water
Article

Water Quality and Microbial Community Changes in
an Urban River after Micro-Nano Bubble Technology
in Situ Treatment
Yifei Wu 1,2 , Hui Lin 3 , Weizhao Yin 4 , Sicheng Shao 1,2 , Sihao Lv 3, * and Yongyou Hu 1,2, *
1

2

3
4

*

School of Environment and Energy, South China University of Technology, Ministry of Education, South
China University of Technology, Guangzhou Higher Education Mega Centre, Guangzhou 510006, China;
201620132571@mail.scut.edu.cn (Y.W.); sicheng2009010370@163.com (S.S.)
The Key Lab of Pollution Control and Ecosystem Restoration in Industry Clusters, Ministry of Education,
South China University of Technology, Guangzhou Higher Education Mega Centre,
Guangzhou 510006, China
Research Center for Eco-Environmental Engineering, Dongguan University of Technology,
Dongguan 523808, China; linhui@dgut.edu.cn
School of Environment, Jinan University, Guangzhou 510632, China; weizhaoyin@jnu.edu.cn
Correspondence: lvsh@dgut.edu.cn (S.L.); ppyyhu@scut.edu.cn (Y.H.)

Received: 6 December 2018; Accepted: 27 December 2018; Published: 2 January 2019




Abstract: Currently, black-odor river has received great attention in China. In this study,
the micro-nano bubble technology (MBT) was used to mitigate the water pollution rapidly and
continuously by increasing the concentration of dissolved oxygen (DO) in water. During treatment,
the concentration of DO increased from 0.60 mg/L to over 5.00 mg/L, and the oxidation reduction
potential (ORP) also changed from a negative value to over 100.00 mV after only five days aeration.
High throughput pyrosequencing technology was employed to identify the microbial community
structure. At genus level, the dominant bacteria were anaerobic and nutrient-loving microbes
(e.g., Arcobacter sp., Azonexus sp., and Citrobacter sp.) before, and the relative abundances of aerobic and
functional microbes (e.g., Perlucidibaca sp., Pseudarcicella sp., Rhodoluna sp., and Sediminibacterium sp.)
were increased after treatment. Meanwhile, the water quality was significantly improved with
about 50% removal ratios of chemical oxygen demand (CODCr ) and ammonia nitrogen (NH4 + -N).
Canonical correspondence analysis (CCA) results showed that microbial community structure shaped
by COD, DO, NH4 + -N, and TP, CCA1 and CCA2 explained 41.94% and 24.56% of total variances,
respectively. Overall, the MBT could improve the water quality of urban black-odor river by raising
the DO and activate the aerobic microbes.
Keywords: long term performance; black-odor urban river; micro-nano bubble technology; in situ
treatment; biodiversity

