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Abstract 
 
The aim of this study was to characterize starter cultures of LAB (lactic acid bacterium) and 
Bacillus spp. for controlled fermentation of cabbage and soybeans to achieve desired products. 
Cultured isolates were studied morphologically and revalidated using biochemical and 
molecular methods. Extracted DNA was amplified using two specific primers. Banding pattern 
at 1500bp showed the presence of LAB and Bacillus subtilis DNA amplified. La57 primer 
amplified amino acid antiporter gene that identified LAB while ENIF primer amplified 
endoglucanase gene that identified B. subtilis. The16S ribosomal RNA was sequenced using 
the Sanger’s method for strain specific identification. As a result, the test organisms were 
morphologically identified as Pediococcus spp and B. subtilis. They differed in the type enzyme 
production (4:7 respectively). Sequence alignment identified them as Pediococcus pentosaceus 
strain DSM20336 (LAB) and B. subtilis subsp. subtilis strain 168. This is the novelty in this 
work. Results showed that P. pentosaceus induced ferments contained the least number of 
isolates in cabbage (Lactobacillus spp., Streptococcus spp. and Pediococcus spp) and soybean 
(Bacillus spp., Streptococcus spp. and Pediococcus spp) unlike in spontaneous fermentation 
where 8-9 bacterial isolates were recorded. The study identified potential fermenting strains of 
bacteria that could be employed as potential starter culture in the industrial fermentation of 
vegetable and legume foods to boost food security in Nigeria. These findings have industrial 
and economic benefits.  
Keywords: Characterization, Starter Culture, Fermentation, Vegetable, Legume, Food security 
 

Introduction 
 
Industrial fermentation of foods has played major roles in boosting global food security. This 
is achieved through preservation and conversion of plant materials into diverse edible products 
that are available for people to choose from. Also, controlled fermentation increases the 
nutritional values of products (Walters et al. 2016). 
In addition to traditional methods, modern techniques such as molecular characterization are 
now trending in the analysis of fermenters. They are concerned with specific identification of 
microbial strains and the genes responsible for fermentation of a particular food (Vossen et al. 
2019). Techniques in extraction of genomic and plasmid DNA, PCR (Polymerase Chain 
Reaction), gradient gel electrophoresis, and 16s rDNA sequencing are employed to characterize 
different type food fermenters (Walters et al. 2016, Hui et al. 2017, Vossen et al. 2019). 
Characterization of isolates by using DNA fingerprinting electrophoresis has revealed genetic 
variability within highly heterogeneous species (Swain et al. 2014). Genetic variability has been 
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reported within a species of fermenting bacteria (Li et al. 2021). Knowledge of gene technology 
and genomics has played a major role in identification of new strains with potential fermenting 
capability of products and their use as probiotics (Li et al. 2021). 
Identification of strains and variants of fermenting species of bacteria is very crucial in 
fermentation technology because of the need to ensure proper selection of starter culture needed 
to achieve desired results. Morphological identification of fermenters, that combines cultural 
and biochemical characterization, has been explored in this regard among authors (Emkani et 
al. 2022). This type of microbial systematic evidence provides baseline data of microbial 
identification that is limited to generic level and species taxa.  However, starter culture needed 
in an elaborate fermentation of commercial product requires high level of microbial specificity 
and accuracy beyond species taxon. LAB and Bacillus spp. have been employed in the 
fermentation of vegetable and legume foods. However, lack of identity of strain specific 
variants make controlled fermentation experiments difficult to achieve. The aim of this study 
was to characterize starter cultures of a LAB and Bacillus spp. (in the controlled fermentation 
of cabbage and soybeans) using biochemical and molecular methods.  
 It was designed to explore the enzyme production differences and gene sequencing of 16s 
rDNA to identify the starter cultures to strain taxon. 
 

Materials and Methods 
 
Sample collection and preparation 
Cabbage leaves and soybean seeds were purchased in sufficient quantities from major markets 
within the State Capital. All materials were packaged using sterile bags and transported to the 
laboratory for further processing and analysis. Cabbage leaves were cleaned by removing the 
damaged outer leaf cover. These were shredded after washing with sterile distilled water.  
Hydrated soybean seeds were dehulled manually by rubbing the seeds multiple times with the 
palms to get them ready for fermentation (Ahmad et al. 2015). 
Source of organisms  
LAB and Bacillus spp. were isolated from vegetable and legume sources. Stock cultures were 
also collected from the Microbiology Laboratory, Joseph Sarwuan Tarka University Makurdi, 
Nigeria. Sub-culturing was done on MRS agar using spread plate method followed by cultural 
characterization (Du et al. 2018). 
Biochemical characterization of isolates 
Isolates were revalidated using standard biochemical tests including Gram staining and enzyme 
production. The following tests were carried out: catalase, citrate utilization, urease, indole, 
amylase and gelatinase production tests using standard protocol as given by Florindo et al. 
(2018). Other enzyme production tests carried out were invertase, cellulase, lipase, phytase, 
protease and esterase tests. The bacteria isolates confirmed by biochemical tests were sub-
cultured on Luria-Bertani (LB) media and incubated at 37℃ overnight from which broth 
cultures were prepared for further revalidation and characterization using molecular techniques 
(Pino et al. 2018). 
Extraction of genomic DNA  
Protocols described in Du et al. (2018) and Arteaga et al. (2021) were used. Bacterial DNA was 
extracted using boiling method. Exactly 1.5ml of the sample broth was centrifuged at 
10,000rpm for 5 min. The supernatant was decanted while the pellets were washed twice with 
200µL sterile deionized water. This was followed by homogenization step and boiling in a 
water bath at 100oC for 10 min, while further centrifugation took place at 12,000 rpm for 5 min. 
The supernatant containing the DNA was transferred to another test tube and stored at -20℃. 
Purity of the extracted DNA was checked on a spectrophotometer at 280nm wavelength, using 
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quantitative approach that determines the quantity of DNA extracted. This served as the 
template for PCR (Du et al. 2018, Arteaga et al. 2021). 
Polymerase chain reaction (PCR) 
This step amplified the extracted DNA (genomic and plasmid) of test isolates for a more precise 
identification than biochemical tests. The protocols outlined in Du et al. (2018) were used. 
Amplification was carried out on a thermocycler loaded with 50 µl reaction volumes 
containing; 25 ul Dream Taq Master Mix (Thermo Fisher Scientific, USA), 15µl of nuclease 
free water, 2.5µl of each primer and 2.5 µl of extracted bacterial DNA. The primers used in the 
amplification and their sequences are given in Table 1. The Amplification was done in 35 cycles 
with an initial denaturation at 95 ℃ for 5 min. followed by a denaturation step of 95 ℃ for 2 
min, primer annealing at 55oC for 30s and primer extension at 72℃ for 1 min, with the final 
extension at 72 ℃ for 10 min. The amplified DNA products were loaded on electrophoresis 
machine (64 V for 2 h) in a 1.5% agarose gel medium stained with ethidium bromide. Lamda 
DNA Hind III Marker was used as DNA molecular weight marker. Separated DNA bands were 
visualized on a UV trans-illuminator. 
Gene sequencing and strains identification 
All PCR products were purified with Exo sap for Sanger Dideoxy sequencing for determination 
of nucleotide arrangements in the genes and specific identification of strains of fermenting 
species of Bacillus and LAB. Variable regions within the 16s rRNA (ribosomal RNA) regions 
were sequenced. This was compared with known 16s rRNA sequence at National Centre for 
Biotechnology Information (NCBI) database using Basic Local Alignment Search Tool 
(BLASTn) algorithm using the online blast search at http://blast.ncbi.nlm.nih.gov/Blast.cgi. 
Identification of the sequences at both genus, species and strain level were defined as a 16s 
rRNA sequence similarity at between 95- 100% with that of the phenotype strain sequence in 
GenBank. (Du et al., 2018). 
 
