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Climate change and human activities are more and more affecting the dynamics of phytoplankton
communities. Among them, cyanobacterial abundance has increased disproportionately relative to
other phytoplankton, and this trend is likely to continue in the coming decades. This fact has deleterious
effects on ecosystem biodiversity but also adversely affects drinking water supplies, livestock watering,
crop yields, aquaculture, etc. Thus, the proliferation of cyanobacterial blooms represents an economic
issue and, more importantly, human and animal health risks due to the common production of potent
toxins, cyanotoxins. Moreover, these risks are increased due to their accumulation potential and their
transference to the food chain.

In spite of the worldwide increasing occurrence of cyanotoxins, they are still underestimated in
regulations, with Microcystin-LR (MC-LR) as the main one (and in many cases the only one) considered.
However, risk management of cyanotoxins is only possible after a thorough risk evaluation, and for
that purpose, toxicity and exposure data are required. Thus, occurrence and monitoring information is
of key importance, and new data in relation to the conditions that favor cyanobacterial growth and
cyanotoxins production are welcome in order to prevent their appearance.

On the other hand, in regard to toxicity, the scientific literature shows already a wide array of
adverse effects cyanobacterial toxins can induce. However, there are still health consequences not
investigated deeply enough as well as many data gaps in different aspects regarding different targets
of cyanobacteria toxicity, from plants to animals and humans. Thus, the aim of this special issue was to
gather new studies that could contribute in the risk evaluation process of cyanotoxins. This goal was
achieved with a compilation of 11 articles (10 research papers and a review).

Among the articles focused on monitoring issues, Hartnell et al. [1] investigated the cyanobacterial
abundance and the MC profiles in two southern British lakes. They could not correlate the elevated
MC concentrations found with the number of cyanobacterial cells, but the linear regression analysis
performed suggested that temperature and dissolved oxygen could explain the variability of MC
across both reservoirs. They concluded that there is a need to develop inclusive, multifactor holistic
water management strategies to control cyanobacterial risks in freshwater bodies.

Taranu et al. [2] applied multivariate canonical analyses and regression tree analyses to identify
how different congeners (MC-LA, -LR, -RR, and -YR) varied with changes in meteorological and
nutrient conditions over time and space. They found that MC-LR was associated with strong winds,
warm temperatures, and nutrient-rich conditions, whereas MC-LA, for example, tended to dominate
under intermediate winds and nutrient-poor conditions. Thus, the knowledge of the environmental
factors leading to the formation of different MC congeners in freshwaters is necessary to assess the
duration and the degree of toxin exposure under future global change.

Tamele and Vasconcelos [3] performed a review about the MCs incidence in the drinking water of
Mozambique. This report showed that the few studies done in Maputo and Gaza provinces indicated
the occurrence of MC-LR, -YR, and -RR at concentrations above the maximum limit recommended by
the World Health Organization. Authors evidenced the need to implement an operational monitoring
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program of MCs in order to reduce or avoid the possible cases of intoxications since the drinking water
quality control tests in the country do not include a MCs test.

Other aspects were covered by Perez and Chu [4], LeBlanc et al. [5], and Galetović et al. [6].
Perez and Chu [4] focused their study on zinc metal resistance and stress response in a toxigenic
cyanobacterium, Microcystis aeruginosa UTEX LB 2385, by monitoring cells with ZnCl2 treatment.
Among their results, they found that M. aeruginosa UTEX LB 2385 was able to survive ZnCl2
concentrations of up to 0.25 mg/L, with increasing biomass through 15 days. A persistent yield
of the cyanotoxin MC-LR (μg/cell) was observed in all ZnCl2 treated cells by 15 days, indicating that
this cyanotoxin remains present in the environment even with low cell concentrations.

Leblanc et al. [5] isolated a new MC, [D-Leu1]MC-LY, and other related ones,
from Microcystis aeruginosa strain CPCC-464. The compound was characterized by 1H and 13C NMR
spectroscopy, liquid chromatography–high resolution tandem mass spectrometry (LC–HRMS/MS),
and UV spectroscopy. Moreover, [D-Leu1]MC-LY showed a potency similar to MC-LR in the protein
phosphatase 2A inhibition assay. The authors concluded that [D-Leu1]-containing MCs may be more
common in cyanobacterial blooms than is generally appreciated but are easily overlooked with standard
targeted LC–MS/MS screening methods.

Finally, regarding monitoring-related aspects, Galetović et al. [6] reported the absence of
cyanotoxins in Llayta, edible Nostocaceae colonies from the Andes Highlands, by using molecular
and chemical methods. Thus, they concluded that Llayta could be considered a safe ingredient for
human consumption.

Cyanotoxins toxicity has been an important topic in this special issue. The study of
Llana-Ruiz-Cabello et al. [7] explored the susceptibility of two green vegetables, spinach and lettuce,
to the cyanotoxins MC and cylindrospermopsin (CYN), individually and in mixture. The study
revealed growth inhibition of the aerial part in both species when treated with 50 μg/L of MC, CYN,
and CYN/MC mixture. MC showed to be more harmful to plant growth than CYN. Additionally, CYN,
but not MC, was translocated from the roots to the leaves. CYN and MC affected the levels of minerals,
particularly in plant roots.

Foss et al. [8] described a case report in which MC intoxications of canines were diagnosed through
interpretation of clinicopathological abnormalities, pathological examination of tissues, microscopy,
and analytical MC testing of antemortem/postmortem samples. The described cases represent the first
use of urine as an antemortem, non-invasive specimen to diagnose MC toxicosis. Authors concluded
that antemortem diagnostic testing to confirm MC intoxication cases is crucial for providing optimal
supportive care and mitigating MC exposure.

Leticia Díez-Quijada et al. [9] explored the genotoxic effects of MC-LR and CYN combinations in rats.
Their results revealed an increase in micronucleous formation in bone marrow. However, no DNA strand
breaks nor oxidative DNA damage were induced, as shown in the comet assays. The histopathological
study indicated alterations only in the highest dose group. Therefore, the combined exposure to
cyanotoxins may induce genotoxic and histopathological damage in vivo.

Finally, two articles pointed out that MC-LR exacerbated the severity of illnesses such as
non-alcoholic fatty liver disease [10] and dextran sulfate sodium (DSS)-induced colitis [11] in
animal models. This is an important aspect, as the exposure to MC-LR, even at levels that are
below the no observed adverse effect level (NOAEL) established in healthy animals, can worsen
pre-existing pathologies.

All these studies have contributed to extend the knowledge on cyanotoxins and complete those
published in our previous special issue, “Cyanobacteria and Cyanotoxins: New Advances and Future
Challenges” [12]. Moreover, the 20 special issues dealing with this topic published thus far in the
journal Toxins demonstrate the interest cyanobacteria and cyanotoxins have in the scientific community.
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Abstract: Freshwater cyanobacteria blooms represent a risk to ecological and human health through
induction of anoxia and release of potent toxins; both conditions require water management to mitigate
risks. Many cyanobacteria taxa may produce microcystins, a group of toxic cyclic heptapeptides.
Understanding the relationships between the abiotic drivers of microcystins and their occurrence
would assist in the implementation of targeted, cost-effective solutions to maintain safe drinking and
recreational waters. Cyanobacteria and microcystins were measured by flow cytometry and liquid
chromatography coupled to tandem mass spectrometry in two interconnected reservoirs varying
in age and management regimes, in southern Britain over a 12-month period. Microcystins were
detected in both reservoirs, with significantly higher concentrations in the southern lake (maximum
concentration >7 μg L−1). Elevated microcystin concentrations were not positively correlated with
numbers of cyanobacterial cells, but multiple linear regression analysis suggested temperature
and dissolved oxygen explained a significant amount of the variability in microcystin across both
reservoirs. The presence of a managed fishery in one lake was associated with decreased microcystin
levels, suggestive of top down control on cyanobacterial populations. This study supports the need
to develop inclusive, multifactor holistic water management strategies to control cyanobacterial risks
in freshwater bodies.

Keywords: flow cytometry; liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS);
cyanotoxins; risk assessment; management strategies; modelling

Key Contribution: In two similar lakes, microcystin levels and cyanobacterial communities
were significantly different; one interesting observation was the introduced omnivorous fish,
which appeared to reduce toxin levels in one lake.

1. Introduction

Cyanobacteria blooms are a global problem in freshwater ecosystems [1–3]. A range of factors
have been reported to influence the abundance and likelihood of bloom formation in freshwater
systems, notably increased temperature, and nutrient enrichment [4–7]. A proportion estimated as
between 40–70%, of cyanobacteria blooms are reported to occur concomitantly with elevated levels of
cyanobacterial toxins (microcystins) [8–10]. Microcystins are known to be responsible for toxic events

Toxins 2020, 12, 503; doi:10.3390/toxins12080503 www.mdpi.com/journal/toxins5
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globally, most frequently reported are wild animal, livestock, and pet deaths with numerous accounts
in the literature, from both more and less economically developed nations [8,11–14].

In most countries, control plans for public health risks associated with exposure to cyanobacterial
toxins are based on assessments of cyanobacterial cell presence and density in the event of bloom
formation. In the United Kingdom, assessments and management recommendations are made by
national agencies (the Environment Agency (EA) in England and the Scottish Environmental Protection
Agency (SEPA) in Scotland). In both administrations, samples are collected reactively from the water
column in response to visual bloom occurrence and cyanobacterial are identified to genus level and
cells are counted microscopically to determine the cell density in terms of number of cells per millilitre
of water. Samples containing >20,000 cells mL−1 trigger actions such as preventative closures or
restrictions on usage. The presence of cyanobacterial scums on the water surface automatically indicates
the need for responsive action, as scum formation is known to increase the likelihood of adverse health
effects by factors of up to 1000 [15] and, in the UK, would typically result in measures to prevent
exposure of humans and animals [16]. Systematic, or risk-based routine monitoring of water bodies
for cyanobacteria is not undertaken in the UK; consequently the incidence, intensity and seasonality
of cyanobacterial blooms is not well known [10,17]. Furthermore, whilst the presence of elevated
cyanobacterial cells enables identification of potential risks, toxin production during blooms formation
is not certain [8,15]. Turner et al. [10] found that only 18% of samples containing cyanobacterial cells
exceeding action state thresholds contained microcystins above the WHO medium health criterion
of 20 μg L−1 in freshwater bodies in England. Therefore, management actions driven by elevated
cyanobacterial cell counts may be unnecessary when blooms are formed from non-toxic species and
may have unnecessary detrimental economic impacts. Figure 1 shows the occurrence and magnitude
data combined with that of Turner et al. [10]; all data were collected in 2016.

Figure 1. Occurrence and magnitude of total microcystins recorded from England and Wales in 2016.
(red: >100 μg/L; orange: 20–100 μg/L; yellow: 2–20 μg/L; green: <2 μg/L). Insert, microcystin data and
location of the study site, Longham Lakes, Bournemouth, Dorset, UK. (adapted from Turner et al. [10]).

Few studies have examined the prevalence and levels of microcystin toxins and variants globally.
In the European Multi-Lake Survey, toxin profile data from 26 European countries from lakes with
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a history of eutrophication were analysed, together with environmental parameters. The authors
reported direct and indirect effect of temperature on toxin concentrations and profiles, concluding that
whilst few geographical patterns could be discerned, increasing lake temperatures could drive changes
in the distribution of cyanobacterial toxins, possibly selecting for a few toxic species [18]. In a study
on the array of microcystins during cyanobacterial blooms in Lake Victoria, Tanzania, East Africa,
Miles et al. [19] reported a distinctive, complex toxin profile signature during bloom events which
has also been confirmed in Ugandan and Kenyan regions of Lake Victoria [19,20]. In a systematic
study to assess microcystins in freshwater lakes in England, Turner et al. [10] revealed complex
toxin profiles with occurrence of toxin clusters unrelated to cyanobacterial species and no correlation
with environmental parameters. These data are suggestive of complex ecosystems, with levels and
signatures of microcystin and variants potentially influenced by geographical range but with the
impact of environmental factors unclear.

It has been reported that light intensity, temperature, nutrients, and hydrodynamics influence
the occurrence and density of cyanobacterial blooms [8,21]. Several studies have attempted to model
cyanobacterial concentrations using meteorological, hydrological, and environmental parameters [21–25].
In most studies, the predictive ability of models with respect to risk management has been limited
not least because the relationship between the presence and increase in cyanobacterial cells is not
always correlated with an increase in the occurrence of toxins [10,26,27]. Notwithstanding this,
Carvalho et al. [24] demonstrated that statistical models applied to phytoplankton data from 134 lakes
in the UK could be used to describe lakes that may be susceptible to cyanobacterial blooms events. It is
evident that understanding the key environmental drivers that favour cyanobacterial abundance and
potentially toxic events would facilitate proactive rather than reactive monitoring and management
strategies to reduce the public and animal health risks.

In this study, two freshwater reservoirs were routinely monitored by light microscopy,
flow cytometry, and liquid chromatography coupled to tandem mass spectrometry over a 12-month
period. Measurements of cyanobacterial cells and a range of biological and chemical factors were
examined to explore the potential of providing a predictive tool for water management.

2. Results

Water measurements and samples were collected and analysed from the May 16, 2016 until May
31, 2017. As stratification was not observed, the data from each depth were combined to produce an
average for each measurement at the time of sampling, except for turbidity (NTU), where the lake
bottom measurement was disregarded due to sediment disturbance from the horizontal sampler.

2.1. Study Site

Longham Lakes consists of two freshwater reservoirs, used as a nature reserve and recreational
fishery within the borough boundaries of Bournemouth (Figures 1 and 2). The two lakes located at
national grid reference SZ 06237 98079 are man-made, fed by the River Stour and provide an auxiliary
water supply to the Bournemouth-Poole conurbation. The northern lake was completed in 2003, has a
perimeter of 1400 m, and an area of 97,000 m2. The southern lake is connected to the northern lake;
it was completed in 2010, has a perimeter of 2050 m, and an area of 250,000 m2. The maximum depth
for both lakes is approximately 14 m and they both have an average depth of 2.9 m. Longham Lakes
is managed by Bournemouth Water, which is part of South West Water. Lake water chemistry and
phytoplankton are constantly monitored, and weekly water samples are taken.

2.2. Chemical and Biological Parameters

Table 1 shows data collected over the 12-month study period, mean, medium, maxima and minima
for total microcystins, Microcystis cells, phycocyanin fluorescence, temperature, turbidity, dissolved
oxygen, pH, chlorophyll a, b and total carotenoids are given for the two lakes. A null hypothesis that
no differences between biological and chemical measurements were observable between the two lakes
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was tested at the p = 0.05 significance level using a series of Student’s t-tests. No significant differences
between temperature, pH, or turbidity were observed between the two lakes over the study period
(p > 0.05); however, significant and highly significant differences between the two lakes across the
sampling period were observed for dissolved oxygen (p < 0.001), chlorophyll a and b levels (p < 0.01,
p < 0.001), and carotenoids (p < 0.001) with dissolved oxygen demonstrating the most difference
between lakes.

Figure 2. Aerial view of Longham Lakes with sampling point marked by arrows in Lake 1 (northern)
and Lake 2 (southern).

Table 1. Biological and chemical measurements from Longham Lakes 1 and 2, between 16 May 2016
and 31 May 2017.

Parameter Lake 1 (Northern) Lake 2 (Southern) Student

Low Mean Median High Low Mean Median High t-Test

Total microcystins (μg L−1) nd 1 0.497 nd 1 1.922 nd 1 1.524 nd 1 7.089 p < 0.01
Microcystis cells (cells mL−1) 251 6874 2826 51,384 258 1403 1012 12,204 p < 0.001
Phycocyanin (Cells mL−1) 109 1425 836 7649 20 1924 705 10,290 p > 0.05

Temperature (◦C) 5.57 14.96 16.51 21.64 5.81 15.13 15.88 21.51 p > 0.05
Turbidity (NTU) −0.40 2.25 1.50 8.90 −1.60 1.51 0.70 8.20 p > 0.05

Dissolved Oxygen (mg L−1) 6.14 12.19 12.07 24.16 9.44 12.74 12.99 18.98 p < 0.001
pH 7.52 8.44 8.47 9.29 8.06 8.52 8.54 8.97 p > 0.05

Chlorophyll a (mg mL−1) 0.44 3.821 2.398 15.373 0.042 1.315 0.969 4.056 p < 0.01
Chlorophyll b (mg mL−1) 0.41 2.296 2.206 6.752 nd 1.294 1.143 4.367 p < 0.001

Total Carotenoids (mg mL−1) nd 1.200 0.676 6.295 nd 0.260 0.135 1.467 p < 0.001
1 Limit of detection (LOD) for MC-LR = 0.0013 ± 0.0011 ng mL−1 [10].
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2.3. Identification and Enumeration of Phytoplankton by Light Microscopy

A wide range of phytoplankton genera were identified in both lakes between August 2016 and
May 2017, a number of chlorophytes and diatoms were only identified to the class level. Microcystis cells
were recorded in both lakes, maximum >7000 (lake 1) & >8000 cells mL−1 (lake 2); other cyanobacteria
included Anabaena, maximum >34,000 (lake 1) & >21,000 cells mL−1 (lake 2), Aphanizomenon, maximum
>2500 (lake 1) & >20,000 cells mL−1 (lake 2), and Oscillatoria, maximum >6000 cells mL−1 (lake 1 & 2).
The non-cyanobacteria identified were Asterionella, Euglena, Pediastrum, Scenedesmus, Tabellaria, and
Volvox (Figure 3). No correlation was found between cyanobacteria identified and counted by either
light microscopy or flow cytometry with microcystins detected (data not shown).

Figure 3. Stacked bar chart showing the date, number, and taxa of phytoplankton identified in Longham
Lakes 1 & 2 by light microscope.

2.4. Comparison of Counts of Microcystis Cells by Flow Cytometry and Microscopic Method

In both lakes, counts of Microcystis cells by flow cytometry were consistently higher and no zero
counts were registered as compared to counts by light microscope (Figure 4). A strong correlation
between the two methods was observed in lake 1 when tested with a Pearson product moment
correlation (PC = 0.763, p = 0.001), but correlation was not observed between the two methods in lake 2
(PC = −0.048, p = 0.864).

2.5. Determination of Microcystis Cells and Microcystin Concentrations

Figure 5 shows the Microcystis cells and total microcystins measured over the study period at both
lakes. Microcystis cells were detected in both lakes by flow cytometry throughout the sampling period,
increasing in July/August in lake 1 and in August in lake 2. An order of magnitude more Microcystis
cells were detected in lake 1 than lake 2. Mean Microcystis cells in lake 1 were 6874 mL−1 with a median
of 2826 and range of 251 (23 May2016) to 51,384 mL−1 (14 July2016). In Lake 2, mean Microcystis
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cells were 1403 mL−1 with a median of 1012 and range of 258 (19 December 2016) to 12,204 mL−1

(07 March 2017) (Table 1).

Figure 4. Comparison of counts of Microcystis cells in both lakes at Longham, as counted by flow
cytometry and microscope methods over the study period.

Figure 5. Seasonal variation recorded at Longham Lake (1 & 2) of Microcystis cells (cells mL−1) by flow
cytometry (right-hand axis) and total microcystins quantified by liquid chromatography coupled to
tandem mass spectrometry (μg L−1) (left-hand axis). Red line indicates UK cyanobacterial cell density
action threshold [16].
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Microcystin variants were detected in both lakes but were consistently lower in lake 1 than lake 2.
Total microcystin variants and quantities detected are shown in Figure 5. In total, 7 microcystin variants
were detected in Lake 1. These comprise of MC-LR, MC-LA, MC-LY, MC-LF, MC-LW, MC-YR, and
Asp3 MC-LR/[Dha7] MC-LR. The microcystin variant detected at the highest concentrations at lake 1
was MC-LF in June and July. Six microcystin variants were detected in Lake 2 (MC-LR, MC-RR, MC-LA,
MC-LY, MC-YR and Asp3 MC-LR/[Dha7] MC-LR) (Figure 6). In Lake 2, MC-YR was detected at highest
concentrations during August and September; similar, but slightly lower levels of variant MC-LR was
detectable between August and October (Figure 6). Mean total microcystins were 0.5 μg L−1 (<LOD
to 1.9 μg L−1) in lake 1 and 1.5 μg L−1 (<LOD to 7.1 μg L−1) in lake 2. Maximum levels in Lake 1
were detected between 23 May 2016 and 14 July 2016; microcystins were rarely detected between
3 August 2016 and 28 November 2016. Maximum levels in Lake 2 were detected between 3 August
2016 and 28 September 2016; microcystins were rarely detected between 23 May 2016 & 17 July 2016
and between 3 November 2016 and 31 May 2017.

Figure 6. Microcystin variants qualified and quantified by liquid chromatography coupled to tandem
mass spectrometry (μg L−1) from water samples collected at Longham Lakes (1 & 2).

A null hypothesis that no differences between Microcystis cells, total microcystins, and phycocyanin
(cyanobacteria cells) measurements were observable between the two lakes was tested using a series of
Student’s t-tests. Total microcystins and Microcystis cells were significantly and highly significantly
different between the two lakes respectively (p < 0.01, p < 0.001) (Table 1).
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2.6. The Ability of Chemical and Biological Parameters to Predict Presence of Microcystins

Regression analysis suggested that lake, temperature, and dissolved oxygen explained a significant
amount of the variability observed in the microcystin values across the two lakes and study period
(adjusted R-squared: 0.251, F-statistic: 5.68 on 3 and 39 DF, p-value 0.003). Table 1, model 1 predicted
microcystin values in to be 2.18 times higher in lake 2 than in lake 1, and that microcystin levels
increase with temperature and decrease with increases in dissolved oxygen. No statistically significant
interaction terms were observed between any of these variables. Examination of diagnostic plots
showed the model fit to be poor, with a high number of zero values observed for microcystin being
highly influential on the model fit. No standard data transformations (e.g., log, square root, quadratic)
improved the model fit, so a further model (Table 2, model 2) was fit to the subset of the data for which
microcystin was detected (i.e., microcystin > 0). The stepwise model building process resulted in the
same variables being selected for inclusion in model 2 as for model 1; however, a larger amount of
the variability in the observed microcystin values (adjusted R-squared: 0.566, F-statistic: 9.275 on 3
and 16 DF, p-value < 0.001) was now explained and examination of the diagnostic plots associated
with model 2 showed improved fit. As expected, given the influence of the zero microcystin values in
model 1, the effect size associated with the explanatory variables is considerably different in model 2,
increasing by around 1.5 times in all cases. Subsequent logistic regression analysis was not able to
identify any variables that showed a statistically significant association with the presence/absence of
microcystin (i.e., the occurrence of microcystin above the limits of detection).

Table 2. Multiple linear regression predictors for microcystin levels in both lakes. Model 1 includes
observations where microcystin was not detected (i.e., microcystin = 0), model 2 shows results for data
relating to positive microcystin observations only (i.e., microcystin > 0).

Parameter Estimate Std. Error t-Value Pr(>|t|)

Model 1: Zero microcystin values included (n = 43)
Intercept 1.446 1.295 1.116 0.271
Lake 2.183 0.583 3.748 0.001
Dissolved O2 −0.418 0.143 2.920 0.006
Temperature 0.173 0.062 2.780 0.008

Model 2: Zero microcystin values removed (n = 20)
Intercept 1.408 2.358 0.597 0.559
Lake 3.523 0.698 5.051 0.000
Dissolved O2 −0.596 0.194 3.076 0.007
Temperature 0.295 0.119 2.470 0.025

3. Discussion

In this study, relationships between biological and chemical parameters, cyanobacterial taxa
with specific reference to Microcystis spp., using microscopy and flow cytometry were examined in
two lowland lakes in southern Britain. Total microcystins, microcystin variants and toxin profiles
were also determined using ultra-high-pressure liquid chromatography coupled to mass spectrometry.
Microcystis spp. and microcystins were detected and quantified in both lakes. The objective of the
study was to attempt to identify drivers of microcystin elevation with a view to better informing water
risk management strategies to protect ecological and human health.

Levels of microcystin variants were not correlated with numbers of Microcystis cells and were
significantly higher in lake 2 than in lake 1. Microcystin levels did not exceed the WHO medium
health threshold of 20 μg L−1. In 2017, the WHO [15] published chronic health threshold levels of
1 μg L−1 MC-LR for lifelong drinking water consumption; 16% of samples from lake 2 exceeded the
MC-LR chronic threshold value. Quantifiable levels of toxins were detected in 48% of the samples;
identical toxin detection frequencies were observed, but total levels and profiles differed significantly
between the lakes. Toxin concentrations ranged from not detected to 7.1 μg L−1 and concentrations
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were similar to those reported by several authors for waterbodies in the absence of scums in the Lower
Great Lakes [28], England, and Wales [10] and selected European water bodies [18].

In lake 1, total microcystins were approximately an order of magnitude lower than in lake 2,
despite proportionally higher isolation frequencies and levels of Microcystis cells (lake 1, maximum
density 51,384 cells mL−1). Microcystis cells did not exceed 8000 cells mL−1 in lake 2 and constituted a
relatively minor fraction of the total estimates of cyanobacteria. It is probable that Microcystis cells at
both lakes were non-toxin producing strains and that toxins detected in this study were produced by
species other than Microcystis. It is well documented that the Microcystis blooms vary in their toxin
profiles [10,15,29]. The ability for microcystin production in Microcystis spp. and other cyanobacterial
species is genetically determined [30,31]. Several studies have reported that strains isolated from
geographically and temporally distinct Microcystis spp. populations are clonal and therefore likely
to be either microcystin producers or non-producers [5,32]. The hypothesis that species other than
Microcystis spp. were responsible for toxin production in the study lakes is supported by the presence
of other cyanobacteria, e.g., Anabaena spp., Aphanizomenon spp., and Oscillatoria spp. at elevated levels
particularly in lake 2. At lake 2, on the 3 occasions where the UK threshold action limits were exceeded,
less than 8.5% of the estimated cyanobacterial populations comprised Microcystis cells. In a review
of cyanobacterial bloom taxa in the UK, Howard et al. [33] recorded that the dominant species in
addition to Microcystis spp., were Oscillatoria, Planktothrix, Anabaena, Pseudanabaena, and Gomphosphaeria.
The dominance of these species amongst phytoplankton communities in samples from natural lakes
and reservoirs has been subsequently confirmed in England and Wales [10,34] and Scotland [17].
Anabaena spp., Aphanizomenon spp., and Oscillatoria spp., are well known as toxin-producing species
and common members of phytoplanktonic communities [29].

Maximum total microcystin level recorded was in lake 2 (7.1 μg L−1), with mean levels in lake 1 of
0.497 μg L−1 and 1.524 μg L−1 in lake 2. Total microcystins and Microcystis cells were significantly and
highly significantly different between the two lakes, respectively (total microcystins higher in lake 2;
Microcystis spp. cells higher in lake 1). Of the multiple microcystin variants described, MC-LR has
been most extensively studied and is reported to be between 3 and 10 times more toxic than other
microcystin congeners [28]. Analysis of the microcystin toxin profiles between the two study lakes
indicated differences in variants, both in terms of variants, proportions, and levels. In lake 1, where
relatively low levels of microcystins were determined, MC-LR was detected at low levels (<1 μg L−1)
and the dominant variant was the more hydrophobic MC-LF. This finding is in accordance with Turner
et al. [10], who reported MC-LF as the highest mean proportion of profiles from Aphanizomenon sp.
and Oscillatoria sp. in analyses of freshwater bodies in England and Wales. This adds some support to
the premise that Microcystis cells present in lake 1 were non-toxin producers. In lake 2, MC-YR was the
dominant congener closely followed by MC-LR, with MC-RR and Asp3-MC-LR appearing towards the
end of the period of toxin prevalence. Microcystin profiles determined in samples taken from weekly
monitoring during August and September were similar in relative proportions, indicating potentially
that clonal or semi-clonal populations were responsible for toxin production. Similar data have been
generated from studies in Greece [35], throughout Europe via the European Multi Lake Survey [18]
and Finland [36], the latter associated with toxins produced by species of Anabaena. Whilst data on the
relative proportions of microcystin variants as measured by LC-MS/MS are relatively sparse, levels
and variants of microcystins presented here are consistent with the recorded literature and can help to
unravel the structure and function of cyanobacterial populations.

In recent years, many authors have studied the drivers for elevated cyanotoxin levels and/or
occurrence of cyanobacterial blooms in natural lakes, reservoirs [18,37–39], and aquaculture systems [40].
In a large-scale study assessing the continental scale distribution of cyanotoxins across Europe,
Mantzouki et al. [18] demonstrated that temperature (rather than nutrient availability or euphotic
depth) was generally responsible for distributional characteristics of cyanotoxins. Likewise, concordant
observations with respect to temperature were recorded by Elliot [39] in an assessment of climate
change on pelagic freshwater cyanobacteria. The author demonstrated increased relative cyanobacteria
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abundance concurrently with increased water temperature, together with decreased flushing rates and
increased nutrient loading. Similarly, Sinden and Sinang [40] identified temperature, in combination
with elevated water pH, as key environmental factors influencing proliferation of cyanobacteria and
toxicity in Malaysian aquaculture ponds. In the present study, the presence of correlations between a
range of biological and chemical parameters were tested against presence of microcystins. Perhaps not
surprisingly given the low levels of microcystins detected in lake 1, no correlations were observed.
For lake 2, where moderate levels of microcystins were present during the summer and autumn, water
temperatures did not correlate; however, a decrease in dissolved oxygen was closely associated with
presence and levels of microcystins. A decrease in dissolved oxygen concurrent with decomposition of
cyanobacterial blooms has been reported previously [6,41] and thus has the potential to indicate onset
of toxicity derived from lysed cells within a rapidly blooming population. Perturbations in dissolved
oxygen are frequently used as an indicator of water quality and eutrophication [42]. Conversely,
with respect to the correlations of microcystin production, in a comprehensive review of biological
and chemical factors, Dai et al. [42] postulated that light intensity and temperature were the most
important physical factors with nitrogen and phosphorus as the critical chemical drivers of harmful
algal blooms and microcystins. The authors also noted the complex interactions with biotic factors,
suggesting that predator-prey relationships in phytoplanktonic communities may promote microcystin
production and release [42].

To explain the strength of the association between the measured parameters and their potential
future ability to inform predictive models for microcystin events, stepwise multiple linear regression
analysis was applied to all chemical and biological parameters. Across both lakes, microcystins
increased with temperature and decreased with dissolved oxygen. Using a similar statistical approach
as a precursor to the development of empirical predictive models for cyanobacterial, Beaulieu et al. [43]
showed that total nitrogen and water temperature provided the best model and explained 25% of
cyanobacterial biomass. Using these explanatory variables, the authors developed competing path
models, which showed that both nitrogen and temperature were indirectly (and directly) linked to
cyanobacteria by interactions with total algal biomass. Model outputs predicted an average doubling of
cyanobacterial biomass with a 3.3 ◦C rise in water temperature. In contrast, Carvalho et al. [24] showed
that significant explanatory variables were dissolved organic carbon and pH, and that furthermore
nutrient concentrations were not a primary explanatory variable. In this study the relatively high
levels of variability explained by combined biological and chemical parameters via regression analysis
indicated promise and areas for future investigation.

Although in this study, no single variable could be considered predictive of microcystin production
nor could all the variability between the lakes be explained by combinations of measurements, the
major identifiable difference between the two water bodies was the presence of a managed fishery at
lake 1. Omnivorous fishes; common carp (Cyprinus carpio), bream (Abramis brama), tench (Tinca tinca)
and pike (Esox lucius), and substantial natural populations of roach (Rutilus rutilus), and rudd
(Scardinius erythrophthalmus) were present in lake 1, whereas no managed fishery or introductions of
fish species operated at lake 2. Larval, fry, and fingerlings of stocked species favour zooplankton, with
certain high nutrient species (rotifers etc.) making up a substantial component of adult fish’s food
supply. Larval stages and young age classes of R. rutilus and S. erythrophthalmus, numerous during
summer months are almost exclusively zooplanktoniverous, with a feeding preference for rotifers [44].
Rotifers and other small zooplankton, such as cyclopoid copepods and cladocerans, are selective
grazers that can coexist with bloom forming cyanobacteria and are reported to periodically exhibit
top-down control [45]. Interestingly, several authors have suggested that Microcystis spp. represent a
less attractive foodstuff for zooplankton due inter alia to colony formation [45–47], which together with
a reduction in grazing pressure on other cyanobacterial taxa may have created a competitive advantage
for the non-toxic Microcystis-like cell populations, such as unknown species of picoplankton in lake 1.
R. rutilus abundance has previously been implicated in ichthyo-eutrophication of reservoirs in the Czech
Republic [44]; this has been attributed to a range of factors but may also include reduction in grazing
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rates by zooplankton, which in turn create advantageous conditions for blooms [48]. Furthermore,
eutrophication can change microbial loops and therefore may inhibit antagonistic microorganisms
(viruses, bacteria, microalgae, microfungal, and amoeboid taxa) present within Microcystis colonies in
the operation of bottom-up controls [45].

Environmental drivers for toxin production from cyanobacterial taxa are complex and intricacies
of phytoplankton communities, cryptic ecological interactions, and the presence of non-toxin producing
cyanobacterial strains make this a challenging area of risk management. This study demonstrated
that no single variable could be used to predict microcystin levels but supported the use of multiple
measurements in the development of more holistic predictive models. In this study, multiple
measurements were dissolved oxygen, turbidity, phycocyanin, temperature pH, chlorophyll a, b, and
total carotenoids. The potential for enhanced fish stocks to exert top down control on toxic cyanobacterial
populations was an interesting observation and is indicative of wider multifaceted trophic relationships
influencing cyanobacterial population dynamics and toxin production. Whilst challenging at an
environmentally relevant scale [21], improved predictive ability and modelling will provide more
efficient, proactive management of water bodies impacted by toxic cyanobacteria and in turn have
positive ecological, public, and animal health benefits.

4. Materials and Methods

4.1. Sample Collection and Water Parameter Measurements

Water samples were collected with chemical and biological measurements between May 16 2016
and May 31 2017, from both northern and southern lakes at points A & B (Figure 2). The lakes were
sampled weekly in the spring, summer, and autumn, with sampling frequency dropping to every three
weeks in the winter. Measurements of dissolved oxygen, turbidity, phycocyanin, temperature, pH,
and salinity, were made by multiparameter probe (6600 V2, YSI, Xylem Analytics, Singapore) from
the surface and at 1 m intervals to the bottom. Water samples for flow cytometer and toxin analysis
were collected from the same depths using a 2.2 L horizontal sampler. Water samples for microscope
analysis were collected from the surface of each lake only. Water samples were in put in opaque bottles
and stored in a cool box for return to the laboratory.

4.2. Cell Discrimination by Flow Cytometry

Water samples were analysed for using a flow cytometer (C6, BD Accuri, San Jose, CA, USA),
samples were aliquoted (≈2 mL) into a 5 mL sample tube, and homogenised by vortex. A 5-min custom
fluidic setting was selected of 25 μm core and 100 μL/min, with a threshold of 80,000 au on forward
scatter (FSC) signal. Unicellular Microcystis cells were resolved by size and three auto-florescence
channels. Following Chapman [49], side scatter (SSC) signal was used as an indicator cell size and
verified by calibration beads (PPS-6K, Spherotech, Lake Forest, IL, USA), gated between 75,000 to
700,000 au. Yellow auto-florescence (FL2) was used as an indicator of phycoerythrin and carotenoids,
gated at 40 to 2000 au. Red auto-florescence (FL3) was used as an indicator of chlorophyll, gated between
180,000 to 2,200,000 au. Finally, far-red auto-florescence was used as an indicator of phycocyanin,
gated between 11,000 to 500,000 au. The method was optomised using 6 Microcystis, 2 non-Microcystis
cyanobacteria, and 2 eukaryotic algal reference strains.

4.3. Toxin Analysis by Liquid Chromatography Coupled to Tandem Mass Spectrometry

In triplicate, 200 mL of water sample was filtered (CFC, Whatman, Maidstone, UK), filter
papers were wrapped individually in aluminium foil and preserved at −80 ◦C. On analysis, filter
papers were subjected to three cycles of freeze-thawing before submersion in 10 mL of 80% aqueous
methanol. Samples were left in the dark at 4–6 ◦C for 24 h, before ~0.5 mL was aliquoted into a
LCMS certified vial. Toxin analysis was carried by ultra-high-performance liquid chromatography
(UHPLC) (Acquity, Waters, Manchester, UK) coupled to a tandem quadruple mass spectrometer
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(Xevo TQ, Waters, Manchester, UK). All instrument solvents and chemicals were of LC-MS-grade
(Fisher Optima, Thermo Fisher, Manchester, UK). Reference toxins used for the detection method
included the microcystin analogues MC-RR, MC-LA, MC-LY, MC-LF, MC-LW, MC-YR, MC-WR,
MC-HilR, MC-HtyR, MC-LR & Asp3-MC-LR (Enzo Life Sciences, Exeter, UK) and [Dha7]-MC-LR and
matrix reference material of blue-green algae (RM-BGA, Lot 201301) containing a range of microcystins
(Institute of Biotoxin Metrology, National Research Council Canada). Analysis of microcystins was
conducted following the method by Turner et al. [50].

4.4. Identification and Enumeration of Phytoplankton by Light Microscopy

Surface water samples were aliquoted into a 15 mL centrifuge tube; the full tube was sealed
then inverted and the lid struck on the bench several times to burst any gas flotation vesicles within
cells. Centrifuge tubes were then placed upright and stored at 4–6 ◦C in the dark for two days for
the phytoplankton to settle out. The top 14 mL was carefully removed by pipette to not disturb the
sedimented phytoplankton; the remaining 1 mL was vortexed and transferred to a Sedgwick-rafter
counting chamber. The phytoplankton in a minimum of 10 of the 1000 grid squares were identified
and enumerated by light microscope (BX51, Olympus, Tokyo, Japan) at 40× and 100×magnification.

4.5. Multiple Linear Regression Model

Relationships between the presence and level of microcystin and potential predictor variables
were explored visually using plot functions and the strength of these relationships assessed using
multiple linear regression models after making appropriate transformations data (if required) to ensure
its distribution met the test assumptions. A logistic regression model (GLM assuming a binomial
distribution and log link function) was also applied to determine whether any of the environmental
variables measured were able to reliably predict the presence/absence of microcystin rather than its
levels. For both the linear and logistic regression analysis, univariable analysis was first performed
and then a multivariable model was built using a forward stepwise approach in which variables and
combinations that led to statistically significantly reductions (p ≤ 0.05) in the Akaike information
criteria (AIC) were retained in the model. The presence of two-way interaction effects was explored for
all variable combinations but were only retained if their inclusion resulted in a significant reduction in
AIC. All analysis and data visualisations were conducted in R version 4.0.2 [51].
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Abstract: Cyanobacterial blooms increasingly impair inland waters, with the potential for a concurrent
increase in cyanotoxins that have been linked to animal and human mortalities. Microcystins (MCs)
are among the most commonly detected cyanotoxins, but little is known about the distribution of
different MC congeners despite large differences in their biomagnification, persistence, and toxicity.
Using raw-water intake data from sites around the Great Lakes basin, we applied multivariate
canonical analyses and regression tree analyses to identify how different congeners (MC-LA, -LR,
-RR, and -YR) varied with changes in meteorological and nutrient conditions over time (10 years) and
space (longitude range: 77◦2′60 to 94◦29′23 W). We found that MC-LR was associated with strong
winds, warm temperatures, and nutrient-rich conditions, whereas the equally toxic yet less commonly
studied MC-LA tended to dominate under intermediate winds, wetter, and nutrient-poor conditions.
A global synthesis of lake data in the peer-reviewed literature showed that the composition of MC
congeners differs among regions, with MC-LA more commonly reported in North America than
Europe. Global patterns of MC congeners tended to vary with lake nutrient conditions and lake
morphometry. Ultimately, knowledge of the environmental factors leading to the formation of
different MC congeners in freshwaters is necessary to assess the duration and degree of toxin exposure
under future global change.

Keywords: Cyanotoxins; microcystin congeners; MC-LA; nutrients; climate; Great Lakes; raw water
intake; multivariate statistics; long-term monitoring

Key Contribution: We showed that, regionally, microcystin congener composition varied systematically
with environmental change (primarily in response to changes in wind speed, with secondary effects
of nutrients and temperature). In turn, this regional-scale heterogeneity helped explain global-scale
patterns and the reported dichotomy in congener dominance between Europe and North America.

1. Introduction

The incidence of severe cyanobacterial blooms is increasing worldwide [1–5], along with the risk of
exposure to cyanobacterial toxins [6–8]. Cyanotoxins are found on all continents [9], though among the
suite of cyanotoxins that occur in freshwater ecosystems, microcystins (MCs) are the most commonly
reported [9] and the most diverse, with over 240 different structural variants (congeners) identified
to date [10]. Despite considerable research on MCs, little is known about the global or multi-region
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occurrence of the different congeners, and how their distribution relates to environmental conditions
(though see key work by [11,12]). This inability to predict the spatial (and temporal) variability in
MC congeners is a major concern given that numerous wildlife and livestock fatalities have been
linked to exposure to these cyanotoxins [13,14]. Humans are also at risk. People living in close
proximity to lakes with frequent MC-producing cyanobacterial blooms or exposed to contaminated
drinking or recreational water have been reported to experience various health problems such as
muscle pain and gastrointestinal, skin and ear irritations [15]. There is also mounting evidence of
chronic health problems associated with MC exposure, including a higher incidence of non-alcoholic
liver cancer [16–19]. More recently, MCs have been shown to transfer up the pelagic food chain to
fish [20], with additional long-term implications for human health [21,22].

Although new MC congeners are continually being identified [10], only a small number are
monitored on a regular basis, largely due to the lack of standards and the need to use advanced
LC/MS/MS techniques to identify multiple congeners. More routinely, total MC concentrations are
reported as MC-LR equivalents based on enzyme-linked immunosorbent assays (ELISA) or protein
phosphatase inhibition bioassays (PPI). Among MC congeners, MC-LR is considered the most common
and widely distributed [23,24], however, the use of ELISA kits by many agencies may create a bias as
the method has a lower reactivity to MC congeners other than MC-LR. This bias would be most extreme
in regions where MC-LR is not the most common congener or not among the MC congeners detected
(e.g., [25,26]), leading to an underestimation of total MC concentrations. For instance, MC-RR and -YR
have been increasingly reported globally (e.g., [27]), and there are reports of MC-LA dominance in
Canada (e.g., in Canada [28,29]) and in the US (e.g., Midwest [24]), suggesting that these variants are
more common than previously thought [30]. From a toxicity point of view, the occurrence of MC-LA
dominating blooms in some North American lakes can have important consequences on animal health.
MC-LA has been shown to be as toxic as MC-LR [31,32] and as persistent if not more so than MC-LR.
For example, [33] found that MC-LA persisted throughout the recreational season (9.5 weeks) in a
small temperate Canadian lake, long after the disappearance of surface cyanobacterial blooms (visible
for five weeks), whereas MC-LR was found to decline much more rapidly (two to four weeks) in
other lakes. MC-LA may also penetrate lipid membranes more readily (more hydrophobic) than
MC-LR or -RR, increasing its likelihood of bioaccumulation, and it has been directly tied to wildlife
mortalities [14]. MC-LA is also less readily removed by carbon filtration than MC-LR, -RR, and -YR [32],
posing additional challenges for water treatment facilities.

Compared to the large number of studies based on total microcystins, there are fewer studies
on the dynamics of specific MC congeners, and these studies suggest there may be a wide range in
congener composition among lakes [24,26]. Indeed, while MC-LA appears to be an important player
in North American lakes, it seems less common in European lakes [7]. Though this difference may be
due to differences in standards available for MC congener analysis, recent work suggests that regional
differences in environmental conditions may explain some of the spatial variability in cyanotoxin
composition. For instance, environmental factors such as water temperature, light regime, and thermal
stratification were shown to be significant drivers of the cyanotoxin composition observed across
a broad-scale synthesis of data from 137 European lakes [12]. These spatial patterns in cyanotoxin
composition may admittedly reflect the dominance of certain cyanobacterial strains or species, which
are themselves driven by environmental gradients (e.g., [28]). However, patterns in species composition
may not necessarily determine patterns in MC congener composition. MCs are produced by a number
of cyanobacteria (e.g., Dolichospermum, Microcystis, and Planktothrix), each of which can produce
several MC congeners simultaneously [26,34–36]. In addition, there is a wide variation in congener
composition among strains of the same species. Furthermore, given that guidelines associated with
drinking water consumption are based on MC concentrations, and not species composition [12,37],
and that MC congeners can vary in toxicity by one to two orders of magnitude [32,38], the questions of
which MC congener dominates and why are important to resolve directly. Agencies would also benefit
from robust predictions of impending toxic blooms and knowledge of which cyanotoxins are likely to
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occur under which routinely monitored environmental conditions [39]. Knowledge of the persistence
of MC congeners in natural systems would also be important to reduce the discrepancy between lake
closures and the period of potential toxin exposure [33,40]. Overall, a shift in focus from the analysis
of one (MC-LR) to many (MC congener composition) will likely have important implications for the
protection and management of freshwater resources.

In this study, we modelled changes in the relative concentration of different MC congeners
(MC-LA, -LR, -RR, and -YR) in response to routinely monitored environmental factors using a raw
water intake dataset collected by a single agency (the Ontario Ministry of the Environment, Conservation
and Parks (OMECP)) using the same analytical methods. This entailed both spatial (19 intake sites
situated across 12 main water bodies) and temporal (seven months sampled over 10 years) analyses to
identify the importance of changes in meteorological conditions and lake nutrient concentrations on
the variation of different MC congeners across the Great Lakes region of North America. We examined
the potential role of weather-related variables including air temperature, precipitation, wind speed
and wind direction as these have previously been shown to enhance cyanobacterial dominance and
bloom formation [41–43]. We also examined the potential role of major nutrients (phosphorus (P)
and nitrogen (N)) as they are strong predictors of cyanobacterial biomass, cyanobacterial dominance,
and cyanotoxins in freshwaters [44,45]. Lastly, we considered characteristics of each intake site (depth
and distance from shore) as well as dreissenid mussel control measures (raw water pre-chlorination)
which may affect MCs [46,47]. To place this regional analysis within a global context, we conducted a
synthesis of the peer-reviewed literature to test for systematic patterns of MC congener dominance
across multiple regions.

2. Results

2.1. Regional Analysis of the Great Lakes Intake Sites

The time period for which analytical data were available differed among MC congeners. Most were
only quantified from 2013 onwards, MC-LR, -RR, and -YR were quantified from 2004 onwards,
and MC-LA from 2006 onwards. We thus restricted our statistical analyses to years when the four
most dominant congeners (MC-LA, -LR, -RR, and -YR) were measured (i.e., 2006–2016). We also
restricted our analysis to ice-free months (April to November). This provided us with a regional raw
water intake database spanning a 10-year period, collected during the open water season from 12 main
water bodies in Ontario, Canada (Laurentian Great Lakes, Lake of the Woods, and other Ontario lakes
and rivers, Figure 1). For the years and months examined, intake sites were sampled, on average
(mean and median), four times per month (range: one to nine days per month), for a total of 2002
unique days-months-years-sites covering the years 2006–2016 and 19 intake sites (as some water bodies
had multiple intake sites).

Despite differences in the time of sampling across the main water bodies (e.g., complete sampling
in Lake Ontario, intermittent in Detroit River and Lake Erie, and late-onset of sampling in Lake St.
Clair (Figure 2)), we observed important spatial patterns in MC congener composition within the Great
Lakes and the surrounding region. When averaging the concentrations of each congener across all
sampling dates, we noted the variability in congener dominance among water sources (Figure S1).
Some water bodies (e.g., Lake St. Clair) had greater MC-LA concentrations, while others (e.g., Lake
Ontario) had greater MC-LR or MC-RR concentrations across time points. In general, MC-LA was
higher at intake sites located along the Detroit River, Lake Erie, and Lake St. Clair, and was identified
by the indicator value index (indval, Dufrêne and Legendre 1997) as having high fidelity and specificity
to these sites (Figure 1), whereas MC-LR was an indicator of sites along Lake Ontario’s Bay of Quinte.
These dominance patterns were also consistent from year to year within a given water body (Figure S2),
notably so among the most routinely monitored sites with highest MC concentrations (i.e., intakes
on Lake Ontario’s Bay of Quinte (Bayside, Belleville, Deseronto, and Picton), Lake Erie (Elgin, Essex,
Pelee, and Union), Lake St. Clair (Lakeshore and Stoney Point) and the Detroit River).
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Figure 1. Map of main water bodies with raw water intake samples analyzed by the OMECP. Points
are colour coded by dominant congener as determined by an indicator analysis (indval function from
the {labdsv} package in R), which showed that Robin Lake (8), Lake St. Clair (9), Detroit River (10)
and Lake Erie (11) were dominated by MC-LA (red), Lake of the Woods (1), Lake Wabigoon (2), Lake
Couchiching (5), the Otonabee River (6), and Lake Ontario’s Bay of Quinte (7) were dominated by
MC-LR (green), Ramsey Lake (3) was dominated by MC-YR (blue), and Lake Nipissing (4) by MC-RR
(orange). Note: There are four intake sites located along Lake Erie (Elgin, Essex, Union, and Pelee
island), four along the Bay of Quinte (Bayside, Belleville, Deseronto, and Picton) and two along Lake St.
Clair (Lakeshore and Stoney Point). All other main water bodies only have one intake site.

When examining all unique sampling dates (i.e., not averaged across years within a water body,
nor across observations within a given year and water body) in the four most frequently monitored water
bodies (Bay of Quinte, Lake Erie, Lake St. Clair and the Detroit River), we noted that the variance in
MC-LA and -LR (the two dominant congeners), greatly increased after the year 2012 in the Bay of Quinte,
with similar patterns in Lake Erie, Lake St. Clair and the Detroit River (Figure S3), though the sampling
was more sporadic for the latter three prior to 2012. For the years monitored, the concentration of MC-LA
likewise increased over time in Lakes Erie, St. Clair and the Detroit River (Figure S3). Consequently, the
relative concentration of each MC congener changed over time (Figure 2), whereby MC-LA concentrations
approached and even surpassed those of MC-LR and -RR after 2012.

Environmental factors likewise varied over space and time in the four most frequently sampled
water bodies of the Great Lakes basin. On the dates sampled, the Bay of Quinte region tended to
experience warmer conditions than the other sites, whereas the Detroit River and Lake St. Clair
region tended to experience higher wind and wetter conditions (Table 1). Meteorological conditions
also varied over the years monitored and across stations (Figure S4). Lower wind speed, decreased
precipitation, and higher maximum temperatures were recorded after 2012 at the meteorological
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station near the Detroit River and Lake St. Clair. Similar drops in wind speed and precipitation were
recorded in 2015 and 2016 at the weather stations near Lake Erie and the Bay of Quinte (Figure S4).
Across sites and time points, nutrient concentrations were typically within the oligo-mesotrophic
range, with minimum, median, and maximum TP concentrations of 5, 21 and 675 μg/L, respectively.
TP concentrations tended to be higher along the Bay of Quinte, whereas TN was highest at the Lake St.
Clair intake sites (Table 2). There was a tendency for TP to decrease over time across the four most
frequently monitored water bodies, whereas TN only decreased in the Bay of Quinte, Lake Erie and
Lake St. Clair sites (Figure S3). No significant trend in TN was detected in the Detroit River. The depth
of the intake sites, their distance from shore, and the use of pre-chlorination to control for dreissenid
mussels (pre-chlorination in 59% of sites) also differed among intake sites and main water bodies
(Figure S5, Table 3).

Figure 2. Relationships between dominant congeners from the Laurentian Great Lakes basin raw water
intake data. Log-transformed concentrations of (a) MC-RR and (b) MC-LA vs. MC-LR.

As mentioned previously (and shown in Figure S2), most water bodies were only intermittently
monitored. To thus provide a more robust investigation of the distribution pattern of MC congeners
in time and space, we restricted further statistical analyses to the four water bodies most frequently
sampled by the OMECP (Bay of Quinte, Lakes Erie and St. Clair, and the Detroit River). In terms of
relationships among MC congener composition and environmental change, a multivariate canonical
ordination (redundancy analysis, RDA) showed that the relative abundance of each congener varied
with meteorological conditions, nutrient concentrations, chlorine treatment (Yes/No), and the distance
of the intake sites from shore (Figure 3). The relative abundance of MC-LR and -RR increased as mean
monthly maximum temperatures and TP increased, and as the direction of the wind with the highest
speed changed from southwesterly winds (200◦) to northern winds (360◦). In contrast, the relative
abundance of MC-LA increased as maximum wind speeds decreased. Furthermore, intakes closer
to shore tended to have higher MC-LR and -RR, and chlorinated sites tended to have higher MC-LA
(Figure 3). The multivariate linear model examined with this RDA accounted for a small portion of
the total variance in MC congener composition (R2-adj = 0.09). We also identified a clustering among
observations from the same water body (Figure 3) and including water body as a co-variate in the RDA
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accounted for an additional 7% of the variance in MC composition (figure not shown). A limitation
of the RDA, however, is that observations with missing environmental data were omitted prior to
analysis and that the relationships were based on linear regressions.

Table 1. Summary statistics of the climate data (monthly averages from April to November, for the
2006–2016) from weather stations near the four main water bodies most frequently monitored by the
Ontario Ministry of the Environment, Conservation and Parks (OMECP).

Environmental
Factor

Percentile
Stn near L Ontario

(N = 456)
Stn near L St. Clair and Detroit R

(N = 236 & 118)
Stn near L Erie

(N = 476)

MAT min −7.5 −9.3 −13.7
5th −2.6 −4.4 −9.2

35th 8.8 6.7 2.3
50th 14.3 13.0 10.3
75th 23.5 20.9 21.4
95th 27.4 24.8 25.5
max 28.8 26.5 27.5

Precipitation min 0.8 0.8 0.6
5th 1.3 1.9 1.4

35th 48.1 54.1 5.5
50th 70.5 73.8 42.6
75th 98.0 110.2 73.2
95th 125.3 166.3 122.7
max 195.6 207.0 150.0

Wind
direction min 2.0 1.0 1.0

5th 4.0 7.2 2.8
35th 24.0 21.0 19.0
50th 25.0 23.0 20.5
75th 28.0 26.0 22.8
95th 31.0 29.0 34.3
max 35.0 34.0 36.0

Wind speed min 32.3 36.1 36.2
5th 33.7 37.3 39.3

35th 52.5 52.0 45.1
50th 57.0 60.0 51.0
75th 69.0 74.0 65.0
95th 91.0 95.3 78.5
max 100.0 111.0 100.0

MAT =maximum air temperature, and N = total sample size (only one station used for each water body, to the
exception of Lake St. Clair and Detroit River where the same station was used due to proximity of both water
bodies). Due to some NAs, N = 384 observations for wind direction in Lake Erie, whereas all other climate variables
have N = 476 observations in Lake Erie.

The use of a multivariate regression tree (MRT) analysis helped identify significant non-linear
responses to environmental factors, as well as their interactions, which together accounted for an
additional 25% of the variance in MC congener composition (R2 = 0.34, Figure 4). Among the variables
tested, wind speed was the most important explanatory variable in predicting congener composition
(Figure 4, tree node 1), but temperature, precipitation, and nutrients had significant secondary effects.
When average monthly winds were very stable (maximum wind speed <36 km/hr on average), MC-LR
dominated, followed by MC-RR (Figure 4, node 5). When the wind was relatively stable (maximum
wind speed between 36 and 51 km/hr) coupled with low average monthly precipitation (<1.6 mm),
MC-LR still dominated, followed by MC-RR (Figure 4, node 5). In contrast, when intermediate winds
(36 and 51 km/hr) were coupled with precipitation above 1.6 mm, MC-LA was the main MC encountered,
with more MC-LA than other congeners when temperatures were cooler (<13 ◦C). Under wet but
warmer conditions (≥13 ◦C), MC-LA, -LR, and -RR were generally more abundant when TP was at least
in the mesotrophic range (TP > 8.5 μg/L) (Figure 4, node 8), but MC-LA was greatest when TN was
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below 169 μg/L (Figure S6). Under high wind speeds (maximum wind speed > 51 km/hr), combined
with warm air temperatures (MAT > 14 ◦C on average) and as the direction of wind with the highest
speed changed from southwest to more northern winds, MC-LR once again dominated, especially under
nutrient-rich conditions (TP > 26 μg/L), followed by MC-RR (Figure 4, node 4).

