso et al., 2010), and in-house Perl 
scripts were used to analyze alpha (within samples) and beta 
(among samples) diversity. First, the reads were filtered by QIIME 
quality filters. Then, we used pick_de_novo_otus.py to pick 
operational taxonomic units (OTUs) by creating an OTU table. Se- 
quences with �97% similarity were assigned to the same OTUs. 
Observed Species estimate the amount of unique OTUs found in 
each sample, along with the Shannon index. Rarefaction curves 
were generated based on these three metrics. QIIME calculated 
both the weighted and unweighted UniFrac, which are phyloge- 
netic measures of beta diversity. To further examine the microbial 
diversity and differences among the samples, significance tests were 
conducted with some statistical analysis methods. 

 
3. Results and discussion 

 
3.1. Pollutant transformation characteristics in sewer sediment 

 
The transformation characteristics of carbon, nitrogen and 

phosphorus  contaminants  in  the  sediment  are   shown   in Fig. 
2(a)e(d). In urban sewer systems, the fastigium of sewage flow 
mainly occurs between 8:00 a.m. and 22:00 p.m.; therefore, the 
concentration of contaminants in the sediment was detected twice 
per day (at 8:00 a.m. and 22:00 p.m.). The TCOD concentration in 
the sewer sediment increased every day during the period of 
sewage flow and increased from 45,682 mg/L to 54,160 mg/L 
(average values of 5 m, 13 m, 21 m, and 29 m in the sewer) in 60 d. 
The SCOD concentration showed an obvious increase at the initial 
time (from 364 mg/L to 461 mg/L) and then gradually stabilized 

(from 461 mg/L to 480 mg/L), which indicated that the decompo- 
sition of particulate matter occurred continuously in sewer sedi- 
ment. The concentration of SCFAs increased first and then showed a 
slight decrease afterwards. This may be attributed to easy degra- 
dation of SCFAs, which could be utilized by fermentative and 
methane-producing microorganisms, therefore, the concentration 
of methane increased significantly over 60 d (Supporting Fig. 1). 
The concentration of TN and NH3-N increased to 111 mg/L and 
47 mg/L, respectively in 60 d; nevertheless, NO3-N could not be 
detected in the sediment. The concentration of TP and PO4-P in the 
sediment showed the same increasing tendency with carbon and 
nitrogen (increased to 89 mg/L and 68 mg/L, respectively). These 
results revealed that due to particulate matter deposition from the 
sewage, the carbon, nitrogen and phosphorus contaminant matters 
tended to be enriched in the sewer sediment, and in order to reveal 
the mechanism of those pollutant transformation, the correlation 
of different contaminants and microbial metabolism is illustrated 
in the following analysis. 

 
3.2. Microbial communities structure in the sewer sediment 

 
To gain an overview of the microbial community structure in the 

sewer sediment, seven regions of sediment mixtures in the sewer 
system were analyzed by high-throughput sequencing (the sam- 
pling locations are shown in Fig. 1(b)), and an average of 34,536 
effective sequences were obtained. As shown in Fig. 3, GraPhlAn 
provides two main outputs, describing the abundant phylum taxa 
(including bacteria and archaea) in the sewer sediment and the 
phylogenetic distribution of these communities. The 40 most 
abundant taxonomic communities are exhibited by the colored 
circles, and the size of the circles describes the relative abundance 
of each community. Pyrosequencing of 16S rRNA genes showed that 
the dominant microbial communities were the Proteobacteria 
phylum with a relative abundance of 36.68%, followed by Eur- 
yarchaeota (26.42%), Bacteroidetes (11.94%) and Firmicutes (8.79%). It 
is known that Proteobacteria, Bacteroidetes and Firmicutes could 
exhibit fermentation capacity,  which mainly included  hydrolysis 
and acidification processes (Nelson et al., 2011; Leve'n et al., 2007); 
therefore, the enrichment of these microbial communities might 
lead to the decomposition of particulate matter, leading to SCOD 
increasing in the sewer sediments (in accordance with the results 
of Fig. 2(b)). Because the newly generated carbon source (easily 
degradable) could be a suitable substrate for methane producing, 
Euryarchaeota (including methanogens, which produce methane 
(Hogan, 2010)) could achieve propagation easily to become the 
dominant phylum of archaea in the sewer sediment. Methanosaeta 
was the most abundant genus of Euryarchaeota in the sewer sedi- 
ment, which could produce an extensive amount of methane under 
anaerobic conditions, and they were the dominant microbial 
community for methane emission in sewers (Rotaru et al., 2014). 
With these active bioreactions, particulate carbon contaminants 
could easily be transformed in the sewer sediment. In addition, 
many types of denitrifiers are included in the Proteobacteria 
phylum (Chen et al., 2008; Srinandan et al., 2011), and the nitrifi- 
cation process, which enriches the concentration of nitrate, could 
be prohibited under the anaerobic environment in the sewer 
sediment; therefore, nitrate could not be detected in the sewer 
system (as shown in Fig. 2(c)). 

