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Resumo

O trabalho apresentado nesta tese teve como objetivo potenciar o conhecimento e
investigar solugdes para melhorar as eco-tecnologias de tratamento da agua, através
da valorizacao de recursos locais, da utilizacdo de diferentes espécies de plantas, e da
avaliagdo da eficacia e dos mecanismos envolvidos na remoc¢ao de cianotoxinas. A
proliferacdo de cianobactérias toxicas esta a aumentar a uma escala sem precedentes,
a nivel global, impondo grande pressao sobre os recursos de agua doce. As toxinas
associadas a estes microorganimos - cianotoxinas -representam riscos ecoldgicos e de
saude publica significativos, particularmente em contextos descentralizados, onde nao
€ possivel a utilizagao de tecnologias convencionais de tratamento da agua, por serem
altamente dispendiosas e pouco sustentaveis. As Solugdes baseadas na natureza
(SBN), como as zonas humidas construidas (ZHC), surgem como tecnologias
alternativas para o tratamento da agua podendo, inclusivamente, ser utilizadas para

remover contaminantes quimicos tais como as cianotoxinas.

Nesta tese investigaram-se ZHC de fluxo vertical sub-superficial, a escala laboratorial,
para a remocao de duas cianotoxinas prevalentes no meio aquatico - microcistina-LR
(MC-LR) e cilindrospermopsina (CIN). As fungdes dos varios componentes dos sistemas
ZHC, incluindo o substrato e as espécies vegetais, bem como o microbioma associado
foram avaliados. A investigacdo iniciou-se com um estudo de comparagdo das
capacidades de adsor¢ao quimica, entre varios tipos de residuos agricolas e substratos
de ZHC de referéncia, como carvao vegetal e argila expandida (LECA). A partir deste
estudo, selecionaram-se os materiais mais adequados para o estudo subsequente do

funcionamento das ZHC.

Para avaliar a adsorgao de cianotoxinas aos materiais de residuos agricolas relevantes
e substratos de ZHC de referéncia, os materiais adsorventes foram testados em estudos
de imersdo, comegando com uma triagem inicial da adsorgéo de MC-LR e CIN em dois
periodos de contacto. As percentagens de adsorgéo observadas foram mais elevadas
para o carvao vegetal (>86% MC-LR e >98% CIN) e LECA (78% MC-LR e 80% CIN), e
mais baixas para a casca de arroz (<10% em MC-LR e CIN), cortica (<10% em MC-LR
e CIN) e areia (<26% em MC-LR e CIN). Consequentemente, os dois adsorventes com
melhor desempenho (carvao vegetal e LECA) foram caracterizados quanto a cinética de
adsorgao com sete periodos de contacto (1, 2, 4, 8, 16, 24 e 48 h), recorrendo a modelos
cinéticos de pseudo-primeira e segunda ordem. As isotermas de adsor¢cdo também

foram determinadas com trés concentragdes diferentes de cada cianotoxina (0,1, 1 e 10
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mg/L) e trés massas diferentes de adsorvente (0,2, 0,5 e 1 g) num periodo de equilibrio
de 24 h. Os dados experimentais foram ajustados aos modelos de isoterma de adsorcao
relevantes — Langmuir, Freundlich, Dubinin—Radushkevich (D-R) e Temkin — para
compreender a capacidade da adsor¢cao de MC-LR e CIN nos materiais seleccionados.
O modelo cinético de pseudo-segunda ordem ajustou-se aos resultados de adsorgéo de
ambas as cianotoxinas (R?: 0,94 — 0,99), sugerindo que a taxa de adsorgéo foi limitada
pela adsor¢ao quimica. Os modelos de Freundlich e D-R ajustaram-se a adsorcao das
cianotoxinas no biocarvdo e LECA, devido a capacidade superior de adsorgao
associado a heterogeneidade significativa da superficie, porosidade (que também foi
confirmada pela andlise microscépica da superficie usando SEM/EDS) e
comportamento de adsor¢gdo multicamadas destes materiais. Observou-se que a
capacidade de adsor¢ao é maior no carvao vegetal (Kf: MC-LR = 0,05, CIN = 0,16) que
em LECA (Kf: MC-LR = 0,02, CIN = 0,01).

As experiéncias em ZHC foram realizadas utilizando nove microcosmos montados, a
escala laboratorial, com camadas sequenciais de cascalho, LECA, carvao vegetal e
areia. Na camada superficial de areia, foram transplantadas Canna indica ou
Sparganium erectum ou uma policultura de ambas as espécies (plantas adultas). O
ensaio experimental consistiu no tratamento de agua de nascente contaminada
artificialmente com concentragbes ambientalmente relevantes de MC-LR e CIN (2-15
pg/L) durante uma semana, ao longo de ciclos de 10 semanas. Os parametros fisico-
quimicos da agua (pH, caréncia quimica de oxigénio (DQO), potencial oxidagdo-redugao
(ORP) e concentragdo de nutrientes) e o estado das plantas foram monitorizados ao
longo do tempo, mostrando que os sistemas funcionaram corretamente, simulando uma
ZHC, mesmo na presencga de cianotoxinas. Foram determinadas as taxas de remocao
de cianotoxinas da agua, e a retencao no substrato e a acumulagdo das toxinas nas
plantas, nas diferentes condi¢des de tratamento. O microbioma dos substratos das ZHC
também foi investigado. Em todos os sistemas, a remogéao de MC-LR da agua excedeu
96 %, enquanto a remogao de CIN variou entre 70-98 % ao longo do periodo
experimental, sendo maior na presenga de C. indica. Nao foi observada acumulagao de
cianotoxinas nos tecidos vegetais, embora ndo se possa excluir a degradagc&o das
toxinas dentro das plantas. Além disso, a C. indica em ZHCs da policultura exibiu
adaptacao ao stress. A retengao no substrato foi baixa (< 8 %), indicando uma potencial
biodegradacdo das toxinas. Durante o ensaio, a exposi¢gado as cianotoxinas induziu
mudancas marcantes nas comunidades microbianas presentes no substrato,
especialmente na rizosfera (substrato em contacto com as raizes das plantas). Embora

0s genes da via mir associados a degradacdo da microcistina ndao tenham sido
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detectados no substrato em contacto com as raizes das plantas, no substrato sem
contacto com as raizes das plantas foram detectadas bactérias degradadoras da MC-
LR (Sphingomonas, Novosphingobium e Shinella) e bactérias oxidantes de Mn
(Hyphomicrobium) potencialmente capazes de degradar CIN. As ZHC com C. indica
apresentaram enriquecimento em microorganismos promotores de crescimento das
plantas (Leifsonia, Terrabacter, Altererythrobacter) e mdultiplos taxa associados a
degradacdo da MC-LR por via ndo dependente dos genes mir (Sphingorhabdus e

Porphyrobacter).

No geral, os resultados demonstram que as ZHC de fluxo vertical sub-superficial que
incorporam carvao vegetal, LECA e C. indica podem fratar de forma eficiente, e
adaptativa, aguas contaminadas com cianotoxinas, com potencial aplicagdo na gestéo
descentralizada da agua. Os resultados fornecem uma base para estudos em escala
piloto sobre resiliéncia do sistema, evapotranspiracdo e seguranca da reutilizacdo de
efluentes, promovendo a integragcdo das SBN nas estratégias de protecdo de aguas

superficiais.

Palavras-chave: Cianotoxinas, Cianobactérias, Solugcdes baseadas na natureza,

Ecotecnologias, Zonas humidas construidas, Adsorventes de baixo custo
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Abstract

The research reported in this thesis aims to give knowledge and steps for improving
NBS through the valorisation of local resources, testing of different plant species, their
efficacy in cyanotoxin removal, and the mechanisms involved in cyanotoxin removal.
Cyanobacterial harmful algal blooms are increasing worldwide, intensifying pressure on
freshwater resources. The associated cyanotoxins pose significant ecological and public
health risks, yet current treatment technologies often fail to provide sustainable and
integrated remediation, particularly in decentralised contexts. Nature-based solutions
(NBS), such as treatment wetlands (TWs), offer promising alternatives but remain

underutilised for cyanotoxin removal.

This thesis investigated vertical subsurface flow TWs, at lab scale, for the removal of
two prevalent cyanotoxins- microcystin-LR (MC-LR) and cylindrospermopsin (CYN),
evaluating substrates and plant species roles, and associated microbial processes.
Initially, it also evaluated a variety of agro-waste materials and benchmark NBS
substrates such as biochar and light expanded clay aggregates (LECA) for sorption

capability, with the most suitable being selected for the TWs.

To assess the cyanotoxin sorption of the relevant agro-waste materials and benchmark
NBS substrates, the sorbent materials were tested in batch studies, beginning with an
initial screening of MC-LR and CYN sorption with two contact periods. Here the sorption
percentages observed were higher for biochar (>86% MC-LR and >98% CYN) and LECA
(78% MC-LR and 80% CYN), lower for rice husk (<10% in MC-LR and CYN), cork (<10%
in MC-LR and CYN), and sand (<26% in MC-LR and CYN). Consequently, the two best
performing sorbents (biochar and LECA) were further characterized for their sorption
kinetics with seven contact periods (1, 2, 4, 8, 16, 24, and 48 h) and using the pseudo
first-order and second-order kinetic models. Sorption isotherms were also determined
with three different cyanotoxin concentrations (0.1, 1, and 10 mg/L) and three different
sorbent masses ( 0.2, 0.5, and 1 g) at the equilibrium period of 24 h. The experimental
data was fitted with the relevant sorption isotherm models- Langmuir, Freundlich,
Dubinin—Radushkevich (D-R), and Temkin, to understand the favourability of MC-LR and
CYN sorption onto biochar and LECA. The pseudo second-order kinetic model fit the
sorption of both cyanotoxins onto biochar and LECA (R% 0.94 — 0.99), suggesting that
the sorption rate was limited by chemisorption. The Freundlich and D-R model fit the
cyanotoxins’ sorption onto biochar and LECA, owing their superior sorption capacity to

significant surface heterogeneity, porosity (which was also confirmed by microscopic
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surface analysis using SEM/EDS) and multilayer sorption behaviour. The sorption
capacity was observed to be higher for biochar (Kf: MC-LR = 0.05, CYN = 0.16) than
LECA (Kf: MC-LR = 0.02, CYN = 0.01).

The TW study was carried out by setting up nine lab-scale TW microcosms with layers
of gravel, LECA, biochar, and sand. In the sand, Canna indica, Sparganium erectum,
and a polyculture of both were transplanted (adult plants). Spring water spiked with
environmentally relevant concentrations of MC-LR and CYN (2-15 pg /L) was treated in
the TW for one week, over a course of 10-week cycles. Water physicochemical
parameters (pH, chemical oxygen demand (COD), oxidative-reductive potential (ORP),
and nutrients) and plant status were monitored over time, showing systems were working
properly, simulating a TW, even in the presence of cyanotoxins. Cyanotoxin water
removal rates, cyanotoxins substrate matrices’ retention and plant accumulation in the
different treatment conditions were determined. The microbiome of TW substrates was
also investigated. Across all systems, MC-LR water removal exceeded 96 %, while CYN
removal varied between 70- 98% over the experimental period, being higher in the
presence of C. indica. No cyanotoxin accumulation was observed in plant tissues,
although toxins degradation within plants cannot be ruled out. Besides, C. indica in
polyculture TWs exhibited stress adaptation. Substrate retention was low (< 8 %),
pointing to potential toxins biodegradation. Over the period of the experiment, there was
a marked shift in microbial communities present in the substrate, especially in the plant
rhizosphere (substrate in contact with plant roots). While genes from the known
microcystin degrading mir pathway were not detected in TW substrate, the bulk substrate
(not in contact with plant roots) hosted MC-LR-degrading taxa (Sphingomonas,
Novosphingobium and Shinella) and Mn-oxidising bacteria (Hyphomicrobium) potentially
capable of CYN degradation. TWs with C. indica was enriched in plant-growth promoting
microbes (Leifsonia, Terrabacter, Altererythrobacter) and multiple taxa linked to mlr-

independent degradation (Sphingorhabdus and Porphyrobacter).

Overall, these findings demonstrate that vertical subsurface flow TWs (VSSF-TWs)
incorporating biochar, LECA, and C. indica can efficiently and adaptively treat
cyanotoxin-contaminated waters, with potential application in decentralised water
management. The results provide a foundation for pilot-scale studies on system
resilience, evapotranspiration, and effluent reuse safety, advancing the integration of

NBS into freshwater protection strategies.

Keywords: Cyanotoxins, Cyanobacteria, Nature-based Solutions, Eco-technologies,

Treatment Wetlands, Low-cost sorbents

vii
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F([H&H LD (Abstract):

@bps puamsosuillsy  allauflésliu@n ITUESF, 2 6Teeni
QUETMHIGEM6T OGILILLL L6V (valorisation), Smeury @) eoTmigerler LIflG&F Mg emenT,
UMt h&FE HESH HmeT LMHMID HVLILTH HFe HEHsE5H 60 FEHLBGILD
QEFEWEVINEMEET H UMM QLML WTES Q&Moo @)W mend
Il LiLemLuflevmeor Sieysemer (Nature-based Solutions — NBS) GWLUMRSS
31Mla LDMHMILD HEDL(LNEDIM SHEMEIT 6ULPTMHIGHEUM S CIHMTE SN E GG TE00TL .
2 eusaTallel BV ILTE smibhs HmiG ellemeralls @ LUMFILIL,E&&6T (Harmful
Algal Blooms) 2i8\&158, GUHT ETHISEHSHEES GUGL HWSS50S
JHLUBSSIHTM6T. @eUMMIL 6T QSTLITLIemL U SIImGeoTTL M8 erdleorgs 6t
(cyanotoxins) (N&GHUWILDMTET GO WMHMID  QUISIF &&HEISTT
SLIGSIGHM6ET 2 (HEUTHGREOTMET. L6TMeL, SHCUTMSW FHRFeng
BIL LTI 6T BlemeuulmeoT L0MMILD 6B IS ene6oTHES Fremolienll, GmILILIMTS
OWLILGSSLILLTS @GLPeseTley, aIpmIgsS (DIQWITIN6 &6 60T M 6or.
QEWMeNd FFBleVmIsG6T (Treatment Wetlands — TWs) Gumedtmy NBS
QaTHLEHIL LIBIGET BU&GEmM&ESEGSGHIW mMHmT&EsS &S LLIH G 6dTm6or;
QoUUsn  FwumGermLmsdadlear BESSHe semel  CUIMSHILDT6T

wenmuilev LweTL B GG LILILal6vemev.

@587as SLQeogulley, @ QUITSIeUTeT &lulmGeor L Mg eneordseT—
W&ECTTHeVIgeT-LR  (MC-LR) wWwmmid  Hledeoor_Grmerv@ Ui GLomLis et
(CYN)—@aummlet BEHEHSHMHETE Ulelds SeTalleumerl Q&FBIGSHSHF
FAEmev L. QFWMeNs FJHleumgeT (Vertical Subsurface Flow TWs — VSSF-
TWs) opule] QFUWWLILLLG. @&, 9HH6TD (substrates), Smeur
@6THIGET MM QFSTLILemLUW  Hleoreaiully  Q&W6eVLNemME6T
a@weimmler umblE WLHUSE QFUWILULLG. QSTLESHSH 6,
GeuermeooTemLn &LPlaLl QUITIBLS6T Lommild 2 uljganeT (biochar), LECA (Light
Expanded Clay Aggregates) GLIMeoTM SHTJ&F FMeorml QUMM NBS 919855 6ThISH 6T
GamiLlagedT Hmedr (sorption capacity) LUFIGFMH&H&HLILLL6T. H6v FAMHS
QFWLTHM6T Q& mevor 2 UNTSSMeT Inmmid LECA CaTHOSH)\& &L 1L L6oT.

viii
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LUGH-semallevmerr GFmyLiager ulaseflev, 2 ullisameT wmmih LECA
2B & HMeT HTL G607 (>86% MC-LR, >98% CYN; LECA: 78% MC-LR, 80% CYN).
IBHFIOUWILD QB6L CHMEV, &HMTF&H, LnevoTev GUITETMemeU LGS (&560) M6 T6oT
FImeT (<26%) &MLIqeor. GFMILIaQedr HQerig8en (sorption  kinetics),
CGomyleager 9CFMTQ&HILN&ET (Langmuir, Freundlich, Dubinin—Radushkevich,
Temkin) QL& UIemeUGH6Tl60T eN6VID ST &G6T LUGLUMUIE Q&uiwluLr L eor.
2 WFsaT6eT AH & ComiLiager Hmener (Freundlich Kf: MC-LR = 0.05, CYN =
0.16) Q& METITIq.(BH&S!, LECA (MC-LR = 0.02, CYN = 0.01) elL_.

uleus  emellevmeor 9 TW  em&HBIMHTeVID&EET, L  AHE5S
allgeuemlnlIley (BM&6T, LECA, 2 ulFsHSmeT, L06oorev) 3(6mLln&58L1LIL L 6oT.
LneooTedl6v Canna indica, Sparganium erectum LDMMILD @) T600TIQ.60T &H6VEMEUW|LD
BLL60TH. &rMHMIF GGG QSTLIL 6L 3jemalleumeor MC-LR ommitb CYN
&HsS By, 10 ey &PMAGHeflev FFRFens QoL LG. BHifler
@QUWMAUTH6T-CauHUNUIL 3j6Te&H6T WMMID FHTeUT Blemev QSTLIHS
F600TH MO0 &GS LILLL G, Sem6eTsHE (pemmseflain MC-LR H&Hs allS g0
>96% 5 @@HSS!; CYN B&sHI0D 70-98% euemy WMTMILILL S, &SMILILITS
Canna indica @@HbHSCUMS AFHOTEH @UBHSHSE. SMTeUT HFHElev HaFo
Gl &meoorTlILILeN6uemn6y; eV HTeUl 2 6T FengelledT eumulliL

LD MIGELILIL6Nl606m6V.

Blevoreoul Felnssmisserfledr (microbial communities) LGLiLimuiedlsy, MC-LR
FemzsalmE& 2 Fa|lh Sphingomonas, Novosphingobium, Shinella GLITETMemEY,
Guaild CYN Fengallm@ eumuiliLjemer Mn-gL&eSlemL_G\m Hyphomicrobium
gevorL WL LeoT. Canna indica Q& mevorL. TW-86rflel &meu euemiaF& e
oarg GGG  HevoresuNT&HeT  (Leifsonia, Terrabacter, Altererythrobacter)
OO  mi-Fmyumm  FeongalmE& QSTLILemMLW L6 @)60TmHIG6T

(Sphingorhabdus, Porphyrobacter) eUeTLOM&d & IT600T LILIL_L_60T.

QUTEHSH v, 2 ulysgmet, LECA wmmild Canna indica QL& Weaimenm
2 GTMLGH QFBIGSSIEF Fsmev @l L TW-&6T, FlumGermLmaendesr
&HVHS Hemgd FMUUTHeD S&HS FSNTEHE|D FRFF GFUIULLD
S\ meoT @\ 55 T600T L_60T. @ 5B T6 56T, OWLWLILGSSLILLTS B
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Gevmeooremlouley (decentralised water management) LIUI6OTLIL & 8w Lq.ULI6DI6
eTeTLIENS 2 MIGLILOSSHHTmeT. @bHS (PLeyseT, uiflu ojerallevmeor
LIV YU HEHESHTT I S5S5THMS 6ULNMHIGR 6TM6T; &MILILITS,
W MenLnG&6Tler 2 MGG SHeTemD, elWTe|H60, IDHMID PR FanFa G Ll
Npemsw BT umsismiy sp&ueimenm ST QaFulub U165 6EHE5 G
QI GSR6TMET. @ S60T eLneuld NBS (LDedm&eneT &lqhy LMSIsTLLS
F_L_mIGH66L 6 (BB 6m6TeH S (N6TCTMMLD FMLI(ILD.

WsHERHW QFmmaer: AumCermLmsellerder, HILUTH, @Quimens
3jq LiLiemLullevmeoT HIe&6iT, @6V HIL LIMIGET, QFWMeNS FFITBl6UnkIS&6T,

GBS GFevallevmeot G& Ty LIcoor(H & 6iT
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Chapter 1. Introduction

1.1. Background

1.1.1. Harmful Algal Blooms and Cyanotoxins as an Emerging Pollutant of
Concern

Although harmful algal blooms (HABs) might seem like a modern issue, the group of
organisms responsible for these blooms and their associated toxins are naturally found
in the environment. Historical records indicate that occurrences of HABs and related food
poisoning have been documented for centuries [1]. However, the recent increase in HAB
occurrences is linked to the combined pressures of an increasing global population, food
production, urban development, agriculture and aquaculture expansion. Specific actions
contributing to the increase in HABs are the nutrient inputs to water bodies (leading to
eutrophication), construction of dams and storage of water in artificial lentic systems that
promote cyanobacteria growth. Cyanobacterial harmful algal blooms (CyanoHABSs),
specifically, have significantly escalated in recent decades and are expected to persist
in this trend. A primary concern about CyanoHABs is the production of harmful
secondary metabolites, known as cyanotoxins, which can lead to fatal hepatic,
gastrointestinal, and neurological disorders, in addition to causing dermal disease upon
exposure [2]. In addition to rising temperatures and eutrophication, rising atmospheric
CO2 has also shown to stimulate bloom forming cyanobacteria [3]. This results in a
global rise in the occurrence, duration and intensity of cyanotoxins in freshwater bodies
and reservoirs [4]. A recent study using predictive freshwater modelling found earlier
onset and prolongation of CyanoHABs even in the temperate climatic zones under
climate change conditions [5]. Another study evaluating the algal bloom frequency in
lakes world-wide from 2003 to 2022, observed a marked increase in bloom frequency in
more than half of the affected lakes of the sub-tropical region, specifically after the year
2015 [6]. This emphasises how important it is to acknowledge and deal with this

expanding environmental issue considering climate change.

Microcystis aeruginosa is the predominant bloom-forming species among harmful
cyanobacteria, and microcystin-LR (MC-LR), mostly produced by it, is the most toxic
chemical congener of microcystins (MCs) [7]. MCs are common cyanotoxins produced
by several cyanobacterial genera including Microcystis, Anabaena, Planktothrix
(Oscillatoria), Nostoc, Hapalosiphon, Anabaenopsis; but Microcystis occurs in most

climatic zones [8]. MCs are present in multiple congeners that have a similar cyclic
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structure composed by seven amino acid residues, cyclo-(D-Ala')-X?-(D-MeAsp?)-Z*-
Adda’-(D-Glu®)-Mdha’. Figure 1 shows the chemical structure of MC-LR. The X? and Z*
amino acid residues were used to name MC congeners because these two amino acids
of the MCs at position 2 and 4 are the most variable by substitution and account for the
diversity in MCs. More than 300 microcystin derivatives have been identified to date, with
the degree of methylation, peptide sequence, and toxicity varying in natural
environments, the most prevalent amino acids are MC-Leucine?-Arginine*(MC-LR), MC-
Arginine?-Arginine*(MC-RR), MC-Leucine?-Phenylalanine*(MC-LF), and MC-Leucine?-
Alanine*(MC-LA). Among these prevalent MCs, MC-LR is commonly utilised as a model
for MC investigations because of its widespread distribution and high toxicity [9]. The
primary cytotoxicity of MCs is due to the inhibition of Protein Phosphatases 1 and 2a
(PP1 and 2a), leading to several harmful effects. MC toxicity can have both acute and
chronic effects on mammals. Acute MC intoxication above levels of 10 pg/L in mammals
can cause hepatocyte necrosis and haemorrhage, with serious cases resulting in death.
Long-term exposure to low microcystin concentrations has also been linked to tumour
promotion [10], [11], [12].

OH

o]
(SR.ES.T1R.125.158,185,198 22R)-15-[ 3-(dianunomethylideneanuno)propyl]-18-[(1E.3E.55.68)-6
methoxy-3_5-dimethyl-7-phenylhepta-1_3-dienyl]-1.5.12_19-tetramethy]-2-methylhidene-8-(2-methylpropyl)-
3.6.9.13.16.20 25-heptaoxo-1.4.7.10.14.17.2 1 -heptazacyclopentacosane-11.22-dicarboxylic acid

Figure 1.The chemical structure of MC-LR was generated using ChemDraw Professional 20.0.0.41.

Nonetheless, another cyanotoxin called cylindrospermopsin (CYN) has been identified
as a cause for concern due to the invasive nature of its main producers,
Cylindrospermopsis raciborskii and Aphanizomenon ovalisporum (now known as
Chrysosporum ovalisporum), which creates favourable conditions for these

cyanobacteria to proliferate in water supplies. Previously thought to proliferate only in

2
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more tropical regions of the world, CYN-producing strains are now being detected in
more temperate climates [13], indicating that these toxin-producing cyanobacteria are
highly adaptable, which has important global concern. CYN is resistant to high
temperatures, sunlight, and extreme pH. CYN, unlike MCs, is frequently released from
cells into the surrounding water. It bioaccumulates, notably in species at the bottom of
the food chain such as gastropods, bivalves, and crustaceans [14]. Furthermore, the
world's changing climate will create more favourable conditions for these cyanobacteria
to proliferate in freshwater systems used for agriculture and production of drinking water.
Figure 2 shows the chemical structure of CYN. CYN is a highly biologically active
alkaloid, consisting of a tricyclic guanidine and hydroxymethyluracil. It is a very water-
soluble zwitterionic compound. There are two structural variations of CYN reported:
deoxycylindrospermopsin, and 7-epicylindrospermopsin. It has hepatotoxic, general
cytotoxic, and neurotoxic properties and is regarded as a possible carcinogen [14]. The
toxicity of cylindrospermopsin is facilitated by the suppression of glutathione, protein
synthesis, and cytochrome P450, with the uracil moiety and the hydroxyl group at C7
being essential for its toxic effects. CYN poisoning in mammals can result in damage to
the liver, kidneys, thymus, and heart [14], [15], [16].

OH
[(45,5R.65.85 10R)-10-[(R)-(2 4-dioxo- 1H-pyrimidin-6-yv1)-hvdroxymethvl]-5-methyl-2,11,12-
tniazatricyclo[5.3.1.04.12Jdodec- 1 -en-6-v1] hydrogen sulfate

Figure 2. The chemical structure of CYN was generated using ChemDraw Professional 20.0.0.41.

With increasing CyanoHABs and rise in water scarcity, there is a serious and increasing
public health threat, with both acute and chronic health effects. Exposure occurs through
multiple pathways, with vulnerable groups (children, elderly, immunocompromised and
individuals with frequent or occupational exposure) at heightened risk. Exposure routes
include ingestion, dermal contact and inhalation (aerosols) through contaminated water
(recreational/ drinking), and food [17]. While most documented cases of human sickness

resulting from recreational exposure to cyanobacteria are minor and self-resolving,
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symptoms can be wide ranging from gastrointestinal or respiratory symptoms to irritant
effects, fever, headache, and fatigue [18]. However, depending on the cyanotoxin,
exposure rate, dose and body-weight, health consequences can also be severe and
potentially fatal; demonstrating the diverse chemical structures and toxic routes of
cyanotoxins [2]. Animals, on the other hand, are more likely to be fatally poisoned, not
necessarily because they are more susceptible to cyanotoxins, but rather because they
may lack access to treated water or have limited ability to obtain alternative drinking
water supplies when their primary source is contaminated [19]. Furthermore, cyanotoxins
may potentially reach humans via the food chain through bio-accumulation in aquatic
organisms and food crops [20], [21]. For instance, a recent study in Egypt revealed the
presence of microcystins (MCs) in irrigation water sources and in vegetables cultivated
with this water, with estimated daily intake (EDI) levels above the WHO guideline for the
toxin [22]. The most recent WHO guideline values (GVs) state that the GV for chronic
exposure (lifetime) of drinking water is 1 ug/L for MC-LR and 0.7 pg/L for CYN, the GV
for short-term drinking water is 12 pg/L for MC-LR and 3 ug/L for CYN, and the GV for
recreational waters is 24 ug/L for MC-LR and 6 ug/L for CYN. There is still no provided
GV for MC-LR or CYN in irrigation waters, however the tolerable daily intake (TDI) for
chronic MC-LR exposure is 0.04 ug/kg/day and CYN is 0.03 pg/kg/day. It is to be noted
that these values are provisional, as there are insufficient data available to derive a GV
for MC variants except MC-LR, and for CYN there are limited studies, lack of in-vivo data
and unclear role of metabolites, especially related to potential genotoxicity [23], [24].
While there are other equally potent neurotoxic cyanotoxins such as anatoxin-a and
saxitoxins, they are less frequent. Currently, the most frequently detected in the
environment are microcystins (MCs) and cylindrospermopsin (CYN) [14]. With the
escalation of unsustainable agricultural practices, lack of irrigation water in regions
facing water stresses, the and the lack of irrigation water guidelines, the mandatory use
of surface waters contaminated with cyanotoxins for agricultural irrigation is very likely
[25], [26]. This subsequently increases the risk of cyanotoxin contaminated crops and
agricultural products, posing a direct threat to public health [25]. Moreover, with the
globalisation of the food market and marked increase in the import of processed foods,
it makes it a global health concern [27]. So, prevention or removal of cyanotoxins from

surface water is needed, ultimately protecting human health.

