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Abstract

The continuous discharge efnerging organic pollutants (EORsfo the environment and
their potential biotoxicity to aquatic organisms has attracted increasing concerns. Constructed
wetlands (CWSs) are considered to be a sustainable technology for EOPs restitlviing-
term exposure to EOPs and their metabotitay also negatively affect plant growth and system
stability. Arbuscular mycorrhizal fungi (AMF), as the most common microorganism in the
natural environment, have positive effects on the performance of the host plant through
increasing nutrient uptake @ntolerance to environmental stressescluding EOPs.
Consequently, AMF rebeen regarded as a critical phytoremediation approachestablish
the degraded ecosystems. HoweVitile is knownabout the application of AMF in CWe
purify wastewater cataining EOPs. Furthermore, factors that affect the establishment of AM
symbiosis (e.g., substrate types) in wetland systems remaleaunTherefore, the main
objectives of this thesis were to: 1) assess the impacts of substrate type (sand, perlite,
vermiculite, or biochar) on the symbiotic relationships between ARtiZophagus irregularjs
and plant rootsGlyceria maximin CWs; 2) explore the effects of AM symbiosis on plant
growth and antioxidant response in CWs under the stress of EOPs; 3) investigate the influences
of AMF on the transformation and translocation of EOPs in CWSs; 4) evaluate the role of AMF
in pollutantremoval in CWs with the different substrate. Results showed that the symbiosis
between AMF an. maximaouldbe found in all substrate CW systems. Adsorptive substrates
(perlite, vermiculite, and biochar) were more conducivéotming AM symbiosis tharsand.
AMF significantly enhanced the growth & maximaand promoted host plant resistance to
EOPs6 stresses by increasing antioxidant enz
and decreasing oxidative damage. Meanwhile, AM symbiosis enthaheetranslocation of
EOPs from roots to shoots in all substrate systems, resulting in a higher amount of EOPs in the
shoots of inoculated plants than that of +ilwoculated plants. Compared to the #&aMF
inoculated controls, The accumulation of EOPthmroots of inoculated plants was increased
by 21:193% and 67196% in sand and vermiculite systems but decreas&$%3and 54100%
in perlite and biochar systems, respectivéiMF had positive effects on pollutant removal
(EOPs and conventional pollutansuch agOC, PQ*-P, NH*-N, TN) in sand systems but
insignificant effects in perlite, vermiculite, and biochar systdmsaddition, AM symbiosis
effectively reduced the concentration of EOPs metabolitesydPoxy ibuprofen, carboxy
i bupr of ewdroxy dicladenad)dn the effluent of all four substrate systérherefore,
these results indicated that AMF has the potential to enhance thenperéa of CWs for
wastewater purificatigrand this ability could be affected by substrate types. Theg@rowide
a good starting point for applying AMF in the phytoremediation of EOPs in CW systems.
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Abstrakt

Kontinu8ln2z wvypougthDn2 novhD se ofpijeotun2igsé ch
prost Sed? a jejich potenci 8l n?2 biotoxicita pr
Vybudovan® umhRl ® mokSady (UM) j sou povagovs§sr
odstraRovgn2 EOPs. Dl ouhodob8 exponiegatE®mRDa |
ovlivnit r Tst rostlin a stabilitu syst ®mu . A
nej bNngnnj g?2 mi Kkroorgani smus v pSirozen®m pr os
hostitel sk® rostliny prost Sedn ientronfmentalsimT gen®h o
stresTm, vlietnhD EOP. V dTsledku toho byl AMF p
k obnoven? degradovanich ekosyst®mT. O pougit
obsahuj2c2ch EOP je vgak zn8moryj,enktm8I® .o vKri osn
ustaven2 AM symbi-zy (napS. typy substr8&tT) v

této prace proto bylo: 1) posoudit dopady typu substratu (pisek, perlit, vermikulit nebo biouhel)

na symbiotické vztahy mezi AMRpizophagus ragaris)y a k o S eGiygeriarnmsnjl i n

v UM; 2) prozkoumat %l inky AM symbi-zy na rTs"
stresem EOP; 3) zkoumat vlivy AMF na transformaci a translokaci EOP v UM; 4) vyhodnotit

sl ohu AMF pSi odscthr dRdwe&nay UiMelsi gFajnd a2 substr §
ge symbi - zu Gmmaimal AMF nal ®zt ve vgech substr §t
Adsorpln2 substr8ty (perlit, vermi kulit a biou
neg p2sek. AMF Twh maxanemn Ip odwiodSiillyy rodol nost hosti
stresu EOPs zvigen2zm antioxidaln2ch enzymT a
tk8n2ch a sn2gen2m oxidaln2ho pogkozen2z. AM s
koSenT do vwiehcohnkplouvyd t Tch substr&tech, cog ved
vihonc2ch inokulovanTch rostlin neg u neol kov
neol kovanTmi AMF se akumulace EOP vilk3Senech i
a6il196 % vUMsmE kem a s ver mi kulii5%%eabl1008oveeritia? gi | a se
2

bi ouhlu (biocharu), resp. AMF mnDl a pozitiwvn
konven!| n2 pol ut®@PnNHy-N,TN) k giskolyohGystéiRedh, ale nevyznamné
Yal i nkeyr v tp, vermi kulitu a biouhl u. AM symbi - z

met abol i t-Mfyde@Pxsyi @2ipr of enu, -hydioxybdikbofgnako)uver of e nu
vitoc2ch ze vgech |tyS UM s rTznTmi substr§ty.
potené §1 zvITgit vikon UM pro |igthRn2 odpadn2ch voc
substrg8tT. Ty mohou poskytnout dobrT vichoz2 b
umRl Tch mokSadech.
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1. Introduction

More than 1000 emerging organic pollutants (EOPs), which are currently not
added into the traditional monitoring project by many countries, have been detected in
the environment according to the investigation of Norman NetwWhi®RMAN
Association, 2016)Many EOPs exhibit potential toxic effects on aquatic organisms
due to their characteristics of bioaccumulation and difficulty for biodegraditian
et al., 2007) which could eventually pose a risk to human health and the ecosystem
(Chen et al.,, 2017)Especially for some daily pharmaceuticals with a ehug
consumption, such as ibuprofen (IBU) and diclofenac (DCF). They can be released
continuously to the aquatic ecosystem, for examplesmagtigible levels of IBU and
DCF have been found in the range of-378 pg/L and 0.#48 ug/L in the influent of
the wastewater treatment plant, respectiv@hadikizela and Chimuka, 2017; Petrie et
al., 2015) There are highly environmental concerns on IBU and DCF for aquatic life,
including producing sespecific response@-lippin et d., 2007) genotoxic effects
(Ragugnetti et al., 2011)influencing hatching, yolk sac, and tail deformation
(Brandhof and Montforts, 2010Moreover, conventional wastewater treatment plants
have been prad to be one of the significant sources to discharge EOPs into surface
water(Farré et al., 2008)Therefore, developing more effective wastewater treatment
technology is an urgent need to prevent the release of EOPs into ecosystems.

Constructed wetlands (CWs), also known as treatment wetlands, are engineered
systems designed to simulate various physical, chemical, and biological processes to
remove pollutant§Vymazal, 2011) They have been wildly adopted as a @affctive
and sustainable technology for EOPs removal because of the advantages in low energy
requirements, easy operation, and maintenéficeng et al., 2018 However, wetland
plants and microbes are frequergiposed to the stress of EOPs, which may also affect
plant growth and microbial activities as well as their subsequent performance to remove
pollutants(llyas and van Hullebusch, 2020; Ji et al., 2022)ecent study reported by
DiazCubilla et al(2022)revealed that the presence of EOPs could produce microbial
stress and irreversible celamages of microbes, influencing the anaerobic digestion
process of anaerobic bioreactor and decreasing the removal efficiency of organic
matters. Meawhile, EOPs might have adverse effects on plant growth, such as
reducing photosynthetic pigments, inhiihg root development, and reducing the
number and size of mature leayBsrtrons and Pefiuelas, 201Therefore, there is an
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urgent need to enhance pl aovihgtheopdfemaacec e t
and sustainability of CWs.

Arbuscular mycorrhizal fungi (AMF), as the most common microorganism in the
natural environment, have been demonstrabetbrm a mutualistic symbiosis with
roots of over 80% of alterrestrial plants. The |antmycorrhizal association can
develop the exraradical mycelium beyond the 4wt zone and establish trebaped
subcellular structures within root cells, thus, improving nutrient acquisition and plant
tolerance to environmental stresses, includingugdht, cold, salinity, and organic
contaminantgAjit Varma, 2017; Xu et al., 2017Meanwhile, arbuscular mycorrhizal
(AM) symbiosis also plays a sigicant role in boosting the development of
rhizosphere microorganisms by stimulating the production of root exudates,
phytoalexins, and phenolic compour{tlatef et al., 2016; Toljander ek a2007) For
these reasons, AMF has been regarded as a critical phytoremediation approach to re
establish the degraded ecosystems, such as contaminated soils, abandoned agricultural
fields, and grasslan@hjit Varma, 2017) Previous studies indicatedat AMF could
influence the biodegradation and phytoremediation of EOPs, such as improving the
removal of polycyclic aromatic hydrocarbons and petroleum compounds in soll
( Ma g a c Wuswand Kalka, 2010; Yu et al., 201Rgsides, Festé2013)reported
that AMF (Funneliformis mosseaand Rhizophagus irregular)scould rapidly and
extensively establish symbiosis in the root®bfagmitesaustralisunder the stress of
benzene, methytert-butyl ether, and ammonia in a pistale CW. Nowadays,
numerous pieces of evidence have demonstrated that the symbiotic relationships
between AMF and plant roots can be found from various wetland fgbitatuding
fens, swamps, marshes, shorelines, bays, floating wetland mats, and natural wetlands
(Fusconi and Mcciarelli, 2018; Huang et al., 2021; Ramiiga et al., 2020; Wang
et al., 2018). This indicates that AMF may have an essential function in wetlands,
which might open new perspectives on the application of symbiotic AMF in the
phytoremediation techihmgy of wastewater contaminated with EOPs. However, there
is no information so far about the effects of AMF on the removal of EOPs in CWs.

Therefore, the objectives of this thesis were taskess the impacts of substrate
type on the symbiotic relationships between AMF and plant roots in, CY¥¢xplore
the effects of AM symbiosis on plant growth and antioxidant response in CWs under
the stess of EOPs3) investigate the influences of AMF on the transformation and
translocation of EOPs in CWs; 4) evaluate the role of AMF in pollutant removal in
CWs with the different substrate.
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2.1 Emerging organic pollutants

In recent decadesany newly identified compounds in the aquatic environment
havebecome a global issue of increasing environmental cor(€&ut et al., 2021)
These contaminants are anthropogenic or naturapanwrily organic, occurring in
trace concentratiomangingf r o m n g /(RodriguezNargaézlet al., 2017 hese
organic compounds are often collectively referred to as emerging organic pollutants
(EOPs)(Farré et al., 2008)'he United States Geological Survey defines EOPs as any
anthropognic or naturally occurring chemical that is not currently covered by existing
waterquality regulations but has the potential to enter the environment and cause
known or suspected adverse ecological and (or) human health effects. As shown in
Table 2.1, EOPs arise from diverse groups of chemicals and various compounds,
including gharmaceuticals and personal care producti@elahmeh et al., 2020;
Madikizela and Chimuka, 201, Ahdustrial additives and agerfisymazal et al., 2017;
Wang et al., 2021 yperfluorinated alkylated substancesificial sweetenerand biocides
(Rathi et al., 2021; Robledolina et al., 2014)as well as other organic contaminants
(Rout et al., 2021)

The existences of EOPs in environmental media are not a new phenomenon. The
release of EOPs in the environment basurredfor a long time but might not have
been reported until new analytical techrég were developed. The first documented
awareness of EOPs, for example, should probably be attributed to the book published
in 1962 by Rachel Carson, named #ASilent
between widespread usage of dichlorodiphenyitoimethane (DDT) and ecological
hazardgSauvé and Desrosiers, 2014 1975, the first detection of pharmaceuticals
was reported in surface water using gas chromatography withspastrometryRout
et al., 2021)In recent years, with rapid advances in analytical techniques and detection
methods, there has beanvealth of studies on the occurrence and fate of EOPs in the
environmeniMatamoros et al., 2012; Rodrigubozaz et al., 2015; Verlicchi et al.,
2012; Walters et al., 2010With the industrial developments and technological
advancements, the continuous release of uartgpes of EOPs into the environment is
a growing concern because they can be doubtlessly dangerous to the ecosystem and
human being§Farré et al., 2008; Gavrilescu et al., 2015; Wang et al., 2021)
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Table 2.1. Generaklassificationof EOPs.

Classification

Representative EOPs

Pharmaceuticals

Personal care products

Industrial additives  anc
agents

Perfluorinated alkylatec
substances

Biocides

X-ray contrast agents

Avrtificial Sweeteners

Other chemicals

Ibuprofen, Diclofenac, Gemfibrozil, Diazepat
Aspirin, Acetaminophen, Sulfamethazir
Sulfamethoxazole, Naproxen, Carbamazep
Ketoprofen,  Chloramphenicol, Acetylsalicyl
Acid, Diazepam, Furosemide, Bezafibrate
Hydrochlorothiazide, Xenoestrogen, Bispbé A
(BPA), Dioctyl phthalate, Amphetamine, Cocair
Tetrahydrocannabinol, Diethylstilbestrol, Estradi
Estriol, and Estrone

Benzophenone, N, ddiethyltoluamide, Methyl
benzylidene, Nitro, Polycyclic and Macrocycl
musks, Triclosan, Triclocarban, and Caffein

Chelating agents, Aromatic sulfonates, Diall
ethers, Methyt-butyl ether, Dimethyl agate, C10
C13 chloroalkanes, Hexabromocyclododece
Polybrominated diphenyl ethers, Tris-¢loro-2-
propyl) phosphate, Tetrabromo bisphenol A, 1
(2-chloroethyl) phosphate, Alkylphent
ethoxylates, Alkylphenols (nonylphenol ai
octylphenol), and Alkyphenol carboxylates

Perfluorooctanesulfonate and Perfluorooctar
acid

Epoxiconazole, Butachlor, and Metaldehyde

lohexol, lopromide, lodixamol loxaglate,
lothalamate, and lopamidol

Aspartame, Saccharin, and Sucralose

Nanomaterials, 1;ioxane, and Swimminrgoot
disinfection byproducts

The information in this table is summarized from the following stuf@edahmeh et
al., 2020; Madikizela and Chimuka, 2017; Rathi et al., 2021; RdWdma et al.,
2014; Rout et al., 2021; Vymazal et al., 2017; Waire).e2021)
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2.1.1 Sources and occurrences of EOP® aquatic
environment

The occurrence of EOPs has been demonstrated in the environment worldwide
(Pal et al., 2010)In addition to raw and treated wastewgtdiadenov et al., 2022)
several studies have reported the presence of EOPs in surface@a@ier et al.,

2018) groundwatefLapworth et al., 2012gnd even drinking watdi eodosiu et al.,
2018) According to the latest investigation data of Norman NetwWdiORMAN
Association, 2016)more than 1000 EOPs that are currently not added into the
traditional monitoring project by many countries have been detected in the aquatic
environment.

EOPs can enter the environment through diversified soufgégs 4.1), which
could be divided into two categories: point sources and diffuse sources of pollution
(Lapworth et al., 2012)Point source pollution of EOPs usually originates from discrete
locations, including effluents of industrials (e.g., hospitals, manufacturing plants, food
processing plants) i municipal wastewater treatments, overflows of combined
sewagestorm water, waste disposal sites (e.g., farm waste lagoons, landfill, industrial
impoundment), resource extraction (e.g., oilfield and mining) and buried septic tanks.
Diffuse pollution of EDOPs, in contrast, is mainly of unspecified diffuse sources and
usually occurs over broad geographical secles. The typical examples of diffuse source
pollution include diffuse aerial deposition, agricultural runoff from-ditids and
manure sources, leakadrom reticulated urban sewer systems, and stormwater and
urban runoff (Lapworth et al., 2012)

EOPs in surface water

Out of the extensive classifications of EOPs detected in surface waltge ¢.1),
Das(2017)suggested that about 30% are agricultural and industrial chemicals, and 70%
are pharmaceuticals and personal care products (PPCPs). Among the s@urces,
the discharge of the effluent of wastewater water treatments (WWTPS) is one of the
major sources of EOPs into the environment. For example, pharmaceuticals and their
metabolites can be excreted via urines and feces and subsequently discharbed into
environment through the effluents of WWTIRiimmerer(2009)suggested that even

9
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a seemingly insignificant source such as private householdmc@ase the level of

EOPs in the environmerity disposing ofexpired and unwanted medicines via
household waste, sink, or toilet. Meanwhile, personal care products, such as shampoos,
soap, shower gel, toothpaste, sunscreen lotions, etc., can be disctmrtex
environment through the daily activities of human beityang et al., 2017)
Kapelewska et al2018)investigated theccurrence of EOPs (nineteen compounds
from different classifications) in three WWTPs, suggesting that the most frequently
detected EOPs in the influent of WWTPs were PPCPs (52%), followed by industrial
compounds (13%) and insect repellents (below 2%). rGonty, the degradation of

EOPs in WWTPs is often incomplete. As showridrle 2.2, most of the PPCPs were
detected at | evels below 5 e€g/L in treat
as ibuprofen, diclofenac, naproxen, and caffeine were repdrteteentrations of 603

egl/ L, 270 e€g/ L, 70 ¢ g /(Rout etaaln @0215S0 farg the L , r
effluent of WWTPs has becaone of thgrimary sources of EOPs to discharge into

the aquatic environmer{Farré et al., 2008)The indirect or direct discharge from
wastewater sources, such as manufacturing units of pharmaceuticals, personal care
products, biocides, industrial compounds, and other chemicals, is considered another
essentik point source of EOPs in the aquatic environmghirado et al., 2012;
Lapworth et al., 2012)especially in reigns where discharge guidelines do not exist,

and wastewater facilities are poorly regulated, rudimentary oremixtent. For
example, the effluents of hospitals form a vital source for a range of specific EOPs,
including antibiotic resistance bacteriaigs, xray contrast media, drug conjugates,
pharmacy metabolites, etl.apworth et al., 2012; Rout et al., 202Moreover, as
intensive livestock reamng and highly mechanized farming become more and more
common, the runoff from livestock farming and agricultural activities are gradually
becoming a significant source of EOPs to the environment, particularly in the form of
steroid hormones and pesticidesed for the enhancement of productiyBarbosa et

al., 2016) Kolodziej and SedlaR007)found that the source of steroid hormones (e.g.,
estrogensprogestins, and androgens) in the surface water was direetlated to
livestock grazing. In dairy waste lagoons. SimilaKyplodziej et al.(2004) reported

that some hormones, including endogenous oestrogens, oestrone, androgens
testosterone, androstenedione, have been detected at concentrations as high as 650 ng/L.
Other sources of EOPs to the surface water include leakage from WWTP facilities, the
discharge of aquaculture wastewater, irrigation using reclaimed water, landfiilngac
etc.(Routetal., 2021; Yang et al., 201If) a recent study, Nika et §020)confirmed

that samples from raw and treated landfill leachate yielded&tplex EOPs involving
pharmaceuticals, industrial chemicals, and plant protection products.

10
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Table 2.2.The detected concentrations of PPCPs iratjigaticenvironment.

Range in concentrations (ng/L)

Compounds Europe North and South America Asia and Australia

WWTP/STP surface \\\y1p/sTP surface \ \wrp/sTP SUICTE
water water water

Antibiotics

Trimethoprim In: - 2-212 In: - 4-150 In: - 0-78.2
Out:0.57900 Out: 58321 Out: 991264

Ci propoxein:- - In: - 23-1300 In: - -
Out:1161100 Out: 42720 Out: 403353

Sulfamethoxazole In: - 91-794 In: - 2000 In: - 3.81400
Out:7-211 Out: 22000 Out: 0.54

Analgesics

Naproxen In: 6487264 0-979 In: 2.6x10-4.6x10 11-3990 In: - 0.3-146
Out: 1500 Out: 1287x10 Out: 4501840

Ibuprofen In: 540-2.0x1¢ 0-34.0 In: 2.0x13-2.3x10 28-1025 In: 0-155 14-83.4
Out: 2263600 Out: 651758 Out: 1347100

Ketoprofen In: 2301288 17-737 In: 80 0.479.6 In: - 9-14
Out: 12298 Out: 50 Out: 225954

Diclofenac In: 90-1600 11-1153 In: 1.7x16-2.5x16 1.1- In: 31.7 21-41
Out: 2501310 Out: 1.3x16-2.7x160  1.9x1C Out: 4663300

11
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Range in concentrations (ng/L)

Compounds Europe North and South America Asia and Australia

WWTP/STP surface  \\\wTp/sTP surface \\\yTp/STP Suriace
water water water

Paracetamol In: 2.0x10-7.0x10 2501289 In: 1.3x10 4.2x10 In: 1350 18.7
Out: 2#55 Out: - Out: 17

Mefenamic acid In: - - In: - 0.1-65.1 In: - 0.3169
Out: - Out: 4.45396 Out: 1-554

Acetaminophen  In: 4.9x10-1.1x10  24.7-954  In: 1.2x10-9.2x10 4.1-:3422  In:- 12-777
Out: 123415947 Out: 1.819 Out: 59220

Antiepileptics

Carbamazepine In: 26-589 2.7-113.7 In: 290 2534.7 In: 12-45 9-157
Out: 111187 Out: 152226 Out: 130290

Beta-blockers

Propranolol In: 11-53 2-54 In: - 10.4 In: - 20
Out: 81350 Out: 56215 Out: 3044

Metoprolol In: 1865242 0.8115 In: - 26.3 In: 122 3.08
Out: 3533097 Out: 5746990 Out: 126

Atenolol In: 160:9929 6.2-470 In: - 27-51 In: 1300 0.35314
Out: 879 Out: 453230 Out: 1720

Blood lipid requlators

12
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Range in concentrations (ng/L)

Compounds Europe North and South America Asia and Australia
WWTP/STP surface — \\\wTp/sTP surface \\\yrp/STP Slletss
water water water
Cloybric In:- 3.226.7 In: - 22-248 In: - 1-14
Out: 0-33 Out: 154 Out: 2#120
Gemybroziln:- 5.416 In: - 1.89.1 In: - -
Out: 9300 Out: 3.917 Out: 228571
Bezaybr at In:31369 4.05328 In: 3150 1513 In: - 16-363
Out: 3302 Out: 748 Out: 233340
Hormones
Estriol In: 5-102 0.2234 In: 15274 1.7-2510 In: 6.7-94 7.6
Out: 585 Out: 8.92.5x10 Out: 2.885
Estrone In: 9-78 0-76 In: 21 3.634 In: 24.7880 0.4-33
Out: 1-54 Out: 14 Out: 12.4196.7
Progesterone In: - 14-27 In: - - In: - -
Out: - Out: 9 Out: 8.616.9

Note WWTP: wastewater treatment plant. STP: sewage treatment Phsited linenot reported.

Data were summarized from

previous studiegJurado et al., 2012; KéeRchulmeyer et al., 2013; Mladenov et al., 2022;-Bdmez and Puttmann, 2012;

Santos et al., 2007)
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Fig. 2.1. The potential sources and pathways of emerging organic pollutants in the
environment(Lapworth et al., 2012)

To date, more than 200 pharmaceutically active compounds have been reported
globally in surface wategDos Santos et al., 2021; Hughes et al., 20IBg detected
concentrations of PPCPs in the effluent and influent of wastewater/sewage treatments
and surface water are summarizedliable 2.2 For example, sulfamethoxazole, a
sulfonamide, is one of the ubiquitously used antibiotics, and it was detected frequently
in surface water in the range of 2000 ng/L(Pal et al., 2010)Ciprofloxacin, an
antibiotic compound, was detected in the freshwater ecosystems with a maximum
concentration of 6.5 mg/l(Hughes et al., 2013)Likewise, naproxen, ibuprofen,
diclofenac, and paracetamol, as the commonly used analgesics, antiarthritic and
artirheumatic norsteroidal antinflammatory drugs, have been regarded as the most
frequently detected PPCPs in the aquatic environment, with a high concentration of 4.0
eg/ L, 1.0 g/ L, 200 ¢ dPRalma et &@.n2020;4/6rasetql, L ,
2019) In a previous review conducted by Jones e(2401),it was found that the
detected concentrations of PPCPs, including antibiotics, hormones, antidepressants,
lipid regulators, analgesic compounds, and chemotherapy compounds, were ranged
from 0.04 to 6.3 ¢ g/enbt Momover, ls@ne highwsage c
compounds like sunscreen agents and preservatives were often detected in surfaces
water, at a concentration exceeding 1000 rigésprzykHordern et al.2008; Rout et

al., 2021) Recently pesticides wereeported in African surface waterK 6 or ej e et

14

r

e

€ S

nyv

a



State of the art

2020) In their study, the concaations of insecticides, herbicides, and fungicides were
0.06ngL,-6 9 €9/ L;140.eg9/ng/ @ndg0L]1l nekpectivel

EOPs in groundwater

Unlike surface water, the occurrence and concentrations of EOPs are lower in
groundwatefRout et al., 2021)The main contributors of EOPs to groundwater include
landfill leachate, bank filtration, artificial recharge, percolation from atitical land,
and leakage from urban sewage systems, septic tankd,agworth et al., 2012; Luo
et al., 2014; Stepien et al., 2018) a national groundwater miboring programme
(Stuart et al., 2011})he British Geological Survey identified more than 12@ividual
analytes of EOPs from around 3300 groundwater quality monitoring sites across
England and Wales, and about 230 of these analytes were detected mozatinaas
from the groundwater samples. Noteworthily, the maximum concentrations of the most
frequently detected EOPSs, involving pesticides and their metabolites, chlorinated
solvens and trihalomethanes, chlorinated solvents and trihalomethanes, ethylbenzene,
PPCPs, and other organic contaminants, were found in the range-8f®@0 ¢ g/ L i
the groundwater. Similarly, in a p&uropean survey on the occurrence of 59 selected
EOPs inEuropean groundwater, Loos et @010)collected ad analyzed a total of
164 individual groundwater samples from 23 European countries, suggesting that the
range of detection frequency for these EOPs were between 24% and 84% and
considerably high concentrationstdf s p hen o |  Bentazend®%;d 4/ £y / L) ,
1H-benzotriazole (1032 ng/L}erbuthylazing(716 ng/L), methylbenzotriazole (516
ng/L), desethylatrazine (487 ng/Ljliethyltoluamide (454 ng/L);carbamazepine (390
ng/L), desethylterbutylazine (266 ng/L#trazine (253 ng/L)caffeine (189 ng/l,
perfluorooctanesulfonate (135 ng/L) arsimazine (127 ng/L) were detected in
groundwater samples. Karnjanapiboonwong et2fl11)also reported the occurrence
of steroid hormones, triclosan, caffeine, ibuprofen, and ciprafim in groundwater
samples at a land application site in the United States. But usually, the concentrations
of EOPs detected in groundwater are at least an order of magnitude lower than in
surfacewatef K6 or ej e et al .,. 2020; Rout et al
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EOPs in drinkiig water

Compared to groundwater and surface water, drinking water has the lowest
concentration of EOPs, with a mean of 10 ndllos Santos et al., 2021fOPs in
drinking water mainly depesan the water sources and seasonal variaflons et al.,

2014) In a previous study, Jiang et §019)investigated the seasonal and spatial
variations of 43 kinds of PPCPs in the water supply system of Changzhou in China,
suggesting that the total concentrations of PPCPs in drinking water in urban areas were
lower than in rural area. The health risk of PPCPs exposure thdyiring water

intake is relatively higher during summer than that in winter. Meanwhile, EOPs in
drinking water could be related to the removal performance of drinking water treatment
plants (DWTPs). Lin et al2016)reported the maximum concentrations of EOPs in

the effluent of a DWTP located in the Taihu region was about 42.35 ng/L.

Similarly, Cai et al(2015)found that the concentrations of EOPs in tap water
from 6 DWTPs in Beijing were 1-88.5 ng/L. A recent study reported by Jiang et al.
(2019)found that the total concentims of detected PPCPs in drinking water range
from 6.4ng/L to 809.3 ng/Lwhich is significantlyhigher than other reports in China.
In another study carried out in Brazil, Reis et(aD19)found that the less effective
treatment process of the DWTPs Is&withe high concentrations of EOPs in drinking
water, with values of 6.32 e€g/L for predni
eg/ L for ketopr of en.(2011lhepartedihatnatades of BORd ¢ 8 r c e
(24 selected pharmaceuticals) were detected in the drinking water of the Maddd Regi
in Spain. However, even the low concentrations of EOPs can be dangerous for human
health through daily and lorgrm ingestion of contaminated drinking waf@rfeeet
al., 2020)

Therefore, considering the variety of EOPs identified in the aquatic environment,
including surface water, groundwater, and even drinking water-temg studies
should fruitfully explore the ecotoxicological risks of EOPs to the etesysand
human health ithe future
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2.1.2 Ecotoxicological effects and environmental risks of
EOPs

The widespread existence of EOPs in aquatic environments is a growing concern
due to their undesired synergistic effe¢(iout et al., 202). Although EOPs are
generally found in the environmesitt trace concentrations rangingfrong / L t o ¢ g/
the continuous discharge of EOPs and their metabolites into the environment from
di fferent pat hwa ypse rnsa ksabaontdios. 2016; Madeood o
et al., 2022)Consequently, many EOPs can persist in the aquatic environment and may
bioaccumulate in organisms, which may cause serious ecotoxicological problems and
pose extraordinary threats to ecosystems and human fleakhSantos et al., 2021)
Since the edoxicological assessments have the potential to evaluate the effect of
EOPs at determined concentrations and different trophic levels, the environmental
residue and potential ecotoxicity of EOPs have received increasing attention from
scientists and theuplic (Kock-Schulmeyer et al., 2013; Waret al., 2021; Zhong et
al., 2021) Over the past decadd¢be eotoxicological effects and environmental risks
of EOPs have been increasingly addressed in the literature2(2).

