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nia contents decreased by 74.0% and 76.3% and the concentrations of dissolved oxygen
increased from 1.65 to 4.90 mg/L, indicating the effectiveness of the acclimated compos-
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ite microorganisms. The proportion of Bacteroidetes decreased significantly by 48.1% and
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that of Firmicutes increased by 2.23% on average, and the microbial diversity index first in-
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creased and then tended to be uniform. Redundancy analysis demonstrated that the pH,
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dissolved oxygen, and oxidation-reduction potential together determined the composition
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of the microbial communities (p < 0.05). These findings showed that the acclimated com-
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posite microorganisms can effectively remediate the black odor.
© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
With the rapid economic development and urbanization, occurrence of black-odorous water in urban river systems has
increased in recent decades, which is adversely affecting the
aquatic ecosystems (Sun et al., 2019). The black-odorous water bodies refer to the polluted water that present unpleasant colors and emit malodor smells in river areas. They were
classified into light level and heavy level according to the water quality indicators of transparency, dissolved oxygen (DO),
∗

oxidation-reduction potential (ORP), and ammonia nitrogen
(NH4 + -N) (Chinese Ministry of Housing and Urban-rural Development, 2015). Black-odorous phenomenon occurs all over
the world which reported at the Wadden Sea in Germany
(Freitag et al., 2003), the Biwa Lake in Japan (Maeda et al.,
1992), the Malacca River in Malaysia (Hua and Marsuki, 2014),
and the Mithi River in India (Singare et al., 2012). In China,
black-odorous water has been a widespread problem, especially in recent years. Its occurrence increased from 1,861 in
2016 to 2,100 in 2019 according to the guidelines for the remediation of urban black-odorous waters from the Ministry
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of Housing and Urban-Rural Development and the Ministry of
Environmental Protection (Chinese Ministry of Housing and
Urban-rural Development, 2016, 2019). In 2018, the proportion of black-odorous water in Guangdong Province was as
high as 11.6%, which destroyed urban landscapes and even
affected the quality of living of the residents. Understanding
the formation mechanism of black-odorous water is essential for restoring the quality of water. Odorous compounds are
principally some volatile organic and inorganic compounds
produced by anaerobic reactions of overgrowth heterotrophic
bacteria (Pan et al., 2016). Meanwhile, the reduced inorganic
compounds generated black matters by combining with metal
ions, which blackened the water largely collaborated with microbial sludge flocs (Liang et al., 2021) rather than by themselves (Liang et al., 2018; Stahl, 1979). The occurrence of blackodorous phenomenon may lead to severe and irreversible
changes in the microbial community of aquatic environments
(Zhang et al., 2022). And a previous study has illustrated that
the microbial community compositions in different levels of
black odor water body were significantly different (Wu et al.,
2019).
Physical, chemical, and biological-ecological technologies
are effective methods for remediating the black-odorous water bodies (Wang et al, 2012). Physical methods involve artificial aeration (Ouellet-Plamondon et al., 2006), sediment dredging (Mulligan et al., 2001), water diversion (Yan et al., 2018),
and mechanical removal (Zhang et al., 2010), which always
consume large amounts of human, material, and financial resources. Chemical methods, including chemical oxidation, enhanced flocculation (Daifa et al., 2019), chemical precipitation
(Meunier et al., 2006), and chemical removal (Murphy, 1991),
use chemical agents to improve the water quality by coagulating suspended solids, dissolved nitrogen, and other pollutants
(Sun et al., 2019), which easily leads to secondary pollution.
Biological-ecological methods include plant purification technology (Sun et al., 2009), microbial technology (Hechmi et al.,
2016; Mani et al., 2017), biofilm technology, artificial wetland
technology (Zheng et al., 2016b), and combinatorial biotechnology (Bosso et al., 2015; Hwang et al., 2016), which utilize or activate the metabolic activities of plants and bacteria
to absorb, remove, or degrade organic matter in the sewage.
Compared with physical and chemical methods, biologicalecological methods are more promising, as they rely on natural biology and are economical, high-efficiency, environmentfriendly, consume less energy, and do not cause secondary pollution (Wang et al., 2019a).
Microorganisms, as a major way for biological treatment,
can absorb sugar, protein, fat, starch, and other organic compounds from sewage as nutrients. These organic matters
are decomposed and utilized to form synthetic microbial
structures and functional substances or provide the necessary energy via a series of enzymatic reactions (Qiu et al.,
2012; Dong et al., 2018). Microorganisms with degrading function can be applied directly for remediation of black-odorous
rivers, although their efficacy is poor with low adaptability to
the environment. The direct addition of functional microorganisms to contaminated rivers may destabilize the effects of
the treatment (Haresh and Dalla, 2003). For example, Nitrobacter, the main composition of nitrogen-removing microbial
agent, is susceptible to DO and its activity is affected by tem-