Table 2. Summary statistics of nutrient data (months: April–November, years: 2006–2016) from the
four main water bodies most frequently monitored by OMECP.

Water Source Percentile
L Ontario
(N = 771

n sites = 4)

L St. Clair
(N = 128

n sites = 2)

Detroit R
(N = 30

n site = 1)

L Erie
(N = 195

n sites = 4)

TN min 25.0 79.0 112.0 104.0
5th 180.2 209.0 139.6 170.6
35th 460.0 390.0 320.2 330.0
50th 510.0 490.0 345.0 416.5
75th 610.0 888.0 413.0 576.0
95th 869.8 1982.0 558.8 730.9
max 2896.0 4020.0 1340.0 1244.0

TP min 6.0 6.0 6.0 5.0
5th 12.0 10.0 7.0 7.0
35th 22.0 15.0 11.0 12.0
50th 27.0 18.0 12.0 14.0
75th 39.0 25.0 15.5 19.0
95th 63.0 36.0 28.5 42.2
max 675.0 66.0 179.0 139.0

TN = total nitrogen (μg/L), TP = total phosphorus (μg/L), N = total sample size, and n sites = number of raw water
intake sites within each main water body.

Figure 3. Redundancy analysis of the relationships between the relative abundance of microcystin
congeners (i.e., MCL-A, -LR, -RR, and -YR) and environmental factors (i.e., meteorological conditions,
nutrient concentrations, intake location, and chlorine treatment) from the most frequently sampled
water bodies of the Laurentian Great Lakes basin raw water intake data. Quantitative environmental
factors were scaled and centered to reduce variance prior to analysis. The centroids of the qualitative
variable (categorical variable for chlorine treatment, Yes/No) are shown by the grey diamonds.
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Figure 4. Multivariate regression tree (MRT) of congener relative abundance from the most frequently
sampled water bodies of the Laurentian Great Lakes basin, constrained by meteorological conditions
(MAT =maximum temperature, WindSpeed =maximum wind speed, WindDir = direction of wind
with the highest speed, Precip = precipitation) and nutrient concentrations (TP = total phosphorus).

To tease apart potential effects of geographical location from those of the landscape-scale
environmental gradients, we used univariate mixed-effect regression trees with either the concentration
of MC-LA or -LR, the two most common congeners detected in the region, as the response variables
(the analysis provided similar results when using the relative abundance of MC congeners instead of
absolute concentrations, and although not shown MC-RR behaved as MC-LR). The univariate trees
showed that MC-LR concentrations were highest under warm, high nutrient conditions (Figure 5a)
and that MC-LR concentrations were higher on average in the Bay of Quinte (Figure 5b). In contrast,
MC-LA concentrations were higher on average in Lake St. Clair, and primarily related to wind speed
(Figure 5c,d). The concentrations of both MC congeners, where greatest from 2013 onwards (Figure 5).
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2.2. Global Analysis of the Peer-Reviewed Literature

At the spatial scale of the Great Lakes basin and the surrounding region, we detected significant
heterogeneity in MC congener dominance (notably between MC-LA and MC-LR, -RR) due in part to
environmental variability among water bodies and over time. Within a global context, the synthesis
of studies reporting MC congener data likewise showed a pattern in MC congener occurrence.
In particular, MC-LA was most common in North and South American lakes (Figure 6a, Kruskal–Wallis
test: χ2 = 44.76, p < 0.0001). The lakes sampled in this continent (predominantly the US and Canada)
tended to have a smaller surface area, be shallower in depth, and have lower TP concentrations
than the lakes sampled in the other five continents (Table 3, Figure S7a). MC-LR was more evenly
distributed (Figure 6b, Kruskal–Wallis test: χ2 = 1.73 p = 0.943), though most common in eutrophic
lakes (i.e., intermediate TP range for these sites (Figure S7b)), which corresponded to lakes sampled
in Africa, Asia, Europe, and North America (Figure S7a, Table 3). Lastly, MC-RR and -YR tended
to divide the depth niche space (the former being relatively more abundant in lakes of intermediate
depth, the latter being relatively more abundant in deeper lakes (Figure S7b)).

Figure 6. Summary of global meta-analysis of the peer-reviewed literature (OMECP raw intake
sites were omitted). Boxplot of the percentage of (a) MC-LA and (b) MC-LR in different continents,
where n = number of lakes and N = number of countries in each continent.
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3. Discussion

3.1. Regional Relationship between Congener Occurrence and Environmental Conditions

Our regional analysis of the Laurentian Great Lakes showed that the variability in MC congener
composition across raw water intake sites of Southern Ontario, Canada could be due to differences
in meteorological conditions and lake nutrient status. MC-LA and MC-LR were the most commonly
observed MC congeners in the region, though their dominance was distinct across the landscape
(Figure 1). As environmental conditions changed (lower wind speed, decreased precipitation and
higher temperatures in most recent years (Figures S3,S4)), the relative abundance of MC-LA and MC-LR
also changed (increase proportion of -LA in western locations (Figure 2)), and the concentration of both
MC congeners became increasingly variable among sampling dates from 2013 onwards (Figure S3).
This observation led us to further assess whether environmental factors influenced MC congener
prevalence. Our findings showed that when intermediate winds (average monthly wind speeds
ranging from 36 to 51 km/hr) were coupled with wetter conditions, MC-LA tended to dominate.
These conditions were typical of the raw water intake sites in Lake St. Clair (Figure 5c,d), as well as
along the Detroit River and Lake Erie (Figure 1). In contrast, either weak wind (<36 km/hr), or stronger
winds (>51 km/hr) coupled with warm conditions (>14 ◦C) and nutrient-rich waters (TP > 26 μg/L)
were related to the dominance of MC-LR (and co-dominance of MC-RR). These conditions were typical
of the Bay of Quinte (Figures 1 and 5a,b).

The overriding effect of monthly-averaged wind speed on MC composition in this regional dataset
is noteworthy (Figure 4). Wind speed, through changes in turbulent mixing and water temperature, is
known to affect phytoplankton and cyanobacteria species composition due to differences in buoyancy
regulation and temperature optima [48]. That is, gas-vacuolated species can regulate their buoyancy
and overcome settling to optimize resource acquisition during low wind speeds, strong stratification
and high irradiance [41,49]. Michalak et al. [50] found that the combined effect of calm wind conditions,
reduced lake mixing, increased nutrient loading and increased precipitation may have facilitated a
record-breaking Microcystis bloom in Lake Erie in 2011, and furthermore, predicted increases in the
frequency of such events in the future (50% increase in large storms with precipitation >30 mm under
future climate models). Recently, Kelly et al. [51], found that lower wind speed (≤37 km/hr), combined
with an increase in eutrophication indicators (Chl a, nutrients) and temperature, were associated with
the increased probability of total MC concentrations exceeding drinking water standards (1.5 μg/L) in
the Bay of Quinte. Given the decline in wind speed observed in recent years in the Laurentian Great
Lakes region (Figure S4) and predictions of higher total annual precipitation [52], the increase in MC-LA
dominating blooms may very well continue. However, MC-LA dominance was also observed in a
small Ontario lake with no flushing (i.e., a closed-basin lake with no inflow or outflow [33]). Thus, the
cumulative effect of environmental stressors (wind, precipitation, and nutrients) may vary across the
landscape and interact with other factors such as lake morphometry. Furthermore, threshold wind
speeds for complete mixing of the water column are likely to vary among water bodies and regions.
In some lakes, winds greater than 29 km/hr were required to favour non-buoyant species [53,54],
whereas other systems required stronger winds (>72 km/hr, [41]).

The likely reason for the observed relationship between environmental factors and MC congener
dominance is that different congeners are produced by different cyanobacterial species or strains,
which themselves vary along their ecological niche [55]. MC congener composition has been shown
to vary between and within species (i.e., among strains), and to a lesser extent within strains.
For example, within-strain variation in congener composition has been observed in response to changes
in temperature [56], light availability [57,58] and nitrogen concentrations [59,60]. Different species
may also produce many MC congeners concurrently. For instance, Planktothrix blooms have been
dominated by both MC-LA (North American lakes [61]) and the -RR variant (European lakes [62–65]).
Similarly, Microcystis aeruginosa has been associated with MC-LA dominance in some lakes (North
America [33]) but -LR dominance in others (European lakes [66]).
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A caveat of this regional study is the limitation of raw water intake data in terms of extrapolating
to the surface water conditions. There may be times of the year (e.g., during storm events) when toxins
measured at intake sites are partially or wholly derived from resuspended sediments, and may be less
representative of surface water conditions. This is especially an issue given that MC-LA is more resilient
to degradation and has lower sediment adsorption than MC-LR [32,67]. The differential resuspension
and removal efficiency of MC congeners may thus vary with the depth of intake (greater exchange
between surface and bottom waters in shallow sites). For the sites examined here however, we failed
to detect any significant effect of depth of intake on MC congener composition, and all intake sites
were relatively shallow (<12 m). Instead, we found that the distance from shore was more important
(Figure 2), which may be related to the difference in water currents.

Chlorine treatment and dreissenid mussel occurrence could further decouple MC congener
composition between surface and intake waters. Indeed, many water treatment plants chlorinate
the raw water to serve as a chemical barrier to prevent dreissenid mussel veligers from clogging up
intakes pipes as well as to prevent them from moving into the water treatment plant infrastructure.
In this regional analysis, we detected a weak effect of chlorination on MC congener composition, which
may be driven by the secondary effects of zebra mussel presence. There are reports, for instance in
the US Midwest, of higher MC levels in dreissenid-infested water bodies compared to those without
mussel [47]. This, in turn, may be linked to the changes in nutrient ratios and concentrations created by
the mussels towards N:P ratios more suitable for toxic cyanobacteria growth [47,68–71]. Interestingly,
distance from shore and chlorination were not selected by the MRT analysis. Wind speed and air
temperature (>12 ◦C) were selected instead, though many water treatment plants only chlorinate when
water temperatures exceeded 12 ◦C (i.e., during increased zebra mussel reproduction). Furthermore,
although the effect of distance from shore and chlorine treatment on MC congener composition was
less clear (Figure S8), the concentration of total MC within the four most frequently monitored water
bodies tended to decrease with depth and distance from shoreline (notably so among the intake sites
along Lakes Ontario and Erie (Figure S9a,b)) and increase with chlorination (or presence of zebra
mussels Figure S5d). From a water treatment perspective, we suggest that more work is needed to
determine the effect of chlorination and intake location on total MC concentration and on the relative
composition of MC congeners, which may guide treatment optimization (such as using additional
treatment methods at MC-LA dominated sites).

3.2. Global Relationships between Congener Occurrence and Environmental Conditions

Our meta-analysis of the peer-reviewed literature on MC congener dynamics identified significant
differences in dominance patterns among continents. In general, the relative proportion of MC-LA
was low for the lakes sampled in Africa, Europe, and Asia, but notably greater in lakes sampled in
North and South America (Figure 6a). In contrast, MC-LR was more uniformly observed across sample
sites (Figure 6b). In light of the relationships identified at the regional scale (Great Lakes and the
surrounding region), we explored whether the difference in MC-LA occurrence among continents and
countries was due in part to differences in environmental conditions among locations. We noted that
climate (wind speed) was the most important driver of MC congener composition in the Great Lakes
regions, and concordantly, MC-LA was more common in lakes with smaller surface area (i.e., North
and South American lakes (Figure 6a, Figure S7)), which may modulate climate signals such as wind
exposure [72,73]. We also noted that the effect of nutrients on regional congener composition was
weaker, but still an important driver of MC-LR, with the latter more common at higher nutrient
concentrations (Figure 5a). Similarly, on the global scale, we found that MC-LR was more common
in eutrophic lakes (Figure S7). In general, despite the lack of a standardised protocol among the
studies synthesizes in our meta-analysis, the global-scale relationships between lake morphometry,
nutrient concentrations, and MC congener composition in the water column echoed the regional
patterns observed in the Great Lakes Basin raw water intake data.
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4. Conclusions

At the two geographical scales (regional and global) examined here, we identified strong spatial
heterogeneity in congener composition, explained in part by routinely monitored environmental
conditions. In particular, we found that:

• In the Laurentian Great Lakes, MC-LA was often more prevalent than MC-LR, and its concentration
has increased over the last decade at several sites.

• The more toxic congeners (MC-LA and -LR) occurred under both low nutrient (MC-LA) and high
nutrient (MC-LR) concentrations, while meteorological conditions (wind speed and precipitation)
determined the relative concentration of each.

• Meso-oligotrophic waters with intermediate winds and frequent rain events showed greater
percentage of MC-LA, while low winds or high winds combined with warm, nutrient-rich
conditions showed greater percentage of MC-LR and -RR.

• Environmental conditions and related MC congener dominance were geographically distinct, with
conditions that favoured MC-LA in the western part of our regional study (Lake St. Clair, Detroit
River, and parts of Lake Erie), but windy, warm, eutrophic conditions that favoured MC-LR
observed to the east in Lake Ontario’s Bay of Quinte.

• Globally, MC-LA and MC-LR also showed geographically distinct patterns, with a smaller percentage
of MC-LA in Africa, Europe and Asia, compared to North and South America. These patterns
of MC congener dominance were associated with differences in lake morphometry and nutrient
concentrations: MC-LA tended to be more prevalent in smaller lakes while MC-LR peaked in
eutrophic lakes.

5. Materials and Methods

5.1. Great Lakes Regional Analysis

5.1.1. Analytical Data

Raw water samples were collected by water treatment plant personnel and sent to the Ontario
Ministry of the Environment, Conservation and Parks (OMECP) for chemical analysis. For each raw
water sample, the concentration of total MC (free and intracellular) was quantified by the OMECP
laboratory technicians by isolation on silica gel and analysis by liquid chromatography-electrospray
ionisation tandem mass spectrometry [74]. The concentrations of MC congeners (MC-LR, -RR, -LA,
-YR, -LY, -WR, -HtyR, -HilR, -LW, -LF, and desmethyl-MC-LR, desmethyl-MC-RR) were measured
using an internal standard quantification with multi-point calibration approach [74].

5.1.2. Statistical Analysis

The environmental factors considered as potential drivers of congener composition were
meteorological condition (monthly averages of total precipitation (mm), wind direction (tens of
degrees), wind speed (km/hr), and minimum, maximum and mean air temperature (◦C) from nearby
weather stations, Canadian Daily Climate Database) and nutrient concentrations (total phosphorus
(TP) and total nitrogen (TN) from the raw water samples collected for MC analysis). Due to the
proximity of Lake St. Clair and the Detroit River raw water intake sites (Figure 1), we used the same
meteorological station for both water sources. We also considered the depth and distance from shore of
the intake sites as these variables may track differences in water currents, light, and nutrient availability.
Finally, we tested for any detectable effect of raw water pre-chlorination (used for dreissenid mussel
control) as this may affect the concentration of total MC and MC congener composition (both via the
direct effect of chlorine on the cyclic peptide structure and indirectly via secondary effects on dreissenid
mussels [46,47]). Although the total chlorine concentration in raw water samples was measured by
the OMECP, concentrations were often below detection (only detected in sites along Lake Ontario,
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Lake Erie, and the Detroit River (Figure S5a)). To provide chlorine treatment data for all sample dates
and sites, we thus used a categorical classification to indicate whether chlorination treatment was
confirmed by the water treatment plants (Yes, No or turned Off prior to sample collection (Figure S5b)).
This classification was an accurate indication of chlorine concentrations when detected (i.e., in Lake
Ontario, Lake Erie, and the Detroit River (Figure S5c)). To create a variable that more broadly indicated
chlorination treatment as well as the presence of dreissenid mussels, we grouped the one site where
chlorination was turned off prior to sample collection (Union Water Treatment Plant along Lake Erie)
with sites having continued chlorination.

To examine how the concentrations of all four congeners (MC-LR, -RR, -LA, and -YR) varied with
changes in the environmental factors over time and space, we conducted a multivariate canonical
ordination (redundancy analysis (RDA)) using the rda function from the {vegan} package in R [75].
To test for changes in the relative concentrations of MC congeners, we transformed the response matrix
into relative abundances using the argument “total” of the decostand function. Although RDA examines
the relationship between the multivariate response matrix and the suite of environmental factors,
relationships are restricted to linear regressions. In addition, the method does not allow for missing
data. We thus removed observations with missing environmental data prior to running the RDA.

Given that the RDA only tests for linear relationships between the multivariate response matrix
and environmental drivers, we coupled this analysis with a multivariate regression tree (MRT, function
mvpart in R [76,77]), which allows for non-linear and threshold responses [78]. In addition, MRTs allow
for missing data. We used the cross-validation relative error (CVRE), which is the ratio of the variation
unexplained by the tree to the total variation in the response, as the criterion for selecting the most
parsimonious tree (i.e., the tree with the least splits whose CVRE value is within one standard error of
the tree with the lowest CVRE [79]).

To further test whether similarity in meteorological and nutrient parameters among sites of closer
proximity (Figure 1) could lead to the dominance of any particular MC congener, we ran a linear mixed
effect regression tree (using the {glmertree} package in R [80]) with a random effect for year and site
(main water body). By teasing apart the effect of co-location, this additional analysis evaluated whether
the relationships observed with the multivariate regression tree on all sites and years were biased by
the sampling design.

Lastly, to identify which congener was most often associated with which water body, we conducted
an indicator species analysis using the indicator value index (function indval of the {labdsv} package [81]).
Briefly, indval measures the fidelity and specificity of a “species” (congener) to a group (water body).
Where specificity is defined as the mean abundance of the species within the targeted group compared
to its mean abundance across all groups, and fidelity is the proportion of sites of the targeted group
where the species is present [82]. The index is thus maximized when a species (congener) is observed
at all sites belonging to a single group (water body), and not elsewhere [76].

5.2. Global Analysis

To assess the patterns in MC congener composition across many regions, we conducted a
synthesis of published literature that provided MC congeners concentration data from freshwater lakes
and reservoirs. Specifically, we conducted an ISI Web of Science and Google Scholar search using
the keywords “microcystin”, “congener”, “cyanotoxin”, “cyanobacteria”, “lake”, “eutrophication”,
“microcystin-LA”, “MC-LA”, “microcystin-LR” and/or “MC-LR” published between 2000 and 2017.
We screened the studies using the criteria that: 1) Concentrations of MC congeners were measured
(i.e., not just total MCs), 2) MC-LR, -LA, -RR and -YR were quantified (i.e., the use of the relevant
standards was mentioned), and 3) data tables or graphs from which the raw data could be digitized
were provided in each publication. A total of 146 sites which covered all continents (to the exception of
Antarctica) met these search criteria (Table S1). Most studies presented their data as concentrations in
the water column (μg/L), while some presented their data as seston content (g/dry weight). To analyze
both types of concentration data, we calculated the composition as percentages of total MCs reported.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/11/620/s1,
Figure S1: Bar plot of average MC-congener concentrations across each main water body, Figure S2: Bar plots
of yearly averaged (2006-2016) MC congener concentrations across each main water body, Figure S3: Boxplots
of concentrations of MC–LA, MC–LR, total phosphorus (TP) and total nitrogen (TN) from the most frequently
sampled water bodies, Figure S4: Boxplots of weather conditions from weather stations nearest to the most
frequently sampled water bodies, Figure S5: Summary of chlorination treatment and chlorine concentration of the
OMECP raw water intake sites, Figure S6: Multivariate regression tree (MRT) of congener relative abundance
across the most frequently sampled water bodies of the Laurentian Great Lakes basin (excluding Total Phosphorus),
Figure S7: Summary of microcystin data (boxplots and scatterplots) from the global dataset, Figure S8: Relationship
between congener composition and raw water intake location and water treatment plant chlorination status,
Figure S9: Relationship between total MC concentration and location of raw water intake sites, Table S1: Summary
of microcystin literature review.
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Temperature effects explain continental scale distribution of cyanobacterial toxins. Toxins 2018, 10, 156.
[CrossRef] [PubMed]

13. Huisman, J.M.; Matthijs, H.C.P.; Visser, P.M. Harmful Cyanobacteria; Springer: Dordrecht, The Netherlands, 2005.
14. Miller, M.A.; Kudela, R.M.; Mekebri, A.; Crane, D.; Oates, S.C.; Tinker, M.T.; Hardin, D. Evidence for a

novel marine harmful algal nloom: Cyanotoxin (microcystin) transfer from land to sea otters. PLoS ONE
2010, 5, e12576. [CrossRef] [PubMed]

15. Lévesque, B.; Gervais, M.C.; Chevalier, P.; Gauvin, D.; Anassour-Laouan-Sidi, E.; Gingras, S.; Fortin, N.;
Brisson, G.; Greer, C.; Bird, D. Prospective study of acute health effects in relation to exposure to cyanobacteria.
Sci. Total Environ. 2013, 466, 397–403. [CrossRef] [PubMed]

16. Carmichael, W.W. Cyanobacterial secondary metabolites–the cyanotoxins. J. Appl. Bacteriol. 1992, 72, 445–459.
[CrossRef]

17. Ueno, T.; Nagata, S.; Tsutsumi, T.; Hasegawa, A.; Yoshida, F.; Suttajit, M.; Mebs, D.; Putsch, M.; Vasconcelos, V.
Detection of microcystins, a blue-green algal hepatotoxin, in drinking water sampled in Haimen and
Fusui, endemic areas of primary liver cancer in China, by highly senstive immunoassay. Carcinogenesis
1996, 17, 1317–1321. [CrossRef]

18. Carmichael, W.W. The cyanotoxins. Adv. Bot. Res. 1997, 27, 211–256.
19. Zhang, F.; Lee, J.; Shum, C.K. Cyanobacteria blooms and non-alcoholic liver disease: Evidence from a county

level ecological study in the United States. Environ. Health 2015, 14, 41. [CrossRef]
20. Sotton, B.; Guillard, J.; Anneville, O.; Maréchal, M.; Savichtcheva, O.; Domaizon, I. Trophic transfer of

microcystins through the lake pelagic food web: Evidence for the role of zooplankton as a vector in fish
contamination. Sci. Total Environ. 2014, 466, 152–163. [CrossRef]

21. Ettoumi, A.; El Khalloufi, F.; El Ghazali, I.; Oudra, B.; Amrani, A.; Nasri, H.; Bouaïcha, N. Bioaccumulation
of cyanobacterial toxins in aquatic organisms and its consequences for public health. In Zooplankton and
Phytoplankton: Types, Characteristics and Ecology; Kattel, G., Ed.; Nova Science Publishers, Inc.: New York, NY,
USA, 2011.

22. Hardy, F.J.; Johnson, A.; Hamel, K.; Preece, E.P. Cyanotoxin bioaccumulation in freshwater fish, Washington
state, USA. Environ. Monit. Assess. 2015, 187, 667. [CrossRef]

23. Chorus, I. Cyanotoxin occurrence in freshwaters: A summary of survey results from different countries.
In Cyanotoxins: Occurrence, Causes, Consequences; Springer: Berlin, Germany, 2001.

24. Graham, J.L.; Loftin, K.A.; Meyer, M.T.; Ziegler, A.C. Cyanotoxin mixtures and taste and odour compounds
in cyanobacterial blooms from the Midwestern United States. Environ. Sci. Technol. 2010, 44, 7361–7368.
[CrossRef]

25. Jones, G.J.; Falconer, I.F.; Wilkins, R.M. Persistence of cyclic peptide toxins in dried cyanobacterial crusts
from Lake Mokoan, Australia. Environ. Toxicol. Water Qual. 1995, 10, 19–24. [CrossRef]

26. Falconer, I.; Bartram, J.; Chorus, I.; Kuiper-Goodman, T.; Utkilen, H.; Burch, M.; Codd, G. Safe levels
and practices. In Toxic Cyanobacteria in Water, A Guide to Their Public Health Consequences, Monitoring and
Management, Chorus, I., Bartam, J., Eds.; E & FN Spon: London, UK, 1999; pp. 155–178.

27. Srivastava, A.; Choi, G.G.; Ahn, C.Y.; Oh, H.M.; Ravi, A.K.; Asthana, R.K. Dynamics of microcystin production
and quantification of potentially toxigenic Microcystis sp. using real-time PCR. Water Res. 2012, 46, 817–827.
[CrossRef] [PubMed]

28. Monchamp, M.-E.; Pick, F.R.; Beisner, B.E.; Maranger, R. Nitrogen forms influence microcystin concentration
and composition via changes in cyanobacterial community structure. PLoS ONE 2014, 9, e85573. [CrossRef]
[PubMed]

29. Zastepa, A.; Taranu, Z.E.; Kimpe, L.E.; Blais, J.M.; Gregory-Eaves, I.; Pick, F.R. Reconstructing a long-term
record of microcystins from the analysis of lake sediments. Sci. Total Environ. 2017, 579, 893–901. [CrossRef]
[PubMed]

30. Health Canada. Guidelines for Canadian Drinking Water Quality: Guideline Technical
Document-Cyanobacterial Toxins. 2018. Available online: https://www.canada.ca/en/health-canada/services/
publications/healthy-living/guidelines-canadian-drinking-water-quality-guideline-technical-document-
cyanobacterial-toxins-document.html (accessed on 25 October 2019).

31. Chorus, I.; Bartram, J. Toxic Cyanobacteria Water: A Guide Public Health Conseq. Monitoring. Manag.; E.&FN
Spon: London, UK, 1999.

37



Toxins 2019, 11, 620

32. Newcombe, G.; Cook, D.; Brooke, S.; Ho, L.; Slyman, N. Treatment options for microcystin toxins: Similarities
and differences between variants. Environ. Technol. 2003, 24, 299–308. [CrossRef] [PubMed]

33. Zastepa, A.; Pick, F.R.; Blais, J. Fate and persistence of particulate and dissolved microcystin-LA from
Microcystis blooms. Hum. Ecol. Risk Assess. 2014, 20, 1670–1686. [CrossRef]

34. Namikoshi, M.; Rinehart, K.L.; Sakai, R.; Stotts, R.R.; Dahlem, A.M.; Beasley, V.R.; Carmichael, W.W.;
Evans, W.R. Identification of 12 hepatotoxins from a Homer Lake bloom of the cyanobacteria Microcystis
aeruginosa, Microcystis viridis, and Microcystis wesenbergii: Nine new microcystins. J. Org. Chem.
1992, 57, 866–872. [CrossRef]

35. Namikoshi, M.; Sun, F.; Choi, B.W.; Rinehart, K.L.; Carmichael, W.W.; Evans, W.R.; Beasley, V.R. Seven more
microcystins from Homer Lake cells: Application of the general method for structure assignment of peptides
containing α,β-dehydroamino acid unit(s). J. Org. Chem. 1995, 60, 3671–3679. [CrossRef]

36. Puddick, J.; Prinsep, M.R.; Wood, S.A.; Kaufononga, S.A.; Cary, S.C.; Hamilton, D.P. High levels of structural
diversity observed in microcystins from Microcystis CAWBG 11 and characterization of six new microcystin
congeners. Mar. Drug. 2014, 12, 5372–5395. [CrossRef]

37. Ibelings, B.W.; Backerb, L.C.W.; Kardinaa, E.A.; Chorus, I. Current approaches to cyanotoxin risk assessment
and risk management around the globe. Harmful Algae 2014, 40, 63–74. [CrossRef]

38. Fischer, A.; Hoeger, S.J.; Stemmer, K.; Feurstein, D.J.; Knobeloch, D.; Nussler, A.; Dietrich, D.R. The role of
organic anion transporting polypeptides (OATPs/SLCOs) in the toxicity of different microcystin congeners
in vitro: A comparison of primary human hepatocytes and OATP-transfected HEK293 cells. Toxicol. Appl.
Pharm. 2010, 245, 9–20. [CrossRef] [PubMed]

39. Jetoo, S.; Grover, V.I.; Krantzberg, G. The Toledo drinking water advisory: Suggested application of the water
safety planning approach. Sustainability 2015, 7, 9787–9808. [CrossRef]

40. Jones, G.J.; Orr, P. Release and degradation of microcystin following algicide treatment of a Microcystis
aeruginosa bloom in a recreational lake, as determined by HPLC and protein phosphatase inhibition assay.
Water Res. 1994, 28, 871–876. [CrossRef]

41. Walsby, A.E.; Hayes, P.K.; Boje, R.; Stal, L.J. The selective advantage of buoyancy provided by gas vesibles
for planktonic cyanobacteria in the Baltic Sea. New Phytol. 1997, 136, 407–417. [CrossRef]

42. Wagner, C.; Adrian, R. Cyanobacteria dominance: Quantifying the effects of climate change. Limnol. Oceanogr.
2009, 54, 2460–2468. [CrossRef]

43. Posch, T.; Köster, O.; Salcher, M.M.; Pernthaler, J. Harmful filamentous cyanobacteria favoured by reduced
water turnover with lake warming. Nat. Clim. Chang. 2012, 2, 809–813. [CrossRef]

44. Downing, J.A.; Watson, S.B.; McCauley, E. Predicting cyanobacteria dominance in lakes. Can. J. Fish. Aquat.
Sci. 2001, 58, 1905–1908. [CrossRef]

45. Dolman, A.M.; Rücker, J.; Pick, F.R.; Fastner, J.; Rohrlack, T.; Mischke, U.; Wiedner, C. Cyanobacteria and
cyanotoxins: The influence of nitrogen versus phosphorus. PLoS ONE 2012, 7, e38757. [CrossRef]

46. Rosenblum, L.; Zaffiro, A.; Adams, W.A.; Wendelken, S.C. Effect of chlorination by-producs on the quantitation
of microcystins in finished drinking water. Toxicon 2017, 138, 138–144. [CrossRef]

47. Knoll, L.B.; Sarnelle, O.; Hamilton, S.K.; Kissman, C.E.H.; Wilson, A.E.; Rose, J.B.; Morgan, M.R. Invasive
zebra mussels (Dreissena polymorpha) increase cyanobacterial toxin concentrations in low-nutrient lakes.
Can. J. Fish. Aquat. Sci. 2008, 65, 448–455. [CrossRef]

48. Jöhnk, K.D.; Huisman, J.; Sharples, J.; Sommeijer, B.; Visser, P.M.; Strooms, J.M. Summer heatwaves promote
blooms of harmful cyanobacteria. Glob. Chang. Biol. 2008, 14, 495–512. [CrossRef]

49. Dokulil, M.T.; Teubner, K. Cyanobacterial dominance in lakes. Hydrobiol. 2000, 438, 1–12. [CrossRef]
50. Michalak, A.M.; Anderson, E.J.; Beletsky, D.; Boland, S.; Bosch, N.S. Record-setting algal bloom in Lake Erie

caused by agricultural and meteorological trends consistent with expected future conditions. Proc. Natl.
Acad. Sci. USA 2013, 110, 6448–6452. [CrossRef] [PubMed]

51. Kelly, N.E.; Javed, A.J.; Shimoda, Y.; Zastepa, A.; Watson, S.; Mugalingam, S.; Arhonditsis, G.B. A Bayesian
risk assessment framework for microcystin violations of drinking water and recreational standards in the
Bay of Quinte, Lake Ontario, Canada. Water Res. 2019, 162, 288–301. [CrossRef] [PubMed]

52. Bartolai, A.M.; He, L.; Hurst, A.E.; Mortsch, L.; Paehlke, R.; Scavia, D. Climate change as a driver of change
in the Great Lakes St. Lawrence River basin. J. Great Lakes Res. 2015, 41, 45–58. [CrossRef]

53. Webster, I.T.; Hutchinson, P.A. Effects of wind on the distribution of phytoplankton cells in lakes-revisited.
Limnol. Oceanogr. 1994, 39, 365–373. [CrossRef]

38



Toxins 2019, 11, 620

54. Šejnohová, L.; Maršálek, B.; Microcystin. Ecology of Cyanobacteria II: Their Diversity in Space and Time;
Whitton, B.A., Ed.; Springer: Berlin/Heidelberg, Germany, 2012; pp. 195–228.

55. Tromas, N.; Taranu, Z.E.; Martin, B.D.; Willis, A.; Fortin, N.; Greer, C.W.; Shapiro, B.J. Niche separation
increases with genetic distance among bloom-forming cyanobacteria. Front. Microbiol. 2018. [CrossRef]

56. Amé, M.; Wunderlin, D. Effects of iron, ammonium and temperature on microcystin content by a natural
concentrated Microcystis aeruginosa population. Water Air Soil Pollut. 2005, 168, 235–248. [CrossRef]

57. Tonk, L.; Visser, P.M.; Christiansen, G.; Dittmann, E.; Snelder, E.O.F.M.; Wiedner, C.; Mur, L.R.; Huisman, J.
The microcystin composition of the cyanobacterium Planktothrix agardhii changes toward a more toxic variant
with increasing light intensity. Appl. Environ. Microbiol. 2005, 71, 5177–5181. [CrossRef]

58. Agha, R.; Cirés, S.; Wömer, L.; Quesada, A. Limited stability of microcystins in oligopeptide compositions of
Microcystis aeruginos (Cyanobacteria): Implications in the definition of chemotypes. Toxins 2013, 5, 1089–1104.
[CrossRef]

59. Van de Waal, D.B.; Ferreruela, G.; Tonk, L.; Van Donk, E.; Huisman, J.; Visser, P.M.; Matthijs, H.C. Pulsed
nitrogen supply induces dynamic changes in the amino acid composition and microcystin production of the
harmful cyanobacterium Planktothrix agardhii. FEMS Microbiol. Ecol. 2010, 74, 430–438. [CrossRef] [PubMed]

60. Puddick, J.; Prinsep, M.R.; Wood, S.A.; Cary, S.C.; Hamilton, D.P. Modulation of microcystin congener
abundance following nitrogen depletion of a Microcystis batch culture. Aquat. Ecol. 2016, 50, 235–246.
[CrossRef]

61. Rinta-Kanto, J.M.; Wilhelm, S.W. Diversity of microcystin-producing cyanobacteria in spatially isolated
regions of Lake Erie. Appl. Environ. Microbiol. 2006, 72, 5083–5085. [CrossRef] [PubMed]

62. Kutovaya, O.A.; McKay, R.M.L.; Beall, B.F.N.; Wihlem, S.W.; Kane, D.D.; Chaffin, J.D.; Bridgeman, T.B.;
Bullerjahn, G.S. Evidence against fluvial seeding of recurrent toxic blooms of Microcystis spp. in Lake Erie’s
Western basin. Harmful Algae 2012, 15, 71–77. [CrossRef]

63. Rohrlack, T.; Bente, E.; Skulberg, R.; Halstvedt, C.B.; Utkilen, H.C.; Ptacnik, R.; Skulberg, O.M. Oligopeptide
chemotypes of the toxic freshwater cyanobacterium Planktothrix can form sub-populations with dissimilar
ecological traits. Limnol. Oceanogr. 2008, 53, 1279–1293. [CrossRef]

64. Bogialli, S.; di Gregorio, F.N.; Lucentini, L.; Ferretti, E.; Ottaviani, M.; Ungaro, N.; Cannarozzi de Grazia, M.
Management of a toxic cyanobacterium bloom (Planktothrix rubescens) affecting an Italian drinking water
basin: A case study. Environ. Sci. Technol. 2013, 47, 574–583. [CrossRef] [PubMed]

65. Ferranti, P.; Fabbrocino, S.; Chiaravalle, E.; Bruno, M.; Adriana Basile, A.; Serpe, L.; Gallo, P. Profiling
microcystin contamination in a water reservoir by MALDI-TOF and liquid chromatography coupled to
Q/TOF tandem mass spectrometry. Food Res. Int. 2013, 54, 1321–1330. [CrossRef]

66. Van de Waal, D.B.; Verspagen, J.M.; Lürling, M.; Van Donk, E.; Visser, P.M.; Huisman, J. The ecological
stoichiometry of toxins produced by harmful cyanobacteria: An experimental test of the carbon-nutrient
balance hypothesis. Ecol. Lett. 2009, 12, 1326–1335. [CrossRef]

67. Zastepa, A.; Pick, F.; Blais, J.M. Distribution and flux of microcystin congeners in lake sediments. Lake Res.
Manag. 2017, 33, 444–451. [CrossRef]

68. Conroy, J.D.; Edwards, W.J.; Pontius, R.A.; Kane, D.D.; Zhang, H.; Shea, J.F.; Richey, J.N.; Culver, D.A. Soluble
nitrogen and phosphorus excretion of exotic freshwater mussels (Dreissena spp.): Potential impacts for
nutrient remineralization in western Lake Erie. Freshw. Biol. 2005, 50, 1146–1162. [CrossRef]

69. Bykova, O.; Laursen, A.; Bostan, V.; Bautista, J.; McCarthy, L. Do zebra mussels (Dreissena polymorpha)
alter lake water chemistry in a way that favors Microcystis growth? Sci. Total Environ. 2006, 371, 362–372.
[CrossRef] [PubMed]

70. Sarnelle, O.; White, J.D.; Horst, G.P.; Hamilton, S.K. Phosphorus addition reverses the positive effect
of zebra mussels (Dreissena polymorpha) on the toxic cyanobacterium, Microcystis aeruginosa. Water Res.
2011, 46, 3471–3478. [CrossRef] [PubMed]

71. Harris, T.D.; Wilhelm, F.; Graham, J.L.; Loftin, K.A. Experimental manipulation of TN:TP ratios suppress
cyanobacterial biovolume and microcystin concentration in large-scale in situ mesocosms. Lake Res. Menag.
2014, 30, 72–83. [CrossRef]

72. Kalff, J. Limnology: Inland Water Ecosystems; Upper: Saddle River, NJ, USA, 2002.
73. Håkanson, L.A. Manual of Lake Morphometry; Springer: Berlin, Germany, 1981.
74. Ortiz, X.; Korenkova, E.; Jobst, K.J.; MacPherson, K.A.; Reiner, E.J. A high throughput targeted and

non-targeted method for the analysis of microcystins and anatoxin-A using on-line solid phase extraction

39



Toxins 2019, 11, 620

coupled to liquid chromatography-quadrupole time-of-flight high resolution mass spectrometry. Anal.
Bioanal. Chem. 2017, 409, 4959–4969. [CrossRef]

75. Oksanen, J.; Blanchet, F.G.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.; Minchin, P.R.; O’Hara, R.B.;
Simpson, G.L.; Solymos, P.; et al. vegan: Community Ecology Package. R package, version 2.5-4. 2019.
Available online: https://CRAN.R-project.org/package=vegan (accessed on 25 October 2019).

76. Legendre, P.; Legendre, L.F. Numerical Ecology; Elsevier: Amsterdam, The Netherlands, 2002; pp. 209–213.
77. Therneau, T.M.; Atkinson, B. mvpart: Multivariate partitioning. R package, version 1.6-2. 2014. Available

online: https://CRAN.R-project.org/package=mvpart (accessed on 25 October 2019).
78. Ouellette, M.-H.; Legendre, P. MVPARTwrap: Additional features for package mvpart. R package, version

0.1-9.2. 2013. Available online: https://CRAN.R-project.org/package=MVPARTwrap (accessed on 25 October
2019).

79. De’Ath, G. Multivariate regression trees: A new technique for modeling species–environment relationships.
Ecology 2009, 83, 1105–1117.

80. Fokkema, M.; Smits, N.; Zeileis, A.; Hothorn, T.; Kelderman, H. Detecting Treatment-Subgroup Interactions
in Clustered Data with Generalized Linear Mixed-Effects Model Trees. Working Papers in Economics and
Statistics, Research Platform Empirical and Experimental Economics, Universitaet Innsbruck. Available
online: http://EconPapers.RePEc.org/RePEc:inn:wpaper:2015-10 (accessed on 25 October 2019).

81. Dufrêne, M.; Legendre, P. Species assemblages and indicator species: The need for a flexible asymmetrical
approach. Ecol. Monogr. 1997, 67, 345–366. [CrossRef]

82. Borcard, D.; Gillet, F.; Legendre, P. Numerical Ecology with R, 2nd ed.; Springer: Berlin/Heidelberg, Germany,
2018; p. 453.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

40



toxins

Review

Microcystin Incidence in the Drinking Water of
Mozambique: Challenges for Public
Health Protection

Isidro José Tamele 1,2,3 and Vitor Vasconcelos 1,4,*

1 CIIMAR/CIMAR—Interdisciplinary Center of Marine and Environmental Research, University of Porto,
Terminal de Cruzeiros do Porto, Avenida General Norton de Matos, 4450-238 Matosinhos, Portugal;
isitamele@gmail.com

2 Institute of Biomedical Science Abel Salazar, University of Porto, R. Jorge de Viterbo Ferreira 228,
4050-313 Porto, Portugal

3 Department of Chemistry, Faculty of Sciences, Eduardo Mondlane University, Av. Julius Nyerere, n 3453,
Campus Principal, Maputo 257, Mozambique

4 Faculty of Science, University of Porto, Rua do Campo Alegre, 4069-007 Porto, Portugal
* Correspondence: vmvascon@fc.up.pt; Tel.: +351-223-401-817; Fax: +351-223-390-608

Received: 6 May 2020; Accepted: 31 May 2020; Published: 2 June 2020

Abstract: Microcystins (MCs) are cyanotoxins produced mainly by freshwater cyanobacteria, which
constitute a threat to public health due to their negative effects on humans, such as gastroenteritis and
related diseases, including death. In Mozambique, where only 50% of the people have access to safe
drinking water, this hepatotoxin is not monitored, and consequently, the population may be exposed
to MCs. The few studies done in Maputo and Gaza provinces indicated the occurrence of MC-LR,
-YR, and -RR at a concentration ranging from 6.83 to 7.78 μg·L−1, which are very high, around 7 times
above than the maximum limit (1 μg·L−1) recommended by WHO. The potential MCs-producing in
the studied sites are mainly Microcystis species. These data from Mozambique and from surrounding
countries (South Africa, Lesotho, Botswana, Malawi, Zambia, and Tanzania) evidence the need to
implement an operational monitoring program of MCs in order to reduce or avoid the possible cases
of intoxications since the drinking water quality control tests recommended by the Ministry of Health
do not include an MC test. To date, no data of water poisoning episodes recorded were associated
with MCs presence in the water. However, this might be underestimated due to a lack of monitoring
facilities and/or a lack of public health staff trained for recognizing symptoms of MCs intoxication
since the presence of high MCs concentration was reported in Maputo and Gaza provinces.

Keywords: drinking water quality; microcystin; Mozambique; public health

Key Contribution: This review will contribute to the implementation of an operational monitoring
program of MCs in order to reduce or avoid the possible cases of intoxications since the drinking
water quality monitoring protocol recommended by the Ministry of Health does not include MC tests.

1. Introduction

Mozambique (Figure 1) is a country located in southeastern Africa (10◦30′–26◦52′ S and
40◦50′–30◦31′ E) covering a total land area of 800,000 km2. It is bathed by the Indian Ocean in
the east and makes borders with Tanzania in the north; Malawi and Zambia in the northwest;
Zimbabwe in the west and Swaziland and South Africa in the southwest.

Toxins 2020, 12, 368; doi:10.3390/toxins12060368 www.mdpi.com/journal/toxins41
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Figure 1. Map of Mozambique. Red points or lines indicate the sites where Microcystin (MC) or MC
producers were detected in Mozambique, and in near sites or in the shared rivers with Mozambique,
Green points indicate the water sources or water treatment centers.

According to IV populational census carried out in 2017, this country has 29.67 million habitants
distributed in 11 provinces [1]. The climate of Mozambique varies from subtropical climates (north and
center) to dry arid (south) [2]. Like many African countries, Mozambique is highly vulnerable to climate
variability and extreme weather events (droughts, floods, and tropical cyclones) [3]. Droughts are
the most frequent natural disaster that have a negative impact on the population that reside in these
rural areas [4]. The location of Mozambique in the coastal area makes it vulnerable to floods since
many transnational river basins end [2]. Unfortunately, only 50% of the population has access to
“safe drinking water”. Urban areas are the most favored, with 80%, while rural and most of the
population have only 35% coverage and consume untreated water daily from rivers, lakes, and small
puddles that form after or during the rain [5–7], putting at risk public health.

Eutrophication of freshwater resources may lead to the occurrence of cyanobacterial blooms
and the presence of cyanotoxins, being microcystins (MC), the most common toxins worldwide [8].
The presence of MC in untreated drinking water is a major threat to public health because this potent
cyanotoxin causes hepatotoxicity in humans. Thus, this review evaluates the incidence of MC and its
producers in drinking water bodies of Mozambique, based on reported and available data and the
estimated human illness case numbers and associated economic damage caused by Microcystin both
overall globally, and in Mozambique—Africa. Recommendations for routine control and monitoring of
MC will also be done since this hepatotoxin is not included in water control tests data in Mozambique.
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2. Microcystin-Producing Species and Toxicology

2.1. Microcystin-Producing Species

MCs are secondary metabolites produced by cyanobacteria species that occur naturally (but it
can be increased severely by human activities) in freshwater environments. The most reported
cyanobacteria species, which produce MCs are listed in Table 1 and include species of the families
Microcystaceae, Nostocaceae, Microcoleaceae, Oscillatoriaceae, Pseudanabaenaceae (Table 1). The occurrence
and development of a particular genus and species of cyanobacteria and cyanotoxins production
worldwide seem to be conditioned to water chemistry and climate conditions [8]. In a temperate
climate, Microcystis and Anabaena blooms occur widely while Cylindrospermopsis develops in tropical
regions [9]. There are toxic and non-toxic cyanobacteria of the same species, which may be found
together [8,10,11]. Toxic cyanobacteria can produce several toxins with different toxicity making it
uncertain to assess the overall toxicity of bloom due to the variations of toxins concentration spatially
and seasonally [12]. To distinguish toxic and non-toxic cyanobacteria species is very complicated,
and consequently, the methods used are also complex. It implicates that the prevention of cyanobacteria
bloom development is a suitable way to control toxic blooms [13,14].

Table 1. Microcystin-producing species detected in freshwater bodies.

Order Family Species

Chroococcales Microcystaceae
Microcystis sp. [15], M. aeruginosa [16–26], M. viridis [20,24],
M. wesenbergii [25,27], M. spp. [28,29], M. ichthyoblabe [25]

and Synechocystis sp. [25]

Nostocales Nostocaceae
Anabaena spp. [29,30], A. flos-aquae [23,27], A. sp. [15,31],

A. subcylindrica [32], A, variables [32], Nostoc sp. [27],
Aphanizomenon flos-aquae [23,29,33] and A. circinalis [34]

Oscillatoriales

Microcoleaceae Planktothrix prolifica [24] and P. agardhii [29]

Oscillatoriaceae
Oscillatoria agardhii [35], O. limosa [36], O. chlorina [25],

Phormidium konstantinosum (O. tenuis) [36], P. corium [32]
and Plectonema boryanum [32]

Synechococcales
Merismopediaceae Synechocystis aquatilis f. salina [37] and Aphanocapsa cumulus [38]

Pseudanabaenaceae Pseudanabaena mucicola [25] and P. galeata [25]

The factors that promote the MC synthesis are not yet clearly understood, however, the optimal
growth of MC-producing species and toxicity seem influenced by light intensity, nutrients,
and temperature, among other factors. For example, the higher toxicity of M. aeruginosa extracts
was verified in extreme pH values [39,40], and heavy metals such as Zinc and Iron did not influence
the M. aeruginosa toxicity [41]. The content of nitrogen and phosphorus influenced the toxicity of
M. aeruginosa extracts. Low nitrogen content reduces the M. aeruginosa toxicity, while low phosphorous
increased the toxicity in the natural population [42,43] and reduced in lab experiments [16,21,44,45].
Another lab conclusion was the correlation of colony size and content of toxic cyclic heptapeptide of the
non-axenic strain of M. viridis and axenic M. viridis was also verified [20,46,47]. In general, the optimal
temperature for which MC-producing species produce MC ranged from 20 to 25 ◦C [21,40,48,49].
This range of optimal temperature suggests that cyanobacteria blooms are most toxic during periods
with warm weather and in areas with warm climates [8].

2.2. Toxicology

Microcystins (Figure 2) are the largest diverse group of cyanobacterial toxins, and to date,
more than 240 MCs analogs are known, and they vary structurally in terms of the degree of methylation,
hydroxylation, epimerization, peptide sequence, and consequently in their toxic effects [50–52].
Chemically, MC is a group of monocyclic heptapeptides (numbered in Figure 2) containing both D-
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and L-amino acids plus N-methyldehydroalanine (Mdha) and a unique β-amino acid side-group,
3-amino-9-methoxy-2-6,8-trymethyl-10-phenyldeca-4,6-dienoic acid (Adda) and their analogs differ
among them, at the two L-amino acids and on the methyl groups on D-erythro-β-methylaspartic acid
(D-MeAsp) and Mdha with molecular weight varying from 900 to 1100 Daltons. MC-LR, MC-RR,
and MC-YR are common MC variants, the letters L, R, and Y represent the aminoacids leucine, arginine,
and tyrosine, which appear on the MC molecule in different combinations [50,53–58] being MC-LR the
most studied. The biosynthesis of this group of cyanotoxin is regulated by non-ribosomal peptide
synthetase and polyketide synthase domains, being MCyS the gene cluster, which has been sequenced
and partially characterized in several cyanobacterial species of the family Microcystaceae, Nostocaceae,
Microcoleaceae, Oscillatoriaceae, Merismopediacea, and Pseudanabaenacea [16–38,59,60]

Figure 2. General chemical structure of microcystins. The common MC variant is MC-LR when X and
Y correspond to L-Leu and L-Arg.

The mechanism of MCs toxicity seems to be well understood. They bind to serine/threonine-specific
protein phosphatases (PPs) such as PP1 and PP2A, inhibiting their activity [61–63]. Adda moiety
(Figure 1) plays an important role in the MC toxicity group since its isomerization and/or oxidation
reduces the toxicity [64,65]. The inhibition of PP1and PP2A as a result of MC acute exposure causes
excessive protein phosphorylation, alterations in the cytoskeleton, loss of cell shape, and consequently
destruction of liver cells leading to intrahepatic hemorrhage or hepatic insufficiency [58]. Oxidative stress
increasing in cells and consequent apoptosis, which can cause tumor promotion, is another mechanism
of MC toxicity [66–68].

3. Effects of Microcystin in Humans, Symptoms, and Treatment

Microcystin effects in humans depend on the time of exposure and concentration ingested [69],
and the studies are based on epidemiologic data but the reported studies on laboratory animals.
Human health problems are mostly caused by chronic exposure by consumption of contaminated
water or food, dermal exposure, or inhalation [57]. MC human poisoning episodes were reported in
different parts of the world after the consumption of contaminated water or during sport or recreational
activities [59,70–72]. Some examples of MC human poisoning cases are described; America—in 1996,
an episode of human intoxications by MC was reported in Brazil with more than 76 deaths of patients
at two dialysis centers in Caruaru. The municipal water supplied to the dialysis centers was the
source of MC [71,73–75]. In Argentina, a human poisoning caused by MC involving a young man
after immersion in an intense bloom Microcystis sp lake during sport and recreational activities
were recorded. Four hours after exposure, the patient showed nausea, abdominal pain, and fever,
and 48.6 μg·L−1 of microcystin-LR was detected in the water samples [76]. Other cases were recorded
in Uruguay (January 2015) involving a 20-month-old child and her family during recreational activities.
These victims were admitted to the hospital with diarrhea, vomiting, fatigue, and jaundice and
the analysis confirmed the presence of MC-LR (2.4 ng·g−1 tissue) and [D-Leu1]MC-LR (75.4 ng·g−1

tissue) explanted liver [77]. Africa—toxic cyanobacteria suspected intoxication cases were reported in
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Zimbabwe involving children that were hospitalized in the Hospital of Harare with gastroenteritis
symptoms [78]. In Europe—121 people presented abdominal pain, nausea, vomiting, diarrhea, fever,
headaches, and muscle pain after consumption of untreated water from the River Kavlingean in
Sweden. In this case a bloom of MC—producing such as Planktothrix agardhii and Microcystis spp. was
observed in the river [79]. The most affected human organ is the liver [57]. However, in vivo and
in vitro studies indicated that the kidney and colon are also affected [80–85]. The symptoms generally
reported in humans due to the MC intoxication include gastroenteritis and related diseases, allergic and
irritation reactions, liver diseases, tumors, and primary liver cancer and colorectal cancers, and massive
hepatic hemorrhage. MC human poisoning treatment is very complicated due to the rapid, irreversible,
and severe liver damage [86], however, gastric lavage [87], administration of monoclonal antibodies
against MC-LR [88], immunosupressant Cyclosporine A, antibiotic rifampin [89], and membrane-active
antioxidant vitamin E, taken as a dietary supplement [90] are recommended.

4. Microcystin Detection and Monitoring in Freshwater

According to the World Health Organization (WHO) guideline, the permitted limit of MC-LR for
drinking water is 1.0 μg·L−1, and the tolerable daily intake is 0.04 μgKg−1 [91]. There are several MC
detection methods, the most reported are listed in Table 2. Immunoassays (IA) are suitable methods of
MC detection in Mozambique because they do not require sophisticated laboratory equipment and
have a limit of detection below the maximum limit (1 μg·L−1). Additionally, IA can be used in both
laboratory and field studies.

Table 2. MC detection methods in drinking water. IA—immunoassays, HPLC—high-performance
liquid chromatographic, PAD—photodiode-array detector, LC—liquid chromatography, MS—mass
spectroscopy, MALDI-TOF MS—matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry, UV—ultraviolet detector.

MC Variant Detection LOD LOQ Reference

-LR: -LY: -LW: -LF: -LA:
Asp3(Z)-Dhb7-HtyR: -DAsp3-RR IA 50–20,000 pg·mL−1 [88,92–102]

-RR: -LR: -LY: -LF HPLC-UV [102]

-RR: -LR: -LY: -LW: -LF: -FR; -WR HPLC-PAD 5 ng [103,104]

3-demethyl-MC-LR: -LR: -LY: -LA:
-LW: -LF: 3-demethyl-MC-RR: -RR:

3-demethyl-MC-YR: -YR
LC–MS (/MS) 0.2 pg–2057 pg 1pg–15 μg·L−1 [93,102,104–108]

D-MC-LR; -LR: D-MC-RR: D-MC-YR:
-RR: -YR: [H4]MC-YR: -WR MALDI-TOF MS [109]

5. The Occurrence of Microcystin in Mozambican Drinking Water

5.1. The Drinking Water Scenario in Mozambique

The drinking water supply scenario in Mozambique still faces major challenges because a majority
of the population still consumes untreated drinking water and consequently is exposed to many
water-borne diseases. Only 50% of the population has access to “safe drinking water”. Urban areas
are the most favored, with 80%, while rural and most of the population have only 35% coverage and
consume untreated water daily from rivers, lakes, and small puddles that form after or during the
raining season [5,7]. The low water supply cover in Mozambique is inconceivable due to several
reasons, among them, the existence of natural water cover (rivers) in the whole country and the
presence of excessive fragmentation of governmental organisms for water management (Figure 1).
The water management is led by the Ministry of Public Works, Habitation and Hydric Resources
(MOPHRH), which operates, among others, with the National Direction of Water Supply and Sanitation,
National Direction of Hydric Resource Management, Water Regional Administrations, Sanitation,
and Water Supply Infra-structure Administration, Water Regulation Council, Fund for Investment
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and Patrimony of Water Supply, and other private institutions, which provide goods and services.
In order to improve the water management and expand the coverage, different projects funded by
the Mozambican government and non-governmental organizations such as Plataforma Moçambicana
de Água [6], Greater Maputo Water Supply Expansion Project [110], Integrated Water Supply and
Sanitation Project for the provinces of Niassa and Nampula [111], National Rural Water Supply and
Sanitation Program (PRONASAR) in Nampula and Zambezia Provinces [112], Inhambane Rural Water
Supply and Sanitation Program [113], and others were implemented involving all the MOPHRH,
civil society, and private organisms. However, still to date, the national water supply does not cover
enough, with the population still consuming untreated water.

The water policy in Mozambique was approved in 1995, revised in 2007 and 2016, which, in the
scope of water supply and sanitation, has the following relevant goals [114]:

• Achieve the sustainable development goals, universal access to water supply, and sanitation.
• Meeting of the basic needs of the poorest population, to reduce poverty, always looking for a

sustainability situation.
• Water valuing, not only as a social and environmental asset but also with the economic value

it holds.
• Government’s concentration on the definition of priorities, standards, regulation, and promotion

of the private sector.
• Development of an institutional framework that contributes to the management of water as a

resource and provision of decentralized and autonomous water supply and sanitation, where the
private sector is called upon to participate.