70 3500

60 == Publications —e—Citations , 3000
® 50 M,F| 2500 o
S 40 41 2000 5
8 »7 8
= 30 . 1500 8
=1 (@]
o 20 1000
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Fig. 2.2.Research concerns about the toxicology of EOPs in rgeams. Data were
collected from the web of science database (ZZ accessdae: 2022.3.0L
Keywords: emerging organic contaminants or emerging organic pollutants or
pharmaceuticals or personal care products and ecotoxicity.
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The results of thescotoxicological assessment are usually expressed as: 1)
Average lethal concentration (k§: EOPs concentration that causes mortality of 50%
of the organisms; 2) average effective concentrationd EEOPs concentration that
causes an acute effect on 58%he organisms. In general, the risk levels of EOPs can
be ranked as acute aquatic toxicity (> 100 mg/L, low concefi®0lmg/L, moderate
concern; < 1 mg/L, high concern) and chronic toxicity (> 10 mg/L, low concern; 0.1
10 mg/L, moderate concern; <LOng/L, high concernjEuropean Commission, 20Q9)
In this sense, numerous studies have been developed to assess the toxicity of EOPs in
the aquatic environment and their impacts on the ecosy$tée 2.3summarizes the
common ecotoxicological effects for the evaluated E®®sential concerns include
endocrine disruption, reproductive damage, abnormal physiological processes,
antibioticresistant bacteria, antibiotic resistance genes development, growth inhibition,
increased cancer incidence, and other potential toxiRiyt et al., 2021; Wang et al.,
2021)

The toxicity of EOPs in the environment depends on the exposure time, pollutant
concentration, type and stage of the organism, seasons and temperature, and synergistic
effects of multiple compound@&han et al.,, 2020)For example, antibiotics in the
environnent can lead to the continuous selection for antibiotic resistant bacteria (ARB)
that contain antibiotic resistance genes (ARGS), resulting in an increase in antibiotic
tolerant microbial consortia and a threat to public hg@tircia et al., 2020)n 2019,
more than 2.8 million infections and 35000 deaths in the United States were caused by
antibioticresistant bacteria and fungg€DC, 2019) Moreover, an ecological risk
assessment of 226 antibiotics to aquatic organisms indicated that more than 50% of
antibiotics were a moderate concern {10 mg/L) br chronic toxicity to fish; 44%
of antibiotics were a high concern (&€ 1 mg/L) for acute aquatic toxicity aphnig
20% of antibiotics were a high concern @€ 1 mg/L) for acute aquatic toxicity and
16% were a high concern (& 1 mg/L) for chonic toxicity to algae Sanderson et al.
(2004) In another study, Isidori et §2007)tested the toxicity of antibiotics, including
sulfamethoxazole, erythromycin, oxytetracycline, ofloxacin, and lincomycin, to
aquatic organisms (e.g., batée algae, rotifers, crustaceans, and fish), indicating that
these EOPs could pose acute toxicity at the mg/L and cause chronic toxicity even at the
eg/ L |l evel. Si mi | @013)suggestedtifabokyteiradyjescduld et al
cause growth damage and reproductive reduction in cruse@@aphnia magng
duckweedsl(emna mina), and algaegcenedesmus vacuolgtughang et al(2015)
reported that the occurrence of antibiotics in the Huangpu River could induce embryo
mortality and morphalgical abnormalities in zebrafisB#&nio rerio).
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Table 2.3.Toxicological effects of typical EOPs.

Classification and compounds Toxicological effects
Pharmaceuticals
Antibiotics: Clarithromycin, Induce antibiotic resistance in microbial strains, alter micro

Penicillin, Ofloxacin, Sulfonamides community structure, and cause a low population of alg
Roxithromycin, and Tetracycline  bacteria, nematodes, induce antibigBsisant bacteria anc
antibiotic resistance genes

Endocrine drugs: 17-b-estradiol Interfere withtheendocrine system, congenithitabilities,and

(E2), estriol (E3), ethinyl estradic developmental delays, affect reprodunticand fertility,

(EE), 12U-ethinylestradiol (EE2)  masculinization of females, feminization of male
bioaccumulation effect.

Nonsteroidal anti-inflammatory Increased risk of gastrointestinal ulcers, kidney diseases
drugs: Diclofenac, Ibuprofen alterations of rainbow trout.

Lipid regulators: Clorfibric acid, Inhibition of bioluminescence, growth inhibition of microalge
and Gemfibrozil

Beta-blockers:  Atenolol and Affect reproduction and growth of fishes, inhibit recep
Metoprolol discharge in the gills

Anticonvulsants: Carbamazepine Oxidation stress of rainbow trout, affects the central nen
system.

Personal care products
Fragrances: Galaxolide, Musk Toxic to aquatic organisms, cause oxidation stress to gold

xylene, Musk ketone carcinogenic to rodents, may damage the human ner
system

uv  filters: Benzophenond, Acute toxicity, affect growth and development, exhibit

Oxybenzone, Benzophencfie estrogen effect, significant vitellogenin synthedi;reasethe

percentage of hatched eggs

Industrial additives and agents

Preservatives: Methyl paraben, 2 Responsible for weak estrogenic activity
phenoxyethanol

Fire retardants: Diethylstilbestrol ~ Affect brain and nervous system, hormone activ
reproduction and fertility, bioaccumulation effect.

Poly aromatic hydrocarbons: Carcinogenic effect, cardiovascular diseases, poor fete
Anthracene, and Pyrene development, bioaccumulation effect.

Perfluorinated alkylated Thyroid disease, liver damage, kidney cancer,ceduesponse
substancesPerfluorooctanoic acid to vaccines, developmental effectstbeunborn child.

Biocides

Insect repellents: N, N-diethyl3- Caused no effects in lipid peroxidation levels nor on cata
methylbenzamide (DEET) activity, caused a significant reductiondarbohydrates levels

The information in this tables summarized from the recent reviews reported by Rout
et al.(2021)and Wang et a{2021)
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The EOPs that might adversely affect the endocrine system are endocrine
disrupting compounds. These compounds are a group of highly heterogeneous
chemical molecules, including ¥¥estradiol, estol, ethinyl estradiol, and 1+
ethinylestradiol, dichlorodiphenyltrichloroethane, organophosphate insecticides,
genistein, phthalates, bisphenol A, polybrominated diphenyl ethers, diethylstilbestrol,
etc (Dos Santos et al., 2021; Wang et al., 2023pending on the time and dose of
exposure, these EOPs can cause male and female sexual disorders (e.g., reduced male
fertility, polycystic ovaries, higher miscarriage rates, longer timeanception, and
altering both male and female gonad development) and increase cancer incidence (e.g.,
prostate, testicular, kidney, and breast can¢&ig)eira et al., 2020; Stackelberg et al.,

2004; Wang etal., 2021) For exampl e, p estrddiolmng @ dide x pos ur
ng/L levels could induce vitellogenin in male Murray rainbowfighelanotaenia

fluviatilis) and cause male feminization of an Indian fregighlyctis cyanophlyctis

(Phuge and Gramapurohit, 2015; Woods and Kumar, 21idn et al.(2004)

observed that infertility occurs when fertilized zebrafish are exposedfeesitadiol.

A similar conclusion was reached by many stu@femstrong et al., 2016; Kidd et al.,

2007; Thrupp et al., 2018This indicated that fertility decline momnon in aquatic

animals under the stress of endoctitigrupting compound@Vang et al., 2021)

In addition to the physiological toxicity to aquatic organisms, EOPs also have
long-term bioaccumulation, which may also pose risks to ecosystems and humans
(Langenbach, 2013; Langford et al., 2015; Navarro et al., 2016; Zarate et al., 2012)
Generally, the comonly used EOPs, such as antibacterial agents (e.g., triclosan and
triclocarban), bloody lipid regulators (e.g., gemfibrozil), aegileptic drugs (e.g.,
car bama z-blgckers(.y.,, profiranolol), UV filters, biocides (e.g., DDT),
perfluoroalkyl substnces and halogenated flame retardants are often relatively highly
bioaccumulatedLangenbach, 2013; Navarro et al., 2016; Wang et al., 282tpuse
of these compounds' high lipophilicity and environmental stabiliipaccumulation
occurs in organisms once released into the environment, followed by biomagnification
in the food chain. Henriques et §2016) suggested that EOPs can be taken up by
organisms from the surrounding environment and bioconcené&atesd hundred folds,
thereby posing a threat to ecosystems and human health. It is worth noting that the
bioaccumulation of EOPs in wildlife has been reported in numerous s(Bdilézs et
al., 2016; Brausch and Rand, 2011; Grzesiuk et al., 2018; Thrupp et al,, @38)n
places with no local sources or industrial products suties&rctic(Meador, 1996)

Therefore, the widespread usage and environmental persistence of the EOPs, alone
or in mixtures, will have irreparable harmful effects, presumdéading to the
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extinction of some ecosystems and posing a threat to human health. In this context,
there is an urgent need to set stricter discharge limits for EOPs and develop advanced
technologies for EOPs removal.

2.2 Constructed wetlands

In recent deades, numerous wastewater treatment technologies have been
developed for EOPs remogakuch as ozonation, Fenton oxidation, reverse osmosis,
ionizing irradiation, membrane bioreactor, and other combined chemical and biological
treatmentgDeng, 2009Wang and Wang, 2016jowever, these technologies require
a high level of energy consumption and are expensive to build and maintain, which are
not entirely feasible for widespread application for small communities. Thus, there are
growing appeals for developing more cadtective treatment strategies to reduce the
risk of EOPs into the ecosystems.

Constructed wetlands (CWSs) are engineered systems that have been designed and
constructed to utilize the natural processes, including subssugtesrting matrixes,
wetland vegetation, and theissociatednicrobial assemblages, to remove pollutants
from contaminated water within a more controlled environn@W.development has
received significant attention from scientists and the putilie b the lowercost, easy
operation, and fewer maintenance requirements. In recent decades, the application of
CWs has been significantly expanded to puvifyious types of wastewater, such as
municipal, industrial and agricultural wastewater, mine wastewiatedfill leachate,
stormwater, and agricultural runoff/ymazal, 2011, 2009; Vymazal et al., 2021)
Substrate, vegetation, and mibes are the main components in CWs, which play
essential roles in wastewater purification. As shownainle 2.4 pollutant removal in
CWs is complexIt depends owariousremoval mechanisms, includinige filtration
and adsorption of the substrate, theptake, fixation, transformation, and
phytodegradation of wetland plants, and the decomposition, utilization, and
dissimilation of microorganismg§vVymazal, 2014, 2011)Meanwhile, the removal
efficiencies of pollutants in wastewater are affected by different types of CWs.
Therefore, it is necessary to discuss the purificatibpatiutants in wastewater by
various CWs.
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2.2.1 Typesof constructed wetlands

In general, the basic classification of CWs is based on the type of macrophytic
growth, such as emergent plants (e.gypia domingensjsPhragmites australis
Scirpus Validus and Iris pseudacorus (Vymazal, 2013) submerged plants (e.qg.,
Ceratophyllum demersumNajas guadalupensisChara spp. and Potamogeton
illinoensig (Dierberg et al., 2002)and freefloating plants (e.g.Pistia stratiotes
Salvinia herzogjiWolffia columbianaandLemna valdiviana(Herath and Vithanage,
2015) Further classification, as shownfig. 2.3 is usually based on the water flow
regime (e.g., surface flow and ssbrface flow) and the water flow path in sabrface
wetlands (e.g., horizontal and vertical flojWymazal, 2007) Different types of CWs
can be combined (e.g., hybrid or combined systems) to utilize the specific advantages
of the variousstrategieso enhance pollutanemoval(Vymazal, 2011)

Table 2.4.Purification mechanisms of pollutants in CWs.

Purificatio Poll utants Position in

Settl ement Suspended sol Between agqt
and substra

Filtration Suspended sol The substr
i nterspace

Adsorption, Nutrients erSubstrates,
t

chemical pr pol |l ut s, a antdhe attac
Mi crobi al nNutrients and Pl ant rhizec
and transf poll utants surface, bi
bi odegradat sedi ment
Assimilatio Nutrients and Microbe,ubst
biofi |l m, an
Phot odegrad Emerging orgaThe surfac
radiati on pat hogenic ba wastewater
Predati on Pat hogenic ba Agueous pha
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Constructed wetlands with surface flow

Constructed wetlands witie surface flow (SFCWSs) are a shallow sealed basin
or sequence of basins with-30 cm of rooting soil and a water depth of4Dcm
(Vymazal, 2010) SFCWs generally have a soil bottom and a watdace above the
substrate Kig. 2.3. The common wetland plants used in the FSCWseanergent
plants and floating plants. Dense emergent plants cover a considerable pottien of
surface, usually more than 50&ymazal, 2010)Commonly, plants are not harvested
in FSCWs, and the litter could provide organic carbon necessary for micrahiilessc
such as denitrification, which may proceed in anaerobic pockets within the litter layer.
Wastewater moves slowly through the SFCWs above the substrate. Consequently, the
nearsurface layer of water is aerobic, while the substrate and the deejastrana
generally anaerobigHalverson, 2004)

Constructed wetlands (CWs) —l

Subsurface (SSFCWs)
I

! !
Surface flow (SFCWs) Horizontal flow (HF-SSFCWs) Vertical flow (VF-SSFCWs)

Influent /\g
—_—

Hybrid CWs —I

Fig. 2.3.Classification of constructed wetlands based on the water flow regime.

SFCWs are generally simpler to design and cheaper to construct than subsurface
flow CWs (SSFCWs). Theylso provide a more diverse wildlife habitat because of
areas of free water surface. Meanwhile, SFCWs offer greater flow control than
SSFCWs, providing greater storm/surge capacity. The application of SFCWSs can be
very effective inremovingorganic matterand suspended solids through microbial
degradation, filtration, and colloidal particle sedimentafityymazal, 2010)However,
the main disadvantage of SFCWs is that they generally require more land than
SSFCWs. In addition, odors and insects may be a problem due to the free water surface
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of FSCWSs, andhe systems cannot operatppropriatelyin winter since the water
surface is easy to be frozemgble 2.9. Therefore, SFCWs are commonly used for
tertiary treatment of municipal wastewater, mine drainage waters, and stormwater
runoff.

Constructed wetlands with subsurface flow

Subsurface flow CWs (SSFCWSs) are generallystaucted with a porous material,
such as soil, sand, or gravel, as a substoatgrowing wetland plants and developing
various microbes. In these systems, the bed depth is usually less than 0.6 m, and typical
flow depths range from 0.49 to 0.79khalverson, 2004)The wastewater flows slowly
through the substrate under the bed's surface planted with vegetations. The emergent
plants, mostly reeds, bulrush, and sometimes cattails, are the main wetland plant species
in SSFCWdlue to theilarge biomass, wellleveloped root system, strong capacity of
oxygen transport, and strong pollution resista(helef et al., 2013)Therefore,
SSFCWs are also called fAReed bedso in Eurc
UnitedKingdom and fAvegetated submer dcPhragmiee ds o b e
australig is frequently planted in this systerf\éymazal, 2011)

The application of SSFCWs is thought to have more advantages than that of
SFCWs (Table 2.9. For example, the substrate in SSFCWSs provides more surface area
for the growth of bacterial biofilm than SFCWs, thus resulting in a higher rate of
pollutant removal per unit of land than SFCiMslverson, 2004)Since the wastewater
is generally kept below the ground surface, SSFCWSs have little risk of odors emission
and insect overpopulation (e.g., mosquitoes and flies) and minimal risk of animal or
public exposure or contawith the wastewater. In addition, SSFCWs are more suitable
for cold-weather operation than SFCWs due to the insulation of the accumulated plant
debris on the SSFCW surface. However, SSFCWSs are suitable for treating wastewater
with relatively low solids cocentration to prevent plugging of the subst(atgmazal,

2010)
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Table 2.5: Advantages and disadvantages of surface and subsurface flow constructed
wetlands.

CW ty Advant ages Di sadvant ages

SFCWs Conventional t Lower contami na
simple design, required more | a
construct andtl cor human expos
control, used ffl owing wastewat
sol i ds wastewawinter, easyd bort
di verse wildlifinsects, and odc

SSFCWHigher rates Hi gh infrastruc
removal requir¢high i nvest ment
accessible maiplug when treati
hygienic conditsuspended sol i ds
mi croorgani sm.

Sources: Halversof2004)

In SSFCWswastevater flows horizontally or vertically through the substrate and
below the ground surface so that they can be classified intbasic flow systems:
horizontal flow (HFSSFCWs) and vertical flow (MBSFCWSs) [ig. 2.3. Horizontal
and vertical flow systems have similar pollutant removal mechanisms, and both of them
are veryeffective in removing contaminants and suspended solidseiawcontrary
to HFSSFCWSs, VFSSFCWs are fed with intermittent hydraulic load{iMymazal,

2011) Therefore, the exchange of wet and dry periods provide® mignificant
oxygen transportation into the bed, thus promoting nitrification and aerobic
biodegradation(Vymazal, 2007) Due to the horizontal flow, the influence of the
substrate on the interception, filtration, and adsorption of pollutants is limited-in HF
SSFGNs. VRSFFCWSs, by comparison, require less land and are more effective in the
removal of contaminants (e.g., organic matters, heavy metals, and emerging organic
pollutants). For these reasons,-8FFCWSs are usually used for primary or secondary
treatmentyhile HR-SFCWs are often used to treat wastewater dilwiddstormwater

runoff (Gorgoglione and Torr&t, 2018; Vymazal, 2010)
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Hybrid constructed wetlands

Various types of CWs could be combined to achieve higher removal efficiency by
using the advantages of individual CW systdiigmazal, 2011) At present, hyhd
CWs are in operation in many countries worldw{dgmazal, 2011)In a survey of 60
hybrid constructed wetlands from 24 countries reported between 2@D204r3,
Vymazal (2013) suggested the most commonly used hybrid system is -#l~/F
constructed wetland applied to treat both sewage and industrial wastdwréF.
hybrid systems havalso been reported to treat municipal wastewater. Meanwhile,
SFCWs are also used in several hybrid configuratidogijos et al., 2016; Vymazal,
2013) Moreover, the hybrid systems consist of multistage (e.g-VWHF, VFHF-
VF, Sk SFHF, VFVF-HF-VF, or VFVF-VF-HF-VF have been used for the
treatment of sewage and several kinds of industrial wasteWaterazal, 2013) In
general, the hybrid CWefficiently removepollutants, especially for total nitrogen
(Vymazal and Kropfelova, 2015)For these reasons, hybrid CWs with different
configurations have been used to treat a variety of wastewater, including domestic or
municipal sewagd€Yan et al., 2021)landfill leachate(Bakhshoodeh et al., 2020)
compost leaching, agricultural rung¥/ang et al., 20118, slaughterhouse, shrimp and
fish aquaculturévymazal, 2013)winery, and other industria{§’ymazal, 2014)

2.2.2 Removal of EOPs in CWs

Owing to the unique advantages of easy operation and maintenanee, eco
friendliness, and low operational and maintenance costs as well as low energy input,
CWs have been considered to be a sustainable technology for remositenoating
a variety of waterborne contaminants, including E(DfREiIa et al., 2013; Vymazal,
2014, 2010; Vymazal el., 2021) The first attempts to investigate the performance of
CWs in removing EOPs were reported in Portu@abrdio et al., 2007) Spain
(Matamoros et al., 20073he United State€@Conkle et al., 2008)Korea(Park et al.,

2009) Denmark(Matamoros et al., 2009pr Italy (Ranieri et al., 2011)After that

more and more studies have been devoted to concerning the removal of EOPs in CWs,
arnd most of them are summarized in reviews conducted by Zhang €04K)
Carvalho et al(2014) Dhir (2019) Garcia et al(2020) and Ji et al(2022). In a
previous, Vymazal et a{2017)evaluated the occurrence and removal of 31 different
EOPs (e.g., antibiotics, antiepileptics, antiphlogistics, antibacterials, anticoagulants,
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contrast mediums, etc.) in four fidtale CWs located in rural areas of the Czech
Republic, indicating that CWs could be a useful tool in removing EOPs from municipal
wastewater. Several studies have documented that the application of CWs as tertiary
treament systems has provided a comparable removal efficiency for EOPs to advanced
treatment system@onkle et al., 2008; Matamoros and Salvadé, 2012; Zhang et al.,
2014).

outflow
Inflow

Wastewater with
EOPs

Substrates
Water

Fig. 2.4. EOPs(emerging organic pollutantsemoval mechanisms in constructed
wetlands.

The high removal efficiencies of EOPs in CWs can be explained by the
combination and synergy of various physical, chemical, and biological removal
mechanismgVymazal et al., 2017; Zhang et al., 28)L4A general EOPs removal
mechanism in CWs is shown ling. 2.4, which involves various processes, including
photodegradation, hydrolysisphatilization, plant uptake, phytodegradation, microbial
degradation, and adsorption/desorption by the substrate. Among them, the dominant
removal mechanism in CWs is adsorption to the substrate and/or sorption to organic
surfaces, followed by microbial geadation (e.g., aerobic and anaerobic), plant uptake
(planted CWs), and photodegradatitiyas and varHullebusch, 2020)Meanwhile,
the removal processes of EOPs in CWs maylasafluencedy their physiochemical
properties, such as LogoK Log Kow, Log Dow, cationic or anionic nature (pKa),
solubility in water, molecular weight/structure, and pneseof certain elements (e.g.,

Cl and Br) (llyas and van Hullebusch, 2020; Zhang et al., 2D1Z&herefore, the
removal efficiency of different BPsvariesamong the different types of CWs.

However,EOPs and their metabolites in CW systems may edase adverse
effects on the stability of the system operat{doro et al., 2014)For example, a
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previous studyeported by Stevens dt £009)suggestshattriclosan could influence

the growth of wetland plants (e.g., seed germination and root developmengteven

| ow concentr.atSiomi |(alr.l6y ,s24)ohseivarthe ddzerseet a |
effects ofEOPsonleguminous plants (lupin, pea and lentil), such as reducing seeding
growth and change in enzymatic activity addition,SomeEOPsare chronically toxic

to animalg(e.g.,Daphnig), microalgae, and microorganisms (e.g., bacteria and fungi)
(Breitholtz et al., 2012; Crane et al., 2006; Rathi et al., 20lgrefore, there is an
urgentneed to eliminate the adverse impacts of EOPs on the stability of wetland
systems, widh is beneficial for the removal of EOPs in CWs.

2.2.3Effect of CW design parameters on EOPs removal

Effect of CWs configuration

In general, the physicochemical parameters (e.g., dissolved oxygen (DO), pH,
oxidationreduction potential (ORP), and elecaiiconductance) in CWs are strongly
influenced by the type of CW#atamoros and Bayona, 2006; Zhang et al., 2014
thus CWs differ greatly in configuration, including individual systems (8gCWs
and SSFCWs, HISSFCWs and VISSFCWSs) and hybrid systems, along with varying
kinds and depth of substrate.

llyas et al. (2021) investigated the removalfo59 EOPs, including 33
pharmaceuticals, 15 personal care products, and 11 steroidal hormones, in CWs. They
found that some of the selected EOPs, such as oxytetracycline, acetaminophen,
sulfadiazine, and triclosarshowed better removal efficiency in FSCWhke HF
SSFCWs had better removal efficiency of
the VESSFCWSs showed better performance for the removal of clarithromycin,
ibuprofen, naproxen, salicylic acid, estriol, and testosterone; at last, the hybrid CWs
perfor med a better r eethiowestridiol, e dicfoferad, e n c y
erythromycin, gemfibrozil, sulfamethazine, and sulfamethoxazole.

Photodegradation would be responsible for the major removal mechanism of
EOPs in SFCWs, although both plant uptakd biodegradation also contribute to the
overall performance of the systeni€arlos et al.,, 2012; Zhang et al., 2614
Photodegradation has been described as the most important and efficient removal
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pathway for some certain EOPs and could affect the environmental persistence of EOCs
in surface weer (Yan et al., 2015) In aquatic systems, the efficiency of
photodegradation for EOPs removal depends on several factors, including the
absorbance spectrum of EOPs, sunlight availability for photolysis, the quantum yield
of photolysis, light intensity and light attenuation by water déptrser et al., 1998;
Klavariot et al., 2009) Therefore, SFCWs show better performance when compared
to SSFCWs for EORsvhich are sensitive tphotodegradatiobbecause this process
may take place only in unplanted FSCWs or ponds where water is directly exposed to
sunlight (ReyesContreras et al., 2012for example, triclosan and diclofenac have
great potential for photodegradation, and their removal in FS@#gssignificantly
higherthan that in SSFCWdlyas et al., 2021; Zhang et al., 2@})4

In SSFCWs, due to the prevailing anaerobic and aerobic conditions, the
corresponding biodegradation is obwsdar eliminating EOPs besides their removal
by plant uptakeand substrate (e.g., sedimentation, and adsorption/desorption).
Compared with SFCWs, SSFCWs have more adsorption surfaces and superior
rhizosphere effects, which could provide a better growth environment for microbes,
resulting in a higher diversity andeater activities of microorganisnighang et al.,
20149). Thus, the EOPs removal performance of SSFCWs is typically better than that
of SFCWs(llyas et al., 2021)Meanwhile, VFSSFCW is mainly aerobic, which is
more conducive to the aerobic biodegradation of EOPs compared wiSSHEW
(Avila et al., 2014; Matamoros et al., 201Zherefore, VFSSFCWs exhibit a higher
removal capacity of EOPs than ¥#SFCW. In a previous study, Matamoros et al.
(2007)found that the better removal of the selected EOPs, such as ibuprofen, diclofenac,
naproxen, salicylic acid, and caffeine, was observed H88FCWs compared to HF
SSFCW.

Moreover, as mentiad above, hybrid CWs can explaitdividual systems'
specific advantages by combining varidtid/s to achieve a better pollutant removal
performance. Some studies suggested that the removal efficiency of EOPs could be
enhanced by the combination of anaecodnd aerobic biodegradatighyas et al.,

2021; Zhang et al., 20&8% Therefore, individual CWs may not achietlee high
removal efficiency of EOPs because they cannot provide both aerobic and anaerobic
conditions simultaneously Several studies revealed that the removal efficiency of
EOPs in hybrid CWs was higher than that in 86FCW and HFISSFCW, mainly due

to the coexistence of aerobic and anaerobic conditions in hybrid (@y&s and van
Hullebusch, 2020; Kahl et al., 2017; Zhang et al., 2p14
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Overall, the decision on the suitable type of CWs, such as individual systems and
hybrid systems, cabe made based on the performance of CWs for the removal
efficiency of EOPs. In the present stutlye performance of CWs in removing EOPs
was only considered in thé=-SSFCWSs with emergent plants.

Effects of plants

A large variety of plants, for instancesuch asPhragmites australisTypha
angustifolig Typha latifolig Iris pseudacorusScirpus validusGlyceria maximaSalix
alba, Spirodela polyrhizaCyperus alternifoliusand Thalia dealbata were used in
CWs for the removal of EOR#lyas et al., 2021; Vymazal et al., 201The selection
of plant species was depended upon thailability of plants in different climatic
regions. Commonly, a native wetland plaptcieds the best candidate, and the most
widely used species includéhragmites australisTypha angustifoligllyas et al.,
2021)

The presece of plant seem to improve the removal efficiency of EOPs due to the
stimulatory effects of plants, such as insulation against low temperatures, facilitating
the release of oxygen and root exudate in the rhizosphere, thus providing a favorable
condition r the growth of microorganisms and promoting aerobic biodegradation
(llyas et al., 2021)Therefore, wetland plants play a crucial roleemovingeEOPs in
CWs. Numerous studies have shown that the removal efficiency of EOPscan b
significantly enhanced in planted CW systems compared to unplanted CW systems
(Hijosa-Valsero et al., 2010; llyas et al., 2021; Zhang et al., @0Fbr example, the
removal efficiency of pharmaceuticals (e.g., ilfpn, diclofenac, naproxen, salicylic
acid, caffeine, carbamazepine, gemfibrozil, andamdthoxazole,), personal care
products (e.g triclosan, galaxolide, methyl dihydrojasmonate, and tonalide), and
steroid hor retinyestradolRin ganted CWg Wwere higher than that in
unplanted CWgllyas and van Hullebusch, 2020)

Meanwhile plant uptake and bioaccumulation in plant tissues have been
considered as one of several major removal pathways for EOPs if\Giiszal et
al., 2017; Zhang et al., 2044 In recen decades, more than 100 EOPs have been
proven to be uptaken by plant ro¢@arvalho et al., 2014; Ravichandran and Philip,
2021; Wu et al., 201. For example, Petrie et gR018) observed the uptake of
methylparaben by plant root®tfragmites australjsand the bioaccumulation of
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methylparaben in both aboveground (D& 6 € g/ k g) and undergr
parts of the planDiffusion processes geradly drive the uptake and transport of EOPs
within plant tisses due to the lack of specific transporter prot€dtsr, 2019) It has

been found that this process can be influenced by the physiochemical properties of
EOPs, such as the dissociation condfpKt), octand-water partion coefficientKow),

and solubility(Dordio and Carvalho, 2013; Miller et al., 201Recently, Abril et al.
(2021) reported the uptake, bioaccumulation and translocation of 22 different EOPs
from various chemical classes (such as surfactaplasticizer preservatives,
perfluorinated compounds, biocides, and UV filters) in plaR&phanus sativiisand
proven that the distribution of EOPs in plant tissues varies with their physicochemical
propeties.