4
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1.1.2. Need for Nature- based Solutions (NBS) as De-centralized Water Treatment
Option for treating Surface Waters Contaminated with Cyanotoxins

The UN-Water SDG 6 Indicator Report (2024) states that agriculture was responsible
for 72% of global freshwater withdrawals in 2021, followed by industry (15%), and the
service sector (13%) [27]. It also expresses the interlinkage between the level of water
stress and food security, with high levels of water stress restricting access to clean water
and adequate sanitation, which in turn undermines the nutritional outcomes and quality
of food production. So, water shortage not only translates to thirst, but also a threat to
public health and hunger. Coping with these water strategies in unsustainable manners
has led to worse environmental catastrophes. For instance, diversion of the main rivers
that flowed into the Aral Sea for purposes of irrigation led to eventually drying up of the
sea [28]. Excessive drilling of borewells and extraction of groundwater has led to rapid
decrease in the water column [29].

In light of the growing water management challenges and the public health risk
concerns with regards to cyanotoxins mentioned in section 1.1, sustainable and
decentralized treatment options are increasingly critical. The current water-energy-food
nexus (WEF) signifies the strong interdependencies between water, energy and food
sectors; emphasizing the need for their integrated management to ensure sustainable
resource use and avoid unintended consequences. Moreover, the adoption of
centralizsed water, and expensive technologies has demonstrated ineffective in tackling
the intricate water-related issues resulting from increased urbanization in developing
countries [30].

In this context, communities and cities are adopting Nature-Based Solutions (NBS) and
de-centralized water treatment options to tackle the WEF nexus. NBS leverages natural
ecosystem functions and services to address complex environmental and societal
challenges sustainably. They are executed by various units or initiatives customised to
local settings, including- habitat/ ecosystem protection and restoration (for e.g., forest
conservation, wetland rehabilitation), urban green infrastructure (for e.g., green roofs),
hybrid or engineered solutions (for e.g., treatment wetlands (TWs),, bioswales),
sustainable management, and habitat implementation (for e.g., agroforestry, native
habitat creation in cities) [31], [32]. NBS offers advantages in ecological restoration,
climate change adaptation and mitigation, social well-being, and economic savings,
rendering them essential tools for tackling urbanisation and climate concerns globally.
For example, treatment wetlands TWs, an eco-technology used to reduce nutrient and

pollutant loads in water, improves flood management by increasing natural water storage
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and infiltration capacity, reduces green-house gas emissions; as well as enhances local
landscapes through green spaces that provide recreational and aesthetic value. They
also provide cost savings in construction, maintenance and implementation compared to
conventional water treatment infrastructure. Their appeal mainly lies in these extensive
range of services they provide and their affordability; moreover, they play a crucial role
in the regeneration of water for environmental reintegration and can also provide social
benefits [33], [34].

De-centralized water treatment options refer to systems that treat contaminated
waters (including wastewaters)or wastewater close to the point of use, rather than
centralized treatment options that rely on extensive networks of pipes and pumps to
transport water over long distances. This approach offers several advantages including
reduced infrastructure, flexibility and adaptability in terms of capacity and treatment

methods, sustainability and cost-effectiveness.

Given the nature of CyanoHABs, de-centralized water treatment options would be an
apt approach for minimizing their risks and harmful outcomes. The most ideal solution
would be to limit the discharge of nutrients into waterbodies, that would prevent algae
blooms, but the current regulations in place are insufficient. With the advent of increasing
biological data sets, Al, machine learning tools, and the construction of comprehensive
prediction models, understanding the occurrence of cyanobacterial HABs (CyanoHABS)
and preventing them should become easier. However, there is still a long way to go in
this regard, considering the limitations related to disparate data sets, lack of data
standardization, and major gaps in our understanding of the conditions that trigger and
sustain cyanoHABs over time [35]. While we wait for new models to be tailored to
expedite HAB monitoring and forecasting broadly to enhance the security of freshwater
systems and protect public health, strategies need to be formed for the remediation of

cyanoHABSs in surface waters.

Current advanced treatment options for cyanotoxin removal from water include
membrane filtration, advanced oxidation processes, activated carbon adsorption,
chemical disinfection and chemical oxidation [36] (USEPA, 2025). These treatment
techniques are expensive and are more suitable in centralized water treatment stations
such as drinking water-treatment plants, and do not consider factors such as the
cyanobacterial biomass, dissolved and suspended-particulate cyanotoxins. Dissolved air
flotation is effective in removing intracellular cyanotoxins without disrupting the

cyanobacterial cells, but are only effective for certain cyanotoxins (buoyant
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cyanobacteria), and can be energy intensive [37]. Alternatively, cost effective methods
such as mechanical harvesting, chemical flocculants and algaecides (copper sulphate,
potassium permanganate and chlorine) hydrogen-peroxide, can be moderate to high in
effectiveness but in the long run disrupts the ecosystem or harms non-targets. Moreover,
mechanical mixing and aeration of large water bodies can also be expensive [38]. In this
regard, NBS as decentralized water treatment options seems to have a great potential
to deal with the complexities of treating surface waters contaminated with cyanotoxins
and cyanobacteria. NBS including TWs, reed beds, and soil infiltration systems, are
becoming recognised as efficient decentralised water treatment alternatives [39]. They
harness natural processes, renewable energy, or innovative materials to achieve water

treatment with minimal ecological disruption.

TWs (also known as constructed wetlands) are a well-established NBS for water
treatment that are, although considered near-natural systems, engineered to increase
efficiency by different system designs [40]. Some other emerging NBS for water
treatment include biofilters, slow sand filters, bio-coagulants, photocatalytic treatment,
and solar disinfection. Among these, the most cost-effective and relevant options with
regards to the effective removal of cyanobacteria and cyanotoxins from water bodies
include TWs [41], [42], multi-soil layering system (MSL) [43], enhanced floating-type
biological treatment system [44], and plant-based coagulants [45]. Additionally,
researchers have been focussing on the advancement of hybrid NBS that integrate the
operational benefits of advanced technologies or physico-chemical treatment systems to
address the complex pollution challenges as well as to minimize ecological disruption.

However, more research on NBS cyanotoxins removal capacity is still needed [486].

1.2. Knowledge Gaps Addressed in the Thesis

Given that advanced solutions are not accessible in remote or rural areas, and cost-
effective decentralized approaches for the removal of cyanotoxins for remote areas are
needed, NBS are of increasing interest. NBS needs to be designed to be locally adapted,
resource-efficient, and incorporate more and more diversified environmental and natural
characteristics into the landscape [47]. Their objective is to effectively and adaptively
handle socio-economic and environmental concerns, while offering human well-being,
ecosystem services, resilience, and biodiversity advantages. Some of the major

limitations of their wide-spread application include significant space requirements,
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climatic sensitivity, consistency of treatment efficiency and the lack of standardized
policies and regulations. In this thesis, we focus on TWs as the model NBS.

TWs are well established NBS, that have demonstrated efficiency in the treatment of
various wastewaters and contaminated waters, including for the removal of
micropollutants. They are mainly categorized on their hydrological modes and system
configuration, the most common being - free water surface (FWS) wetlands, horizontal
subsurface flow (HSSF) wetlands, and vertical subsurface flow (VSSF) wetlands [48],
[49].

TWs primary components are substrates, plants, and microbial communities (both in
plants’ rhizosphere (the area surrounding plant roots) and in the substrate itself). These
components work synergistically to remove contaminants from diverse wastewater
sources [50].

In terms of cyanotoxin removal, there is limited research on the types of substrates
used, preventing deeper comparisons, as well as on the role of different plant species in
cyanotoxin removal [38]. Moreover, geographic locations influence the availability of
substrate types and plant species to be incorporated in NBS, which makes it particularly
difficult to determine plant adaptability to different climatic conditions. For this, it is
important to test more substrate types and other native plant species and their
performance in TWs with regards to cyanotoxins removal.

1.2.1. Low-Cost Sorbents or Media used in NBS for Cyanotoxin Removal

The integration of sorbents to intensify the performance of water treatment are of
increased interest in several categories of NBS [46] Furthermore, the integration of
sorbents and biofilters in TWs offers greater benefits than their standalone application

where additional issues such as the disposal of spent sorbents arise.

So far, many conventional sorbents such as activated carbons (ACs), zeolites, and
clays have been studied for the sorption of cyanotoxins [51], [52]. Their sorption capacity
depends on their physico-chemical properties, and generally ACs demonstrated higher
sorption capacity of multiple cyanotoxins [52] Other chemically modified sorbents that
have been studied for the sorption of cyanotoxins include graphene, iron, and silica-
based sorbents [53], [54], [55], [56]. However, these cannot be considered for
incorporation into NBS as they involve complex and expensive production. Also, most
studies have been limited to MC sorption, and information on other cyanotoxins, like
CYN, is still lacking.
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Nowadays, low-cost sorbents are gaining popularity, namely, new materials, such as
carbons from waste or waste by-products from agricultural, household, and industrial
sectors [57]. Moreover, raw agro-based waste materials without chemical modifications
remain unexplored as sorbents. Incorporating sorbents to NBS should be considered not
only for enhanced performance, but also for the circularity of resources. This was

explored in the thesis, and is detailed more in the introduction of Chapter 2.

1.2.2. Use of Wetland vs Ornamental Species in TWs Treating Cyanotoxins

The selection of plant species in TWs is influenced by several factors, including but not
restricted to the geographical availability of plants, their adaptability to climatic
conditions, pollutant removal efficiency, the rate of establishment and development in
wetland environments, and their competitive capacity against weeds. Most current
studies indicate that macrophytes' indirect roles in TWs may far outweigh their direct role
(uptake of pollutants) in removal processes [58] It has been established so far that TWs
treating cyanotoxins demonstrated better removal efficiencies in the presence of plants
than unplanted, by promoting better plant associated microbial population [42], [59].
However, the direct role of plants in the cyanotoxin removal process in the TWs have not
been well studied. So far, the following plant species have been studied in TWs treating
cyanotoxins- Arundo donax, Iris pseudacorus, Phragmites australis, and Juncus effusus
[38]. While removal rates of cyanotoxins were evaluated in these studies, the role of
plants in the TW removal mechanisms have not been explored. Cyanotoxin uptake by
aquatic or wetland plants in hydroponic experiments have been demonstrated, and
although there seems to be an effect on cyanotoxin removal by different plant species
[60], [61], [62] they have been done in water systems and not water-soil systems.
Cyanotoxin uptake has been more extensively studied in edible plants and agricultural
crops than in wetland plants [63] primarily due to the direct implications of food security
and safety. Understanding plant roles in cyanotoxin removal in TWs is crucial, not only
to increase TW performance but also for managing water quality, assessing ecological
risks, and developing potential remediation strategies if necessary. Both monoculture
and polyculture systems can provide pollution removal efficiency in TWs; nevertheless,
their effectiveness is contingent upon several factors, including plant growth rates and
the levels of intra- and inter-specific competition among species [64]. Recent studies
have also shown that plant diversity in TWs increases their resilience and functional
stability under weather variations, supporting more consistent performance year- round
than monoculture systems [65], [66], [67]. However, other studies show no significant

effect of polycultures in TW performance, and it is still unclear if polycultures can improve
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TWs or not [68]. Moreover, the use of polyculture TWs for cyanotoxin removals remains
unexplored. This was further explored in this thesis in Chapter 3.

Wetland species are the emergent macrophytes that are the common vegetation found
in natural wetland ecosystems. Ornamental species are flowering plants that have some
similar physiological characteristics to natural wetland species, that can also stimulate
the removal of pollutants in wastewater treatment systems such as TWs [69]. Natural
wetland plants, including Phragmites australis, Typha spp., and Scirpus spp., are
frequently included in TWs because they are widely distributed wetland plants found in
many regions of the world. They also exhibit strong adaptability to a broad range of
climates and environmental conditions, with high efficacy in eliminating various pollutants
[70]. Ornamental plants such as Canna spp., Iris spp., Heliconia spp., and Zantedeschia
spp., are increasingly considered for use in TWSs, especially in public or urban settings
where aesthetics is important [71]. Studies indicate that ornamental plants can perform
comparably to the natural wetland species in removing pollutants, including chemical
oxygen demand (COD), nitrogen, phosphorus, fluoride, and chloride [72], [73]. For
instance, C. indica has shown encouraging results for contaminant removal and is
recommended for both monoculture and mixed plantings [71]. While ornamental plants
show promise, more research is needed regarding their removal of emerging
contaminants and their interactions with microbial communities. Moreover, considering
that plant-microbiome interactions play an important role in pollutant removal processes,
it is important to study their interactions with microbial communities in monoculture and
mixed planting [74].

Sparganium erectum, a natural wetland species, represents a valuable candidate in the
plant palette available for TW design due to its distinct physiological and remediation
characteristics. Its demonstrated effectiveness in nutrient and pollutant removal,
particularly in combination with other macrophytes, makes it a viable option for water
treatment applications [75]. The species shows particular promise for metal remediation
in neutral to alkaline conditions and for systems where depth zonation can accommodate
its growth requirements [76], [77], [78]. Beyond water treatment, the presence of S.
erectum in wetland systems can contribute to habitat heterogeneity, potentially
increasing B-diversity (variation in species composition between sites) [79]. This
represents an added ecological benefit beyond the primary water treatment function of
TWs aligning with approaches that seek to maximize ecosystem services from these
systems. S.erectum has a widespread presence across Europe, being most prevalent in

the Baltic region [80] and with notable documentation in the United Kingdom particularly
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in the lochs of Scotland [81]. Recent research has also documented it to be distributed
in the Mediterranean regions [82]. S.erectum has mostly been studied in surface flow
TWs, and only one other study has used S.erectum in VSF-TW design [78], [83]. To our
knowledge, S.erectum has not been studied for the removal of cyanotoxins.

Canna indica is increasingly used in TWs for wastewater treatment due to its robust
growth, aesthetic appeal, and phytoremediation capabilities [71], [84]. Although native to
tropical and sub-tropical regions of the America, over time, C. indica has been widely
introduced and naturalized in many other parts of the world, including Africa, Asia,
Europe and Oceania. Its distribution in Europe is mostly in southern countries (Portugal,
Spain, ltaly, France, and Albania) [85]. While C. indica is effective for many
contaminants, more research is needed on its ability to remove emerging pollutants
including cyanotoxins, and on the potential toxicity of these compounds to the plant itself
in different climatic conditions. Research gaps with C.indica planted TWs include plant-
microbe interactions and their influence on TWs performance, potential pollutant effects
on them including bioaccumulation in their tissues, and performance efficiency when
mixed with other plants as polycultures. While C.indica has been previously studied for
treating hyper-eutrophic surface water containing cyanobacterial blooms, however
removal rates of relevant cyanotoxins were not quantified [38], [86].

So, more research on plant species, either as a monoculture or polyculture, should be
explored for cyanotoxins removal by TWs, including potential plants cyanotoxin
bioaccumulation, which was done in this thesis in Chapter 3.

1.2.3. Microbial Communities’ Role in the Removal of Cyanotoxins

Research into the removal mechanisms of cyanotoxins in TWs is expanding, but
several critical gaps remain that hinder a comprehensive understanding of how these
systems mitigate harmful Cyano-HABs byproducts like MCs and CYN. Although it is
established that microorganisms, particularly in planted systems, are crucial for the
degradation of MCs [42], ambiguity about the specific microbial populations involved and
the environmental conditions that maximise their activity remains. Microbial communities
are central to the functioning and efficiency of TWs- acting as a key pollutant degradation
mechanism as well as nutrient cycling for the overall performance of the TWs [87].
Therefore, further research of how different system types and operational parameters
(e.g., plant species, substrate type, hydraulic retention time) influence microbial
community, and removal performance for various cyanotoxins is important. Bacterial
species, including Sphingomonas, Pseudomonas, Bacillus, Burkholderia, Arthrobacter,

and Novosphingobium have been recognised as MC degraders, with the mir gene cluster
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playing a key role. Moreover, a few fungi were identified as MC degraders, such as
Trametes versicolor, Phanerochaete chrysosporium, and Aspergillus niger [88]. Another
study demonstrated a positive correlation between the fungus Rhizophagus and
Myrmecridium and the removal of cyanotoxins [89]. However, it is highly likely that there
are many unidentified cyanotoxin degrading microorganisms, especially present in TWs.
Besides not only the potential identification of cyanotoxins degraders, but also the
characterisation of microbial communities in TWs can be relevant to fully understand
cyanotoxins removal processes as well as to increase those processes, enhancing TW
performance, a topic explored in Chapter 3 of this thesis.
Finally, while the potential for using modified adsorbents in engineered systems are

discussed [52], the integration of such materials into TWs remains under-reported.

1.3. Research Aim and Objectives

To address the knowledge gaps stated in the previous section, the following research

objectives were formulated for this thesis:

a) Evaluating agro-based waste materials (rice husks, olive pulp pomace (OP) pellets,
cork granules) and the benchmark NBS substrates (biochar, light expanded clay
aggregates (LECA), and sand) for (i) their MC-LR and CYN sorption potential, and
(i) the sorption kinetics and sorption mechanism of the two best sorbent materials
aiming for their future incorporation into eco-technologies.

b) Comparing the performance and resilience of a wetland (S. erectum) and an
ornamental (C. indica) species in the removal of cyanotoxins in a planted vertical
subsurface flow (VSSF) TW design, both in monoculture and mixed plant treatment
conditions.

¢) Understanding the removal mechanisms of MC-LR and CYN in the studied TW
design both by: (i) evaluating bioaccumulation/ retention of MC-LR and CYN in the
different plant tissues and substrates matrices (which also integrated two of the best
low-cost sorbent materials); (ii) investigating the influence of the different plant
treatment conditions, substrate type, and cyanotoxin exposure on the microbial

community.
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1.4. Thesis Outline

The thesis consists of four chapters, with the present part (chapter 1) serving as an
introduction to the topic. The subsequent two chapters contain the research findings that
contribute to a comprehensive investigation of the research’s aim and objectives.
Chapter 2 “Evaluating Agro-Based Waste Materials for Cyanotoxin Sorption for Future
Incorporation in Nature-Based Solutions (NBS)” covers the first objective of the thesis,
assessing unmodified agro-based waste materials (rice husks, olive pulp pomace (OP)
pellets, cork granules) and the benchmark NBS substrates (biochar, light expanded clay
aggregates (LECA), and sand) for their MC-LR and CYN sorption potential, and the
sorption kinetics and sorption mechanism of the two best sorbent materials aiming for
their future incorporation into NBS. Chapter 3 “Vertical Subsurface Flow Treatment
Wetlands for Cyanotoxin Remediation: Plant Composition, Microbial Dynamics, and
Removal Efficiency” covers the second and third objectives of the thesis, where two plant
species (S. erectum and C. indica) were compared in a hybrid VSSF TW, alone and in
combination, for the removal efficiency of cyanotoxins. The cyanotoxin removal rates,
substrates’ retention rates, plant accumulation and status, and the TW microbiome were
explored in this chapter, to deepen the understanding of the removal mechanisms of MC-
LR and CYN in the studied design with different plant compositions, providing insight into
further scale-up and piloting of the TW systems.

Finally, the knowledge gained from these chapters were summarized, providing insight
into further scale-up and piloting of the TW systems briefed, and future research

perspectives were discussed in Chapter 4.
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Abstract

Toxic cyanobacterial blooms are a growing environmental problem, persisting in
freshwater bodies globally, and potentially hazardous to populations that rely on surface
freshwater supplies. Nature-based solutions (NBS) are effective and sustainable
approaches for water treatment, with sorption being an important process. The purpose
of this study was to evaluate unmodified agro-based waste materials (rice husks, olive
pulp pomace pellets (OP), cork granules) and the benchmark NBS substrates (biochar,
light expanded clay aggregate (LECA), and sand) for their microcystin-LR (MC-LR) and
cylindrospermopsin (CYN) sorption potential. The kinetics and sorption mechanism of
the two best sorbent materials were studied for future incorporation into NBS. Pre-
screening of the sorbents showed highest sorption with biochar (>86% MC-LR and >98%
CYN) and LECA (78% MC-LR and 80% CYN) and lower sorption with rice husk (<10%),
cork (<10%), and sand (<26%). Leaching from OP made them unsuitable for further use.
The sorption of both the cyanotoxins onto biochar was rapid (8 h), whereas onto LECA
it was steadier (requiring 48 h for equilibrium). The pseudo-second-order kinetic model
fit the sorption of both cyanotoxins onto biochar and LECA (R2: 0.94-0.99), suggesting
that the sorption rate is limited by chemisorption. The sorption of MC-LR and CYN to
biochar and LECA fit the Freundlich and D—R models better, suggesting multilayer
sorption, high heterogeneity, and porosity in the sorbents (which was also confirmed by
SEM/EDS). The sorption capacity was observed to be higher for biochar (Kf: MC-LR =
0.05, CYN = 0.16) than LECA (Kf: MC-LR = 0.02, CYN = 0.01).

Keywords: microcystin-LR; cylindrospermopsin; low-cost sorbents; treatment wetlands;

biofilters
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2.1. Introduction

Cyanobacterial blooms are widely spread and are a global concern. The rising
frequency of CyanoHABs and cyanotoxins in freshwater systems is an overlooked issue.
With urban expansions and increased anthropogenic activities, nutrient inlet and
greenhouse gas emissions have been favouring this phenomenon. Cyanotoxins are
secondary metabolites produced by certain cyanobacterial species [1]. They can be
released into the water directly, or through cell lysis. Cyanotoxins persist in freshwater
bodies and are stable for lengthy periods of time, even through extreme conditions. This
is frequently a threat to human and animal health by direct or indirect exposure [2].
Humans can be exposed directly through drinking water or indirectly through ingestion
of contaminated food items. The exposure to cyanotoxins through food is primarily
through aquatic animals, livestock, and agricultural crop consumption [3]. Among
cyanotoxins, microcystins (MCs) and cylindrospermopsin (CYN) have been identified as
the ones of major concern due to the invasive nature of their producers, widespread
distribution, and high toxicity. More than 250 variants of MCs have been identified so far,
with MC-LR being the model for MC investigations due to its prevalence and toxicity [4].
Previously thought to proliferate only in more tropical regions of the world, CYN-
producing strains are now being detected in more temperate climates [5], indicating that
these toxin-producing cyanobacteria are highly adaptable, which has significant
implications for water authorities worldwide.

Treatment technologies are required for the effective removal of dissolved cyanotoxins
from water bodies. When advanced solutions are not accessible in remote or rural areas,
cost-effective decentralized approaches for the removal of cyanotoxins for remote areas
are needed. Among such water treatment options, nature-based solutions or eco-
technologies are of increasing interest. NBS focus on the implementation at a local level.
They are designed to be locally adapted, resource-efficient, and incorporating more and
more diversified environmental and natural characteristics into the landscape [6]. They
are designed to effectively and adaptively handle social, economic, and environmental
concerns, while offering human well-being, ecosystem services, resilience, and
biodiversity advantages [6]. TWSs, biofilters, vegetated swales, and rain-gardens are all
examples of NBS used for water treatment [7], removing different types of pollutants [8].
A limiting factor of the said NBS is the requirement for space for effective treatment;
sometimes a vast area of land being needed, which limits their wide-spread application,

especially in urban areas. However, that is normally not an issue in rural areas. One way
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to enhance the performance of NBS towards specific pollutant removal is to incorporate
sorbent materials to enhance their effectiveness. Nowadays, low-cost sorbents are
gaining popularity, namely, new materials, such as carbons from waste or waste by-
products from agricultural, household, and industrial sectors [9]. Incorporating sorbents
into NBS should be considered for enhanced performance, as well as circularity of
resources.

To date, many conventional sorbents such as activated carbons (ACs), zeolites, and
clays have been studied for the sorption of cyanotoxins [10—12]. Their sorption capacity
depends on their physico-chemical properties. ACs generally have high sorption capacity
of multiple cyanotoxins [10], but it includes major drawbacks such as complex and
expensive production and difficulty in regeneration and disposal. On the other hand,
biochar (considered a precursor of ACs) is obtained simply by biomass pyrolysis and
does not undergo any physical or chemical modification [13], making it potentially more
cost-effective. Biochar has been a promising sorbent of pollutants such as metals,
microplastics, and nutrients [14,15]. Although limited, they have also been investigated
for the sorption of cyanotoxins, namely, MC-LR [16-21]. Based on previous studies,
biochar generated from various waste biomasses can be used as a prospective sorbent
of MC-LR. Wei and Lu [16] investigated the sorption of MC-LR by biochars derived from
rice straw obtained at different pyrolysis temperatures. Their study showed that sorption
capacity increased with higher pyrolysis temperature of the rice straw. Another study
conducted by Song et al. [18] compared biochars derived from Kentucky bluegrass (Poa
pratensis L.), microalgae (Spirulina sp.), grape pomace, and coffee residues, where the
maximum MC-LR sorption capacity was observed in biochar derived from Kentucky
bluegrass. Li et al. [21] reported that biochar derived from wood chips could also
effectively adsorb MC-LR. Among these studies, the sorption capacities ranged from
0.14 to 42.4 mg/g MC-LR; the highest sorption capacity being in giant reed biochar
pyrolyzed at 600 ° C [19], and the lowest by giant reed biochar pyrolyzed at 300 ° C [19].
Biochar generated from woody residues has also been proven to have great potential for
the sorption of MC-LR [21], as well as to remove organic micropollutants from real
wastewaters [22]. However, there have been no studies so far on the sorption of CYN
by biochar.

With natural clays and sediments, the sorption depends not only on sediment/clay
physico-chemical properties, but also on contact period, organic matter content, and the
toxin structure [11,12,23]. One study by Wu et al. [12] showed a direct correlation

between organic matter and MC sorption, with higher organic matter content resulting in
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higher MC sorption due to the interaction between MCs and adsorbed organic matter.
Clays can also be chemically modified to enhance their sorption capacity. A study
comparing the sorption of MC-LR by natural and chemically modified clay (smectite)
showed that the modified clay had better sorption efficiency with different MC-LR
concentrations [11].

Light expanded clay aggregate (LECA), sand, and biochar have already been widely

incorporated in NBS [24-26], especially TWs. However, the sorption of MC-LR and CYN
by LECA and sand has not been studied. Although natural sandy sediments from water
bodies have been tested for cyanotoxin sorption [23], and sand from ripened sand filter
systems have been tested for CYN sorption [27], the sorption capacity of pure filter sand
with no organic matter has not been studied.
Other chemically modified sorbents that have been studied for the sorption of
cyanotoxins include graphene, iron, and silica-based sorbents [28—-31]. Most of these
chemically modified sorbents are easily regenerable with no loss of their sorption
capacity. However, modified sorbents are more expensive to synthesize, and most
research has been restricted to lab scale [32]. Moreover, extensive chemical modification
required for these sorbents can lead to increased environmental impact due to the use
of chemicals and potential waste generation. Additionally, there is a growing focus on
sustainable methods for the disposal of used sorbents, ensuring that they do not harm
the environment further.

Another option for sorbents is agro-based materials. Palagama et al. [33] tested raw
and treated rice husks for the sorption of MCs, and concluded that acid and heat
treatment of rice husks improved the sorption of MCs. More than 50% overall removal of
MCs could be obtained from raw rice husks, but sorption of CYN was not tested. To the
best of our knowledge, agro-based waste materials without any chemical modifications,
such as dried olive pulp pomace (OP) pellets and cork granules, have not been tested
for the sorption of cyanotoxins. So, more research on new sorbents for toxins removal is
needed, extending also the research on different toxins, other than MC.

Hence, the objectives of this study were to test agro-based waste materials (rice husks,
OP pellets, cork granules) and the benchmark NBS substrates (biochar, LECA, and
sand) for (a) their MC-LR and CYN sorption potential, and (b) the kinetics and sorption
mechanism of the two best sorbent materials aiming for their future incorporation into
NBS.
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2.2. Materials and Methods

2.2.1. Preparation of Sorbent Materials

Rice husk (from Oryza sativa) was obtained from Valente Marques S.A. (Portugal), an
agricultural firm that processes rice and other grains. Biochar was obtained from the
company Swiss Biochar, Switzerland. The biochar was generated by slow pyrolysis (620
°C) of residues from wood chip production. More details on its characteristics can be
found in Prodana, M., et al. [34]. Cork was obtained from a cork processing company in
Portugal (hame not disclosed as requested by the company). Dried olive pomace pellets
were obtained from the Union of Agricultural Cooperatives of the South (UCASUL),
Alentejo, Portugal. LECA (SIRO HYDROTON) and sand (AXTON SILICE) were obtained
from Leroy Merlin retailer in Matosinhos, Portugal.

All of the sorbent materials underwent pre-treatment to ensure similar particle size
for further testing. The materials, initially supplied in different particle size ranges, were
first sieved using a Retsch vibratory sieve shaker (AS 200) at 1.50 amplitude mm/g for
10 min. Sorbent materials at the size range 2-4 mm were collected for further use. In the
case of LECA, the material was first broken down with the help of a mortar and pestle to
get smaller bits comparable to the other sorbents, and then sieved. All materials of
particle size 2-4 mm were then rinsed with deionized water, left to air-dry in the dark,
and then stored in glass bottles for use in sorption experiments. In this work, all sorbent
materials were used directly without chemical or thermal processing to make the method

simple, eco-friendly, and cost-efficient.

2.2.2. Cyanotoxin Preparation

The cyanobacterial strains Microcystis aeruginosa (LEGE 91094) and Chrysosporum
ovalisporum (LEGE X-001) were used for the production of MC-LR and CYN,
respectively. They were obtained from the Blue Biotechnology and Ecotoxicology Culture
Collection (LEGE-CC) at CIIMAR, Matosinhos, Portugal (http://lege.ciimar.up.pt/;
accessed on 2 February 2022), and grown to the exponential phase in Z8 medium [35,
36].

