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1. Introduction 
The paradigm of chemical risk assessment has evolved from 

focusing on individual substances to addressing complex 

mixtures, alongside a shift from traditional animal testing to 
alternative methodologies mandated by chemical regulations 

(Jongwoon et al., 2022). Environmental chemical risk 

assessments are designed to address both qualitative and 

quantitative ecological risk challenges involving individual 

chemical pollutants (O’Brien and Keough, 2014; Braglia et al., 

2021; Schuijt et al., 2021; Onyegeme-Okerenta et al., 2025a). 

Despite this, Carole et al. (2018) highlighted a significant 

knowledge gap in understanding mixture toxicity and its 

impact on aquatic organisms. When chemicals are present in 
mixtures with comparable toxicity levels, their combined 

effects can manifest as acute, additive, synergistic, 

antagonistic, or reductive interactions, which differ from the 

effects of single compounds (Carole et al., 2018; Onyeukwu et 

al., 2023; Onyeukwu and Edna, 2022a,b). Agrochemicals 

employed for aquaculture disease management frequently 

exist in chemical combinations, necessitating an evaluation of 

their ecotoxicological interactions to improve toxic effect 

interpretations (Vanessa et al., 2023). Agrochemical pesticides 

are largely introduced into the environment through 

agricultural and horticultural practices, often seeping into 
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subsoil layers via precipitation. The complexity of possible 

chemical cocktails presents challenges for toxicity testing, 
requiring expertise because chemicals at no observed effect 

concentrations (NOEC) may still contribute to toxicity in 

mixtures, regardless of the chemical types involved 

(Jongwoon et al., 2022; Onyegeme-Okerenta et al., 2025b). 
 

In aquatic ecosystems, microorganisms such as microalgae; 

which are primary producers and sensitive to physicochemical 

changes are routinely exposed to mixtures of organic and 

inorganic pollutants rather than isolated substances (Aronzon, 

Peluso and Coll, 2020; Kovalakova et al., 2020; Topaz et al., 

2020; Zhang et al., 2021; Ahmadmahmoodi et al.,2020). 

Microalgae serve as critical models for toxicity assessment due 

to their rapid and measurable responses, enabling exploitation 

of various endpoints (Martínez-Ruiz and Martínez-Jerónimo, 

2015; Nguyen, Moon and Lee, 2020; Nunes et al., 2018). 

Beyond phosphatase inhibition, pollutants may induce chronic 

effects including genotoxicity, mutagenicity, carcinogenicity, 

teratogenicity, immunosuppression, and endocrine disruption, 
especially within complex mixtures (Exposito et al., 2021). 

Among emerging micropollutants, pesticides, heavy metals, 

and pharmaceutical residues are notable for their abundance 

and diverse biological impacts (Göbölös et al., 2024). 

Biochemical markers like the inhibition of hydrolytic 

phosphatase activities provide crucial endpoints for assessing 

environmental toxicant effects (Onyeukwu and Edna, 2022a,b; 

Wenq et al., 2021). 

 

Given the impracticality of experimentally testing all possible 

mixture combinations, modeling is indispensable for 

predicting the toxicological properties of mixtures. Existing 

models, including Concentration Addition (CA) and 

Independent Action (IA), are commonly referenced for 

estimating combined chemical effects (Cedergreen et al., 

2008; Göbölös et al., in Bliss, 1939; Wang et al., 2020a; b). 

CA is applicable when chemicals share a similar mode of 
action (Loewe, 1926), while IA applies to chemicals with 

dissimilar modes (Bliss, 1939). However, these models 

primarily predict additive effects. For instance, Cedergreen et 

al. (2008) found that CA and IA only accounted for about 10% 

accuracy in 20% of 158 binary mixtures tested (Göbölös et al., 

In Loewe, 1926). Synergistic interactions, notably between 

heavy metals, can be evaluated using the Combination Index 

(CI) method, also known as the Chou-Talalay method 

(Kahatagahawatte and Hara-Yamamura, 2020; Roell et al., 

2017). Although research on mixtures of heavy metals and 

pesticides has increased, mostly focusing on binary mixtures 

(Belden et al., 2007; Baek, 2019) the nearly infinite potential 

chemical combinations complicate comprehensive empirical 

assessment. 