The Ministry of Health (MH) is the legal organism responsible for water quality control and
follows the regulation of the WHO, which sets the parameters of the quality of water intended for
human consumption and the methods of carrying out their checks in order to protect human health.
The water quality control recommended by WHO include MC among other biological parameter and
the provisional guideline value is 1 μg·L−1 for drinking water [115]. The challenge is enormous in
Mozambique for control or monitoring of this hepatotoxin due to the lack of adequate laboratories for
the detection of MC in drinking water, even for 50% of the population that consumes treated water.
This scenario shows clearly that all the Mozambican population is very vulnerable to MC exposure.

5.2. Microcystin in Mozambican Drinking Water

The drinking water is supplied by private (autonomous systems) and governmental operators.
In Table 3, are listed the main sources of drinking water in Mozambique and includes underground
and water river. The drinking water treatment is performed mainly by disinfection with chlorine, but is
some regions such as Pemba and Niassa, the water treatment system includes the removal of iron by
aeration. Not only is there no drinking water treatment for MC removal, but also MC incidence data in
Mozambique are very limited. However, according to the WHO, more than 500,000 cases of diarrhea
were reported, which 100 and 7 cases correspond to dysentery and cholera, respectively, and others are
unknown [116].
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These data indicate that many people of Mozambique consume food and water unsafely.
Few studies (Figure 1) were done by Pedro et al. [117–119] and Bojcevska and Jergil [120] in Pequenos
Libombos dam, Nhambavale lake, Chòkwé irrigation channels and Chidenguele sites in the South
of Mozambique during 2003, 2008, and 2009 and their studies indicated the occurrence of MC-LR,
-YR, and -RR produced by Microcystis sp. (M. novacekii, botrys and other) and Cylindrospermopsis
raciborskii [117–120] (Table 4). MC concentration varies from less than 0.01 (below quantification
levels) to 0.02 in Pequenos Libombos dam, less to 0.01 to 0.68 in Chòkwé irrigation channels, 0.86 to
7.82 in Nhambavale lake and 0.57 to 6.83 μg·L−1 in Chidenguele. Higher MC concentration values
than the maximum limit ranging from 6.83 to 7.78 μg·L−1 (around 7 times above) were found in the
Nhambavale lake and Chidenguele sites. These data highlight (suggest) the need to implement an
operational monitoring program of MCs since the tests recommended by MH do not include the MC
test [121]. Neighboring countries published other data, which support the need for MC monitoring in
Mozambique (Figure 1), namely:

• South Africa: MC Producers: Synechocystis sp. Microcystis aeruginosa, Microcystis panniformis,
Nostoc sp., Planktothrix sp., Phormidium sp., in the Limpopo river basin [122–126], Hartbeespoort
dam [127–131], Kruger National Park [132], Sand, Mawoni, Lephalale, Mokolo, Crocodile, Nzhelele
ivers [126] MC -YR, -LR, -FR, -YA, -LA, -LAba (0.156–0.270, 0.059–0.18, 0.09, 0.02–0.044, 0.051–0.241,
0.080 mg.g−1) in Natal and Transvaal dams [133], 8.6 μg·L−1 in Hartbeespoort dam [134],
12,300 μg·L−1 in Hartbeespoort lake [135].

• Tanzania: MC-LR and -RR in different tissues of dead flamingos (Phoeniconaias minor) from Empakai
Crater, Lake Natron and Lake Manyara (0.165–1.16 ng.g−1) [136–138], MC-RR (0.4–13 μgL−1) in
Victoria lake [139,140], MC producers: Aphanocapsa sp., Anabaena sp., Microcystis sp. In Victoria
lake [139,140].

• Zimbabwe: MC producers: Microcystis aeruginosa in Mzingwane river, Shashe River [126],
Microcystis wesenbergii [141,142]. MC-LR (1.62–22 μgL−1) in Chivero lake [141,142].

• Malawi: MC producers: Anabaena sp. In Malawi lake [143].
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For example, the drinking water in the Xai Xai district (Gaza province) (Figure 1) is supplied from
the Limpopo river. This river contains different MC producers such as Synechocystis sp. Microcystis
aeruginosa, Microcystis panniformis, Nostoc sp., Planktothrix sp., Phormidium sp., which were detected
in South Africa areas [122–126]. The presence of a potentially toxic algae is not an indication of MC
production but is an indication of the need for MC screening in order to confirm the MC presence.

5.3. Removal of Microscystin from Drinking Water in Mozambique

MCs can be removed from drinking water using several rapid and low-cost. The most are reported
in laboratory studies, and they are not adaptable to economic conditions in Mozambique [144–150].
However, the following techniques seem to be useful in Mozambique and can be implemented in both
rural and urban zones: Photolysis at 254 and 185 nm [147], use of wood-based and coconut-based
activated carbons [148], use of bamboo-based charcoal adsorbent modified with chitosan [149],
hydrophyte filter bed [150], biological activated carbon process [151], aquatic vegetable bed [152],
and activated carbon from the seed husks of the pan-tropical tree, Moringa oleifera [153], among others.

6. Final Considerations and Recommendations

The drinking water supply scenario in Mozambique still faces major challenges because the
majority of the population still consumes untreated drink water (from rivers, lakes, and small puddles
that form after or during the raining season) and consequently exposed to many water diseases [5,7]
including, for example, gastroenteritis, which is caused by hepatotoxins MCs. To date, no data of water
poisoning episodes recorded were associated with MCs presence in the water. However, this might be
underestimated due to a lack of monitoring facilities and/or a lack of public health staff trained for
recognizing symptoms of MCs intoxication since the presence of high MCs concentration was reported in
Maputo and Gaza provinces. Few studies done in Maputo and Gaza provinces indicated the occurrence
of MC-LR, -YR, and -RR at a concentration ranging from 6.83 to 7.78 μg·L−1 [117–120], which are very
high, around 7 times above the maximum limit (1 μg·L−1) recommended by WHO [59]. The potential
MC-producing in the studied sites is mostly Microcystis sp. [117–120]. However, MC distribution in
Mozambique is unknown, and a monitoring program would help to understand the dimension of the
problem. To date, no water MC poisoning episodes data recorded in Mozambique. The absence of MC
intoxication episodes might be underestimated due to the absence of MC monitoring plan and/or a lack
of public health staff trained in recognizing symptoms of MC intoxication. MC monitoring may be
implemented according to recommendations of WHO [59] (1 μg·L−1), and the respective MC analysis
can be done in the existing water treatment centers in each province (Table 3). Rapid tests for MC
detection, such as ELISA, can be used in each center. In the case of higher MCs content, some suitable
techniques for MC removal may be used. The recommended techniques include photolysis at 254 and
185 [147], the use of wood-based and coconut-based activated carbons [148], use of bamboo-based
charcoal adsorbent modified with chitosan [149], hydrophyte Filter Bed [150], Biological Activated
Carbon Process [151], and aquatic vegetable bed [152], among others. These techniques can be used in
both rural and urban areas due to their low-cost implementation and local access.
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Abstract: Cyanobacteria harmful algal blooms (CHABs) are primarily caused by man-made
eutrophication and increasing climate-change conditions. The presence of heavy metal runoff in
affected water systems may result in CHABs alteration to their ecological interactions. Certain CHABs
produce by-products, such as microcystin (MC) cyanotoxins, that have detrimentally affected
humans through contact via recreation activities within implicated water bodies, directly drinking
contaminated water, ingesting biomagnified cyanotoxins in seafood, and/or contact through
miscellaneous water treatment. Metallothionein (MT) is a small, metal-sequestration cysteine rich
protein often upregulated within the stress response mechanism. This study focused on zinc metal
resistance and stress response in a toxigenic cyanobacterium, Microcystis aeruginosa UTEX LB 2385,
by monitoring cells with (0, 0.1, 0.25, and 0.5 mg/L) ZnCl2 treatment. Flow cytometry and phase
contrast microscopy were used to evaluate physiological responses in cultures. Molecular assays
and an immunosorbent assay were used to characterize the expression of MT and MC under zinc
stress. The results showed that the half maximal inhibitory concentration (IC50) was 0.25 mg/L ZnCl2.
Flow cytometry and phase contrast microscopy showed morphological changes occurred in cultures
exposed to 0.25 and 0.5 mg/L ZnCl2. Quantitative PCR (qPCR) analysis of selected cDNA samples
showed significant upregulation of Mmt through all time points, significant upregulation of mcyC
at a later time point. ELISA MC-LR analysis showed extracellular MC-LR (μg/L) and intracellular
MC-LR (μg/cell) quota measurements persisted through 15 days, although 0.25 mg/L ZnCl2 treatment
produced half the normal cell biomass and 0.5 mg/L treatment largely inhibited growth. The 0.25 and
0.5 mg/L ZnCl2 treated cells demonstrated a ~40% and 33% increase of extracellular MC-LR(μg/L)
equivalents, respectively, as early as Day 5 compared to control cells. The 0.5 mg/L ZnCl2 treated
cells showed higher total MC-LR (μg/cell) quota yield by Day 8 than both 0 mg/L ZnCl2 control cells
and 0.1 mg/L ZnCl2 treated cells, indicating release of MCs upon cell lysis. This study showed this
Microcystis aeruginosa strain is able to survive in 0.25 mg/L ZnCl2 concentration. Certain morphological
zinc stress responses and the upregulation of mt and mcy genes, as well as periodical increased
extracellular MC-LR concentration with ZnCl2 treatment were observed.

Keywords: cyanobacteria; cyanotoxins; microcystin; metal; zinc; Microcystis aeruginosa

Key Contribution: Zinc stress causes cyanotoxin production increase in M. aeruginosa UTEX LB 2385.

1. Introduction

Cyanobacteria harmful algal blooms (CHABs) are described as toxigenic or irritating biomasses of
mostly oxygenic, photosynthetic bacteria on the rise worldwide due to anthropogenic eutrophication
(via excessive P and N loading) and increasing climate-change conditions [1–6]. Oftentimes,
metal pollutant runoff in water systems may also affect the ecological interaction of a given CHAB
population [7]. Certain essential element processes, such as iron’s regulation by (FUR) uptake regulators,
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may act as growth-limiting factors in established cyanobacteria populations [1,8]. Additionally,
the effects of different heavy metal compounds and concentrations on varying cyanobacteria populations
and cyanotoxin production have been demonstrated in a few studies [9–11].

The rising occurrence of global CHABs may lead to a greater probability of human exposure
and animal detrimental effects through environmental interactions [12,13]. Generally, humans may be
exposed to CHABs cyanotoxins or irritants via recreation activities in contaminated water sources,
imbibement or infusion (via medical dialysis) of contaminated water, ingestion of biomagnified
cyanotoxins through food sources, and possible long-term chronic exposure through ingestion [14–16].
Cyanotoxins may structurally present as alkaloids, polyketides, cyclic peptides, and amino acid
complexes, and are potently classified as neurotoxins, hepatotoxins, or cytotoxins [17,18]. The toxic
health effects of cyanotoxins in humans are both varied and dependent on the class, but effects may
display from mild symptoms to severe and fatal [16,19].

Aside from escalating incidences of detrimental effects to organisms, CHABs will most likely
play an increasing role in global economic dynamics. The greater occurrence of global CHABs have
reported some monitoring and contingency plan estimate costs of 10,000 s–1,000,000 s USD per country
per year [20]. While these numbers do not often reflect loss of recreation revenue, cost of treatment
actions, or socio-economic strategies (for anthropogenic P-N load reduction), an estimate report that
took these components into account (within the United States) calculated potential losses in the billions
USD per year [21].

Microcystis spp. and the hepatotoxins microcystins (MCs), have been identified as several of the
most commonly encountered freshwater CHABs species and cyanotoxins, respectively, on a global
scale and within the U.S. [22,23]. As such, studies evaluating both Microcystis and MCs have increased
in importance in the recent years. Adding to the gravity of these considerations, examples of toxigenic
Microcystis outcompeting non-toxigenic strains within elevated surface water temperature parameters
have been observed [24,25]. This indicates a potentially competitive selection of toxigenic strains over
non-toxigenic strains under climate change conditions. Microcystis aeruginosa is a commonly identified
species of Microcystis within many CHABs, and have been found on all continents except for the
Antarctic [26]. M. aeruginosa are typically 2–8μm wide, unicellular planktonic cyanobacteria that possess
variable, intracellular gas vesicles and often form colonies in natural and eutrophic conditions [27–29].
MCs (~995 Da for MC-LR) are water soluble, monocyclic heptapeptides that can be produced by
freshwater, terrestrial, and benthic cyanobacteria. The most common genus and species producing a
given variant(s) of the ~ 200 identified MCs are: Microcystis, Chroococcus, Planktothrix, Anabaena, Nostoc,
Oscillatoria, Hapalosiphon, and Phormidium [18,30,31]. MCs are biosynthesized by a non-ribosomal
peptide synthetase/polyketide synthase complex (known as microcystin synthetase) [18], and vary
in toxicity depending on the L-amino acid components and binding capacity to receptor sites [32].
The role of MCs in the extracellular environment remains largely undetermined, but several studies
have proposed an intercell signal-like characteristic where environmental conditions and introduced
MCs enhanced mcy gene and toxin production in established cell populations [33,34]. Therefore, further
evaluation of stimulatory MC release to the extracellular environment and their possible extracellular
functions with environmental factors is of great importance. Zinc (Zn) is an important mineral integral
to the physiological functions of all organisms. Zn naturally occurs as a trace element in world average
river waters (0.27–27 μg/L), as ionic complexes in continental crust and world soil averages (70 mg/kg,
respectively), and as precipitating minerals, organic, and inorganic compounds in water (~3.25 μg/L in
worldwide, clean drinking water), but organic and inorganic zinc compounds are oftentimes identified
as metal runoff contaminants within aqueous environments [35–37]. A comparison of the average Zn
levels originating from a continental crustal average (52 ppm) was found to be significantly different
to an anthropogenic impacted region, New York Harbor, United States (188–244 ppm), showing
a further trend in heavy metal accumulation within water environments proximal to urbanized
and industrial sources [38,39]. The toxicity of ZnCl2 has been known in many organisms [37,40,41]
and can cause external irritation, severe inflammation, and gastrointestinal toxicity dependent on
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percent ingestion [42]. Cyanobacteria sensitivity, resistance or adaptive sequestration of heavy metal
concentrations has been documented within both colonial CHABs and unicellular species [7,43–45].
Aside from the observed zinc metal-complexing potential of MCs (MC-LR-Zn = −617 ± 7 kcal mol−1;
MC-RR-Zn =−777 ± 9 kcal mol−1) [46], metallothioneins (MTs) are well documented metal-cation
chelating, cysteine-rich proteins (<10 kDa) ubiquitously found in prokaryotes and eukaryotes [47,48].
MTs have been shown to be upregulated in different species of cyanobacteria when exposed to Zn2+

or Cd2+ concentrations while remaining relatively constant at basal levels [49,50]. Because of the
variability of the MC synthetase gene cluster (encoding mcyABC–mcyD–J) in different cyanobacteria
clades and within strains [51] and a relative conservation of MT cysteine domain sequences and motifs
across cyanobacteria and bacteria [48], these genes may be possible quantification method candidates
involving heavy metal zinc response and resistance in identified MC producing Microcystis species
and strains.

While the use of quantitative PCR (qPCR) has yielded both successes and noncorrelation in relating
MC synthetase gene copy numbers or gene expressions with collection site MC concentrations [52], qPCR
remains a very powerful and accessible technique for the study of gene regulation in known toxigenic
or identified cyanobacteria species [53]. Along with other quantitative analysis (HPLC, LC/MS, ELISA)
and sequencing profiles, it may lead to the development of known metal-response gene standards for
important identified toxic cyanobacteria species and strains. These parameters may better assist in
determining toxic vs. non-toxic cyanobacteria response and resistance to heavy metal pollution.

The aim of this study was (1) to study the growth and physiological effects of zinc concentrations on
an established toxigenic M. aeruginosa strain; (2) to design mcyC, mcyE, and Mmt qPCR oligonucleotides
to quantify mcyC, mcyE and Mmt relative gene expression profiles of this strain treated with varying Zn2+

concentrations; and (3) to determine relative quantitation of MC-LR equivalents within ZnCl2-treated
M. aeruginosa using intracellular and extracellular portions.

2. Results

2.1. Growth Response to ZnCl2 in M. Aeruginosa UTEX LB 2385

To better evaluate the zinc metal resistance and response mechanisms of a globally important
toxigenic cyanobacteria species, M. aeruginosa UTEX LB 2385 cultures were used for the observation of
physiological responses to long-term ZnCl2 concentrations exposure via growth monitoring (Figure 1).
For M. aeruginosa—UTEX LB 2385 cells exposed to 0.1 mg/L ZnCl2, the cell concentration was similar
to 0 mg/L ZnCl2 (control) through 15 days (Figure 1). However, the average turbidity for M. aeruginosa
UTEX LB 2385 culture cells exposed to all ZnCl2 concentrations decreased below the initial control
measurement (optical density, OD750 nm ≈ 0.47) for 0.1, 0.25, and 0.5 mg/L ZnCl2 by Day 1 (Figure 1b).
When compared to control cells, M. aeruginosa UTEX LB 2385 culture cell numbers exposed to 0.25 mg/L
ZnCl2 were reduced by ~28% by Day 15 ((4.73 ± 1.243/8.41 ± 0.122) × 100) (Figure 1a). At the highest
concentration treatment (0.5 mg/L ZnCl2), M. aeruginosa UTEX LB 2385 culture cells were almost
completely inhibited in comparison to 0.25 mg/L ZnCl2 cells by the end of the growth monitoring
period. This concentration (0.5 mg/L ZnCl2) may therefore present as the ZnCl2 minimum inhibitory
concentration (MIC) for M. aeruginosa UTEX LB 2385 within this study (Figure 1). Aside from these
observations, M. aeruginosa UTEX LB 2385 culture cells treated with 0.25 and 0.5 mg/L ZnCl2 were
observed via hemocytometer to possess larger aggregate cell clusters and extracellular debris compared
to control cells.

2.2. Phase Contrast Microscopy Imaging in ZnCl2 Exposed Cells

M. aeruginosa UTEX LB 2385 culture cells exposed to 0.25 mg/L ZnCl2 possessed morphological
and size characteristics similar to the control cells through eight days as single cells (Figure 2), but also
showed an increase in multi-paired cell aggregation and size by Days 5 and 8 when observed via phase
contrast microscopy. Additionally, though 0.5 mg/L ZnCl2 treatment greatly inhibited M. aeruginosa
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UTEX LB 2385 culture cell numbers by Day 8 compared to the control, there was an observable number
of cells possessing similar M. aeruginosa UTEX LB 2385 morphology to control cells (Figure 2). It also
appeared a greater observable amount of multi-cell aggregation within 0.5 mg/L ZnCl2 treated cells
versus control cells. Flow cytometry was used to further evaluate the population sizes of ZnCl2 treated
M. aeruginosa UTEX LB 2385.

Figure 1. Growth curves of Microcystis aeruginosa UTEX LB 2385 treated with 0, 0.1, 0.25, and 0.5 mg/L
ZnCl2. (a) Direct count of cell number was made via hemocytometer through 15 days. (b) Turbidity was
evaluated via optical density (OD750 nm) readings through 15 days. Data is presented as mean ± SD of
three replicates.

Figure 2. Phase-contrast microscopy of Microcystis aeruginosa UTEX LB 2385 treated with 0, 0.1, 0.25,
and 0.5 mg/L ZnCl2 at Days 1, 5, and 8, 1000× total magnification. Although greatly reduced in cell
number, M. aeruginosa UTEX LB 2385 cells treated with 0.5 mg/L ZnCl2 presented morphology similar
to 0 mg/L cells through Day 8, as indicated by blue arrows. The red arrow indicates a small cluster of
multi-cell aggregation at Day 5 for 0.5 mg/L ZnCl2 cells. Scale bar: 5 μm.
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2.3. Flow Cytometry

Flow cytometry was used over the eight day time-course to evaluate the relative morphology size
of M. aeruginosa UTEX LB 2385 culture cell populations treated with the highest ZnCl2 concentrations
(0.25 and 0.5 mg/L). The flow cytometry measurement (FCM) histogram profiles were ungated
for subpopulations to evaluate overall distribution of single cell + multi-cell aggregates. Figure 3
demonstrates a histogram profile of 0, 0.25, and 0.5 mg/L ZnCl2 treated M. aeruginosa UTEX LB 2385
cultures through size (forward scatter: FSC-A) parameter. By Day 8, (Figure 3) the FSC-A histograms
of M. aeruginosa UTEX LB 2385 cultures treated with 0.25 and 0.5 mg/L ZnCl2 had positively shifted in
comparison to the control cultures, with increasing FSC-A measurement (Figure 3). M. aeruginosa UTEX
LB 2385 cultures treated with 0.5 mg/L ZnCl2 showed a distinct, larger population size and two small
peaks at Day 8 compared to the control—supporting both hemocytometer cell count and microscopic
observations of greater numbers of multi-cell aggregates (Figure 3c(D8)). FlowJo software statistical
analysis showed average 0.5 mg/L ZnCl2 treated cells FSC-A measurement was approximately 91 versus
62 for 0 mg/L ZnCl2 treated cells at Day 8.

Figure 3. Flow cytometry analysis of population size (forward scatter: FSC-A) histograms within
Microcystis aeruginosa UTEX LB 2385 treated with 0, 0.25, and 0.5 mg/L ZnCl2. (a) 0 mg/L ZnCl2 cells
showed relative uniform FSC-A size through eight days. (b) 0.25 mg/L ZnCl2 cells and (c) 0.5 mg/L
ZnCl2 cells showed increased FSC-A population size at Day 8 compared to control cells. Histograms
were generated via FlowJo software analysis. (D represent days).

2.4. Quantitative Polymerase Chain Reaction (qPCR) Analysis of M. Aeruginosa UTEX LB 2385

The qPCR analysis results were calculated as fold change gene expressions of Mmt, mcyC, and mcyE
relative to the M. aeruginosa UTEX LB 2385 16S ribosomal RNA internal control, within the specific
time period and samples (Days 1, 5, 12, 15 for 0, 0.1, and 0.25 mg/L ZnCl2) and the initial 0 mg/L ZnCl2
Day 1 sample. Fold change gene expression values were expressed as [2−ΔΔCt] and evaluated as a
combined [log2(RQ)] heatmap within RStudio statistical software. The genes expressed in log2 > 0 were
represented within an orange-red color scale and indicate upregulation as a response to ZnCl2 treatment,
and the genes in log2 < 0 were represented within a green color scale and indicated downregulation as
a response to ZnCl2 treatment. Welch two sample t-tests of 16S rRNA endogenous average Ct values
control were found to not be statistically different within each sample condition (all p values > 0.05).
The specific sample treatment and days were abbreviated as D1_0 mg/L ZnCl2, D1_0.1 mg/L ZnCl2,
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D1_0.25 mg/L ZnCl2, etc. Correlating to Day 1 treatments for 0, 0.1, and 0.25 mg/L ZnCl2, respectively
(Figure 4).

M. aeruginosa UTEX LB 2385 Mmt expression displayed an overall upregulation over the time
course period of 15 days, with 0.25 mg/L ZnCl2 treated cells showing > 3-fold expression by Day 1
(Figure 4). By Day 15 there was a > 5-fold Mmt gene expression within 0.25 mg/L ZnCl2 treated cells,
demonstrating a steady increase of Mmt gene expression within this study. Additionally, the overall
trend throughout 15 days showed 0.1 and 0.25 mg/L ZnCl2 treated cells to be comparable or greater
than control (0 mg/L ZnCl2) cells (Figure 4—top row).

M. aeruginosa UTEX LB 2385 mcyE gene expression showed the least change of expression between
both mcy genes profiles, with an initial slight mcyE down-regulation by Day 1 in 0.1 and 0.25 mg/L ZnCl2
treated cells. For 0.25 mg/L ZnCl2 treated cells, mcyE gene expression showed slight up-regulation
from Days 5 to 15 in comparison to the control cells (Figure 4—bottom row). The expression of mcyC
was shown to be significantly upregulated at Day 12, with >4.5 fold-increase in 0.1 mg/L ZnCl2 treated
cells and >3 fold-increase in 0.25 mg/L ZnCl2 treated cells (Figure 4—middle row). The 0.25 mg/L
ZnCl2 treated cells also showed a slight mcyC upregulation in comparison to both the control and
0.1 mg/L ZnCl2 treated cells at Day 15 (Figure 4—middle row, right). The mcyC gene expression profile
in ZnCl2 treated cells showed an up-regulation trend at Days 5 and 12 in comparison to all other time
periods (Figure 4—middle and bottom rows, center).

Figure 4. qPCR analysis after cDNA synthesis, of three genes: Mmt, mcyC, and mcyE as potential zinc
metal response genes in M. aeruginosa UTEX LB 2385. Mmt (top row) overall expression was shown to
be highest in 0.25 mg/L ZnCl2 treated cells, with significant (Day 1) upregulation in comparison to 0
and 0.1 mg/L ZnCl2 treatment. mcyC and mcyE (middle and bottom rows, respectively) were distinct
in expression patterns, with mcyC gene significantly upregulating at Day 12, showing a fold-increase
>2.5 in ZnCl2 treated cells. For 0.1 and 0.25 mg/L ZnCl2 treated cells, Day 12 showed gene expression
increase for Mmt and mcyC genes. (D represent days; 0, 0.1, 0.25 mg/L represent ZnCl2 concentrations;
color scale of yellow refers to no change, green-downregulation, orange-red-upregulation).
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2.5. ELISA Analysis

ELISA quantitative analysis of 0, 0.1, 0.25, and 0.5 mg/L ZnCl2 treated M. aeruginosa UTEX LB 2385
cells was performed as MC-LR equivalents using an MC-LR standard curve generated with MC-LR
standards (0–5 μg/L). A standard 2nd-order polynomial equation (y = 7.5536x2 − 54.927x + 96.06) was
used to calculate MC-LR equivalents below the 2.5 μg/L standard range. The ELISA analysis was
performed on extracted MC-LR intracellular and extracellular samples at time periods (Day: 1, 5, 8, 12,
and 15). Total MC-LR (μg/cell) quota was calculated by adding intracellular and extracellular MC-LR
equivalents and dividing by average cells/L. The Pearson’s r correlation showed that total MC-LR
(μg/cell) quota was positively correlated with ZnCl2 concentration (p < 0.05, r = 0.6).

The data was presented as intracellular-extracellular MC-LR (μg/L) equivalents to better evaluate
relative concentrations of MC-LR within each sample portion. The extracellular MC-LR (μg/L)
equivalents for Days 8 and 12 of M. aeruginosa UTEX LB 2385 cultures treated with 0.1 mg/L ZnCl2 were
comparable to 0 mg/L ZnCl2 control cells (18% increase of MC-LR equivalents for Day 8: {(1.67/2.04)
× 100}; 23% increase of MC-LR equivalents for Day 12: {(1.40/1.82)× 100}) (Figure 5). Day 12 extracellular
MC-LR (μg/L) equivalent measurements for 0.25 mg/L ZnCl2 treated cells decreased from Day 8,
but once again increased comparable to control cells at Day 15 (Figure 5). This same time period saw a
40% increase in cell number/mL biomass within 0.25 mg/L ZnCl2 treated cells (see Figure 1a above) and
a greater amount of multicell aggregates at Day 8. The 0.25 and 0.5 mg/L ZnCl2 treated cells possessed
higher extracellular MC-LR (μg/L) equivalents at Day 5 compared to control cells {~ 40% increase
for 0.25 mg/L ZnCl2 cells (1.05/1.77) × 100; ~ 30% increase for 0.5 mg/L ZnCl2 cells (1.05/1.57) × 100)
(Figure 5). From Days 8 through 15 of this study, 0.5 mg/L ZnCl2 treated cells yielded significantly
higher total MC-LR (μg/cell) quota yield (student’s t-test p < 0.05) than all other ZnCl2 treatment.
However, the cell concentration had decreased from Day 5 to Day 8 for 0.5 mg/L ZnCl2 treated cells as
stated above. This would indicate possible release of MCs into the extracellular matrix from lysed cells
rather than increased MC production due to ZnCl2 concentration.

Figure 5. ELISA quantitative analysis of intracellular and extracellular MC-LR (μg/L) equivalents
within Microcystis aeruginosa UTEX LB 2385 treated with 0, 0.1, 0.25, and 0.5 mg/L ZnCl2 at Days: One, 5,
8, 12, 15. Extracellular MC-LR equivalents (μg/L) of 0.1 mg/L ZnCl2 cells showed a 18% and 23% increase
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for Days 8 and 12 compared to control; 0.25 and 0.5 mg/L ZnCl2 treated cells showed a ~40% and 33%
increase of extracellular MC-LR, respectively, as early as day 5. The 0.25 mg/L ZnCl2 extracellular MC-LR
(μg/L) equivalents decreased and increased from Days 8 to 15, and 0.5 mg/L ZnCl2 intracellular MC-LR
(μg/L) intracellular measurements decreased and increased from this same time point. All samples
were performed as duplicate replicates.

3. Discussion

Zn is a classified essential, transitional metal ubiquitously involved in numerous cellular
biochemical pathways, and is often found within enzyme cavities and protein infrastructures. Zn is
often employed in galvanization processes, vulcanization procedures, automobile applications, coating
alloy formulations, and various manufacturing components where it often enters the environment in a
sequential fashion after ZnO is formed [54]. Environmental chloride ions and pH often form ZnCl2
near man-made sources high in processed Zn [55].

The interactions of zinc and heavy metal pollution with organisms in naturally occurring
and man-made aquatic environments presents its own immediate and long-term problems in our
increasingly industrial societies. As an example, a surface river, estuary, and bay sediment study in
highly industrial Jinzhou Bay, China found Cu, Zn, Pb, and Cd heavy metals concentrations to be
correlated to man-made industrial activities, and has been identified as a polluted ecological risk [56].
Relatively, documented metal resistance and stress response mechanisms within cyanobacteria
populations necessitates that focus shifts towards risk assessment, prevention, and treatment.
Synechococcus sp. IU 625 cultures were shown to be highly tolerant to 25 mg/L ZnCl2 treatment,
and a similar strain showed comparable growth to control when treated with 0.1 mg/L and 0.5 mg/L
HgCl2 [43,50]. Relatively and conversely, a total-protein profile of an Anabaena flos-aquae isolate showed
progressive decrease upon treatment with increasing concentrations of CdCl2 and CuCl2—with the
highest concentrations presenting the most considerable biophysiological and biomass damage [57].

CHABs-associated species and strains often found in metal polluted environments must be given
special attention due to their potential survivability and resultant detrimental effects (i.e., cyanotoxin
release). Although distinct environmental factors have been observed to contribute to favorable
conditions conducive to cyanobacteria growth, the specific combinations of effects that causes
heavy metal tolerance or resistance in cyanobacteria population are not well understood, or in
fact, remain unknown.

Our results showed that M. aeruginosa UTEX LB 2385 is tolerant to ZnCl2 concentrations of 0.1 and
0.25 mg/L, with 0.1 mg/L ZnCl2 treated cell numbers and turbidity measurements being similar to
control cells through 15 days (Figure 1a,b). All cell concentrations were found to be statistically similar
through five days (student’s t-test p > 0.05 for 0 mg/L and 0.5 mg/L ZnCl2 treated cells/mL). Further,
0.5 mg/L ZnCl2 concentration was found to largely inhibit cell concentration (cell/mL) by Day 15
{(0.01/8.41) × 100 ~ 99.9% inhibition} and decreased the turbidity of the culture. This result is similar
to gradual cell density decrease with increasing Zn2+ concentration [11]. Additionally, it was also
similar to M. aeruginosa Kütz 854 cultures showing chlorophyll and phycobiliprotein decrease at CdCl2
concentrations of 1 and 2 μM, and a bactericidal reaction at 4 μM CdCl2 treatment [58]. Both a toxic
M. aeruginosa (FACHB-905) and a non-toxic strain (FACHB-469) were shown to accumulate Zn2+ and
Cd2+ intracellularly as an uptake metal concentration vs. four-hour time rate [59]. This previous study
observed intracellular Zn concentration was a good predictor of Zn toxicity in M. aeruginosa. In a different
study, a 10 nM treatment of Zn as a free ion concentration did not decrease microcystin/chlorophyll-a
(μg/μg) in comparison to UVR and Cu2+ metal treatments of M. aeruginosa strains (UTEX LB 2385 and
LE3), but total added Zn to lake water did affect the final biomass and growth rates [60]. Different
M. aeruginosa chlorophyll concentrations were also found to be more stable to CdNO3 treatment than to
Pb(NO3)2, and only showed chlorophyll decrease at 20 mg/L Cd after 24 h [61]. Additionally, low levels
of both Cd and Pb (1–5 mg/L) resulted in increases of chlorophyll fluorescence during 24-h incubation,
and showed that specific M. aeruginosa strain was not inhibited at those concentrations. Conversely,
Fe2+ and Fe3+ was shown to increase M. aeruginosa cell density with increasing concentrations up to
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12 mg/L [11]. Lastly, M. aeruginosa (FACHB-905) cultures were observed to show levels of resistance
and recovery to treatment with arsenic (III) concentrations (0.01, 0.1, and 1 mg/L) after 48 h incubation,
and only showed marked damaging effects to growth and carotenoids production at 10 mg/L [62].
These observations indicate that heavy metal inhibition, possible resistance, or resultant growth rate in
M. aeruginosa is likely dependent on strain and metal species.

Cell counts, phase-contrast microscopy, and flow cytometry (FSC-A) histogram profile showed
that M. aeruginosa UTEX LB 2385 treated with 0.25 and 0.5 mg/L ZnCl2 possessed larger amounts
of multi-cell aggregates compared to 0 and 0.1 mg/L ZnCl2 treated cells at Day 8 (Figure 3c(D8)).
Progressive positive shifting of histograms occurred from Day 5 to Day 8 referenced from FCM of (100)
FSC-A for 0.25 and 0.1 mg/L ZnCl2 treated cells (Figure 3). Future experiments should concentrate on
the dynamics of aggregation formation as it relates to intracellular molecular profile, in response to
increasing ZnCl2 concentrations. Aggregation of many Microcystis species is thought to contribute
to possible natural bloom formation, and subsequent protection from environmental factors such as
heavy metals [63]. M. aeruginosa were shown able to survive in low concentrations of variable heavy
metal compounds, and Microcystis blooms showed a capacity to bioaccumulate and sequester heavy
metal compounds within historically eutrophic lakes [7,10,58].

qPCR analysis of 0.1 and 0.25 mg/L ZnCl2 treated M. aeruginosa UTEX LB 2385 showed that Mmt
gene expression within this strain was significantly upregulated by ZnCl2 concentration dependent and
time period dependent parameters (Figure 4—top row). MTs are well documented divalent/monovalent
metal sequestrating, intracellular proteins that are ubiquitously found from prokaryotes to humans.
Our results are supported by the observations of cyanobacteria Synechococcus sp. IU 625, which showed
a marked upregulation of smtA at 25 mg/L ZnCl2 when analyzed via transcriptome analysis and qPCR
analysis [50], and a relative, Synechococcus elongatus PCC 7942, which showed upregulation of smtA with
Zn treatment [64]. The expression of mcyC was significantly upregulated at Day 12 for 0.1 and 0.25 mg/L
ZnCl2 treatment, while mcyE only showed slight upregulation for 0.1 and 0.25 mg/L ZnCl2 treatment
cells at this same time point (Figure 4—middle and bottom row). While there is an obvious correlation
of mcyC expression levels and ZnCl2 treatment within this study, mcyE expression level trends varied
by both concentration and time period (0 and 0.1 mg/L ZnCl2 showed slight downregulation at Day 15
vs. mcyC) and was not predictive of ZnCl2 concentration response (Figure 4—middle and bottom row,
right). Additional mcy gene expression, metal treatment studies should be performed to better assess
possible intracellular MC functions. Though mcyC function in Microcystis aeruginosa PCC 7806 has been
evaluated to be important in the final condensation reaction release of the entire MC heptapeptide [65],
further analysis must be performed to evaluate mcyC gene relation to heavy metal stress response,
MC-variant identification, and total MC release to the extracellular environment. The intracellular roles
of MCs are still largely undetermined, but a possible siderophore-like function towards zinc and iron
may exist under specific intracellular conditions [66]. Molecular modeling for MC-LR metal binding
showed that the total potential energy (Kcal·mol−1) (relative stability) for MC-LR was: Zn > Cu ≥ Fe ≥
Mg > Ca [46].

ELISA quantitative analysis showed MC-LR (μg/L) were present in all ZnCl2 treated intracellular
and extracellular M. aeruginosa UTEX LB 2385 culture portions (Figure 5). There was a higher correlation
of MC-LR (μg/cell) yield to 0.5 mg/L ZnCl2 treatment cells from Day One to Day 15 versus 0, 0.1,
and 0.2 mg/L ZnCl2 treated cells (p < 0.05, r = 0.6). This correlation was inversely associated with the
decreased cell biomass through 15 days, indicating release of MC-LR into the extracellular environment.
It was observed that intracellular microcystin production was decreased with increasing multiple metal
concentrations, indicating a possible distribution of microcystins (intracellularly to extracellularly)
due to cell lysis and/or cellular damage [10]. The 0.25 and 0.5 mg/L ZnCl2 treated cells showed a
~40% and 33% increase of extracellular MC-LR equivalents, respectively, as early as Day 5 (Figure 5).
Although 0.5 mg/L ZnCl2 cell concentration was largely inhibited by the end of the monitor period
(99.9% inhibition), a number of multi-cell aggregates and a very low cell number of individual cells
(1 × 105 cells/mL) were present at Day 15. The sum of all measured extracellular and intracellular
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MC-LR (μg/L) concentration through 15 days was slightly higher for cultures treated with 0, 0.1,
and 0.25 mg/L ZnCl2 than for the 0.5 mg/L ZnCl2 treated culture. These results are supported by
observations that total MC presence is largely associated with overall cell biomass [67]. Extracellular
MC-LR (μg/L) equivalent measurements for 0.25 mg/L ZnCl2 treated cells fluctuated between Days 8,
12, and 15 (1.64, 0.15, 0.80 μg/L, respectively), but was decreased from Day 5 (Figure 5). Interestingly,
the presence of observed multi-cell aggregates in both 0.25 and 0.5 mg/L ZnCl2 treated cells from Days 8
through 15 coincided with this observation. These structures may have possibly affected MC interactions
with higher ZnCl2 concentrations (0.25 and 0.5 mg/L ZnCl2) in the extracellular environment for the
measured time period. A further study of multi-cell aggregation, Exopolysaccharides (EPS) production,
and the MC role in the extracellular environment must be evaluated to determine interaction dynamics
and possible association. These observations are supported by the following studies. The application
of 0.5 mg·L −1 Zn2+ was shown to increase the dissolve organic carbon (DOC) concentration of
M. aeruginosa (FACHB 469) into the surrounding media by a 18-day study [68]. Furthermore, it was
shown that the addition of MC-RR (0.25–10 μg·L−1) significantly enlarged Microcystis colony size,
specifically increasing EPS production [69]. There are a number of undetermined factors concerning
the interaction of MCs-metal species in the extracellular environment, and these factors are complicated
by the presence of EPS, amino acids, and miscellaneous molecules produced by stress-responsive cells.

Further associative evaluation of Microcystis aggregation and the associated multi-cell components
to heavy metal stress is necessary to determine potential resistance mechanisms and survivability
dynamics of this cyanobacteria. A future transcriptomic evaluation of Zn heavy metal response in
M. aeruginosa is necessary to profile which intracellular and extracellular localizing genes are in
regulation, and to distinguish this important CHAB-associated cyanobacteria species from other
cyanobacteria species. Finally, the role of MCs in the extracellular environment must be further
determined to understand cyanobacteria-cyanobacteria environment dynamics.

4. Conclusions

This study exhibits the ZnCl2 metal stress response and resistance capabilities that a universal
CHAB species, Microcystis aeruginosa (in this study with strain M. aeruginosa UTEX LB 2385) possesses,
and the potential survivability this species demonstrates in increasing polluted aquatic environments.
M. aeruginosa UTEX LB 2385 was observed to survive ZnCl2 concentrations of up to 0.25 mg/L,
with increasing biomass through 15 days. Though mostly inhibited, 0.5 mg/L ZnCl2 treated cultures
presented multi-cell aggregates and residual populations through 15 days. A persistent yield of the
cyanotoxin MC-LR (μg/cell) was observed in all ZnCl2 treated cells by 15 days, indicating that this
cyanotoxin remains present in the environment even with low cell concentrations. This finding was
supported by qPCR data gene expression profiles of Mmt and mcyC, suggesting that M. aeruginosa
UTEX LB 2385 possesses several metal response mechanisms.

5. Materials and Methods

5.1. Growth Monitoring

Microcystis aeruginosa UTEX LB 2385 (NCBI Taxon ID: 1296356) was acquired from UTEX Culture
Collection of Algae, TX, USA, and was grown to late exponential growth phase (OD750 nm = 1.0;
cells/mL = 6 × 107) in sterile 1X Cyanobacteria BG-11 Freshwater Medium (Sigma Life Sciences,
St. Louis, MO, USA), within a sterile 250 mL Borosilicate Erlenmeyer flask at 21 ± 2 ◦C under
constant 24 h cool-white fluorescent light (24 μmol·m−2 s−1 photons) at a constant agitation of 100 rpm
(Innova 2000 Platform Shaker—New Brunswick Scientific, Edison, NJ, USA). The 1X Cyanobacteria
BG-11 media was prepared with sterile deionized Milli-Q water (Milli-Q Plus ultra-pure water
system—Millipore, Billerica, MA, USA) and the pH was adjusted to 8.0 ± 0.1 with 1 M NaOH. Duplicate
sets of four 20 mL volumes of M. aeruginosa UTEX LB 2385 culture were centrifuged at 2900× g for
10 min, the supernatants were discarded, and the cell pellets were gently washed with sterile deionized
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Milli-Q water. These cells were repelleted and constituted in 20 mL fresh sterile 1X Cyanobacteria
BG-11 media. The 20 mL volumes were aseptically transferred and diluted with 80 mL fresh sterile 1X
BG-11 Medium into eight new sterile 250 mL Borosilicate Erlenmeyer Flasks.

5.2. Experimental Design

A sterile 1% zinc chloride (ZnCl2) (Sigma-Aldrich, St. Louis, MO, USA) solution was added to each
M. aeruginosa UTEX LB 2385 culture to yield relative ZnCl2 concentrations: 0 mg/L, 0.1 mg/L, 0.25 mg/L,
and 0.5 mg/L (0 μM, 0.734 μM, 1.835 μM, 3.669 μM, respectively), as described previously [50,70].
These ZnCl2 concentrations were targeted through multiple growth curve analysis from past
experiments, with concentrations as high as 10 mg/L ZnCl2 (data not shown). The rationale
was predicated on a previously studied cyanobacterium, Synechococcus sp. IU 625 with ZnCl2.
All ZnCl2-treated cultures were maintained at the same culture growth parameters described above
and were monitored by turbidity observation at optical density (O.D.750 nm) with an UltraSpec III
(Pharmacia LKB—Pfizer, New York, NY, USA) for a predetermined time course of Days: 0, 1, 5, 8, 12,
and 15. All M. aeruginosa UTEX LB 2385 culture cell counts were performed via hemocytometer at
400×magnification using an Olympus BH2 BHS-312 Trinocular Microscope (Olympus Corp, Waltham,
MA, USA), and all experiments were repeated in triplicates. The standard deviations of duplicate set
means were used to generate the growth curves.

5.3. Phase Contrast Microscopy

To determine the physiological effects of ZnCl2 concentration on M. aeruginosa UTEX LB 2385
cultures, cell cultures were collected and imaged. All ZnCl2-treated M. aeruginosa UTEX LB 2385
cultures were collected during the set, predetermined time points (Days: 0, 1, 5, 8, 12, and 15) and
immediately imaged with a Zeiss AxioLab A1 phase contrast microscope coupled with an AxioCam
MrC camera (Carl Zeiss, Oberkochen, Germany) at 1000× total magnification.

5.4. Flow Cytometry

Sample cell size for ZnCl2-treated M. aeruginosa UTEX LB 2385 cultures was measured (FCM)
in 10,000 events per sample within a calibrated MACSQuant Analyzer 10 (Miltenyi Biotec, Auburn,
CA, USA) containing 405 nm, 488 nm, and 638 nm lasers, using the forward scatter setting (FSC-A)
for a set short term and long term course period of 8 days (0, 0.25, 0.5, 1, 5, 8). For each time point,
1 mL of each cell treatment was aseptically transferred into a 1.5 mL microcentrifuge tubes, and the
parameters were set to gently resuspend before 100 μL was measured in FCM. Different cyanobacteria
populations may exhibit distinct patterns of size, complexity, and autofluorescence in regards to colony
formation and to their phycobilisome complex. Furthermore, the light harvesting components and
phycobilisome complex has been shown to be affected by heavy metals in concentration dependent
kinetics [71,72]. Allophycocyanin and phycoerythrin fluorescent intensities for M. aeruginosa UTEX LB
2385 cells were measured in a calibrated MACSQuant Analyzer 10 (Miltenyi Biotec, Auburn, CA, USA)
for the set time course period of 8 days (data not shown). All flow cytometry histograms and statistical
analysis of measurements were generated via FlowJo software analysis (FlowJo, Ashland, OR, USA) to
compare the effects of varying concentrations of ZnCl2 treatment within all cultures.

5.5. Total RNA Isolation and cDNA Synthesis

The ZnCl2 treatment (0.5 mg/L) was found to inhibit M. aeruginosa UTEX LB 2385 cell number and
decrease turbidity by Day 8. Therefore, total RNA (M. aeruginosa UTEX LB 2385—0, 0.1, and 0.25 mg/L
ZnCl2 for Days: 1, 5, 12, and 15) was isolated and purified using a modified Ambion® RiboPure™
Kit (Ambion, Austin, TX, USA) approach. Homogenization and sample disruption preparation was
prepared by adding a volume of 48 mL of 100% EtOH to 60 mL of Wash Solution Concentrate. One mL
TRI Reagent was then aseptically mixed with 250μL of cultures within sterile 2 mL microcentrifuge tubes.
The mixtures were homogenized (by vortexing), sonicated 15 times with 3 s pulses (20% power) using a
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Branson Sonifier Cell Disruptor 200 (Emerson Industrial, St. Louis, MO, USA), and incubated for 5 min
at room temperature. Homogenates were centrifuged at 12,000× g for 10 min at 4 ◦C, and supernatants
transferred to new sterile 2 mL microcentrifuge tubes. RNA extraction was performed by aseptically
adding a volume of 200 μL CHCl3 solution to each sample, tightly capping and vortexing the sample
tubes at 700× g for 15 s, and then incubating at room temperature for 5 min. Each sample was
centrifuged at 12,000× g for 10 min at 4 ◦C before 400 μL of aqueous phase was aseptically transferred
to sterile 2 mL microcentrifuge tubes. Then, 200 μL of 100% EtOH was aseptically added to the
400 μL of aqueous phase and immediately vortexed at 700× g for 5 s. The sample mixtures were
aseptically transferred to a filter cartridge placed within a collection tube, capped, and centrifuged
at 12,000× g for 30 s at room temperature. Each sample flow-through was discarded and the filter
cartridge (with bound RNA) was replaced within the same collection tube. Next, 500 μL of wash
solution was aseptically added to the filter cartridges, capped, and centrifuged at 12,000× g for 30 s at
room temperature. Each sample flow-through was discarded and the filter cartridge was replaced
within the same collection tube. The same wash solution step was repeated. Then, the filter cartridges
were transferred to new sterile collection tubes and 100 μL elution buffer was added to each respective
filter column. The samples were then incubated at RT for 2 min and centrifuged at 12,000× g for 30 s to
elute RNA.

The concentration (μg/mL) and A260/280 ratios for total RNA samples were checked using a
BioDrop UV/VIS Spectrophotometer (Denville Scientific, Metuchen, NJ, USA). The isolated RNA
samples served as templates for cDNA synthesis with an ABI High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems-Life Technologies, Camarillo, CA, USA), using random hexamers
as per the manufacturer’s specification. Briefly for each sample, 10μL DNase-treated RNA was carefully
mixed with 10 μL 2X RT MasterMix I (2 μL RT Buffer; 0.8 μL 25X dNTP Mix; 2 μL 10X RT Random
Primers; 1 μL MultiScribe™ Reverse Transcriptase; 4.2 μL sterile nuclease-free H2O) within a 200 μL
nuclease-free reaction tube. The sample tubes were placed and run in a Veriti 96 well Thermocycler
(Applied Biosystems, Camarillo, CA, USA) via incubation at 25 ◦C for ten minutes, 37 ◦C for two hours,
and RT inactivation at 85 ◦C for 5 m. cDNA sample concentrations and A260/280 ratios were checked
using a BioDrop UV/VIS Spectrophotometer, and stored at −20 ◦C until prepared to use.

Microcystis aeruginosa Mmt, mcyC, and mcyE genes were chosen for primer design based upon
phylogenetic analysis of 16S-23S rRNA ITS sequences, multiple alignment of Microcystis aeruginosa
MC synthetase sequences, and multiple alignment of selected Microcystis MT amino acid sequences
(T-Coffee Program) (data not shown).

5.6. Quantitative Polymerase Chain Reaction (qPCR)

Oligonucleotides for qPCR were designed using IDT qPCR PrimerQuest (IDT, IA, USA) based
on Microcystis aeruginosa mt gene (M. aeruginosa PCC 7941 (NZ_HE973171), and qPCR mcyC and
mcyE oligonucleotides were designed based on M. aeruginosa mcy genes (M. aeruginosa UTEX LB
2388: EU009881 and M. aeruginosa K-139: AB032549, respectively) using IDT qPCR PrimerQuest.
The following primer pairs were generated: MmtRT2f: 5′-TTGTGAATCCTGTACGTGTCAA-3′ and
MmtRT2r: 5′-GTCCACAGCCTTTCCCTTTA-3′; mcyC_RT1f: 5′-GGCTAAACCTGACGGGTATAAA-3′
and mcyC_RT1r: 5′-CGCAATATTGAGGGAACACAAG-3′; mcyE_RT1f:
5′-AAGTGGGACCAAGACCAATAC-3′ and mcyE_RT1r: 5′-TCTAAGCCACGATTGAGAGAAC-3′.
An endogenous control was designed to normalize the relative gene expression of mcyC,
mcyE, and mt genes using IDT PrimerQuest with M. aeruginosa UTEX LB 2385 (KF372572) 16S
ribosomal RNA {MA8516S_RT1F: 5′-GTAGCAGGAATTCCCAGTGTAG-3′ and MA8516S_RT1R:
5′-TTCGTCCCTGAGTGTCAGATA-3′}.

The cDNA samples were diluted to a concentration of ~100 μg/mL and measured with a BioDrop
UV/VIS Spectrophotometer to determine A260/280 ratios. The comparative CT relative gene expression
method was used with the final equation:
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Fold change = 2−ΔΔCt (1)

Quantitative RT PCR reactions were performed within 96-well plate assays using an Applied
Biosystems StepOnePlus™ Real Time PCR System (ThermoFisher Scientific, MA, USA) with a Luna®

Universal qPCR Master Mix (New England BioLabs, Ipswich, MA, USA) (containing Hot Start Taq DNA
Polymerase). SYBR green dye chemistry was used for reactions containing: 10 μL qPCR Master Mix,
7 μL nuclease-free H2O, 1 μL of forward and 1 μL reverse primers for a total final 1 μM concentration,
and 1 μL < 100 ng final mass of diluted cDNA. The qPCR reactions were performed in triplicates
through an initial incubation of 50 ◦C for two minutes, an initial one-cycle denaturation step at 95 ◦C
for 60 s, and 40 cycles of 95 ◦C denaturation for 15 s with 60 ◦C extension for 30 s.

5.7. Enzyme-Linked Immunosorbent Assay (ELISA)

ZnCl2-treated M. aeruginosa UTEX LB 2385 cultures were collected for a predetermined course
of 15 days (Days: 1, 5, 8, 12, and 15) by centrifuging at 2900× g for 10 min at RT. The supernatants
were aseptically removed from the pellets and filtered into new sterile centrifuge tubes using sterile
microfiltration apparatus (with sterile ≤ 0.22 μm membrane filters). All pellet and supernatant samples
were frozen at −20 ◦C and stored for 15 days. Intracellular microcystin samples were extracted via
modified extraction methods [22,73]. Briefly, frozen M. aeruginosa UTEX LB 2385 pellet samples were
thawed, refrozen at −20 ◦C and thawed again, before 5 mL 75% methanol was added and samples were
sonicated for 1 min at 20% power using a Branson Sonifier Cell Disruptor 200 (Emerson Industrial,
St. Louis, MO, USA). The homogenized pellet samples were allowed to sit at RT for 5 min before
they were transferred to a sterile microfiltration device/apparatus (with a sterile ≤ 0.22 μm membrane
filter). For initial supernatant samples, 5 mL 75% methanol was added and mixed, before aseptically
transferring to their respective sterile microfiltration device/apparatus. The total filtrates were diluted
to final 1 mL 4% methanol working sample solutions.

ELISA quantitation for intracellular and extracellular microcystin-LR equivalents was performed
using a Microcystin-LR ELISA kit (colorimetric) (Abnova, Taipei, Taiwan) as per manufacturer
specifications. Final absorbances were read at 450 nm in duplicates using a Varioskan™ LUX multimode
microplate reader (ThermoFisher Scientific, Waltham, MA, USA) with SkanIt Software.

5.8. Statistical Analysis

The growth analysis experiments were performed in triplicates and the standard deviation of means
were used to generate growth curves. The statistical analysis of flow cytometry measurements (FCM)
were generated via FlowJo software analysis (FlowJo, Ashland, OR, USA). The initial raw data was
analyzed using the comparative Ct method in the ABI StepOne Software (Life Technologies, Camarillo,
CA, USA). To ascertain if the endogenous 16S rRNA reference gene varied due to experimental
conditions, student’s t-tests were performed for all accumulated averaged Ct values organized as
treatment groups [74]. The full form of the comparative Ct method equation (1) was used to evaluate
relative quantifications of mcyE, mcyC, and mt genes using the MA_UTEX LB 2385-specific 16S rRNA
endogenous control for the calculations. A Welch two sample t-test was used to evaluate possible
statistical significance between different, pooled ZnCl2 treatment groupings of 16S rRNA endogenous
control, using RStudio statistical software (RStudio Team, 2018). A standard 2nd-order polynomial
equation (y = 7.5536x2 −54.927x + 96.06) was used to calculate MC-LR equivalents below the 2.5 μg/L
standard range. Total MC-LR (μg/cell) quota was calculated by adding intracellular-extracellular
MC-LR equivalents (μg/L) and dividing by average cells/L. A Pearson’s product-moment r correlation
was used to evaluate increasing ZnCl2 concentration.
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Abstract: [D-Leu1]MC-LY (1) ([M +H]+ m/z 1044.5673, Δ 2.0 ppm), a new microcystin, was isolated
from Microcystis aeruginosa strain CPCC-464. The compound was characterized by 1H and 13C NMR
spectroscopy, liquid chromatography–high resolution tandem mass spectrometry (LC–HRMS/MS)
and UV spectroscopy. A calibration reference material was produced after quantitation by 1H NMR
spectroscopy and LC with chemiluminescence nitrogen detection. The potency of 1 in a protein
phosphatase 2A inhibition assay was essentially the same as for MC-LR (2). Related microcystins,
[D-Leu1]MC-LR (3) ([M + H]+ m/z 1037.6041, Δ 1.0 ppm), [D-Leu1]MC-M(O)R (6) ([M + H]+ m/z
1071.5565, Δ 2.0 ppm) and [D-Leu1]MC-MR (7) ([M + H]+ m/z 1055.5617, Δ 2.2 ppm), were also
identified in culture extracts, along with traces of [D-Leu1]MC-M(O2)R (8) ([M + H]+ m/z 1087.5510,
Δ 1.6 ppm), by a combination of chemical derivatization and LC–HRMS/MS experiments. The relative
abundances of 1, 3, 6, 7 and 8 in a freshly extracted culture in the positive ionization mode LC–HRMS
were ca. 84, 100, 3.0, 11 and 0.05, respectively. These and other results indicate that [D-Leu1]-containing
MCs may be more common in cyanobacterial blooms than is generally appreciated but are easily
overlooked with standard targeted LC–MS/MS screening methods.

