
Science of the Total Environment 803 (2022) 149868

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Functional microbial community structures and chemical properties
indicatedmechanisms and potential risks of urban river eco-remediation
Jiao Sun a, Ziyu Lin a, Daliang Ning a,b,⁎, Hui Wang a,⁎⁎, Zuotao Zhang a, Zhili He b, Jizhong Zhou a,b,c

a State Key Joint Laboratory on Environment Simulation and Pollution Control, School of Environment, Tsinghua University, Beijing, China
b Institute for Environmental Genomics, Department of Microbiology and Plant Biology, School of Civil Engineering and Environmental Science, University of Oklahoma, Norman, OK, USA
c Earth and Environmental Sciences, Lawrence Berkeley National Laboratory, Berkeley, CA, USA
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• The eco-remediation significantly
changed the microbial community
structures.

• Labile-organics-degrading and ammonia-
oxidizing gene families were increased.

• The eco-remediation facilities showed ab-
sorption of N, P and heavy metal.

• Transparency and sedimentation of some
heavy metals were increased.

• Most detected pathogens were not
significantly affected by eco-remediation.
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To investigate themechanisms andpotential risks of river eco-remediation, riverwater, sediment, and biofilms in
remediation facilities were sampled from a 2-year full scale eco-remediation site in an urban river in southeast-
ern China. The samples from both remediated and adjacent control areas were analyzed for chemical properties
and functional microbial community structures. The eco-remediation significantly changed the community
structures in the river and introduced much more diverse functional microorganisms in facility biofilms. Corre-
sponding to effective reduction of organics and ammonium in river water, some labile-organics-degrading and
ammonia-oxidizing gene families showed higher abundances in river water of remediated area than control
area, and were obviously more abundant in facility biofilms than in river water and sediment. The eco-
remediation facilities showed obvious absorption of N, P, and heavymetals (Mn, CrVI, Fe, Al, As, Co), contributing
to nutrients and metals removal from river water. The eco-remediation also increased transparency and sedi-
mentation of some heavy metals (Cu, Pb, Zn), which probably associated with colloids breakdown. Various
metal-resistancemicroorganisms showed different abundances between facility biofilms and sediment, in accor-
dance with relative metals. Most detected pathogens were not significantly affected by eco-remediation. How-
ever, our measurements in sediment and facilities showed heavy metals accumulation and development of
some pathogens and several antibiotic-resistance pathogens, alerting us to investigate and control these poten-
tial risks to ecosystem and human health.
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1. Introduction

Water pollution is an acute problem along with urbanization in the
past and nowadays developing countries. Various pollutants rapidly dis-
perse through urban rivers to risk the health of human and natural eco-
systems, which make urban rivers a key node for water pollution
investigation and control. The huge population, continuous rapid eco-
nomic development, speedy urbanization and complicated environ-
mental problems in the past decades in China are rarely seen in
human history. To date, up to 80% of urban rivers were contaminated
to varying degrees and accumulated various problems, including dis-
solved oxygen depletion, excessive nutrients, heavy metals, recalcitrant
organic pollutants, pathogens, and antibiotic-resistance microorgan-
isms (Hao et al., 2015; Qu and Fan, 2010).

To solve the problems, besides pollution source control and channel
reconstruction, various eco-remediation technologies have been in-
creasingly researched and widely applied in urban rivers. These
technologies primarily included planted floating bed systems,
phytoremediation, constructedwetlands, bio-manipulation, and several
combined techniques (Qu and Fan, 2010). For instance, the planted
floating bed system is an aquaponic technology which consists of
aquatic or terrestrial plants growing in a hydroponicmannerwith buoy-
ant frames floating on the surface of waters (Bout well, 1995; Hu et al.,
2010). It was regarded as a low-cost, solar-energy-based and eco-
friendly technology for in situ purification of surface water and has
been applied in Europe (Garbett, 2005; Hoeger, 1988), the United
States (Burton, 2012; Chang et al., 2012; Stewart et al., 2008), Canada,
Japan (Nakai et al., 2010; Nakamura and Mueller, 2008), Korea (Seo
et al., 2013), India (Kamble and Patil, 2012), and China (Li et al., 2010;
Qu and Fan, 2010; Zhou et al., 2012).

Although designed to remove pollutants and restore health ecosys-
tem, river eco-remediation is still artificial intervention to the ecosys-
tem. Therefore, it is crucial to monitor and evaluate its effect on both
physic-chemical properties and the diverse communities when applied
to a river. Many studies demonstrated the positive effects of river eco-
remediation on water quality, such as effective removal of organics
(Berglund et al., 2014), nutrients (Billore et al., 2009; Huang et al.,
2010; Masters, 2012) and heavy metals (Agunbiade et al., 2009; Rai,
2009; Zhao et al., 2012) from river water. Our previous study further re-
vealed the impact of eco-remediation on sediment properties, including
the increase of nutrients and some heavy metals in sediment (Ning
et al., 2014). Several studies including our previous work found signifi-
cant change of phytoplankton diversity and structures in river after eco-
remediation (Ning et al., 2011). In contrast, we know little about the ef-
fect of eco-remediation on river microbial communities.

