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Abstract

A serially connected lab-scale Greater duckweed constructed wetland (CW)-
stabilization tank (ST)-GAC sandwich slow sand filtration system was tested to
remove four widely detected pharmaceuticals and personal care products (PPCPSs)
compounds from natural water with a spiked concentration of 25 pg/L. High removals
were achieved rapidly (93.5~100%), being on average 95.9%, 99.1%, 98.1% and
97.4% for DEET, paracetamol, caffeine and triclosan (n=3), respectively. Except for
DEET, no significant difference was observed between overall removals with and
without artificial aeration in CW tank (p>0.05), showing good stability of the system.
COD was considerably removed under aeration and final TOC removal was 64.7%.
No nitrite, nitrate, ammonia and phosphate were detected at the test end (day 26). The
microbial community structure in three connected units of the tested system showed
differences and good stability after the aerators were removed. Proteobacteria was the
most dominant phylum among the 47 phyla found. Microbes attaching to the Greater

duckweed contributed more to the microbial community structure in CW and ST than
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original natural water. However, at the end of the run, the structural differences
among three units decreased. After aeration stopped, phylum composition became
more stable in ST tank while CW tank showed small structural variation throughout
the test. Various correlations were found between detected phyla, among which
Proteobacteria and Bacteroidetes showed a significant negative correlation (R=-0.73,
p<0.001, FDR corrected). Good removal of target PPCPs and stability of the system

show the potential applicability of this combined treatment process.

Keywords: PPCPs; Constructed wetland; GAC sandwich SSF; Water treatment;
Microbial community
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1. Introduction

In recent years, concern about the presence of PPCPs in water has risen,
resulting more research in this area [1,2]. Usually, concentrations of PPCP
compounds in the environment are in the low range (ng/L-pg/L), but their persistence
and toxicity may cause potential risks to both humans and the environment [3,4].
Furthermore, PPCPs in the environment can bring other negative consequences, such
as antibiotic resistance genes [5]. Generally, wastewater treatment plant (WWTP)
effluents are considered as important sources of PPCPs in the environment [6]. To
tackle this issue, various techniques (e.g. biological treatment, membrane bioreactor,
UV light, ozonation) have been studied, but the removal of PPCPs varies substantially

and these techniques are usually expensive [7-10].
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Constructed wetlands (CW), as an eco- and cost-friendly technique, can be used
both as WWTP tertiary process and single decentralized system in rural locations
[11,12]. In the last two decades, PPCP removal has also been investigated by various
CW systems but their removal varied considerably (<30% to >95%) [13-15]. During
the CW treatment, microbial biodegradation, photodegradation and plant effect are
regarded as some of the mechanisms involved in the removal of PPCPs [16]. Among
various types of CWs, surface free water constructed wetlands (SFCW) are becoming
popular to treat wastewater and polluted surface water because they are easy to run
and clean [17-19].

Another eco-friendly and low-cost technique, slow sand filtration (SSF, one of
the earliest water treatment technologies) has also gained more attention because it
has many advantages including: no chemical coagulation requirement, low electricity
costs, and simplicity in maintenance and operation [20]. Some studies on conventional
SSF have been conducted to treat various PPCP compounds but was not shown to be
highly effective [21-23], indicating that microbial degradation and sorption were not
enough to remove their target compounds. In recent years, PPCP removal was also
investigated by SSF modified with the addition of granular activated carbon (GAC) —
i.e. dual- or sandwich media - and removals were significantly enhanced [24,25].

As tertiary treatment processes in WWTP, CW and SSF are normally used
separately and rarely connected. Gunes and Tuncsiper [26] investigated a serially
connected sand filter with a subsurface flow constructed wetland system for small
community wastewater treatment, achieving average removals of the BOD, total
nitrogen and total phosphorus at 97%, 85% and 69%, respectively, suggesting good
applicability of this combination. However, SSF-CW systems have some potential

limitations if SSF is placed first since it can only receive influent with a certain
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quality [27]. The service life may also be negatively affected by suspended solids
increasing rapidly the headloss [28]. In contrast, the reverse CW-SSF system has
rarely been studied. In our previous studies, modified Greater duckweed (Spirodela
polyrhiza) based lab-scale continuous SFCW system (CW-stabilization tank) was
tested and proposed [29]. In addition, GAC sandwich SSF using coarse sand
(effective size at 0.6 mm) was found to be effective for the removal of selected PPCPs
[25]. Besides, although investigation of microbial community during treatment by
CW and SSF separately has been reported before [22,30], no study has been carried
out using the combined system. By continuous sampling, the knowledge of temporal
changes of microbial community can provide a deeper insight of its development and
better understanding of the system performance. Thus, in the present study, a lab-scale
CW-ST (stabilization tank)-GAC sandwich SSF system was built and explored to
remove four widely detected PPCP compounds (i.e. DEET, paracetamol, caffeine and
triclosan) from natural water (description of the four target compounds can be found
in Li et al. [29]). Microbial communities in this combined system were monitored
using bacterial 16S rRNA gene sequencing to gain deeper insight into structural
changes during the treatment process. To our knowledge, this is the first study

investigating PPCP removal using CW-ST followed by GAC sandwich SSF system.

