REPUBLIQUE ALGERIENNE DEMOCRATIQUE ET POPULAIRE
MINISTERE DE L’ENSEIGENEMENT SUPERIEUR ET DE LA RECHERCHE SCIENTIFIQUE

UNIVERSITE AMAR TELIDJI-LAGHOUAT

FACULTE DES SCIENCES
DEPARTEMENT DE BIOLOGIE

Mémoire de fin d’études en vue de I’obtention du diplome de Master

En : Ecologie et Environnement

Option :Ecologie Végétale et Environnement

THEME

Toxic Cyanobacteria Biocontrol by Plants

Présente par : BELHADJ Mokhtar Salah Eddine

Membres de jury :
Présidente :TAKHI Djalila MAA/Université Amar Telidji-Laghouat
Examinateur : Pr. GOUZI Hicham  Professeur /Université Amar Telidji-Laghouat

Promotrice : ABDESSELAM Amira MAA/ Université Amar Telidji-Laghouat

Année Universitaire 2020-2021




Dédication

The best is yet to come; my heartfelt gratitude
goes to my family, especially my mother
NOUIOUA Fadhila and my grandfather
NOUIOUA Abubakeur« May Allah have mercy on
. him », for their continuous support and
encouragement since the start of my studies; I
love you and dedicate my success to you which is
also your achievement.




Acknowledgment

I thank Allah, great merciful, for giving me the patience, the

courage, and the will to carry out this work.

I would like to express all my thanks and gratitude to my thesis
supervisor, Miss ABDESSELAM Amira to her follow-up, her
availability, her support, her patience and her guidance during the

development of this research.

Isincerelyexpressmygratitudetothejury, Mrs TAKHI
Djalila and Pr. GOUZI
Hicham,whogavemehonorandpleasuretohaveagreedtoconside
rthismodestwork andgavetheirvaluabletime toread

andevaluate it.

I cannot omit to express my deep gratitude to my

teachers who taught me during my entire university career

Thanksto all



Abstract

JELEND

Aol syl s Ll LS Ll i) Uil e Aol ) e ol Ll bl 1830 LSl S
Cangagcall labll B b Saill il liinan Lags Badall sl pa Jad aial clilall o Spud) Ll
R ) ol 2133l Al ol )30 Uil Aol A1 e a8 e g I Jand) 13

LAY (o IS A 3 Lgp aalad) iliasS) lpally culibil) 8obS Cindl Jlae) (pa wnal) gl dilall

Cm A ualiall A1) o) Liad ad ol 31 pendl danlig el clatansall (8 iaial) ilinly du,5ssikuul

i) o) LSl S gual) AndSally il alail) il sale] 3 s Ll clilall ke e oLl

Aol W), BB Lygaa) AadlSal), i, o830 Ly, Ak silanadla panall: Apalidal) el

ABSTRACT

Toxic cyanobacteria have several negative impacts on aquatic ecosystem, and even harm to
humans.Utilization of plants allelochemicals to inhibit microalgal overgrowth is an environment-
friendly approach for controllingHABs.This work aims to sumarize toxic cyanoabcteria biological
removal processes using terrestrial and aquatic plants. Several reserch works showed the effiency of
plants and their allelochemicals in the removal of both cyanobacterial cells and metabolits released
in water bodies aspecially cyanotoxins. The removal of nutrients from water by plants is also proved
to have a role in the rehabilitation of aquatic systems and harmful Algae Blooms (HABs) biocontrol.

Key words: Cyanotoxins, Cyanobacteria, plants, biocontrol, efficiency

RESUME

Les cyanobactéries toxiques ont plusieurs effets négatifs sur I’écosystéme aquatique, voire nuisent aux
humains. L’utilisation d’allelochimiques végétaux pour inhiber la prolifération des microalgues est
une approche respectueuse de 1’environnement pour lutter contre les les cyanobactéries toxiques. Ces
travaux visent a résumer les processus d’élimination biologique des cyanoabctéries toxiques a I’aide
de plantes terrestres et aquatiques. Plusieurs travaux de reserch ont montré I’efficacité des plantes et
de leurs produits allélochimiques dans 1’élimination des cellules cyanobactériennes et des métabolits
libérés dans les plans d’eau, en particulier les cyanotoxines. Il est également prouvé que 1’élimination
des nutriments de I’eau par les plantes a un role dans la remise en état des systémes aquatiques et la
lutte biologique contre les proliférations des cyanobactéries toxiques

Mots clés:cyanotoxines,Cyanobactéries,plantes,biocontrole,Efficacité
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Introduction

Eutrophication is one of the most serious problems affecting aquatic ecosystems, which
causes Harmful Algal Blooms (HABs) especially toxic cyanobacteria. They became global
concerned issues as they can induce several negative impacts on aquatic environment
functioning, water quality of rivers and lakes and also affect the safety of drinking water and
consequently human health(Zingone and Enevoldsen, 2000; Xiao et al., 2014; Zhang et al.,
2019).

Cyanobacteria rapid proliferation is regulated by a combination of natural and anthropic
factors forming a dense layer of cells on the water's surface (Sanseverino et al.,
2016).Excessive growth of toxic cyanobacterial can result in financial losses in the form of
decreased property prices, high-cost raw drinking water treatment, diseases, slowed
recreational industries, and management and restoration costs for impaired lakes and

reservoirs (Marsalek et al., 2001).

Therefore, control and elimination oftoxic cyanobacteria blooms have become a
significant goal in environmental science. At present, several measures were conducted to
control blue-green algal blooms, including physical, chemical and biological methods (e.g.,
introducing fish, cultivating aquatic plants and using algicidal bacteria). Biological
technology has been widely required because of its higher environmental safety and relatively

low operating cost (Chang et al., 2007).

Among numerous biological approaches in HABs control, utilization of allelochemicals
has attracted considerable attention. Allelochemicals are regarded as eco-friendly algicides
due to the characteristic of negligible toxicity, high selectivity and excellent degradability
(Wang et al., 2018c). The efficiency of both macrophytes and several terrestrial plants has
been proved by scientists (Tsuda et al.,2005; Zhu et al., 2021).

In this work, we will present the scientific researches concerning the biocontrol of toxic
cyanobacteria using plants. This bibliographic collection is structured in four chapters; in the first
chapter, we gave some information on the biology and ecology of cyanobacteria. In the second one,
it was important to briefly present cyanotoxins and their dangerousness on environment and human
health. The third chapter concerns all toxic cyanobacteria removal methods. The last and the most
important chapter will explain toxic cyanobacteria biocontrol approaches using plants and there
compounds
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Chapter I: General information on Cyanobacteria

1.1. Biology and Ecology of Cyanobacteria
1.1.1. Biology of Cyanobacteria

Cyanobacteria are gram-negative photosynthetic prokaryotes that include over 1000
species of unicellular and multicellular microbes belonging to the orders Chroococcales,
Chamaesiphonales, Pleurocapsales, and Nostocales (Oscillatoriaceae, Nostocaceae, and
Rivulariaceae) (Glazer ,1977). Cyanobacteria may be unicellular (single or forming colonial
aggregates) or filamentous (forming colonies) (possessing or lacking heterocysts and akinetes).
The filamentous forms can be uniseriate or pluriseriate, unbranched or with true or false
ramifications, without sheath or with homogeneous or stratified mucilaginous sheath(Couté &
Bernard, 2001)(Fig. 1).

Figure 01: Morphological diversity of cyanobacteria;(1) Microcystis spp. (2) Anabaena spp. (3)
Phormidiumspp.(4) Lyngbya spp. (Schneegurt, 2001)

Several cyanobacterial species, especially those with heterocyst, may fix nitrogen using
the enzyme nitrogenase, compensating for any nitrogen deficiency in aguatic nitrogen, which is
needed for primary production. Nitrogenase, which catalyzes the reduction of dinitrogen to
ammonia, is found in filamentous cyanobacteria and is found in heterocysts, which are produced
in response to nitrogen limitation, but non-heterocyst forming cyanobacteria may also fix

nitrogen (Walsby,1994). In fact, certain strains of non-heterocystous cyanobacteria can fix
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nitrogen aerobically. Despite this, these organisms may have a significant impact on the global

nitrogen cycle. (Volgusheva et al.,2019).

The dominance of cyanobacteria in eutrophic aquatic environments has also been due to a
number of cyanobacterial characteristics, such as the presence of phycobiliproteins (Pflugmacher,
2002). Phycobiliproteins are natural protein polymers found in cyanobacteria, eukaryotic red
algae, and cryptophytes, where they serve as photosynthesis's accessory pigments (Pereira et
al.,2020).

Cyanobacteria are an ancient and widespread group of species, many of which can
photosynthesize (Blais, 2001). In fact, cyanobacteria, unlike eukaryotic algae, lack organelles and
instead have intracellular membranes (thylakoids) that contain photosynthetic pigment
(phycobilisomes-phycobiliproteins in a supramolecular structure) within their cells (Walsby,
1994) (Fig. 2).

The ability of cyanobacteria to absorb light from a broad spectrum and use it to photo
synthesis is perhaps their most intriguing function. All cyanobacteria have the photosynthetic
pigment chlorophyll-a, as well as the light harvesting phycobiliproteins allcophyeocyanin- B,
allophycocyanin and C, or R-phycocyanin (others like phycoerythrin and C phycoerythrin may
also be present in some cyanobacteria groups - red algae) that allow them to fix carbon dioxide
outside of the chlorophyll (Pflugmacher, 2002).Both chlorophyll in photosystem | (PSI) and a
sequence of phycobilosomes in photosystem 11 (PSII) capture light energy, which is then used to
produce ATP and NADPH. Under low light conditions, cyanobacteria can thus outperform most

algae.

Gas vesicles are hollow gas-permeable and water-impermeable protein structures that
provide buoyancy in certain cyanobacteria (Whitton and Potts, 1999). The cyanobacteria's gas
vesicles, which vary in width depending on the species, control buoyancy, allowing them to

occupy the best location in the water column(Nierzwicki-Bauer et al., 1983).
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Figure 2: Cell structure of cyanobacteria (Biorender, 2021)
1.1.2. Ecology of Cyanobacteria

Cyanobacteria have a number of adaptive mechanisms that enable them to thrive in harsh
environments and promote their successful growth in water. The presence of gas vesicles, the
probability of partial heterotrophic metabolism, and the generation of allelopathic compounds are
all important factors in the success of nuisance blue-green organisms (Mur et al., 1999).Many
anti-cyanobacterial steps have different effects depending on the cyanobacterial species'
susceptibility or autecology. Microcystis genus, especially Microcystis aeruginosa, is one of the
most common bloom-forming cyanobacterial species worldwide. As a result, several studies and

methods have been established to regulate these species (Kolmakov and Gladyshev, 2003).

They are common in marine, brackish, and freshwater environments, as well as freshwater
surface water drinking sources (Chorus and Bartram, 1999). In aquatic environment rich in
nutrients, cyanobacteria periodically reveal significantly increased reproductive rates and total

population biomass known as a “bloom” (Falconer, 1999).
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Shade, a rise in pH, a decrease in oxygen content in the water due to bloom respiration or
degradation, and the generation of highly active cyanotoxins are all negative environmental
effects of cyanobacterial blooms.

While speculation about the potential existence of cyanobacteria on Mars poses even
more questions about their origin, geologists and geochemists agree that cyanobacteria have a
long evolutionary history, with most - but not all - agreeing that it dates back at least 3500 Ma.
The protozoic Era (2500-570 Ma) has been dubbed the " Age of Cyanobacteria” by Schopf and
Walter (1982), since it is when they are most abundant in the fossil record. Many modern
cyanobacteria contain derivatives of 2- methylbacteriohopanepolyols, which have been
discovered in phosphate-rich sediments dating back to 2500 Ma (Summons et al., 1999).
Proterozoic rocks occasionally have filamentous structures that look remarkably similar to
modern filaments. Stromatolites, which were commonly deposited at the time, tend to be
somewhat similar to structures developing in a few locations today, the best known of which are
those at Shark Bay in western Australia. Many modern laminated structures produced by
cyanobacteria, such as Phormidiumhendersonii, are destroyed by invertebrates and the absence of
such activity in the Proterozoic. Period is likely one of the reasons why so many structures from

this era survived as stromatolites (Schopf and Walter, 1982).

