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ABSTRACT

This study assessed the toxic effects of four heavy metal salts—copper chloride, copper
sulfate, manganese chloride, and manganese sulfate—on the aquatic plant Lemna minor
through growth inhibition and biochemical assays. Lemna was exposed to varying
concentrations of each compound for seven days under standardized conditions (OECD
Guideline 221). Copper salts exhibited significantly greater toxicity than manganese
salts, with ECso and ErCso values categorizing copper compounds as highly toxic and
manganese compounds as slightly toxic according to US EPA criteria. Copper sulfate
induced substantial reductions in frond number even at low concentrations, while
copper chloride’s inhibitory effects appeared mainly at higher doses. Among manganese
salts, manganese chloride was more toxic than manganese sulfate, markedly reducing
frond numbers at relatively low concentrations. Biochemical analyses revealed
compound- and dose-dependent changes in reducing sugar and total soluble protein
contents, indicating physiological stress. High manganese sulfate concentrations caused
an exceptional increase in reducing sugars, whereas copper chloride consistently
decreased protein levels. These biochemical alterations correspond with known
oxidative stress and metabolic disruption caused by heavy metals. The results emphasize
that copper and manganese contamination may pose significant risks to aquatic plant
health and broader freshwater ecosystems. This study underscores the need for rigorous
environmental monitoring and regulatory measures to limit heavy metal pollution and
protect aquatic biodiversity.
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INTRODUCTION
Copper and manganese are widely used in various industrial processes, which
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represent significant potential sources of contamination in aquatic environments.
Although these metals occur naturally, human activities have substantially increased
their presence in water bodies (Samecka-Cymerman & Kempers, 2004; Vardhan et al.,
2019; Dey et al., 2023). Once introduced into aquatic ecosystems, these metals can act
as contaminants, affecting the physiology, biochemistry, and survival of aquatic
organisms (Husak, 2015; Kosarev et al., 2022). As a result, ecotoxicological assessment
of copper and manganese, such as through standardized bioassays using Lemna minor,
is crucial for evaluating their potential environmental impact and supporting effective
water quality regulation.

Ecotoxicological testing using Lemna minor is widely recognized for assessing
the impact of pollutants on aquatic environments. Due to its small size, rapid growth,
simple structure, and ease of cultivation, Lemna minor serves as an ideal model organism
(Radi¢ et al., 2010; Ali et al., 2013), and it plays a key role in monitoring water quality
and evaluating aquatic toxicity (Mkandawire & Dudel, 2007; Radi¢ et al., 2010). These
characteristics make Lemna minor an effective and reliable tool in ecotoxicological
studies.

This study focused on assessing the toxic effects of copper and manganese salts
on Lemna minor by evaluating growth inhibition and biochemical responses. It aimed to
compare the toxicity levels of these metals and provide data on their potential
environmental impact in aquatic ecosystems.

MATERIALS AND METHODS

Four heavy metal salts—copper chloride, copper sulfate, manganese chloride,
and manganese sulfate—were tested to evaluate their effects on the model aquatic plant
Lemna minor. The assessment was carried out through two distinct experimental
approaches: a growth inhibition test to evaluate the impact on L. minor growth, and a
biochemical assay aimed at identifying alterations in selected physiological and
biochemical parameters of the plant.

The growth inhibition test was carried out by exposing Lemna minor to five
concentrations of each tested compound. For copper chloride and copper sulfate, the
concentrations used were 0.001, 0.01, 0.1, 1, and 10 mg/L. For manganese chloride and
manganese sulfate, the concentrations tested were 0.1, 1, 10, 100, and 1000 mg/L. Two
controls were also included in the test setup: a negative control, consisting of the
standard culture medium, and a positive control, represented by 0.5% zinc chloride. All
test variants were performed in triplicate to ensure data reliability.

Each test vessel received ten fronds, consisting of two colonies with three fronds
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each and one colony with four fronds. The fronds were exposed to the compounds for a
period of 7 days under optimal conditions of temperature and illumination, following the
OECD Guideline 221 for Lemna sp. growth inhibition testing (Organization for
Economic Cooperation and Development. Test No. 221).