2. Materials and methods
2.1 Chemicals and materials

Standards and chemicals of DEET (purity > 97.0%), paracetamol (PAR, purity
> 98.0%), caffeine (CAF, purity > 99.0%) and triclosan (TCS, purity > 99.0%) were
purchased from Sigma-Aldrich (UK). Characteristics of compounds are shown in

Table S1. Stock solution of 1 mg/mL mixed target compounds prepared in methanol
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was stored at -20 °C and added into the natural water to reach a spiked concentration
of 25 ng/L. Methanol and acetonitrile (HPLC grade) were purchased from Fisher
Scientific (UK). In this study, natural water was collected from the Regent’s Park
Lake, London, UK, which has average turbidity <2 NTU and pH around 7.6~8.0.
Greater duckweed (Spirodela polyrhiza) was purchased from Claremontaquatic
Leyland (UK). Acrylic column with an internal diameter of 34 mm was purchased
from Plastic Shop (UK). Filter sand (Mineral Marketing, UK) had an effective size of
0.6 mm and a uniform coefficient of 1.4. The surface area of GAC (Chemviron
Carbon, UK) was about 556 m%g. Washing, treatment and properties of Greater

duckweed, coarse sand, GAC and gravel can be found in Li et al. [25,29].

2.2 Experimental design and description

The experiment was conducted during September and October 2017. A
schematic representation of the experiment system is shown in Fig.1. The system
consisted of one influent tank, one constructed wetland tank (CW, 32x22x17 cm), one
stabilization tank (ST, 32x22x17 cm), one GAC sandwich filter and one outflow tank,
successively connected by peristaltic pumps. The area above the CW and ST tanks
was covered by reflective fabric. Experimental conditions (full aeration in the CW
tank, 240 pmol-m?.s™ light intensity, 1.00 kg/m? plant density) were the optimised
parameters from our previous study [29]. Lights (NARVA LT 15W/077) which were
left on for 14 hours and off for 10 hours each day were placed over the CW-ST area in
order to simulate the day and night. 70g fresh and washed Greater duckweed was
placed in the CW tank. Four aerators (3.2 L/min output each) were evenly placed at
the CW tank bottom and room temperature was maintained at 23+2 °C. Seven litres of

the natural water spiked with 25 pg/L target PPCP compounds were put in CW and
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ST tanks separately at the beginning of the test. The pump flow rate was set at 1.38
mL/min (equivalent to a hydraulic retention time of 7 days).

The GAC sandwich column was connected after the ST tank receiving CW-ST
system effluent. The flow rate into the SSF was set at 3.00 mL/min. Excess water
flowed back to the ST tank via an overflow pipe (Fig.1) and the water level was
maintained at 5 cm above the media constantly. Column height was 65 cm with 10 cm
sand/20 cm GAC/20 cm sand/3 cm gravel from top to bottom. The effluent pipe,
which had one valve controlling the filtration rate, was located 1 cm above the column
base. The filtration rate was set at 10 cm/h. Before the start of the experiment, water
was filtered through sandwich filter for maturation, as detailed in Li et al. [25]. After
maturation, the SSF was connected to CW-ST system and lake water (system inlet
water) spiked with 25 pg/L of each of the selected PPCPs was added to the CW-ST
unit and pumped into the system.

The duration of the test was 4 weeks. To explore the system performance
without artificial aeration, all aerators were removed from the CW system at day 14.
The filtration rate of GAC sandwich filter was monitored and adjusted twice daily if
needed. In order not to disturb treatment performance in each unit of the system,
water samples were only collected three times a week on Mondays, Wednesdays and
Fridays from the system effluents to determine concentrations of PPCPs, nitrate,
phosphate, nitrite, ammonium, COD (chemical oxygen demand) and TOC (total
organic carbon). General water quality parameters (i.e. pH, conductivity and redox
potential) of effluent samples were also determined. On each sampling day, dissolved
oxygen (DO) concentrations in both CW and ST tanks were determined. Total

headloss of the GAC-SSF was measured at the end of the test.
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2.3 Determination of selected PPCP compounds and general water quality
parameters

The extraction method for the target PPCP compounds from water and the
PPCP quantification method are shown in Text S1. Determination of other general
water quality parameters, including concentrations of COD, TOC, nitrate, phosphate,
nitrite, ammonium, DO, pH, conductivity and redox potential was performed as
described previously [29]. Samples were run in triplicate. Removal (%) of the target
PPCP compounds was calculated using:

C+C,—C
Removal (%) = —————= x 100%
C;i +C,

Where C; (ug/L) is the influent concentration of target compounds from lake water.
C, is the added concentration (25 pg/L each compound) and C, (ug/L) is the

concentration in the final effluent.