The long evolutionary history of cyanobacteria can be linked to some of the reasons for
their success in modern environments. investigate how the evolving metal composition of early
environments during the time when O2 was first released into the atmosphere could have affected
the development of new metal resistance determinants and metal-using proteins. Low oxygen
tolerance is still common in cyanobacteria, and certain strains tolerate free sulphide at levels
much higher than those tolerated by most eukaryotic algae (Padan and Cohen, 1982). Some
eukaryotes, such as some diatoms, can use H2S as a hydrogen donor in addition to H20 (Cohen
et al., 1975), a function that appears to be absent even in those eukaryotes that can withstand
relatively high H2S concentrations. Another characteristic of certain strains is their high
resistance to ultraviolet-B and -C radiation, which is thought to have played a key role in the

early evolution ofs cyanobacteria.

Modern-day picocyanobacteria dominate both biomass and productivity in the

transparent, nutrient-deficient waters that characterize vast swaths of the world's oligotrophic

5
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oceans and some large lakes due to their adaptation to low light and efficient nutrient absorption
kinetics at low ambient concentrations. However, there is still a lot to learn about these species,
which were previously unknown (Johson and Sieburth,1979, Waterbury et al.,1979).

The role of circadian rhythms in aquatic cyanobacteria's behavioral responses is becoming
increasingly apparent (Mann and Schmidt,1998; Kondo and Ishiura, 1999). Such rhythyms are a
basic adaptation of living cells to the earth's everyday fluctuations in light and temperature
(Kondo et al., 1994). The circadian rhythm is found in all species, from prokaryotes to higher
eukaryotes, and it is a universal biological phenomenon. Self-sustaining molecular
transcriptional/post-translational feedback loops are required for these rhythms (Guo et al.,2016).
However, Periodic expression of circadian system proteins generates behavioral and
physiological rhythms at the organismal level. Indeed, there is evidence that circadian rhythm-
dependent transcription occurs in more than 40% of all protein-coding genes (Cedernaes et
al.,2018).

In many terrestrial environments, cyanobacteria are essential, and their resistance to
desiccation and water stress is a key factor (Whitton et al.,2002). Akinetes are dormant cells
found in the Nostocales and Stigonematales orders of cyanobacteria that allow phototrophic
bacteria to persist under severe and starving environments. In response to environmental changes,
these spore-like, thick-walled, non-motile cells develop from vegetative cells. They have a
perennating function because they may restore the shape and activities of vegetative cells,

including cell division renewal, after a lengthy time of dormancy (Assaf Sukenik et al.,2018).

Therefore, cyanobacteria often play a key role in preserving the stability of semi-desert
surface crusts and the dertility of arid-zone farming soils. Cyanobacteria, especially
Chroococcidiopsis, can be found in microbial communities several millimeters below the surface
in true deserts. These species are clearly approaching the limits of existence in Antarctica's dry
deserts, and their doubling period has been estimated to be as long as ten thousand years (Nienow
and Friedmann, 1993).

Symbiotic relationships exist between cyanobacteria and a variety of eukaryotic hosts,
including fungi, plants, and animals such as sponges, ascidians, and corals. They offer the host

with fixed nitrogen and carbon, and in exchange, they live in relatively safe settings free of



Chapter I: General information on Cyanobacteria

predators and harsh weather. Many cyanobacteria are also heterotrophic, allowing them to live in
symbiotic structures that get little or no light and where photosynthetic hosts may provide them
with fixed carbon, such as the roots of plants. Cyanobacterial symbionts are capable of
independent development in all but a few cases, yet they typically display major morphological
and physiological changes while in symbiosis. Many cyanobacterial symbionts fix nitrogen in
specialized cells known as heterocysts, and the frequency of heterocysts, as well as the rate of N2
fixation, is considerably increased in many symbioses, particularly those with plant hosts. As
providers of fixed nitrogen to their surroundings, cyanobacterial symbioses play an important
role in the ecosystem. Some, such as diatoms, can reach vast numbers in the seas, whereas moss
epiphytic associations and cyanolichens are prevalent in hostile conditions with few alternative
sources of fixed nitrogen (David et al., 2012).

One of the most evident dangers to the ecosystem of lakes, rivers, and certain estuaries is
the ongoing and expected global expansion in cyanobacterial dominance (Paerl and
Huisman,2008). The quality and quantity of primary production for zooplankton grazers
determines the structure and function of aquatic ecosystems. While high-quality phytoplankton
allows for effective carbon and energy transfer to higher trophic levels, cyanobacterial
characteristics (such as toxicity, size, and nutrition) may affect zooplankton fitness(Wilson et
al.,2006) and the ecological interaction between primary producers and the grazers who graze on
them (Elser and Goldman,1991). Indeed, when cyanobacteria dominate phytoplankton
populations in extremely eutrophic conditions, this trophic uncoupling becomes more
pronounced (Auer et al., 2004). However, zooplankton frequently coexists with harmful
cyanobacterial blooms, and the function of plankton ecosystems is also influenced by
zooplankton characteristics and abundance. Copepods, for example, may help cyanobacteria
thrive (Hong et al.,2013). When liberated from planktivorous fish predation, high abundances of
generalist grazers (eg.Daphnia) may limit blooms (Sarnelle,2007). Although bloom-forming
cyanobacteria is thought to be a low-quality food with weak links to zooplankton, examples of
strong top-down bloom management highlight the cyanobacteria—zooplankton interactions'

complexity (Kemal et al.,2016).
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Figure 3 : The planktonic food web in relation to the drivers of cyanobacteria—zooplankton
interactions during bloom conditions.

As figure 3 shows, the ecological coupling between cyanobacteria and zooplankton, which
regulates the function of the plankton ecosystem, depends on the interaction of defensive and
tolerance traits of cyanobacteria and zooplankton, respectively (dashed line). Increased
cyanobacterial dominance of phytoplankton may shift the species composition and traits of
zooplankton, resulting in smaller and selective grazing species, as well as more tolerant
genotypes. Blooms also indicate an accumulation of cyanobacteria un-grazed by meso-
zooplankton, and an increased role for heterotrophic protists in transmitting primary production
carbon and energy to higher trophic levels. Zooplanktivorous fish also reduce the abundance of
large Daphnia, which further weakens the link between cyanobacteria and zooplankton and may
facilitate blooms(Kemal et al.,2016).
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2.1.Cyanobacterial Toxins

Cyanotoxins are a group of secondary metabolites formed by various cyanobacteria
genera that are highly toxic to a wide range of species, including animals, plants, algae, and
humans. Bloom-forming cyanobacteria contain cyanotoxins. Cyanobacteria rapid
proliferation is regulated by a combination of natural and anthropic factors. A bloom is a
natural phenomenon that occurs when there is a large amount of biomass produced, and it is
often characterized by the formation of a dense layer of cells on the water's surface
(Sanseverino et al., 2016).

The massive growth of cyanobacteria can be triggered by a variety of physical,
chemical, and biological factors, including warmer water temperatures (25°C or higher),
light intensity (a species-specific requirement), and the presence of oxygen. Increased input
of nutrients in aquatic environments, primarily phosphorous and nitrogen) trophic state of
the water (Merel et al., 2013).

Since not all cyanobacteria strains are toxic (Blaha et al., 2009), blooms are not
always linked to toxicity. Cyanobacteria develop each toxin only when the required toxin
gene is present carried by a specific strain, and whether environmental conditions. During a
bloom, toxic and nontoxic organisms coexist in the majority of cases, but the amount of
toxins in the waterbody is not always proportional to the presence of toxin-producing
cyanobacteria. Different organisms may produce different types of toxins, and a single

species can produce multiple types and variants of toxins.

The majority of cyanotoxins are present inside the cells, in the cytoplasm. When an
algal bloom decays, cyanobacteria normally release their intracellular toxins into the water,
but toxins can also be secreted by live cells in some animals (toxins found outside the cell).
Toxins released into the water can bioaccumulate in waterborne species, allowing them to
pass on to aquatic fauna and humans. When toxins build up in shellfish, human populations
consume them. It can result in a variety of symptoms ranging from serious illness to death.
Several studies are currently underway to better understanding of the wide spectrum effects
of cyanotoxines. Recently, more attention has been paid to their toxicity and potential

effects on human health.
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2.2.Classification of Cyanotoxins

Cyanotoxins are classified into four groups based on their toxicological targets(Sanseverino
et al.,2017):

- Hepatotoxins: that have an effect on the liver (Microcystins and Nodularin).

- Neurotoxins: Anatoxins, Saxitoxins, and -Methylamino-LAlanine —-BMAA-) are

neurotoxins that cause damage to the nervous system.

- Cytotoxins:

they have

(Cylindrospermopsin).

hepatotoxic

as  well

neurotoxic

effects

- Dermatotoxins: that irritate people when they come into contact with them

(Lypopolysaccharids, Lyngbyatoxin and Aplysiatoxin)

Table 1: Toxins produced by cyanobacteria: their effects and primary targets

(JRC TechnicalReport, 2016)

Toxin

Most common

Main

classification Toxins Cyanobacteria Effects Main targets
. . organaffected
Genera producing toxins
Microcystis Diarrhea,
Anabae¥1a Vomiting,
o weakness liver, .
Aphanizomenon, Inflamation Serine/
Microcystins | Planktothrix, Liver Liver ' Threonineprotein
(I:'))ks;<c:)|rlrlr?1ltdolL|?111 Hemorrhage, phosphatases
Pneumonia,
. dermatitis
Hepatotoxins Diarrhea,
Vomiting,
weakness liver, .
; Serine/
; . . Inflamation, . .
Nodularin Nodularia, Nostoc Liver Liver Threonineprotein
' phosphatases
Hemorrhage,
Pneumonia,
dermatitis
Cylindrospermopsis, Gastroenteritis,
Anabaena, Liver,
Cvlindrosperm Aphanizomenon, Inflammation,
Cytotoxins y o sinp Raphidiopsis, Liver Hermorrhage, Proteinsynthesis
P Oscillatoria, Pneumonia,
Lyngbya, Dermatitis
Umezakia
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Muscle twitching,

Burning,
ﬁnzgﬁiezr:;ﬁenon Numbness, Nicotinic
Anatoxins PFanktothrix ’ Nervous system Dro_wn!ess, receptors or
cvlindros }m i Sallv_atlon, _ acetylcholinest
yli PErMOpSIS, Respiratory paralysis erase
Oscillatoria leading Burning to
death
Muscle twitching,
Anabaena, Burning,
Neurotoxins Aph_anizomenon, _ Numbness,
Cylindrospermopsis, Drownless,
Saxitoxins Lyngbya, Nervous system | Respiratory,paralysis | Sodium channels
Planktothrix, leading Burning to
Rhaphidiopsis, death,
Headache,
Vertigo
Nostoc , No specific clinical
Microcystis, symptoms,ALS/PDC NMDA*
BMAA* Anabaena, Nervous system | with long —term Excitotoxicity,
Aphanizomenon, consistent exposure ROS production
Nodularia
Synechococcus, Skin irritation,
Microcystis, Eye irritation ,
Lypopo_lysacch Anapystls,_ Skin Headache, Toll-like receptors
aride Oscillatoria, Allergy,
Schizothrix, Asthma,fever
Anabaena
Dermatotoxins Skin and eye
. . irritation, L
Lyngbyatoxins Lyngbya Skin Respiratory Proteinkinese C
problems
Lyngbya, Skin irritation,
Aplysiatoxin | Schizothrix, Skin Asthma Proteinkinese C
Oscillatoria

*BMAA stands for p-Methylamino-L-Alanine; NMDA stands for N-Methyl-D-Aspartate

2.2.1. Hepatotoxins: Microcystins and Nodularins

Microcystins (MCs) and Nodularins (NODs) are cyclic heptapeptides with similar

structures and mechanisms of action. These toxins possess in their molecules the unusual

molecules Adda (3-amino-9-methoxy-2, 6, 8-ethyl-10-phenyldeca-4E, 6E dienoic acid),

which is found only in cyanobacterial compounds (Merel et al., 2013). To date, more than

80 variants of MCs and 9 congeners of NODs have been identified (Sanseverino et

al.,2017)

Microcystins take their name from Microcystis, the first genera of cyanobacteria.

