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A B S T R A C T   

Cyanotoxins produced by harmful cyanobacteria blooms can damage freshwater ecosystems and threaten human 
health. Floating macrophytes may be used as a means of biocontrol by limiting light and resources available to 
cyanobacteria. However, genetic variation in macrophyte sensitivity to cyanotoxins could influence their suit-
ability as biocontrol agents. We investigated the influence of such intraspecific variation on the response of two 
rapidly growing duckweed species, Lemna minor and Spirodela polyrhiza, often used in nutrient and metal 
bioremediation. We assessed two biomarkers related to productivity (biomass and chlorophyll A production) and 
two related to fitness measures (population size and growth rate). Fifteen genetic lineages of each species were 
grown in media containing common cyanotoxin microcystin-LR at ecologically relevant concentrations or control 
media for a period of twelve days. Genotype identity had a strong impact on all biomarker responses. Microcystin 
concentration slightly increased the final population sizes of both macrophyte species with a marginal effect on 
growth rate of L. minor and the chlorophyll A production of S. polyrhiza, but overall these species were very 
tolerant of microcystin. The strong tolerance supports the potential use of these plants as bioremediators of 
cyanobacterial blooms. However, differential impact of microcystin exposure discovered in single lineage models 
among genotypes indicates a potential for cyanotoxins to act as selective forces, necessitating attention to ge-
notype selection for bioremediation.   

1. Introduction 

Environmental chemical stress has long been recognized as a source 
of ecological change and, more recently, evolutionary change (Bickham, 
2011; Brady et al., 2017; Whitehead et al., 2017). Such evolutionary 
changes are particularly pronounced in plant populations (Antonovics, 
2006; Pitelka, 1988; Wu and Bradshaw, 1972). The demonstrated 
tolerance evolution has augmented interest in the use of plant biore-
mediation as anthropogenic influence is increasing the prevalence of 
both synthetic chemical stressors and naturally occurring toxins through 
mechanisms such as eutrophication and increased global temperature 
(Noyes et al., 2009; Schiedek et al., 2007). The increase of naturally 
occurring toxins such as allelochemicals, chemicals exuded by a plant or 
bacterium to decrease the success of competitors (Molisch, 2001), can 
lead to complicated competition dynamics between toxin-producing 
organisms and toxin-receiving organisms (Driscoll et al., 2015; Lan-
kau, 2009). Despite the ubiquitous presence of allelochemicals in both 
terrestrial and aquatic environments (Inderjit et al., 2008; Kalisz et al., 
2021), the significance of increased allelopathy in aquatic environments 

and related bioremediation efforts has been relatively unexplored. 
Cyanobacterial harmful algal blooms (CyanoHABs) are dense ag-

gregates of cyanobacteria, a group of phytoplankton which produce 
allelochemicals known as cyanotoxins, that form in freshwater systems. 
Cyanotoxins are responsible for large economic losses in recreation, 
public health, and aquaculture sectors due to lake closures and drinking 
water contamination, are detrimental to human health, and cause 
widespread ecological damage through the release of toxin as well as the 
creation of anoxic conditions within lakes (Cheung et al., 2013; Heisler 
et al., 2008). Furthermore, cyanotoxin release is anticipated to increase 
in both frequency and magnitude in response to eutrophication and 
climate warming as cyanobacteria toxicity may increase with higher 
nitrogen availability and as population growth increases in response to 
higher water temperatures (Cheung et al., 2013). 

While proposed mechanisms for controlling CyanoHABs have 
focused on controlling abiotic factors, including nitrogen and phos-
phorous release, (reviewed in: Fu et al., 2012; Nwankwegu et al., 2019), 
bioremediation may provide a safe and tractable method of harm 
reduction. Bioremediation allows the use of living organisms that may 
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be harvested for alternate use such as animal feed, biofuel creation, and 
more without the introduction of potentially harmful pesticides or need 
for increased restrictions on fertilizer use (Zeigler et al. 2016). Aquatic 
plants, hereafter macrophytes, have the potential to act as biocontrol 
agents for CyanoHABs. Macrophytes interact with cyanobacteria 
through competition for key nutrients and light by shading the water 
column (Leflaive and Ten-Hage, 2007). Sufficient competition may 
therefore reduce cyanobacteria to a lower population size incapable of 
producing harmful concentrations of cyanotoxins. Additionally, some 
macrophytes may relieve environmental stress on other community 
members through direct uptake of cyanotoxins (e. g., Leflaive and 
Ten-Hage, 2007; Mitrovic et al., 2005; Nimptsch et al., 2008). 