After the culture was grown to the exponential phase, the biomass was harvested. M.
aeruginosa cells were harvested by centrifugation (20 min, 4 ° C, 4495 X ), frozen at —
20 ° C for three days, and then lyophilized. C. ovalisporum cells were gathered by
filtration with an 11 ym Kunstoff-Analysensieb filtration unit (LINKER Industrie-Technik,

Germany), frozen at - 20 ° C for three days, and then lyophilized. The lyophilized biomass
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was stored at room temperature in a dark dry space. MC-LR was extracted from M.
aeruginosa, and CYN was extracted from C. ovalisporum biomass following a modified
version of the method described by Welker et al. [37] and Ramanan et al. [38],
respectively. Initially, 10 mg of the lyophilized biomass was taken in 5 mL deionized water
and homogenized by sonicating it in a water bath at room temperature for 5 min, three
times. It was then left in the fridge at 4 ° C for 2 h and subsequently sonicated again in a
water bath at room temperature for 5 min, three times. Afterwards, the homogenized
biomass solution was centrifuged at 3000 rpm for 5 min, and the supernatant was
vacuum-filtered through a microfiber filter paper of 0.22 1 m and 47 mm diameter. Then,
the supernatant was analyzed (see Section 2.4) and the MC-LR and CYN concentration
in the respective biomass was determined.

To perform the different sorption experiments, proportional amounts of cyanobacteria
biomass were routinely extracted in 1 L deionized water following the same protocol.
Each batch was sub-sampled for determination of cyanotoxins concentration, and the
remaining solution was stored at - 20 ° C until further use in sorption studies.

2.2.3. Sorption Studies
2.2.3.1. Screening of MC-LR and CYN Sorption by Selected Sorbents-
The screening of MC-LR and CYN sorption by rice husk, OP, cork, biochar, LECA,

and sand was done at room temperature, with an average of 22.4 °C during the day and

17.5 °C at night, by putting the selected sorbents in contact with cyanotoxin contaminated
water. Sorbent amounts were pre-determined by filling 100 mL beakers with the
materials till the 20 mL mark and weighing them. The volume of cyanotoxin contaminated
water used for exposure was 30 mL. This was done to simulate the substrate to water
ratio of 2:3 (v:v) in TW mesocosms previously used by Bavithra et al. [39]. The average
weights of the materials in g were as follows: 2.5, 2.5, 8.5, 3.5, 12.5, and 35 for rice husk,
cork, LECA, biochar, OP, and sand, respectively. Inert gravel stones were placed on top
of the sorbents to prevent them from floating above the water level and to ensure equal
exposure to the cyanotoxins. Cyanotoxin-contaminated water was prepared by adding
previously prepared cyanotoxin extract (as described in Section 2.2) to deionized water.
The concentration of the cyanotoxins was selected based on the relevant environmental
concentration (100 u g/L) that is within the most likely concentration range observed in
dissolved form in surface waters [40]. For each material, triplicates were prepared. The
beakers were covered with parafilm to prevent loss of water. However, the weight of the
beakers was also checked before and after the contact periods to calculate the loss of

water through evaporation. From the loss of weight of the beakers before and after the
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contact periods, it was concluded that there was negligible loss of water due to
evaporation during the tests (below 0.04% after 24 h, below 1.3% after 48 h). Therefore,
volume loss was not considered for calculating removal percentages. The beakers were
shaken on an automatic shaker (J.P. Selecta Unitronic series, Spain) at 80 rpm, for 24 h
and 48 h.

The preliminary sorption studies were carried out in two sets, according to the capacity
of the automatic shaker. In the first set, the materials tested were rice husk, cork, and
LECA. In the second set, the materials tested were biochar, OP, and sand. Two controls
were also prepared: one control with just the cyanotoxin contaminated deionized water,
and another control with cyanotoxin-contaminated deionized water with the gravel stones
(CGs).

After the contact period, the samples and controls were immediately taken off the
shaker and the solutions were vacuum-filtered with a microfiber filter paper of 0.2 um
and 47 mm diameter. From that, 5 mL was stored at —20 ° C until cyanotoxin analysis.
Controls showed negligible loss of cyanotoxins, indicating that cyanotoxins were not
retained in the filter or degraded during the contact period.

2.2.3.2. Kinetic Studies-

Following the screening of the sorbent materials, the two materials with the highest

sorption capacities were studied for their sorption kinetics, determining also the
equilibrium time for the sorption of MC-LR and CYN. The experimental setup was the
same as the screening test (Section 3.3.1). The contact periods were 1, 2, 4, 8, 16, 24,
and 48 h.

2.2.3.3. Sorption Isotherm Studies-

Sorption isotherms were also determined for the two materials with the highest sorption

capacity, using a similar experimental setup and testing 3 different cyanotoxin
concentrations (0.1, 1, and 10 mg/L) of MC-LR and CYN at the equilibrium period of 24
h (as determined in kinetic studies). These three orders of concentrations were selected
keeping in mind the environmental relevance, as well as practicality of the study
(maximum produced by the cyanobacterial strains and extractable from the biomass).
Moreover, due to the inherent variability of cyanotoxin in biomass, achieving accurate
initial cyanotoxin concentrations was not possible. For that reason, the sorbent weights
were lowered to achieve saturation capacities at equilibrium (ge) of varying magnitudes.
For this, sorbent weights of the two sorbents were lowered to 0.2, 0.5, and 1 g, and
studied with an initial cyanotoxin concentration of 1 mg/L. Then, the data were treated

for fitting different isotherm models using the equations given in Table 1.
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Table 1. Equations used to analyze the experimental data of the sorption pre-screening, kinetics, and

isotherm studies ([41] [42][43][44])

ISOTHERM NON-LINEARIZED
EQUATION LINEARIZED FORM
MODEL FORM
Co—C
% Sorption = < 0 e)
1 N/A N/A Co
x 100

2 N/A N/A qe=(Co—C.) VIm
3 N/A N/A In (ge—q¢) =In g.—K1t
4 N/A N/A tlq=tlqe+1/q.2K 2

. _ bc, Ce 1 Ce
5 Langmuir de = dmax " 7 T be, do Tmach " G

. 1/n 1
6 Freundlich qe = K7 - C, Ing, =Inks + ;ln C,
7 D-R de = Qmax e_kDRgz loge =1InQuax — kDR"f2

RT
8 Temkin e = B_Tln ArCe de = Brin Ay + Brin C,
1
9 N/A e =RTIn (1 + C_) N/A
e

2.2.3.3. Sorption Isotherm Studies-

Table 1 gives information on the equations used to treat the data. Equations (1) and (2)
were used to calculate the percentage sorption and sorption capacity (q) of the sorbents.
Here, Co and Ce are the starting and equilibrium cyanotoxin concentrations (mg/L),
respectively, and V denotes the volume (L) and m denotes the weight of the sorbents
(9). Equations (3) and (4) describe the pseudo-first-order and pseudo-second-order
kinetic models, respectively, which were used to assess the sorption kinetics more
comprehensively. Here, (qt), the sorption capacity of the cyanotoxins onto each sorbent
at time t (h) was calculated using Equation (2), where C;, the concentration at each

sampling time, is substituted for C.. The parameters K4 (1/ h) and Kz (g/ mg/ h) are the
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rate constants associated with the pseudo-first-order and pseudo-second-order kinetic

reactions, respectively.

The Langmuir (5), Freundlich (6), Dubinin—Radushkevich (D-R) (7), and Temkin (8)
models were also used. The Langmuir constant is denoted by b. By plotting Ce vs. Ce/qe,
the gmaxand b can be determined from the slope and intercept. The Freundlich constant,
denoted by K;, indicates sorption capacity, n indicates sorption intensity, and 1/n denotes
the heterogeneity factor [16]. Plotting Inge vs. InCe in Equation (6) revealed the values of
Krand n. Kpr (kd/mol) is the D—R constant linked to sorption free energy (¢ is the Polanyi
potential), and Qmax (Mg/g) is the sorption capacity in relation to the micropore volume
[45,46]. The values of Kpr and Qmax were found by plotting Inge vs. €2 using Equation (7).
Bt (J/mol) and At (L/mg) are Temkin isotherm constants, where Bt is a Temkin constant
linked to heat of sorption, analogous to the sorption intensity, while At is the equilibrium
binding constant, analogous to the sorption capacity. Equation (9) can be used to
compute the Polanyi potential, where R is the universal gas constant (8.313 J mol™' K™)
and T is temperature (K). The values of At and Bt were obtained by plotting g. against

InCe using Equation (8).

Although non-linear isotherm model parameter values fit the experimental data better,
are more representative, and dependable, the linearized least-square technique is
generally favoured because of its simplicity and ease of use [47]. As a result, linearized
models were used in the current investigation. Computation and data fitting were done
on Microsoft Excel (2019).

2.2.4. Cyanotoxin Analysis

Cyanotoxins in all solutions were determined by liquid chromatography with tandem
mass spectrometry (LC-MS/MS). For that, 5 mL of the solutions stored at -20°C was
thawed and subsequently homogenized by shaking. Then, 1 mL was filtered by Pall
ACRODISC (New York, USA) 13 mm PTFE filters with 0.2 yum, and transferred into 2 mL
HPLC vials for LC-MS/MS analysis. These filters were previously tested internally in our
lab for cyanotoxin retention, with full recovery (work not published). This was applied to
all solutions except those obtained from the sorption tests with OP, as it showed strong

matrix interference in direct LC-MS/MS analysis.

Solid phase extraction (SPE) was carried out to eliminate the matrix from OP samples.
For MC-LR, a modified protocol adapted from Lawton et al. [48] and Ramanan et al. [38]

was used; for CYN, the protocol was carried out as described in Guzman-Guillén R et

32



FCUP
Eco-technologies for treatment of water contaminated with cyanobacteria and cyanotoxins

al. [49]. Recovery tests were made with samples doped with a known amount of MC-LR
toxin to evaluate SPE recoveries, which were 84 + 3%. However, CYN could not be
recovered with this method due to a persisting strong matrix interference with the LC-
MS/MS even after the SPE, preventing quantification of CYN in solutions obtained from

the sorption tests with OP.

The LC-MS/MS analytical method follows indications from Pekar et al. [50] and Zervou
et al. [51], with some modifications. The instrument used to quantify MC-LR and CYN
was a Waters Alliance 2695 LC system, coupled with a triple quadrupole MS
(Micromass® Quattro micro TM API) with electrospray (ESI) interface. The program used

for data acquisition and processing was Mass Lynx version 4.1.

Separation was achieved on C18 Hypersil Gold column (100 x 4.6 mm [.D., 5 um,
Thermo Scientific, Waltham, MA, USA) kept at 30 °C, with a flow rate of 0.35 mL/min
and injected volume of 10 pyL. A gradient elution was used with mobile phase A,
methanol, and B ultrapure water both acidified with 0.1% formic acid (2% A and 98% B
for 3 min, 40% A and 60% B at 4 min for 1 min, increasing to 60% A at 7 min for 2 min,
increasing to 80% A for 2 min, and returning to initial conditions at 20 min and

equilibrating for 5 min).

The MS was operated in positive mode with multiple reaction monitoring (MRM). The
capillary voltage was maintained at 3.5 kV; cone at 30 V; extractor at 3 V; and Lens at
0.2 V. The source temperature was held at 120 °C and desolvation at 350 °C and 500
L/h. Nitrogen was used as a sheath and auxiliary gas and Argon as a collision gas at a
pressure of 0.5 bar. MRM conditions were optimized with standard solutions injected in
positive polarity mode, in full scan (30-1500 m/z), and later in MRM mode. Transitions,
cone, and collision energy voltages for each cyanotoxin are present in Table A1. The
cyanotoxin standard solution and sample solutions were injected in duplicate in the LC-
MS/MS equipment, and at each set of 10 samples, a blank and two standard mix
solutions of different cyanotoxin concentrations were introduced for QA/QC.
Quantification was performed by external calibration curve. All of the standard cyanotoxin
solutions of MC-LR and CYN were injected in the LCMS/MS individually, with a
concentration range from 1 pg/L to 1000 pg/L. The limits of detection were 28.7 ug/L and
12.5 for MC-LR and CYN, respectively, and the limits of quantification were 86.9 ug/L
and 37.8 pg/L for MC-LR and CYN, respectively. The MC-LR (CRM-00-MC-LR, Lot 19-
001, 96% purity) and CYN (CRM-03-CYN, Lot 16-001, 99% purity) standard solutions
were supplied by Cifga (Lugo, Spain).
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2.2.5. Characterization of Sorbent Materials

The sorbent materials were characterized for comparing the surface areas and the
element compositions among the sorbent materials; specifically, to understand their
morphologies, degrees of porosity, and composition variances. This was done using
Scanning Electron Microscopy/Energy Dispersive Spectroscopy (SEM/EDS). Since the
goals were to observe degrees of porosity and composition variance among the different
materials, and not the pore size itself, a 100x magnification was used for all of the sorbent
materials, as it gave an apt field of view to observe this. Care was taken during sampling
to provide a more representative sample of each sorbent, in order to obtain conclusions
on the materials’ surface characteristics. For each sorbent, each visually different surface
was analyzed by EDS (Supplementary Materials Section A1, Figures AS-A10), where
each of the surfaces were labelled as different zones of the material (Z1, Z2, Z3. . .).
Moreover, EDS data were also seen in conjunction with the backscattered electron
diffraction mode of SEM.

The SEM/EDS analysis was performed using a high-resolution (Schottky)
Environmental Scanning Electron Microscope with X-Ray Microanalysis and Electron
Backscattered Diffraction analysis: FEI Quanta 400 FEG ESEM/EDAX Genesis X4M.
For sand, samples were characterized using low-vacuum mode because it is a bad
conductor. The scanning electron mode was used to give information on the topography
of the materials. The backscattered electron mode was used to give information on the
distribution of elements on the surface of the materials (brighter areas denoting higher
atomic number elements and darker areas denoting lower atomic number elements),
and the X-ray detector was used to give information on the elemental composition. All
SEM/EDS analyses were performed at Centro de Materiais da Universidade do Porto
(CEMUP).

2.2.6. Data Treatment

Statistical analyses were performed in Sigmaplot v.14, Systat Software Inc. (San Jose,
CA, USA), and Microsoft Excel (2019). Statistical differences between the two controls
(C and CG) were initially tested by performing a two-way ANOVA followed by a Tukey
test. The significance levels of all the tests were p < 0.05. No significant difference was
found between the two controls for any of the experiments, therefore, CG was considered
as the control for the subsequent analyses. For the pre-screening of the sorbents, one-
way ANOVA was performed to test sorption differences between the sorbents at contact

periods 24 h and 48 h. For statistical purposes, when values were <LOD, it was
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considered as half of the LOD. All graphs and regression statistical analysis for the

kinetic studies were done in Microsoft Excel (2019).

2.3. Results

2.3.1. Pre-screening of Sorbents

Biochar and LECA showed the highest sorption potential of both MC-LR (100 ug/L) and
CYN (300 pg/L) (Figure 3.). Highest MC-LR sorption rates were > 86% by biochar, with
MC-LR levels < LOD; and an average 62 % and 78 % by LECA at 24 h and 48 h,
respectively (Figure 3a). The highest CYN sorption rates were> 98% by biochar, with
CYN levels < LOD; and an average 68% and 80% by LECA at 24h and 48h, respectively
(Figure 3b). Controls showed no sorption of both compounds, and for simplification not
included in Figure 3. Tables including data and statistics are provided in appendix A
(Tables A2 and A3).
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Figure 3.a) MC-LR sorption rates by different sorbents at 24h and 48h during the pre-screening (mean
and standard deviation, n=3), b) CYN sorption rates by different sorbents at 24 h and 48 h during the
pre-screening (OP*- matrix not suitable for CYN detection)

One-way ANOVA analysis for these pre-screening results showed significant difference
between the control and the sorbents at 24h and 48h for both MC-LR and CYN (p <
0.05). The Tukey post-hoc tests revealed that for MC-LR sorption there was no
significant difference between the control and rice husk and cork at 24 and 48 h.
However, at 48 h OP showed significant difference from the control (p<0.05). For CYN
sorption there was no significant difference from the control and sand at 24 and 48 h.
Rice husk had low MC-LR sorption rate of 3 % at 24 h and no sorption at 48 h, as well
as low CYN sorption rates of 10 % and 9 % at 24 h and 48 h respectively. Cork also had
low MC-LR sorption rates of 5 % and 0.6 % at 24 h and 48 h respectively, and low CYN
sorption rates of 6% and 10% at 24 h and 48 h respectively. OP gave problems with the
LC-MS/MS analysis due to matrix effects, even after a tentative clean-up step with SPE.
Although there was MC-LR sorption of 1% and 20% at 24 h and 48 h respectively, by
OP, this material seems not feasible to be incorporated in NBS due to the leaching
observed. Filter sand had an average 26 % MC-LR sorption at 24 and 48 h, while
negligible CYN sorption of 3% and 4% at 24 h and 48 h respectively.

All in all, biochar and LECA were further studied for kinetics and different sorption

isotherm models due to their high sorption capacity.

2.3.2. Kinetic Studies

Figure 4 shows the sorption of the cyanotoxins MC-LR and CYN by biochar and LECA
at different contact periods up to 48 h. Results show that the sorption of MC-LR and CYN
by biochar is rapid, occurring within the first 8 h and reaching equilibrium thereafter. By
8 h, biochar reached an average sorption of 80 % for MC-LR and 90 % for CYN. There
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was no significant increase in the sorption rates from 8 h to 48 h with biochar. However,
there was a significant increase in the sorption rates from 8 h to 48 h with LECA. Sorption
by LECA increased more steadily before reaching equilibrium at 48 h. Biochar sorbed
less MC-LR (80 %) than CYN (95 %) from 16 h. LECA sorbed equally MC-LR (83 %)
and CYN (80 %).
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Figure 4.Sorption kinetics of MC-LR (a), and CYN (b) on to biochar and LECA (mean and standard
deviation, n=3)
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The pseudo-first order and pseudo-second-order sorption kinetics [equations (8) and

(9), Table 1] resulted in the parameter fitting summarized in Table 2, while graphics are

shown in Figured4a and b. It can be deduced that the pseudo-second-order kinetic model

fits the data better than the pseudo-first order kinetics model, giving R? between 0.94-
0.99 (appendix A- figures A1 and A2).

Table 2. Kinetic parameters of MC-LR and CYN onto biochar and LECA

Sorbent

Pseudo-First-Order

Pseudo-Second-Order

Kinetic Model Kinetic Model
e qe(cal) ge(cal)
ki (1/ h R? k. (g/ mg/ h R?2

(mgig) (mgig) " (V) (mgig) 2@/ Mgl h)
MC-
LR 0.0007 0.0001 0.0010 0.33 | 0.0006 6736 0.99
CYN 0.0034 0.0007 0.0018 0.95 | 0.0035 497 0.99

Biochar

MC-
LR 0.0004 0.0004 0.0013 0.95 | 0.0005 210 0.98

LECA
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CYN 0.0012 0.0012 0.0022 0.92|0.0012 134 0.94
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Figure 5.Sorption isotherm plots of MC-LR onto LECA and biochar: a) Freundlich, b) D-R
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Figure 6. Sorption isotherm plots of CYN onto LECA and biochar: a) Freundlich, b) D-R

2.3.3. Sorption Isotherms
Four sorption models (Langmuir, Freundlich, D-R, and Temkin) were applied to the
experimental data to understand the favorability of MC-LR and CYN sorption onto

biochar and LECA, and potential processes involved. Detailed modelling results of
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sorbents biochar and LECA are given in Table 3. The sorption isotherm plots that had
the best fit for the sorption of MC-LR by biochar and LECA, Freundlich and Dubinin-
Radushkevich (D-R), are shown in Figure 5 and of CYN by biochar and LECA are shown
in Figure 6 The isotherm plots that did not fit the data well are in the supplementary
information (Figure S3 and S4). The sorption capacity, Kf, were estimated to be 0.05 and
0.16 L/g for MC-LR and CYN for biochar and 0.02 and 0.01 L/g for MC-LR and CYN for
LECA; and the Qmax Were estimated to be 0.09 and 0.05 mg/g for MC-LR and CYN for
biochar and 0.05 and 0.01 mg/g for MC-LR and CYN for LECA.

Table 3. Isotherm modelling results for MC-LR and CYN sorption by biochar and LECA

Qmax

Isotherm Model Sorbent Cyanotoxin R? b RL
(mg/g)
MC-LR 0.06 0.164 0.276 0.162
Biochar
CYN 2e%  0.802 0.141 0.359
Langmuir
MC-LR 0.09 0.024 0.193 0.238
LECA
CYN 1%  0.469 0.009 0.897
R2 Ke¢(L/g) n 1/n
MC-LR 0.83 0.050 1.056 0.95
Biochar
CYN 0.53 0.155 1.076 0.93
Freundlich
MC-LR 0.77 0.017 0.793 1.26
LECA
CYN 0.67 0.009 0.840 1.19
Q
Rz max K
(mgig) %
MC-LR 0.87 0.092 508
L. Biochar
Dubinin- CYN 0.51 0.051 3e08
Radushkevich (D-
R) MC-LR 0.62 0.045 7e08
LECA
CYN 0.58 0.006 6e%
R2 At (L/g) Bt
MC-LR 0.01 116.5 4,758
Biochar
CYN 0.23 129.6 4.865
Temkin
MC-LR 0.01 298.9 5.700
LECA
CYN 0.34 9.897 2.292

4
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2.3.4. SEM/EDS of Sorbents

SEM/EDS characterization was done to compare the surface morphology and surface
elemental composition among the sorbent materials. The results show the distribution of
the elemental composition on the different surfaces of each of the materials. The different
surfaces of each sorbent material are marked as Z (1,2, 3...) on the SEM images. This
section focuses on the SEM/EDS results of biochar and LECA. The SEM/EDS results of
rice husk, cork, OP, sand, and the EDS results of biochar and LECA, can be found in the
appendix A (Table A1).

2.3.41. Biochar-
Two perspectives of the biochar could be observed in the SEM image (Figure 7). The

horizontal part of the biochar represented the smooth part of the wood, or the surface
(Z2), and the vertical part represented the longitudinal part of the wood that has channels
(Z1). The latter part had more pores than the former. Differences in the element

composition can be observed in both parts as well (Figure A10 a-b).
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Figure 7. (a) SEM image of biochar and (b) elemental composition of Z1 and Z2 of biochar.

234.2. LECA-

Since LECA was broken down, there were differences in surface morphologies and
element composition in the outer (brown) (Figure 8a) and inner (grey) (Figure 8b) parts.
The difference in element composition on the outer and inner surfaces can be seen in
the backscattered electron diffraction mode SEM images (Figure 8a, b and c) and the
EDS graphs (Figure A9 a-d). The brighter spots on the SEM image (Z1 and Z3) denote
the concentration of elements of higher atomic number, and the darker spots on the SEM
image denote the concentration of elements of lower atomic number, in the respective

areas.
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Figure 8. a) SEM images of outer part of LECA; b) SEM image of inner part of LECA; c) elemental
composition of Z1, Z2, Z3, and Z4 of LECA

2.4. Discussion

2.4.1. Pre-screening of Sorbents

The pre-screening reports the sorption potential of cyanotoxins in agro-based waste
materials that can be incorporated as substrates materials in NBS (Figure 3). To the best
of our knowledge, this is the first report on the sorption capacity of MC-LR and CYN by
cork granules, and OP; as well as to benchmark them against NBS common substrates
such as LECA and sand.

In contrast to the study by Palagama et.al.,[33] which had >50 % sorption of MC-LR,

the present study had lower sorption of MC-LR by rice husk (4 %). However, Palagama
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et al. [33] also showed a significant improvement in MC-LR sorption in treated rice husks
over raw rice husks. The MC concentrations and sorbent amounts used also varied
highly between the studies. CYN sorption by rice husks was presently studied for the first

time, showing limited sorption capacity (below 10%).

In general, sorption of MC-LR is governed by mesopore filling, hydrogen bonding, Tr—11
interactions, hydrophobic interactions (induced by carbon materials), electrostatic
attraction, and dispersive interactions [31]. According to the literature, due to the
molecular size of MC-LR (ranging from 1.3 to 2.94 nm in diameter), mesoporous
sorbents (diameter between 2 and 50 nm) have been verified to preferentially adsorb
MC-LR, rather than micro- or macropores [52]. In this study, materials such as rice husk,
OP, and sand lacked porosity (Figures Ab5a, A7a and A8a), cork was macroporous
(Figure A6a), and biochar and LECA had an uneven distribution of smooth areas,
macropores, and mesopores (Figure 7 and Figure 8). Regarding CYN sorption, it is
considered to be weaker in comparison to other cyanotoxins due to its high water-
solubility and zwitterionic properties. CYN sorption is primarily driven by interactions with
organic carbon. Moreover, for CYN, the literature indicates that carbon-based materials
with a greater volume of mesopores is better suited for sorption of the molecule [53].
Thus, the reason why agro-waste materials such as rice husk, OP, and cork did not show
significant sorption potential could be because they were not activated by
chemical/thermal modification; this significantly improves sorption capacity by increasing
surface area (porosity), accessible active sites, removal of pre-adsorbed substances
(thermal activation), and activation for better selectivity [54]. However, doing so would
increase the costs and complexity of production, hence decreasing the interest in
potentially incorporating them in NBSUs. While there have been several studies on the
sorption of cyanotoxins by chemically modified sorbents [10], they are less attractive for
application in pilot or full-scale NBSUs due to their high manufacturing costs and energy
consumption. Therefore, agro-waste materials could potentially be interesting for direct
usage in NBSUs if there would be potential without activation, but that was not the case

in the present study for the selected materials.

On the other hand, biochar and LECA showed good sorption of MC-LR and CYN.
Biochar derived from various waste biomasses, including rice husk [55] and wood
residues [21], have seen sorption of MCs and, in some cases, nodularin [55]. The
sorption of CYN has not been studied in biochar and is reported here for the first time.
As for LECA, the MC-LR and CYN sorption was reported for the first time in the present
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study. Sand showed low sorption of MC-LR (26%) and CYN (1%) in the present study,
which was comparable to previous MC-LR and CYN sorption studies with sand. Kumar
et al. [56] showed that sand used as filter media could only remove <20% MC-LR during
the sorption phase. In a study with natural sandy sediments [23], there was little to no
sorption of CYN. Another study that evaluated sand from a ripened slow sand filter [27]

showed that sorption by sand was not part of the removal process.

Due to their good sorption capacity, biochar and LECA were further studied. While their
sorptive properties might change when being incorporated into mesocosm- or full-scale
NBSUs, it is highly relevant to characterize their sorption potential and understand the

kinetics and mechanisms of the sorption of cyanotoxins.

2.4.2. Kinetics
The kinetic studies were done to assess the effects of contact time and sorption rates
of MC-LR and CYN. Biochar showed quicker sorption of both MC-LR and CYN than
LECA. Data fitted the pseudo-second-order kinetic model better than the pseudo-first-
order kinetic model, as revealed by the higher regression constant (R?) (Table 2.). This
is in accordance with the sorption kinetics of previous works of MC-LR sorption by
biochar [16,17,33]. The pseudo-second-order model views chemisorption as the
process's rate-limiting mechanism, whereas the pseudo-first-order model considers that
physisorption controls the rate at which particles adhere to the sorbent [41]. The
calculated qe of the pseudo-second-order kinetic model was also closer to the
experimental qe (Table 2.). From this it is apparent that the sorption rate of both
cyanotoxins onto biochar and LECA was limited by chemisorption. In some studies
[17,18], MC-LR sorption onto biochar fitted well with the Elovich kinetic model, which is
also a model that describes activated chemisorption processes and valid for

heterogenous surfaces [57].

It should be noted that the present study only focuses on the sorption kinetics of
cyanotoxins onto biochar and LECA. In a practical setting there would be other pollutants
present in the water to be treated which would influence the sorption of cyanotoxins.
Moreover, when incorporated in an NBS, components of the system other than the
substrate could also influence the sorption kinetics. This includes vegetation, oxygen
transfer, pollutant loading, flow direction, area, temperature, etc. Despite this point of
argument, the information on cyanotoxin sorption kinetics and rate coefficients of biochar
and LECA is valuable for the design configurations of NBS for water treatment, including

just sorption. This includes determining factors such as the hydraulic retention time.

45



FCUP
Eco-technologies for treatment of water contaminated with cyanobacteria and cyanotoxins

2.4.3. Sorption Isotherms

From the R? values in Table 3, the experimental data for MC-LR and CYN sorption by
biochar and LECA fit the Freundlich and D-R isotherm models better than the Langmuir
or Temkin model. This is explained by the heterogenous surfaces of biochar and LECA,
which results in variable bond energies on the surface. The fundamental assumption of
the Langmuir model implies that sorption follows a monolayer pattern and that there are
a limited number of binding sites on the sorbent surface, hence, the solid surface
eventually approaches saturation. The Langmuir model also implies that the sorbate
molecules adsorbed on the surface do not interact laterally [43,44] and it does not take
into consideration surface roughness or multilayer sorption. To overcome these
constraints, models such as the Freundlich, D-R and Temkin were applied. The Temkin
isotherm model assumes that as the sorbent surface is covered, the sorption heat drops
linearly. Sorption heat is the amount of heat released when one unit of sorbate gets
sorbed on the sorbent surface. It also assumes that the sorption is characterized by a
uniform distribution of binding energies, up to a maximum binding energy. Although the
Temkin isotherm model is used to describe multilayer sorption and is commonly used for
the sorption of water contaminants; its dimensional inconsistency, approximate nature,
poor fitting capacity, and widespread misquotation are known major drawbacks when
using it [63].