The production of NODs, on the contrary, has been reported only for species
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Nodulariaspumigena. Toxin’s synthesis is a non-ribosomal process regulated by genes
coding for Non-Ribosomal Peptide Synthetase (NRPS) and Poliketide proprietary Synthase
(PKS) (Pearson et al.,2010).

MC-LR and NODs are inhibitors of serine/threonine-specific Protein Phosphatases
1 and 2A (PP1 and PP2A) (Zagura et al., 2011). It has been reported that MCs and NODs
can also induce the formation of Reactive Oxygen Species (ROS), reactive products
belonging to the partial reduction of oxygen. The combination of the oxidative stress and
the inhibition of pathways involved in DNA repair are two cellular pathways that contribute
to the genomic instability caused by the MCs-induced oxidative stress (Ohta et al.,
1994).The MC- LR may induce the oxidative stress via its link with the human liver
Aldehyde Dehydrogenase 2 (ALDHZ2) and other environmental contaminants (Chen et al.,
2006).

Nodularins exert effects comparable to those induced by MC-LR; it induces the
expression of TNF-alpha, proto-oncogenes, oxidative stress, DNA damages and interferes
with the DNA damage repair pathway NER (Zagura et al., 2011). The UK is the only
country to have set a Provisional maximum value (PMAV) for NODs in drinking water
(1pg/L) (Chorus, 2012).

2.2.2. Cytotoxins: Cylindrospermopsin

Cylindrospermopsin (CYN) is a cyanobacterium enclosing a tricyclic guanidine
group, which is linked through a hydroxyl bridge to a uracil moiety (Dittman et al., 2013).
CYN is classified as cytotoxic and can affect both the liver (hepatotoxic) and the nervous
system (neurotoxic). It is also biosynthesised by other cyanobacteria including Anabaena
bergii, Aphanizomenonovalisporum and Raphidopsiscurvata(Funari and
Testai,2008;Dettmann et al.,2013)When the LD50 was 0.18 mg/kg alkaloid equivalent after
7 days it showed a lower toxicity in the range of 4.4-6.9 mg/ kilograms. The half-life of
CYN in high purity water is more than 10 days, when bacterial communities were exposed
to the toxin, the biodegradation of CYN was not observed after 40 days, suggesting that this
event may concur to promote the event in waterbodies. The liver is the liver, but other

organs including the lungs and lungs might be affected. Cylindromic acid (CYN) has a late
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and acute biased toxicity as demonstrated in a study where the bacterial Communities were
not only via the urine, but also via feces 23 days after the toxicity of the toxin was
2.1mg/kg BW after 24 hours and 10 times after 120-144 hours (Furani and Tastai, 2005).

Exposure to CYN may lead to micronucleus induction, tumor initiation, fetal
toxicity, Desoxyribonucleic Acid (DNA strand breaks and chromosome loss. The exact
mechanism through which CYN promotes carcinogenity is not well understood and the
toxin was not evaluated by the World Health Organization (WHO) The involvement of
p53 in CYN toxicity needs to be investigated mainly because of the important role the
protein has in growth arrest, DNA repair processes and apoptotic cell death. More studies
should be a priority for future research in order to understand its genotoxic and
carcinogenic potential.  The WHO has inadequate information to assess carcinogenic
potential of CYN (Sanseverino et al.,2017)

2.2.3. Neurotoxins
a- Anatoxin-a (ATX-a)

Homoanatoxin-a (HATX-a) is a variant that has a chemical structure different from
anatoxin-a (ATX-a) but they show the same toxicity properties and both have
neuromuscular and blocking agents potential. The toxicity of ATX-a has been estimated at
250-375mg/kg bw by intraperitoneal (i.p.) injection into mice. The oral Lethal Dose 50
(LD50) is >5000mg bw. No No Observed Adverse Effects Level (NOAEL) value has been
proposed for these two toxins. The neurotoxin hATx-a shows a similar toxicity to ATX/a
with a LD50 value around 330mg/ kg bw (Rogers et al., 2005).

b- Anatoxin-a(s) (ATX-a(s))

ATX-a(s) is a neurotoxin isolated from cyanobacteria Anabaena flos-aquae. It is
similar in structure to synthetically produced organophosphate-based insecticides. The
mechanism is the inhibition of acetylcholinesterase activity at the neuromuscular junction.
It causes persistent muscle stimulation, paralysis and death due to respiratory respiratory
arrest. There are no structural variants of ATX- a(s). The suffix "(s)" stands for salivation
factor and refers to a rapid onset of excessive salivation in animals poisoned with ATx-a (s)
The Lethal Dose 50 (LD50) of retrieve this molecule is 20-40mg/kg bw in
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intraperitoneally injected mice and there are no data about oral administration (Matsunga et
al.,1989).

c- Saxitoxins (STXs)

Toxins are a family of potent neurotoxins with a chemical structure which share
tricyclic backbone with different chemical side-chain. More than 57 congeners have been
described. All STXs share the same mechanism of action but differ in toxicity, with STX
resulting the most toxic (Wiese et al., 2010). The Lethal Dose 50 (LD50) of STX is
recommended in Australia, Brazil, Brazil and New Zealand and New England, but not in
the UK and the U.S. It can also inhibit calcium and potassium channels in excitable cells
thereby affecting the production of action potentials which can cause fatal cardiac
potentials (Su et al., 2004).

d- B-N-methylamino-L-alanine (BMAA)

BMAA acts on motor neurons by fixation on glutamate receptor and it is involved in
mechanisms inducing oxidative stress (Banack, S et al 2010). This toxin has been proposed
to contribute to neurodegenerative diseases such as Parkinson's andheimer's. The BMAA
toxicity is controversial and no guidelines have been suggested for the use of BMAA in
drinking water. The toxin can potentiate neuronal injury induced by other insults at
concentrations as low as 10 mg/ml (Lobner,D et al 2007). It has been shown to cause
intraneuronal accumulation of misfolded proteins, a characteristic of neurodegnerative
disorders, which is linked to Parkinson's disease and other degenerative diseases. It is a

neurotoxic non-protein amino acid.

2.2.4. Dermatoxins

a- Lypopolysaccharide (LPS)

Gram-negative bacteria can act as a first line defense barrier. The LPS can cause
allergy and skin disease such as eczema, sepsis, and certain strains of human
papillomavirus. LPS has a toxicity value of up to 250 mg/kg bw in some animals, and in
some experiments, it has reached 250mg/kg in humans. It is responsible for eliciting an

immune response characterised by the release of cytokines and the activation of various
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cells like monocytes (Durai et al.,2015). It can also play a role in the prevention of anti-
inflammatory diseases (Sanseverino et al.,2017).

b- Lyngbyatoxin (LT)

It is an indole alkaloid that was initially discovered from the benthic
cyanobacterium Lyngbyamajuscula during an epidemic of acute contact dermatitis in
Hawaii in 1912.The cyanotoxin is slightly lipophilic and its penetration as a percentage
dose in guinea pig (Cavia porcellus) and human skin was respectively 23% and 6.2% after
one hour of topical exposure. There are three different isoforms of Lyngbyatoxin: A (LTA),
B (LTB) and C (LTC). The intraperitoneal (i.p.) value in mice for LTA is 250mg/kg bw/kg
and the lethal dose in mice is 250 mg/kg. The body's exposure to contaminated water might
cause serious concerns (Jakubowska et al., 2015).

c- Aplysiatoxin (APX)

It was identified in strains of Lyngbyamajuscula, in the sea hare
Stylocheiluslongicauda and in the red alga Graculariacoronopifolia. Aplysiatoxin is a
potent tumor promoter which exerts its effects through the activation of Protein Kinase C
(PKC). The environmental concentration of APX have not been explored yet (Jaffrey and
Liskamp, 1986).
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Figure 4: Representative chemical structures for cyanobacterial toxin families (Sanseverino
etal., 2017)
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2.3.Environnemental effects on cyanotoxicity

Blooms in the same waterbody can be Variably toxic or non-toxic from one year to
the next. Different strain composition is a common explanation for this occurrence. Some
species are known to exhibit high or low toxicity under different laboratory conditions. The
stimuli for toxin production in such species are currently unknown (Sivonen and
Jones,1999).

Because of the various intensities and strains studied, studies on light intensity and
toxin development are highly variable. Low light intensities (2-20 mol photons m2 sl)
have been found to have the lowest toxin concentrations, with highest levels ranging
between 20 and 142 mol photons m2 s1 depending on the sample. The relationship between
iron uptake and light intensity is also important. High light intensities promote cellular iron
uptake, which could lead to increased toxin output (Utkilen and Gjolmen, 1995). Low iron
levels, on the other hand, have been linked to slower cell growth and higher microcystin
levels (Lukac and Aegerter, 1993).

Under the lowest phosphorus concentrations measured, decreased quantities of
microcystin (produced by Anabaena, Microcystis, and Oscillatoria), anatoxin-a (produced
by Aphanizomenon), and nodularin (produced by Nodularia) have been recorded (Sivonen
and Jones, 1999). Increased microcystin in terms of dry weight was observed under

phosphorus-restricted conditions as an exception (Oh H et al., 2000).

Nitrogen has a distinct effect on the formation of cyanotoxins in nitrogen-fixing
cyanobacteria and non-nitrogen-fixing cyanobacteria. When grown in a nitrogen-free
medium, Anabaena, Aphanizomenon, Nodularia, and Cylindrospermopsis strains, all
capable of nitrogen fixation, produce the highest levels of microcystin, anatoxin-a, or
nodularin (Saker et al.,1999). At high levels of nitrogen, however, Oscillatoria and
Microcystis strains (non-nitrogen fixing) display the highest levels of toxin (Sivonen and
Jones, 1999).

In most cyanobacteria, the influence of temperature on toxin levels is comparable.
Anabaena spp. and Aphanizomenon produce more anatoxin-a at 20°C than at 30°C or

lower temperatures (Rapala and Sivonen ,1998). Microcystin and nodularin concentrations
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in Anabaena, Microcystis, and Nodularia are also highest between 18 and 25°C, with lower
levels at either higher or lower temperatures tested (Sivonen and Jones,1999). Saxitoxin
formation in cyanobacteria has not been studied in relation to temperature, but their
concentration in the dinoflagellate Alexandrium sp. is increased at low temperatures and
when phosphorus is limited (Anderson et al.,1990). Various temperatures have been linked
to different toxin chemical types. Anabaena spp. develop microcystin-LR at temperatures
below 25°C, rather than microcystin-RR, which is synthesised preferentially at higher
temperatures (Rapala et al.,1997). Microcystis sp., on the other hand, synthesizes more
microcystin-LR than microcystin-RR in phosphorus-restricted environments (Oh et al
,2000). In comparison to [D-Asp3] microcystin-LR, which is more widespread at lower
light intensities, microcystin-LR corresponds to higher levels of light (Rapala et al.,1997).

The highest toxin concentrations are also recorded under conditions that are ideal
for cell development. This may be due to a direct relationship between toxin production
rates and development, as Orr and Jones (Orr and Jones,1998) recently discovered. When
analyzed under nitrogen and phosphorus limiting conditions, a linear association between
microcystin development rates and cell division was discovered (Oh et al., 2000).