 
3.3. Microbial conversions in different regions of the sewer 
sediment 

 
The depth of the sewer sediment was approximately 60 mm in 

this study. Sewage flowing in the sewer at different velocities 
causes irregular disturbances in sediment; therefore, the diversity 



 
 

 
 

Fig. 2. Transformation of pollutant in the sewer system. (a), (b), (c), (d) pollutant transformation of carbon, nitrogen, phosphorus in the sewer. 
 

 

of microbial communities in each layer of the sediment may be 
different. To verify this hypothesis, seven regions of sediment were 
sampled to detect the distribution of microbial communities. As 
shown in Fig. 4(a), there were 484 OTUs in common in the seven 
samples, and the majority of OTUs in samples ①, ②, ③, ④, ⑤, and 
⑥ were basically same; nevertheless, the genera in sample ⑦ were 
significantly different from the others. To reveal the in-depth dis- 
tribution characteristics of the dominant genera along the longi- 
tudinal  profile  of  the  sewer  sediment,  ternary  diagrams (Fig. 
4(b)e(d)) were conducted. Fig. 4(b) shows the relative pro- 
portion of dominant genera in samples ①, ④, and ⑦, which were 
taken from the inner surface of the sewer. Methanosaeta was 
abundant  in  sample  ④ with  a  relative  abundance  of  29.86%; 
nevertheless, the relative proportion of this genus was much lower 
in samples ① and ⑦ (0.11% and 5.42%, respectively). In fact, the 
relative proportions of the dominant genera were similar in sam- 
ples ④, ⑤, and ⑥ (as shown in Fig. 4(c)), and Methanosaeta was the 
dominant genus in the middle layer of the sewer sediment (regions 
④, ⑤, and ⑥). In all regions of the sewer sediment, Smithella (a 
genus  of  propionate-oxidizing  bacteria  (EUZe'BY, 1997))  were  a 
nonnegligible genus, which may promote the decomposition of 
carbon contaminants (Fig. 4(b)e(d)). 

The typical fermentative bacteria such as Trichococcus, Cloa- 
cibacterium and Paludibacter (Dinh et al., 2014; Yassin et al., 2012; 
Luo et al., 2014) could be detected in most regions of sediment 
(Supporting Tables 1 and 2), which could induce the hydrolysis and 
acidification of particulate organic matters, however, the abun- 
dance of some fermentative bacteria which could transform 
macromolecular organic matters into SCFAs showed the decrease 
tend from middle layer to deep layer of sediment (Trichococcus, 
Cloacibacterium), and it indicated that the accumulation rate of 
small molecule organic substrate in deep layer would be lower than 
that in middle layer. However, Lactobacillus, a major part of the 
lactic acid producing bacteria (convert polysaccharide to lactic acid 
(Rao  et  al.,  2000))  could  only  be  detected  in  the  region  ⑦, 