Duckweeds (family: Lemnacaea), a family of small, floating macro-
phytes, have been proposed as bioremediators for a variety of chemical 
stressors because of their rapid clonal reproduction and ability to uptake 
numerous pollutants (Ekperusi et al., 2019; Landolt, 1986; Ziegler et al., 
2016, 2015). The rapid clonal reproduction allows for rapid growth of 
macrophytes in short periods of time, making duckweeds ideal candi-
dates to quickly colonize polluted regions. Given the ability of duck-
weeds to form dense mats along the water’s surface in short time 
periods, they can not only reduce light availability but also reduce the 
shared nutrient pool in the water column (Ceschin et al., 2020; van 
Gerven et al., 2015). In fact, duckweeds are currently used as bio-
remediators in both agricultural ponds and wastewater treatment cen-
ters due to their extraordinary abilities to rapidly reduce nutrient loads 
and ease of harvest (Ziegler et al., 2016). Furthermore, duckweeds are 
known to co-occur with CyanoHABs and uptake cyanotoxin in 
controlled experiments (Kaminski et al., 2014; Li et al., 2020; Nimptsch 
et al., 2008). 

However, standardized practices in ecotoxicological studies using 
duckweeds are often limited to a single genotype (ASTM International, 
2022) or performed without regard to genotype identity (i.e., effects are 
averaged over a population). Although standardized practices benefit 
comparisons among stressor impacts within single species, duckweeds 
are known to possess intraspecific variation in a variety of traits 
including pollutant uptake, growth across nutrients levels, and photo-
synthetic ability under the stress regimes (e.g., Anneberg et al., 2023; 
Chen et al., 2020; Roubeau Dumont et al., 2019). Given the evidence of 
intraspecific variation to other chemical stressors, neglecting such 
variation may impact the efficacy of predicting duckweed-cyanobacteria 
interactions in CyanoHAB bioremediation, particularly considering 
sublethal doses of cyanotoxin stress. For example, cyanotoxin-induced 
damage to relevant photosynthetic processes may vary among geno-
types of the same species. The toxin may act upon this pre-existing 
variability in sensitivity as a selection pressure and thus reduce 
macrophyte populations to only resilient plants, limiting overall genetic 
diversity and possibly altering stability to other stressors. Such natural 
selection for resilience could translate into direct management impli-
cations. Bioremediation efforts may fail by reducing the fitness of sen-
sitive genotypes beyond thresholds of persistence or through the 
emergence of “cheater” genotypes if detoxification is a public good 
(Shibasaki and Mitri, 2020). Understanding intraspecific variation in 
cyanotoxin response is necessary to enact successful bioremediation 
plans. 

To determine if interspecific or intraspecific variation in duckweed 
species response to a cosmopolitan cyanotoxin exist, we challenged 
fifteen genotypic lineages each for two duckweed species with ecologi-
cally relevant concentrations of microcystin-LR. We assessed biomarkers 
related to performance (total yield as biomass and photosynthetic po-
tential as chlorophyll A concentrations) and fitness (total population 
size, growth rate, and reproduction via dormant individuals). Using 
these biomarkers, we establish, 1) the sensitivity of each species to 
cyanotoxin presence and 2) the intraspecific variation in response 
within each species. 