Following plant uptake, EOPs may undergo partial or complete degradation, or
they may be metabolized or transformed to less toxic compounds and bound in plant
tissues in unavailable fornfZhang et al., 2018. Some studies reported that wetland
plants could metallize EOPs through phytodegradatigMiller et al., 2016;
Ravichandran and Philip, 2021 the processes of phytodegradation, various enzymes
in plant tissues, such as cytochrome P450 monooxygenases, glycosyltransferase,
glutathioneS transferase, peroxidases, hydretasetc may act on EOPs and
mineralize them either completely into inorganic compounds or partially into metabolic
products that are stored in plant tiss(ieartha et al., 2014; He et al., 201He et al.
(2017) explored ibuprofen uptake and transformatiorPhragmites australisThey
observed that four intermediates were identified in plant tissues, including hydroxy
ibuprofen, 12-dihydroxyibuprofen, carboxybuprofen, and glucopyranosyloxy
hydroxy-ibuprofen. They hypothesized thaftochrome P450 monooxygenases first
catalyzed the transformation of ibuprofen in plant #ssuand then by
glycosyltransferase, followed by furth&orage or metabolism in vacuoles or cell walls.
Bartha et al(2014)also reported the metabolism of diclofenac in the wetland plant
species Typha latifolig and detected parent diclofenac, hydraligiofenac,
glucopyranosyloxyhydroxy-diclofenac, and diclofenaglutathione conjugate in roots,
and only diclofenac and hydroxdiclofenac in leaves. In a recent study, Ravichandran
and Philip(2021) investigated the uptake and fate of tree diffefe@®Ps (atenolol,
carbamazepine, and diclofenac) in two wetland plant spe€asné indicaand
Chrysopogon zizanioideand found that the accumulated parent EGiP&entrations
in plant tissues were relatively low (< 1%), with a larger fraction gettinglnodized
(43.981.8%). Metabolites such as atenololic acid, seven transformation products of
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carbamazepine and six metabolites of diclofenac were detected in both of these two
plant species.

Effects of substrate

Substrate, also known as media, filling eral, support matrix/material, is one of
the major components in CWSs, which have been widely acknowdedgay a critical
role in CWSs, such as providing a carrier for plant growth and biofilm development and
removing pollutants through absorption amd@ ption(Wu et al., 201B; Yang et al.,
2018) Based on the material of substrates, they can be divided into two categories:
conventional substrates (e.g., sand, soil, and gravel) and emerging substrates (e.g.,
construction wastes, tire chips, zeqlperlite, vermiculite, biochar, etqYang etal.,
2018) An appropriate selection of substrates is an essential aspect in the optimization
of CWs as the interactions in the migeavironment of CWs directly influence the
performance and efficiency of pollutant removal, especially for the rem6EDPs
(Dordio and Carvalh@013; Li et al., 2014and toxic metal§Cheng et al., 2002; Yang
et al., 2018)

The role of substrate in the removal of EOPs has been investigated by using
different types of substrate materials, such as high adsorption capacity, porous structure,
rich in organic/inorganic surfaces, high surface area,stggesting that adsorption to
the substrate and/or sorption onto organic/inorganic surfaces vitsalaremoval
mechanism to eliminate EOPs in C\(¢hen et al., 2016 llyas and Van Hullebusch,

2020; Ji et al., 2022Adsorption of EOPs onto the substrate surface involves different
mechanisms such as electrostatic interactions, surface complexation, ion exchange,
hydrophobic partitioning, and van der Waals interact{@wdio and Carvalho, 2013;

Li et al., 214). Polar or ionic EOPs are predominantly adsorbed onto substrate (e.g.
light expanded clay aggregate, biochar, vermiculite, and zeolite) through electrostatic
interactions or ion exchangén contrast,hydrophobic processes can preferentially
adsorbnon-polar EOR ontoa particularly organierich substrate such as rice straw,
oyster shell, compost, biochar, and organic woadch (Li et al., 2014; Yang et al.,
2018) Meanwhile, substrates rich in organic matter can provide the neceasaon
sourceto promote microbial processes and substrate with porous structure and/or larger
surface area couldromote the development of biofilms and increase the contact area
with contaminants in wastewater. Therefdres substrate may influence the removal

of EOPs by affecting the microbial community structures in CW. In a previous study,
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Li et al.(2010)investigated mimbial community structure in eight substateeolites,
anthracite, shale, vermiculite, ceramic filter media, gravel, steel slag, andrbimic
Theyfound that themicrobial community compositioshowed significant differences
among the substratesn8iarly, Zhang et al(2018)found that although the adsorption
capacities of the selected substrates (e.g., sand, zeolite, blast iron slag, petcock, polonite,
and crushed autoclaved aerated concrete) are low, the type of substrates mfheence
microbial community metabolic funcin not only in the biofilm but also in the
interstitial water. These indicated that substrate could be a driver to enhance EOPs
removal by adsorption and altering microbial community function in CWs.

2.3 Arbuscular mycorrhizal fungi

Arbuscular mycorrhizalfungi (AMF), as one of the commonly occurring
heterogeneous grosipf the biological organism in the natural environment, can form
amutualistic symbiosis with broad range of plants (about 80 to 90%), such as tropical
forests, grasslands, alpine and ¢aopls(Smith et al., 2010; James M. Trappe, 1987)
According to the confirmation of DNA sequence data, Redecker €000)found
that AMF hasrevolutionizedinto living fossik in 460 million yeas by benefiting the
host plant.The plantmycorrhizal assoation can develop the exraradical mycelium
beyond the roehair zone and establish trshaped subcellular structures within root
cells, thus, improving nutrient acquisition and plant tolerance to environmental stresses,
including drought, cold, salinitheavy metals, and organic contamingAig Varma,

2017; Hu et al., 2029). In additon to providing these benefits for the host plants,
arbuscular mycorrhizal (AM) symbiosis also @ay significant role in boosting the
development of rhizosphere microorganisms by stimulating the production of root
exudates, phytoalexins and phenolic pounds(Latef et al., 2016; Toljander et al.,
2007) For these reasons, AMF has been regarded as a critical phytoremediation
approach to restablish the degraded ecosystems, such as contaminated soils,
abandoned agricultural fields and grassléd Varma, 2017)
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2.3.1 AMF in wetland ecosystems

Occurrence of AMF in wetlands

The symbiotic relationship between AMF and plant roots in wetland ecosystems
has kindled little research interest in the past. Compared to terrestrial plantsdwetlan
plants are usually rooted in watsaturated or even flooded substrates, which
frequently results in anoxic conditions and thus limits the survival of AMF and the
establishment of symbiogjsluang et al., 2021)n recent decades, the occurrence and
functional roles of AMF in wetland ecosystems have gradudlgcied attentiong.

2.5). Numerous studies have shown that AN&-relatively common in wetland
ecosystems, the symbiotic relationships between AMF and plant roots have been found
from various wetland habitats, including fens, swamps, marshes, sherdimges,
floating wetland mats, and natural and constructed wetlgnudsoni and Mucciarelli,
2018; Huang et al., 2021; Ramif¢iga et al., 202Q)In a previous review, Xu et al.
(2016) summaried the mycorrhizal status in wetland habitats, suggesting that the
symbiotic relationship between AMF and plant roots has been found in 99 families of
wetland plants living in 31 different habitats, even including submerged aquatic plants
and several plardpecies that were thought to be nonmycorrhizal (Egperaceag
ChenopodiacegeandPlumbaginacede Table 2.6summarizes the AMF colonization

of plant species (partly) observed in aquatic habitats.

The occurrence of AMF in wetland ecosystems is passibtording to two main
scenarios: 1) Some fungi can tolerate hypoxic conditionsla2) Roots could provide
the fungi with sufficienbxygen(Miller et al., 1999) Neto et al(2006)found that ace
AMF has already colonized the rogtiseir abundance can be maintained under flooded
conditions and, in some cases, eveoreased. A imilar phenomenoralso was
observed for thaumberof spores from AMF in flooded sdMiller and Sharitz, 2000)
Meanwhile, the potential for AMF colonization of wetland plants can be increased with
theirwell-develgped aerenchyma, which can facilitate effective gas exchange between
the atmosphere and wetland environméntGa b er gl i k . Fot example, , 2017
Nielsen et al(2004)reported that the extensive aerenchyma of the wetland plant genus
Typhawas veryeffective of aerationin the rhizosphere and promoted AMIgring
flooding conditionsThe major survival sategies of AMF in wetland ecosystems are
shown inFig. 2.6
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In addition, thepercentages of mycorrhizal status in the roots of wetland plants
show differences under the various wetland habitats. This diffenestdts from
multiple factors, such as thgpe and size of wetlands, wetland plant speci@sate,
hydraulic conditions, available nutrients, water quality (ecgntaminant sources,
types, and concentrations), and fungi sped@wudhury et al(2010) investigated
mycorrhizal status in plant roots grown in the marshy and shoreline. They found that
the predommant fungal species in thehizospheresoil sampleswere Glomus
morphotypesand a total of 18 different inoculated plant species were recorded to be
composed of four genera, includinGlomus (66.67%), Acaulospora (16.66%),
Gigaspora (11.11%), andScutellspora (5.56%). Wu et al.(2014) observed the
differences in the mycorrhizal statusof Funnelliformis mosseag16.5%) and
Rhizophagus irregularigl8.1%) in the roots dPhragmites australisinder the same
experimental conditions. According to the review reported by Xu .et28l16)
mycorrhizal status in monocots (13%) is gerlgridwer than that in dicots (58%)
Commonly, AMF colonization in the roots of wetland plants is invariatiye ignoble
than that of terrestrial planfsumini et al., 2011) However the presence of AMF has
a wide range of benefits for their host plants.
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Fig. 2.5.Mapping on the c@ccurrence of keywords related to arbuscular mycorrhizal
fungi in wetlands. Data wemllected from the Web of Science Database (184 research
papers access dat 2022.3.20. Keywords: wetlands and arbuscular or arbuscular
mycorrhizal fungi.The colors represent clusters of extracted terms grouped by the
software (VOSviewer 1.6.18) accondi to the items relationshe size of the circle
reflects the keywords recurrence; the weight of lines between cilefaenstratethe
intensity of keywords coccurrence.
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Table 2.6.AMF colonization in the roots of plant species observed in wetlantbtisbi

Plant species (family)

Habitats (location)

Acanthus ilicifolius Lin(Acanthaceae)

Dicliptera brachiata (Pursh) Spreng

(Acanthaceae)

Acer rubrumL. (Aceraceae)

Sesuvium portulacastrufAizoaceae)
Centella asiaticgL.) Urb. (Apiaceae)
llex verticallata(L.) Gray (Aquifoliaceae)
Artemisia annud.. (Asteracea)
Sagittarialatifolia Willd. (Asteraceae)

Symphyotrichum subulatuMichx.) GL
Nesom (Asteraceae)

Impatiens pallidgBalsaminaceae)
Lobellia perpusilla(Campanulaceae)
Inula crithmoided.. (Cupressaceae)

Kalmia latifolia L. (Ericaceae)

Pterocarpus officinaligJacq.) (Fabaceae

Geranium robertanuniGeraniaceae)
Geranium maculaturh. (Geraniaceae)
Proserpinaca palustrit. (Haloragaceae)

Myriophyllum
(Haloragaceae)

Iris versicolorL. (Iridaceae)
Juncus gerard{Juncaceae)

Schizachyrium scopariunMichx. Nash
(Poaceae)

Glyceria plicata(Poaceae)

pedunculatun

Mangrove (China)
Bottomland hardwood forest (USA)

Calcareous fen, freshwatewetland
(USA)

Mangrove

Marshy (India)

Freshwater wetland (USA)

Bay (China)

Freshwater marsh (USA)
Degraded cypress swamp (USA)

Lake Erie (USA)

Lake (New Zealand)
Saltmarsh (Portugal, Spain)
Freshwater wetland (USA)

Pterocarpus officinalis

(Fabaceae)

Lake Erie (LBA)
Freshwater wetland (USA)
Freshwater wetland (USA)
Lake (New Zealand)

(Jacq

Calcareous fen (USA)
Coastal salt marsh (USA)
Freshwater wetland (USA)

Grassland, scrub, woodland (UK)
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Plant species (family)

Habitats (location)

Ixeris polycephal&Cass. (Poaceae)
Paspalum dilatatunfPoaceae)

Phragmites australis (Cav.) Trin.
Steude (Poaceae)

Phragmites communibrin. (Poaceae)

Typha latifoliaL. (Typhaceae)

Typha glaucaodr. (Typhaceae)
Typha angustifolid.. (Typhaceae)
Typha australigTyphaceae)
Geum rivalel. (Rosaceae)
Galium rotundifolium(Rubiaceae)

Azolla pinnatalL. (Salviniaceae)

Leucospora mulida (Michx.) Nutt.

(Scrophulariaceae)
Physalis longifoliaNutt. (Solanaceae)
Litorella uniflora (Plantaginaceae)

Littorella uniflora (L.
(Plantaginaceae)

Limonium sinense (Girard)
(Plumbaginaceae)

Freshwater marshland (China)
Subtropical aquatic and marshy

Oligotrophic  wetland, constructe
wetland, wetland (Denmark, Germar
USA)

Bay (China)

Prairie fen, freshwater wetlan
floating wetland mat, experiment
wetland, wetland, floating (USA)

Floating wetland mat (USA)
Floating wetland mat, wetland (USA
Lake Retba (Senegal)

Calcareous fen (USA)

Subtropical aquatic and marshy

Marshy and shoreline, fretoating
(India)

Bottomland hardwood forest (USA)

Bottomland hardwood forest (USA)
Bay (China)

Asch. Oligotrophic wetland (Denmark)

Kuntze Bay (China)

Limonium caralinianunfPlumbaginaceae Coastal salt marsh (USA)

Information is collected by Xu et gR016)

38



State of the art

Effects of AMF on wetland plants

Similar toterrestrial ecosystems, AMF also extshitany beneficial effects on
wetland plants in wetland ecosystems, such as plant growth and root morphological
improvement, enhancement of antioxidant defense systems, induction of oxidative
damages, andcreased tolerance for abiotic stresses. The maitiymweffects of AMF
on wetland plants are summarized-ig. 2.6

! = Implications on wetland plants =

i Promoting plant growth Improving tolerance to abiotic stress

: Enhancing nutrient uptake

Enhancing antioxidant defense systems !

i Increasing shoot : root ratio i

Inducing oxidative damages

i Regulating nutrient distribution

Suppressing proline and ethanol

i Increasing root hydraulic conductivity L et

Vesicles ~ Obtaining oxygen from the aerenchyma
: tissues of the host plant i

L1 YArbuscules i Survival strategies
> l. i of AMF in wetlands

i Adaptive tolerance under anaerobic
i environment

Intermittent loading rate bringing oxygen
i exchange :

AMF colonization in plant roots

Storing oxygen in AM vesicles

Fig. 2.6.A schematic diagramisplays various survival strategies of AM fungi adapted
to the wetland environment atfteir positive implications on wetland plants.

An important functio of AMF in wetland ecosystems is to promote the growth of
the host plant under various environnadistressesPrevious studies found that AMF
inoculation could improve plant growth amdot morphology under waterlogging
(Huang et al.,, 2021)Zheng et al (2020) observed thathe root morphological
properties (e.g., root length, root surface area, and root volurRe)ilnés persicavere
improved by AMF under 12 days of waterloggi&gnilarly, the improvement of plant
growth and rot morphology by AMF inoculation was highlighted Phalaris
arundinaceaand Scirpus sylvaticus Citrus junos Carex tribuloides and Rumex
orbiculatus (Fraser and Feinstein, 2005; Hu et al., 2020/u et al.,, 2013)The
improvement of inoculated plants in growth under floodoanditions could be
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originated from AMFinduced osmotic adjustment and the enhancement of nutrient
uptake (e.g., N, P, K, arsbme micronutrientyHuang et al., 2021; Xu et al., 2016)

In addition AMF enhancg he host pl ant 6s a notmaiotain d a n't
normal and protect plant cells from amwidative damagéHu et al., 2026, Wu et al.,

2013) Hu et al.(202@() found that the wetland plankri§ wilsonii) inoculated with
Rhizophagus irregularigecorded higher antioxidant responses (vis an increased
activity of superoxide dismutase and peroxidase) thanimoculated plant under Cr
stress. In a previous study, Lenoir et(2016)revealed tha#2 putative genes in the

fungi of Rhizophagus irregularisvere identified as a part of tlentioxidant system,
suggesting that AMF has its antioxidant defense systems to respond against various
abiotic stressesln addition, AMF can protect the host plant from damages by
influencing the transport and distributiafi contaminants in plant tissues. Previous
studies found that AMF could reduce the concentration of heavy metals and EOPs in
plant shoots by promoting their bioaccumulation in plant r@@e&biane et al., 2009;
Ferrol et al., 2016; Langer et al., 201B) aquatic habitats, AMRasthe potential to
influence the composition, succession, and diversity of wetland plant communities
(Weishampel and Bedford, 200&u et al.(2016)suggested thaAMF mainly affects

plant diversity by regulating plant competition and affecting community uniformity,
thus contributing to building or festablishingplant communities ircontaminated
wetland ecosystems

Therefore, AMF may have aassentiafunction in wetlands. This might open new
perspectives on the application of symbiotic AMF in the phytoremediation technology
of wastewater in CWs
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Table 2.7. Studies investigating the effect of arbuscummycorrhizal fungi on the purification

of wastewater in constructed

wetlands.

CWs type Plant species Study duration Wastewater Reference

VF-CWs Phragmites australis 3 months Textile bleaching wastewater Hussain et al(2019)

VF-CWs Brachiaria mutica 27 days Tannery wastewater Ashraf et al(2018)

VF-CWs Brachiaria mutica 12 months Industrial  wastewater, textil Hussain et al(2018a)
production

HF-CWs Scirpus validus 24 hours Domestic wastewater Nimkar et al.(2012)

HF-CWs Brachiaria mutica 24 hours Domestic wastewater Nimkar et al.(2012)

HF-CWs Phragmites australis 3 months Textile bleaching wastewater Hussain et al(2019)

HF-CWs Leptochloa fusca 12 months Industrial wastewater, textil Hussain et a2018b)
production

FT-CWs Brachiaria mutica 8 days Treated domestic wastewat ljaz et al.(2015)
mixed with raw industrial
wastewater

FT-CWs Brachiaria mutica, 35 days Domestic & industrial wastewate Shahid et al(2020)

Leptochloa  fusca
Phragmites australis
and Typha
domingensis

spiked with heavy metals
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CWs type Plant species Study duration Wastewater Reference
FT-CWs Phragmites australis 15 days Drinking water spiked with phenc Saleem et al2019)
FT-CWs Phragmites australis 20 days Textile bleaching wastewater Nawaz etl. (2020)
FT-CWs Brachiaria mutica, 42 days Wastewater from crude o Rehman et al. (2018,
Leptochloa  fusca production 2017)
Phragmites australis
and Typha
domingensis
FT-CWs Phragmites australis 90 days Diesel contaminated water Fahid et al(2020)
FT-CWs Phragmites australis 24 months Industrial  wastewater, textil Shahid et al(2020)
production
FT-CWs Canna indica and 30 Domestic watewater and salt Gao et al(2020)
Cyperus alternifolius
VF-CWs Phragmites australis 7 days Synthetic pollutediver water Shao et al(2014)
VF-CWs Phragmites australis 7 days Synthetic wastewater Shao et al(2014)

Note: FT-CWs: floating treatment constructed wetlands:GA/s: vertical flow constructed wetlands; #dfVs: horizontal flow
constructed wetlands.
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2.3.2 Application of AMF in CWs

As mentioned above, AMF, whidk widely present in various wetland habitats,
hasdemonstratedhe capacity to enhance the growth of wetland plants and promote
plant tolerance to abiotic stresses. The application of AMFeiland ecosystems has
recently received greateesearch interest @ble 2.7). Howevermost of these studies
were preliminary, which onljocused on the effects of plant species or fungi species
on the mycorrhizal status and the impacts of AMF on plaiowgh. Besides someof
theminvestigated thémpactof AMF on plant tolerance to abiotic stresses in wetland
systemgHuang et al., 2017a, 2017b, 2018; Wang et al., 204d et al., 2019) For
example Phragmites australisnoculated with AMF significantly enhanced root
growth under heavy metal stress compared to the control treatmeatsnflancement
was related to the addconcentration of Cf\Wang et al., 2018) or TiO, nanoparticle
(Xu et al., 2019)However,studies oPAM symbiosishave barely targeted the most
relevantparameters for CW system operation, such as removal efficiency or treatment
performance.

To date, aly one study investigated the effect of AM symbiosis ontbatinent
efficiency inwetland systes(Gao et al., 2020)They found thafloating treatment
wetlandsplanted with inoculatedPhragmitesshowed better removal performance of
total dissolved solids, chemical oxygen demand, jghalsphorusand total nitrogen
than norinoculatel control Still, no statistical inferences were possible since the
experimental design was not repeatedly treated. Recdpdllacios et al(2021)
investigated AMF inoculation in two plant specidsSic{nia nodosaand Carex
appressa grown in stormwater biofilters, suggesting the positive effects of AMF on
plant growth could directly improve nitrogen, phosphorus and Cr removal from
stormwater, leading to a better performance of biofilters.

Theseindicated thatthe application of AMF seems a promising approach to
improve the functioning o€Ws for the purification of wastwater but more studies
are required tanvestigate furtherthe potential roles of AMF irthe removal of
contaminants (e.g., N, P, heavy metals, and EOPSs) in CWs.
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2.3.3Potential roles of AMF in EOPs removal in CWs

The symbiotic relationships between AMIRd plant roots can be successfully
established under the stress of EQ®Rang etal., 2020) AMF could develop various
strategies to persist in EOPs contaminated environment and avoid the damage produced
by EOPs.Joner and Leyval2003)found that the presence of AMF can enhance the
growth of ryegrasd oliu mperenné..) and white cloverTrifolium mrepend..) in soll
with 2000 mg/kg of twelve different polycyclic aromatic hydrocarbons (PAHS).
Experimental evidenceasproventhat AMFcouldpromote the removal of PAHs.gQ.,
fluorene and phenanthrene) by enhancing plasiim multiflorumLam.) uptakeand
modifying the structure and density of bacterial populations in the mycorrhizosphere
(Corgié et al., 2006; Gao et al., 2018)milarly, Wu et al.(2008)also reported that
AMF colonization @Glomus etunicatuin could enhance & uptake of
dichlorodiphenyltrichloroethane by alfalfa roots, and significantly increased bacterial
and fungal counts and dehydrogenase activity in the rhizospherdlsodover, the
positive effects of AMF on the biodegradation and phytoremediation &fsB&ere
also observed in the removal of benapgyrene(Liu et al., 2004) atrazingHuang et
al., 2007) PAHs(Yu et al., 2011)and peatleum contaminanté Ma § a ¢ Husw s k a
and Kalka, 2010)In a recent review, Wang et dR020) suggested thaAMF can
alleviatethe adverse effects of organic contaminant residues in crops through various
mechanisms, such as promoting nutrient uptake and water acquisition, enhancing
activities of contaminant degradatioglated enzymeslleviating oxidative stress of
the host plath and the accumulation and sequestratigrotiitantsby AMF structures.

In a pilotscale CW system, Fester(2013) observed thatthe symbiotic
relationships between AMRF(nneliformis mosseadRhizophagus irregular)sand
plant roots Phragmites australiscould rapidly and extensively establish under the
stress of benzene, methgtt-butyl ether and ammoniahis indicated that AMmight
contribute to the removal of EOPs in CWs as a friendly and potentially biotechnological
approach. Howevethere is no information about the application of AMF in CWs for
the purification of wastewatecontaining EOPsFurther research is required to
investigate the functional roles of AMF in EOPs removal in CWs and factors that affect
the establishment of AM symbiosis (e.g., substrate types) to progidensights into
the application of AMF foEOPs removal in realcale wetland systems.
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Employ ofarbuscular mycorrhizal fungi for pharmaceuticals ibuprofen and
diclofenac removal in mesocosstale constructed wetlands

3.1 Abstract

This study investigated the effects of arbuscuiarcorrhizal fungi (AMF)
colonization on the growth of wetland plantSlyceria maxim@ and treatment
performance in constructed wetlands (CWs) under the stress of pharmaceuticals
ibuprofen (IBU) and diclofenac (DCF). Results showed that the growéh wiaxima
was significantly increased by AMF colonization. AMF significantly increased the
activities of antioxidant enzymes (peroxidase and superoxide dismutase) and soluble
protein content in wetland plants, but the contents of malondialdehyd®,Anere
reduced. The removal efficiencies of TOC,.P®, NH*-N, and TN were increased
in AMF+ treatments by 6%, 11%, 15% and 11%, respectively. AMF increased the
removal efficiencies of IBU and DCF by#1% and 221%, respectively, and reduced
the content oftteir metabolites @H | BU, CA -OQHBOF) ia theleffldedt.
Besides, the presence of AMF increased the contents of IBU and DCF in plant roots,
while decreased their transportation to shoots. AMF symbiosis decreased the contents
of IBU metabolites (Z0H IBU and CA IBU) but increased the contents of DCF
me t a b 0dOH DEF) i #héroots of the host plant. In conclusion, these results
indicated that AMF plays a promising role in CWs for emerging pollutants removal.
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Graphical abstract:

CW without AMF inoculation CW with AMF inoculation
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CW: constructed wetland; AMF: arbuscular mycorrhizal fungi; IBU: ibuprofen; DCF:
diclofenac.
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3.2. Introduction

It has been reported that more than 1@d@rging organic pollutantEOP$
which are currently not added into the traditional monitoring project by many countries
have been detected in the envirommnaccording to the investigation of Norman
Network(NORMAN Association, 2016)ManyEOPsexhibit potential toxic effects on
aquatic organisms due to their characteristics of bioaccumulation and difficult for
biodegradatiorfHao et al., 2007)which ould eventually pose a risk to human health
and ecosysterfChen et al., 2017)Especially for some daily using pharmaceuticals
with a huge consumption, such as ibuprofen (IBU) and diclofenac (DCF). They can be
released continuously to the aquatic ecosystem, for examplaewbigible levels of
IBU and DCF hae been found in the range of 1.7~373.1 ug/L and 0.7~48.2 ug/L in
the influent of wastewater treatment plant, respectiy®igdikizela and Chimuka,
2017; Petrie et al., 2015; Santos et al., 200fgre are highly environmental cemns
on IBU and DCF for aquatic life, including produce -sgecific responseg$lippin et
al., 2007) genotoxic effectgRagugnetti et al., 2011influencing hatching, yolk sac,
and tail deformation(Brandhof and Montforts, 2010)Moreover, conventional
wastewater treatment plants have been proved to be one of the major sources to
dischargeEOPsinto surface watefFarré et al., 2008)Therefore, the development of
more effective wastewater treatment technology is an urgent need to prevent the release
of EOPsinto ecosystems.

Constructed wetlands (CWs) have been proved as seffestive wastewater
treatment technology for the removeE®Ps(Vymazal et al., 2017)and have been
reported as an alternative secondary wastewater treatment system to fre@iegial
many countries, such as Canada, Denmark, Italy, China, Singapore, the United States,
and Spair(Li et al., 2014) The main removal mechanisms E®Psin CWs including
biodegradation, photodegradation, phytoremediatiorsartion(Gorito et al., 2017)
However, the negative effect BOPson the morphological and structural alterations
of wetland plants was observed dependinde@P® ceatmt®n and their duration
of exposurdgBartha et al., 2014; Moro et al., 2018)eanwhile, more and more studies
reported a wide presence of variod®P® met abol ites in CW s
metabolites may potentially cause greater risks than their pa@Bs(Han and Lee,

2017) The metabolites of IBU (such as hydretBU, 1,2-dihydroxy-IBU, carboxy
IBU, and glucopyranosyloxpaydroxy-IBU) and DCF (such as hydro®FC,
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glucopyranosyloxyhydraxy-DFC and DFGglutathione) have been observed in the
effluent, substrates, plant roots, and shoots in QWéset al., 2017; Matamoros et al.,
2008; Bartha et al., 2014 onsequently, the discharge of varid®Psand their
metabolites into the aquatic environment via CWs may bring new ecological concerns.
Thus, it is necessary to imp® theEOPsremoval capacity in CWs to eliminate their
potential negative impacts on the environments.

Arbuscular mycorrhizal fungi (AMF) as a common microorganism in the natural
environment can form a mutualistic symbiosis with plddemes M Trappe, 1987)
Numerous pieces of evidence pointed out that AMF can significantly improve the
morphological, nutritional and physiological status of the host p(&ats et al., 2019)
thus promote the growth and stress tolerance of plautset al., 2018) For these
reasons, AMF has become an important phytoremediation technology to restore
contaminated soil or restablish the degraded ecosystem suash abandoned
agricultural fields and grasslarfRichter and Stutz, 2002)nd some abiotic stresses
including drought, salinity, and heavy metédskbar Karimi, 2011; Hammer et al.,
2015) In addition, AMF can protect plants froBOP$ damages by influencing the
transport and distribution &OPsin plant tissue. Previous studies reported that AMF
contributed to reduce the concentrationE®®Psin plant shoots by promoting the
accumulation oEOPsin plant rootgDebiane et al., 2009; Langer et al., 20ID)e to
the inportance of AMF in protecting plants from adverse effectsEGPs and
promoting associated microbes, the transformation and biodegradatgDRsmay
be accelerated by AMF colonization in CWs. Recently, AMF has been shown to
influence the biodegradatioma phytoremediation oEOPs such as improving the
removal of polycyclic aromatic hydrocarbons and petroleum compounds in soil
( Ma g a c Wusw ankl &alka, 2010; Yu et al., 201Epster(2013) reported that
AMF (Funneliformis mosseaeaand Rhizophagus irregular)s can rapidly and
extensively establish symbiosis in the root®bfagmites australisnder the stress of
benzenemethyltert-butyl ether and ammonia in a pidstale CW. This indicates that
AMF may have an important function in wetlands, which might open new perspectives
on the application of symbiotic AMF in the phytoremediation technology of wastewater
contaminatedvith EOPs However, there is no information so far about the effects of
AMFoOnEOP® r emov al i n CWs.

