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Abstract 

Pseudokirchneriella subcapitata is a sickle-shaped freshwater green microalga that is normally 

found in unicellular form. It is the best known and most frequently used species of 

ecotoxicological bioindicator because of its high growth rate and sensitivity to toxicants. 

Metronidazole (MTZ) is a routinely used nitroimidazole antibiotic that has caused environmental 

issues owing to incorrect use. A toxicity test was performed in order to understand the 

relationship between the MTZ concentrations and response at a physiological level. The study 

found a growth percentage of (0, 4.8571, 4.5714, -15.1429, -37.1429 %) accordingly.  The changes 

on the transcriptomic level were tested by performing a RT-qPCR. Using ∆∆Ct method to compare 

the treated samples with low and high MTZ concentration against the control sample. The study 

found that Exposure to MTZ at the low and high concentrations gave rise to 1.45 fold upregulated 
pcna gene expression that was differentially expressed in control R. subcapitata. The high group 

of samples in the high group were clearly distinguishable from those in the control and low 

treatment groups. 
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List Of Abbreviation 

 

 

Abbreviation Definition 

EC50 Concentration of chemical that affects 50% of exposed organisms 

EPA Environmental Protection Agency 

LC50 Concentration of chemical that kills 50% of exposed organisms 

NOEC No Observed Effect Concentration 

LOEC Low Observed Effect Concentration 

OECD the Organisation for Economic Co-operation and Development 

P. subcapitata Pseudokirchneriella subcapitata 

UNECE United Nations Economic Commission for Europe 

WHO World health organisation 

MTZ Metronidazol 

Pcna  Proliferating Cell Nuclear Antigen 

GOI Gene Of Interest 

HKG HouseKeeping Gene 

Fen 1 Flap Structure-Specific Endonuclease 1 

BER Base excision repair (BER) 

MMR  DNA mismatch repair 

MutS mutator S gene 

DEGs differentially expressed genes 

NER nucleotide excision repair (NER), 

MCM  minichromosome maintenance protein complex (MCM). 
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rnaseh2c Ribonuclease H2 subunit C (rnaseh2c) 

MCM2 Minichromosome Maintenance Complex Component 2. 

MCM6 Minichromosome Maintenance Complex Component 6. 

ERM erythromycin 

DMSO Dimethyl sulfoxide (DMSO) 

ROS reactive oxygen species (ROS) 

ICx Inhibitory concentrations that affects x% of the algae.1 

DNA deoxyribonucleic acid 

RNA Ribonucleic acid 

OECD Organisation for Economic Co-operation and Development 

STP-effluent: Sewage Treatment Plant (STP) effluent. 

MSH2 MutS homolog 2 

Prim2 Primase Subunit 2 of DNA. 

PolA 2 polymerase alpha 2 of DNA. 
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Introduction 

Microalgae found in freshwater and the ocean are responsible for more than half of global oxygen 
synthesis and carbon fixation. Microalgae are important bioremediation agents and feedstock for 
the manufacture of fuel, bioactive chemicals, fertilizers, and animal feeds. Pseudokirchneriella 
subcapitata also known as Raphidocelis subcapitata and Selenastrum capricornutum is a 
microalga with a sickle-like bent and twisted look. Normally, the cells are exhibited in a single 
state. It is between 8 and 14 µm in length and 2 to 3 µm in breadth. It is often employed as a 
bioindicator to assess the level of toxicants in water since it is extremely sensitive to the presence 
of toxic chemicals. R. subcapitata is considered a standard model microorganism in view of its 
high irritability and rapid growth rate, it enables the estimation of mediational effects over 
several generations. 
Pollutant-induced depletion in algae growth might pose a threat to the balance of aquatic 
ecosystems (Chapman, 2010; Van den Brink, 2018). Therefore, algal toxicity testing is a 
precondition for hazardous evaluation during the marketing authorization process of chemical 
substances with antimicrobial properties (EMA, 2018). Traditional algal toxicity testing is valid 
for acute toxicological effects such as growth inhibition, which are based on unrealistic exposure 
levels that may approach sub-lethal levels (Xiong, 2019).  
 
Metronidazole is a bacteriostatic antibiotic that acts as a structural analog of Thiamine, a nutrition 
deficiency-like neuropathy. Its metabolites block the synthesis of the protein and can induce an 
increase in chromosomal aberrations and chromatid and isochromatic breaks in microorganisms 
(Ceruelos, 2019). It is a synthetic drug that has been commonly used for over than 51 years as an 
antimicrobial to treat respiratory, urinary, vaginal, skin, and gastrointestinal infections, as well 
as in aquaculture and livestock farming for the reinforcement of animal health (Xie, 2018). 
Studies revealed that MTZ is genotoxic, carcinogenic, and mutagenic and is forbidden in several 
countries for usage in the fields of medicine and veterinary medicine (Plotnikova K, 2020). MTZ 
is one of the highly resistant pharmaceutical drugs detected in treated sewage water (Aboudalle, 
2021). Due to the world-wide use and improper consumption of antibiotics, concerns have been 
growing about the potential ecological risks of MTZ presence in the environment (Michael, 2013; 
Bai, 2016; Vila-Costa, 2017). In the epidemiological report of the EU/EEA consumption of 
antibacterial of the ATC group (P01A), in 2018, the usage of the rectal MTZ (P01AB01) in Sweden 
was approximately 1.8 defined daily dose (DDD) per 1 000 inhabitants per day (country range: 
0.8–2.5) (Smith A, 2020). When MTZ is administered orally, it is extensively metabolized by the 
liver and absorbed almost completely and distributed widely within the body (Manickam, R. 
2018). 
 