Microbial communities mediate many biogeochemical transforma-
tions underpinning ecosystem functioning (Winter et al., 2007) and in-
clude various hazardous microorganisms which are of great concern.
Microbial studies in urban rivers mostly engaged on pathogenic micro-
organisms (Duris et al., 2013; Jang et al., 2011; Peeler et al., 2006; Reeves
et al., 2004; Surbeck et al., 2010) and also revealed the significant impact
of urban effluents on water quality andmicrobial communities (Cebron
et al., 2004; Perryman et al., 2011a; Tiquia, 2011; Wang et al., 2011).
Some researches in urban rivers improved our knowledge on river func-
tioning and potential risks by investigating functional genes or species
involved in N-cycling (Cebron et al., 2004; Perryman et al., 2011b;
Song et al., 2012; Wang et al., 2011), metal resistance (Lear et al.,
2012) and antibiotic resistance (Cummings et al., 2011; Lu et al., 2010;
Rodriguez-Mozaz et al., 2015; Storteboom et al., 2010; Q. Zhang et al.,
2014). Furthermore, various microorganisms and/or their functional
genes were proposed to be bio-indicators of complicated pollutants
and potential risks in urban rivers (Ancion et al., 2010; Fechner et al.,
2012; Lear et al., 2012; Sole et al., 2008; Tiquia, 2011) which can never
be entirely covered by chemical analyses. In addition,microbial commu-
nities in different biofilms should be essential formany eco-remediation
techniques, which have been demonstrated by widely studied
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analogous techniques (e.g. constructedwetland, microbial biofilm reac-
tor, and water distribution systems, etc.) applying to wastewater treat-
ment (Adrados et al., 2014; Correa-Galeote et al., 2013; Desta et al.,
2014; Jasper et al., 2014a; Jasper et al., 2014b; Wang et al., 2014; Zhao
et al., 2015). Therefore, the study on microbial communities in urban
rivers under eco-remediation is compelling and informative to under-
stand the mechanisms and evaluate the impact of eco-remediation.

We carried out a field study in an urban river eco-remediation site in
southeastern China. The river water comes from the Yangtze River, re-
ceived urban pollutants and contributed to the pollution of the Tai
Lake and the Grand Canal. Our previous results indicated effective im-
provement of water quality in remediated area of this river after 2-
year remediation (Ning et al., 2014). In this study, our objective is to fur-
ther reveal the microbial mechanisms and potential risks of the river
eco-remediation by dissecting functional microbial community struc-
tures and chemical properties in the river and the two major biofilms
in eco-remediation facilities. We aim (1) to explore the effect of the
functional microbial community structures in the river water and sedi-
ment by eco-remediation; (2) to indicate whether that the microbial
communities in eco-remediation facilities were significantly different
from those in river water and sediment, and positively contributed to
water quality improvement by enhancing absorption and biotransfor-
mation of various pollutants; (3) to detect whether the biofilms on
plants were significantly different from biofilms on abiotic carriers
(abio-carriers), in both functional microbial communities and chemical
properties. The results in this study gave these information, but also
alert us the potential risks regarding to accumulation of some heavy
metals and development of several antibiotic-resistance pathogens in
sediment and remediation facilities.

2. Materials and methods

2.1. Site and eco-remediation

The study was carried out in a river called Chaizhibang (31.83°N,
119.98°E) in the city of Changzhou in southeastern China as we de-
scribed previously (Ning et al., 2014). Changzhou city is located in
Jiangsu province, south of the Yangtze River and northwest of Lake
Taihu. The Chaizhibang River originates from a main river named
Zaogang River which connected to Yangtze River, and ends by sluices
(Fig. S1a). The width and depth of Chaizhibang are 15– 25 m and
1.5– 2 m. Most time, the water is nearly still and only slightly flows
with tide. Water in Chaizhibang is periodically pumped downstream
and replaced by water pumped from Zaogang River, usually once in
4 days. Before the eco-remediation, the river water, with good quality
when pumped in, easily deteriorated after few days and appeared
with floating oil, low transparency, black and malodorous, even in the
year after sediment dredging was completed.

Eco-remediation was carried out in an area of 10,000 m2 water sur-
facewith a length of 450m, and completed inMarch 2009. The primary
planted floating beds with Hydrocotyle verticillata Thunb and
Myriophyllum spicatum Linn carried by nylon net were 5– 15 m in
length, 3– 5 m in width, and discretely arranged beside the river bank,
occupying 786m2 in total when theywere engineered. A kind of abiotic
carrier named Bio-grid, which was made of special polymer fiber, was
hanged beneath a half of primary floating beds and had an entire vol-
ume of 300 m3 (Fig. S1c). Other constructions were the same as de-
scribed previously (Ning et al., 2014). The plants, mainly Hydrocotyle
verticillata Thunb and Myriophyllum spicatum Linn, were harvested
once a season to remove the parts exceeding original sizes. A small
part of plants withered in winter were replaced in spring.