 

Quantitative Structure-Activity Relationship (QSAR) models 

have been employed to predict activities of both single 
chemicals and mixture components but are often restricted to 

binary combinations and additive toxicities (Altenburger, 

Nendza, and Schüürmann, 2003). These models are limited by 

the quality and scope of experimental datasets, which 

frequently encompass only a few values, insufficiently 

representing complex biological interactions. Enhanced 

QSAR model accuracy requires broader, more reliable 

experimental data to reflect complex systems effectively 

(Kolmar and Grulke, 2021; Belfield et al., 2023). 
 

This study aimed to evaluate the acute toxicity effects of single 

and ternary mixtures involving Copper (Cu2+), Zinc (Zn2+), 

Lead (Pb2+), Chromium (Cr2+), Cadmium (Cd2+) ions, and 2,4-

dichlorophenoxyacetic acid (2,4-D) on alkaline phosphatase 

activity in Desmodesmus abundans. We investigated the 

individual and combined effects of unary and ternary mixtures 

by assessing acute inhibition of alkaline phosphatase activity. 

Synergistic, additive, and antagonistic interactions at differing 

effective concentrations were quantified using the CI method. 

Additionally, the contribution of each chemical to mixture 

effects was analyzed using sigma statistical plots, based on 

relative response estimates and median inhibitory 

concentration (MIC50 or EC50) parameters. Predictive 

modeling employed statistical tools and the mixtox model, 

with the interaction parameter ‘a’ indicating synergy (a<0) or 

antagonism (a>0) (Onyeukwu and Edna, 2022a,b; Greco et al., 

1992, 1995; Jonker et al., 2005). 
 

2. Materials and Methods 
2.1 Study Area 
The study was conducted in Nworie-Otamiri River in Ihiagwa, 

a town situated within Owerri West Local Government Area, 

Imo State, southeastern Nigeria, approximately 12 km south of 

Owerri city. The Otamiri River flowing through Ihiagwa is 

located at latitude 4°54'14.00" N and longitude 7°08'30.00" E, 

draining a watershed covering roughly 10,000 km² with annual 

rainfall ranging between 2250 and 2500 mm. The watershed is 

predominantly covered by depleted rainforest, with mean 

temperatures consistently around 27°C. The river faces 

pollution from organic waste and chemicals originating from 

intensive human activity, agriculture, poor drainage, industrial 

discharge, and is a drinking water source when public supplies 

fail. Inefficient waste management contributes to elevated 

pollutant levels, including phosphates, nitrates, metals, 

pesticides, and herbicides. 

 

2.2 Sampling 
2.2.1 Sampling Bottles 
Water samples were collected using sterile glass bottles with a 

minimum volume of 200 mL, capped with ground glass or 

screw caps lined with silicon rubber capable of withstanding 

sterilization at 160°C. Bottles and caps were protected with 

sterilized aluminum foil to prevent contamination. Sampling 

intervals were scheduled every 10 minutes per site, controlled 

by a stopwatch operated by field assistants. 

  

2.3 Sample Collection and Transport 
Water was collected midstream at three selected points along 

the river; upper, middle, and lower courses at specified 

coordinates and ~30 cm depth. Samples were pooled into 

sterile 1-L plastic or 200 mL glass bottles, immediately stored 

in insulated coolers, and transported for laboratory analysis 

within six hours to preserve cell viability. 

 

2.4 Isolation of Algae 
Pooled samples were processed within six hours via washing 

or centrifugation, followed by agar plating. Pure cultures of 

algal isolates were obtained and maintained axenically for 2-3 
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weeks under controlled microbiological conditions until 

toxicity assays commenced. Algal load was quantified as 
colony-forming units per milliliter (CFU/mL) (Tomaselli, 

2004; Parvin et al., 2007). 

 

2.5 Algological Analysis 

2.5.1 Agar Plate Preparation 
Agar plates with 2% (w/v) agar in Bold's Basal Medium 

(BBM) were autoclaved at 126°C for 15 minutes, cooled, and 

supplemented with 5 mL warm medium. Plates were inverted 

and dried for 72 hours before streaking with enriched Bold 

basal medium modified with trace metals and F/2 vitamin 

solutions (Stein, 1973; Nichols and Bold, 1965). 