Pharmaceuticals stored in landfills can contaminate water streams due to leakage (Bagnis, 2020). 
Several bioremediation approaches has been used in order to eliminate the pharmaceutical 
compounds interfered with water using phytoremediation approaches. Nevertheless, biological 
treatments using plants are not capable of eliminating antibiotics completely in the wastewater 
treatment for pollutants' remediation such as MTZ. Antibiotics consequently transferred to the 
receiving water systems, considering that the most significant consequence of antibiotics on the 
ecosystem is their impact on aquatic organisms, which leads to an unbalanced eco-marine system 
(Migliore, 1997).  
MTZ has been classified as a stubborn chemical which cannot be degraded by conventional 
methods used in aqueous media (Forouzesh M, 2021). Furthermore, antibiotic resistance is 
another important negative consequence. Advanced oxidation processes (AOPs) are often used 
for the removal of recalcitrant compounds, such as MTZ (De León-Martnez, 2018). 
 
Bioassays are used to reveal the biological impacts of chemicals or wastes in water quality 
monitoring and ecological risk assessment. Chemical analyses are useful for detecting substances 
in the environment, but they don't provide information about the bioavailability of toxicants. 
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Several groups, such as the International Organization for Standardization, the Organization for 
Economic Cooperation and Development (OECD), and the United States Environmental 
Protection Agency, have come up with ways to study the effects of chemicals on aquatic life. 
MTZ antibiotic, showed inhibitory or toxic activity to numerous green microalgal strains 
including R. subcabitata within 7.8 µg/L–705 mg/L. Such high concentrations can reducethe R. 

subcapitata dry cell weight, content of photosynthetic pigments, fatty acid methyl ester 
composition, and more (Miazek, 2019). A comprehensive evaluation of microalgae tolerance 
mechanisms during toxicity tests of relevant organic pollutants is missing (Xiong, 2019). Recent 
ecotoxicological studies have shifted their attention from physiological level to molecular levels 
and from that are altered over time by organic pharmaceutical contamination at environmentally 
relevant concentrations. Moreover, these studies are also interested in evaluating the effect of 
pharmaceuticals on long-terms rather than short-terms (Vannini, 2011). 
A concentration-response relationship based on algal growth inhibition or growth is used for 
environmental hazard characterization. To achieve a maximum inhibitory effect on algal growth 
and to plot a proper response curve, a battery of unrealistic exposures, which are much higher 
than those detected in the environment, is frequently adopted for toxicity testing (OECD, 2011). 
Concerns have therefore been raised over the appropriateness of high-concentration exposure-
induced effects, for assessing the environmental risk of pharmaceuticals (Guo et al., 2015). Recent 
advancements in ecotoxicology have shifted from investigating the acute toxicity of pollutants at 
high concentrations to the chronic effects of environmentally relevant exposures, leading to more 
focus on changes in gene expression patterns than physiochemical responses (Brockmeier et al., 
2017).  
Transcriptomic analysis, which is a comparative quantitative analysis of a genome-wide manner 
of gene expression, enables us to identify biological pathways disturbed by the presence of toxic 
chemicals. Using qRT-PCR allows us to compare levels or changes in gene expression, making it 
easier to quantify the transcriptomic-wide gene expression and investigate the perturbed 
biological pathways in an organism exposed to MTZ at environmentally relevant concentrations 
(Guo et al., 2018). Although qRT-PCR techniques cannot replace conventional techniques 
measured at physiological levels (cell cycle, growth rate, etc.) they do provide additional 
mechanistic information. However, to date, this approach has not been applied to elucidate the 
molecular mechanism of action in algae chronically exposed to pharmaceuticals. Thus, it has not 
been applied to evaluate all genes affected by MTZ in algal species (Koshlaf, 2020). In light of a 
high degree of homology conserved in chloroplasts and bacteria, such a mode of action may lead 
to and exert adverse effects of MTZ on aquatic plants (Smith, 2020). 
It is reported that MTZ can cause a significant inhibition of photosynthetic processes including 
primary photochemistry and carbon assimilation.  MTZ passively diffuses into the membrane of 
the targeted cell due to the reduction of its nitro radical group (Liu, 2011). The selectivity of MTZ 
for anaerobic or microaerobic microorganisms is due to the redox potential of their electron 
transport elements, which are in charge of nitro group reduction and generate toxic metabolites. 
These metabolites, such as N-(2-hydroxyethyl) oxamic acid and acetamide, can interact with DNA 
and form adducts with guanosine (Ceruelos, 2019). In the current study, an estimation of the gene 
expression profiles in R. subcapitata treated with metronidazole was performed. pcna gene is a 
major target of bacteriostatic antibiotics in R. subcapitata as it suppresses the expression of a 
plethora of DEGs involved in DNA replication. The Fen1 protein participates in both DNA 
replication and repair via its interaction with Pcna. During DNA replication, pcna must be opened 
and closed in order to completely encircle the DNA. MTZ-induced decrease in pcna expression 
may cause the elongation phase to be inhibited pcna is involved in many aspects of DNA 
replication and replication-related processes, including translation synthesis, error-free damage 
bypass, break-induced replication, mismatch repair, and chromatin assembly. pcna has evolved 
from a replication accessory factor to the hub protein in a large protein–protein interaction 
network that organizes and orchestrates many of the key events at the replication fork since its 
discovery (Boehm et al., 2016).  
A study by (Guo et al., 2021) reported that the presence of hormesis in the algal growth inhibition 
test is a significant challenge in dose-response characterization. Researchers reported that at 4 
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ug/L Erythromycin (ERY) concentration caused hormetic effects 21.9 % on cell density after 7 
days. Whereas 52.0% and 65.4 % inhibition when exposed to 80 ug/L and 120 ug/L respectively. 
Furthermore, the study used transcriptomic analysis to look at changes in the molecular 
pathways in R. subcapitata treated with ERY. The study identified 218, 950, and 2896 
differentially expressed genes in 4, 80, and 120 ug/l treatment groups, respectively. 
Interestingly, the study tested some genes involved in the DNA replication process like pri2, 
mcm2, mcm6 and mmr including pcna gene and they were up-regulated in the 4 ug/L group (Guo 
et al., 2021). 
A study investigated the relationship between the RNA expression of major replicative actors and 
the impact of silicon on the transcription of specific replicative genes in two diatom microalgae, 
Thalassiosira pseudonana and Phaeodactylum tricornutum using q-PCR and SSH. Because of the 
phylogenetic similarities with diatoms and eukaryotic genes concentration was demonstrated, 
the findings of the study pointed to a new cell cycle regulation process for all living things. The 
study initially supported the central role of mRNA expression control in regulating DNA 
replication. Silicon, as an epigenomic element, appears to influence the expression of 15 target 
genes including pcna.  The study also revelaed the role of pcna as a possessive factor to continue 
the DNA elongation (Fournet and Roussakis, 2018). 
The chosen MTZ concentrations for the study are below the concentration of MTZ found in the 
environment especially in Sweden. As the measurements of antibacterial in Swedish STP-
effluents provided as LOEC, is from 10-1000 mg/L (Hallgren et al., 2015; Verlicchi et al., 2014).  