perature, pH, and ammonia-nitrogen conditions (Holman and
Wareham, 2005). The acclimated composite microorganisms
remove nutrients more efficiently than pure functional microorganisms (Lei et al., 2018; Yan et al., 2021). Previous experiment has shown that the water quality of the Buji stream
(Shenzhen, China) was significantly improved after the addition of indigenous nitrifying bacteria in situ (Jiao et al., 2011).
The Dianpai Ditch is a typical black-odorous stream with
high chemical oxygen demand (COD) (≥ 50 mg/L), NH4 + -N
(≥ 11.0 mg/L), and total phosphorus (TP) (≥ 2.6 mg/L, exceeded the Grade V water quality standards). To rid the blackodorous phenomenon, a comprehensive engineered bioremediation process involving microorganisms, optimized micronano bubble aeration, and ecological floating beds was used
to restore the heavily polluted stream. The targets of this engineering were: 1) to remove the black odor phenomenon; 2) to
increase the transparency above 25 cm; 3) to increase the DO
concentration above 2.0 mg/L; and 4) to increase the ORP above
50 mV. This study focused on the first phase of this engineering that used acclimated composite microorganisms, aiming
to basically eliminate the odorous phenomenon. The three objectives of this study were as follows: 1) to monitor the water
quality and removal efficiency of COD, TP, NH4 + -N, DO, and
ORP; 2) to reveal the potential mechanism of the composite
microorganisms remediate polluted rivers through microbial
alteration; and 3) to evaluate the feasibility of applying acclimated composite microorganisms to remediate a polluted
river in situ.

1.

Materials and methods

1.1.

Description of treated area

The Dianpai Ditch is about 3 km long and 1.5 m deep, and is located in Shantou city, Guangdong Province, China (Fig. 1). The
eastern part of the Dianpai Ditch flows through a provincial industrial agglomeration area, the Wanji industrial zone, where
there are several wastewater discharge channels. The Dianpai
Ditch is a representative case for urban polluted rivers inferior
to the Grade V of Quality Standards for Surface Water in China
(Table 1). To effectively improve water quality, biological technologies were used to treat stream from 3rd September to 10th
October. Three sampling sites, Nianfengguan (NFG, 23.4283°N,
116.7017°E), Dianpaizhan (DPZ, 23.4136°N, 116.7028°E), and Xipancun (XPC, 23.4056°N, 116.7064°E) were selected to investigate dynamic changes in the water parameters and microbial
community (Fig. 1).

1.2.
Preparation and addition of composite
microorganisms
Composite microorganisms are enrichment indigenous sediment microorganisms, mixing in a ratio of 10:1:1 with functional bacteria (Bacillus natto ADT, national patent number:
201911341887X) and supplemental bacteria (Lactobacillus bulgaricus, Enterococcus, Lactobacillus, Bacillus subtilis subsp, etc. national patent number: 201911341809X). They were inoculated
at 5% dosage in a 1L fermentation tank and incubated at 37◦ C
for 8 days. The medium consisted of 5% molasses, 2% glu-
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Fig. 1 – Map showing the locations of sample collection. Blue represents the water flow, red dots ( ) represent the pollution
source, emerald triangles ( ) represent the sampling points, and ( ) greenish black triangles represent the sampling points
before treatment. The direction of the water flow is indicated by red arrows. Samples were collected from NFG, DPZ, and XPC.