2.4 Microbial community analysis

Water samples of 200 mL were collected from CW and ST tanks respectively
on days 5, 12, 19 and 26 for microbial analysis. System inlet water without spiked
PPCPs was also collected (Dayl) when test began. Water samples were filtered
through a 0.22 um cellulose acetate membrane (Whatman, UK) to retain
microorganisms. Filtered water was recirculated to the CW/ST tank. Sand samples of
1.0 g were collected from the top of the SSF after filter maturation (SI) and at day 26
(SF). To explore the influence of microbes attaching to Greater duckweed on the
experimental system, 10 g plants were collected randomly from washed Greater
duckweed before test began and rinsed with 500 mL ultrapure water three times. The

rinsed combined water sample (WP, total 1500 mL) of the plants was collected onto
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membranes as described above. The summarized sample description is shown in
Table S2.

DNA extraction was done using FastDNA™ SPIN Kit for Soil (MP
Biomedicals, France) and subsequent tests were conducted in triplicate. DNA quality
check was carried out using the Qubit® dsDNA BR Assay Kit (ThermoFisher, USA).
16S rDNA amplicon PCR and library construction and next generation sequencing
were carried by the BGI Company (Hong Kong). Briefly, DNA was normalized to 30
ng per reaction. A polymerase chain reaction (PCR) of the bacterial 16S rRNA gene
was conducted with the primer pair targeting the V4 region (forward: 5'-
GTGCCAGCMGCCGCGGTAA-3"; reverse: 5-GGACTACHVGGGTWTCTAAT-
3"), used widely in microbial community analysis of environmental samples [31-33].
The post-PCR clean-up step was completed using Agencourt AMPure XP (Beckman
Coulter, High Wycombe, USA) and PCR products were quantified. Next, pooled
library quantification and DNA quality check were further performed. The pooled
library was run on the HiSeq 2500 PE250 Dual Index platform (lllumina, San Diego,
USA). Sequencing results were further filtered. First reads with adaptors and/or more
than 3% unknown bases (N) were removed. Then reads with larger than 40% of the
basecalls with a quality lower than 20 were also removed. Lastly, the filtered data
were clustered into operational taxonomic units (OTUSs) at 97% similarity. Processing
of the cleaned 16S rDNA sequences was performed according to Koopman et al. [34]
with two differences: 25 mismatches in the overlap was used (as 10% mismatches
translates to 25 mismatches) and SILVA v132 was used. Further analyses were

conducted based on the relative abundance of OTU results.

2.5 Statistical analysis
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The data processing was conducted by Microsoft Excel 2013. ANOVA tests
were carried out to assess the differences between sample concentrations and p-value
< 0.05 was considered statistically significant. Non-metric multidimensional scaling
(NMDS) using Wisconsin scaling and Bray-Curtis dissimilarity [35] was employed to
further look into the dissimilarity of the microbial community structures [36] based on
relative abundances. To allow robust comparisons among samples, alpha diversity
indices were calculated by the rarefied OTUs (530,000 reads/sample). Dynamic
changes of Proteobacteria were based on numbers of (Proteobacteria) OTUs.
Spearman correlation analysis was carried out to assess correlations among detected
phyla and p value was corrected by false discovery rate (FDR). OriginPro 9.1,
SankeyMATIC and Rstudio v1.1.447 (R v3.4.4) with packages ggplot2 v3.1.0,
reshape2 v1.4.3, gplots v3.0.1, corplots v0.84, phyloseq v1.22.3, microbiome v1.0.2,

and vegan v2.5-3 were used to develop all graphs.

3. Results and discussion
3.1 Removal of target PPCP compounds in CW-ST-SSF system

The concentrations and removals of four target PPCP compounds are shown in
Table 1. Fig. S1 shows the concentration change trend. All four compounds were
detected in lake water, with concentrations of DEET at 0.88+0.32 ng/L, PAR at
1.26+0.21 pg/L, CAF at 0.72+0.37 pg/L and TCS at 3.54+1.84 png/L. As DEET and
TCS are synthetic organic compounds [37,38], occurrence of these two compounds in
the water sampling area indicates that the pollution is from human activities.