Research question, 

Does Metronidazole have an ecotoxicity effect of on the growth rate and DNA replication of R. 

subcapitata. 

Aim 

The ultimate goal of this study is to conduct static acute toxicity experiments using R. subcapitata, 
in accordance with OECD protocols, using growth rate IC50, IC10 and IC20 as ecotoxicity 
measurements, followed by gene expression analysis using qRT-PCR to assess the likelihood of 
the toxicity interaction at mRNA level of expression for PCNA. Determine the susceptibility of the 
organisms to the chemical in question. The importance of this research lies in raising awareness 
of the ecotoxicity of metronidazole and its impact on the R. subcapitata. Chemicals legislation 
authorities are frequently requiring a substance's indicator or importer to test the hazard of the 
substance alone for the safety assessment of the chemical before it can be delivered to the 
domestic markets. These safety assessments are beneficial for legislators, environmental 
protection agencies, risk assessors, fishing agencies, farmers, and all related researches. 
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Materials and methods 

Algal culture 

The R. subcapitata was purchased from Culture Collection of Algae and Protozoa; strain CCAP 
278/4, was received in two vials labelled as Mia & Klara of 10 mL of algae, they have been cultured 
separately in two Erlenmeyer flasks. Each group was sub-cultured once a week for 3 weeks 
continuously before to the toxicity test. The subculture was applied to ensure the ongoing 
reserve of the microalgae by taking proper cell density of old media into 200ml of fresh media, 
the reason for keeping multiple subcultures prior to the experiment is to give the algae the chance 
to grow independently from the original culture allowing the performing of experimental 
replicates. OECD-media was used for the experiment according to OECD 201 guidelines, it 
consists of four stocks labelled as 1, 2, 3 and 4 stock solutions. All stock solutions were prepared 
as the protocol, except 3.8 mg of iron-chloride was added instead of 6.4 mg iron-hexahydrate in 
stock 2. Three days before the experiment, a pre-culture process was made in order to give the 
algae enough time to acclimatize to the new conditions. The test was run with 5 different MTZ 
concentrations on three replicates for each experimental run, and three experimental replicates 
in total. The R. subcapitata was then inoculated into the experiment flask at a density of 5×10⁴ 
cells/ mL and covered using a filter paper. In a growth room, the inoculated algae was cultivated 
under the following conditions: 600-800 lux light intensity, 24 h illumination, and a regulated 
temperature of 22 ± 2 °C. The algal cultures were incubated on a shaking incubator at 150 RPM 
to keep the alga suspended and to facilitate CO₂ transfer (OECD, 2011). The cell density was 
calculated by finding a relationship between cell-number against absorbance, which was carried 
out by making serial dilution of already counted cells using a hemocytometer under a microscope 
on each dilution in order to create the relationship between cell densities versus absorbance. 
Given that the pigment of chlorophyll has an absorbance of 684 nm (Rodrigues, 2011). A direct 
cell counts, chlorophyll content measurement, and numerical correlations of absorbance or 
turbidity are all common methods for estimating algal concentration (EPA, 1994). When 
spectrophotometric absorbance was used to quantify R. subcapitata samples, the highest 
absorbance was observed at 684 nm, signifying the wavelength of maximal sensitivity. Following 
that, all subsequent examined samples were read at this wavelength. The adjusted absorbance 
equation depicts the relationship between absorbance and cell density for R. subcapitata 
solutions using the above calculation, the cell density (cells/mL) from absorbance readings at 
684 nm was calculated according to the following equation [1], 