Human/animal health J
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Figure 5: Environmental impact of photosynthetic microorganisms in
aquatic systems (Mazard et al., 2016).
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2.4. Cyanobacterial Toxins impacts

By interfering with food-web dynamics and displacing normal phytoplankton
species, these effects result in aquatic organism mortality, decreased growth of submerged
aquatic plants, decreased biodiversity of aquatic organisms, and decreased ecosystem
stability. Furthermore, the development of odors and cyanotoxins in recreational lakes and
drinking water sources has other harmful effects for humans (Falconer, 1999). The
neurotoxic, hepatotoxic, and dermatoxic effects of cyanotoxins (blue green algal toxins) are
the most common (Cooke et al., 2005). Excessive cyanobacterial growth can result in
financial losses in the form of decreased property prices, high-cost raw drinking water
treatment, diseases, slowed recreational industries, and management and restoration costs

for impaired lakes and reservoirs (Marsalek et al., 2001).
2.4.1. Health Effects

Cyanotoxins have been linked to negative health effects in humans, who may be
exposed to these compounds through oral, inhalation, or dermal routes (Sanseverino et
al.,2017).

Recreational behaviors are responsible for half of the recorded episodes in humans
following exposure to cyanotoxins, according to a recent analysis of data collected from

1800 to present about events in humans following exposure to cyanotoxins (Wood, 2016).

Accidental ingestion of polluted water (especially when cyanobacteria bloom or
form scum), skin contact with infected waterbodies, and inhalation of aerosolized
cyanotoxins are all modes of exposure to different cyanotoxins in recreational settings

(Sanseverino et al.,2017).

Exposure to cyanotoxins can cause severe headache, fever, pneumonia, pneumonia
and liver damage. A unique case of death was reported in the United States of America
where a teenager accidentally ingested the water from a golf-course pond contaminated
with the Anatoxin-a (ATX-a) Although the toxin was detected in his blood, the unusually
long time between exposure and death (48h) raised doubts about this case (Stewart et al.,
2006).
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Humans are also at risk from inhaling cyanotoxins that have been aerosolized. Even
though a study conducted in New Zealand found that aerosols collected for 4, 12, and 24
hours near two lakes did not pose a direct threat to humans, the aerosolized toxins did.
When combined with other sources of exposure, such as the oral one, it may pose a danger
(Wood and Dietrich, 2011).

Among all the existing cyanobacteria, the marine Lyngbyamajuscula has been
shown to be highly toxic to human health. The toxins released by some harmful varieties of
L. majuscu a have been reported to cause symptoms of rashes, blistering, skin and eye
irritation. The toxic effects have been associated to the action of Lipopolysaccharide (LPS)
(Stewart et al.,2006).

Exposure to cyanobacterial toxins through consumption of drinking water has also
caused human poisonings. In 1990, in Australia, 140 children and 10 adults were
hospitalised for liver and kidney damage after drinking copper sulphate-infested water. In
2000 cases of gastroenteritis and 88 deaths were reported and attributed to a bloom of
Anabaena and Microcystis in the water supply in Brazil. In Kenya, 100 human deaths at

Lake Embu, in Kenya, were attributable to cyanotoxins (Harding, 2006).

The World Health Organization (WHO) has defined some guidelines in order to
protect human health form cyanobacterial blooms. In temperate zones, the chronic exposure
to cyanotoxins is improbable while it is higher in areas often affected by cyanobacteria
blooms. The value of 200.000 cells/ml has been fixed as a cyanobacteria density

corresponding to a low probability of adverse effects.

Microcystins are mainly accumulated in the hepatopancreas of the shellfish and
molluscs. The maximum concentration of MCs in the edible parts of fish, crustaceans and
mussels has been reported to reach levels of 300, 2700 and 16,000mg/kg (Funari and
Tastai,2008). The European Regulation No. 853/2004*indicates specific hygiene rules for
the monitoring of toxins. The limit value for STX has been set at 800 mg/kg and the limit
for Amnesic Shellfish Poison is 800mg (Sanseverino et al.,2017). Every year, more than
2000 cases of human poisoning through fish or shellfish consumption are reported

worldwide. Saxitoxin is one of the most potent marine biotoxin. Symptoms include tingling
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of the extremities to respiratory paralysis and death (Faber, 2012). It generally takes 24
hours to completely depurate the blood from the blood. The disease outcome depends on
the timeliness of medical cares including artificial respiration (Sanseverino et al.,2017).

While evidence on the accumulation of MCs in livestock (sheep, cows, etc.) after
ingestion of polluted water shows that no trace of cyanotoxins is present in milk or meat
(Orr et al.,2003), eating meat may be another form of being exposed to cyanotoxins. In the
case of vegetables, experiments using water infested with blooms or scums and used to
water rice, rape, and lettuce revealed the presence of cyanotoxins in plant extracts. It's

worth noting that cyanobacterial cells can be toxic (Sanseverino et al.,2017).
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Figure 6: Organs/organ systems affected< by toxic metabolites of cyanobacteria

Organs traditionally considered targets of toxicity are on the left; organs directly subjected
to oral exposure are on the right. Grey background illustrates organs with mucosal surfaces
that serve as primary entry portals for environmental and dietary contaminants. The figure

depicts inner organs figuratively and not anatomically correct (Kubickova et al.,2019).
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2.4.2. Environmental Effects

Cyanobacterial blooms have the potential to harm aquatic ecosystems. The dense
cyanobacterial blooms can form thick scums and mats, causing the bottom waters to
become deoxygenated. Fish, shellfish, aquatic invertebrates, and plant populations would
all suffer as a result of the lack of oxygen. Because light penetration is reduced, the blooms
may have an impact on benthic fauna and flora. Toxic blooms may prevent other
phytoplankton from growing by competing for sunlight and nutrients. They can also reduce
the grazing of zooplankton. All of these factors cause changes in the aquatic ecosystem's
community structure and composition (Quiblier et al., 2013; Zanchett& Oliveira, 2013).

Cyanobacteria blooms are linked to taste and odor problems in drinking water, in
addition to the generation of toxins. Algal scums can form in shallow bays and stay
together for a long period. Cells may dissolve and die during this time. The contents of the
dead cells are released into the water, including poisons as well as a range of odor and taste

chemicals (Danni cong,2015)

Geosmin and 2—methylisoborneol (MIB), which are not harmful but are a nuisance
to the public, are two of the substances generated by blooms. Drinking water and fish have
a foul odor and flavor due to odor and taste chemicals. Additionally, it will result in a loss
of recreational and aquacultural revenue as well as an increase in the cost of bloom
treatment (EPA,2013).

Annual cyanobacterial blooms (Fig. 07) have certain properties that have an impact
on water quality, vegetation, and (Havens, 2008).The formation of cyanobacterial blooms
therefore has consequencesharmful to water quality. The flora and fauna are found to be
completely modified since, for example, the growth of plants is no longer allowed (due to
the turbidity of the water) and that certain blooms produce toxins with the
effectsallelopathic (refers tocompounds produced by a plant which has positive or negative
consequences on other plants). In addition, the fish in the lake eventually die due to the lack
of dissolved oxygen in the lake. Water (hypoxia then anoxia) when the density of
cyanobacterial flowering becomes very high (which we find at the level of the “Bloom

collapse” (Fig. 07).In addition, the blooms disrupt human activities since they cause
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problems in the extraction and treatment of lake water. They also have impacts on
agriculture and fishing, and they prevent recreational activities (swimming, boating, sailing,
etc.) (Sigee, 2005).
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Figure 07: Consequences associated with the formation of cyanobacterial blooms
(Havens, 2008)

The potential changes caused by microcystins on zooplankton populations could
cause a dietary imbalance for the upper trophic compartments and increase their stress,
cyanobacteria influence the structure and distribution of zooplankton communities,
potentially through a negative effect on the abundance of zooplankton and their filtration
rate (Vincent 1989).

The ecological nuisances linked to the production of Cyanobacteria toxins could

affect all links in the ecosystem, namely zooplankton, green algae, plants and fish as well
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as humans who consume products capable of accumulating these toxins(Sagrane et al.,
2007).
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Figure 08:Diagram of the effect of cyanotoxins on different organisms in the environment
(Sagrane et al., 2007).
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3.1. Cyanobacterial Cells RemovalProcesses

A healthy cyanobacterial cell can have high levels of toxin — or taste and odor
compounds — confined within its walls. Dissolved toxin is not removed by conventional
treatment technologies. The most effective way to deal with high total toxin concentrations
is to remove the cells intact and without damage. Any damage may lead to toxin leakage,
and an increase in dissolved toxin entering the treatment plant (GWRC,2009).

Removal of intact cells and associated intracellular toxin should be the primary aim
in the treatment of cyanobacteria. Most water treatment processes are designed to remove
particulate material (GWRC,2009).

3.1.1. Pre-Oxidation

Pre-oxidation is not recommended in the presence of potentially-toxic
cyanobacteria. The risk of damaging the cells and releasing toxin into the dissolved state is
high. The effect will depend on the oxidant and its reactivity with the particular

cyanobacteria (Petrusevski et al.,1996).

Lab tests should be carried out to determine the effect, if any, on cyanobacterial
cells in the inlet to the plant. The levels of oxidant needed to meet the demand of the water

including cells should be sufficient for destruction of dissolved toxins (GWRC,2009).

If insufficient oxidant is applied there is a risk of high levels of dissolved toxin and
organic carbon entering the treatment plant and adversely influencing subsequent removal
processes. However, this effect willdepend on the reactivity of the particular oxidant
(GWRC,2009).

3.1.2. Microstaining

Microstraining is a technique that can be used to remove fine particles including
algae and cyanobacteria. A microstrainer consists of a horizontally mounted, slowly
rotating drum with sides of fabric. Water is fed into the center and flows out through the

sides. The screenings are collected in a trough suspended towards the top of the drum
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interior. They are sieved, the solids disposed of and the water returned to the inlet
(GWRC,2009).

Microstraining is used to remove mineral and biological solids from surface water.
It is normally used as pre-treatment before slow sand filtration or coagulation processes. It

can be used as a sole treatment prior to disinfection (GWRC,2009).
3.1.3. Riverbank, Slow Sand and Biological Filtration

Riverbank filtration is a simple and effective treatment process, which is widely
used in some parts of the world. Water is abstracted from rivers by using bores (wells)
close by, effectively filtering the raw water through the riverbank. This process removes
particulates including algae and cyanobacteria. Many soluble contaminants are also

removed by adsorption or by biological processes (Grutzmacher et al., 2002).

Slow sand filtration is capable of providing a high degree of removal of algal cells
and associated cyanotoxins. Biological activity within slow sand filters may also provide

some removal of extracellular toxin (GWRC,2009).
3.1.4. Conventional Treatment

In a natural bloom there will probably be cells in all stages of growth. However, an
optimised process will provide a very effective first barrier to toxic algae in the treatment
plant. The health of the cells and the stage in the growth of the bloom will affect the
success of the process. The amount of damage caused by the process depends on the
number of cells and their growth stage. The effect of damage to the cells during the

process depends on the type of cells involved (Chow et al., 1998).
Coagulation and Flocculation:

The coagulation mechanism must be optimized under all circumstances, but it is
especially necessary during a toxic cyanobacteria bloom. The following factors play a role

in achieving successful chemical coagulation and flocculation (GWRC,2009):

v The best coagulant to use and the pH factors to use.
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v Good control of coagulant dose and pH is needed to maintain optimum conditions.
Underdosing can produce poor floc. overdosing increases the quantity of solids for
removal.

v Good mixing at the point of chemical dosing to ensure rapid.

v' Optimum paddle speeds need to be determined based on performance of the
subsequent treatment process.

v Avoidance of excessive floc shear after flocculation, which could result from
turbulence at weirs, pipe bends or constrict.

v Laboratory jar tests used to select the best combination of coagulation chemicals
and pH.