Freundlich isotherm is commonly used to model sorption processes in environmental
applications as it describes sorption onto heterogeneous surfaces with a non-uniform
distribution of sorption sites [64]. It is the first known model that describes non-ideal and
reversible sorption that is not limited to the formation of monolayers. According to the
Freundlich isotherm, the amount sorbed is the total sorption on all sites (each with its
own bond energy), with the stronger binding sites occupied first, until sorption energy is
exponentially diminished at completion of the sorption process [64]. It also describes a
physical type of sorption in which sorption occurs in several layers with weak links
(multilayer). Presently, the Freundlich isotherm represented the experimental data quite
well, as evidenced by R? values equal or greater than 0.7 in all cases except for CYN
sorption by biochar, in Table 3. This is similar with previous studies of MC-LR sorption
onto biochar where they were also well described with the Freundlich model [16, 17, 18,
19, 20]. The value of n indicates the magnitude of the sorption and the sorbent site
energy distribution. From Table 3., it can be seen that for biochar the n values were 1.08
(MC-LR) and 1.07 (CYN) while for LECA the n values were 0.79 (MC-LR) and 0.84

(CYN), reflecting that the sorption intensity was higher in biochar. The 1/n values also
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indicated that biochar has a slightly lower surface heterogeneity than LECA (in broken
form), which is consistent with the SEM/EDS data (section 2.3.4). The sorption capacity
constant Kf was observed to be higher for biochar (MC-LR=0.05, CYN=0.16) than LECA
(MC-LR=0.02, CYN=0.01), consistent with the screening and kinetics data. Compared
to the Kf values for MC-LR sorption by biochar in previous works the Kf value in this
study is lower. However, not all studies had the similar isotherm model fits. Even among
previous studies, the MC-LR sorption capacities and mechanisms differed with different
feedstock and pyrolysis temperatures of the biochar. The biochars from these previous
studies were generated from rice straw (Kf = 0.69-2.45) [16], iron activated biochar
generated from Bermuda grass (Kf = 12.33) [17], kentucky bluegrass (Kf = 230.9) [18],
pine sawdust (Kf = 1.52- 4.53), maize straw (Kf = 1.47-5.69), and chicken manure (Kf =
2.57-6.35) [20]. In one study with biochar generated from giant reeds, the Kf values
(0.086) [21] were similar to this study.

The D-R model, like the Freundlich model, describes heterogeneous surfaces and can
be useful at especially high-to-intermediate sorbate concentrations. Although D-R
isotherm is used to differentiate between physical and chemical sorption of metal ions
[45], it was considered for this study because it explains the sorption process on a porous
sorbent or a heterogeneous surfaced sorbent and reflects the sorption free energy. It
assumes that the sorption process is based on the filling of micropores. D-R isotherm fit
the experimental data fairly well (R? 2 0.6), except for CYN with biochar. Kpr is a constant
linked to the free energy of sorption per unit of cyanotoxin when the ions migrate from
infinity to the sorbent's surface [47]. Values of KDR < 1 on average suggest that the
sorbent's surface has micropores. As seen in Table 3, Kpr values are less than unity
which suggest that the micropores on the sorbent surfaces are high. This is in conformity
with another work where MC-LR sorption by biochar fit the D-R model [17]. The Qmax
values observed are theoretical saturation capacities at equilibrium in relation to the
micropore volume of the sorbents [47].

It is important to note that the isotherm models have different underlying assumptions
that govern them and therefore discrepancies between the isotherm constants and
maximum sorption capacities (qmax for Langmuir, Ky, for Freundlich, Qmax for D-R, Ar for
Temkin). Furthermore, the heterogeneity of both biochar and LECA, the impracticality of
attaining precise initial cyanotoxin concentrations, as well as the lack of complete
temperature control contributed to the low R? values obtained in the current work.
Moreover, there were practical constraints in terms of achieving higher cyanotoxin

concentrations than 10 mg/L for the sorption studies, due to the amount of biomass
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available for this study. This prevented us from determining the maximal sorption
capacities from the experimental data to determine the saturating concentration for the
materials.

Having said the above, the heterogeneity of biochar and LECA is what makes them
favourable sorbent materials that can be incorporated in NBSUs. The multilayer sorption
is a characteristic that would be beneficial with the frequent variability in the nutrients as
well as cyanotoxin concentrations due to the on/off cycles of eutrophication and toxic
algal blooms in surface waters. Moreover, NBSUs also have other components
contributing to the degradation or removal of cyanotoxins. Some examples of the other
component mechanisms are microbial degradation, phytodegradation, phytoextraction,
filtration, and sedimentation [61]. The sorption capacity, as well as the loose availability
for biotic degradation, are ideal characteristics that biochar and LECA present in NBSUs.

2.4.4. Influence of Surface Element Composition and Morphology of Sorbents

on Sorption Potential

From the SEM/EDS data, it can be observed that all the sorbent materials had its own
characteristic surface morphology and elemental compositions. Characterization of the
surface morphology was important because it plays an important role in impacting
sorption characteristics, especially the surface roughness, texture and porosity [65]. The
heterogenous surface morphology of biochar and LECA (Figure 7 and 8) confirms that
the Freundlich and D-R isotherm represented the experimental data well. Moreover,
porosity was observed in both biochar and LECA which is characteristic to the D-R
model. Despite not having done any chemical modifications to the sorbents, the surface
element composition was characterized to check the uniformity or distribution of
elements on their surfaces. High variability in surface element composition even within
a sorbent further indicated its heterogeneity. It also presented the differences in surface
element composition between the sorbent materials. However, the surface elemental
compositions between the materials were too different to make any correlations with
sorption capacity.

Although the effect of pH on sorption of the cyanotoxins was not within the scope of this
study, the pH of the sorbate (cyanotoxin solutions) was maintained at pH 7. At pH 7, MC-
LR has a net negative charge and CYN is zwitterionic. While negatively charged MC-LR
is more available to positively charged surfaces such as those of clays with positively
charged elements, CYN is a more stable cyanotoxin at pH 7. This results in more MC-

LR adsorption onto Ca-saturated clays than for instance, Na-saturated clays [66]. From
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the surface elemental composition of biochar and LECA, it can be seen there is a higher
presence of positively charged elements (Figure A9 and A10).

However, whether the surface element composition would have an influence on the
sorption is not within the scope of this study. Most studies using agro-waste biomasses
as sorbents, chemically modify it to improve its sorption capacity [33,43]. But doing so
would go against the objective of the study which is to help sustainably manage agro-
waste, be locally adapted and resource efficient; thereby bringing more natural features
into water-treatment technologies. Therefore, in this study there were no chemical

modifications done on the materials to keep the NBS a clean technology.

2.5. Conclusion

This study explores the valorization of agro-waste materials as cyanotoxin sorbents in
NBSUs, also testing other sorbents commonly used in NBSUs, like LECA. It also brings
mechanistic insights on the sorptive properties of these materials for removing
cyanotoxins from water. The most widely studied cyanotoxin for sorption is microcystin.
Even with widely studied sorbents like biochar, sorption of cylindrospermopsin has not
been studied [10]. LECA has not previously been separately studied for its sorptive
properties of cyanotoxins. Therefore, this work fills the gaps in knowledge regarding
research on new sorbents for cyanotoxin removal, also extending the research on
different toxins other than MC. From the pre-screening, the highest sorption was seen in
biochar (MC-LR > 86%, CYN > 99%,) and LECA (MC-LR = 78%, CYN = 80%). The
sorption of both the cyanotoxins onto biochar was rapid (8 h), whereas onto LECA it was
steadier (requiring 48 h for equilibrium). The pseudo-second-order kinetic model fit the
sorption of both cyanotoxins onto biochar and LECA, suggesting that the sorption rate is
limited by chemisorption. Freundlich and D—-R models fit the suggested multilayer
sorption, high heterogeneity, and porosity in the sorbents (which was also confirmed by
SEM/EDS). These characteristics would make them ideal to be incorporated as sorbents
in NBSUs, keeping the pollutants available for complete degradation by other biotic
components of the systems. The cost-effectiveness of biochar and LECA would depend
very much on how the materials are applied in practice and the technology it is
implemented in, whether completely or partially being replaced as the media in NBSUs,
or used separately as an extra column providing post-treatment purely focused on

sorption. Such assessment goes beyond the scope of this work, which was a first
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exploratory step for the potential of the different materials. Therefore, at the moment, it
is difficult to make economic evaluations. The applicability of these materials in NBSUs
should be further considered for mesocosm- and pilot-scale systems. Especially, the
sorption potential, the life-span, and durability of these materials in NBSUs deserves to

be further studied.
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Abstract

Harmful cyanobacterial blooms will become increasingly severe and frequent in the
future, affecting vulnerable populations that depend primarily on surface-water supplies.
Treatment wetlands are established as a low-cost decentralized treatment technology
for the remediation of cyanotoxins. In this study, nine vertical subsurface flow treatment
wetlands (VSSF-TW) microcosms were set-up with gravel, light expanded clay, biochar
and sand, testing Sparganium erectum and Canna indica (as monocultures and
polycultures) for the removal of MC-LR and CYN. Spring water spiked with
environmentally relevant concentrations of MC-LR and CYN (2-15 ug /L) was treated
over a course of 10-weeks. Cyanotoxin water removal rates and cyanotoxins substrate
matrices’ retention and plant accumulation of the different treatment conditions were
determined. Water physicochemical parameters (pH, chemical oxygen demand (COD),
oxidative-reductive potential (ORP), and nutrients) and plant status were monitored, and
the microbiome of TW substrates was also investigated. TWs achieved high MC-LR
mass removal rates in all different TWs (> 96 %). CYN mass removal rates were higher
in TWs with C. indica (73- 98 %) than in TW with just S. erectum (70-91 %), especially
over time. Water physico-chemical showed TWs were performing well, with no significant
impact by cyanotoxins presence (parameters, in general, identical among TWSs).
Substrate retention of MC-LR and CYN were generally low (< 8 %), with S. erectum TW
showing significantly higher retention than C. indica TW or the polyculture TW. C. indica,
especially of the polyculture TWs, showed better resilience and plant stress adaptability
to TW conditions treating cyanotoxins. However, no cyanotoxin was detected in the plant
tissues (leaves and roots). The TW microbiome showed a marked shift over time,
between the different substrate matrices of the TWs, and between the different plant
compositions at the plant’s rhizosphere level. The genes associated with the known mlr
degradation pathway for MC-LR degradation were not found in the substrates, but known
MC-LR degrading taxa (Sphingomonas, Novosphingobium and Shinella) and Mn-
oxidizing bacteria (Hyphomicrobium) that have known potential to degrade CYN, were
enriched in TW substrate. TWs with C. indica substrate also exhibited enriched plant-
growth promoting taxa (Leifsonia, Terrabacter, Altererythrobacter), further indicating
their stress tolerance to the TW conditions treating cyanotoxins. Multiple taxa linked to
mir-independent  cyanotoxin  degradation, including  Sphingorhabdus  and
Porphyrobacter, as well as taxa associated with harmful algal blooms (HAB) such as
llumatobacteraceae, Roseomonas, and Obscuribacteraceae, were enriched in the

systems following cyanotoxin exposure relative to pre-exposure levels, indicating
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potential alternative unidentified cyanotoxin degrading mechanisms that warrant further
investigation. VSSF-TWs planted with C. indica exhibited higher efficiency and
adaptability in treating cyanotoxin-contaminated surface waters, warranting further pilot-

scale investigations to evaluate evapotranspiration dynamics and effluent quality for safe

water reuse.
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3.1. Introduction

The rising frequency of eutrophication and harmful algal blooms (HAB) events in
freshwater systems are closely linked to climate change and nutrient pollution, both of
which are intensifying due to human activities. Several freshwater taxa among the
numerous phyla composing the phytoplankton can form blooms; however, cyanobacteria
are the most notorious bloom formers [1]. Cyanotoxins are secondary metabolites
produced by certain cyanobacterial species, and can be released into the water directly,
or through cell lysis [2]. Among the cyanotoxins found in CyanoHABSs, the hepatotoxic
group of MCs and cytotoxic CYN are the most frequently occurring [3]. Cyanotoxins
persist in freshwater bodies and are stable for lengthy periods of time even through
extreme conditions. This is frequently a threat to human and animal health by direct
exposure through drinking water or recreational water, or indirect exposure through
ingestion of contaminated food items from animal or plant origin subjected to cyanotoxin
exposure [4], [5]. Bioaccumulation occurs in aquatic organisms or edible parts of fruits
and vegetables through cyanotoxin contaminated surface waters and irrigation waters

[6]. Therefore, it is important to monitor and treat surface and irrigation waters properly.

Current efficient treatment solutions for removing cyanotoxins from water are orientated
towards drinking water producing plants. Membrane filtration, advanced oxidation
techniques, activated carbon adsorption, and chemical oxidation are expensive and
better suited to centralised water treatment facilities. [7] (USEPA, 2025). Alternatively,
cost-effective techniques which are more suited to water bodies (e.g. lakes, reservoirs)
such as mechanical harvesting and the use of chemical flocculants and algaecides
(including copper sulphate, potassium permanganate, and chlorine) as well as hydrogen
peroxide may exhibit moderate to high efficacy. However, they eventually disturb the
ecosystem and harm non-target organisms. Moreover, residual flocs formed as a by-
product of coagulation— flocculation can potentially be a secondary contamination
source, if they are not removed or stabilized properly. Mechanical mixing and aeration of
large water bodies can also be expensive [8]. To this end, cost-effective eco-
technologies such as treatment wetlands (TWs) are considered for removing
cyanotoxins from contaminated waters [9], [10], [11], [12].

TWs are engineered systems that replicate the capacity of natural wetlands by
integrating plant, substrate, and the associated microorganisms’ activities to eliminate

pollutants by a combination of physical, chemical, and biological mechanisms [13], [14].
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TWs can have different types and configurations, and they are mostly classified based
on hydrology/flow direction and the type of macrophytes present [15]. TW systems are
extensively utilised for a wide variety of water treatments and are prevalent technology
for decentralised wastewater management [16]. Although TWs have been considered
for the remediation of cyanotoxins from water, this approach remains relatively novel and
is still under research. As recently reviewed by [8], the most studied cyanotoxin in TWs
has been MC-LR, with only few recent studies for CYN [10], [17]. Moreover, knowledge
on the specific processes occurring inside the system are still scarce, which is
fundamental to improve their performance. So, more research on TW applications to

remove different cyanotoxins and understand removal processes is still needed.

TW substrate choice is often based on their sorption capacity and support for
macrophytes to grow in. Several types are commonly chosen and recently a combination
of agro-based waste materials and benchmark TW substrates were studied for MC-LR
and CYN sorption. The sorption properties of biochar and light expanded clay aggregates
(LECA) exhibited multi-layer sorption, significant heterogeneity, and porosity, enabling
the cyanotoxins’ availability for complete degradation by other biotic components,

therefore making them a good choice of substrates for incorporation into TWs [18].

In terms of TW plants, some of the main factors that control the choice of vegetation in
TWs are the availability in the surrounding area, the ability to adapt and establish its
growth to the climatic conditions, and the removal efficiency of the target pollutants. S.
erectum, a known phyto-remediative wetland species, has been previously studied in
TWs for nutrients, metals and antibiotics removal [19], [20], [21], [22]. However, its
potential for cyanotoxin removal has not been explored yet. C. indica has also been
widely studied in TWs of various designs and under different climatic conditions [23],
[24], showing potential to remove metals and several emerging contaminants such as
pesticides, pharmaceuticals and industrial chemicals [25]. Although being a highly
effective ornamental plant commonly used in TWs, it has also not been explored for the
removal of cyanotoxins. It has been established so far that TWs treating cyanotoxins
demonstrated better removal efficiencies in the presence of plants than unplanted, by
promoting better plant associated microbial population [10], [17]. However, most TW
studies for cyanotoxin removal use monoculture vegetation. Polycultures can foster
richer microbial communities, and their diversity can increase their ecosystem resilience,
functional stability and aesthetic appeal [26]. However, while some studies have shown

that polyculture vegetation in TWs can improve and stabilize the pollutant removal
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efficiency even through seasonal weather variations and temperature extremes [27], [28],
other studies show no significant effect of polycultures in TW performance [29]. It is still
unclear if polycultures can improve TWs or not, and the use of polyculture TWs for
cyanotoxin removals remains unexplored. Characterizing the microbial community within
TWs is also important for understanding, optimizing, and sustaining the treatment
performance and ecological function of these engineered systems. Several studies also
demonstrated that the plant species, substrate/media, season and cyanotoxin presence
influence microbial communities and performance of TWs [10], [30], [31]. Understanding
the microbial composition and identifying key microbes can help enhance pollutant
removal, and help in selecting appropriate substrate materials and plant species [32],
[33], [34]. It also helps assess TW system resilience and monitor other disturbances and
contaminants to provide risk management for minimizing environmental risks [35], [36],
[37]. Therefore, it is important to characterize the microbial community in the context of
different plant species and substrates for exploring possible ways of enhancing TW

performance.

In this study we hypothesize that exposure of S. erectum and C. indica to cyanotoxins
MC-LR and CYN will lead to multiple functional changes in TWSs, and that these plants
can be alone or in combination be capable of removing these toxins in TWSs. To validate
this, we assess i) the removal rates of MC-LR and CYN in TW planted with different plant
species (monoculture or polyculture), as well as ii) the mechanisms of cyanotoxins
removal in TWSs, including cyanotoxin retention in the substrate (retention in this context
includes not just sorption to the substrate, but also retention through filtration and biofilm
uptake) and their potential plant uptake as well as plant health, and iii) the impact of plant
and substrate composition on TW microbial communities and their contribution to
cyanotoxin removal and TW performance. For that, a wetland and an ornamental species
(S. erectum and C. indica, respectively), as monocultures and polycultures, were tested
for the removal of MC-LR and CYN in VSSF TW microcosms. S. erectum was tested for
the first time in TWs for the removal of cyanotoxins. While C. indica has been studied for
the treatment of hyper-eutrophic water with cyanobacterial biomass, it has not been
evaluated for cyanotoxin removal [38]. Moreover, substrates that were previously shown
to sorb MC-LR and CYN in small batch studies were used to increase TW removal

efficiency [18].
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3.2. Materials and Methods

3.2.1. Cyanobacteria Culture and Biomass Production

Permission was granted by Blue Biotechnology and Ecotoxicology Culture Collection
(LEGE-CC) at CIIMAR, Matosinhos, Portugal (http://lege.ciimar.up.pt/) to use the strains
LEGE 91094 (Microcystis aeruginosa) and LEGE X-001 (Chrysosporum ovalisporum)
that produce the cyanotoxins MC-LR and CYN, respectively. They were grown to
exponential phase as described in [9]. Three 1000 mL aliquots of each of the cultures
were frozen at -20 °C and later thawed for use in spiking the TW mesocosm experiment
further described.

The cultures grown to an exponential phase were also harvested for their biomass. M.
aeruginosa cells were harvested by centrifugation (20 min, 4 °C, 4495 g), frozen at -20
°C for three days and then lyophilized. C. ovalisporum cells were gathered by filtration
with a 11 ym Kunstoff-Analysensieb filtration unit and frozen at -20 °C for three days and
then lyophilized. The lyophilized biomass was stored at room temperature in a dark dry
space. The biomasses were later used to do the recovery tests for the cyanotoxin

extraction protocol in the substrate samples.
3.2.2. TW Microcosm Set-up and Acclimation

Nine TW microcosms were set up in triplicates, planted with S. erectum (TW- Sp), C.
indica (TW- Ci), and a bi-culture of both species (TW- CS). The plants were collected a
day before; S. erectum plants were collected from the Ribeira da Certagem, Lavra,
Portugal (N 41°15'31.252"; W 8°43'24.924") and C. indica were acquired from a
horticulture facility in Arcozelo, Portugal. In the lab the plants’ roots were separated from
any soil attached and washed until all the sediments were removed, and then thoroughly
rinsed in deionized water again. Plants were kept in Hoagland’s nutrient solution for a
day before being transplanted into the TW microcosms for the experiments. Multiple
previous studies consistently show that the presence of plants improved the functioning
of TWs [39]. Moreover, the main aim was to assess if plant composition in TWs had an
effect on cyanotoxin removal and TW performance. Therefore, unplanted TWs were not

used for comparison in this study.

The microcosms were set-up in plastic containers (37 cm x 25 cm x 27 cm), filled with
a bottom layer of gravel (4cm; particle size 1-4 mm), then a layer of light expanded clay

aggregates (LECA) (1 cm; particle size 8-13 mm) and a layer of biochar (1 cm; particle
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size 1-4 mm), and a top layer of sand into which plants were transplanted (12 cm; particle
size 0.4- 0.8 mm). The common TW substrates—sand, biochar, and LECA— were
arranged in ascending particle size. Each system was transplanted with 6 plants (in the
case of the polyculture, three S. erectum and three C. indica were transplanted). The
containers were wrapped in aluminium foil to prevent exposure to sunlight, and the
possibility of photo-degradation of the cyanotoxins. The microcosms were kept indoors
in green-house like conditions, with natural day-light regime and temperatures fluctuating
between 16 -28 ° C in July, 14-35 °C in August, 21 -34 °C in September, 20 - 33 °C in
October and 13 -20°C in November (appendix B, Figure B1). Light intensities were
measured once a week with a photometer when the chlorophyll fluorescence was
measured for the plants’ leaves (refer section 2.6.1). Ten readings were taken at mid-

day (between 11:00- 13:00h), every 10 minutes (appendix B, Figure B1).

Prior to the experiments, the TW microcosms were acclimated for two weeks using a
Hoagland nutrient solution (1.5 L every two days) to ensure suitable nutritional conditions
for the plants. After that, the TW microcosms were acclimated with freshwater collected
from a spring at the botanical garden of Porto, for two weeks (water characteristics in
appendix B, Table B1). The water added was always maintained at a level just above
the substrate surface, allowing saturation of the substrate, which was equated to be 1L
for all the TWs. Water was added from above the TWs, allowing a vertical flow through
the layers, with a tap at the bottom to drain the water, thus simulating a vertical
subsurface flow treatment wetland system. Water was recirculated daily to prevent
anoxic conditions, during which spring water was added to make up for the water loss

due to evapotranspiration (ET).
3.2.3. TW Experiment and Sampling

After the acclimation period, the experiments were carried out for 10 weekly cycles
between the months of September- November 2023. For the experiments, whole cell
extracts of the M. aeruginosa and C. ovalisporum (freeze-thawed cultures) were used to
artificially contaminate the spring water. The spiked waters reached toxin concentrations
ranging between 2-10 pg/L (MC-LR) and 7-15 pg/L (CYN) during the experiment. Each
system was treating 1 L of cyanotoxin contaminated water, which was recirculated daily
for one week, adding uncontaminated spring water whenever necessary to make up for
ET. This volume of uncontaminated spring water added daily was recorded to measure
ET rates. After one week, the treated water was collected from each system and new

freshly contaminated spring water was added to each system in the same conditions,
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simulating the cumulative effect of full-scale TWs with a hydraulic retention time (HRT)

of 1 week.

One litre of water samples of the inlet, outlet, and spring water were processed every
week. For the outlets, at the end of each treatment cycle all the water was drained from
the systems in 1L Schott bottles, and deionized water was added to make up the initial
volume of 1 L to compensate for water loss by ET and to have sufficient effluent volume
for all the analysis. The bottles were homogenized by shaking them well. 500 mL was
filtered with a glass micro-fibre filter (1.2 y, 47 mm diameter, PRAT DUMAS, France).
The filters were used for measuring total suspended solids and the filtered water for
nutrient analysis. The unfiltered 500 mL of the TWs outlet water were used as follows:
pH and chemical oxygen demand (COD) were immediately analysed, duplicates of 1 mL

were transferred to two HPLC vials and kept at -20° C freezer for cyanotoxin analyses.

The leaves of the plants were sampled prior to the experiment before cyanotoxins
exposure (TO) (this was used as a baseline, as reference, and it reported to the day
before adding the cyanotoxins, and will be used as a reference condition), at the fifth
treatment cycle (middle) of the experiment (T-1/2), and at the end of the experiment (Tf).
Triplicate leaf samples were collected from three separate plants per TW system,
immediately put in liquid nitrogen and stored at -80 °C, until further analysis of
cyanotoxins and plant physiological parameters. At Tf, the TWs were disassembled, and
the plants’ roots were sampled, washed with deionised water and kept at -20°C until

analysis.

The bulk substrate (sand) was sampled along the root depth in three different sites of
each of the TWs, at the reference TO (before cyanotoxin exposure, baseline value) and
Tf (at the end of the experiment), for chemical and microbial analysis. The samples
collected from the three different sites were mixed to ensure high sample
representativity. The samples collected were stored in aluminium foils for chemical
analysis and in sterile bags for microbial analysis, labelled, and kept at -20°C until
analysis. At Tf, the TWs were disassembled and the substrates at the rhizosphere (rhizo-
substrate, in contact with plant roots) were sampled as described for sand and kept at -
20°C until analysis. The rhizo-substrate samples comprised of a mix of biochar and sand.
The sand and rhizo-substrate samples were considered two distinct substrate matrices.

A schematic representation of the experimental set-up, and sampling points can be seen
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Figure 9. Diagram describing the TW experimental set-up and sampling. The three plant
compositions were set-up in triplicates, with two acclimation stages, after which the experiment
lasted for ten weeks. Sampling of the water, plant tissues, and substrate matrices were done at
different time points (weekly, T0, T-1/2, and Tf). Created with BioRender.com.

3.2.4. MC-LR and CYN Extraction and Analysis
3.2.4.1. Water samples

The target analysis of MC-LR and CYN was conducted using high-performance liquid
chromatography coupled with tandem mass spectrometry (LC-MS/MS) utilising a 1200
Series binary LC-gradient system (Agilent Technologies) linked to a Sciex 5500 QTRAP-
MS. The method is detailed in [17]. For that, 10 uL of water samples were directly injected
into the LC system, a Synergy Polar RP column was used with water and methanol with
0.2 % formic acid as mobile phases for the separation. The MS/MS method was
optimized for the two cyanotoxins. The isotope dilution calibration (using MC-LR d7, CYN
®Ns) enabled limits of quantification (LOQs) of 0.5 pg/ L and 0.1 pg/ L for MC-LR and
CYN, respectively, and limits of detection (LOD) of 0.15 pg/ L and 0.03 ug/ L for MC-LR
and CYN, respectively.

The removal efficiencies of MC-LR and CYN were calculated according to equation 1,

Cin—C out

Removal % = o X 100 (1)
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where Ci, and Cout are the target pollutants entering and leaving the individual TW
system, respectively. To calculate the removal efficiency when the pollutant was not
detected in the Coy, half the LOD value of the respective analytical methodology was
considered [40]. The actual cyanotoxin concentrations in the outlets (C effiuent) Were
estimated taking into consideration the initial outlet volume (V initial), before making up for
ET (refer section 2.3.), using the formula in equation 2. The cyanotoxin volumetric

removal rates were then calculated using C effuent in equation 1, instead of Cout.
C effluent = Cout * (1/V initial) (2)

Suspect screening of the known MC-LR and CYN transformation products (TPs) were
also screened in the inlet, and outlet water samples of week 1 and week 10, where 10
ML of the same samples (as prepared for the LC-MS/MS) were injected directly into an
LC coupled to a 6600 quadrupole-time-of-flight (QTOF) equipment (SCIEX).
Chromatographic separation was performed using an Acquity UPLC BEH Shield RP18
1.7 ym column (2.1 mm x 30 mm) from Waters Corporation. Eluents A and B were water
and methanol, respectively, each containing 0.1 % formic acid. The chromatographic
conditions, as well as the detailed parameters of the instrument, were similar to those

used by [41]. The QTOF was operated in data dependent acquisition mode.

3.2.4.2. Substrate samples

Simultaneous MC-LR and CYN extraction from the sand and rhizo-substrates was done
using a three-phase sequential extraction as described in [42] with slight modifications.
For Tf sand samples, 2 g from each TW system were transferred into a 50 mL falcon and
extracted with 3 mL solution of 90 % water and 10% methanol. All extraction solutions
were vortexed followed by ultrasonication (15 minutes) and centrifugation (6000 RPM, 5
minutes). The supernatant was collected in a 12 mL HPLC vial. The pellet was further
extracted in 2 mL of a 1:1 solution of water and methanol and the final extraction was
performed using 1 mL of 100 % methanol. Rhizo-substrate samples were processed the
same way as the sand samples, but 10 g of samples were extracted with 15 mL of
methanol 10% (v/v) in water, and the pellet was further extracted in 10 mL of methanol
50% and the final extraction was performed using 5 mL of 100% methanol. Rhizo-
substrate samples had a mix of sand and biochar and therefore a higher amount was

taken to reduce the bias of sampling.
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MC-LR and CYN analysis was done following the same method as described for the
water samples (refer section 2.4.1.) The limits of detection for the substrate matrices
were 0.27- 0.30 pug/ g and 0.08- 0.09 ug/ g for MC-LR and CYN, respectively.

Recovery tests were done for sand and rhizo-substrate samples at three concentration
levels of MC-LR and CYN from extracts of M. aeruginosa and C. ovalisporum biomass
as described in [17]. Since the concentrations of the cyanotoxin extracts could not be
analysed before, recovery tests were done by adding extract volumes of 0.5 mL, 1 mL
and 2 mL. TO sand samples collected before the exposure to cyanotoxins were used for
the recovery tests. For the recovery tests of the rhizo-substrate samples, unexposed
biochar was mixed with TO sand samples in the ratio 1:10 (biochar: sand). The recovery
rates for sand were 36 % and 43 % for MC-LR and CYN, respectively, and the recovery
rates for rhizo-substrate were 77 % and 88 % for MC-LR and CYN, respectively.