 

2.5.2 Culture and Purification 
Washed algal samples (12 mL) were centrifuged at 3000 rpm 

for 15 minutes; supernatants discarded, and cells washed six 

times with sterile water to remove contaminants (Parvin and 

Habib, 2007). Isolates were streaked onto selective agar 

containing antibacterial and antifungal agents, incubated under 
fluorescent light at 28 ± 2°C for two weeks, and subsequently 

transferred to liquid Bold basal medium for sustained culture 

in exponential growth. 

 

2.5.3 Subculture and Storage 
Axenic cultures were maintained in inorganic liquid medium 

per OECD guidelines (1981). Stock cultures were incubated at 

20 ± 2°C under white fluorescent light (3000–4000 lux) on a 

rotary shaker; fresh stocks were initiated every 40–60 days by 

inoculating 5×10^4 cells/mL (Jonsson and Aoyama, 2007). 

 

2.5.4 Inoculum Standardization 
A loopful of stored isolates was inoculated into 200 mL BBM 

broth and incubated with shaking (150 rpm) at 28 ± 2°C for 24 

hours. Cells were harvested by centrifugation, washed twice, 

and standardized spectrophotometrically to an optical density 

of 1.8 at 600 nm. 
 

2.6 Morphological Identification 
Isolates were assessed morphologically by colony 

characteristics, green pigmentation, and chlorophyll a/b 

content. Colony features such as colour, form, transparency, 

and diameter were recorded; additional biochemical tests 

included catalase, phosphatase, starch, and lipase activities 

(Stein, 1973). 

 

2.7 Molecular Identification 

2.7.1 DNA Extraction 
DNA was extracted from dense pure cultures using the ZR 

fungal/algal/bacterial DNA MiniPrep Kit (Inqaba, South 

Africa). Samples underwent mechanical lysis in bead beating 

tubes, followed by centrifugation and successive purification 

steps per manufacturer instructions. Purified DNA was eluted 

and stored at −20°C. 
 

2.7.2 DNA Quantification 
Extracted DNA was quantified using the NanoDrop 1000 

spectrophotometer with sterile distilled water for blanking. 

Two microliters of DNA were measured to determine 

concentration. 

 

2.7.3 18S rRNA Gene Amplification 
The 18S rRNA gene was amplified using primers 18S C-2 b 
(5′-ATTGGAGGGCAAG TCTGGT-3′) and 18S D-2 b (5′-

ACTAAGAACGGCCATGCAC-3′) on an ABI 9700 thermal 

cycler. PCR conditions consisted of an initial denaturation at 

95°C for 5 minutes, followed by 35 cycles of 95°C for 30 

seconds, 53°C for 30 seconds, and 72°C for 30 seconds, with 

a final extension at 72°C for 5 minutes. The amplified products 

were separated on 1% agarose gels and visualized under blue 

light to confirm successful amplification. This protocol 

ensured specific and reproducible amplification for 

downstream sequencing and phylogenetic analysis. 

 

2.7.4 Sequencing 
Sequencing of the 18S rRNA gene was performed using the 

BigDye Terminator v3.1 Cycle Sequencing Kit on an ABI 

3510 Genetic Analyzer (Inqaba Biotechnological, Pretoria). 

The sequencing reactions consisted of purified PCR product, 

BigDye mix, sequencing buffer, and specific primers. Thermal 

cycling was set for 32 cycles with denaturation at 96°C for 10 
seconds, annealing at 55°C for 5 seconds, and extension at 

60°C for 4 minutes per cycle. The amplified products were 

purified to remove unincorporated dyes and analyzed by 

capillary electrophoresis. This approach ensures high-quality, 

accurate base calling suited for downstream phylogenetic 

analysis and strain identification of Desmodesmus abundans. 

Sequence quality was verified before alignment and 

comparison against reference databases, maintaining 

consistency with established microalgal molecular 

identification protocols. 

 

2.7.5 Phylogenetic Analysis 
Sequence editing was performed using Trace Edit software to 

ensure high-quality base calling and removal of ambiguous 

nucleotides. Reference sequences were retrieved from the 

National Center for Biotechnology Information (NCBI) 

database using BLASTN to identify homologous 18S rRNA 
gene sequences of Desmodesmus abundans and related taxa. 