2.2. Sampling and chemical analysis

To reveal the effect of remediation on water and sediment proper-
ties, an upstream control area was set with a length of 450 m and
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adjacent to the remediation area (Fig. 1). Sampling was performed on
Oct. 26, 2010, 4 days after last water transfer. From the middle of each
area, water at 50 cm depth was sampled at 3 positions with 80m inter-
vals along the river, and 5 cm surface sediment was taken from 6 posi-
tions with 40 m intervals (Fig. 1). The submerge part of plants were
sampled from 6 positions of a large floating bed with an area of
1 m × 1 m at each position after the part above water surface was
cropped (Fig. 1). A 1.2-m strip of abiotic carrier was sampled from
each of 6 positions in a large Bio-grid bed. Sampleswere sealed in sterile
sampling bags or tubes and transported to the lab on ice within 10 h. A
set of riverwater and sediment subsampleswere transport to labwithin
2 h and analyzed for the most probable number (MPN) and fluorescein
diacetate hydrolysis assays (FDA). For DNA extraction, the biofilms on
the subsamples of plants and abiotic carriers were washed down by
sterile buffer containing 100 mM phosphate and 100 mM TE (pH =
8.0), and then centrifuged at 15,000g for 15 min to get pellets. River
water were filtered by 0.2-μm-pore-size membranes. Each sediment
samplewasmixedwell before a subsample for DNA extractionwas pre-
served. Then the samples for DNA extraction were stored at−80 °C be-
fore use. For chemical analyses, the biofilms of other subsamples were
scraped off, air dried in shade, and then analyzed for total organic car-
bon (TOC), ammonium nitrogen (NH4

+), nitrate nitrogen (NO3
−), total

nitrogen (TN), total phosphorus (TP), sulfate (SO4
2−), Al, As, Cd, Cr,

CrVI, Cu, Fe, Mn, Ni, Pb, and Zn as described previously for sediment
chemical analyses (Ning et al., 2014).
2.3. DNA extraction

Microbial genomic DNA was extracted by a freeze-grinding method
as described previously (Zhou et al., 1996) and purified by agarose gel
electrophoresis. DNAwas analyzed by NanoDrop ND-1000 spectropho-
tometer (NanoDrop Technologies Inc., Wilmington, DE, USA). Purified
DNA had A260/A280 of 1.75– 1.90 and A260/A230 of >1.7. The DNA sam-
ples were stored at−80 °C until usage.
Fig. 1. Sampling positions of river water, sediment, plants, and abiotic carriers in the
remediated and control areas in Chaizhibang River. Italic labels indicate sample
numbering. See Fig. S1 for the location of the river, detailed maps and sample photos.
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2.4. GeoChip hybridization and data pre-processing

The microbial communities were analyzed by a new version of
GeoChip 4 (Tu et al., 2014) with 107,950 probes covering about
155,000 protein-coding sequences. For each sample, 1 μg of DNAwas la-
beled with the fluorescent dye Cy3 and hybridized on GeoChip 4 as de-
scribed previously (Tu et al., 2014). The arrays were scanned with a
NimbleGen MS 200 Scanner (Roche NimbleGen, Madison, WI, USA).
The raw data were preprocessed using a data analysis pipeline (http://
ieg.ou.edu/microarray/). Across all samples, spot signals were normal-
ized by the average signal intensity of control spots and then by the
sum of all sample spot signals. Then, the spots with (i) a signal-to-
noise ratio (SNR) less than 2.0, (ii) or a coefficient of variation (CV)
larger than 0.8, (iii) or a normalized signal less than 1000 were re-
moved. The microarray data presented are available at http://ieg.ou.
edu/4download/.

2.5. Statistical analysis

Pre-processedmicroarray data and chemical propertieswere further
analyzed: (i) hierarchical clustering for chemical properties and com-
munity structures; (ii) microbial diversity indices, the two-tailed t-
tests and response ratio (RR) (Liang et al., 2009); (iii) detrended corre-
spondence analysis (DCA) for community structures (He et al., 2010);
(iv) dissimilarity test of microbial communities by ANOSIM, Adonis,
andMRPP analysis (He et al., 2010; Lu et al., 2012); (v) canonical corre-
spondence analysis (CCA) (Ter Braak, 1986; Zhou et al., 2008) for
linkingmicrobial communities to physic-chemical properties; (vi)Man-
tel test (Mantel, 1967) and Pearson correlation test for correlation anal-
ysis between some chemical properties and functional gene families or
genes. All statistical analyses were performed using R v.3.1.2 (R Core
Team, 2014) with the vegan v.2.2–0 package (Oksanen et al., 2014).

3. Results and discussion

3.1. Effect of eco-remediation on overall diversity and structures of
functional microbial communities

The effect of eco-remediation on river microbial communities were
investigated in few studies on 16S amplicons and appeared not signifi-
cant (C.B. Zhang et al., 2014). In our study, Geochip 4.2 was applied to
analyze the diversity and structures of functional microbial communi-
ties in river water, sediment and facility biofilms. The alpha diversity
index in river water had no significant difference between remediated
and control areas, while that in sedimentwas a bit higher in remediated
area than control area with marginal significance (Fig. S3a). The eco-
remediation facility biofilms showed significantly higher diversity. The
plant biofilms had the highest number of detected genes and alpha di-
versity, showed much more unique genes than other samples and cov-
ered more than 90% genes detected in all the other media (Table S1).
Interestingly, detected gene number (Fig. S4) and alpha diversity
index in river water were significantly higher than the sediment in
both remediated and control area. The rank of microbial alpha diversity
index is plant biofilms> abio-carrier biofilms≈ river water > sediment
in remediated area > sediment in control area.