1. Introduction
Urban watercourses are essential and important to the urban ecosystem, landscape ecology and
citizen’s life. However, in recent decades, rapid industrialization and urbanization has accelerated
the worsening waters in urban area in China. Urban rivers are usually used as drains for sewage,
industrial wastewater and even domestic garbage, which contained various pollutants. When organic
pollutants are discharged to rivers, part of them is precipitated in the sediment and the others are
metabolized by microbes [1,2]. During the metabolism, the microbes exhaust the dissolved oxygen
in the water and make the aquatic environment anoxic, which promotes the growth of anaerobic
microbes. Meanwhile, the anaerobic digestion produces odor gases (e.g., H2 S) [3] and black substances
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(e.g., FeS) [4,5]. As a result, the river is in anoxic condition, showing black appearance and stinking
smell. These black-odor rivers flows through the cities affect residents’ life and pose a serious threat to
human health [6]. Thus, treating the polluted urban rivers and recovering their ecological function
have attracted much attention in China.
It is well known that microbes play an important role in biogeochemical cycling of aquatic
ecosystem, which could decompose, transform and mineralize organic or inorganic matters in
urban rivers [7]. Additionally, microbes are the first that interacted with dissolved substances and
severely impacted by perturbations of the water quality [8,9]. Previous study showed that although
microbes could adapt to the environment fluctuation to some extent, the microbial structure will shift
significantly with intensive change of the ambient [10]. Thereby, microbes could be used to monitor
and evaluate the pollution of water, and increasing the concentration of dissolved oxygen in the water
body is the primary method to alleviate the pollution of urban streams.
Many physiochemical or biological treatment methods, which involve plants, aeration, chemical
agents and bacterial inoculation exclusively or in combination to remove or metabolize the
pollutants [11–13], and to mitigate the pollution in different extents. Lately, the micro-nano bubble
technology (MBT) has been applied in water treatment, resulting in good effects. Micro-nano bubbles
are small bubbles with diameters of several micrometers and nanometers, with high self-pressurization
and longer lifetime [14,15], which have recently been explored as promising candidates for aeration.
The primary application of micro-nano bubble was focused on activating the microorganisms, flotation,
water treatment, and aeration [14,16,17]. Unlike the normal macro bubbles (with diameter 1–10 mm),
the micro-nano bubbles would swell and burst in liquid with high mass transfer [15], and significantly
increase the concentration of dissolved oxygen (DO) in water, reaching to the possible oversaturation.
For these excellent properties, MBT would resolve the problem of hypoxia in polluted river efficiently.
Recently, micro-nano bubbles were used to mitigate the pollution by enhancing the concentration of
DO and eliminating the impurities in the river [18].
In this study, MBT was used for aeration and enhance the concentration of DO in an urban
black-odor river, and the long term performance of MBT treatment was investigated. In the Pearl River
Delta, featuring highly-developed manufacturing industry, a river was picked to be the trial target of
MBT experiment. The object was figured out the MBT influence on microbial community structure,
explored the effect on DO, oxidation reduction potential (ORP), chemical oxygen demand (CODCr ),
ammonia nitrogen (NH4 + -N), pH, and total phosphorus (TP) [19]. The relationship between microbes
and physicochemical factors of water was also investigated.
2. Material and Methods
2.1. Study Site and Sampling
The urban river lies between 22◦ 450 24” N, 113◦ 470 9” E and 22◦ 460 13” N, 113◦ 460 52” E, the city
of Dongguan, Guangdong Province, South China. This area is dominated by a typical subtropical
marine climate with annual average temperature around 22.2 ◦ C, data are given in Figure S1 in the
Supplementary Information (SI). This river is a tributary of Maozhou River, which is connected to the
South China Sea.
Considering the past influences of the drain outlets along the rivers and tidal water, we set up
the sampling sites at the upper reaches of the river. In this study, three sampling sites (marked as
S1 (22◦ 460 8” N, 113◦ 460 51” E), S2 (22◦ 450 53” N, 113◦ 460 53” E), and S3 (22◦ 450 43” N, 113◦ 460 57” E))
were picked at the deep areas along the river, with an over 300 m distance from each other (Figure 1).
To study the long-term performance of MBT, the sampling work lasted for 12 months from 19 July 2017
to 27 August 2018, including 3 periods. The first period was from day 0 to day 3, which showed the
original physiochemical properties of the river before treatment. The second period was from day 4 to
day 39, which was the continuous aeration period (aeration for 24 h per day). The third period was from
day 40 to day 157, which was intermittent aeration (aeration for 6 h per day). The work was paused
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2.2. DNA Extraction and Illumina Miseq Sequencing
2.2. DNA Extraction and Illumina Miseq Sequencing
An E.Z.N.ATM Mag-Bind Soil DNA Kit (Omega, Bio-Tek, Norcross, GA, USA) was employed to
An E.Z.N.ATM Mag-Bind Soil DNA Kit (Omega, Bio-Tek, Norcross, GA, USA) was employed
extracted DNA by following the manufacturer’s instructions. The PCR amplification was performed
to extracted DNA by following the manufacturer’s instructions. The PCR amplification was
according to the Illumina 16S Metagenomic Sequencing Library preparation guide (Illumina).
performed according to the Illumina 16S Metagenomic Sequencing Library preparation guide
The V3-V4 hypervariable regions of the bacteria 16S rRNA gene were amplified with primers
(Illumina).
The V3-V4 hypervariable regions of the bacteria 16S rRNA gene were amplified with
341F (50 -CCTACGGGNGGCWGCAG-30 ) and 805R (50 -GACTACHVGGGTATCTAATCC-30 ) by the
primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′-GACTACHVGGGTATCTAATCC-3′)
thermocycler PCR system. The purified amplicons were measured by Qubit dsDNA HS Assay Kit
by the thermocycler PCR system. The purified amplicons were measured by Qubit dsDNA HS Assay
(Life Technologies, Eugene, OR, USA). The purified amplicons were pooled in equimolar, using the
Kit (Life Technologies, Eugene, OR, USA). The purified amplicons were pooled in equimolar, using
Illumina MiSeq system by Sangon Biotech (Shanghai, China). Sequences containing ambiguous bases
the Illumina MiSeq system by Sangon Biotech (Shanghai, China). Sequences containing ambiguous
and any longer than 480 base pairs (bp) were dislodged and those with a maximum homopolymer
bases and any longer than 480 base pairs (bp) were dislodged and those with a maximum
length of 6 bp were allowed [21]. Any sequence shorter than 200bp were removed.
homopolymer length of 6 bp were allowed [21]. Any sequence shorter than 200bp were removed.