Table 1 – The water quality parameters of Dianpai ditch before treatment.
Sampling Position 1

COD(mg/L)

NH4 + -N (mg/L)

TP(mg/L)

DO(mg/L)

ORP(mV)

pH

300m from the start
Longjiang Road exit
Dianpai Station

54.9
66.9
142.6

6.55
13.06
14.76

2.10
2.08
3.51

3.34
2.41
0.02

58
18
-261

6.82
6.91
6.88

COD: chemical oxygen demand; NH4 + -N: ammonia nitrogen; TP: total phosphorus; DO: dissolved oxygen; ORP: oxidation-reduction potential.
1
The specific location is marked with ( ) greenish black triangles in Figure 1.

cose, and 2.5% soybean meal. The culture conditions were 0.2
vvm ventilation and 120 r/min rotation speed under real operational conditions (pH 7-8). When the abundance of bacteria
reached 107 cells/mL, the composite microbial system was inoculated into the polluted stream. To ascertain the microbial
community of the composite microorganisms, 300 mL sample
in triplicate was collected and filtered using a 0.22 μm membrane (IsotopeTM , Merck Millipore, Ireland) for high throughput sequencing (labeled C_1, C_2 and C_3).
Laboratory experiment was conducted to confirm their
degradation efficacy for the Dianpai Ditch and determine the
best dosage of the acclimated composite microorganisms. Different dosages (0, 0.10, 0.25, 0.50, 0.75, 1.00 mL respectively)
were added into 5 L water samples collected from DPZ, respectively. Intermittent aeration was adopted during the experiment.

1.3.

Water quality sampling and measuring

DO, ORP, pH, temperature, and transparency were measured
using portable instruments (YSI Pro1020, USA) in situ. Fifty

milliliters in situ water were collected and stored at -20◦ C for
measurement of NH4 + -N, COD, and nutrient. NH4 + -N and
COD were measured using a spectrophotometric method.
Nutrients were measured using standard colorimetric
methods.

1.4.

Analysis of microbial composition

Five hundred milliliters water in triplicate was collected from
the depth of 30-50 cm and filtered with 0.22 μm membrane
(IsotopeTM , Merck Millipore, Ireland) at September 3, September 20, September 26 and October 10 (labeled 1, 2, 3, 4, respectively). The filter membranes were stored at -80◦ C until further
microbial analysis.
The FastDNA Spin kit for soil (MP Biomedicals, Eschwege,
Germany) was used to extract DNA according to the manufacturer’s instructions. Subsequently, DNA concentration and
purity were quantified using the Nano Drop 2000c spectrophotometer (Thermo Fisher, USA). The microbial composition was
characterized using high-throughput sequencing with univer-
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Fig. 2 – Microbial community composition of acclimated composite microorganisms (a, species) and degradation efficacy of
(b) COD and (c) NH4 + -N after adding different amounts of microorganisms.
sal primers 338F/806R and polymerase chain reaction (PCR)
(ABI GeneAmp® system 9700) in triplicate. The purified PCR
products were pooled on an Illumina MiSeq platform (Illumina, USA) according to the standard protocols by Majorbio
Bio-Pharm Technology Co. Ltd. (Shanghai, China). The raw
reads are available under accession number PRJNA633412 in
the NCBI Sequence Read Archive database.
Raw sequences were demultiplexed and quality-filtered
using QIIME v1.7.0 to obtain high-quality clean sequences
(Caporaso et al., 2011). The sequences were compared with
the Silva database using the UCHIME algorithm. Finally, the
effective sequences were obtained. Sequences with a limit
of 3% distance (equivalent to 97% sequence similarity) were
assigned to the same operational taxonomic units (OTUs)
using UPARSE 7.1 (Edgar, 2013). OTU abundance was normalized using a standard of sequence numbers corresponding to samples with the least number of sequences. Subsequent analysis was performed using this output-normalized
data.
QIIME calculates both weighted and unweighted UniFrac,
which are phylogenetic measures of beta diversity. Unweighted pair-group method with arithmetic Mean (UPGMA)
clustering, a type of hierarchical clustering method to interpret the distance matrix using average linkage, was conducted
using the QIIME software (version 1.7.0) (Chen et al., 2020).
At the same time, Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt v1.0.0.6)
(Langille et al., 2013) analysis was conducted to determine the
predicted microbial metabolic functions.