meanwhile, due to the capacity of consuming lactic acid at the 
condition of low small molecule organic matters, the relative 
abundance of dominant sulfate reducting bacteria (SRB) (Desulfo- 
vibrio and Desulfobulbus (Supporting Tables 1 and 2) (Tsukamoto 
and Miller, 1999; Taylor and Parkes, 1983)) increased from 0.01% 
and 0.03% (upper layer of the sediment) to 1.70% and 0.97% (deep 
layer of the sediment). When the hydrogen sulfide (metabolites of 
SRB) enriched, a variety of microbial communities especially 
methanogens would be inhibited (Maillacheruvu et al., 1993; Henze 
and Harremoe€s, 1983). It indicates that, due to the enrichment of 
sulfate-reducing bacteria, sulfide might be produced mainly in the 
deep layer of the sediment. The above mentioned results indicate 
that the environment of the sewer inner surface affects the 
reproduction of bacteria (different genera distribution character- 
istics between samples ① and ④ but similar distribution of bacteria 
in samples ③ and ⑥), and because fermentative bacteria were the 
dominant  microbial  community  in  all  samples,  carbon  trans- 
formation was achieved in all regions of the sewer sediment. It 
should be noted that Methanosaeta (a genus of archaea) showed 
different distribution characteristics in the different layers; there- 
fore, the archaea were analyzed individually in the samples. 

The observed species numbers of archaea in the seven regions 
are  exhibited  in  Fig.  5(a).  Approximately  1400  species  were 
observed in samples ④, ⑤, and ⑥, which is much higher than that 
in the other samples (500e900 species). The results showed that 
the diversity of archaea increased with the sediment depth, and 
reached a peak value in the middle layer before gradually reducing 
in the deeper layer. The observed species number in region ⑦ was 
slightly higher than that in regions ①, ②, and ③; which indicated 
the environment at the middle layer of the sewer sediment was 
suitable for the reproduction of archaea, and owing to the irregular 
disturbance of the sewage, the archaea could not accomplish 
normal metabolism processes at the surface  of the  sediment. 
Fig. 5(b) and (c) shows the relative proportions of the dominant 
archaea in different samples. In the middle layer (regions ④, ⑤, and 
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Fig. 3. Microbial community structure and phylogenetic tree of bacteria and archaea. 
 

 
⑥), the species and relative proportions of the dominant archaea 
were almost the same (relatively equidistant distribution in the 
ternary diagram), and methane-producing archaea (Meth- 
anobacterium, Woesearchaeota and Lactivibrio (Ortiz-Alvarez and 
Casamayor, 2016; Qiu et al., 2014)) were enriched in this layer. In 
regions ③, ⑥, and ⑦ (the longitudinal profile of sewer sediment), 
the dominant methane-producing archaea were enriched in region 

⑥ rather than in regions ③ and ⑦. It could be concluded that 
methane emission in the sewer mainly resulted from the middle 
layer of the sediment. 

To reveal the effect of environmental factor on microbial com- 
munity distribution in the sediment, the oxidation-reduction po- 
tential values in the seven regions were detected (Fig. 6). In regions 
①, ②, and ③, the ORP values were approximately -100 mV, and in 



 
 

 
 

Fig. 4. Distribution characteristics of microbial communities in different regions of sediment. (a) Flower figure showing the characteristics of OTUs in samples. (b), (c), (d) Ternary 

diagram exhibiting the diversity of dominant genus along the longitudinal profile of sewer sediment. Ternary diagram is a barycentric plot on three variables (genus in sediment 

sample and the labels represent the sample number), and it depicts the ratios of the three variables as positions in an equilateral triangle. The projection of colored dots in the three 

boundary of equilateral triangle show the relative proportion of genus in the three samples. 