2.3. Statistical and Bioinformatics Analysis
Raw fastq files were de-multiplexed and quality-filtered using QIIME (version 1.17). The OTUs
were clustered with 97% similarity [22] by UPARSE (version 7.1) [23], and chimeric sequences were

Water 2019, 11, 66

4 of 14

2.3. Statistical and Bioinformatics Analysis
Water Raw
2018, 10,
x FOR
PEER
REVIEW
fastq
files
were
de-multiplexed

of 14
and quality-filtered using QIIME (version 1.17). The 4OTUs
were clustered with 97% similarity [22] by UPARSE (version 7.1) [23], and chimeric sequences were
identified and
this
study,
MOTHUR
[25][25]
waswas
used
to calculate
the
identified
and removed
removedusing
usingUCHIME
UCHIME[24].
[24].InIn
this
study,
MOTHUR
used
to calculate
Shannon’s
diversity,
Simpson
index,
ACEACE
and and
Chao
1 for1 each
sample.
Coverage
is defined
as: Cas:
=
the
Shannon’s
diversity,
Simpson
index,
Chao
for each
sample.
Coverage
is defined
n1
,
where
n
1 refers to the number of the singleton OTU, N is the number of the total sequences.
1
−
C = 1 − N , where n1 refers to the number of the singleton OTU, N is the number of the total sequences.
ACE and
and Chao
Chao 11 can
can estimate
estimate the
the species
species richness.
richness.
ACE
The hierarchical
clustering tree
tree on
on OTU
OTU level
The
hierarchical clustering
level was
was established
established based
based on
on Bray-Curtis
Bray-Curtis distance
distance with
with
Vegan package
package within
within R.
R. The
The principal
principal coordinate
coordinate analysis
analysis was
was based
based on
on the
the UniFrac
UniFrac dissimilarity
dissimilarity
Vegan
values and
and performed
performed to
interpret the
values
to interpret
the microbial
microbial communities’
communities’ relative
relative similarity
similarity from
from each
each sample.
sample.
The Canonical
Canonical correspondence
correspondence analysis
used to
to determine
determine the
the correlations
correlations between
between
The
analysis (CCA)
(CCA) was
was used
microbial communities
communities and
package within
within R.
R. The
The microbial
microbial
microbial
and environmental
environmental factors
factors by
by Vegan
Vegan package
community
functions
were
predicted
by
Clusters
of
Orthologous
Group
(COG).
community functions were predicted by Clusters of Orthologous Group (COG).

