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Abstract: Cyanobacteria are a group of photosynthetic prokaryotes that pose a great concern in
the aquatic environments related to contamination and poisoning of wild life and humans. Some
species of cyanobacteria produce potent toxins such as microcystins (MCs), which are extremely
aggressive to several organisms, including animals and humans. In order to protect human health
and prevent human exposure to this type of organisms and toxins, regulatory limits for MCs in
drinking water have been established in most countries. In this regard, the World Health Organization
(WHO) proposed 1 pg MCs/L as the highest acceptable concentration in drinking water. However,
regulatory limits were not defined in waters used in other applications/activities, constituting a
potential threat to the environment and to human health. Indeed, water contaminated with MCs
or other cyanotoxins is recurrently used in agriculture and for crop and food production. Several
deleterious effects of MCs including a decrease in growth, tissue necrosis, inhibition of photosynthesis
and metabolic changes have been reported in plants leading to the impairment of crop productivity
and economic loss. Studies have also revealed significant accumulation of MCs in edible tissues and
plant organs, which raise concerns related to food safety. This work aims to systematize and analyze
the information generated by previous scientific studies, namely on the phytotoxicity and the impact
of MCs especially on growth, photosynthesis and productivity of agricultural plants. Morphological
and physiological parameters of agronomic interest are overviewed in detail in this work, with the
aim to evaluate the putative impact of MCs under field conditions. Finally, concentration-dependent
effects are highlighted, as these can assist in future guidelines for irrigation waters and establish
regulatory limits for MCs.

Keywords: harmful algal blooms; eutrophic waters; microcystins; agricultural plants; phytotoxicity;
irrigation; agriculture; regulatory limits

1. Introduction

Harmful algal blooms (HABs) constitute a real threat to aquatic ecosystems. In fresh-
water ecosystems, HABs are often composed by cyanobacteria and can be designated
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in this case as cyanobacterial harmful blooms (CHBs). The greatest danger associated
with cyanobacteria is their ability to produce bioactive metabolites, some of which are
toxic to many organisms, including plants, animals and humans [1,2]. On the other hand,
cyanobacteria are organisms that adapt quite well to eutrophic environments and can,
under favorable conditions, overcome the growth of other microalgae and form large green
masses in the water column (blooms) [1,2]. The frequency and intensity of the occurrence
of HABs is further enhanced by climate change and anthropogenic pollution (e.g., increase
nutrient load in the aquatic environment) [3,4].

During an outbreak of toxic cyanobacteria, the toxins in the aquatic environment can
reach alarming concentrations, i.e., exceeding the limit of 1 ng/L of microcystins (MCs) in
drinking water proposed by the World Health Organization (WHO). The implications of the
presence of cyanobacteria in the aquatic environment (especially freshwater environments)
are related to the accumulation of toxins and their adverse effects, resulting in a decrease
in aquatic biodiversity [2]. The use of low-quality water, with high concentrations of
cyanotoxins, also constitute a threat to human health, with illnesses being associated to
acute and chronic exposure to cyanotoxins. The most significant routes of exposure are the
ingestion of contaminated water and food and dermal exposure [5].

The recurrent use of eutrophic waters containing high MC concentrations in agricul-
ture is a matter of concern [6]. This practice can cause soil contamination, inhibition of
plant growth and decrease in yield, changes in nutritional quality, as well as contamination
of plant products. Indeed, the research carried out so far enabled us to identify some of the
risks associated with the use of water contaminated with cyanotoxins in crop irrigation.

Microcystins are among all cyanotoxins, the group causing more damage to the en-
vironment and human health. These toxins are cyclic heptapeptides, containing in their
composition a rare amino acid (25, 35, 8S, 9S) -3-amino-9-methoxy-2,6,8-trimethyl-10-
phenyldeca-4,6 -dienoic acid (ADDA) [7]. The common structure of an MC is cyclo-(D-
alanine-X-D-MeAsp-Z-Adda-D-glutamate-Mdha) in which X and Z are variable L amino
acids [7]. When the variable amino acids leucine (L) and arginine (R) are present in po-
sitions X and Z, the molecule is designated microcystin-LR (MC-LR). Nevertheless, MCs
are a very diverse chemical group with more than 200 chemical variants described [8].
The concerns expressed about this particular group of toxins are related to its increased
toxicological potential, but also to its increased occurrence and persistence in the aquatic
environment [9-11]. Indeed, MCs are found worldwide, in many different aquatic ecosys-
tems and climates [9,10]. Moreover, MCs are found in about 40-75% of cyanobacterial
blooms [12]. The cyanobacteria genera that produce MCs include Microcystis, Anabaena,
Nostoc, Oscillatoria, Anabaenopsis and Aphanocapsa [7,8].

MCs are highly bioactive molecules. Their toxicity is generally associated to the interac-
tion with protein phosphatases 1 and 2A and the inhibition of these enzymes [13-15]. Other
molecular and cellular events characterizing the toxicity of MCs include reactive oxygen
species (ROS) generation, oxidative stress, DNA damage, cell death and apoptosis [16,17].

The presence of MCs in irrigation waters has been capturing the attention of the
scientific community, since it represents a potential environmental and health problem.
Studies have revealed that crop exposure to MCs, via irrigation, can effectively hinder their
development and lead to crop contamination. MCs have shown to be particularly adverse
in the early stages of plant development, i.e., during germination and seedling growth.
Other adverse effects reported from exposure to MCs are the inhibition of plant growth,
impairment of photosynthesis, tissue necrosis, oxidative stress, loss of membrane integrity
and impairment in nutrient uptake [18-21]. Moreover, alterations mediated by MCs in
cytoskeleton can affect mitotic processes and cause anomalies in tissue structure and plant
development [22]. The main disturbances reported in the growth of agricultural plants are
depicted in Figure 1.

In the research conducted so far, it stands out that not all plant exposure situations to
MCs result in the impairment of plant growth and toxicity. In fact, the absence of adverse
effects or even improved growth and performance have been observed. These responses
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are mostly related to exposure to low concentrations of toxins [23-25]. It is now evident
that multiple factors contribute to the phytotoxicity of MCs. The results gathered so far
demonstrate that there is a positive relation between plant injury or growth inhibition and
toxin concentration in the irrigation water, as well as the length of the period of exposure.
Nevertheless, the sensitivity of plants to MCs can vary considerably and according to the
genotype, growth conditions and stage of development.
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Figure 1. Main physiological and growth effects reported in agricultural plants irrigated or grown
with microcystin (MC)-rich waters. Plant image is from BioRender (https:/ /biorender.com/, accessed
on 28 February 2021).