Table 1. List of Specific Primers for PCR  
Primer Gene function Sequence Base 

pair 
Target 

La57 Amino acid 
antiporter gene 

F- GGTCGGGGGATCTGAAAAGA 
R- GATTTGGGCAAGCACATTGG 

274 LAB (lactic 
acid bacteria) 

EN1F Endoglucanase 
gene 

F-CCAGTAGCCAATGGCCAGC 
R-GGAATAATCGCCGCTTTGTGC 

124 Bacillus 
subtilis 

      (Du et al. 2018, Arteaga et al. 2021) 
 
Identification of bacterial species in fermented products 
Controlled fermentation of cabbage and soybean experiments were set up using the 
characterized isolates as starter cultures. Spontaneous fermentation and bacterial induced 
fermentation were allowed to progress simultaneously. Morphological observations were 
recorded on the agar culture media. These included the colour and outline of the colony of each 
bacterium. Motility test was done by adding a drop of peptone water on a glass slide containing 
bacterial colony covered with a slip and viewed under the microscope with high power 
objective lens (Cheesbrough 2006). Serial dilution, pour plates techniques and incubation (37oC 
for 24 hours) methods employed (Cheesbrough 2006). Visible colonies on the plates were 
counted using Colony Counter. Biochemical methods were used in analysis of bacterial species 
present in fermented products at week 4 of the experiment (Li et al. 2019) as previously 
discussed.  
 
 
 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Results and discussions 

 
Table 2 gives the morphological identification of isolates based on cultural and microscopic 
characterizations as well as responses to Gram’s staining. Grey, circular Gram-positive rods 
that possessed smooth entire edge were typical of B. subtilis.  Opaque, and circular Gram-
positive rods with smooth entire edges were characteristics of Pediococcus species. Cultural 
characteristics of the isolates were in tandem with previous findings on morphologies of the 
test and standard cultures (Li et al. 2019). However, systematic resolutions were delimited to 
the genus taxon in Pediococcus and species taxon in B. subtilis. The study aligns with the use 
of cultural characteristics as fundamental steps, not only in providing pure culture for further 
analysis, but also in the determination of identity of the collected bacterial samples 
(Kiczorowski et al. 2022). Cultural characterization provides baseline information in microbial 
analysis of samples. All the LAB and B. subtilis were first identified using their outline, colour, 
transparency and elevation. 
 
Table 2. Cultural and Microscopic Morphology of Bacterial Sample  
Organism Morphology Gram reaction       Outline Status 
B. subtilis  Grey, Circular, Smooth, 

entire edge 
+ Rods Test colony 

Pediococcus 
species 

White/opaque circular 
and entire, tops of 
colonies were raised, 
convex or umbonate. 

+ Rods Test colony 

 
Further biochemical characteristics re-validated the colonies according to their reactions to 
catalase, urease, citrate and indole tests (Table 3). B. subtilis colonies were positive to catalase 
and indole tests. Out of ten (10) enzymes screened for the test isolates (Table 4), Pediococcus 
spp produced 4 enzymes (amylase, lipase, phytase and protease) while B. subtilis produced 7 
enzymes (catalase, urease, amylase, cellulase, lipase, phytase and gelatinase). The validity of 
the bacterial cultures confirmed through the use of basic biochemical tests gave credence to the 
identity of the LAB and B. subtilis tested. This aligns with standard bacteriological practices 
because it takes advantage of the biochemical and physiological responses of the isolates to 
certain chemical compounds. Unlike the cultural method of identification, biochemical methods 
are more objective and reliable (Adedokun et al. 2016, Pino et al. 2018, Taddia et al. 2019). 
Among other biochemical tests, enzyme production is a good biochemical parameter that 
distinguishes the test isolates.  
Enzymes are organic catalysts that speed the rate of metabolic reactions in all living cells 
including microbial cells. The presence of functional enzymes is crucial in the formation of 
fermented food products. Production of these enzymes is an indicator of fermentative ability of 
the test isolates. This is because fermenters require functional enzymes to carry out food 
fermentation processes through hydrolysis, liquefaction, saccharification, and modification of 
diverse food types (Taddia et al. 2019). The above explanation probably accounts for the 
fermentation of cabbage and soybeans by LAB and B. subtilis used as starter culture in this 
work. According to Akanni et al. (2018), LAB produce lactic acid, organic acids and carbon 
dioxide during enzyme-based fermentation while B. subtilis hydrolyze proteins to form 
constituent peptides, amino acids and ammonia in alkaline fermentation. Fermentation 
enhances food digestibility and the level of vitamin, amino acids and minerals (Taddia et al. 
2019). 
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Table 3. Biochemical Characteristics of Test and Standard Isolates 
S/N Biochemical tests B. subtilis     Pediococcus 

species 
1. Catalase + - 
2. Urease - - 
3. Citrate - - 

4. Indole + - 
Key: + = Positive, - = Negative 
 

Table 4. Screening for Enzyme Production in Test Isolates 
 Enzyme Pediococcus spp. B. subtilis 

 
1 Catalase Negative Positive 
2 Urease Negative Positive 
3 Invertase Negative Negative 
4 Amylase Positive Positive 
5 Cellulase Negative Positive 
6 Lipase Positive Positive 
7 Phytase Positive Positive 
8 Protease Positive Negative 
9 Esterase Negative Negative 
10 Gelatinase Negative Positive 
Total  4 enzymes 7 enzymes 

 
The two test isolates were confirmed true as shown in the agarose gel image that revealed DNA 
bands of the two bacteria (Plate 1). Banding pattern at 1500bp showed the presence of LAB 
and B. subtilis DNA amplified using two different specific primers. La57 primer amplified 
amino acid antiporter gene that identified LAB while ENIF primer amplified endoglucanase 
gene that identified B. subtilis. The sequence alignment of 16S ribosomal RNA of the test strain 
identified the LAB as Pediococcus pentosaceus strain DSM20336. It was assigned sequence 
identification number of 343201332|NR_042058.1. It contained 910 bits (1008) with 94% 
identity and 0% gaps. Sequence alignment of 16S ribosomal RNA of the test strain identified 
the B. subtilis as B. subtilis subsp. subtilis strain 168. It was assigned sequence identification 
number of 1269801457|NR-102783.2. It contained 426 bits (472) with 99% identity and 0% 
gaps.  
Molecular characterization provides a more reliable confirmation and re-validation of test 
isolates at the gene level. This also confirms the presence of two genes (La57 coding for amino 
acid antiporter gene and EN1F gene coding for endoglucanase enzyme) needed in lactic acid 
and alkaline fermentation carried out by LAB and B. subtilis respectively. Starter culture needed 
in an elaborate fermentation of commercial product requires high level of microbial specificity 
and accuracy beyond species taxon (Walters et al. 2016, Hui et al. 2017). Identification of 
strains and variants of fermenting species of bacteria is very crucial in fermentation technology 
because of the need to ensure proper selection of starter culture needed to achieve desired 
results. In this work, sequence alignment of 16S ribosomal RNA of the test strain confirmed 
the LAB as Pediococcus pentosaceus strain DSM20336 and B. subtilis subsp. subtilis strain 
168. These strains may offer potential use as probiotics in line with the recommendations of 
Vossen et al. (2019). 
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Plate 1. Agarose Gel Image of DNA Bands of LAB and B. subtilis Amplified by La57 and 
ENIF primers respectively 
Legend: LAB (lactic acid bacteria); BS - B. subtilis  
 
Figure 1 shows the number of bacterial isolates in fermented cabbage from week 1 to 4 of the 
experiments. Isolates consisted of 5-8 species in the first three weeks. In the final product (week 
4), spontaneous fermented cabbage contained a total of 8 bacterial species of the genus Bacillus, 
Escherichia, Staphylococcus, Pseudomonas, Micrococcus, Corynebacterium, Lactobacillus 
and Salmonella (Table 5). Fermented cabbage with mixed culture of Bacillus + Pediococcus 
starter cultures contained 5 species: Corynebacterium spp., Bacillus spp., Pediococcus spp., 
Leuconostoc spp. and Streptococcus spp. Fermented cabbage with B. subtilis as starter culture 
contained 4 species of bacteria including Bacillus spp., Streptococcus spp., Pediococcus spp. 
and Leuconostoc spp. The 3 bacteria isolated from Pediococcus-ferment were Lactobacillus 
spp., Streptococcus spp. and Pediococcus spp.  
There were evidences that unwanted bacteria were eliminated in cabbage and soybean ferments 
inoculated with single and mixed test strains especially when P. pentosaceus was applied as 
starter culture, thus confirming the antibacterial effects of the ferments. Results showed a clear 
elimination of Escherichia, Staphylococcus, Pseudomonas, Micrococcus, Corynebacterium 
and Salmonella found in products of spontaneous fermentation. These organisms were known 
to cause food spoilage and gastroenteric diseases. The present study conforms with the outcome 
of other studies since reports have shown that fermented vegetables and legumes may contain 
diverse micro-organisms strains of fermenting bacteria (Akanni et al. 2018, Kiczorowski et al. 
2022).  
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Figure 1. Number of Bacterial Isolates in Fermented Cabbage 