3. Results and Discussion
3.1.
Water Quality
Quality Improvement
Improvement of
3.1. Water
of Black-Odor
Black-Odor River
River
Selected
such
as DO,
ORP,ORP,
COD COD
and soand
on, were
used
to evaluate
Selected water
waterphysicochemical
physicochemicalindexes,
indexes,
such
as DO,
so on,
were
used to
the
river the
condition
and impact
assessment.
The resultThe
showed
the river
polluted
low
evaluate
river condition
and
impact assessment.
resultthat
showed
that was
the river
was with
polluted
DO
(0.60
mg/L–1.02
mg/L)
and
ORP
(around
−
140.00
mV)
levels
before
treatment,
and
then
the
DO
with low DO (0.60 mg/L–1.02 mg/L) and ORP (around −140.00 mV) levels before treatment, and then
and
ORPand
values
significantly
increasedincreased
during MBT
treatment
and stabilizes
(Figure 2).
the DO
ORPwere
values
were significantly
during
MBT treatment
and gradually
stabilizes gradually
During
the
continuous
aeration
period,
the
DO
increased
to
4.00
mg/L–7.50
mg/L,
and
then
(Figure 2). During the continuous aeration period, the DO increased to 4.00 mg/L–7.50 mg/L,were
and
stable
around
4.00
mg/L4.00
during
aerationaeration
(Figure (Figure
2A). In 2A).
like manner,
the ORP
then were
stable
around
mg/Lintermittent
during intermittent
In like manner,
thevalue
ORP
increased
from negative
valuesvalues
to around
130.00130.00
mV during
continuous
aeration
period,
and then
value increased
from negative
to around
mV during
continuous
aeration
period,
and
stable.
The
result
in
March
1
showed
that
the
DO
was
decreased
after
one
month
without
aeration
then stable. The result in March 1 showed that the DO was decreased after one month without
due
to thedue
Spring
Festival,
it was
recovered
previousto
values
aftervalues
severalafter
daysseveral
of intermittent
aeration
to the
Springwhile
Festival,
while
it was to
recovered
previous
days of
aeration.
The
sharp decreasing
DO and ORP
values
at dayvalues
20 might
due20tomight
the discharge
of
intermittent
aeration.
The sharp of
decreasing
of DO
and ORP
at day
due to the
waste-water
when
sampling.
Meanwhile,
the
pH
was
around
7.00
during
the
treatment,
which
was
discharge of waste-water when sampling. Meanwhile, the pH was around 7.00 during the treatment,
not
affected
by affected
MBT. In by
addition,
theaddition,
micro-nano
bubbles could
combine
thecombine
impurities
the river,
which
was not
MBT. In
the micro-nano
bubbles
could
theinimpurities
then
float
upon
water
and
been
eliminated,
for
which,
the
turbidity
of
the
river
was
decreased
in the river, then float upon water and been eliminated, for which, the turbidity of the riverfrom
was
148.00
NTUfrom
(d1)148.00
to around
(d157)
(data
not (d157)
shown).
decreased
NTU21.00
(d1) NTU
to around
21.00
NTU
(data not shown).

Figure 2. Cont.

Water 2019, 11, 66

5 of 14

Water 2018, 10, x FOR PEER REVIEW

5 of 14

Figure 2. The DO and ORP improvement of
of river
river (A:
(A: DO,
DO, B:
B: ORP).
ORP).