Cell Density =
e [ln (absorbance 684) + 164.39]

1.0219
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Valer and Glock (1998) developed equations for estimating algal concentrations using 

absorbance data for cell densities ranging from 104 to 105 cells/ml. Densities of R. subcapitata 

starting of 5x104 cells/mL were precisely measured in the current study utilizing a power 

function and then serial dilutions are visualized under the microscope and the relative 

absorbance is taken to make the relationship. Nonetheless is not recommended when the 

measured absorbance value is more than 0.5, as it may necessitate sample dilution. 

 

Growth inhibition test 

The growth inhibition experiment of R. subcapitata was conducted following the OECD guidelines 

for the testing of chemicals, freshwater alga and cyanobacteria, growth inhibition test (OECD, 
2011). R. subcapitata at the logarithmic growth period was inoculated to 20 mL culturing OECD 

medium containing flasks to attain an initial cell density of 5 × 104cells/mL, in triplicate. The cell 

density in each flask was estimated by using a spectrophotometer and the equation (𝑦 =

 0,0003𝑥 −  0,0005) for cell count at four time points, day 1, 3, 4, and 7. Five initial stocks with 

different concentrations of (0, 50, 100, 200, 1000, 2000μg/L), stock solutions were prepared by 

dissolving MTZ in DMSO. 2μl of MTZ stock solution was added into each 20 mL of culturing flasks 

to achieve five treatment groups, of final concentrations of (0, 5, 10, 20, 100, 

200μg/L)respectively. The Metronidazole concentrations were confirmed by chemical analysis. 

After that, in order to improve the accuracy of cell counting, the absorbance values were recorded 

three times. The growth inhibition test was extended for 7 days to evaluate the chronic toxicity 

rather than three day acute toxicity. Moreover, it guaranteed the sufficient algal biomass 

harvested for transcriptomic analysis, especially in the high treatment group of MTZ. The flasks 

were continuously shaken with an orbital agitation of 100 rpm at 22 ± 2 °C under continuous 

lighting of 600-800 lux. After testing, the algal biomass in the 21 samples were separated by 

centrifugation at 10,000 rpm for 5 minutes, the media was discarded and the algal pellets were 

stored at -80 ℃ until RNA extraction.  

 

Statistical Analysis 

Data from three independent experiments were analyzed using GraphPad Prism version 7.05 

(GraphPad Software Inc, California, USA) and Excel 2016 software.  

Average growth rate of R. subcapitata were taken as indicators of toxicity of the tested MTZ. The 
average specific growth rate was calculated according to the OECD 201 using the following 
equation [2], 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑔𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒 (𝜇 𝑖 − 𝑗 ) =  
𝐼𝑛 𝑋 𝑗 −  𝐼𝑛 𝑋 𝑖    

𝑡 𝑗 −  𝑡 𝑖   
  (𝑑𝑎𝑦−1) 

 
µi-j is the average specific growth rate from time i to j, Xi is the biomass at time I and Xj is the 
biomass at time j. 
Equation 2, was employed to obtain µi-j the average specific growth rate from time i to j.  
Growth rate mean values were calculated for each treatment and control groups. The quality of 
correlation and the goodness of data fit were determined using the coefficient R2. In order to 
assess the correlation between the growth rate and the concentration to represent a toxicity 
demonstration of the tested substance on the bio-indicator R. subcapitata. At day 7, differences in 
growth between the MTZ-treated and control groups were analyzed using non-parametric 
(Kruskal-Wallis and Dunn’s multiple comparison test).  
 



Page | 11 
 

The inhibition percentage was calculated according to the OECD 201 using equation [3], 
 

%𝐼r =
 𝜇 c −  𝜇 t  

𝜇 c
 × 100 

 
Where, %Ir represents the effect response percentage of inhibition, obtained from specific growth 
rate using equation 2. μC is the mean value of average specific growth rate on the control group 
and μT is the mean value of average specific growth rate on the treated group. 
A linear regression using a dose-response curve with variable slope was applied on data in order 
to calculate the IC50, IC20 and IC10 (Magnusson, 2013). 

