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Abstract 

Microcystins (MCs), which are common cyanotoxins in fresh water, are produced in 

cyanobacterial blooms in eutrophic waters. MCs cause major water quality issues worldwide, 

and they have been widely studied due to their toxic health effects on humans and animals. 

Among the toxin exposure routes, exposure through food, especially fresh produce, has been 

understudied. MCs are stable, so in contaminated irrigation water and soil they can lead to toxin 

accumulation in crops. The objectives of this study were to investigate the fate of MC in 

different types of crops (lettuce, carrot, green bean) when irrigated with different levels of MC-

LR. The crops were cultivated and exposed to different concentrations of MC-LR (1 μg/L, 5 

μg/L, and 10 μg/L), either via drip irrigation around the root areas or spray irrigation, three times 

a week for four weeks. Samples were collected and homogenized with dry ice, and then the MC-

LR was extracted using a methanol and filter method. The toxin level was measured with the 

MCs-ADDA ELISA assay. Our results demonstrated that the levels of accumulated MC-LR in 

crops were affected by irrigation type and were dose-dependent. Different type of crops had the 

different ability to adsorb the MC. Also, MC-LR had a negative impact on growth development 

of crops. Our results indicate that the remaining MC-LR has stay in the soil after harvest and the 

toxin may have negative impact on crop growth continuously. Thus, we suggest programs to 

monitor for the presence of MCs in irrigation water and crops, to protect public health. 
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Introduction 

A revised version of this study has been published in Food Research International (Lee, S., Jiang, 

X., Manubolu, M., Riedl, K., Ludsin, S. A., Martin, J. F., & Lee, J. (2017). Fresh produce and 

their soils accumulate cyanotoxins from irrigation water: Implications for public health and food 

security. Food Research International, 102, 234-245). 

Lakes around the world, such as Lake Taihu and Lake Dianchi in China, Lake Erie in the 

USA, Lake Atitlan in Guatamala, and Lake Champlain in Canada, have been damaged by toxic 

cyanobacterial blooms. Generally, cyanobacterial blooms may be caused by high nutrient 

loading in aquatic systems that accelerate eutrophication in water bodies, especially with the 

enrichment of nitrogen (N) and phosphorus (P) (Lu et al. 2013). In addition, climate changes 

may provide optimal environments to enhance cyanobacterial development in aquatic 

environments (Xia et al. 2013). Due to eutrophication and climate change, in freshwater 

overgrowth of cyanobacteria can cause large algal blooms. These blooms have negative physical, 

chemical, and biological effects on aquatic ecosystems: 1) changing the characteristics of the 

water (pH, turbidity, and viscosity), 2) inhibiting the development of other organisms, 3) altering 

the underwater habitat, 4) decreasing dissolved oxygen, and 5) releasing toxic compounds and 

other chemicals, such as cyanotoxins and geosmin (Eisenhut et al. 2008; Lu et al. 2013; Whitton 

and Potts 2012; Paerl and Huisman 2009).  

Whitton and Potts (2012) described the physiochemical factors that were significantly 

changed by cyanobacterial blooms in lakes, and showed how this phenomenon negatively affects 

aquatic organisms such as fish, shellfish, macrophytes, and zooplanktons. Also, several 

cyanobacterial bloom species (e.g. Anabaena, Microcystis, Nodularia, and Plaktothrix) can 

produce toxic chemicals that are a major threat to freshwaters used for drinking water, fishing, 



and recreational and agricultural purposes (Paerl and Huisman 2009). Therefore, cyanobacterial 

blooms may cause considerable public health issues (Larsen et al. 2004; Lu et al. 2013). The 

socio-economic loss in the US from cyanobacterial blooms, especially during harmful algal 

blooms, is predicted to exceed $1 billion over the next several decades (Carmichael 2013). 

Microcystins (MCs), which are a family of cyanotoxins produced by Microcystis, 

Anabaena, and several other cyanobacterial species, are the most common cyanotoxins found in 

surface waters worldwide, including in the US, China, Japan, and Europe (Carmichael 2013). 