2. Methods 

2.1. Study organisms 

We selected fifteen genotypes of two globally distributed duckweed 
species, Lemna minor and Spirodela polyrhiza (Landolt, 1986; Armitage 
and Jones, 2020). Genotypes were selected from collections originating 
in Pennsylvania, Connecticut, Michigan, and Wisconsin USA to encom-
pass a large geographic range in the Laurentian Great Lakes Basin and 
Eastern United States across which CyanoHABs are known to occur. 
Genotypes in this study were previously confirmed by microsatellite 
markers (Kerstetter et al., 2023) and only one genotype from each 
collection site was used. However, since the conception and execution of 
this study, we have determined that some microsatellite primers are no 
longer reliable. Thus, four genotypes of S. polyrhiza (C, D, E, and N 
representing three isofemale lineages originating from distinct 
geographic sites in Michigan and one from Wisconsin) can no longer be 
distinguished by our markers. We continue to treat these lineages as 
independent genotypes due to the likelihood of variation in other re-
gions of the genome given their isolation and unique environmental 
histories that may further alter epigenetic determinants of phenotype in 
addition to genetic differentiation. We sterilized duckweeds of both 
species by submerging a frond (i.e., a single duckweed individual) in a 5 
% hypochlorite solution for approximately 10 s; fronds then floated in 
the hypochlorite solution for an additional five minutes. We then 
established axenic cultures from a single frond in sterile test tubes 
containing 10 % Lemnaceae-nutrient media (described in Appenroth, 
2015), except for adjusting the stoichiometric molar ratio of total ni-
trogen to phosphorus to 14:1. By establishing cultures from a single 
frond, genotypic lineages were maintained. Before the experiment, we 
transferred fronds to common garden conditions to grow for three weeks 
and remove maternal effects. Monocultures of fifteen genotypes per 
species grew in individual 150 mL Erlenmeyer flasks with 25 % 
Lemnaceae-nutrient media. We housed macrophytes in Conviron 
BDW40 Plant Growth Chamber (Conviron, ND, USA) maintained at 
23.5 ◦C, 50 % relative humidity, 150 µMol m s−1 LED light output with a 
16:8 h light:dark cycle for the duration of the common garden and 
subsequent sensitivity assays. 

2.2. Sensitivity assays 

After common garden cultivation, we transferred fronds to the 
sensitivity assay. The sensitivity assay challenged duckweed fronds with 
25 % Lemnaceae-nutrient media containing microcystin-LR (Milli-
PoreSigma, MA, USA, cat. no.: 101,043-37-2). Microcystin-LR is the 
most common isomer in both occurrence and concentration of micro-
cystin in cyanoHABs and therefore an appropriate representative 
(Corbel et al., 2014; Ettoumi et al., 2011). Using an isolate of micro-
cystin rather than direct exposure to the toxin-producing cyanobacteria 
avoids confounding the effects of competition with the effects of the 
toxin itself. Microcystin-LR concentrations treatments included 0 µg/L 
(control), 5 µg/L, 10 µg/L, and 15 µg/L. Selected concentrations are 
realistic to CyanoHAB conditions in large water bodies to maintain 
ecological relevance of allelochemical stress (Mishra et al., 2021; Yan-
cey et al., 2022) while assessing a gradient of dose-responses. We 
replicated microcystin treatments ten times for each genetic lineage in 
randomized positions within six well plates containing 12.5 mL of media 
(N = 960). Each replicate was seeded with four sterilely transferred 
fronds on day 0. Every other day thereafter until the completion of ex-
posures on day 12, we photographed each plate from above to monitor 
population sizes. We ended exposures at twelve days to avoid con-
founding effects of intraspecific competition at high densities. 