RNA Extraction 

After the toxicity test, the culture was centrifuged at 2090 RCF for 10 minutes (Universal 32, 
Hettich), and the medium was removed completely.  Multiple methods were combined in order 
to break the algal cell wall to get a sufficient yield of RNA when using the RNeasy Plant Mini Kit 
(QIAGEN, Dusseldorf, Germany). The cell pellets were stored at -80 °C in a 2 ml tube until used 
for RNA extraction. The cell pellets were transferred directly from -80 °C to 99 °C where they 
were incubated for 1 minute. Then a 450 µl RLT buffer (lysis buffer of the extraction kit) was 
added to suspend the pellet. In each 2 mL tube, two 5 mm stainless steel beads (Cat. no. 69989; 
Qiagen, Germany) were added to the cell suspension and ran in the TissueLyser for 10 minutes at 
50 Hz. The mixture was then transferred to a QIAshredder lilac spin column, and the RNA was 
extracted according to the RNeasy Plant Mini Kit. The total RNA concentration and purity were 
determined using a DS11 nanodrop (DeNovix). 

 Synthesis of cDNA 

The extracted RNA was reverse transcribed into cDNA using High-Capacity RNA-to-cDNA kit 

(Thermo Fisher Scientific). The volumes for the reaction components were 10 µl of 2x RT buffer 

Mix, 1 µl of 20x RT enzyme Mix, and 9 µl RNA. Samples from the three biological replicates were 

reverse transcribed in triplicate for each desired concentration. The reverse transcription 

reaction program was set according to the High-Capacity RNA-to-cDNA kIT protocol, where the 

reactions were incubated at 37°C for 60 minutes, then stopped by heating to 95°C for 5 minutes 

and were held at 4°C until picked up. For further use in qRT-PCR all reactions were diluted in 

nuclease-free water to a final concentration of 2 ng/µL and stored at -20°C. 
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Quantitative real-time PCR 

Total RNA was converted to cDNA by reverse transcriptase with pcna primers. Double-strand 
cDNA was prepared for each peak. Four primers were synthesized by Invitrogen, Thermo Fisher 
Scientific. A conducted relative quantitation of gene expression using Real-time PCR (7300 Real-
Time PCR System, Applied Biosystems, China). Gene-specific qRT-PCR primers for mRNA 
quantification in R. subcapitata were as follows, 
 
Table 1, Shows both forward and reverse primers sequences for the gene of interest pcna and the house 
keeping gene 18S rRNA (GeneBank accession number: AF169628). 

 Pcna ( GOI) 18S rRNA (HKG) 
Forward 5’-TTGCGTGGCTGCGTATTGAA-3’ 

 

5’- GGGAAAGTCCTTAGAGCCCCT-3’ 

Reverse 5’-CGGAGCTTTACAAGAGAGGGA-3’ 

 

5’- CATGAACAAGCAACCCACTGC -3’ 

To locate known genes that code comparable amino acid sequences, the basic local alignment 

search tool (BLAST) was used against the non-redundant protein database of the National Centre 

for Biotechnology Information (NCBI, Bethesda, MD, USA). To validate the up-regulation of 

expression, qRT-PCR was performed using primer in table 1. qRT-PCR was done using the AriaMx 

Real-time PCR System (Agilent), using SYBR Select Master Mix (Applied Biosystems). Thermal 

cycling conditions were set in accordance with a Standard Cycling Mode protocol described in the 

SYBR Select Master Mix protocol and a dissociation curve was added. A final volume we set to 10 

μL for each well. The reaction mix consisted of 5 μL 2× SYBR real-time PCR pre-mixture,  0.4 μL 

forward primer (10 μM), 0.4 μL reverse primer (10 μM), 2 μL cDNA, and 2.2 μL RNase free dH2O. 

At the end of each run, melting curve analysis was performed on all samples at temperatures 

ranging from 60°C to 95°C. The target gene's expression levels were estimated using the livak 2-

AACt technique and normalized against the housekeeping gene 18S-small rRNA subunit. The 

expression of the pcna gene in MTZ-treated samples was compared to that of controls. The data 

were normalized based on the amount of expression of the 18S rRNA gene. Differences between 

affected and control data on the cell densities and gene expression levels determined by qRT-PCR 

were statistically tested with analysis of variance (ANOVA), followed by Dunnett’s test at the 

significance level of 5%. This test was carried out using the GraphPad Prism software. 
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Results 

The growth of R. subcapitata after exposure to Metronidazole 

When the OD measurements were calibrated, the absorbance values were taken in order to 

calculate the cell density to figure out the dynamic of growth using equation [1] in the method. 

The absorbance values can be found in appendix 2.  

 

 

Figure 1, Shows the growth dynamic of R. subcapitata in response to different concentrations of MTZ for 7 

days. The data are from 3 independent studies where the data were pooled and the averages were 

calculated (average ± SEM). Error bars represent SEM. 