Legend: C+CT= Control experiment (spontaneous fermentation); C+P = Cabbage + 
Pediococcus; C+B = Cabbage + Bacillus; C+B+P = Cabbage + Bacillus + Pediococcus 

 
Table 5. Isolated Bacterial Species in Fermented Cabbage at Week 4  
Treatments C+CT C+P C+B C+B+P 
1 Bacillus spp. Lactobacillus spp Bacillus spp Corynebacterium spp 
2 Escherichia coli Streptococcus spp Streptococcus spp Bacillus spp 
3 Staphylococcus spp Pediococcus spp Pediococcus spp Pediococcus spp 
4 Pseudomonas spp  Leuconostoc spp Leuconostoc spp 
5 Micrococcus spp   Streptococcus spp 
6 Corynebacterium spp    
7 Lactobacillus spp    
8 Salmonella spp    
Total 
isolates at 
week 4 

8 3 4 5 

Legend: C+CT= Control experiment (spontaneous fermentation); C+P = Cabbage + 
Pediococcus; C+B = Cabbage + Bacillus C+B+P = Cabbage + Bacillus + Pediococcus 
  
Figure 2 shows the number of bacterial isolates in fermented soybeans from week 1 to 4 of the 
experiments. Isolates consisted of 4-9 species in the first three weeks. In the final product (week 
4), spontaneously fermented soybean contained a total of 9 bacterial species of the genus 
Bacillus, Escherichia, Staphylococcus, Pseudomonas, Micrococcus, Corynebacterium, 
Lactobacillus, Salmonella and Streptococcus (Table 6). There were 5 species in two starter 
culture treated ferments: Bacillus+Pediococcus (S+B+P) ferment and Bacillus-ferment (S+B).  
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Figure 2. Number of Bacterial Isolates in Fermented Soybean 

Legend: S+CT= Control experiment (spontaneous fermentation); S+P = Soybean + 
Pediococcus; S+B = Soybean + Bacillus; S+B+P = Soybean + Bacillus + Pediococcus 

 
Table 6. Isolated Bacterial Species in Fermented Soybean at Week 4  
Treatments S+CT S+P S+B S+B+P 
1 Bacillus spp Bacillus spp Bacillus spp Lactobacillus spp 
2 Escherichia coli Streptococcus spp Streptococcus spp Bacillus spp 
3 Staphylococcus spp Pediococcus spp Micrococcus spp Pediococcus spp 
4 Pseudomonas spp  Leuconostoc spp Leuconostoc spp 
5 Micrococcus spp  Lactobacillus spp Streptococcus spp 
6 Corynebacterium spp    
7 Lactobacillus spp    
8 Salmonella spp    
9 Streptococcus spp    
Total at 
week 4 

9 3 5 5 

Legend: S+CT= Control experiment (spontaneous fermentation); S+P = Soybean + 
Pediococcus; S+B = Soybean + Bacillus; S+B+P = Soybean + Bacillus + Pediococcus 
 
Although the aim of the study was achieved, some limitations were noted. These were lack of 
strain identity of the bacterial isolates as unwanted contaminants present as the experiment 
progressed, inability to introduce quality control points to eliminate undesired bacteria and lack 
of controlled optimized conditions for fermentation, as well as how these conditions affect 
bacterial population. The above should be included in future design in related work.  
 

Conclusions 
 
The two test strains are useful as starter cultures in the controlled fermentation of cabbage and 
soybeans to form useful products. Both Pediococcus pentosaceus and B. subtilis have 
capabilities to produce useful enzymes. Sequence alignment of 16S ribosomal RNA of the test 
strain confirmed the LAB as Pediococcus pentosaceus strain DSM20336 and B. subtilis subsp. 
subtilis strain 168. Results showed that P. pentosaceus induced ferments contained the lowest 
number of unwanted isolates in cabbage and soybean unlike in spontaneous fermentation where 
8-9 unwanted isolates were found. The study identified potential fermenting strains of bacteria 
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that produced quality ferments, reduced spoilage and prevented unwanted bacteria. These 
strains could be employed as starter culture in the industrial fermentation of vegetable and 
legume foods to boost food security in Nigeria.   
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Abstract 
 
The phytochemical constituents of Guiera senegalensis, a widely used traditional medicinal 
plant in Africa, were investigated for their potential biological activities. Ethanolic extracts of 
G. senegalensis leaves were fractionated, and the resulting fractions were analyzed using GC-
MS and NMR techniques. Forty compounds were identified by comparing their spectral data 
with published references. The hexane extract exhibited promising anti-leishmanial activity 
against Leishmania major, with an IC₅₀ of 16.69 ± 0.3 µg/mL. The ethyl acetate fraction 
showed moderate activity (IC₅₀ = 89.63 ± 0.6 µg/mL), while dichloromethane fractions were 
inactive at concentrations exceeding 100 µg/mL. The extract demonstrated limited 
antibacterial activity, inhibiting only Bacillus subtilis with a 60.31% inhibition rate, and 
showed no antifungal effects. Cytotoxicity testing on 3T3 cells revealed less than 50% 
inhibition, indicating minimal toxicity at tested concentrations. These findings support the 
ethnopharmacological relevance of G. senegalensis and highlight its potential as a source of 
anti-leishmanial drug candidates. 
Keywords: Guiera senegalensis, spectral analysis, Bio-assay, Anti-leishmanial activity 
 

Introduction 
 
Natural products remain a vital source of chemical diversity for drug discovery, with 
medicinal plants offering a rich repository of bioactive compounds, including crude extracts, 
essential oils, and secondary metabolites (1). In Africa, many traditionally used medicinal 
plants remain understudied despite their therapeutic potential. 
Guiera senegalensis, a shrub belonging to the Combretaceae family, is widely used in 
traditional African medicine, particularly across the Sahel region. It is employed in treating 
wounds, snakebites, gastrointestinal disorders, coughs, and neurological conditions such as 
Alzheimer’s disease (2). These traditional uses have prompted increasing scientific interest in 
its phytochemistry and pharmacological properties. Previous studies have reported 
antioxidant, neuroprotective, and antibacterial effects from the ethanolic leaf extract, 
attributed to compounds such as flavonoids, alkaloids, and galloylquinic acid derivatives (3). 
GC-MS analysis has identified over 50 compounds in G. senegalensis, including significant 

mailto:hamadamna6@gmail.com
mailto:AmnaAtia@ncr.gov.sd


Research Article Atia et al (2025) J Exp Molec Biol 26(3):175-186; DOI:10.47743/jemb-2025-238 
 

www.jemb.bio.uaic.ro Page 176 
 

concentrations of flavonoids and alkaloids (4). These phytochemicals are known to exert 
antibacterial and antifungal activities, primarily through mechanisms like membrane 
disruption and enzyme inhibition (5). 
Given the increasing threat of antimicrobial resistance and the global burden of leishmaniasis, 
there is an urgent need to identify novel therapeutic agents. This study investigates the 
phytochemical profile of G. senegalensis leaves and evaluates the biological activities of its 
extracts and fractions, with a focus on anti-leishmanial, antibacterial, and antifungal 
properties. 
We hypothesize that the ethanolic leaf extract contains bioactive phytochemicals such as 
flavonoids, alkaloids, and terpenoids that exhibit antimicrobial and antiparasitic effects 
through mechanisms including membrane disruption, microbial enzyme inhibition, and 
interference with parasite metabolism. This study aims to isolate and identify these 
compounds and assess their biological activities to elucidate their potential modes of action. 
The novelty of this study lies in its integrative approach, combining GC-MS and NMR-based 
phytochemical profiling with targeted bioactivity screening. Unlike prior studies, our work 
systematically links specific chemical fractions of G. senegalensis to anti-leishmanial and 
antimicrobial effects, providing new insights into its pharmacological potential. 
 