DCA, dissimilarity test and hierarchical clustering were performed
based on all detected function genes to reveal the turnover of commu-
nity structures. The samples from different media and different areas
were completely separated on the biplot of DCA (Fig. 2a), generally in
different branches in the tree of cluster (Fig. S5), and showed significant
differences (P < 0.02) in dissimilarity test except marginally significant
(P < 0.12) difference of Bray-Curtis dissimilarity between water sam-
ples from remediated and control areas (Table S2). Comparing to con-
trol area, the river water and sediment in remediated area had
community structures obviously closer to facility biofilms. These results

http://ieg.ou.edu/microarray/
http://ieg.ou.edu/microarray/
http://ieg.ou.edu/4download/
http://ieg.ou.edu/4download/
Image of Fig. 1
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revealed obvious effect of eco-remediation on microbial diversity and
community structures in this river.

The physic-chemical properties in river water and sediment had
been analyzed in our previous study (Ning et al., 2014). In this study,
CCA was performed to analyze the relationship between these proper-
ties and microbial community structures in river water and sediment,
respectively. A combination of physic-chemical propertieswas qualified
if the CCAmodelwas significant (P<0.05) and variance inflation factors
(VIFs) were less than 10. According to qualified CCA results, the combi-
nation of COD, TN, TP and CrVI explained 91.9% of observed variation of
microbial community in river water (P = 0.013, VIFs < 7.8, Fig. 2b),
while the combination of TOC, NH4

+, TP, Fe, Al, Mn, CrVI, Cr and Pb ex-
plained 89.8% of observed microbial variation in sediment (P = 0.017,
VIFs < 9.8, Fig. 2c). According to CCA and Mantel test with each prop-
erty, the community structures in river water were correlated with
COD (CCA proportion explained E = 41.3%, P = 0.064), Mn (E =
32.8%, P = 0.053), TN (E = 31.5%, P = 0.057; Mantel r = 0.662, P =
0.035) and Al (E = 30.6%, P = 0.082), while the community structures
in sediment were correlated with Fe (E = 21.6%, P = 0.010), SO4

2−

(E = 17.8%, P = 0.026), NO3
− (E = 17.1%, P = 0.024), Cu (E = 16.7%,

P = 0.033) and TOC (E = 16.5%, P = 0.032; Mantel r = 0.345, P =
0.032). These results suggested the relationship between microbial
community turnover and the variations of organics, nutrients and
heavy metals in the river.

To better understand the contributions of facility biofilms in eco-
remediation, the biofilm samples were also analyzed for various chem-
ical properties. Comparing to the sediment, the facility biofilms showed
significantly higher concentrations of TN, TP, Fe, Al, NO3

−, and SO4
2−, and

lower concentrations of Cd, Ni, Cr, Cu, Zn, and Pb. Particularly, the plant
4

biofilms held obviously higher concentrations of TOC, Mn, and CrVI

(Fig. 3). According to CCA, the combination of TOC, NO3
−, NH4

+, Mn,
CrVI, Fe, Cr, Cu, and Zn explained 67.6% of observed variation of
microbial communities in adherent-growth communities (sediment
and facility biofilms. VIFs < 8.9, P=0.005, Fig. 2d). To reveal underlying
mechanisms and potential risks, the physic-chemical properties and
functional microbial communities in different areas and media were
further analyzed in detail by categories as follows.

3.2. Role of microbial communities in organics degradation by eco-
remediation

Organic metabolism genes targeted by Geochip can be divided into
two categories, so called carbon cycling and organic remediation. The
category of carbon cycling includes genes of carbon fixation,
acetogenesis, methane metabolism and degradation of major carbon
sources, most of which are relatively labile organics (e.g. glucose, lac-
tose, sucrose, starch, protein, lipids, etc.) except lignin, cellulose and ter-
penes. The category of organic remediation contains genes involved in
biotransformation of hazardous organic pollutants, such as BTEXs,
halo-aromatics, pesticides, etc. In our study, the 65 gene families of car-
bon cyclingwere all detected in all kinds of samples, while 97.8%–99.4%
gene families of organic remediation were detected in different
samples.

The labile organic pollutants are the major oxygen consuming sub-
stances in wastewater and surface water receiving urban effluent
(Sawyer et al., 2003). Many studies demonstrated effective removal of
labile organic pollutants from river water by eco-remediation (Billore
et al., 2009; Bu and Xu, 2013; Li et al., 2010). Our previous study in

Image of Fig. 2
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this river revealed the significant decrease of COD in water of
remediated area comparing to reference site and control area, as well
as significantly higher sediment TOC in remediated area than in control
area (Ning et al., 2014). The present study showed even higher TOC in
facility biofilms than in sediment (Fig. 3). Accordingly, the increasedmi-
crobial biomass and improved settlement of solid organics were
regarded as the major causes of organics removal by eco-remediation
as proposed previously, but the functional microorganisms involved
were rarely specified in previous publications.