Figure 1 indicates that the cell density has increased over time and that there is a relationship 

between the cell density and MTZ concentration. ). The cell density average for concentrations (0, 

5, 10, 20, 100, 200 µg/l) were (1166667, 1416667, 1163333, 1160000, 930000, 673333 cell/ml) 

respectively. At day 7 high MTZ concentrations of 100 µg/l and 200 µg/l showed a lower cell 

density compared to the control. Low MTZ concentration 10 µg/l and 20 µg/l showed no 

difference in cell density compared to the control. However, the 5 µg/l concentration showed a 

higher cell density compared to the control. 

Growth Rate 

The growth rate was calculated according to the OECD guidelines using equation [2]. The 

calculated growth rate data can be found in appendix 3. At day 7 the growth rate is shown in 

figure 2. 
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Figure 2, Shows growth rate (day-1) in R. subcapitata exposed to five different concentration of MTZ. The 
data were collected from 3 independent experiments, the data were pooled and the averages were 
calculated (average ± SEM). The Metronidazole treated and control groups were analyzed using non-
parametric test (Kruskal-Wallis and Dunn’s multiple comparison test). The asterisk (*) indicates significant 
difference (p < 0.05) between the treatments. Error bars represent SEM.  

The average growth rate for concentrations (0, 5, 10, 20, 100, 200 µg/l) were (2.836831, 3.1865, 
2.88709, 2.879905, 2.590625, 2.190659 day-1) respectively. The asterisks from figure 2 indicates 
that there is a significant difference in the growth rate between 5 µg/L concentration and 200 
µg/L concentration, where the growth rate for the 5 µg/L was 3.1865 day-1 and the growth rate 
for the 200 µg/L was 2.190659 day-1. In comparison to the control, these two concentrations have 
shown different responses to MTZ the 5 µg/l showed a stimulation response by 27.4% and the 
200 µg/l showed an inhibition response by 42.3%.   

Concentration-response curve 

A concentration-response curve was used in order to calculate the inhibitory concentration 

values using a regression line (Cheng, 2001). 
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Figure 3, represents the relation between the concentrations of Metronidazole and response percentage, 
the obtained R² =0.9662. 

The equation obtained from figure 4 was𝑦 = −0,2082 + 5,1811. It allows the calculation of 

specific IC values. The values for IC10, IC20 and IC50 are 23.28 ug/l, 71.35 ug/l and 215 ug/l 

respectively.  

RNA Extraction 

Different optimization steps were used to extract RNA with sufficient concentrations and high 

purity. Table 2, shows the different methods used together with their range of concentration and 

purity.  

Table2, shows different optimization steps used along with their concentrations (ng/µl) and purity 
ranges (260/280). 

Optimization steps Concentration range 

(ng/µl) 
Purity range 

(260/280) 

Micro pestle and heat incubation (65 °C) 3 min 0.1 – 3.0 0.402 - 2.390 

Freeze-thawing cycles (three cycles, -82 °C to 70 

°C) 

2.12 – 14.8 1.45 – 2.263 

TissueLyserTL (50 Hz for 10 min, 5mm beads) 10.1 – 40.64 1.770 – 1.777 

 Freeze-thawing (-82°C to 99°C) 1 min and 

TissueLyser (50 Hz for 10 min, 5mm beads) 

12.5 – 69.7 1.53 - 2.011 

From this table the optimization method that had the highest yield and purest sample were 

chosen to apply on the chosen samples at the end of the toxicity testing to be further used for the 

analysis at the transcriptomic level. Table 2 demonstrates that the best results are achieved by 

combining a single cycle of freezing and thawing at temperatures ranging from -82°C  to 99°C 

with tissue lysis at 50 hertz for 10 minutes. As a result, this technique was utilized for the 

subsequent steps. 
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Quantitative real-time PCR 

For the analysis at a transcriptomic level two concentrations of different responses were chosen 

for qRT-PCR, the obtained Ct values were employed to calculate ∆Ct, ∆∆Ct. 

    

Figure 4, shows the effects of MTZ on the gene expression of pcna for the samples exposed to two different 
concentration of MTZ and the control group. One-way ANOVA test was used. The results for the control 
group, the 5µg/l tested group and the 100 µg/l tested group were 1.09, 1.45 and 1.35 accordingly. Error 
bars represents SEM R² = 0.794, p= 0.0326 and SD= 0.63. 

According to the transcriptomic analysis employing ∆∆Ct suggest that the expression level of pcna 
gene in R. subcapitata was affected by the concentration of MTZ with a small remarkable 
difference from treated group of 5 µg/L and 100 µg/L.  The ∆∆Ct analysis suggests that the tested 
groups had a remarkable difference in comparison to the control group. Nonetheless, samples in 
the low group were clearly distinguishable from those in the control and high treatment groups. 
MTZ at the high concentration may lead to adverse outcomes reaching 1.35 fold gene expression, 
which agrees with the remarkably inhibited growth of R. subcapitata. Exposure to MTZ at the low 
concentrations gave rise to 1.45 fold upregulated pcna gene expression that was differentially 
expressed in control that had 1.09 fold gene expression. 
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Discussion 

Growth Inhibition test 

Pharmaceuticals stored in landfills can contaminate water streams due to leakage (Bagnis, 2020). 