1.5.

Statistical analysis

The Chao, Shannon, Simpson, and Sobs index values were
adopted in the alpha-diversity analysis. At the genus level, re-

dundancy analysis (RDA) was conducted to examine the sample clustering patterns and to evaluate the influence of geochemical parameters on the microbial community structures
using the vegan package of R 4.1.0. To select attributes in RDA
modeling, variation inflation factors (VIF) were applied and
whether the variance in canonical coefficients was inflated by
the presence of correlations with other attributes was examined. Attributes with VIF values larger than 10 were considered to be affected by other attributes and were consequently
removed (Yang et al., 2014). The relationship between microbial diversity and dissolved oxygen content in the treatment
of black-odorous water was explained using Pearson coefficient and Spearman coefficient statistical analysis, and linear
regression and binary correlation analysis. An independent t
test was used to compare the differences in microbial diversity and functional genus. All statistical analyses were performed using SPSS 23.0 considering p < 0.05 as statistically
significant.

2.

Results and discussion

2.1.
Characteristics of composite microorganisms and
determination of optimal dosage
Analysis of microbial composition revealed eight main
species in the composite microorganisms (Fig. 2a). Among
these, Prevotella_7 was the most abundant species, comprising 44.94% of the total, followed by Lactobacillus plantarum
(31.43%), Lactobacillus casei (8.89%), Clostridium tyrobutyricum
(4.99%), and others (relative abundance < 1%, 3.84%). Bacillus, the additional functionally effective bacteria of the acclimated composite microorganisms, accounted for 0.24% of the
population.
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Fig. 3 – Changes in COD, TP, NH4 + -N, DO, and oxidation- reduction potential (ORP) during the treatment.

After 8 days of degradation, the COD and NH4 + -N levels
decreased by 51.07%-65.38% and 34.79%-54.87%, respectively
(Fig. 2b and 2c). The water quality improved, verifying that the
composite microorganisms had an evident capacity to reducing COD and NH4 + -N. Taking economy and treatment effects
into consideration, the addition of 0.5 mL composite microorganisms was found to be optimal (the removal rates of COD
and NH4 + -N were 65.4% and 55.3%, respectively), which indicated that the proportion of indigenous environmental microbial preparations was 1:10000.

2.2.

Changes in water quality during the treatment

Changes in water quality were observed when optimal
amount of the composite microorganisms was applied to the
treated stream. During the study period, the pH remained stable between 6.5 and 7.5 (slightly acidic) in all stations. Furthermore, the COD concentration fluctuated slightly (Fig. 3), during
which it was higher in the late stage than in the initial stage
(low initial COD concentration was possibly due to dilution by
rainwater). The initial TP concentration in DPZ and XPC ex-

186

journal of environmental sciences 118 (2022) 181–193

Fig. 4 – Microbial community composition at (a) phylum, (b) class, and (c) genus levels.

ceeded 0.4 mg/L, and the NH4 + -N concentration exceeded 2
mg/L, which were in agreement with the inferior class V water standard, and gradually decreased with the addition of the
composite microorganisms. The initial DO in DPZ and XPC was
less than 2 mg/L and ORP was far less than 0 mV. DO and ORP
showed an obvious increase with the addition of the composite microorganisms. To recapitulate briefly, during the process
of urban water body restoration, TP improved from the inferior
class V water level to the class Ⅱ, NH4 + -N and DO improved
from the inferior class V water level to the class V water level,
ORP increased from -44 to 183 mV, and DO increased from 1.65
to 4.90 mg/L. Thus, the water quality of urban water bodies improved distinctly.

2.3.