In this study, 25 gene families of carbon degradation showed sig-
nificant (at 95% confidence interval of response ratio, i.e. 95% CI) dif-
ferences between remediated and control areas in river water, and
most (18 families) had higher relative abundances in remediated
area (Fig. 4a and Fig. S6a). The gene families degrading cellulose,
hemicellulose and lignin mostly showed much less differences be-
tween the two areas than those degrading starch, protein and lipid
which are typical organics in urban wastewater. In the two types of
facility biofilms, many gene families degrading labile organics
showed significantly (95% CI) higher relative abundances than in
river water (10 and 19 families, Fig. 4b) and sediment (20 and 24
families, Fig. 4c), while obviously fewer were less abundant than in
river water (7 families) and sediment (7 and 10 families). These re-
sults revealed the internal reason and somemajor contributors of ef-
fective organics removal by eco-remediation facilities in this study
from river water.

On the other hand, due to higher density of labile organics degrading
microorganisms, the DO consumptionwithin the eco-remediation facil-
ities could be faster than in river water. Obviously lower DO concentra-
tionswere observed in the center (DO=0.2– 1.2mg/L) than in the edge
(DO= 1.0– 3.5 mg/L) of several large floating beds in this river. Thus, it
5

is worth considering to enhance oxygenation, e.g. by aerator or hydrau-
lic construction.

In sediment, only 10 gene families of carbon cycling showed signifi-
cant (95% CI) differences between the two areas, without gene families
involved in degradation of typical organics in urban wastewater (e.g.
glucose, starch, protein, lipid etc.) other than spr. This should be a reason
for (rather than a result of) significantly higher TOC in sediment of
remediated area than control area.

Removal of recalcitrant organic pollutants were rarely studied in
river eco-remediation, althoughmany constructedwetlands showed ef-
fective removal of aromatics (Wang et al., 2014; Zhou et al., 2013), pes-
ticides (Budd et al., 2009; Vymazal and Bfezinova, 2015),
pharmaceuticals and personal care products (Jasper et al., 2014a;
Matamoros et al., 2007) from wastewater and/or agricultural runoff. In
the river remediation facilities, we detected functional gene families
degrading various recalcitrant organics, such as aromatics, chlorinated
solvents, herbicides and pesticides. These functional microorganisms
are good for recalcitrant organic pollutants removal. However, most of
them showed few differences between remediated and control areas.
In river water and sediment, only a few families (7% in water and 6%
in sediment) showed higher relative abundance in remediated area,
while more families (19% in water and 12% in sediment) had signifi-
cantly higher relative abundance in control area (Fig. S6b). Meanwhile,
only a few (8%–12%) families had significantly higher, but much more
(27%–45%) had lower relative abundances in facility biofilms than in
river water and sediment (Fig. S6b). The results suggest the current
eco-remediation had much less effect on recalcitrant organic pollutants
than labile organics. The remediation of rivers with recalcitrant organic
pollution need enhanced or new techniques other than those applied in
this study.

Image of Fig. 3
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3.3. Role of microbial communities in nutrients removal or transformation
by eco-remediation

Eutrophication remains the most critical problem of lakes in China
today (Qu and Fan, 2010), andmost of the urban lakes in China are facing
serious eutrophication (Jin et al., 2005). The excessive nutrients (N and
P) from urban effluents transported via urban rivers are one of the
major causes. Many studies including our previous work have showed
N and P removal by plants in eco-remediation facilities (Masters, 2012;
Ning et al., 2014; C.B. Zhang et al., 2014). In our current study, TN and
TP in facility biofilmswere significantly higher (2.7 and 10.3 folds, respec-
tively) than in sediment, reflecting the effective absorption of N and P.
Nevertheless, TN and TP in river water of remediated and control areas
did not show significant differences. Pearson correlation test showed TN
in river water significantly correlated with denitrifier nirK gene (r =
−0.924, P < 0.01) rather than other N cycling gene families, while TP in
river water negatively correlated with ppk gene (r = −0.93, P < 0.01),
suggesting the contribution of denitrifiers and P-accumulation organisms
to TN and TP variations in river water. However, denitrification and P uti-
lization gene families did not show any significant differences between
remediated and control areas, in either river water or sediment (Fig. 4).
The facility biofilms had even slightly less abundances of nar and ppk
genes than river water and sediment. In contrast, TP in sediment and
biofilms were clustered very closely to Fe, Al, As, and Co rather than
other properties (Fig. 3), suggesting the importance of chemical precipita-
tion rather than bioaccumulation in TP absorption by biofilms. These re-
sults suggest a worthwhile but challenging innovation direction,
to increase nutrients removal by enhancing denitrifiers and P-
accumulation organisms in eco-remediation facilities. For reference, deni-
trification can be improvedby taking advantage of some constructedwet-
lands (Jasper et al., 2014b), vegetation design and management (Chen
et al., 2014b; Tanaka et al., 2015).