A massive
environment
ledled
to to
eutrophication
of
massive amount
amountof
ofnitrogen
nitrogenand
andphosphorous
phosphorousininaquatic
aquatic
environment
eutrophication
+
+-Nwas
urban
rivers.
In In
this
study,
thethe
concentration
ofof
NH
4 4-N
of urban
rivers.
this
study,
concentration
NH
wasincreased
increasedat
atthe
thebeginning
beginning of
of aeration
aeration
and
then
decreased
to
a
lower
value
(Figure
3A).
The
change
from
continuous
aeration
to
intermittent
and then decreased to
+
aeration had
had affected
affectedthe
theconcentration
concentrationofof
NH
which
steady
gradually
the following
4 -N,
NH
4+-N,
which
waswas
steady
gradually
at theatfollowing
time.
+
+-N 4was
time.
The concentration
of 4NH
-N was
increased
during
cold
days,
whichmight
mightrelate
relateto
to the
the low
The concentration
of NH
increased
during
thethe
cold
days,
which
activity
closed
toto
thethe
Maozhou
River,
andand
diluted
by
activity of
ofmicrobes
microbeswith
withlow
lowtemperatures
temperatures[26].
[26].Site
Site3 3was
was
closed
Maozhou
River,
diluted
+
the
tidaltidal
river,river,
resulting
in lower
concentration
of NH4of -N
after
DuringDuring
the sampling
period,
by the
resulting
in lower
concentration
NH
4+-Naeration.
after aeration.
the sampling
the
concentration
of
TP
didn’t
decreased
as
other
factors.
The
aeration
even
promoted
the
phosphorus
period, the concentration of TP didn’t decreased as other factors. The aeration even promoted the
release
from sediment
andsediment
caused the
values
a little
before,
data
arebefore,
given in
Figure
S2 in
phosphorus
release from
and
caused
the higher
values than
a little
higher
than
data
are given
SI.
Meanwhile,
theMeanwhile,
CODCr value
extent
of river
pollution
and
pollution
level.
After
in Figure
S2 in SI.
the could
CODCrreflect
value the
could
reflect
the extent
of river
pollution
and
pollution
treatment,
the
COD
of
the
river
decreased
significantly
(Figure
3B)
and
stayed
at
a
low
level
around
level. After treatment,
Cr the CODCr of the river decreased significantly (Figure 3B) and stayed at a low
45.00
COD
after February
decreased
to and
former
concentration
in a
level mg/L.
aroundThe
45.00
mg/L.
Theincreased
CODCr value
increasedand
after
February
decreased
to former
Cr value
few
days with intermittent
aeration.
The results showed
that
theresults
intermittent
aeration
is necessary
for
concentration
in a few days
with intermittent
aeration.
The
showed
that the
intermittent
guaranteeing
the
water
quality.
Water
2018,is
10,necessary
x FOR PEER
REVIEW
6 of 14
aeration
for
guaranteeing the water quality.

At the beginning of aeration, the value of DO and ORP was significantly increased, meanwhile
the aeration also promoted the organic matters releasing from sediment, therefore, the concentration
of organic matters was increased first and was then followed by a decreasing trend. Finally, the
physicochemical properties of river were improved and stabilized gradually at the later stage of
treatment. It should be noted that the long-term intermittent aeration would be necessary to ensure
the water quality of the polluted river if the internal pollution was not done.
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of organic matters was increased first and was then followed by a decreasing trend. Finally,
properties, organic and inorganic matters. The number of clean sequencing was changed from 59,485
the physicochemical properties of river were improved and stabilized gradually at the later stage of
to 32,237, and the coverage was more than 98.50%, which presented the real microbial information in
treatment. It should be noted that the long-term intermittent aeration would be necessary to ensure
the river. Before the treatment, there were 1845 of OTUs in the river (day 1); at day 37, there were
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The microbes would respond to the change of aquatic environment, such as the physicochemical
given in Table S1 in SI. However, the Shannon and Simpson indices had little change, indicating that
properties, organic and inorganic matters. The number of clean sequencing was changed from 59,485
the microbial evenness was higher after treatment. There were 224 to 565 unique OTUs were detected
to 32,237, and the coverage was more than 98.50%, which presented the real microbial information in
during the treatment, indicating that the MBT treatment activated some indigenous microorganism
the river. Before the treatment, there were 1845 of OTUs in the river (day 1); at day 37, there were 1603
at different stage of the treatment. The decreasing trend might be related to the decreasing
of OTUs; at day 146, there were 968 of OTUs. The results showed that the OTU number was changed
concentration of organic matters, the lower nutrition for microbial growth in the river, the lower
with the water quality of the river, which showed a decreasing trend. The Chao 1 and ACE indices
microbes’ richness and diversity. At the same time, the microbes, which adapted to the condition of
showed that the microbial community richness was decreased after MBT treatment, data are given
river, would become the new dominant species.
in Table S1 in SI. However, the Shannon and Simpson indices had little change, indicating that the
microbial evenness was higher after treatment. There were 224 to 565 unique OTUs were detected
during the treatment, indicating that the MBT treatment activated some indigenous microorganism at
different stage of the treatment. The decreasing trend might be related to the decreasing concentration
of organic matters, the lower nutrition for microbial growth in the river, the lower microbes’ richness
and diversity. At the same time, the microbes, which adapted to the condition of river, would become
the new dominant species.
To illustrate the relationship among microbial communities from different samples, the cluster
tree using Bray-Crutis were constructed according to the OTU distribution at 97.00% similarity level.
According to Figure 4, the six samples were clustered into four major groups: The first group was
composed of d1 and d20, d67, and d133 was the second and third group separately, d37 and d146
were the fourth groups. According to the previous study, the microbial community would shift with
the ambient [27], which demonstrated that the river conditions were similar in every single group.
In total, the results showed that microbial community would shift with the changing environment in
urban river during the treatment by MBT, and the biodiversity showed a decreasing trend with the
improvement of river quality.