Upon completion of exposures, we collected plant material from the 
wells to obtain final biomass and chlorophyll A (chlA) concentration. We 
freeze-dried biomass at −100 ◦C for 48 h. Afterwards, the dry mass (mg) 
was measured using a Mettler Toledo analytical balance (precision: 
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0.000 mg; Mettler Toledo, OH, USA). We extracted chlA as a proxy for 
photosynthetic potential from freeze-dried material following standard 
protocols for plants (Wetzel and Likens, 2000; Zhao et al., 2017). In 
brief, we placed freeze-dried and massed plant material in 2 mL 
Eppendorf tubes, pestled the tissue, and added 1500 µL of ice-cold 70 % 
acetone. We covered the tubes in foil to avoid photobleaching and stored 
at 4 ◦C for a minimum of 48 h until the material was completely devoid 
of pigment. After extractions, absorbance was read from three technical 
replicates per sample at 730 nm, 665 nm, and 645 nm using an Epoch 
microplate spectrophotometer and Biotek Gen5 software (BioTek U.S., 
VT, USA). We averaged the three technical replicates for a representa-
tive measurement of the sample. Concentration was calculated using the 
following equation as in Wetzel and Likens (2000): chlA mg/L = 11.75 
(A665-A730)-1.31(A645-A730). Chlorophyll A concentrations stan-
dardized to the mass of duckweed were then calculated as follows: chlA 
mg/mg duckweed = chlA mg/L (0.0015 L)/mg of duckweed. 

Images were processed using ImageJ software (U. S. National In-
stitutes of Health, MD, USA) using the multipoint tool to select and count 
fronds in each well. We counted all visible, vegetative fronds. Spirodela 
polyrhiza produces dormant storage buds known as turions under certain 
conditions that may overwinter (Landolt, 1986). Turions were collected 
and counted at the completion of the assays rather than as a measure of 
population growth during image processing as turions often drift to the 
bottom of experimental units and would not be visible in photos. 

2.3. Statistical analysis 

We assessed differences in population biomass, chlA concentrations, 
final population size, and turion count by model comparison. We fit 
linear mixed effects models using the ‘lmer’ function to compare 
biomass and chlA and the ‘glmer’ function using a Poisson distribution 
for count data to compare final population size and turion count from 
the lme4 package in R (Bates et al., 2023). Due to differences in species 
body size, biomarkers often exhibited a bimodal distribution that was 
attributable to the species identification. Therefore, we fit models for 
each species separately. We used genetic lineage (random effect) and 
microcystin treatment (fixed effect) to predict biomarkers. For all 
models, concentration of microcystin (treatment) was denoted as a 
categorical rather than continuous variable. Treating discrete doses in a 
limited range of concentrations as a continuous variable is often inap-
propriate due to the likelihood of hormesis (non-linearity wherein low 
or intermediate stressors may be stimulating) in biomarker responses 
(reviewed in: Calabrese and Blain, 2009; e.g., Bibo et al., 2008; 
Machado et al., 2017). Likelihood ratio tests were completed between 
subsets of competing models to determine the improvement of model fit 
given by each variable in the global model. Due to statistical power 
limitations, models were also fit for singular genetic lineages to deter-
mine the possibility of unique, lineage-specific impacts of treatment 
rather than the inclusion of random slopes. 

To assess population growth, we fit exponential growth models to 
each replicate and compared the resulting growth rate. Using the ‘nlme’ 

function from the nlme package (Pinheiro et al., 2023), we set starting 
parameter values for the initial population size to 4 and starting per 
capita growth rate to 0.2. Fit growth rates were then compared in linear 
mixed effects models as described above for other biomarkers. Results of 
all LRT are summarized in Supplemental Table 1 with reference to sig-
nificance included in text. 

We explored relationship between fitness (i.e., growth rate) and 
neutral genetic distance by first determining the genetic distance 
through the average differences in amplified repeats of each microsat-
ellite marker using the ‘poppr’ package (Bruvo et al., 2004). Then, 
principle components were extracted from ordinations based on either 
1) the control growth rates to determine if a genetic correlation existed 
for the biomarker in absence of stress or 2) the ratio of response under 
each microcystin concentration to the control . The resulting distance 
matrices were then compared to the genetic distance matrix using a 

Mantel test using the ‘mantel’ function from the vegan package (Oksa-
nen et al., 2022). We caution that these results are only exploratory as 
our genetic data represents only eleven or twelve neutral regions for L. 
minor and S. polyrhiza respectively and therefore may not capture dif-
ferentiation in genome regions associated with stress response that are 
likely to be under selection. All statistics were completed using RStudio 
version 1.2.5042 (R Core Team, Version 4.2.0). 