MCs are cyclic heptapetide endotoxins; MC-LR is the most common conger and has high 

toxicity (Li et al. 2015). MCs can be produced intracellularly in both fresh and marine water, and 

are released into the environment when the cells rupture (Younos 2016). Ingestion of these MCs 

causes widespread and serious animal and human health problems, including fever; vomiting; 

weakness; liver, kidney, heart, brain, and skin damage; neurological impairment; and even death 

(Rastogi et al. 2014). In addition, MCs induce DNA mutations (genotoxicity), damage to the 

mitochondria and membranes, cytoskeletal damage, and loss of cell morphology (Li et al. 2015). 

Recent studies revealed parental transmission of MC-LR in rats and fish (Liu et al., 2014; Zhao 

et al., 2015).  

Ingestion of contaminated water, inhalation, and dermal contact are the major exposure 

routes of MCs. However, past studies have shown that cyanotoxins can be transferred into 

animals and plants via bioaccumulation, thereby inhibiting the development of organisms and 

increasing the exposure risk to the public (Suttle, 2000). Ni et al. (2015) detected accumulated 

MCs in the edible carp (Aristichthys nobilis) which were in a Chinese fish pond contaminated 

with MCs. MC accumulation in crops (e.g. radish, lettuce, dill parsley, arugula, and cabbage) 

cultivated with contaminated water was found in Saudi Arabia (Mohamed and Al Shehri, 2009). 



Accumulation of MCs in tomatoes grown in a hydroponic solution with MC-LR was also studied 

(Corbel et al. 2016). These studies provide clear evidence that MCs can transfer from agricultural 

water to plants, and that these contaminated plants with accumulated MCs will be a threat to the 

public.  

The objective of the present study was to investigate the fate of MC-LR in fresh produce 

during crop cultivation with contaminated irrigation water. Three different types of fresh 

produce, including lettuce, carrot, and green beans, were used to investigate where MCs 

accumulate in plants, i.e. the shoot part vs. the root part. To identify the effects of irrigation 

methods, either drip irrigation around the root area or spray irrigation on the plant surface was 

applied, with three different MC-LR toxin concentrations (1, 5, and 10 ppb). The second 

objective of this study was to examine the effects of MC-LR on plant development, such as color 

development, yield of edible portion, weight, and length.  

 

Methods 

Fresh produce growing conditions 

  Romaine lettuce (Lactuca sativa L), carrots (Daucus carota), and green beans (Phaseolus 

vulgaris L.) were cultivated in a greenhouse (Biological Science Greenhouse, The Ohio State 

University, Ohio, USA). Each pot was filled with 300 g of dry soil (Professional Growing Mix, 

Sung Gro Horticulture, Agawam, MA, USA). The temperature of the greenhouse was kept at 19-

21°C (temperature), with ~45% humidity (40-50%).  

 



Toxin inoculation 

MC-LR was purchased from Beagle Bioproducts Inc. (Columbus, Ohio, USA). Six 

weeks after germination, samples were transferred into the laboratory (Cunz Hall, Ohio State 

University, Columbus, OH, USA) and put in chambers, which were made by our lab to protect 

against other contaminants and maintain humidity, temperature, and a light cycle (16 hours 

light/8 hours dark), using a T5 fluorescent grow light (AgroBrite Petaluma, CA, USA). The 

laboratory temperature was kept at 20-22°C with ~42% humidity. 100 mL MC-LR solutions with 

three different concentrations (1 μg/L, 5 μg/L, or 10 μg/L), along with a negative control 

(without MC-LR), were applied to each sample using either drip irrigation (around the root area) 

or spray irrigation (on the surface of the leaves), three times a week for four weeks (with 12 total 

treatments). Each group had 15 pots, and each pot had a head of fresh produce. All experiments 

were repeated three times. 