Nevertheless, biological treatments using plants are not capable of eliminating those antibiotics 

completely in the domestic activated sludge process in the wastewater treatment for pollutants 

remediation such as MTZ which has been classified as a stubborn chemical that cannot be 

degraded by conventional methods used in aqueous media (Forouzesh et al., 2021). MTZ can be 

dissolved in either aqueous solutions like PBS at pH of 7.2, or organic solvent like DMSO. The 

organic solvents are preferred over the aqueous solutions, as it's suggested to maintain the 

exposure concentrations throughout the experiment procedure, and it's not recommended to 

store medications in aqueous solvent at all, as the recommendation of Cayman Chemical Company 

(Abutaleb, 2020). 

In this study, the OECD 201 guideline was followed to reveal the biological impacts of the chemical 
on R. subcabitata. Three days of acclimatization might have not been enough for the algae to get 

used to the new conditions, this was noticed as a drop in the cell number in some samples from 

day 0 to day 1. 

The correlation between the concentration and response percentage shows a hormesis pattern 

where at the low concentrations of 10ug/L and 20ug/L the MTZ effect was slightly stimulating, 

also the 5 ug/l concentration showed a higher stimulation response of around 27%. In this case, 

the medication was not considered toxicant, it could have been used as an organic substance that 

could have been consumed as a carbon source or as carbon dioxide gas (Ghasemi et al., 2011; 

Singh et al., 2005). Studies revealed that toxicants with very low concentration such as 5 ug/L 

irritate microalgae and bacteria. The microalgae mechanism to fight back against the chemical by 

enormously increasing its biomass (Riccio et al., 2019; Wijesekara et al., 2011). Whereas the 

correlation between 10 ug/l and 20 ug/l and the cell count remains roughly the same, so we 

suggest that at those concentrations the algae kept tolerable and remained alive during the period 

of the experiment. However, in the high concentrations of 100 ug/l and 200 ug/l, the inhibition 

pattern began to expose itself by the decrease of the cell count to almost 42% less compared to 

that in the control sample. 

The occurrence of hormesis in the algal growth inhibition test is a major challenge in the dose-
response characterization. The effect of Erythromycin (ERY) on R. subcabitata in a similar 

experimental set up was similar to the effect that MTZ had in this study. After 7 days of testing 

the medication, ERM at 4 μg/L caused stimulation effect by 21.9%, whereas 52.0% and 65.4% 

were inhibited in the 80 ug/l and 120 ug/l respectively (Guo, 2021). The study by Guo, (2021) 

shows similar findings to this study, where the low concentration of 5µg/l showed stimulation 

response and the high concentrations showed 2005µg/l showed inhibition response. Also, the 

experiments in both studies were carried out for 7 days.  

In this study, the experiment revealed that the effect of MTZ is an inhibitory effect at 
concentrations higher than 100 ug/l. However, the R. subcabitata showed tolerance to some low 

doses of therapeutic MTZ that was detected by the growth rate values. The best possible 

determination of IC10, IC20 &IC50 was carried out with exclusion of 5 ug/L data, as it is an 

extreme point that is not in harmony with the other points. Using the data of 5 µg/l will affect the 

precision and accuracy of the values since it showed a different type of response, therefor its 
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exclusion was important to study the effect of concentrations that have shown similar responses 

(Almeida et al., 2021). At day 7 the 50 % inhibitory concentration (IC50) was 215 µg/l. 

According to environmental classifications, labeling and packaging of compounds and 
combinations, MTZ at a concentration of 40400 µg/L or higher reduced the R. subcapitata dry cell 

weight, fatty acid methyl ester composition and photosynthetic pigment content which affects the 

photosynthesis and thus the biomass. The ecotoxicological effects of metronidazole on 

microalgae have been reported previously by Miazek, where at 40400–56600 µg/L MTZ caused 
50% toxicity to R. subcapitata (Miazek, 2019).  This means that MTZ is particularly harmful to 

aquatic life because the IC50 values are less than 2500 µg/L (EC, 2008, 2011). 

RNA Extraction 

 Algal cells can be broken down using any number of treatment methods that have been devised 
against the rigid structure of the algal hemicellulose and saccharide-rich cell walls which makes 
it hard to penetrate and prevent getting a good yield of RNA (Pearson, 2006). Because the first 
attempts at lysing and extracting RNA from R. subcapitata yielded very small quantities, and 
because there is a scarcity of literature describing methods suitable for algae species, an 
optimization step was included in the project. Bearing this in mind, it makes perfect sense that 
not only a predetermined level of RNA concentration but also RNA with a certain quality is 
required for a successful qPCR assay. As an alternative to freezing tissue at -70°C to -80°C, 
lyophilization is suggested. In a study by Praveenkumar et al, (2020) the extracted RNA was 
directly used in several downstream applications, including RNA-labelling, RT-PCR, and Northern 
analysis.  Bead milling is one of the most effective methods for disrupting R. subcapitata cells for 
the extraction of intracellular substances. Two beads helped out getting the cell fragmented and 
dissolved, and the beads get the residual genomic DNA to get fragmented (Praveenkumar et al., 
2020). 
It is recommended to make sure of using fragment analyzer apparatus to assess the quality of the 
RNA extract by the end of the procedure. 
As a "mild" homogenization method, the freeze and thaw procedure frequently works in 
conjunction with other homogenization techniques. A few enzymes, on the other hand, can be 
used. But they are susceptible to be vulnerable in comparison to other methods such as freeze 
and thaw and tissue lysing with beads. Regardless, enzyme extraction is not required in this 
situation. TissueLyser at 50Hz for 10 minutes with two 5 mm beads, had the highest RNA yield of 
69.7 ng/l and purity 260/280: 1.53-2.011, while the Micro pestle and heat incubation method 65 
°C for 3 minutes has the lowest yield of 0.1 ng/l and purity 260/280:1.402.  For the RNA to be 
considered pure it must have a 260/280 ratio of less than or equal to 2.0 (Parrish, 2000). 
According to this, the samples were pure. In addition, the cell lysis technique used resulted in 
even more RNA being extracted from cells. 