Keywords: microcystin; cyanotoxin; structure; PP2A inhibition; liquid chromatography; mass
spectrometry; cyanobacteria

Key Contribution: Structure determination and toxicity evaluation of a new microcystin,
[D-Leu1]MC-LY, and detection of related toxins in a culture of Microcystis aeruginosa (CPCC-464).
This study and others indicate that [D-Leu1]-containing MCs are more common in cyanobacterial
blooms than is generally appreciated but are easily overlooked with standard targeted LC–MS/MS
screening methods.

1. Introduction

Microcystins (MCs), such as MC-LR (2), are cyclic heptapeptide hepatotoxins (Figure 1) produced
primarily in cyanobacterial genera such as Microcystis, Dolichospermum (Anabaena), Nostoc and
Planktothrix (Oscillatoria) [1]. The common feature of MCs is their cyclic structure and possession of

Toxins 2020, 12, 77; doi:10.3390/toxins12020077 www.mdpi.com/journal/toxins79
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several rare, highly conserved amino acids moieties [2]. One of the unusual structural features of MCs
is the β-amino acid (2S,3S,8S,9S)-3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4(E),6(E)-dienoic
acid (Adda) at position 5 (Figure 1) [3]. Adda5 and Glu6 appear to be primarily responsible for the
characteristic biological activity of MCs [2,3]. Protein phosphatase inhibition is directly related to
the toxins’ mechanism of action and animal studies have demonstrated that MCs are potent tumor
promoters [1]. To date, the number of identified MCs continues to increase and more than 250 analogues
have been characterized [4]. However, due to a lack of standards for these analogues, very few studies
have adequately assessed their distribution in natural waters.

 
Figure 1. Structures of the microcystins (MCs) mentioned in the text, showing their m/z values
and characteristic mass spectral fragment ions in positive (m/z 135.0804) and negative (m/z 128.0353)
ionization modes. Numbers in circles indicate the amino acid residue number, while atoms are
numbered starting from the carboxyl carbon of each amino acid.

As part of feasibility studies for a cyanobacterial matrix reference material [5], a survey of
cyanobacterial cultures from Canada was conducted using LC with UV and MS detection. Among the
samples analyzed, two Microcystis aeruginosa cultures from Saskatchewan and Alberta, CPCC-464
and CPCC-299, showed the presence of a new microcystin tentatively identified as [D-Leu1]MC-LY
(1) [5] together with the previously reported [6,7] and well-characterized [8] [D-Leu1]MC-LR (3).
[D-Leu1]MC-LY (1) was also tentatively identified recently by LC–HRMS/MS in a cyanobacterial bloom
sample from southwestern Ontario, Canada [9], indicating that it may be a significant component of
natural cyanobacterial blooms in this and other parts of the world. It is therefore necessary to verify
the structure, and to evaluate its toxicity relative to other MCs because limited data are available on
the toxicological consequences of varying the amino acid at position 1 and 2.
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2. Results and Discussion

The analysis of M. aeruginosa culture CPCC-464 by LC–UV–MS/MS is shown in Figure 2. A very
similar profile was observed with culture CPCC-299, with the only differences being in relative peak
areas. The LC–UV chromatogram of CPCC-464 (Figure 2a) showed two major peaks due to 1 and 3.
In the same experiment, the MS was operated with a precursor scan using the m/z 135 product ion
for Adda, which is characteristic of most MCs [10]. Examination of all peaks in the total ion current
chromatogram (Figure 2b) revealed three major MCs of interest, 1, 3 and 6, with [M+H]+ ions at m/z
1044.5, 1037.5 and 1071.5, respectively. These ions are plotted as extracted ion chromatograms in
Figure 2c. LC–HRMS chromatograms with and without mercaptoethanol derivatization are shown in
Figures S1 and S2. Compounds 1 and 3 were hypothesized to be [D-Leu1]MC-LY and [D-Leu1]MC-LR,
respectively [5], while the MS characteristics of 6 are consistent with [D-Leu1]MC-M(O)R, tentatively
identified recently by LC–HRMS/MS in cyanobacterial blooms in Canada and the USA [9,11].

 

Figure 2. LC–UV–MS analysis of an extract of CPCC-464: (a) UV absorbance at 238 nm; (b) total ion
current chromatogram from m/z 135 precursor scan; and (c) extracted ion chromatograms from m/z 135
precursor scan.

Large scale culturing of CPCC-464 followed by centrifugation provided 188 g of biomass
for purification of 1. This material was extracted with 70% MeOH–H2O, then taken through a
preparative isolation procedure consisting of a hexane partitioning, C18 LC, LH-20 gel permeation,
C18-flash chromatography, and semi-preparative HPLC. The total yield of 1 was 28.7 mg
containing a small amount of [D-Leu1,D-Glu(OMe)6]MC-LY and a trace of what is believed to
be [D-Leu1,(6Z)-Adda5]MC-LY (observed by LC–MS selected reaction monitoring modes).
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The structure of 1 was elucidated from NMR spectra acquired in CD3OH in order to observe the
exchangeable amide protons. The proton NMR spectrum had six resonances in the amide region with a
profile similar to that of a peptide. Individual spin systems from each amide resonance were identified
and assigned using 2D 1H-1H DIPSI-2 and 1H-1H COSY correlations (Table 1). Detailed spectra are
provided in Figures S3–S10 and an overlay of chemical shifts on the proposed 2-dimensional chemical
structure of 1 is shown in Figure S11.

Table 1. NMR spectroscopic data for [D-Leu1]MC-LY (1) in CD3OHa.

Unit Position δc, Type δH, Multiplicity (J in Hz) HMBC

D-Leu1 1 ND
2 52.0, CH 4.44, m

2-NH 7.89, d (7.7)
3a 39.2, CH2 1.62, m 4
3b 1.33, m
4 24.8, CH 1.57, m

4-Me 19.9, CH3 0.83, d (6.3)
5 22.6, CH3 0.83, d (6.3)

Leu2 1 174.5, C
2 53.8, CH 4.23, ddd (10.4, 6.6, 4.0)

2-NH 8.28, d (6.5) 1
3a 39.8, CH2 1.92, ddd (13.7, 12.0, 4.0) 2,5/6
3b 1.51, ddd (13.7, 10.4, 3.8)
4 24.5, CH 1.76, m

4-Me 20.0, CH3 0.88, d (6.6)
5 22.8, CH3 0.88, d (6.6)

D-Masp3 1 175.6, C
2 54.6, CH 4.60, dd (9.0, 3.8) 1,4

2-NH 7.72, d (9.0) Leu2-1
3 40.7, CH 3.04, dq (7.2, 3.8)

3-Me 13.8, CH3 0.86, d (7.2) 2,4
4 177.4, C

Tyr4 1 170.6, C
2 54.1, CH 4.35, ddd (11.7, 9.3, 3.3) 1

2-NH 8.89, d (9.3)
3a 36.3, CH2 3.29, m 1
3b 2.54, dd (14.1, 11.7) 2,4,5/9
4 128.3, C

5/9 130.2, CH 6.99, d (8.5) 3,7,5/9
6/8 115.0, CH 6.62, d (8.5) 4,7,6/8
7 156.4, C

Adda5 1 176.0, C
2 44.1, CH 2.76, m

2-Me 14.8, CH3 1.08, d (6.9) 1,2,3
3 55.5, CH 4.70, ~q (9.7) 1,2,4,5

3-NH 7.36, d (9.2)
4 125.2, CH 5.46, dd (15.5, 9.0) 6
5 138.0, CH 6.32, d (15.5) 3,7,6-Me
6 132.8, C

6-Me 11.8, CH3 1.63, s 5,6,7
7 136.2, CH 5.49, d (10.1) 5,6,8,9,6-Me
8 36.5, CH 2.61, m
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Table 1. Cont.

Unit Position δc, Type δH, Multiplicity (J in Hz) HMBC

8-Me 15.5, CH3 1.03, d (6.7) 7,8,9
9 87.2, CH 3.27, m

9-OMe 57.6, CH3 3.24, s 9
10a 37.7, CH2 2.83, dd (13.9, 4.7) 12/16
10b 2.68, dd (13.9, 7.4) 9,11,12/16
11 139.4, C

12/16 129.5, CH 7.19, m 10,14,12/16
13/15 128.1, CH 7.25, t (7.6) 11,13/15

14 125.9, CH 7.17, m

D-Glu6 1 174.8, C
2 53.3, CH 4.31, ~q (7.2) 1,3

2-NH 7.55, brs
3a 27.0, CH2 2.10, m
3b 1.79, m
4a 32.0, CH2 2.72, m
4b 2.59, m
5 175.2, C

Mdha7 1 165.5, C
2 145.1, C

2-NMe 37.3, CH3 3.36, s 2, D-Glu-5
3E 113.3, CH2 5.84, s 1
3Z 5.43, s 1,2

as, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad; ND, not detected.

Carbon assignments were determined indirectly using 1H-13C HSQC and 1H-13C HMBC 2D NMR
spectra. One carbon resonance was not assigned for Leu1 (C1) due to spectral overlap. The Adda
unit was assembled with the aid of the HMBC data, which determined the positions of the methyl
groups. Trans-configuration of the 4,5-double bond is indicated by the large coupling constant between
Adda-H4 and -H5 (15.5 Hz) and by the observation of a ROESY correlation between Adda-H4 and
Adda-6-Me, and is consistent with the absence of a ROESY correlation between Adda-H4 to Adda-H5.
The second double bond was also trans as a ROESY correlation was observed between Adda-H5 and
Adda-H7 (Figure 3).

 

Figure 3. Three-dimensional structure of [D-Leu1]MC-LY (1), modeled from the solution structure of
MC-LR (2) [12], showing NoE correlations observed in the ROESY NMR spectrum of 1.
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The relative stereochemistry of C2 and C3 of Adda was determined from the observation of a ROESY
correlation between Adda-H3 and both Adda-H5 and Adda-2-Me, while Adda-H2 showed correlations
to Adda-NH, Glu-NH, Adda-2-Me and Adda-H4, indicating that H2 and H3 are on the opposite faces
of the Adda plane (Figure 3). This is consistent with the ca. 9.7 Hz coupling constant between Adda-H2
and -H3. The glutamic acid unit (Glu), N-methyldehydroalanine (Mdha) and erthyo-β-methylaspartic
acid (Masp) were identified in a similar manner, and their proton and carbon resonances were very
similar to those previously published for 3 [8]. Two leucine units were identified by the similarities
of their 1H and 13C resonances to those in the BMRB database (http://www.bmrb.wisc.edu/ref_info/;
accessed September 2011) and those published for 3 [10]. The relative stereochemistry for H2 and H3
of the Masp unit was determined from the absence of Masp-H2 to Masp-3-Me correlation and the
presence of a ROESY correlation between Masp-H2 and -H3, which places H2 and H3 on the same
side of the plane. The tyrosine unit (Tyr) was assigned from the presence of the two doublets at 6.99
and 6.62 ppm, characteristic of a para-substituted phenyl ring. The aromatic protons, Tyr-H5 and
-H9 correlated to a carbon at 36.3 ppm, characteristic of an aromatic amino acid. The accurate mass
from LC–HRMS/MS indicated that the substituent on the phenyl ring was a hydroxyl group (Table 2),
establishing its identity as Tyr.

The amino acid subunits assigned in the 1H-1H DIPSI-2, 1H-1H COSY and 1H-13C HMBC
spectra were linked through correlations observed in the ROESY, NOESY (Figure 3) and HMBC
NMR spectra. In the HMBC spectra, a correlation between the N-methyl of Mdha and the carbonyl
of Glu, and between the Masp-NH and the leucine carbonyl at 174.5 ppm, linked Glu6 to Mdha7

and Masp3 to Leu2. Additionally, ROESY correlations were observed between Leu2-NH and both
Leu1-NH and Masp3-NH. Furthermore, the Tyr-NH showed ROESY or NOESY correlations to
Masp3-H3 and Adda5-NH, Adda5-NH showed correlations to Adda-H4 and Adda-H2, and Adda5-H2
showed correlations to Adda-H4, Adda-2-Me and Glu6-NH. These correlations show 1 to contain
Leu-Leu-Masp-Tyr-Adda-Glu-Mdha, and the molecular formula established from LC–HRMS requires
an amide linkage between Mdha7 and Leu1 moieties. That this linkage is present is demonstrated by
the presence of numerous product ions in the HRMS/MS spectrum that are attributable to fragments
containing both Leu1 and Mdha7, such as those at m/z 169.1334, 197.1283 and 488.2745 (Table 2).
The ROESY correlations observed for 1 (Figure 3), especially those between the amide protons,
were consistent with those expected based on the established 3-dimensional solution structure for
MC-LR [12], which is reported to be very similar to that of [D-Leu1]MC-LR (3) [8]. Thus, 1 has the
same relative stereochemistry as 2 and 3. This is also supported by the close similarity of the 13C NMR
chemical shifts of 1 to those reported for [D-Leu1]MC-LR (3) in the same solvent (Table S1). The fact
both 1 and 3 are biosynthesized together by the MC synthetase of M. aeruginosa strain CPCC-464,
and that 1 was subsequently found to have similar inhibitory potency to MC-LR (2) against protein
phosphatase 2A (PP2A) (Figure 4), both indicate that 1 has the same absolute stereochemistry as 2 and
3 and that 1 is therefore [D-Leu1]MC-LY (Figure 1).
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Figure 4. Protein phosphatase 2A (PP2A) inhibition curves for 2 and 1 fitted to a four-parameter logistic
curve. The estimated IC50 values were 0.62 ng/mL (standard error 0.05) for 2, and 0.80 ng/mL (SE 0.11)
for 1 (0.62 and 0.76 nM, respectively).

The positive and negative LC–HRMS spectra of 1 were consistent with a molecular formula
of C55H77O13N7 which, together with the presence of a prominent [M + Na]+ adduct ion, a weak
neutral loss of m/z 134.0727, and the late retention time, were consistent with a non-Arg-containing
MC. This indicated that 1 contained an extra C3H6 (42.0470 Da) relative to MC-LY (5), and C9H10O
(134.0732 Da) relative to MC-LA (4), which differ from 1 only in their amino acids at position 1 (5),
and at position 1 and 4 (4) (Table 2). The negative ion MS/MS spectrum obtained from the FS/DIA (full
scan/data independent acquisition) LC–HRMS of 1 showed a prominent product ion at m/z 128.0355,
consistent with the presence of a MC containing Glu at position 6, and a neutral loss of m/z 112.0190,
consistent with the presence of Masp at position 3 [17]. Careful comparison of the positive ion targeted
LC–HRMS/MS spectrum of 1 with those of standards of 4 and 5 (Table 2) showed that product ions in 1

that contained amino acid-1 were consistently heavier by 42.047 Da (Leu vs. Ala) than the corresponding
product ions from 5, and 42.047 (Leu1 vs Ala1), 92.026 (Tyr4 vs Ala4) or 134.073 Da (Leu1 and Tyr4 vs.
Ala1 and Ala4) heavier than the corresponding product ions from 4 that contained amino acid-2, amino
acid-4, or both amino acid-1 and -4, respectively (Table 2, Figures S12–S18). Furthermore, the UV
spectrum of 1 obtained during LC–UV analysis was identical to that of 5, and differed from that of 2

(Figure S19), suggesting the presence of Tyr in 1 and 5 in addition to the UV-absorbing chromophores
also present in 2 (i.e., Adda5 and Mdha7). The LC–MS/MS and LC–UV results are therefore entirely
consistent with 1 being [D-Leu1]MC-LY.A portion of the purified 1 was used to prepare a stock solution.
This was quantitated using qNMR [18] and LC with chemiluminescence nitrogen detection (CLND) [19],
then accurately diluted with 1:1 MeOH–H2O to prepare a reference material (RM) (~7.7 μM). LC–UV
analysis of this RM showed the relative concentration of [D-Leu1,D-Glu(OMe)6]MC-LY to be 3.1%.
The putative [D-Leu1,(6Z)-Adda5]MC-LY was below the limit of quantitation in LC–UV, but the relative
concentration was estimated be to below 0.5% using HRMS/MS. Because MCs containing (6Z)-Adda5

or D-Glu(OMe)6 do not inhibit protein phosphatases [20], the RM of 1 was used for the PP2A inhibition
assay without correcting for impurities. In the PP2A assay, the IC50 for a certified RM (CRM) of
MC-LR (2) was 0.62 nM (0.62 ng/mL), while that for the RM of 1 was 0.76 nM (0.80 ng/mL) (Figure 4).
Matthiensen et al. [7] reported that MC-LR (2) and [D-Leu1]MC-LR (3) had similar toxicities to mice
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when injected intraperitoneally, and that the IC50 values of 2 and 3 in a PP1 assay were 3.1 and 4.4 nM,
respectively. Similarly, Park et al. [6] independently found that 2 and 3 both had the same IC50 value
of 0.3 nM in their PP1 assay. Ikehara et al. [21] found that the IC50 of MC-LF(9), which differs from
MC-LY (5) only by the absence of a phenolic hydroxyl group on residue-2, was 3-fold higher than that
of MC-LR (2) (0.096 vs. 0.032 nM) in their PP2A assay. Taken together with the data presented here,
these results suggest that the replacement of D-Ala with D-Leu at position 1 in the MC structure has
only a minor effect on the toxicity of MCs or on their inhibitory effects on PP1 and PP2A.

Authentic 3 in a cyanobacterial bloom extract from Poplar Island, MD, USA, whose structure
has been verified as [D-Leu1]MC-LR by purification and NMR analysis [11], had identical retention
time and product ion spectra to the peak for 3 in CPCC-464 when analyzed by LC–HRMS/MS, thus
verifying its identity as proposed by Hollingdale et al. [5]. LC–HRMS/MS also showed the presence
of a minor microcystin with [M + H]+ at m/z 1071.5556 (C51H79O13N10S+, Δ 1.2 ppm) consistent
with [D-Leu1]MC-M(O)R (6) tentatively identified in bloom samples from south-western Ontario,
Canada [9] and Maryland, USA [11], by untargeted LC–HRMS/MS methods and selective chemical
oxidation. The identity of this compound in the culture was further verified by targeted LC–HRMS/MS,
together with oxidation to its sulfone (8) using Oxone [22] (see Figures S20 and S21). In LC–HRMS/MS,
6 showed the neutral loss of methylsulfenic acid (63.9983 Da, CH3SOH) characteristic of methyl
sulfoxides, and was slowly oxidized to its sulfone by Oxone. The [M + H]+ ion for both sulfone-8, and
sulfoxide-6 after neutral loss of CH3SOH, showed the expected characteristic series of microcystin
product ions. Further examination of the LC–HRMS/MS chromatograms revealed the presence of a
peak corresponding to [D-Leu1]MC-MR (7) ([M + H]+ m/z 1055.5608, C51H79O12N10S+, Δ 1.3 ppm)
which showed the expected product ions and which was rapidly converted to 6 by oxidation with
Oxone, thus verifying the structures of both 6 and 7. Trace amounts of the corresponding sulfone
(8) ([M +H]+ m/z 1087.5491, C51H79O14N10S+, Δ −0.1 ppm) were also detected in the culture extract,
something that was recently also reported by Foss et al. [11] in a cyanobacterial bloom sample, together
with 6 and 7. Microcystins 6–8 from this sample and from M. aeruginosa CPCC-464 showed identical
retention times and mass spectral characteristics. Methionine sulfoxide analogues of MCs appear to be
formed by autoxidation [22], and it appears that the same process can also lead to formation of the
corresponding sulfones. The stereochemistry of 6–8 cannot be verified by LC–MS methods. However,
because 7 is presumably biosynthesized in the culture by the same synthetase that produces 1 and
3, and that 6 and 8 are autoxidation products of 7, 6–8 can therefore be assumed to have the same
stereochemistry as 1 and 3 (Figure 1).

A careful non-targeted LC–MS analysis of a field sample by Foss et al. [11] recently reported
more than 20 Leu1-containing MCs in a cyanobacterial bloom, with [D-Leu1]MC-LR (3) as the major
component, but no 1 was detected. Including the present study, 1 now appears to have been detected
in samples originating from three different locations in Canada [5,9], but so far, nowhere else in
the world. Geographical differences in the distribution of microcystins are being reported [23,24].
Leu1-containing MCs have been implicated in bird deaths in both Canada and the USA [6,11] and
have been reported in samples from cyanobacterial blooms in Brazil and Argentina [7,25,26] as well as
in lichens from Argentina, USA, China, Japan, Norway, Sweden, and Finland [25,27]. Leu1 variants
may be more common and widespread than these studies indicate, as many analyses for MCs are
conducted using highly targeted LC–MS/MS methods, and the Leu1-containing variants are heavier by
42 Da than the more common (and more commonly targeted) Ala1-containing MCs. Both types of
variants would be readily detected if they were targeted in the LC–MS/MS method, or if untargeted
LC–MS methods were used. Protein phosphatase inhibition assays, or immunoassays with appropriate
cross-reactivities [28,29], can also be expected to detect both D-Ala1- and D-Leu1-containing MCs
although they cannot indicate which type of variant is present.
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3. Conclusions

[D-Leu1]MC-LR (3) has been reported previously and its structure confirmed by NMR
spectroscopy [8]. [D-Leu1]MC-LY (1) and [D-Leu1]MC-M(O)R (6) have been tentatively identified by
LC–HRMS/MS in a Canadian cyanobacterial bloom sample and in cultures [5,9]. The results presented
here firmly establish the identity of 1 and show that it has similar inhibitory potency towards PP2A
as MC-LR (2). A calibration reference material has been prepared that can be used to identify and
quantitate 1 in field samples and cultures. Microcystins containing D-Leu at position 1 may be fairly
common in the Americas, and the data presented here and elsewhere suggest these to be only slightly
less toxic than their more common D-Ala1-containing congeners. It is therefore important to consider
the possible presence of a range of D-Leu1-containing MCs when analyzing bloom samples.

4. Materials and Methods

4.1. General Experimental Procedures

Purified 1 (250 μg) was dissolved in 30 μL of CD3OH for NMR spectroscopy. NMR spectra were
acquired on a Bruker Avance III 600 MHz spectrometer (Bruker Biospin Ltd., Billerica, MA, USA)
operating at a 1H frequency of 600.28 MHz and 13C frequency of 150.94 MHz using TOPSPIN 2.1
acquisition software with a 1.7 mm TXI gradient probe at 277 K. Standard Bruker pulse sequences were
used for structure elucidation: one dimensional 1H spectrum with composite pulse pre-saturation of
water, double quantum filtered 1H-1H COSY, 1H-1H DIPSI-2 (mixing time 120 ms), 1H-13C HSQC,
1H-13C HMBC (60 and 90 ms delay for long range coupling evolution), 1H-1H ROESY (mixing time
400 ms) and 1H-1H NOESY (mixing time 200 ms). A second sample of 1 (1 mg in 210 μL) was prepared
in a 3 mm NMR tube for acquisition of the 13C spectrum on a Bruker Avance III 700 MHz spectrometer
operating at 1H frequency of 700.15 MHz and a 13C frequency of 176.07 MHz equipped with a 5 mm
cryogenically cooled probe at 278 K. The residual 1H resonance of CD3OH was referenced to 3.31 ppm
and the carbon to 48.0 ppm. Data were processed with TOPSPIN 2.1 and analyzed using the NMR
assignment software Sparky (T. D. Goddard and D. G. Kneller, SPARKY 3, University of California,
San Francisco: https://www.cgl.ucsf.edu/home/sparky/).

The initial survey of cultures for the presence of MCs was performed by LC–UV–MS using an
Agilent (Mississauga, ON, Canada) 1200 LC coupled with a SCIEX (Concord, ON, Canada) API 4000
Q-Trap mass spectrometer with UV monitoring at 238 nm and positive electrospray ionization MS,
with full scans, m/z 135 precursor scans, product ion scans, and selected reaction monitoring. The LC
column (50 × 2.1 mm; Agilent) was packed with 1.8 μm Zorbax SB-C18 and maintained at 40 ◦C.
The flow rate was 0.3 mL/min, with a gradient of 10%–80% B over 30 min. Solvent A was water and B
was 95% acetonitrile, each with 50 mM formic acid and 2 mM ammonium formate.

LC–UV spectra of 1, 2 and 5 were acquired using an Agilent 1260 LC System with diode array
detector (DAD) with UV monitoring at 238 and 210 nm. Separations were on an Acquity HSS T3 1.8 μm
column (100 × 2.1 mm; Waters, Milford, MA, USA) held at 40 ◦C. Isocratic elution was performed with
50% MeOH-H2O (0.1% v/v trifluoroacetic acid) at 0.25 mL min−1 with injection volumes of 5 μL.

LC–HRMS was conducted with a Q Exactive-HF Orbitrap mass spectrometer equipped with a
HESI-II heated electrospray ionization interface (ThermoFisher Scientific, Waltham, MA, USA) with
an Agilent 1200 G1312B binary pump, G1367C autosampler, and G1316B column oven. Analyses
were performed with a 3.5 μm Symmetry Shield C18 column (100 × 2.1 mm; Waters) held at 40 ◦C
with mobile phases A and B of H2O and CH3CN, respectively, each of which contained formic acid
(0.1% v/v). A linear gradient (0.3 mL min−1) was used from 20% to 90% B over 18 min, then to 100%
B over 0.1 min, followed by a hold at 100% B (2.9 min), then returned to 20% B over 0.1 min with a
hold at 20% B (3.9 min) to equilibrate the column. Injection volume was typically 1–5 μL. In positive
ion mode the mass spectrometer was calibrated from m/z 74–1622, the spray voltage was 3.7 kV,
the capillary temperature was 350 ◦C, and the sheath and auxiliary gas flow rates were 25 and 8 units,
respectively, with MS data acquired from 2 to 20 min. Mass spectral data were collected using a
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combined FS/DIA method. FS data were collected from m/z 500–1400 using the 60000 resolution setting,
an AGC target of 1 × 106 and a max IT of 100 ms. DIA data were collected using the 15000 resolution
setting, an AGC target of 2 × 105, max IT set to ‘auto’ and a stepped collision energy of 30, 60 and 80 V.
Precursor isolation windows were 62 m/z wide and centered at m/z 530, 590, 650, 710, 770, 830, 890, 950,
1010, 1070, 1130, 1190, 1250, 1310, and 1370. DIA chromatograms were extracted for product ions at
m/z 121.1011, 121.0647, 135.0804, 135.1168, 375.1915, 389.2072, 361.1758, 213.0870, 426.2096, 440.2252,
454.2409, 412.1939, 393.2020, 379.1864, 585.3395, 599.3552, and 613.3709. Putative MCs detected using
the above FS/DIA method were further probed in a targeted manner using the PRM scan mode with
a 0.7 m/z precursor isolation window, typically using the 30,000 resolution setting, an AGC target
of 5 × 105 and a max IT of 400 ms. Typical collision energies were: stepped CE at 30 and 35 eV for
MCs with no Arg, and stepped CE at 60, 65 and 70 for MCs with one Arg. LC–MS/MS/MS spectra of
m/z 1071.5→ 1007 for [D-Leu1]MC-M(O)R (6) were obtained from an LC–HRMS/MS chromatogram
run in PRM mode at m/z 1007.5 with in-source fragmentation energy set at 100 eV. In negative mode,
the mass spectrometer was calibrated from m/z 69–1780 and the spray voltage was −3.7 kV, while
the capillary temperature, sheath and auxiliary gas flow rates were the same as for positive mode.
Mass spectral data were collected in FS/DIA scan mode as above using a scan range of m/z 750–1400,
a resolution setting of 60000, AGC target of 1 × 106 and max IT of 100 ms. DIA data were collected
using a resolution setting of 15,000, AGC target of 2 × 105, max IT set to ‘auto’, and stepped collision
energy 65 and 100 V. Isolation windows were 45 m/z wide and centered at m/z 772, 815, 858, 902, 945,
988, 1032, 1075, 1118, 1162, 1205, 1248, 1294, 1335, and 1378. DIA chromatograms were extracted for
product ions at m/z 128.0353.

The Oxone oxidations of 6 and 7, based on Miles et al. [22] were performed by adding 1μL of Oxone
(10 mg/mL) in water to 19 μL of 1:1 MeOH–H2O, then 20 μL of culture extract was added with vortex
mixing. The reaction was monitored by LC–HRMS/MS after 15 min and then periodically thereafter.

4.2. Toxins and Other Materials

Distilled H2O was further purified using a UV purification system (ThermoFisher Scientific) or a
Milli-Q water purification system (Millipore Ltd., Oakville, ON, Canada). MeOH and CH3CN (Optima
LC–MS grade) were from ThermoFisher Scientific. Hexanes was from Caledon. Formic acid and
trifluoroacetic acid were from Sigma-Aldrich (Oakville, ON, Canada). A certified reference material for
2 (CRM-MCLR (Lot # 20070131)) and in-house reference materials for 4 and 5 were from the National
Research Council Canada (Biotoxin Metrology, Halifax, NS, Canada).

4.3. Biological Material

M. aeruginosa cultures CPCC-464 and CPCC-299 were obtained from the University of Toronto
Culture Collection (now the Canadian Phytoplankton Culture Collection housed at the University
of Waterloo, ON, Canada). CPCC-464 was isolated from Trampling Lake, Saskatchewan, Canada,
July 1998 and deposited by D. Parker as UWOCC#E7. CPCC-299 was isolated from Pretzlaff Pond,
Alberta, Canada, August 1990 and deposited by E. Prepas and A. Lam as sample #45-2A. Bulk cultures
of CPCC-464 were prepared in two aerated Brite-boxes (250 and 300 L), which are self-contained
fiberglass boxes that optimize temperature and light to maximize biomass production. All cultures
were grown on BG11 medium [30,31] made using filtered (1 μM) lake water that had pasteurized for
6 h at 85 ◦C. Light was provided by internally mounted cool white fluorescent tubes shaded with nylon
mesh for an approximate intensity of 75–100 μmol m−2 s−1 on a 14:10 h light:dark cycle. Temperature
was maintained at 20 ◦C and pH was monitored and remained constant at 8.6. When cultures reached
late exponential stage, 188 g of wet biomass was harvested using a tangential flow centrifuge (IEC
Centra MP-4R CEPA Z41 with an 804S rotor (GMI, Ramsey, MN, USA)) with a flow rate of 2–3 L min−1.
The biomass was stored at −20 ◦C. An extract of lyophilized material from a cyanobacterial bloom at
Poplar Island, MD, USA, which contained authentic 3 as well as the tentatively identified 6–8, was
available from an earlier study [11].
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4.4. Toxin Isolation from Culture Biomass

Wet cell biomass of CPCC-464 (104.8 g) was extracted four times with 70% MeOH–H2O (400 mL).
After centrifugation, the supernatants were pooled (1.7 L) and partitioned with hexanes (700 mL).
The hexane portion was back-extracted with 85% MeOH–H2O (300 mL) and combined with the
first extract. The cleaned extract was adjusted to 85% MeOH and partitioned a second time with
hexane (300 mL). The combined MeOH–H2O extracts were partially evaporated, pre-adsorbed on
~14 g of Waters 55-105μm prep C18 and packed on top of a vacuum liquid chromatography column
(4 cm × 11 cm) containing Waters 55–105 μm Prep C18-silica. Fractions were eluted with increasing
percentages of MeOH and analyzed by LC–MS. [D-Leu1]MC-LY (1) was present in fractions containing
40–80% MeOH–H2O and further purified on a Sephadex LH-20 column (1.6 cm × 68.0 cm), which
was eluted isocratically with MeOH. Fractions containing 1 were combined and subjected to a flash
chromatography column (Bakerbond 40 μm C18-silica, 1.5 cm × 22.0 cm) eluted with 55% MeOH–H2O.
After analyzing the fractions, those containing 1 were purified using a 3 μm Luna C18(2) column (250 ×
10 mm; Phenomenex, Torrance, CA, USA) eluted isocratically with 48% CH3CN–H2O containing 0.05%
TFA at 2 mL/min, with UV monitoring at 238 nm. To remove TFA the collected fractions were diluted
to 14% CH3CN–H2O and loaded on Waters Oasis HLB (6 cc, 500 mg) cartridges, washing the acid out
with H2O and eluting 1 with MeOH.

Purity assessment of the final purified material by LC–MS was carried out on a SCIEX API 4000
mass spectrometer using full scan (m/z 700–1200) and selected reaction monitoring with positive
electrospray ionization. Separations were performed by linear gradient elution on an Agilent 2.7 μm
Poroshell 120 SB-C18 column (2.1 × 150 mm) held at 40 ◦C with mobile phase A: H2O, and B: 95%
CH3CN, each containing 2 mM ammonium formate and 50 mM formic acid. The gradient was 25–75%
B over 25 min, increased to 100% B over 2 min, and held for 11 min, at 0.2 mL/min. LC–UV analysis
of the pure product was conducted on an Agilent 1290 Infinity LC System with diode array detector
(DAD) with UV monitoring at 238 and 210 nm (same LC column and conditions as LC–MS monitoring
except mobile phase A: H2O, and B: CH3CN, each containing 0.1% trifluoroacetic acid).

[D-Leu1]MC-LY (1): white solid; 1H and 13C NMR (Table 1); HRMS [M + H]+ m/z 1044.5660
(calculated for C55H78O13N7

+ 1044.5652 (Δ 0.8 ppm)), LC–HRMS/MS (Table 2); HRMS [M −H]− m/z
1042.5515(calculated for C55H76O13N7

− 1042.5507 (Δ 0.8 ppm)), LC–HRMS/MS (DIA) 1024.5418 (42%),
587.2759 (7), 325.2246 (28), 307.2141 (17), 128.0355 (100). λmax (LC–UV) 233, 280 nm (Figure S19).

4.5. Preparation of Reference Material

An aliquot containing [D-Leu1]MC-LY (1) (4.3 mg) was evaporated under N2 and dissolved in
3.0 mL 90% CD3OH–H2O. This stock solution was quantitated directly by 1H NMR using high purity
caffeine as the external calibrant as described previously [18]. A dilution of the stock solution was
prepared with 50% MeOH–H2O for analysis by LC–UV-CLND [19] using an Agilent 1100 HPLC system
with a 1050 UV detector connected to a model 8060 CLND (Antek PAC, Houston, TX, USA). Separations
were performed on an Agilent 3.5 μm Poroshell SB-C8 (2.1 × 150 mm) maintained at 40 ◦C. Isocratic
elution was at 0.2 mL/min, using 65% MeOH–H2O (0.2% HCOOH) for 1. The external calibrant was
also caffeine, with serial dilutions prepared gravimetrically in deionized H2O. Caffeine was eluted with
40% MeOH–H2O (0.2% HCOOH). The concentration of contaminating [D-Leu1,D-Glu(OMe)6]MC-LY
was measured using the UV detector at 238 nm, with an accurate dilution of the RM of 1 as the calibrant.

After quantitation, the stock solution was quantitatively transferred using 50% high purity
degassed MeOH–H2O to a calibrated volumetric flask, then diluted to the mark with the same. The
solution was packaged under argon in flame sealed ampoules using an automatic ampouling machine
(Cozzolli, Model FPS1-SS-428, NJ, USA), then stored at −80 ◦C.
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4.6. Protein Phosphatase Inhibition Assay

Ampoules of the RM of 1, along with the CRM of 2 (CRM-MCLR), were sent to Abraxis
LLC (Warminster, PA, USA) for evaluation of toxicity. PP2A assays were performed using the
microcystin-PP2A plate kit according to the kit’s standard procedures [32].

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/2/77/s1.
Figure S1: LC–HRMS of CPCC-464 with thiol derivatization (positive mode), Figure S2: LC–HRMS of CPCC-464
(positive and negative modes), Figure S3: 1H NMR Spectrum of [Leu1]MC-LY (1) in CD3OH, Figure S4: COSY NMR
Spectrum of [Leu1]MC-LY (1) in CD3OH, Figure S5: DIPSI NMR Spectrum of [Leu1]MC-LY (1) in CD3OH, Figure
S6: HSQC NMR Spectrum of [Leu1]MC-LY (1) in CD3OH, Figure S7: HMBC NMR Spectrum of [Leu1]MC-LY (1)
in CD3OH, Figure S8: 13C NMR Spectrum of [Leu1]MC-LY (1) in CD3OH, Figure S9: ROESY NMR Spectrum of
[Leu1]MC-LY (1) in CD3OH, Figure S10: NOESY NMR Spectrum of [Leu1]MC-LY (1) in CD3OH, Figure S11: 1H
and 13C chemical shifts overlaid on the structure of [Leu1]MC-LY (1), Figure S12: MS/MS spectra of MC-LA (4),
MC-LY (5) and [Leu1]MC-LY (1), Figures S13–S18: MS/MS spectra of MC-LA (4), MC-LY (5) and [Leu1]MC-LY
(1) (expanded), Figure S19: UV spectra of MC-LR (2), MC-LY (5) and [Leu1]MC-LY (1), Figure S20: LC–HRMS
of CPCC-464 with Oxone oxidation (positive mode), Figure S21: MS/MS spectra of [Leu1]MC-M(O)R (6) and
[Leu1]MC-M(O)R (7), Table S1: Comparison of the 13C chemical shift assignments for 1 in CD3OH with those
reported for 3 in CD3OD.
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Abstract: Edible Llayta are cyanobacterial colonies consumed in the Andes highlands. Llayta and four
isolated cyanobacteria strains were tested for cyanotoxins (microcystin, nodularin, cylindrospermopsin,
saxitoxin and β-N-methylamino-L-alanine—BMAA) using molecular and chemical methods. All isolates
were free of target genes involved in toxin biosynthesis. Only DNA from Llayta amplified the mcyE
gene. Presence of microcystin-LR and BMAA in Llayta extracts was discarded by LC/MS analyses.
The analysed Llayta colonies have an incomplete microcystin biosynthetic pathway and are a safe
food ingredient.

Keywords: cyanobacteria; cyanotoxins; Llayta; microcystin; Nostoc

Key Contribution: No known cyanotoxins were found in naturally collected Llayta and isolated
Nostoc strains using molecular and chemical methods.

1. Introduction

Members of the cyanobacteria genera Microcystis, Anabaena, Oscillatoria, Planktothrix and
Nostoc are able to synthesize cyanotoxic secondary metabolites such as microcystin, nodularin,
cylindrospermopsin, saxitoxin or β-N-methylamino-L-alanine (BMAA), a non-proteinaceous amino
acid form [1–5]. Thus, any food or ingredient originating from cyanobacterial biomass and destined for
human consumption must be seriously scanned for the presence of these toxins [6]. This is particularly
important in the case of Llayta. Llayta is a foodstuff consumed by rural Andean communities
since pre-Columbian times [7,8]. The vernacular name Llayta identifies the dry biomass of macro
colonies of a filamentous cyanobacterium that grows at Andean wetlands over 3000 m of altitude.
The cyanobacterium has been isolated from Llayta colonies (denominated Nostoc sp. strain LLA-15)
and its taxonomy and biochemical composition has been previously reported [9,10]. After harvesting
and sun drying, Llayta can be purchased today at food markets in Tacna (southern Peru) and Arica and
Iquique (northern Chile) and used for the preparation of local dishes [11]. Studies on the biochemical
composition of Llayta showed that 60% of total amino acids were essential amino acids for humans and
32% of total fatty acids were polyunsaturated fatty acids [10]. To date, no data on the potential for toxin
producing in Llayta have been reported, although there are no epidemiological reports that show that
consumption of Llayta may cause human illnesses. Based on this body of evidence, we hypothesize
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that Llayta available at southern Peruvian and northern Chilean food markets for human consumption
is a biomass free of cyanotoxins. To support this hypothesis, we provide genetic and analytic evidence.

2. Results and Discussion

The target genes mcyA, cyrJ, anaC, sxtA and sxtG were not amplified in any sample. The mcyA
gene can be used in the early warning of cyanotoxins with good certainty, but according to Jasser et al.
(2017) [12], they preferentially amplify Microcystis and Planktothrix genera. On the other hand, the mcyE
gene was only amplified from Llayta DNA. Since mcyE gene primer sequences are found in several
microcystin producer genera, the detection of this gene in opposition to the absence of mcyA gene
is reasonable. However, the gene mcyE was amplified from natural Llayta DNA only. Interestingly,
DNA from strain LLA-15 did not amplify the mcyE gene, even though LLA-15 was isolated from
the dry biomass of Llayta. The mcyE amplicon from Llayta DNA was recovered and sequenced,
and the BLASTn at the NCBI data bank showed 96% identity with gen mcyE from Nostoc sp. 152,
a known microcystin-producing strain [13]. Then, the amplified mcyE gene could belong to other
microcystin-producing cyanobacteria present in Llayta colonies; in fact, the metagenomics of the
closely associated microbiome of edible Llayta colonies show an abundance of bacteria from the
phylum Proteobacteria and several cyanobacterial phyla dominated by Nostoc (38%), Anabaena (25%)
and Nodularia (20%), with minor contributions of Microcystis and Cylindrospermopsis (unpublished
data). In addition, it is important to highlight that molecular screening for cyanotoxins only gives us
preliminary data for potential production, being crucial to confirm the data by analytical methodologies.
For that reason, after molecular screening, the MC-LR evaluation by HPLC-PDA was performed in
Llayta biomass extracts. MC-LR standard injection showed a peak at 8.6 min with an absorption
maximum at 238 nm. The Llayta HPLC chromatogram showed a weak signal at 8.79 min with absorption
maxima at 238 nm and 390 nm. Then, it was decided to conduct a MS for this weak signal, since this
might be evidence for the presence of microcystin in the Llayta extract. As expected, the standard
MC-LR microcystin LR showed an RT of 7.21 min and mass fragments of 995.37-977.36-866-599 m/z
(Figure 1A). The Llayta sample in LC-MS did not show a signal at RT 7.21 min. The LC signal
region with RT 6–7 min was analysed by MS, and did not show the fragment pattern expected for
microcystin LR. Together, the evidence supports the notion that Llayta biomass does not contain a
microcystin LR-like toxin (Figure 1B). Interestingly, the Llayta LC chromatogram showed a strong
signal at approximately 14 min, which becomes a subject for future work, in order to discover which
molecules are there.

Figure 1. Mass spectra for standards MC-LR and BMAA and Llayta extracts. (A): Microcystin LR
standard (SIGMA). (B): Llayta extract in 50% methanol. (C): BMAA standard (SIGMA). (D): Llayta
hydrolyzate in 50% methanol.

Dominant microcystins produced by Nostoc strains are DMadda or ADMadda variants, like the
toxic [ADMAdda5] MC-LR (m/z 1009), the [DMAdda5] MC-LR (m/z 981) and the [D-Asp3, ADMAdda5]

96



Toxins 2020, 12, 382

MC-LR (m/z 1023) [14]. The Llayta spectra (Supplementary Materials: Figures S1–S6) obtained did not
contain any of the fragments reported for this MC-LR variants or for DMadda or ADMadda moieties
due to the absence of the diagnostic ions at m/z 553 [Mdha-Ala-Leu-MeAspArg + H+] and m/z 627
[Arg-ADMAdda-Glu +H+]. DMAdda (m/z 121.06) and ADMAdda (m/z 163.08) specific fragment ions
were also absent. The absence of all those reported [15,16] characteristic fragments confirms the safety
of Llayta as a food ingredient with respect to cyanobacteria toxins.

MC-LR biosynthesis is dependent on the expression of a gene cluster that includes genes mcyA
and mcyE and cyanobacteria are not able to produce the toxin if one or more of these genes are lost
during evolutionary processes, as has been reported for Microcystis aeruginosa, Microcystis viridis,
Microcystis wesenbergii and Microcystis ichtyobable [17–20]. A similar explanation can be inferred from
our results, in which Llayta DNA amplified the gene mcyE but not the gene mcyA, and MC-LR was not
present in Llayta extracts.

The LC chromatogram and MS spectrum for standard BMAA (Figure 1C) showed that BMAA
migrated with an approximate RT of 5 min and yielded fragments of 119-102-88-76-73 m/z, in agreement
with the literature [21–23]. In contrast, the Llayta hydrolysate showed a weak signal with an RT 5.5 min
(Figure 1D), and its MS spectrum showed a different fragment pattern to that of standard BMAA.

As has been previously documented, cyanobacteria food supplements may be contaminated
with cyanotoxins, either microcystins [24] or anatoxin-a [25], and the monitoring of these toxins is
fundamental to prevent human intoxications. In our work, extracts of Llayta were analysed and did not
show the presence of cyanotoxins. However, these results need further work to confirm the presence
or absence of cyanotoxins in cyanobacterial samples used for human consumption, from different
geographical regions in Peru and northern Chile, as well the seasonal effect on cyanotoxin production.

3. Conclusions

The results support the hypothesis that the Llayta biomass analysed does not contain MC-LR or
BMAA toxins, and it can be considered a safe ingredient for human consumption.

4. Materials and Methods

To evaluate whether Llayta is a safe ingredient for human consumption, we evaluated the presence
of target cyanotoxin genes in the genomes of Llayta (dry biomass) and four strains of cyanobacteria
(LLC-10, LLA-15, CAQ-15, LCHI-10) isolated from various water bodies in northern Chile. Additionally,
the presence of microcystin-LR (MC-LR) and BMAA was evaluated by HPLC-MS in the dried biomass
of Llayta. Genomic DNA was extracted and purified from all isolates and Llayta (dry biomass)
using the PureLink Genomic DNA Mini Kit (Invitrogen, USA), according to the manufacturer’s
instructions. Table 1 shows the target genes (mcyA, mcyE, cyrJ, anaC, sxtA and sxtG) and the primers
used for PCR. The cyanobacterial strains Aphanizomenon gracile LMECYA-040, Anabaena sp. LEGE
X-002, Cylindrospermopsis raciborskii LEGE 97047 and Microcystis aeruginosa LEGE 91339 were used
as positive control for saxitoxin, anatoxin, cylindrospermopsin and microcystin, respectively, and
obtained from Blue Biotechnology and Ecotoxicology Culture Collection (LEGE Culture Collection) of
CIIMAR/University of Porto.

Table 1. Primers used to show the presence/absence in Llayta samples of target genes required for
toxin biosynthesis.

Target Gene Primer Pair Target Group Producers Size (bps) References

mcyA mcyA-Cd1F/mcyA-Cd1R Microcystin 297 [26]
mcyE HEPF/HEPR Microcystin and nodularin 472 [27]
cyrJ cynsulF; cylnamR Cylindrospermopsin 586 [28]

anaC anaC-genF/anaC-genR Anatoxin 366 [28]
sxtA sxtAF/sxtAR Saxitoxin 683 [29]
sxtG sxtGF/sxtGR Saxitoxin 893 [29]
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After molecular screening of the samples, the dry Llayta biomass was also examined by liquid
chromatography coupled with mass spectrometry (LC-MS) in order to confirm the presence of MC-LR
and BMAA. One gram of Llayta (dry biomass) was macerated with 8 mL of methanol 75% in liquid
nitrogen. After two hours, 12 mL MeOH 75% was added and the methanolic suspension (20 mL)
was sonicated (5 times, 60 s, 60 Hz) on ice to extract the intracellular toxins. After centrifugation
(4000× g for 2 min, at 4 ◦C), the supernatant was recovered and concentrated in a rotary evaporator.
This residue was suspended in 20 mL MeOH 75%, sonicated, centrifuged and evaporated as before.
The final residue was dissolved in 50% (v/v) methanol and analysed by LC-MS to detect microcystin.
To detect the presence of BMAA by LC-ESI-MS/MS, the resulting pellet from the maceration of Llayta
was subjected to acid hydrolysis dissolving it in 1 mL 6M HCL at 110 ◦C for 24 h [21].

The LC-MS system used to identify and quantify MC-LR in Llayta was a Liquid Phase
Chromatograph Finnigan Surveyor (Thermo Scientific, San Jose, CA, USA), coupled with a spectrometry
detector (MS Mass LCQ FleetTM ion trap), with electrospray interface (ESI), including a Surveyor LC
pump, a Surveyor auto sampler and a Surveyor photoelectric diode array detector (PDA). The program
used for data acquisition and processing was XcaliburTM version 2 (Thermo Scientific, San Jose,
CA, USA). The mass spectrometer was operated in full scan mode. The capillary voltage and tube lens
were maintained at 22 and 120 kV, respectively; the spray voltage was 4.5 kV. Nitrogen was used as
a sheath and auxiliary gas. The sheath gas flow rate was set at 80 (arbitrary units) and the auxiliary
gas at 10. The capillary temperature was held at 350 ◦C. Helium was used as a collision gas in the
ion trap at a pressure of 3 bar. Separation was achieved on C18 Hypersil Gold column (100 × 4.6 mm
I.D., 5 μm, Thermo Scientific, Waltham, MA, USA) kept at 25 ◦C, with a flow rate of 0.7 mL/min.
The injected volume was 10 μL in loop partial mode. Samples were injected in positive polarity mode,
in Full scan (270–2000 m/z). The standards and samples were injected in duplicate and a blank and
two standards of different concentration were introduced at each set of 6 samples. The standard
solution of MC-LR was purchased from DHI LAB Products (Hørsholm, Denmark, Batch nº MCLR-110),
with a concentration of 11.026 μg/mL. The system was calibrated using seven dilutions of the standard
solution of MC-LR (between 8.5 and 180 μg/L) diluted in 50% acetonitrile (ACN). A gradient elution
was used with mobile phase A (ACN) and B (water), both acidified with 0.1% formic acid (55% A and
45% B at 0 min, 90% A and 10% B at 12 min, 100% A at 12.5 min, 100% A at 15 min, 45% A and 55% B at
15.01 and 25 min). Under these conditions the MC-LR retention time (RT) was 7.21 min and the LOD
and LOQ were 5.7 μg/L and 8.5 μg/L, respectively. Samples were analysed using the mass-to-charge
ratio (m/z) transition of 995 > 599, at 35 eV collision energy. The MC-LR transition was monitored for
1 microscan time. The precursor ion (m/z 995) and MC-LR reference fragment ions with m/z values of
375, 553, 599, 866 and 977 were monitored in the MS/MS mode, in order to validate the presence of
the toxin. To assess the presence/absence of other microcystin variants, precursor ions of [DMAdda5]
MC-LR (m/z 981), [ADMAdda5] MC-LR (m/z 1009) and [D-Asp3, ADMAdda5] MC-LR (m/z 1023)
were searched in the MS/MS obtained spectra. Diagnostic ions at m/z 553 [Mdha-Ala-Leu-MeAspArg
+H+] and m/z 627 [Arg-ADMAdda-Glu +H+] were also scanned, as well as DMAdda (m/z 121.06)
and ADMAdda (m/z 163.08) specific fragment ions. The qualitative analysis of BMAA in Llayta
hydrolysates was done by LC-ESI-MS/MS as described above with the following modifications: the
capillary voltage and tube lens were maintained at 33 and 115kV/a, respectively; the spray voltage
was 5 kV; nitrogen was used as a sheath and auxiliary gas at a flow rate of 60 (arbitrary units) and
the auxiliary gas at 20; the column used was a HILIC (100 × 4.6 mm I.D., 2.6 μm, Phenomenex, USA)
kept at 40 ◦C, with a flow rate of 0.5 mL/min; samples were injected in positive polarity mode, in full
scan (50–500 m/z); the standard solution was a mixture of BMAA and L-2, 4-Diaminobutyric acid
dihydrochloride (DAB) from Fluca (Batch nº 0001418988), with a concentration of 0.145 μg/g; a gradient
elution was used with mobile phases A (MeOH) and B (water), both acidified with 0.1% formic acid
(90% A until 10 min, 60% A until 20 min, 50% A until 26 min), returning the start conditions and
equilibrating 10 min and finally, samples were analysed using the mass-to-charge ratio (m/z) of 119 at
20 eV collision energy.
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Abstract: Cyanobacteria and cyanotoxins constitute a serious environmental and human health
problem. Moreover, concerns are raised with the use of contaminated water in agriculture and
vegetable production as this can lead to food contamination and human exposure to toxins as well
as impairment in crop development and productivity. The objective of this work was to assess the
susceptibility of two green vegetables, spinach and lettuce, to the cyanotoxins microcystin (MC)
and cylindrospermopsin (CYN), individually and in mixture. The study consisted of growing both
vegetables in hydroponics, under controlled conditions, for 21 days in nutrient medium doped with
MC or CYN at 10 μg/L and 50 μg/L, or CYN/MC mixture at 5 + 5 μg/L and 25 + 25 μg/L. Extracts
from M. aeruginosa and C. ovalisporum were used as sources of toxins. The study revealed growth
inhibition of the aerial part (Leaves) in both species when treated with 50μg/L of MC, CYN and
CYN/MC mixture. MC showed to be more harmful to plant growth than CYN. Moreover spinach
leaves growth was inhibited by both 5 + 5 and 25 + 25 μg/L CYN/MC mixtures, whereas lettuce
leaves growth was inhibited only by 25 + 25 μg/L CYN/MC mixture. Overall, growth data evidence
increased sensitivity of spinach to cyanotoxins in comparison to lettuce. On the other hand, plants
exposed to CYN/MC mixture showed differential accumulation of CYN and MC. In addition, CYN,
but not MC, was translocated from the roots to the leaves. CYN and MC affected the levels of minerals
particularly in plant roots. The elements most affected were Ca, K and Mg. However, in leaves K was
the mineral that was affected by exposure to cyanotoxins.

Keywords: cyanobacteria; microcystin-LR; cylindrospermopsin; cyanotoxins mixture; plant growth;
toxin bioaccumulation

Key Contribution: This work provides new data concerning the toxicological potential of cyanotoxins
in edible vegetables and also on the differential susceptibility of vegetables to these toxins. In particular,
this work may contribute to the clarification of the maximum cyanotoxin concentrations acceptable for
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irrigation waters. Moreover, reliable ultra-pressure liquid chromatography-tandem mass spectrometry
(UPLC-MS/MS) data concerning the accumulation and distribution of MC and CYN in vegetables is
reported, being a valuable source of data to undertake risk assessment related with food safety and
human exposure.

1. Introduction

Cyanobacteria are anaerobic photoautotrophic group of primitive microorganisms widely
distributed in freshwater [1]. The overgrowth of cyanobacteria is favored by several factors related
with the eutrophication of aquatic ecosystems, which has increased in the last decades due to the
intensification of agricultural and industrial activities, and also with climate change [1,2]. The concerns
raised about the cyanobacteria are related with the cyanotoxins that many of these species and strains
produce. Among the most prevalent cyanotoxins found in freshwaters are microcystins (MCs). MCs are
cyclic heptapeptides and more than 200 chemical variants have been described so far [3]. Moreover they
are potent tumor promoters and carcinogenic compounds [4]. Microcystin-LR (MC-LR, herein referred
as MC), with leucine and arginine respectively in the positions X and Z of the molecule common
structure is the most toxic variant known. The main mechanism of toxicity of these compounds is the
specific binding and inhibition of protein phosphatases [5–7]. In fresh waters MCs concentrations can
reach values from 108 μg/L up to 10,000 μg/L [8–10], however, the most common concentration range
of MCs in surface and irrigation waters vary from 4–50 μg/L [11].

Cylindrospermopsin (CYN) is a tricyclic alkaloid with the following chemical formula: C15H21N5O7S.
CYN has been associated with kidney toxicity and liver failure. CYN is also referred to display genotoxic
activity [12–15]. Furthermore the toxin has been recognized as a nationwide threat due to the invasive
nature of its main producer, Cylindrospermopsis raciborskii [16]. At the molecular level CYN may interact
with the ribosomes and inhibit the synthesis of proteins in the cells [17]. CYN has been reported in
surface waters at concentrations up to 173 μg/L [1] and also to co-occur with MCs [18].

The main route of human exposure of these cyanotoxins is the consumption of contaminated
water or fish. However, the consumption of contaminated vegetables and food supplements may also
contribute as an important source of human exposure [19]. Indeed vegetables are potential repositories
of cyanotoxins when irrigated with contaminated freshwater [20]. This agricultural practice is potentially
detrimental to plant development, plant yield and quality. MCs have been shown to affect root and
shoot development, to inhibit seed germination and to affect plant metabolism [21–24]. Changes in
photosynthesis, alterations in activity of oxidative stress defense enzymes, increase in lipid peroxidation
and accumulation of reactive oxygen species (ROS) have also been attributed to exposure to MCs [2,25–27].

CYN also has shown to be adverse to plants, especially at high concentrations in the water (above
100 μg/L) [28–30]. CYN can cause oxidative stress [31]; inhibit germination [28] and growth [32,33] and
trigger a range of biochemical effects [34]. Recently, programed cell death symptoms were reported in two
model vascular plants after exposure to CYN 100 μg/L [35]. Contrarily, exposure to low concentrations
of CYN (below 100 μg/L) might not be detrimental to plants. For instance, absence of effects, or even
stimulation of growth, were reported by Freitas et al. (2015) [30] in hydroponic cultures of lettuce exposed
1 or 10 μg/l MC, CYN or MC+CYN [30], and by Machado et al. (2017) [36] in soil grown carrot plants
irrigated for 1 month with 50 μg/L MC. In addition, Guzman-Guillén et al. (2017) [37] reported increased
growth of carrots exposed to 50 μg/L CYN, and aromatic plants like parsley (Petroselinum crispum L.) and
coriander (Coriandrum sativum L.) also showed tolerance to MC and CYN [38].