 

Analysis of microcystin-LR in fresh produce and soil 

Eleven weeks after germination, samples (fresh produce and soil) were collected. The 

fresh produce samples were washed twice with deionized water to remove surface residuals, and 

then dried. Each sample was divided into roots, shoots, and seeds (green beans only) with a 

sterile knife. To analyze the accumulated MC-LR in each samples, modified methods by Liang et 

al. (2016) and Mohamed & Al Shehri (2009) were applied. About 10 or 20 g of fresh roots, 

shoots, and seeds (green beans only) of each sample were homogenized with dry ice, using a 

stainless steel container (Waring commercial, Torrington, CT, USA), to make a fine powder. The 

powder sample was mixed with 40 or 80 mL 75% methanol (1:4 ratio), and then the slurry was 



centrifuged at 10,000 x g at 4°C for 10 minutes. The supernatants were purified by Sep-park C18 

cartridges. The purified supernatants of each sample were evaporated to dryness. All the samples 

were extracted in triplicate. The remaining residue was suspended in PBS (phosphate buffer 

saline) and MC-LR was measured by an enzyme-linked immunosorbent assay (ELISA) 

(Microcystins/Nodularins (ADDA) ELISA kit, Abraxis, Warminster, PA, USA). Also, to 

measure absorbed MC-LR in soil, soil samples were prepared using the previous method 

developed by Corbel et al (2014), and MC-LR was measured by an ELISA kit. 

 

Food productivity 

To evaluate the effects of MC-LR on plant growth, the length (mm) and weight (g) of 

each sample were measured directly. Also, the edible quantity of samples was measured: number 

of leaves per head of lettuce, diameter of roots (two-thirds section of the total root length from 

root) for carrots, and number of beans per head for green beans. To investigate color 

development, the color of the leaves in each sample were measured using a portable tristimulus 

colorimeter (Konica Minolta CR 300 Chroma Meters, Ramesey, NJ, USA). Specifically, the 

values of L*, a* and b* were measured at randomly three selected areas on each leaf: L* for 

lightness (white-black), a* for green-red, and b* for blue-yellow.  

 

Statistical analysis 

The difference significances between the different treatments were evaluated by one-way 

analysis of variance (p < 0.05) using SPSS 17.0 statistical software (SPSS, INC., Chicago, IL, 

USA). 



 

Results 

 Microcystin-LR accumulation 

 Figures 1 to 3 show that the fate of MC-LR and accumulated concentration of MC-LR in 

the lettuce, carrots, and green beans. Depending on type of crops, the pattern of MC-LR 

accumulation in crops and absorption is soil was different. Indeed, MC-LR accumulation was 

observed in all the crops, except the negative controls. A dose-response relationship was likewise 

found in all of the samples. Plants cultivated with a high concentration of MC-LR (10 μg/L) 

demonstrated the highest concentration of accumulated MC-LR in each sample. Also, more MC-

LR accumulation was detected in the roots than in the leaves.  

Figure 1 demonstrates the pattern of MC-LR accumulation in lettuce and absorption in 

soil. Over the 40% of MC-LR was absorbed into lettuce. MC-LR accumulated more in the root 

parts than in the shoot parts. Between drip irrigation and spray irrigation, the total concentration 

of accumulated MC-LR in the samples was similar (p > 0.05), but the accumulation pattern was 

significantly different. First, in the medium and high groups, MC-LR was more accumulated in 

the root parts cultivated with drip irrigation than those cultivated with spray irrigation, and 

second, MC-LR was more accumulated in the shoot parts cultivated with spray irrigation than 

those cultivated with drip irrigation. The concentration of absorbed MC-LR in soil samples was 

detected; drip irrigation-6.4 μg/kg (5 μg/L treated group), 19.4 μg/kg (10 μg/L treated group) and 

spray irrigation-1.53 μg/kg (5 μg/L treated group), 18.1 μg/kg (10 μg/L treated group). Absorbed 

MC-LR was not detected in soil samples from the non-treated group and 1 μg/L treated group. 



The trend of MC-LR accumulation in the carrots was similar to the lettuce (Figure 2). 

Over the 55% of MC-LR was absorbed into carrots. The majority of MC-LR was accumulated in 

the root parts rather than the shoot parts. However, there was no significant difference in total 

MC-LR accumulation between the drip irrigation group and the spray irrigation group (p > 0.05). 