Therefore, the aim of this study was 19 evaluate the effect of AMF on response
strategies of wetland plant under the stress of IBU and DCF; 2) exipdorele of AMF
on the removal of IBU and DCF, as well as their metabolites in QWs.results of
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t his study can provide an under standi
phytoremediation applications.

3.3. Materials and methods

3.3.1Chemicals andmaterials

Diclofenac sodium salt and ibuprofen of high purity grade (>98%) were purchased
from SigmaAldrich. Their physicochemical capacities are givenTable S3.1 in
Supporting Information (Sl). Glyceria maximawvere obtained from a local pond on
the campus of the Czech University of Life Sciences Prague. Before cultivation, the
roots of each seedling were washed carefully with tap water to remove soil and then
sterilized in 75% ethanol for 10 seconds, followed18% NaClO solution for 10
minutes, finally washed five times with sterile distilled water. The fungal inoculum of
AMF (Rhizophagus irregularisBEG140) was obtained from the Institute of Botany,
Czech Academy of Science, the composition of fungal inocwamshown irsl.

3.3.2 Experimental setup

The CW systems were carried out in P\CGnaterials columns with a dimension
of 150x550 mm (diameter x height). Columns were divided into three layers, namely
the bottom layer (50 mm), the middle layer (15860 mm), and the top layer (350
550 mm) El, Fig. S3.5). The top and bottom layers in AMEnd AMF+ treatments
contain the same substrates, filled with sand and gravel, respectively. The only
difference in AMF and AMF+ treatments is the different fungal inaguladded into
the middle layer. For AMF+ treatments, 350 g fungal inoculd®n ifregularis
BEG140) was mixed with sand and then added into the middle layer of the column. For
AMF- treatments, the fungal inoculum was replaced by 350 g of sterilized imoculu
Sand and gravel were sterilized at 120
seedings ofs. maximaweretransplantednto eachcolumnand setroots aroundthe
middlelayer. Triplicates for each treatment and the details were sho@h ifig. S3.5.
The experiment was carried out with rain protection in the natural environment. The
temperature range during the experimenty@as 3 0 Sl, Fig.(S3.6). The experiment
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was ended when the temperature dropped be
experment).

CW systems fed with simulated municipal wastewater, and the details were shown
in SI, Table S3.2. In order to maintain the growth of the plant and promote the
formation of AMF symbiosis with plant roots, an intermittent hydraulic loading of 2 L/

4 d (keep water for 2 h and then drain) was designed during the whole study period.
Each column was irrigated with 10% strength synthetic wastewater in the first two
months to avoid excessive nutrients. Since the beginning of the third month, the
systems weg run with 100% strength synthetic wastewater with the addition of
ibuprofen (500 ug/L) and diclofenac (100 ug/L) until the end of the study. In total, the
experiment operated continuously for five months from JuNtdeember.

3.3.4Sample analysis

Convertional water quality parameters

Water samples were collected regularly from the influent and effluent of each CW
every 8 days, and the effluent volume of each CW was recorded and shown in Sl, Table
S3. Total organic carbon (TOC) and total nitrogen (TN)ewareasured by the
PrimacsER'ES TOC analyzer (Skalar, Dutch). RGP, NGO-N and NQ-N were
analyzed by 883 Basic IC plus (Metrohm, Switzerland),NK was determined by
the standard methddPHA, 2011)

Plant sampling and measurement

After two months of plant cultivation, and before thilliion of IBU and DCF,
AMF colonization in the roots of5. maximawas observed by using an optical
mi croscope. Meanwhil e, the mycorrhizal sta
was calculated. The detailed information of mycorrhizal assessmeshwas inSl.

Plants were harvested at the end of the experiment, then divided into aboveground
(stems and leaves) and belowground (roots and rhizomes). The root length and shoot
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height were measured directly during the harvest with the fresh plantsoPfgsh

plant samples were prepared for the measurement of malondialdehyde (MDA), soluble
protein, superoxide aniof*), superoxidedismutasgSOD) and peroxidase (POD),

and the detailed analysis procedwas shown irS1. The rest plants were placeda

40 oven for 120 h to prepare dry sampl
measuring the proportion of total carbon (TC) and TN in plants by the Pfithacs
analyzer (Skalar, Dutch). Parts of dry plant samples were powdere&déss
measurement

Analysis of pharmaceuticals and their metabolites

The content of IBU, DCF and their major metabolites, such -agdgoxy
ibuprofen(20H 1 BU) , carboxy i bhypydobdeyn dIiCAI 6B&N
DCF) in water (influent and effluent), rhizosphergl,sdried plant roots and shoots
were analyzed by liquid chromatograpmass spectrometry (L-®1S). The detailed
analysis procedure was shownsh

3.3.5Data analysis

Mass removal efficiencies of pollutants, including TOC, TN, P,NW IBU and
DCF, wee calculated based on the effective mass balance of pollutants in the influent
and effluent by the equation given below.

Mass removal efficiency (%) = p T D

Where \, and V,y are the volumes of the influent and effluent, &d Gy are the
concentration of pollutants from influent and effluent.

In order to investigate the effect of AMF on the metabolic pathway (aerobic and
anaerobic degradation) BOPs we used the equatisiEg. (2) and Eq. (3)) introduced
by Matamoros et a(2008)to calculate the removal percentage of IBU by aerobic and
anaerobic pathways. These equations were based on the differences in IBU metabolites
(2-OH IBU and CA IBU) under aerobic and anaerobic dtoks.
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Aerobic degradation ratio= Wp T T (2)
Anaerobic degradation ratio= - w100 3)
Where@Gi s t he concentration of | BU metaboldi

and 1.8%, respectively, indicating the percentage ol A obtained in the aerobic
and anaerobic pathwagdwiener et al., 2002)

Data are presented as mean and standard errors from data of the tree parallel
treatments. Plant biomass, nutrients in plant tissues, MBYA,antioxidant enzymes,
soluble protein, the content of IBU and DCF and their metabolites were statistically
evaluated using SPS@ersion 28.0 software package (Chicago, IL, USA). The
st ud etest Wlas used to compare treatment differences pvith0.05 set as a
significant diference. Additionallyprincipalc o mpounds anal ysis (PCA)
correlation analysis and cluster analysis were applied to examine the impacts of AMF
on wetl and plant growth under (Khshkambamt r ess o
2017) 0 C o (WeipahdoSiméo, 2019 nd 6 P h(Kadde and gdlde, 2015)
packages were used by R Software (version 3.6.3) to visualize the experimental data
among plant growth, physiological indexes in plant roots, IBU, DCF and their
metabolitesn AMF- and AMF+ treatments.

3.4 Results and discussion

3.4.1 AMF colonization in wetland plant

AMF colonization in the roots ofs. maximawas observed in the AMF+
treatments I, Fig. S3.1). The frequency of mycorrhiza (F%) is 61.34%, and the
intensity & mycorrhizal colonization (M%) is 11.249% ¢ble 3.1). This result is in
good agreement with Ray and Inoujgay and Inouye, 2006yho studied the effect
of intermittent flows on AMF colonization ansuggested that the lengtf the
unflooded period shows a positive correlation with the hyphal and arbuscular
colonization ofT. latifolia. This was ascribed to the oxygenation of the rhizosphere
during the exchange of wet and dry perigdang et al., 2018), which provides
suiteble oxygen for the development of AMF colonization in CWs. Meanwhile, plants
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can be colonized by AMF because of the aerenchyma structure in wetland plants that
can provide active ventilation of the roots and rhizomes, and thus maintain favorable
oxygen coditions for AMF growth(Dickopp et al., 2011)However, due to the limit

of oxygen in wetland ecosystems, the frequently anoxic conditions always conducted
negative effects on the processes of fungal root colonization. As a result, AMF
colonization in most wetland plant roots was still at a low |¢we15%)(Wang et al.,
2018). Hu et al.(202M) investigated AMF colonization in two wetland plan& (
sylvaticusand P. arundin@eg under different water regimes and found that AMF
colonization in low water regime was more frequent in comparison with high water
regime. Similar results were also reported by Wolfe e28l07)who found that the
decrease of AMF colonization in the high water regime mainly due to the lacked
available oxygen for AMF growth in wetlands. Therefore, the symbiosis of AMF and
wetland plants can be estishled in wetlands by using fluctuating water or intermittent
regime.

Table 3.1. Mycorrhizal status under different treatments. These include the frequency
of mycorrhiza in the root system (F%), the intensity of mycorrhizal colonization (M%)
and arbusculelaindance (A%) in the whole root system. Data are presented as means
+ SD.

AMF colonization

Treatments

F% M% A%
AMF- 0 0 0
AMF+ 61.3+10.48 11.2+2.47 0.5+0.07

3.4.2 Effect of AMF on plant growth and physiological
indexes

Biomass and nutrients wmetland plants

The shoot height, root length, shoot weight and root weighkt. ghaximain the
AMF+ treatment was significantlyp(< 0.05) higher than in the AMRreatment, with
an increase of 19.78%, 23.62%, 53.27%, and 21.50%, respecfiwély (3.2). There

55



Chapter

are significant increasep € 0.05) in the TN and TC content in plant roots in the CWs
with AMF inoculation. The TN content is 1.50% in the AMFeatments, and 2.04%

in the AMF+ treatments. The TC content is 24.90% in the AME&atments, and
31.45% in the AMF+ treatments. Therefore, AMF had a positive effect on the growth
of wetland plants even under the stresEOPs

Table 3.2.The effects of AMF on the growth and nutrient€&ofmaximaa and b show
the significant difference between AMBrd AMF+ treatment§ < 0.05). TN: total
nitrogen; TC: total carbon.

Treatments
Plant tissues  Parameters  Units
AME- AMF+
Roots Length cm 18.33+2.08 22.66+1.18
Dry Weight g 12.16+1.08  15.99+1.07
TN % 1.50+0.18 2.04+0.17P
TC % 24.90+2.32 31.45+3.18
Shoots Length cm 33.67+2.08 40.33+1.58
Dry Weight g 9.18+1.2% 14.07+0.38
TN % 3.78+£0.2Z 3.27+0.69
TC % 44.70+1.23 42.04+2.84

In general, AMF symbiosis contributes to the beneficial effect on plant growth
under abiotic stress. Prosser et(@014)found that AMF symbiosis improves the
growth of radish, carrot, soybean, lettuce, and wheat plants under the stress of triclosan
and triclocarban. A possible explanation of this advgmtaight be that AMF can affect
the physiological and biochemical response of plants to reduce the negative impacts of
adverse stress. Moreover, a positive effedBomaximagrowth may also be related to
the improvement of nutrients and water accomptisby the dense extradical
mycelium network, which extends the scope of plant roots to obtain nutrients in
intermittent loading CWs(Jansa et al., 2019)Additionally, previous studies
demonstrated that AMF can deliver up to 80% P and 42% N into the plant to promote
host plant growti{Marschner and Dell, 1994Hu et al.(202(b) showed that TP, TC,
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TN contents and biomass odhoculated wetland plantsS( sylvaticusand P.
arundinaced were significantly higherp(< 0.05) than that of the corresponding non
inoculated plants under fluctuating water regime. Therefore, AMF had a positive effect
on wetland plants, including theayrth, biomass, and nutrients uptake, even under
EOPS$ stress.

12 24
(a) AMF- (b) AMF-
AMF+ AMF+
10 20
= a
E 84 g = 16 1 [5]
o = i
£ T o
O 6 b 2 12 7
= ;T7 a o)
E + 2 a
a: 4 b CDN 8 b
s %
2 4 4
0 0 i
Roots Shoots Roots Shoots
Plant tissue Plant tissue

Fig. 3.1. (@) MDA content in plant tissues. (B)" content in plant tissues. The data are
the means +* standard errors (n=3). a and b show the significant difference {aAiIF
AMF+ treatmentsg{< 0.05).MDA: malondialdehydeO.*: superoxide anian

ROS levels and lipid peroxidation unde®Psstress

Superoxide anion@?) is one of the main reactive oxygen species (ROS)
produced in plants under a variety of abiotic stresses, which might cause biomolecule
damages and lead to severe lipid peroxidation and oxidative &sgari Lajayer et
al., 2017; Jung, 2004MDA has been considered as an indicator of lipid peroxidation
produced in plants under the oxidative streggalibu et al., 2010) Hence, lipid
peroxidation is closely relevant to the ROS level. Compared with-AMEtments, the
MDA content in both roots and shoots Gf maximain AMF+ treatments were
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decreased by 24.83% and 21.97%, respectively, indicating that AMF decreased lipid
peroxidation & the inoculated plant und&OPsstress [ig. 3.1). Moreover, theD*
generation rate in both roots and shoots of the inoculated plant was lower than that of
norrinoculated plants, with a decrease of 25.33% and 18.94%, respectively.

AMF can decrease tharoduction of ROS and MDA under a variety of abiotic
stresses and it contributes to ameliorate the effect of oxidative stress to host plants
(Janeeshma an@uthur, 2020) In this study, ROS level and lipid peroxidation
significantly decreaseg(< 0.05) inG. maximawith AMF inoculation, indicating that
AMF could alleviate or decrease oxidative injuries of plants conducted by the stress of
IBU and DCF. Inthe other two wetland plan& sylvaticugndP. arundinaceaHu et
al. (202M) reported that AMF significantly decreasegal< 0.05) the MDA content in
both plants under drought stress. Xu e{2019)studied the effects &F. mosseaen
P. australis(reed) under different Tighanoparticles concentrations and found that
mosseasignificantly decreased the contents of MDA and RG&lI¢ < 0.05) The
reduction of MDA and ROS were 3% and 249%, respectively. Therefore, AMF
might be beneficial to alleviate oxidative injuries of wetland plants under the stress of
IBU and DCF.

Antioxidant response und&iOP® st r es s

SOD, POD and sable protein inG. maixmaissues were significantly higher in
the AMF+ treatments than that in the AMffeatments under the stress of IBU and
DCF (Fig. 3.2). SOD, POD and soluble protein content in thgnaximaroots of
inoculated CWs were significanthyigher than in the nemoculated CWsp <0.05),
with an increase of 26.85%, 32.06% and 21.49%, respectively. Meanwhile, the contents
of SOD, POD and soluble protein in shoots were also significantly higher than that of
noninoculated G. maxima with an ircrease of 18.67%, 18.09% and 27.98%
respectively. These results indicated that AMF had a positive effect on promoting the
antioxidant enzyme activities and soluble protein of wetland plants under the stress of
IBU and DCF.

POD and SOD both are the anticaid enzymes, which can trigger an antioxidant
response to convert ROS into mtmxic moleculegWang et al., 2018. Ferrol(2016)
reported that AMF can enhance plant stress tolerance by increasing the expression of
genes related to the synthesis of antioxidant enzymes, such as POD afes0dD
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al., 2019) Similar to our study, Wu et af2020)repored that AMF can relieve the
photosynthesis inhibition d?. australisconducted by Cu stress throughnggulating

the expression of ferredoxMADP+ reductase (FNR, relating to photosynthesis
electron transport) and CP43 (Photosystem Il {lgdnvesting potein). Moreover,

AMF promoted the secretion of glycoproteins into the rhizosphere to make host plants
more efficient in nutrient uptake and enhance plant tolerance to abiotic(strasda

et al., 2009) Therefore, AMF appears to prot€&t maximarom the stress of IBU and

DCF and promote plant growth by hormonal regulation, such as increasing antioxidant
enzyme activities (SOD and POD) and soluble protein contents.
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Fig. 3.2 Antioxidant enzyme activities and soluble protein contents in plant tissues: (a)
POD, (b) SOD, and (Soluble protein. The data are the means + standard errors (n=3).
a and b show the significant difference in AMihd AMF+ treatmenty< 0.05).POD:
peroxidaseSOD: superoxidedismutase

3.4.3Effect of AMF on conventional water quality

The average TOC mass removal efficiency for AMRd AMF+ treatments were
85.44% and 91.63%, respectivelyi (Fig. S3.2). The average PS-P mass removal
efficiency in AMF+ treatments was 10.92% higher than in the AiEatments !,

Fig. S3.3). The TN mass removal efficiency in AMF+ treatments was 7.47% higher
than that in the AMFtreatments$!, Fig. S3.4). For NH*-N, the average massmoval

59



Chapter

efficiency in AMF and AM+ treatments were 72.42% and 87.24%, respectively. The
NO>-N was not added in the synthetic wastewsater (able S3.1), however, the N©

-N was quickly generated in all treatments as the intermediate products of nibrificat
with the mean concentration of 1.08 mg/L and 1.39 mg/L in AMRd AMF+
treatment effluents, respectively. Additionally, the N® mean concentration in the
effluents of AMF and AMF+ treatment was 20.84 mg/L and 22.88 mg/L, respectively,
which was ligher than that in the influents (5.14 mg/L).
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Fig. 3.3. (a) Ibuprofen concentratio{lBUcon) and its mass removal efficiency

(IBUmre) in AMF- and AMF+ treatments after the addition BOPs (b) The
concentration of i Hhydmxy abipeoferd (2-OHMBW) arfdo | i t e s,
carboxy ibuprofe{CA IBU), in the liquid phase after the additionE®Ps The data

are the means + standard errors (n=3).

AMF can increase organic matter removal performance in CWs. It is mainly due
to that AMF improves plarmgrowth via promoting plant uptake of nutrients such as P,
N, and some micronutrien(8/ang et al., 2013). There are two ways to transport
nutrients in inoculated plants: direct (plant) uptake pathway and mycorrhizal uptake
pathway, while the nemoculated plant gets nutrients only by direct path{&iicking
and Kafle, 2015)However, the mycorrhizal pathway is maficient compared with
the direct pathway. AMF developed extensive and highly branched external mycelium
to absorb nutrients far beyond the area of rhizosphere and transferred to the intraradical
mycelium, providing nutrients for host plants, in retirost plant supply carbon source
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(in the form of sucrose) to maintain the growth of Ak8€haarschmidt et al., 2006)

Hu et al.(202M) proved that the TP and TN mnts of wetland plant®( arundinacea

andsS. sylvaticuswere significantly increased by AMF colonization. Additionally, the
high organic matter removal efficiency of AMF+ treatments in our study was related
to the welldevelopment roots of5. maxima which provided more oxygen for
microbial metabolism, and thus enhancing aerobic microbial processes, such as TOC
removal and nitrification(Stein and Hook, 2005)Therefore, AMF exhibits an
important function in promoting organic matter removal efficiency in CWs.

3.4.4The fate of IBU and DCF in AMF assistant CWs

IBU and DCF in the liquid phase

The removal efficiencies of IBU in AMFand AMF+ treatments were 74:78
87.56% and 88.683.71%, respectively H{g. 3.3a). Meanwhile, the removal
efficiencies of DCF in AMF and AMF+ treatments were 53:86.08% and 70.98
79.68%, respectivelyHg. 3.4). The removal efficiency of IBU and DCF was
significantly affected byhe addition of AMF | <0.05). The mass removal efficiencies
of IBU and DCF in AMF+ treatments were 5:83.88% and 2.321.07% higher than
those in AMF treatments. These suggested that AMF had a positive effect on IBU and
DCF removal in CWSs. Furthermar®wer concentrations for the metabolites of IBU
and DCF were detected in the AMF+ CWs than in the ARIWSs (Fig. 3.3b and Fig.

34). The concentrations of@H | BU, CA -QHBEUF imAMViF trdatinents
were53.80 8. 80 e-¢ 0L 30ahd0OBHHLOL 72 eg/ L, respectiv
in AMF+ treatments were 46409 . 50 ¢/ 8 Xg7®@0 .27d ¢@./ 11
respectively. These indicated that AMF could promote the degradation of IBU and DCF

as well as their metabolites in CW systems.

AMF showed posive effects on decreasing the effluent concentration of IBU and
DCF and their metabolites in CWs. The possible reason was that AMF promoted
nutrient uptake of the host plant and r ¢
stress, thereby improving pia growth (Table 3.2 and Fig. 3.1, 3.2). Then the
significantly higher root length of the inoculated plants might enhance the oxygen
exchange between plant roots and the rhizosphere, creategy@lric conditiorthat
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are more conducive to the degradatifriBU and DCF. It has been reported that the
aerobic condition has a high correlation with IBU and DCF removal in CW systems
(Nivala et al., 2019)Similarly, Zhang et a{2012)and Avila et al(2013)also proved

that the dissolved oxygen in the striate pores in CWs can play an important role in
promoting the removal of pharmaceuticals, such as IBU, DCF and ketoprofen. Under
the aerobic conditions, IBU produced IBU and CA IBU through the conjugation

with glucuronic acid and oxidatiq@wiener etal., 2002) whi | e DF®OHpr oduce
DCF through hydroxylation reaction as the initial step of transforméounju et al.,

2016) AMF showed a positive effect on enhancing the aerobic degradatie@Ré

by analyzing the metabolic pathway 8U. The aerobic degradation of IBU in AMF+
treatments was 5.17% higher than that in AMEatmentsTable 3.3). Moreover, the
positive effect of aerobic conditions on the removal of IBU metabolites also was
reported by the previous studigdatamoros et al.2009) They found that more than
99% of 20H IBU and CA IBU were removed under the aerobic conditions in
unsaturated vertical flow CW, while the removal rate-@if2 IBU and CA IBU under
anoxic conditions in saturated vertical flow CW were 50% and, 7AEXpectively.
Furthermore, the effect of AMF colonization on the transport and distribution of IBU
and DCF in the host plant may be another reason for the better removal efficiency of
IBU and DCF in AMF+ treatments. Huang et @007)reported that AMF enhanced

the accumulation of atrazine in the roots of maize and the atrazine concentration
decreased markedly in the rhizosphere and-rigaosphere of AMF treatment.
Similarly, Wu et al. (2009) reported that the presence of AMF enhances the
accumulation of phenanthreneNtedicago sativd..
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Fig. 3.4. Concentration of diclofena¢DCFcon) a n d i ts mehydwosyo | i t e
diclofena¢ -@HODCFon) in the liquid phase, and the mass removal efficiency of
diclofenac(DCRure) in AMF- and AMF+ treatments after the additionE®Ps The

data are theneans * standard errors (n=3).

Table 3.3.Ibuprofenmetabolic pathwain AMF- and AMF+ treatment systems.

AMF- Treatments AMF+ Treatments

Date aerobic anaerobic aerobic anaerobic
degradation  degradation degradation degradation
ratio (%) ratio (%) ratio (%) ratio (%)

9/12 85.43 0.26 97.09 0.05

9/24 91.68 0.15 94.37 0.10

10/6 89.27 0.19 93.96 0.11

10/18 96.29 0.07 96.38 0.07

11/3 85.23 0.27 91.93 0.15

Mean 89.58 0.19 94.75 0.09
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Additionally, the difference in removal efficiency between IBU and DCF in CWs
is expected to strongly depend on their physicochemical propé@mssios et al.,
2009) The functional groups and small changes in chemical structure may have
significant effects on solubility and polarity BOPs as well as their biodegradability
(Imfeld et al., 2009) The low removal efficiency of DCF might be related to the
presence of chlorine in its structuforita et al., 2009)According to Ghattas et al.
(2017) the further trarfermation of DCF, which is dechlorination, occurs under
anaerobic conditions. The dechlorination reaction of DCF in this studied CW system
was probably inhibited by the lack of reducing conditions. Similar to our results,
Matamoros and Bayorn@006)investigated the removal efficiency of EDPsin two
CWs and found that the removal rate of DCF was no greater than 45%, while an 80%
removal rate of IBU was observed.

IBU and DCF in plant tissues and rhizosphere soil

AMF had significant effects on the uptake of IBU and DCF by plant rgots (
0.05) (fable 3.4). The contendf IBU and DCHn plant roots were increased by 33.14%
and 143.11% in the AMF+ CWsomparedo the AMF CWSs. On the contrary, both
IBU and DCF contents in plant shoots of AMEW wer e 10. 0 eg/ kg and
respectively, but they were not detected (below the detelitiit) in plant shoots of
AMF+ CWs. This indicates that AMF promotes the uptake of pd&&®Rs(IBU and
DCF) in the roots of wetland plants and restricts their transportation from roots to
shoots. Moreover, the contents e©H IBU and CA IBU (metabolitg of IBU) in plant
roots of AMF+ CWs were significantly lower than those in AMBWNs (p < 0.05).
However , t h-©HDBGKF@maetabdlite af DCFYirdthe plant roots of AMF+
CWs was significantly higher than that in the AMBWs (p < 0.05). BesidedBU, 2-
OH IBU, CA IBU and DCF were not detected in the rhizosphere soil in the-AN¥s
(below the detection limit), while they were observed in rhizosphere soil of AMF+
CWs with the content of 111.0 €9/ kg, 45,
respectivey. This indicates that AMF may also have positive effects on promoting the
accumulation of IBU and DCF in the substrate of CWs.
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Table 3.4. The contents of ibuprofen, diclofenac and their metabolites in the
rhizosphere soil an@. maximaissues (roots and shoots). a and b show the significant
difference for AMF and AMF+ treatment (p < 0.05n.d.: not detected|BU:
ibuprofen; DCF: diclofeng 2-OH IBU: 2-hydroxy ibuprofen CA IBU: carboxy
ibuprofen 4-OH DCE  -Rydroxy diclofenac.

Rhizospheres soil Roots Shoots
Compounds Treatments
(eg/lkg) (eglke(Cegl ke
IBU AMF- n.d. 69.7£1.8 10.0+0.4
AMF+ 111.0+6.6 92.8+1.3 n.d.
2-OH IBU AMF- n.d. 155+3.6 85.2+2.4
AMF+ 45.1+1.2 104.0£3.4 73.4£2.2
CA IBU AMF- n.d. 27.9+0.4# n.d.
AMF+ 20.2+0.5 18.1+0.58% n.d.
DCF AMF- n.d. 61.7x2.5  10.5%+0.3
AMF+ 33.4+£1.2 150+3.8 n.d.
4'-OH DCF AMF- n.d. 65.2+4.00 n.d.
AMF+ n.d. 163.0+2.& n.d.

AMF enhanced the uptake of IBU and DCF in the roofs.ahaximéabut inhibited
their transportation from root to shoot. The possible reason is that AMF colonization
attributed to the increas&tDPsadsorption on roots by specific mycelium structures.
Plant uptake is considered one of the main removal mechanisE®R$in CW
systemgMatamoros and Bayona, 2008jowever, plant uptake and translocation of
EOPsinto plant roots from solution were directly proportional to lag (r inversely
proportional to water solubilityjTopp et al., 1986)This is an explanation that similar
contents of DCF and IBU were sdxved in the plant tissue (both in roots and shoots)
from noninoculated CWSs, because of their similar lag, Kalue (3.26 of IBU and 4.26
of DCF) (Sl, Table S3.1), despite the added concentration of DCF was 5 times lower
than that of IBU.
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Fig. 5. (a) Principal component analysis (PCA) among plant growth, physiological
indexes in plant roots, IBU and DCF as well as their metabolites in-AkidéF AMF+
treatments. (b) The scores of each treatment on Dim1l and Dim2: AMFand 3
represent theriplicates of AMF treatments. AMF+ 1, 2 and 3 represent the triplicates
of AMF+ treatments.IBU: ibuprofen; DCF: diclofenac; -©DH IBU: 2-hydroxy
ibuprofen CA IBU: carboxy ibuprofen4-OH DCE  -hydyoxy diclofenac; Root W.:
Root weight; Root L.: Rodength; Shoot W.: Shoot weight; Shoot H.: Shoot height.

The mycorrhizal pathway may be another megligible approach to translocate
EOPsbhetween plant tissues and CW systems. Although the existing results of our study
still lacking evidence for the diremvolvement of AMF inEOPsremoval, Gao et al.
(2010) used threeompartment systems to investigate the effects of AMIEORS
uptake by plant roots and proved that the mycorrhizal pathway contributes to the uptake
of polycyclic aromatic fdrocarbons by plant roots. Gao et(@010)found that the
extraradical hyphae of AMF can extend into tB®Psspiked compartment, then
absorb and transportéeDPsto the roots of inoculated plants grown in anspiked
compartment, restiftg in high contents of fluorene and phenanthrene in the roots of
inoculated ryegrasd.¢lium multiflorumLam)). Similar to our results, Huang et al.
(2007)reported thaAMF significantly increased atrazine concentration in the roots of
maize, while greatly decreased its concentration in shoots. Wy 20@@)testified the
presence of AMF promotes the accumulation of phenanthrene in epidermal cells of
roots and reduced the transport into the root interior and shoots. Therefore, IBU and
DCF might also be absorbed by the external mycelium developed by AMF and
transported to arbuscular structures inside the roots, resulting in notable contents of
IBU and DCF in the roots of inoculat&l maximaHowever, whether the mycorrhizal
pathway is directly involved in the translocation and transformatiok@Ps by
wetlandplants needs to be studied further. For example, a study on compartmented
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cultivation systems with a separate hyphal compartment or supplying additional
nutrients for AMF treatment to match the biomass of inoculated plants.
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Fig. 3.6.The cluster analysis among plant growth, physiological indexes (in plant roots,
IBU and DCF as well as their metabolites in AM&hd AMF+ treatmentsiBU:
ibuprofen; DCF: diclofenac; -©®H IBU: 2-hydroxy ibuprofen CA IBU: carboxy
ibuprofen 4-OH DCE -hydroxy diclofenac; Root W.: Root weight; Root L.: Root
length; Shoot W.: Shoot weight; Shoot H.: Shoot heigbtors in the heatmap indicate
the correlation between the different data sets.