Alongside with the impairment of growth, MCs have shown to alter other plant traits of agronomic
relevance and to affect nutritional parameters in cultivated plants. Freitas et al. (2015) [30] showed that
cyanotoxins such as MC and CYN interfere with mineral accumulation in lettuce. Moreover, changes
in the metabolism of plants exposed to cyanotoxins were also suggested to lead to the accumulation of
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potential allergenic proteins [39]. The exposure to MC could also be a plausible cause of the decrease
in the accumulation of ascorbic acid (vitamin c) in this root vegetable [36].

El Khalloufi et al. (2016) [40] and Lahrouni et al. (2016) [41] showed that toxic cyanobacterial
extracts containing MC affect plant-bacterial symbioses and decrease the bacterial growth rate of
rhizospheric microbiota. Leguminous crops that develop symbiotic interactions with Rhizobia to
uptake nitrogen can be particularly affected in such growth conditions. For instance, the chronic
exposure of fava beans to contaminated water (50 and 100 μg/L MC) was shown to reduce significantly
plant-Rhizobia nodule number and nitrogen assimilation (measured as dry matter) in the plants, as
well as plant growth and photosynthetic activity [42].

Although a provisional upper limit in drinking water of 1 μg/L for MC has been proposed by
the World Health Organization (WHO); and the United States Environmental Protection Agency
(US-EPA) has set a health advisory for CYN of 3 μg/L, in general, there are very few countries with
legislation concerning cyanotoxin levels in food. The legislation is addressed mainly to fish and
shellfish products but does not cover vegetables or other food products and supplements [43]. The
lack of legislation is probably a consequence of the lack of knowledge concerning the contamination
and the impact of cyanotoxins in the quality and safety of vegetables. For instance, more than one type
of cyanotoxin is frequently detected in the environment, nevertheless the bioactivity and toxicology of
such combinations in plants has been overlooked. Moreover, the genetics may play a critical role in the
sensitivity of plants to cyanotoxins. This factor has also been poorly considered in research, and there
is a general lack of understanding of the susceptibility of plant crops to cyanotoxins and the genetic
factors that determine the susceptible phenotype. This work aim to cover some of the knowledge gaps
in this field of research, namely the susceptibility of green-vegetables to cyanotoxins at environmentally
relevant concentrations, and cyanotoxins accumulation in plants. In the present work Spinacea oleracea
and Lactuca sativa, two common vegetables used in the human diet, were exposed to environmentally
relevant concentrations (10 and 50 μg/L) of MC and CYN, or their mixtures, through crude extracts of M.
aeruginosa and C. ovalisporum, respectively. The effects of these cyanotoxins on growth, photosynthesis,
mineral content and bioaccumulation on spinach and lettuce are here reported and discussed in relation
to susceptibility to cyanotoxins, nutritional value, food safety, and human exposure.

2. Results and Discussion

2.1. Effects of CYN, MC and CYN/MC Mixture on Spinach and Lettuce Growth

The effects of CYN, MC and CYN/MC mixture on spinach and lettuce growth were studied by
comparing the fresh weight of the control and treated plants at different environmental concentrations
(CYN and MC: 10 and 50 μg/L; CYN/MC mixture: 5 + 5 μg/L and 25 + 25 μg/L, respectively) (Figure 1).

In general, for all exposure conditions, the response at the physiological level was
concentration-dependent and more noticeable decreased growth was observed for spinach plants
(roots and leaves). The results also show that spinach plants were more vulnerable to MC than CYN
and this was also verified at morphological level, once for the treatment applied with MC 50 μg/L
spinach plants were negatively affected resulting in mortality and deleterious effects in leaves (necrosis)
(Figure 2). Decreased growth caused by MC on terrestrial plants was already reported in previous
studies [21,23,26,44–48]. However, most of them were conducted under unrealistic conditions, where
plants were exposed to quantities 100–1000-fold above the environmentally realistic concentrations.
Nevertheless, recent studies in which exposure experiments were carried out with environmentally
realistic concentrations (5 μg/L and 10 μg/L) have shown that depending on the plant species, MC
can negatively affect plant productivity and quality, being the edible fraction reduced by the MC
exposure [49]. Some examples can be enumerated: (1) lettuce plants treated with 5 and 10 μg/L MC
were shorter, had fewer leaves per head and weighed less than the control group [49]; (2) carrot plants
exposed to 1, 5, 10 μg/L MC decreased the total mass of the head and diameter of the roots relative to
the control group [49]; (3) green beans treated with 1, 5, 10 μg/L MC had lower total mass and fewer
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beans per plant than the control [49]; and (4) the growth of cucumber at different growth stages was
inhibited with exposure to 10 μg/L MC, and the order of growth inhibition was seedling stage > early
flowering stage > fruiting stage [50].

Figure 1. Box-whiskers plots of fresh weight of spinach and lettuce plants (leaves and roots) exposed to
cylindrospermopsin (CYN) and cyanotoxins microcystin (MC) at the concentrations of 10 μg/L (CYN10
and MC10) and 50 μg/L (CYN50 and MC50) and CYN/MC mixture at the concentrations of 5 + 5 μg/L
(MIX10) and 25 + 25 μg/L (MIX50), respectively, for 21 days. Different letters (a–d) mean significant
differences (p < 0.05). Control plants (CTL). Number of sample replicates (n = 8).

Figure 2. Representative images of spinach plants grown for 21 days with CYN and MC at the
concentrations of 10 μg/L (CYN10 and MC10) and 50 μg/L (CYN50 and MC50) and CYN/MC mixture
at the concentrations of 5 + 5 μg/L (MIX10) and 25 + 25 μg/L (MIX50), respectively, for 21 days. Control
plants (CTL).
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However, contrarily, some studies showed no effects in crop plants due to MC exposure at
environmentally realistic levels. Cao et al. (2018) [51] reported that irrigation with natural concentrations
of MC-contaminated water did not affect the growth and yield of lettuce and rice. Liang et al. (2016) [52]
also reported that low concentration of MCs (1 μg/L) did not affect the growth and photosynthesis of
rice. Furthermore, interestingly, the productivity and nutritional quality of some agricultural plants
may even be enhanced when exposed to ecologically relevant concentrations of MCs, with a weight of
leaves increasing, as it was shown in tomato and lettuce plants, respectively [30,53]. In this study, the
results obtained for spinach exposed to MC corroborate the findings of Pflugmacher et al. (2007) [26], in
which the exposure of different variants of spinach to cyanobacterial crude extract containing 0.5 μg/L
MC, resulted for some variants, in the reduction of growth due to the lower leaf size and the lower
number of leaves than in control groups. In line with the study of Pflugmacher et al. (2007) [26], here
we report differences in the sensitivity of the two vegetables (spinach and lettuce) to CYN, which shows
that sensitivity to cyanotoxins is, in part, determined by genetic factors. Despite the differences in the
experimental designs and although the toxicity mechanisms involved remain unknown, together, these
results raise attention for species that seem to be most vulnerable to adverse effects of MC exposure,
which should be considered by the regulatory agencies and policy-makers when outlining legislation
for irrigation water.

Less is known about the potential effects of CYN and CYN/MC mixture on productivity and
quality of crop plants. In this work, spinach plants showed to be more sensitive to environmentally
realistic concentrations of cyanotoxins than lettuce plants. The exposure of spinach plants to CYN
led to a significant decrease in the fresh weight of leaves at the highest concentration tested (50 μg/L)
(p < 0.05) (although lower than for MC at the same concentration). For lettuce, plants it is important
to note that CYN at 10 and 50 μg/L did not result in significant differences in root and leaf weight
compared to control group. Previous studies have shown that although low concentrations of CYN
(1–10 μg/L) can stimulate the root and leaf growth, the exposure of lettuce plants to 100 μg/L CYN
negatively affected the leaf yield by the reduction of its fresh weight [30]. So, as the exposure conditions
were similar in both studies, this can be indicative that lettuce plants are able to tolerate CYN at least
till concentrations of 50 μg/L without deleterious effects on their productivity. Data also exists for rice
plants which were exposed to 2.5 μg/L CYN, resulting in a significant increase in root fresh weight
upon 48 h of exposure and a significant decrease in leaf fresh weight of leaves after nine days of
exposure [31].

Regarding the cyanotoxins mixture, interestingly, only the fresh weight of spinach leaves was
significantly lower than the control group (p < 0.05), being the effect more prominent for the highest
concentration. For lettuce, a significant increase in fresh weight of roots and a significant decrease
in fresh weight of leaves was only observed for plants exposed to CYN/MC mixture at the highest
concentration (25 + 25 μg/L CYN/MC) (p < 0.05). Our results are in agreement with those reported
by Freitas et al. (2015) [30], which have suggested that lettuce plants are able to cope with low
concentrations (1 and 10 μg/L) of CYN and CYN/MC mixture by ensuring the maintenance of and
even increasing their fresh weight. Prieto et al. (2011) [31] have studied the interaction effects of CYN
(0.13 μg/L) and MC (50 μg/L), on rice plants and the mixture did not produce significant changes in
fresh and dry weight of roots and leaves after 48 h of exposure. In our study, it can be hypothesized
that the increased metabolic activity in roots required to maintain or improve the growth could
compromise the leaf growth of the spinach and lettuce plants, respectively. It is also important to
point out that, in this study, when plants were exposed to CYN/MC mixtures, even in concentrations
that individually plants seem to be susceptible of homeostatic compensation (e.g., 25 μg/L), the effects
observed were exacerbated.

Collectively, these results demonstrate that MC can severely inhibit the growth and performance
of spinach plants, and that the combined effect of CYN and MC was more intense than their individual
effects for lettuce plants. This suggests that the presence of multiple cyanotoxins in irrigation water,
even at environmentally realistic concentrations may influence the productivity of crop plants in
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a species-dependent manner. As the simultaneous presence of multiple cyanotoxins in aquatic
ecosystems is frequent, being MC the most prevalent cyanotoxin and CYN has been increasingly
recurrent [11], the potential interaction between the mechanisms of toxicity of CYN (inhibition of
protein synthesis) [54,55] and MC (inhibition of serine/threonine PP) [56,57] should be further studied
at cellular level in plants.

2.2. Effects of CYN, MC and CYN/MC Mixture on Lettuce and Spinach Photosynthetic Capacity

The treatment with 50 μg/L MC or with the toxin mixture, as reported in Figures 1 and 2, was
highly toxic to spinach, leading to extended leaf necrosis and even to the death of some plants. Thereby
measurements of chlorophyll fluorescence were carried out only in plants that survived those treatments.
In non-stressed plants Fv/Fm values are known to vary between 0.75 and 0.85 [58]. As reported in
Figure 3 all Fv/Fm values for the spinach plants analyzed were above 0.76 meaning that chlorophyll
fluorescence and the photosynthetic capacity of spinach plants was not affected by treatments with MC
and CYN toxins. Of notice is, nevertheless, the increased variability of Fv/Fm values in the 50 μg/L MC
and 25 + 25 μg/L CYN/MC treatments, which might evidence some adverse effects of the cyanobacterial
extracts in particular spinach plants. Indeed, some of spinach plants in 50 μg/L MC and 25 + 25 μg/L
CYN/MC groups evidenced necrotic symptoms in leaves and reduced growth.

Figure 3. Box-whiskers plots of maximum fluorescence (Fv/Fm) of spinach and lettuce plants exposed
CYN and MC at the concentrations of 10 μg/L (CYN10 and MC10) and 50 μg/L (CYN50 and MC50) and
CYN/MC mixture at the concentrations of 5 + 5 μg/L (MIX10) and 25 + 25 μg/L (MIX50), respectively,
for 21 days. Different letters (a, b, c and d) mean significant differences (p < 0.05). Control plants (CTL).
Number of sample replicates (n = 8).

Maximum fluorescence of lettuce plants was not affected by any of the treatments and all
values reported for lettuce were above 0.76. Maximum fluorescence yield is directly related to
reaction center II (PSII) function. Moreover the decrease of this parameter has been attributed to
PSII malfunction, or inhibition of electron transport linked with excitation of reaction centers [59].
A variety of effects of cyanotoxins on plant photosynthesis have been reported. Inhibition of
photosynthesis has been consistently reported in plants exposed to high concentrations (usually
above 100 μg/L) of MC. Freitas et al. (2015) [39], in a proteomics study in lettuce provided insights
regarding the putative molecular events that could be causing the inhibition of photosynthesis by
CYN and MC. The authors reported alterations in the expression of key proteins associated with
primary photosynthesis reactions (light reactions) such as quinone oxidoreductase, oxygen-evolving
enhancer proteins, chlorophyll a-b-binding proteins, chloroplast PsbO4, cytochrome b6/f heme-binding
protein 2 and ferredoxin-NADP reductase, but also proteins involved in the Calvin cycle (carbon
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fixation reactions), ribulose-1,5-bisphosphate carboxylase/oxygenase activase (RuBPactivase), ribulose
bisphosphate carboxylase/oxygenase activase 1 (RuBisCO activase 1), phosphoribulokinase (PRK), and
sedoheptulose-1,7-bisphosphatase (SBPase), photorespiration (gamma carbonic anhydrase-like 2).

On the other hand, contrasting effects have been reported in studies with toxin concentrations
below 100μg/L. While in tomato and Vicia faba the exposure to respectively 100μg/L MC and 50–100μg/L
MC resulted in a decrease of Fv/Fm [42,60], in carrots for instance, the exposure to water contaminated
with 10–50 μg/L MC and 50 μg/L CYN [36] resulted in an increase in the maximum fluorescence
yield in this root vegetable. The increase in Fv/Fm after exposure to cyanotoxins was interpreted
by Machado et al. (2017) [36] as a plant mechanism of defense related with the enhancement of the
physiological condition through improving the photosynthetic capacity. Also Bittencourt-Oliveira et al.
(2016) [61] related the increase in the net photosynthetic rate in lettuce plants exposed to M. aeruginosa
toxic extracts (0.65 to 13 μg/L total MC) as a mechanism of lettuce plants to synthesize additional
substrates to supply energy and to be utilized in the biosynthesis of important antioxidant molecules
and enzymes that protect from oxidative stress induced by MC. The presented results are thus consistent
with previous studies and show that MC or CYN, in the range of 10–50 μg/L, is not detrimental to
plant photosynthesis.

2.3. Effects of CYN, MC and CYN/MC Mixture on Lettuce and Spinach Mineral Content

Essential mineral elements are usually classified as macronutrients or micronutrients, according
to their relative concentration in plant tissue [62]. In this study, the content of macronutrients (Ca, Mg
and K) and micronutrients (Mn, Na, Cu, Zn and Fe) was determined in roots and leaves of spinach
and lettuce plants exposed to CYN, MC and CYN/MC mixture, in order to assess the physiological
condition and nutritional quality of the edible parts of these two vegetables.

2.3.1. Macronutrients

The effects of CYN, MC and CYN/MC mixture on the macronutrients content in spinach and
lettuce plants (roots and leaves) are presented in Figure 4.

Overall, the detrimental effects of exposure to CYN, MC and CYN/MC mixture were more
pronounced in roots than in leaves of spinach and lettuce plants. The results show that there were
no significant differences in Ca and Mg content in the edible portion (leaves) of spinach and lettuce
plants exposed to CYN, MC and CYN/MC mixture in comparison to the respective control groups.
The exception was for K, which content was significantly decreased in spinach leaves (p < 0.05) in
several exposure conditions, being MC at both exposure concentrations (10 μg/L and 50 μg/L) the
most deleterious toxin. Indeed, some studies have demonstrated that MC at ecologically realistic
concentrations promotes negative effects in mineral content of leaf plants, generally higher than CYN
and MC/CYN mixture. Regarding lettuce, it was reported that exposure to different concentrations of
MC (1, 10 and 100 μg/L) resulted in a decrease of the leaf mineral content, and the effects were more
pronounced at the highest time and concentration of exposure [30]. In addition, the content of K and
Ca in the shoots of V. faba have been reported to decrease after two months of exposure to M. aeruginosa
extract containing 50 and 100 μg/L of MCs [42].
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Figure 4. Box-whiskers plots of macronutrients (Ca, Mg and K) content of spinach and lettuce plants
(leaves and roots) exposed to CYN and MC at the concentrations of 10 μg/L (CYN10 and MC10)
and 50 μg/L (CYN50 and MC50) and CYN/MC mixture at the concentrations of 5 + 5 μg/L (MIX10)
and 25 + 25 μg/L (MIX50), respectively, for 21 days. Different letters (a, b, c and d) mean significant
differences (p < 0.05). Control plants (CTL). Number of sample replicates (n = 3).

The effects of CYN and CYN/MC exposure on the mineral content in plants have been studied
to a much lesser extent than MC. According to our knowledge, this is the first study reporting the
effects of CYN and CYN/MC mixture on the mineral content in spinach plants. For lettuce leaves,
Freitas et al. (2015) [30] stated similar results to those obtained in this study, with no significant effects
on Ca, Mg and K content after 10 days of exposure to CYN and CYN/MC mixture. However, it should
be highlighted the tendency for the decreasing in Mg and K content in the lettuce leaves at the highest
concentration of CYN/MC mixture. For spinach, interestingly, despite the significant decrease in K
content after plant exposure to CYN 10 μg/L and to the mixture at both concentrations (p < 0.05), the
effects were less deleterious than for MC alone (at both exposure concentrations).

More complex responses were obtained for the mineral content in roots of spinach and lettuce
plants. The roots of spinach plants were significantly affected by 50 μg/L MC and CYN/MC mainly
at the highest concentration of exposure, resulting in a significant increase in Ca, and significant
decreases in Mg and K contents in roots, compared to control group (p < 0.05). Similarly to the range
of concentrations used in this study, the K in the roots of V. faba were decreased, after two months of
exposure to M. aeruginosa extract containing 50 μg/L MC [42]. However, the responses of spinach roots
were not parallel with those obtained for carrot roots at the same concentrations of exposure (10 and
50 μg/L MC) [36], being even contrary for Mg and K (significant increase in carrots and decrease in
spinach). In lettuce, in this study, it was also obtained a significant increase in K and a significant
decrease in Ca and Mg content in roots in all exposure conditions (CYN and CYN/MC), being the
effects more pronounced at the highest concentrations (p < 0.05). Similar results for K content in roots
were also obtained for Lycopersicon esculentum [24].
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These results show that the physiological response and consequently the changes in roots mineral
content may vary according to the plant species. This was already suggested by Saqrane et al.
(2009) [46], which found a concentration-dependent increase in the macro mineral content (Na, K, Ca,
P, and N) in roots of Triticum durum, Zea mays, Pisum sativum, Lens esculenta after plants exposure to MC.
Guzmán-Guillén et al. (2017) [37] also suggest that carrots, a root vegetable, seem to be more vulnerable
to CYN (in terms of mineral content) than leafy vegetables, such as lettuce plants. The results obtained
for spinach (roots) are in agreement with that suggestion, once for the concentrations tested (10 and
50 μg CYN/L) there were no changes in Ca, Mg and K content in comparison to the control group.
However, in this study, the content of Ca and Mg in roots of lettuce plants followed a pattern similar to
the one reported in carrots [36]. Lahrouni et al. (2013) [42] proposed that the changes in minerals might
result from changes of plant membrane permeability caused by cyanotoxins such as MC. Furthermore,
the antioxidant response to stress promoted by cyanotoxins is usually more pronounced in roots than
in leaves of exposed plants [30,31]. In fact, since roots are the part of the plant in direct contact with
cyanotoxins, it is understood that the uptake of nutrients in spinach and lettuce plants may have been
considerably affected by oxidative stress, cellular damage and changes in membrane permeability
caused by the toxins. Minerals are essential to plant development since they are intrinsic components
of all cellular structures and molecules, and key-players in the metabolism and function of plants [62].
On the other hand, imbalances in a specific element may induce deficiency or excessive accumulation
of another element [62]. Although each essential element participates in many different metabolic
reactions, it is possible to anticipate which general functions of plant metabolism will be affected due to
the disturbance of mineral uptake and translocation promoted by extracts of CYN, MC and CYN/MC.

Correspondingly, it is well known that Mg and K content in plants can significantly affect
photosynthesis and K, which is required as a cofactor for more than 40 enzymes, is the principal
cation in establishing cell turgor and maintaining cell electroneutrality of plant cells [62]. Mg, besides
being part of the ring structure of the chlorophyll molecule, also has a specific role in the activation
of enzymes involved in respiration, photosynthesis and the synthesis of DNA and RNA [63]; and
Ca is required for the normal functioning of plant membranes and has been implicated as a second
messenger in plant responses to both environmental and hormonal stimuli (calcium acts as a signal to
regulate key enzymes in the cytosol) [62]. It is also used in the synthesis of new cell walls and in the
mitotic spindle during cell division [62].

The ability of crop plants to cope with abiotic stress, maintaining or even increasing the nutritional
value is of utmost importance for food security. In this study, the mineral content (Ca, Mg and K) of
the edible parts of lettuce and spinach plants were almost not changed in comparison to the control
group (except for K in spinach plants), which enables to conclude that, at least at this level, lettuce
plants are able to maintain its mineral content if exposed till 50 μg/L of CYN and MC. Nevertheless,
the effects of the CYN/MC mixtures should still be studied in greater detail.

2.3.2. Micronutrients

The impact of cyanotoxins on micronutrients content in crop plants has been studied to a less extent
than macronutrients [24,42,63]. The effects of CYN, MC and CYN/MC mixture on the micronutrients
content in spinach and lettuce plants (roots and leaves) are presented in Figure 5.
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Figure 5. Box-whiskers plots of micronutrients (Mn, Na, Cu, Zn and Fe) content of spinach and lettuce
plants (leaves and roots) exposed to CYN and MC at the concentrations of 10 μg/L (CYN10 and MC10)
and 50 μg/L (CYN50 and MC50) and CYN/MC mixture at the concentrations of 5 + 5 μg/L (MIX10)
and 25 + 25 μg/L (MIX50), respectively, for 21 days. Different letters (a–d) mean significant differences
(p < 0.05). Control plants (CTL). Number of sample replicates (n = 3).

In general, the changes in micronutrients content were more pronounced in roots than in leaves of
lettuce and spinach plants and the effects of CYN/MC mixture were greater than the single cyanotoxins.
In lettuce leaves, comparatively to the control group, the content in Mn, Cu and Zn was significantly
decreased and the content in Na and Fe was significantly increased, mainly due to the exposure to
the MC/CYN mixture at the highest concentration (25 + 25 μg/L). The results obtained for Mn and Zn
are in agreement with those reported by Freitas et al. (2015) [30], in which the mixture of MC/CYN
(100 + 100 μg/L) led to a significant decrease of their content in lettuce leaves. However, being the
same plant species (Lactuca sativa) and the experimental conditions similar, the content of Cu in leaves,
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followed a contrary tendency when compared to the results of Freitas et al. (2015) [30]. Although
speculative, a possible explanation can be related with differences of the use of purified cyanotoxins
vs. cyanobacterial crude extracts. Thus, it can be hypothesized that the crude extracts may have
some substances that function as Cu chelators. Furthermore, in the study developed by Freitas et al.
(2015) [30], the mineral content significantly increased in lettuce leaves due to the CYN exposure, and
apparently these effects were time and concentration-dependent. However, in this study, in general,
there were no significant differences between the content in micronutrients in lettuce leaves exposed to
CYN (10 and 50 μg/L) and the control group.

Regarding spinach leaves, overall, the content of all micronutrients analyzed (Mn, Na, Cu, Zn,
Fe) was significantly increased; and most of the changes occurred for the conditions MC 50 μg/L and
MC/CYN (25 + 25 μg/L). The result achieved for Na content in spinach leaves is corroborated with that
obtained for shoots of V. faba, in which plants treated with 50 and 100 μg/L MC significantly increased
its content [42].

Concerning the micronutrient content in roots, once again, the results suggest that although
lettuce and spinach plants were affected by cyanotoxins, the susceptibility to the different conditions
seems to be dependent of the plant species and genetic factors. Lettuce plants were especially affected
by CYN/MC mixture at the highest concentration of exposure, while spinach plants were affected by
MC 50 μg/L at the similar extent of CYN/MC mixture at the highest concentration of exposure. Overall,
due to 25 + 25 μg/L CYN/MC exposure, the lettuce roots significantly increased its content in Na and
Cu, significantly decreased its content in Mn and Fe and no changes were registered for Zn content in
comparison to the control group. Furthermore, the exposure of lettuce plants to CYN resulted in a
significant decrease in Mn and Cu content in roots. Contrasting to our results, Guzmán-Guillén et al.
(2017) [37] reported that only Mn and Cu were significantly increased in roots of Daucus carota after
exposure (30 days) to CYN (10 and 50 μg/L).

The spinach roots showed a significant increase in Cu and a significant decrease in Mn, Na and
Zn content when compared to the control group due the exposure to MC 50μg/L and 25 + 25 μg/L
CYN/MC. Again, contrary to our results, a significantly higher content of Na in roots of Triticum durum,
Zea mays, Pisum sativum, Lens esculenta [46], L. esculentum [24], V. faba [42] and Daucus carota [36] was
found after a prolonged exposure to MC. The uptake of minerals by the plant, especially micronutrients,
can be affected by various factors. Thus, the contradictory results can be attributable to different plant
species, different time and concentrations of exposure, use of purified toxins or crude extracts, different
mechanisms of enzymatic and non-enzymatic defense system and the systems where plants grow
(hydroponic vs. soil-grown systems).

Inadequate (deficit or excessive) uptake of micronutrients by crop plants can result in physiological
disorders, which may have implications in its antioxidant defense system, yield and nutritional quality.
The biological functions which could be affected by micronutrients imbalances comprises antioxidant
activity and cell growth. Fe and Cu are associated with enzymes involved in redox reactions; and Na
is involved in the synthesis of new cell walls, cell division and cell expansion [62]. Mn is required
for activity of some dehydrogenases, decarboxylases, kinases, oxidases, and peroxidases, playing an
important role in the structure of photosynthetic proteins as well as ATP synthesis [62]. In addition, Zn
is required for many enzymes and also for chlorophyll biosynthesis [62].

Finally, although the enhancement of mineral content in the edible parts of plants is of utmost
importance for its nutritional quality, it can result in unintended consequences for public health due to
the potential accumulation of cyanotoxins in edible tissues. Furthermore, it is important to point out
that the assays were performed in controlled environmental condition, but the changes in mineral
nutrition can predispose more the plants to diseases, which can be of concern due to the actual threatens
of climate change.
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2.4. Accumulation of CYN and MC in Plant Leaves

The mean CYN concentration found in the leaves of lettuce exposed to the toxin, at 10 and 50 μg/L
CYN, were 2.4 and 9.4 μg CYN/kg fw (Table 1), respectively, determined with the quantification
method described by Prieto et al. (2018) [64]. This means that the total amount of CYN taken-up, in
relation to the amount present in the culture medium, varied between 23.7% and 18.8%, depending on
the CYN concentration tested, and globally it could be considered around 20%. For spinach, in the
same exposure conditions, higher concentrations of CYN (9.52 and 36.97 μg/kg fw, respectively) were
detected (Table 1). MC was not detected at any concentration tested. For CYN-exposed spinach, the
uptake of plant leaves was 95% and 74%, for the exposure to 10 and 50 μg/L CYN, respectively. These
results evidence that spinach leaves accumulate more CYN than lettuce, and this might be related with
the mechanisms of transport of molecules in the plant tissues which might require specific molecular
transporters. The increased CYN accumulation coincided with the inhibition of growth of spinach,
being thereby one of the plausible causes due to the toxic effects of CYN in spinach tissues.

Table 1. Levels of MC and CYN in tissues of lettuce and spinach exposed to the 2 cyanotoxins, measured
by UPLC-MS/MS as described previously [18]. These results were first published in Díez-Quijada et al.
(2018) [18]. < LOD—below the detection limit of the method (0.06 ng MC/g fw and 0.07 ng CYN/g fw);
nd—not determined. Number of sample replicates (n = 3). Concentrations of exposure were: 10 μg/L
(CYN10 and MC10) and 50 μg/L (CYN50 and MC50) and CYN/MC mixture at the concentrations of 5 +
5 μg/L (MIX10) and 25 + 25 μg/L (MIX50), respectively, for 21 days.

Levels of MC and
CYN in Tissues of
Lettuce and
Spinach

CYN10 CYN50 MC10 MC50 MIX10 MIX50 MIX10 MIX50

CYN CYN MC MC MC MC CYN CYN

(μg/kg fw) (μg/kg fw)
(μg/kg

fw)
(μg/kg

fw)
(μg/kg fw) (μg/kg fw) (μg/kg fw) (μg/kg fw)

Lettuce
leaves 2.4 ± 0.89 9.4 ± 2.38 nd nd < LOD < LOD 10.00 ± 2.40 41.92 ± 6.37

roots nd nd nd nd 0.22 ± 0.08 1.10 ± 0.25 34.23 ± 11.58 110.00 ± 33.29

Spinach
leaves 9.52 ± 3.56 36.97 ± 10.25 < LOD < LOD < LOD < LOD 12.57 ± 4.22 119.69 ± 43.93

roots nd nd nd nd 0.53 ± 0.32 1.31 ± 0.14 39.16 ± 31.30 24.00 ± 3.76

Regarding the exposure to toxins mixture, data of CYN and MC in lettuce and spinach plants
were already reported previously, in a work aiming to validate a new method for their simultaneous
determination in vegetable matrices [18]. In the present work, results from the uptake of MC and CYN
are again presented, aiming at a more detailed discussion of results in the context of the plant response
and CYN and MC phytotoxicity (Table 1). The two toxins were analyzed in roots and leaves of plants
exposed to CYN/MC mixtures at the concentrations of 5 + 5 μg/L and 25 + 25 μg/L. The accumulation of
MC in roots of both vegetables increased concomitantly with the increase of concentration of exposure.
No significant differences in the accumulation of MC were observed between the two vegetables
(Table 1). MC content varied between 0.22 and 0.53 μg/kg fw in 5 + 5 μg/L CYN/MC group and between
1.10 and 1.31 μg/kg fw in 25 + 25 μg/L CYN/MC group. In contrast no MC was detected in leaves of
both vegetables.

CYN accumulated at much higher levels than MC in both plant species. Moreover, CYN was
detected in leaves as well as in roots of both plant species (Table 1). The accumulation of CYN increased
with the increase in the concentration of exposure, in most of the tissues analyzed except in the roots
of spinach. Moreover, in lettuce CYN accumulated more in roots than in leaves. These differences
were not so evident in spinach and the highest accumulation was observed in the leaves of plants
exposed to 25 + 25 μg/L CYN/MC. Mean CYN content estimated in leaves of lettuce and spinach
exposed to 5 + 5 μg/L CYN/MC and 25 + 25 μg/L CYN/MC were respectively 10.0–41.9 μg/kg fw and
12.6–119.7 μg/kg fw. In lettuce roots, mean CYN content varied between 34.2 and 110.0 μg/kg fw, whilst
in spinach between 39.2 and 24.0 μg/kg fw. These results evidence that CYN is more easily taken-up by
the roots than MC. In contrast to MC, CYN was translocated from the roots to the leaves meaning that
this toxin can be transported through the plant vascular system. The patterns of accumulation of CYN
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and MC in plant tissues might be related to differences in their chemical structures and properties and
the mechanisms of transport. MC is rather hydrophobic and also possess polar functions [65], therefore
the transport of the molecule into the cells requires specific membrane transporters. In animal cells the
molecule is known to be transported specifically by OATP type membrane transporters [66] but in
plant cells the mechanism of transport is unknown. CYN has approximately half of molecular mass of
MC and is highly soluble in water, thus being more easily transported than MC.

Overall the results show that the detrimental effects of cyanotoxins in lettuce and spinach are
related with the accumulation of these compounds in the plant tissues. Despite the absence of
accumulation in leaves, MC proved to affect severely leaf development, but causes no effect or may
even contribute to the stimulation of root development. CYN, on the other hand, is accumulated at
higher levels in leaves and roots of spinach and lettuce; however, it seems to be less detrimental to plant
development than MC, having lower effects on fresh weight and Fv/Fm. Nevertheless the increased
accumulation of CYN in spinach leaves, in comparison to lettuce leaves, could in part explain the
increased toxicity and inhibition of growth observed in spinach exposed to CYN50, MIX10 and MIX50.

Studies of MC accumulation in plants suggest that shoot translocation of the toxin may be
dependent on plant species and exposure conditions (toxin concentration, time of exposure). Crush et al.
(2008) [67] did not detect toxin in leaves of clover, lettuce, ryegrass, or rape, irrigated with water
containing 2.1 mg/L MCs. However Mohamed and Al Shehri (2009) [68] reported MCs in leaves of
different vegetable crops irrigated with contaminated groundwater. Peuthert et al. (2007) [69] also
reported low accumulation of MCs in leaves of 11 agricultural crops and higher accumulation in
roots. Another study described a positive correlation between the accumulation of MCs in lettuce and
the different exposure concentrations of MCs (MC and MC-RR) [61], which is in agreement with the
pattern found in this work for MC.

Regarding CYN accumulation in vegetables, there are fewer data available. Kittler et al. (2012) [70]
carried out a study of CYN uptake and accumulation in kale (Brassica oleracea var. sabellica) and
mustard (Brassica juncea). The authors reported significant levels of toxin in the leaves (2.71 ± 0.65 and
3.78 ± 0.47 μg/kg fw in kale and in vegetable mustard respectively) in aeroponic cultures irrigated
with toxic cyanobacterial extracts (18.2 μg/L CYN). Cordeiro-Araújo et al. (2017) [19] also reported a
concentration-dependent CYN bioaccumulation in lettuce, and the mean value reported after exposure
to 10 μg/L CYN for 7 days was 3.78 ± 0.25 μg/kg fw. Relatively higher values were observed in the
present work in lettuce and spinach, which might be due to the increased time of exposure to the toxin.

Assuming a consumption of 40 g of vegetable per day for an adult of 60 kg (equivalent to 0.67 g/kg
bw day) [19,36], the dietary intake of CYN would vary between 0.00067–0.028 μg/kg bw per day with
the ingestion of contaminated lettuce leaves, and between 0.008–0.08 μg/kg bw day with the ingestion
of contaminated spinach leaves. Taking into account the proposed TDI for CYN of 0.03 μg/kg per day,
the consumption of spinach with the highest level of contamination would be potentially adverse to
human health.

3. Conclusions

The contamination of vegetables and plant products raises growing concerns as a result of the
increasing degradation of water resources used in irrigation and the presence of toxic cyanobacteria
in irrigation waters. Despite the advances in the understanding of the effects of cyanotoxins on
plants, for example, plant development and productivity, the multiple environmental factors that
influence the action of cyanotoxins and the response of plants to cyanotoxins makes risk analysis
extremely difficult, needing more scientific knowledge. This work provides new evidences concerning
the effects of cyanotoxins at environmental concentrations. Overall MCs and CYN, separately or in
combination, at a concentration of 50 μg/L in plant’s growth medium (hydroponic conditions) were
detrimental to the development of lettuce and spinach. When the same amount of toxin was present, the
CYN+MC mixture showed to be more toxic then CYN alone. From this result, it may be speculated that
cyanotoxins can act synergistically increasing the toxic potential of the water. Moreover, for purposes
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of toxicity assessment of environmental and irrigation waters, the presence of different cyanotoxins in
the water should be monitored and their potential synergistic effects taken into account. On the one
hand, MC concentrations in irrigation waters may raise more concerns due to the detrimental effects
on plant growth. On the other hand, CYN is assimilated by the plant in greater amount than MC,
leading to the conclusion that the use of water contaminated with this toxin is particularly concerning
with regard to food safety and human exposure. Moreover some crops could be more sensitive to this
toxin than others, and accumulate more of this toxin in the tissues. Given the risks identified with the
exposure to CYN and/or MC at 50 μg/L, we suggest that concentrations lower than 50 μg/L should be
considered for establishing the regulatory limits of cyanotoxins in irrigation waters.

Additionally, the diverse effects found in the mineral content of cyanotoxins exposed plants
should be further studied because might have significant implications on plant development as well as
in plant nutritional value.

4. Materials and Methods

4.1. Biological Material

Microcystis aeruginosa (LEGE 91094) and Chrysosporum ovalisporum (LEGE X-001) were grown
as previously described by Campos et al. (2013) [71] in the Interdisciplinary Centre of Marine and
Environmental Research, CIIMAR (Porto, Portugal). The lyophilized material was stored at room
temperature in the dark for toxin extraction.

Spinacia oleracea (spinach) and Lactuca sativa (lettuce) were purchased as sprouts in a local market
(Porto, Portugal). Plants were washed with deionized water in order to remove all remaining soil
present in roots. Then, plants were cultivated in a hydroponic system according to Freitas et al.
(2015) [30]. Briefly, plants were placed into 100 mL opaque glass jars, randomly distributed in groups
and acclimated in Jensen culture medium [72] during a week (14–10 h, light-dark period and 21 ± 1 ◦C).
After that, the plants were utilized for the exposure experiments.

4.2. Cyanobacterial Crude Extracts and Quantification of MC and CYN

MC and CYN extractions from cultures of M. aeruginosa and C. ovalisporum, respectively, were
performed following the procedures described by Pinheiro et al. (2013) [73] and Welker et al. (2002) [74].
Analysis by high-performance liquid chromatography photodiode array detection (HPLC-PDA)
showed a mean content of 0.2 mg MC/g and 2.9 mg CYN/g of lyophilized material, with retention
times of 9.75 min (MC) and 6.305 min (CYN).

4.3. Exposure Experiments

After acclimation, five experimental groups for lettuce and seven for spinach were outlined
comprehending the plants irrigated with non-contaminated water (control group), plants irrigated either
with M. aeruginosa or C. ovalisporum extracts containing environmentally realistic toxin concentrations
(10 and 50 μg/L MC or CYN), and plants irrigated with a mixture of both cyanobacterial extracts (toxin
concentration of 5 μg/L MC + 5 μg/L CYN and 25 μg/L MC + 25 μg/L CYN). Eight replicates of each
treatment were performed. In order to simplify the description, the water with M. aeruginosa extracts
will be referred to as “MC-contaminated water” and the water with C. ovalisporum extracts will be
referred to as “CYN-contaminated water” throughout the manuscript. The toxin concentration in the
cyanobacterial extract was always quantified before preparing the artificially contaminated water to
certify that the correct concentrations of MC or CYN in the irrigation water were present.

The plant culture media and toxins were replaced three times a week for 21 days. At the end of
the experiments, plants were washed with deionized water and underwent different pre-treatment
depending on the analysis.
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4.4. Physiological Parameters: Plant Fresh Weight and Photosynthetic Capacity

Immediately after harvesting the plants, leaves and roots were separated and weighted (fresh
weight, fw), and stored at –80 ◦C for further analysis. Plant growth was expressed as the mean fresh
weight (fw) ± SD from eight plants (n = 8) per treatment.

Photosynthetic capacity was determined through pulse amplitude modulation (PAM) fluorometry,
with PAM 2000 (Walz, Effeltrich, Germany) instrument according to Machado et al. (2017) [36]. Plants
were first kept in dark conditions for at least 30 min and leaves subsequently illuminated with a pulse
of saturating light. The fluorescence emitted was recorded by the instrument. This procedure allows
measuring the maximum fluorescence yield of photosystem II (PSII)(Fv/Fm) that is directly related
with the functional state of the PSII protein complex and the photosynthetic efficiency of the plants [59].

4.5. Mineral Content

Determination of mineral content was developed following Freitas et al. (2015) [30]. Briefly,
freeze-dried samples (leaves and roots from spinach and lettuce) were digested by microwave-assisted
acid digestion using a MLS 1200 Mega system (Milestone, Sorisole, Italy). Sample solutions were then
analyzed by flame atomic absorption spectroscopy (FAAS) using a 200 Analyst equipment (Perkin
Elmer, Überlingen, Germany) and by inductively coupled plasma-mass spectrometry (ICP-MS) using
an iCAPTM Q (Thermo Fisher Scientific, Bremen, Germany) for total metal content. Results were
expressed on a dry weight (dw) basis.

4.6. MC Extraction and Quantification from Spinach

MC were extracted from leaves of spinach exposed to 0, 10, and 50 μg/L MC following the method
described by Prieto et al. (2011) [31] with slight modifications. Lyophilized spinach leaves (0.05 g)
were mixed with 10 mL of 0.1 M acetic acid and 20 mL of a 1:1 (v/v) mixture of methanol–chloroform.
Then, the mixture was stirred (15 min.) and sonicated (15 min.) three times at 4 ◦C and then
centrifuged at 3400× g. When the supernatant was collected, the extracts were purified according to
Guzmán-Guillén et al. (2011) [75], using Oasis HLB cartridges (500 mg/6 mL, Waters, Mildford, MA,
USA). Chromatographic separation was performed using a UPLC Acquity (Waters, Mildford, MA,
USA) coupled to a Xevo TQ-S micro (Waters, Mildford, MA, USA) consisting of a triple quadrupole
mass spectrometer equipped with an electrospray ion source operated in positive mode. UPLC analyses
were performed as described by Díez-Quijada et al. (2018) [18]. The transitions employed for MC are
996.5/135.0, 996.5/213.1 and 996.5/996.5.

4.7. CYN Extraction and Quantification from Spinach and Lettuce

The extraction and purification of CYN from plant materials was performed according to Prieto et al.
(2018) [64]. Briefly, lyophilized biomass was extracted with 6 mL of 10% acetic acid, homogenized
by ultraturrax, sonicated (15 min) and stirred (15 min). Then, the mixture was centrifuged for
15 min (12,000× g) and the supernatant was collected and purified. The purified CYN fractions were
concentrated (solvent evaporation) and resuspended in 1 mL Milli-Q water prior to its UPLC/MS-MS
analysis, following the method described by Prieto et al. (2018) [64].

4.8. CYN/MC MIX Simultaneous Extraction and Quantification from Spinach and Lettuce

The determination of toxins in CYN/MC mixtures was performed following the method described
by Diez-Quijada et al. (2018) [18]. Lyophilized leaves and roots were extracted with 6 mL of 80%
methanol, ultraturrax (1 min), sonicated (15 min) and stirred (15 min). Then, the mixture was
centrifugated (3400× g, 15 min) and the supernatant collected for clean-up. An assembly of a C18

Bakerbond cartridge (500 mg, 6 mL, Dicsa, Andalucia, Spain) and a BOND ELUT Carbon cartridge
(Agilent Technologies, Amstelveen, The Netherlands) was employed. After adjusting the supernatant
to pH 11, the following reagents were passed through the assembled cartridges: 6 mL DCM, 6 mL
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100% MeOH, 6 mL H2O (pH 11) and sample (pH 11): then, cartridges were dried for 5 min and eluted
with 10 mL DCM/MeOH (40/60) + 0.5 formic acid. Then, the extracts were evaporated to dryness and
resuspended in 1 mL 20% MeOH for its analysis by UPLC-MS/MS, according to Diez-Quijada et al.
(2018) [18].

4.9. Statistical Analysis

Leaf weight, root weight and photosynthetic rate data from the two plant species were analyzed
with General Linear Models, in which plant dry weight, root dry weight and photosynthetic rate
were used as response variables and the cyanobacterial treatment as factor. Assumptions of residual
normality and homoscedasticity were tested with Shapiro-Wilks and Levene tests, respectively. If any
of the assumptions was not met, data were transformed using the Box-Cox transformation. Tukey
post-hoc tests between factor levels were performed when due. All these analyses were performed
with R software, with functions from base, stats, MASS, car and multcomp packages.

Spinach and lettuce ionome (the abundances of chemical elements on individual plants) is a
kind of quantitative data from a series of elements that constitute parts of a whole, usually given in
proportions. This kind of data are considered in Statistics as Compositional data. These data usually
involve redundancy and multiple correlations of spurious nature that make inefficient the use of most
standard statistical techniques, and hence, need specific procedures for its analysis, that we describe
here below.

A sample space of compositional data, such as the data of plants ionome, is defined by SD, a
positive vector of D components adding up to a constant k, such as 100% or some other constant sum.
The “closure” operator C normalizes the contained vector as follows:

SD = C(c1, c2, . . . , cD) =

⎡⎢⎢⎢⎢⎣ c1K∑D
i=1 ci

,
c2K∑D
i=1 ci

, . . . ,
cDK∑D
i=1 ci

⎤⎥⎥⎥⎥⎦
where k is the unit of measurement and ci is the ith part of a composition containing D-parts [76]. Due to
the nature of the sample space, independence hypotheses must clearly take different forms from those
associated with SD. Thus, the sample space should be divided into non-overlapping subcompositions
where each subcomposition can be interpreted independently. In order to do this, the ionome data
were recalculated to sum up to a constant value (1 in our case) per individual plant.

For the elimination of redundancy and spurious correlations, as well as getting data distribution
closer to normality, it is necessary to apply the isometric log-ratio (ilr) transformation. First, new
orthogonal variables were created, through the combination of those already existing, thus eliminating
linear dependency. This task was performed by constructing a sequential binary partition (SBP)
from the whole ionome data. This technique consists in combining the elements in balanced ratios
that are orthogonal. From n elements in the ionome matrix, n—1 orthogonal balances would be
obtained. The orthogonality is determined by assigning orthogonal coefficients to ilr transformed
balances in all possible subcompositions of the data set (see Parent et al. 2013) [77]. Those orthogonal
balances are non-redundant and scale-invariant. This task was performed with the functions acomp,
gsi.merge2signary and gsi.buildilrBase, from the R package compositions. The ilr transformation has the
following formula:

ilrj =

√
rj sj

rj + sj
ln

g
(
c + j

)
g
(
c− j
)

where ilrj is each of the isometric log-ratios, rj and sj are those elements with positive and negative
orthogonal coefficients, respectively, that integrate the jth balance. g (c + j) and g (c− j) are the geometric
means of those elements with positive and negative coefficients, respectively.
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76. Egozcue, J.J.; Barceló-Vidal, C.; Martín-Ferńandez, J.A.; Jarauta-Bragulat, E.; Díaz-Barrero, J.L.;
Mateu-Figueras, G. Elements of Simplicial Linear Algebra and Geometry. In Compositional Data Analysis:
Theory and Applications; John Wiley and Sons: Hoboken, NJ, USA, 2011; pp. 139–157.

77. Parent, S.É.; Parent, L.E.; Egozcue, J.J.; Rozane, D.E.; Hernandes, A.; Lapointe, L.; Hébert-Gentile, V.; Naess, K.;
Marchand, S.; Lafond, J.; et al. The plant ionome revisited by the nutrient balance concept. Front. Plant Sci.
2013, 4, 39. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

121





toxins

Article

Diagnosing Microcystin Intoxication of Canines:
Clinicopathological Indications, Pathological
Characteristics, and Analytical Detection in
Postmortem and Antemortem Samples

Amanda J. Foss 1,*, Mark T. Aubel 1, Brandi Gallagher 2, Nancy Mettee 3, Amanda Miller 3 and

Susan B. Fogelson 4

1 GreenWater Laboratories, Palatka, FL 32177, USA
2 Animal Care Cancer Clinic, Stuart, FL 34994, USA
3 Pet Emergency of Martin County, Stuart, FL 34994, USA
4 Fishhead Labs LLC, Stuart, FL 34997, USA
* Correspondence: amandafoss@greenwaterlab.com; Tel.: +1-386-328-0882

Received: 13 June 2019; Accepted: 1 August 2019; Published: 3 August 2019

Abstract: In the summer of 2018, six dogs exposed to a harmful algal bloom (HAB) of Microcystis in
Martin County Florida (USA) developed clinicopathological signs of microcystin (MC) intoxication
(i.e., acute vomiting, diarrhea, severe thrombocytopenia, elevated alanine aminotransferase,
hemorrhage). Successful supportive veterinary care was provided and led to survival of all but one
patient. Confirmation of MC intoxication was made through interpretation of clinicopathological
abnormalities, pathological examination of tissues, microscopy (vomitus), and analytical MC testing
of antemortem/postmortem samples (vomitus, blood, urine, bile, liver, kidney, hair). Gross and
microscopic examination of the deceased patient confirmed massive hepatic necrosis, mild multifocal
renal tubular necrosis, and hemorrhage within multiple organ systems. Microscopy of a vomitus
sample confirmed the presence of Microcystis. Three analytical MC testing approaches were used,
including the MMPB (2-methyl-3-methoxy-4-phenylbutyric acid) technique, targeted congener
analysis (e.g., liquid chromatography tandem-mass spectrometry of MC-LR), and enzyme-linked
immunosorbent assay (ELISA). Total Adda MCs (as MMPB) were confirmed in the liver, bile, kidney,
urine, and blood of the deceased dog. Urinalysis (MMPB) of one surviving dog showed a high
level of MCs (32,000 ng mL−1) 1-day post exposure, with MCs detectable >2 months post exposure.
Furthermore, hair from a surviving dog was positive for MMPB, illustrating another testable route of
MC elimination in canines. The described cases represent the first use of urine as an antemortem,
non-invasive specimen to diagnose microcystin toxicosis. Antemortem diagnostic testing to confirm
MC intoxication cases, whether acute or chronic, is crucial for providing optimal supportive care and
mitigating MC exposure.

Keywords: HAB; microcystin; Adda; canine intoxication; MMPB; urinalysis; hair; ELISA; LC-MS/MS

Key Contribution: Multi-modal (clinal; pathological; analytical) investigation of an acute microcystin
exposure event led to the discovery of ideal specimens for postmortem (kidney)and antemortem
(urine) testing. The recommended method for detection; the MMPB technique; provided low level
detection of total Adda MCs/NODs in urine and hair; which has not been previously described.

1. Introduction

Harmful algal blooms (HABs) resulting in animal intoxications are a worldwide occurrence,
with reports of mortality becoming more prevalent [1,2]. Shoreline cyanobacteria blooms are one
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type of HAB that can lead to exposure of those living near lakes and streams, such as domestic dogs.
Dogs represent a sentinel species due to their shared environment with humans [3], supporting the
framework for a One Health approach when investigating cyanotoxins. Cyanobacteria poisoning of
canines has been well documented, but comprehensive reporting on toxin levels detected in specimens
is sparse [2,4–7]. Reports of canine intoxication by cyanobacterial neurotoxins are more prevalent, but
intoxication to hepatotoxins such as microcystin (MC) have increased in frequency [2]. Over a four-year
period (2007–2011), Departments of Health and/or Environment from 13 states reported 43 dogs
suspected of poisoning by MCs with a moderate to high probability, based on clinical and diagnostic
pathology [2]. Awareness of these events is spreading; however, MC intoxication events likely go
under reported. This could be due to a multitude of contributing factors, such as; insufficient exposure
history, lack of supportive environmental data, lack of standard HAB protocols or policies leading to
inadequate sample acquisition and/or handling, improper analytical test selection, or misdiagnosis due
to commonality of symptoms to other hepatotoxins. Furthermore, monetary restrictions may hinder
testing beyond preliminary veterinary intervention. Therefore, providing veterinarians and analytical
laboratories information on proper specimen collection protocols is of the utmost importance. Protocol
dissemination will help to minimize costs, provide clinically relevant information, and compile data to
inform the community of local environmental threats.

Typical MC canine toxicosis cases are the result of cyanobacteria ingestion. Post ingestion, it has
been shown that MCs make their way through the gastrointestinal tract and into the liver, presumably
through first pass effects through the bile-acid transport system [8–10]. MCs do not passively enter cells,
but require active transport [11], mediated by organic anion transporters (OATs) [12]. These transporters
are not only significantly expressed in the liver (Oatp1b2, OATP1A2, OATP1B1, OATP1B3) [12], but are
also expressed in the brain and kidney (OATP1A2) [12,13]. The OAT facilitated uptake of MCs is one
of the key steps in the pathogenesis of the reported hepatocellular damage and may account for the
neurological effects observed in animals and humans following exposure [14,15]. The predominant
OATs in the liver and kidney of canines (Oatp1b4 > Oatp2b1 > Oatp1a2) appear to exhibit similar
substrate specificity to that of the human OATP1B3 [16]. Human OATP1B1 is abundant in lobular
hepatocytes, while OATP1B3 is predominantly expressed in hepatocytes near the central vein [17],
indicating interspecies differences in OAT location may play a role in clinical presentation of toxicosis.
Once in the cytoplasm, MCs can affect a variety of cellular pathways, including regulation of DNA repair,
regulation of protein activity, cell signaling, cell cycle, gene expression, apoptosis, and metabolism of
endogenous or cytotoxic compounds [18]. The most studied of these pathways is the inhibition of the
essential members of the protein phosphatase (PP) family. The reversible phosphorylation of proteins
is an integral part of metabolism, which MCs inhibit by binding to serine/threonine PP1, PP2A [19] and
PP3 [20]. PP inhibition can result in hyperphosphorylation [21], increases in reactive oxygen species
(ROS) [22] and/or inflammation. These effects result in the disruption of cytoskeletal components,
rearrangement of actin filaments within hepatocytes, and ultimately cellular death, which elucidates
the observed morphological changes post-mortem [23].

The main pathway of hepatic elimination of MCs is Phase II biotransformation through conjugation
with glutathione (via glutathione-S-transferase or non-enzymatically) [21,24–26] and through an
elimination conjugation reaction with cysteine [24]. In mammals, MCs are primarily eliminated by
both biliary and renal routes, with conjugated forms excreting mainly through the kidneys [27–29].
Since MC conjugates retain some of their toxic potential [30], metabolites may lead to continued
insult to vital organ systems. The extent of intoxication and ability to recover from MC exposure is
dependent on dose and the animal’s capability to metabolize MCs. Since the antioxidant glutathione is
integral to the detoxification and elimination of MCs, depletion after a high dose or in the presence
of concomitant contaminants has been observed [31]. The loss of active glutathione coupled with
continued hyperphosphorylation and resultant ROS formation likely contributes to the necrosis and
apoptosis of hepatocytes, as well as the breakdown of the hepatocyte cytoskeleton. As the primary
site of MC detoxification, the hepatic parenchyma exhibits the most striking damage to intoxication;
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however, the renal nephron can also be negatively affected [5,32,33]. Although the cause of renal
parenchymal damage has not been identified, tubular ischemia has been proposed as one mechanism [5].
Other probable mechanisms include hepatic shock and direct toxic action to the renal tubules of
conjugated and free MCs.

The proper analytical approach is key to confirmation of MC exposure. Advances in MC
research have elucidated numerous structurally related congeners, which have increased from 60+
known in the 1990’s [34] to over 250 described to date [35]. Variations along the structure occur
mainly in two amino acid positions (X2, Y4; Figure S1), but modifications, such as desmethylation,
may happen along other parts of the structure. This structural variation coupled with protein
binding and conjugate formation present significant analytical challenges. Therefore, widely available
commercial enzyme-linked immunosorbent assays (ELISAs) are frequently used to test MCs due to
their broad specificity to the various congeners (and potentially conjugates). However, MC ELISAs
have a narrow range of applicability to complex matrix testing (e.g., urine, tissue, blood) from
different animal species, with false positive results reported when analyzing mammalian livers [36].
While their availability and ease of use make them convenient, they also require an alternate method of
confirmation, such as liquid chromatography tandem-mass spectrometry (LC-MS/MS). The specificity
achieved when targeting MCs via LC-MS/MS provides quantitative accuracy, but also results in
the under-reporting of total MCs [37,38]. This is due to a lack of commercially available reference
materials for method calibration coupled with the extensive variability in MC forms. Other techniques
utilized to address this include non-targeted high- and low-resolution LC-MS, but this requires an
intimate knowledge of MC chemistry. An alternate approach involves the oxidative cleavage of the
unique Adda (3-amino-9-methoxy-2,6,8-trimethyl-10-phenyl-4,6-decadienoic acid) side chain and
subsequent quantitative analysis of MMPB (2-methyl-3-methoxy-4-phenylbutyric acid). The MMPB
technique provides a relatively straightforward protocol accounting for total Adda containing MCs
or nodularins [38–40]. This test allows for the quantification of free MCs and those modified during
metabolism as long as there is conservation of the Adda side chain.