3. Results 

3.1. Microcystin concentration did not have a strong effect on the biomass 
of most genetic lineages of either species 

We found duckweed genotype strongly influenced the total biomass 
for both species (p < 0.0001). Despite microcystin treatment showing 
no impact on total biomass of L. minor or S. polyrhiza (p = 0.52 and p =
0.12 respectively), variation among the genotypes within each species is 
clear. Although many genetic lineages were unaffected by microcystin 
concentration, others showed distinctive patterns (Fig. 1). For example, 
a pronounced increase in biomass as toxin concentration increased 
occurred in L. minor genotype L (p = 0.052, single genotype ANOVA) 
and S. polyrhiza lineage C (p = 0.064, single genotype ANOVA) in 
contrast to other lineages such as S. polyrhiza lineage O that showed an 
increase only in the 10 µg/L concentration (Fig. 1). 

3.2. Photosynthetic activity of S. polyrhiza was more sensitive to 
microcystin concentration than L. minor 

Chlorophyll A content per mg tissue was strongly influenced by ge-
notype for both species (L. minor, p < 0.0001; S. polyrhiza, p = 0.012), 
but microcystin treatment impact was stronger on S. polyrhiza (p =
0.085, Fig. 2B) than on L. minor chlA content (p = 0.87; Fig. 2A). Pat-
terns among genotypes are not clear for L. minor, but S. polyrhiza ge-
notypes generally decreased at the lowest and highest concentrations of 
microcystin, indicating nonlinearity of response to the dose concentra-
tion. This effect was pronounced in S. polyrhiza genotype A (p = 0.04, 
single genotype ANOVA) and genotype F (p = 0.08, single genotype 
ANOVA). Some S. polyrhiza genotypes deviated from this general pattern 
and instead showed a decrease across concentrations as in genotype C (p 
= 0.02, single genotype ANOVA) or relative insensitivity (Fig. 2B). 

3.3. Fitness metrics varied by genetic lineage and microcystin 
concentration 

We assessed both the final frond number and exponential growth 
rate as well as turion production to determine fitness effects. The final 
number of fronds after twelve days of growth for both species was 
significantly influenced by genotype (L. minor, p < 0.0001; S. polyrhiza, 
p < 0.0001) and microcystin concentration for L. minor only (L. minor, p 
= 0.003; S. polyrhiza, p = 0.103; Fig. 3A and B respectively). Trends 
towards a higher population size with increased concentration appeared 
to be driven by two L. minor lineages, I and L (p = 0.001 and p < 0.001 
respectively, single genotype ANOVA), and overall effect sizes of 
microcystin concentration only accounted for a difference of four fronds 
between the control and highest concentrations. In contrast, L. minor 
lineages B and C experienced a slight decrease in population size across 
the gradient (p = 0.03 and p = 0.03 respectively, single genotype 
ANOVA). Such differences in directionality emphasize the potential 
interaction between treatment and genotype. Effect sizes of microcystin 
treatment on S. polyrhiza were neglible, representing a single frond 
difference. Genotypes G and K initially increased at low concentrations 
and returned to control population sizes at higher microcystin concen-
trations (p < 0.001 for each, single genotype ANOVA), but other 
S. polyrhiza genetic lineages were insensitive (Fig. 3B). 

Despite the influence of microcystin exposure on population size, 
exponential growth rates were not affected. We fit exponential growth 
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models to each well. Microcystin concentration was not found to be a 
significant predictor of either L. minor (p = 0.129) or S. polyrhiza (p =
0.479) exponential growth rates though patterns of weak increase are 
visible for L. minor (Fig. 4A). However, S. polyrhiza growth rates 
modestly increased at the 5 µg/L microcystin (Fig. 4B). For example, 
S. polyrhiza genotypes K and G all decreased in growth at the 10 µg/L 
concentration while the E genotype increased at this level (Fig. 4B). 
Neutral genetic distances very weakly correlated to growth rate in 
control (L. minor, p = 0.04, r = 0.19; S. polyrhiza, p = 0.09, r = 0.21). No 

correlation was noted for response ratios (L. minor, p = 0.30, r = 0.06; 
S. polyrhiza, p = 0.46, r = 0.002). 