Characteristics of the microbial composition

In total, 1,888,023 high quality sequencing reads, 70 phyla, 156
classes, 389 orders, 666 families, 1,500 genera, and 7,675 OTUs
(at the threshold of 97%) were obtained from 36 samples. The
coverage of all samples was greater than 0.97, indicating that

the sequencing depth was sufficient to cover most microorganisms.
As shown in Fig. 4a, Proteobacteria was the most abundant
phylum with mean relative abundance of 36.40% ± 12.24%.
Bacteroidetes was the second-most abundant phylum with
mean relative abundance of 22.17% ± 15.86%. It was followed
by Firmicutes (21.25% ± 6.07%) and Actinobacteria (10.93%
± 9.46%). Bacteroidetes and Firmicutes as the main components of the composite microorganisms accounted for 44.94%
and 54.94% of the population, respectively. After the addition
of composite microorganisms, the relative abundance of Proteobacteria decreased in NFG (37.49%), but increased in DPZ
(17.11%) and XPC (18.25%). The relative abundance of Bacteroidetes decreased by 85.75%, 19.67%, and 39.81% in NFG,
DPZ, and XPC, respectively, whereas that of Firmicutes in DPZ
and XPC increased by 3.15% and 1.30%, respectively.
Proteobacteria is a dominant phylum in natural systems,
which performs the important function of biological nitrogen and phosphorus removal and the degradation of many
pollutants (Lu et al., 2015; Yang et al., 2014). The change in
the relative abundance of Proteobacteria may be related to
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the water quality. NFG is located upstream of the Dianpai
Ditch, with fewer sources of pollutants; hence, it may need less
Proteobacteria for degrading organic matter. Water quality in
DPZ and XPC were poorer than that in NFG. After the addition of composite microorganisms, more energy is required
to degrade pollutants; hence, the number of Proteobacteria
increased correspondingly. Bacteroidetes are obligate anaerobes involved in the decomposition of glucose, lactose, and
sucrose (Thomas et al., 2011). The initial water quality of DPZ
and XPC was poor. Large amounts of dissolved oxygen (DO)
was exhausted during the reproduction of overgrown algae,
which led to deterioration of water quality. Furthermore, the
lack of dynamic cycle conditions further exacerbated the black
odor phenomenon of the water body (Wang et al., 2019b). After
adding composite microorganisms, the Bacteroidetes population decreased slowly, as DO increased gradually.
As aerobic or facultative anaerobic bacteria, Firmicutes can
decompose organic pollutants into carbon dioxide, nitrate,
and sulfate, and can effectively reduce the COD, BOD, NH4 + -N,
NO2 − -N, and sulfide concentration and improve water quality
(Rui et al., 2015). Actinobacteria is a heterotrophic bacterium
that uses different carbohydrates for energy (Zhang et al.,
2020). The relative abundance of Actinobacteria in NFG was
lower than that in DPZ and XPC. It was primarily associated
with the good water quality and the high metabolic abundance of carbon in NFG. The relative abundance of Actinobacteria in DPZ and XPC gradually increased with the addition of
composite microorganisms.
Sulfate reducing bacteria (SRB), a facultative anaerobic microorganism (not strictly anaerobic), is abundant in the natural environment and is the main biological factor causing blackening (Yin and Wu, 2016). SRB has 11 genera, and
Desulfovibrio and Desulfotomaculum are the two main genera
in waste water treatment. In this study, Desulfovibrio in NFG
(0.11%) was significantly lower than that in DPZ (0.18%) and
XPC (0.49%) before applying the composite microorganisms.
After the application of the composite microorganisms, Desulfovibrio population gradually decreased in NFG and DPZ. However, the change of Desulfovibrio population in XPC was inconsistent, which was possibly because XPC was located downstream and the water quality of the inlet water was complex.
Class-level (Fig. 4b) and genus-level (Fig. 4c) analyses provide detailed information regarding the microbial composition of the samples. At the class level, the mean relative abundance of Gammaproteobacteria, Bacteroidia, Bacillus, and Actinobacteria were the highest among all the classes,
accounting for 28.92% ± 12.91%, 22.00% ± 15.98%, 11.27% ±
4.66%, and 10.93% ± 9.46% of the population, respectively. At
the genus level, Cloacibacterium, Acinetobacter, and Streptococcus were the dominant genera in all samples. The most representative bacteria after composite microorganisms treatment were Cloacibacterium, CL500-29_marine_group, Trichococcus, Tolumonas, and unclassified_Rhodobacteraceae. Among them,
the abundance of CL500-29_marine_group increased gradually
and that of Cloacibacterium decreased gradually after the addition of composite microorganisms.
The diversity index of each time period was shown in
Table 3. The alpha diversity index varies significantly of different sites, as observed with the Shannon and Simpson index (p < 0.05). The Shannon diversity indexes of DPZ (3.32-
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4.26) and XPC (3.89-4.35) were significantly lower than that of
NFG (4.88-5.02). After the addition of composite microorganisms, the diversity of microbial community in black-odorous
water increased significantly in three sites and the highest
value usually occurred in the third sample of each site (N3,
D3, X3). In general, the diversity of microbial community in
black-odorous water first increased, then decreased, and finally tended to stabilize after the addition of composite microorganisms.