Multiple sequence alignments were conducted using MAFFT 

with default parameters, ensuring accurate alignment of 

conserved and variable regions across sequences. 

Phylogenetic trees were constructed employing the Neighbor-

Joining method implemented in MEGA 6.0, based on the 

Jukes-Cantor evolutionary model to calculate genetic 

distances. Bootstrap analysis with 500 replicates was 

performed to assess the robustness and statistical support of 

the inferred phylogenies. This methodological framework 

enabled a reliable taxonomic placement of the isolate within 

the genus Desmodesmus, addressing phenotypic variability 

and clarifying species relationships consistent with prior 

taxonomic reviews and molecular studies. These steps align 

with standard phylogenetic practices facilitating accurate 

identification and evolutionary contextualization of microalgal 

isolates (Burgel, et al., 2022; Felsenstein, 1985). 
 

2.7.6 Phosphatase Extraction 
Following the protocol of Jonsson and Aoyama (2007), algal 

pellets of Desmodesmus abundans were flash-frozen using 

liquid nitrogen to preserve enzymatic activity and facilitate 

cell disruption. The frozen pellets were then macerated in ice-

cold acetate buffer (pH typically 5.0-6.0) to stabilize 
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phosphatase enzymes. Cell lysis was achieved by applying 

multiple cycles of probe sonication on ice, ensuring efficient 
cell wall disruption while minimizing heat-induced 

denaturation. The resulting suspensions were centrifuged at 

10,000 rpm for 20 minutes at 4°C to pellet cellular debris. The 

clarified supernatants containing soluble alkaline phosphatase 

enzymes were carefully collected and stored on ice or at -20°C 

for subsequent enzymatic activity assays. This extraction 

method maintains enzyme integrity and yields reliable extracts 

optimal for measuring phosphatase activity, which serves as a 

sensitive biochemical biomarker in toxicity studies involving 

heavy metals and herbicides in microalgae. 

 

2.8 Toxicity Assessment of Unary and Ternary Mixtures 

on Alkaline Phosphatase Activity 
Graded concentrations of individual metals (Cu2+, Zn2+, Cr2+, 

Pb2+, Cd2+) and 2,4-dichlorophenoxyacetic acid (2,4-D) were 

tested for acute toxicity. Metal stock solutions were prepared 

at 10 mM. Concentration ranges were: Cu2+, Zn2+, Cr2+ at 0-

0.5 mM; Pb2+, Cd2+ at 0-7.0 mM; 2,4-D at 0-25 mM. Ternary 
mixtures were formulated at ratios of 20:40:40 and 40:30:30 

for pesticide/metal mixtures, with toxicities evaluated from 0-

9.0 mM concentrations. Alkaline phosphatase inhibition 

assays were performed in triplicate in 2 mL reaction mixtures 

containing toxicants, buffered enzyme, substrate (p-NPP), and 

distilled water, incubated at 37°C for 30-40 minutes. Reactions 

were terminated with sodium hydroxide, centrifuged, and 

absorbance measured at 410 nm. 

 

2.9 Relative Response Estimation, Median Inhibitory 

Concentration, and Modeling 
Relative responses were calculated as percentages relative to 

controls (Equation 1) and dose-response data from unary and 

ternary mixtures were fit to models (Equations 2-10) using 

SigmaPlot v10. EC50 values for individual chemicals and 

mixtures were extracted from fitted models, which 

incorporated hormesis parameters such as slope and maximum 
response [nonlinear regression models and median inhibitory 

concentrations (IC50) were derived as the concentration 

causing 50% inhibition] (Cedergreen et al., 2005). 

.  

Relative responses (Equation 1) in Desmodesmus abundans 

enzyme assays were calculated as percentages relative to 

controls using: 

Relative Response (\%) = (
𝐴𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑏𝑙𝑎𝑛𝑘

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑙𝑎𝑛𝑘
) × 100              (1) 

 where 𝐴𝑠𝑎𝑚𝑝𝑙𝑒 , 𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 , and 𝐴𝑏𝑙𝑎𝑛𝑘  represent absorbance 

measurements of treated, untreated control, and blank 

samples, respectively. 