Furthermore, the content of IBU metabolitesOBR IBU and CA IBU in
inocul ated plantds tiss-unowabahéedhplantco
the contrary, OHh®CEonhnentmocaf attéd pl ant
higherthanthatofneh nocul at ed pl ant és rootributedThe p
to AMF promoting gene expression related to the metabolism of IBU and DCF.
Although there is no relevant data on AMF affecting gene expression in this study,

some studies have confirmed that AMF can significantly increase the activities of
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enzymes,such as cytochrome P450 monooxygenase (PB6€)és et al., 2008)
glycosyltransferase (GTChen et al., 2018plutathioneS transferase (GST{Harcia
Sanchez et al., 2014hmong such enzymes, He et @017)and Bartha et a(2014)
confirmed that the activities of P450, GT and GST have a positive correlation with the
metabolism of IBU and DCF iR. australisand Typha latifolia Therefore, the lower
concentration of 2DH IBU and CA IBU in inoculated plant roots was mainly due to
the further biodegradation of IBU into other metabolites, suchlagidoxy-1BP, 1,2
dihydroxy-IBP and glucopyranosyloxkydroxy- IBP, which have been reported by He

et al. (2017) Although oxygenation of the chlorinated benzene ring enables further
bi odegr ad-@H DG@-nthisopfocegsds muamore likely under anaerobic
conditions (Ghattas et al., 2017)Thef ur t her tranOGH DCGFmag i on
probably inhibited by the lack of reduction conditions, resulting in the excess content
o f -OH BCF accumulated in inoculation plant roots. Additionally, it has been proved
that AMF colonization can increase the amt and quality of host root exudates
(Scheffknecht et al., 2006including some lipophilic compounds, flavonoids, amino
acids, protein, and other biomolecules, which could contribute to the accumulation of
IBU and DCF and their metabolites in the rhizosphere soil.

3.4.5 Effect of AMF on plantdetoxification

In order toinvestigate the potential functional role of AMF on plant detoxification
of IBU and DCF, PCA and cluster analysis were conducted to analyze the data
including plant growth indexes, physiological indexes of plant roots and IBU, DCF as
well as their metabides in plant roots. PCA results showed that the first two
components Dim1 and Dim2 account for 84% and 7.9% variability, respectively,
indicating that those parameters were largely determined by Bim13(5. On Dim1,
the root length, root weight, shidmeight, shoot weight, protein, SOP and SOD clearly
showed that plant growth indexes, antioxidant enzymes and soluble protein were highly
dependent upon each other (r is 0.75 to 1) under the stress of IBU and DCF, while the
concentrations of IBU, DCF arttieir metabolites (IBU, DCF,-©H IBU, CA IBU,
a n d-OHIBCF) in plant roots had a strong negative correlation {0.i& to-0.99)
with oxidative damage (MDA an®;"). Meanwhile, according to the scores of each
system on Dim1 and Dim2, significant s&tital differences can be observed from the
two distinct groups: AMFand AMF+ treatments. Similarly, the results of hierarchical
clustering analysis also indicated that plant growth indexes, POD, SOD, and protein
were highly positively correlated with AMFreatment but were negatively correlated

68

of



Employ ofarbuscular mycorrhizal fungi for pharmaceuticals ibuprofen and
diclofenac removal in mesocosstale constructed wetlands

with AMF- treatmentsKig. 3.6). IBU, DCF, and their metabolites showed a positive
correlation with oxidative damage &. maximain AMF- treatmend but a negative
correlation in AMF+ treatments. Thus, AMF coloaiibn showed positive effects on
wetland plants detoxification of IBU and D® enhancing hormone regulation, such

as increasing the release of antioxidant enzymes and soluble protein to decrease
oxidative damage and promote plant growth.

3.5Conclusion

AMF symbiosis with wetland plants has an important function in CWs. It can
significantly promote the growthf G. maximaand nutrients uptake under the stress of
IBU and DCF by increasing antioxidant enzymes (POD and SOD) anuespiwtein
contents to decrease oxidative dama@e® (and MDA). AMF can improve the
treatment performance of conventional pollutants in CWs with the removal efficiency
of TOC, PQ*-P, NH,*-N, TN in AMF+ treatments significantly improved by 6.19%,
10.92%, 14.82% and 10.92%, respectively. Meanwhile, AMF colonization could be an
effective strategy to enhance IBU and DCF removal in CW systems, in which the
removal efficiencies of IBU and DCF rancrease 5.823.88% and 2.221.07%,
respectively. At the same time, it can reduce the concentrations of their metabeolites (2
OH | BU, C A -GHBDUF) i thel effldedit. Moreover, AMF may relocate the
transformation of IBU and DCF in plant tissueghaliigher accumulation in the roots
and lower transportation to the shoots. Besides, the presence of AMF also contributed
to the accumulation of IBU and DCF and their metabolites in rhizosphere soils. Overall,
this study provides encouraging evidence thatintroduction of AMF into CWs can
enhance the removal of IBU and DCF as well as conventional pollutants. However,
more indepthresearchis needed on how AMF helps wetland plants to remove IBU
and DCF.
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Methods and materials

The composition of fungal inoculum and sterilized inoculurhe isolated AMF
was multiplied with host plardea mays Lin a multispore pot culture containing a
mixture of zeolite and expanded clay (1:1; v: v) for six months. Thus, the fungal
inoculum comprised a mixture of spores, mycelium, zeolite, expanded clay, and plant
root fragments. After the sterilization of fungal inoculum, the sterilized inoculum was
obtained.

Mycorrhizal assessmenAMF colonization in plant roots was measured before
the addition ofEOPsby the following proceduréPhillips and Hayman, 1970Two

gramsof fresh roots were submerged in 10%
washed by tap water, submerged in 2% HCI solution for 5 min, and stained with Trypan
blue at 90 for 30 min, detained with ¢

were cutinto 1 cm fragments to check the mycorrhizal colonization under a
stereomicroscope. The frequency of mycorrhiza in the root system (F%), the intensity
of mycorrhizal colonization (M%) and arbuscular abundance (A%) in the whole root
system was evaluated ltlge Mycocalc program (National Institute for Agricultural
ResearchjTrouvelot A; Kough, 1986)

Determination of MDA,O2*, POD, SOD, and soluble protein

Preparation of enzyme solutionTake 0.2g samples (fresh leaves or roots), wash
and place in gre-cooled mortar, add 1.6mL 50mmol/L preoled phosphate buffer
(pH 7.8). The solution was homogenized by grinding on an ice bath, transferred to a
centrifuge tube and centrifuged at 12000 g for 20 min at 4 ° C, and the supernatant was
an enzyme solutim

MDA: The level of lipid peroxidation was expressed as the content of MDA
(Zhang et al., 2005)The fresh leaves or roots from each treatment were homogenized
in 5 mL of 10 % trichloroacetic acid with a pestle and mortar. Homdgsnaere
centrifuged at 4,000xg for 20 min. To each 2 mL aliquot of the supernatant, 2 mL of
0.6 % thiobarbituric acid in 10 %TCA was added. The mixtures were heated at 100 °C
for 15 min and then quickly cooled in an ice bath. After centrifugation at @R¢Ofor
20 min, the absorbance of the supernatant was recorded at 532 and 450 nm. Lipid
peroxidation was expressed as the MDA content in nM per g FW.
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POD: The POD activity was examined according to the modified megfiloang
et al., 2@5). The reaction mixture in a total volume of 50 mL 0.1 mol/L sodium
phosphate buffer (pHDO. 63 D) Wcoahdi 2BngL1lYPua
prepared immediately before use. Then, 1mL enzyme extract was added to 3 mL
reaction mixture. An increas@ absorbance was measured at 470 nm at 0.5 min
intervals up to 2 min using a UVis spectrophotometer. Enzyme specific activity is
defined as units (one peroxidase activity unit defined as absorbance at 470 nm changes
0.1 per minute) per gram of fresh igfat.

SOD: The SOD activity was detected according to the modified mgtfioang
et al., 2005) The reaction mixture was made of 54 mL methionine, 2 mL -biiie
tetrazolium chloride (NBT), 2 mL EDTAa&, and 2 mL riboflavin. An appropriate
quantity of enzyme extract was added to the reaction mixture. Toioreatarted by
placing tubes below two 15 W fluorescent lamps for 15 min. Reaction stopped by
keeping the tubes in dark for 10 min. Absorbance was recorded at 560 nm. One unit of
SOD enzyme activity was defined as the quantity of SOD enzyme requiresttaecp
a 50 % inhibition of reduction of NBT under the experimental conditions, and the
specific enzyme activity was expressed as units per gram fresh weight (FW) of leaf or
roots.

O Production of superoxide anio®f) was measured using the modified
method(Hassoun and Ray, 2003Jhe reaction mixture contained 2 mL supernatant,
1.5 mL 50 0.05 mol/L phosphatmuffered saline (pH 7.8) and 1 mL 0.5 mmol/L
hydroxylamine hydrochloride in the same buffer. After incubation for 20 min at 25 °C,
the reactios were terminated by placing the reaction mixture tubes on ice. Then 4 mL
ofpami nobenzene sul f o mapbthylamine dveraaunded 0o 240 mL o f
mL of the above reaction solution in sequence and place in a constant temperature water
bath at 30C for 30 min, and measure A530 after the reaction.

Soluble protein:5 mL 1.0 mL Coomassie Brilliant Blue Reagent was added into
1 mL enzyme solution. After shaking, it was placed for 5 min and measured A595.
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Determination of EOPsand their metabolites

Extraction from soil and plant tissues:

The dry samples (0.5g fine powder) were extracted by 10mL of methanol: acetone
(95:5, viv) in a 12 mL vial in an ultrasonic bath for 30 mins. After extraction, the
samples were centrifugedab0 mL conical polypropylene centrifuge vial (3000 rpm,

10 min). the supernatants were evaporated to dryness and reconstituted in 10%
met hanol, filtered through a 0.22 em por
at-20 °C until analysis.

Watersample preparation:

Before analysis, water samples should
polyvinylidene fluoride filter.

Analysis

A 1200 UltraHigh-Performance Liquid Chromatograph (UHPLC) tandem with
6410 Triple Quad Mass Spectrophotometer (MS/MS) of Agilent Technologies was
used to analyz&OPsand its metabolites. The separation was carried out on a Water
XBridge®-C-18 analyticalcolumn (150x4.6 mm, 3.5 um particle size). The mobile
phase consisted of methanol and water with 0.05% acetic acid as the mobile phase
additive. The flow rate was 0.25 mL min/L. The injection volume was 1 mL. The
surrogate recoveries were always highent®%.This method was modified from the
previous studyVymazal et al., 2017)
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Tables:

Table S3.1. Physicalchemical capacities @OPsand their metabolites.

EOPs Structure Molecular LogKow' pKa'
'(tI’E‘jB;Ofe“ - 206.30 326 4
% (8]
Um
5
2-hyroxy °
ibuprofen g 222.28 4.15 4.63
(2-OH I1BU) d N
Carboxy © .
ibuprofen 5 236.2637 2.78 3.97
(CA IBU) g
53 o
o
Diclofenac 2
(DCF) = 296.15 4.26 4
Y
o
Cl OH
4 dyroxy S
diclofenac 312.15 3.96 3.76
(4-OH DCF) g

@C{

LogKow and pKa (Strongest Acidic) values were collected from ChemAxon
(https://chemaxon.com

Table S3.2. The characteristics of simulated sewage.

74


https://chemaxon.com/

Employ ofarbuscular mycorrhizal fungi for pharmaceuticals ibuprofen and
diclofenac removal in mesocosstale constructed wetlands

Reagent mg/L Microelements mg/L
Urea 104 CuSQ-5H0 0.01
NH,4CI 16 FeSQ:7H:0 0.45
CH;COONa-3HO 255 MnSO4-HO 0.02
Peptone 20 Pb(NG)2 0.02
KH2PO, 41 HsBOs 0.04
Yeast extract 132 NaxMoOs-2H-0 0.02
Skim milk 59 KCr(SQy)2-12H0 0.02
NaHCG; 25

MgSQs-7H,0 41

CaCh-6H.0 28

Modified according to therotocol(Nopens et al., 2001)

Table S3.3. The mean volume of each system effluent.

Effluent
Treatments Influent AME- AMF+
Replicate 1 2 1.27 1.12
Replicate 2 2 1.31 1.11
Replicate 3 2 1.29 1.13
Mean 2 1.29 1.12
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Figures:

* AMF- Treatments

« AMF+ Treatments

Fig. S3.1. AMF colonization in the roots @b. maximan AMF- and AMF+ treatments.
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Fig. S3.5. Sketch of CWs reactors. The top layer and the middle layer in bothr AMF
and AMF+ treatments were the same, filled with sand and gravel, respectively. The
middle layer in those two treatments is different, sand mixed with sterilized inoculum
was added into the middle layer of AMRreatments, and sand mixed with fungal
inoculum was added into the middle layer of AMF+ treatments. Triplicates for each
treatment.
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Arbuscular mycorrhizal symbiosis in constructeetlands with different
substrates: effects on the phytoremediation of ibuprofen and diclofenac

4.1 Abstract

This study investigated the role of arbuscular mycorrhizal fungal (AMF) for the
removal of ibuprofen (IBU) and diclofenac (DCF) in constructed wetlands (CWs) with
four different substrates. Results showed that AMF colonization in adsorptive substrate
(perlite, vermiculite, and biochar) systems was higher than that in sand systems. AMF
enhanced the tolerance®lyceria maximdo the stress of IBU and DCF by promoting
the activities of antioxidant enzymes (peroxidase and superoxide dismutase) and the
contens of soluble protein, while decreasing the contents of malondialdehyde/and O
. The removal efficiencies of IBU and DCF were increased by-18% and 25%38%
in adsorptive substrate systems compare to sand systems. Adsorptive substrates
enhanced the accuwiation of IBU and DCF in the rhizosphere and promoted the
uptake of IBU and DCF by plant roots. AMF promoted the removal of IBU and DCF
in sand systems but limited their reduction in adsorptive substrate systems. In all
scenarios, the presence of AMF dexged the contents &OPsmetabolites (Z0H
| BU, CA | BH |BU)anrthd effluénts and promoted the uptake of IBU by
plant roots. Therefore, these results indicated that the addition of adsorptive substrates
could enhance the removal of IBU and DBFEWSs. The role of AMF on the removal
of IBU and DCF was influenced by CW substrate. These may provide useful
information for the application of AMF in CWs to rema@merging organic pollutants
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4.2 Introduction

Emerging organic pollutanfE OP3$ have been attracted increasing problems due
to their potential adverse effects on ecosystems and human health. It has been reported
that more than 100BOPscan be detected in the natural aquatic environment and most
of them are not yet included in theomitoring list by many countrieeNORMAN
Assaociation, 2016) As the degradation oEOPsin wastewater treatment plants
(WWTPSs) is often incomplete, the effluent of WWTPs has become the main source of
EOPsin the aquatic environmelfEFarré et al., 2008)Consequently, the continuous
discharge ofEOPsinto the environment and their potential biotoxicity to aquatic
organisms has attracted increasing concerns. Constructed wetlands (CWs) are
considered to be a sustainable technology for pollutant removabdibe lower cost,
easy operation, and fewer maintenance requirem@ynazal, 2014) Numerous
studies documented that CWs showed advantages in remddBs (e.g.,
pharmaceuticals, pesticides, flame retardants, plasticizers, and surfa@@amig) et
al., 2017) However, the potential impacts BOPsand their metabolites on wetln
plant growth and system stability have received increasing concerns owing to their wide
occurrence in CW systen{$/oro et al., 2014) For example, a study reported by
Zi - gk ows(R04) seggestad thaEOPsnegatively affect leguminous plants
(lupin, pea and lentil), such as reducing seeding growth and changezymatic
activity. Therefore, using CWs to treeDPsmay also bring new ecological concerns.
There is an urgent need to improve the ability to rente@®sin CW systems, and
thus eliminating their potential negative impacts on ecosystems.

Arbuscular mgorrhizal fungi (AMF) are important components of the soil
microorganisms, which can form symbiotic associations with the roots of most (nearly
85%) territorial plantgAjit Varma, 2017; Smith and Read, 2008MF have psitive
effects on the performance of the host plant through increasing nutrient uptake and
tolerance to environmental stresses, such as drought, salinity, heavy metals, and organic
pollutions(Ajit Varma, 2017) Research has established that the presence of AMF can
enhance the growth of ryegradsolfu mperennel.) and white clover Trifolium
mrepensL.) in soil with 2000 mg/kg of twelve different polycyclic aromatic
hydrocarbons (PAHs{Joner and Leyval, 2003Experimental evidences have been
obtained for the contribution of AMF on removiBPsin contaminated soil € as
atrazine(Huang et al., 2007)PAHs (Gao et al., 201Q)benzo [a] pyrenéLiu et al.,
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2004) Meanwhile, Wu et al(2008) demonstrated that AMF colonizatioGlpmus
etunicatum enhanced the uptake of dichlorodiphenyltrichloroethane (DDT) by the
roots of alfalfa, and the symbiotic association significantly increased bacterial and
fungal counts and delyogenase activity in the rhizosphere soil. These findings have
indicated AMF might contribute to the removalEB®Psas a friendly and potentially
biotechnological approach.

In the past two decades, a number of researchers have confirmed that AMF
colonization was widely found in wetland plants from various habitats, including
mangrovegWang et al.,2015) fen and marshlan(Bohrer et al., 2004)and urban
wetland(Wang et al., 2018. A review conducted by Xu et d2016) suggesting that
plants of 99 families in 31 different wetland habitats have been found associated with
AMF, even including submerged aquatic plants and several plant species that were
thought to be nonmycorrhizal. However, there have been only a few reports on the
application of AMF in constructed wetlands f6©Psor heavy metals contaminated
wastewater loremediation(Fester, 2013; Xu et al., 2018Knowledge about the
impacts of AMF in the removal &@OPsin wetland systems is still rarBubstrats, as
an mportant component in CW systentsas been widelycknowledged to play a
significant role in CWs forEOPs removal, by providing carries for biofilm
development and medium for plant growth, and directly absorbing polliZthang et
al., 2018) However, differences in CW substrates and their physiochemical properties
have determining effeston the dissolved oxygen conditions, nutrients and water
retention, which, in turn, influence the development and activities of microorganisms
in CW systemgYang et al., 2018)This indicated that substrates might also have
potential impacts on the development of AMF in C{Ms et al., 216). As far as we
know, no previous research has investigated the effect of substrates on AMF
colonization in CW systems and the application of AMF in different substrate wetland
systems foEOPsbioremediation. Therefore, it is necessary to exploeartipacts of
AMF in eliminating EOPsfrom wastewater in mesocosBW systems with different
substrates, and thus, which could provide a basis for the application of AMF in the
bioremediation oEOPsin reatscale wetland systems.

Therefore, the aims of thistudy were to (1) assess AMF colonization in
constructed wetlands with different substrates; (2) explore the role of AMF in the
metabolism oEOPsin CWs with different substrates. The present research explores,
for the first time, the effects of AMF cal@ation on the removal &OPsin different
substrate CWs and can provide new insight into the biodegradatitiDRgin CWs
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4.3 Materials and Methods

4.3.1 Chemicals andstandards

Ibuprofen (IBU) and diclofenac (DCF) were used as the represenE@Rsto
assess the effects of AMF on the removat@Psin the present study, which are two
common norsteroidal antinflammatory drugs with high consumption rates. They
have been regded as two of the most frequently detecE@Psin aquatic bodies
(Madikizela and Chimuka, 2018nd wetland system@®/ymazal et al., 2017)The
added concentrations of IBU and DCF in this study were 500 pg/L and 100 pg/L,
respectively, which were close to their real concentrations in the influent of WWTPs
(Table $4.2, in the supporting information (Sl)). IBU and DCF with a purity > 98%
were provided by Aldrich Chemical Co. Their physiochemical capacities were shown
in S|, Table $4.1.

Rhizophagus irregulariBEG 140, previously known dslomus intraradiceksis
one of the most typical AMF speciesdafiequently observed in the rhizosphere of
wetland plantgFester, 2013)which wasselected as the AMF inoculum in this study.
It was provided by the Institute of Botany, Czech Academy of Science (Prague, Czech
Republic). AMF inoculum included mycorrhizal rootZe@ mays L), spores,
mycelium, and growth medium (zeolite and expanded, ddl, v: v). The sterilized
fungal inoculum was prepared by fungal inoculum at°@€or 2 h.

Glyceria maximawvas selected as a host plant obtained from a local pond located
in the Czech University of Life Sciences PragGe.maximais a common wetland
species in Europe. Meanwhile, AMF colonization in the root&omaximawas also
reported by previous studi@idu et al., 202&, Wang et al., 2014).

Siliceous sand (sand), expanded perlite (perlite), expanded vermiculite
(vermiculite), and biochar were selected as the CW substrate to design four different
CW systemsKig. 4.1). They were obtaineffom local companies in Prague, Czech
Republic. Sand, perlite, vermiculite, and biochar showed different removal
performances forEOPs in CWs, which have been reported by many studies
(Abdelhakeem et al., 2016; Dordio et al., 2007; Yang et al., 2008 could attribute
to the differences in their physicochemical properties, such as particle size, porosity,
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specific surface area, catienchange capacityyang et al., 2018)Meanwtlile, Sand,
perlite, vermiculite, and biochar have different capacities to al#&S0fs (1) No/low
sorption: sandDordio et al., 2007)(2) Moderate sorption: perlite and vermiculite
(Dordio et al., 2007; He et al., 20173) High sorption: biochaBrunsch et al., 2018)
Therefore, these differences among the four substrates might also affect the functional
roles of AMF in CWs for the removal &OPs Fig. 4.2 showed the differences in the
physicochemical properties of substrates.

AMF-treatment AMF+ treatment

Sand layer Sand layer

Sterilized inoculum
layer

Fungal inoculum
layer

o
% ﬁ?@ﬁ’-ﬁ Gravel layer

)
S

i
1

L -
Gravel layer [ESSeta ey

Sand systems

AMF- treatment AMF- treatment

Perlite systems Biochar systems

AMF- treatment AMF+ treatment AMF- treatment AMF+ treatment

Fig. 4.1 Sketch of CWsystemsThe composition of each column was 150 mm bottom
layer filled with gravel, 200 mm middle layer filled with different substrates, and 150
mm top layer filled with sand. The middle layer of each system was filled with sand,
perlite, vermiculite, andbiochar, respectively. Two treatments were set. AMF+
treatments (and AMRreatments. Each treatment has three replicates.
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4.3.2 Experimental setup

Four CWs treatments filled with different substrates were designed in this study
(Fig. 4.1). CW system wasearried out in PVA&J materials columns with a diameter of
15 cm and a height of 55 cm. Each system was filled from bottom to top with 15 cm
depth of gravel, 20 cm depth of substrates, and 15 cm depth of sand. The substrate layer
was different in the sangerlite, vermiculite, and biochar systems, which were filled
with 20 cm depth of sand, perlite, vermiculite, and biochar, respectively. Before filled
into the col umn, each substrate was ster
was set into two #atments (AMF+ and AMH;. AMF+ treatments were added 350 g
fungal inoculum and mixed with the middle layer substrates. For-AMBRtments, 350
g sterilized fungal inoculum together with 100 mL inoculum filtr@Aéu et al., 2018)
were added into the middle layer substrates to provide a similar microflora except for
the absence of AMF.

Two seedings o6. maximgabout 15 cm shoot height) were transplanted into the
substrate layer of the systeBefore transplantation, the rootssefedlings were washed
carefully and sterilized (details were showrsih. CW systems were fed with synthetic
wastewatefHu et al., 2021a)Previous studies indicated that the occurrence of AMF
shows a negativeorrelation with water depth and duration of floodiiMendoza et
al., 2005; Miller, 2000; Wang et al., 201 BMF colonization in wetland systems with
an intermittent loading was significantly higher than that with continuouslylifigo
(Liang et al., 201B; Stevens et al., 2011{ence, CWs operated with an intermittent
loading (2 L/4 d, keep water for two hours and then drain for four days) during the
whole experiment, which could be beneficial to #€sablishment of AMF symbiosis
in wetland system&Shi et al., 2015)In the first two months, CWs were fed with 10%
strength synthetic wastewater to maintain the plant's growth and develop AMF in CW
systemsThen CW systems were fed wHOPscontaining wastewater (100% strength
synthetic wastewater mixed with 500 pg/L IBU and 100 pg/L DCF). The experiment
was carried out in the natural environment with rain protection from July to November
and ended after ttemperature dropped below 0.
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4.3.3 Sample analysis

Analysis of plants

AMF colonization in the roots db. maximavas measured before the addition of
ibuprofen and diclofenaaccording to thenethodsdescribed in our previous sty
(Hu et al., 2024). At the end of the experiment, all plants (with an intact root systems)
were carefully removed from CW systems, washed carefully with deionized water, then
divided into shoots (abovegroundrps and roots (underground) parts. The growth of
G. maxima(root length, shoot height) was measured by fresh plants. Meanwhile, the
content of malondialdehyde (MDA), superoxide anion*jQantioxidant enzymes
(peroxidase (POD) anduperoxidedismutase(SOD)), and soluble protein was
analyzed by using the fresh nwethadpfbrahe o f pl a
measuremertdf those physiological parameters were showounprevious studyHu
et al., 2024). The biomass o&. maximgroot and shoot weight) was measured by dry
plant samples.

Measurement dEOPs

The distribution of parerEOPs(IBU and DCF) and their metabolites (carboxy
ibuprofen (CA IBU), 2hydroxy ibuprofen (20H | B U) ;hydmxy dliclofebac
(46 0H DCF)) i n CW systems were-massal yzed
spectrometry (LEMS).

After the addition oEOPs water samplke of the influent and effluent were taken
every 12 days. Water samples were taken in 60 mL amber glass vials and stored in a
freezer {28 °C). The measurement BlOPsand their metabolites in the water sample
were carried out immediately after defrostihpreover, the accumulation of parent
EOPsand their metabolites in plant tissues (roots and shoots) and the rhizosphere
substrates were analyzed at the end of this experiment. The detailed analysis procedures
were shown irour previous stud{Hu et al., 2024).
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4.3.4 Data analysis

Owing to the evaporation and transpiration in CW systems, the volume of the
effluent was lower than that of the influeit! ( Table S43). Therefore, the removal
efficiency of EOPswas &aluated by calculating their mass removal rate (Eg. (1)). V
and \t are the volumes of the influent and effluent,ad G are the concentration of
EOPsin the influent and effluent.

Mass removal efficiency (%) =— pnmn (1)

Data are presented as mean and standard errors from data of the three replicates
treatments. Physiological parameters of plants, such as MBPAPOD, SOD, soluble
protein, and the content of paré&®Psand their metabolitesere analyzed using two
way analysis of variance (ANOVA), with substrates and AMF treatments as main
factors and substrates * AMF treatsnents
was used to compare the effect of AMF on physiological parametgramfs, the
content of parenEOPsand their metabolites. Significant differences and extremely
significant differencesvere set ap < 0.05 andp < 0.01, respectively. R Software
(version 4.0.2) was used for statistical analysis and the visualizatexpefimental
data.

4.4 Resultsand discussion

4.4.1 AMF colonization in different substrate systems

AMF colonization in the roots @&. maximavas observed from different substrate
systems. The mycorrhizal frequencies in the root&.omaximawere rangedrom
61.3% to 92.3%(able 4.1). Mycorrhizal structures were observed clearly in the roots
of G. maximafrom different substrate syster(is|, Fig. $4.1). These results indicated
that thesymbiosis between AMF an@. maximacould be established in different
substrate systems under intermitti@atding. This could mainly due to the aerenchyma
structure in wetland plants that can provide active ventilation of roots, rhizomes, and
the nearby rhizosphere, which maintains favleaxygen conditions for AMF growth
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(Dickopp et al., 2011)Meanwhile, the intermittent loading in the present study might
also promote the oxygenation of the rhizosphere during the exchange of wet and dry
periods, which cold contribute to the establishment of symbiosis by providing suitable
oxygen in CW systems. This was in good agreement with M2@d0)who found that

the roots of plants Ranicum hemitomorand Leersia hexandrain CW under
intermittent flood conditions had higher mycorrhizal colonization than those under
continuous flood condition.

Table 4.1 Mycorrhizalstatus under different treatments. These include the frequency

of mycorrhiza in the root system (F%), the intensity of mycorrhizal colonization (M%),
and the arbuscule abundance (A%) in the whole root system. Data are presented as
means * standard erroes.b, and ¢ show a significant differenpe<(0.05).