Table 1 shows that by using the CW-ST-SSF system, good removal, of above
90%, was achieved on all compounds, with average removals at 95.9%, 99.1%, 98.1%

and 97.4% for DEET, PAR, CAF and TCS, respectively, and high removal (>90%)



224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

was achieved as soon as the test started, which may be attributed to the effects of
different mechanisms (e.g. biodegradation, adsorption) [16,24]. In a previous study
using the continuous CW-ST system only [29], the average removals of the PPCPs
from the synthetic wastewater (COD at 300 mg/L) were 27.1%, 92.2%, 65.8% and
99.3% (calculated by authors) for DEET, PAR, CAF and TCS, respectively.
Biodegradation, photodegradation and plant effect were proved to play roles in target
PPCP removal [29]. As for the GAC sandwich SSF, under the filtration rate of 10
cm/h, average removals of DEET, PAR, CAF and TCS from synthetic wastewater
(COD at 40 mg/L) were 98.0%, 100%, 100% and 94.8%, respectively. Adsorption
and biodegradation were regarded as the main mechanisms [25]. As for other
techniques, removals of DEET, CAF, PAR and TCS at 1.4%, 76.9%, 58.1% and
90.2% were found using anaerobic membrane bioreactors [39] and all below 25%
(except for CAF) were found in the activated sludge tank-plate and frame/hollow-
fibre membrane system [40]. In this study, natural water was used. A much more
complex matrix (e.g. humic substance) existing in natural water may lead to
competitive adsorption between target compounds and other substances onto
adsorbents (GAC in current study) [41,42]. Besides, the carbon resource in the
synthetic wastewater used was glucose (300 mg/L), which is highly degradable [43].
High concentration of glucose could favour microbial growth and activity, probably
including PPCP-degradation microorganisms, accelerating target PPCP elimination.
In contrast, natural water harbours less nutrients. Therefore, it was assumed that a
relatively lower intensity of bioactivity in the current natural water system might limit
PPCP removal. However, high removal of the four PPCP compounds (>90%)
indicates the good performance of present system treating natural water contaminated

with target PPCPs.
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Oxygen is an essential factor influencing plants and microbial activity in CW
systems, thus affecting relevant biodegradation and plant effect. Roles of plants
include PPCP direct uptake and creation of favourable conditions for microbial
removal [44—46]. At day 14, aerators from the CW tank were removed. Except for
DEET (p<0.05), no significant difference was observed between removals with (DO
above 7.98 mg/L in CW tank) and without aeration (DO at 5.32~6.26 mg/L in CW
tank) (p>0.05) for the other three compounds. DEET is usually regarded as a
recalcitrant compound [47,48]. Higher DO concentration in the CW significantly
favoured DEET elimination and removal of aerators led to higher concentration of
DEET in effluents [29]. In the present study, although a significant difference was
found (p<0.05), removal of DEET with aeration (96.1% on average) was only slightly
higher than without aeration (95.7% on average) (Table 1). From Table S4, after
switching off the aerators, DO concentrations dropped from above 8.20 mg/L to 5.32
mg/L after one day (day 15) in the CW tank and then increased again, while in the ST
tank DO was more stable. Apart from natural oxygen diffusion from air into water,
many aquatic plants are thought to be able to transport oxygen from leaves to roots
and Greater duckweed may also have this ability [16,29]. A sudden change of DO
could affect CW plants and microbial activity, leading to PPCP removal fluctuations.
However, diffusion of oxygen in the ST tank for biodegradation and GAC adsorption
in the filter which was not influenced by DO changes ensured the continuous removal
of the target PPCPs. The good removal in the present study indicates the stability of
the combined system for PPCP elimination. Nevertheless, this research only
investigated the PPCP removal efficiency. Degradation pathways and metabolites
could be further studied to provide a deeper insight into the PPCP degradation

mechanisms.
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275 3.2 General water quality parameters

276 Table S3 summarizes the monitored concentrations of COD, TOC, nitrate,
277 phosphate and ammonium in raw lake water and final effluents. While nitrite was not
278  found, nitrate and phosphate were detected in lake water at concentrations of
279  0.07+£0.01 and 0.12+0.02 mg/L, respectively. However, high ammonium
280  concentration of 19.56+0.18 mg/L was detected, which can be attributed to the fact
281  that Regent’s Park is a natural habitat for a variety of waterfowls and biologic
282  excretion leads to high ammonium concentration. Analysis also shows that the lake
283  water had COD level at 20+5 mg/L and TOC at 1.67+0.18 mg/L.