composed of d1 and d20, d67, and d133 was the second and third group separately, d37 and d146
were the fourth groups. According to the previous study, the microbial community would shift with
the ambient [27], which demonstrated that the river conditions were similar in every single group. In
total, the results showed that microbial community would shift with the changing environment in
urban river during the treatment by MBT, and the biodiversity showed a decreasing trend with
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3.3. Change of the Microbial Community Structure
3.3. Change of the Microbial Community Structure
The change of microbial community composition is the key point of microbial impact of MBT.
The change of microbial community composition is the key point of microbial impact of MBT.
For better understanding the succession of microbial community during the treatment, the taxonomic
For better understanding the succession of microbial community during the treatment, the taxonomic
affiliation at class level and genus level were analyzed.
affiliation at class level and genus level were analyzed.
3.3.1. The Microbial Community Succession at Class Level
3.3.1. The Microbial Community Succession at Class Level
The Figure 5A shows the distribution of microbes at class level (abundance ≥1%).
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microbes under anaerobic condition. For example, Bacteroidia and Flavobacteriia were reported
as potential fecal indicator bacteria [31], Deltaproteobacteria could metabolize sulfate in anaerobic
environment [30]. The decreased trend of these microbes suggests that after MBT treatment, the aquatic
environment was not suitable for these microbes. In all, the result showed that MBT would influence
the abundance of microbes, which was mainly related to the concentration of DO and organic matters.
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that the microbial community would shift with the concentration of pollutants and changing
environment [37].
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Meanwhile microbes responsible to K (transcription), E (Amino acid transport and metabolism),
4. Conclusions
G (carbohydrate transport and metabolism), I (lipid transport and metabolism) and Q (secondary
MBT was applied to mitigate the pollution of an urban black-odor river in South China. After
metabolites biosynthesis) were enriched after MBT treatment. It has been reported that the secondary
the MBT treatment, the concentration of DO was increased and the microbial community was
metabolism are well known for the ability to inhibit other microorganisms [40]. Additionally, the result
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might due to the reduction of nutrient in the river after MBT treatment, the microorganisms had to
compete for resources. The changes of microbial community function showed that the MBT treatment
could mitigate the pollution of river.
4. Conclusions
MBT was applied to mitigate the pollution of an urban black-odor river in South China. After the
MBT treatment, the concentration of DO was increased and the microbial community was changed,
which led to improvement of water quality in the river. The result indicated that MBT is suitable for
in situ treatment to mitigate the pollution of the urban black-odor river. Microbial community was
shifted during the treatment, and aerobic microbes were dominant at the end of treatment. The relative
abundance of dominant classes and genera were changed with the physiochemical conditions and
pollution degree in the process of MBT treatment. Thus, MBT could be a possible solution to counteract
the deterioration of urban rivers in South China before starting an interception project.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/1/66/s1,
Figure S1: Monthly mean temperature of Dongguan City (2016–2018), Figure S2. The Concentration of TP (mg/L)
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