At present, the diagnosis of cyanobacteria poisoning requires a thorough history of the exposed
patient in relation to the contaminated source. A two-tier analysis should include identification of the
dominant cyanobacteria genera present and toxin analyses. In the absence of an algal grab sample,
analyses can be conducted on the vomitus/stomach contents of a recently exposed individual, which
is representative of unmetabolized cyanotoxins. However, due to the low pH of gastric contents,
degradation of the organisms may impede identification of cyanobacteria genera. Thus, broad screening
of multiple cyanobacterial toxins or targeted analysis for specific toxins based on clinicopathological
data may be required. Once toxins are confirmed in the source, additional targeted analyses should
be conducted on other specimens (e.g., liver, kidneys, feces, and urine) to confirm exposure and
metabolism. Data achieved from the source of exposure, coupled with clinical/pathological observations
and analytical data have been utilized to confirm MC intoxication in previous studies [4–6]. This process
is time consuming, cost prohibitive, requires significant knowledge of cyanobacteria and the toxins they
produce, and many specimens are not ideal for antemortem testing. Therefore, a standard protocol
for diagnosing MC toxicosis should be developed for non-invasive specimen collection and sensitive
accurate testing.
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The present study illustrates the most comprehensive report on the pertinent clinicopathological
data, pathological characteristics, supportive care, and novel diagnostic testing performed during and
after an exposure event involving dogs. Results from this investigation provide support of viable
antemortem testing methods for detection of MCs in canines during and after suspected exposure to
microcystin producing cyanobacteria.

2. Results

2.1. Presentation, Clinical Data and Treatment

Between 26 August to 8 September 2018, six dogs were admitted for medical care at Pet Emergency
of Martin County, Florida, USA. Information pertaining to the exposed animals and negative controls
used in this study are presented in Table 1. The patient history for the six hospitalized cases included
access to the Indian River and potential ingestion of decaying fish, organic debris, or water from the
waterway. The onset of clinical signs varied from 2–48 h post exposure, with the most common signs
being vomiting and depression. Weakness, collapse, tachycardia, petechia/ecchymosis and melena were
also noted in a subset of patients. Clinicopathological findings included but were not limited to: elevated
ALT (Alanine aminotransferase), thrombocytopenia, prolonged partial thromboplastin time (PTT) and
prothrombin time (PT), peritoneal and/or pleural effusion, hypoglycemia and hyperbilirubinemia.
For a full list of abnormalities and values, refer to Table 2.

Table 1. Subjects examined in this study shown with weights, age, sex, date of exposure and status.
UE = Unexposed Individual. N = neutered, S = spayed.

ID Breed
Age

(years)
Sex

Weight
(kg)

Date of
Exposure

Status

C-SP Standard Poodle 9 Male/N 23 4 September 2018 Deceased
C-GR #1 Golden Retriever 6 Female/S 32 8 September 2018 Living
C-GR #2 Golden Retriever 2 Female/S 30 8 September 2018 Living
C-GR #3 Golden Retriever 4 Female/S 31 1 September 2018 Living
C-Pom Pomeranian 2 Female/S 2.3 26 August 2018 Living
C-Chih Chihuahua 6 Male/N 5.5 26 August 2018 Living
C-LR Labrador Retriever <1 Male 36 UE Living
C-GD Goldendoodle 10 Female/S 34 UE Deceased

C-CBR Chesapeake Bay
Retriever 11 Female 34 UE Living

Table 2. Clinicopathological abnormalities noted during hospitalization of six dogs exposed to
the St. Lucie River HAB event. ID = Identification, APTT/PT = activated partial thromboplastin
time/prothrombin time, ALT = Alanine aminotransferase, >DL = greater than detection limit.

ID: C-SP C-GR #1 C-GR #2 1C-GR #3 C-Pom 1C-Chih

Vomiting: Yes Yes Yes Yes Yes Yes
Melena: Yes No No Yes Yes No

Tachycardia: Yes No No Yes No Yes
Body cavity effusion: Yes Yes No Yes Yes Unknown

APTT/PT: >DL >DL Normal >DL >DL 128/17
Thrombocytopenia: 12K 15K 60K 69K 24K 77K
Bilirubin (mg/dL): 2.1 15 0.1 3.1 2.2 7.2

ALT (U/L): >DL 10K 1889 3294 5287 >DL
Blood Glucose (mg/dL): 26 74 97 66 27 120

After presentation to the emergency clinic, a complete blood count, blood chemistry, and clotting
profiles were performed. Decontamination through bathing was initiated in a subset of patients prior
to arrival. One patient presented with productive emesis and vomitus was saved for cyanotoxin
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evaluation. The Animal Poison Control Center was contacted for advice on the cases but ultimately
treatment was tailored for each dog by the attending veterinarian with the emphasis on acute
liver injury. Therapy included intravenous fluids (with dextrose supplementation as indicated),
gastroprotectants, antibiotics, antiemetics, analgesics, fresh frozen plasma (FFP), cholestyramine,
vitamin K, N-acetylcysteine and various oral liver protectants. For the dogs that required intensive
overnight care, continuous monitoring of electrocardiogram and blood pressure were performed.
Furthermore, other essential parameters were monitored at varying intervals such as blood glucose,
electrolytes, activated partial thromboplastin time/prothrombin time (APPT/PT), complete blood count
(CBC), and blood chemistry. Patient hospitalization ranged from one day to nine days.

2.2. Pathology

One of the six dogs succumbed to fulminant liver failure, coagulopathy, and shock. A full
postmortem examination was performed (Figure S2). On preliminary gross examination, the dog
was in good body condition with a body condition score of 5/9 and mild post-mortem autolysis [41].
The skin in areas without hair appeared slightly yellow with multifocal areas of ecchymosis and
petechiation. Diffuse icterus of the mucous membranes and subcutaneous adipose tissues was noted.
Abundant dark red to black fluid drained from the nares and oral cavity upon manipulation of the
head. Entry into the abdominal cavity showed up to 1L of serous red tinged fluid. The length of the
intestines was dark pink to red with red streaking down the serosa, which had a granular appearance.
Abundant edema and coagulated blood expanded the mesentery and omentum adjacent to the spleen
as well as around the pancreas. Inspection of the esophagus, stomach, and intestines revealed abundant
dark red to black fluid that filled the entire gastrointestinal tract. The gastric wall at the pylorus was
diffusely expanded by submucosal hemorrhage and edema. The liver was diffusely dark red with
sharp margins, a reticular pattern, and had a normal consistency. The gall bladder was filled with dark
green bile and the wall of the bladder was thickened by edema. Abundant bright yellow, granular thick
fluid was present in the urinary bladder. However, the kidneys and ureters were intact. The spleen
was diffusely pale red and had multiple <3 mm fibrotic nodules on the serosal surface. The right lung
lobes appeared pink except for a 3–4 cm red focus in the cranial lobe and mild dark red mottling in the
middle lobe. The left lobes were diffusely red, wet, and oozed abundant red fluid upon transection.
The adrenal glands had bilateral hyperplasia of the cortical layers. Multifocal petechia and ecchymosis
were observed in the wall of the great vessels of the heart and in the endocardium of the left ventricle.
There was mild multifocal, nodular thickening of the mitral valve leaflets.

Compared to normal canine microscopic anatomy (Figure 1A,C,E), tissues of the deceased dog
showed several significant microscopic changes including; acute, severe, massive hepatocellular
necrosis (Figure 1B), acute, moderate, multifocal, tubular necrosis with granular casts and intracellular
iron (Figure 1D), acute, severe, multifocal to coalescing, hemorrhage in the thymus, gastrointestinal
tract, mesentery, omentum, lymph nodes, pancreas, lungs, pulmonary artery, endocardium (Figure 1F),
acute, diffuse, gall bladder edema, and acute, diffuse, splenic contraction with multifocal siderofibrotic
plaques. Mild mitral valve endocardiosis was also noted in this patient as an incidental finding.

Ancillary testing included aerobic culture of the liver and leptospirosis PCR. Results of the culture
revealed bacterial organisms Enterococcus faecalis and Erysipelothrix rhusiopathiae. Leptospirosis PCR
was negative.
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Figure 1. Photomicrographs (canine) of hematoxylin and eosin stained (H&E) normal liver, renal cortex,
and thymus (A,C,E) as compared to the MC exposed dog (C-SP) (B,D,F). (B) Severely disrupted hepatic
cords characterized by massive hepatocellular necrosis and hemorrhage (asterisk). Low numbers of
hepatocytes adjacent to a central vein are spared. (D) Renal cortex with a locally extensive area of acute
tubular necrosis. Note accumulation of brown granular pigment within tubular epithelial cytoplasm
or sloughed cellular debris within the tubular lumina (arrow). (F) Mediastinal adipose and thymus
expanded by hemorrhage, fibrin and edema (asterisks). Scale bars are 100, 50, and 500 μm for liver,
renal cortex and thymus, respectively.

2.3. Phycology

Intact colonies of Microcystis were observed in the canine vomitus sample, confirming exposure
to cyanobacteria (Figure 2). Other cyanobacteria were not observed. While a water sample was
not submitted in conjunction with this exposure event, reports from the Florida Department of
Environmental Protection (FDEP) support the vomitus phycological observations match the dominant
genera (Microcystis) present in the St. Lucie River HAB at the time of exposure [42].
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Figure 2. A Microcystis colony observed in the canine vomitus sample acquired within 6 h of exposure.
The micrographs are at 400× with brightfield (top), phase-contrast (middle) and epi-fluorescence
(bottom). The scale bar represents 25 μm.

2.4. Adda Microcystin/Nodularin (MC/NOD) Levels

Results from the three microcystin/nodularin (MC/NOD) analytical tests on all specimens are
reported in Table 3. Enzyme-linked immunosorbent assay (ELISA) values (representing freely
extractable Adda MCs/NODs) were, in general, supported by the MMPB (2-methyl-3-methoxy
-4-phenylbutyric acid) data (representing total Adda MCs/NODs). This indicates that the Adda ELISA
is able to react to conjugated forms of microcystin, as those excreted in urine. However, total Adda MCs
(measured as MMPB) were higher in organ specimens, supporting that the MMPB method accounts for
some fraction of protein bound MCs. The only non-metabolized specimen, the vomitus, had total Adda
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MCs (MMPB) measured at 46,000 ± 8000 ng g−1, confirming a high dose of exposure. The vomitus
sample was significantly diluted with meal items (>30 grams submitted), so the dose was in excess of
1,380,000 ng total MCs. Analysis of the vomit using ELISA resulted in a lower level of MCs (25,000
± 1800 ng g−1), which may be due to MC losses to the matrix (high protein dietary items), partial
MC degradation or due to differences in analytical technique used. Targeted LC-MS/MS of 19 MC
variants and NOD-R confirmed the presence of 7 MC variants (Figure 3) and the absence of NOD-R.
The dominant variant present was MC-LR (14,000 ± 100 ng g−1), followed by [Dha7]MC-LR (170 ± 21
ng g−1), MC-HilR (140 ± 28 ng g−1), [Asp3]MC-LR (82 ± 0 ng g−1), MC-LY (23 ± 16 ng g−1), MC-LW
(18 ± 3 ng g−1), and MC-LF (14 ± 2 ng g−1). Other variants were detected in a non-targeted MS scan,
but due to a lack of standards available to verify identities or levels, they are not reported here (work
ongoing). Targeted MCs in the vomit accounted for 56% of the ELISA measurement and 30% of the
total Adda MCs by MMPB. The results of the targeted MC analysis were key to the decision to target
MC-LR in the remaining collected specimens.

Table 3. Results of the Adda MC/NOD analyses conducted on all matrices. Data is reported in parts
per billion, with organ and hair samples reported by weight (ng g−1) and liquid samples by volume
(ng mL−1). Data is reported ± the standard deviation for samples with duplicate extractions. MMPB
analysis represents total Adda MCs, ELISA represents freely extracted Adda MCs and MC-LR is
LC-MS/MS analysis of the freely extracted variant. PE = Post exposure. UE = Unexposed individual.

ID
# Days

PE
Specimen

Total Adda
MCs (MMPB)

Spike
Return

Adda ELISA
Spike
Return

MC-LR
Spike

Return

C-SP 2 Liver 530 21% 260 ± 78 193% 7.2 ± 1.5 97%
2 Kidney 2800 12% 1100 ± 460 106% 20 ± 7.2 63%
2 Heart Blood 73 9% 85 ± 28 146% 1.7 ± 0.0 68%
2 Bile 5400 ± 750 72% 7500 ± 3200 211% 65 ± 26 78%
2 Urine 41,000 79% 42,000 ± 4000 143% 670 57%

C-GR #1 1 Blood 50 27% — — — —
1 Urine 32,000 ± 1600 42% 22,000 ± 4500 197% 110 ± 26 —
11 Urine 4.4 65% — — — —
24 Urine 2.6 ± 1.0 35% — — — —
68 Urine 0.6 ± 0.0 22% — — — —
72 Hair 180 ± 19 4% < 30 0% < 30 111%

C-GR #2 1 Blood 70 74% 33 — < 1.0 —
0 Vomit 46,000 ± 8000 114% 25,000 ± 1800 14,000 ± 1700
10 Urine 0.6 ± 0.3 72% — — — —
24 Urine < 0.2 36% — — — —

C-Pom 25 Blood < 0.2 8% — — — —
23 Urine 2.6 37% — — — —
37 Urine 0.21 26% — — — —
85 Urine < 0.2 11% — — — —

C-CBR UE Hair < 20 4% < 30 133% < 30 108%
C-GD UE Liver < 4.0 7% 522 33% < 5 108%
C-LR UE Urine < 0.2 36% < 15 107% < 2 79%
C-LR UE Blood < 0.2 3% < 15 92% < 2 83%

1 above the limit of detection, but below the limit of quantification. 2. false positive data (refer to text for explanation).

MC-LR was detected in all the tested specimens from exposed animals with exception of the hair
(C-GR #1) and one blood sample (C-GR #2). The negative control specimens were all below detection
for targeted MC-LR. The remaining MC-LR concentrations (metabolized specimens) only accounted
for 0.5%–2.8% of ELISA data and 0.3–2.3% MMPB data.

The MMPB data was integral to results interpretation, as the data is representative of total Adda
MCs (and nodularins, when present), regardless of form (free, bound, partially degraded). Since the
approach to quantification was pre-oxidation spiking (standard addition), confidence in MMPB data
was higher than that of ELISA. The spike returns in Table 3 are shown only for reference and are
used to illustrate how the method is impacted by various complex matrices (as compared to MC-LR
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oxidized in water). A low level of detection (sub-ppb) was achieved for urine and blood samples.
The strength of this approach was illustrated when 2.6 ng mL−1 total MCs was detected in the urine
sample of C-Pom over 3 weeks after suspected exposure. While this level could not be confirmed using
alternate techniques due to higher test MDLs, the MMPB urinalysis of another exposure case (C-GR#2)
supported the continued excretion of Adda >60 days post exposure (Figure 4). In addition to renal
elimination, it was determined that hair was a potential route of elimination. MMPB chromatograms
of a dog hair sample collected 72 days post exposure with overlaid pre-oxidation spikes of MC-LR can
be viewed in Figure 5, with a negative control sample. A total MCs of 180 ng g−1 (dry weight) was
determined to be present in the C-GR#1 hair specimen.

Figure 3. The LC-MS/MS chromatograms of MC variants confirmed present in the C-GR#2 vomit
sample with a sum of 14,000 ng g−1 MCs. The MC-LR scale is on the right due to high levels detected
in comparison to the other variants. MC-LR > [Dha7]MC-LR >MC-HilR > [DAsp3]MC-LR >MC-LY >
MC-LW >MC-LF. Transitions monitored are reported in Table S1.

Figure 4. Data derived from the log of total Adda MCs (by MMPB) of the urine collected from one of
the surviving dogs (C-GR#2) plotted against days post exposure. Urine was collected within 1 day from
initial exposure event, and the animal continued to excrete MC metabolites >60 days post exposure.
The MDL for total MCs in urine was determined to be 0.2 ng mL−1.
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Figure 5. MMPB LC-MS/MS chromatograms (m/z 207→131) showing sample peaks (blue) overlaid
with their paired pre-oxidation MC-LR spikes (red) at 200 ng g−1 for A (exposed dog C-GR#1) and
100 ng-g−1 for B (unexposed dog C-CBR). Total MCs detected in the C-GR#1 hair at 72 days post
exposure was determined to be 180 ng g−1, illustrating hair as a potential route of MC elimination.

The testing of the organs of the deceased canine (C-SP) revealed that the kidney had higher total
Adda MCs (MMPB), free MCs (ELISA) and MC-LR when compared to the liver. In similar fashion,
the urine was higher than the bile, with the least MCs measured in heart blood. Regardless of method
used to test the specimens, the levels of MCs were as follows: urine > bile > kidney > liver > blood.
Figure 6 illustrates the MCs detected using the 3-techniques in the specimens collected from the
deceased dog (C-SP).

Figure 6. Results showing the different specimens collected from the dog (C-SP) that succumbed to
intoxication 2 days post exposure and reported as ppb (ng mL−1 or ng g−1). As illustrated, the urine
contained the highest amounts of MCs (all methods), followed with the bile, kidney, liver and finally
heart blood. All specimens were collected post-mortem.

It should be noted that the method of quantification for each technique is different,
with interpretations of spike returns and final data essential to understanding results. The Adda
ELISA method employs an external curve (certified reference material of MC-LR) for quantification,
with the only assessable quality controls being replicate extraction data (reported as the average
with standard deviations in Table 3) and spike returns. Both high (>130%) and low (<70%) spike
returns were obtained from ELISA data. Exaggerated spike returns observed with ELISA may indicate
overestimates of natively reported MCs, as supported by MMPB data in the bile sample. In contrast,
low spike returns (e.g., hair and liver specimens), indicate matrix inhibition. The same extracts (and
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MC-LR spikes) were analyzed by both Adda ELISA and LC-MS/MS and can be directly compared.
The MC-LR spikes analyzed by LC-MS/MS returned 57% to 111%, while the same spikes were 0% to
211% when analyzed with the ELISA, further supporting that the ELISA resulted in both exaggerated
and inhibited responses.

Further complicating ELISA data interpretation was the positive (≥15 ng g−1 MCs/NODs) response
elicited from a negative control liver sample. The negative control specimen was collected from an
animal without a recent exposure to waterways or cyanobacteria. Furthermore, MMPB analysis
confirmed that Adda MCs/NODs were not present over 4 ng g−1, which is more sensitive than the
ELISA MDL of 15 ng g−1. Sample extract clean-up (SPE), dilution (100-fold) and hexane washing were
not sufficient in mitigating false positive data for the negative control liver sample. In comparison,
prior to hexane washing, the positive liver and kidney samples were 260 and 1105 ng g−1, respectively.
Post hexane washing, the levels were similar at 258 and 1080 ng g−1, with little change to spike
returns (193→201%, 106→111%). Hexane washing did lower the negative control liver assay responses
(analyzed with 100-fold dilution) from 1.78 to 0.52 ng mL−1 (correlating to 178 to 52 ng g−1), and increased
the spike return from 12% to 33%. However, this was not sufficient in preventing the false positive
assay result.

3. Discussion

Harmful algal blooms (HABs) can be hazardous to humans, animals and the environment [43,44].
Reports of bloom formation with toxin production are becoming more frequent, likely due to
anthropogenic influence leading to nutrient accumulation in waterways and changing global
environmental conditions [45–47]. The 2018 Microcystis bloom in the St. Lucie River is a fitting
example of the sublethal and lethal toxic effects that may be observed in dogs exposed to HABs.

The clinical signs and pathology of blue-green algal toxicity can mimic a handful of toxicoses,
including, but not limited to, xylitol, sago palm, rodenticide, Amanita, and ricin. Rapid detection of the
inciting toxin can be problematic in clinical settings. Samples of tissues may be difficult or dangerous
to obtain and few laboratories provide cyanotoxin testing for animal tissues. In this work, the source
water was not available for testing, but Microcystis and MCs were determined present in the source
water during the event by the Florida Department of Environmental Protection [42]. The vomit from
one of the six dogs did have measurable MCs, with MC-LR found to be 97% of the total targeted MCs.
This observation is similar to other work analyzing MCs in the St. Lucie River [48], where MC-LR
was 98% of the total targeted variants by LC-MS/MS. Specimens tested in past dog exposure events
that succumbed to MC intoxication included the source water, feces [4], liver [5], and vomitus [5,6].
In this work, clinicopathological observations, post-mortem pathology, and MC testing were all used
to confirm that the exposed dog morbidity was a result of MC intoxication and findings correlate with
previous reports [4–6,49]. This work illustrates the most comprehensive multidisciplinary reporting on
microcystin induced animal morbidity and mortality following a HAB exposure event. Confirmation
of cyanobacteria intoxication is rare in a clinical setting due to a multitude of reasons. Improved
antemortem methods for testing is essential for diagnosis and timely treatment recommendations,
especially in the face of a multi-animal exposure event.

For the first time, urine was used to diagnose an ongoing MC intoxication event. The importance
of this finding cannot be overstated, as urine is a specimen that can be easily, quickly and non-invasively
collected by veterinarians faced with a suspected toxicosis, even if several days or weeks have passed.
The depuration of MCs, even months after exposure, is likely due to the accumulation of MCs in tissues
and bound to proteins. The MCs are then slowly released over time, with the Adda being conserved.
The achieved sensitivity and broad specificity of the MMPB test, especially for urine, was integral in
confirming exposure and metabolism. Figure 7 outlines the recommended oxidation and extraction
approach for screening urine samples in the event of a suspected exposure case. This approach could
be applied to other sentinel species, or even following human exposure events.
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Figure 7. Schematic showing the recommended approach to the oxidation, extraction and clean-up of
urine for the purposes of total Adda MCs by the MMPB method. In order to properly quantitate, it is
essential that pre-oxidation spiking of MC-LR be conducted on duplicate sample.

With regard to more long term, chronic exposure, it has been demonstrated that hair might be a
candidate for assessing exposure. This is the first use of MC testing on mammalian hair following an
intoxication event and positive results were observed using the MMPB technique. This preliminary
exercise shows promise with regard to potential avenues of testing in both acute and chronic mammalian
exposure cases. However, confirmatory testing beyond the MMPB analysis did not detect free MC-LR
in the hair above the established method detection limits. This area of research should be expanded
in order to determine the applicability of this specimen for monitoring exposed populations of
mammalian species.

Pharmacokinetic studies of orally ingested MCs in canines have not been conducted to date,
making interpretation of measured toxin levels challenging. The amount of toxin needed to cause the
observed gross and microscopic lesions has not been standardized in canine patients and extrapolation
from lab animal models may not be representative. In experimental settings, the median lethal dose
(LD50) for MCs is typically derived from an intraperitoneal (i.p.) route, which has been reported as
low as 36 μg per kg body weight for mice exposed to MC-LR [50]. The oral LD50 of MC-LR has been
reported to be as high as 5,000 μg per kg body weight for mice, and even higher for rats, supporting
interspecies variability [10]. The likely presence of other protein phosphate inhibitors concomitant
with MC-LR, such as other MC variants and peptides (e.g., anabaenopeptins), can also complicate
interpretations of toxin data in reference to toxicity [51,52]. Since other MC variants were detected
in this event, and MMPB data indicated even more variants were present but not accounted for in
targeted analyses, correlating MC-LR levels from previous toxicity studies would provide little benefit.
The inter-/intra-species variability combined with complicated real-world exposure, results in a high
level of uncertainty with regard to MC dose and observed toxicity.

In this study, the dose for each animal was unknown, but it can be inferred from MMPB analysis
of the urine samples from a surviving individual (32,000 ng mL−1) at 1-day post exposure and from the
deceased animal (41,000 ng mL−1) at 2-days post exposure, that doses were similarly high and caused
the observed hepatoxicity. Additionally, the single collected vomit sample provided evidence that
>46 μg kg−1 total Adda MCs was initially ingested, but it is impossible to determine what level entered
metabolism. Post metabolism, several potential MC metabolites were observed in the urine employing
an MS scan, but require more sophisticated analyses, such as high-resolution mass spectrometry and
deconjugation experiments, to elucidate the profile. Work to identify these metabolites is ongoing.

Although the oral exposure route has been confirmed in at least one of these animals, the potential
for compounded exposure through inhalation cannot be ruled out. Inhalation of MC-LR by mice
has a reported LD50 of 43 μg kg−1 [53], similar to that reported for the i.p. route. The higher toxicity
observed via inhalation coupled with evidence that MCs can become aerosolized during cyanobacteria
blooms [54,55] may present additional health risks to those living in close proximity to an ongoing
bloom. Research has shown that low dose, subchronic exposure can result in accumulation of MCs in
the mammalian liver [56]. Since dogs are considered a proposed sentinel species and they intimately
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share the human environment, canine exposure events such as this support the importance of a
pro-active approach with regard to HABs in relation to human and animal health.

Collection of appropriate specimen type and selection of optimal analytical test are of high
importance for accurate diagnosis. It was illustrated that the Adda ELISA provided false positive data
and exaggerated assay responses, likely due to non-specific binding to kit antibodies. This highlights
the need to confirm any ELISA data, especially for the analysis of matrices more complicated than
water, for which the assay was intended. Matrix effects and exaggerated ELISA responses have been
observed in other work [36,40] and require, at minimum, a secondary method of confirmation when a
positive assay response is observed. In this work, both LC-MS/MS of targeted MCs and total Adda MCs
by MMPB were conducted in addition to the MC Adda ELISA. However, due to method specificity,
targeting MC variants, such as the MC-LR targeted in this work, under-represents total MCs, both due
to MC structural variability and metabolic transformations. Therefore, if only one method is to be used
in initial screening of samples in a suspected exposure case, it is recommended that the MMPB method
be used. The MMPB approach provided a value representative of total (e.g., bound, free, conjugated)
Adda MCs for the evaluated samples with a low detection limit.

Although clinicopathological data and epidemiology supported involvement of six dogs in the
described morbidity/mortality event, only four dogs were confirmed to have been exposed to MCs
using analytical techniques. Due to monetary constraints and lack of published sampling/testing
protocols for antemortem testing of cyanotoxin in canines, confirmation could not be made in the other
three cases. In the present study, a viable test using free catch urine collection has been established.
Furthermore, a set protocol for directed toxin testing is described and can hopefully be employed in
similar events to quickly and accurately diagnose MC intoxication. The development of an antemortem
assay using non-invasive collection techniques is sure to have a significant impact on the diagnosis,
treatment, and exposure of animals to HABs.

4. Materials and Methods

4.1. Pathology and Specimen Collection

A thorough gross examination of the deceased patient was performed within 12 h of death.
Throughout the procedure, aseptically collected sections of liver, kidney, lung, spleen, cerebral frontal
lobe, small intestine, large intestine, gastric contents, feces, urine, bile, and, heart blood were collected
for ancillary testing. Fresh tissues and fluids were individually placed into sterile bags or sterile
syringes to be held in a −20 ◦C freezer for storage until testing could be performed.

Sections of all abdominal and thoracic organs along with brain, eyes, skin, skeletal muscle, sciatic
nerve, and bone marrow were preserved in 10% neutral buffered formalin. Tissues were trimmed,
placed into cassettes, and processed via routine paraffin embedding techniques. All tissues were made
into 3–5 μm sections and stained with hematoxylin and eosin stain (H&E) for histological review.
Microscopic review was performed by a board-certified veterinary pathologist using a Nikon eclipse
80i (Nikon, Minato, Tokyo, Japan) and photomicrographs were captured by an Accu-scope Excelis HD
(Commack, NY, USA).

Antemortem sample collection from a subset of the surviving dogs (Table 1) including urine,
blood, vomit, and hair was performed by owners or veterinary staff during and after the initial onset
of clinical signs. Urine was collected via free catch method and stored in sterile jars or plastic collection
containers without preservative. Liver, kidney, free catch urine, blood and hair samples from three
control dogs not associated with the HAB event were additionally collected (one deceased and the
other living). Tissue, hair, and fluid samples were chilled and/or frozen prior to overnight shipment or
transfer. Sample collection dates in relation to exposure can be referenced in Table 1.
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4.2. Phycology of Vomitus Sample

A ca 0.5 g subset of the C-GR#2 vomitus sample was suspended in 5 mL of deionized water (DI)
and gently vortex mixed. Wet mounts of un-fixed sample were prepared (3x) and scanned at 100X for
the presence of potentially toxigenic cyanobacteria using a Nikon TE200 inverted microscope equipped
with phase contrast and epifluorescence (green light excitation, 510–560, FT580, LP590). A Nikon
digital sight DS-Fi1 camera was used for micrographs. Higher magnification was used as necessary for
identification and micrographs.

4.3. Adda MC/NOD Analyses

4.3.1. Specimen Homogenization

Subsets were taken from liver samples (composited 5 subsets; ca 1 g each) and the entire kidney
(2.7 g) was cut into small pieces and placed into 30 mL homogenization vials with 10 mM phosphate
buffer at pH 7 (1:3). The vomitus sample was emptied into a glass beaker, mixed with a spatula and
subsampled (2 subsets; 1 g each) into individual 7 mL homogenization vials with extractant solution
(75% acetonitrile in 100 mM acetic acid; 1:3). Acetonitrile (HPLC grade) and glacial acetic acid (>99%)
were both from Thermo Fisher Scientific (Waltham, MA, USA). Ceramic beads (2.8 mm) were added
and the samples were homogenized at 5 m/s for 30 seconds (1 cycle for the vomitus and 2 cycles for the
tissues) using an Omni Bead Ruptor 24 (Omni International, Inc, Kennesaw, GA, USA). Hair samples
were pulverized in 30 mL vials with stainless steel 2.8 mm beads dry at 6.8 m/s (30 seconds) and
transferred to glass vials as 50 mg subsets. Aliquots of kidney and liver (400 μL) were transferred
to glass vials for subsequent oxidations/extractions. The vomitus vials were centrifuged (1500 g;
10 min) and supernatants retained. The pellets were vortex mixed with additional extractant (1 mL),
centrifuged as before and supernatants pooled and saved for extractions.

4.3.2. Total Adda MCs/NODs Oxidation, Extraction and Analysis (MMPB)

MMPB oxidations and extractions were conducted as previously described [40]. Briefly, samples
were oxidized as 100 mg (liver & kidney; wet weight), 50 mg (hair; dry weight), 500–1500 μL (blood),
0.2 μL–500 μL (bile, urine) and 10 mg (vomit; wet weight) subsets. All samples were paired with at
least one pre-oxidation matrix spike of certified reference material (CRM) MC-LR (National Research
Council Canada; Halifax, NS, Canada) for quantification. Spikes ranged from 5 ng mL−1 (or ng g−1)
to 50,000 ng mL−1 and were added to approximately double native peak areas (positive samples) for
quantification (Table S2). Subsets of liver, hair, kidney, vomit and blood were oxidized by adding 5 mL
of oxidant (0.2 M K2CO3, 0.1 M KMnO4 and 0.1 M NaIO4), while urine and bile samples were oxidized
with 2.5 mL oxidant. Reactions were stopped after 2 h with the addition of 40% sodium bisulfite (w/v)
until solutions turned white/opaque. The liver, kidney, hair, and blood oxidized aliquots were cooled
(10 min; −20 ◦C), centrifuged (1500 g; 10 min) and supernatants retained. The pellets were rinsed with
DI (2 mL) by vortex mixing followed by centrifugation (1500× g; 10 min). Extracts were loaded onto
preconditioned (MeOH→DI) 200 mg Strata X SPE (Phenomenex, Torrance, CA, USA), rinsed (DI; 3x)
and eluted (5 mL; 90% acetonitrile). Extracts were blown to dryness (N2, 40 ◦C) and samples (with
exception to liver and blood) reconstituted in DI (0.5–1.0 mL). The liver and blood were reconstituted
in 0.1 M HCl (1.5 mL) and loaded onto simplified liquid extraction (SLE) columns (12cc; Phenomenex,
Torrance, CA, USA), allowed to sit (10 min) and eluted with 2x–5mL ethyl acetate. Elutions from SLE
were blown to dryness (N2, 40 ◦C) and reconstituted in DI (0.5–1.0 mL). All samples were filtered using
0.2 μm polyvinylidene difluoride (PVDF) syringe filters (Millipore Sigma, St. Louis MO, USA).

A Thermo Surveyor high performance liquid chromatography (HPLC) system coupled to a TSQ
Quantum Access MAX Triple quadrupole mass spectrometer system coupled with a Kinetex C18
column (2.6 μm; 100 Å; 150 × 2.1 mm; Phenomenex; Torrance, CA, USA) were utilized as described
previously [36]. The [M−H]− ion of MMPB (m/z 207) was fragmented and m/z 131 (CE = 12%) was
monitored. A five-point standard curve (0.5–100 ng/mL of oxidized MC-LR) was used to interpolate
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spike returns. Quantification of samples was conducted using individually prepared pre-oxidation
spikes of MC-LR (standard addition). The instrument detection limit coupled with spike responses
were used to determine the method detection limits (MDLs; Table 4).

Table 4. Method detection limits (MDLs) achieved on each specimen type at lowest dilution analyzed.
Reported as ng mL−1 unless otherwise specified.

Specimen Total Adda MCs (MMPB) Adda ELISA MC-LR (LC-MS/MS)

Liver (ng g−1) 4.0 15 5.0
Kidney (ng g−1) 4.0 15 5.0

Bile 50 15 50
Blood 0.2 15 2.0
Urine 0.2 15 2.0

Hair (ng g−1) 20 30 30

4.3.3. Free Adda MCs/NODs Extraction and Analyses

Samples with total MCs >15 ppb (ng g−1; ng mL−1) via MMPB analysis and representative
negative control samples (unexposed individuals) were extracted and analyzed for free MCs, unless
exhausted. Subsets of liver (100 mg), kidney (100 mg), blood/serum (500 μL), and hair (50 mg) were
suspended in 5 mL extractant (75% acidified acetonitrile in 100 mM acetic acid) and sonicated (bath,
25 min). The samples were cooled (10 min; −20 ◦C), centrifuged (1500× g; 10 min) and supernatants
retained. The pellets were resuspended in extractant (1 mL), cooled (10 min; −20 ◦C) and re-centrifuged.
The pooled supernatants (including previously homogenized vomitus) were diluted (70 mL DI).
Samples of urine (ranging from 10 μL–500 μL) and bile (10 μL) were diluted (10 mL DI) prior to SPE.
Preconditioned Oasis HLB (200 mg; Waters Corporation, Milford, MA) or Strata X were loaded with
diluted sample, rinsed with DI (2×; 5 mL and 3 mL) and eluted (5 mL; 90% acetonitrile). Solutions
were blown to dryness (N2; 60 ◦C) and reconstituted in DI at sample concentrations within range
of the calibration curves for each analysis used. All samples were filtered using 0.2 μm PVDF prior
to analysis.

Final liver and kidney extracts were washed 1:1 (v/v) using hexane (ACS grade; Fisher Scientific,
Waltham, MA, USA). Hexane was added to sample, vortex mixed, centrifuged (1500× g; 5 min) and
the hexane layer discarded. Analysis on these extracts by ELISA was conducted both prior to and after
hexane washing.

An MCs/NODs Adda ELISA (Abraxis; Warminster, PA) was used as previously described [40].
Dilutions were prepared using DI to achieve absorbance values within the range of the standard curve
(0.15–4.0 ng mL−1) and all solutions were analyzed in duplicate. The minimum method detection
limit (MDL) was 15 ppb (ng g−1/ng mL−1) based on the 100-fold dilution factor (DF) used and assay
sensitivity (0.15 ng mL−1).

Extracts prepared for ELISA were post-spiked with the internal standard (IS) d7-MC-LR.
The vomitus sample extracts were spiked with a second IS (d5-MC-LF). Both IS were acquired
from Abraxis Kits (Warminster, PA, USA). A targeted analysis for MC-LR was used on all extracts
using a Thermo Surveyor HPLC system coupled with an LTQ XL Linear Ion Trap Mass Spectrometer.
Separation was achieved using the same column used in MMPB analysis (Kinetex C18 column) with
mobile phase C (2 mM formic acid and 3.6 mM ammonium formate in deionized water) and D (95%
acetonitrile (v/v) in 2 mM formic acid and 3.6 mM ammonium formate). Acetonitrile (Optima LC/MS),
water (HPLC), ammonium formate (ACS grade), and formic acid (98%) were from Thermo Fisher
Scientific (Waltham, MA, USA). The gradient (0.2 mL min-1) was as follows: solvent C 70–30% over
5 min, 30–70% C over 2 min, and held at 70% C for 3 min. Each chromatographic run was 10 min and
20 μL full loop injections were employed. The analysis of MC-LR (m/z 995.5→375.0, 553.4, 599.4, 866.6)
was calibrated using a seven-point IS curve (0.5–100 ng mL−1) with d7-MC-LR (m/z 1002.5→599.5).
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The analysis of the vomit extracts was conducted using targeted LC-MS/MS (Table S1) and
LC-MS scans (m/z 400–1800 (-ve and +ve)) with a PDA set to λ 238 nm. The gradient (0.2 mL
min-1) was as follows: solvent C held at 70% for 11 min, 70–30% C over 9 min, 30–70% C over 2
min, and held at 70% C for 5 min. XCalibur v 2.2 (Thermo Fisher Scientific, Waltham, MA, USA)
was utilized for data processing. Standards used to calibrate the method included CRMs (NOD-R,
MC-LR, MC-RR, [Dha7]MC-LR) and the RM (MC-RY) from the National Research Council Canada
(Halifax, NS, Canada), RMs (MC-WR, [Asp3]MC-RR, [Asp3]MC-LR, MC-HtyR, MC-LF, MC-LW,
MC-HilR) from Enzo Biochem (Farmingdale, NY, USA) and RMs ([Leu1]MC-LR, MC-YR, MC-LA,
MC-LY) from GreenWater Laboratories (Palatka, FL, USA). Additional RMs ([ADMAdda5]MC-LR,
[ADMAdda5]MC-LHar) were produced in-house through the extraction and purification of a strain
of Nostoc sp. 152 generously supplied by Kaarina Sivonen (University of Helsinki) using methods
previously described [38]. The desmethyl RMs [DMAdda5]MC-LR and [DMAdda5]MC-LHar were
prepared by hydrolysis of the [ADMAdda5]MCs [57]. Quantification of targeted MCs was conducted
using the previously reported IS approach [36].
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of deceased dog (C-SP); Table S1: Multiple reaction monitoring (MRM) transitions for targeted analysis of MCs (19
variants), NOD-R; Table S2: Matrix spikes (of MC-LR) associated with returns reported in Table 3.
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Abstract: Cylindrospermopsin (CYN) and microcystins (MC) are cyanotoxins that can occur
simultaneously in contaminated water and food. CYN/MC-LR mixtures previously investigated
in vitro showed an induction of micronucleus (MN) formation only in the presence of the metabolic
fraction S9. When this is the case, the European Food Safety Authority recommends a follow up to
in vivo testing. Thus, rats were orally exposed to 7.5 + 75, 23.7 + 237, and 75 + 750 μg CYN/MC-LR/kg
body weight (b.w.). The MN test in bone marrow was performed, and the standard and modified
comet assays were carried out to measure DNA strand breaks or oxidative DNA damage in stomach,
liver, and blood cells. The results revealed an increase in MN formation in bone marrow, at all the
assayed doses. However, no DNA strand breaks nor oxidative DNA damage were induced, as shown
in the comet assays. The histopathological study indicated alterations only in the highest dose group.
Liver was the target organ showing fatty degeneration and necrotic hepatocytes in centrilobular
areas, as well as a light mononuclear inflammatory periportal infiltrate. Additionally, the stomach
had flaking epithelium and mild necrosis of epithelial cells. Therefore, the combined exposure to
cyanotoxins may induce genotoxic and histopathological damage in vivo.

Keywords: in vivo; genotoxicity; cylindrospermopsin; microcystin-LR; micronucleus; comet assay;
enzyme-modified comet assay; rats

Key Contribution: CYN/MC-LR combinations induced in rats increases MN formation in bone
marrow. No DNA strand breaks were induced and the DNA was not oxidatively damaged as detected
by the comet assays.

1. Introduction

Climate and nutrient changes are contributing to global eutrophication and global expansion
of harmful algal blooms [1], including the proliferation of cyanobacterial blooms [2]. Cyanobacteria
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are producers of a broad group of secondary metabolites called cyanotoxins [3]. The main human
exposure route to cyanotoxins is oral intake, primarily from drinking water. However, the consumption
of contaminated food and dietary supplements with cyanotoxins cannot be disregarded, although
some of them (such as cylindrospermopsin) have not been found in commercially-available blue-green
algal supplements until recently [2,4,5]. The most studied cyanotoxins are microcystins (MCs) and
cylindrospermopsin (CYN) as a consequence of their toxicity and wide distribution. The severity of
these intoxications depends on several factors, such as their chemical structure, mechanisms of action,
and concentrations of cyanotoxins involved [2].

MCs are cyclic heptapeptides that are mainly hepatotoxic [6], including as primary target
organs the liver and kidney, as well as several secondary targets such as testes, ovaries, heart,
lung, and the CNS; to date 246 MC congeners have been identified [7]. Microcystin-LR (MC-LR) is
the most studied MC variant, because of its higher toxicity and wider distribution than other MC
congeners [8,9]. Hepatotoxicity of MC-LR is mediated by the presence of organic anion transport
polypeptides (OATPs) which are expressed mostly in the liver and are responsible for its uptake into
the hepatocytes [10]. MC-LR is a specific inhibitor of protein serine/threonine phosphatases 1 and 2A
(PP1, PP2A) [11]. It induces a hyperphosphorylation of cytoskeletal proteins affecting cell morphology
and cellular adhesion, leading to necrosis [12,13]. Oxidative stress is another mechanism involved in
MC toxicity [14–17]. Therefore, MC-LR could have carcinogenic or genotoxic properties because of
its inhibitory action on PP1 and PP2A, acting as a liver tumor-promoter [18–20]. In fact, MC-LR was
classified only as a possible human carcinogen (Group 2B) by the International Agency of Research on
Cancer (IARC) [21], mainly because of the lack of sufficient evidence for its direct carcinogenicity in
both humans and experimental animals [2].

The genotoxicity of pure MC-LR cyanotoxin has been widely studied and reviewed in the
scientific literature [20,22]. Globally, contradictory results were reported following in vitro and in vivo
experimental systems, and the mechanisms involved are not yet fully understood. Pioneering studies
indicated that MC-LR damaged the DNA in the liver of male and female Swiss albino mice dependent
upon the assayed dose and on the duration of exposure after intraperitoneal injection (i.p.) [23].
This effect was observed after just a single administration of a LD50 dose of MC-LR [6,24]. Likewise,
DNA damage was observed in the blood cells of Swiss albino mice after oral exposure to a single
dose of MC-LR. Higher damage was found in different organs after i.p. injection [25]. Moreover,
MC-LR induced a rapid increase of the amount of DNA in the tail of the comets and increased
micronucleus (MN) frequencies in male mice injected i.p. [26] and in Balb/c mice exposed repeatedly to
MC-LR for 30 d [27]. By contrast, other studies reported that MC-LR did not induce DNA damage
in vivo. Thus, no DNA damage was observed in rat liver after a single intravenous administration
(i.v.) of MC-LR [28], and negative results were observed in the MN assay in male transgenic mice after
intragastric administration [29], and in male CBA mice after i.p. injection of MC-LR [19].

CYN is a stable tricyclic alkaloid consisting of a guanidine moiety combined with a
hydroxymethyluracil [30], whose occurrence in aquatic systems is increasing. This cyanotoxin
can be produced by different cyanobacterial genera such as Aphanizomenon, Cylindrospermopsis, Lyngbya,
Oscilliatoria, Raphidiopsis and Umezaki, but Cylindrospermopsis raciborskii is its main producer [31,32].
CYN has cytotoxic activity and its effects on the liver and other organs have been proven [2,33].
The main mechanism of CYN toxicity is the inhibition of both protein and glutathione synthesis [34–36],
although oxidative stress is also involved [37]. Several studies have shown that cytochrome P450
enzymes are necessary in the metabolic activation of CYN, and consequently in its toxicity [38,39].

At present, the mechanisms of pro-genotoxicity and potential carcinogenic activity of CYN (not yet
classified by the IARC) are still not completely described and, thus, further investigations are needed.
To this end, several in vivo studies in rodents were performed to clarify the genotoxicity of CYN. Thus,
CYN induced DNA strand breaks (sb) in the liver of mice after i.p. administration [40]. Similarly, DNA
damage was observed in the colon of mice after i.p. injection of the toxin, and both in the colon and
bone marrow after oral (gavage) administration [41]. Dordevic et al. [42] demonstrated DNA damage
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(comet assay) in the liver of rats exposed i.p. to CYN and to an extract of Cylindrospermopsis raciborskii.
Recently, Diez-Quijada et al. [43] exposed rats to pure CYN (7.5–75.0 μg/kg b.w) and performed a
battery of assays consisting of MN in bone marrow, as well as the standard and modified comet
assays in stomach, liver and blood. The DNA seemed to be damaged only in the bone marrow of rats
regardless of concentration. By contrast, neither DNA strand breaks nor oxidative DNA damage was
observed in the comet assays in any of the investigated tissues.

Both MC-LR and CYN can be found at the same time in the environment and their simultaneous
presence was previously described [44–46]. Thus, the European Food Safety Authority (EFSA)
documented and stated the importance of studying the effects of their combined exposure [47]. A few
studies dealt with the toxicological profile of CYN and MC-LR combinations. Thus, the in vitro
assessments of the potential interactions of CYN and MC-LR are very scarce [48–51], and only two
focus on their genotoxicity. Hercog et al. [48] described an induction of DNA sb by MN and comet
assays at 24 h after the treatment of HepG2 cells with CYN/MC-LR combinations, but to a lesser extent
for only CYN. The genomic instability detected by the cytokinesis block micronucleus assay was,
however, comparable to the individual CYN. Recently, Diez-Quijada et al. [49] applied a battery of
in vitro tests in several cell lines, including bacterial systems, and they described genotoxic effects only
in the MN test, when the metabolic fraction S9 was used. To the best of our knowledge, no in vivo
studies have been yet performed to assess the genotoxicity of CYN/MC-LR mixtures and they are
necessary to elucidate the contradictory results obtained in vitro.

Thus, according to the recommendations of the EFSA [52], the purpose of this research was to
investigate, for the first time, the potential in vivo genotoxicity of CYN/MC-LR combinations in rats, as
an experimental model, after oral administration (gavage) of relevant environmental concentrations.
A combined MN—standard and modified comet assay was applied. The enzyme-modified comet assay
was performed with Endonuclease-III (Endo-III) and Formamidopyrimidine glycosilase (Fpg) enzymes.
Bone marrow was the selected tissue for the MN test, Organisation for Economic Co-operation and
Development (OECD )474 [53], and stomach, liver OECD 489 [54] and blood cells for the standard and
enzyme-modified comet assays. Additionally, the potential histopathological alterations were assessed
in stomach and liver.

2. Results

2.1. Micronucleus Assay

This assay was conducted following the recommendations of OECD guideline 474 [53], and it
is especially relevant for assessing genotoxicity because, although they may vary among species,
factors of in vivo metabolism, pharmacokinetics, and DNA repair processes are active and contribute
to the responses. Its purpose is to identify cytogenetic damage which results in the formation of
micronuclei (MN) containing lagging chromosome fragments or whole chromosomes. As positive
control, ethylmethanesulfonate (EMS) was chosen according to this guideline. Results are measured
as the polychromatic erythrocytes (PCE) out of total erythrocytes (normochromatic erythrocytes
(NCE) + (PCE)), and the PCE/NCE ratios, which were calculated by counting 500 erythrocytes per
animal. An increase in the frequency (%) of micro-nucleated polychromatic erythrocytes (%MN-PCEs)
in treated animals is an indication of induced chromosome damage.

The results obtained for the MN test in rats exposed to CYN/MC-LR mixtures are shown in Table 1,
with individual data shown in the Supplementary Materials (Table S1). Significant differences versus the
negative and solvent control groups were found in the PCE/total erythrocytes and PCE/NCE ratios in
male and female rats treated with the highest assessed dose (75 + 750 μg/kg b.w. CYN/MC-LR; **p < 0.01).
Treatment with the positive control, ethylmethanesulfonate (EMS), produced similar significant decreases
in the PCE/total erythrocytes and PCE/NCE ratios. Furthermore, significant increases in the percentage of
MN in immature erythrocytes were observed in all treated groups of both sexes, when compared with the
negative and solvent control groups.
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Table 1. Micronucleus assays results. Bone marrow cytotoxicity expressed as polychromatic erythrocytes
(PCE) out of total erythrocytes (normochromatic erythrocytes (NCE) + PCE), ratio of PCE out of NCE,
and the micronuclei induction expressed as % MN-PCE´s. The values are expressed as mean ± SD.
Significantly different from the negative and solvent control (** p < 0.01).

Groups Sex n Doses PCE/Total
%

MN-PCE´s
PCE/NCE

Negative Control
(water)

♂ 5 0.49 ± 0.02 0.45 ± 0.64 0.95 ± 0.08

♀ 5 0.49 ± 0.03 0.66 ± 0.32 0.96 ± 0.14

Solvent Control
(0.5% MeOH)

♂ 5 0.50 ± 0.02 0.83 ± 0.51 0.98 ± 0.08

♀ 5 0.50 ± 0.03 0.58 ± 0.24 1.00 ± 0.11

Positive Control (EMS *) ♂ 3 200 mg/kg
b.w.

0.34 ± 0.02 ** 1.93 ± 0.15 ** 0.51 ± 0.05 **

♀ 3 0.36 ± 0.03 ** 2.47 ± 0.9 ** 0.57 ± 0.08 **

CYN/MC-LR

♂ 5 7.5+ 75μg/kg
b.w.

0.51 ± 0.02 1.75 ± 0.42 ** 1.03 ± 0.07

♀ 5 0.50 ± 0.03 1.98 ± 0.21 ** 1.05 ± 0.13

♂ 5 23.7+ 237μg/kg
b.w.

0.46 ± 0.04 1.83 ± 0.41 ** 0.86 ± 0.14

♀ 5 0.47 ± 0.03 2.09 ± 0.15 ** 0.88 ± 0.09

♂ 5 75+ 750μg/kg
b.w.

0.37 ± 0.03 ** 1.88 ± 0.51 ** 0.60 ± 0.08 **

♀ 5 0.34 ± 0.06 ** 2.22 ± 0.27 ** 0.51 ± 0.12 **

* EMS: ethylmethanesulfonate.

2.2. Standard and Enzyme-Modified Comet Assay

The standard comet assay can detect single and double stranded breaks (SBs), resulting, for
example, from direct interactions with DNA, alkali labile sites or as a consequence of transient DNA
strand breaks resulting from DNA excision repair [54]. Moreover, the enzyme-modified comet assay
allowed for detection of oxidative DNA damage using the enzymes Endonuclease III (EndoIII) and
Formamidopyrimidine DNA glycosylase (Fpg), which detect oxidized pyrimidines and purines,
respectively. The results are expressed as the DNA content in the tail (% of DNA in the tail), which is
the intensity of the comet tail relative to the total intensity. As positive control, ethylmethanesulfonate
(EMS) was chosen.

No DNA strand breaks were induced in the standard comet assay at any assessed dose in liver,
stomach, and blood cells, with the exception of rats treated with the positive control (EMS) (Figure 1A,B).
Furthermore, no increases were observed in the % of DNA in the tail of the comets in liver, stomach
and blood cells of both sexes at any exposure assayed after post-treatment with Endo-III (Figure 2).
Similarly, no differences were found in the tissues from the treated and control groups after Fpg
post-exposure (Figure 3). Significant DNA damage was observed in the studied tissues obtained in
all the experiments in the positive control group treated with 200 mg/kg b.w. of EMS, (Figures 1–3).
Individual data of alkaline and enzyme-modified comet assays are shown in the Supplementary
Materials (Table S1). Summary statistics for the treatment groups (male + female) of both assays are
also included in the Supplementary Materials (Table S2).

2.3. Clinical and Histopathological Analysis

No clinical signs of toxicity were detected during the experiment at any assayed dose of CYN/MC-LR
combinations. No macroscopic changes were observed after necropsy in the gastric mucosa or liver
samples of treated groups of both sexes, whereas the stomach had an increased size in the positive control
groups. The relative weight (RW) of liver (excised wet liver weight/animal weight) and stomach collected
from the treated animals with cyanotoxins was similar to that of the control groups (see Tables S3 and S4
in Supplementary Materials).
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Figure 1. The level of DNA damage in cells isolated from liver, stomach, and blood of male (A) and
female (B) rats exposed to cylindrospermopsin/microcystins (CYN/MC-LR) mixtures as the formation
of strand breaks (SBs) detected by the standard comet assay. The levels of DNA strand breaks are
expressed as % DNA in the tail of the comets. All values are represented as mean ± SD. Significantly
different from control (*** p < 0.001).

Figure 2. The level of DNA damage in cells isolated from liver, stomach and blood of male and female
rats exposed to CYN/MC-LR combinations as the formation of oxidative DNA damage in the form of
Endo-III sensitive sites. The levels of oxidized pyrimidines are expressed as % DNA in the tail of the
comets. All values are represented as mean ± SD. Significantly different from control (** p < 0.01).

The liver and stomach from the negative and solvent control groups showed normal histology
without pathological lesions (Figure 4A,B). Degenerate hepatocytes in centrilobular areas together
with small, round, and clear vacuoles (microvesicular vacuolation) inside hepatocytes with a diffuse
distribution were observed in the liver from rats exposed to medium-lower doses (23.7 + 237 and
7.5 + 75 μg/kg b.w. CYN/MC-LR), (Figure 4C,D); however, they did not reach statistical significance
with regard to the negative and solvent controls when quantified (Figure 5).
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Figure 3. The level of DNA damage in cells isolated from liver, stomach, and blood of male and female
rats exposed to CYN/MC-LR mixtures as the formation of oxidative DNA damage in the form of
Formamidopyrimidine glycosilase (Fpg)-sensitives sites. The levels of oxidized purines are expressed
as % DNA in the tail of the comets. All values are represented as mean ± SD. Significantly different
from control (** p < 0.01).

  

Figure 4. Representative histopathological changes in the liver of rats exposed to CYN/MC-LR. Normal
hepatic parenchyma is observed in negative (A) and solvent (B) control groups. Details of normal hepatocytes
are observed in the insets (A,B). Rats exposed to 7.5+75μg/kg b.w. CYN/MC-LR showed a diffuse distribution
of mild degenerate hepatocytes with micro-vesicular lipid vacuolation (C). There are details of intracellular
accumulation of small, round and clear vacuoles in hepatocytes (C, inset). Rats exposed to 23.7 + 237 μg/kg
b.w. CYN/MC-LR presented mild degenerate and necrotic hepatocytes in centrilobular areas (D). There are
details of degenerate hepatocytes, some of them multinucleated (*) (D, inset). Rats exposed to 75 + 750 μg/kg
b.w. CYN/MC-LR showed moderate degenerate and necrotic hepatocytes in centrilobular areas with
macro-vesicular lipid vacuolation (E). There are details of intracellular accumulation of large, round, and
clear vacuoles inside hepatocytes, some of them multinucleated (*) (E, inset). The positive control group
showed hepatocyte degeneration with lipid accumulation and centrilobular necrosis (F). There are details of
the degeneration of hepatocytes with macro-vesicular lipid vacuolation (F, inset). Hematoxylin and eosin
staining; bars = 100 μm (A–E) and 50 μm (F).
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Figure 5. Mean ± standard error (SE) of the histopathological lesion score from liver and stomach of
rats exposed to CYN/MC-LR. Significantly different from control (* p < 0.05; ** p < 0.01).

Similar, but more severe liver lesions than in the lower doses were observed in the highest
exposed group (75 + 750 μg/kg b.w. CYN/MC-LR). In this case, degenerate and necrotic hepatocytes in
centrilobular areas were observed, as well as ample intracellular lipid accumulation in hepatocytes in
the form of round and clear vacuoles (macrovesicular vacuolation). These had a multifocal distribution
together with mild presence of multinuclear hepatocytes (Figure 4E). This group showed significant
liver damage compared to negative and solvent control groups (Figure 5).

The liver pathology of the positive controls was characterized by severe centrilobular necrosis,
hepatocyte degeneration with lipid accumulation, and mild mononuclear inflammatory periportal
infiltrates (Figure 4F). This group showed significant differences in the lesion scores compared to
negative and solvent control groups (Figure 5).