3.1.5. Sludge and Backwash Disposal

Once confined in sludge of any type, cyanobacteria may lose viability, die, and
release dissolved toxin. This can occur within one day of treatment and can result in very
high dissolved toxin levels. All sludge and sludge supernatant should be isolated from the
plant until toxins have degraded sufficiently.Microcystinsare readily biodegradable so this
process should take 1-4 weeks (Senogles et al., 2002). Cylindrospermopsin appears to be
slower to degrade and the biological degradation of saxitoxins and anatoxins has not yet
been widely studied (GWRC,2009)

3.1.6. Membrane filtration

Membrane technologies are becoming a more feasible alternative for treating
microbiologically contaminated small supplies as well as larger sources (e.g.,
Cryptosporidium). Membranes used in water treatment can be divided into the following
categories (GWRC,2009):

v Microfiltration (MF) membranes are used to remove small particulate content larger
than 1 micron in dimension, such as Cryptosporidium and bacteria.

v Ultrafiltration (UF) membranes are used to remove colloidal particles smaller than
0.1m and organic molecules with a high molecular weight.

v Nanofiltration (NF) membranes are used to remove low-molecular-weight organics,

color, and divalent ions including calcium and sulfate.
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v Desalination of seawater or brackish water using reverse osmosis (RO) membranes

Generally cyanobacterial cells and/or filaments or colonies can be expected to be 1
micron in size or larger. Membranes with a pore size smaller than this will remove
cyanobacterial cells. The efficiency of these membranes will also depend on the integrity of
the membranes. The extent of damage to the cells will depend on the flux through the
membranes, pressure and the time period between backwashes and removal of the waste
streams. (Chow et al.,1997). optimisation of the processes is recommended, with frequent
backwashing and isolation of the backwash water from the plant due to the risk of the cells
releasing dissolved toxin (GWRC,2009).

Submerged membrane systems may offer advantages over pressurised systems for
waters with high cyanobacterial concentrations. The potential for cell lysis is reduced, but
this benefit may be offset by greater accumulation of cells in the membrane tanks
(GWRC,2009).

3.1.7. Bio-manipulation

The term bio manipulation was coined by (Hrbacek et al,1961) and later used by
Shapiro,1995. The principle is based on manipulations of a trophic ascade. The
effectiveness of the top-down bio manipulation method is limited, according to some
critics. The desired composition of fish populations can be achieved by harvesting non-
predatory fish and by introducing predatory fish. The method can only be successful if a
specific condition needs to be fulfilled for it to be effective.Most effective examples of bio
manipulation apply. to relatively small water bodies because of a great difficulty to.
manipulate fish populations in large ones. Bio manipulation can be performed only with the
participation of a skilled limnologist. Often, the continuous maintenance is required to

maintain a lake. (Lazzaro,1997).

In the case of Microcystis dominance the zooplankton grazing wrathfulis limited,
mainly because of bigger colonies. The toxic effects of cyanobacteria are reported, which
may also play a role in bio manipulation. Daphnids in lakes might be resistant to
cyanotoxins, which could make it difficult to control cyanobacterial blooms (Nandini and
Rao ,1998).
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The removal of substantial amount of benthivorous fishes is strongly recommended
if control of cyanobacterial blooms is the aim of lake-restoration project. The bio
manipulation may reduce cyanobacterial growth via the bottom-up effect in the case of fish
removal. The removal of benthvorous fishes can help to reduce the water levels in lakes
and ponds (Gehrke and Harris, 1994).

3.1.8. Use of aquatic organisms

Many aquatic organisms have been considered and studied to limit potentially the
cyanobacterial growth (Fig. 9). Their use is based on principles of predation, parasitism or
release of metabolites suppressing cyanobacterial growth. Studies with viruses, bacteria,
algae, fungi, and protozoa have been reported. However, the large-scale cultivation of
many of these organisms is problematic. No successful direct applications in the whole lake
scale have been reports (Erhard and Gross, 2006).

a- Herbivorous fishes: Potential method how to reduce cyanobacterial blooms is direct
grazing by herbivorous fishes. Phytoplankton is the main food especially for the silver carp.
Nile tilapia is known to have a low pH value in its stomach, therefore enhanced damage of
ingested cyanobacteria is probable. However, studies show metabolic activity of
phytoplankton after gut passage remains unaffected or even increases (Getachew,1989).

b- Virus:Cyanobacteria viruses (cyanophages) are widespread in both marine and
freshwater aquatic environments. (Bergh et al.,1989; Suttle et al.,1990). They serve a
crucial function in determining the presence of cyanobacteria throughout the season.
Safferman and Morris reported the first evidence of viruses being used to reduce
cyanobacterial blooms. (Safferman and Morris ,1964). A dramatic drop in cyanobacterial
biomass has been observed, accompanied by the appearance of cyanophages. (Gons et
al.,2002). A few recent researches have looked into the possibility of viruses controlling
cyanobacterial growth. (Yoshida et al.,2006). However, there are a slew of issues that make
using viruses in practice extremely hard. Isolation and culture of cyanophage are difficult
or impossible to achieve. Because cyanobacteria have developed resistance to cyanophage,
the effect will only be transitory. (Cannon et al., 1976). Furthermore, the virus is strain-
specific, and it seldom affects cyanobacteria from other locations, even if the species is the

same. (Waterbury and Valois ,1993). Even when viruses have wiped off a specific
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cyanobacteria, other cyanobacterial species might quickly take its place. (Van Hannen et al.,
1999).

c- Bacteria:Bacteria can lyse cyanobacteria via producing extracellular lytic enzymes
or by direct contact. In the instance of the bacterium Alcaligenes denitrificans, lytic effects
specific to bloom-forming cyanobacteria have been documented. (Manage et al.,2000).
Bacillus sp. (Reim et al.,1974).Bdellovibrio-like bacteria (Sallal,1994), Myxococcus sp.
(Daft et al.,1985), Flexibacterium (Gromov et al.,1972), and Pseudomonas sp. or
Spingomonas sp. producing lytic agent Argimicin A (Imamura et al.,2000). Anabaena and
Microcystis Oscillatoria were both killed by the actinomycete Streptomyces exfoliatus
(Sigee et al.,1999). Cyanobacterial growth, photosynthesis, and metabolism are all inhibited
by several extracellular compounds. The cyanobacterium Oscillatoria williamsi was
reduced in photosynthesis and enzymatic activity by a Flexibacterium metabolite that was
comparable to lysozymes. In recent years (Ahn et al.,2003). Surfactin generated by Bacillus
subtilis C1 inhibits the development of the cyanobacterium Microcystis aeruginosa and
Anabaenaaffinis selectively. Similarly, a cyanobacteriolytic compound from Bacillus
cereus has been identified, as well as its lytic activity against Aphanizomenonflos-aquae.
Streptomyces neyagawaensishas been shown to lyse Microcystis aeruginosa (Choi et
al.,2005).

d- Algae:Some planktonic algae, in addition to macrophytes, may generate allelopathic
chemicals that limit cyanobacterial development (Pajdak et al.,2001).In the cyanobacterium
Microcystis aeruginosa, extract from the dinophyte Peridiniumbipes produces alterations in
membrane permeability.

e- Fungi:The chytridiaceous fungusRhizophidiumplanktonicum parasitizes a
cyanobacterium (Canter et al., 1990). However, due to challenges in large-scale production,
chytridiaceous fungi were eventually regarded to be of little benefit. Redhead and
colleagues found that 62 non-chytrid fungus have particular antagonistic effects on
Anabaenaflos-aquae and other filamentous or unicellular cyanobacteria (Kotak et al.,1990).

f- Protozoa: Protozoa play an essential role in the lowering of phytoplankton
populations in aquatic ecosystems by grazing and phagocytosis (Canter et al.,1990).
Predation on cyanobacteria has been shown in the case of ciliates Furgasonia (Canter et
al.,1990). Nassula and PseudomicrothoraxStos (Fialkowska and Pajdak-Stos, 2002).
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Amoeba (Ho and Alexander, 1974) and flagellate Monas guttula (Sugiura et al.,1990).
Most bloom-forming cyanobacterial species, on the other hand, form colonies, which
protect them against protozoan nibbling. As a result, the use of protozoa as biocontrol
agents is extremely restricted and controversial.

Harmiful virus lytic
Algal Blooms eycle

inferaction

Figure 9:Interaction events of microorganism with Harmful Algal Blooms (Pal et al., 2020)

3.2. Cyanotoxins Removal processes

As previously mentioned, traditional treatments such as coagulation and others are
ineffective in removing dissolved cyanotoxins. The below are the three types of water

treatment systems that can be used to effectively remove dissolved toxins:

v Physical processes such as activated carbon removal and membranes.
v Chemical processessuch as chlorine, ozone, and potassium permanganate oxidation.

v Biological processes that maintain a stable biofilm include sand filtration and granular
activated carbon (GAC).
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3.2.2.

3.2.1. Physical processes

Activated Carbon: Activated carbon is a porous material with a very high surface
area. The internal surface provides the sites for the targeting contaminants such as
algal toxins to adsorb. It is used extensively in water treatment for organic
contaminants.Activated carbon is available in two forms, granular activated carbon
(GAC) and powdered activated carbon (PAC) GAC can be added before
coagulation, during chemical addition or during the settling stage. PAC is in
particulate form, with particle size typically between 10 and 100mm in diameter. It
is dosed as a slurry into the water, and is removed by subsequent treatment
processes. It can be applied for short periods when problems arise, then stopped

when it is no longer required. It cannot be reused and is disposed of with waste.

Membrane Filtration: Membranes are physical filtration barriers. The main factor
influencing removal of microcontaminants is the size, hydrodynamic diameter, of
the compound compared with the pore size distribution of the membrane.
Microcystins should be rejected by reverse osmosis (RO) membranes and
nanofiltration (NF) membranes. However, even RO membranes may allow the
smaller toxin molecules to permeate the membrane. The crucial issues are the pores
in the membrane, which should be available from the manufacturer, as well as the
integrity of the membranes.

Chemical processes

The ability of most oxidants used in water treatment to react with cyanobacterial

toxins varies depending on the type of oxidant, dosage, and composition of the toxin.

a-

Chlorine:Chlorine is an oxidant that reacts with a variety of organic compounds,
such as algal toxins and NOM. Hypochlorous acid (HOCI), the most reactive type
of chlorine, is in contact with the hypochlorite ion (OCI") in water.The concentration
of hypochlorous acid is dependent on the pH of the water. A small change in pH can
result in a large change in the concentration of the most reactive form. The reaction
of chlorine with any compound will be dependent on pH.Chlorine reacts rapidly

with a range of molecules, depending on their molecular structure and susceptibility
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to oxidation. Some molecules are more reactive than others and the rates of reaction
between chlorine and organic compounds will depend on their structure.

b- Chloramines:Chloramine is a far weaker oxidant than chlorine or ozone, and only
extremely strong concentrations and long contact periods have been seen to affect
microcystin levels (Nicholson et al.,1994). Based on the scant evidence available for
the other toxins, chloramination cannot be deemed an appropriate toxin shield.

c- Ozone and Ozone/peroxide:Chlorine, like ozone, is an oxidant. The formation of
hydroxyl radicals is dependent on pH. High alkalinity water may maintain an ozone
residual for longer, but this is at the expense of the formation of the most reactive
species. When ozone is used in combination with hydrogen peroxide, the formation
of Hydrogen peroxide radicals is increased, therefore the oxidising potential of the
treatment is increased. The reaction can be described as a chain reaction where
NOM plays a part as both an initiator and inhibitor in the chain reaction, and plays a
strong role (Ho et al.,2002).

d- Potassium Permanganate: Potassium permanganate has been shown to reduce the
concentration of Microcystins and anatoxin-a considerably (Carlile, 1994).
Unfortunately, the data currently available are not sufficient to allow
recommendations for dose requirements or to allow potassium to be considered as
an effective barrier (Rodriguez et al.,2007).

e- UV and UV/Hydrogen Peroxide:Ultraviolet irradiation is capable of degrading
Microcystin-LR and Cylindrospermopsin, but only at impractically high levels. As
with ozone, the presence of hydrogen peroxide promotes the formation of hydroxyl
radicals (Senogles et al., 2001).

f- Hydrogen peroxide:On its own, it is ineffective. It creates hydroxyl radicals, which
are very potent oxidizing agents, when combined with ozone or UV. There is

no data to make dosage recommendations.