A meta-analysis of the research results published to date covering 35 crop plants [26]
highlighted, for instance, that leafy vegetables such as dill, parsley and cabbage accumulate
approximately three times more MCs in their edible tissues than other agricultural plants.
An attempt was also made to relate the plant effects with the toxin concentration or dose of
exposure. The analysis revealed that the impact of MCs in plants increase with the increase
in exposure concentration. Changes in morphological parameters of 15-30% were linked
to exposure to low-toxin doses (1 to 10 pg/L). This value increases up to 60% in plants
exposed to low-medium toxin doses (10 to 100 ng/L) [26].

This work aims to systematize and analyze the most recent scientific achievements
concerning the impacts of MCs in plant growth and physiology. Relevance will be given
to research work covering realistic exposure scenarios and ecologically relevant MCs
concentrations (e.g., investigations covering the effects of MCs in the range of 1-100 pg/L).
Moreover, only works dedicated to agricultural species will be overviewed here. Finally,
only morphological and physiological data related to plant growth and yield will be
presented and discussed, as the primary focus of the present work is to evaluate the
potential impact of MCs in plant productivity. Thereby, plant contamination data and
related impacts will not be covered in detail in this work.

2. Plant Responses Related to Toxin Concentration and Chemical Structure

Small variations in the chemical structure of MCs were shown recently to have a
significant impact on phytotoxicity. The variant (D-Leul) MC-LR, found, for example, in
La Plata Basin blooms in Argentina, proved to be more toxic than MC-LR to common bean
(Phaseolus vulgaris L.) [27]. Malaissi et al. (2020) [27] reported the inhibition of germination
after a single contact in the imbibition stage and delay in the development of common
bean seedlings. Alterations in the structure of the leaves (alteration in the size, color and
shape), roots (smaller root area) and stems (shorter stem lengths), as well as alterations in
leaf stomatal density and conductivity were also reported (Table 1). A longer delay in the
phototropic response was also reported. Some of these effects induced by (D-Leul) MC-LR
persisted over time, 30 days after a single contact with the toxin. Histological analysis
showed significant alterations in the root tissues affecting the pericycle and endodermis and,
for instance, an increase in the number of stomata on the abaxial side of P. vulgaris exposed
to (D-Leul) MC-LR [27]. Both MC variants induced lipid peroxidation and inhibited total
phosphatase activity [27,28].
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Liang and Liu (2020) [21] investigated the role of the phytohormones abscisic acid
(ABA), indole-3-acetic acid (IAA), zeatin (ZT) and gibberellin (GA3) in the phytotoxicity
of MCs. Plant hormones regulate plant development but are also important for other
processes, for instance in the defense against stressors (Davies, 2010) [29]. The exposure of
rice seedlings (Oryza sativa L.) to a diluted cyanobacterial extract with MCs (1, 10, 100 and
1000 ng MCs/L) revealed different types of responses in rice related to the concentration
of the toxin. The growth and development of rice were promoted with the exposure to
low concentrations of MCs (1 ng/L) (Table 1). This increase in growth coincided with the
increase in the hormones IAA, ZT and GA3 in plant tissues. On the contrary, exposure to
medium and high-toxin concentrations (10, 100 and 1000 ug MCs/L) inhibited rice growth
(Table 1). This effect was accompanied by a decrease in IAA, ZT and GA3 and an increase
in ABA. The changes in ABA levels were attributed to the increase in the expression of
ABA biosynthetic genes OsNCED1, OsNCED3, OsNCED4 and OsZEP. The highest toxin
concentration (1000 g MCs/L) caused irreversible damage to the plants, preventing plants
to recover growth after toxin exposure [21].

Other studies in rice have been revealing multiple morphological and physiological
responses in this crop induced by MCs. Significant impairment in root development
was reported in rice seedlings (7 days old) growing hydroponically [30,31]. One-month
exposure to water contaminated with MCs (5, 50 and 500 ug/L) led to significant decrease
in plant height, root dry weight, length, surface area and volume [30,31] (Table 1). Moreover,
significant toxin accumulation in plants, particularly in the leaves, and alterations in the
chemical composition of root exudates (organic acids, amino acids, sugars and dissolved
organic carbon, DOC) were also reported [30]. Overall, impairment of growth was observed
even in plants exposed to low-toxin concentration (5 pg/L) [30]. High bioavailability of MCs
is expected in hydroponic cultures, and this can be reflected in an increased plant toxicity.

Toxin concentration effects were investigated in rice in three developmental stages [32].
The immediate effects of exposure of rice seedlings to increasing concentrations of MCs
for 7 days consisted of the inhibition of seedling growth (reduced root, stem and leaf dry
weight) and inhibition of photosynthesis (Table 1). The lowest toxin concentration causing
growth inhibition was 100 pg/L. Moreover, some growth retardation symptoms induced
by MCs (100 pg/L or higher toxin concentrations) persisted throughout the plant life cycle,
denoting that seedling exposure, even for short periods, can be particularly critical and
compromise subsequent stages of plant development. Mature plants displayed reduced
numbers of grains per panicle, grain weight per panicle and setting percentage (Table 1).
MCs were detected in all plant tissues and grains, in the plants exposed to 100 ug MCs/L
or higher toxin concentrations [32]. Yet, short exposure (7 days) of rice seedlings and rice
plants in the booting and filling stages to MCs (100-1000 ng/L) showed to affect grain
production and quality. Among the alterations observed were a decrease in filled grains per
panicle, a decrease in seed setting rate, panicle weight, soluble protein, sugar and starch in
grain [33] (Table 1).

Other growth responses were reported in rice seedlings exposed to increasing MCs
concentrations (1, 100, 1000 and 3000 pg MCs/L) [34]. In this study, the lowest toxin
concentration (1 pg MCs/L) led to an increase in dry weight of roots, stems, leaves and plant
height (Table 1). Nevertheless, 100 pg MCs/L or higher toxin concentrations significantly
impaired the growth of rice seedlings (Table 1). The plants also accumulated considerable
toxin amounts during exposure, the accumulation being positively correlated with the
exposure concentrations. Seven days after exposure, the toxin accumulated in rice tissues
decreased considerably [34].

Adult tomato (Solanum lycopersicum L.) plants (2 months old) showed reduced height,
root length and leaf surface area, when exposed to MCs (3 and 6 ug/L) for 24 days [35]
(Table 1). A decrease was also observed in chlorophyll and carbohydrate content in the
plants due to irrigation with MC-rich water [35].

The effects of 10 and 50 ug MC-LR/L were also investigated in the root vegetable
Daucus carota L. [25]. Plants grown for 28 days in soil were poorly affected with regard
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to growth and photosynthesis (measured by pulse amplitude modulation—PAM). The
only adverse effect in growth was the decrease in root fresh weight in plants irrigated
with water contaminated with 50 ug MC-LR/L (Table 1). Moreover, the authors reported
changes in the content of minerals and vitamin C in carrot roots, highlighting that toxin
exposure can affect the nutritional composition of this important root vegetable [25].