On the contrary to TN,NH4
+was significantly lower in remediated area

than control area. Correspondingly, archaeal amoA genes showed
significantly (99.9% CI, t-test P=0.03) higher abundances in remediated
area than control area, and the facility biofilms had obviously higher
abundances of both archaeal and bacterial amoA genes than river water
(Fig. 4b) and sediment (Fig. 4c). In addition, the concentrations of NO3

−

and SO4
2− in facility biofilms was 164 and 486 folds (on average) higher

than in sediment (Fig. 3b), also suggesting dramatically higher oxidation
activity in facility biofilms. These indicated the eco-remediation facilities
definitely increased the nitrification capability of the river. The obvious in-
crease of labile organics degrading and ammonia oxidizing microorgan-
isms in river water could effectively reduce oxygen consuming
pollutants and increase the carrying capacity of river water, which is
also benefit for downstream water quality improvement. However,
these functional microorganisms in sediment did not show obvious dif-
ference between remediated and control areas, and were significantly
less abundant in sediment than in facility biofilms, suggesting the neces-
sity to keep the running of remediation facilities for water quality im-
provement and maintenance.

The different ammonia oxidizers showed interesting variation pat-
terns in our results. In aerobic ammonia oxidizers, ammonia oxidizing ar-
chaea (AOA) was reported to be numerically and/or metabolically
dominant in some rivers (Liu et al., 2011; Sonthiphand et al., 2013; Sun
et al., 2014a), preferring to aerobic and relatively low ammonia concen-
trations (Liu et al., 2011) or the area outside WWTP effluent plume
(Sonthiphand et al., 2013). Ammonia oxidizing bacteria (AOB) was
found dominant in some rivers (Sun et al., 2014a) including the areas
within WWTP effluent plume (Sonthiphand et al., 2013). In our study,
AOA showed much more obvious differences along with NH4

+ variation
than AOB did (Fig. 4a, b and c), and was significantly more abundant in
remediated river water where NH4

+ concentrations were much lower
than control area. AOA were often demonstrated to be dominant ammo-
nia oxidizers in acidic soils, while AOB were often more abundant under
neutral pH conditions. This is probably because AOA has high ammonia
7

affinitywhen the ammonia substrate availabilitywas below the threshold
of AOB under acidic condition (He et al., 2012). Accordingly, we propose a
hypothesis that in both soil and water, no matter pH is high or low, AOA
can get advantage or even become dominant ammonia oxidizers when
the substrate (ammonia) is substantially low. These results also suggest
the potential of AOA abundance or the ratio of AOA to AOB as bio-
indicator in river water quality assessment.

As the least known ammonia oxidizer which could be
underestimated, anaerobic ammonium oxidizing (anammox) bacteria
are of increased concerns in recent years. Anammox bacteria were
often detected (Sun et al., 2014c; Wang et al., 2012) or even dominant
ammonia oxidizer (Sonthiphand et al., 2013) in the sediment of fresh-
water systems, but were much less abundant in water columns
(Sonthiphand et al., 2013; Sun et al., 2014b). Our results demonstrated
anammox bacteria were detectable in river water, plant biofilms, float-
ing abio-carrier biofilms and sediment, and also showed higher relative
abundances in sediment, especially in remediated area. The abundances
of anammox bacteria in river sediment were reported to be correlated
with nitrite (Sun et al., 2014c) or total inorganic nitrogen (Hu et al.,
2012). In our results, hzo gene in sediment correlated with NO3

−

(Pearson correlation test using total abundance of hzo gene, r = 0.533,
P = 0.074) and the ratio of NO3

− to TN (r = 0.570, P = 0.053) rather
thanNH4

+ (P=0.75) or TN (P=0.47). Anammox can also be stimulated
by Fe in some studies (Chen et al., 2014a; Liu and Horn, 2012). In our
study, hzo gene significantly correlated with Fe in sediment (Pearson
correlation test using total abundance of hzo gene, r = 0.673, P =
0.016; Mantel test between Fe and the composition of hzo gene, r =
0.240, P = 0.049). We suppose that the electron accepters (such as
NO3

−, FeIII) rather than donors could be the limiting factor of
anammox bacteria in river sediment. On the contrary to nirK, hzo
genes family did not showed any significant correlation with TN in
any media (P > 0.3), suggesting its minor role in denitrification, in ac-
cordance with previous studies on constructed wetlands (Jasper et al.,
2014b) and river riparian sediments (Wang et al., 2012).