Compared to the lettuce samples, the carrot samples had more ability to absorb the MC-LR 

through roots when treated with 10 μg/L MC-LR. The fate of MC-LR in the green bean group 

was totally different than in the lettuce and the carrot groups (Figure 3). The accumulated 

concentration of MC-LR in the shoot parts of the green beans showed no significant difference 

for drip irrigation vs. spray irrigation (p > 0.05). However, in the root parts of the beans, the 

accumulated concentration of MC-LR in the drip irrigation group was higher than that in the 

spray irrigation group (p < 0.05). The majority of the MC-LR was accumulated in the samples 

(over 80%), and a small amount of MC-LR was absorbed into the soil. 

To examine the destiny of MC-LR in the pots after collection of soil samples, the 

concentration of MC-LR in soil was measured additionally once a week (8 weeks more after 

crop sample collection) (Figure 4). The remaining concentration of MC-LR in soil was different 

depending on type of crops (lettuce > carrot > green bean) and MC-LR persisted in soil after 

crop sample collection. Comparing between week 4 and week 12, the MC-LR was degraded 

steadily; 1) soil from lettuce samples: 40%, 2) soil from carrot samples: 30%, and 3) soil from 

green bean samples: 52%. 

 

Crop productivity 



 To examine the effects of MC-LR on the plants, both the quality (color development) and 

the quantity (total length, total weight, number of leaves (lettuce only), diameter of root (carrot 

only), and number of fruits (green bean only)) of the crop samples were evaluated (Figure 5 and 

Figure 6). The irrigation method did not affect the quantity of the samples (p > 0.05), but MC-

LR had negative effects on the growth and development of each sample (p < 0.05). The 10 μg/L 

treated group of lettuce was shorter and lighter than the control group. MC-LR treatment have no 

impact on the total length of carrots, but the 1, 5, 10 μg/L treated group of carrot was lighter than 

the control group. The total length of green beans between the control group and 10 μg/L treated 

group of green beans was similar, but the total mass of 1, 5, 10 μg/L treated group was 

significantly lighter than the negative group. The total length of 1 and 5 μg/L treated groups of 

green beans was longer than the negative control. The negative control of each fresh produce 

sample had more edible portions for each sample (p < 0.05): 1) the MC-LR treated lettuce had 

fewer leaves per head than the negative control group, 2) the root diameter in MC-LR treated 

carrots was smaller than in the negative control group, and 3) the MC-LR treated green bean had 

fewer beans per head than the negative control group. Also, the irrigation method did not affect 

the color development of any of the fresh produce in the negative control groups (p > 0.05). 

However, MC-LR had a significant impact on the color development of each fresh produce 

sample (Figure 6). MC-LR treated plants were lighter and less greenish than the non-treated 

groups. In addition, the color of lettuce from 10 μg/L treated group cultivated by spray irrigation 

was lighter, less greenish, and more yellowish than those cultivated by drip irrigation (p < 0.05). 

Also, the color of both carrots and green beans from MC-LR treated group (5 and 10 μg/L) was 

significant different between irrigation types (p < 0.05). 

 



Discussion 

 Previous studies have been focused on the health effects, remediation technique in water 

and exposure route of MCs via drinking water, inhalation, and/or direct dermal contact. 

However, this study suggests evidence that MCs can accumulate in agricultural plants through 

contaminated irrigation water, which pose potential risks to the public. In the US, over 70% of 

agricultural farms use irrigation water from nearby freshwater sources, such as ponds, streams, 

lakes, or rivers (U. S. Geological Survey (USGS) 2000). Also, groundwater can contain MCs 

because it is easily affected by nearby freshwaters (Chen et al. 2006). Few studies have already 

examined MC accumulation in crops using contaminated water with cyanotoxins. Mohamed and 

Al Shehri (2009) revealed that MCs can accumulate in agricultural plants which were cultivated 

with MC-contaminated groundwater. Also, MCs accumulated in rice cultivated near MC-

contaminated lakes in China (Liang et al. 2016).  