 
regions ④, ⑤, ⑥, the ORP values were lower than -320 mV, and 
then, it were increased to -284~-300 mV in region ⑦. In general, 
the ORP variation could affect the metabolism of methanogens and 
sulfate-reducing bacteria, although the methanogens could survive 

at the condition of higher ORP values (maximum of -200 mV), the 
most suitable condition for reproduction of methanogens should be 

lower than -300 mV (Isa et al., 1986), while the ORP requirement 
for reproduction of sulfate-reducing bacteria is much higher than 

methanogens (maximum of -100 mV (Harada et al., 1994)), 

therefore, at the condition of relatively higher ORP values (-200 

mV~-300 mV), the sulfate reduction process would be 
preferentially occurred than methanogenesis. Combining with the 
above discussion that accumulation rate of small molecule organic 
substrate in deep layer could be lower than that in middle layer, the 
condition  of  higher  ORP  values  in  region  ⑦ could  also  provide 
suitable environment for sulfate-reducing bacteria reproduction 
processes, therefore, the sulfate-reducing bacteria were enriched in 
deep layer of sediment and hydrogen sulfide enrichment would 
inhibit the methanogenesis processes in this place. In conclusion, 
the methanogenesis and sulfate-reducing processes mainly 
occurred in middle and deep layer of sediment respectively, and the 
emission of methane and hydrogen sulfide was significant in sewer 

sediment (Supporting Fig. 1). 
 
 

3.4. Contaminants and microflora evaluation in different regions of 
the sewer sediment 

 
To further explain the contaminant distribution characteristics 

in the sewer sediment, Spearman analysis was conducted to 
determine the relationship between the functional genera and 
contaminant concentration in the seven regions. As shown in Fig. 7, 
the gridding with stars represents a significant positive or negative 
correlation between the contaminant concentration and functional 
genera in the regions. The functional bacteria for carbon pollutant 
transformation (C), mainly including fermentative bacteria, showed 
a positive correlation with TCOD and SCOD in all regions except 
region ① (light blue stripe). The dominant fermentative genera, 
including Aquabacterium, Aeromonas, Paludibacter (Luo et al., 2014; 
Kalmbach et al., 1999; Ishii et al., 2014), were detected in all regions 
of the sediment (Supporting Table 2), which promote the processes 
of hydrolysis and acidification, indicating that fermentation was the 
major biochemical reaction in the sewer sediment; however, due to 
the turbulent state near the inner surface of the sewer, fermenta- 
tion did not occur easily in region ①. 
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Fig. 5. Distribution of archaea in different regions of sediment. 
 

 
 

 
 

Fig. 6. Variation of ORP values in different regions of sediment. 

 
 

The functional bacteria for nitrogen pollutant transformation 
(N) only exhibited a positive correlation with TN in region ①, and 
this result is in accordance with the sequencing detection of nitri- 
fying bacteria and denitrifying bacteria. Due to the anaerobic 
environment in the sewer sediment, nitrifying bacteria nearly 
could not be found, except in region ① (Nitrosomonas (Marsh et al., 
2005) 0.15%, Nitrosococcus (Garrity et al., 2004) 0.13%). This may be 
due to the unstable sewage flow state near the inner surface of the 
sewer pipes, which supplied little oxygen to region ①. Dechlor- 
omonas, Alicycliphilus, and Thauera (Achenbach et al., 2001; 
Mechichi et al., 2003; Han et al., 2015) were detected in regions ①, 
②, and ③ of the sediment, which leads to denitrification, and due 
to the lack of NO3-N in the sediment, the relative abundances of 
denitrifying bacteria were extremely low (Supporting Table 2). The 
lack of nitrate prohibited the metabolism of the functional bacteria 

for nitrogen pollutant transformation, and these kind of bacteria 
could only consume COD to maintain survival (showing a positive 
correlation with COD at the upper layer of the sediment (regions ①, 
②, and ③)). 