3.4. Fates of heavy metals and metal-resistance microorganisms

Heavy metal pollution has been recognized as one of key water pol-
lution problems in Chinese rivers since the 1970s (Qu and Fan, 2010).
Our previous work in this river has revealed effective removal of some
heavy metals from river water by eco-remediation and their accumula-
tion in sediment (Ning et al., 2014). Our current study further revealed
different fates of various heavy metals after eco-remediation by com-
paring heavy metal concentrations in different media. Firstly, Cu, Pb,
Zn, Cd, Ni and Cr showed significantly higher concentrations in sedi-
ment than in facility biofilms (47%–330% higher, P< 0.05, Fig. 3), in ac-
cordancewithmore abundant Cu-, Pb-, Zn-, Cd-, and Ni-resistance gene
families in sediment (Fig. S7c), indicating the tendency of these metals
to settle rather than suspend in remediated area. Consequently, Cu, Pb
and Zn, the common metals in urban runoff (Ancion et al., 2010),
showed significantly higher concentrations in the sediment of
remediated area than in control area (Fig. 3). In contrast, some metals
appeared more difficult to settle. The concentrations of Fe, Al, As, and
Co were significantly higher in facility biofilms than in sediment
(Fig. 3), so were the relative abundances of Al-, As-, and Co-resistance
gene families (Fig. S7c). The concentrations of these four metals signifi-
cantly correlated with each other (r > 0.92 in sediment and biofilms;
r> 0.49 in facility biofilms), which was probably attributed to chemical
precipitation and adsorption of As and Co by Fe andAl. Furthermore,Mn
and CrVI in plant biofilms had 12- and 16-fold higher concentrations
(P < 0.0001) than in sediment, respectively, and more than 5 times
higher concentrations than in abio-carrier biofilms (Fig. 3), suggesting
the important role of plant in absorbing these heavy metals.

The fates of different metals in surface water were often found associ-
ated with their size distribution (dissolved, colloidal, and particulate)
(Gaillardet et al., 2003; Pokrovsky and Schott, 2002; Sigg et al., 2000),
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and heavy metals transported along rivers were often found to be associ-
atedwith colloids (Taylor et al., 2012). In remediated area of this river, the
transparency was significantly improved (Ning et al., 2014), but the
suspended solid (>0.45 μm) concentrations were still similar to control
area (Fig. S2), indicating many colloids in river water should be removed
or destructed. The remediation facilities can break down colloids by
adsorbing and entrapping the suspended particles (Li et al., 2010), and
degrading dissolved organics which were reported to stabilize some col-
loids (Stumm, 1987). This definitely facilitated and could be an important
cause of heavymetals removal from riverwater. Accordingly, we suppose
that the three different fates of metals in our results could be associated
with their size distribution which was changed by eco-remediation. Fur-
ther size fractionation of different metals will help to elucidate the
mechanism.

Metal-resistance gene families were expected to serve as bio-
indicators of heavy metal pollution. Lear et al. reported higher abun-
dances of metal-resistance genes correlated with elevation of heavy
metals in a restored urban stream (Lear et al., 2012). In our results,
somemetals were not detectable (e.g. As and Hg) in river water or sed-
iment, but the gene families resistant to them were detected and
showed significant differences between remediated and control areas
(Fig. S7a), indicating metal-resistance gene probs can have high sensi-
tivity and lower detection limitation of the metals. However, many re-
sistance genes may not have enough specificity to certain metals. In
either river water or sediment, most metal-resistance gene families
did not show significant correlation (Mantel test P> 0.14) with relative
heavymetals (Al, Cu, Pb, Ni, and Zn), except cueO genewhich correlated
with Cu variations in sediment (Mantel test r=0.37, P=0.016). How-
ever, each gene families still had a few genes significantly (Pearson cor-
relation test P < 0.05) correlated with relative metals in either river
water or sediment, for instance, the relative abundances of 11 and 54
Cu-resistance genes correlated with Cu in water and sediment, and
the relative abundances of 15 and 14 Zn-resistance genes correlated
with Zn in water and sediment, respectively.

3.5. Pathogenic and/or antibiotic-resistance microorganisms

The pathogens and antibiotic-resistance microorganisms in urban
river must have our attention, as they are so close to dense populations
in cities and have been found as health threat in many urban rivers
(Rodriguez-Mozaz et al., 2015; Sales-Ortells and Medema, 2014; Q.
Zhang et al., 2014). Eco-remediation can provide new habitat for more
diversemicroorganisms (aswe found in this study)whichmight benefit
growth of pathogens or antibiotic-resistancemicroorganisms, however,
little was documented about this issue in previous studies.

In our study, the function genes of 61 pathogenetic species were de-
tected in the river by Geochip, including 38 bacterial species (223 sub-
species) and 23 fungal species (34 subspecies). Most pathogenic
subspecies showed insignificant differences or lower abundances (RR
95% CI) in remediated area than in control area (Fig. S8). However, the
remediated area still had higher abundances (RR 95% CI) of 16% patho-
genic bacterial subspecies (30 subspecies in water and 28 in sediment)
and 39% pathogenic fungal subspecies (13 subspecies in water and 1 in
sediment) than control area. Comparing to river water and sediment,
the facility biofilms had higher abundances of 62– 84 pathogenic bacte-
rial subspecies (30%–39%) and 12– 19 pathogenic fungal subspecies
(36%–57%). See Table S4 for the list of detected pathogens with signifi-
cant differences between different areas or media.