3.2.3 Biological processes

In the past,scientists has focused on the engineering aspects of biological filtration

with such assumptions as expecting that the presence of a biofilm should result in efficient
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biodegradation of the cyanobacterial metabolites. Moreover, genetic technology has
allowed for significant improvements in the understanding of many biodegradation
processes. Consequently, further work is required to ensure that biological treatment, such
as biological filtration, can be confidently applied for the removal of these metabolites. To
date, only the genes responsible for microcystin degradation have been identified (Ho et al.,
2012).

The advancements in molecular microbiology and genetic technology should also
promote future researches in other cyanobacterial metabolites, in terms of gene discovery;
however, the lack of key findings in this area to date (apart from the microcystin-degrading
genes) indicates that this is not a trivial exercise. While it is evident that climate change is
predicted to increase the intensity of cyanobacterial blooms and subsequently, the
production of these unwanted metabolites, it is clear that climate change could also
significantly influence the biological processes, which can be implemented to remove them.
This conundrum should foster research into further understanding such biological
processes, particularly with the recent shift away from chemical- and energy-intensive

processes towards carbon and climate neutrality (Table 2) (Ho et al., 2012).

Table 2: organisms implicated in the degradation of microcystins (Ho et al., 2012)

Organisms Reference (s) MIr A gene
detected

Arthrobacter sp. Manage et al., 2009; Lawton et al., 2011 No
Brevibacterium sp. Manage et al., 2009; Lawton et al., 2011 No
Burkholderia sp. Lemes et al., 2008 Unknown
Methylobacillussp. Hu et al., 2009 Unknown
Morganellamorganii Eleuterio and Batista, 2010 Unknown
Paucibactertoxinivor Rapala et al., 2005 Unknown
Poterioochromonassp. Ou et al., 2005 ; Zhang et al., 2008 Unknown
Pseudomonas aeroginosa Takenaka and Watanabe , 1997 Unknown
Ralstoniasolanacearum Yan et al., 2004 Unknown
Rhodococcussp. Manage et al., 2009 ; Lawton et al., 2011 No
Sphingomonassp. 7CY Tshii et al., 2004 Unknown
Sphingomonassp. ACM-3962 Jones et al., 1994 ; Bourne et al., 1996, 2001 | yes

. . . Harada et al., 2004; Imanishi et al.,
Sphingomonassp. B9 (Sphingosinicellasp.) 2005 :Tsuiji et al., 2006 : Kato et al., 2007 Unknown
Sphingomonassp. CBA4 Valeria et al., 2006 Unknown
Sphingomonassp. MD-1 Saitou et al., 2003 ; Saito et al., 2003 yes
Sphmgompn_assp. MDB?2 Maruyama et al., 2006 Unknown
(Sphingosinicellasp.)
Sphingomonassp. MBD3 Maruyama et al., 2006 Unknown
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(Sphingosinicellasp.)

Sphingomonassp. Y2

Park et al., 2001 ; Maruyama et al., 2003,

(Sphingosinicellamicrocystinivorans) 2006 Yes
Sphingopyxissp. LH21 Ho et al., 2007a, 2007d ; Hoefel et al., 2009a | Yes
Sphingopyxissp. USTB-05 Wang et al., 2010 ; Zhang et al., 2010 Unknown
Stenotrophomonassp. EMS Chen et al., 2010a Yes

Nodularins has been documented to be biodegraded by bacteria with the Adda amino

acid shown to be a by-product (Imanishi et al., 2005; Edwards et al., 2008; Torunska et al.,

2008; Mazur-Marzec et al., 2009). Many of the reported NOD-degrading organisms also

have the ability to degrade microcystins (Table 3). It is believed that this may be due to the

enzymes (eg.mlrA) acting similarly for both cyanotoxins by cleaving their cyclic structures
at the Adda-Arg peptide bond (Kato et al., 2007; Edwards et al., 2008). Kato et al. (2007)
and Edwards et al. (2008), provided evidence to support this contention through detection
of NOD biodegradation by-products, including linear NOD (NH2-Adda-GluMdhb-MeAsp-

Arg-OH).

Table 3: Organisms implicated in the degradation of nodularin (Ho et al., 2012)

Organisms

Reference(s)

Arthrobacter sp.

Manage et al., 2009; Lawton et al., 2011

Brevibacterium sp.

Manage et al., 2009; Lawton et al., 2011

Paucibactertoxinivorans

Rapala et al., 2005

Rhodococcussp.

Manage et al., 2009; Lawton et al., 2011

Spingomonassp. B9 (Sphingosinicellasp.)

Harada et al., 2004 ; Imanishi et al., 2005 ; Tsuji et al., 2006 ;

Kato et al., 2007
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4.1. Biocontrol of Toxic Cyanobacteria by aquatic plants

In aquatic environments, seaweeds are one of the most basic and dominating creatures.
Because of their capacity to create a wide range of bioactive chemicals, they may provide an
eco- friendly method to Harmful cyanobacteria blooms management (Zerrif et al., 2018; Zerrifi
et al.,2019).Phytoplankton blooms can be dominated by submerged macrophytes in temperate
regions due to their allelopathy effect or nutrient rivalry. Indeed, underwater macrophytes can
use a lot of nitrogen and phosphorous, which can be used to eradicate unwanted and dominant
phytoplankton indirectly. According to the report of Vanderstukken et al. (2011), Submerged
macrophytes species have a drastic negative impact on phytoplankton productivity, which has
been used to regulate phytoplankton biomass for long periods of time. The negative associations
between macrophytes and phytoplankton biomass have also been identified in tropical or warm
regions. Any of the most effective predators, such as copepods and ciliates, are suggested
biological algal bloom management methods. Submerged aquatic macrophytes and floating
plants such as water lilies and lotus are used to limit direct sunlight in the pond and regulate

algal growth.

Macrophyte, as a rooted plant, can minimize sediment resuspension caused by wind or
boat, provide a safe haven for daphnia that graze algae, and provide shade to keep the water
cool in the littoral areas. Macrophytes can also deplete nutrients and produce allelopathic
chemicals that inhibit cyanobacteria development (Drabkova and Marsalek, 2007). However,
there are a few factors that go against this. For example, lakes are resistant to nutrient load
reduction, but even though nutrient loads are significantly decreased, water quality may not
improve (Cooke et al.,2005). Second, wave motion, light restriction, animals consuming the
plants, and dormant seeds can all obstruct macrophyte development. (Drabkova and Marsalek,
2007). Finally, the macrophyte can only dominate shallow lakes, where the colonized
macrophyte can theoretically engulf the entire region. The macrophyte impact is confined in

deep lakes with narrow littoral areas (Cooke et al.,2005).

Aquatic plants have mostly a positive effect on the removal of nutrients such as total
nitrogen (TN), ammonia (NH*"), total phosphorus (TP) (Table 4) and orthophosphate (PO4*)
(Table 5) in water by restraining the release of nutrients from sediment and adsorbing nutrients

from water and sediment (Wang et al., 2014).
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Table 4: Nitrogen removal efficiency (%) by aquatic plants in water bodies (Wang et al., 2014).

Location Plants Removal efficiency (%) References
TN NO* NH*
Australia | Phragmites australis 16.00 - 62.00 SUN and AUSTIN, 2007
China Acorus calamus 46.00-68.00 - - MEI et al.,2014
Cyperus flabelliformis 53.00-76.00
Canna indica 49.00-67.00
Iris tectorum 36.00-53.00
Scirpusvalidus 46.00-61.00
Germany | Phragmites australis 48.00-93.80 74.00-93.70 | LUEDERITZ et al.,
2001
Mauritius | Eichhorniacrassipes 99.60 SOOKNAH and
Hydrocotyle 9900 WILKIE, 2004
umbellataPistiastratiotes
99.20
Korea Trapajaponica 80.00-99.00 IAMCHATURAPATR et
al., 2007
Taiwan Ipomoeaaquatica 74.49-94.93 KO etal., 2011
Island
USA Scirpuscalifornicus 19.00-31.00 | 60.00-88.00 | 40.00-62.00 | CHANG et al., c2012
USA Ipomoeaaquatica 84.00 38.00 NAHLIK and MITSCH,

2006
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Table 5: Phosphorus removal efficiency (%) by aquatic plants in water bodies (Wang et al.,
2014)

Location Plants Removal efficiency (%) References
TP TDP PP PO43--
P
Australia | Phragmites australis 17.00 SUN and AUSTIN,
2007
China Ceratophyllumdemersum | 91.75 90.93 97.92 GAO et al., 2009
Elodea canadensis 84.71 86.09 87.20
Myriophyllum spicatum | 68.29 71.36 49.47
Vallisneria spiralis 84.63 89.51 54.69
Acorus calamus 27.30- MEI et al., 2014
Cyperus flabelliformis 47.60
Canna indica 40.50-
Iris tectorum 62.50
Scirpusvalidus 37.80-
59.50
21.80-
34.50
27.10-
46.00
Germany | Phragmites australis 60.50- 74- 74- LUEDERITZ et al.,
95.80 93.70 93.70 2001
Mauritius | Eichhorniacrassipes 98.50 96.50 SOOKNAH
Hydrocotyle umbellata 71.30 60.90 WILKIE, 2004
Pistiastratiotes 64.20 48.50
Korea Trapajaponica 81.00- IAMCHATURAPATR
97.00 et al., 2007
USA Scirpuscalifornicus 39.00- 40-67 CHANG et al., 2012
62.00
Ipomoeaaquatica 83.00 NAHLIK
MITSCH, 2006

Macrophytes are crucial for stabilizing the clear water state in shallow, mesotrophic and
eutrophic lakes, as they can reduce the microalgalgrowth (Hilt et al., 2006b). The involved
mechanisms includelight shading, sediment resuspension, nutrients competition and
allelopathy(Mulderij et al., 2007b). In the allelopathic way, macrophytessustainably excrete
algae-inhibiting allelochemicals to ambient environment,resulting in reductions of

phytoplankton biomass (Parket al., 2006). The typical macrophytes with their derived
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allelochemicalsthat have been proven to be effective on microalgae inhibition areelucidated in
Table 6.

Utilization of allelopathy to inhibit microalgal growth can beachieved by cultivating
aquatic plants directly (Declerck et al., 2007). But aiming to overcome the above disadvantages
in cultivating plants,direct addition of allelochemicals for HABs control has been proposed,and
large amount of allelochemicals have been purified, identified,manufactured, and even artificial
synthesized, such as gramine, pyrogallol,gallic acid, ellagic acid and (+)-catechin (Hong and
Hu, 2007,2008b, 2009; Zhu et al., 2010). Despite the lack of practical cases andrelevant
experience, direct addition of purified allelochemicals is muchsimpler than cultivating aquatic

plants.