In lettuce (Lactuca sativa L.), exposure to MC-LR and MC-RR led to changes in photo-
synthesis related parameters, i.e., net-photosynthetic rate, transpiration and intercellular
CO; concentration (Pn) [36]. A gradual increase in all the parameters was reported, from
day 1 to day 15, in most of toxin concentrations tested (Table 1). However, highest values
were observed in plant groups exposed to low-toxin concentrations (0.65 and 2.5 pg MC-LR
+ MC-RR/L) (Table 1), denoting that low-toxin concentrations can promote photosynthesis.
Low-toxin concentrations also increased stomatal conductance throughout the experiment.
Surprisingly, the stimulation of photosynthesis did not affect plant growth. Nevertheless,
the putative increase in photosynthesis could have been physiologically relevant for the
plant, leading to the accumulation of metabolites, which could be essential in protecting
cells against the toxic effects of MCs. Despite the absence of changes in growth, lettuce
accumulated a considerable amount of MCs in the leaves [36].

Corbel et al. (2015) [37] carried out one of the longest studies of exposure with a
fruit crop. Tomato plants were germinated and grown in soil irrigated daily with water
contaminated with MCs (5.0 to 100.0 pg equivalent MC-LR/L) for 90 days. In this study, a
remarkable observation was the absence of negative effects in growth and physiological
parameters of tomato, even after plant exposure to 100.0 pg equivalent MC-LR/L. Of note
was the anticipation of inflorescence and blooming stages in plants exposed to a low-toxin
concentration (5.0 pg eq. MC-LR/L) (Table 1) [37].

Moreover, parsley (Petroselinum crispum L.) and coriander (Coriandrum sativum L.)
plants (35 days old) growing in soil were unaffected by MCs [38] (Table 1). Plants irrigated
for 10 days with water with 100, 500 and 1000 ug MCs/L, displayed biomass, chlorophyll
and carotenoids and total protein values similar to control plants growing with clean (MC
free) water. Moreover, there was no evidence in this study of an accumulation of MCs in
parsley and coriander [38].

In addition to these findings, inhibition of Zea mays L., Triticum aestivum L., Lepidium
sativum L. and Medicago sativa L. germination and growth were reported in earlier phytotox-
icity studies carried out with pure toxin variants and cyanobacterial bloom material [39-42]
(Table 1).

In summary, the studies reported above evidence two types of responses related
to the concentration of MCs in irrigation water or culture medium. On the one hand,
plant growth and physiological performance of plants can be stimulated, when plants
are exposed to low concentrations of MCs [21,34,36]. However, most agricultural plants
showed growth impairment when exposed to concentrations of MCs equal to or greater
than 10 pg/L [21,25,32]. Growth impairment caused by MC concentrations below 10 pg/L
were more frequent in the early stages of plant development (germination and seedling
growth) [30]. Conversely, a study with tomato growing in soil revealed an absence of
growth inhibition to MCs up to 100 pug/L [37]. In fact, the dualistic effects of MCs on
plant growth could be related with some alterations in plants at the molecular level. On
the one hand, there is the effect of the toxin in the phytohormones IAA, ZT and GA3, as
mentioned above. The increase in the levels of these phytohormones by low concentrations
of MCs will have a positive regulatory effect in plant metabolism and growth, whereas
the opposite is verified with high-toxin concentrations [21]. On the other hand, low-toxin
concentrations can lead to the activation of MAPK cascades [43]. This molecular activation
in turn may affect several cellular metabolic processes regulated by MAPKs, resulting
in a stimulation of plant metabolism and growth. MAPKs are, themselves, regulated by
protein phosphatases, and their activation can result from a weak inhibition of protein
phosphatases by MCs.
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Table 1. Overview of morphological and physiological effects in plants related to MCs concentrations reported in the literature. The information is organized by species and study.

Moreover, plant species were ordered on the basis of species sensitivity to MCs, taking into account that this assessment depends on the investigation performed (germination test,

hydroponics, soil experiment). No changes observed (nd); relative growth rate (RGR); pure toxin (*); crude extract or natural lake/reservoir water containing MCs (#); information not

available (-); irrigation with polluted water (IPW); cultivation with polluted soil (CPS); application of cyanobacterial manure (ACM); 2, 4, 4'-Trichlorobiphenyl (PCB-28).

T Experiment/
i @ YIS YIS in ® q @ q i i @)
Plant Species Growth Stage Exposure Time (days) @ Toxin Toxin Conc. (ug/L) Physiological and Morphological Parameters Reference
EUDICOTS
Spinacia oleracea . . . .
(6 cultivars) Seedlings Soil culture/42 MC-LR # 0.5 < photosynthetic oxygen production [44]
L . MC-LR # 50 .
Spinacia oleracea Developed plants Hydroponics/21 MC-LR, CYN # 5 and 25 < leaf fresh weight [23]
.. . . 10 < total fresh weight
Lepidium sativum Seeds Germination/6 MC-LR #* 1-10 < root length; leaf length [41]
Germination/7 50 and 100 > radicle length
Seeds MCs 500-20,000 < radicle length [45]
Soil culture/14 5-100 > shoot dry weight
Solanum . Anticipation of bloom of first flower; anticipation of first
Iycopersicum Seeds Soil culture/90 MCs 5 inflorescence emergence [37]
3-6 < inhibition of root length; carbohydrate content
Developed plants Soil culture/24 MCs 6 < chlorophyll content; inhibition of stem length; decrease in [35]
surface leaf area
Seedlings Soil culture/64 MC-LR *# raw water + MC-LR < taproot fresh weight [46]
Raphanus sativus 1-seeftls Soil culture 45 MC-LR + MC-RR # 376 < leaf biomass; ta}?root bi.omass; taproot volume [47]
2-seedlings < taproot biomass; taproot volume
Seeds Soil culture/75 MC-LR + MC-RR # 3.76 < leaf biomass; taproot biomass; taproot volume [47]
Developed plants Soil culture/28 MC-LR * 1-100 < taproot mass and taproot diameter; taproot diameter [48]
Daucus carota
. . 50 < root fresh weight; < ascorbic acid (vitamin c)
Developed plants Soil experiment/32 MC-LR # 10 > max. fluorescence yield [25]
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Table 1. Cont.