The 8 antibiotic-resistance gene families covered by Geochip were
all detectable in this river. The river water of remediated area had
lower relative abundances of mfs, bla, and tet gene families, but higher
relative abundances of mex and mate gene families than control area.
The sediment of remediated area had lower abundances of mate and
abc gene families than control area (Fig. 5a). The facility biofilms, espe-
cially abio-carrier biofilms, had more abundant smr gene family than
river water (Fig. 5b) and sediment (Fig. 5c), but did not cause any
8

significant difference of this gene family between remediated and con-
trol areas in either river water or sediment. All the other detected
antibiotic-resistance gene families showed similar or lower abundances
in facility biofilms than in river water (Fig. 5b). Thus, the higher abun-
dances of mex and mate gene families in remediated river water could
not simply be due to dispersal from remediation facilities.

The pathogens with antibiotic-resistance genes are of special con-
cern (Berglund et al., 2015; Hao et al., 2015; Novovic et al., 2015). The
smr gene family in Enterococcus faecium detected in river water of con-
trol area becameundetectable in riverwater of remediated area, and the
mfs gene family in Aspergillus niger detected in control area became un-
detectable in anymedia in remediated area.Moreover, the tet gene fam-
ily in Paracoccidioides brasiliensis Pb03 in river water was less abundant
in remediated area than in control area (Fig. 5a). These results suggested
these antibiotic-resistance pathogens were suppressed in remediated
area. In contrast, the antibiotic-resistance genes in Pseudomonas
aeruginosa showed higher relative abundances (RR 97.5% CI, t-test
P = 0.04) in sediment of remediated area than control area, and abc
transporter in Penicillium marneffei was more abundant (RR 99% CI, t-
test P = 0.07) in river water of remediated area than control area. All
the other detected antibiotic-resistance pathogens had no significant
difference between remediated and control areas in either river water
or sediment. However, the smr gene families in Listeria monocytogenes
and Neisseria meningitidiswere detected in facility biofilms rather than
river water and sediment, while the smr gene family in Campylobacter
jejuni was only detected in plant biofilms, suggesting potential risks
emerged in remediation facilities (Fig. 5b and c). Altogether, quite a
few pathogens and some antibiotic-resistance microorganisms, includ-
ing several antibiotic-resistance pathogens, can develop after eco-
remediation, of which the variation should be monitored and the im-
pacts on human health and ecosystem safety ought to be investigated.

3.6. Difference between the two major biofilms in eco-remediation facilities

Many studies revealed the diverse microbial communities in
biofilms on different carriers in constructed wetlands that treated
wastewater (Adrados et al., 2014; Correa-Galeote et al., 2013; Desta
et al., 2014; Jasper et al., 2014b; Wang et al., 2014; Zhao et al., 2015),
however, the comparison between plant-associated biofilms and abiotic
carriers is rarely reported, and even less in eco-remediation facilities. In
our study, microbial communities in the two types of facility biofilms
were much closer to each other than to other types of samples (Fig. 2
and Fig. S3b). They showed very similar compositions of labile organics
degrading and ammonia oxidizing gene families (Fig. 4d). Therefore,
their capability of removing oxygen consuming pollutants should
mostly depend on the biomass density. This support a certain advantage
of abiotic carrierswhich are easier to hold higher density ofmicroorgan-
isms. However, our results also showed some features of floating plants
that are not replaceable by abiotic carriers. The plant biofilms had signif-
icantly higher concentrations of TOC, TN, TP, Mn, CrVI and Cd than abio-
carrier biofilms (Fig. 3), suggesting more efficient absorption of these
pollutants.Moreover, the plant biofilms exhibited highermicrobial rich-
ness and diversity (Figs. S3a and S4). The plants providedmore habitats
for aquatic organisms, ornamented the urban rivers, and after har-
vested, were used as fertilizer for floriculture plantation near the city.
Therefore, the eco-remediation technique can be improved by either ef-
ficient combination of both plants and abio-carriers or application of
plants with more developed submerged part to hold more biofilms.

4. Conclusions

The eco-remediation facilities did not only increase the biomass, but
also changed the community structures and introduced much more di-
verse functional microorganisms in the river, which positively
contributed to water quality improvement. Microbial communities in
river water showed significantly higher abundances of labile-organics-
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degrading and ammonia-oxidizing gene families in remediated area
than in the adjacent control area. Correspondingly, the facility biofilms
had significantly more abundances of these functional gene families
than river water and sediment. The plants and biofilms in the facilities
showed obvious absorption of N, P and various metals (especially Mn,
CrVI, Fe, Al, As, and Co), contributing to removal of nutrients and heavy
metals from river water. The eco-remediation also resulted in break-
down of some colloids, and thus increased transparency and settlement
of some heavy metals (e.g. Cu, Pb, and Zn). The eco-remediation tech-
niques can be furtherly improved by enhanced oxygen supply, more
effective recalcitrant organics degradation, denitrification, and phos-
phorus accumulation, and optimized combination of abiotic carries
and plants holding more biofilms. The facilities did not significantly
change the abundances of most pathogens and antibiotic-resistance
gene families detected in river water and sediment, and appeared to in-
hibit some of them. However, our results also alerted us of the potential
risks regarding to the accumulation of heavy metals and the develop-
ment of some pathogenic and/or antibiotic-resistance microorganisms
in remediated area, which should be monitored and under control for
human health and ecosystem safety.
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