The functional bacteria for phosphorus pollutant transformation 
(P) showed a significant negative correlation with TP and PO4-P in 
most regions, except for region ②. In general, polyphosphate- 
accumulating organisms consist of two types of bacteria, deni- 
trifying phosphorus-removing bacteria and aerobic phosphorus- 
accumulating bacteria (Ahn et al., 2002; Kuba et al., 1996), and 
because oxygen and nitrate act as electron acceptors for 
polyphosphate-accumulating organisms and aerobic phosphorus- 
accumulating bacteria, the diversity of polyphosphate- 
accumulating organisms was low in all regions (Supporting Table 
2), and those microbial communities showed a non- significant 
correlation with phosphorus contaminants. It can be concluded 
that the increase in TP and PO4-P in the sediment may 
mainly be due to particulate matter deposition from sewage, and 
phosphorus transformation was difficult to achieve in the sewer 
sediment. The genera of methane-producing archaea showed a 
significant positive correlation with SCOD in regions ④, ⑤, ⑥, and 
⑦, especially in the middle layer of the sewer sediment; therefore, 
the methane-producing process may be greatly promoted in the 
sediment. Thus, the Spearman analysis confirmed the distribution 
characteristics of archaea that were exhibited above. 

In conclusion, fermentative bacteria play an important role in all 
regions of the sewer sediment to induce particulate matter hy- 
drolysis and hydrolysate enrichment (accumulation of SCOD and 
SCFAs shown in Fig. 2(b)), which gives a proper fundamental un- 
derstanding of the bioreactions involved in pollutant trans- 
formation. Previous studies have verified that the consumption of 
substrates by methanogens and sulfate-reducing bacteria is selec- 
tive; therefore, the category and concentration of fermentation 
products in the different regions of sewer sediment affect the 



 
 

 
 

Fig. 7. Correlations between microbiota abundances and contaminants in seven regions of sewer sediment (Spearman's correlation (s) between the relative abundance of 

significantly functional microbes and the contaminants in sediment. Colour and the stars of each stripe indicate magnitude of correlation, with s value superimposed on stripe. Four 

stripe sequences in each region indicate the functional microbes of carbon (C), nitrogen (N), phosphorus (P) transformation, methane-production archaea (A) in sequence (clas- 

sifying method and references were shown in supporting Tables 1 and 2)). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 

version of this article.) 
 

 

metabolism of the two pivotal microbial communities. It caused the 
archaea and sulfate-reducing bacteria exhibited depth-dependent 
reproduction characteristics, which led to the emission of 
methane and sulfide in the middle and deep layer, respectively. In 
contrast to the enrichment of fermentative bacteria (including 
hydrolytic-acidification bacteria and methanogens) and sulfate- 
reducing bacteria, nitrifying and polyphosphate-accumulating 
bacteria could only survive in the sediment, and showed a non- 
significant correlation with nitrogen and phosphorus matters, 
which indicates that the transformation of nitrogen and phos- 
phorus contaminants was mainly caused by physical particulate 
matter deposition from sewage. In addition, fluctuating variations 
in nitrogen and phosphorus contaminants in sewer sediment could 
affect the quality of influent wastewater, and then might affect the 
treatment pressure in wastewater treatment plants, which should 
be verified in the future. Based on the functional evaluation of 
pollutant transformation in this study, a theoretical basis for opti- 
mizing the operation of urban sewer systems and predicting 
influent quality of wastewater treatment plants will be proposed. 

 

 
 

4. Conclusions 

 
Based on a pilot experimental sewer system, the pollutant 

transformation mechanism was studied in sediment. The main 
conclusions drawn from this study are as follows: 

 
(1) Owing to the variation of ORP values in different longitudinal 

profiles and depths of the sediment, dominant functional 
microbial communities were found existing in distinct 
regions. 

(2) The fermentative bacteria play an important role in all re- 
gions of the sewer sediment, and it could induce the accu- 
mulation of easily degradable substrates for diverse pollutant 
transformation in sewer sediment. 

(3) Methanogens and sulfate-reducing bacteria exhibited depth- 
dependent reproduction characteristics, which might led to 
the emission of methane and sulfide in the sediment of the 
middle and deep layer, respectively. 

(4) Nitrifying and polyphosphate-accumulating bacteria could 
hardly survive in the sediment, which indicated that the 
variation of nitrogen and phosphorus contaminants might be 
mainly caused by the physical particulate matter deposition 
from sewage. 
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