Type Experiment/

] @ s (3) g (€] : 9 : (5)
Plant Species Growth Stage Exposure Time (days) @ Toxin Toxin Conc. (ug/L) Physiological and Morphological Parameters Reference
Seedlings Hydroponics/7 MCs 5 <RGR; >H202, 02—, MDA [49]
1-seedlings 1 < plant height
< plant height; stem diameter; number of leaves; leaf area;
10-1000 . . .
C o root dry weight; shoot dry weight; yield
ucumis satious . . . .
2-flowering Hydroponics/7 MCs < plant height; stem diameter; leaf area [50]
100-1000 < number of leaves; shoot dry weight; root dry weight; yield
3-fruiting 10-1000 < plant height; leaf area; root dry weight
100-1000 < stem diameter; number of leaves; shoot dry weight; yield
Seeds Germination/7 MC-LR, MC-LW *# 5 < length of primary root; > lipid peroxidation [42]
Medicago sativa . N 5-20 < shoot dry weight; root dry weight; nodules dry weight
Seedlings frrigation/30 MCs # 10-20 < root nodule number [51]
1-seeds Germination/3 50 < germination
2-seedlings Hydroponics/14 MC-LR *, Cu 5 < total fresh weight [52]
50 < root length
1000 < shoot length
1-seeds < root biomass; root/shoot biomass; > chlorophyll content
2-seedling . ) .
_cotyledon stage Soil experiment,/60 MCs 511 < root biomass; root/shoot biomass 53]
3-seedling with 2 ne
and 4 leaves
Lactuca sativa Seeds Germination/7 50-5000 > radicle length [45]
Seedlings Soil culture/60 2.61,5.22 nc [54]
0.65-13 > net photosynthetic rate; leaf tissue transpiration;
Developed plants Soil culture/15 MC-LR + MC-RR # ) intercellular CO, concentration [36]
0.65 and 2.5 > stomatal conductance
MC-LR * 1land 10 > leaf biomass
Developed plants Hydroponics/10 i 1 and 100 > root biomass [24]
MC-LR + CYN * 100 < leaf biomass
. . 5-100 < leaf length
Developed plants Soil culture/28 MC-LR 1-100 < total leaf mass; number of leaves [45]
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Table 1. Cont.
Type Experiment/
g @ ype Exp in ® i @ i i i )
Plant Species Growth Stage Exposure Time (days) @ Toxin Toxin Conc. (ug/L) Physiological and Morphological Parameters Reference
1-seeds Germination/7 MCs 50 and 100 < germination [55]
2-seedlings Hydroponics/48 < shoot dry weight; r?i(;’; %E}éi‘gﬁght; rhizobia nodules
Vicia faba 2-seedlings < shoot and root dry weight; rhizobia nodules dry weight
& 10-100 < number of rhizobia nodules
Seedlings Soil culture/28 MCs 100 < shoot and root dry weight; root nodule number [56]
MC-LR #*, ACM < main root length
Ipomoea batatas ~ Developed plants Soil culture/10 MC-LR #*, IPW, 150 e Ao ~ (571
CPS, ACM < total weight; aerial part weight
_ *
MC TC#{\/E IPW, < plant height; total weight
Brassica juncea Developed plants Soil culture/10 150 [57]
MCLR#, IPW, < main root length; aerial part weight
CPS, ACM St P &
MC-LR #*, IPW < main root length
) . 5 .
Brassica alboglabra  Developed plants Soil culture/10 MC-LR #*, IPW, 150 < plant height; total weight; aerial part weight [57]
CPS, ACM
Petrqselmum Developed plants Soil culture/7 MCs 100-1000 nc [38]
crispum
Corza'n drum Developed plants Soil culture/7 MCs 100-1000 nc [38]
sativum
; R MC-RR, MC-LR, 600-3000 < germination
Brassica napus Seeds Germination/10d MC.YR # 120-3000 < plant height [58]
(D-Leul) MC-LR * < germination; > stomatal density and conductivity
Seeds Germination/1 (D-Leul) MC-LR 3500 delay seedling development; > morphological anomalies; [27]
and MC-LR * delay phototropic response
Phaseolus vulgaris (D-Leul) MC-LR 3500 < chlorophyll content; delay .see<.iling development
Seeds Germination/1 and MC-LR * 15000 > lipid peroxidation [28]
(D-Leul) MC-LRR * 3500 < germination
. . 1land 5 > bean length
Developed plants Soil culture/28 MC-LR 10-100 < bean mass; number of beans [48]
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Table 1. Cont.
Type Experiment/
i (6)] Y1 129D in ® i @ - i ©)
Plant Species Growth Stage Exposure Time (days) @ Toxin Toxin Conc. (ug/L) Physiological and Morphological Parameters Reference
MONOCOTS
1-seeds Germination/3 05 < germination
Triticum aestivum 2-seedlings Soil culture/15 MC-RR, MC-LR # < shoot length; root length; Photosynthetlc [40]
oxygen production
5000-20000 < germination
Triticum aestivum Seeds Germination/7 MCs 50 and 100 > radicle length [45]
20000 < radicle length
Zea mays Seeds Germination/- MCs (6 analogues) #* 5 < germination; shoot length; root length [39]
N MC-RR, MC-LR, 600-3000 < plant height
Seeds Germination/10 MC-YR # 120-3000 < root length; root fresh weight [58]
Seedlings Soil culture/60 MCs 2.61,5.22 nc [54]
5-500 < root dry weight
Seedli Hvd ics/30 50-500 < root length, surface area and volume; root surface area; 30
cedlings ydroponics MCs root volume; lateral root number [30]
500 < crown root number
50-500 < plant height; root length; shoot dry weight;
Seedlings Hydroponics/30 MCs >membrane permeability [31]
5-500 < root dry weight
Oryza sativa '
1 > root biomass
1-3000 < stem biomass
Seedlings Hydroponics/7 MCs 100-3000 < leaves biomass [32]
1000-3000 < root biomass; grains per panicle; grain weight per panicle;
setting percentage
1 > root surface area, shoot height
Seedlings Hydroponics/7 MCs 10 < root surface area [21]
100 < shoot height
1 > leaves dry weight; stem dry weight; roots dry weight
Seedlings Hydroponics/7 MCs 100-3000 < leaves dry weight; stem dry weight; roots dry weight; net [34]

photosynthetic rate (Pn)
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Table 1. Cont.