For further mass balance calculations, the MC-LR and CYN recovery rates were used
to calculate total MC-LR and CYN accumulated in the substrate in regard to the total
mass of sand and rhizo-substrate in the TW systems. For this, first the total cyanotoxin
inlets were calculated by adding the cyanotoxin inlet concentrations of each of the 10
treatment cycles in terms of pg , divided by the total mass (in g) of the sand and the
rhizo-substrate (sand + biochar; refer section 2.3), as shown in equation 3. The
cyanotoxin concentrations in the substrate samples (C substrate sample) Were estimated in
Mg/g after considering the extraction volume, sample mass extracted, and the recovery
rates. Then, the total cyanotoxin retention rate was estimated by dividing the cyanotoxin
concentration in the substrate sample (C substrate sample) by the total cyanotoxin inlet
concentration for sand (T sand) and for rhizo-substrate (T mizo-suostrate), respectively, as

shown in equation 4.

__ Sumof Ci, of the 10 treatment cycles (ug)

Total Inlet 70— =
(sand/rhizo-substrate) Total mass(sand/rhizo—substrate) (9) ( )

. Csubstrat l
Total Retention % = L x 100 (4)
Total Inletsgnd/rhizo-substrate

3.2.4.3. Plant Tissues

For estimating MC-LR and CYN in plant tissues, a different method was used that
included solid phase extraction (SPE). Simultaneous MC-LR and CYN extraction, SPE
and analysis from plant leaves and roots were done as described in [43]. S. erectum and

C. indica leaves and roots were macerated with liquid nitrogen. For MC-LR and CYN
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extraction, 50 £ 2 mg of each sample was extracted with 6 mL of 80 % methanol,
homogenized in an ultraturrax (1 min), sonicated (15 min), and stirred in an orbital shaker
(15 min). The mixture was centrifuged (3700 rom, 15 min) and the supernatant collected
for the clean-up. For the clean-up, SPE was done using a C1g cartridge (Oasis HLB 6cc,
500 mg, Massachusetts, USA) and a PGC cartridge BOND ELUT® (Agilent
Technologies, Amstelveen, The Netherlands). The use of reverse phase Cis cartridges
is suitable for the retention of moderately polar organic compounds, such as MCs, from
aqueous matrices. However, due to the hydrophilic nature of CYN, it cannot be extracted
by SPE with Cs cartridges, but PGC cartridges have been successfully used. Because
CYN cannot be retained in the C1g cartridge, this was set at the top and PGC at the
bottom, and the order was reversed (PGC on top and C+s on bottom) for elution to avoid
MC-LR retention in the PGC column. The pH of the supernatant was adjusted to 11.0,
and the following reagents were passed through the assembled cartridges: 6 mL
dichloromethane, 6 mL 100 % methanol, 6 mL H>.O (pH 11.0), and sample (pH 11.0);
then, cartridges were dried for 5 min and eluted with 10 mL dichloromethane/methanol
(40/60) + 0.5 % formic acid. The purified fraction was evaporated to dryness in a
SpeedVac vacuum concentrator and resuspended in 1 mL 20 % methanol for its analysis
by LC-MS/MS. The details on the chromatographic conditions can be found in L. Diez-
Quijada et al., 2018 [43]. LOQs for this method were 0.16 ng/ g fresh mass (FM) for MC-
LR and 0.19 ng/ g FM for CYN. The LODs for this method were 0.06 ng/g FM for MC-LR
and 0.07 ng/ g FM for CYN. Matrix recovery was done on the S. erectum and C. indica
plant tissues for both the cyanotoxins. In the case of S. erectum, both cyanotoxins had
high recoveries of 98.7% for CYN and 94.64% for MC-LR. Negligible matrix effect was
seen in CYN, and MC-LR had some matrix effect. In the case of C. indica, recoveries
were above 90% and both MC-LR and CYN had stronger matrix effects.

3.2.5. Analysis of Water Quality and TW Parameters
3.2.5.1. Total Suspended Solids (TSS)

Initially, the glass microfibre filter of 47mm diameter and 1.2 ym retention was oven
dried (100 °C) for 24 hours, weighed using a measuring scale (Kern ALJ, Germany) and
kept in a desiccator. Then, 500 mL of the inlet water, spring water or outlet water were
filtered. The filter was used to determine TSS, and the filtered water was used for nutrient
analysis (see section 2.5.2). After filtration the filters were kept overnight in the oven (100
°C) until constant weight was achieved, cooled in the desiccator and then weighed again.

The increase in weight was calculated and TSS was reported in mg/L.
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3.2.5.2. COD and Nutrients Analysis

COD was measured using the kit HI93754B-25 (Hanna Instruments, Portugal), for mid-
range COD from 0 to 1500 mg/L and following the provided protocol. Nitrate ion,
ammonia ion and total phosphorus levels were measured using the kits HI93766-50,
HI93764B-25 and HI93758C-50 (Hanna Instruments, Portugal), respectively, following
the provided protocol. A multiparameter photometer (HI83399-02, Hanna Instruments,

Portugal) was used to measure absorbances.

Since spring water was added during the experiment to make up for water loss by ET,
the total inlet concentrations of all the water quality parameters were calculated taking
into consideration the volume of spring water added over the week to each system, and
the respective concentrations of the spring water parameters for each week. The removal

rates of the above parameters were then calculated using equation 1 (section 2.4.1).

3.2.5.3. pH and Redox Potential

The pH of the TWs outlet water, inlet water and spring water were measured during
each treatment cycle using a pH probe (CRISON microCM 2201), on the day of
sampling. The redox potential of the TWs was measured weekly using a redox probe
(ORP 30-1-BNC), and an ORP meter (Lutron YK-23RP) from SWAP Instruments,
Netherlands, 10 cm deep along the plant-root bed substrate of the TWs. The redox
potential was measured at three sites in each TW, and the average was calculated. This

parameter was measured to monitor the aerobic conditions of the TWs over time.

3.2.6. Plant Physiological Parameters

3.2.6.1. Pigment Content and Fluorescence

Chlorophyll a (Chl a) fluorescence was measured in-situ using a pulse amplitude
modulation system (Fluor-Pen FP 110, Photon Systems Instruments, Czech Republic)
according to [44], on 3 plants per TW, on a weekly basis during the experiments. Before
measurement leaves were kept for 30 minutes in the dark. To determine the maximal
fluorescence (Fm), a saturating pulse of white light was used and the corresponding Fm’
and the steady-state fluorescence (F’) were obtained. The potential maximal quantum
yield of photosystem Il (PSII) [Fv/Fm = (Fm — FO)/Fm] and the effective quantum yield of
PSII [®PSII = (Fm’ — F’)/Fm’] were subsequently determined.
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Photosynthetic pigments were measured using the methodology of Sims and Gamon,
(2002) [45]. Leaf samples frozen at -80 °C were macerated with liquid nitrogen under ice
conditions, to form a frozen powder. Chl a, Chl b, carotenoids, and anthocyanins were
extracted from 50 £ 2 mg of frozen leaf powders using an acetone: 50 mM Tris-HCI pH
7.8 buffer (80:20, v/v) solution. Absorbance was read at 470, 537, 647, and 663 nm using
the Multiskan™ Microplate Spectrophotometer, Thermo Fisher Inc., MA, USA.

3.6.2.2. Total Soluble Sugars and Starch

Total soluble sugars and starch contents were quantified by the anthrone method as
described by [46]. Absorbance at 625 nm was read at a Multiskan™ Microplate

Spectrophotometer (Thermo Fisher Sci, MA, USA). Results are expressed as mg/g FM.

3.2.7. Microbiological analyses
3.2.7.1. DNA Extraction and Quantification

The sand samples collected for microbial analyses at TO, and the sand and rhizo-
substrate samples collected at Tf, were later used for DNA extraction. The DNA
extraction was done using the DNeasy PowerSoil Pro kit from QIAGEN, Inc., following
the manufacturer’s extraction protocol, except for the first step where 0.50 g of sample
was used instead of 0.25 g. Each sample was extracted twice and then pooled, to
increase the DNA yield. After the extractions, DNA was quantified fluorometrically using
the Qubit dsDNA HS Assay (ThermoFisher Scientific, Waltham, USA).

3.2.7.2. Detection of mIrA Gene by PCR

PCR detections of the miIrA gene were performed in the sand and rhizo-substrate
samples to investigate potential MC biotransformation via the intervention of mirA-
encoded microcystinases. For this end, a consensus primer pair of the mirA gene (mirA-
Forward 5-GACCCGATGTTCAAGATACT-3’ and mirA-Reverse 5-
CTCCTCCCACAAATCAGGAC-3’) [47], acquired from Eurofins Genomics, (Ebersberg,
Germany) were used for these PCR assays. PCR screenings were performed in a Veriti
96-well Thermal Cycler (Applied biosystems, Thermo Fisher Scientific) on a total volume
of 10 L as follows: 5 yl MyTaq DNA Polymerase (Bioline (Meridian), USA), 1 ul of each
primer (0.4 mM) and genomic DNA at a concentration range of 0.1- 2.3 ng/ul. The PCR
conditions consisted of an initial denaturation at 95 °C for 5 min; followed by 40 cycles of
10 s at 98 °C, annealing for 30 s at 56 °C, extension at 72°C for 1 min; and a final
elongation for 5 min at 72 °C. The PCR run included a positive control using genomic

DNA of Sphingosinicella microcystinivorans 19791 (DSMZ, Leibniz Institute,
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Braunschweig, Germany), a bacterial strain known to encode mirA in its genome [48],
[49] which had been previously isolated from pure cultures grown in R2A media using
the Bacterial Genomic DNA prep mini-Spin kit (Cytiva, UK), following the manufacturer's
instructions. A negative control was also contemplated in each PCR run, consisting of

the same PCR mixture without genomic DNA.

The results of the PCR screenings of the miIrA gene were confirmed by electrophoresis,
where amplification products were separated in a 1.5 % agarose gel containing SYBR®
Safe (ThermoFisher Scientific, Massachusetts, USA). Amplicons were visualised under
UV light in a BioRad Molecular Image® Gel Doc™ XR+ with Image Lab™ Software, and
amplification bands with suitable molecular weights (of ca. 750 bp) were confirmed using
a 100 bp ladder (GRS Ladder, GRISP Research Solutions, Porto, Portugal).

3.2.7.3. 16S rRNA Amplicon High-throughput Sequencing and Bioinformatics
Analysis

To profile the prokaryotic microbial community of TWs substrate, a 16S rRNA

metabarcoding approach was followed on the sand TO and Tf samples and rhizo-
substrate samples (Tf). High-throughput sequencing of the V3-V4 hypervariable region
of the 16S rRNA gene was performed at Macrogen (Seoul, Korea). After confirming
suitable DNA concentrations and quality in the samples, the sequencing library was
prepared by using the Herculase Il Fusion DNA Polymerase Nextera XT Index V2 Kkit,
following the 16S Metagenomic Sequencing Library Preparation (Part # 15044223 Rev.
B) protocol. Adapter-ligated fragments were then amplified by PCR with the bacterial
primer pair Bakt _341F/ Bakt_805R which annealed at the end of each adapter. The
library template underwent quality control and quantification process. High-throughput
sequencing of the V3-V4 hypervariable region of the 16S rRNA gene was done on the
lllumina MiSeq platform (300 PE (300 x 2bp),200k reads per library).

Sequencing data were quality filtered, trimmed, denoised and assembled in paired-end
reads using the DADA2 pipeline [50], while taxonomical classifications were performed
using the SILVA v138 database [51]. The phyloseq package in the R environment
(version 3.6.1) was used to further curate the 16S rRNA dataset [52]. Firstly, ASVs
taxonomically classified as "Eukaryota," "Chloroplast," and "Mitochondria" were
specifically eliminated from the dataset. Then, relative abundances were estimated and
analysed at all taxonomical levels, considering a 2 % abundance threshold on the whole
dataset. When appropriate, subsets of the metabarcoding dataset were further created

to enable finer taxonomical comparisons between experimentally relevant metadata (the
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different substrate matrices at Tf, sand samples at TO and Tf, and the rhizo-substrate
samples). Alpha-diversity indices (Observed OTUs, Chao1 estimator, Shannon index)
were also estimated using the vegan package in the R environment (version 3.6.1), and
Bray-Curtis distances (B-diversity) were used to assess bacterial community divergences

between the different plant compositions, substrate matrices and time.

Enrichment analysis was done using the microbiomemarker R package [53].
Specifically, a Linear Discriminant Effect Size (LEfSe) analysis was conducted to identify
the ASVs enriched in the different conditions, considering only ASVs present in at least

2 replicates per condition.

3.2.8. Statistics

All statistical analysis for the chemical and biological parameters were performed using
GraphPad Prism software v 10.4.1. Each TW condition was tested independently in three
microcosm systems, and all the analyses were performed in triplicates. For plant
photosynthetic and physiological parameters, biological (TW= 3) and technical replicates
(3 plants per TW) were used (n= 6). A two-way repeated measures (RM) ANOVA was
done on all the data (cyanotoxins in water and TW parameters) measured over the 10-
weekly treatment cycles, and the Greenhouse-Geisser epsilon was used to adjust for the
violation of sphericity in the data. For data measured at TO, T-1/2 and Tf (plant
photosynthetic and physiological parameters), or at TO and Tf (cyanotoxins in substrate
matrices), a Shapiro—Wilk test with p > 0.05 was carried out to confirm the normality of
the data. Then, ordinary two-way ANOVA was used. When normality was violated,
Kruskal-Wallis’ test was used with a Dunn’s post-hoc test. A multiple comparison Tukey
test was performed to determine the differences that were statistically significant
between the treatments and the one-week TWs treatment cycles (or TO, T-1/2 and Tf)

for a 95 % confidence interval.

Statistical analysis for the prokaryotic community structure was performed on R studio
(Posit team, 2024). For the calculated alpha-diversity indexes, statistical validation was
done for each index by first checking the normality of the data using Shapiro-wilk
normality tests, followed by ANOVA and Kruskal-Wallis’ test (when the data was not
normal). Beta-diversity analyses were performed based on Bray-Curtis distances, which
were statistically corroborated through PERMANOVA tests (999 permutations) to
examine the dissimilarities between the prokaryotic microbial communities among

experimental conditions. For LEfSe, a linear discriminant analysis (LDA) score
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thresholds of 2.5, with only those exhibiting significance levels below 0.05 being deemed

relevant, was used.

3.3. Results

3.3.1. MC-LR and CYN Removal
No MC-LR or CYN were detected in the spring water used for the TW experiments, and
as so, the water was always spiked with cyanotoxin culture at the beginning of each one-

week cycle.

MC-LR was below the LOD (0.15 pg/L) in the outlet waters the entire duration of the
experiment, indicating > 96% mass removal rates in all the three tested TW conditions
(no significant changes between systems) (appendix B- Table B2), despite varying MC-
LR inlet concentrations (appendix B- Table B2). However, it is to be noted that due to
the dilution of the effluent to have more volume for analysis, MC-LR may be below the
LOD because of that. There were no significant differences between the three tested
systems. CYN mass removal rates were more variable: 70-91 % in TW- Sp, 73-97 % in
TW- Ci and 81-98 % in TW- CS (Figure 10). TW-Sp had a significant decline in mass
removal rates with time in comparison to TW-CS and TW-Ci (P < 0.05). TW-Sp showed
mass removal rates < 80 % after the 3™ week, with the lowest mass removal rates
observed in the 7" week. On the other hand, TW- Ci and TW- CS systems had stable
mass removal rates > 75%, which also increased with time. Additionally, there were no
significant differences in removal efficiencies between TW-Ci and TW-CS systems. Two-
way repeated measures ANOVA showed that the interaction effect was extremely
significant (p value < 0.0001), indicating that the combination of the plant composition
and the time influenced the mass removal rate. Details on the statistics can be seen in
appendix B (Table B4).

CYN levels in the outlet were between 0.75- 2.88 ug/L (TW-Sp), 0.64- 1.42 pg/L (TW-
Ci), 0.80- 1.13 pg/L (TW-CS) (appendix B- Table B2). This variation might be related with

the varying inlet concentrations of CYN during the experiment (Figure 11a).
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Figure 10. Average CYN mass removal rates in the different plant compositions throughout the
experiment. Error bars represent standard deviation (n=3). The asterisk (*) and lines show statistical
significance between treatment groups (* p < 0.05 to 0.01, ** p < 0.01 to 0.001) Sp indicates TW with
S. erectum, Ci indicates TW with C. indica, and CS indicates TW with both S. erectum and C. indica

The actual CYN concentrations in the effluents (Figure 11a) were calculated using the
original volumes of the outlets of the TWs. S. erectum had significantly higher ET rates
(Figure 11 a and b), and hence the effluents were more concentrated (0.9 - 4 ug/L), being
higher than the drinking water threshold value for short-term exposure (3 ug/L) after the
7th week [54]. The actual effluent concentrations from TW-Ci and TW-CS systems were
0.4- 2.3 ug/L and 0.3- 2.3 ug/L, respectively. Despite the effluent concentrations being
much lower in the TW-Ci and Tw-CS systems, they were still above the drinking water
threshold levels of chronic exposure (0.7 ug/L), set by the World Health Organization
(WHO) [55].
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Figure 11. a) Average CYN effluent and inlet (onset) concentrations. The black solid line is a reference
for the drinking water threshold value for chronic exposure (0.7 pg/L) and the dotted line the
threshold values for short-term exposure (3 pg/L) , according to WHO guidelines; b) ET rates in the
different plant compositions throughout the experiment. Error bars represent standard deviation
(n=3). Sp indicates TW with S. erectum, Ci indicates TW with C. indica, and CS indicates TW with
both S. erectum and C. indica
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To investigate potential metabolites resulting from cyanotoxins degradation within the
TW systems, the TPs were analyzed in the inlets and outlets of weeks 1 and week 10.
The TP investigated were those reported in literature [8]. Some TPs could be found in
the inlet waters, namely 7-deoxy-desulfo-CYN, TP4-CYN, TP2 MC-LR, and TP11 MC-
LR [8]. This could be from using whole cell extracts of the cyanobacterial cultures for
spiking the inlet waters. Of these TPs, only TP4-CYN were found in the outlets of week
1 and 10. However, it is uncertain if this TP is present as secondary metabolites of the
whole extracts of the cyanobacterial strains used to spike the inlet water, or was formed

in the systems as a result of toxin degradation.

3.3.2. MC-LR and CYN in the Substrate Matrices

The potential total cyanotoxin retention rates of the total cyanotoxin input were
investigated by analyzing the toxins in the bulk substrate (sand) and rhizo-substrate
(sand mixed with biochar) of the TWs after the 10 treatment cycles. Generally, there was
less MC-LR retention (0.3 - 2.2 %) than CYN (0.1 - 7.4 %) in both substrates (Figure 12).
MC-LR had significantly higher retention in sand than in rhizo-substrate, independently
of the TW systems. Noticeably, in the rhizo-substrate, there was significantly higher CYN
retention than MC-LR. This was not the case in the sands. MC-LR retention in the rhizo-
substrate, TW-Sp had significantly higher MC-LR and CYN retention than TW-Ci and
TW-CS, both in the sand and rhizo-substrate (p < 0.05). Toxins concentrations in

substrates can be seen in appendix B, Table B6.
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Figure 12. Average cyanotoxin retention rates in sand and rhizo-substrate samples in the different
plant compositions at the end of the experiment. Error bars represent standard deviation (n=3). The
asterisk (*) and lines show statistical significance between treat treatment groups (* p < 0.05 to 0.01,
*p < 0.01to 0.001, *** p < 0.001). Sp indicates TW with S. erectum, Ci indicates TW with C. indica,
and CS indicates TW with both S. erectum and C. indica

3.3.3. MC-LR and CYN in Plant Tissues

Both MC-LR and CYN were not detected in any of the plant tissues (leaves and roots),
being always below the detection limits (0.06 ng/g FM for MC-LR and 0.07 ng/ g FM for
CYN). Even though cyanotoxins were not detected in the plant tissues, it cannot be
dismissed that the plants were involved in toxins removal and their degradation within

the system.

3.3.4. TW Microcosms’ Performance
To estimate the overall TW performance over time, TSS, organic matter content,
nutrients, pH and oxidative-reductive potential (ORP) in TW water inlet and outlets were

measured throughout the experiment.

The TSS content in the inlet waters throughout the experiment were relatively low
(appendix B- Table B3) (0.4- 2.9 mg/L), indicating clear water from the spring in general
(Figure 13a). The TSS outlet levels ranged between 0- 1.9 mg/L in TW-Sp, 0.1- 1.7 mg/L
in TW-Ci, and 0- 0.6 mg/L in TW-CS. The average TSS removal rates (appendix B-
Table B3) varied between 30.5- 98.3 % in TW-Sp, 14.3- 91.2% in TW-Ci, and 60.7-
99.9% in TW-CS, during the experiment period, being significantly higher in TW-CS (p<

0.05), in comparison to TW-Sp and TW-Ci. Organic matter removals (measured through

79



FCUP
Eco-technologies for treatment of water contaminated with cyanobacteria and cyanotoxins

COD) varied highly throughout the experimental period due to the varying COD inlets
that were observed in the spring water. Total COD in the inlets (appendix B- Table B3)
varied between 8- 188 mg/L during the 10-week treatment cycles, and COD in the outlets
varied between 2- 94 mg/L in TW-Sp systems, 1- 81 mg/L in TW-Ci, and no detection-
100 mg/L in TW-CS systems (Figure 13 b). The TW plant composition had no significant
effect on COD removals (appendix B- Table B3).
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Figure 13. a) Box and whiskers plot of TSS and b) COD concentrations over the 10-week
experimental cycle in the inlet and outlet water of TW systems. The median value is presented as the
line inside the box, and the “+” represents the mean value (n=10). The whisker ends mark the
minimum and maximum values, and the box ends mark the 25t and 75" percentile respectively. Sp
indicates TW with S. erectum, Ci indicates TW with C. indica, and CS indicates TW with both S.
erectum and C. indica

Nitrate ion concentration ranged between 21.5 and 56.3 mg/L in the inlet waters
(appendix B- Table B3). In the outlet waters the concentration ranged from 0.5 and 4.3
mg/L in TW-Sp, 0.5 and 5.8 mg/L in TW-Ci, and 0.5 and 2.1 mg/L in TW-CS, throughout
the experimental period (Figure 14a). Nitrate ion removals were on average >90 %
throughout the experiment (appendix B- Table B3), with no significant difference among
systems or time. Ammonia ion was not detected in the inlet waters nor in the outlets.
Overall, total P levels in the inlet waters ranged between 0.2 and 1 mg/L, and between
0.1 and 0.6 mg/L for TW-Sp, 0.01 and 0.4 mg/L for TW-Ci, 0.02 and 0.5 mg/L for TW-
CS in the outlet water throughout the experiment (appendix B- Table B3, Figure 14b).
The average total P removal rates were 7.5 % - 63.5 % in TW-Sp systems, 55 % - 92.2
% in TW-Ci and 46.2%- 90.3% in TW-CS (appendix B- Table B3). Two-way RM- ANOVA
revealed that there was a significant interaction effect (p< 0.05), indicating that both time
and plant composition had an equal effect on total P removal. However, there were no

significant differences among TW systems.
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Figure 14. Box and whiskers plot of a) nitrate ion and b) total phosphorus concentrations over the
10-week experimental cycle in the inlet and outlet water of TW system. The median value is presented
as the line inside the box, and the “+” represents the mean value (n=10). The whisker ends mark the
minimum and maximum values, and the box ends mark the 25th and 75th percentile respectively. Sp
indicates TW with S. erectum, Ci indicates TW with C. indica, and CS indicates TW with both S.
erectum and C. indica

The average pH of the inlet waters during the 10 one-week cycles ranged from 5.2- 6.9,
and the average pH of the outlet waters ranged from 6.7- 7.4 (appendix B- Table B3,
Figure 15 a). Measured pH in the outlet water was higher than the inlet waters (TW-Sp:
7-7.4, TW-Ci: 6.7- 7.1 and TW-CS: 6.7- 7.1), being more significant for TW-Sp (in weeks
3,4, 7,9 and 10) and TW-Ci (in weeks 7, 9 and 10) (p < 0.05) than for TW-CS. The ORP
levels ranged between 216 and 387 mV in TW-Sp, 250 and 324 mV in TW-Ci, 230 and
330 mV in TW-CS (Figure 15b), which indicates aerobic conditions. It significantly
reduced over time for all the TWs (p< 0.0001), but with no significant difference among
TW systems.
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Figure 15a) Box and whiskers plot of total suspended solids (mg/L) over the 10-week experimental
cycle. The median value is presented as the line inside the box, and the “+” represents the mean
value (n=10). The whisker ends mark the minimum and maximum values, and the box ends mark the
25th and 75th percentile respectively; b) ORP levels (mV) throughout the 10-week experimental cycle.
Sp indicates TW with S. erectum, Ci indicates TW with C. indica, and CS indicates TW with both S.
erectum and C. indica

3.3.5. Plants Physiological Parameters

Visual changes of the plant physiological conditions were observed over time as a proxy
of TW health conditions. Visual inspections showed signs of blight in S. erectum leaves
from the fifth experiment cycle (week 5) onwards (appendix B, Figure B2a — 2i), indicating

possible negative impacts. C. indica showed healthy signs throughout the experiment.

The maximum and effective quantum yield of PS Il (Fv/Fm and ®PSII, respectively) in
plant leaves, and plant physiological parameters such as leaf pigments (chl a, chl b,
anthocyanins and carotenoids), and sugars (total soluble and insoluble) were measured

at TO, T-1/2, and Tf to track the plant status and stress indicators during the experiment.

Overall, the maximum and effective quantum yield of PSIl were within the healthy levels
(0.78 - 0.83) (appendix B- Figure B3). Chlorophyll a + b levels only showed significant

decrease over time for C. indica of TW-Ci systems (Figure 16). The chlorophyll a and b
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ratio on the other hand, had a significant increase at T-1/2 and a decrease at Tf for C.
indica of TW-CS (Figure 16). Carotenoid levels had a significant decrease from TO to T-
1/2 in TW-Ci (Figure 17). Contrarily, carotenoid levels increased significantly from TO to
T-1/2 in C. indica of TW-CS, and then significantly decreased from T-1/2 to Tf. For
anthocyanin there were no significant differences among TW treatments or time (Figure
17).
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Figure 16. a) Sum of and b) ratio of chlorophyll a and chlorophyll b concentrations in plant leaves at
TO (before the experiment), T-1/2 (middle of the experiment) and Tf (end of the experiment). Error
bars represent standard deviation (n=6). The asterisk (*) and lines show statistical significance
between different sampling times (p < 0.05). FM stands for fresh mass. Sp indicates TW with S.
erectum, Ci indicates TW with C. indica, CS-Sp indicates S. erectum from the polyculture TW, and
CS-Ci indicates C. indica from the polyculture TW
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Figure 17a) Carotenoids and b) Anthocyanin concentrations in plant leaves at TO (before the
experiment), T-1/2 (middle of the experiment) and Tf (end of the experiment). Error bars represent
standard deviation (n=6). The asterisk (*) and lines show statistical significance between different
sampling times (p < 0.05). FM stands for fresh mass. Sp indicates TW with S. erectum, Ci indicates
TW with C. indica, CS-Sp indicates S. erectum from the polyculture TW, and CS-Ci indicates C. indica
from the polyculture TW

Two- way ANOVA showed that there was significant interaction effect of TW plant
compositions and time on total soluble and insoluble sugar levels in plant leaves.
Significant fluctuations of total soluble sugars between TO, T-1/2 and Tf in C. indica of

TW-CS was observed (Figure 18). Insoluble sugars increased significantly from TO to T-
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1/2 and Tf in TW-Ci, and in C. indica of TW-CS increased from TO to T-1/2 and decreased
from T-1/2 to Tf (Figure 18).
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Figure 18a) Total soluble and b) insoluble sugars ug/g at T0, T-1/2 and Tf. Error bars represent
standard deviation (n=6). The asterisk (*) and lines show statistical significance between different
sampling times (* p < 0.05 to 0.01, ** p < 0.01 to 0.001, **** p< 0.001). FM stands for fresh mass. Sp
indicates TW with S. erectum, Ci indicates TW with C. indica, CS-Sp indicates S. erectum from the
polyculture TW, and CS-Ci indicates C. indica from the polyculture TW.

3.3.6. Presence of MC-LR- degrading Genes and Prokaryotic Community
Composition in TWs Substrate

The results of the PCR screening for the mirA gene revealed the absence of
amplification of homologous gene sequences, which suggest the gene is absent in all

the sand and rhizo-substrate samples.

For the prokaryotic community analysis in the substrate samples, there was a total of
16779 ASVs among 27 samples categorized by 3 sample variables- time (TO and Tf),
TW plant composition (Sp, Ci, CS), and substrate layer (sand and rhizo-sphere). Overall,
16394 taxa were classified across the 27 samples (41 unique phyla, 103 unique classes,
249 orders, 301 families, 624 genera). The most abundant phyla across all samples were
Proteobacteria, Actinobacteriota, and Cyanobacteria (Figure 19). Chloroflexi and
Patescibacteria were also found across all samples but at various abundances.
Planctomycetota was found in all samples except one replicate of TW-Sp at TO.