Table 6: Typical aquatic allelopathic plants with algistatic or algicidal effects (Zhu et al.,

2021)
Categories Species Allelochemicals Re
Emergent Arundo donax Gramine (Hong
macrophyte
Elodea nuttallii Apignin,caffeic acid, luteolin,nonanoic acid, N-phenyl-1-naphtylamine, (Gao e
2015 ;t
al.,201
b-Sitosterol-b-D-glucoside,diclohexanylorizane, fumaric acid,p-coumaric acid,
Oryza sativa salicylic acid, vanillic acid
(Park e
Apignin,isoquercitrin,linoleic acid, palmitic acid p-coumaric al.,200
acid,hydroxybenzoic acid(PHBA),protocatevhuic acid, quercetin ,stearic acid
Nelumbo nucifera
(Dong
Huang
Park et
al.200¢
,2019;
etal.,2
Floating Phragmites australis Ethyl 2-methylacetoacetate(EMA) (Men €
macrophyte
Stratiotesaloides Choline,luteolin (Conra
al.,200
Zantedeschiaspp a-lineleic acid, lineleic acid al.,200
(Della ¢
AlternantheraPhiloxeroides | Coumarin,p-aminobenzene-sulfonic acid, p-hydroxybenzoic acid (Zuo et
Protocatechuic acid ,stearic acid
1-Linoleoyl-glycerol,lineleicacid,nonanoic acid, N-phenyl-2-
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crassipe naphthylamine,propionamide. (Liu et
Apignin,ellagicacid,gallic acid, kaempherol,p-coumaric acid,quercetin,vanillic
acid
Nymphaea tetragona (Huang
al.,201
al.,201.
Submerged Pistiastratiotes Luteolin ,palmitic acid (Liu et
macrophyte CeratophyllumDemersum | o-Linolenic acid, azelaic acid, (Dong ¢
butenoic,hexanoicacid,octanedioicacid,palmiticacid,pentanedioicacid,phthalic
acid
Hexadecanoic acid 9,12-octadecadienoic acid ,tetradecanoic acid
Chara Caffeic acid, ferulic acid, protocatechuic acid, (zhang
nonanoic acid,pyrogallol,tellimagrandin 2
Hydrillaverticillata (Gao e
a-Asarone,phenylpropanoidglucosides, hydrolysable tannins
Myriophyllum spicatum (Leu et
Caffeic acid, ferulic acid,protocatechuic acid. al.,200
2-Ethyl-3-methylmaleimide,3-hyfroxy-5,6-epopxy-B-innone,4-oxo —f- Hosom
ionone,loliolide,dihydroactinidiolide,6-hydroxy-3-oxo-a-ionone etal.,2
MyriophyllumVerticillatum
(Aliott:
al., 199
Vallisneria natans
(Gao e
Vallisneria spiralis
(Xian e

The brown edible seaweed Undaria pinnatifida EO obtained from the Korean shore has
this unsaturated fatty acid as one of the primary components (22.39 %). Palmitic acid is
abundant in this product (9.2 % and 16.57%) (Petra et al.,2017; Petra et al.,2015). EOs of
Porphyrateneraand Laminaria japonica were used. The EO composition of Cystoseiragenus

seaweed species other than C. tamariscifolia has already been reported( Ozdemir et al.,2006).

The brown seaweed C.barbata EO (Cystoseira genus) contains many chemicals distinct
from those found in C.tamariscifoliaEQ, including docosane (7.61%), tetratriacontane (7.47%),
eicosane (5.05%), tricosane (4.43%), hexadecane (4.16%), and heptadecan Furthermore, 1-
chloro-2,2-diethoxyethane (21.5%), 2,3-butanediol (6.5%), chloroacetic acid (3.7%), and 1,1-
dichloro-2,2-diethoxyethane (2%), were found in the volatile compounds composition of C.
crinite  (Cystoseira genus) collected from the eastern Mediterranean(Kamenarska et

al.,2002).Nonetheless, it's worth noting that research into the chemical makeup of seaweed EOs
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is still in its infancy. The polyunsaturated fatty acid eicosapentaenoic acid (8%) was the most

prominent element in the chemical makeup of the green macroalgae U. lactuca EO.

Other polyunsaturated fatty acids found in the Dictyopterispolypodioides EO obtained
from the Algerian coast were cis- and trans-5,8,11,14-eicosatetraenoic acids (Riad et al.,2020).
Some terpenes, such as -caryophyllene (0.02 %) and -pinene (0.015%), were only discovered in
trace levels, whilst others, such as dihydroactinidiolide (6.6—7.8%), -lonone (not detected to
7.6%), and phytol (0.23-4.1 %), were discovered in larger concentrations. Safranal and other
terpenes have recently been discovered in the essential oil produced from the brown algae D.
polypodioides (Riad et al.,2020). Similarly, the terpenic chemicals dihydroactinidiolide, -
lonone, and phytol have been found in marine algae earlier (Gressler et al.,2009). Aside from
terpenes, a variety of other chemicals were found in low levels, including alcohols, aldehydes,
and ketones. Gressler et al. (2009), indicated that marine algae may create a wide range of
metabolites, including hydrocarbons, terpenes, fatty acids, esters, alcohols, aldehydes, and
ketones (Gressler et al.,2009).

The green macroalgae U. lactuca showed no inhibitory action against the Gram-
negative bacteria M. aeruginosa in a qualitative screening utilizing the paperdisk diffusion
technique insolid medium (Zerrifi et al.,2019). Researchers looked into the anti-cyanobacterial

properties of a methanolic extract of U. lactuca.

Ulva seaweeds of the genus Ulva did not show antibacterial activity against any assayed
Gram-negative bacteria. U. lactuca extract also did not have an effect against M. aeruginosa
(Salvador et al.,2007).

Marine macroalgae EOs are potential producers of anti-cyanobacteria compounds. They
should be subject to a comprehensive study as natural sources of bioactive substances, say
researchers. Further research will need to be conducted using other seaweeds and/or

phytoplankton species in macrocosms and natural field conditions (Zerrifi et al.,2020).
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Figure 10: Ulvalactuca(lngrediénten | Collagen Lift Paris)

Figure 11: Sargassum nuticum(Sargassum muticum - Nobanis)
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Figurel2:Cystoseriatemariscifolia(www.marlin.ac.uk)

4.2 .Biocontrol of toxic Cyanobacteria by terrestrial plants

Direct addition of extracted allelochemicals can break through therestraint on
macrophytes, as several terrestrial plants were also provenwith abundant antialgal
alleleochemicals, as shown in Table 2. The ideaof utilizing terrestrial plants in HABs control
was come out from thephenomenon that mi-croalgal biomass in the limnic ecosystem was
significantly lower than that in the natural aquatic ecosystem, attributedto existence of
defoliation in the limnic ecosystem (Tsuda et al.,2005). The proposal for inhibiting microalgal
growth by terrestrialplants broadened the margin of allelopathy application in HABs control.

density of 100 g/L in terms of fresh weight, while the 50 % of effectiveconcentration
(EC50) of those polyphenolic-allelochemicals were0.65-5.5 mg/L on M. aeruginosa (Nakai et
al., 2000). Even so, such aconcentration level at mg/L was not yet marked with toxicities on
otheraquatic organisms, like the brine shrimp (Artemia franciscana) and giantriver prawn
(Macrobrachiumrosenbergii) (Defoirdt et al., 2013).
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Benefitfrom the high biodegradability of allelochemicals (Steinmetz et al.,2019), the
effects of residual allelochemicals on the drinking watertreatment were negligible.
Allelochemicals with concentration lowerthan 10 mg/L could be dissipated without disposal in
30 days, such as Llysineand gramine, by either photo-assimilation or biodegradation(Canton et
al., 2019; Kaya et al., 2005).

4.2.1. Barley straw use and efficiency

Through manufacturing allelochemicals from plants, many uselessplants or organs turned
to be useful, such as barley straw (Fig. 14) (Xiao et al.,2014), an algae-inhibitor proven with 90
% of reduction on algalgrowth over 3 years under an in-situ condition in Chesterfield
Canalbetween Shireoaks and Thorpe Salvin (Welch et al., 1990).Though the effective dosages
of direct addition of allelochemicalswere much higher than the environmentally relevant
concentrations(Hilt et al., 2006a; Zhu et al., 2010), rare obvious deleterious ecologicaleffects
were observed (Welch et al., 1990). For example, the polyphenolicsreleased by M. spicatum

were 5.2-76.6 pg/L with a plant

44



Chapter 4: Biocontrol of toxic cyanobacteria by plants

Figure 13: Barley straw application (http://www.clearwaterplm.co.uk)

Since the early 1990s, the use of decomposing barley straw for the management of algae
and cyanobacteria has sparked a lot of attention and research (Welch et al., 1990; Newman and
Barrett 1993, Jelbart, 1993; Barrett et al., 1996). Both green algae and cyanobacteria have been
found to exhibit algistatic effects in lab investigations. The release of phenolic chemicals such
as ferulic acid and p - coumaric acid from the degradation of straw cell walls have been
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postulated aspossible explanations for the observed effects, including the generation of
antibiotics by the fungal flora responsible for the decomposition (Newman and Barrett 1993).

While reservoir testing with barley straw seemed to back up these lab findings (Barrett
et al. 1996, Everall and Lees 1996) Other experiments yielded no discernible impact (Jelbart
1993, Cheng et al. 1995). More recent studies have validated the efficacy of barley straw
treatment for in situ therapy, with one case study observing a shift in algal populations from
cyanobacteria to diatoms (Islami&Filizadeh 2011). In another, it was suggested that this may be
a viable strategy in larger lakes in the US (Haggard et al. 2013).

Barley straw is utilized in numerous reservoirs and dams in the United Kingdom with
good results due to its low cost and ease of application. The use and mechanism of the impact
of barley straw for the management of algae in a variety of water bodies is detailed in a fact
sheet issued by the Centre for Hydrology and Ecology's Centre for Aquatic Plant Management
(2004) in the United Kingdom. Algae growth suppression is thought to be caused by DOC from
barley straw generating hydrogen peroxide in the water (Rajabi et al.,2010).

To utilize straw efficiently, you must first have a basic understanding of how the process
works. When barley straw is placed in water, it begins to decompose, and a chemical is
generated during this process that prevents algae development. Rotting is a microbiological
process that is temperature sensitive, with summer being quicker than winter. When the water
temperature is below 10°C, it may take 6-8 weeks for straw to become active, but just 1-2
weeks when the water temperature is over 20°C. Algal growth will continue unabated
throughout this time. Once the chemical is released, the straw will continue to emit it until it has
nearly fully dissolved. The length of this interval varies depending on the temperature and the
way the straw is applied; we'll go over this in more depth later. Straw, on the other hand, is
likely to remain active for around six months, after which it will progressively diminish in
activity (Rajabi et al.,2010).

Although the specific method by which straw inhibits algae has yet to be determined, we
believe the following is how it works. Chemicals in the cell walls of straw degrade at varying
rates when it rots. Lignins are quite persistent, and when the other components decompose, they

will likely stay and be discharged into the water. Lignins can be oxidized to humic acids and
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other humic compounds if there is enough oxygen in the water. These humic substances are
found in many waterways naturally, and it has been demonstrated that when sunlight falls on
water with dissolved oxygen and humic compounds, hydrogen peroxide is generated. Low
amounts of peroxide are known to limit algae development, and tests have shown that low
concentrations of hydrogen peroxide can have an impact on algae that is very similar to that of
straw. Peroxides are highly reactive chemicals that only persist a short period in
water.However, When humic substances are present, peroxides are continually produced
anytime enough sunshine is available. Because the straw decomposes slowly, humic chemicals

are constantly available to catalyse this process (Rajabi et al.,2010).

This idea is supported by a number of elements that influence the performance of straw.
To guarantee that algal issues are successfully treated using straw, several aspects must be

considered.

The volume of the water does not appear to affect the performance of the straw as might
be expected. The majority of algal growth takes place in the surface layers of water and so it is

not necessary to measure the depth of the lake when calculating the quantity of straw.

In still waters such as lakes, ponds and reservoirs, the minimum quantity of straw is
about 10g straw m-2 of water surface. However, when a water body with a history of severe
algal problems is first treated, a higher dose is preferable. quantities up to 100 g m- 2 have been
used(Rajabi et al.,2010).

the quantity of straw needed can vary considerably and it is better to apply too much
initially and then to reduce the quantity gradually each time straw is added until the dose has
been reduced to 10g m-2 or until algal growth starts to increase again when the dose should be

increased to a previously effective level.