Materials and Methods 
 
Plant Collection and Authentication: 
Guiera senegalensis leaves were collected from Darfur, Western Sudan, and authenticated by 
a taxonomist at the Herbarium of Medicinal and Aromatic Plants and Traditional Medicine 
Research Institute (MAPTRI), National Centre for Research (NCR), Khartoum, Sudan. A 
voucher specimen was deposited (Voucher No. KHT-SD-2022/43). 
Extraction Procedure 
The plant material was washed, air-dried, ground into powder, and stored at room 
temperature. One kilogram of powdered leaves was extracted with 80% ethanol using the 
maceration method described by Harborne (6). The extract was filtered, evaporated under 
reduced pressure, and the yield was calculated. Residues were stored at 4 °C in tightly sealed 
glass vials for further analysis. 
Fractionation, Compound Isolation, and Purification 
The crude ethanolic extract was partitioned sequentially using solvents of increasing polarity: 
n-hexane, dichloromethane (DCM), and ethyl acetate (EtOAc), using a separating funnel. 
Each fraction was concentrated, weighed (n-hexane: 14.29 g; DCM: 32.46 g; EtOAc: 
38.14 g), and stored for chromatographic separation. 
Column chromatography was performed using silica gel and a gradient solvent system (n-
hexane–EtOAc–MeOH). Fractions (F1–F24) were collected and further purified by semi-
preparative HPLC (RP-C18 column), using MeOH:H₂O (80:20) at a flow rate of 4 mL/min 
for 20 minutes. Isolated compounds were collected in pre-weighed, labeled vials and analyzed 
by thin-layer chromatography (TLC) (7). 
The bio-active compounds were identified by GC-MS, and Nuclear magnetic resonance 
(NMR) spectral data. GC- MS were conducted using: 
Gas chromatography- mass spectrum (GC-MS) analysis: Mass-Hunter GC/MS (Agilent 
Technologies, Santa Clara, CA, USA), equipped with a ZEBRON –ZB-5 column (430C: 30 
m × 320 µm × 0.25 µm) and operated in electron ionization (EI) mode at 70 eV with a scan 
MS1 range of 40–700 m/z. Helium was used as the carrier gas (1.5 mL/min). The temperature 
of the inlet was set to 250 ◦C. The column temperature initiated at 50 ◦C for 5 min, and then 
was programmed to rise to 200 ◦C at the rate of 7 ◦C/min for 20 mi, then to raise 300 ◦C at the 
rate 7 ◦C/ min, for 30 min  
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Nuclear magnetic resonance (NMR) spectral data: One – dimensional (l1H NMR), two –
dimensional(2D), and 13C NMR, spectra were recorded in CDCl3 or MeOD on AVANCE 
III 500 MHz spectrometer (Bruker, Switzerland) at 500 MHz using tetramethylsilane as an 
internal standard. The chemical shifts were given in δ (ppm). Their spectral data were then 
compared with published values and further conformed using NIST/EPA/NIH Mass spectral 
database (NIST11) to NIST MS search program v.2.0 g. (8). 
Biological Assays: 
Cell Line and Cytotoxicity screening  
The cytotoxicity of the extracts and fractions was evaluated using 3T3 mouse fibroblast cells 
via the MTT colorimetric assay (9). Cells were seeded in 96-well plates and incubated with 
varying concentrations of test samples. After 24 hours, MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 
5-diphenyltetrazolium bromide) solution was added to each well and incubated for 4 hours. 
The resulting formazan crystals were dissolved in DMSO, and absorbance was measured at 
540 nm using a micro-plate reader (Spectra Max Plus, Molecular Devices, CA, USA). 
Cytotoxicity was expressed as the concentration causing 50% growth inhibition (IC₅₀). 
Percent inhibition was calculated using the formula: 
Inhibition (%) = 100 − �𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦 𝐨𝐨𝐨𝐨 𝐎𝐎.𝐃𝐃 𝐨𝐨𝐨𝐨 𝐭𝐭𝐭𝐭𝐭𝐭𝐭𝐭 𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜 − 𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦 𝐨𝐨𝐨𝐨 𝐎𝐎.𝐃𝐃 𝐨𝐨𝐨𝐨 𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧 𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜

𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦 𝐨𝐨𝐨𝐨 𝐎𝐎.𝐃𝐃 𝐨𝐨𝐨𝐨 𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩 𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜 − 𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦 𝐨𝐨𝐨𝐨 𝐎𝐎.𝐃𝐃 𝐨𝐨𝐨𝐨 𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧 𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜� × 100 
OD test: Mean optical density of cells treated with test compound 
OD negative: Mean OD of negative control (e.g., untreated cells = 100% viability) 
OD positive. Mean OD of positive control (e.g., a known cytotoxic agent like doxorubicin = 
0% viability). Data were processed using Soft Max Pro Software (Molecular Devices, USA). 
Anti-Leishmanial Activity: 
The anti-leishmanial activity of G. senegalensis extracts, fractions, and isolated compounds 
was evaluated against Leishmania major promastigotes (ATCC 50155) using a micro-plate-
based assay (10). Promastigotes were incubated with test samples in RPMI-1640 medium 
supplemented with 10% fetal calf serum (FCS). Parasite viability was assessed by counting 
motile cells using a Neubauer chamber. IC₅₀ values were calculated using EZ-Fit software 
based on dose-response curves (11) 
Screening of plant extract on Amastigotes:  
To evaluate intracellular activity, macrophage monolayers were prepared in 24-well plates 
(1×10⁶ cells/well) and infected with L. major promastigotes at a ratio of 5:1 (parasite: 
macrophage). After 48 hours of incubation, non-internalized parasites were removed, and 
infected macrophages were treated with test extracts. The following parameters were 
calculated: 

Infection Rate (IR) =        Number of infected macrophages in 100 macrophages    
   Multiplication Index (MI):   = Number of amastigotes in test culture / 100 macrophages    
x 100 
                                                       Number of amastigotes in control / 100 macrophages 
Antibacterial Activity: 
Preparation of Bacterial Inoculum: 
Antibacterial activity was tested against five bacterial strains (E. coli, S. aureus, B. subtilis, P. 
aeruginosa, and S. typhi) using the Microplate Alamar Blue Assay (MABA), as described by 
Sarker. (12). Bacterial suspensions were adjusted to 0.5 McFarland standard (~10⁸ CFU/mL), 
and diluted 1:10 in nutrient broth. 
Microdilution Assay: 100 μL of nutrient broth was dispensed into each well of a sterile 96-
well plate. Serial two-fold dilutions of extracts were prepared, followed by 100 μL of bacterial 
suspension and 10 μL of resazurin dye (0.01% w/v). Ciprofloxacin was used as the positive 
control. Plates were incubated at 37 °C for 18–24 h. Color change was visually inspected and 
quantitatively measured at 570 nm and 600 nm. 
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MIC Determination: The Minimum Inhibitory Concentration (MIC) was defined as the 
lowest concentration of the extract or fraction at which no visible color change (i.e., retention 
of blue color) occurred, indicating effective inhibition of bacterial growth. 
Percentage Inhibition (%) = �A control−A blank

A control−A test � × 100 
In-vitro Anti-fungal activity Bioassay (Preliminary Screening): 
The antifungal activity of G. senegalensis leaf extracts and fractions were evaluated against 
six fungal strains, Aspergillus fumigatus (ATCC 46645), Aspergillus niger (clinical isolate), 
Candida albicans (SC5314), Candida glabrata (ATCC 2001), Fusarium lini (environmental 
isolate), Microsporum canis (ATCC 36299), and Trichophyton rubrum (clinical isolate) using 
the broth microdilution method. (13), with minor modifications. 
Preparation of Fungal Inoculum: 
Fungal strains were cultured on Sabouraud Dextrose Agar (SDA) and incubated at 28 °C for 
48-72 hours. Spores or yeast cells were harvested using sterile saline solution containing 
0.05% Tween 80 and adjusted to a final concentration of approximately1 × 10⁶ spores/ml, 
using a hemocytometer. 
 Microdilution Assay: 
In sterile 96-well micro-titer plates, 100 µL of Sabouraud Dextrose Broth (SDB) was 
dispensed into each well. Serial two-fold dilutions of the test extracts and fractions were 
prepared in the wells to achieve different concentrations. Subsequently, 100 µL of fungal 
inoculum was added to each well, with final volume 200 µL /well. The plates were incubated 
at 28°C for 48 hours under sterile conditions. 
Assessment of Fungal Growth: 
After incubation, fungal growth was assessed visually and by measuring linear growth (in 
mm). Additionally, 20µL of 0.01% (w/v) Resazurin solution was added to each well as a 
viability indicator.  Blue-to-pink color shift indicated fungal viability and metabolic activity. 
 Determination of Antifungal Activity: 
Antifungal efficacy was determined by calculating the percentage inhibition of fungal growth 
compared to the negative control. The % inhibition was calculated using the following 
formula:  
% inhibition = 100 − Linear growth in test (mm)