Firmicutes were found in all samples except one replicate of TW-Sp at TO and another
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replicate of TW-Sp’s rhizo-substrate sample. Acidobacteriota was distributed among
certain samples and not abundant in all samples and Gemmatimonadota was only
abundant in one replicate of TW-Sp at Tf. The abundant phyla in the sand and rhizo-
substrate at Tf, between the TO and Tf sands, and only in the rhizosphere across the

different TW plant composition, are in appendix B (Figures B4, B5 and B6).
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Figure 19. Prokaryotic phyla detected in TW substrate collected from replicates of TWs planted with
C.indica, S. erectum and with both plants (> 2% relative abundance threshold). RS stands for rhizo-
substrate, TO for T-zero, and Tf for T- final)
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Genus Composition
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Figure 20. Prokaryotic genera (> 2% relative abundance threshold) in TW substrate collected from
TW planted with C. indica, S. erectum and with both plants (Both). (RS stands for rhizo-substrate,
TO for T-zero, and Tf for T- final).
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The most abundant genera found across all the samples are presented in Figure 20.
Sphingomonas and Novosphingobium, two known MC degrading genera via the mir
degradation pathway were found across all sand samples. Tychonema and
Kamptonema, were abundant across all rhizo-substrate samples. While they are both
cyanotoxin producing genera, it is unlikely that the strains found here were cyanotoxin
producing [56], [57]. There is clearly a higher number of different genera occurring in
sand samples than rhizo-substrate (Figure 20). A shift in the abundant genera can also
be seen between TO and Tf (Figure 20). This is also in line with the beta-diversity (Figures

21 and 22) and alpha-diversity (Figures 23 and 24) analysis which is presented below.

Despite high diversity, prokaryotic community structure was strongly influenced by the
different substrate matrices (sand and rhizo-substrate) and the time, but not by the TW
plant composition (PERMANOVA p-values 0.001, 0.003 and 0.422, respectively) (Figure
21, appendix B- Table B7). Both the substrate matrix and time equally influenced the
microbial community (R2matrix = 0.13, R?%ime = 0.11) (appendix B- Table B7). Indeed, at Tf,
sand samples and rhizo-substrate samples were significantly different (PERMANOVA p
= 0.002) (appendix B- Table B8). Although no differences were observed among TW
plant compositions in the sands (PERMANOVA p= 0.169) (appendix B- Table B7), on
the rhizo-substrate level, there was a strong influence of TW plant composition (Figure
22) (PERMANOVA p = 0.004) (appendix B- Table B8). On the other hand, among sand
samples there was a strong influence of time (PERMANOVA p= 0.047).

The alpha-diversity metrics of all the samples grouped by plant composition and time
can be seen in Figure 23 and grouped by plant composition and substrate matrices can
be seen in Figure 24. When analyzing all samples together, only time significantly
influenced the Chao1 and Observed alpha-diversity indices. However, a higher diversity
is observed in sand than in rhizo-substrate samples (appendix B- Figure B8), especially
in Chao1 and observed metrics. For sand samples alpha-diversity differences are only
observed in S. erectum TW, which increased after cyanotoxins exposure (appendix B-
Figure B9). On the rhizo-substrate level on the other hand, the alpha diversity indices
were lower for S. erectum TWs (appendix B- Figure B10). Results are in line with ASV

analysis.
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Figure 21. Non-metric Multidimensional Scaling (NMDS) plot showing Bray-Curtis distances for all
samples, A) grouping time (TO0 and Tf) and substrate matrices (sand and rhizo-substrate), B)
grouping substrate matrices and plant compositions (TW planted with C. indica, TW planted with S.
erectum and TW planted with both plants), and C) grouping time and plant compositions’ influence
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Figure 22. NMDS plot showing Bray-Curtis distances of rhizo-substrate samples at Tf, grouping plant
compositions (TW planted with C. indica, TW planted with S. erectum, and TW planted with both

plants).
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Figure 24. Alpha diversity indices (Chao1, Observed ASVs and Shannon) of samples grouped by
Plant composition vs Substrate matrices

LEfSe analysis in the samples at Tf, showed that among the different TW plant

conditions, C. indica TW substrates had the highest number of enriched genera (Figure

25). LEfSe analysis in the sand samples showed a higher number of enriched genera at

Tf compared to TO, with 41 enriched groups in cyanotoxin contaminated sand (Figure

26).
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Figure 25. Enriched genera in substrate (sand and rhizo-substrate) of the different TW plant
compositions TW planted with C. indica, TW planted with S. erectum, and TW planted with both
plants) at Tf (LDA score 2.5)
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Figure 26. Enriched genera of TWs sand samples at TO (T_initial) and at Tf (T_final) (LDA score 2.5)
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LEfSe analysis in the sand and rhizo-substrate at Tf, showed that sand clearly had more
enriched groups than the rhizo-substrate (Figure 27). This is in alignment with the alpha-
diversity measures between the sand and rhizo-substrate (Figure 24 and appendix B-
Figure B8).

Hyphomicrobium
Caldilineaceae_g_
Rhizobiales_Incertae_Sedis_g__
Sphingomonas
Pird_lineage
Xanthobacteraceae_g_
Novosphingobium
LWQ8_g__
KD4-96 0 f g
JG30-KF-CM45_g__
CL500-29_marine_group
Microtrichales_f

Candidatus_Magasanikbacteria_f___g_
Anaerocolumna

A0839_g__

Adb_g_

Mycobacterium

Sporichthyaceae_g__

Kaistia

lamia

Pseudorhodoplanes

Bosea

llumatobacter

alphal_cluster

Caulobacteraceae_g_

11-24 f g

possible_genus_04

Stenotrophobacter i

Roseomonas Enriched group

Microtrichaceae_g__
Candidatus_Zambryskibacteria_f g . Rhizo_Substrate
Candidatus_Campbellbacteria_f___g_
Roseobacler_clade_CHAB-I-5_lineage . Sand
Micropepsaceae_g__

Labrys

Tepidisphaeraceae_g_
Fibrobacteraceae_g_

Lysinimonas

Mobilitalea

Marmoricola

Cyancbacteriia_o__ f

Candidatus_Uhrbacteria_f g
Afipia
Co119_f

Nordella
Lysinimicrobium
Clostridia_o__ f g
Herbinix
Propicnicimonas
Elev-16S-1166_f g
BBMC-4
Ancalomicrobium
CL500-3
Tychonema_CCAP_1459-11B
Kamptonema_PCC-6407
Rhodobacteraceae_g_
Flavimaricola
Desmonostoc_PCC-6302
Coriobacteriales_f

Prosthecomicrobium
0 1 2 3 4 5
LDA score (log10)

Figure 27. Enriched genera of sand and rhizo-substrate samples at Tf (LDA score 2.5)
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3.4.1. TW Performance

3.4.1.1. Cyanotoxins Removal

In this study, the performance of the TWs was influenced by the plant composition and
time. The influence of time could be not only due to an adaption of the systems to the
constant input of the cyanotoxins, but also due to the slight variations in cyanotoxin inlet
concentrations and the spring water characteristics, as well as environmental factors
such as temperature and light intensity (appendix B- Figure B1), over the experimental
period. Variations in cyanotoxin doping concentrations were expected due to the inherent
differences in concentrations of the freeze-thawed cyanobacterial cultures that were
used to dope the spring water. However, harmful cyanobacterial blooms naturally vary
due to several contributing factors including temporal, spatial, intra- or extra- cellular
toxins, and environmental factors, resulting in varying toxin concentrations in the
contaminated surface waters, [58], [59], [60]. As so, the experimental setup can

represent real environmental conditions.

Generally, MC-LR removals were high in all the TW systems (> 96 % mass removal
rates throughout the experiment), with outlet concentrations being below LOD (0.15 ug
/L). This is consistent with previous studies evaluating MC-LR removal efficiencies in
TWs [8], [9], [11], [12], [17], [31], despite the different TW design configurations, plant
species and working modes tested. MC-LR concentrations in TW effluents in these
studies are also comparable with ours, having also always been below the drinking water

guideline value recommended by the WHO (1 pg/L).

CYN mass removals were higher in C. indica TW (TW-Ci: 73- 97 %, TW-CS: 81-98 %)
than in those with S. erectum (TW-Sp: 70- 91 %). The CYN removal efficiency in TW-Sp
decreased over time, whereas in TW-Ci and TW-CS systems removal increased over
the treatment weeks. The reduced efficiency in S. erectum could be related with the
exhibited plant senescence, probably also related to the decrease in temperature and
light intensities over the course of the experimental period. In this regard, the TWs with
C. indica were better adapted to the varying CYN input and environmental factors for
CYN removal efficiency. However, there was no significant difference in removal
efficiency between the TW-Ci and TW-CS systems, meaning the polyculture condition
had no influence on cyanotoxin removal efficiency. Nevertheless, the removal rate was
still higher than that reported for a VSSF-TW mesocosm planted with a wetland species
(Juncus effusus), where a maximum removal rate of 52 % was achieved [17]. Another

mesocosm study mimicking a horizontal subsurface flow TW, showed CYN removal
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rates of 57 £ 12 % in spring and 77+ 14 % in summer [10], which also correspond with
the change in CYN removal efficiencies with varying climate conditions. In contrast to
other studies that demonstrate that polyculture TW systems exhibit better pollutant
removal efficiency [61], [62], there was no influence of using polyculture systems on
cyanotoxin removal efficiency. However, it should be noted that the studies that have
made comparisons between monocultures and polycultures were of pilot TWs that were
run for at least a year. Since this study only lasted for 10 weeks, direct comparison needs
to be made with caution and no deductions on the long-term functioning and stability of

the TWs can be made.

Despite having high CYN mass removal rates, CYN concentration in the effluents were
above the drinking water guideline values for chronic exposure (0.7 ug/L) [54]. In the
case of TWs-Sp, towards the last weeks of the experiment, it was even above the
drinking water guidelines for short term exposure (3 pg/L). ET rates in S. erectum are
higher than in C. indica, which led to more concentrated effluents from TWs-Sp. This is
similar to the pattern found in a study by A. Martinez i Quer et al., 2024 [10], where
despite having high mass removal rates, CYN concentrations in the outlets were above
the guideline values for drinking water. However, in our study all effluent concentrations
were below the guideline values for recreational waters (5.67 pg/L). It is to be noted that
the dimensions of the TW systems in this study are small and installed above ground.
TW systems at full scale would experience less heating, resulting in decreased ET rates
and lower effluent concentrations. However, temperature differences can also potentially
affect biodegradation rates. Since there are no standardized international guidelines for
irrigation waters, we cannot discuss the possibilities of water re-use for crop irrigation.
However, in the context of water reuse, using TWs planted with C. indica would exhibit

better effluent quality.

3.4.1.2. Water Quality Parameters and TWs Working Conditions

Since natural spring water was used for the experiments, water that was collected every
week to feed TWs, there was a high variability in the nutrients and organic matter content
input in the TWs during the course of the experiment. Weather conditions mainly
contributed to the variability in spring water composition, namely in nutrients and organic
matter content, due to the occurrence of heavy precipitation in some periods. This

resulted in high variations in the removal rates of nutrients and organic matter too.

The average TSS in the inlet waters were already low (0.4- 3.1 mg/L), indicating a good

water quality. The removal rates varied among the TWs systems. However, the average
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TSS in the outlets were below the inlets, showing no significant leaching from the TWs.
The TSS in the polyculture systems (TW-CS) were also significantly lower than the other
two TW conditions (p < 0.05), indicating a probability of better substrate stabilization due
to the specific morphology or enmeshing of the roots in these systems. Regarding
organic matter removal, measured through COD, the inlets varied between 8- 130 mg/L,
which again resulted in variation in removal efficiencies, showing no removal in some
cases, with COD levels being higher in the outlets than the inlets. This was however due
to the already low COD levels in the inlet, rather than the low performance of the TWs.
Moreover, the COD levels in the outlets were overall below the various global effluent
discharge limits (< 100 mg/L). No significant differences were found among TW plant

compositions in COD removal rates.

Nutrient removal rates were also evaluated (nitrate ion and total phosphorus) during
the experiment to ensure proper functioning of the TWs. Nitrate ion removals were > 90
% in all TWs throughout the experiment, with no statistically significant differences
among TWs. The total phosphorous removals varied with time but again no statistically
significant differences among TWs were observed. pH levels in the outlets were also well

within the safe levels, despite the inlet pH levels being slightly lower in some weeks.

The ORP is crucial for biochemical activity in TWs. Comprehending ORP levels in TWs
is crucial for assessing the system's efficacy and treatment parameters. ORP gives
information on the aerobic or anoxic conditions in TWSs, influencing the efficacy of
wetland treatment [63]. The ORP levels observed in the different TWs were still within
aerated to moderately reduced conditions (100- 400 mV) [64], indicating good VSSF TW
conditions. The significant decrease in ORP levels over time could be owed to the
decreasing environmental temperatures, which can decrease plants activity [65], and the

low COD levels in the spring water.

In summary, an overall good performance of the assembled TWs was observed,
despite the varying inlet levels of nutrient and organic matter content, suggesting that
the TW were simulating wetland conditions and could be extended for the treatment of

water contaminated with cyanotoxins.

3.4.2. Cyanotoxin Retention in TW Substrate Matrices
While there was a significant removal of cyanotoxins from the spiked spring water, it is
also important to determine if these toxins were retained inside the TW system, namely

in the substrate or plant tissues, or if they were degraded.
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There are several removal mechanisms of pollutants in TWs, which depend on factors
including the pollutant/effluent being treated, hydraulic retention time, flow direction,
substrate materials and plants used [66]. In this study, the role of substrate and plants in
the removal of MC-LR and CYN from the waters was investigated, by analyzing the bulk
substrate, the rhizo-substrate (in contact with plant roots), and plant tissues (leaves and
roots) for possible retention of the cyanotoxins within the different TWs compartments.
This contributes to the understanding of the cyanotoxin removal mechanisms in the TWs
currently studied, which could help in estimating scale-up and design configurations of
the TWs. It could also help investigate if novel components or factors of the TWs can

increase removal efficiencies of the pollutants being targeted [66], [67].

The choice of substrates is known to have an important role in TWs, particularly in sub-
surface flow wetlands [66]. They offer a supportive matrix for the establishment and
development of plants and of the microbial community and provide the surface area for
toxins sorptive interactions. Substrate is important for processes such as filtration,
chemical transformations, permeability/ hydraulic control, and as a sink for contaminants,
nutrients and organic matter [68]. Moreover, the use of a combinatorial substrate
approach, combining different types of substrates, has shown to have synergistic effects,
enhancing the overall efficacy of pollutant removal [69]. Two recent studies show that
factors such as substrate arrangement, substrate-layer thickness ratio, substrate
submergence depth, and hydraulic load also play a role in improving removal efficiencies
of contaminants [70], [71], although these factors were not explored in the current study.
In this study the substrate was composed of a top layer of sand (particle size of 0.4-0.8
mm) into which plants were transplanted, a second layer of biochar (particle size 1-4
mm), a third layer of light expanded clay aggregate (8- 13 mm), and a bottom layer of
gravel (particle size 10-15 mm) as a support and drainage layer, following an ascending
order of substrate particle size arrangement. This combination of substrate was selected
as in a previous study both expanded clay and biochar have shown high cyanotoxins

sorption [18].

The bulk-substrate and rhizo-substrate of each TW were analyzed for MC-LR and CYN
levels at the end of the experiment. The bulk substrate contained only sand, whereas
the rhizo-substrate (in contact with plant roots) contained a mix of sand and biochar as
plant roots, initially in the sand layer, have grown into the below biochar layer. Results
showed low retention rates (< 8%) of the cyanotoxins in the substrates. When comparing

the two cyanotoxins, CYN had relatively higher retention than MC-LR, and when
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comparing the bulk and rhizo-substrate, there was higher retention at the rhizo-substrate.
The increased retention rates in the rhizosphere could be attributed to the plant action
or the presence of biochar. Biochar has garnered interest as an effective substrate due
to its large surface area, porosity, and functional groups that facilitate the adsorption and
retention of contaminants [16], [72]. With regard to cyanotoxin adsorption by biochar,
several studies demonstrate high sorption capacities of MC-LR [73], [74]. Biochar has
also shown CYN sorption, with sorption capacity or removal efficiency being higher than
that of MC-LR [18], as also observed in the current study, where there is significantly
higher CYN retention in the rhizo-substrate, than MC-LR. However, most sorption
investigations on MC-LR and CYN are batch studies rather than those involving
adsorbents integrated into treatment systems and comparisons on sorption must be
carefully made. Moreover, when incorporated in water treatment systems like TWs, other
factors that influence pollutant retention or removal include the presence of vegetation

and microbial degradation.

The presence of different plants had an influence on the cyanotoxin retention. In the
sand, there was significantly higher retention of MC-LR and CYN (p < 0.05) in the TW-
Sp systems, when compared to TW-Ci and TW-CS systems. In the rhizo-substrates,
there was only significantly higher retention of CYN in the TW-Sp systems in comparison
to TW-Ci and TW-CS. This difference in retention rates could be attributed to the distinct
roots, rhizomes, and root exudates of S .erectum and C. indica, which can play an
important role in the removal of contaminants. For instance, the root structure has shown
to help improve hydraulic conductivity and prevent clogging in TWs [75], and larger root
and rhizome distribution can improve surface area for contaminant adsorption [62], [66],
[76], [77]. S. erectum has an extensive root system that is thick and deep, to support its
tall growth habit in aquatic environments [78]. C. indica on the other hand, forms
branched rhizomes that grow horizontally and are divided into bulbous segments rich in
starch [79]. A study by T. Liffen et al., 2011 [80] demonstrates the resilience of the below-
ground biomass of S. erectum to uprooting, indicating the species' potential to stabilise
and fortify the typically soft, silty sediments it frequently inhabits, where its rhizomes and
roots develop in low-energy river environments. Additionally, it demonstrates that the
plant's rhizome strength stays consistent throughout the growing season, indicating its
capacity to preserve and reinforce fine sediments throughout winter even when above-
ground biomass is absent. This could explain the higher cyanotoxin retention in the
substrate matrices of the TWs planted with S. erectum. Moreover, the chemical profiles

of the root exudates of S.erectum and C.indica can differ significantly, and can contribute
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to the differences observed in cyanotoxin retention and removal. While there is limited
direct evidence available in scientific literature on the composition of root exudates for
S.erectum, the root exudate composition of C.indica is well characterized. There is even
evidence of specific root metabolites and rhizosphere bacteria that get recruited during
metal stress in C.indica [81]. This difference in root exudates and rhizosphere
composition could also contribute to the observed differences in cyanotoxin retention
and removal, for instance, with higher cyanotoxin degradation in the substrates of TWs
planted with C. indica, resulting in lower toxins levels in the rhizosphere of this plant.
There was no significant difference in cyanotoxin retention in the substrate matrices of
TW-Ci and TW-CS, indicating that plant diversity did not influence the cyanotoxin
retention. Moreover, considering the high removal rates in water, and relatively low
retention rates in the substrates, there is an indication that cyanotoxins could have been

uptake by plants and/or degradation by TW microbial community.

3.4.3. Cyanotoxin in Plants Tissues and Impact on Plant Status

Plant uptake can play a role in pollutant removal, although its importance varies with
the plant species and biology, the pollutant type and the TW system configuration [82].
Cyanotoxins may also be taken up and accumulated by plants, though their mechanisms
and effects can vary. Strategic design and selection of plant species can enhance this
process for specific pollutant removal.

The uptake and accumulation of cyanotoxins by plants is dependent upon parameters
like toxin type/ concentration, plant’s organ partition and capacity of metabolization of
the cyanotoxin, and time of exposure, sometimes leading to various phytotoxic effects.
Although limited, there are some studies on the uptake and accumulation of microcystins
by aquatic plant species (emergent and submergent), which indicate bioaccumulation
and unveil phytotoxic effects [83], [84], [85]. However, it is important to note that these
studies were done in water systems and not water-soil systems, at non-ecologically
relevant concentrations [86]. Thus, extrapolation to soil systems must be taken with
caution, as soil may have additional effects towards reducing cyanotoxin bioavailable,
which can decrease plant their uptake and toxicity.

In the current study, MC-LR and CYN were not detected in any of the plant
tissues/organs, neither after 5 weeks nor after 10 weeks of exposure to cyanotoxin
contaminated spring water. Although, the plants were exposed to relatively low levels of
either cyanotoxin (2-10 pg/L MC-LR, 8-15 pg/L CYN), and the cyanotoxin detection limits
in the plant tissues (0.06 ng/g FM for MC-LR and 0.07 ng/ g FM for CYN) might not allow

detection of accumulation. Moreover, the TW system encompasses a complex
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combination of mechanisms for pollutant removal and the contribution of the plants in
this study to directly uptake and accumulate cyanotoxins might be limited. The absence
of detectable MC-LR and CYN in either plant roots or plant leaves does not rule out
uptake and metabolization within plant tissues could have occurred. Studies in the
literature confirms plants’ ability to uptake cyanotoxins, however, explicit metabolization
pathways for their detoxification remain poorly characterized [8], [87]. Previous studies
indicate the possible pathways of glutathione conjugation by specific glutathione-S-
transferase enzymes [88], and cytochrome P450-mediated alterations similar to
xenobiotic detoxification processes [89] in plants. The results obtained here open
perspectives for future studies unveiling the metabolic pathways of cyanotoxin
detoxification by S. erectum or C. indica.

The potential stress effects on the plants’ biology and performance were monitored
throughout the experiment, through leaves photosynthetic efficiency, pigment
composition and carbohydrate metabolism, which are key endpoints of primary
metabolism. By doing so, the adaptability of the different plant species and their
polycultures in TW conditions could be investigated.

Chlorophyll analyses indicated that C. indica in monoculture might be more susceptible
than S. erectum, but that these effects may be overcome in polyculture TWs. This higher
susceptibility was for example demonstrated by the significant decrease in net
chlorophyll levels (a + b) found in the C. indica species in the TW-Ci systems over time,
but not in the polyculture system The chlorophyll a/b ratio increased in C. indica in TW-
CS systems may indicate a response to mild stress conditions along the experimental
weeks exposure condition. Considering that the plants used were already adult at the
beginning of the experiment, and the leaves well expanded, the changes observed in the
pigments suggest that no major impacts towards impairing photosynthesis are observed
by the presence of cyanotoxins, and that the effects may be minorized when different
plant species are grown together. This conclusion is in agreement with the Fv/Fm and
¢@PSll results that indicate no impairment in PSIl. The maximum and effective quantum
yield of PSII were within healthy levels throughout the experiment. Nevertheless, further
metabolic studies may be performed to validate this hypothesis, as other studies have
been showing significant impacts of cyanotoxins on other plant species [90], [91], [92],
[93], [94].

Carotenoids function as antenna pigments in plants and play a crucial role in stress
indication. They are precursors in the biosynthesis of abscisic acid, which is a

phytohormone that regulates stress responses [95], [96]. Here, carotenoid levels
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significantly increased at T-1/2 in C. indica in TW-CS systems, indicating stress. But their
levels decreased again at Tf, going back to initial levels. This initial increase, and
subsequent decrease as plants acclimate to the experimental conditions, could signify
the plant’s adaptation to stress [97]. This was also observed in the S. erectum, although
the fluctuations were not significant. Interestingly, this was not observed in the C. indica
of the TW-Ci systems, demonstrating better adaptation of the C. indica of the polyculture
systems. Anthocyanin, another important pigment in the indication of plant stress
responses, was also evaluated, but the fluctuations were not statistically significant.

Soluble sugars in plants are essential for multiple structural and functional roles,
including osmotic balance, energy supply and stress signalling, and are often used,
together with other indicators, to make a global assessment of the photosynthetic status.
The soluble sugar metabolism can be affected by environmental stresses such as
variations in light, water, temperature and attack by pathogens [98][99]. In this study,
total soluble sugars increased by four times in the leaves of TW-CS C. indica at T-1/2.
This increase may have been a stress response aimed at contributing to for e.g., higher
energetic demands when put on defense mechanisms, increased lignification of some
cell walls towards controlling the stress pathways (e.g. apoplast/symplast), or to help
mitigating damage caused by reactive oxygen species generated during stress
conditions. However, in total soluble sugars a significant decrease again at Tf was
observed, suggesting the plant’s possible acclimation to the stress. A similar pattern was
observed in the insoluble sugar levels in the C. indica of TW-CS systems. Insoluble
sugars serve as long-term energy reserves and structural components of the plants.
Insoluble, sugars are also known to accumulate in plant leaves due to various stress
factors [98], [100].

So, C. indica of the polyculture TWs showed some signs of stress response with
fluctuating levels of sugars and pigments which indicated its capability of plant stress
adaptability. On the other hand, the absence of significant fluctuations in S. erectum and
C. indica in monoculture indicates no signs of adaptability to stress effects. This
demonstrates that using C. indica in polyculture would be a good prospective to use in
TWs treating MC-LR and CYN. However, it should be noted that plants in the field are
typically exposed to a mixture of many abiotic stressors such as nutrient imbalances,
anoxia due to saturated TW conditions, pH fluctuations, varying temperatures and light
intensities related to season, and other co-contaminants could be contributors of stress.
The responses of plants to combined stressors are distinct, and the reactions to each

stress cannot be considered in isolation [98]. Furthermore, not all plants have identical
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responses to all combinations of stress, and there are considerable differences across
species and genotypes [101]. Therefore, responses of plants to stresses are a very
complex phenomenon and may also differ while scaling up of TWs. The absence of
significant stress could also be attributed to the fact that no significant accumulation of
cyanotoxins was observed, or that the cyanotoxin detoxification pathways in these plants
were adequate, highlighting the potential of these two species to these types of TWs.
Plants’ contribution to organic pollutant removal can be more indirect. For instance, they
can support microbial communities in the roots (rhizosphere effect). These microbes
degrade organic pollutants more efficiently than plant uptake alone [102]. In this study,
as no accumulation by the plants was observed, one must not discard the relevance of
the contribution of the associated microbial community in the cyanotoxin biodegradation,

which deserves further studies.

3.4.4. Genes and Microbial Community Composition

Given the high removal rates of cyanotoxins from the water, low retention rates in the
substrates, and no detected plant accumulation, microbial degradation of cyanotoxins
seems the key removal mechanism. PCR screening for the mirA gene confirmed the
absence of amplification of homologous genes, rejecting the only known MC-LR
degradation pathway, as seen in other studies [10]. However, the absence of the gene
does not rule out microbial intervention, the promiscuous degradation by microbes
through other unspecified pathways is a high possibility. Moreover, MC-LR could be co-
metabolically degraded with carbon, nitrogen or phosphorus. Currently there are no
known degradation pathways for CYN. Therefore, characterizing the microbial
community within the TW substrate is important for understanding the impact of
cyanotoxins and their potential degradation. It is well known that TWs rely heavily on
their microbial community for pollutants removal/degradation. The microbial community
composition of TWs can differ depending on various factors such as plant presence and
species, season, substrate, and the specific pollutants being treated. Here, the microbial
community composition, dominance, diversity and functional dynamics across various

plant compositions, different TW matrices, and the impact of time was investigated.

3.4.4.1. Phylum and Genus Composition of Prokaryotic community

The most dominant phyla in all substrate samples were Proteobacteria,
Actinobacteriota, and Cyanobacteria. Chloroflexi, Patescibacteria, Planctomycetota,
Firmicutes, Acidobacteriota, and Gemmatimonadota were present in various

abundances in specific samples. This agrees with other studies focused on microbial
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ecology in TWs [103], [104], including one with the treatment of MC-LR and CYN [10].
Proteobacteria, Actinobacteriota, Chloroflexi are consistently identified as dominant
phylum in vertical flow TW studies, having been known to play a vital role in nutrient
cycling, complex organic matter degradation, biofilm formation, and overall water
purification processes. There was no shift in the abundance at the phylum level when

comparing TW plant compositions, time, or substrate type.

At the genus level, there were 48 different genera that were abundant across all the
samples, with high diversity amongst the samples. It can be seen that certain genera
dominated the rhizo-substrate, in comparison to the sand samples, where there was
more diversity. This is likely due to the selection of certain bacteria in the rhizosphere
from the bulk substrate. This trend of higher microbial diversity in bulk-soil than the rhizo-
sphere is typical and has been observed in studies comparing microbial diversity in the
rhizosphere and bulk soils [105], [106]. However, this might also be due to the presence
of biochar. A study by Cakin et al., 2024 [107], noted increased TW performance but
reduced microbial diversity with incorporating biochar in TW mesocosms. A shift in the
genus composition can also be seen when comparing sand samples over time, and the
different TW plant conditions at the rhizosphere level. This indicates that microbial
composition varies according to the aforementioned parameters; nevertheless, further
investigation through alpha and beta diversity allowed us to comprehend their significant
shifts.

Beta-diversity analysis showed that there was indeed a strong shift in the microbial
community over time. The microbial community was also significantly different between
the two substrate types (at Tf). The TW plant compositions influenced the microbial
community only at the rhizosphere level, with the TW-CS community being more
dissimilar from the TW-Sp and TW-Ci communities, showing that different plants can
influence the microbial community surrounding their roots. This could be related, for
instance, to the exudation of different compounds by plant roots of different plant species
[108].