There is a theoretical level at which straw could cause problems by deoxygenating the
water. This is caused by the microorganisms which colonise the straw and absorb oxygen.
Deoxygenation is often caused by algal blooms and so the presence of straw can reduce the risk
of this. However, straw should not be applied during prolonged periods of hot weather as the
combined oxygen demand from the algal bloom and the straw could temporarily increase the

risk
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The risk of causing deoxygenation in flowing waters is very small. The distance
between straw masses has usually been between 30-50m. The size of each straw mass was
chosen, for convenience, as about one bale (20kg).

The best way of applying straw varies with the size and type of water body. Straw
should be applied in a loose form, either in gabions or as straw sausages. In slow flowing water,
bales should not normally be used as they are too tightly packed and do not allow adequate
water movement through the straw. It is preferable to apply the straw in a loose form retained in

some form of netting or cage.

In all instances, it is essential to ensure that the straw container is well anchored to the
bank or to stakes in the bottom which will hold it in place during periods of high flow. The best
way to prevent the straw from becoming anaerobic is to use small bales (around 20kg) and to
keep oxygen levels high in the straw high. The most appropriate methods for different types of

water bodies are given below.

Applying multiple modest amounts of straw to a water body rather than one huge one is
always preferred. This enhances the active factor distribution throughout the water body. Straw
works best when held close to the surface, where the most water flow occurs. This helps to
oxygenate the straw and disseminate the anti-algal chemical. This also guarantees that the
chemical is created near where the majority of the algae are growing and away from the bottom
dirt, which would render the chemical inactive. When determining where to lay the straw in a

water body, keep the following factors in mind:

v" When only a single net of straw is necessary in small ponds, it should be positioned in
the center of the pond. The straw net should be set where there is a continuous flow of
water over and through the straw if there is an incoming flow of water, such as a stream
or fountain. This will assist to oxygenate the straw and disperse the chemical throughout
the pond.

v In any still body of water, the anti-algal chemical will diffuse outwards in all directions
from each net of straw, slowly being absorbed by algae and inactivated by mud until the
concentration is too low to be effective. Algal development will continue unabated

beyond this distance, and these algae will eventually drift back into the treated regions,
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creating the impression that the straw is ineffective. It is crucial to determine how much
straw is required, how many nets should be used, and how far apart each net should be
in order to ensure that no sections inside the water body are untouched by the straw. The
straw nets or sausages should then be put in such a way that each net is about equidistant
from its neighbors and the bank.

v -There hasn't been much study done with straw in seawater, therefore any treatments
done in these settings should be considered experimental. Straw appears to function in
both salt and fresh water, according to results from a small number of testing in salt
water lagoons and artificial pools. However, due of the limitations of short persistence
time and exposure, it is highly doubtful that it would have any effect on the huge marine
algae commonly seen on rocky coasts or kelp beds in the oceans. It's also improbable
that enough straw could be deposited and retained in the open sea for lengthy periods of

time.

Although straw may be put at any time of year, it is most beneficial when applied before to
the onset of algal bloom. This is due to the fact that the anti-algal chemicals produced by the
straw are more effective at preventing algal development than they are at killing existing algae.
As a result, when the water temperature is low, straw is best sprayed in the autumn, winter, or
very early spring. Within one month, the straw will become active and will continue to suppress
algal development for roughly six months. However, after the straw has rotted away, fast algal

growth can occur, thus more treatments should be done every 6 months.

It is important to note that the rate at which straw rots varies greatly, so keep an eye on it
and make regular inspections so that new straw may be put before the conclusion of the six-
month period if required. Because it is not always feasible to forecast when an algal issue will
arise, it is occasionally required to address one that has already arisen. By adding straw to
existing blooms, some algae, primarily tiny unicellular species and cyanobacteria (blue-green

algae), can be reduced.

The length of time it takes to manage the algae is determined by a variety of elements, the
most important of which is the water temperature. Straw has been shown to be efficient in
suppressing algal blooms in water temperatures over 20°C within 4-5 weeks, and occasionally

even quicker. Applying straw during lengthy periods of hot weather may raise the danger of
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deoxygenation due to the combined effect of dying algae and decomposing straw. The process
is slower at lower temperatures, and it may take 8 to 10 weeks to control the algae, although the
risk of deoxygenation is negligible(Rajabi et al.,2010).

When filamentous algae are the major issue, straw applied to dense floating mats will have
little effect unless it is supplemented with additional treatments that will be discussed later.
Additional applications will be necessary after the initial straw treatment to keep the algae from
returning. Although a 6-month gap is advised as the most likely time between straw treatments,
more frequent treatments may be required. Waiting until all of the straw has decayed before
applying a second dose is not recommended since there will be a period when no chemical is
generated and rapid algae growth can occur. For the same reason, the old straw should be left in
place for at least one month after the new straw is added. This gives the new straw time to

become active.

Once filamentous algae have created floating mats, straw is ineffective in controlling
them. Other measures, on the other hand, can be used to control them. Filamentous algae can be
brushed out in some cases. Many shards, however, will remain in the water, and fast
regeneration is expected. Straw should be placed approximately a month before the alga is

scraped out to prevent this(Rajabi et al.,2010).
4.2.2. Use of Eucalyptus

In a very interesting work realized by Xu et al. (2020), an iron oxide nanoparticle-zeolite
hybrid (EL-MNP@zeolite) was green synthesizedusing eucalyptus leaf extract (Fig. 15) and the
factors affecting theremoval efficiency of ammonium and phosphate ions determined..EL-
MNP@zeolite was synthesized using green syntheticmethods, where iron nanoparticles were
successfully decoratedonto zeolite. Zeolite not only plays the role of an inorganiccarrier to
improve the dispersion of iron nanoparticles and preventagglomeration and oxidation, but it
also provides adsorption sitesfor NH4 + ions and promotes the simultaneous removal of NH4 +
-PO4 3_. The removal efficiency was positively correlated with theamount of adsorbent, but
when the pH of the reaction solutionwas between 4.00 and 10.00, the adsorption effectwas
reduced.The removal efficiencies of NH4 + and PO4 3 were 43.3% and 99.8%,respectively.

Adsorption of NH4 + and PO4 3_ was exothermic andlow temperature was favorable for the
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simultaneous removal ofboth NH4 + and PO4 3_ by EL-MNP@?zeolite. The adsorption of NH4
* -PO4 3-ontoEL-MNP@zeolite was via chemical adsorption, whichwas consistent with the

good fit to the pseudo-second-orderkinetics.

&

Eucalyptus leaves Ferric trichloride hexahydrate

EL-MNP@zeolite

Figure 14: Synthesized mechanism of EI-MNP@zeolite (Xu et al., 2020)
4.2.3. Other terrestrial plants

The table 7 gathers other terrestrial plants that were proved to have allelochemicals with

efficiency in the biocontrol of harmful algae.
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Table 7: Typical terrestrial allelopathic plants with algistatic or algicidal effects (Zhu et al.,

2021)
Categories Species Allelochemicals References
Herbaceous | Allium sativum | Diallyl trisulfide. (Zhou et al.,2008)
plants
Artemisia 1,2-Benzenedicaboxylic acid,hexanedioic acid (Choe and
vulagaris Butanedioic acid, 2,4-bis-hydroxy butanoic acid, 9-cis-octadecenoic Jung,2002)
Canna acid,dodecanoicacid,hexadecanoic acid,2-hydroxyheptanoic acid, 4- ((Zhou et al.,2019)
generalis hydroxybenzoic acid, 3-methoxy-4- hydroxybenzoic acid ,3-methoxy-
4-hydroxycinamic acid,octadenoicacid, protocatechuic acid
Chelidonium Berberine,cheleryhtrince,chelirubine,coptisine,magnoflorine,protopi | (Jancula et al.,2007)
majus ne,sanguinarine
Coptis Berberine,coptisine,jatrorrhizine,palmatine (zZhang,2011)
chinensis
Cyperus 1,2-Bezenedicarboxylic acid2,6-bis(dimethylethyl)-4-methyl phenol (zhou et al.,2019)
alternifolius ,butanedioicacid, 9-cis- octa-decenoicacid ,2,3-dihyfroxy
propanoicacid,dodecanoicacid,hexadecanoicacid ,2-
hydroxyheptanoic acid, 4-hydroxybenzoic acid, tetra/octa-
decanoicacid
Dicranostigma (Jancula et al.,2007)
Cheleryhtrine,chelirubine, magnoflorine,protopine,sanguinarine
Hordeum (Murray et
vulgare Acetophenone,benzaldehyde,benzoicacid, benzyl cyanide, 2,6- al.,2010 ;Xiao et
dimethoxy phenol,heptanoicacid,hexanoicacid,hydrocinnamicacid ,2- | al.,2014)
methylbutanoic acid, 3-methylbutanoic acid,2-pjenyl-phenol-p-
cresol,salcolins,trans-cinnamic acid
Ligneous Lanceatibetica | 5,4-Dihydroxyflavone (Huang et al.,2015)
plants
Macleaya Allocryptopine,cheleryhtrine,chelirubine,macarpine,protopine,sangui | (Jancula et al.,2007)
microcarpa narine
Polygonatum L-Azetidinecarboxylicacid (Kim et al.,2006)
odoratum
Salvia Przewaquinone A (Zhang et al.,2013
miltiorrhiza

Sanguinaria
Canadensis

Spartina
alterrniflora

Camellia

Cheleryhtrine,chelirubine,chelilutine,sanguinarine,sanguirubine,sang
uilutine

Cyclohexane, 2-cyclohexen-1-one,hexadecanoic,
heptane,hydrocinnamic acid

Epicatechin-3-gallate,epigallocatechin-3-gallate

(Jancula et al.,2007)

(Yuan et al.,2010)

(Lu et al.,2013)
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sinensis
Cinnamomum
camphora

Dracontomelon
Duperreanum

Ficus
microcarpa

Latanacanara
Litchi chinensis
Magnolia
Grandiflora

Salix
babylonica

Campbhor,linalool,a-terpineol
1,3-bis-1,1-dimethylethyl-benzene,cis-vaccenic acid, 5-dodecene , n-
hexadecanoicacid,octadecanoic acid,9-octadecenamide,oleic acid

2-Propyl phenol

LantadeneA ,Lantadene B
n-Hexadecanoic acid

Cglestan-3-ol, 1-heptatriacotanol,2-H-cyclohepta(b)furan-2-
one,mono-2-ethyl-phthalate , 9,10-secocholesta-5,7,10(19)-3,25,26-
triol

Ethyl 4-hydroxy cinnamate,ethyl 4-hydoxy -3-
methoxycinnamate,methyl 3-oxo-(2-pentenyl)-
cyclopentaneacetate,methyl 4-hydroxycinnamate,palmitic acid

(Chen et al.,2018)

(Wang et al.,2018b)

(Jiang et al.,2014)

(Kong et al.,2006
(Wang et al2018a)

(Li ,2009)

(Jiang et al.,2013)
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Conclusion

In this work, we tried to gather scientific researches concerning toxic cyanobacteria
especially removal biological processes using both aquatic and terrestrial plants and explain

mechanisms of removal. The key points are as follows:

- Both aquatic and terrestrial are used in toxic cyanobacteria biocontrol;

- Removal of nutrients from aquatic bodies using macrophytes is one of HABs removal
mechanisms;

- Allelopathic application is a promising strategy to control HABs. Asa method inspired
by nature phenomena, the effectiveness of allelochemicalson inhibiting microalgae cells
has been discovered andconfirmed for many years;

- Both planting macrophytes and adding extracted allelochemicalswere effective for
introducing inhibition effects on microalgae cells.

- The sensitivities of microalgal species upon allelochemicals weresignificant different
and M. aeruginosa was widely confirmed as themost sensitive microalgal species to

allelochemicals.

We propose as perspectives to explore more aquatic and terrestrial plants because it is
one of the most eco-friendly benign methods. In fact, biocontrol of toxic cyanobacteria by
plants, as well as the removal of cyanotoxins released by toxic cyanobacteria in water, is today

recognized as one of the most significant concerns that the world confronts.
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