At the end of the exposure period, the number of fronds and colonies was
recorded. Based on these values, the frond-to-colony ratio and the average specific
growth rate were calculated in accordance with OECD 221. Dose—response curves were
generated for each of the four compounds using Quest Graph™ ECS50 Calculator (AAT
Bioquest), from which the half-maximal effective concentration (ECso, based on frond
number) and 50% inhibition of growth rate (ErCso, based on average specific growth
rate) values were determined.

The biochemical test involved exposing Lemna minor to three concentrations
(0.001, 1, and 1000 mg/L) of each of the four tested compounds, under the same
conditions used in the growth inhibition test. Control groups were also included. After 7
days of exposure, the fresh weight of the plants was recorded. The collected plant
material was then used to prepare aqueous extracts (in phosphate buffer, pH 7.2) for the
analysis of selected biochemical parameters: reducing sugar content and total soluble
protein concentration. Extracts were prepared by grinding the plant biomass using a
tissue homogenizer and disperser (MiniBatch D-1, MICCRA), followed by
centrifugation at 18,000 rpm for 10 minutes. The resulting supernatant was used for
biochemical determinations.

Reducing sugars were measured using the 3,5-dinitrosalicylic acid (DNS)
method. Samples (100 pL, in triplicate) were mixed with 50 uL DNS reagent in a 96-
well plate, heated at 100°C for 15 minutes, then cooled.

Absorbance was read at 540 nm using a microplate reader (Synergy H1,
BioTek). Concentrations were calculated from a glucose standard curve. Protein
concentration was measured using the bicinchoninic acid (BCA) assay. Samples (20 pL)
were mixed with 160 uL. BCA reagent, incubated at 37°C for 30 minutes, and absorbance
read at 562 nm. Levels were determined via a bovine serum albumin (BSA) standard
curve.

RESULTS AND DISCUSSIONS

To evaluate the effects of copper and manganese salts on Lemna minor growth,
frond number and colony structure were assessed after 7 days of exposure to a range of
concentrations.
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A reduction in frond number was observed across all concentrations of copper
sulfate, with decreases of approximately 50% at 0.001-0.1 mg/L and 10-20% at 1 and
10 mg/L. In contrast, copper chloride showed a noticeable inhibitory effect only at the
two highest concentrations (FIG. 1).

In the case of manganese salts, a similar trend was observed; however, the order
of effectiveness was reversed depending on the type of salt applied. Manganese sulfate
(MnSOs) did not significantly affect frond number except at the higher concentrations
of 100 and 1000 mg/L. In contrast, manganese chloride (MnClz) caused approximately
a 50% reduction in frond number even at low concentrations (0.1-10 mg/L), with a
further decline of about 5-10% observed at the higher concentrations of 100 and 1000
mg/L.

Dose—response curves were plotted based on the concentrations of the tested
compounds in relation to two key endpoints: the number of fronds and the average
specific growth rate (FIG. 2).

The calculated ECso and ErCso values indicated that copper salts exhibited significantly
higher toxicity compared to manganese salts. According to the aquatic toxicity classification
criteria established by the United States Environmental Protection Agency (US EPA,
https://www.epa.gov/pesticide-science-and-assessing-pesticide-risks/technical-overview-
ecological-risk-assessment-0), copper salts fall into the category of highly toxic substances, based
on both ECso and ErCso values. In contrast, manganese salts are classified as slightly toxic
according to both endpoints (FIG. 3).
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FIG. 1. Effect of increasing concentrations of Cu and Mn chloride and sulfate on Lemna minor frond number.
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FIG. 2. Dose-response curves plotted based on the concentration of the tested compounds and: A) frond number,
and B) average specific growth rate.

The fresh weight of fronds measured during the biochemical assay demonstrated
that the two highest tested concentrations significantly reduced this parameter for most
compounds. However, an exception was observed with manganese chloride, where only
the lowest concentration caused a marked decrease in fresh weight. The lowest
concentrations of both copper sulfate and manganese sulfate induced a slight increase in
fresh weight (FIG. 4).