Linear growth in Control (mm)
  x 100 

The Minimum Inhibitory Concentration (MIC) Determination: 
The MIC was defined as the lowest concentration of the test extract or fraction that resulted in 
no visible fungal growth or no color change in the resazurin dye, indicating complete growth 
inhibition. 
Statistical Analysis:  
 All experiments were conducted in triplicate, and the results are presented as mean ± 
standard deviation (SD). The inhibitory concentration (IC50) values for both anti-
leishmanial and cytotoxicity assays were calculated using dose response curves generated in 
Microsoft Excel. Absorbance readings at 540 mm were used to assess cell viability following 
treatment with varying concentration of plant extracts and fractions. Percentage inhibition (% 
inhibition) was calculated relative to untreated controls, and non-linear regression was applied 
to IC50 values. The IC50 was defined as the concentration of the test sample that resulted in 
50% inhibition of parasite or cell viability. A p-value <0.05 was considered statistically 
significant. For antibacterial and antifungal assays, for antibacterial and antifungal assays, 
the percentage inhibition of microbial growth was calculated relative to untreated controls. 
Differences between treated and control groups were considered statistically significant at p < 
0.05. 
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Results 
 
Isolation and Identification of Bio-active compounds: 
The bioactive compounds in G. senegalensis were identified through Gas Chromatography-
Mass Spectrometry (GC-MS) analysis and Nuclear Magnetic Resonance (NMR) spectral data 
(1H, 2D, 13C NMR), along with mass spectral data and comparison with previously 
published data from the National Library of Medicine. The fractions of the ethanolic extract 
of G. senegalensis were analyzed using (1H and 13C NMR), mass spectral analysis, and GC-
MS chromatography. Known compounds (40) were identified (Table 1, and Figures (1-40) 
supplementary file), by comparing their spectral data with previously reported data in the 
literature. As pure Compounds: 7 (43 mg), Flavasperone (14) (Figure 1), 10(34.5mg) as Ethyl 
gallate (3) (Figure 2), 32(22 mg) as 1-Eicosanol, (37) as β –Amyrin, 38 (31 mg), as α-Amyrin 
(15) (Figures 3, 4, 5), and 40 (4.65mg) as Daucosterol (16) (Figure 6), while the other 
compounds were obtained as mixtures (Figure 7). 

 
Figure 1. Structure of pure compound Flavasperone in G senegalensis J.F.Gmel. 
 

 
Figure 2. Mass spectrum of pure compound Ethyl gallate of hexane fraction 
 

 
Figure 3. Mass spectrum of pure compound 1-Eicosanol of hexane fraction 
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Figure 4. Mass spectrum of pure compound β-Amyrin of hexane fraction 
 

 
Figure 5. Mass spectrum of pure compound α-Amyrin of hexane fraction 
 
 

       
Figure 6. NMR spectra of compound Daucosterol of Ethyl acetate fraction 
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Figure 7. Mass spectrum of compounds mixture in Guiera senegalensis J.F.Gmel 
(Combretacae) leaves using GC-MS analysis 
 
Cytotoxicity screening: 
The cytotoxicity of the G. senegalensis extract was assessed alongside standard drugs (Table 
1), and demonstrated less than 50% cytotoxicity against 3T3 cells, indicating no significant 
toxicity at the tested concentrations.  
 
Table 1. Cytotoxicity of G. senegalnesis extract on 3T3 (Mouse fibroblast) cell evaluated by 
assay (MTT BI) 

Key: IC50 ˂ 50 µg\ml: High toxic, > 50 μg/ml: no toxic *Control = standard drug/s 
(Doxorubicin) was used as the control positive at 0.1±0.02 μg/mL. 
 
In vitro assessment of anti-leishmania activity 
The hexane fraction exhibited the highest anti-leishmanial activity against L. major 
promastigotes, with an IC₅₀ of 16.69 ± 0.3 µg/mL. The ethyl acetate fraction had moderate 
activity (IC₅₀ = 89.63 ± 0.6 µg/mL), while the DCM fraction and crude extract were inactive 
(IC₅₀ > 100 µg/mL). Standard drugs amphotericin B and pentamidine had IC₅₀ values of 3.39 
± 0.03 and 4.39 ± 0.01 µg/mL, respectively. 
 
Table 2. In vitro anti-leishmania activity (leishmania major) Promastigotes of extract/ 
fractions of G. senegalensis and standard drugs 
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Test compound\s Concentration  
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% inhibition IC50 µg\ml± SD 

G. senegalensis crude extract 30 µg\ml 5.0% 
 

In active 
(non- cytotoxic) 
 

Doxorubicin( Control)  30 µg\ml 89.9% 0.2 

Test compound\s IC50 µg\ml± SD 

crude extract  >100 In active 
fractions hexane 16.69±0.3 Significant active 
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Antibacterial activity: 
The ethanolic extract of G. senegalensis showed moderate antibacterial activity against 
Bacillus subtilis (60.31% inhibition), but was inactive against the other strains. In contrast, 
standard antibiotics exhibited broad-spectrum potency with over 89% inhibition. The 
selective activity against B. subtilis suggests a potential affinity for Gram-positive bacteria, 
likely due to phytochemicals such as flavonoids or alkaloids. While less potent than 
conventional drugs, the extract’s activity supports further fractionation and optimization to 
identify and enhance its active constituents (Table 2).  
 
Table 3. Percentage inhibition of G. senegalensis of test bacterial strain vs. standard 
antibiotics 

 
Bacterial Strain 

 
% inhibition of test 
extract/compound 

 
% inhibition of 
standard drug 

Escherichia coli 
ATCC25922 

- 89.20 

Bacillus subtilis 
ATCC23857 

60.31% 90.47 

Staphylococcus aureus 
NCTC6571 

- 90.37 

Pseudomonas aeruginosa 
ATCC10145 

- 92.42 

Salmonella typhi 
ATCC 14028 

- 96.62 

*Key: amount of extract 60 mg, Amount of drug: 10 mg,  Con. of extract: 3000 µg/ml, Con. 
of drug: 1000 µg/ml. 
 
Anti-fungal activity:  
Based on the growth of various Fungus strains including Aspergillus fumigatus, Aspergillus 
niger, Candida albicans, Candida glabarata, Fusarium lini, Microsporumcanis, and 
Trichophyton rubrum, their linear growth (in mm) and growth inhibition were summarized in 
Table 2. 

Discussions 

Phytochemical analysis of G. senegalensis revealed rich profile of secondary metabolites, 
including flavonoids, tri-terpenes (α- and β-amyrin), sterols (daucosterol), and phenolic 
compounds such as ethyl gallate. These are widely recognized for their antimicrobial and anti-
parasitic activities, which likely underpin the bioactivity observed in this study. Flavonoids 
are known to disrupt microbial membranes, interfere with nucleic acid synthesis, and alter 
energy metabolism, thereby exhibiting broad-spectrum antimicrobial properties (17). In the 
context of leishmaniasis, several flavonoids induce oxidative stress and mitochondrial 
dysfunction in Leishmania spp., leading to apoptotic-like cell death (18). Likewise, tri-

DCM >100  In active 
Ethyl acetate 89.63 ±0.6   Low activity 

Compound     
Standard Drug\s Amphotericin B 3.39±0.03 Highly potent (Ref.) 

Pentamidine 4.39±0.01 Highly potent (Ref.) 
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terpenes such as α- and β-amyrin have been shown to impair parasite membrane integrity and 
modulate host immune responses (19). 
Among the tested extract and fractions, the hexane fraction exhibited the most potent anti-
leishmanial activity (IC₅₀ = 16.69 ± 0.3 µg/mL), supporting the presence of active non-polar 
constituents particularly tri-terpenoids and sterols. Although less potent than standard drugs 
Amphotericin B (IC₅₀ = 3.39 ± 0.03 µg/mL) and Pentamidine (IC₅₀ = 4.39 ± 0.01 µg/mL), the 
hexane fraction demonstrated significantly lower cytotoxicity, suggesting a more favorable 
therapeutic index. Key compounds (α-amyrin, β-amyrin, ethyl gallate, and daucosterol) were 
successfully isolated and are likely responsible for this activity. Their identification provides a 
promising foundation for further structural and mechanistic studies.  
The extract also displayed selective antibacterial activity, against Bacillus subtilis (60.31% 
inhibition), consistent with the preferential action of flavonoids and alkaloids on gram-
positive bacteria (16). While less effective than standard antibiotics (90-96% inhibition).this 
result supports further bio-guided purification. However, the extract did not exhibit significant 
antifungal activity, in contrast to earlier studies. The observed antifungal effect was modest 
and varied by strain, with partial inhibition noted against Trichophyton rubrum and Fusarium 
lini, while Candida albicans remained resistant. This aligns with previous findings suggesting 
that antifungal properties in G. senegalensis are associated with compounds such as 
guieranone A and phenolic acids (5). Against Candida albicans, remain inconsistent (20). 
While the extract has demonstrated antibacterial activity against Staphylococcus aureus and 
Bacillus subtilis (21).  
Importantly, the isolation of specific compounds from the hexane fraction confirms the 
presence of pharmacologically relevant molecules with selective anti-parasitic activity. These 
findings position G. senegalensis as a promising candidate for the discovery of novel anti-
leishmanial agents. Future efforts should focus on detailed mechanistic studies and in vivo 
validation to assess efficacy, safety, and potential for therapeutic development. 
This study has limitations. All bioactivity assays were conducted in vitro, and the 
antimicrobial screening was limited to a select panel of pathogens. Therefore, further research 
including in vivo models and expanded microbial testing is essential to fully establish the 
clinical relevance and translational potential of G. senegalensis derived compounds. 