Several models (such as in equations 2-7) is commonly used 

to estimate IC50 and EC50 include: 

1. Linear Regression: 

𝑌 = 𝑎𝑋 + 𝑏, IC50 =
0.5 − 𝑏

𝑎
                                               (2) 

2. Log-Transformed Linear Model: 
𝑌 = 𝑎 log(𝑋) + 𝑏                                                                   (3) 

 

3. Four-Parameter Logistic (4PL) Model: 

𝑌 = 𝐷 +
𝐴 − 𝐷

1 + (
𝑋
𝐶

)
𝐵                                                                 (4) 

where, 𝐴 and 𝐷 are asymptotic minimum and maximum 

responses, 𝐵 is the slope, and 𝐶 is the IC50. 

 

4. Hill Equation: 

𝑌 =
𝑋𝑛

𝐸𝐶50
𝑛 + 𝑋𝑛

                                                                      (5) 

where, 𝑛 is the Hill slope. 

 

5. Weibull Model: 

𝑌 = 1 − 𝑒−(
𝑋
𝜆

)𝑘
                                                                       (6) 

where, 𝜆 is scale and 𝑘 shape parameters. 
 

6. Gompertz Model: 

𝑌 = 𝐴 exp(− exp(𝐵 − 𝐶𝑋))                                               (7) 
 

Parameters 𝐴, 𝐵, and 𝐶 modulate the curve shape. 

 

The dose-response data were also analyzed incorporating 

hormesis where applicable, accounting for low-dose 

stimulation effects. To interpret mixture toxicity, the 

Combination Index (CI) method was applied, quantifying 

interactions as synergistic (CI < 1), additive (CI = 1), or 

antagonistic (CI > 1).  

2.10 Toxicity Interaction Analysis Using Toxic Index 

Model 
The toxicity interaction of the mixtures was assessed using the 

toxic index (TI), (Equations 8-10) which sum the components 
toxic unit (Boillot and Perrodin, 2008). The TU values were 

calculated using the expression: 

𝑇𝑈𝑖  =  
𝐶𝑚𝑖𝑥𝑖

𝐼𝐶50𝐼

                                                                              (8)

  

While TI is the summation of TU for n toxicants in the mixture

 
𝑇𝐼 =  ∑ 𝑇𝑈𝑖

𝑛

𝑖=1

                                                                               (9) 

 

𝐶𝑚𝑖𝑥𝑖           =  
𝑅𝑎𝑡𝑖𝑜

100
 𝐼𝐶50𝐼𝑚𝑖𝑥                                            (10) 

Where Cmixi is the concentration of the ith toxicant in the 

mixture and EC50i is the EC50 of the same toxicant when tested 
singly. TI=1 implies additive interaction, TI > 1 implies 

antagonistic interaction and TI < 1 implies a synergistic 

interaction. Toxic units (TU) and Toxic Index (TI) were 

calculated to assess mixture interactions based on component 

concentrations and EC50 values (Boillot and Perrodin, 2008). 

 

2.11 Statistical Analysis 
EC50 values and experimental data were analyzed using one-

way ANOVA (p<0.05) with IBM SPSS Statistics v22. 

SigmaPlot v10 was also employed for modeling and graphing 

analytical results. 

 

 

https://doi.org/10.54117/iijbs.v4i4.95


Available: https://doi.org/10.54117/iijbs.v4i4.95  Research article 

170 

 

3. Results 
3.1 Morphological and Biochemical Characterization of 

Isolate R2-KJ676104 
The isolate designated as R2-KJ676104 was examined under 

an electron microscope (Figure 1), revealing cell dimensions 

ranging from 11 to 15 µm (±0.48 µm) in length and 4 to 6 µm 
(±0.5 µm) in width. Morphological analysis showed that the 

isolate existed both as unicellular and colonial forms, the latter 

composed of 2-4 cells bearing spiny projections. The cells 

displayed an ellipsoidal or obovate shape with a heavily 

granulated surface, enclosed within a mucilaginous sheath. 

Cellular arrangements included tetrads, alongside single and 

double-cell forms, with colonial cells distinctly exhibiting 

spiny extensions. Based on these morphological features, the 

isolate was preliminarily classified as belonging to the genus 

Desmodesmus, consistent with descriptions by Charmaine et 

al., (2021), Hegewald (2000), Perumal et al., (2012), and 

Nichols and Bold (1965). The biochemical and morphological 

characteristics are summarized in Table 1. 