284 During the treatment process, COD concentrations of effluent kept below 1
285 mg/L until at day 22 its concentration increased to 21 mg/L (possible effect of DO
286  decrease in CW tank exhibited several days later) and then declined, whilst TOC had
287  the same trend. The phenomenon that COD and TOC concentrations increased first
288  and then dropped after aeration stopped was also observed in the continuous CW-ST
289  system [29]. Generally, sharp DO concentration decrease would influence
290  dynamically stable aerobic microbial community and break ecological balance [49],
291  hence affecting nutrients removal. However, in the present study, re-decrease of COD
292  and TOC demonstrated stability of the combined system.

293 No nitrite was found in the final treated water. Nitrate was only found in several
294  sampling days at very low concentrations (below 0.1 mg/L) after the aeration stopped
295 and was totally removed afterward. Phosphate was only detected at day 17 at 0.33
296  mg/L. Previous research by Gunes and Tuncsiper [26] observed that total phosphorus
297  was removed 69% under the raw wastewater concentration of 8.94+3.97 mg/L by the

298  serially connected SSF-CW system. Using GAC sandwich SSF alone, only around 10%
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of phosphate could be removed [25], while 30~50% of phosphate was removed in
continuous CW-ST system [29]. In the present study, the no occurrence of phosphate
in final treated water of the combined system can be attributed to both the good
treatment performance and low phosphate load from the raw lake water. Ammonium
was thoroughly removed under aeration condition but appeared at 15.53+0.23 mg/L at
day 19 after switching off the aerators, then gradually decreased to zero again (day
26). Nitrate and nitrite concentrations in the effluents were within the range of
standards for drinking water quality (50 mg/L for nitrate and 0.5 mg/L for nitrite, EU
Directive 98/83/EC).

Other general parameters (e.g. pH, DO) monitored are shown in Table S4. Final
treated effluent pH was around 8.2~8.5, lying within the range (6.5~8.5) of discharge
standards suggested by WHO-EM/CEH/142/E. Total headloss of the filter was

smaller than one centimetre.

3.3 Microbial community structural changes during test operation

A total of 47 bacterial phyla were found in all 12 tested samples, among which
relative abundance of top 7 predominant phyla are shown in Fig.2-a. The alpha
diversity indices of samples are displayed in Table S5. Top 10 dominant OTUs are
shown in Table S6. Proteobacteria was the most dominant phylum in almost all
samples, accounting for more than 50% of the total detected reads (except Dayl and
SF), followed by Bacteroidetes, Actinobacteria, Verrucomicrobia, Planctomycetes,
Patescibacteria and Cyanobacteria. These phyla were also reported as dominant
phylum in other CW systems [50,51]. Besides, more than half of the Proteobacteria
were from class of Gammaproteobacteria. A high proportion of Proteobacteria was

also reported by Haig et al. [20] who found Proteobacteria, Bacteriodetes,



324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

Acidobacteria and Verrucomicrobia representing 60.80%, 9.27%, 5.17%, and 1.78%
of the total community in the sand filtration system, respectively, and
Gammaproteobacteria was one dominant class in phylum Proteobacteria. In the
present study, although there were 47 phyla determined, the abundances of the OTUs
in these 7 phyla occupied more than 97% of all sequences. The relative abundance
comparison (scaled among each phylum) among all detected phyla is shown Fig.2-b.
The graph shows that there was a great change from inlet water (Dayl) to the
subsequent system samples and abundance of two-third of the detected phyla were
declining (e.g. Epsilonbacteraeota, Fibrobacteres) when test began, while some
microbes (e.g. Dependentiae, Hydrogenedentes) thrived during the experiment. As the
target PPCP compounds were spiked into the water, such obvious changes could be
ascribed to the influence of added PPCPs [52], or the environmental change (i.e.
temperature) from natural environment to the laboratory [41]. Compared to the Dayl,
the phylum relative abundance of microbes attached to the plants (WP) was similar to
those in the CW and ST tanks samples (Fig.2-a). This phenomenon indicated that
microbial structure from the plants played a more important role than the CW tank
inlet water. It can be assumed that though the external environment changed,
microorganisms in the CW tank, especially around roots, are important to plants
[53,54] and interaction between plants and microbes existed during the tested period,
helping maintaining the original structure. As for the GAC sandwich SSF, the
microbial community at the final sampling day (SF) was quite distinct from that at test
beginning (SI) (Fig.2-b). The dominant Proteobacteria phylum (accounts for more
50% in other samples of system) decreased from around 76% to 40% but the
Alphaproteobacteriac lass increased from 12% to 17%, while some other

subdominant phyla (e.g. Bacteroidetes, Planctomycetes and Verrucomicrobia)
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increased, showing higher alpha diversity (Table S5). This result agrees well with the
finding of Haig et al. [20] that diversity of microbial community structure increased
over time in a lab-scale slow sand filter. Since effluent of the ST tank was pumped
directly into the GAC sandwich filter, it was expected that microbial community of
ST26 and SF were similar at phylum level. However, the difference observed (Fig.2)
suggests the filter formed microbial community independently.