F% M% A%
Substrates

AMF- AMF+ AMF- AMF+ AMF- AMF+
Sand 0 61.34+10.48 0 11.24+2.47 0 0.54+0.0F
Perlite 0 83.5445.6%° 0 26.23+1.34 0 0.79+0.04
Vermiculite 0 92.27+3.5% 0 58.17+0.58 0 1.32+0.0%
Biochar 0 78.36+6.34° 0 24.43+1.62 0 0.67+0.05

Moreover, the addition of adsorptive substrates (perlite, vermiculite, and biochar)
showed positive effects on promoting AMF colonization in CW systems {.05)
(Table 4.1). In adsorptive substrate systems, mycorrhizal status in the ro@s of
maximawas significantly higher than that in sand systems@.05), in which the
mycorrhizal frequency (F%), mycorrhizal colonization (M%), and arbuscule
abundance (A%) were incresb by 17.0%31.0%, 13.2%16.9%, and 0.190.8%,
respectively. The best mycorrhizal status was detected in vermiculite systems, in which
F%, M%, and A% were 92.3%, 58.2%, and 1.3%, respectively. A similar mycorrhizal
status was found in perlite and biochastems. These results suggested that the
symbiosis between AMF ard. maximavas af fected by CW6s subs:
AMF colonization could be partly due to weleveloped plant root systenisl( Table
$4.4), which can release more oxygen into the rhizosphere to promote the establishment
of symbiosis(Xu et al., 2016) Compared with sand systems, the addition of perlite,
vermiculite, and biochar alter the physical properties inside the C\&hsystig. 4.2),
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such as bulk density, porosity, and water storage capacity, thus could increase the
retention of nutrients and watel( Table $4.3), which significantly affected the
growth of G. maxima(Sl, Table $4.4). Meanwhile, the essential elememigerlite,
vermiculite and biochar, such as C, K, and Mgy(4.2), might also act as nutrient
sources to improve plant growth and AMF development in CWs. Moreover,
vermiculite and biochar could retain more nutrients inside the CW systems to promote
plant growth and AMF development due to the higher specific surface area and cation
exchange capaciyfang et al., 2018)Besides, the larger surface area provided by the
porous structure of biochar and the layered structure of vermiculite, as shawim. in (
4.2), could be considered a perfect fo@mrrier for AMF development to increase the
density of viable hypha@Nen et al., 2016)However, AMF colonization in biochar
systems was lower than that of perlite and vermiculite systems. The possible reason
may be that the formatn of harmful substanceis biochar during its manufactures,
such as dioxin, ethylene, polycyclic aromatic hydrocarbons, phenolic compounds,
volatile compounds, and heavy metélehmann and Joseph, 2012ould pose
negative and inhibitory impacts on plant growth and AMF development. Therefore, the
formation of AMF symbiosis in CW systems can be influenced by CW substrates.

4.4.2Physiological parameters in wetland plants

As one of the main reactive oxygen specieg: &cumulation can induce lipid
peroxidation of plants, while MDA determines the level of lipid peroxidation of plants
caused by oxidative stregghang et al., 2019Hence, the content of:0and MDA is
related to the oxidative damage of plants. POD S@@ can trigger an antioxidative
response to convert ROS into rtmxic moleculegZhang et al., 2019)herefore, the
growth status of plants under the stress of IBU and DCF in different substrate systems
can be obtained by analyzing the differences ysfogical parameters &. maxima
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Photo SEM EDX wit%

O :65.20%
Si : 34.80%

Sand

O :57.77%
Al : 7.33%
Si :31.05%
K :3.84%

Perlite

0 :62.12%
Mg: 13.84%
Al : 6.03%
Si :15.15%
K :2.86%

Vermiculite

C :100%

Biochar

Fig. 4.2.SEM images and EDX spectra of sand, vermiculite, perlite, and biochar. Silica
sand is made up of two main elements: Si and O, which is a chemically inert and
relatively hard mineral. Perlite is a glassy ol rock, which is essentially a
metastable amorphous aluminum. Expanded perlite likes little balls with a soft
honeycomb texture inside. The basic elements in perlite include O, Al, Si, and K.
Vermiculite have a highly porous and spongy structure. Thesibaelements of
vermiculite include O, Mg, Al, Si, and K. Biochar shows a porous structure with a high
surface area. Carbon is the main element in biochar. These results were obtained by
SEM-EDX (FEI QUANTA FEG 650 combined with EDAX Inc. Genesis XM).
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Effect of substrate on physiological parameters of plants

CW substrates had an extremely significant effeet@.001) on the physiological
parameters o&. maxima(Sl, Table $4.5). Compared with sand systems, the contents
of POD, SOD, MDA, &*, andsoluble protein in plant tissue (both roots and shoots)
increased in biochar systems but decreased in perlite and vermiculite systerms (

Sl, Fig $4.2, and $1.3). Moreover, the content of those physiological parameters in
plant tissue was the lowest vermiculite systems. These results indicated that CW
substrates could affect the physiological functions of wetland plants in CWs.

Substrates influenced the physiological parametefS.ohaximan CWs under
the stress of IBU and DCF. The main reas@y fipe that the type of substrates changes
the operating conditions inside the CWs, which directly influences plant growth and
EOPsremoval. Compared with sand, the porous structure of vermiculite and perlite
could increase the retention of available nuiseand waterS!, Table $4.3), which
significantly promotes plant growtls(, Table $4.4), thereby enhancing the removal
of EOPg(Dordio et al., 2009)However, the oxidative damage®f maximan biocha
systems was higher than that in sand systems. This could attribute to the potential harm
of biochar to plant growth. A study conducted by Easton €R@al5)suggested that
the addition of biochar in CW systems significantly promoted the microbiological
reduction of SG and increased the generation of harmfupbgducts, including b6
methyl merary, and thus inhibit the formation of the symbiotic structures and plant
growth. Besides, our study also found that the accumulation of IBU and DCF in the
rhizosphere an. maximaroots from biochar systems was significantly highex (
0.05) than thatrom other systemsréble 4.2). This indicates that the negative effect
of biochar on AMF colonization is probably attributed to the high contents of IBU and
DCF in the rhizosphere accumulated by biochar. Therefore, the tolerance of plants to
EOPsstress could be influence by CW subtgs.
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Table 2. The content of ibuprofen, diclofenac and their metabolites in the rhizosphere soil and plant tissue (shoots and roots).

Ibuprofen 2-hydroxy Ibuprofen Carboxy Ibuprofen Diclofenac 4 -&dydroxy Diclofena

Substrate
AME- AMF+ AMF- AMF+ AME- AMF+ AMF- AMF+ AME- AMF+
Rhizosphere soil

Sand n.d. 111.0+5.97 n.d. 45.1%2.82 nd. 20.2+0.54 n.d. 33.4%1.52 n.d. n.d.
Perlite 11.3:0.79  164.0+9.18* n.d. 37.920.11 n.d. 11.0£0.82 n.d. 46.420.03 n.d. n.d.
Vermiculite  76.1#1.15  15.5+0.89* 54.9+4.74 n.d. 11.2:0.84 n.d. 30.9+1.00  n.d. n.d. n.d.
Biochar 129.0£3.31 104.0+4.53* 36.2+2.81  n.d. 14.2:0.24 n.d. 33.621.67  n.d. n.d. n.d.

Roots

Sand 69.745.58  92.8+6.55% 155.0+9.11 104.07.69*  27.9:0.41 18.120.46*  61.7+161 150.00.17* 65.2+¢4.17  163.0+7.00*
Perlite 68.2+4.83  181.020.71* 171.0#5.09 274.0+1.06*  16.1:x1.39 39.8+2.23*  98.0+4.89 187.0+15.94*  753#3.39 226.0£12.53*
Vermiculite  77.5¢2.43  183.0+2.22 59.3¥3.49 128.0#6.99*  13.5:0.22 n.d. 128.0+9.88 47.0+2.56* 105.0+3.08 n.d.
Biochar 112+2.83  166.0+12.87*  86.3:6.26  123.0+8.56*  15.5#1.04 n.d. 206£0.24  27.3+0.47* 96.9+0.72  n.d.
Shoots

Sand 10.64 n.d. 82.1+2.15  73.4+0.53* n.d. n.d. 10.5:0.44 n.d. n.d. n.d.
Perlite 10.950.32  19.8+0.52* 9541072  202.0¢6.32*  n.d. nd. 11.5:0.82  24.8+0.63* n.d. n.d.
Vermiculite  13.1+0.61  124.0+3.51* 71.3:3.06  51.5+2.33* n.d. n.d. 13.1#0.86  59.3+3.13* n.d. n.d.
Biochar n.d. 83.2+6.72 33.1£2.64  76.4+3.87* n.d. n.d. n.d. 44.3+2.56 n.d. n.d.

n.d.: not detected, below the detection limit (€19 /).lWJgit:¢ g/ k g .
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Effect of AMF onphysiological parameters of plants

MDA and Q* contents in inoculated plant roots under AMF+ treatments were
significantly lower p < 0.05) than those under AMEreatments, with an increase of
19.4%75.3%, 17.5%27.3%, respectivelyHg. 4.3). On the cotrary, the contents of
POD and SOD irs. maximaroots from inoculated CWs were increased, which were
0.5%83.5%, 16.5%37.5% higher than those from notoculated CWs, respectively.
Similar results were also observed in the shoos.ahaximathe conters of MDA
and Q* were decreased, but the contents of POD, SOD, and protein were increased in
AMF+ treatments &I, Fig. $4.2). Moreover, AMF significantly increaseg & 0.01)
the content of soluble protein in the tissues (both shoots and ro@s)udixma (Sl,

Fig. S3). According to the results of tweay ANOVA analysis &1, Table $4.5), AMF
had an extremely significant effeg € 0.001) on the physiological parameter<of
maxima including MDA, o*, POD, SOD, and protein.
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Fig. 4.3.Physiological parameters of plant roots: (a) MDA, (&),@c) POD, (d) SOD.

The data are the means + standard errors (n=3). * and ** show the significant difference
(p < 0.05) and extremely significant difference (p < 0.01), respectively, in-Avié
AMF+ treatmentsMDA: malondialdehyd;eOZA: superoxide anigrPOD: peroxidase
SOD:superoxidadismutase
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AMF can maintain ROS homeostasis to protect the host plant from various abiotic
stresse¢Zhang et al., 2019)n this study, AMF showed positive effsain increasing
the activities of antioxidant enzymes (POD and SOD) and protein content as well as
decreasing ROS () accumulation and lipid peroxidation (MDA), indicating that
AMF could alleviate or reduce oxidative injuries®f maximaconducted bytte stress
of IBU and DCF in different substrate CW systems. The possible reason could be that
AMF facilitates the acquisition of nutrients and water uptake, which are beneficial to
promote the host plant growtBI( Table $4.4), and thus alleviating the adverse effects
of abiotic stress on the host plaitii et al., 202B). Another reason may be that AMF
could regulate the expression of genes relatecetgyththesis of antioxidant enzymes.
Existing evidence suggests that 30 genes potentially encoding for antioxidant enzymes
were recorded in the genomeRfirregularis(Lenoir et al., 2016)Zhang et al(2019)
studied the effect of AMF on ROS generation and ROS scavenging ability under Pb
stress and found that AMF s¥yiosis might maintain ROS homeostasis by down
regulating the transcription of MtRboh@ to decreased the 8, accumulation, by
inhibiting ROS generation induced by Pb stress, and by stimulating antioxidant
response to scavenging redundant ROS. In thedlystine activities of antioxidant
enzymes in AMF inoculatedledicago truncatulavere increased 4322%, while the
contents of MDA and ¢ were decreased 18% and 288%, respectively compared
to noninoculated controls under Pb stress. Similarly, Walg2020)confirmed that
AMF could play an essential role in relieving the photosynthesis inhibition of host
plants conducted by abiotic stress through-regulating the expression of
photosynthesiselated genes. Like our study, Aranet al.(2009)indicated that AMF
could promote protein secretion (glycoproteins) to improve nutrient uptake by host
plants. In addition, by analyzing thmhysiological parameters of plant roots and the
content ofEOPsin plant roots, the result of cluster analysis showed that two distinct
groups were observed in all substrate systems, namely- AMdF AMF+ treatments
(Fig. 4.4). AMF showed a significantlygsitive effect on increasing POD, SOD, and
protein contents but decreasing the contents of MDA af\éh@. maximasuggesting
that AMF may play important roles in plant detoxification. Therefore, AMF could
protect wetland plants froBOPsstress in CW systems by hormonal regulation.
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Fig. 4.4.The cluster analysis among physiological parameters in plant rootenteat

of parentEOPs and their metabolites in plant roots. Colors in the heatmap indicate the
correlation between the different data sets. A represents AMF. 1, 2, and 3 represent the
replicate of each treatmer¥IDA: malondialdehydeO,*: superoxide awin; POD:
peroxidaseSOD:superoxidadismutaselBU: ibuprofen; DCF: diclofenac;-©H IBU:
2-hydroxy ibuprofenCA IBU: carboxy ibuproferd-OH DCE  -hydroxy diclofenac.

4.4.3 Effect of substrates oicOPsremoval

The removal efficiencies of IBU and DG different CW systems were in the
following order: sand < perlite < vermiculite < biochar. Compared with sand systems,
the removal efficiencies of IBU and DCF were significantly increased by 14&086
and 24.5%38.2%, respectively, in perlite, vermidel and biochar systemSI|( Fig.
$4.4). The concentrations of pardé®Ps(IBU and DCF) and metabolites-@H IBU,

CA | B U,-OHaDCH) wdréthe highest in the effluent from sand systéims4.5

and 4.6), in which the removal rate of IBU and DCF were 87% and 61%, respectively
(SI, Fig. $4.4). In biochar systems, the massweval rates of IBU and DCF were the
highest (up to 99%) 4|, Fig. $44) and the concentrations of paréa©Psand
metabolites in the effluent were decreased below the detection limit (< 0.002 ug/L)
(Fig. 45 and 4.6). The removal efficiencies of IBU and [BGn vermiculite systems
were 1.1% and 0.5% higher than those in perlite systémsH(g. $4.4), and no
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significant differences in the removal of IBU and DCF were found between perlite and
vermiculite systems under AMRreatments $I, Table $4.7). Meanwlile, their
metabolites in the effluent from vermiculite systems were higher than those from perlite
systems{ig. 4.6). The results of twavay ANOVA analysis indicated that substrates
had a significant effectp(< 0.001) on the concentrations of both parfe@Psand
metabolites in the effluent of CWSI( Table $4.6).
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Fig. 4.5.The concentrations of pareBOPsin the outflow of different CW systems:

(a) ibuprofen, (b) diclofenad-he data are the means + standard errors (n=15). ns and
** show the naosignificant difference (p > 0.05) and extremely significant difference (p
< 0.01), respectively, in AMFand AMF+ treatments.

CW substrates can influence the removal performaneE©éfsin CWs. The main
reason is that type of substrates could influencegtablishment and growth of biofilm
and microbial community, which can directly affect the biodegradatioBQiPsin
CWs(Zhang et al., 2018)n this study, the addition of perlite, vermiculite, and biochar
significantly ( < 0.05) increased the removal efficiency of IBU and DCF compared
with sand systems=(g. 4.5), mainly facilitating the biodegradation of CECs in CWs
(Deng et al., 2021)The porous structures and large surface area of peditajaulite,
and biochar could be the excellent attachment carrier for-@f€ading microbes,
which promoted the development of microorganisms in the rhizosflhere and Van
Hullebusch, 2020Meanwhile, the ddition of perlite, vermiculite, and biochar in CWs
improved the growth o6. maxima(both shoots and rootsy(, Table $4.4), which
might also promote radial oxygen loss and organic exudate secretion, thus enhancing
the aerobic microbial metabolism of conventional pollutants E@&s(Denget al.,
2021) Previous studies suggested that the metabolites of IBU and DCF, including 2
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OH | BU, C A -OHBOCF, ara ocdurridg@under aerobic conditifBsuju et

al., 2016; Zwiener et al2002) The better removal performance of IBU and DCF in
vermiculite systems than perlite systems might also relate to its more developed plant
root systemsl, Table $4.4), which could accelerate the removal of IBU and DCF
through the aerobic metalmpathway.
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Fig. 4.6. The concentrations dEOPsmetabolites in the outflow of different CW
systems: (@) Hy dr oxy i buprofen, (b) GHydrokyo x y i
diclofenac. The data are the means + standard errors (n=15). ns and ** show the no
significant difference § > 0.05) and extremely significant differencp € 0.01),
respectively, in AMFand AMF+ treatments.
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Moreover, another reason for the positive effects of perlite, vermiculite, and
biochar on the removal oBU and DCF in CW systems could be that their adsorption
of EOPscan play important roles in promoting the removaE@Ps As shown in
Table 2, the accumulations of IBU and DCF in the rhizosphere of different substrate
systems mainly were in the order: dan perlite < vermiculite < biochar &ble 4.2),
indicating that the removal efficiencies of IBU and DCF in different substrate systems
were highly related to the adsorption capacity of CW substrdi®®s These results
agreed with previous studies (Let al.,, 2021). Their adsorption capacity mainly
determined the removal of oxytetracycline and ciprofloxacin in different substrates
(zeolite, gravel, red brick, and oyster shell) systems.

Furthermore, substrates also influenced the uptalkgéfsby plantroots. It was
found that the contents of IBU and DCFGn maximaoots followed the order: sand <
perlite < vermiculite < biochar, suggesting that the application of adsorptive substrates
could enhance the uptake BOPsby plant roots Table 4.2). Since mosEOPsare
xenobiotics, there are no specific transporters for these compounds in plant tissue.
Diffusion (passive uptake) is the primary way ©OPsto enter the plant interior
through the cells and membrarn(@&ottmeister et al., 2003Therefore, the ality of
the plant to take upOPsmay depend on the concentration&6fPsin the rhizosphere,
which was highly related to the amountE®Psadsorbed by substratesaple 4.2).
Besides, substrates showed a significant difference in the partitiB@B§in plant
tissue, such as the distribution of IBU and DCF in both roots and sipoo&@1), the
translocation of metabolites in roofs< 0.001), and the translocation 6f2H IBU in
shoots p < 0.001). However, the present results still cannot revealunderlying
mechanism of these differences. Future research needs to focus on the direct effects of
plants orEOPSs such as the metabolic proces&@fPsin plants, and the detoxification
capacity of plants t&OPs

4.4.4 Effect of AMF on EOPs removal in different
substrate systems

The removal oEOPsIn the liquid phase

The removal performance of IBU and DCF in the same substrate CW systems was
different (Fig. 4.5). In sand systems, AMF significantly increased the removal of IBU
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by 6.5% ¢ < 0.01) but slightly enhanced the removal of DCF by 0.2% @.05) ¢ig.

45 and SI, Fig. 2.4). In vermiculite systems, the removal efficiencies of IBU and
DCF were decreased 6% and 3.4% in AMF+ treatments compared to AMF
treatments. However, the concentration of IBU and DCF in the effluent of perlite
systems had no difference between AMF+ and AMfeatments f > 0.05).
Meanwhile, since the low concentration of IBU, DCFdéheir metabolites in the
effluent from biochar systems, no difference in the effect of AMEE@®sremoval

can be observed. Besides, a lower concentrati@O#smetabolites (Z0H IBU, CA

| BU, -®OH OCFivias detected in the effluent of AMF+ treatisehan that in
AMF- treatments. In addition, the results of tway ANOVA showed that AMF had

a significant effect on the concentrations of CECs, such as DOH BU, and CA

IBU, and the interaction effect between AMF and substrates had a signifiqaatim
onEOPsconcentrationgy< 0.05) (Sl, Table S7). Significant differences in the removal
of IBU and DCF were shown among the four substrate systems under AMF+ treatments
(p < 0.001) except that there was no difference in the removal of IBU between
vemiculite and perlite system§{, Table $4.7).

AMF in sand systems significantly improved the removal of IBU but showed little
effect on the removal of DCF. This may be because AMF is easier to promote the
removal ofEOPsIn the aerobic metabolic pathway. AMF can enhance the removal of
EOPsbecause itan promote plant growth and reduce the adverse effe€@Bbstress
(Hu et al., 2024). The developed root system of inoculated plants could make the
rhizosphere more oxygenated and created a favorabld@eootdlition for the removal
of IBU (Zwiener et al., 2002Besides, the exudates of host plants@an be enhanced
by AMF from quality to quantity, which has been proved to directly promote the
development of distinct microbial communities in the rhizosphere and the degradation
of EOPYHageAhmed et al., 2013) eyval(2006)investigate the contribution of AMF
to phenanthrene biodegradation and found that the presence of AMF modified the
structure of bacterial populations in the mycorrhizosphere and increased the density of
culturable heterotrophic and phenanthrene degraoticgeria beyond the immediate
rhizosphere. Therefore, AMF may increase aerobic metabolizing microorganisms in
CW systems, thereby significantly increasing the removal of IBU and the
concentrations of aerobic metabolites, such-&sH2 | B U, CA -OHBDCF and
(Fig. 4.5 and4.6). These results are in accordance with a recent finding reported by Hu
et al.(2021a), who found that the presence of AMF created better aerobic conditions in
CW systems and increased the aerobic metabgiagisvay of IBU by 5.17%. In
addition, the external mycelium of AMF might also have the great potential capacity to
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absorktEOPsfrom the rhizosphere, thereby reducing the content of CEC in the aqueous
phase. This was supported by Gao ef{2010) They confirmed that AMF hyphae
could take up fluorene and phenanthrene from contaminated soil and transport them to
plant roots.

However, the results of our study also indicated that the type of substrate in CWs
influenced the effect oAMF on EOPsremoval. The effects of AMF on the removal of
IBU and DCF were significant in sand systems but limited in adsorptive substrate
systems (perlite, vermiculite, and biochar). This may be because adsorptive substrates
probably have potential negati impacts on AMF that could limit the performance of
AMF on EOPsremoval. Abou El Seou@Abou EIl, 2021)investigate the effect of
biochar addition on AMF performance and found that the decrease of mycorrhizal
parameters (AMF colonization, AMF spateand hyphae length) was significant with
an increase in biochar addition. The negative impacts of adsorptive materials on AMF
were also verified by another stu@€olton et al., 2017)Besides, the limited effexbf
AMF in CWs may be attributed to the addition of perlite, vermiculite, and biochar
increased water retentio®I( Table $4.3), which has been supported by Turner and
Friese (1998) who found that the activity of AMF decreased with increased soll
moisture. In addition, the positive effect of adsorptive substrates on microbial activity
and plant growth might also directly promote the removaEGPsin CWs by
enhancing the cooperation among plant uptake, microbial degradation, and biofilm
adsorption(Dordio and Carvalho, 2013Yherefore, the role of CW substrate be t
removal ofEOPsin CWs might be more predominant than that of AMF. This was
supported by the results of tweay ANOVA that the interaction of substrates and
AMF (substrates * AMF) showed a more significant effect on the concentrations of
IBU and DCF tha that of AMF GI, Table $4.6).

EOPsand their metabolites in the rhizosphere and plant
tissues

The contents of pareOPs(IBU and DCF) and their metabolites-CH IBU,
CA | B U,-OHDCH) in4hé rhizosphere and plant tissues (both roots and shoots)
were shown inTable 4.2. Compared with AMF treatment systems, the contents of
parentEOPsand metabolites (®H IBU and CAIBU) in the rhizosphere from AMF
treatment systems were increased in sand and perlite but decreased in vermiculite and
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biochar systems. Moreover, the contents of IBU in the roo&. ofiaximarom sand,
perlite, vermiculite, and biochar systems with AMFd&idn were significantly
increased by 33%, 165%, 136%, and 48%, respectipety0(05). Compared with the
non-inoculated plant, the contents of DCF in the roots of the inoculated plant were
significantly increased in sand and perlite systems but dedrémsermiculite and
biochar systemg(< 0.05). Meanwhile, the contents of IBU and DCF in the shoots of
G. maximain CW systems (except sand systems) with AMF+ treatments were
significantly higher than those systems with AMFeatments.

AMF can influencehe accumulation dEOPsin the rhizosphere and the uptake
of EOPsby plants(Hu et al., 2024). The possible reason is that the mycorrhizal
pathway contributes to the uptake BOPsby the host plant. Gao etl. (2010)
demonstrated that the extraradical mycelium of AMF could extend into the
contaminanspiked compartment to absoEOPs(fluorene and phenanthrene), then
transportedE OPsto the roots of host plants grown in anspiked compartment, which
significantly increased the contentsE®Psin the roots of inoculated ryegrass{ium
multiflorum Lam). Meanwhile, Cameron et dlCameron et al., 201®pinted out that
with the development of arbuseslin the roots of inculated plants, AMF can
significantly influence the composition and activity of microorganisms in the
mycorrhizosphere through altering the chemical composition of root exudates, which
might also contribute to the bioaccumulation and biodegradatioBQi®s in the
rhizosphere. In line with previous studigéu et al., 2009) we also found that AMF
significantly @ < 0.05) decreased the accumulation of pae@®s(IBU and DCF) and
metabolites (20H IBU and CA IBU) in the rhizosphere in perlite and biochar systems,
promoted the uptake of IBU by the roots of inocula@dmaximain all substrate
systems and inhibited the transportation of paEgDPsfrom plant roos to shoots in
sand systems. Conversely, AMF significantly decreased the accumulai@Psand
metabolites in the rhizosphere in vermiculite and biochar systems and promoted the
transportation of parefEOPsfrom plant roots to shoots in perlite, vermlite, and
biochar systems. This could due to the type of substrate directly affects the growth of
wetland plants and the development of microorganisms (including AMiEf et al.,
2016) which influenced the role of AMF in the transformation and translocation of
EOPsin CWs.

Besides, AMF may play an important role in the distributioBOP® melites b
in plant tissue. An explanation may be that AMF can influence gene expression and
enzymatic activities in plant cell organelles to enhance the transformatit@Rgin
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plant tissues. Previous studies demonstrated that AMF had positive effects on
improving the activities of enzymes related to the metabolism of IBU and DCF,
including cytochrome P450 monooxygenéBellés et al., 2008)glycosyltransferase
(Chen et al., 2018and glutathion& transferaséGarciaSanchez et al., 2014n our

study, however, we found that the contents-@t2 IBU in the roots of inoculate@.
maxima were significantly decmased in sand systems but increased in perlite,
vermiculite, and biochar systens< 0.05). In contrast, the contents eOH IBU in

the shoots of inoculate@. maximawere significantly decreased in sand and perlite
systems but increased in vermiculitedasiochar systems9(< 0.05) (fable 4.2 and

Fig. 4.4). This indicated that the role of AMF on the metabolisnEGfPsin plant
tissues might be influenced by CW substrate, which was supported by the results of
two-way ANOVA that substrates can significandifect the metabolism of IBU and
DCF in AMF+ treatment systemg < 0.01) €I, Table $4.6). In addition, the
accumulation of IBU, DCF, and their metabolites were different in inoculated plant
tissues from the same substrate systéms|¢ 4.2). Themain reason could be that the
differences in physicochemical properties, such as kggkinctional groups, and
chemical structuresS(, Table $4.1), could influence their transformation and
translocation in inoculated plants.

However, direct evidence that AMF is directly involved in the removdt©Ps
in CWs is still lacking. It is not clear that the effect of AMF on the metabolic process
of EOPsin different substrate CWs. Consequently, additional studies are necessary to
invesigate whether the mycorrhizal pathway can play an important role in the
phytoremediation oEOPsin CWs. Further attention should be paid to the effects of
AMF on the metabolic pathway dOPsin CWs, such as microbial degradation,
absorption by substraend microbes, and plant uptake, to get a better insight into the
functional roles of AMF irEOPsremoval.
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45 Conclusion

AMF colonization can be found in the roots @f maxiamfrom all substrate
systems. Meanwhile, the addition of adsorptive substraterditép vermiculite, and
biochar) promoted the formation of AMF symbiosis. AMF enhanced the tolerance of
G. maximao the stress of IBU and DCF by increasing antioxidant enzymes (POD and
SOD) and soluble contents and decreasing oxidative damage (MDA AnhdT®e
addition of adsorptive substrates improved the removal efficiencies of IBU and DCF in
CWs because they had positive effects on enhancing the accumulai@irsih the
rhizosphere and promoting the uptake EDPsby plant roots. Moreover, AMF
promoted the removal of IBU and DCF in sand systems but limited their removal in
adsorptive substrate systems. However, the contel@®Btmetabolites (20H I1BU,

CA | B U,-OHDCIH) weteddecreased in the effluent of AMF+ treatment systems.
Furthermore, te role of AMF on the removal of IBU and DCF in CW systems was
influenced by CW substrate. The contents of paEDPsand metabolites in the
rhizosphere were increased in sand and perlite systems but decreased in vermiculite
and biochar systems by AMF &tiodn. AMF improved the uptake of IBU by the roots

of G. maximan all substrate systems and promoted the transformation of IBU and DCF
from plant roots to shoots in all substrate systems (except sand systems). Therefore,
this study indicated that the apaition of AMF in CWs has positive effects on the
removal ofEOPs
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4.6 Supplementary Materials

Methods and materials

Preparation for the seedlings of wetland plants

Tables:

. Table &.1. Physicakchemical capacities &OPsand their metabolites

Table $1.2. The actual concentration of IBU and DCF in wastewater treatment
plants

Table 21.3. The mean volume of the effluent and influent in different systems

Table 1.4. G. maximabiomass in different substrate systems.
, Table 5. Twoway ANOVA analysis of physiological parameters in
different substrate systems
, Table &.6. Twoway ANOVA analysis ofEOPsand their metabolites in
different substrate CW systems

Table 81.7. The effecof substrates on the removal of IBU and DCF in AMF
and AMF+ treatment systems

Figures:

108

Fig. $4.1. AMF colonization in different substrate CW systems
, Fig. $4.2. Physiological parameters of plant shoots
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Methods and materials:

Preparation for the seedlings of wetland plants Glyceria maximg: The roots of
each plant wergvashed carefully with tap water to remove soil, and then sterilized in
75% ethanol for 10 s, 1% NaClO solution for 10 minutes, finally washed five times
with sterile distilled water.

Tables:

Table $4.1. Physicalchemical capacities &OPsand their metalites.