 

Table 1. Morphological and biochemical screening assay of 

Desmodesmus abundans 

Parameter Result 

Shape Obovate / ellipsoidal 

Form Tetrad / mucilaginous 

Chloroplast Present 

Colour Green pigment 

Type Spiny projection 

Cell diameter 11–15 µm ± 0.48 µm 

Phosphatase test ++ 

Nitrogenase test ++ 

Chlorophyll analysis ++ 

Nitriles test ++ 

Lipoxygenases + 

Amylase + 

Lipase test + 

Urease test ++ 

Thiolase / gelatinase test + 

Catalase + 

Hydrogenases + 

Carbonic anhydrase + 

Key: +: Low reactivity; ++: High reactivity 

 

 
Figure 1. Electron microscopy image illustrating the cellular 

morphology of Desmodesmus abundans isolate. 

 

3.2 Molecular Identification of Isolate R2-KJ676104 
The molecular identification process, including DNA 

extraction, quantification, 18S rRNA gene amplification, 

sequencing, and phylogenetic analysis, confirmed the isolate's 

taxonomic placement. The 18S rRNA sequence of R2-

KJ676104 matched with a 99–100% identity to reference 

sequences available in the NCBI non-redundant nucleotide 

database. Phylogenetic reconstruction using the Jukes-Cantor 
evolutionary model corroborated the isolate's affiliation 

with Desmodesmus species, closely related to Desmodesmus 

abundans. 

 

3.3 Acute Toxicity of Individual Metals and 2,4-D on 

Phosphatase Activity of Desmodesmus abundans 
Figure 2 presents the dose-response curves for unary toxic 

effects of copper (Cu²⁺), lead (Pb²⁺), chromium (Cr²⁺), 

cadmium (Cd²⁺), zinc (Zn²⁺), and 2,4-dichlorophenoxyacetic 

acid (2,4-D) on phosphatase activity. The inhibition data fitted 

well to a three-parameter sigmoidal model with determination 

coefficients (R²) ranging from 0.98 to 0.99. Median inhibitory 

concentrations (IC50) for each toxicant are detailed in Table 2. 

 

Table 2. Median inhibitory concentration (IC50) of the effect 

of Unary toxicity of (metal/pesticide) to phosphatase enzyme 

activity from Desmodesmus abundans. 

Toxicant IC₅₀ (mM) 

Cu²⁺ 2.18 ± 0.47 

Zn²⁺ 0.13 ± 0.00 

Pb²⁺ 0.16 ± 0.01 

Cr²⁺ 0.17 ± 0.01 

Cd²⁺ 0.16 ± 0.01 

2,4-D 0.26 ± 0.01 
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Figure 2: Experimental data points and model predictions of unary toxicity dose-response curves for the inhibition of phosphatase activity 

by Cu²⁺, Zn²⁺, Pb²⁺, Cr²⁺, Cd²⁺, and 2,4-D in Desmodesmus abundans using three- and four-parameter sigmoidal models. 
 

3.4 Toxicity of Ternary Mixtures of Metals with 2,4-D on 

Phosphatase Activity 
Figures 3 and 4 depict dose-response curves for ternary 

mixtures composed of heavy metals with 2,4-D at two fixed 

ratios (20:40:40 and 40:30:30). The inhibitory effects 

conformed to a four-parameter sigmoidal model with R² values 

between 0.96 and 0.99. Table 3 lists the median inhibitory 

concentrations (IC50), toxicity indices, and interaction types 

for each mixture. 

 
Table 3. Median inhibitory concentration (IC50) of the effect of Ternary toxicity of (metal/pesticide) to phosphatase enzyme 

activity from Desmodesmus abundans. 