Turion production in S. polyrhiza was attributable to both genetic 
lineage (p < 0.0001) and microcystin concentration (p = 0.0002). As 
concentration increased, turion production mildly increased (Fig. 5). 
This trend was most pronounced in lineage G (single lineage GLM, p =
0.0002). Some deviance in trend was noted among the genetic lineages. 
For example, lineage D showed a U-shaped response with an initial in-
crease at low concentrations of microcystin and a decrease in the highest 

Fig. 1. Total biomass (mg) at the completion of the experiment. Microcystin had a general stimulatory effect, though weak and not significant (estimated marginal 
means shown in black, labelled with “-”). Genotypic variation (genotypes labeled by letter, color) from this trend is apparent in both species. Each point represents 
the mean with standard error bars (n = 10). 

Fig. 2. Chlorophyll A (chlA) production standardized to biomass. Microcystin had little impact on Lemna minor photosynthetic potential, but did show a decrease in 
Spirodela polyrhiza photosynthetic potential at the lowest concentration (estimated marginal means shown in black, labelled with -). Genotypic variation (genotypes 
labeled by letter, color) in L. minor may account for the lack of directional impact of microcystin concentration alone. Each point represents the mean with standard 
error bars (n = 10). 
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concentration relative to the control (single lineage GLM, p = 0.0001) 
similar to lineage N for which intermediate levels showed a stimulatory 
effect (single lineage GLM, p = 0.001). 

4. Discussion 

We established both intraspecific and interspecific variation in 
macrophyte response to cyanotoxin stress. While microcystin responses 
resulted in relatively small impacts on duckweed biomarkers in com-
parison to the impact of genotype alone, genotypes often displayed 

several patterns of response within biomarker. Population level assess-
ments may inappropriately conclude that cyanotoxin has no effect on 
selected species despite unique trends within genetic lineages. The 
sensitivity of macrophyte traits to microcystin exposure demonstrated 
differential productivity (chlA concentration and biomass) and fitness 
(final population size, growth rate, and turions) within species with 
stimulatory effects more pronounced in L. minor lineages than their 
S. polyrhiza counterparts for which nonlinear responses were more 
common. These differences in sensitivity highlight the importance of not 
only optimal species selection in bioremediation but also of optimal 

Fig. 3. Final population size (number of individual duckweed fronds) at the end of experiments. Exposures were terminated after twelve days of population growth. 
Microcystin concentration showed a weak stimulatory effect in Lemna minor but not Spirodela polyrhiza (estimated marginal means shown in black, labelled with “-”). 
Despite this general trend, some genotypes (labeled by letter, color) were insensitive while others declined across the gradient. Each point represents the mean with 
standard error bars (n = 10). 

Fig. 4. Exponential growth rate across a microcystin gradient. We fit exponential growth models to frond abundance data across the twelve-day exposure period. 
Microcystin concentrations led to a modest increase in growth rate (estimated marginal means in black, labelled with -) that is more apparent for Lemna minor than 
Spirodela polyrhiza. Genotypes (labeled by letter, color) varied with some sensitive lines declining. Each point represents the mean with standard error bars (n = 10). 
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genotype selection. Furthermore, the intraspecific variation demon-
strates that microcystin and similar cyanotoxins may act as a selective 
force on macrophyte tolerance. 

Duckweeds have been used as bioremediation agents for a variety of 
chemical stressors (Bassuney and Tawfik, 2017; Ekperusi et al., 2019; 
Liu et al., 2020; Ziegler et al., 2016). However, standardized practices 
for testing bioremediation potential and ecotoxicological effects of 
stresses reduce intraspecific variation to single genetic lineages (ASTM 
International, 2022). Our results demonstrate that this reductionist 
approach may limit our ability to predict how duckweeds will perform 
as bioremediation agents in natural or constructed populations. If a 
single genotype is found to be highly sensitive to a cyanotoxin, we may 
incorrectly assume that the entire species is inappropriate to use as a 
bioremediator. Furthermore, cyanotoxins did not have linear impacts 
within both species. Such phenomena of low dose stimulation or general 
U-shaped, non-linear responses to toxin and toxicant exposure is com-
mon among plants and across aquatic taxa (Agathokleous et al., 2021; 
Calabrese and Blain, 2009). This suggests that the genetic makeup of 
duckweed populations differentially affect population-level responses to 
harmful algal blooms. Such interactions stress the importance of 
screening multiple genotypes for bioremediation. 