The result of NMDS analysis is shown in Fig.3. At day 5, the community
structure of both CW5 and ST5 clearly differed from initial Dayl, while WP was
similar to CW5, showing the same assumption that WP contributed more to the CW
tank than the raw water. Afterwards, microbial community in the two tanks developed
independently and CW tank showed small variation throughout the test. At day19,
after the aerators were removed, the largest difference was observed between the two
tanks (Fig. 3), indicating the shutdown of the artificial aeration led to change in the
microbial community. However, at day26, the microbial communities in the two tanks
become similar again. Compared with the ST tank, microbes in the CW tank showed
more similarity and both of them developed its own bacterial community, although
water flowed from the CW to the ST tank continuously. As for the filter, after the
maturation stage, SI was quite different from Dayl, and changed noticeably to SF.
Interestingly, even though three units of the system presented independent microbial
community development, at the end of the test, the microbial structure differences
were smaller. The same trend was also observed by Haig et al. [20] who treated a
water by different sand filters and found that the differences of microbial community
composition between filters increased first and gradually decreased..

The sudden decrease of DO in the CW tank after aeration shutdown might have

changed the biotope of the system [45,49], thus potentially influencing the subsequent
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ST and GAC sandwich filter units. NMDS analysis showed that the microbial
community structure in the CW tank changed less than in the ST tank (Fig.3).
However, phylum composition in the ST tank changed less than in the CW tank
(Fig.2). Besides, although the microbial diversity (e.g. Shannon index) dropped
sharply, the CW tank kept higher microbial richness (e.g. Chaol index) than that in
the ST tank (Table S5). As discussed above, at day 26, OTUs relative abundance of
the two tanks became similar again after showing difference at day 19. This
phenomenon shows the stability of the combined system, in accordance with the
former finding that the system was stable in removing target PPCPs. Albeit changes
of DO concentration can affect activities of microorganisms, CW plant roots enhance
the oxygen condition [55], helping maintaining aerobic bacterial community. The
stability of a CW system facing various condition changes were also observed
[56,57]. In the current system, although three process units were serially connected
and water flowed from the CW tank to the GAC sandwich filter, each part gradually

formed different dynamically stable microbial community.

3.4 Dynamic OTUs changes of Proteobacteria

Proteobacterial microorganisms were commonly found in CW and sand
filtration systems [50,58-60] and considered playing important roles in the
biodegradation or biotransformation of organic compounds in surface water CW
systems or filtration systems [59,61]. Therefore, Proteobacteria might have helped to
biodegrade the target PPCP compounds and some microorganisms e.g.
Novosphingobium and Hydrogenophaga, which are considered to have ability of
degrading environmental organic pollutants [62], have been found in this study (Table

S6). Hence, temporal variations in OTU numbers (richness) from Proteobacteria in
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different units were further investigated. Fig.4 shows the temporal dynamic OTUs
changes and occurrence of new OTUs in each unit. More than half of OTUs
disappeared from Dayl to Day5 in both CW and ST tanks. Then OTUs disappeared
and reappeared in the following sampling days. In addition, new OTUs also appeared
in each week, but the proportion of new-coming OTUs gradually reduced and more
than half of new OTUs were found in the following sampling day, showing new
OTUs kept on adapting to the system. As the system was fed with natural water
continuously, this phenomenon indicates the microbial community in the two tanks
were in status of temporal dynamic changes [63], and this change can be attributed to
different operating conditions in laboratory, competitions among microbes [64], and
sensitivity to spiked PPCP compounds [37,52]. In addition, there were less OTUs in
the ST tank than in the CW tank during the whole experiment period (Fig.4). The
aquatic plants can provide an adherent substrate and habitat for microorganisms [65].
Some bacteria have mutualistic interactions with plants (e.g. providing nitrogen and
phosphorus in exchange of carbon) [66]. Hence, the absence of plants in the ST tank
may have led to a decrease in microbial richness (Table S5) when water flew into.
Compared to the Dayl, the number of new OTUs accounted for nearly half of
the detected Proteobacteria in the filter. It is worth noting that, although the relative
abundance of Proteobacteria decreased in the GAC sandwich filter (Fig.2), the
number of OTUs increased at the end of the test, demonstrating a more diverse

microbial biotope.