Conclusions 

This study highlights G. senegalensis as a promising source of bioactive compounds with 
selective anti-leishmanial properties. The hexane fraction, in particular, demonstrated 
significant activity against Leishmania major with low cytotoxicity, and the successful 
isolation of compounds such as α-amyrin, β-amyrin, ethyl gallate, and daucosterol strengthens 
its potential as a lead for drug development. Although the crude extract exhibited modest 
antimicrobial activity, its selective effect against Gram-positive bacteria supports further 
purification and optimization. 
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Abstract 
 
Synthetic carbon-based nanomaterials, such as multi-walled carbon nanotubes (MWCNTs), 
carboxyl-functionalized nanotubes (MWCNTs-COOH), and fullerene soot, are increasingly 
being utilised in practical industrial and agricultural applications. This reality raises concerns 
about their potential unfavourable ecotoxicological impact on aquatic ecosystems where they 
may accidentally end up. In this context, the present research aimed to evaluate several 
physiological and biochemical responses of plants belonging to the species Lemna minor L. 
when interacting with these types of nanomaterials, experimentally added at two concentrations 
(50 and 200 mg/L) to their culture medium over a 14-day cultivation period. 
The results obtained demonstrated the appearance in the test plants of functional effects 
dependent on the dose and nature of the tested nanomaterial, reflected by significant changes 
in photosynthetic performance (decreases in the content of photo-assimilatory pigments and the 
efficiency of photosystem II), as well as by the activation of biochemical markers of oxidative 
stress (increases in the content of flavonoids and polyphenols, changes in POD and SOD 
activities). The functionalized nanotubes (MWCNTs-COOH) induced the most pronounced 
biochemical responses, while fullerene soot had more moderate effects, possibly due to its 
reduced bioavailability in the cultivation media. 
The results highlight the sensitivity of Lemna minor to chemical stress generated by synthetic 
carbon-based nanomaterials present in the cultivation medium, thus confirming its usefulness 
as a model organism in ecotoxicological studies and emphasising the need for rigorous 
assessments regarding the potential impact of these nanomaterials on aquatic plants in natural 
ecosystems, to lay the groundwork for responsible ecological management strategies. 
Keywords: Lemna minor, carbon nanomaterials, oxidative stress, photosynthesis, aquatic 
ecotoxicology 
 

Introduction 
 
Nanotechnologies represent an emerging field of modern science with remarkable application 
potential in agriculture, biomedicine, industry, and environmental protection. Their relevance 
derives from the possibility of designing materials with specific physicochemical properties at 
the nanoscale (Fang et al. 2017, Patel et al. 2020, Mathew and Victório 2022). Carbon 
nanotubes (CNTs) stand out due to their unique tubular structure, small dimensions, superior 
electrical conductivity, and chemical stability, being widely used in laboratory experiments and 
innovative applications. In the agricultural sector, CNTs have been tested to promote plant 
growth by improving water and nutrient absorption, as well as serving as vectors for delivering 
genes and bioactive substances to plant organs (Tan et al. 2009, Jordan et al. 2020). However, 
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the widespread use of these nanomaterials has raised concerns regarding their potential toxicity 
to biological systems, including plants. The effects of CNTs on plant organisms are often 
contradictory, ranging from stimulating physiological processes to inducing oxidative stress 
due to the production of reactive oxygen species (Mittler 2002, Chen et al. 2018, Ren et al. 
2021, Samadi et al. 2021). In the context of increasingly intense anthropogenic pollution of 
terrestrial and aquatic ecosystems, synthetic carbon-based nanomaterials are emerging as a 
potentially omnipresent category of environmental contaminants. This trend is driven by their 
rapidly expanding industrial applications (Jackson et al. 2013). 
In efforts to assess the impact of these nanomaterials on plants, morphological and 
physiological studies constitute an essential step in elucidating the response mechanisms of 
vegetation exposed to these compounds. Although numerous studies have investigated CNT 
interactions with microorganisms, protozoa, or algae, their effects on higher aquatic plants 
remain poorly understood. In this context, plants from the Lemnoideae subfamily, particularly 
specimens of the species Lemna minor L., are recognized as model organisms in ecotoxicity 
tests due to their favourable biological characteristics for practical research activities: rapid 
vegetative reproduction, pollutant bioaccumulation capacity, high ecological tolerance to 
pollutants, and an important role in phytoremediation (Nasu and Kugimoto 1981, Bokhari et al. 
2016, Lanthemann and van Moorsel 2022).   
Although species such as Lemna minor are well established in studies on wastewater 
remediation and in monitoring of classic contaminants (e.g., heavy metals, pesticides, dyes), 
specialised literature still highlights a lack of data on their interaction with CNT-type 
nanomaterials. Moreover, in the case of microplastic pollution, published results generally 
indicate a low morpho-physiological impact on Lemna colonies, despite their significant 
bioaccumulation potential. These findings underscore the need to expand knowledge on the 
effects of CNMs on aquatic plants, particularly concerning the structure and function of their 
photosynthetic apparatus, redox homeostasis, and overall metabolic dynamics. Given this 
context, the present study investigates physiological and biochemical responses of Lemna 
minor exposed to synthetic carbon-based nanomaterials, in experimental conditions simulating 
possible contamination scenarios of natural aquatic environments. By addressing these aspects, 
the results aim to clarify the bioindicator potential of Lemna minor in relation to emerging 
pollutants and contribute to a better understanding of the ecotoxicological risks associated with 
the uncontrolled release of nanomaterials into freshwater ecosystems. 
 