EOPs Structure Molecular LogKow pKa
Ibuprofen i

(IBU) m 206.30 3.26 4

2-hyroxy o ’

ibuprofen :S_Q_X 22228 415  4.63
(2-OH IBU) = S,

Carboxy ;

ibuprofen 33—©—>_« 236.2637 278  3.97
(CA IBU)

Diclofenac oﬂ -

(DCF) o i@ 296.15 426 4

(4-OH DCF)

4 -@yroxy o O Ji;/
diclofenac B 312.15 3.96 3.76

LogKew and pKa (Strongest Acidic) values were collected form ChemAxon
(https://chemaxon.com
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Table $4.2. The actual concentration of IBU and DCF in wastewater treatment plants.

The concentrations of ibuprofen in the influent and effluent of wastewater treatment

plant (WWTP) were 1:837 3. 1 €g/48.&nde gl L8 respecti vel
concentrations of diclofenac in the inflow and effluent of WWTP werel0175 . 1 e g/ L
and 0.42 . 4L, egpéctively.

EOPs Concentrat i o Reference
Inflow
Ibuprofen 13.1 Lindgvist et al.(2005)
3.719.0 Carballa et al(2008, 2004)
93.5 (6603.0) Santos et a(2009)
8.5 Lishman et al(2006)
1.7-33.8 Petrie et al(2015)
12.1:373.1 Santos et al2007)
10.0220.9 Madikizela and Chimukg2017)
Diclofenac  1.2-3.4 Carballa et al(2008)
0.7-1.5 Petrie et al(2015)
2.6115.1 Madikizela and Chimuk&017)
Outflow
Ibuprofen 3.1:27.3 Ashton et al(2004)
0.848.2 Santos et al2007)
Diclofenac  0.4-2.4 (Ashton et al., 2004)
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Table $4.3. The mean volume of the effluent and influent in different systems.

Effluent (L)
Systems Influent (L)

AMF- AMF+
Sand 2 1.14 1.12
Perlite 2 0.72 0.68
Vermiculite 2 0.66 0.62
Biochar 2 0.54 0.44

Table $4.4. G. maximabiomass in different substrate systems.

Biomass Sand Perlite Vermiculite Biochar

Root weight AMF- 125.33+1.53 136.33+15.31 316.33+2.08 149.67+16.26
(9) AMF+ 135.6749.02 153.67+11.93 354.03+16.37 158.33+10.02
Shoot weight AMF-  78.33+7.02 109.33+3.51 156.21+6.24 111.67+8.62
(9) AMF+ 85.67+4.73 126.33+6.03 171.15+8.19 124.33+8.02
Root length  AMF-  20.33+2.08 24.33+2.08 39.01+1.04 23.12+3.32
(cm) AMF+ 23.67+1.15 35.67+1.15 45.11+1.09 34.67+2.08
Shoot height AMF- 33.67+2.08 43.18+£3.61 61.33¥1.53 54.67+3.21

(cm) AMF+ 40.33+1.53 58.33+3.51 71.33+0.58 58.03+3.12
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Table $4.5. Two-way ANOVA analysis of physiological parameters in different substrate CW systems with &idF
AMF+ treatments. Substrates and AMF treatmeastsain factors and substrates * AMF treatments as interaction effect. *: p <
0.05; **: p < 0.01; *** p < 0001. MDA: malondialdehydeO,*: superoxide anianPOD: peroxidase SOD: superoxide
dismutase.

Physiological parameter Substrates AMF Substrates*AMF
Roots

MDA fa *kk 0.0617
OzA *kk *kk *kk

POD xkx faald 0.07635
SOD bl el 0.295
PrOteIn *%k% *%k% *
Shoots

MDA fa *kk 0.649
OzA *kk *kk *kk

POD xkx el 0.875
SOD xkk *kk 0.519
Proteln *%k% *%% *
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Table $4.6. Two-way ANOVA analysis oEOPsand their metabolites in different substrate CW systems under AMFAMF+
treatments. Substrates and AMF treatmagstsnain factors and substrates * AMF treatments as interaction effpet. 3:05;
** p<0.01; **: p<0.001.-: no data.

CW systems EOPsand their metabolites Substrates AMF Substrates*AMF
Effluent lbuprofen ok 0.705  ***

2-Hydroxy Ibuprofen kk *kx *kx

Carboxy Ibuprofen ok ok Hok

Diclofenac ok * *kk

4'-Hydroxy Diclofenac *kk 0.145 0.102
Rhizospheres soil Ibuprofen ok ok ook

2-Hydroxy Ibuprofen - - -
Carboxy Ibuprofen - - -

Diclofenac - - -
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CW systems

EOPsand their metabolites

Substrates

AMF

Substrates*AMF

4'-Hydroxy Diclofenac

Roots

Ibuprofen

2-Hydroxy Ibuprofen
Carboxy Ibuprofen
Diclofenac

4'-Hydroxy Diclofenac

*k%k

*k%

**k*k

*k%

*k%

*k%k

*k%

*k%

*k%

*k%

*k*k

Shoots

Ibuprofen

2-Hydroxy Ibuprofen
Carboxy Ibuprofen
Diclofenac

4'-Hydroxy Diclofenac

*%*

*k%k

*k*k

*%*

*k%k

*k*k

*%*

*k%

*k*k
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Table $4.7. The differences in the removaliblprofenanddiclofenacamong the four
substrate systems. p < 0.05; **: p < 0.01.

Ibuprofen Diclofenac
Significance of substrate

AMF- AMF+ AMF- AMF+
SandBiochar *k *k *k Xk
SandPerlite *k *ok *k Xk
Perlite Biochar *k *k *k Xk
Vermiculite-Biochar *k *k *k *o
Vermiculite-Perlite 0.642 0.735 0.999 xk

Vermiculite-Sand

**

*%

**

*%
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AMF-

AMF+

Fig. S4.1.The observations of AMF colonization in the roots@f maximafrom
different substrate systems

116



Arbuscular mycorrhizal symbiosis in constructeetlands with different
substrates: effects on the phytoremediation of ibuprofen and diclofenac

A15—(a) . AME- — 25—(b) * % . AMF-
E il B AMF+ E T ** *x M AVF+
o * o *%*
£ o- * — £ - ——
o — g
g. 6~ * 3 107
< 5] — | 5
(m) L~
= i k o _

0 1 1 I 1 0 I I I 1
= 154C) ., I AVF S -(d)** B AMF- !
Log,- i * % * H AMF+ woaa- ™ B AMF+

207

*%k *k
*
—
8-
4=
0-
1 1

1 I
Biochar Perlite Sand Vermiculite

Substrates

POD (umol/mg
T 99
== ]
=]

=5 -
SOD (pmol/mg

Biochar Perlite Sand Vermiculite
Substrates

Fig. S4.2.Physiological parameters of plant shoots: (a) MDA, (&), @) POD, (d)
SOD. The data are the means * standard errors (n=3). * and ** thieogignificant
difference (p < 0.05) and extremely significant difference (p < 0.01), respectively, in
AMF- and AMF+ treatmentdMDA: malondialdehydeO,*: superoxide anignPOD:
peroxidaseSOD:superoxidalismutase.

117



Chapter

S 18-(2) wx I AMF-
L — B AMF+
o° * % *% * %
§12— — — —
o
E 9-
=
: - i ' i
[V -
-6 3
o
a g-

1 I ] 1

Biochar Perlite Sand Vermiculite
Substrates

S 18- (B)ax B AMF-
L . — B AMF+
o' *% *% *%
,___E_12_ r r r
o
E 9-
=
g o
Q -
-5 3
-
a p-

I ]

I I
Biochar Perlite Sand Vermiculite

Substrates

Fig. S4.3.Solubleprotein contents of plant tissues in different substrates CW systems:
(a) Roots, (b) Shoots. The data are the means + standard errors (n=3). ** shows the
extremely significant difference (p < 0.01) in AM&nd AMF+ treatments.

100- (a)

o

!

Bionl:har Pe;'lite SalndVermlicuIite
Substrates

-

B2 AMF-
B2 AMF+

©
o

IBU removal rate (%)
(o]
o

-

o

o
'

-

80~
70-

60- E3 AMF-

oy B8

Biochar Periite SandVermiculite
Substrates

DCF removal rate (%)

50

Fig. S4.4.The mass removahte of EOPs in different CW systems. (a) ibuprdf8iJ)
and (b) diclofena¢DCF). The data are the means +* standard errors {n=15

118



Chapter

Application of arbuscular mycorrhizal
fungi for pharmaceuticals and personal
care productions removal In
constructed wetlands with different
substrate

Bo Hu, Shanshan Hu, Jan Vymazal, Zhongbing Chen

Adapted fromJournal ofCleanerProduction 339 (2022): 130760
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Application of arbuscular mycorrhizal fungi for pharmaceuticals and personal care
productions removan constructed wetlands with different substrate

5.1 Abstract

This study investigated the effects of substrates (sand, perlite, vermiculite, and
biochar) on the colonization of arbuscular mycorrhizal fungi (AMF) in the roots of
Glyceria maximan constructed wetlands (CWs) and the impacts of AMF inoiculat
on the removal of six selected pharmaceuticals and personal care products (PPCPS).
Results showed that the application of adsorptive substrates (perlite, vermiculite, and
biochar) in CWs had positive effects on AMF colonization. AMF could influence the
uptake and translocation of PPCPs in plant tissues. The amount of PPCPs in the roots
of inoculated plants was increased by12B% and 67196% in sand and vermiculite
systems but decreased by-3%% and 51100% in perlite and biochar systems,
respectivelycompared to the neinoculated controls. Meanwhile, AMF enhanced the
translocation of PPCPs to plant shoots, resulting in higher accumulations of PPCPs in
the shoots of inoculated plants than that of-mmtulated plants. AMF had positive
effects on remving PPCPs in sand systems but insignificant effects in adsorptive
substrate systems. Therefore, these results indicated that the symbiotic relationship
between AMF and plant roots could affect the accumulation and translocation of PPCPs
in plants, and dastrate type can influence this function. This study could be a starting
point for exploring the potential role of AMF in PPCPs removal in CWSs.
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5.2 Introduction

In recent decades, the widespread presence of pharmaceuticals and personal care
products(PPCPs) in natural water has attracted more and more attéDdtisrSantos
et al., 2021; llyas and Van Hullebusch, 2020has been documented that PPCPs can
be continuously discharged into tsarface, ground, and coastal water bodies via
various sources, such as hospitals, industrials, livestock farms, wastewater treatment
plants (WWTPs), et¢Chen et al., 201§. Consequently, PPCPs, as psepdosistent
pollutants, can be frequently detected in the aquatic environment with nonnegligible
concentrationgRathi et al., 2021Previous studies indicated that PPCPs have potential
toxicological effects on ecosystems and human beings through bioaccumulation and
biomagnification in food chain&ent et al., 2006; Rathi et al., 202Epr these reasons,
the removal of PPCPs from theastewater is critically needed to protect aquatic
ecosystems and human health. Hitherto, numerous wastewater treatment technologies
have been developed for removing PPCPs, such as ozonation, Fenton oxidation,
ionizing irradiation, membrane bioreactor, alder combined chemical and biological
treatments(Wang and Wang, 2016Howeve, these technologies are not entirely
feasible for widespread application for small communities because of high energy input
andhigh-costrequirements. Thus, there are growing appeals for developing more cost
effective treatment strategies to furtheygluce the risk of PPCPs into the ecosystems.

Constructed wetland (CW) is an efteendly and coskffective wastewater
treatment technology that has been proven to be efficient in removing PA@Rszal
et al., 2017) PPCPs in CW systems can be removed in various processes, including
plant uptake, adsorption, microbial degradation, hydrolysis, and volatilizilyas
and Van Hullebusch, 2020However, some PPCPs in CWs may also cause adverse
effects on the stability of the system operation. For example, a previous study indicated
that triclosan could influence the growth of wetland plants (e.g., seed germination and
root development) even t a | ow c onc e (Steveastet al.n2009)0 . 6
Meanwhile, some PPCPs might have chronic toxicity for animals (@aphna),
microalgae, and microorganisms (e.g., bacteria) in (Bk&stholtz et al., 2012; Crane
et al., 2006; Rathi et al., 202IJherefore, it is essential to reduce or eliminate the
negative impacof PPCPs on the stability of wetland systems, which is beneficial for
the removal of PPCPs in CWs.
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Arbuscular mycorrhizal fungi (AMF) are an essential component of soll
microorganisms globally, forming a mutualistic symbiosis with more than 80% of
terrestial plants (Smith and Read, 2008j)t is well knovn that AMF could play
significant roles in enhancing the resistance against biotic and abiotic stresses, such as
heavy metal¢Hu et al., 202M), drought(Ren et al., 2019)and organic contamings
(Gao et al., 2010)A review conducted by Wang et §2020) suggesting that the
benefits and mechanisms of AMF in ameliorating organic contaminant residues in
crops can be summarized as follows, such as promoting nutrient uptake and water
acquisition, alleviating oxidative stress of the host plant, enhancingitiastiof
contaminant degradatienelated enzymes, changes in soil structure and contaminant
relating microorganisms, influencing the bioavailability of contaminants, and the
accumulation and sequestration of contaminants by AMF structures. Similarly,
expeimental evidence has been obtained by Corgié &@0D6)and Gao et a(2010)
who found that AMF can promote the removal of polycyclic aromatic hydrocarbons
(PAHSs, e.g., fluorene and phenanthrene) by enhancingthkelof the terrestrial plant
(Lolium multiflorum Lam.) and modifying the structure and density of bacterial
populations in the mycorrhizosphere. However, the occurrence of AMF in wetland
systems is generally regarded as lower than that in terrestrisbements according
to the natural preference of AMF for aerobic conditions. Nevertheless, there is growing
evidence that AMF is widespread in wetland habitats, such as mang@véaeg et al.,

2015) marshegZhang et al., 2019), constructed and natural wetlar({@ester, 2013;
Wang et al., 2083) in the last decades. The symbiotic relationship between AMF and
plant roots has been found in 99 families of wetland pl@fuiset al., 2016) Hence,

the application of AMF in wetland ecosystems has recently received research interes
(Barbera et al., 2020; Hu et al., 2d81Our previous studies also have proven that
AMF symbiosis could contribute to plant growthGlyceria maxima and
pharmaceuticals removal (ibuprofen and diclofenac) in CWs filled with @$4undt al.,
2021a). However, there is little knowledge about the effect of AMF on PPCPs in CWs
with different substrates.

Substrates, also known as support material/matrix, media and filling material, are
one of the critical componenis CWs, which play significant roles in CWs, such as
providing a carrier for plant growth and biofilm development and removing pollutants
through absorption and adsorptigiWu et al., 201B6). Based on the material of
substrates, they can be divided into two categories: conventional substrates (e.g., sand,
soil, gravel) and emerging substrates (e.g., construction wastes, tire chips, zeolite,
perlite, vermiculite, biochar, etc(¥ang et al., 2018)Previous studies have well
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demonstratethat the selection of substrates directly influences PPCPs re(hol

al., 2014)and affects the composition of the microbial community in GBés et al.,

2021) This indicated that the type of substrate might also affect the establishment of
symbiosis between AMF and plant roots. However, there is a significant knowledge
gap regarding whhber the functional role of AMF in PPCPs removal can be affected
by CW substrates.

Based on the above, this study aims to fill the research gap by investigating the
effects of AMF on PPCPs removal in CWs with different substrates. Therefore, the
specific dojectives of this study were: 1) to explore the effects of AMF on PPCPs
removal in CWs; 2) to evaluate the impacts of AMF on the translocation and
transformation of PPCPs in CW filled with different substrates. Four substrates,
including sand, perlite, variculite, and biochar, were selected covering the two main
categories of substrat€he selection of substrate in this study is mainly because they
can perform markedly different in terms of PPCPs removal and the development of
microorganisms due to theiarious propertie@Bai et al., 2021; Yang et al., 2018)p
the best of our knowledge, the present study is the first time to explore the functional
role of AMF in PPCPs removal in CWs filled with different substrafés. findings of
this study attempted to provide new insights into the application of AVIPPCPs
removal in reakcale wetland systems.

5.3Materials and methods

5.3.1Experimental materials

Hydrochlorothiazide, chloramphenicol, furosemide, gemfibrozil, triclocarban,
and triclosan were selected as the target PPCPs in this study, mainigdé&uoaare
modern currentise chemicals and have attracted increasing concern due to their
persistence in the environmerupporting Information (Sl), Table $.1) and
potential for deleterious effec(&avrilescu et al., 2015)n recent decades, they have
been detected in various environmental samples, including the influentflaetteof
WWTPs, sludges, sediments, and rivess ((able $.2). PPCPwwith a purity > 98%
were provided bySigmaAldrich (Schnelldorf, Germany)The physicochemical
properties of PPCPs are shown inSlple S5.3.
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Glyceria maximas a common wetland spies in Europe, selected as the wetland
plant in this study. The seedlings®f maximgaverage height of 15 cm) were obtained
from a local pond at the Czech University of Life Sciences Prague, Czech Republic.
Before transplantation, plant roots wereface sterilized with 75% ethanol (about 10
s), followed by 1% NaCIO (about 10 min), finally washed with distilled water (5 times).

Rhizophagus irregulari§BEG140) was the fungal inoculum because it can be
frequently observed in wetland ecosystems, inagi@. maximgXu et al., 2016)The
detailed information of the fungal inoculum was showimum previous studyHu et
al., 2028).

Siliceous sand (0:0.6 mm), expanded perlite (62100 mm), expanded
vermiculite (0.72.0 mm), and biochar (0:8.0 mm) were selected as substrates in this
study. Sand is a conventional substrin CWs, while perlite, vermiculite, and biochar
are the emerging substrates employed in CWs in recent {¥amg et al., 2018)In
general, based on the adsorption capacity of PPCPs, the selected substrates can be
classified into low/no sorption (sand), moderate sorption (perlite and vermicatitk)
high sorption (biochar)lhe detailed information of the selected substrates was shown
in S|, and their physicochemical property was showRiin 5.1.

5.3.2Experimental setup

Experiments were performed in PMCmaterials columns (15x55 cm, dianrete
x height), as shown il, Fig. $5.1. Each column was divided into three layers: 15 cm
gravel layer at the bottom; 20 cm substrate layer in the middle; 15 cm sand layer on the
top. The middle layers were different among the four substrate systems, filled with
sand, perlite, vermiculite, or lbar, respectively. Each substrate system was set two
treatments: a) AMF+ treatments: 3509 fungal inoculum was added and mixed with the
middle layer substrate; b) AMRreatments: 350g sterilized fungal inoculum mixed
with 100 mL inoculum filtrate then add into the middle layer substratel ( Fig.
S5.1b). Each treatment had three replicafdssubstrates were sterilized at 120 f o r
three hours before their addition.

Two ramets of5. maximawere transplanted into the middle layer of each column.
Since he occurrence of AMF shows a negative correlation with water depth and
duration of floodingHu et al., 202B), CWs were operated with a tidal flow condition
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(2 L per 4 d) during the lole experiment, in which the floeahd-drain cycle was set

to rhythmically occur every 4 d, providi
In the first two months (from June to August), CWs were fed with 10% strength
synthetic wastewater. Then siiksect ed PPCPs (50 e€g/ L of ¢
strength synthetic wastewater were mixed and added to CWs until the end of this study
(from September to November). The added concentration of each PPCPs was related
to their detected concentrations in the emwinent Gl, Table $.2). The detailed
composition of synthetic wastewater is shownum previous studyHu et al., 2021a)

This experiment was conducted under a transparent plastic roof for protection against
rain but ensuring outdoor environment conditions. The temperature changes during the
experiment were ranged frorh to 30 , ShBEg.SHhown in

5.3.3 Sample analysis

Plant sampling and measurement

Before adding those PPCPs, two ramet& ofnaximavere harvested to measure
AMF colonization in plant roots. The measurement methods are shawn fimevious
study(Hu et al., 2028). G. maximawvere harvested at the end of this experiment, then
divided into underground (root) and aboveground (shoot) parts. Shoot height and root
length were directly measured by fresh skwpwhile shoot and root weight were
measured after oven drying at 40 for 1

PPCPs in CWs

After adding PPCPs, their concentrations in the influent and effluent from each
CWs were detected every 12 days. At the end of the experiment, the conteaiRs P
in plant tissues and the rhizosphere soil was measuredméfieodsfor PPCPs
measurement is shown aur previous studyHu et al., 2024).
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Fig. 5.1 The characteristics of substrates. SEM imagesEDX spectra of sand,
vermiculite, perlite, and biochar.

Operating condition and water quality

Water samples were collected from influent and effluent every eight days to
measure operation condition and water quality of CWs. The operating conditions of
CWs,including dissolved oxygen (DO), pH, oxidatioeduction potential (ORP), and
electrical conductance (EC), were measured by a-#patimeter portable meter (Multi
3630 IDS, WTW). The conventional wastewater parameters, such as total organic
carbon (TOC)total nitrogen (TN), PG¥-P, N&;-N, NO-N, and NH*-N, were also
measured according to the previous st(idy et al., 2024a).

5.34 Data analysis

PPCPs removal in different CW systems was compared by their mass removal
efficiency calculated by mass balanttu et al., 202a). Statistical analysis and data
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visualization were achieved by R software (Version 4.0.1). The results were analyzed
t hr ough t hestarsdt wvvaymrtalysss oftvariance (ANOVA). Differences
were considered significant when< 0.05. Pringple componenanalysis (PCA) and
cluster analysis were carried out to examine the impact of AMF and substrates on plant
growth, operating parameters of CWs, and PPCPs concentrations in wastewater.

5.4 Results and discussion

5.4.1 AMF colonization

The symiosis between AMF an&. maximacan be found in all substrate CW
systems under AMF treatmentsi( Fig. $5.2). However, mycorrhizal status in plant
roots showed differences among the four substrate CW$ig. 5.3). The intensity
of mycorrhizal inoculation in sand (10.6%) systems was significantly lower than that
in perlite (26.2%), vermiculite (58.2%), and biochar (24.4%) systems 0.05).
Similarly, the frequency of mycorrhiza and the arbuscule abundance in sand systems
were lowerthan in perliteyermiculite,and biochar systems.

In our study, AMF colonization in sand systems was lower than that in adsorptive
substrate systems. A possible explanation is that the porous structures of adsorptive
substrates in CWs can be considered perfect biearrier for hypha€éLehmann and
Joseph, 2012; Wen et al., 2018% shown iri-ig. 5.1, which could provide a more
favorable environment for the establishment of mycorrhizal symbMsianwhile, the
difference in oxygen conditions may affect mycorrhizal Bisis in different substrate
systems. The dissolved oxygen contents in sand systems3.Ql.8ig/L) were
significantly lower than that in perlite (583 mg/L), vermiculite (74.5 mg/L), and
biochar (5.15.5 mg/L) systems+g. 5.3a), indicating that AMF colonization increased
with the increase in the dissolved oxygen contents. Zhang @04kb) investigated
the relationship betweenidosphere oxygen concentration and AMF colonization in
the roots ofP. australisand found that AMF colonization was positively related to
oxygen concentratiorilherefore, the establishment of symbiosis between AMF and
plant roots can be affected by substrates in CWs. The selection of suitable substrates
could contribute to the development of AMF, especially the adsorptive materials.
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Fig. 5.2 The growth ofG. maximain different substrate CW systems. (a) Shoot
height; (b) Root length; (c) Shoot weight; (d) Root weight. The data are the means +
standard errorg: p< 0.05; **: p< 0.01.

5.4.2 Effects of substrate and AMF on plant growth

Shoot height and rootigth in sand systems were 127.7%, 82.291.8%, and
13.1:56.4% lower than that in perlite, vermiculite, and biochar, respectiizély §.2,
a and b). Similarly, shoot and root weight in sand systems was lower than in other
substrate system&if. 5.2, cand d). The results of twavay ANOVA indicated that
substrate significantly influenced the growth®f maximain CWs { < 0.01) €I,
Table S5.4). These results suggested that the application of adsorptive substrate in CWs
could enhance plant growth. A similar conclusion was reached by Cher{2024)
They found that biochar can markedly improve the growtlrisfpseudoacorusn
CWs, resulting in more biomass of both aboveground and belowground parts than that
in sand systems. Meanwhilégt positive effects of perlite, vermiculite, and biochar on
improving plant growth could be partly due to that they have higher adsorption capacity
and cation exchange capacity than s@dardio et al., 2007; Yang et al., 2018)us
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increasing the retention of nutrients (e.g., C, N, P, and microelements) and water inside
CWs to meet the need of plantogith (Deng et al., 2021)Besides, adsorptive
substrates might also act as additional nutrient sources to support plant growth by
releasing the essential elemefggy., C, K, and Mg, as shownfing. 5.1).

In addition, AMF colonization showed positive effects on plant gro#thTable
S5.4). As shown irFig. 5.2, shoot height, root length, shoot weight, and root weight of
AMF inoculatedG. maximain the four diferent substrate systems were 18517%,
15.451.0%, 22.129.5%, and 13-B4.0% higher than those of the nimoculated
controls, respectively. Smith and Re@D08) suggested that the positive effects of
AMF on promoting plant growth attribute to increased uptake of nutrients, especially
P. This is mainly dueotthe extraradical mycelium of AMF absorb nutrients far beyond
the area of the rhizosphere to promote the growth of the host @lanta et al., 2019)
This is directly in line with a previous study that AMF colonization significantly
enhanced the biomass Bf australisby promoting N uptakdéLiang et al., 2019)
Besides, the interactions between AMF and substrates also significantly affected plant
growth (p < 0.01) I, Table $.4), suggesting that the direct impacts of substrate on
AMF might also indirectly influence the growth of host plants.

5.4.3 PPCPs in the rhizosphere soil

PPCPs accumulation in the rhizosphere soil of different
substrate systems

The concentrations of PPCPs in the rhizosphere soil of the four different substrate
systems without AMF addition are shownTiable 5.1. Notably, in sand and perlite
systems, only gemfibrozil (1 mg/kg and 4 mg/kg) and triclocarban (28 mg/kg and 46
mg/kg) @n be found in the rhizosphere soil, while the other PPCPs were not detected.
Meanwhile, most PPCPs were observed in the rhizosphere soil of vermiculite and
biochar systems except furosemide and triclosan, which the concentrations of
hydrochlorothiazide,ldoramphenicol, gemfibrozil, and triclocarban wer&18mg/kg,

4-5 mg/kg, 1819 mg/kg, and 1:21 mg/kg, respectively. In addition, the concentrations
of hydrochlorothiazide, chloramphenicol, gemfibrozil, and triclocarban in the
rhizosphere soil of sand dgms were lower than those of vermiculite and biochar
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systems. By contrast, the concentration of triclocarban in the rhizosphere of sand (28
mg/kg) and perlite (46 mg/kg) systems was higher than that of vermiculite (21 mg/kg)
and biochar (13 mg/kg).

The acumulation of PPCPs in the rhizosphere solil of the four substrate systems
showed differences, mainly because substrates have different adsorption capacities for
PPCPgqDordio and Carvalho, 2013; Yang et al., 20IB)e higher accumulation of
PPCPs in the rhizosphere soil waseaed in vermiculite and biochar systems. The
possible reason is that vermiculite and biochar's high cation exchange capacity attracts
and retains more PPCPs from the aqueous phase of (Wrg et al.,, 2018)
Meanwhile, the effects of substrates on plant growitih 6.2) and operating conditions
(Fig. 5.3) might also influence the development of microorganisms within the CWs
(Zhang et al., 2018)xand thus leading to differences in the accumulation of PPCPs in
the rhizosphere soil of the four substrate systems. As shoWwiu.irh.1, vermiculite
and biochar have a wider surface areamode pores that can offer potential sites for
the growth of microbes to create diverse microbial communities in CWs, which could
enhance the bioaccumulation and biodegradation of PPCPs in the rhizosphere soil.
Moreover, the biodegradability of PPCPs miglgo influence their accumulation in
the rhizosphere soil. For example, triclocarban shows a higher biologicdifdahf
the environment than other selected PPCBs (fable $5.1), indicating that
triclocarban has lower biodegradability and is moresiggnt than others. This could
explain why the content of triclocarban in the rhizosphere of sand and perlite systems
was higher than that of vermiculite and biochar systems. Overall, the type of substrate
and biodegradability of PPCPs could influence #liteumulation of PPCPs in the
rhizosphere soil of CWs.
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Effect of AMF on the accumulation of PPCPs in the
rhizosphere soil

The contents of all selected PPCPs (except triclosan, which the concentration was
below the detection limit) in the rhizosphere soil of sand and perlite systems with AMF
addition were higher than those in RrAMF controls (Table 5.1). Similarly, the
concentrations of chloramphenicol and gemfibrozil in the rhizosphere soil of
vermiculite and biochar systems with AMF addition werel®0% and 184139%
significantly higher than those without AMF addition, respectively (0.01). These
results werdroadly in line with our previous study that the presence of AMF enhanced
the accumulations of ibuprofen and diclofenac as well as metaboliegd(@xy
ibuprofen and carboxy ibuprofen) in the rhizosphere soil of (Nset al., 2024). A
possible explanation is that AMF promotes the development of microorganisms in the
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rhizosphere (both quantitatively and qualitatively) through enhancing the release of
exudates (e.g., carbohydrates, flavonoids, amino acpstein, and other
biomoleculesYMonther and Kamaruzaman, 201#)ereby enhancing the adsorption
capacity of microbes and biofilm to PPCPs in the rhizosphere soil.