2.4.
Microbial cluster analysis and correlated
environmental factors
Cluster analysis of 36 samples showed that the samples of
NFG were clustered more closely (30%) after the application
of composite microorganisms (N2, N3, N4). The groups before
treatment formed obvious clusters at the 25% distance, where
D1 and X1 clustered more closely. The water quality of NFG
was better, whereas that of DPZ and XPC was poor (Table 2),
which may be the main reason for this phenomenon.
To further study the influence of environmental factors on
the results of the clustering analysis, RDA analysis on environmental factors at the genus level (relative abundance more
than 2% after adding functional bacteria) was performed, in
which groups were based on the results of 30% clustering (N2,
N3, and N4 were in group A, X4 and D4 were in group B, and
N1, D1, D2, D3, X2, X2, and X3 were in group C). The RDA results were shown in the Fig. 5. The first two RDA axes explained 74.82% of the cumulative variance of the microbial
community-environment relationship. The result showed a
significant positive correlation with DO, pH, and ORP (p < 0.01).
ORP had the highest influence (78.18%) on the distribution
of the microorganisms. This is consistent with the research
of Jinchuan River in Nanjing, which revealed that ORP is the
main factor driving bacterial community aggregation in urban black and odorous rivers (Zhang et al., 2019). The initial
ORP of both DPZ and XPC was far less than 0 mV. After adding
acclimated composite microorganisms, ORP significantly increased to around 200 mV. The change in ORP from negative
to positive value indicates the change in river water from oxidation to reduction potential. The increase in ORP can inhibit
H2 S and CH4 production by anaerobic microorganisms such
as sulfate-reducing bacteria and methanogenic bacteria; thus,
the black and odorous phenomenon can be improved.
The DO contributed 67.29% impact to the variation in microorganisms. Previous study also showed that DO had a great
influence on the change of microbial community in polluted
water (Xia et al., 2014). DPZ and XPC had poor water quality, and the sediments were in an extreme state of hypoxia
(the initial concentration of DO in DPZ and XPC was below
0.1 mg/L, which was considerably lesser than the class Ⅴ water quality standard (2 mg/L, GB3838-2002)). The proportion of
Acetoanaerobium (Genus) in DPZ (0.06%-0.36%) and XPC (0.06%0.24%) was higher than that of NFG (0.02%-0.07%). DO increased significantly after adding the composite microorganisms. The initial DO concentration of NFG was higher, and
the DO concentration decreased after the addition of acclimated composite microorganisms, which may be caused by
microbial consumption. Further study of anaerobic bacteria
was performed to confirm this hypothesis. The mean relative

22.69
32.68
37.68
50.68
25.69
163.66
118.00
36.35
40.02
36.35
79.34
44.68

N1
N2
N3
N4
D1
D2
D3
D4
X1
X2
X3
X4

0.24
0.10
0.30
0.02
0.50
1.48
1.33
0.14
0.80
0.58
0.75
0.10

TP
(mg/L)
4.05
1.26
2.36
0.63
6.81
16.35
13.57
2.41
8.77
8.12
8.50
1.78

NH4 + -N (mg/L)
6.3
5.3
4.0
5.7
0.1
0.8
0.9
1.9
0.1
0.8
0.8
1.7

DO
(mg/L)
204
270
253
198
-10
-263
-261
143
-326
-203
-281
153

ORP
(mV)
6.88
7.27
7.19
7.32
7.01
6.56
6.62
6.78
6.98
6.79
6.76
6.83

pH

T: temperature; Tran: transparency; NO2 − : nitrite; NO3 − : nitrate; PO4 3− : phosphate; SiO4 4− : silicate.