Toxicant: Mixture IC50 (mM) Toxicity index Interaction 

Ternary mixture ratio (20:40:40) 

2,4-D/Cu2+/Pb2+ 

2,4-D/Cu2+/Zn2+ 

2,4-D/Cu2+/Cr2+ 

2,4-D/Cu2+/Cd2+ 

2,4-D/Pb2+/Zn2+ 

2,4-D/Pb2+/Cr2+ 

2,4-D/Pb2+/Cd2+ 

2,4-D/Zn2+/Cr2+ 

2,4-D/Zn2+/Cd2+ 

2,4-D/Cr2+/Cd2+ 

5.68±0.23c  
5.81±0.19c                 

4.37±0.25c 

5.06±0.17c 

5.29±0.31c 

2.77±0.03c 

0.37±0.06c 

6.38±0.09c 

4.22±0.18c 
2.77±0.03c  

19.61±0.90c 
23.41±1.17c 

14.44±0.72c 

17.47±0.87c 

33.57±1.67c 

15.57±0.77c 

2.13±0.10c 

39.55±1.97c 

26.78±1.33c 

15.57±0.77c 

Antagonism 
Antagonism 

Antagonism 

Antagonism 

Antagonism 
Antagonism 

Antagonism 

Antagonism 

Antagonism 
Antagonism 

Ternary mixture ratio (40:30:30) 

2,4-D/Cu2+/Pb2+ 

2,4-D/Cu2+/Zn2+ 

2,4-D/Cu2+/Cr2+ 

2,4-D/Cu2+/Cd2+ 

2,4-D/Pb2+/Zn2+ 

2,4-D/Pb2+/Cr2+ 

2,4-D/Pb2+/Cd2+ 

2,4-D/Zn2+/Cr2+ 

2,4-D/Zn2+/Cd2+ 

2,4-D/Cr2+/Cd2+ 

6.61±0.43c 
3.92±0.42c 

3.72±0.35c 

4.42±0.25c 

4.37±0.25c 
2.77±0.03c 

4.28±0.20c 

4.28±0.20c 

5.29±0.31c 
2.77±0.03c 

23.47±1.17c 

15.61±0.78c 

12.79±0.63c 

15.69±0.78c 

25.00±1.25c 
14.34±0.71c 

22.63±1.13c 

22.63±1.13c 

30.26±1.51c 

14.34±0.71c 

Antagonism 
Antagonism 

Antagonism 

Antagonism 

Antagonism 
Antagonism 

Antagonism 

Antagonism 

Antagonism 
Antagonism 
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Figure 3. Dose-response curves for phosphatase activity inhibition by ternary mixtures (20:40:40 ratio) including 2,4-

D/Pb²⁺/Cd²⁺, 2,4-D/Zn²⁺/Cr²⁺, 2,4-D/Zn²⁺/Cd²⁺, and 2,4-D/Cr²⁺/Cd²⁺. 
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Figure 4. Dose-response curves for phosphatase activity inhibition by ternary mixtures (40:30:30 ratio) including 2,4-

D/Cu²⁺/Pb²⁺, 2,4-D/Cu²⁺/Zn²⁺, 2,4-D/Cu²⁺/Cr²⁺, 2,4-D/Cu²⁺/Cd²⁺, 2,4-D/Pb²⁺/Zn²⁺, and 2,4-D/Pb²⁺/Cr²⁺. 

 

4. Discussion 
4.1 Morphological and Biochemical Identification 
Microscopic analysis confirmed that isolate R2-KJ676104 

exhibits cell dimensions and morphological features consistent 

with Desmodesmus species, exhibiting unicellular and colonial 

forms with characteristic spiny projections and mucilaginous 

sheaths. These observations align with prior descriptions by 

Charmaine et al., (2021), Hegewald (2000), and others. 

Biochemical assays (Table 1) corroborate this identification 

and concur with previous studies reporting similar profiles 
for Desmodesmus abundans (Yamamoto et al., 2004; Illman 

et al., 2002; Champenois et al., 2015; Borowitzka, 2018). 
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4.2 Molecular Identification 
The sequencing and phylogenetic analyses placed the isolate 
firmly within Desmodesmus abundans, demonstrating a 

molecular similarity of 99–100% with related species. The 

evolutionary distance metrics further support this 

classification. 

 

4.3 Toxicity of Single Metals and Ternary Mixtures 
The median inhibitory concentration values indicate zinc ion 

as the most potent inhibitor of phosphatase activity 

in Desmodesmus abundans (IC50= 0.13 ± 0.00 mM), followed 

by lead, cadmium, chromium, and 2,4-D, with copper 

exhibiting the lowest toxicity (IC50= 2.18 ± 0.47 mM) (Table 

2, Figure 2). These findings are consistent with reported 

toxicities of zinc and lead nanoparticles on freshwater algae 

(Saxena and Harish, 2019; Al-Hasawi et al., 2020; Mohy El-

Din and Abdel-Kareem, 2020).). Cadmium’s toxic effects 

align with previous literature although it is generally 

considered a lower ecological risk compared to other metals 

(Wang et al., 2020). The relatively lower toxicity of 2,4-D 
supports its classification as agro-friendly; however, its 

toxicity may increase in mixtures with metals. 