Given this background, the present study sought to examine the destiny of MC-LR in 

different type of crops and soil more clearly. First, three different types of crops (lettuce, carrots, 

and green beans), all high-consumption crops, were cultivated to evaluate the transference of 

MC-LR during cultivation, because each crop has different physical and biological 

characteristics (U. S. Department of Agriculture (USDA) 2015). Furthermore, people usually 

consume different parts of different crops, such as lettuce leaves, carrot roots, and green bean 

fruits. Therefore, it’s necessary to study MC accumulation in the edible parts of crops. The data 

show that different types of vegetables absorbed different concentrations of MC-LR. Green 

beans have the highest ability of absorption of MC-LR from irrigation water (green beans > 

carrots > lettuce). However, based on total mass among fresh produce samples, the highest 

concentration of MC-LR in carrot was detected, especially root parts. A different amount of MC-



LR was accumulated in different tissues of each type of crop (roots > leaves). In the green bean 

groups, MC-LR was not detected in the fruits (data not shown). This study will be milestone to 

help understanding the fate of other cyanotoxins during crop cultivation.  

Secondly, three different concentrations of MC-LR were applied: 1, 5, and 10 μg/L. 1 

μg/L is the general concentration of MCs in Lake Erie during the summer, and 10 μg/L is the 

highest concentration of MCs in Lake Erie during algal bloom period (Hu et al. 2016). The 

highest concentration of accumulated MC-LR was detected in the 10 μg/L treated groups, and a 

dose-response relationship was observed in each crop. As imitating real world situation, the data 

of this study is more valuable results to the public and agricultural fields. Lastly, in terms of the 

effects of drip irrigation vs. spray irrigation, the pattern of MC-LR accumulation was different, 

especially in the root parts of each crop. The concentration of MC-LR in the root parts of each 

crop with drip irrigation was higher than that with spray irrigation. The present study thus 

demonstrated that the concentration of accumulated MC-LR was affected by all three factors 

(type of crops, concentration of MC-LR in water, and irrigation type). 

 The present study further demonstrated that MC-LR was absorbed in soil. The presence 

of MCs in soil may be a serious consideration because soil can be a potential reservoir of MCs. 

Our data revealed that MC-LR persisted in soil after crop sample harvesting. Contaminated soil 

may have an impact on soil organisms, groundwater contamination, and human health via 

consumption or inhalation of the soil particles. Also, the absorbed MCs in the soil will have 

continuous negative effects on the growth and development of crops, because the majority of 

MCs are hydrophobic and have high stability that derived from their cyclic structure.  

This is the first study to examine the fate of MC-LR in both soil and plants during crop 

cultivation periods. Due to the stability of MCs in high temperatures and pH, typical cooking 



processes (e.g. boiling, frying, and steaming) may not degrade the accumulated MC-LR in crops. 

Therefore, the existence of MC-LR in crops may cause significant public health problems. In 

addition, remaining MC-LR in soil will have a negative impact on human health via ingestion 

and inhalation of soil particles persistently. 

 Lastly, this study examined the physical effects of MC-LR on crops. MC-LR had a 

negative impact on the growth of crops. The toxin reduced the total length and weight of crops, 

except the length of green beans (the MC-LR treated groups were longer or similar than the non-

treated group). Moreover, MC-LR obstructed the development of edible portions in each crop: 

the number of leaves for lettuce, size of roots for carrots, and number of beans for green beans. 

McElhiney et al. (2001) showed that MCs inhibit the growth of potatoes and the development of 

mustard seedlings because MC-LR blocks photosynthesis in the leaves. MC-LR is an inhibitor of 

protein phosphatases 1 and 2A, which are key enzymes related to growth. Wiegand et al. (2002) 

showed that MCs work as oxidative stresses, as well as inhibitors of peroxidase activity. Also, 

MC-LR and –LF induced cellular damage in seedlings (Peuthert et al., 2007). Liang et al. (2016) 

showed that MCs reduced growth and yield of rice. However, other studies have opposite data. 