On the other hand, the main damage in the stomach included flaking epithelium and minimal-mild
necrosis of epithelial cells with different severity, depending on the groups. These lesions were moderate
in the positive controls accompanied by hyperplasia of the gastric glands, while being mild in the
highest exposed group, minimal in the medium-lower doses, and totally absent in negative and solvent
controls (Figure 6A–F). Statistical differences were observed only between positive control and the rest
of the studied groups (Figure 5).
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Figure 6. Representative histopathological changes in the stomach of rats exposed to CYN/MC-LR.
Normal gastric mucosa is observed in negative (A) and solvent (B) control groups. Rats exposed to
7.5 + 75 and 23.7 + 237 μg/kg b.w. CYN/MC-LR showed minimal flaking gastric epithelium (arrows)
(C,D, respectively). Rats exposed to 75 + 750 μg/kg b.w. CYN/MC-LR showed a mild flaking gastric
epithelium with occasional necrosis of epithelial cells and a mild increase of the secretory epithelium
(arrow) (E). Positive control group presented a moderate flaking gastric epithelium with mild necrosis
of epithelial cells and hyperplasia of the gastric glands (arrows) (F). Hematoxylin and eosin staining;
bars = 100 μm (A,C,D), 75 μm (B,E) and 50 μm (F). The lesions were independently examined by
two experienced assessors: a veterinary pathologist and an investigator (M.A.R. and R.M.) in a
single-blinded approach. These findings were evaluated in all the fields of one slide with a section of 1
× 1 cm from each organ studied in all the animals.

3. Discussion

Although the simultaneous occurrence of cyanotoxins such as MCs and CYN is being reported
more and more frequently [44,55], toxicological studies focusing on their potential interaction are very
scarce [50,56]. Particularly, the genotoxicity of mixtures is of great interest for humans exposed to
contaminated waters and food with cyanotoxins, due to the possible carcinogenic effects of MC-LR
and pro-genotoxic activity of CYN. Moreover, as EFSA recommends [47], further studies are needed to
characterize the hazard for a more realistic and reliable risk assessment.

Only two in vitro studies evaluated the genotoxic effects of CYN/MC-LR mixtures. The first was
carried out on the HepG2 cell line exposed to MC-LR (1 μg/mL), CYN (0.01, 0.05, 0.1, and 0.5 μg/mL)
and their mixtures by comet and MN assay [48]. The authors indicated that CYN might have a higher
genotoxic potential than MC-LR and the genotoxic potential of CYN/MC-LR combination was similar
to CYN alone. More recently, the mutagenicity and genotoxicity of 1:10 CYN/MC-LR mixtures were
assayed through a complete battery of in vitro tests including the MN test on L5178Y Tk± cells and the
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standard and enzyme-modified comet assays in Caco-2 cells [49]. Genotoxicity was observed only for
the combination in the MN test with S9 metabolic fraction, in agreement with the previous reports for
only CYN [57]. Together, both in vitro studies suggested the predominance of the pro-genotoxic activity
of CYN in the combinations, hence the necessity to evaluate in vivo the genotoxicity of CYN/MC-LR
mixtures by application of international guidelines such as the OECD guidelines.

This is the first in vivo study which reported the genotoxicity of CYN/MC-LR in rats orally
exposed (by gavage). It combines and relates the results of the two types of comet assays (standard and
enzyme-modified) on cells isolated from stomach, liver, and blood, with the MN test in bone marrow
cells. The assays were performed according to the OECD 489 and 474 guidelines, respectively [53,54]
with some alterations, as described by Diez-Quijada et al. [43]. The combined comet-MN assay [58]
reduces the use of animals according to the 3Rs principles (Replace, Reduce, and Refine), and
it increases the sensitivity and specificity of the assays, decreasing the number of false negative
results [59]. Moreover, in this case, the use of DNA repair enzymes (Endo III and Fpg) was also
included, increasing the sensitivity of the in vivo comet assay [60,61].

In this study, the combined MN-comet assay was performed in both sexes, because differences
in toxicity linked to gender have previously been described. This is in agreement with the OECD
489 [54] that encourages the use of both sexes when relevant differences between males and females
are reported (e.g. differences in systemic toxicity, metabolism, bioavailability, etc. including those in a
range-finding study). In this sense, although no sex-related differences were observed in rats after
MC-LR i.p. exposure [62], male mice were more sensitive than females to CYN administered i.p. [63].
CYN exposure doses (75, 23.7, and 7.5 μg/kg b.w.) were selected according to a previous in vivo study
performed with the individual toxin [43]. The doses of MC-LR were 10 times higher than CYN because
of its proportionally higher abundance in the environment [64]. Overall in this study, using rats as
experimental model, the CYN/MC-LR combinations increased the % MN-PCE in bone marrow cells,
although it induced no DNA strand breaks nor any oxidative DNA damage in any of the investigated
tissues. These results are in accordance with the only two previous genotoxicity in vivo assay carried
out in rats with pure individual toxins: CYN alone under the same combined assays [43] and MC-LR
administered i.v. through the comet assay [28]. Generally, the results of this study show no synergism
or antagonism between CYN and MC-LR in the assayed combinations and concentrations in rats,
because the effects are similar to the in vivo exposure to CYN alone [43]. Moreover, these findings
confirm the in vitro experiments performed with the CYN/MC-LR mixture through a battery of tests,
in which MN and comet assays were included [49].

In the present study, the significant decreases in the PCE/total erythrocytes and PCE/NCE ratios
in the highest dose groups (75 + 750 μg/kg b.w. CYN/MC-LR) in comparison to the controls were
consistent with results observed for CYN tested individually at the same doses (7.5–75.0 μg/kg b.w.) [43].
Previously, in the case of MC-LR no in vivo effects were reported for polychromatic erythrocytes
(PCE) from peripheral blood of male mice after i.p. administration of the toxin (0–55 μg/kg b.w.) nor
induction of MN [19].

Moreover, the induction of MN by the CYN/MC-LR mixture in rats contrasts with the contradictory
results obtained in previous assays performed in mice as experimental model. Thus, negative results
were reported in the colonic cells of mice orally exposed (1–4 mg/kg b.w.) and in bone marrow after i.v.
administration [41]. In contrast, positive results were found in the blood cells of mice exposed i.p. to
37.5 μg/kg b.w. MC-LR, with significant increases in the frequency of MN at 48–72 h after treatment [26].
Additionally, only a rapid and temporary two-fold increase had been detected in the amounts of DNA
in the tail of the comets after 30 min of MC-LR exposure was detected in the comet assay. The authors
suggested that although MC-LR induced DNA damage, the leukocytes might repair the lesions, prior
to the genotoxicity assessment by the comet assay. They concluded that the MN assay could be more
sensitive than the comet assay to evaluate the genotoxicity of MC-LR. This hypothesis could also
explain the results obtained in the present work. Other studies showed a significant dose-dependent
increase in MN frequency of bone marrow cells of Balb/C mice i.p. injected with MC-LR (0.5–8 μg/kg
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b.w.) every 48 h for 30 d [27]. In contrast, an in vivo negative MN induction was found in CBA mice
exposed i.p. to pure MC-LR [19]. Moreover, MC-LR did not show mutagenicity (in lung and liver),
and it did not induce gene mutation nor MN in peripheral blood cells of transgenic λ/lacZ mice at 48 h
after exposure to 1 mg/kg b.w. MC-LR [29]. The authors suggested that the tumor-promoting effect of
MC-LR is independent of its interactions with DNA.

Overall, the in vivo induction of MN by the CYN/MC-LR combinations observed in this study
confirms the genotoxicity demonstrated previously in vitro, and corroborates the reported in vitro
pro-genotoxic activity of CYN [39,57,65–67], and to a lesser degree of MC-LR [26,68]. Moreover, previous
in vivo studies resulted in similar effects for CYN whereas the diversity of results obtained for MC-LR
could be attributed to different animal species, exposure routes, and doses used. Our results were
obtained on rats, the experimental model recommended by the OECD guidelines on genotoxicity [53,54]
and toxicity studies; and they clarify previous contradictory findings reported in mice.

The application of the alkaline comet assay in stomach, liver, and blood cells is a good complement
to the bone-marrow and peripheral blood MN test [58] because this combination allows assessment
of the DNA damage in various potential target tissues (site of contact, metabolism and peripheral
distribution) and it can detect multi-endpoint genotoxic effects [59]. In the present study, the absence
of effects is in consensus with a previous in vivo combined study carried out with CYN alone in male
rats under similar experimental conditions [43].

In contrast, to the best of our knowledge, the few in vivo comet assays available revealed positive
results [40–42]. However, it must be emphasized that CYN was administered i.p., and this could
influence the higher intensity of the results obtained: induction of DNA sb in the liver of mice [40], in
the colon of mice [41], and in the liver of rats [42]. Nonetheless, the oral route is the most representative
for human exposure to cyanotoxins [2,5,33]. In this sense, only Bazin et al. [41] found DNA damage in
colon and bone marrow samples from mice exposed by gavage to CYN in a range of 1–4 mg/kg b.w.,
doses much higher than in this study.

Previous in vivo studies reported contradictory results for individual and pure MC-LR from the
alkaline comet assay. Thus, there were DNA lesions in the blood cells (strand breaks, labile sites, etc.)
of mice at 3 h after oral exposure to MC-LR (4 mg/kg b.w.). However, DNA lesions were observed
mostly in the liver after i.p. administration, although they were also induced in the kidney, intestines,
and colon [25]. The authors concluded that the DNA damage induced in the organs was probably due
to oxidation, and it could be attributed to the more sensitive i.p. route of administration. Similarly, the
DNA breaks were reported in blood cells of mice exposed i.p. to MC-LR (37.5 μg /kg b.w. MC-LR) [26].
In contrast, MC-LR did not induce DNA damage in rat hepatocytes at 2–4 h or 12–16 h after exposure
to a single sublethal doses (ranging between 12.5–50 μg/kg b.w.) administered i.v. [28]. The authors
suggested that the administration route influences the results from the in vivo comet assay and changes
the MC-LR kinetic parameters. Further in vivo combined MN-comet assay for MC-LR should be
carried out in rats, in order to know the genotoxic profile of this toxin.

Moreover, the oxidative stress could be one of the genotoxic mechanisms of CYN and MC
cyanotoxins [20]. Thus, the modified-comet assay was also performed in this study. No oxidative
damage was observed in the pyrimidine and purine bases of DNA, in agreement with the negative
results found in the in vivo experiment performed at the same doses with CYN alone in male
rats [43]. Moreover, it corroborates the results reported in vitro on Caco2 cells exposed to CYN/MC-LR
mixtures [49], and the scarce results obtained from in vitro enzyme-modified comet assay for CYN in
HepG2 cells [69] and in Caco-2 cells [57]. This suggests that oxidative stress could have a minor role in
the CYN mediated genotoxicity [22,69].

In contrast to CYN, MC-LR tested in vitro showed increased DNA strand breaks by oxidation of
pyrimidine and purine bases in HepG2 cells [16,70], providing evidence that the toxin induced strand
breaks from excision of oxidative DNA adducts. Thus, reactive oxygen species (ROS) are involved in
this type of DNA damage. The same authors confirmed that MC-LR displayed oxidation of purine
bases in human peripheral blood lymphocytes when DNA was digested with purified Fpg. Moreover,

152



Toxins 2020, 12, 348

oxidative stress-responsive genes were up-regulated at the molecular level after 24 h, supporting the
hypothesis that MC-LR is an indirect genotoxic agent, acting via induction of oxidative stress [71].

The discrepancy between the negative results of the present study on the DNA oxidative damage
induced by the mixtures and previous reports on individual MC-LR suggests that the genotoxic activity
of CYN rather than MC-LR is responsible of the effects of CYN/MC-LR mixtures in rats. In fact,
Hercog et al. [48] who studied CYN/MC-LR combinations in HepG2 cells concluded that MC-LR did
not seem to deregulate the investigated genes, and they suggested the higher pro-genotoxic potential
of CYN. However, MC-LR was classified in the group 2B by the IARC [21] due to its tumor promotion
mechanism. Thus, caution is required when assessing its toxicity when in the mixture.

The liver was the main target organ of the CYN/MC-LR mixtures as showed by the histopathologic
evaluation. It was also the most severely affected organ in MC-exposed fish [72], rats [73,74], and
mice [75,76]. The major findings of oral toxicity in the present experiment were fatty generation and
necrotic hepatocytes in centrilobular areas, as well as a light mononuclear inflammatory periportal infiltrate,
specially noted in the highest doses of toxins (75 + 750 μg/kg b.w. CYN/MC-LR). This degeneration and
the necrotic processes of hepatocytes were similar to those reported in experimental administrations of
MC-LR in mice [75,77,78] and rats [74]. Thus, our results indicate that MC-LR is undeniably incorporated
into the liver, resulting in the characteristic hepatotoxicity and confirming the sensitivity of this organ
to the oral administration of MC-LR. Further studies with additional inflammatory and hepatotoxic
markers (gene and/or protein expression) should be performed to support the histopathological analysis.
These in vivo results are in accord with other in vivo and in vitro studies where MC-LR induced liver
injury through the production of ROS among other mechanisms [74,79,80]. Hepatocyte injury was also
observed after CYN exposure in rats [42,43,81] and mice [41,63,82,83], with its severity increasing with the
dose [37,63,82–84]. On the other hand, a variable number of multinucleated hepatocytes was observed
in the high and medium-dosed groups (23.7 + 237 or 75 + 750 μg/kg b.w. CYN/MC-LR) implying the
presence of liver injuries. However, this histological change was not observed in the low-dosed group.
An increase in the mitotic frequency was also described in rats exposed only to the highest CYN dose
(75 μg/kg b.w.) [43]. Nevertheless, other liver injuries associated with MC-LR, such as fibrosis, were not
observed upon histological examination. MC-LR is known to induce liver fibrosis in pre-clinical models
and in people after acute exposure to MC [14,85,86]. However, these findings are normally associated
with a more severe liver damage and advanced disease [74].

In the present study, mild histopathological findings were recorded in the stomach of all exposed
groups. In contrast, significantly altered gastric mucus secretions were found previously after oral
administration of MC-LR in mice [87] or pure CYN in rats [43]. These lesions were associated with
an irritant effect of the toxins since the gastric mucus is the first line of defense against luminal
irritants [43,88]. However, the discrepancies could be associated with the age of the animals [87] or the
time of exposure, which was longer in the study of Diez-Quijada et al. [43].

4. Conclusions

The study performed provided evidence of an enhancement of MN formation in the bone
marrow of rats subsequent to an oral exposure to CYN/MC-LR combinations in the range 7.5 + 75 to
75+ 750 μg/kg b.w. However, no genotoxic damage was observed in other organs such as liver, stomach,
and blood as evaluated by the standard and enzyme-modified comet assay. Therefore, the combined
exposure to cyanotoxins may induce genotoxic damage in vivo, although there is no evidence of
synergistic or additive effects due to their combination. Histopathological lesions were observed mainly
in the liver, in agreement with the well-known hepatotoxicity of these cyanotoxins. These results
support the demand for further confirmatory studies needed for a thorough risk assessment of
cyanotoxins and their mixtures, and consequently for possible risk management measures limiting
human exposure if required.
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5. Materials and Methods

5.1. Chemicals and Reagents

Microcystin-LR standard (99% purity) and Cylindrospermopsin standard (95% purity) were
acquired from Alexis Corporation (Lausen, Switzerland). All assay chemicals were obtained from
C-Viral S.L. (Seville, Spain), Gibco (Biomol, Seville, Spain), Moltox (Trinova, Biochem, Germany) and
Sigma-Aldrich (Madrid, Spain).

5.2. Animal Housing and Feeding Conditions

The Ethics Committee on Animal Experimentation of the University of Sevilla approved this
in vivo experiment (09/03/2016/027). In addition, all animals received care following the Directive
2010/63/UE for the protection of animals used for scientific purposes.

Male and female Wistar rats, strain RjHan:WI (type outbred rats), between seven and eight weeks
old were purchased from Animal Production and Experimentation Service (SEPA, University of Cádiz).
Animals were weighed on the arrival day (weight variation did not exceed ± 20%) and housed into
polycarbonate cages with stainless steel covers. Afterwards, the animals were fed during one week
before the experiments with standard laboratory diet (Harlan, 2014; Harlan Laboratories, Barcelona,
Spain) and water ad libitum. During this time, animals were acclimatized to the environmental
conditions with a 12 h dark/light cycle, temperature 23 ± 1 ◦C, relative humidity (55 ± 10)%, and free
from any type of chemical contamination.

5.3. Experimental Design and Treatment

The treatment doses of CYN were selected based on our previous study of genotoxicity following
oral administration of 75μg CYN /kg b.w. for three days [43]. The chosen concentrations of MC-LR were
10 times higher than CYN because MC are proportionally more abundant in nature than CYN [2,89].
Even though occurrence data show that MC-RR and other minority MCs are distributed worldwide
becoming sometimes predominant, the congener MC-LR is widely distributed and the main focus
of toxicological studies [8,64]. The ratio CYN/MC concentrations could oscillate between countries
and continents, climatic conditions, or composition of the cyanobacteria communities [44,45], and in
this study the ratio 1:10 CYN/MC-LR was chosen to compare or confirm previous toxicity studies in
which combinations of CYN/MC-LR were assayed [49–51]. Furthermore, the International Conference
on Harmonisation (ICH) S2 guidelines [90] and the OECD 474 [53] and OECD 489 [54] guidelines
for the MN and Comet assay, respectively, recommend for the combined MN-comet assay the use
of the highest dose and two additional lower doses [58] appropriately separated by less than

√
10 to

prove dose-related responses [54]. Thus, increasing concentrations of CYN/MC-LR mixtures were
selected: 7.5 + 75, 23.7 + 237, and 75 + 750 μg/kg b.w. CYN/MC-LR, respectively, according to
Diez-Quijada et al. [43]. These doses are not only experimentally relevant (according to the OECD
guidelines), but also environmentally significant, especially the lower ones. Thus, lower doses of
23.7 or 7.5 μg CYN/kg, b.w. are very relevant, being the equivalent to an exposure of 3.4 μg or 1.0 μg
CYN/rat/day, respectively.

In this study, 28 male and 28 female rats were randomly divided into six groups, three controls and
three treatment groups: the negative control group (C-) (five male and five female rats) administered
with water by gavage; the solvent control group (C solv) (five male and five female rats) treated with
0.5% Methanol (MeOH); the positive control group (C+) (three males and three females rats) exposed
to 200 mg/kg b.w. ethylmethanesulfonate (EMS). The three exposed groups (five males and five female
rats per group) were treated with 7.5 + 75, 23.7 + 237, or 75 + 750 μg/kg b.w. CYN/MC-LR. All doses
were prepared from a concentrate stock solution to a final volume of 1 mL with 0.5% MeOH. Although
some organic solvents may affect the activity of the cytochrome P450, a 0.5% concentration of MeOH is
lower than the 2% indicated to impact the activity of CYP450s [91] The number of animals included in
each group was based on the OECD 474 [53] and OECD 489 [54] guidelines. Both indicate five animals
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of one sex per group, or five of each if both sexes are used, as an adequate number of rats. The OECD
489 [54] permits the use of a minimum of three animals of one sex, or three of each if both sexes are
used, treated with a positive control. The animals for combined MN and comet assay need to be dosed
at 0, 24, and 45 h, and sacrificed at 3 h after the last administration [58]. The rats were treated by gavage
using an enteral feeding tube (Vygon, Ecouen, France). Clinical signs (e.g. mobility, activity, posture,
blood around nose and eyes, dyspnea and piloerection) and body weight were recorded during the
exposure period.

5.4. Sample Collection

The liver and stomach were extracted, dissected, washed with cold saline solution, and weighed.
Sections of each were rapidly processed for the standard and enzyme modified comet assay as explained
in Section 5.6. Furthermore, blood samples were collected and conserved in Vacutainer®sodium
Heparin Tubes (Becton Dickinson, Rutherford, NJ, USA). Samples were collected from the bone
marrow of both femurs of each animal for the MN assay and immediately spread on slides. The smear
was then allowed to air dry, fixed with absolute methanol and stained with 10% Giemsa. Sections
of liver and stomach were processed according to Diez-Quijada et al. [43] to investigate potential
histopathological changes.

5.5. Micronucleus Assay

For this assay, two smeared glass slides (one per femur of each animal) were prepared with the
bone marrow cells re-suspended in a drop of fetal bovine serum. After allowing the smear to air-dry,
it was fixed in absolute methanol for five minutes and then air-dried and stained with 10% Giemsa
for 10 min. The polychromatic erythrocytes (PCE)/total erythrocytes (normochromatic erythrocytes
(NCE) + (PCE)) ratio and the PCE/NCE ratio were calculated by counting 500 erythrocytes per animal.
The frequency of micro-nucleated immature erythrocytes (MNPCE) was expressed as % MN-PCE´s
and it was determined by counting a total of 5000 PCE per animal, following Diez-Quijada et al. [43].

5.6. Standard and Enzyme-Modified Comet Assay

Single cell suspensions from liver and stomach were isolated according to Corcuera et al. [92]
and Diez-Quijada et al. [43] for the standard and enzyme-modified comet assay. Liver and stomach
were quickly rinsed with Merchant´s buffer (MB) (0.14 M NaCl, 1.47 nM KH2PO4, 2.7 mM KCl, 8.1 mM
Na2HPO4, 10 mM Na2EDTA, with pH 7.4). Then, a section of each tissue was homogenized in the
cold by immersing it in an ice-filled beaker, and the homogenates were centrifuged, filtered, and
mixed with 5 mL MB buffer before slide preparation. Heparinized blood samples were mixed with
phosphate buffered saline solution (PBS) v/v (1/1), and afterwards, the lymphocytes were isolated with
Histopaque® (Sigma-Aldrich, Madrid, Spain) and centrifuged (30 min, 400 G). The cells were washed
with PBS twice and re-suspended at a concentration of 2 × 105 cells/mL in PBS.

Thirty μL of blood cell suspensions were mixed with 140 μL pre-warmed 0.5% low-melting
point agarose, and 12 drops of 5 μL of each cell suspension were placed on microscope slides
pre-coated with agarose. Cell suspensions of liver and stomach were mixed with 1% low-melting
point agarose, and the mixtures were placed on microscope slides precoated with agarose, similar
to blood samples. The standard and enzyme-modified comet assays were carried out as previously
described by Diez-Quijada et al. [43]. The slides were cleaned up three times for 5 min with enzyme
buffer (40 mM HEPES; 0.1 M KCl; 0.5 mM EDTA; 0.2 mg/mL bovine serum albumin; pH 8) subsequent
to lysis at 4 ◦C. Later, two gels in each slide were exposed successively to 30 μL of each of the following:
lysis solution; enzyme buffer alone (buffer F); buffer F containing Endo III; and buffer F containing Fpg
in a metal box at 37 ◦C for 30 min. Then, the nuclei were denatured by electrophoresis carried out
for 20 min, 0.81 V/cm up to 400 mA. The DNA was neutralized in PBS, washed with water and fixed
with 70% and absolute ethanol. Finally, once the slides were dried, nuclei were stained with SYBR
Gold and visualized with an Olympus BX61 fluorescence microscope coupled via a CCD camera to an
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image-analysis system (DP controller-DP manager). Images of at least 150 randomly selected nuclei
per animal were analyzed with the image analysis software Comet Assay IV (Perceptive Instruments,
UK). Percentages of tail DNA (% DNA in tail), automatically obtained by the software, were used to
describe each of the nuclei/comets analyzed and the medians of the scored comets were obtained to
describe each animal.

Endo III and Fpg sensitive sites were determined by subtracting the % of DNA in tail after repair
enzymes incubation.

5.7. Histopathological Analysis

Tissue samples from liver and stomach were fixed in 10% phosphate-buffered formalin for 24 h,
and then immediately dehydrated in ethanol, immersed in xylol, and embedded in paraffin wax
employing an automatic processor. Sections of 4 μm were stained with hematoxylin and eosin and
examined microscopically, with a Modular Microscopy BX43 (Olympus, Shinjuku, Tokyo, Japan).
For the histopathological study, males and females were evaluated and both presented similar
lesions, but the lesion score was performed only in males as they have been reported to be more
sensitive to cylindrospermopsin effects [43,63]. A semiquantitative evaluation of the severity of
lesions was scored. These were independently examined by two blinded and experienced observers,
a veterinary pathologist and an investigator (M.A.R. and R.M.), in all the fields of one slide with a
section of 1 × 1 cm from each organ studied in all the animals. The lesions scored in the liver were
multinucleated hepatocytes, hepatocyte degeneration with lipid accumulation, hepatocellular necrosis,
and mononuclear inflammatory periportal infiltrate, while those scored in stomach were flaking
epithelium, necrosis of epithelial cells and hyperplasia of the gastric glands. Pathology scores were as
follows: 0, no significant lesions (0%); 1, minimal (<10%); 2, mild (11–25%); 3, moderate (26–50%); 4,
marked (51–75%); 5, severe (>75%).

5.8. Statistical Analysis

The results of the MN test are expressed as mean ± standard deviation (SD) for each group of
animals, and a statistical analysis was carried out using the analysis of variance (ANOVA) followed by
Dunnett’s multiple comparison test. The results of the standard and enzyme-modified comet assays
were calculated for each group as mean ± SD of the medians. The distribution of the results was
verified for normality utilizing the Kolmogorov- Smirnov test and total scores of the different groups
were compared using the non-parametric Kruskal-Wallis test followed by Dunn’s multiple comparison
test. Analyses were conducted using Graph-Pad InStat software (Graph-Pad Software Inc., La Jolla,
San Diego, CA, USA).
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Table S1: Measurements (MN, alkaline comet and enzyme-modified comet assays) obtained in the target tissues
(liver, stomach and blood) by dose and treatment assayed in male and female rats, Table S2: Summary statistic for
treatment groups including both sexes (male and female) for the standard and enzyme-modified comet assay in
liver, stomach and blood cells, Table S3: Relative weight (RW) (excised wet organ weight /animal weight) of liver
and stomach from exposed male rats, Table S4: Relative weight (RW) (excised wet organ weight /animal weight)
of liver and stomach from exposed female rats.
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Abstract: Microcystins are potent hepatotoxins that have become a global health concern in recent
years. Their actions in at-risk populations with pre-existing liver disease is unknown. We tested
the hypothesis that the No Observed Adverse Effect Level (NOAEL) of Microcystin-LR (MC-LR)
established in healthy mice would cause exacerbation of hepatic injury in a murine model (Leprdb/J)
of Non-alcoholic Fatty Liver Disease (NAFLD). Ten-week-old male Leprdb/J mice were gavaged
with 50 μg/kg, 100 μg/kg MC-LR or vehicle every 48 h for 4 weeks (n = 15–17 mice/group). Early
mortality was observed in both the 50 μg/kg (1/17, 6%), and 100 μg/kg (3/17, 18%) MC-LR exposed
mice. MC-LR exposure resulted in significant increases in circulating alkaline phosphatase levels, and
histopathological markers of hepatic injury as well as significant upregulation of genes associated
with hepatotoxicity, necrosis, nongenotoxic hepatocarcinogenicity and oxidative stress response. In
addition, we observed exposure dependent changes in protein phosphorylation sites in pathways
involved in inflammation, immune function, and response to oxidative stress. These results
demonstrate that exposure to MC-LR at levels that are below the NOAEL established in healthy
animals results in significant exacerbation of hepatic injury that is accompanied by genetic and
phosphoproteomic dysregulation in key signaling pathways in the livers of NAFLD mice.

Keywords: Microcystin-LR; Non-alcoholic Fatty Liver Disease; No Observed Adverse Effect Level;
Leprdb/J mice; hepatotoxicity; oxidative stress; TiO2 enriched phosphopeptides

Key Contribution: This is the first study to investigate the effect of the permissible levels of the
cyanotoxin on the susceptibility to MC-LR toxicity in a model of a pre-existing liver condition.

Toxins 2019, 11, 486; doi:10.3390/toxins11090486 www.mdpi.com/journal/toxins163
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1. Introduction

Cyanobacteria are a natural component of the freshwater phytoplankton, but their overgrowth
has increasingly been recognized as a potential health hazard due to the release of toxins by selected
species of algae, such as Microcystis aeruginosa, Raphidiopsis mediterranea, Cylindrospermopsin raciborskii,
Anabaena circinalis, Planktothrix rubescens and Planktothrix agardhii [1–5]. Their ability to adapt and
flourish in a wide variety of climate conditions, including extremes, contributes to their successful
occurrence in a variety of ecosystems. An extensive study done by Mantzouki et al. in 2018, showed
that global warming has direct and indirect effects on the temperature and nutrient gradient in the
freshwater systems, thus, affecting the distribution of the cyanotoxins [5]. Therefore, changing climatic
conditions and increased eutrophication of freshwater ecosystems are two main factors that favor the
growth of cyanobacterial blooms and allow them to flourish, increasing the duration and intensity on a
global scale [2,6].

Toxin production is a common characteristic of many of the cyanobacterial species. Of the many
toxins produced by cyanobacteria, microcystins (MCs) are among the most widely distributed,
and microcystin-LR (MC-LR) is one of the most commonly produced [7]. MC-LR is a cyclic
heptapeptide characterized structurally by leucine and arginine amino acids at positions 2 and
4 within a cyclo-(D-alanine-1-X2-D-MeAsp3-Y4-Adda 5-d-glutamate 6-Mdha7) structure [8]. It is
usually taken up into the cells through organic anion transporting polypeptides (OATPs) [9]. MC-LR
then exhibits its deleterious effects by inhibiting the activity of protein phosphatases 1 (PP1) and 2A
(PP2A) and by increasing the production of reactive oxygen species (ROS) [10,11]. As a result, there
is a hyperphosphorylation and pro-oxidative state induced by MC-LR, which leads to alterations
in the cytoskeleton, OATP expression, mitogen-activated protein kinase (MAPK) activity, glycogen
storage, and mitochondrial structure and function in addition to DNA damage, cellular disruption,
endoplasmic reticulum dysfunction, inflammation and tumor growth [12–20].

MC-LR has become a global health concern due to its potent toxicity in humans and animals alike.
In addition to its well-known hepatotoxic effects, MCs also cause reproductive, developmental and,
immune toxicities [9,21–28]. Humans can be exposed to MC-LR most commonly through oral ingestion
of contaminated water, or through recreational activities like swimming or boating in contaminated
waters, as well as intake of contaminated fish or algal supplements [29,30]. Once ingested, the toxin is
absorbed into the tissues, especially into hepatic tissue via the bile acid carrier system [1].

The current guidelines for safe exposure to the toxin in humans have been extrapolated from
experiments performed in healthy animal models. In a 13-week study performed by Fawell et al., the
No Observed Adverse Effect Level (NOAEL) was 40 μg/kg and the Low Observed Adverse Effect
Level (LOAEL) was 200 μg/kg of body weight [1]. In accordance with these findings, the World Health
Organization (WHO) established the provisional guideline value of 1 μg/L of MC-LR in drinking water.
In 2015, as part of the Safe Drinking Water Act, the United States Environmental Protection Agency
developed a Health Advisory for microcystins of 0.3 μg/L for bottle-fed infants and pre-school children
and 1.6 μg/L for School-age children and adults [31]. Nevertheless, the effects of MC-LR in the setting
of pre-existing liver disease remain unknown.

Non-alcoholic Fatty Liver Disease (NAFLD) is one of the most common liver conditions in
the United States. The incidence of NAFLD is increasing concurrent with the rise in obesity and
diabetes [32–34]. NAFLD is characterized by the presence of steatosis/ inflammation with ≥ 5% fat
infiltration into the liver and potentially elevated liver enzymes [35]. In the past two decades, the
prevalence of this condition has nearly doubled, affecting about 20–30% of the population in the Western
countries [36]. Given the increase in the occurrence of both NAFLD and cyanobacteria blooms globally,
we evaluated the effects of MC-LR in the setting of pre-existing liver disease using the well-established
Leprdb/J murine model of NAFLD [37]. Given NAFLD’s growing prevalence worldwide, several
studies have recently investigated MC-LR’s effects in pre-existing NAFLD [18,28,38]. These studies
have provided valuable insight, alerting us to the fact that individuals with pre-existing NAFLD may
be more susceptible to MC-LR’s toxic effects. However, these studies utilize intraperitoneal (IP) and
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intravenous (IV) methods of MC-LR exposure. In our current study, we provide additional insight by
using a robust genetic model of NAFLD and expose mice to MC-LR by gavage, an exposure route
more relevant to environmental methods of exposure. We tested the hypothesis that chronic low dose
oral exposure to MC-LR at levels below the NOAEL established in healthy animal models would
exacerbate the hepatotoxicity seen in a NAFLD murine model.

2. Results

2.1. Survival, Appearance and Weight

No visible symptoms of sickness or discomfort were observed in Leprdb/J mice from either the
50 μg/kg or 100 μg/kg MC-LR exposed groups. However, early mortality was observed in 1/17 mice
(95% survival) from the 50 μg/kg MC-LR exposed group and 3/17 mice (83% survival) from the 100
μg/kg MC-LR exposed group (Kaplan-Meier log-rank p = 0.07, Figure S1A). In each case the animals
died overnight and there was no observed acute trauma (e.g., tracheal rupture resulting in immediate
death) or other signs of improper gavage technique such as visible signs of discomfort or bloating
in the time preceding death although we were not able to fully exclude mortality attributable to the
gavage procedure in these animals. It should be noted that the Leprdb/J mice are more susceptible
to comorbidities including compromised immune system [39]. No deaths were observed in either
the vehicle exposed Leprdb/J group (n = 13) or in either of the vehicle or 100 μg/kg MC-LR exposed
healthy background strain control C57Bl/6J (Wild Type - WT) mice study groups (n = 5 mice/group
each). The body weight gain throughout the exposure in Leprdb/J MC-LR exposed groups was not
significantly different from the respective vehicle exposed group (Figure 1A,B). The physical appearance
(Figure S1B–D) as well as the weight of the livers (Figure 1C) were not significantly different from the
MC-LR-exposed groups in either the Leprdb/J or WT mice (data not shown). Other organs including
heart, lung, and kidney were collected from both the Leprdb/J and C57Bl/6J control and MC-LR-exposed
groups. There was no significant difference in organ weight between WT C57Bl/6J control and C57Bl/6J
MC-LR-exposed mice as well as no significant differences among Leprdb/J vehicle control and Leprdb/J
MC-LR exposed mice. (Tables S1 and S2).

165



Toxins 2019, 11, 486

Figure 1. Effect of Microcystin-LR (MC-LR) on body and liver weights in both healthy (C57Bl/6J) and
NAFLD (Leprdb/J) mice. (A and B) Total body weights. (A) C57Bl6/J (WT) mice exposed to vehicle
(n = 5) or 100 μg/kg MC-LR (n = 5) and (B) Leprdb/J (db) mice exposed to vehicle (n = 13), 50 μg/kg
MC-LR (n = 16), or 100 μg/kg MC-LR (n = 14). Mean and S.E.M. are indicated. (C) liver weights of
animals from all groups. Individual, mean, and S.E.M. values indicated. NOTE: The green arrow over
Week 1 represents the initiation of exposure to MC-LR or vehicle.

2.2. Detection of MC-LR in Plasma and Urine

To determine circulating levels and urinary excretion of MC-LR resulting from this exposure
regimen, we collected plasma and 24-h urine samples at the end of the study prior to euthanasia.
We then used Ultra-high-performance liquid chromatography coupled to triple quadrupole mass
spectrometry (UHPLC-QqQ-MS/MS) and High-Performance Liquid chromatography–orbitrap mass
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spectrometry (HPLC-orbitrap-MS) to detect and quantify the MC-LR levels in animals which met the
sample volume requirements for the analysis. MC-LR was detected in the plasma (Figure 2A) and urine
(Figure 2B) of exposed Leprdb/J mice. Significantly more MC-LR was detected in the 100 μg/kg MC-LR
exposed Leprdb/J mice (p < 0.001 for plasma and p < 0.01 for urine, respectively) as compared to those
exposed to 50 μg/kg MC-LR. Interestingly, the toxin was undetectable in the plasma of C57Bl6/J mice
exposed to the toxin (Figure 2A), whereas the amounts detected in the 24-h urine excretion samples
were significantly elevated (nearly 100-fold) as compared to the Leprdb/J mice exposed to the same
amount of the toxin (Figure 2B).

Figure 2. MC-LR determination in plasma and urine of both healthy (C57Bl/6J) and NAFLD (Leprdb/J)
mice. (A) Plasma and (B) 24-h urine excretion levels of MC-LR in C57Bl/6J (WT) Leprdb/J (db) mice
as assessed by Ultra-high-performance liquid chromatography coupled to triple quadrupole mass
spectrometry (UHPLC-QqQ-MS/MS) and High-Performance Liquid chromatography–orbitrap mass
spectrometry (HPLC-orbitrap-MS) at the end of the 4–week exposure protocol. For plasma analysis,
WT/vehicle n = 5, WT/100 μg/kg MC-LR n = 5, db/vehicle n = 8, db/50 μg/kg MC-LR n = 9, db/100 μg/kg
MC-LR n = 8. For 24-h urine excretion analysis, WT/vehicle n = 5, WT/100 μg/kg MC-LR n = 5,
db/vehicle n = 7, db/50 μg/kg MC-LR n = 8, db/100 μg/kg MC-LR n = 8. The number of samples
shown in the figure for the db mice vary due to insufficient amount of plasma or urine needed for the
analysis. Significance calculated by unpaired Student’s t-test for the indicated comparisons. **, p < 0.01;
***, p < 0.001; ****, p < 0.0001.
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2.3. Blood Biochemistry

To determine the levels of liver injury enzymes, namely alanine aminotransferase (ALT) and
alkaline phosphatase (ALP), as well as to study the factors of blood biochemistry, we conducted a
comprehensive diagnostic analysis using whole blood collected via retro-orbital bleed at days 15 and
30 during the exposure. Results from the comprehensive diagnostic analysis are shown in Tables S3
and S4. In paired analysis of the Leprdb/J mice, the levels of ALT were non-specifically elevated (15 vs.
30-day time points) in the vehicle exposed mice (p < 0.001), 50 μg/kg MC-LR exposed mice (p < 0.001),
as well as the 100 μg/kg MC-LR exposed mice (p < 0.05, Figure S2A). On the other hand, the levels of
ALP were only significantly elevated (15 vs. 30-day time points) in the 50 μg/kg MC-LR exposed mice
(p < 0.05) as well as in the 100 μg/kg MC-LR exposed mice (p < 0.01), but not in the vehicle exposed
mice (Figure S2B). In the unpaired, between group analysis (Figure 3), the only significant change in
blood chemistry between vehicle and MC-LR exposed mice was that ALP levels were elevated in the
100 μg/kg MC-LR exposed mice vs. vehicle (p < 0.01) at the 30-day time point (Figure 3B). All other
blood biochemistry markers did not show any significant change between vehicle or MC-LR exposed
groups for either the Leprdb/J mice (Figure 3, Table S3) or the C57Bl/6J mice (Figure 3, Table S4).

Figure 3. Effect of MC-LR on levels of liver injury enzymes in both healthy (C57Bl/6J) and
NAFLD (Leprdb/J) mice. Circulating levels of Alkaline Phosphatase (ALP) (A and B) and Alanine
aminotransferase (ALT) (C and D) were measured across all exposure groups at 15 days and 30 days
after initial exposure. Significance between groups tested by unpaired Student’s t-test for indicated
comparisons. For 15-day analysis, WT/vehicle n = 5, WT/100 μg/kg MC-LR n = 5, db/vehicle n = 11,
db/50 μg/kg MC-LR n = 13, db/100 μg/kg MC-LR n = 11. For 30-day analysis, WT/vehicle n = 5, WT/100
μg/kg MC-LR n = 5, db/vehicle n = 12, db/50 μg/kg MC-LR n = 13, db/100 μg/kg MC-LR n = 12, *, p <
0.05, **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

2.4. Liver Histology

Histopathological analysis was performed using Hematoxylin & Eosin (H&E) and Periodic Acid-Schiff
(PAS) staining of the liver sections. The slides were assessed by a pathologist, who was blinded to the group
assignments, and histopathologic scoring was assessed based on the severity of fat infiltration, hepatic
damage, glycogen content, and micro- and macro-vesicular lipid accumulation within the hepatocytes. As
shown in Figure 4, significant hepatic injury was noted in both 50 μg/kg and 100 μg/kg MC-LR exposed
Leprdb/J mice as compared to the vehicle control Leprdb/J mice. This was noted by the presence of fat
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vacuoles (Figure 4A, top panel, yellow arrows) as well as macro- and micro-vesicular fat infiltration and
accumulation inside the hepatocytes (Figure 4A, top panels, red arrows). Furthermore, PAS staining
demonstrated reduction in the glycogen content in Leprdb/J MC-LR exposed mice as compared to vehicle
control, although this appeared to be more pronounced in the 50 μg/kg group (Figure 4A, bottom panels).
Based on histopathologic scoring, liver injury was significantly increased in MC-LR exposed Leprdb/J
mice as compared to the vehicle control Leprdb/J mice (p < 0.001 in 50 μg/kg and p < 0.05 in 100 μg/kg,
Figure 4C). However, no significant changes were observed in the liver sections of MC-LR exposed
C57Bl/6J mice compared to vehicle control C57Bl/6J mice (Figure 4B,C). The H&E and PAS derived injury
scores for each individual animal are presented in Table S5.

Figure 4. Cont.
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Figure 4. Histological analysis of hepatic injury in both healthy (C57Bl/6J) and NAFLD (Leprdb/J) mice.
(A and B) Representative images of liver tissue sections from different exposure groups of Leprdb/J
(db) mice (A) and C57Bl6/J (WT) mice (B) stained with Hematoxylin & Eosin (H&E) (top panels) and
Periodic Acid-Schiff (PAS) (bottom panels) staining; yellow arrows indicate fat vacuoles, red arrows
indicate fat infiltration inside hepatocytes; scale bar = 200 μm. (C) Composite liver injury score for
C57Bl6/J mice (n = 5/group) and Leprdb/J mice receiving vehicle (n = 13), 50 μg/kg MC-LR (n = 16;
***, p < 0.0006 vs. vehicle) and 100 μg/kg MC-LR (n = 14; *, p = 0.0023 vs. vehicle) as determined by
Kruskal–Wallis ANOVA and Mann–Whitney test. No significant injury was determined in either the
vehicle or 100 μg/kg MC-LR exposed C57Bl6/J mice.

2.5. Genetic Analysis Hepatotoxicity and Oxidative Stress

Since micro-vesicle lipid accumulation is associated with hepatic inflammation and oxidative stress,
we assessed markers of inflammation and oxidative stress in the livers of Leprdb/J mice after microcystin
exposure. Interestingly, we observed that several genetic markers associated with hepatotoxicity and
oxidative stress response were significantly upregulated as compared to the respective db/vehicle
control (Tables S6 and S7). Significantly (p < 0.05) upregulated markers of hepatotoxicity (Cxcl12,
170.3 fold upregulated; Casp3, 15.6 fold upregulated; Cyp1a2, 187.2 fold upregulated; Rb1, 2.5 fold
upregulated), necrosis (Fam214a, 15.6 fold upregulated; Mlxip1, 97.1 fold upregulated; Col4a1, 33.2 fold
upregulated), nongenotoxic hepatocarcinogenicity (Ccng1, 19.3 fold upregulated) as well as oxidative
stress response (Prdx2, 2876.3 fold upregulated; Gpx5, 4.7 fold upregulated) were noted in the 50 μg/kg
MC-LR exposed db mice vs. db/vehicle controls. Limited analysis of targeted genes associated with
hepatotoxicity (Cyp1a2, p = 0.7; Slc17a3, p = 0.9), necrosis (OSMR, p = 0.9), steatosis (CD36, p = 0.5),
phospholipidosis (Serpina3n, p = 0.07) and cholestasis (Abcb4, p = 0.6) were tested by RT-PCR in the
C57Bl/6J groups and were not found to have any change in the gene expression between vehicle and
MC-LR exposed groups.

2.6. Phosphoproteomic Analysis

Based on the above results and the fact that MC-LR is a known protein phosphatase inhibitor,
we next examined phosphoproteomic pathways, which were affected in the livers of MC-LR exposed
Leprdb/J mice, to better understand the possible disruptions in signaling pathways associated with the
hepatotoxicity in this model. Phosphoproteomic analysis with mass spectrometry-based label-free
quantification of TiO2 enriched samples was used to determine the phosphorylation sites and signaling
pathways affected by MC-LR exposure.

Data analysis using Maxquant identified 9616 phosphorylation sites in total. A moderated t-test
indicated that 10 phosphorylation sites were affected by 50 μg/kg microcystin exposure compared to
vehicle control samples (q < 0.1, n = 8, Table 1, Figure S3A,B). Similar comparison was done, to indicate
changes in phosphorylation sites, between 100 μg/kg microcystin exposure and Vehicle control samples
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(Table 1, Figure S3C,D). An alternative analysis using linear regression of site intensity vs microcystin
dose identified 25 sites with a linear relationship between dose and intensity (q < 0.1, n = 7, Table 1).

Table 1. Effect of microcystin on phosphorylation sites in Leprdb/J liver protein. Number of sites
affected by microcystin exposure in Leprdb/J livers using moderated t-tests or linear regression. Results
were corrected for multiple testing, n = 8 for 50 μg/kg and n = 7 for 100 μg/kg microcystin.

Test q < 0.10 q < 0.30

50 μg/kg vs. Ctrl 10 66
100 μg/kg vs. Ctrl 93 459
Linear regression 25 368

Enrichment analysis of Gene Ontology (GO) biological processes, using Platform for Integrative
Analysis of Omics (PIANO, v2.0.2., Bioconductor, Package for R, Sweden) software [40], was used
to identify molecular pathways that were affected by microcystin exposure. Here we tested whether
the mean t-statistic for each pathway was different from 0 indicating that the process components
taken together were affected by MC-LR exposure. Exposure to 50 μg/kg MC-LR resulted in decreased
phosphosite abundance of 91 pathways which represented 16 biological processes including urogenital
system development, regulation of T cell proliferation and response to oxidative stress as well as
positive regulation of cell cycle proliferation. The 16 processes selected to reduce redundancy are
shown in Table 2. No GO processes were hyperphosphorylated in response to 50 μg/kg MC-LR
(PIANO, FDR < 0.1). An analysis to identify specific classes of kinases that were affected by microcystin
exposure failed to identify any significant kinase enrichment (PIANO, FDR < 0.1). Pathways in the
Reactome pathway database [41] were also tested for changes in response to microcystin exposure.
All GO and Reactome results are shown in Tables S8–S10.

In order to identify which microcystin-affected systems were the most sensitive to MC-LR exposure,
fuzzy c-means clustering was used to identify common phosphorylation site abundance profiles across
the MC-LR exposure groups. Among them, 4259 sites were assigned to one of 6 clusters (Figure S4).
Biological process categories that were identified as affected by 50 μg/kg microcystin at an FDR < 0.03
were tested for enrichment in the c-means clusters using a Fisher’s exact test. The results of this
enrichment analysis demonstrated significant enrichment of 11 biological processes (Fishers exact test,
p < 0.02) including several processes related to immune cell function as well as kidney/urogenital
system development (Table 3). Cluster 3 contains sites that were dephosphorylated in both the 50 and
100 μg/kg samples compared to controls. It had the greatest number of enriched categories including
several processes related to immune cell function as well as kidney/urogenital system development,
suggesting that proteins in those categories are dephosphorylated by MC-LR exposure. Equivalent
analysis using pathways that were affected by 100 μg/kg microcystin (FDR < 0.03) did not identify
any cluster-enriched pathways. Cluster enrichment of Reactome pathways were also conducted as
previously described [41] and are shown in Tables S8–S10. Analysis using the UniProt database was
performed to summarize all the proteins with their phosphorylation sites affected by either 50 or
100 μg/kg MC-LR exposure (Table S11).

171



Toxins 2019, 11, 486

T
a

b
le

2
.

G
en

e
O

nt
ol

og
y

Bi
ol

og
ic

al
Pr

oc
es

se
s

sh
ow

in
g

de
cr

ea
se

d
ph

os
ph

or
yl

at
io

n
on

ex
po

su
re

w
ith

50
μ

g/
kg

an
d

10
0
μ

g/
kg

M
C

-L
R

in
Le

pr
db
/J

m
ou

se
liv

er
sa

m
pl

es
re

la
tiv

e
to

ve
hi

cl
e

(P
IA

N
O

—
Pl

at
fo

rm
fo

r
In

te
gr

at
iv

e
A

na
ly

si
s

of
O

m
ic

s
da

ta
,F

D
R
<

0.
1)

.P
ro

ce
ss

es
w

ith
de

cr
ea

se
d

ph
os

ph
or

yl
at

io
n

si
te

ab
un

da
nc

e
in

m
ic

ro
cy

st
in

ex
p

os
ed

L
ep

rdb
/J

liv
er

sa
m

p
le

s
re

la
ti

ve
to

co
nt

ro
l(

P
IA

N
O

—
P

la
tf

or
m

fo
r

In
te

gr
at

iv
e

A
na

ly
si

s
of

O
m

ic
s

d
at

a,
FD

R
,F

al
se

D
is

co
ve

ry
R

at
e
<

0.
1)

.
A

su
bs

et
of

th
e

aff
ec

te
d

p
ro

ce
ss

es
is

sh
ow

n
he

re
se

le
ct

ed
to

re
d

u
ce

re
d

u
nd

an
cy

R
es

u
lt

s
w

er
e

su
m

m
ar

iz
ed

fr
om

n
=

7–
8

m
ic

e/
gr

ou
p

;5
0
μ

g/
kg

M
C

-L
R

gr
ou

p
(n
=

8)
,1

00
μ

g/
kg

M
C

-L
R

gr
ou

p
(n
=

7)
,v

eh
ic

le
(n
=

8)
,f

or
al

lp
ro

te
om

ic
s

an
al

ys
es

.

P
a

th
w

a
y

S
im

il
a

r
P

a
th

w
a

y
s

a
M

e
a

n
t-

S
ta

ti
st

ic
S

it
e

s
F

D
R

V
e

h
ic

le
v

s.
5

0
μ

g
/k

g
M

C
-L

R

U
ro

ge
ni

ta
ls

ys
te

m
de

ve
lo

pm
en

t
18

−0
.4

93
71

0.
02

9
R

eg
ul

at
io

n
of

T
ce

ll
pr

ol
if

er
at

io
n

9
−0

.7
30

35
0.

02
9

A
pp

en
da

ge
m

or
ph

og
en

es
is

9
−0

.8
13

30
0.

02
9

R
eg

ul
at

io
n

of
D

N
A

-b
in

di
ng

tr
an

sc
ri

pt
io

n
fa

ct
or

ac
ti

vi
ty

7
−0

.3
68

10
2

0.
03

6
R

eg
ul

at
io

n
of

st
ri

at
ed

m
us

cl
e

ti
ss

ue
de

ve
lo

pm
en

t
7

−0
.5

90
36

0.
05

8
R

eg
ul

at
io

n
of

ce
llu

la
r

re
sp

on
se

to
ox

id
at

iv
e

st
re

ss
6

−0
.6

77
30

0.
04

6
En

er
gy

de
ri

va
ti

on
by

ox
id

at
io

n
of

or
ga

ni
c

co
m

po
un

ds
6

−0
.4

60
92

0.
02

9
Po

si
ti

ve
re

gu
la

ti
on

of
ce

ll
cy

cl
e

pr
oc

es
s

6
−0

.4
64

86
0.

02
9

D
ef

en
se

re
sp

on
se

to
ot

he
r

or
ga

ni
sm

5
−0

.4
31

85
0.

02
9

R
es

po
ns

e
to

w
ou

nd
in

g
4

−0
.3

67
95

0.
05

6
C

og
ni

ti
on

4
−0

.4
14

76
0.

05
6

R
eg

ul
at

io
n

of
m

ic
ro

tu
bu

le
cy

to
sk

el
et

on
or

ga
ni

za
ti

on
4

−0
.3

45
10

2
0.

04
6

M
on

os
ac

ch
ar

id
e

m
et

ab
ol

ic
pr

oc
es

s
3

−0
.4

79
66

0.
04

5
Pr

ot
ei

n
au

to
ph

os
ph

or
yl

at
io

n
3

−0
.3

46
95

0.
06

8
Lu

ng
al

ve
ol

us
de

ve
lo

pm
en

t
3

−0
.7

36
24

0.
07

0
C

or
on

ar
y

va
sc

ul
at

ur
e

de
ve

lo
pm

en
t

4
−1

.0
32

17
0.

02
9

V
e

h
ic

le
v

s.
1

0
0
μ

g
/k

g
M

C
-L

R

To
ll-

lik
e

re
ce

pt
or

TL
R

6:
TL

R
2

ca
sc

ad
e

17
−1

.0
73

32
0.

02
92

Tr
an

sp
or

to
fm

at
ur

e
m

R
N

A
de

ri
ve

d
fr

om
an

in
tr

on
-l

es
s

tr
an

sc
ri

pt
6

−1
.2

57
21

0.
02

92
C

el
lc

yc
le

,m
it

ot
ic

5
−0

.5
55

13
2

0.
02

92
R

es
ol

ut
io

n
of

si
st

er
ch

ro
m

at
id

co
he

si
on

5
−1

.1
11

30
0.

02
92

M
it

ot
ic

pr
om

et
ap

ha
se

4
−0

.7
97

49
0.

04
26

C
yt

ok
in

e
si

gn
al

in
g

in
im

m
un

e
sy

st
em

3
−0

.5
80

14
4

0.
02

00
C

ar
bo

hy
dr

at
e

m
et

ab
ol

is
m

3
−0

.7
17

10
5

0.
02

00
L1

C
A

M
in

te
ra

ct
io

ns
2

−0
.8

46
55

0.
02

92
a

To
re

du
ce

re
du

nd
an

cy
ca

te
go

ri
es

w
er

e
cl

us
te

re
d

an
d

on
e

pa
th

w
ay

pe
r

cl
us

te
r

lis
te

d.
Th

is
in

di
ca

te
s

th
e

si
ze

of
th

e
cl

us
te

r.

172



Toxins 2019, 11, 486

T
a

b
le

3
.

Id
en

ti
fic

at
io

n
of

th
e

cl
us

te
rs

of
pa

th
w

ay
s

aff
ec

te
d

in
50

an
d

10
0
μ

g/
kg

M
C

-L
R

ve
rs

us
ve

hi
cl

e
ex

po
se

d
L

ep
rdb
/J

m
ic

e
us

in
g

R
ea

ct
om

e
d

at
ab

as
e:

R
ea

ct
om

e
pa

th
w

ay
s

in
liv

er
w

er
e

id
en

tifi
ed

as
aff

ec
te

d
by

50
as

w
el

la
s

10
0
μ

g/
kg

M
C

-L
R

ve
rs

us
db
/v

eh
ic

le
(F

al
se

D
is

co
ve

ry
R

at
e,

FD
R
<

0.
2)

an
d

en
ri

ch
ed

in
a

c-
m

ea
ns

cl
us

te
r

(F
is

he
r’

s
ex

ac
tt

es
tp
<

0.
02

).
R

es
ul

ts
w

er
e

su
m

m
ar

iz
ed

fr
om

n
=

7–
8

m
ic

e/
gr

ou
p;

50
μ

g/
kg

M
C

-L
R

gr
ou

p
(n
=

8)
,1

00
μ

g/
kg

M
C

-L
R

gr
ou

p
(n
=

7)
,V

eh
ic

le
(n
=

8)
,f

or
al

lp
ro

te
om

ic
s

an
al

ys
es

.

P
ro

ce
ss

M
e
a
n

t-
S

ta
ti

st
ic

S
it

e
s

F
D

R

V
e
h

ic
le

v
s.

5
0
μ

g
/k

g
M

C
-L

R

C
lu

st
er

3
R

en
al

sy
st

em
de

ve
lo

pm
en

t
−0

.5
06

68
0.

02
9

R
eg

ul
at

io
n

of
st

em
ce

ll
pr

ol
if

er
at

io
n

−0
.8

38
31

0.
02

9
R

eg
ul

at
io

n
of

ep
it

he
lia

lc
el

lp
ro

lif
er

at
io

n
−0

.4
14

11
1

0.
02

9
R

eg
ul

at
io

n
of

m
on

on
uc

le
ar

ce
ll

pr
ol

if
er

at
io

n
−0

.6
89

37
0.

02
9

R
eg

ul
at

io
n

of
le

uk
oc

yt
e

pr
ol

if
er

at
io

n
−0

.6
89

37
0.

02
9

R
eg

ul
at

io
n

of
T

ce
ll

pr
ol

if
er

at
io

n
−0

.7
30

35
0.