Alpha-diversity analysis across all the samples conformed to this, with higher Observed
ASVs and Chao1 indices at Tf than TO. Interestingly, when comparing TO and Tf sand
samples, only S. erectum TW showed an increase in alpha-diversity at Tf. Whereas at
the rhizosphere level, S. erectum TW showed lower alpha-diversity indices compared to
systems containing C .indica and both C. indica and S. erectum. This indicates that C.

indica brings more diversity at the rhizosphere level than S. erectum. This correlates with
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the plant health parameters where C. indica demonstrated better adaptation strategies
through fluctuations in the pigments and sugar levels than S. erectum. When comparing
sand and rhizo-substrate samples at Tf, sands had relatively higher alpha-diversity
indices. Which reinforces that the bulk substrate has more microbial diversity than the
rhizo-substrate matrix. The possible explanations for this could be the selective pressure
in the rhizosphere due to plant root exudates, change in nutrient gradient and
competition, and oxygen and redox gradients, thereby favouring specific microbial taxa
leading to lower microbial diversity but higher functional specializations. On the other
hand, the bulk substrate may have more varied micro-habitats, including biofilms, which
can help form extensive multi-species communities leading to increased microbial
diversity [109][1086].

3.4.4.2. Enriched Taxa in Different Plant Compositions

Zooming in to taxa enriched under specific plant compositions, it can be seen that TW-
Ci substrates had more enriched groups than the substrate of the other two TW types.
The order Defluviicoccales was typical of the TW-Sp systems. Although this order has
previously not been associated with S. erectum, they have been relatively abundant in
enhanced biological phosphorus removal (EBPR) wastewater treatment plants [110].
They are recognized for accumulating glycogen and polyhydroxyalkanoates which
potentially support their winter niche [111]. Their enriched presence here could be
attributed to phosphorous removal and helping the plant survive during the dormant

winter months [78].

Among the taxa enriched in TW-Ci systems, Anaerolineaceae was the only group
previously linked to the presence of C. indica, having been a dominant family present in
a TW beside Dianchi Lake in China planted with C. indica [112]. The enriched taxa typical
to TW-Ci systems were mostly of plant-associated soil and rhizosphere habitats,
characteristic to stress tolerance and plant-growth promoting activity such as nitrogen
fixation, and pathogen resistance (Porphyrobacter, Leifsonia, Terrabacter,
Altererythrobacter) [113], [114], [115]. Certain species of the Porphyrobacter genus also
exhibit algicidal properties, having implications to control harmful algal blooms [116].
Some of the enriched taxa were also characteristic to anaerobic conditions
(Anaerolineaceae, Clostridium_sensu_stricto_13, Candidatus_Adlerbacteria). The
Devosiaceae and BSV26 family were enriched in TW-CS systems, both of which
facilitate environmental adaptability and sensing. Devosia, the most common genus of

Devosiaceae , thrive in various toxin-contaminated soils (e.g., hexachlorocyclohexane,
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mycotoxins) and are best characterized for their bioremediation capabilities [117].
BSV26 families are found in diverse habitats, highlighting its ecological adaptability,
however its metabolic functions are speculative. Its presence in activated sludge from
petroleum facilities, deep layers of lakes, and caves suggest roles in elemental cycling,
hydrocarbon degradation, and microbial ecosystem stability has been reported [118],
[119], [120].

3.4.4.3. Enriched Taxa at TO and Tf

3.4.4.3.a. At TO -

It is to be noted that the taxa enriched at TO, before cyanotoxin exposure, could have a
prominent influence from the spring water and the biofilms formed in the TWs during the
acclimation stage of the TWs, or even the plant roots, as adult plants were transplanted
into the TWs systems. It is difficult to clearly point out which was the driving influence for
specific enriched taxon, without the microbial community data of the spring water or plant
roots, which was not assessed in the current study. However, most of the enriched taxa
typically found at TO were characteristic to low nutrient freshwater environments,
specializing in nutrient cycling and efficiently utilizing scarce resources. This could mean
that the nutrients from the spring water were insufficient for the plants, resulting in the
formation of a diverse microbial community with effective strategies for nutrient
availability. Of the enriched taxa at TO, some were also previously identified in
constructed or natural wetland ecosystems (Leptospira, Paracoccus, Rhodospirillaceae,
Blastocatellaceae) [121], [122], [123]. Leptospira, a genus with several pathogenic
species, were previously identified in sediments of wetlands affected by livestock raising
intensification [121]. Given their ability to flourish in waterlogged soils and stagnant
water, they were likely introduced into the spring water via urban runoff; and entered the
TWs through the spring water. A potentially toxic strain of Kamptonema (PCC 6407),
known to inhabit diverse freshwater environments, including shallow pools, springs, and
periodically flooded areas may have also been enriched through the spring water. The
enriched genera Gemmobacter and Paracoccus have both been attributed to their
versatile metabolic capabilities in diverse environments, resulting in their biodegradation
potential of various organic pollutants in the environment [124], [125]. Other enriched
taxa here such as Prosthecomicrobium, Skermanella, Rhodospirillaceae, and
Blastocatellaceae, were all metabolically versatile, possessing adaptive traits such as

enhanced surface area (prosthecae formation), biofilm formation, nitrogen fixation,
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carbon decomposition, and host symbiosis to cope with low nitrogen and, or carbon
environments [126], [127], [128], [129].

3.4.4.3.b. At Tf—

Some of the typical taxa enriched at Tf, after cyanotoxin exposure, Sphingorhabdus,
Shinella, Porphyrobacter were associated with cyanotoxin degradation; while
llumatobacteraceae, Roseomonas, and Obscuribacteraceae were known to be part of
bacterial consortia co-existing with harmful algal blooms. Sphingorhabdus has already
been identified as a potential MC degrader and has been found to be abundant in a
biologically enhanced biochar environment exposed to MC-LR [130]. Sphingorhabdus,
along with Roseomonas, was also found in abundance in a bacterial community
associated with phytoplankton bloom in a eutrophic lake in South Norway, coincidentally
when the cyanotoxin concentration was highest [131]. Shinella have also shown to be
capable of degrading MCs [132], suggesting an adaptive role in mitigating cyanotoxin
impacts. Interestingly, Porphyrobacter, a genus exhibiting algicidal properties, was also
typical to the TW-Ci systems (refer section 3.1.1.), meaning the presence of MC-LR/
CYN were also drivers of their enrichment in the TW-Ci systems. Another study found
llumatobacteraceae proliferated alongside the predominance of Microcystis spp. in
coexisting Synechococcus and Microcystis blooms, where it was linked to high
Microcystis and low Synechococcus samples [133]. Obscuribacteraceae was
consistently found in the benthic sediment of a WWTP stabilization pond frequently
disrupted by Microcystis blooms. While these bacterial groups are consistently found in
occurrence with harmful algal blooms or cyanotoxin contaminated environments, the
functional roles behind their associations are under explored. Their presence in TW
ecosystems could suggest their potential as cyanotoxins degraders or that they have

developed a microbial community resistant to cyanotoxin exposure.

Other enriched taxa at Tf included groups functional in nitrogen and phosphorous
transformation. For instance, the bacterial groups Microtrichales, Actinoplanes, and
Quadrisphaera are biomarkers for phosphorus accumulation and mobilization in soil
ecosystems [134], [135], [136]. Known nitrogen-fixing and nitrogen transforming groups
including Roseomonas, Nostoc, Azospirillum, Ensifer, Rhodoplanes, and Defluviimonas
were also enriched [137], [138], [139], [140]. There were also enriched groups that have
previously been identified specifically in constructed or natural wetland ecosystems-
Caldilineaceae, @~ WD2101_soil_group, Dongia, @ Romboutsia, = Reyranellaceae,
llumatobacter and Rhodobacteraceae [10], [109], [141], [142], [143], [144]. Plant-growth
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promoting and environmental oxidative stress tolerant bacterial taxa such as Devosia,
Alsobacter, Occallatibac [117] were also enriched at Tf. Numerous enriched taxa also
belonged to an anaerobic niche, with some being identified specifically in anaerobic
digester (AD) bacterial communities (Pir4_lineage, Longivirga, Dojkabacteria,
Candidatus_Campbellbacteria, Clostridium_sensu_stricto_3) [145], [146], [147], [148],
[149] indicating that certain sites in the TWs were functioning anaerobically. It is also to

be noted that at Tf, Cyanobacteriales were enriched in the TWs substrates too.

3.4.4.4. Enriched Taxa in the Different Substrate Matrices at Tf

3.4.4.4.a. Enriched Groups in the Rhizo-substrate -

The presence of more enriched groups in the sand substrate than the rhizo-substrates
further confirms higher microbial diversity in the bulk substrate than in the rhizo-
substrate. In fact, numerous studies indicate that biodiversity is greater in bulk soil
compared to rhizosphere soil, since the rhizosphere tends to be a more selective
environment, leading to enrichment of certain microbial taxa that are particularly adapted
to the root exudates and conditions near roots [99], [100], [102]. The enriched groups in
the rhizo-substrate specifically belonged to the phyla Cyanobacteria, Proteobacteria, and
Actinobacteriota. The cyanobacteria Tychonema and Kamptonema enriched at the
rhizosphere belong to genera that are potential cyanotoxin producers, however it is
unlikely that the strains found here are toxin producing [56], [57]. Desmonostoc PCC-
6302 on the other hand is a key component in microbial consortia designed for soil
improvement, particularly in nitrogen fixation and carbon sequestration; and is not related
to cyanotoxin production. This microbial consortium formulated for soil enhancement
[150] includes other cyanobacteria like Nostoc PCC-73102, which was also enriched in
our systems at Tf. Two genera (Kamptonema PCC 6407 and Prosthecomicrobium)
enriched in the rhizo-substrate, were also enriched in the bulk substrate at TO, indicating
that they were probably from the spring water. It is likely that they were selected at the
rhizosphere for specific plant growth or stress related functions. Other enriched groups
like Rhodobacteraceae, Flavimaricola, and Coriobacteriales all contribute to the
metabolic functions within the rhizosphere and endosphere of wetland plants, enhancing

pollutant degradation processes [19], [151].

3.4.4.4.b. Enriched Groups in the Sand -

The genus Sphingomonas that is known to degrade MCs and nodularins;

Novosphingobium and CL500-29 _marine_group, identified in abundance during
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M.aeruginosa blooms [152] were enriched in the sand, the bulk substrate. Strains of
Sphingomonas and Novosphingobium are also known to have the mir gene cluster. Mn-
oxidizing bacteria (MOB) such as the Hyphomicrobium family were enriched in the
sands. Previous studies have indicated that MOB has the potential to degrade CYN
[153]. Hyphomicrobium and Caldilineaceae are enriched groups that have also been
previously abundant in cyanotoxin treating TWs [10]. Enriched groups such as
Xanthobacteraceae, Bosea, Stenotrophobacter, A4b, and KD4-96 are identified in TW

ecosystems known to degrade a wide range of contaminants [154], [155], [156], [157].

There was also enrichment of several oligotrophs of the biofilm niche, such as Kaistia,
Pseudorhodoplanes, Caulobacteraceae, Ancalomicrobium, CL500-3 [158], [159], [160],
[161]. Enriched bacterial groups - Pir4_lineage, Anaerocolumna, Microtrichaceae,
Candidatus_Campbellbacteria, Tepidisphaeraceae, Mobilitalea, Herbinix,
Propionicimonas, BBMC-4, and a possible_genus_04 from Fibrobacteraceae family are
all specific to complex organic matter degradation in anaerobic conditions [147], [149],
[162], [163], [164], [165], [166], [167], [168], [169]. This could be correlated to the
decaying plant biomass visually observed during the winter weeks of the experiment,
especially in the S. erectum plants. Plant growth promoting bacteria normally found in
contaminated sites were also enriched in the sands- Rhizobiales_Incertae_Sedis, LWQ8
family, Lamia, Labrys and Marmoricola [19], [170], [171], [172], [173]. These bacteria are
specific to plant biotic and abiotic stress responses. Pathogens such as Mycobacterium,
Clostridia, Bosea and Afipia were also enriched in the sands [174], [175], [176], however
their presence in the systems can probably be traced back to the spring water. JG30-
KF-CM45, a family of bacteria increasingly found in biochar amended soils was also
enriched in the sand samples [177]. The enriched presence of the members of the alphal
cluster within the Beijerinckiaceae family (methylotrophs) in the sands again indicated

the mitigation of methane emission by aerobic methane oxidation [178].

In summary, despite the differences in plant species, substrate type, and cyanotoxin
presence, phylum-level relative abundance remained largely consistent among TW
substrates. However, on the genus level there was significant variation in relative
abundance, particularly between rhizo-substrate and sand samples, influenced by
rhizosphere-specific selection and potentially biochar presence. Alpha and beta diversity
analyses confirmed marked community shifts over time, between the bulk and
rhizosphere substrates of the TWs, and the different plant compositions within the

rhizosphere. TWs with C. indica exhibited higher microbial diversity and plant-growth
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promoting taxa, correlating with improved physiological resilience. Taxa enriched at TO
were primarily associated with oligotrophic environments and efficient nutrient cycling,
while at Tf communities included known cyanotoxin degraders and stress-tolerant plant-
associated bacteria. Substrate specific enrichment at Tf revealed higher diversity in
sands, which supported both cyanotoxin degrading taxa and anaerobic, complex organic
matter degraders. Rhizo-substrates, in contrast, were dominated by functionally

specialized taxa contributing to nutrient transformations and plant-microbe interactions.

3.5. Conclusion

The present work evaluated VF-TWs planted with monoculture and polyculture of S.
erectum and C. indica plant species for the removal of MC-LR and CYN, and their
mechanisms of removal in the TWs, including substrate retention and plant uptake.
Microbialstatus communities in the substrate were also characterised, aiming to identify
those responsible for cyanotoxin removal. MC-LR removals were high across all plant
compositions (mass removal rates > 96% throughout the experimental period), with
outlet concentrations from all TWs below LOD (0.15 ug /L). TWs with C.indica showed
higher CYN mass removal rates (TW-Ci: 73- 97 %, TW-CS: 81-98 %) than TWs with just
S.erectum (TW-Sp: 70- 91 %), and there was no influence of using polyculture systems
on cyanotoxin removal efficiency. While substrate retention of MC-LR and CYN were
generally low (< 8%), the plant composition had an impact on cyanotoxin retention at the
bulk substrate and rhizo-substrate level. TW-Sp had significantly higher retention of both
MC-LR and CYN in the sands, and just of CYN in the rhizo-substrate, than the other two
plant compositions. The uptake and accumulation of MC-LR and CYN were not detected
in the plant tissues, suggesting that microbial degradation could be the key removal
mechanism of cyanotoxins. The microbial community showed a marked shift over the
period of the experiment, between the bulk and rhizosphere of the TWs, and the
rhizosphere of the different plants. Higher microbial diversity was observed at the bulk
substrate than the rhizo-substrate. TW- Ci exhibited enriched plant-growth promoting
taxa (Leifsonia, Terrabacter, Altererythrobacter), which also correlated with the plant
physiological tests, indicating that TW-Ci had higher stress tolerance to the overall TW
conditions treating cyanotoxins. The bulk substrates were enriched with known MC
degrading taxa Sphingomonas, Shinella and Novosphingobium at Tf. While they are

known MC degrading genera via the mir degradation pathway, the genes were not
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detected in this study. MOBs that have known potential to degrade CYN, such as
Hyphomicrobium were also enriched in the bulk substrate. Several taxa associated with
mir-independent cyanotoxin degradation such as Sphingorhabdus and Porphyrobacter,
and HAB associated taxa such as [llumatobacteraceae, Roseomonas, and
Obscuribacteraceae were also enriched in the systems at Tf. This suggests that other
unknown cyanotoxin degradation pathways were in play, a topic that deserves further
investigation. Overall, VF- TWs planted with C.indica demonstrated better efficiency for
CYN removal and adaptability in the treatment of surface waters contaminated with
cyanotoxins. However, future studies with pilot scale TWs are suggested to monitor

effluent quality for water-reuse, taking in consideration evapotranspiration rates.
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Chapter 4. General Discussion and Future

Perspectives

This thesis explored strategies to enhance NBS, such as TWs, to address the complex
dynamics of CyanoHABs and ensure their effective treatment. In the first experimental
study, it was aimed to test agro-based waste materials that were locally relevant, for their
sorption potential of the most prevalent cyanotoxins (MC-LR and CYN), and the sorption
kinetics and mechanisms of the two best candidates were studied for their subsequent
incorporation into NBS such as TWs and biofilters. We then aimed to test and compare
monocultures and polycultures of two plant species (S.erectum and C.indica) in TWs for
the removal of MC-LR and CYN in a second experimental study. The two best sorbent
materials from the first experiment were incorporated into the TW systems, thereby
linking the two aims of the thesis and studying a new TW configuration for cyanotoxin
removal. Finally, the removal mechanisms of MC-LR and CYN in this specific TW design
was studied, contributing to the knowledge on TW performance that could be valuable
for scale-up of these systems.

The research described in this thesis provides knowledge and steps for the
enhancement of NBS through valorisation of local resources, testing of different plant
species, their effectiveness in the removal of cyanotoxins, and the processes involved in

cyanotoxin removal.

4.1. Valorisation of Agro-based Waste Materials as Cyanotoxin
Sorbents in NBS

Low-cost sorbents, namely raw un-modified agro based waste materials were explored for the
sorption of cyanotoxins MC-LR and CYN, along with some benchmark substrates used in NBS
(biochar, LECA, and sand). The work is positioned at the intersection of resource-efficient material
use and NBS, with the objective of guiding the sustainable incorporation of sorptive materials into
NBS for enhanced cyanotoxin mitigation.

4.1.1. Sorption Performance and Material Viability

The findings demonstrate that biochar and LECA are promising materials for inclusion

in NBS due to their notable sorption capacities for both MC-LR and CYN. The kinetic and

isotherm modelling indicated that chemisorption was the dominant mechanism
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governing the uptake of cyanotoxins, with the Freundlich and D-R models best describing
the experimental data, underscoring the heterogeneous and microporous nature of the
materials. In contrast, unmodified agro-waste materials such as cork granules, OP, and
rice husk exhibited negligible sorption potential under the tested conditions. These
results underscore a critical trade-off: while agro-wastes are attractive from a
sustainability and circular economy perspective, their unmodified state appears

insufficient for practical application in cyanotoxin removal.

4.1.2. Interpretation of Sorption Mechanisms

The higher cyanotoxin sorption observed with biochar and LECA is attributable not only
to their surface area and pore characteristics but also to their surface chemistry and
morphological heterogeneity, as revealed by SEM/EDS analysis. While attempts to
correlate the elemental composition of the material directly to their sorption performance
were inconclusive, the high content of positively charged elements on the sorbent
surfaces may have enhanced the interaction with negatively charged MC-LR at neutral
pH. However, CYN, being zwitterionic at pH 7, warrants deeper mechanistic
investigation, particularly regarding its interaction with variable surface functional groups.
4.1.3. Implications for Integrating into NBS

The incorporation of non-functionalized biochar and LECA into NBS aligns with the
principles of low-input, scalable, and adaptive water treatment strategies, especially for
rural and resource-constrained settings. Their sorption characteristics, coupled with
physical durability and commercial availability, support their incorporation into modular
NBS designs aimed at tackling seasonal or episodic cyanotoxin peaks. However, the
sorption performance under dynamic field conditions, where multiple pollutants coexist
and biogeochemical processes interact, remains to be validated. For instance, the
influence of TWs operational parameters such as hydraulic retention time, redox
gradients, microbial activity, and plant-substrate-water interactions must be

systematically studied to extrapolate laboratory findings to field-scale applications.

4.1.4. Future Perspectives

The promising sorbents identified should be incorporated into pilot or mesocosm scale
NBS under environmentally relevant conditions. This would allow for monitoring of long-
term sorption stability of the cyanotoxins, and performance under varying hydraulic and
pollutant loading regimes. Future investigations should address competitive sorption of
cyanotoxins, either when multiple cyanotoxins are present or in the presence of other
organic micropollutants, nutrients (e.g., ammonium, nitrates, phosphate), and natural

organic matter, which may inhibit or alter cyanotoxin sorption. Moreover, understanding
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whether sorbed toxins remain intact, undergo transformation, or become bioavailable for
microbial degradation is essential for risk mitigation and the long-term safety of NBS
effluents. Integration of sorption studies with microbial community analyses would help
elucidate how sorptive substrates contribute to or hinder microbial degradation
pathways. The synergy between abiotic (sorption) and biotic (biodegradation) processes
may be critical for complete cyanotoxin removal.

Without resorting to chemical activation, alternative low-energy modifications such as
steam treatment, physical milling, or enzymatic pretreatment of agro-waste materials
could be explored to enhance their sorption performance while maintaining ecological

compatibility.

4.2. Comparing a Natural Wetland and an Ornamental Species in

TWs as Monocultures and Polycultures

VSSF TWs planted with monoculture and polyculture of S. erectum, and C. indica plant
species were studied for MC-LR and CYN removal, as well as the processes of removal
in the TWs, such as substrate retention and plant uptake. Microbial communities in the
substrate were also investigated in order to identify those responsible for cyanotoxin
removal. This was an initial lab-scale study with the goal of enabling further pilot-scale
investigations to assess evapotranspiration dynamics and effluent quality for safe water

reuse.

4.2.1. Performance of TWs and Cyanotoxin Removal Mechanisms

All TWs consistently achieved > 96% removal of MC-LR, with effluent concentrations
falling below the LOD and well under WHO drinking water guidelines [1]. This aligns with
previous studies and reinforces the robustness of vertical-flow TW configurations for MC-
LR elimination. CYN removal was plant-species dependent, with TWs planted with C.
indica (monoculture or polyculture) showing improved mass removal (73-98%),
outperforming systems with S. erectum over time. However, CYN concentrations in TW
effluents still exceeded WHO drinking water guidelines for chronic exposure limits in all
treatments [2]. S. erectum had higher evapotranspiration and reduced effluent dilution
capacity. It should be mentioned that TW systems at full scale would be less heated,
resulting in lower ET rates and effluent concentrations, when compared to microcosm

studies such as this.
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Despite variations in inlet water quality and environmental conditions, TWs maintained
> 90% nitrate ion removal and consistently met the various global effluent discharge
limits for COD (< 100 mg/L) and TSS (< 2 mg/L). Substrate stabilization was notably
effective in polyculture systems. Low cyanotoxin retention in substrates (< 8%) and non-
detectable levels of MC-LR and CYN in plant tissues indicate that microbial degradation
within substrates is likely the primary removal mechanism. Absence of mirA gene
amplification, a gene commonly associated with cyanotoxins degradation, suggests
alternative microbial degradation pathways at work.

4.2.2. Plant Role and Stress Response

C. indica in polyculture TWs exhibited stress adaptation, as indicated by temporary
variations in pigment and sugar levels, indicating robust physiological responses. In
contrast, S. erectum showed minimal stress response and visual signs of declining over
the experimental period.

The absence of detectable toxin in plant tissues may reflect rapid metabolism (e.g.,
glutathione conjugation or P450 activity) , limited uptake, or bioavailability. These
detoxification pathways remain speculative and require deeper investigation.

4.2.3. Microbial Community Dynamics

TW substrate microbial communities were dominated by Proteobacteria,
Actinobacteriota, and Cyanobacteria. Significant plant species— and substrate—driven
shifts occurred at the genus level, particularly over time. C. indica systems (both in
monoculture and polyculture) exhibited enrichment of plant-growth—promoting taxa (e.g.,
Leifsonia, Terrabacter, Altererythrobacter ). Bulk substrates hosted a broader range of
degradative, decomposing, and anaerobic microbial consortia, suggesting
complementary functional zones within TWs substrate.

4.2.4. Future Perspectives

Pilot scale up testing needs to be done across seasonal cycles and open-ground
installations to capture reduced evapotranspiration, stratification, and their effects on
CYN removal and microbial activity. Moreover, long-term stability extended over
monitoring beyond 10 weeks (ideally >1 year) to assess TW resilience, pigment stability
in plants, root longevity, and pollutant removal consistency, as seen in long-term pilot
studies, should be considered.

The P-k—C* model was fitted using the experimental data to provide area-based rate
constants (ka) and facilitate area demand calculation [3] (Appendix 4- S1, Table S1). For
this, the average effluent concentrations of MC-LR and CYN over the 10-week

experimental cycle was used and the area was calculated considering the treatment of
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1m?day of water with an initial MC-LR and CYN concentration of 10 ug/L, under two
different WHO GV scenarios (recreational and drinking water). For reaching the
recreational GV (MC-LR- 5.67 ug/L and CYN- 3 pg/L), an estimated area of 0.7 m? for
MC-LR and 1.4-1.5 m? for CYN was calculated, and for reaching the drinking water GV
(MC-LR- 1ug/L and CYN- 0.7 ug/L) an estimated area of 4.4 m? for MC-LR and 4.7- 5.2
m? for CYN was calculated. While TWs are not usually used for treatment of drinking
water, this GV helps create a stricter standard for the effluent water quality, since there
are no GVs for cyanotoxins in irrigation waters.

The area demand calculated in this study is lower compared to another study by
Martinez i Quer et al., 2024 [4] where mesocosms HSSF TWs with different plants and
substrates were studied (7 to 30 m? for MC-LR, and 36 to 415 m? for CYN for reaching
the WHO drinking water GV), showing that VSSF TWs require lesser area. However, it
should also be noted that this study has a hybrid substrate VSSF TW design
configuration. There is negligible difference between the area requirements among the
different plant compositions in this study, and only a slight difference in the area
requirements between MC-LR and CYN. On the other hand, there is a bigger difference
between the two regulation scenarios (0.7- 1.5 m? for recreational water quality and 4.4-
5.2 m? for drinking water quality). For estimating a scale up to a pilot scale TW, an area
in between these two values (3 m? c.a.) would be ideal.

In terms of plant selection strategies, including or preferring stress adapted species
such as C.indica can help balancing physiological resilience with microbial diversity.
Moreover, studies testing combined substrate composition effects, including stability,
spatial distribution, layering effects, and microbial colonization, needs to be done.

Further probing techniques, including shotgun metagenomic or meta-transcriptomic
analysis, to characterize unknown cyanotoxin degrading enzymes and pathways,
especially for CYN, are needed. Moreover, targeted isolation by cultivating and testing
cyanotoxin-degrading isolated strains (e.g. Shinella, Sphingorabdus), could help
transferability to engineered consortia or bioaugmentation strategies that could boost
TWs performance, enhancing cyanotoxins removal.

Finally, a more thorough ecotoxicological evaluation (e.g. pathogen risk, microbiome
re-establishment kinetics, nutrient load effects) is needed before re-use of TW effluents
for irrigation (landscape or agricultural). Moreover, more empirical evidence is needed,
especially on chronic cyanotoxin exposure limits, to provide support to cyanotoxin

guideline value standards for irrigation waters.
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4.3. Final Remarks

Overall, this thesis advances the use of TWs as NBS for decentralized treatment of
cyanotoxins, addressing a critical gap in water management. By systematically linking
sorption studies with plant and microbe interactions, the study demonstrates that no
single mechanism can ensure safe cyanotoxin removal; rather, effective treatment
requires a combination of abiotic sorption, microbial degradation, and plant-mediated
resilience. Initially, the viability of local agro-waste materials and commercially available
substrates were clarified, establishing biochar and LECA with efficient sorption capacity
for cyanotoxins. It then shows how substrate selection interacts with plant composition
and the respective microbial community in TWs, influencing treatment outcomes. The
research establishes that VSSF TWs incorporated with sorptive substrates such as
biochar and LECA, and resilient plant species like C. indica, provide a promising
foundation for scalable systems capable of complete MC-LR removal and improved,
though still incomplete, CYN mitigation. In doing so, it moves the field beyond proof-of-
concept demonstrations to concrete plans for pilot scale installation.

Specifically, the results highlight that while MC-LR can be consistently reduced below
guideline thresholds in this TW design configuration, CYN remains more recalcitrant and
could require additional optimization. This cyanotoxin-specific performance underscores
the need to move beyond generalized “one-size-fits-all” TWs towards targeted, adaptive
designs.