Materials and Methods 
 
Nanomaterials 
Multi-walled carbon nanotubes (MWCNTs) with an outer diameter of 8 nm (purity > 96%, 
product code NG01MW0101) and carboxylated MWCNTs (MWCNTs-COOH) with an outer 
diameter of 8–18 nm (purity > 96%, product code NG01MW0303) were purchased from 
Nanografi (Ankara, Turkey), while fullerene soot, consisting of a mixture of C₆₀, C₇₀ fullerenes, 
and carbon black (product code 572497-5G), was obtained from Sigma-Aldrich. 
Cultivation of Lemna minor L. plants 
For the experiments, the cultivation protocol for Lemna minor L. species followed the 
recommendations of OECD guideline No. 221 regarding growth tests with Lemna spp. (OECD 
2006). The base culture was maintained under controlled laboratory conditions (24 ± 2°C, 
artificial lighting for 17 h/day, light intensity 115–118 μmol m⁻² s⁻¹), being periodically 
transferred to fresh media to avoid nutrient depletion and accumulation of residual metabolites. 
To obtain experimental cultures with reduced phenotypic variability, secondary stock cultures 
were created starting from a single individual (monoclonal cultures). From these, the plants 
used in the exposure tests were selected, each cultivation well with culture medium (10 ml 
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volume) receiving a single individual with three fronds. The wells were placed in trays covered 
with black paint to limit algae development and were incubated at 25°C, with the same lighting 
regime as previously described, for a cultivation period of 14 days. To ensure the 
reproducibility and biological relevance of the test, which requires a uniform dispersion of 
nanoparticles without their aggregation, the CNMs were ultrasonicated. The culture medium in 
the experimental variants was supplemented with concentrations of 50 and 200 mg/L of each 
type of CNM tested, and the control variants contained only the simple culture medium. The 
concentrations were selected based on values commonly applied in ecotoxicological studies 
with nanomaterials, ensuring both comparability with existing literature and experimental 
reproducibility. This range was intended to simulate possible contamination scenarios in 
aquatic ecosystems while providing insights into potential dose-dependent physiological and 
biochemical effects in Lemna minor. Plant development was monitored every 2–3 days 
throughout the cultivation period, with physiological and biochemical determinations 
performed at the end (14 days). 
Determination of stomatal density 
Stomatal density was evaluated by scanning electron microscopy (SEM) on intact leaves/fronds 
collected at the end of the experiment, selected from morphologically and ontogenetically 
equivalent regions of all experimental variants. Samples were fixed in 2.5% glutaraldehyde in 
0.1 M phosphate buffer (pH 7.2) for 2 hours at room temperature, then rinsed and dehydrated 
in a graded series of acetone (30–100%). After critical point drying with liquid CO₂, fragments 
were mounted on metal supports with conductive adhesive tape and coated with gold (~10 nm) 
by sputtering (Pathan et al. 2010). Observations were made with a Tescan Vega II SBH SEM 
microscope at 30 kV, analysing at least three biological replicates per variant and at least three 
fields per replicate. Stomatal density (stomata/mm²) was calculated based on SEM micrographs 
with known magnification (Xu and Zhou 2008). 
Determination of chlorophyll fluorescence 
The functioning of the photosynthetic apparatus of the test plants was evaluated by determining 
the quantum efficiency of photosystem II (ΦPSII), using a Hansatech FMS II portable 
fluorimeter. Measurements were made by bringing the device’s optical fibre to about 1 cm from 
the surface of the leaves/fronds, with five readings taken for each experimental variant. 
Obtaining plant extracts for biochemical analyses, the leaves/fronds were homogenised in a 
mortar with quartz sand and 10 ml of solvent (96% ethanol for quantifying photo-assimilatory 
pigments and secondary metabolites; TRIS-HCl for determining enzymatic activity - SOD and 
POD and for quantifying protein content), according to the methods described by Wellburn and 
Artenie (Wellburn 1994, Artenie et al. 2008). The resulting plant extracts were centrifuged for 
15 minutes at 4000 rpm at a temperature of 4°C. Determinations were performed in technical 
triplicate for each of the three cultivated biological replicates, and the results were expressed as 
arithmetic means. 
Determination of photo-assimilatory pigment content 
The content of chlorophyll a, chlorophyll b, and carotenoid pigments was determined 
spectrophotometrically, with readings at wavelengths of 664, 648, and 470 nm of the plant 
extracts (Wellburn 1994, Zhao et al. 2017). The calculation of pigment concentrations was 
performed using standard formulas: 
 

Chl a = 13,36 × A₆₆₄ − 5,19 × A₆₄₈ 
Chl b = 27,43 × A₆₄₈ − 8,12 × A₆₆₄ 

Cx+c = (1000 × A₄₇₀ − 2,13 × Chl a − 97,64 × Chl b) / 209 
 

Total polyphenol content was quantified using the Folin-Ciocalteu method (Herald et al. 
2012). Plant extracts were treated with Folin-Ciocalteu reagent and 7.5% sodium carbonate, 
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and their absorbance was read spectrophotometrically at λ= 765 nm. The content was expressed 
in mg gallic acid equivalents (GAE)/g fresh material, using a standard curve. 
Total flavonoid content was determined by the aluminium chloride method (Herald et al. 
2012), by measuring the absorbance of treated plant extracts at λ = 510 nm. Results were 
expressed in mg quercetin equivalents (QE)/g fresh material. 
Antioxidant activity was evaluated using the DPPH test (Sharma and Bhat 2009, Behrendorff 
et al. 2013). Plant extracts were incubated with 60 µM DPPH solution, and their absorbance 
was read after 3 hours of incubation at λ = 517 nm. Antioxidant capacity was expressed as 
percentage inhibition of DPPH radicals, compared to an ascorbic acid control. 
Superoxide dismutase (SOD) activity was determined according to the Nitro Blue 
Tetrazolium (NBT) method, by inhibiting NBT photoreduction by superoxide radicals 
generated with riboflavin (Artenie et al. 2008). Absorbance of plant extracts was measured 
spectrophotometrically at λ = 560 nm, and SOD activity was expressed in active enzyme 
units/gram fresh material. 
Peroxidase (POD) activity was determined according to the Winterbourn method adapted by 
Artenie et al. (Winterbourn et al. 1975, Artenie et al. 2008), by measuring the oxidation of 
ortho-dianisidine under the action of peroxidase and H₂O₂. Absorbance of plant extracts was 
determined spectrophotometrically at λ = 540 nm and expressed in POD units/minute/gram 
fresh material. 
Protein content was assayed using the Bradford method (Artenie et al. 2008), with 
spectrophotometric readings at λ = 595 nm. Results were reported against a standard curve built 
with bovine serum albumin (BSA). 
Statistical analysis of the experimental data was performed using one-way ANOVA with 
Tukey's post hoc test (p < 0.05). 
 

Results and discussions 
 
Stomatal density 
Exposure of Lemna minor plants to multi-walled carbon nanotubes (MWCNTs) resulted in a 
moderate increase in their stomatal density, dependent on the tested dose, alongside a 
significant reduction of individual stomatal surface area (Figure 1). This phenomenon suggests 
an adaptive mechanism of stomatal miniaturisation in test plants under the abiotic stress 
conditions. Similar but more pronounced effects were observed with MWCNTs-COOH 
treatment, indicating an amplified phytotoxic potential of carboxyl groups (Verneuil et al. 
2015). Contrary to these trends, fullerene soot treatment reduced stomatal density but increased 
their surface area, reflecting an alternative compensatory mechanism to maintain optimal 
gaseous exchange in duckweed plants exposed to these synthetic carbon-based nanomaterials 
in the cultivation environment. These stomatal modifications highlight the capacity of Lemna 
minor to register structural changes under nanomaterial-induced stress, reinforcing its utility as 
a morphological bioindicator for detecting sublethal effects of emerging aquatic pollutants, in 
line with specialised literature reporting stress-induced stomatal patterns characterised by 
increased density and reduced dimensions. (Xu and Zhou 2008, de Morais et al. 2019). 
Chlorophyll fluorescence (ΦPSII) 
The efficiency of photosystem II progressively decreased in the test plant leaves/fronds during 
the experiment, with the most severe effect observed in the MWCNTs-COOH treatment at a 
concentration of 200 mg/l (Figure 2A). At lower doses, MWCNTs-COOH treatment induced 
reduced toxicity in Lemna minor plants, likely due to better dispersion and lower particle 
aggregation in the growth medium. Fullerene soot caused only moderate declines in ΦPSII, 
suggesting limited physical interaction with chloroplasts in the plant's vegetative structures. 
The decline in ΦPSII efficiency confirms the sensitivity of Lemna minor to photochemical 
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disruption caused by carbon nanomaterials. Such measurable changes in photosynthetic 
performance can validate its role as a physiological bioindicator in ecotoxicological studies 
(Chen et al. 2018, Ozfidan-Konakci et al. 2022). 
Photo-assimilatory pigments content  
Treatments with MWCNTs and MWCNTs-COOH caused quantitative decreases in 
chlorophylls and carotenoid pigments in Lemna minor leaves/fronds, proportional to the applied 
dose (Figure 2B), indicating varied phytotoxic effects. Fullerene soot at 200 mg/l induced the 
most pronounced decline in photo-assimilatory pigments in test plants. This effect likely results 
from either reduced light penetration caused by surface particle aggregation or intensified 
oxidative stress impacting pigment-producing cells. Dose-dependent pigment reductions reveal 
Lemna minor’s sensitivity to light stress and oxidative damage, confirming its value as a 
bioindicator of environmental stress (Lang et al. 2019, Subotić et al. 2022). 

 

Figure 1. Stomatal density of Lemna minor L. individuals cultivated under experimental 
conditions. Variants: Control, 50 - 50 mg/l MWCNT, 200 – 200 mg/l MWCNT, 50-C – 50 mg/l 
MWCNT-COOH, 200-C - 200 mg/l MWCNT-COOH, 50 F – 50 mg/l Fullerene soot, 200 F – 
200 mg/l Fullerene soot. Statistically significant differences are observed in the case of 50, 200, 
50-C, 200-C, and 200F. The stomatal area is marked on the secondary axis (in red) (● - control, 
▲ - significant increase in stomatal area, ▼ - significant decrease in stomatal area). 
 