The content of reducing sugars, expressed in mg per gram of fresh weight,
showed values comparable to the negative control at low concentrations. Higher
concentrations induced varying responses, ranging from a slight increase — such as
observed with copper chloride and copper sulfate at 1 and 1000 mg/L, manganese
chloride at 1000 mg/L, and manganese sulfate at 1 mg/L — to a dramatic increase of up
to 74-fold in the case of manganese sulfate at 1000 mg/L (FIG. 5).
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FIG. 3. ECs and ErCs, values calculated for the four tested compounds
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FIG. 4. Effect of increasing concentrations of Cu and Mn chloride and sulfate on Lemna minor fresh weight.
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FIG. 5. Effect of increasing concentrations of Cu and Mn chloride and sulfate on Lemna minor reducing sugars
content.
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FIG. 6. Effect of increasing concentrations of Cu and Mn chloride and sulfate on Lemna minor protein
concentration.
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Protein concentration was significantly reduced by all tested concentrations of
copper chloride, whereas copper sulfate and manganese chloride caused a decrease only
at 1 and 1000 mg/L. Manganese sulfate induced a reduction exclusively at the highest
concentration of 1000 mg/L (FIG. 6).

The toxicity profiles derived from ECso and ErCso values indicated that copper
salts were considerably more toxic to Lemna minor than manganese salts, consistent with
prior studies showing that copper is extremely toxic (Dirilgen & Inel, 1994). Similar
ECso values have been reported for copper in previous studies (Naumann, et al., 2007,
Khellaf & Zerdaoui, 2009). To the best of our knowledge there are no available data
regarding the ECso and ErCso values for manganese.

The biochemical responses of Lemna minor to metal salt exposure revealed
distinct compound- and concentration-dependent effects. Biochemical alterations were
also found in the literature for copper, highlighting its impact on key biochemical
parameters such as glutathione pools, glutathione reductase, glutathione S-transferase,
guaiacol peroxidase, ascorbate peroxidase, pyrogallol peroxidase, catalase, chlorophyll
content, total soluble protein content, and malondialdehyde content (Teisseire & Guy,
2000; Razinger et al., 2007; Doganlar, 2013). Regarding manganese exposure, literature
reports its effects on several parameters, including pigments (total chlorophyll and
carotenoids), total soluble protein content, and antioxidant enzymes such as superoxide
dismutase, guaiacol peroxidase, and catalase (Doganlar, 2012).

CONCLUSIONS

The present study comprehensively evaluated the toxicological effects of four
heavy metal salts—copper chloride (CuClz), copper sulfate (CuSOs), manganese
chloride (MnCl.), and manganese sulfate (MnSO.)—on the model aquatic plant Lemna
minor through integrated growth inhibition and biochemical assays. The results
demonstrated distinct compound- and concentration-dependent phytotoxicity patterns
with marked differences between copper and manganese salts.

Copper salts exhibited substantially higher toxicity to Lemna minor compared
to manganese salts, as evidenced by significantly lower ECso and ErCso values derived
from frond number and average specific growth rate metrics. According to US EPA
aquatic toxicity criteria, both copper chloride and copper sulfate classify as highly toxic
substances, whereas manganese salts fall into the slightly toxic category. This aligns
with prior toxicological data emphasizing copper’s potent phytotoxic effects and
contributes novel quantitative toxicity thresholds for manganese salts, for which
comparable ECso data were previously unavailable to the best of our knowledge.
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Biochemical analyses uncovered differential modulation of reducing sugar and
total soluble protein contents in response to metal exposure. Notably, high
concentrations of manganese sulfate triggered an exceptional increase in reducing
sugars, potentially reflecting a stress-induced metabolic adjustment. Conversely, protein
concentrations were markedly diminished by copper chloride across all tested
concentrations, indicating disruption of protein metabolism and synthesis pathways.
These biochemical perturbations correspond with documented oxidative stress responses
and enzymatic alterations reported in literature for both copper and manganese exposure,
corroborating the mechanistic underpinnings of observed growth inhibition.

Collectively, the data underscore the sensitivity of Lemna minor as a
bioindicator for assessing heavy metal toxicity in aquatic environments, providing
critical insights into concentration-dependent phytotoxic effects and associated
physiological disruptions. Future research should aim to elucidate the molecular
mechanisms underlying these biochemical responses and evaluate long-term ecological
consequences of chronic metal exposure on aquatic plant communities.
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