Type Experiment/

Plant Species Growth Stage @ Exposure Time (days) @ Toxin ® Toxin Conc. (ug/L) @ Physiological and Morphological Parameters Reference
Seedlings Hydroponics/7 MCs 5 > H,0,, O,.,, MDA [49]
10 <RGR
Seedlings Hydroponics/21 MI&/ISCSC . 1(0) > shoot and root dry:;ilogth(;; ;’ ;::il;;r;t in shoots and roots [59]
. . 10-1000 < root surface area [33]
L-seedlings Hydroponics/7 < plant height; Net assimilation rate; filled grains per
100-1000 panicle; seed setting rate; panicle weight; soluble protein,
MCs sugar and starch in grain
< plant height; root surface area; Net assimilation rate; filled
2-booting 100-1000 grains per panicle; seed setting rate; panicle weight; soluble
protein, sugar and starch in grain
3-filling 10-1000 < seed setting rate
< root surface area; Net assimilation rate; filled grains per
100-1000 panicle; panicle weight; soluble protein, sugar and starch
in grain
1000 < plant height

- The numbers in this column indicate the different experiments performed in the study. ?* Experiments were categorized as follows: germination, hydroponics and soil cultures. The time plants were exposed
to the toxin is expressed in days. ®» Unless otherwise stated, the source of toxin is natural or cultured cyanobacterial bloom material. Microcystin variants reported are those identified and quantified by the
authors. The abbreviation “MCs” is used when no information is available concerning the chemical variants present in toxic material. Other contaminants, or specific treatment conditions investigated in
combination with the toxin, are also indicated. ¥ Concentration of MCs causing the effect - Main morphological and physiological parameters measured in the study.
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3. Plant Response Related with the Growth Conditions

Plants may manifest distinct physiological responses to MCs. As shown, morphologi-
cal and physiological alterations are closely related with toxin concentrations. In soil-plant
systems, however, the rhizo- and endosphere compartments play an important role in the
manner plants respond to MCs. That is to say, MC bioavailability is highly influenced by
the physicochemical properties of the soil and microbial activity of symbiotic microbiota.
In this respect, Lahrouni et al. (2016) [56] investigated the phytotoxic effects of MCs on
faba bean (Vicia faba L.) plants growing in soil and interacting with the symbiotic bacterial
rhizobia. The results revealed that the exposure to MCs (100 ug/L), for 28 days, was
detrimental to faba bean plants, decreasing root and shoot dry weight by 30-37 and 15%,
respectively (Table 1). Similar inhibition results were observed in another study involv-
ing germination and hydroponic experiments [55]. Moreover, Lahrouni et al. (2016) [56]
observed that MCs interfere with plant-rhizobia symbiosis, decreasing nodulation and
nitrogen content in plants (Table 1). However, the authors observed that the phytotoxic
effects of MCs were partially alleviated in plants inoculated with rhizobia. The protective
effects were enhanced with the use of MC-tolerant rhizobia strains, which also retained
significant nitrogen assimilation activity in plants [56]. On the same note, El Khalloufi et al.
(2013) [51] reported the benefits of the use of MC-tolerant rhizobia strains, in the protection
of M. sativa during MCs exposure. The symbiosis of this leguminous forage crop with
MC-tolerant rhizobia diminished the stress symptoms in the plant, with plants showing
less severe growth impairment. The use of rhizobial-mediated remediation to alleviate the
adverse phytotoxic effects of MCs seems to be promising. Indeed, rhizobia were found to
be capable of degrading MCs as previously reported by Zhu et al. (2016) [60]. Thereby,
rhizobia may contribute to decreased toxin uptake and accumulation in plants. Zhu et al.
(2016) [60] reported a novel isolate of Rhizobium sp., showing high MC-degrading activity,
capable of hydrolyzing MC-LR from 8.3 mg/L to below the limits of detection within
10 h. Likewise, it was previously demonstrated that Rhizobium gallicum in consortium with
Microbacterium sp. were able to degrade MCs at a faster rate (Ramani et al., 2012) [61].
Indeed, most literature suggests that the persistence of MCs in soil is mainly determined
by the biotic degradation efficiency, especially the one carried out by microorganisms.

Soils with high content of organic matter seem to be propitious for the development of
MCs-degrading microflora, and thereby to reduce the toxin load in soil and plant exposure
to the toxin. The removal of the toxin within 7.1-17.8 days of half-life, on average, resulting
in less MCs content in farm soils was reported (Chen et al., 2006) [62]. Other studies
revealed that soil microbial activity increases the degradation of MCs (half-life of about
5 days) [63] by changing soil composition, i.e., enriching soil with humic acid and NaNOs.
In contrast, MC degradation seemed to be significantly disrupted and inhibited when
amending soil with NH4Cl, glycine and glucose or using high doses of phytosanitary
products such as glyphosate and chlorothalonil.

On another note, Cao et al. (2017) [64] reported that high MC concentrations within the
range of 100-1000 pg/L significantly decreased soil microbial metabolism related to phenol
oxidation and carbon utilization potential. In addition, MCs reduced the abundance of
ammonia-oxidizing bacteria and archaea in soil, resulting in less nitrification potential, and
also may reduce the abundance of important plant growth-promoting rhizobacteria [64].

Furthermore, Xiang et al. (2020) [57] carried out a pot study to investigate the uptake
and transfer of MCs in three leafy vegetables (Ipomoea batatas L., Brassica juncea L. and
Brassica alboglabra L.). The soil-plant system was contaminated by adding pure toxin to
the irrigation water (525 pg MC-LR/ L) or to the soil (150 ug MC-LR/ kg), or alternatively
adding MC-producing cyano-bloom as manure (50 ug MC-LR / g). All three species were
highly exposed to the phytotoxic impact of MCs (Table 1). Moreover, the toxin accumulation
rate was significantly higher in the system contaminated with MC-producing cyano-bloom
(intracellular MCs). One possible explanation for the differences in accumulation found is
that the slow release of MCs from cyano-bloom material to the soil, after cellular breakdown
mediated by soil microorganisms may have contributed to a continuous exposure and
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uptake of MCs in the roots, resulting in a high bioaccumulation rate. In contrast, free
(extracellular) MCs added directly to the soil or in the irrigation water were rapidly
degraded by the soil microflora, leading to a lower exposure and accumulation rate in
plant tissues [54,62,65].

The above studies demonstrate that, in general, plants growing in soil-based systems
are more protected than hydroponic cultures. This protective effect may be related with
the bioavailability of the toxin that must be lower in soil-based cultures comparatively
to hydroponic cultures. Indeed, in soil-based cultures, many processes will contribute
to decrease MCs concentration, since the toxin may be (1) adsorbed onto clay minerals
and organic matter, (2) flow to deeper soil layers [26,66,67] or (3) degraded [63]. In con-
trast, many of these processes do not occur in hydroponic cultures, and thereby higher
concentrations of toxins are expected to be found in these systems, especially if MC-rich
waters are used directly without previous treatment for elimination of contaminants. A
recent meta-analysis investigation by Zhang et al. [26] revealed that MCs cause greater
detrimental effects in plants growing in hydroponic systems than in soil. MCs inhibited
photosynthetic efficiency by 57% in the hydroponic systems, but only by 31% in soil-based
systems. Antioxidant enzyme activity was stimulated by 192% after exposure to MCs in
the hydroponic systems, with approximately three times lower response (73% simulation)
when plants were grown in soil. Nevertheless, according to our knowledge, there are no
studies comparing the effects of MCs in plants growing in soil and hydroponic systems
in a single experimental setup (Table 1). These kinds of studies are necessary, and the
results must be taken in consideration for the future definition of guideline values of MCs
concentration in waters used for agricultural purposes, since different limit concentrations
can be set depending on the agricultural system.