When considered at the population level, however, both species were 
relatively tolerant of cyanotoxin exposure at ecologically relevant levels. 
In tandem with previous evidence of high uptake rates of cyanotoxin by 
L. minor and other duckweed species (Kaminski et al., 2014; Li et al., 
2020; Nimptsch et al., 2008), our results confirm that duckweed species 
may be used as successful bioremediators. Both species contained ge-
notypes that were capable of surviving and maintaining productivity 
similar to that of control conditions. We do note that the fifteen geno-
types tested for each species were collected throughout the Northern 
United States where environmental history of blooms is likely. It is 
possible that the general tolerance seen in our experiment is related to 
long-term adaptation. The use of duckweeds as bioremediators of cya-
nobacterial blooms may be enhanced through selecting genotypes 
stimulated in growth by toxin presence. Such genotypes may have 
higher population level uptake rates or increase competitive pressure on 
cyanobacteria through additional shading and nutrient removal to limit 
bloom size. 

Beyond management implications, we demonstrated microcystin 
may act as a selective agent through the differential performance of 
genotypes when considered at the within genotype level. We found that 
while many genotypes of both species slightly increased exponential 
growth rate during microcystin exposure, others’ growth rates were not 
stimulated or even depressed. Although there was no evidence for a 
genetic correlation between response to microcystin and genetic dis-
tance, our genetic distance matrix was constructed from only amplifi-
cation lengths of neutral regions. Given that stress response is likely to 
be a polygenic trait under selection, we caution that there may still be 
genetic determinants of response among genotypes. For example, ge-
notypes showing stimulatory growth may be the result of selection or 
genetic variation in phytohormone sensitivity as microcystins may 
stimulate auxin and gibberellic acid (Campos et al., 2021; Wang and 
Wang, 2018) or MAPK copy number as microcystin inhibits the regu-
latory phosphatases of MAPK, leading to continual growth pathway 
activation (Gehringer, 2004). If these patterns hold in populations 
exposed to cyanobacteria, where competition provides an additional 
stress, an arms race may be established similar to those seen in terrestrial 
environments (Inderjit et al., 2008; Lankau, 2009; Lankau and Strauss, 
2007). The dual ecological and evolutionary forces caused by micro-
cystin provide an amenable system to test eco-evolutionary hypotheses 
related to toxigenicity in highly replicated laboratory studies of short 
duration (Driscoll et al., 2015). Microcystin, the cyanotoxin assessed in 
this study, is created through a heritable genetic mechanism that is 
found in only some individuals within cyanobacteria populations, 
allowing both the evolution and ecology of cyanobacteria and macro-
phyte community members to be quantified (Rantala et al., 2004; Wil-
son et al., 2005). The CyanoHAB system can address topics such as when 
toxigenicity and/or cyclical eco-evolutionary dynamics are each 
favored, and how toxigenicity can alter system stability. Augmenting 
our understanding of these dynamics can help us improve predictive 
management tools to limit human toxin exposure and bloom formation. 

5. Conclusions 

Our study indicates duckweeds may act as suitable bioremediators of 
CyanoHABs, though genotype should be considered in bioremediator 
selection. Despite high tolerance seen between the two duckweed spe-
cies, microcystin effects were often masked by conflicting directional 
responses among genotypes. Therefore, management must take geno-
typic identity into consideration when selecting bioremediators in 
addition to population level assessments that are currently common 
practice to ensure successful bioremediation of impacted environments. 
Furthermore, differential fitness of macrophyte genotypes may allow the 
CyanoHAB system to provide insights on broader questions on the 
evolution of toxigenicity and ensuing eco-evolutionary dynamics. 
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