 

Ternary mixture evaluations revealed predominantly 

antagonistic interactions (TI > 1) across tested ratios (20:40:40 

and 40:30:30), except for certain combinations such as 2,4-

D/Pb²⁺/Cr²⁺ and 2,4-D/Cr²⁺/Cd²⁺, which exhibited additive or 

synergistic effects (TI ≤ 1) (Table 3). The ecotoxicity ranking 

for mixtures indicated variation in inhibitory potency, with 

particular mixtures demonstrating increased toxicity 

synergistically, consistent with previous reports on metal-

nanoparticle mixtures (Adochite and Andronic, 2021). 

 

4.4 Statistical Comparisons 
One-way ANOVA analysis confirmed significant differences 

(p < 0.05) between the IC50 values of unary and ternary 

mixtures for phosphatase inhibition (Table 4). Superscript 
comparisons indicate distinct toxicological effects among 

tested compounds and their combinations. 

 

5. Conclusion 
The study demonstrated that ternary mixtures of 2,4-D with 

heavy metals at ratios of 20:40:40 and 40:30:30 exert 

substantial inhibitory effects on Desmodesmus 

abundans alkaline phosphatase activity. Although 2,4-D alone 

exhibited relatively low toxicity, its combination with metal 

ions enhanced toxicity, emphasizing that the agrochemical's 

ecotoxicological profile is significantly altered in mixed 

contaminant scenarios. These findings highlight the need for 

urgent control over pesticide-metal mixtures in urban-rural 

aquatic settlement. 
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Table 3: One-Way ANOVA Comparison of Unary and 

Ternary IC₅₀ Values for Metal/Pesticide Effects on 

Phosphatase Activity in Desmodesmus abundans 

Toxicant 
Unary 

Desmodesmus abundans (mM) 
 

Cu2+ 2.18±0.47b 

Zn2+ 0.13±0.00a 

Pb2+ 0.16±0.01a 

Cr2+ 0.17±0.01a 

Cd2+ 0.16±0.01a 

2,4-D 0.26±0.01a 

Ternary Mixture 

(20:40:40) 

Desmodesmus abundans (mM) 

 

2,4-D/Cu2+/Pb2+ 5.68±0.23ef 
2,4-D/Cu2+/Zn2+ 5.81±0.19fg 

2,4-D/Cu2+/Cr2+ 4.37±0.25cd 

2,4-D/Cu2+/Cd2+ 5.06±0.17de 

2,4-D/Pb2+/Zn2+ 5.29±0.31ef 

2,4-D/Pb2+/Cr2+ 2.77±0.03b 

2,4-D/Pb2+/Cd2+ 0.37±0.06a 

2,4-D/Zn2+/Cr2+ 6.38±0.09g 

2,4-D/Zn2+/Cd2+ 4.22±0.18c 

2,4-D/Cr2+/Cd2+ 2.77±0.03b 

  

Ternary Mixture 

(20:40:40) 

Desmodesmus abundans (mM) 

 

2,4-D/Cu2+/Pb2+ 6.61±0.43g 

2,4-D/Cu2+/Zn2+ 3.92±0.42de 

2,4-D/Cu2+/Cr2+ 3.72±0.35d 

2,4-D/Cu2+/Cd2+ 4.42±0.25e 

2,4-D/Pb2+/Zn2+ 4.37±0.25de 

2,4-D/Pb2+/Cr2+ 2.77±0.03c 
2,4-D/Pb2+/Cd2+ 4.28±0.20de 

2,4-D/Zn2+/Cr2+ 4.28±0.20de 

2,4-D/Zn2+/Cd2+ 5.29±0.31f 

2,4-D/Cr2+/Cd2+ 2.77±0.03c 

Means with differing superscript letters indicate statistically 
significant differences at p < 0.05. 
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