 
Figure 2. A-Efficiency of the photosynthetic apparatus, B-Assimilatory pigment content of 
Lemna minor L. individuals cultivated under experimental conditions. Variants: Control, 50 - 
50 mg/l MWCNT, 200 – 200 mg/l MWCNT, 50-C – 50 mg/l MWCNT-COOH, 200-C - 200 

A B 
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mg/l MWCNT-COOH, 50 F – 50 mg/l Fullerene soot, 200 F – 200 mg/l Fullerene soot. 
Statistically significant differences are marked with *. 
 
Flavonoid content 
MWCNTs-COOH treatments significantly stimulated flavonoid biosynthesis in test plants, 
particularly at the concentration of 200 mg/l (Figure 3A), indicating an intense response to 
experimentally induced oxidative stress in the cultivation medium. Unfunctionalized MWCNTs 
and fullerenes caused a decrease in these compounds, demonstrating a weak effect; the obtained 
results are consistent with data presented in specialised literature (Chen et al. 2020). 
Polyphenol content 
All tested nanomaterials experimentally added to the cultivation medium of Lemna minor plants 
induced the biosynthesis of high polyphenol content (Figure 3B), with MWCNTs-COOH 
treatment at 200 mg/l concentration standing out among experimental variants. The high levels 
of polyphenol content suggest an important antioxidant role of this group of compounds in ROS 
detoxification in test plants. Fullerene soot had a weak effect, likely due to its low solubility. 
(Gohari et al. 2020). Enhanced flavonoid and polyphenol accumulation in Lemna minor under 
nanomaterial stress indicates antioxidant mechanisms activation, highlighting its sensitivity to 
redox imbalance and utility as a bioindicator of oxidative stress in aquatic systems. 
 

 
Figure 3. A-Flavonoid content, B-Polyphenol content of Lemna minor L. individuals cultivated 
under experimental conditions. Experimental variants: Control, 50 - 50 mg/l MWCNT, 200 – 
200 mg/l MWCNT, 50-C – 50 mg/l MWCNT-COOH, 200-C - 200 mg/l MWCNT-COOH, 50 
F – 50 mg/l Fullerene soot, 200 F – 200 mg/l Fullerene soot. Statistically significant differences 
are marked with *. 
 
Peroxidase activity (POD) 
Treatments with MWCNTs and MWCNTs-COOH reduced POD activity, especially in variants 
with 200 mg/l concentration (Figure 4A), indicating inhibition of the enzymatic antioxidant 
system in test plants. In the case of fullerene soot testing, POD values remained close to control 
levels, suggesting moderate stress manifestation in Lemna minor plants and conserved 
enzymatic function (Dietz and Herth 2011). 
Superoxide dismutase activity (SOD) 
All tested nanomaterials induced decreased SOD activity in test plants (Figure 4B), with the 
most severe effect observed in treatments with 200 mg/l concentrations. This SOD activity 

B A 
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inhibition indicates a possible major redox imbalance in plant structures and an inability to 
efficiently detoxify the superoxide (Gill and Tuteja 2010). 
Soluble protein content 
Non-functionalized and functionalized carbon nanotubes caused a decrease in protein content 
of Lemna minor plants (Figure 5), more pronounced in treatment variants with a concentration 
of 200 mg/l. Fullerene soot induced a hormetic effect: a decrease in protein content at 50 mg/l 
and a partial recovery at 200 mg/l, suggesting compensatory adaptation mechanisms of test 
plants to experimentally induced abiotic stress in the cultivation medium (Calabrese and 
Agathokleous 2021). Reduced POD and SOD activities together with protein depletion reveal 
impaired antioxidant and metabolic functions in Lemna minor, reinforcing its value as a 
biochemical bioindicator of nanomaterial-induced stress. 
 

 
Figure 4. A-POD activity, B-SOD activity of Lemna minor L. individuals cultivated under 
experimental conditions. Experimental variants: Control, 50 - 50 mg/l MWCNT, 200 – 200 
mg/l MWCNT, 50-C – 50 mg/l MWCNT-COOH, 200-C - 200 mg/l MWCNT-COOH, 50 F – 
50 mg/l Fullerene soot, 200 F – 200 mg/l Fullerene soot. Statistically significant differences are 
marked with *. 

 
Figure 5. Soluble protein content of Lemna minor L. individuals cultivated under experimental 
conditions. Experimental variants: Control, 50 - 50 mg/l MWCNT, 200 – 200 mg/l MWCNT, 
50-C – 50 mg/l MWCNT-COOH, 200-C - 200 mg/l MWCNT-COOH, 50 F – 50 mg/l Fullerene 
soot, 200 F – 200 mg/l Fullerene soot. Statistically significant differences are marked with *. 
 

A B 



Research Article Olaru and Zamfirache (2025) J Exp Molec Biol 26(3):187-198; DOI:10.47743/jemb-2025-247 
 

www.jemb.bio.uaic.ro Page 194 
 

Total antioxidant activity  
This biochemical parameter increased significantly in the MWCNTs and MWCNTs-COOH 
treatment variants at a concentration of 200 mg/l, confirming the induction of systemic 
oxidative stress in plant structures by these nanomaterials (Figure 6). The highest values of total 
antioxidant activity were observed when applying the MWCNTs-COOH treatment at a dose of 
200 mg/l, while fullerene soot generated a nonlinear response, indicating the influence of 
nanoparticle aggregation on their bioavailability and absorption in test plants. The alteration of 
antioxidant activity under high-dose treatments demonstrates systemic stress response 
mechanisms. This parameter provides a robust biochemical signal, confirming Lemna minor's 
effectiveness in early detection of nanomaterial-induced toxicity. (Zhang et al. 2017).  

 
Figure 6. Total antioxidant activity of Lemna minor L. individuals cultivated under 
experimental conditions. Experimental variants: Control, 50 - 50 mg/l MWCNT, 200 – 200 
mg/l MWCNT, 50-C – 50 mg/l MWCNT-COOH, 200-C - 200 mg/l MWCNT-COOH, 50 F – 
50 mg/l Fullerene soot, 200 F – 200 mg/l Fullerene soot. Statistically significant differences are 
marked with *. 
 

Conclusions 
 
The results highlight a visible phytotoxicity, manifested across multiple physiological and 
biochemical levels, of the tested synthetic carbon-based nanomaterials – multi-walled carbon 
nanotubes (MWCNTs), carboxyl-functionalized nanotubes (MWCNTs-COOH), and fullerene 
soot – on the aquatic species Lemna minor L. The effects produced on the test plants are 
dependent on the chemical nature of the nanomaterials and the applied dose, confirming that 
these nanoparticles profoundly influence plant metabolism and the functional integrity of their 
photosynthetic apparatus. 
Stomatal modifications, reduction of assimilatory pigment content, and decreased photosystem 
II efficiency (ΦPSII) demonstrate severe impairment of photosynthetic performance in 
duckweed plants exposed to high concentrations of MWCNTs and MWCNTs-COOH, 
indicating disruptions in electron transport and degradation of chloroplast structures caused by 
oxidative stress occurring in plant tissues. In the same context, the increased accumulation of 
phenols and flavonoids in test plants, as an effect of MWCNTs-COOH treatments, suggests a 
compensatory activation of their antioxidant defences, while fullerene soot generated weaker 
metabolic responses, possibly due to its limited interaction with plant tissues. These results 
outline a specific response pattern of test plants to the experimentally induced abiotic stress in 
the aquatic environment, where effect severity is dictated by dose and nanomaterial surface 



Research Article Olaru and Zamfirache (2025) J Exp Molec Biol 26(3):187-198; DOI:10.47743/jemb-2025-247 
 

www.jemb.bio.uaic.ro Page 195 
 

chemistry, with photochemical and biochemical indicators representing potential reliable 
markers of these nanoparticles' phytotoxicity in aquatic environments. In the context of 
increasingly frequent use of functionalized nanomaterials across various fields, the obtained 
results emphasise the importance of rigorous assessment of these nanoparticles' impact on 
aquatic ecosystems. The experimental evidence presented in this study consolidates the role of 
Lemna minor as a highly responsive bioindicator for aquatic nanotoxicology. Its ability to 
exhibit measurable and dose-dependent changes in stomatal patterning, pigment composition, 
photosynthetic efficiency, antioxidant activity, and enzymatic function underlines its diagnostic 
value in detecting sublethal stress induced by carbon-based nanomaterials. The present findings 
underscore the necessity of implementing stringent regulatory frameworks governing the 
practical use of nanomaterials in order to prevent their accidental or uncontrolled release into 
the environment. 
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