Furthermore, we emphasize that the soil-plant systems have not been investigated
in depth, demonstrating a clear lack of knowledge on how the whole system responds
to the presence of MCs. It is, therefore, early to raise any conclusions about the safety
and stability of soil-plant systems to MCs contamination. The true impact of MCs in soil
microbial communities and how this will determine plant development require additional
investigation. Finally, the use of a consortia of growth-promoting bacteria with the potential
to degrade MCs seems to be a low-cost and environmentally relevant procedure that may
protect agricultural plants from MC stress, besides appraising the underlying growth
conditions in boosting this microbe-mediated biodegradation, whether in hydroponic or
soil-based systems.

4. Plant Responses Related with the Stage of Development and Genotype

The relationship between the developmental stage and plant susceptibility to MCs was
recently studied by Levizou et al. (2020) [47]. Radish (Raphanus sativus L.) and carrot seeds
and seedlings in three stages of development, e.g., cotyledon, two-leaf and four-leaf stages,
were exposed to raw water contaminated with MC-LR (2.03 pg/L) and MC-RR (1.43 pg/L)
for 1.5 (radish) and 2.5 (carrot) months. The effects on growth were particularly noticeable
in plants (radish and carrot) exposed to MCs during germination. Growth effects consisted
in the decrease in the biomass of aerial part and taproot (Table 1). Inhibition of taproot
growth also occurred in radish plants exposed during seedling stage (cotyledon and four
leaves stages) to MCs rich water (Table 1). Additionally, the authors reported variable
amounts of MCs accumulated in the taproots and in the leaves of the two root vegetables.
These toxin quantities exceeded the WHO guideline value, making the produced taproots
a health hazard to consumers [47]. Moreover, the authors also verified that the replacement
of contaminated water and the subsequent irrigation of carrots with MC-free water for
2.5 months were not sufficient for plants to fully recover the normal growth, and MCs
were still detected in carrot tissues [47]. Exposure to MCs also reduced the content of
phenolic compounds in radish and carrots. Phenolic compounds play an important role
in the defense against oxidative stress. In this respect, the decrease in phenolic content
might render the plants more susceptible to the toxic effects of MCs [47]. Just like phenolic
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compounds, vitamins are also powerful antioxidant components in plants. This effect of
MCs in the non-enzymatic antioxidant system of carrots are corroborated by the above-
mentioned study from Machado et al. (2017) [25], in which MC-LR at 10 and 50 pg/L
caused a decrease in vitamin C content in this vegetable root.

Species/genotype-related responses were revealed in a comparative investigation
with rice and cucumber (Cucumis sativus L.) plants. The experiments carried out by Gu and
Liang (2020) [49] showed that cucumber seedlings were more sensitive than rice to MCs.
The differences in the sensitivity of the two plants were particularly marked after plant
exposure to 5 ug MCs/L, the lowest toxin concentration tested. After 7 days of contact to
5 ug MCs/L, the relative growth rate (RGR) of cucumber seedlings decreased, whereas
the RGR of rice seedlings increased (Table 1). The lowest toxin concentration affecting rice
RGR was 10 ug/L (a decrease in RGR was observed after 5 days of exposure) (Table 1).
Along with RGR inhibition, the authors observed an increase in ROS (O;7), H,O, and lipid
peroxidation, indicating oxidative stress in rice and cucumber. Concomitant to these results,
the authors reported time- and toxin-concentration-specific variations in the activities of
catalase (CAT), peroxidase (POD) and superoxide dismutase (SOD) and in gene expression,
in both plant species [49].

Lettuce and rice seedlings were resistant to prolonged exposure to lake water contam-
inated with MCs [54]. The exposure to lake water with 2.61 and 5.22 ug MCs/L or to soil
contaminated with 122.4 pg MCs /g soil, by mixing toxic cyanobacterial bloom material
to the soil, did not affect growth and yield of both crops (Table 1). Growth parameters
in lettuce such as shoot weight, root weight, leaf area, plant height, leaf area per tiller,
numbers of productive ears and grain weight per tiller in rice were not affected during
the entire exposure period to the toxin (Table 1). Despite the absence of alterations in
growth, the authors reported significant accumulation of MCs in tissues of both crops,
with the highest concentrations being observed in roots and in soil [54]. Similarly, a field
study developed by Mohamed and Al-Shehri (2009) [68] reported an accumulation of MCs
(10-1200 pg /Kg FW) in leaves and roots of six vegetable plants irrigated with groundwater
containing 0.3-1.8 ug MCs/L, while the plants looked healthy.

Cucumber seedlings and plants in the early flowering and fruiting stages were investi-
gated with regard to sensitivity to MCs [50]. Reduced plant height, stem diameter, number
of leaves, root dry weight and shoot dry weight were observed in plants in all three growth
stages exposed to the toxin for a period of 7 days (Table 1). However, cucumber seedlings
demonstrated to be more sensitive to MCs, since they exhibited increased growth inhibition
upon exposure to 10 ug MCs/L. In contrast, cucumber plants in the early flowering and
fruiting stages lacked alterations in several growth parameters for the same treatment (ex-
posure to 10 ug MCs/L) (Table 1). Growth inhibition was toxin-concentration-dependent.
Moreover, toxin was accumulated in plant roots and fruits and high toxin accumulation
coincided with the exposure to high MCs (100 and 1000 ug/L). Moreover, the impact of
MCs in plant yield was striking. Cucumber plants exposed in the early stages of develop-
ment to 10 ug MCs/L developed fruits with less weight and failed to produce fruits when
exposed to high-toxin concentrations (100 and 1000 pg/L MCs). Exposure to MCs in the
fruiting stage led plants to produce fruits with less weight and with a different nutritional
composition. Plants exposed to 10 ug MCs/L, but not to 100 or 1000 ng MCs/L, were able
to recover from the toxic effects of MCs, and growth parameters were similar to those of
the control group after 7 days of growth without toxin [50].

Still, a long irrigation study (2 months) with raw water contaminated with MCs
(5.11 pg/L) in lettuce revealed reduced sensitivity of this vegetable to the toxin [53].
Germinating seeds, but also seedlings in the cotyledon stage, or with two or four true
leaves, were exposed to MCs. The only negative response of note was the decrease in root
biomass and in the ratio root/shoot biomass. The decrease in root development was only
observed in plants that received MCs during germination and young seedlings (cotyledon
stage) (Table 1). Surprisingly, no changes were observed in the development of the aerial
part of the plant and in photosynthesis parameters. Significant accumulation of MCs was
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found in leaves and roots of lettuce. The accumulation was higher in the plants exposed
for a long period to the toxin, e.g., plants that received toxin from the germination stage to
final harvest [53].