COD
(mg/L)

Sample
33.0
30.8
30.0
31.0
30.6
31.3
31.7
29.5
31.3
29.2
27.5
29.1

T
(◦ C)
35
40
50
50
35
35
35
35
30
40
50
50

Tran
(cm)

Table 2 – Environmental parameters of three sites after acclimated composite microorganisms adding.

28.03
15.77
18.39
29.25
214.00
10.46
23.73
27.93
20.40
10.42
7.97
10.08

NO2 −
(μg/L)

808.62
953.22
741.26
477.47
648.59
201.73
71.36
514.64
827.46
434.83
41.44
53.29

NO3 −
(μg/L)

107.12
76.60
43.44
131.04
332.18
876.77
698.16
205.22
36.65
562.07
362.92
419.66

PO4 3
(μg/L)

3.11
4.05
2.84
6.62
7.10
7.73
7.24
6.44
4.39
9.08
4.36
7.74

SiO4 4(μg/L)
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Table 3 – The diversity index of three sites at each time.
Site

Sample

Sobs∗

Shannon∗

Simpson∗

Chao

Coverage

NFG

N1
N2
N3
N4
D1
D2
D3
D4
X1
X2
X3
X4

1926
2299
2421
1352
1377
1085
990
803
1434
1109
1230
1349

4.88
5.63
5.70
5.02
3.74
4.15
4.26
3.32
3.90
3.89
4.35
4.28

0.05
0.01
0.01
0.02
0.12
0.07
0.04
0.11
0.11
0.12
0.05
0.09

3028.53
3125.89
3554.40
1640.05
2389.13
1766.37
1585.52
1424.08
2431.43
1715.38
2113.21
2187.99

0.97
0.97
0.97
0.99
0.98
0.99
0.99
0.99
0.98
0.99
0.98
0.98

DPZ

XPC

NFG: Nianfengguan; DPZ: Dianpaizhan; XPC: Xipancun.
∗
Significant difference existed between sites (p < 0.05).

Fig. 5 – Hierarchical clustering tree on OTU level, and RDA ordination plot showing the relationship between the distribution
of microbial composition and environmental factors.

abundance of the three anaerobic bacteria of NFG increased
by 1.06% after the addition of acclimated composite microorganisms, while that in DPZ and XPC decreased by 0.06% and
0.16%. In contrast, COD considerably affected (27.18%) the microbial community composition. Previous studies have shown
that COD had the maximum influence on the composition of
microbial community, while DO had the minimum influence
(Gao et al., 2016), which was inconsistent with the results of
this study. This may be because the initial COD values of the
three stations were diluted by rainwater before sampling. Furthermore, the functional bacteria, Bacillus, showed significant
relationship with pH and DO, which may indicate that the
composite microorganisms are more likely to function with
higher DO.

2.5.

Function prediction along time series

A KEGG prediction of OTU function revealed that the relative abundances of glycolysis and gluconeogenesis, prokaryotic carbon fixation pathways, and glyoxylic acid and dicarboxylic acid metabolism increased at the three sites after