3.5 Correlations among different microbial phyla
Spearman correlation analysis of relative abundance was conducted among 19

phyla, OTUs of which were detected in all samples. The results are shown in Fig.5.
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Various statistically significant correlations have been found among tested phyla. The
most significant positive and negative correlations were between Planctomycetes and
Chloroflexi (R=0.92, p<0.001, FDR corrected, similarly hereinafter) and between
Verrucomicrobia/Bacteroidetes and Proteobacteria (R=-0.73, p<0.001), respectively.
As Bacteroidetes and Proteobacteria were two top dominant phyla in the present
study, a competitive relationship between them may exist, since DO concentration
indicated aerobic environment in present study and microbes in both two phyla can
aerobically biodegrade organic matters [67], probably due to the competition of
nutrients [68] and/or different toxicity tolerance to PPCPs [52], which can be further
studied. In addition, other correlations were found among 7 dominant phyla.
Proteobacteria was found to be negatively correlated with Patescibacteria and
Cyanobacteria (p<0.01). Positive correlation between Patescibacteria and
Verrucomicrobia (p<0.001) was also observed. Interestingly, some phyla (e.g.
Acidobacteria, Gemmatimonadetes) negatively correlated with Cyanobacteria
(p<0.01), but positively correlated with Planctomycetes and Chloroflexi (p<0.01),
showing a possible direct or indirect microbial cooperation [68,69]. Other noteworthy
positive correlations (p<0.01) mainly occurred between
Acidobacteria/Armatimonadetes/Hydrogenedentes and other phyla. In comparison,
fewer significant negative correlations (p<0.05) were found, the majority of which lay
between Proteobacteria/Cyanobacteria with others (Fig. 5).

In the present study, microbial community structure in the initial influent
changed considerably when system began to operate, one reason of which can be
ascribed to the influence of spiked PPCPs [52,70]. Table S6 shows that classes of
Gammaproteobacteria and Alphaproteobacteria (Proteobacteria) existed in top 10

most abundant OTUs of the CW and ST tanks all the time. In the later part of the



449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

experiment, Bacteroidia from Bacteroidetes also thrived in the system. These three
types of microorganisms may have potential ability to degrade the target PPCP
compounds. However, as the concentration of target PPCP compounds were only
determined in the effluents, it is difficult to state the real connections between them
and community variations. Hence, this aspect can be investigated in the future.
Besides, (shotgun) metagenomic sequencing will also shed more light on the

dominant genes from specific groups of bacteria involved in PPCP degradation.

4. Conclusions

In the present study, Greater duckweed constructed wetland, stabilization tank
and GAC sandwich slow sand filtration system was connected in series and tested to
remove DEET, PAR, CAF and TCS at spiked 25 pg/L from natural water at lab-scale.
The microbial community composition was comprehensively studied in different units
of the system during the treatment process. Main conclusions are:

e DEET, PAR, CAF and TCS were removed at 95.9%, 99.1%, 98.1% and
97.4% on average, respectively. After aerators were stopped, no significant
PPCP removal difference compared to with aeration was observed (p>0.05),
except for DEET, showing good stability of the test system in removing these
compounds.

e The tested system achieved good treatment of nitrogen and phosphate. No
nitrite, nitrate, phosphate and ammonium were detected at end of the
experiment.

e Diversity of microbial community in water decreased when system began to
operate, potentially because of influence of spiked PPCP compounds.

Proteobacteria was the most dominant phylum among 47 phyla detected.
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Bacteria attached to the plants influenced more to the microbial composition in
the CW and ST tanks than that in the initial inlet water.

Although water flowed into the combined system successively, microbial
community structure in three units of the tested system displayed difference
and system showed stability when aerators were removed. After aeration
stopped, microbial community structure in CW tank changed less and
maintained a higher richness but diversity dropped sharper than ST tank. At
the end of the test, the structural differences among three units decreased.
Temporal changes in the number of different OTUs of the predominant
phylum Proteobacteria in the three process units presented a dynamic
development. Various correlations were found between different phyla.
Bacteroidetes and Proteobacteria had a significant Spearman negative
correlation (R=-0.73, p<0.001, FDR corrected), probably due to microbial

competition.
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Table 1 Concentrations and removals of the target PPCP compounds in the untreated and treated water

Day

DEET

PAR

CAF

TCS

Concentration (pg/L)

Removal (%)

Concentration (pg/L)

Removal (%)

Concentration (pg/L)

Removal (%)

Concentration (pg/L)

Removal (%)

Untreated water
1%
3
5
8
10
12
15
17
19
22
24
26

Average

0.88+0.32

0.97+0.00

1.05+0.03

0.86+0.01

1.05+0.02

1.03+0.02

1.05+0.06

1.05+0.06

1.16+0.09

1.05+0.09

1.22+0.06

1.10+0.02

1.13+0.00

1.06+0.04

n.a.**

96.3

96.0

96.7

95.9

96.0

95.9

95.9

955

96.0

95.3

95.7

95.6

95.9

0.26x0.21

0.26+0.01

0.03+0.05

0.01+0.01

1.08+0.11

0.43+0.05

n.d.***

n.d.

n.d.

n.d.