02
9

Po
si

ti
ve

re
gu

la
ti

on
of

ce
ll

cy
cl

e
pr

oc
es

s
−0

.4
64

86
0.

02
9

R
eg

ul
at

io
n

of
ly

m
ph

oc
yt

e
pr

ol
if

er
at

io
n

−0
.6

89
37

0.
02

9
U

ro
ge

ni
ta

ls
ys

te
m

de
ve

lo
pm

en
t

−0
.4

93
71

0.
02

9
K

id
ne

y
de

ve
lo

pm
en

t
−0

.5
66

62
0.

02
9

C
or

on
ar

y
va

sc
ul

at
ur

e
de

ve
lo

pm
en

t
−1

.0
32

17
0.

02
9

C
lu

st
er

4
D

ef
en

se
re

sp
on

se
to

an
ot

he
r

or
ga

ni
sm

−0
.4

31
85

0.
02

9
C

lu
st

er
6

G
en

er
at

io
n

of
pr

ec
ur

so
r

m
et

ab
ol

it
es

an
d

en
er

gy
−0

.3
75

13
3

0.
02

9
V

e
h

ic
le

v
s.

1
0
0
μ

g
/k

g
M

C
-L

R

C
lu

st
er

1
Pr

e-
m

R
N

A
sp

lic
in

g
0.

24
6

22
3

0.
06

01
m

R
N

A
sp

lic
in

g
0.

24
6

22
3

0.
06

01
C

lu
st

er
2

Po
st

-t
ra

ns
la

ti
on

al
pr

ot
ei

n
m

od
ifi

ca
ti

on
−0

.3
11

93
32

6
0.

08
01

92
A

xo
n

gu
id

an
ce

−0
.3

06
46

20
3

0.
18

74
9

C
lu

st
er

3
R

ec
ru

it
m

en
to

fm
it

ot
ic

ce
nt

ro
so

m
e

pr
ot

ei
ns

an
d

co
m

pl
ex

es
−0

.7
88

78
24

0.
14

63
8

C
el

l-
ce

ll
ju

nc
ti

on
or

ga
ni

za
ti

on
−0

.5
68

24
45

0.
15

86
2

C
en

tr
os

om
e

m
at

ur
at

io
n

−0
.7

88
78

24
0.

14
63

8
To

ll-
lik

e
re

ce
pt

or
4

(T
LR

4)
ca

sc
ad

e
−0

.8
68

04
41

0.
04

26
02

Si
gn

al
in

g
by

in
te

rl
eu

ki
ns

−0
.5

72
31

10
3

0.
03

34
13

In
na

te
im

m
un

e
sy

st
em

−0
.3

79
59

28
7

0.
04

41
06

C
yt

ok
in

e
si

gn
al

in
g

in
im

m
un

e
sy

st
em

−0
.5

80
43

14
4

0.
02

00
48

C
lu

st
er

4
C

el
lu

la
r

se
ne

sc
en

ce
−0

.6
51

36
49

0.
08

21
48

173



Toxins 2019, 11, 486

3. Discussion

In the current study, we used Leprdb/J mice, a well-established genetic model for NAFLD [42], to
examine the effect of prolonged low dose oral exposure to MC-LR in mice with pre-existing liver disease.
The dosages used in the current study approximated the 40 μg/kg NOAEL [1] albeit with a reduced
dosing regimen (every other day vs. daily) and total study duration (4 weeks vs. 13 weeks) [1,2].
This chronic low dose regimen resulted in significant increases in both circulating plasma levels of
MC-LR as well as increased 24 h urinary excretion of MC-LR in the Leprdb/J mice, as measured by
UHPLC-QqQ-MS/MS and HPLC-orbitrap MS as we have described [43]. Interestingly, while there was
no mortality or clinically observable MC-LR induced liver injury in the non-NALFD wild type C57Bl/6J
group in our study, we did note a decreasing, albeit non-significant trend in survival in the MC-LR
exposed Leprdb/J mice, despite similar body and liver weights, as well as the gross morphology of the
livers measured in the surviving mice. Additionally, non-NALFD wild type C57Bl/6J had undetectable
circulating plasma levels of MC-LR and a highly significant increase in the 24-h urine excretion of the
toxin as compared to the Leprdb/J mice. This finding may be an indication of differing metabolic and
excretory mechanisms between the healthy vs. NALFD diseased models and is likely relevant to the
increased pathology and gene expression associated with hepatotoxicity and oxidative stress in the
Leprdb/J mice.

Similarly, we noted in the Leprdb/J NAFLD model that while ALT levels were elevated
non-specifically, ALP levels had a modest but significant increase specifically in the MC-LR exposed
Leprdb/J mice. Neither ALT or ALP levels were significantly elevated in the wild type C57Bl/6J mice
exposed to MC-LR at the highest dose studied, 100 μg/kg. While ALT is a marker of both acute or
chronic liver injury, ALP is a marker of cholestatic predominance [44]. This indicates that ALT may not
be a clinically useful marker of MC-LR induced liver injury in the setting of NAFLD. On the other
hand, the fact that ALP levels were significantly elevated in MC-LR exposed Leprdb/J mice suggests
that MC-LR may exacerbate liver damage in a cholestatic and obstructive pattern.

There are different patterns of hepatic-injury including hepatocyte-degeneration, intracellular
fat accumulation, apoptosis, inflammation, regeneration and fibrosis [45]. Indeed, our histological
analysis confirmed that hepatic injury in the form of hepatic micro-vesicular lipid accumulation,
ballooned hepatocytes and reduced glycogen content was significantly higher in the MC-LR exposed
Leprdb/J mice. This finding indicates that exposure to MC-LR affects lipid metabolism and leads to
increased fat accumulation in the livers of NAFLD mice and supports the observation that MC-LR
exposure may promote cholestasis in this setting. Recent studies have investigated MC-LR toxicity
in the setting of pre-existing NAFLD [18,28,38]. Clarke et al. studied the acute effects of MC-LR by
a single-dose intravenous (IV) injection (20 μg/kg) and a single-dose of intraperitoneal (IP) injection
(60 μg/kg) in two separate rat models of NAFLD: a methionine and choline deficient (MCD) diet and a
high fat/high cholesterol (HFHC) diet [18]. Observed findings were informative but different between
the two NAFLD models. While plasma MC-LR area under the concentration-time curve (AUC) was
doubled and biliary clearance (Clbil) was unchanged in the MCD rats, AUC was unchanged and CLbil

was doubled in the HFHC rats. In addition, while liver pathology decreased in the MCD rats due to
decreased binding to PP2A, hepatic inflammation, plasma cholesterol, proteinuria, and urinary KIM1
were increased in HFHC rats. These results reveal that pre-existing NAFLD potentially affects subject
susceptibility to MC-LR toxicity, but there is variation to exact manifestations due to differences in
NAFLD induction. Our current study provides a robust genetic model of NAFLD in mice that helps
further the investigation of MC-LR toxicity in pre-existing NAFLD. In addition, our study provides a
chronic exposure model by gavage, a more physiologically relevant method of exposure, mimicking a
more typical exposure route in animals and humans.

Other studies have investigated the potential of NOX2 as a mediator of MC-LR toxicity in the
setting of pre-existing NAFLD [28,38]. Albadrani et al. have shown that in mice with pre-existing
NAFLD, intraperitonial exposure of MC-LR potentially activates hepatic Kupffer cells and stellate cells
through the NOX2 pathway, causing an exacerbation of pre-existing liver pathology through increased
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CD68 and increased pro-inflammatory cytokines. Sarkar et al. has shown that intraperitonial exposure
of MC-LR in NAFLD mice alters the gut microbiome, leading to inflammatory processes within the
intestines. Again, while these studies have provided invaluable insight using intraperitoneal-delivered
MC-LR in diet induced NAFLD mice, our study builds upon these results by utilizing a genetic model
of NAFLD with a physiologically relevant oral exposure of MC-LR.

MC-LR is a potent inhibitor of protein phosphatases 1 (PP1) and 2A (PP2A), which are
responsible for dephosphorylating serine and threonine residues on regulatory and structural proteins.
The inhibition of PP1 and PP2A leads to increased protein phosphorylation, which may alter the
structure of the cell cytoskeleton [46]. It has been demonstrated that oxidative stress may contribute
to the toxicity of MC-LR and that the formation of excessive free radical species from oxidative lipid
alterations causes an increase in lipid peroxidation in mice serum [11,46]. Since PP2A regulates several
mitogen-activated protein kinases (MAPKs), its inhibition by MC-LR may have secondary effects on
downstream MAPK signaling pathways involved in essential cellular processes [47]. Additionally,
many inflammatory and immune responses are regulated by several MAPK signaling pathways,
making the release of pro-inflammatory cytokines a consequence of MAPK disruptions caused by
MC-LR [48].

Our genetic and phosphoproteomic analysis of livers from MC-LR exposed NAFLD mice is in
agreement with the aforementioned studies. In the present study, we observed that genes associated
with hepatotoxicity (Cxcl12, Casp3, Cyp1a2, Rb1), necrosis (Fam214a, Mlxipl, Col4a1) and nongenotoxic
hepatocarcinogenicity (Ccng1) were significantly upregulated in the mice that were exposed to MC-LR.
Oxidative stress is another mechanism associated with MC-LR toxicity [49]. Many in vitro studies have
shown that exposure to MC-LR can cause oxidative stress in cells, further leading to apoptosis [50–53].
Our study shows that exposure to MC-LR significantly upregulated the expression of oxidative stress
response genes such as Prdx2 and Gpx5. As mentioned earlier, limited analysis of targeted genes
associated with hepatotoxicity (Cyp1a2, Slc17a3), necrosis (OSMR), steatosis (CD36), phospholipidosis
(Serpina3n) and cholestasis (Abcb4) were tested for the C57Bl/6J groups and were not found to show
any change in gene expression between vehicle and MC-LR exposed groups.

Our phosphoproteomic analysis revealed that MC-LR exposure significantly affected Reactome
pathways related to immune function, urogenital system development, T cell proliferation, cellular
response to oxidative stress, and cell cycle regulation pathways. Studies have shown that MC-LR
exposure in mice increases the levels of superoxide dismutase and catalase as well as increases the
expression of TNF-α, NFκB, IL-6 and IL-1β in HepG2 cells exposed with MC-LR [53,54]. Another study
showed an increase in transcription of IL-8, a chemokine involved in the recruitment of monocytes
and neutrophils during inflammation, in fish that were exposed to MC-LR [55]. In the present study
MC-LR exposure regulated pathways related to Toll-like receptor (TLR) 2 and 6 signaling as well as
those related to cell cycle and cell division regulatory functions. TLR2 activation has been shown to
activate the PI3K/AKT/NF-kB pathway in immunological response to MC-LR in testicular cells [56].
These studies performed in various in vivo and in vitro models, complement our findings about the
various pathways that are affected by exposure with MC-LR.

The fact that we did not note significant liver injury in the C57Bl/6J mice in the current study
is in contrast with other studies where damage to mice was observed after oral exposure of MC-LR
at similar doses of MC-LR by Zhang et al. and He et al. [6,57]. However, it should be noted that
Zhang et al. gavaged the mice every 24 h for 28 days while in our study the mice were only gavaged
every 48 h. Therefore, the total dosing in these mice was doubled compared to our study and this
may account for the differences observed. In the He et al. study, the researchers used the Balb/c strain,
whereas we used the C57Bl/6J because this strain is a better background control for the Leprdb/J mice.
Importantly strain differences exist between Balb/c and C57Bl/6J strains where Balb/c mice have been
shown to be more susceptible and C57Bl/6J mice less susceptible to hepatic injury [58,59].

MC-LR has been observed in freshwater environments around the world at varying levels. In the
USA, 1000 μg/L of MC-LR was detected in the Lake Erie region [60]. In August 2014, elevated
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microcystin levels in the US city of Toledo, Ohio, led to a drinking water crisis when the city was
left without drinking water for >2 days [61]. MC-LR not only accumulates within the water, but also
accumulates within the aquatic ecosystem as extensively reviewed by Pham et al. [62]. MC-LR within
the aquatic food chain, as well as within aquatic environments, pose potential risk of exposure in
humans. In fact, human cases of exposure have been extensively reviewed by Svircev et al. [63]. A
study in Australia reported MC-LR levels measured at 1 and 12 μg/L on two separate occasions within
recreational locations (lakes and rivers in southern Queensland and in the Myall Lakes area of New
South Wales), with surveyed individuals reporting gastrointestinal and respiratory symptoms [64].
In China, levels of MC-LR in Lake Chaohu have been reported to range from 2.2–3.9 μg/L [29], with
measurable liver damage found in fishermen that work on the lake. In Sweden, 121 individuals from
three villages reported abdominal pain, nausea, vomiting, diarrhea, fever, headaches, and muscle pain
after their drinking water became discolored [63]. It was later found that the raw lake water contained
1 μg/L of MC-LR.

Taken together, our study provides insight into the potential increase in susceptibility of individuals
with pre-existing liver conditions such as NAFLD, to the harmful effects of MC-LR exposure. By using
exposure levels below the established NOAEL value of 40 μg/kg, our study reveals that MC-LR can
exacerbate the liver damage in the setting of pre-existing liver disease. Such liver damage can be
attributed to excess micro-vesicular lipid accumulation in the liver, upregulation of genes associated
with hepatotoxicity and oxidative stress as well as changes in phosphorylation of the biological
pathways related to cell cycle and immune response regulation. The results of this study suggest a
need to review the preventative guidelines for safe exposure to MC-LR in at-risk settings, such as those
with a pre-existing NAFLD. Indeed, we have recently demonstrated that MC-LR not only prolongs, but
also worsens the severity of pre-existing colitis, supporting the notion that the effects of cyanotoxins
such as MC-LR may be magnified in certain at-risk populations [65]. We have also demonstrated
that the levels of the cyanotoxin can be detected in both plasma and urine samples of mice that were
gavaged with low doses of the toxin, using UHPLC-QqQ-MS/MS and HPLC-orbitrap-MS methods [43].
This suggests that mass spectrometric analysis can be used in a clinical setting to assess the exposure
to the cyanotoxins in humans. Further studies are warranted to examine the mechanistic basis of
MC-LR hepatotoxicity in conditions such as NAFLD in order to assess diagnostic and therapeutic
strategies for these potentially vulnerable populations. Additionally, epidemiological observations are
needed to provide clinical context for the potential effects of cyanotoxins such as MC-LR in vulnerable
patient populations.

Limitations

An important limitation of the current study was the fact that, because of the premature deaths in
the MC-LR exposed NAFLD groups, not all animals were available for histopathological, biochemical,
and phosphoproteomic examination. This may have affected the significance and dose dependence
of the histopathological, biochemical, and phosphoproteomic changes we reported. It should also
be noted that the doses used in this study are likely above doses to which humans, including those
with NALFD, are exposed. Another limitation of the current study is that we were not able to
measure MC-LR levels in the livers of the exposed mice nor did we perform analysis of activities or
expression of PP1 and PP2A. However, despite these limitations, our study is the first to report the
effects of chronic low dose oral exposure to MC-LR in a model of NAFLD. Our study suggests that in
settings of pre-existing liver disease such as NAFLD, there may be an increase in the susceptibility to
cyanotoxin toxicity.
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4. Materials and Methods

4.1. Mice

Eight-week-old male B6.BKS(D)-Leprdb/J (JAX Stock No. 000697, B6 db) mice (hereafter referred
to as Leprdb/J mice) on the C57Bl/6J background and wild type C57Bl/6J (JAX Stock No. 000664, Black 6)
healthy background strain control mice were obtained from The Jackson Laboratory (Bar Harbor, Maine,
USA) and maintained in the Department of Laboratory Animal Research at University of Toledo. All
the mice were specific-pathogen free status and were housed in plastic cages (five mice per cage) and
fed ad libitum on balanced rodent diet (Teklad global 16% protein diet, Envigo, Indianapolis, IN, USA)
and water. The mice were kept in a well-ventilated room maintained at 23 ± 1 ◦C on a 12-h light and
dark cycle. The mice were allowed to acclimatize for a week, before the beginning of the study. All the
protocols were approved by the University of Toledo Institutional Animal Care and Use Committee
(IACUC protocol number 108663, approval date February 9, 2016) and conducted in accordance with
the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.

4.2. Exposure and Experimental Design

At 10-weeks of age, Leprdb/J mice were randomly divided into three groups with 13–17 mice
per group (Figure 5). Group 1 was the Leprdb/J vehicle control group which was exposed to water
with volume equivalent to that of the MC-LR exposed mice (300 μL). Group 2 and 3 consisted of
Leprdb/J mice that were exposed to 50 μg/kg and 100 μg/kg of body weight of MC-LR (Item No.
10007188, Cayman Chemicals, Ann Arbor, MI, USA) respectively. MC-LR or vehicle control was
administered to the mice via gavage every 48 h for a period of 4 weeks (15 total administrations over 4
weeks). These doses approximate the currently accepted NOAEL (40 μg/kg) established over a 13 week
study [1]. The toxin was freshly prepared by dissolving it in purified water at a working concentration
of 0.5 mg/mL. The mice were weighed once every week. Blood samples were collected at day 15
(midpoint) and 30 (endpoint) via retro-orbital bleeding (after isoflurane anesthesia) for analyzing blood
chemistry, and at study termination, via intracardiac puncture after euthanasia. At the end of the study,
mice were placed in metabolic cages for a 24-h urine collection immediately following the final dose of
MC-LR or vehicle. 24-h urine samples were collected and stored at −80 ◦C. Mice were then removed
from metabolic cages and euthanized for final blood and organ collection after another 24 h (i.e., a total
of 48 h after last MC-LR/vehicle gavage). Blood samples were collected at day 15 (midpoint) and 30
(endpoint) via retro-orbital bleeding (after isoflurane anesthesia) for analyzing blood chemistry and at
study termination via intracardiac puncture after euthanasia.

The animals were humanely euthanized and flushed with 10 ml of 1X Phosphate Buffered Saline
(PBS) (Fisher Scientific, Pittsburgh, PA, USA). Liver tissues from individual animals were collected and
weighed. Part of the liver tissue was frozen in OCT embedding media (Fisher Scientific, Pittsburgh,
PA, USA) and another section was fixed with 4% w/v Formalin (Fisher Scientific, Pittsburgh, PA, USA)
for histological purposes. The remainder of the tissue was snap frozen in liquid nitrogen and then
stored at −80 ◦C until further use for experimental purposes. In a parallel study, wild type C57Bl/6J
mice were randomly divided into 2 groups: a vehicle control and 100 μg/kg MC-LR exposed group,
which were exposed as detailed above.
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Figure 5. Schematic representation of the study design used to study the effect of low doses of MC-LR
on healthy C57Bl/6J and NAFLD LepRdb/J mice. Ten-week-old mice were exposed with vehicle, 50
μg/kg or 100 μg/kg of MC-LR for a period of 4 weeks (15 total administrations) every 48 h. The mice in
the vehicle control group were exposed with an equivalent volume of purified water.

4.3. Histological Studies

Liver sections were collected and immediately fixed in 4% formalin solution for 24 h, dehydrated
in 70% ethanol, embedded in a paraffin block, and cut with a microtome to yield sections of 4-micron
thickness. Hematoxylin & Eosin (H&E) and Periodic Acid-Schiff (PAS) staining were then performed
on these sections. Whole slides were scored for hepatic injury by a pathologist, who was blinded
to the study group assignments. Hepatic injury was assessed in both H&E and PAS was scored
on a semi-quantitative scale of 0 (none or least hepatic injury) to 4 (maximum hepatic injury) and
a composite injury score was taken as the average of the H&E and PAS injury score for each liver.
Hepatic injury was assessed according to established methods including pale coloration of the tissue,
infiltration of microvesicular lipid accumulation inside the hepatocytes, reduced glycogen content
as well as ballooned hepatocytes with marked macro- and/or micro-vesicular lipid infiltration [45].
Hepatic damage was characterized by pale coloration of the tissue, infiltration of microvesicular lipid
accumulation inside the hepatocytes, reduced glycogen content as well as ballooned hepatocytes with
marked macro- and micro-vesicular lipid infiltration. A detailed description of the observations can be
found in Table S5.

4.4. Blood Chemistry

Blood was collected via retro-orbital bleed in heparinized Micro-Hematocrit Capillary tubes (Cat
no. 22-362-566, Fisher Scientific, Pittsburgh, PA, USA). Whole blood was then loaded onto Abaxis rotor
with VetScan2 Chemistry Analyzer (Ref: 500-0038, Abaxis, Union City, CA, USA) with a comprehensive
diagnostic profile for the quantitative analysis of Alanine aminotransferase (ALT), albumin (ALB),
alkaline phosphatase (ALP), amylase (AMY), globulin (GLOB), glucose (GLU), blood urea nitrogen
(BUN) and total protein (TP).

4.5. MC-LR Determination in Plasma and Urine

Both plasma and 24-h urine samples were collected post MC-LR exposure. Blood was collected by
cardiac puncture in K3-EDTA microtubes (Sarstedt, Newton, NC, USA) and separated plasma was stored
at −80 ◦C until further use. MC-LR in urine samples was quantified using both Ultra High Pressure
Liquid Chromatography–triple Quadrupole–tandem Mass Spectrometry (UHPLC-QqQ-MS/MS,
Columbia, MD, USA) and High Pressure Liquid Chromatography (Shimadzu Technologies, Addison, IL
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USA)–Orbitrap Fusion Mass Spectrometry (Thermo Fisher Scientific, San Jose, CA, USA) system, while
plasma samples were analyzed using HPLC-Orbitrap Fusion MS as we have previously described [43].

4.6. Genetic Analysis of Hepatotoxicity and Oxidative Stress

For genetic analysis, each exposure group shows data from 3 arrays (i.e., biological triplicates)
and each array used a pooled cDNA sample from 4 mice/group. Hence, the data is representative
of 12 mice from each exposure group. The data was analyzed using Qiagen analysis software
(Qiagen, Germantown, MD, USA) and the criteria for fold change is based on any changes that
are at least 2-fold above the normalized value for the vehicle exposed group. The p value for
significance was considered as p < 0.05. RNA was extracted from liver tissues and isolated using
the QIAzol/Chloroform extraction method. Approximately 500 ng of extracted RNA was used to
synthesize cDNA (QIAGEN’s RT2 First Strand Kit (Qiagen, Germantown, MD, USA). The cDNA was
then used to run RT2 ProfilerTM Mouse Hepatotoxicity Quantitative PCR Array (Cat No. PAMM-093Z,
Qiagen, Germantown, MD, USA) as well as RT2 ProfilerTM Mouse Oxidative Stress and Antioxidant
Defense Quantitative PCR Array (Cat No. PAMM-065Z, Qiagen, Germantown, MD, USA) performed
utilizing a QIAGEN Rotor-Gene Q thermo-cycler. Because previous reports have shown hepatotoxic
and oxidative stress mediated injury induced by MC-LR, we selected targeted arrays to assess
several measures of hepatotoxicity using the RT2 ProfilerTM Mouse Hepatotoxicity Quantitative
PCR Array (Cat No. PAMM-093Z which assesses genetic markers of Hepatotoxicity—Cxcl12,
Cyp1a2, Casp3, Rb1; Nongenotoxic hepatocarcinogenicity—Ccng1; Necrosis—Fam214a, Mlxipl;
Steatosis—CD36 and Cholestasis—Abcb1A, Abcb4) as well as RT2 ProfilerTM Mouse Oxidative Stress
and Antioxidant Defense Quantitative PCR Array (Cat No. PAMM-065Z which assesses genetic
markers of peroxiredoxins; glutathione peroxidases; superoxide dismutases; oxygen transporters and
oxidative stress response). Both arrays use Actin b, β2-microglobulin, GAPDH, Gusb and Hsp90ab1 as
the housekeeping genes. All RT-qPCR was performed utilizing a QIAGEN Rotor-Gene Q thermo-cycler.

4.7. Proteomic Analyses of TiO2 Enriched Phosphopeptides

Sample Preparation: Mouse liver tissue was homogenized in mass spectrometry grade water
using a Potter Elvehjem Teflon on glass tissue homogenizer kept on ice. Homogenates were brought
to 2% lithium dodecyl sulfate (LiDS) then heated to 95 ◦C for 5 minutes. Heat inactivated samples
were exposed with 5 mM dithiothreitol (DTT) to reduce disulfide bonds, alkylated with 15 mM
iodoacetamide (IAA) and then 5 mM additional DTT was added to quench the remaining IAA. Proteins
were precipitated and LiDS removed by addition of 5 volumes of methanol. Methanol-washed pellets
were resuspended in 0.5% deoxycholate (DOC) in 1X phosphate buffered saline plus 40 mM TEAB using
sonication delivered by a QSonica cup-horn sonicator as necessary. Protein concentrations in the DOC
solubilized samples were determined using a Bradford assay then 0.5 mg of protein was trypsinized
using an overnight incubation with 2 μg Promega sequencing grade trypsin. Digested samples were
centrifuged to remove particulates and the entire sample dried by speed-vac then resolubilized in
100 μL of 65% acetonitrile, 2% trifluoroacetic acid (TFA) and at 25% saturation with glutamic acid.
Phosphopeptides were selected from the digests on an AssayMap Bravo (Agilent Technologies, Santa
Clara, CA, USA) robot using TiO2 cartridges. Phosphopeptides were analyzed at the Wayne State
Proteomics Core using LC-MS/MS on an Orbitrap Fusion MS system (Thermo Fisher Scientific, San Jose,
CA, USA). Each sample was analyzed independently using reversed-phase chromatography on an
Acclaim PepMap RSLC (Thermo Fisher Scientific, San Jose, CA, USA), 75 μm × 25 cm column (Dionex,
Sunnyvale, CA, USA). Peptides were eluted from the column in a 2-h gradient from 5% to 30%
acetonitrile and analyzed directly by MS/MS using the Orbitrap Fusion.
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4.8. Proteomic Data Analysis

MS spectra were searched against the Uniprot mouse complete database downloaded on 14
July 2017 (16,884 entries) using MaxQuant v1.6.2.10. (Max Planck Institute, Munich, Germany) [66].
Phosphorylation at Serine, Threonine and Tyrosine residues was set as a variable modification and the
default penalty for modified peptide identification was reduced so that a minimum score of 20 and
a minimum delta score of 3 were required for modified peptides. Match between runs was enabled.
All other parameters were left at their default values. All analyses except the kinase enrichment
analysis used phosphorylation sites without regard to localization confidence. Kinase enrichment
analysis used all sites localized with > 80% confidence by Maxquant. Subsequent analysis used R
v3.4.3 (http://www.R-project.org/) (The R Foundation, Vienna, Austria).

Phosphorylation site abundances were normalized so that each sample had the same median.
Differentially abundant sites were identified using a moderated t-test [67]. A q-value was calculated
for each site to account for multiple testing [68]. Gene Ontology (GO) biological processes that
were affected by exposure were identified using Platform for Integrative Analysis of Omics Data
(PIANO) [40]. T-statistics from the moderated t-test were submitted to PIANO and pathway enrichment
was determined using the t-statistic mean. Phosphoproteins with multiple sites were not summarized
and each site was submitted to PIANO individually. PIANO uses a permutation test to calculate an
FDR corrected p-value. To reduce redundancy due to multiple GO categories with similar membership,
affected pathways were clustered by phosphoprotein membership similarity and only the pathway
with the lowest p-value in each cluster was reported. Pathways clustering was done using dynamic
tree cut [69]. Pathway overlap was calculated as: (number of sites common to both pathways/number
of sites in the smaller pathway). Kinase analysis was carried out using the regular expression-type
kinase motifs distributed with Perseus software [70]. Identified phosphorylation sites that matched
kinase criteria were converted to PIANO “kinase sets” and each kinase was tested for enrichment by
PIANO analysis as above. Fuzzy c-means clustering was used to identify dose-response patterns in
the data [71]. Sites were considered members of a cluster if they had greater than 0.5 membership.
The number of clusters was set to 6 based on inspection of a plot of the number of sites clustered vs. the
number of clusters. All sites were submitted to clustering without regard to their statistical significance.
Gene Ontology (GO) biological processes were tested for enrichment in dose-response clusters using
Fisher’s exact test for an increased frequency of pathway components in cluster members versus cluster
non-members. As for the samples from mice exposed with 100 μg/kg of MC-LR, Reactome pathways
were tested for enrichment in dose-response clusters using Fisher’s exact test for an increased frequency
of pathway components in cluster members versus cluster non-members.

4.9. Statistical Analysis

Statistical analysis of all non-proteomic data was done using GraphPad PRISM 7 software
(San Diego, CA, USA) and comparison within groups was done using Unpaired Student’s t-test
and Analysis of Variance (ANOVA) with Dunnette’s multiple comparisons test. All data are
presented as mean ± standard error of the mean (SEM) and a p-value of < 0.05 was considered
to be statistically significant.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/9/486/s1,
Figure S1: Effect of MC-LR on survival and gross liver morphology, Figure S2: Effect of MC-LR exposure on
liver injury enzymes in NAFLD mice, Figure S3: Phosphorylation sites affected by MC-LR exposure, Figure S4:
Fuzzy c-means clusters of phosphorylation site abundance versus microcystin dose. 6 clusters were generated,
Table S1: Effect of MC-LR exposure on tissue weights in Leprdb/J mice, Table S2: Effect of MC-LR exposure on
tissue weights in C57Bl/6J mice, Table S3: Effect of MC-LR exposure on blood chemistry in Leprdb/J mice, Table S4:
Effect of MC-LR exposure on blood chemistry in normal C57Bl/6J (WT) mice, Table S5: Hematoxylin & Eosin
(H&E), Periodic Acid-Schiff (PAS), and Composite Liver Injury Scores in Leprdb/J (db) mice, Table S6: Genetic
analysis of hepatotoxicity in liver tissues, Table S7: Genetic analysis of oxidative stress response in liver tissues,
Table S8: Identification of the clusters of pathways affected by 50 μg/kg MC-LR versus control using Reactome

180



Toxins 2019, 11, 486

database, Table S9: GO Biological Process enrichment analysis, Table S10: REACTOME enrichment analysis,
Table S11: Phosphorylation sites that were affected by microcystin exposure at 50 or 100 μg/kg.
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Abstract: Inflammatory Bowel Disease (IBD) represents a collection of gastrointestinal disorders
resulting from genetic and environmental factors. Microcystin-leucine arginine (MC-LR) is a toxin
produced by cyanobacteria during algal blooms and demonstrates bioaccumulation in the intestinal
tract following ingestion. Little is known about the impact of MC-LR ingestion in individuals with
IBD. In this study, we sought to investigate MC-LR’s effects in a dextran sulfate sodium (DSS)-induced
colitis model. Mice were separated into four groups: (a) water only (control), (b) DSS followed
by water (DSS), (c) water followed by MC-LR (MC-LR), and (d) DSS followed by MC-LR (DSS
+ MC-LR). DSS resulted in weight loss, splenomegaly, and severe colitis marked by transmural
acute inflammation, ulceration, shortened colon length, and bloody stools. DSS + MC-LR mice
experienced prolonged weight loss and bloody stools, increased ulceration of colonic mucosa, and
shorter colon length as compared with DSS mice. DSS +MC-LR also resulted in greater increases in
pro-inflammatory transcripts within colonic tissue (TNF-α, IL-1β, CD40, MCP-1) and the pro-fibrotic
marker, PAI-1, as compared to DSS-only ingestion. These findings demonstrate that MC-LR exposure
not only prolongs, but also worsens the severity of pre-existing colitis, strengthening evidence
of MC-LR as an under-recognized environmental toxin in vulnerable populations, such as those
with IBD.

Keywords: inflammatory bowel disease; dextran sulfate sodium; colitis; microcystin; colon

Key Contribution: This study is the first investigation assessing the effects of the Harmful Algal
Bloom toxin, microcystin-LR in a model of pre-existing inflammatory bowel disease.
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1. Introduction

Inflammatory bowel disease (IBD) is a collection of disorders characterized by both acute and
chronic inflammation of the gastrointestinal (GI) tract [1]. IBD has become a global health burden, with
an estimated 1 million individuals in the USA and 2.5 million individuals in Europe being affected by
IBD [2]. Total indirect and direct costs of IBD in the US were estimated to have been between $14.6
and $31.6 billion in 2014 [3] and a recent study found total costs of IBD patients in 2015 to be three
times higher than non IBD patients [4]. In addition, IBD is rapidly growing in prevalence within newly
industrialized countries around the world [2].

Two of the most common forms of IBD are Crohn’s disease (CD) and ulcerative colitis (UC),
which share certain characteristics but also exhibit key differences. CD can affect any region of the GI
tract and is characterized by discontinuous “skip lesions” while UC most commonly manifests within
the distal GI tract, starting in the rectum and progressing proximally in a continuous manner along
the distal colon [5]. Hallmarks of CD are transmural acute and chronic inflammation, non-caseating
granulomas, strictures, and fistulas, while UC is characterized by mucosal and submucosal acute
inflammation, crypt abscesses, ulcerations, depletion of goblet cells and mucin, bloody diarrhea,
and weight loss [1]. These two conditions are frequently accompanied by other comorbidities
and complications, making overall clinical presentations complex, difficult to manage, financially
burdensome, and symptomatically debilitating for affected individuals.

IBD is a complex disease with a multifactorial etiology. There are genetic components that predispose
individuals to develop IBD, as well as a dysregulation within the host immune system and GI microbial
environment [6]. However, there is also an important role that the environment plays in IBD’s
pathogenesis and disease severity. This is highlighted by its dominant prevalence in industrialized
countries and its growing prevalence in newly developed countries [6]. Many of these environmental
factors have been explored, including environmental sanitation and hygiene; behavioral factors, such
as smoking, diet, stress management, and breastfeeding; and use of medications, such as antibiotics,
non-steroidal anti-inflammatory drugs, and oral contraceptives [6]. Additional environmental factors
include microorganism infections, such as those caused by Helicobacter pylori, Mycobacterium avium,
Escherichia coli, Yersinia enterocolitica, Listeria monocytogenes, and Candida albicans [6]. The identification
of these different triggers of IBD disease progression have allowed for the establishment of appropriate
preventative and therapeutic measures, however, there is still an urgent need to continue investigating
other potential offenders.

One growing global environmental concern that has not been studied for its effects in IBD
populations is microcystin. Microcystins (MCs) are a collection of potent toxins produced by cyanobacteria,
also known as blue-green algae [7]. Of these toxins, microcystin-LR (MC-LR) is one of the most
commonly produced forms and is also one of the most toxic variants [8]. Harmful algal blooms (HABs)
contaminate freshwater environments and have affected every region of the USA. Globally, more than
40% of lakes and reservoirs in Europe, Asia, and America have favorable conditions for HABs, with
25–75% of blooms being considered toxic [9]. In addition, these HABs are increasing exponentially
in frequency and severity worldwide [10]. The acute and chronic effects of microcystin exposure in
humans have been recently reviewed [11]. Notable events of MC-LR exposure and toxicity in humans
have been documented around the world. One of the most notable events occurred in 1996, where
116 of 130 patients at a dialysis center experienced acute liver failure and death within one week of
exposure to water sources contaminated with microcystin [12,13]. Previous studies have identified the
gastrointestinal tract to be a potentially important target of MC-LR toxicity and have even shown the
intestines to be the site of greatest MC-LR bioaccumulation [10,14–16]. While MC-LR has been shown
to cause severe liver damage [15], found to be a potential human carcinogen [8], and documented to be
fatal in humans in some complicated cases [12], there is a critical need to investigate MC-LR’s effects
within the intestines, especially in more vulnerable settings, such as IBD.

In this current study, we aimed to address these pressing gaps in knowledge by utilizing the
well-established dextran sulfate sodium (DSS) model of colitis in C57BL/6 mice [17]. This model has
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been developed to mimic characteristics of both CD and UC, and has been extensively validated by
the use of several therapeutic agents used to treat human IBD [18]. The DSS model induces acute
colitis and has been shown to sustain chronic levels of inflammation [19]. Because of MC-LR’s known
bioaccumulation in the intestines, we hypothesized that MC-LR would prolong and/or worsen the
severity of DSS-induced colitis.

2. Results

2.1. Body Weight and Survival

Mice in the MC-LR group showed no significant differences in weight throughout the 14-day
study as compared with control mice. Mice in the DSS group and in the DSS +MC-LR group showed
decreases in body weight starting at day 6 (Figure 1). Starting at day 7, the body weights of DSS and
DSS +MC-LR mice were significantly lower than the control and MC-LR mice (p < 0.05). No differences
were observed between DSS and DSS +MC-LR mice. Body weights of the DSS and DSS +MC-LR mice
continued to decrease until day 10 (p < 0.001). DSS mice progressively regained their weight starting at
day 11. At day 13, DSS mice had significantly greater body weights than DSS +MC-LR mice. DSS mice
continued to regain their weight until day 14, at which point they showed no significant differences in
body weight versus the control and MC-LR mice, but were significantly greater in body weight versus
DSS +MC-LR mice. While DSS mice regained their weight, mice in the DSS +MC-LR group continued
to show significantly lower body weights until day 14 as compared with the control and MC-LR mice
(p < 0.05). One mouse in the DSS +MC-LR group was found dead on day 14. Analysis on this mouse
was not possible as organs were not attainable through standard procedures.

 
Figure 1. Mouse body weights taken daily throughout the 14-day study. Data presented indicate the
mean ± SEM (n = 6–10 mice per group). * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. the control group.

2.2. Stool Grading

Mice in the control and MC-LR groups showed no occult or gross blood in their stool throughout
the 14-day study (Figure 2). Mice in the DSS group and in the DSS +MC-LR group began showing
signs of occult blood in their stool on day 4 and gross blood starting on day 5. No significant differences
in the occurrence of occult blood was observed between DSS and DSS +MC-LR groups. All mice in
both DSS and DSS +MC-LR groups exhibited gross blood in their stool from days –8. Mice in DSS
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and DSS +MC-LR groups showed a decrease in gross blood and in increase in occult blood in their
stool starting on day 9. DSS mice showed complete resolution of gross and occult blood by day 10. By
day 11, there was a significantly lower occurrence of occult blood in the DSS group as compared with
the DSS +MC-LR group (Figure 2). DSS +MC-LR mice showed no resolution of blood in their stool,
with persistent occult blood still being detectable at day 14.

 
Figure 2. Daily stool grading throughout the 14-day study. 0 = no occult or gross blood, 1 = occult
blood present, and 2 = gross blood present. Data presented indicate the mean ± SEM (n = 6–10 mice
per group). * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs. control group.

2.3. Colon Length and Spleen Weight

Colons were measured from the distal end to the colon-cecum junction as exemplified by the
representative images in Figure 3A. Colons of mice in the DSS, MC-LR, and DSS +MC-LR groups
showed significant decreases in length as compared with the control colons (p < 0.0001) (Figure 3B).
It was also noted that the colon lengths of the DSS +MC-LR mice were significantly shorter than those
in the DSS (p < 0.01) and MC-LR groups (p < 0.001).

Spleen weights were significantly greater in the DSS group (p < 0.001) and the DSS + MC-LR
group (p < 0.05) as compared with the control group (Figure 4). No differences were observed in spleen
weight between the DSS and DSS +MC-LR groups. Spleen weights in the MC-LR group were not
increased as compared with the control group.
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Figure 3. Effect of DSS and MC-LR on colon length. (A) Representative gross images and measurements
of mouse colons with cecums still attached. Black arrows indicate the colon-cecum junction as a
landmark for colon length measurement. (B) Diagram of colon lengths. Data presented indicate the
mean ± SEM (n = 6–10 mice per group). ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

 
Figure 4. Spleen weights measured at the time of organ harvesting. Data presented indicate the
mean ± SEM (n = 6–10 mice per group). * p < 0.05, and *** p < 0.001 vs. control group.

2.4. Histopathology

Histopathological analysis of hematoxylin and eosin (H & E) stained colon sections revealed that
DSS exposure led to segmental regions of ulceration, crypt abscesses, marked acute inflammatory cell
infiltration, and early architectural distortion with gland branching and budding (i.e., early chronic
changes), as compared with the normal colonic tissue of the control group (Figure 5A). Analysis of
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Periodic acid–Schiff (PAS) stained colon sections highlighted loss of goblet cells with mucin depletion,
especially within and flanking the ulcer beds (Figure 5B).

 

 
Figure 5. Effect of DSS and MC-LR on histopathological changes. (A) Representative images of
H&E stained colon sections. Colon tissue from control and MC-LR mice did not show any specific
pathologic changes. DSS exposure led to disruption of the epithelium, segmental regions of marked
acute inflammatory cell infiltration, ulceration and branching and budding of glands (early chronic
changes). A white arrow demarcates a representative area of tissue ulceration that has begun early
re-epithelialization (magnified in the black framed area) and shows obliteration of crypts and infiltration
by inflammatory cells. DSS +MC-LR combined exposure demonstrates increased severity of the same
histopathological changes seen in the DSS group. A black arrow demarcates a representative area
of tissue ulceration (magnified in the black framed area), which is significantly larger in length than
that found in the DSS group. Scale Bar: 100 μm. (B) Representative PAS stained colon sections (same
samples as the representative H and E sections). Colon tissue from control and MC-LR mice show
continuous staining of goblet cells and mucin throughout the length of the colon. DSS exposure led to
the loss of goblet cells and mucin, especially flanking the areas of ulceration (black arrow). The decrease
in goblet cells and mucin depletion is more exaggerated in the DSS + MC-LR group (black arrow).
Scale Bar: 100 μm (C) Quantification of tissue ulceration. Total ulcer length throughout the colon was
normalized to total colon length. Data presented indicate the mean ± SEM (n = 6–10 mice per group).
* p < 0.05 vs. the DSS group.
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H and E analysis of the colons in the DSS +MC-LR group revealed greater severity of the same
histopathological findings observed in the DSS group. Measurement of the length of ulcerated mucosa
to total colon length demonstrates a greater percentage of ulceration within the DSS +MC-LR group
as compared to the DSS group (Figure 5C). The MC-LR and control groups did not show evidence of
pathological changes.

2.5. Gene Expression in the Colon

As seen in Figure 6, qPCR analysis demonstrated that the mRNA levels of the pro-inflammatory
cytokines TNF-α and IL-1β were significantly upregulated in the DSS group as compared with the
control group (p < 0.01 and p < 0.0001, respectively). The upregulation of TNF-α and IL-1β was further
increased in the DSS +MC-LR group (p < 0.0001 and p < 0.05, respectively) and were significantly
higher than the levels observed in the DSS group (p < 0.01 and p < 0.05, respectively).

 
Figure 6. RT-qPCR analysis of proinflammatory cytokines TNF-α and IL-1β mRNA. Data presented
indicate the mean ± SEM (n = 6–10 mice per group). * p < 0.05, ** p < 0.01, and **** p < 0.0001 vs. the
control group.

CD40 mRNA levels (Figure 7) were increased in the DSS group and significantly elevated in
the DSS +MC-LR group compared to control (p < 0.001). CD40 expression was not elevated in the
MC-LR group.

Figure 7. RT-qPCR analysis of CD40 and its downstream products MCP-1 and PAI-1. Data presented
indicate the mean ± SEM (n = 6–10 mice per group). * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. the
control group.
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Expression of MCP-1 (Figure 7) was significantly upregulated in the DSS +MC-LR group (p < 0.01).
PAI-1 was upregulated within the DSS (p < 0.001), MC-LR (p < 0.01), and DSS +MC-LR (p < 0.05)
groups as compared with the control group. PAI-1 levels were significantly higher in the DSS +MC-LR
group as compared with the MC-LR group (p < 0.05).

3. Discussion

This study is the first to describe MC-LR’s effects within the gastrointestinal tract of mice with
pre-existing colitis. Here, we demonstrate that MC-LR can prolong and potentiate the severity of
colitis within a DSS colitis mouse model. By utilizing a well-established colitis protocol, we found DSS
to induce weight loss, splenomegaly, and severe colitis marked by transmural acute inflammation,
ulceration, shortened colon length, and bloody stools. These gross effects were accompanied by the
upregulation of key pro-inflammatory transcripts within colonic tissue, including TNF-α and IL-1β.
While MC-LR alone only resulted in modest colonic shortening and increases in PAI-1 expression,
MC-LR in the setting of DSS-induced colitis resulted in the prolongation and exacerbation of disease
state as compared with DSS alone. Within the DSS +MC-LR group, we observed prolonged weight
loss and bloody stools, increased ulceration of colonic mucosa, shorter colon length, and a greater
increase in the pro-inflammatory transcripts of TNF-α and IL-1β as compared with DSS alone. It is
also important to note that the heightened disease state in the DSS +MC-LR group resulted in the
death of one of the mice before the conclusion of the study, a finding not found in any of the other
groups or reported in any other previous study.

It has been well established that MC-LR enters cells through organic anion transporting polypeptides
(OATP) [20]. Once in cells, MC-LR inhibits serine/threonine protein phosphatases (PPs), especially
PP1 and PP2A [20]. Such inhibition of PPs lead to hyperphosphorylation of various enzymes and
cytoskeletal elements, leading to a disruption of cellular processes [20]. In Sertoli cells, it has been
found that one of the consequences of MC-LR + PP complex formation is the inhibition of miR-98-5p
and miR-758, leading to the enhanced expression of MAPK11 [21]. Enhanced expression and activation
of MAPK11 leads to the phosphorylation of transcription factor ATF-2, which binds to the promotor of
TNF-α and leads to TNF-α expression [21].

Another potential mechanism by which MC-LR enhances inflammatory cytokine production has
recently been investigated by Adegoke et al. [22]. Again in Sertoli cells, it was found that MC-LR induces
the upregulation and activation of toll-like receptor 4 (TLR4) and its downstream effector, nuclear
factor-kappaB (NF-kB), in a dose-dependent manner [22]. It has been proposed that the activation
of NF-kB by TLR4 is mediated by either myeloid differentiation primary response 88 (MyD88) or
TIR-domain-containing adapter-inducing interferon-β (TRIF) [22]. NF-kB activation subsequently
leads to the upregulation of pro-inflammatory cytokines, including TNF-α and IL-1β [22]. A follow
up study by Adegoke et al. utilized TLR4-IN-C34 (C34) to inhibit TLR4 in order to demonstrate an
attenuation of MC-LR toxicity by the TLR4/NF-kB pathway [23]. Inhibition with C34 was found to
attenuate damage caused by MC-LR and attenuate the production of inflammatory cytokines, including
TNF-α and IL-1β [23].

In addition, MC-LR activates the innate immune system by the recruitment of lymphocytes,
neutrophils, and macrophages into affected tissues [24,25]. Such activation leads to downstream
cytokine production, including TNF-α and IL-1β by macrophages. The upregulation of TNF-α and
IL-1β due to MC-LR exposure has been previously confirmed [26]. Given that disruption of the
intestinal epithelial barrier serves as a major driver of IBD pathogenesis [27], our results may highlight
the importance of intestinal barrier integrity in MC-LR toxicity. Pre-existing colitis, coupled with barrier
dysfunction, could lead to greater tissue uptake of MC-LR, greater recruitment of innate immune cells,
and greater production of inflammatory cytokines, a phenomenon that is not activated in the setting of
intact intestinal barriers in healthy wild type mice. This concept is illustrated in Figure 8.
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Figure 8. Schematic diagram displaying a potential mechanism by which MC-LR entry is facilitated by
intestinal epithelial damage. An intact intestinal barrier helps to prevent the tissue uptake of foreign
matter, including MC-LR. A damaged intestinal barrier may facilitate the tissue uptake of MC-LR.
MC-LR, like other foreign material is scavenged by macrophages, which release inflammatory cytokines,
such as TNF-α and IL-1β, and further recruits additional innate immune cells driving inflammation.

As CD40 signaling has been recently implicated in active regions of IBD in human patients,
we evaluated CD40 as a potential mechanism for this disease prolongation and exacerbation [28]. CD40
is part of the TNF superfamily, one of three families that can be exploited in T cell co-stimulation [29].
CD40 has been evaluated in the setting of IBD (both UC and CD) and has been found to be overexpressed
in IBD. Interestingly, previous studies in IBD patients have shown that CD40 overexpression is directly
proportional to the extent of disease severity and is only found in actively inflamed regions of intestinal
tissue [30]. In addition to their overexpression on T cells, CD40 has also been shown to be expressed on
intestinal fibroblasts and on intestinal epithelial cells in actively inflamed colonic tissue of IBD patients,
which was further confirmed in a cell model [28,31]. In the present study, we observed a significant
upregulation of CD40 in the DSS +MC-LR colons, signifying its potential role in disease exacerbation.
Of note, we also observed the upregulation of MCP-1 and PAI-1, two downstream products of CD40
activation. These help to confirm the initiation of this pathway as a result of MC-LR exposure in the
setting of DSS-induced colitis.

In this study, it is important to also note the relevance of the dosage of MC-LR used. The World
Health Organization (WHO) has set a limit on permissible levels of microcystin in finished drinking
water at one part per billion (ppb), which is commonly understood as 1 μg/kg [32]. The WHO has also
established that when conducting research in an animal model, an uncertainty factor of 1000 can be
applied in order to account for intra- and interspecies variation, allowing for 1 ppb to be extrapolated
to 1000 μg/kg in an animal model [33], which is the concentration we utilized in the present study.
In addition, this dose of 1000 μg/kg has previously been studied by Fawell et al. [34]. While our current
study exposed mice to 1000 μg MC-LR/ kg body weight daily for one week, Fawell et al. exposed mice
to 40, 200, and 1000 μg MC-LR/ kg body weight daily for 13 weeks, a prolonged, chronic exposure
timeframe. While no significant increases in pathology was noted in the 40 μg/kg male mouse exposure
group as compared with controls after 13 weeks, increased trends in liver pathology (including chronic
inflammation, hepatocyte degeneration, and hemosiderin deposition), and blood chemistry (including
alanine aminotransferase and aspartate aminotransferase) were noted in the 200 and 1000 μg/kg male
mouse exposure groups at the conclusion of 13 weeks of daily MC-LR exposure [34]. While these
hepatic findings may be significant with chronic exposure (13 weeks) in healthy mouse models, we
aimed to investigate the gastrointestinal effects of acute exposure (one week) to MC-LR. Interestingly,
while we saw limited effects in WT mice, MC-LR had significant effects in mice with pre-existing colitis.
Our findings suggest that more stringent regulations for MC-LR in finished drinking water should be
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considered in order to protect populations that may be more susceptible to MC-LR toxicity, such as
those with pre-existing gastrointestinal diseases.

In summary, while MC-LR exposure alone was not found to induce significant inflammation,
histopathology, changes in stool, or changes in body or spleen weight, it was found to have a profound
effect in the setting of pre-existing colitis by prolonging and exacerbating disease conditions. The use
of relevant MC-LR exposure levels further highlights the clinical relevance and urgent need for stricter
guidelines in order to protect vulnerable populations. Future studies will help to further elucidate the
role of CD40 in DSS-induced colitis, its role in disease exacerbation in the presence of MC-LR exposure,
and its potential as a therapeutic target for disease prevention and reversal.

4. Materials and Methods

4.1. Mice

All animal experimentation was conducted in accordance with the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals under protocols approved by The University
of Toledo Institutional Animal Care and Use Committee (IACUC protocol #108663, approval date
9 February 2016). All mice were housed in a specific pathogen free facility, maintained at standard
conditions of 23 ± 1 ◦C under a 12-h light cycle and were allowed to eat a normal chow diet ad libitum.
Male C57BL/6 mice were purchased from The Jackson Laboratory at five weeks of age. The mice were
immediately assigned randomly to one of four groups: (a) water only (control), (b) DSS followed by
water (DSS), (c) water followed by MC-LR (MC-LR), and (d) DSS followed by MC-LR (DSS +MC-LR).
The control water group consisted of 6 mice, the DSS group consisted of six mice, the MC-LR group
consisted of 10 mice, and the DSS +MC-LR group consisted of 10 mice. All 32 mice were allowed to
acclimatize to their new environment until eight weeks of age.

4.2. Colitis Induction and MC-LR Exposure Protocol

At eight weeks of age, mice were initiated into the study as outlined in Figure 9. The control
mice were allowed to drink water ad libitum for 14 days. Between days 8–14, control mice were orally
gavaged daily with water as a sham procedure. To induce colitis, mice in the DSS group were given 3%
DSS (MP Biomedical, Solon, OH, USA, Item No. 0216011080) in drinking water ad libitum for seven
days according to established protocols [17]. Following this, the mice were allowed to drink untreated
water ad libitum for 7 days, while also being given water by daily sham oral gavage. The MC-LR
group of mice were allowed to drink water ad libitum for 14 days. During days 8–14, these mice
were orally gavaged 1000 μg/kg MC-LR (Cayman Chemical, Ann Arbor, MI, USA, item no. 10007188)
daily. The DSS +MC-LR group of mice were allowed to drink 3% DSS water ad libitum for seven
days and then were allowed to drink untreated water ad libitum for seven days. During days 8–14,
these mice were orally gavaged 1000 μg/kg MC-LR daily. Weight of each mouse was taken daily.
Stool was evaluated daily for the presence of occult and gross blood. Occult blood was measured
using the Beckman Coulter Hemoccult Single Slides kit (Med Plus Physician Supplies, Edison, New
Jersey, USA, Catalog #BC-60151). Stool was graded by the following: 0 = no occult or gross blood,
1 = occult blood present, and 2 = gross blood present. All mice were euthanized on day 15 and
organs were harvested and weighed immediately following euthanasia. Colons (with cecum still
intact) were measured adjacent to a standard ruler and photographs were taken. Following removal of
the cecum and thorough washing of the colon with PBS, sections of distal and proximal colon were
taken from each sample, flash frozen in liquid nitrogen, and subsequently stored at −80 ◦C for future
qPCR analysis.
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Figure 9. Experimental design evaluating the effects of DSS exposure, MC-LR exposure, and combined
DSS + MC-LR exposure within colons of C57BL/6 mice. The study was conducted on eight-week
old mice. DSS mice were given 3% DSS in drinking water for seven days followed by seven days of
normal drinking water and daily sham oral gavage. MC-LR mice were given normal water for seven
days followed by seven days of continued normal water and daily 1000 μg/kg MC-LR oral gavage.
DSS +MC-LR mice were given 3% DSS in drinking water for seven days followed by seven days of
normal drinking water and daily 1000 μg/kg MC-LR oral gavage. Body weights were measured daily
and organ harvesting was conducted immediately after euthanasia.

4.3. Histology

Remaining colonic tissue from these mice were cut longitudinally, wrapped around a rigid holder,
placed in cassettes, and fixed in 10% neutral buffered formalin for 24 h. The cassettes were then
transferred to 70% ethanol. This formalin fixed tissue was then processed and embedded in paraffin
(FFPE). Five (5) micron tissue sections were placed on glass slides and stained with hematoxylin and
eosin (H & E) and Periodic acid–Schiff (PAS). Images of histology slides were taken using an Olympus
CKX53 microscope and Olympus CellSens software (Standard 1.15) (Center Valley, PA, USA).

Severity of colon ulceration was further quantified using the Olympus CellSens software by
measuring total length of ulcerated colon and normalizing to the total length of colon to give percent
of colonic mucosa with ulceration.

4.4. RNA Extraction and RT-qPCR Method

RNA extraction, cDNA preparation, and RT-qPCR were all performed utilizing the QIAGEN
(Germantown, MD, USA) automated liquid handling workflow system (QIAcube HT and QIAgility).
RNA from distal colonic tissue was isolated utilizing the QIAzol/chloroform extraction methodology.
RNA was purified using the lithium chloride method as previously published [35]. Approximately
500 ng of extracted RNA was used to synthesize cDNA (QIAGEN’s RT2 First Strand Kit). RT-qPCR
was performed utilizing QIAGEN’s Rotor-Gene Q thermo-cycler. Calculation of gene expression was
conducted by comparing the relative change in cycle threshold value (ΔCt). Fold change in expression
was calculated using the 2-ΔΔCt equation as previously described [36]. The following Taqman
primers were used and obtained from Thermo Fisher Scientific: TNF-α (Mm00443258_m1), IL-1β
(Mm00434228_m1), PAI-1 (Mm00435858_m1), MCP-1 (Mm00441242_m1), and CD40 (Mm00441891_m1).
18s rRNA from Thermo Fisher Scientific was used as a housekeeping gene for normalization of transcript
expression (catalog no. 4319413E).
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4.5. Statistical Analysis

All data is presented as mean ± SEM. Statistical analysis was conducted with GraphPad Prism
7.0d software (San Diego, CA, USA) using the unpaired two-tailed Student’s t-test. Significance was
determined if p values were < 0.05.
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