A soil study with lettuce, carrot and common bean plants revealed significant loss in
yield parameters of these crops, upon exposure to MC-LR for 28 days. Toxin concentrations
from 1 to 100 ng/L affected leaf length, total leaf mass and number of leaves in lettuce, as
well as taproot mass and diameter in carrots and number of beans, bean length and bean
mass in common bean [48] (Table 1).

Corbel et al. [45] analyzed the sensitivity of three crops, wheat, tomato (cultivars
MicroTom and Saint-Pierre) and lettuce, to MCs. Germination tests revealed inhibition
of wheat germination with 5 mg Eq MC-LR/L and higher concentrations (Table 1). The
EC50 was 11 mg Eq MC-LR/L. Lower toxin concentrations (0.05 and 0.1 mg Eq MC-LR/L)
increased the development of primary roots in the three crops, but higher concentrations
(5-20 mg Eq MC-LR/L) were adverse and reduced root development in tomato and lettuce
(Table 1). A soil experiment also carried out by the authors revealed a significant increase
in the biomass of the aerial part of tomato plants exposed to 0.005 and 0.1 mg Eq MC-LR/L.
The authors also reported disturbances in soil bacteria functioning and soil nitrification
processes, which may also impact crop development [45].

An earlier study carried out by Pflugmacher et al. [44] revealed genotype-related
responses in six spinach (Spinacia oleracea L.) cultivars exposed to MC-LR. Spinach plants
were grown in semi-field conditions and irrigated with MC-LR (0.5 pg/L) for 6 weeks.
Alterations in growth were detected only after 3 weeks of exposure. Spinach cultivars
revealed variable levels of growth inhibition, leaf chlorosis and leaf size alterations. Photo-
synthetic oxygen production was also affected in all spinach cultivars (Table 1), meaning
that photosynthesis was adversely affected with the exposure to MC-LR. The authors
also reported alterations in antioxidative enzymes, indicating oxidative stress in spinach
tissues [44].

Another species comparative study revealed that young rape (Brassica napus L.) plants
are more sensitive than rice to MCs. Threshold concentrations causing a decrease in height
in rice and rape were, respectively, 600 and 120 ug MCs/L [58] (Table 1).

From the above studies, it stands out that agricultural plants are more susceptible to
MCs in early stages of development. For example, germination and seedling development
were significantly affected by low and medium concentrations of MCs (e.g., concentrations
up to 10 ug MCs/L) [47,50,54]. On the other hand, fewer adverse effects were reported in
developed plants [50]. Exposure to toxins in the early stages of development, even for short
periods, can significantly affect the subsequent stages of plant development and was shown
to affect plant productivity [50]. The increased sensitivity of seedlings could be related
to the differences in the metabolism at this stage of development and decreased intensity
of defense responses. Evidence suggests that the antioxidant activity is lower in the first
days of germination and increases during seedling development [69,70]. Finally, studies
revealed that the effects of MCs are species-specific, showing increased MC-sensitivity of
cucumber in relation to rice [49] and wheat in relation to tomato and lettuce, especially
during germination [45]. Of note are the reports of absence of growth inhibition in lettuce
and rice soil cultures exposed to MCs in concentrations close to 5 ng/L [53,54], in soil
cultures of aromatic plants parsley and coriander exposed to 1000 ug MCs/L [38] and in
soil cultures of tomato exposed to 100 pg/L MCs [45].

Finally, because the majority of the studies reported were carried out on leaf vegetables,
further research is needed to assess the behavior of edible root and fruit vegetables, as
these are also important human staple foods and highly cultivated worldwide.

5. Plant Responses Related to Combined Effects of MCs and Other Toxic Compounds
and Stressors

In a recent study, radish seedlings growing in soil conditions were irrigated with tap
water fortified with 2 and 12 ug MC-LR/L or with low-quality raw water (Karla reservoir,
Greece) fortified with 12 pg/L MC-LR for 2 months [46]. Surprisingly, the authors reported
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very subtle (not significant) variations in radish growth (fresh weight) in virtually all
experimental conditions studied. The only alteration of note was a decrease in the root
fresh weight in plants exposed to Karla reservoir water fortified with MC-LR (Table 1).
Moreover, radish photosynthetic rate and light use efficiency remained unaffected by the
toxin and by the quality of the water used for irrigation. On the other hand, the authors
reported a significant accumulation of MC-LR in roots (600-700 ng /g fw) and leaves
(350-450 ng /g fw) of this vegetable. The effect produced in the soil microbiome by the
eutrophic water from Karla reservoir is worth noting. However, the alterations observed
were poorly related with the presence of the toxin in the water. This result reveals that other
water quality parameters, besides MC-LR, may be detrimental to soil-plant systems [46].

Simple additive effects were reported in germinating lettuce seeds exposed to MC-LR
and copper (Cu) mixture [52]. Moreover, synergistic and antagonistic effects on growth
and antioxidative system of lettuce seedlings were observed for concentrations of MC-LR
+ Cu of, respectively, <50 + 500 png/L and >1000 + 2000 pg/L. The authors reported also
an increase in the accumulation of both contaminants, when present simultaneously in
the plant growth medium. MC-LR alone did not affect plant development, and threshold
concentrations causing decrease in plant fresh weight were 1000 ug Cu/L and 5 + 50 pg/L
(MC-LR + Cu) (Table 1) [52].

The interactive effects of MCs and the toxic metal cadmium (Cd) were also investigated
in rice [59]. Interestingly, the growth of rice in a hydroponic system inoculated with the
toxic cyanobacterium M. aeruginosa (108 cells/mL) for 3 weeks increased the growth of rice
seedlings (increase root and shoot dry weight) and also increased total phosphorous (P)
in the plant (Table 1). In fact, M. aeruginosa and Cd had antagonistic effects in rice, with
the toxicity of Cd being partially alleviated by growing rice in a culture system inoculated
with M. aeruginosa. Plants showed significant accumulation of both contaminants (Cd and
MCs); however, the accumulation of one contaminant was inhibited by the presence of the
other [59].

Freitas et al. (2015) [24] investigated the effects of mixtures of cyanotoxins MC-LR and
cylindrospermopsin (CYN) in the growth and mineral uptake of lettuce. In this study, adult
lettuce plants grown in nutrient solution (hydroponics) were exposed to environmental
concentrations of MC-LR and CYN for 10 days. Lettuce demonstrated to tolerate a nutrient
medium contaminated with MC-LR. Indeed, MC-LR stimulated plant growth at 1 and
10 pg/L, leading to an increase in root and leaf fresh weight (fw) after 10 days of exposure
(Table 1). Surprisingly, plant growth was not affected by the exposure to 100 pg MC-LR/L.
Nevertheless, the co-contamination of the culture system with 100 ug MC-LR + CYN/L was
detrimental to the plant leading to a decrease in leaf biomass (Table 1). A significant alteration
in mineral content was observed in lettuce leaves, indicating that both cyanotoxins interfere
with mineral uptake and can affect the nutritional composition of this green vegetable.
Moreover, the alterations in growth were variable and time- and toxin-concentration-
dependent [24].