0.75+0.16

0.14+0.01

0.11+0.02

0.23+0.04

n.a.

99.0

99.9

99.9

95.7

98.3

100.0

100.0

100.0

100.0

97.0

99.5

99.6

99.1

0.72+0.37

0.66+0.04

0.51+0.01

0.58+0.06

0.54+0.09

0.67+0.09

0.54+0.01

n.d.

0.55+0.02

0.56+0.03

n.d.

0.57+0.01

0.55+0.01

0.48+0.03

n.a.

97.4

97.9

97.7

97.8

97.3

97.9

100.0

97.8

97.8

100.0

97.7

97.8

98.1

3.54+1.84

1.63+0.03

0.56+0.31

0.65+0.06

0.35+0.01

0.34+0.01

0.42+0.10

0.29+0.02

1.75+0.04

0.60+0.02

0.14+0.00

0.25+0.02

1.25+0.03

0.69+0.05

n.a

93.5

97.8

97.4

98.6

98.6

98.5

99.0

93.9

97.9

99.5

99.1

95.6

97.4

* From day 1, mixed target PPCPs were added into the untreated water to reach a spiked concentration of 25 pg/L. The initial concentrations of DEET, PAR, CAF and TCS at
day 1 in the system were 25.88, 25.21, 25.38 and 25.08 pg/L, respectively.

** n.a. not available

*** n.d. not detected



Figure

Figure captions:

Fig. 1 Schematic representation of the experimental system.
(a. influent tank; b. reflective fabric; c. lights; d. Greater duckweed; e. aerator; f. peristaltic pump; g.

effluent tank; h. wetland tank; i. stabilization tank; j. GAC sandwich slow sand filter; k. overflow

pipe)

Fig. 2 Relative abundance of 7 predominant phyla and heatmap of all detected 47 phyla of microbial
samples.

(2-a. Proteobacteria were classified into classes of alpha-, gamma- and others which accounts for less
than 4%; 2-b. 47 detected phyla were scaled in row to compare relative abundance of each phylum.
Colour key, relative abundance increases from red to green. Clustering method: average hierarchical
clustering)

Fig. 3 Non-metric multidimensional scaling (NMDS) analysis of microbial samples based on the OTU

table using Bray-Curtis dissimilarity.

(Scaling method: Wisconsin scaling. Points which are closer in the plot indicate samples with more

similar microbial community structure)

Fig. 4 Dynamic changes of the number of Proteobacteria OTUs in the CW tank, ST tank and filter.
(Length of nodes and width of flow indicate number of OTUs. Flows indicate the links between two
nodes. “New” of each sampling day indicates OTUs not detected in previous samples. Total

Proteobacteria OTUs number of each sample is displayed below).

Fig. 5 Spearman correlations among selected phyla

(Lower triangle: numbers indicate the R value of the Spearman correlation, darker blue colour
indicated stronger positive correlation, and darker red colour indicates stronger negative correlation;
Upper triangle: block with slash indicates negative correlation, darker blue colour indicated stronger
positive correlation, darker red colour indicates stronger negative correlation, *p<0.05, **p<0.01,
***p<0.001, FDR corrected)
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Fig. 1 Schematic representation of the experimental system. (a. influent tank; b. reflective fabric; c.
lights; d. Greater duckweed; e. aerator; f. peristaltic pump; g. effluent tank; h. wetland tank; i.

stabilization tank; j. GAC sandwich slow sand filter; k. overflow pipe)
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Fig. 2 Relative abundance of 7 predominant phyla and heatmap of all detected 47 phyla of microbial samples.
(2-a. Proteobacteria were classified into classes of alpha-, gamma- and others which accounts for less than 4%; 2-b. 47 detected phyla were scaled in row to

compare relative abundance of each phylum. Colour key, relative abundance increases from red to green. Clustering method: average hierarchical clustering)
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table using Bray-Curtis dissimilarity.

(Scaling method: Wisconsin scaling. Points which are closer in the plot indicate samples with more

similar microbial community structure)
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Fig. 4 Dynamic changes of the number of Proteobacteria OTUs in the CW tank, ST tank and filter.
(Length of nodes and width of flow indicate number of OTUs. Flows indicate the links between two
nodes. “New” of each sampling day indicates OTUs not detected in previous samples. Total

Proteobacteria OTUs number of each sample is displayed below).
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corrected)



Supplementary Material
Click here to download Supplementary Material: Supplementary data-R1.docx


http://ees.elsevier.com/cej/download.aspx?id=2717929&guid=55c780c7-e594-46ba-a013-20dae32d8584&scheme=1