treatment with composite microorganisms (Fig. 6a). However, the relative abundance of nitrogen metabolism gradually weakened (Fig. 6b). This may be because the increase in
carbon metabolism led to the consumption of more organic
matter, which is the energy for nitrogen metabolism. In addition, most of the enzymes involved in nitrogen metabolism
are anaerobic bacteria. With the addition of the composite microorganisms, DO gradually increased, inhibiting the activity
of nitrogen metabolism enzymes.
Functional enzymes, including hydroxylamine oxidase
(HAO), nitrous-oxide reductase (NOS), nitric oxide reductase
(NOR), nitrite reductase (NIR), and nitrate reductase bacteria
(NAR), which were associated with the nitrification and denitrification processes were investigated. HAO is a key enzyme
involved in the metabolism of heterotrophic nitrifying bacteria (Fang et al., 2018; Zhang et al., 2014). Various studies
have indicated that hydroxylamine can be oxidized by HAO
under both aerobic and anaerobic conditions (Yamanaka and
Sakano, 1980). After the addition of composite microorganisms, the relative abundances of HAO first decreased (Fig. 6c)
such that NH4 + -N accumulated was inefficiently converted
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Fig. 6 – PICRUSt function predictions of the bacterial communities. (a) Heatmaps of metabolic pathways associated with the
carbon cycle; (b) plot of nitrogen metabolism abundance; (c, d) proportion of functional enzymes associated with the
processes of nitrification and denitrification predictions.

into NO2 − in DPZ and XPC. NH4 + -N content gradually decreased with increase in HAO (Fig. 6c). Analysis of the changes
in water quality revealed that NO3 − and NO2 − concentrations
decreased after the addition of composite microorganisms.
The relative abundance of NOS, NOR, and NIR in the three
sites after the treatment of composite microorganisms were
0.1321‰, 0.4248‰ and 0.0831‰, respectively, which were lower
than those before treatment (0.3644‰, 0.8355‰, and 0.1495‰,
respectively). NAR is a key enzyme that controls the transfor-

mation of NO3 − to NO2 − (Martineau et al., 2015). The abundance of NAR decreased after the addition of composite microorganisms in NFG, whereas it increased in DPZ and XPC.
The abundance of NAR in D4 and X4 was lower than that in
D3 and X3, resulting in the accumulation of NO3 − . There was
a significant difference between NO3 − and NO2 − in D4, mainly
because of less NAR and more NIR (which promotes the reaction of NO2 − to NO) (Fang et al., 2018). NO3 − accumulated
gradually, while NO2 − was consumed. In addition, the con-
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centrations of NO3 − and NO2 − can be affected by DO. Previous
studies have shown that DO is a limiting factor for nitrification and denitrification (Zhou et al., 2019; Zou et al., 2001). DO
was higher in D4 and X4, which had strong oxygen permeability. Therefore, the anoxic zone formed in micelles was small
or it could only form a small anoxic zone in micelles, and the
denitrification capacity was reduced. At the same time, due to
the high DO, mixotrophic bacteria in the aerobic zone were active and could degrade organic matter rapidly and extensively.
Therefore, even if anoxic zones could be formed in the interior of some sludge, denitrification capacity would be reduced
due to the insufficient supply of organic matter (Zheng et al.,
2016a).
On the basis of this analysis, it appears that the acclimated composite microorganisms used in this research can
efficiently control pollutants and restore biodiversity. The dynamic changes in microbial species and environment differed
between the sites, which may be caused by different pollution conditions. NFG was located upstream with better water
quality. DPZ and XPC were located downstream with poor water quality. The pollution mainly includes the discharge of domestic sewage which cannot be collected and treated effectively, the discharge of a large amount of industrial wastewater along the route, and the pollution of manure from animal husbandry such as pigs, geese and broilers. In addition,
the irrational use of chemical fertilizers and pesticides in agriculture may cause water pollution. The continuous discharge
cannot be effectively controlled, which directly affects the purification treatment of local water quality.

3.

Conclusions

The acclimated composite microorganisms efficiently remediated in situ the polluted stream. After addition, the contaminants, including TP and NH4 + -N, were effectively removed. As
the effective ingredient in the composite microorganisms, the
population of Bacteroidetes decreased over time, which may
be due to the gradual improvement in water quality. Among
the environmental factors, ORP had the highest impact on
microorganisms. The acclimated composite microorganisms
promoted carbon metabolism, thereby effectively improving
water quality. These findings provide a basis for further research on the mechanism of microbial remediation and will
promote the development of more effective agents.
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