A recent study with spinach highlights precisely the synergistic effects of these two
cyanotoxins [23]. Spinach hydroponic cultures exposed to MC-LR and CYN separately or
combined for 21 days revealed for instance that 10 ug MC-LR/L or 10 ug CYN/L did not
affect plant fresh weight or maximum fluorescence yield, thereby it may be considered not
detrimental to the plant. Nevertheless, impairment of plant growth (decrease in leaf fresh
weight) was observed when plants were exposed to the mixture of the two toxins in low
doses (5 pg/L MC-LR + 5 pug/L CYN) (Table 1). The detrimental concentration of MC-LR
and CYN when alone was 50 pg/L (Table 1) [23].

Moreover, it is important to note that most of these studies reporting effects of MCs
in plants were carried out with raw water containing cyanobacterial blooms or cyanobac-
terial crude extracts. However, this cyanobacterial material contains many metabolites
including other cyanotoxins, lipopolysaccharides and nutrients that can interfere with the
assessment of MCs toxicity. Pereira et al. (2009) [71] reported the effects of aqueous extracts
from M. aeruginosa strains (both microcystin-producing and non-producing strains) on
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germination and root growth of three important agricultural plant species: Festuca rubra
L., Lolium perenne L. and L. sativa L. A clear inhibition of lettuce root growth exposed to
strains containing MCs (5.9-56.4 ug/L) was found. Nevertheless, interestingly, the M.
aeruginosa strain producing less MCs was the one causing most severe inhibition of root
growth, which suggests that other metabolites present in M. aeruginosa extracts, besides
MC-LR, may affect lettuce root growth. The studies performed by Pflugmacher et al. [40,42]
(Table 1) revealed more pronounced impairments (germination and induction of oxidative
stress) in M. sativa and Z. mays plants, upon exposure to crude extracts in comparison to
pure toxin (e.g., MC-LR). The increased toxicity of natural cyano-bloom materials to plants
(decreases of about 61% in growth) over cultured M. aeruginosa extracts or pure MCs was
also highlighted in the meta-analysis investigation carried by Zhang et al. (2020) [26].
Overall, these works point to the possibility of synergistic interaction of MCs with
other stress factors, leading to an increase in plant stress. In fact, the above works point
to molecular synergies between MCs and other water pollutants such as metals (Cd and
Cu) [52] and other types of cyanotoxins (CYN) [24]. We highlight, for example, the signif-
icant increase in the toxicity of MC-LR in lettuce, when present together with the metal
Cu (5 MC-LR + 50 pg / L Cu) [52], and in lettuce and spinach, when present together with
the cyanotoxin CYN [24]. Studies addressing the effects of the mixture of MCs with other
emerging agricultural water/soil contaminants (e.g., pesticides) should be encouraged
in the future, since the co-occurrence of different contaminants in the environment is

highly predictable.

6. Conclusions

The research work carried out to date has revealed that the effects of MCs in agricul-
tural plants are highly variable and strongly dependent on the concentration of MCs to
which plants are exposed. However, the toxin concentration is not the only factor that
determines the type of responses reported in plants and the extent of the phytotoxic dam-
ages. In this regard, we highlight that the time (duration) of exposure to the toxin, but also
the plant genotype and stage of development, are factors to be considered when studying
and evaluating the toxicity of MCs in plants. The highly variable responses reported in
plants is making the assessment of regulatory limits for this toxin in irrigation waters a
highly complex process. Plants are apparently more sensitive to MCs in the first stages
of development (germination and seedling growth). Low and medium concentrations of
toxin (up to 10 pg MCs/L) have been shown to inhibit germination and seedling devel-
opment under different growth conditions in several plant species. On the other hand,
well-developed plants were found to be relatively tolerant to this range of concentrations.
Adverse effects on the growth of developed plants are associated with exposure to higher
MCs concentrations (>10 pg/L). In addition, MC concentrations in the range of 1 to 5 pg/L
were found to stimulate plant metabolism and growth.

Despite the results pointing to an increased sensitivity of plants in the early stages of
development, the problem can be avoided if specific procedures in plant cultivation are
followed. Indeed, germination and seedling development represent a short period in the
plant life-cycle, requiring less consumption of water in comparison to the water needed for
the subsequent development stages. Moreover, the initial stages of plant development often
take place in nurseries, assisted by technology and with access to high-quality water. Thus,
it is recommended to use high-quality (MC-free), instead of low-quality, water (with MCs),
at least during plant germination and in the first stages of plan growth. The definition of a
recovery period (irrigation with MC-free water) after a period of exposure to the toxin can
also contribute to mitigate the effects of MCs, since studies have shown that the growth of
some agricultural plants (e.g., rice) can partially recover growth and eliminate the toxin,
following a period of growth in the absence of MCs.

The majority of the agricultural plants were found to tolerate MC concentrations up
to 10 ug/L, after overcoming the initial seedling stage. Taking this into account, waters
contaminated with MCs to maximum 10 ug/L will have a minor impact on plant growth,
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yield and quality, and thereby may be considered to define, in the future, a regulatory limit
for irrigation waters.

It also seems that plants are more severely affected by the toxin when growing in
hydroponic cultivation systems in comparison to soil cultures. This particular plant condi-
tion can be related with an increase in the bioavailability of the toxin in the hydroponic
cultures compared with soil cultures. This does not mean that soil cultures are safer and
preferred to hydroponic cultures. With regard to soil cultures, we underline the need of
more investigation given the complexity of this system. Of the utmost relevance is the
identification of the factors affecting the bioavailability of MCs in soil and the toxicity of
MCs to soil organisms and to the overall biological activity of the soil.

Finally, along with plant development and productivity impairments, MC-rich irri-
gation water may also lead to the contamination of food produced by crops and human
exposure to MCs via consumption of contaminated food products. These concerns require
adequate analysis in the future and may help to clarify the safety limit that can be proposed
for irrigation waters.

The contamination of surface waters with HABs is a complex process involving many
factors and is difficult to control. The best way to act is preventing water eutrophication
and to reduce nutrient loading in the aquatic environments. Green technologies such as
constructed wetlands, on the other hand, can be extremely useful for recovering waters
contaminated with HABs in a cost-effective way. Eventually, these technologies can be
applied to provide better quality water to agriculture.
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