The treatment of the below 1 μg/L of MCs did not affected tomato development and promote 

weight of lettuce leaves (Corbel et al. 2015; Freitas et al. 2015). In addition, Corbel et al. (2016) 

revealed that they could not detect MC-LR in a fruit of tomatoes, such as our green bean result. 

Therefore, further elucidation on how MCs control the plant at the genomic level is needed.  

 This study on the fate of MC-LR during crop cultivation underscores the necessity of 

monitoring MC concentration in irrigation water and food, to mitigate potential risks. In addition, 

our data on the quality and quantity of crops suggest that water for agricultural use should be 

purified before crop cultivation. Otherwise, MCs may pose a threat to the quality and quantity of 



the resulting crops. MC accumulation in crops may bring about both economic loss and health 

concerns. Therefore, future studies on developing fast and robust MC detection methods for 

water and crops, and environmentally-friendly methods for MC degradation in water and crops, 

are both recommended. 
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Figure 1. The fate of MC-LR in lettuce cultivated by either drip irrigation or spray irrigation (a). 

The accumulated MC-LR (μg/kg of lettuce) in different tissues (shoot and root) of lettuce 

cultivated by either drip irrigation or spray irrigation and remaining MC-LR (μg/kg of soil) in 

soil (b). Three different concentration of MC-LR was applied; low (1 μg/L), Medium (5 μg/L), 

and High (10 μg/L). Asterisks (*) indicate significant differences (p < 0.05) between groups 

 



(a) 

 

(b)                                                                          

         

Figure 2. The fate of MC-LR in carrots cultivated by either drip irrigation or spray irrigation (a). 

The accumulated MC-LR (μg/kg of lettuce) in different tissues (shoot and root) of carrots 

cultivated by either drip irrigation or spray irrigation and remaining MC-LR (μg/kg of soil) in 

soil (b). Three different concentration of MC-LR was applied; low (1 μg/L), Medium (5 μg/L), 

and High (10 μg/L). Asterisks (*) indicate significant differences (p < 0.05) between groups  

(a) 



 

(b)                                                                          

            

Figure 3. The fate of MC-LR in green bean cultivated by either drip irrigation or spray irrigation 

(a). The accumulated MC-LR (μg/kg of lettuce) in different tissues (shoot and root) of carrots 

cultivated by either drip irrigation or spray irrigation and remaining MC-LR (μg/kg of soil) in 

soil (a). Three different concentration of MC-LR was applied; low (1 μg/L), Medium (5 μg/L), 

and High (10 μg/L). Asterisks (*) indicate significant differences (p < 0.05) between groups  



 

Figure 4. The pattern of remaining MC-LR (μg/kg) in soil during cultivation and after sample 

collection. 100 mL of MC-LR (10 μg/L) was applied to each crops cultivated by drip irrigation 

three times per week for 4 weeks (week 1 to 4). Soil samples were collected once a week.



(a) Lettuce 

 

 

 

 

 



(b) Carrot 
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Figure 5.  Crop productivity (lettuce (a); carrot (b); and green bean (c)) as measured by the length (mm/head), mass (g/head of fresh 

produce samples), and the edible quantity of samples (number of leaves per head of lettuce, diameter of roots for carrots, and number 

of beans per head for green beans). Box plots show the means and medians of length, mass and edible quantity. The length of each 



box shows the interquartile range and 50 % of cases of the variable. The line and the dot in the box indicate the means and the median, 

respectively, while extended lines from the box show maximum and minimum values of each group. Asterisks (*) indicate significant 

differences (p < 0.05) between groups.  



 

Figure 6. Effects of MC-LR on leaf color development (lightness (L), green (a*), and yellow 

(b*)) of each crop: lettuce, carrot, and green bean. The length of each toroidal circle represent 

relative mean value of both L, a*, b* that were converted from measured values (L, a*, and b*) 

from each group by the tristimulus colorimeter (L and a* of each sample was measured in 

triplicate and each group has 45 samples). Three different concentration of MC-LR was applied; 

low (1 μg/L), Medium (5 μg/L), and High (10 μg/L). Asterisks (*) indicate significant 

differences (p < 0.05) between the MC-LR treated group and the control group.  