Moreover, AMF also showed th@fential to decrease the accumulation of PPCPs
in the rhizosphere soil. As shown irable 5.1, a lower hydrochlorothiazide and
triclocarban accumulation was observed in the rhizosphere of vermiculite and biochar
systems with AMF treatments than that in s F controls. A possible explanation
is that AMF enhanced the plant uptake to PPCRs. 6.4 and 5.). Many studies
presented similar results, suggesting that AMF colonization could improve the uptake
of organic pollutants (e.g., DDT, atrazine, phenaatbr and fluorene) by plant roots
(Gao et al., 2010; Huang et al., 2007; Wu et al., 20@8yeover, AMF promoted plant
growth (ig. 5.2 and increased DO levels of CWsd. 5.39, which may contribute
to enhance the activity of microbes and plantrobe interactions in the rhizosphere
(Wu et al., 2008)thus enhancing the biodegradation of PPCPs in the rhizosphere. This
could be another reason that the accumulation of PPCPs in the rhizosphere soil was
lower in AMF+ systems. A similar conclusion was rezgtioy Wu et al(2008) who
found that AMF colonization led to an increasehi@ accumulation of DDT in the roots
of alfalfa and significantly increased microbial populations and dehydrogenase activity
in the rhizosphere soil. Overall, AMF has the potential to influence the accumulation
of PPCPs in the rhizosphere soil of CWs.
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Table 5.1.The contents of PPCPs in the rhizosphere soil from different substrate CW
substrate

systems. Uni t :
below the detection limited; a and b show significant difiees between AMFand

eg/ kg dry

AMF+ treatments in the same substrate systems.

PPCPs Treatments Sand Perlite

Vermiculite Biochar

Hydrochlorothiazide AMF-
AMF+
Chloramphenicol ~ AMF-
AMF+
Furosemide AMF-
AMF+
Gemfibrozil AMF-
AMF+
Triclosan AMF-
AMF+
Triclocarban AMF-

AMF+

n.d. n.d.
8+0.7 13+0.4
n.d. n.d.
8+0.3 5+0.4
n.d. n.d.
14444  1745.9
1+0.22 4+1.°
31+5.0 3446.2
n.d. n.d.
n.d. n.d.

28+7.6  46+12.9

41+14.4 78+8.6

11+£3.7
n.d.
5+0.2
7+0.8
n.d.

n.d.
19+6.3
54+13.7
n.d.

n.d.

21+6.9

8+0.9
n.d.
4+0.2
8+1.1°
n.d.

n.d.

18+2.G

97+11.9

n.d.

n.d.

13+0.8

n.d.
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5.4.4 PPCPs in plant tissues

Effect of substrates on the accumulation of PPCPs in plant
tissues

All the selected PPCPs can be detected in both roots and shootsiobowliated
G. maxima from the four different substrate system&ig( 54 and 55).
Hydrochlorothiazide, chloramphenicol, furosemide, and gemfibrozil were mainly
accumulated in the rootsf norrinoculatedG. maxima At the same time, the amount
of triclosan and triclocarban in the shoots wereZl5and 57.9 times higher than that
in the roots of nofinoculated G. maxima respectively. This suggested that the
accumulation and translodah of PPCPs in plant tissues showed differences among
compounds. Meanwhile, the results of tway ANOVA indicated that substrates
significantly affected the accumulation of PPCPs in plant tispue001) G!, Table
S5.4). The highest amount of PPCRas observed in both roots and shoots of-non
inoculated plants from vermiculite systems.

The accumulation of PPCPs in plant tissues has been considered one of the main
ways to eliminate PPCPs from the aqueous phase in CW sy@klifas et al., 2016)
It has been demonstrated that the uptake and translocation of PPCPs withinsplasit tis
are driven by diffusion, mainly because there are no specific transporters for the
movement of PPCPs across the cell membranes of plan{@ails 2019) Previous
studies indicated that the diffusion process of PPCPs into plant tissue depends on the
compounds' physochemical characteristics, such as the dissociation constant pKa,
octanotwater partition coefficient Ky, and water solubilityDordio and Carvalho,
2013; Miller et al., 2016)Meanwhile, the translocation of PPCPs in plants is also
related to their physicochemical characteris{idhir, 2019) As shown in SlTable
S5.3, these properties of the selected PPCPs are different, which could be one of the
main reasons that the accumulation of PPCPs in plant roots showed differences among
different chemicalsKig. 5.4). For example, the higher accumulation of triclosan and
triclocarban in plant tissues was probably related to their higher lipophilicity, which
can cause more rapid diffusion across lipid bilayers of the plant cell membrane and thus
concentrated in plarissueqDhir, 2019; Dordio and Carvalho, 2013)loreover, the
metabolism processes of PPCPs in plants may also influence their accunfiMélaon
et al., 2016) Recent evidence has demonstrated that the phytodegradation of PPCPs
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(diclofenac and ibuprofen) indeed occurred inside the tissues of aquatic macrophytes
(Typha latifoliaand P. australig by transforming several metabolité3artha et al.,

2014; He et al.,, 2017)Triclosan and triclocarban are more persistent in the
environment than other selected PPCPs {able $.1), indicating that they have a

low bioavailability, which may also affect their phytodegradation and results in a higher
accumulation in plant tissues.
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Fig. 5.4 The mass of PPCPs in plant roots

chloramphenicol; (c) furosemide; (d) gemfibrozil; (e) triclosan; (f) triclocarban; The
data are the means * standard errors. ns: no differenges;0.05; **: p< 0.01

Additionally, substrates may also play a vital role in the translocation and
transformation of PPCPs by altering the rhizosphere solution mineralogy and
electrochemistry Kig. 3) and influencing the growth of plant§i(. 2), which is
supported by previous stedi(Dhir, 2019; Miller et al., 2016)n vermiculite systems,
PPCPs showed the higbt propensity to accumulate in the tissues ofinonulated
plants, mainly because the increased biomass. ahaxima(Fig. 5.2) might promote
the uptake and accumulation of PPCPs. To our knowledge, this study is the first one
involving the uptake and translocation of these six PPCPs in the tissBemaikima
Nevertheless, relevant knowledge for the accumulation of thoseeseRIeCPs in plant
tissues is still lacking.
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chloramphenicol; (c) furosemide; (d) gemfibrozil; (e) triclosan; (f) triclocarban; The
data are the means * standard errors. ndiffexences?: p < 0.05; **: p< 0.01

Effect of AMF on the accumulation of PPCPs in plant
tissues

In sand systems, the amount of hydrochlorothiazide, chloramphenicol,
furosemide, gemfibrozil, triclosan, and triclocarban in the roots of inoculated plants
were increased by 52.3%, 85.7%, 180.6%, 193.0%, 20.5%, and 11.2%, respectively
than those in the neimoculated controls. AMF significantly increased the uptake of
PPCPs (except triclocarban) by plant ropts 0.05) Fig. 5.4). In vermiculite systems,
similarly, the amounts of chloramphenicol, furosemide, gemfibrozil, and triclosan in
the roots of inoculated plamigere significantly increased by 83.1%, 84.0%, 196.2%,
and 66.7%, respectively, compared to the-marczulated controlsp(< 0.001)(Fig.

5.4). Noteworthy, the amounts of PPCPs in the shoots of inoculated plants in all
substrate systems were higher than those in theinooulated controls, except
furosemide in sand systems and triclocarban in perlite system$ (). However, an
opposite eféct of AMF on the amount of PPCPs in plant roots was observed in perlite
and biochar systen{sig. 5.4). Compared to the neinoculated controlshe amounts

of chloramphenicol, triclosan, triclocarban in the roots of AMF inocul@edhaxima

in perlite systems were significamt<€ 0.001) decreased by 53.7%, 54.7%, and 49.4%,
respectively. Similarly, in biochar systems, the amounts of hydro¢hlaride,

138



Application of arbuscular mycorrhizal fungi for pharmaceuticals and personal care
productions removan constructed wetlands with different substrate

chloramphenicol, furosemide, triclosan, and triclocarban in inoculated plants’ roots
were significantly reduced and lower than those of theinooulated controlsp(<
0.001).

AMF could enhance PPCPs uptake by the roots of plants. Similasralsdtwere
observed in our previous study, revealing that the contents of ibuprofen and diclofenac
in the roots of inoculated plants were 33.1% and 143.1% higher than that in the non
inoculated controlgHu et 4., 202%). A possible explanation is that the extensive
branched external mycelium developed by AMF symbiosis provides a mycorrhizal
pathway to the host plants, thus improving the uptake and transport of PPCPs in plant
tissues. By using a threammparinent system, Gao et 42010)demonstrated that the
extraradical hyphae of AMF could extend into the PAigi&ked soil to absorb and
transfer PAHs (fluorene and phenanthrene) to the roots of plasliisrd multiflorum
Lam) growing in uncontaminated soil. Our results showed that mycorrhizal inoculation
had positive effects on the translocation of most PPCPs from roots to shoots and
enhanced their accumulation in the shoot& ofnaximgFig. 5.4 and5.5). This could
be attributedto the differences in plant species and compounds. It has been
demonstrated that the accumulation and translocation of PPCPs in plant tissue vary
among plant species and compou(idkir, 2019; Miller et al., 2016Moreover, AMF
showed positive effects on the accumulations of PPCPs in plant roots in sand and
vermiculite systems. In contiasegative effects of mycorrhizal inoculation on the
accumulation of PPCPs in plant roots were observed in perlite and biochar systems
(Fig. 54). A previous study indicated that zinc accumulation in inoculated plant tissues
could be influenced by substeatexture, pH, and nutrients in the substrate (i.e., zinc
and phosphorus deficiencglehmann et al., 2014Yherefore, the effects of AMF on
the accumulation in plant roots showed differences among the four substrate systems;
it is mainly due to that the differences in substrate materials, plant grwthb(2)
and opeating conditionsKig. 5.3) could influence the translocation and transformation
of PPCPs in inoculated plant tissues, thus resulting in positive/negative effects of AMF
on the accumulation of PPCPs in plant roots. However, no study to date has examined
the impact of substrates on the accumulation of PPCPs in AMF inoculated plant tissues.
Knowledge about the mechanism of substrate influencing the accumulation of PPCPs
in inoculated plant tissues is still unclear. Therefore, additional studies are netessary
reveal which role of substrates play in the effects of AMF on the uptake and transport
of PPCPs in plants.
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5.4.5 PPCPs removal in the agueous phase

Effects of substrate on PPCPs removal

The concentration of each PPCP in the effluent of CWs was inltbwing order:
sand > perlite > vermiculite > biocha®l( Fig. 5.5 and $.6). The best removal
performance for PPCPs was found in biochar systems (more than 99[F§%).8).
On the contrary, sand systems showed the lowest removal capa&iBCéfs, with
removal efficiencies of 57.7% for hydrochlorothiazide, 83.7% for chloramphenicol,
68.6% for furosemide, 64.1% for gemfibrozil, 99.8% for triclosan, and 99.5% for
triclocarban, respectively. Perlite and vermiculite systems showed more effective
removal efficiencies on PPCPs than sand systems. The removal efficiencies of
hydrochlorothiazide, chloramphenicol, furosemide, gemfibrozil, triclosan, and
triclocarban were increased by 182.5%, 10.911.9%, 21.82.7%, 20.83.4%,
0.400.41%, and 0.20.21%, respectivelyHig. 5.6). Two-way ANOVA analysis
indicated that substrate significantly affected the removal of all PPCPs in €W's (
0.01) ©I, Table $.4).

The removal efficiency of PPCPs in adsorptive substrate systems was significantly
higher thanthat in sand systems. A possible explanation could be that these three
substrates have a higher adsorption capacity of PPCPs tha(Dsargdet al., 2021;
Dordio and Carvalho, 2013; Dordio et al., 20@@hich could contribute to absorb more
PPCPs from the aqueous phase and retain inside the CWs. Meanwhilerahe po
structures and large surface area of adsorptive substrates can provide more microbial
attachment interface$iQ. 5.1), which could benefit the growth and development of
microbes and the adsorption of PPC®eng et al., 202])thus enhancing the
biodegradation of PPCPs. These results are in accordance with findings reported by
Wirasnita et al(2018), who investigated the effects of activated carbon on the removal
of organic contaminants (bisphenol A, bisphenol F, bisphenol S-tardiutylphenol)
in CWs and demonstrated that bacterial populations in activated carbon system were
onetwo ordershigher than those in the normal system, thus resulting in a significantly
higher removal performance of the selected organic contaminants in activated carbon
system. Another reason for the higher removal efficiency of PPCPs in perlite,
vermiculite and biolear systems could be that the application of adsorptive substrates
improved the operation conditions of CWs(. 5.3), especially the dissolved oxygen
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(Fig. 5.38). The increased oxygen could favor the aerobic biodegradation process,
which might also be sponsible for improving the biodegradation of PPCPs in CWs
(llyas and Van Hullebusch, 2020%imilarly, Huang and GyHuang and Gu, 2019)

also found that biochar media could promote root aerenchyma tissues and macrophyte
porosity in CWsto allow an increase in root oxygen loss, thus enhancing aerobic
microbial metabolisms, such as nitrification, methane oxidation and organic
degradation. In addition, the effects of substrate on plant growth may also influence
PPCPs removal in CW®eng et al., 2021)As shown inFig. 5.2, the improved plant
growth was found in perlite, vermiculite and biochar systems, which could be beneficial
for PPCPs removal through plant uptake, oxygen release, organic rhizodeposition
produces (e.g., exudates, mucigels, and dead cell materials)egmatfision of more

sites for microorganism@eng et al., 2021; Dordio and Carvalho, 201Qyerall,
applying absorptive substes (such as perlitegermiculite,and biochar) could enhance
PPCPs removal in CWs due to their adsorption capacity and the positive effects on
plant growth and microbes.

Effects of AMF on PPCPs removal

AMF significantly affected the removal of chloramgsticol, gemfibrozil,
triclosan, and triclocarban in sand systems 0.01) Fig. 5.6). However, insignificant
effects of AMF on the removal of PPCPs can be found in other systems. Especially in
vermiculite systems, the removal of furosemide under AMFatitnents was even
lower (2.7%) than that under AMEreatments.
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Fig. 5.6.Mass removal efficiency of PPCPs in different substrate CW systems with
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Furosemide, (d) Gemfibrozil, (@yiclosan and (f) Triclocarban. The data are the means
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Fig. 5.7. Principal component analysis (PCA) of biomass, operation conditions
conventional pollutants and selected PPCPs in effluents of CW systems, and the scores
of each treatment on Dim 1 and Dim2. (a) and (b): sand systems; (c) and (d): perlite
systems; (e) and (f): vermiculite systems; (g) and (h): biochar systems. CHLFSCZ,

GB, TCS, and TCC represent the six selected PPCPs, including chloramphenicol,
hydrochlorothiazide, furosemide, gemfibrozil, triclosan, and triclocarban, respectively.
TOC, TN and P represent total organic carbon and total nitrogen and phosphate,
respetively. Al, 2 and 3 represent the triplicates of AMF+ treatments; NA1, 2 and 3
represent the triplicates of AMENon-AMF) treatments, respectively.

AMF enhanced the removal efficiency of PPCPs from the aqueous phase of sand
systems. A possible explanati@mthat AMF promoted the accumulation of PPCPs in
plant tissuesKig. 5.4 and 5.5) and the rhizosphere soilgble 5.1). Similar results
were also reported in our previous study, indicating that the positive effects of AMF on
pharmaceuticals removal cowdtribute to the increase in their accumulation in plant
roots and rhizosphere séiiu et al., 2024). Moreover, the positive effects of AMF on
plant growth Fig. 5.2) and the oxygen condition§i(). 5.3a) might also contribute to
the development of aerobic microorganisms, and thus inducing various biological
processes to enhance the elimination of pollutants in CWs, including RBGfeso
and Carvalho, 2013; Keerthanan et al., 20Zhjis was supported by the results of
principal component analysis (PCA), indicating that the operating parameters among
the four substrate systems, including plant growth, operatimglitons, and the
concentrations of conventional pollutants and PPCPs in the effluents, showed
significant differences between AMEnd AMF+ treatments<g. 5.7). However, in
our study, there were insignificant differences in PPCPs removal between akillF
AMF+ treatments in adsorptive substrate systems. A possible reason is that the
application rate of the adsorptive substrate (100%) may potentially inhibited the
performance of AMF on PPCPs removal. Conversa ef28i15) found that high
application rate of biochar (70%) could have negatively affected plant growth through
osmotic stress and/or the inhibition of mycorrhizal activity. They suggested that the
low application rate of biochar (< 30%) was more favorable to plant growth and AMF
development. Meanwhile, another possible explanation for the insignificant effects of
AMF on PPCPs removal in the adsorptive substrate systems is that the residence time
(only two hours per cycle) may be too short for PPCPs to quickly eliminate from the
aqueus phase of CWs through biodegradation or plant uga&edio and Carvalho,

2013; Wu et al., 201). As shown inSl, Table $5.1, the biological haHife of the
selected PPCPs indicdtéheir environmental persistence, ranging from 0.97 d to more
than 100 d. microbial degradation of PPCPs. Consequently, the adsorption of substrates
and the attached microbes could play dominant roles in PPCPs removal from the
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aqueous phase in perlite,ragculite, and biochar systems. This result ties well with a
previous study reported by Wirasnita et(@20D18) who points out that the removal of
organic contaminants in adsorptive suldstraystems is mainly through two steps,
initially adsorbed by substrate then degraded by attactieorganisms. Therefore,

the type of substrate might be the decisive factor affecting PPCPs removal in tidal flow
CWs, especially the short residence tinfewastewater in the present study. By
contrast, the role of AMF on PPCPs in perlite, vermiculite and biochar systems could
be considered relatively unimportant. This mainly because the effects of adsorptive
substrates (perlite, vermiculite and biochar)ptent growth Fig. 5.2) and operating
conditions Fig. 5.3) were more significant than that of AMF in this study. These were
confirmed by the results of cluster analysis, indicating that the differences of operating
parameters among the fasubstrate systems, including biomass, operation conditions
(pH, ORP, DO, and EC), conventional organic pollutants (TOC, P, TN;-NHNOs

-N, and NQ-N) and the concentrations of the selected PPCPs in the effluent, were
significantly higher than those tveeen AMF+ and AMFtreatments$!, Fig. $5.7).

It is well known that PPCPs removal in CWs occurs through a series of complex
physical, chemical, and microbial interactiqivymazal et al., 2017)and involves a
variety of processes, including plant uptake, microbial degradation,
adsorption/desorption, photolysis, hydrolysis and volatilization. Our study suggested
that AMF might play an important role in affing the removal pathways of PPCPs in
CWs, and this ability could be affected by the type of substrates. Meanwhile, due to the
short residence time of wastewater in CWs, the predominant removal process of PPCPs
in the present study could be attributedh® adsorption of substrates and the attached
microbes. Consequently, AMF had positive effects on removing PPCPs in sand systems
but insignificant effects in perlite, vermiculite, and biochar systems. However, the
mechanisms by which AMF affects PPCPs reaion CWs are not fully understood.
Future research should consider the potential effects of AMF on PPCPs metabolism in
CW systems more carefully, for example, the role of AMF in the metabolic pathway of
PPCPs, including plant uptake, microbial degradatmd absorption by substrate and
attached microbes. Besides, more suitable hydraulic conditions (e.g., -fefong
flooding condition or a more frequent water change cycle of tidal flow) should be
considered in the following experiment to approach thednef actual engineering
applications.

145



Chapter

5.5Conclusion

AMF symbiosis had a better performance in perlite, vermiculite, and biochar
systems than sand systems. The presence of AMF in CWs enhanced the growth of G.
maxima Substrates and AMF affected the accumulation of PPCPs in the rhizosphere
soil of CWs. Hydroblorothiazide, chloramphenicol, furosemide, and gemfibrozil were
mainly accumulated in the roots, but the amounts of triclosan and triclocarban in plant
shoots were 1:2.5 and 57.9 times higher than that in roots, respectively. Moreover,
the accumulatiom of PPCPs in the roots of inoculated plants were increased-by 21
193% and 67196% in sand and vermiculite systems but decreasésb%@3and 51
100% in perlite and biochar systems, respectively, compared to thimomrated
controls. AMF enhanced the tislacation of PPCPs to plant shoots in CWSs, resulting
in a higher amount of PPCPs in the shoots of inoculated plants than that-of non
inoculated plants. Additionally, AMF positively affects PPCPs removal in sand
systems, while insignificant differences d?®Ps removal between AMBNd AMF+
treatments were observed in perlite, vermiculite, and biochar systems. These results
suggested that AMF might have the potential to enhance PPCPs removal in CW
systems. Overall, our results provide a good starting pomapplying AMF in the
phytoremediation of PPCPs in restlale wetland systems. However, additional studies
are necessary to investigate the effects of AMF on the composition of microbial
community and the biodegradation of PPCPs in CWs to get a beitgntiimgo the
functional roles of AMF for PPCPs removal.
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5.6 Supplementary Materials

Methods and materials

The introduction of the selected substrates

Tables:

Table $.1. Biological halflife of the selected PPCPs in the environment
Table $.2. The actual concentration of PPCPs in the environment

Table $.3. Physiochemical capacities of PPCPs

Table $.4. Two-way ANOVA analysis of PPCPs accumulation in plant tissues

Figures:

Fig. $5.1. The composition of AMFand AMF+ treatment systems
, Fig. $5.2. AMF colonization in the roots @. maxim&rom different substrate
systems

Fig. $5.3. Mycorrhizal status in the roots @f maximan different CW systems

Fig. $.4. The temperature changes during the experiment.

Fig. 5. The concentrations of PPCPs (hydrochlorothiazide,
chloramphenicol, furosemide, and gemfibrozil) in the effluent of different
substrate system

Fig. $.6. The concetrations of PPCPs (triclocarban and triclosan) in the
effluent of different substrate systems
, Fig. $.7. The cluster analysis of the operation parameters in different substrate
CWs

Fig. .8 The temporal changes of operating dbods in different systems
with AMF- and AMF+ treatments.

147



Chapter

Methods and materials:
The introduction of the selected substrates:

The characteristics of substrates were measured by Scanning Electron Microscopy
with Energy Dispersive XRay Analysis (SEMEDX, Tescan VEGA3 XMU), as shown
in Fig. 5.1. Sand is made up of two main elements: Si and O, which is a chemically
inertandrelate | y hard mineral. I't was obtained
Republic fittps://en.glassand.pWPerlite is a glassy volcanic rock, which is essentially
a metastable amorphous aluminum. Expanded perlits likie balls with a soft
honeycomb texture insidés perlite contains a high silica content, it is chemically
inert in many environments and hence is also an excellent filter aid and filler in various
industrial processg®ordio et al, 2017) The basic elements in perlite include O, Na,
Mg, Al, Si, K, Ti and K. It was obtained from AAA Kominy s.r.0., Czech Republic
(https://www.aaakominy.dz Vermiculite is a hydrated magnesium iron aluminum
silicate mineral in the form of shiny flakes, which are usually golden brown to blackish
in color. The basic elements of vermiculite include O, Na, Mg, Al, Si, K, Ca, Ti, Cr and
Fe. Vermiculite is expanded by heating the crude flaky mineral. The exparadedes
are many times greater in volume than before heating and are more concertina shaped,
more golden to light, greyish brown sometimes silvery gold in color and are much less
dense. Expanded vermiculite has unique and versatile characteristiaghivigight,
provides energy savings when used as insulation, it iscaotbustible, highly
absorbent, pH neutral, inert, nogactive to all but very strong acids and compressible
(Wen et al., 2016)Vermiculite was obtaineddm Robimaus s.r.o., Czech Republic
(https://www.robimaus.gz Biochar, a porous carbeich material produced from
biomass under oxygefnee or oxygedimited conditions, is recently emerging as an
innovative and pnmising additive in CWs that exhibits high potential in enhancing
treatment performance of PPC@2eng et al., 2021; Huang and Gu, 201@arbon is
the main element in bchar, O, Mg, Si, S, Cl, K, Ca and Mn are the trace elements in
biochar. It was obtained from Institute of Experimental Botany of the Czech Academy
of Sciences, Czech Academy of Sciences, Czech Republic. Biochar was produced by
spruce wood in a muffle fuate. Wood was quickly heated at 6Q0(fast pyrolysis),
then slowly cool dowmunder 16.7 mL/min nitrogen flow rate at atmospheric pressure
with the retention time of 30 min (slow pyrolysis).
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Tables:

Table $5.1. Biological haltlife of the selected PPCPs in the environment.

Biological halflife in the environment (d)

PPCPs
Aquatic environments Soil environments

11-18 aerobic conditiongBiel-Maeso et al., 2019)
Hydrochlorothiazide NO data
28.8-84.5 (fitted by 3 modelgfRadke and Maier, 2014)

Aerobic: 43.3 (sterilized) 6.70 (non-sterilized); anaerobic
53.3 sterilized 8.60 nonsterilized (Pan and Chu, 2016
0.97-2.05in three s0ils0.9714.52in soil with different
treatments and different concentrati¢gdbang et al., 2013

Chloramphenicol NO data

Furosemide NO data NO data

10-19 estuarine water¢Aminot et al.

Gemfibrozil 2018)

' 3-4 aerobic condition¢Biel-Maeso et al., 2019)

< 10 (two special river) 90 (in winter 187+6 (experimental) and 120 (predictéWalters et al.,

Triclosan (Tixier et al., 2002) 2010) 20-58 (Wu et al., 2008): 18(Ying et al., 2007)18
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PPCPs

Biological halflife in the environment (d)

Agquatic environments

Soil environments

60 (estimated using QSAR analys
(Halden and PaulR005)

(aerobic soil)(Chenxi et al., 2008)120 (estimated usin
QSAR anag}sis) (Halden and Paull, 2005)

Triclocarban

60 (estimated using QSAR analys
(Halden and Paull, 2005)

13.59(100 ug/kg)19.97(1000 ug/kg)XXu et al., 2009)

>1000 (experimental) and 120 (predigtéW/alters et al.,
2010)

87-231(Wu et al., 2008)
108(Ying et al., 2007)

120 (estimated using QSAR analys{s)alden and Paull
2005)
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Table $5.2. The actual concentration of PPCPs in the environment.

PPCPs Detected concentration in the environment (ng/L)

2800(effluent, WWTP, US)Kostich et al., 2014)
Hydrochlorothiazide
1261-17589(rivers in Spain)]Valcarcel et al., 2011)

Chloramphenicol  4.1828.36(Jiang et al., 2011)

Furosemide 388-3228(Valcarcel et al., 2011)

Gemfibrozil 11135192(Valcarcel et al., 2011)

< 5-195(rivers in UK) (KasprzykHordern et al., 2008)

42-213 (wastewater effluents) ant 1 1 @n8the receiving
rivers).(Singer et al., 2002)

Triclosan 586in raw wastewatel(Ying and Kookana, 2007)
0-478(water bodies, rivers in China) and

0-1329(sediments, rivers in Chin&xhao et al., 2010)

0-338(water bodies, rivers in China) and

0-2633(sediments, rivers in ChinéXhao et al., 2010)
Triclocarban

2-250(Surface water downstream of WWTPs, US) @&

25900(Primary sludges obtained from select US wastew

treatment plantg)Gautam et al., 2014)
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Table $5.3. Physiochemical capacities of PPCPs.

Molecular .
PPCPs Structure Weight Solubility LogKow pKa
H
Cl o NW
Hydrochlorothiazide Hi | oM 297.7 722 -0.07 7.9
do do
OH OH
. Cl
Chloramphenicol o HNTH\C' 323.13 2500 1.14 9.61
o o}
Ly
F N SN Lo
Furosemide ”"ﬁs\wz 330.74 73.1 2.03 3.9
0

R o]
TR |
Gemfibrozil /L.yfo/\/v%o,ﬁ 250.33 11 4.77 4.5

Cl OH
Triclosan ﬁ\joﬁ 289.5 10 4.76 7.9
o Z>ql

. Cl o Cl
Triclocarban C':Q\H/Kﬁ/@/ 315.6 0.11 4.90 12.7

Date sources wellected from PubChenmttps://pubchem.ncbi.nim.nih.gQvlUnit:
Molecular Weight: g/mol; Solubility: mg/L in water.
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Table $.4. Two-way ANOVA analysis of plant growthPPCPs removal and PPCPs
accumulation in plant tissues. Substis and AMF treatmenés main factors and substrates *
AMF treatments as interaction effect.px 0.05; **: p< 0.01.

Par amet er s Subst AMF Substrate

Pl ant growth

Shohoeti gh't o *r *
Root |l ength o * *
PPCPs removal I n the aqueous phase
Hydrochl orot hi az * » 0.84 0. 909
Chl orampheni col * * 0.26 0. 40
Fur osemide * 0 86 0. 31
Gemfibrozil * ok 0 26 0. 39
Tricl osan * ok * % * *
Triclocar ban * * * * *
PPCPs i momltantos

Hydrochl orothiaz » *ox *ox
Chloramphenicol * % o o
Fur osemide * x *o* **
Gemfibrozil * *o* * %
Triclosan * * % * *
Triclocar ban * x * * * %
PPCPs in plantos

Hydrochl orothiaz » *ox *ox
Chloramphenicol * % o o
Fur osemide * * ok * ox
Gemfibrozil * * ok *ox
Tricl osan * * % * *
Triclocar ban * x * * *
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Figures:

Fig. $5.1. (a). The real CW systems in this study. (b). The composition of AMBE AMF+
treatment systems. (c). Sketch of four CWs filled with different substrate. Each column was
divided into parts: (1) 150 mm bottom layer filled with gravel; (2) 200 mm middkr Eled

with different substrates (sand, perlite, vermiculite, and biochar) in different substrate CW
systems; (3) 150 mm top layer covered with sand. In AMF+ treatments, 3509 fungal inoculum
was added and mixed with the middle layer substrates. In-AMBtments, 350 g sterilized
fungal inoculum together with 100 mL inoculum filtrg&u et al., 2018yvere added into the
middle layer substraseto provide a similar microflora except for the absence of AMF.

154