The thesis also recognizes limitations that laboratory scale TW studies bring,
particularly batch-loaded microcosms. This includes the inability to reflect the ecological
and operational complexity of field circumstances, such as seasonal fluctuation, pollutant
mixes, and variable redox gradients. Moreover, while biochar and LECA show promise,
it raises questions of sourcing, cost, and regeneration under dynamic conditions.
Microbial degradation emerged as a predominant removal pathway, yet the specific
enzymes and metabolic routes remain unresolved, particularly for CYN. Despite these
limitations, the thesis serves as a crucial stepping-stone towards the practical use of TWs
for cyanotoxin mitigation. It highlights that implementation will require:

i) pilot-scale validation across climatic and seasonal contexts

ii) elucidation of microbial degradation mechanisms through functional
genomics and strain isolation

iii) optimization of substrate configurations to balance sorption and microbial

colonization
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iv) screening of effluents for pathogens in the context of water re-use, including

development of regulatory GVs for cyanotoxins in irrigation and reuse waters

V) socio-economic evaluation to demonstrate feasibility, co-benefits, and
stakeholder acceptance

This study also attempts to create a paradigm shift, wherein TWs are viewed as

customizable, multifunctional ecological infrastructures capable of tackling specific

contaminants of emerging concern. By bridging sustainable material valorisation,

ecological resilience, and microbial functionality, it offers both scientific insights and

applied design criteria that move the field closer to using TWs as a viable, adaptive

solution for cyanotoxin management in surface waters.
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Appendix A— Evaluating Agro-based Waste

Materials for Cyanotoxin Sorption for Future

Incorporation

(NBS)

in

Nature-based Solution

Table A1. Molecules addressed in the LC-MS/MS method and their MS operating parameters

Molecule Retention Mass-to-charge ratio (m/z) Cone Collision
Time transition energy
V)
MC-LR 15,88 995.5>135
20
995.5>599
CYN 9,14 415.9>194
80
415.9>336.1

Table A2. Average cyanotoxins removal in pre-screening of sorbents (*- matrix not suitable for CYN

detection) (mean and standard deviation n=3)

SORBENT

Rice husk
Cork
LECA
Sand
Biochar

OoP

CYN REMOVAL (%) MC-LR  REMOVAL
(%)

after 24 h after 48 h after 24 h  after48 h

9.1 7.6 2.9 -

5.3 8.2 54 0.6

68.1 79.7 62.1 72.9

34 3.7 25.7 26.5

> 08 > 08 > 86 > 86

* * 1.36 15.12
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Table A3. Statistical details of pre-screening of sorbents

PHASE 1 (24 h) MC-LR- Control, Rice husk, Cork, LECA

ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 2404.118 801.373 64.667 5.96E-06 4.066
Within Groups 99.138 12.392
Total 2503.256 11
Tukey post-hoc
Absolute Standard
Group pairs difference error q Tukey q Critical Significance
Control (with gravel) vs
Rice Husk 0.818 2.032 0.402 4.041 No
Control (with gravel) vs
Cork 0.522 4.892 0.107 4.041 No
Control (with gravel) vs
LECA 32.571 4.892 6.658 4.041 Yes
Rice Husk vs Cork 32.049 4.892 6.552 4.041 Yes
Rice Husk vs LECA 33.389 4.892 6.826 4.041 Yes
Cork vs LECA 32.049 4.892 6.552 4.041 Yes
PHASE 1 (48 h) MC-LR- Control, Rice husk, Cork, LECA
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 12723.25 3 4241.082 106.607  8.64E-07 4.066
Within Groups 318.261 8 39.783
Total 13041.51 11
Tukey post-hoc
Absolute Standard
Group pairs difference error q Tukey q Critical Significance
Control (with gravel) vs
Rice Husk 14.380 3.642 3.949 4.041 No
Control (with gravel) vs
Cork 5.144 5.181 0.993 4.041 No
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Control (with gravel) vs
LECA 67.743 5.181 13.075 4.041 Yes
Rice Husk vs Cork 27.708 5.181 5.348 4.041 Yes
Rice Husk vs LECA 82.123 5.181 15.850 4.041 Yes
Cork vs LECA 72.887 5.181 14.068 4.041 Yes
PHASE 2 (24 h) MC-LR- Control, Sand, OP, Biochar
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 12419.37 4139.789 206.790  6.43E-08 4.066
Within Groups 160.154 20.01925
Total 12579.52 11
Tukey post-hoc
Absolute Standard
Group pairs difference error q Tukey q Critical Significance
Control (with gravel) vs
Sand 18.355 2.583 7.106 4.041 Yes
Control (with gravel) vs
Biochar 75.770 2.583 29.332 4.041 Yes
Control (with gravel) vs OP  5.411 2.583 2.095 4.041 No
Sand vs Biochar 57.415 2.583 22.226 4.041 Yes
Sand vs OP 23.767 2.583 9.200 4.041 Yes
Biochar vs OP 81.182 2.583 31.426 4.041 Yes
PHASE 2 (48 h) MC-LR- Control, Sand, OP, Biochar
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 12059.55 4019.849 493.136  2.05E-09 4.066
Within Groups 65.213 8.152
Total 12124.76 11
Tukey post-hoc
Absolute Standard
Group pairs difference error q Tukey q Critical Significance
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Sand 23.555 1.648 14.290 4.041 Yes
Control (with gravel) vs
Biochar 83.822 1.648 50.851 4.041 Yes
Control (with gravel) vs OP 16.396 1.648 9.947 4.041 Yes
Sand vs Biochar 60.267 1.648 36.561 4.041 Yes
Sand vs OP 7.159 1.648 4.343 4.041 Yes
Biochar vs OP 67.426 1.648 40.904 4.041 Yes
PHASE 1 (24 h) CYN- Control, Rice husk, Cork, LECA
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 9271.04 3090.347 285.957 1.79E-08 4.066
Within Groups 86.456 10.80704
Total 9357.496 11
Tukey post-hoc
Absolute Standard
Group pairs difference error q Tukey q Critical Significance
Control (with gravel) vs
Rice Husk 10.267 1.898 5.409 4.041 Yes
Control (with gravel) vs
Cork 19.427 1.898 10.236 4.041 Yes
Control (with gravel) vs
LECA 207.628 1.898 109.394 4.041 Yes
Rice Husk vs Cork 11.374 1.898 5.993 4.041 Yes
Rice Husk vs LECA 176.827 1.898 93.166 4.041 Yes
Cork vs LECA 188.201 1.898 99.159 4.041 Yes
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ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 12855.01 4285.005 657.2591 6.55E-10 4.066
Within Groups 52.156 6.520
Total 12907.17 11
Tukey post-hoc
Absolute Standard
Group pairs difference error q Tukey q Critical Significance
Control (with gravel) vs
Rice Husk 9.276 1.474 6.292 4.041 Yes
Control (with gravel) vs
Cork 9.967 1.474 6.761 4.041 Yes
Control (with gravel) vs
LECA 81.453 1.474 55.253 4.041 Yes
Rice Husk vs Cork 0.691 1.474 0.469 4.041 No
Rice Husk vs LECA 72177 1.474 48.961 4.041 Yes
Cork vs LECA 71.486 1.474 48.492 4.041 Yes
PHASE 2 (24 h) CYN- Control, Sand, Biochar
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 17899.56 2 8949.78 3628.327 5.64E-10 5.143
Within Groups 14.799 6 2.467
Total 17914.36 8
Tukey post-hoc
Absolute Standard
Group pairs difference error q Tukey q Critical Significance
Control (with gravel) vs
Sand 0.845 0.907 0.932 4.339 NO
Control (with gravel) vs
Biochar 95.023 0.907 104.794 4.339 Yes
Sand vs Biochar 94.178 0.907 103.862 4.339 Yes
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PHASE 2 (48 h) CYN- Control, Sand, Biochar
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ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 17960.8 2 8980.401 943.455  3.18E-08 5.143
Within Groups 57.112 6 9.519
Total 18017.91 8
Tukey post-hoc
Absolute Standard
Group pairs difference error q Tukey q Critical Significance
Control (with gravel) vs
Sand 0.851 1.781 0.478 4.339 No
Control (with gravel) vs
Biochar 94.337 1.781 52.961 4.339 Yes
Sand vs Biochar 95.188 1.781 53.438 4.339 Yes
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Figure A4. Sorption isotherm plots of CYN onto biochar and LECA: a) Langmuir and b) Temkin

A1. SEM/EDS of Sorbents
A1.1. Rice husk:

The surface morphology of raw, untreated RH differed on the outer and inner sides. From the
SEM images in Figure A5a and A5b, it could be seen that the outer surface had a homogenous
layer without porosity. The inner surface was covered by a homogeneous cellulosic membrane
with a porous layer underneath that was only minutely visible in some places. The element

composition represented by EDS graphs in Figure A5c-e shows that it is similar throughout all
the surfaces.
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Figure A5. a) SEM image of outer side of RH; b) SEM image of inner side of RH; c) EDS graph of Z1; d) EDS
graph of Z3; e) EDS graph of Z3

A1.2. Cork
From Figure ABa, it can be seen that the surface of the cork had geometrical cavities that
had a regularity in pattern. It also had uniform element composition throughout its surface,

similar to that shown in Figure A6b.

B

G

@rowo[mag O] HV | det [mode| WD | ————— 1mm ———
CEMUP| 100 x |15.00 kV|ETD| SE |11.7.mm Cork

151



FCUP | 152
Eco-technologies for treatment of water contaminated with cyanobacteria and cyanotoxins

15,Guna'EDS\CEMUP  15keV Cork Z1.spc
CEMUP  15keV Cork 1 LSecs: 50

44 -
C

Au
ciPd
N ca

00 - T ! ! T T T T T T T T
060 130 200 270 340 410 480 550 620 690 760 8
b ) Energy - keV

Figure A6. a) SEM image of cork b) EDS graph of cork

A1.3. Dried Olive Pomace Pellets
Figure A7a shows that although there were many irregularities in the surface morphological
structure of olive pomace pellets, its elemental composition was homogenous throughout its

surface.

®@roRT0| mag HV det [mode| WD
CEMUP| 100
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Figure A7. a) SEM image of OP b) EDS graph of OP

A1.4. Sand
Figure A8a shows that sand has an irregular surface with no porosity. Z1, Z2 and Z3 are filter
sand particles that visually differed in colours. The elemental composition also differed
accordingly (Figure A8b-A8d).

det [mode| WD Wmag O] F WD — L1 R—
LFD| SE |9.8mm 100 x |15 9 m Sand
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Figure A8.a) SEM images of sand; b) EDS graph of Z1; c) EDS graph of Z2; d) EDS graph of Z3
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Figure A9. EDS graph of a) Z1; b) Z2; c) Z3; d) Z4 of LECA
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Figure A10. EDS graph of a) Z1; b) Z2 of biochar
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Appendix B— Hybrid Vertical Subsurface

Flow Treatment Wetlands for Cyanotoxin

Remediation: Plant Composition, Microbial

Dynamics, and Removal Efficiency

Table B1. Chemical oxygen demand (COD), nitrate ion and total phosphorus levels (mean and

standard deviation, n=3) in the Spring Water used in the TW systems. Acc stands for acclimation

period.
Nitrate | Total
COoD ion phosphorous
(mg/L) | (mg/L) |(mg/L)
14.0
Acc. Week1 | 3 (2) (0.4) 0.1 (0.1)
Acc. Week 2 | 29 (9) 18 (2) 0.5(0.1)
Week 1 37 (8) 16 (6) 0.2 (0.1)
Week 2 22 (4) 15 (3) 0.4 (0.1)
Week 3 18 (4) 16 (3) 0.1(0.2)
Week 4 54 (6) 16 (1) 0.1 (0.2)
Week 5 71 (6) 9(0.5) |0.1(0.1)
Week 6 34 (6) 13 (2) 0.1 (0.0)
Week 7 17 (5) 15 (2) 0.1 (0.0)
Week 8 5(4) 16 (1) 0.1 (0.0)
Week 9 5(1) 15 (2) 0.0 (0.2)
15.0
Week 10 12 (5) (0.9) 0.1 (0.0)
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Table B2. Cyanotoxin concentrations in the inlet and outlet waters (mean and standard deviation,
n=3) throughout the experimental weeks. LOD = 0.15 pg/ L for MC-LR and 0.03 pg/ L for CYN. TW-Sp
indicates TW planted with S.erectum, TW-Ci indicates TW planted with C.indica and TW-CS indicates

TW planted with S.erectum and C.indica.

Week 1

Week 2

Week 3

Week 4

Week 5

Week 6

Week 7

Week 8

Week 9

Week
10

MC-LR CYN
Inlet Outlet (pg/L) Inlet Outlet (ug/L)
(Mg/L) (Mg/L)

TW- | TW- | TW- TW-Sp | TW-Ci TW-CS

Sp Ci CS
2.0 <LOD | <LOD | <LOD |8.1(1)| 0.8 1.0 (0.2) 0.8 (0.3)
(0.3) (0.1)
3.7 <LOD | <LOD | <LOD | 8.2 1.5 1.3 (0.3) 1.0 (0.1)
(0.3) (0.8) (0.1)
2.6 <LOD | <LOD | <LOD |7(0.2) | 1.2 1.3(0.3) 0.8 (0.1)
(0.1) (0.1)
1.7 <LOD | <LOD | <LOD | 8.3(1) | 2.1 1.9(0.4) 1.1 (0.3)
(0.3) (0.2)
9.6 <LOD | <LOD | <LOD (9 (1) |2.0 1.4 (0.2) 1.1(0.4)
(2) (0.3)
8.8 <LOD | <LOD | <LOD [9.1(1)| 1.8 0.9 (0.3) 1.0 (0.5)
(2) (0.1)
8.3 <LOD | <LOD | <LOD [ 8.2(1)| 2.4 1.0 (1) 1.1 (1)
(1) (0.2)
7.6 <LOD | <LOD | <LOD [ 10(4) | 2.6 0.8 (0.4) 1.2 (1)
(0.4) (0.1)
6.7 <LOD | <LOD | <LOD | 14.5 2.5 0.6 (0.3) 0.9 (0.4)
(0.8) (1.7) (0.7)
9.5 <LOD | <LOD | <LOD | 14.4 29 0.7 (0.3) 1.1 (0.7)
(0.2) (0.2) (0.4)
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Figure B1. Temperature log and light intensities throughout the experiment. Error bars represent

standard deviation; n=5 (for temperature) and n=10 for light intensities.

Table B3.Average inlets and average removal rates (standard deviation, n=3) of TW outlet water

quality parameters. COD indicates chemical oxygen demand, TSS indicates total suspended solids,
TW-Sp indicates TW planted with S. erectum, TW-Ci indicates TW planted with C. indica and TW-CS

indicates TW planted with S. erectum and C. indica.

| Average Inlets

Average removal rates %

Week COD (mg/L) TW-Sp TW-Ci TW-CS
1 103 (19) 68 (4) 66 (18) 60 (18)
2 90 (10) 57 (28) 38 (15) 32 (4)
3 59 (11) 33 (6) 53 (13) 34)
4 133 (22) 44 (8) 35 (15) 29 (12)
5 189 (37) 94 (6) 96 (5) 95 (10)
6 103 (19) 83 (21) 71 (16) 87 (9)
7 57 (10) 88 (8) 74 (1) 82 (10)
8 26 (2) 12 (15) 41 (31) 56 (22)
9 10 (2) -37 (20) 33 (20) -75 (5)
10 58 (8) 42 (24) 71 (26) 59 (28)
Week Nitrate ion (mg/L) Sp Ci CS
1 47 (8) 98 (0.1) 97 (0.2) 98 (0.1)
2 42 (7) 98 (0.0) 99 (0.2) 98 (0.1)
3 56 (10) 99 (0.1) 88 (7) 96 (4)
4 40 (6) 91 (8) 92 (6) 96 (2)
5 22 (4) 96 (2) 95 (1) 94 (5)
6 30 (7) 97 (0.2) 96 (0.1) 97 (0.3)
7 33 (8) 98 (0.2) 96 (0.2) 95 (4)
8 27 (6) 97 (0.1) 96 (0.6) 96 (0.2)
9 30 (7) 97 (0.3) 96 (0.1) 96 (0.2)
10 38 (11) 98 (0.2) 96 (0.1) 97 (0.2)
Total Phosphorous
Week (mg/L) Sp Ci CS
1 0.8 (0.1) 48 (22) 60 (5) 70 (9)
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2 1.0 (0.2) 56 (17) 55 (6) 63 (14)
3 0.4 (0.1) 63 (20) 83 (10) 82 (15)
4 0.3(0.0) 24 (40) 76 (12) 78 (17)
5 0.3 (0.0) 47 (23) 92 (4) 90 (15)
6 0.3 (0.0) 51 (31) 76 (13) 76 (8)
7 0.3(0.1) 64 (29) 77 (7) 81 (9)
8 0.3 (0.0) 32 (35) 81 (8) 75 (21)
9 0.2 (0.0) 8 (8) 60 (23) 68 (27)
10 0.3 (0.1) 54 (19) 78 (7) 83 (9)
Week TSS (mg/L) Sp Ci CS
1 0.9 (0.2) 98 (3) 86 (25) 79 (37)
2 0.9(0.2) 96 (6) 47 (5) 80 (21)
3 1.0(0.3) 80 (34) 64 (6) 82 (18)
4 0.4 (0.1) 79 (30) 22 (28) 100 (0.2)
5 2.1 (0.1) 53 (47) 77 (5) 99 (2)
6 1.6 (0.1) 94 (8) 50 (5) 89 (14)
7 1.3(0.0) 94 (4) 65 (3) 90 (17)
8 1.3(0.1) 52 (21) 62 (12) 63 (8)
9 2.9 (0.4) 64 (33) 91 (2.0) 92 (7)
10 1.5(0.1) 31 (38) 36 (35) 61 (18)
Week PpH Sp Ci CS
1 6.9 (0.1) 7.0 (0.1) 7.0 (0.2) 6.8 (0.1)
2 6.1 (0.7) 7.0 (0.2) 6.7 (0.2) 6.7 (0.1)
3 6.5 (0.1) 7.1 (0.1) 6.8 (0.3) 6.8 (0.1)
4 6.5 (0.1) 7.0 (0.1) 6.9 (0.2) 6.8 (0.1)
5 6.5 (0.5) 7.2 (0.0) 6.9 (0.1) 6.8 (0.1)
6 6.6 (0.3) 7.2 (0.1) 6.9 (0.1) 6.9 (0.1)
7 6.5 (0.1) 7.3 (0.1) 7.1 (0.1) 7.0 (0.3)
8 6.1(1.2) 7.2 (0.1) 6.9 (0.1) 7.0 (0.3)
9 6.7 (0.1) 7.4 (0.2) 7.1 (0.1) 7.1(0.2)
10 6.4 (0.1) 7.2 (0.0) 6.9 (0.2) 6.9 (0.3)
Table B4. Cyanotoxin mass removal rates’ two -way RM ANOVA table
MC-LR Mass Removal rates
Geisser-
Greenhouse's

Parameter SS DF | MS F (DFn, DFd) | P value epsilon

Time X
Plant F (18, 54) =
Treatment 2.844 [ 18 [ 0.158 4.000 P<0.0001

F (1.000,
6.000) =

Time 114 9 12.67 359.4 P<0.0001 | 0.1111

Plant F (2, 6) =
Treatment 3173 | 2 1.587 4.000 P=0.0787
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F (6, 54) =
Subject 0.301 |6 0.05017 | 1.000 P=0.4350
Residual 2.957 | 54 | 0.05476
CYN Mass Removal rates
Geisser-
Greenhouse's
Parameter SS DF | MS F (DFn, DFd) | P value [ epsilon
Time X
Plant F (18, 54) =
Treatment 890.1 [ 18 [ 49.45 5.340 P<0.0001
F (2.004,
12.02) =
Time 1001 | 9 111.2 11.28 P=0.0017 | 0.2227
Plant F (2, 6) =
Treatment 635 2 317.5 14.78 P=0.0048
F (6, 54) =
Subject 27846 | 46.41 5.113 P=0.0003
Residual 554.4 |54 | 10.27
Table B5. TWs outlet water quality parameters’ two-way RM ANOVA table
COD Removal rates
Geisser-
F (DFn, Greenhouse's
Parameter | SS DF | MS DFd) P value | epsilon
Time X
Plant 21355 |18 | 1186 || {10 %% = | p=0.1860
treatment )
F (1.796,
Time 161525 | 9 17947 10.78) = | P=0.0003
20.70 0.1995
Plant F (2, 6) =| o_
treatment 1280 2 639.9 08176 P=0.4853
. F (6, 54) = | o_
Subject 4695 6 782.6 0.9025 P=0.5000
Residual 46823 54 | 867.1
Nitrate ion Removal rates
Geisser-
F (DFn, Greenhouse's
Parameter | SS DF | MS DFd) P value | epsilon
Time X
Plant F (18,54) =
treatment 704 18 | 39.11 1.184 P=0.3064
F (1.418,
8.506) =
Time 438.5 9 |48.72 1.475 P=0.2717 | 0.1575
Plant F (2, 6) =
treatment 1771 2 88.53 1.313 P=0.3366
F (6, 54) =
Subject 404.7 6 67.45 2.042 P=0.0757
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Residual | 1784 |54 [33.03 |
Total Phosphorous Removal rates
Geisser-
F (DFn, Greenhouse's
Parameter | SS DF | MS DFd) P value | epsilon
Time X
Plant F (18, 54) =
treatment 0.03913 | 18 | 0.002174 | 1.038 P=0.4356
F (1.625,
9.750) =
Time 1.09 9 |0.1211 57.85 P<0.0001 | 0.1806
Plant F (2, 6) =
treatment 0.3158 |2 | 0.1579 5.324 P=0.0468
F (6, 54) =
Subject 0.178 6 |0.02966 | 14.17 P<0.0001
Residual | 0.113 54 | 0.002094
TSS Removal rates
Geisser-
F (DFn, Greenhouse's
Parameter | SS DF | MS DFd) P value | epsilon
Time X
Plant F (18, 54) =
treatment 24930 18 | 1385 1.701 P=0.0681
F (3.443,
20.66) =
Time 17490 |9 | 1943 2.387 P=0.0916 | 0.3825
Plant F (2, 6) =
treatment 13509 |2 | 6754 5.788 P=0.0398
F (6, 54) =
Subject 7002 6 | 1167 1.433 P=0.2191
Residual | 43966 |54 |814.2
pH
Geisser-
F (DFn, Greenhouse's
Parameter | SS DF | MS DFd) P value | epsilon
Time x Plant F (27, 72) =
treatment 4.653 27 10.1723 1.538 P=0.0765
F (1.745,
13.96) =
Time 2.475 9 |0.2751 2.454 P=0.1267 | 0.1939
Plant F (3, 8) =
treatment 9.873 3 | 3.291 17.79 P=0.0007
F (8, 72) =
Subject 1.48 8 |0.1849 1.650 P=0.1259
Residual | 8.07 72 1 0.1121
ORP
Geisser-
F (DFn, Greenhouse's
Parameter | SS DF | MS DFd) P value | epsilon
Time x Plant F (16, 48) =
treatment 16682 16 | 1043 1.573 P=0.1136
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F (3.256,
19.54) =
Time 71484 |8 | 8936 13.48 P<0.0001 | 0.407
Plant F (2, 6) =
treatment 209 2 |104.5 0.02807 P=0.9724
F (6, 48) =
Subject 22336 |6 |3723 5.617 P=0.0002
Residual | 31812 |48 | 662.8

Table B6. Cyanotoxin concentrations(ng/q) (std deviation, n=3) in the substrates. Sp indicates TW

with S.erectum, Ci _indicates TW with C.indica, and CS indicates TW with both S.erectum and

C.indica.

ng/g MC-LR | CYN
Sand
1.31 2.57

Sp (3.4E) | (1.2E%)
0.39 0.33

Ci (1.7E) | (1.4E%)
0.42 0.27

CS (4.1E9%) | (1.4E%%)
Rhizo-substrate
0.34 3.8

Sp (2.6E%4) | (2.7TE%)
0.19 0.65

Ci (1E%9) (5.2E%%)
0.20 1.1

CsS (TEO) (4.3E%%)
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Figure B2. Pictures of TW systems at Weeks 1, 5, 8, and 10. a) and b) shows healthy looking
plants in week 1; c), d), and e) show plants in week 5 where S.erectum displays droopy
leaves and signs of blight; f) and g) show plants in week 8 with further signs of blight in
S.erectum; h) and i) show plants in week 10 with S.erectum looking further diseased.

== Sp Ci mm CS-Sp ®m CS-Ci
1.0 1.0
0.9+ 0.9
- T T E
e 0.8+ L 0.8+ .
i £ ;
i =
0.7 n 0.7
o
o
0.6- 0.6-
0.5- 0.5-
© & © & ;& L DS o & © 3 eI & LI S
@ & @ & (2 & @ & (2 & (2 @ & @ &
«’b &Q«Q ,\’b 4\'(\«\\ ,\’b &Q«Q ,\’b 4\(\«\\ v 4\’(‘«\\ ,\’b «‘Q N ,\ﬁ «’Q«Q ,\’b 4\’(\«\\

Figure B3. Maximum quantum yield (Fv/IFm) and effective quantum yield (®PSIl) of PSIlI of plant
leaves. T-zero indicates before cyanotoxin exposure, T-half indicates week 5 (middle) of the
experiment and T-final indicates week 10 (end) of the experiment. Error bars represent standard
deviation (n=6). Sp indicates TW with S.erectum, Ci indicates TW with C.indica, CS-Sp indicates
S.erectum from the polyculture TW, and CS-Ci indicates C.indica from the polyculture TW.
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Phylum Composition
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Figure B4. Relatively abundant phyla in sand samples of TW systems at the end of the experiment
(T_final) and the beginning of the experiment (T_initial) (>2 % threshold). Sp indicates TW with
S.erectum, Ci indicates TW with C.indica, and CS indicates TW with both S.erectum and C.indica.
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Figure B5. Relatively abundant phyla in rhizo-substrate and sand of TW systems at Tf (>2%
threshold). Sp indicates TW with S.erectum, Ci indicates TW with C.indica, and CS indicates TW with

both S.erectum and C.indica.
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Figure B6. Relatively abundant phyla in rhizo-substrate of TW systems at Tf (>2% threshold). Sp
indicates TW with S.erectum, Ci indicates TW with C.indica, and CS indicates TW with both S.erectum
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merging, and non-chimeric sequence identification of all samples

PERMANOVA Tests using Bray distances (999 permutations); for all samples
Sum Of Pr

Df | Sgs R? F (>F)
Model (Plant) 2 |0.602 0.076 | 0.9845 | 0.422
Residual 24 | 7.336 0.924
Total 26 | 7.938 1.000
Model (Matrix/Substrate) 1 |0.991 0.125 | 3.5681 | 0.001 | ***
Residual 25 | 6.946 0.875
Total 26 | 7.938 1.000
Model (Time) 1 |0.847 0.107 | 2.9847 | 0.003 | **
Residual 25 | 7.091 0.893
Total 26 | 7.938 1.000
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Table B8. PERMANOVA tests using the dataset after rarefication of the ASVs and filtering,
denoising, merging, and non-chimeric sequence identification of samples at Tf

PERMANOVA Tests using Bray distances (999 permutations); for samples at Tf
(after cyanotoxin exposure)
Df | Sum Of Sgs | R? F Pr (>F)
Model (Matrix) 1 10.6305 0.13579 25139 |[0.002 |**
Residual 16 | 4.0128 0.86421
Total 17 | 4.6433 1
Df | Sum Of Sgs | R? F Pr (>F)
Model (Plant) 2 |0.6355 0.13687 1.1893 | 0.169
Residual 15 | 4.0078 0.86313
Total 17 | 4.6433 1

Table B9. PERMANOVA tests using the dataset after rarefication of the ASVs and filtering, denoising,

merging, and non-chimeric sequence identification of rhizo-substrate samples

PERMANOVA Tests using Bray distances (999 permutations) ; for rhizo-
substrate samples
Df | SumOfSqgs R? F Pr(>F)
Model (Plant) 2 |0.80489 0.41428 21219 0.004 >
Residual 6 |1.13795 0.58572
Total 8 11.94284 1

Table B10. PERMANOVA tests using the dataset after rarefication of the ASVs and filtering,

denoising, merging, and non-chimeric sequence identification of sand samples

PERMANOVA Tests using Bray distances (999 permutations); for sand samples
Df | SumOfSqgs R? F Pr(>F)

Model (Time) 1 |0.4839 0.09287 1.638 0.047 *

Residual 16 | 4.7269 0.90713

Total 17 1 5.2109 1
Df | SumOfSgs R? F Pr(>F)

Model (Plant) 2 10.7412 0.14223 1.2436 0.133

Residual 15 | 4.4697 0.85777

Total 17 [ 5.2109 1
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Figure B7. NMDS analysis using Bray-Curtis distances of A) samples at Tf grouping plants and

matrices, B) sand samples grouping different plant compositions and time (T0 and Tf)
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Figure B8. Alpha diversity indices (Chao1, Observed and Shannon) of samples at Tf, grouped with

different TW plant compositions and substrate matrices.
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Figure B9. Alpha diversity indices (Chao1, Observed and Shannon) of only sand samples, grouped

with different TW plant compositions and time; T_initial indicates T0 and T_final indicates Tf.
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Figure B10. Alpha diversity indices (Chao1, Observed and Shannon) of RS (rhizo-substrate) samples,

grouped with plants.
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Appendix C. General Discussion and Future

Perspectives
S1. Area Calculations for Scale-up

Area requirement calculations and area-based rate constants (ka) were calculated using
the P-k-C* model (Kadlec & Wallace, 2008), modified for background concentration (C*)
equal to zero. Firstly, the ka was calculated (equation S1) using the experimental
conditions. Then the area for treating 1 m3/day of water with an initial MC-LR and CYN
concentration of 10 pg/L and different removal scenarios was calculated using equation
S2, assuming the number of tanks in series (NTIS) as equal to 2, as the TW configuration
is of VF with a more heterogeneous set-up of more than one, non-uniform substrate

composition.

ka= —q xIn (Ce — Ci) ...(Eq. S1)

PQ
A=

(&

—_(Eq. 82)

Here, Ce= Cyanotoxin effluent concentration (pg/L); Ci: Cyanotoxin influent
concentration (ug /L); ka: Area-based rate constant; P: Apparent number of tanks in
series (NTIS= 2); g: HLR (m/year); Q: flow (m®/year); A = area (m?)
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Table S1. Area-based first order rate constants results and area requirements for treating 1m3 /day

flow, initial concentration of 10 pg/L of MC-LR and CYN, calculated for desired effluent

concentrations according to WHO recreational and drinking water GVs (Area (rec) and Area (drinking))-

The data shown here are of the TWs with different plant compositions

Ka Area (e)' Area (m?)
(m?) (drinking)”
TW-Sp - 0.98 0.67 4.41
CYN  1.08 1.53 5.16
W- 0.98 0.67 4.41
CYN 117 1.41 4.73
W- 0.98 0.67 4.40
CYN 117 1.41 4.73

' Recreational waters GV= 5.67 pg/L
2 Drinking waters GV= 1 ug/L
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