Quantitative real-time PCR 

qRT-PCR results showed a considerable change in the fold gene expression of the tested groups 

compared to the control. Further research are recommended to use higher concentrations of MTZ 

for revealing better visualization of its effect at the molecular level. And to focus on the molecular 

mechanism of genotoxicity by which concentration causes fold gene expression difference. 

In this study, the DNA replication pathway was downregulated by MTZ in algal cells and was 

assumed to inhibit the next cell division process resulting in decreased algal density. MTZ was 

also hypothesized to induce apoptosis or cell growth arrest. Apoptosis is the process by which 

cells are programmed to die. It is used to eliminate unwanted cells during early development and 

to get rid of cells that have been damaged beyond repair. Therefore, this induction in the 
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apoptosis have led to a decrease in the cell density (Kubagawa et al., 2015). A study reported that 
when R.subcapitata was exposed to Roxithromycin, it showed a decrease pcna expression (Guo, 

2020). However, despite the fact that MTZ may reduce cell division and/or have genotoxic effects 
in R subcapitata the DNA concentration increased in G1, decreased in G2, and remained 

unchanged in S phase (Almeida et al. 2021). In terms of gene expression patterns, there was a 

high correlation among the replicates in each treatment group, with correlation coefficients no 

less than 0.96. (Figure, 4). Transcriptomic profiles in the low group resembled those in controls, 

indicating that MTZ at low concentration had no discernible negative effects. Despite this, gene 

expression patterns in the high group were only weakly correlated with those in the control group 

(1.09–1.35). Gene expressions in the high group consistently differed from those in the control 

and low groups, implying that MTZ at high concentrations may have negative consequences, 
which agreed with the significantly inhibited growth of R. subcapitata. 

At the transcriptomic level, a study reported results of genes that are related to in DNA replication 

process such as pcna, mcm2, and mcm6 genes. The study established that the genes are enriched 

in DNA replication process and were up-regulated in 4 μg/L group, whereas these genes were all 

repressed in 120μg/L group (Guo, 2021). Similarly, to MTZ at the concentration of 5 ug/l the pcna 

gene was upregulated and at the concentration 100 µg/l the pcna gene was downregulated. 

Another study revealed that the SMX-induced inhibition in concentrations of 300 ug/L 

downregulation of base and nucleotide excision repair pathways that includes pcna gene, 

suggested that SMX may be genotoxic and cause DNA damage in alga (Guo, 2021). The same is 

suggested for MTZ, the inhibition of fold expression of the higher concentrations of 100 ug/L and 

200 ug/L may be due to the genotoxic impact and base & nucleotide excision repair pathways of 

MTZ on Algae. 

Endogenous and exogenous factors that damage genomic DNA can interfere with normal 

processes of DNA replication, transcription and chromosome segregation. A study indicated DNA 

repair pathways number of organisms and their primary defense system against these negative 

effects. The BER system is the most important repair mechanism for oxidative base DNA damage 
in Caenorhabditis elegans. The toxicity effect that was shown in this MTZ study is likely due to the 

similarity between C. elegans and R. subcabitata. Both species have similar biological pathways in 

response to toxicant (Lenz et al.,. 2017). Downregulated DEGs, including Pcna, were found to be 

involved in DNA synthesis errors. MMR is a highly conserved DNA repair system that contributes 

to genome stability by correcting mismatched base pairs caused by replication errors. Despite the 

similarity between the two species, the relationship between BER damage and mutation in algal 

species is still unknown (Fukui, 2010). 

Genes Related to DNA Replication and Repair 

One of the most important mechanisms for cell division is DNA replication. Any error in the 
replication process, even if it is as small as one base, or any disruption in the cell cycle can lead to 
genome instability or cell death (Fournet, 2018).  

The results from the study showed that the replication of DNA in algae was inhibited by external 
stressors which was MTZ. The gene pcna, which is involved in replication fork formation and 
primary binding, was increased at low concentrations while decreasing at high concentrations. 
The minichromosomal maintenance protein complex (MCM) is a checkpoint during DNA 
synthesis that is inhibited, resulting in DNA damage and genome instability (Guo et al., 2020). The 
loading of pcna chromatin is a critical step in the initiation of DNA synthesis (Kang et al., 2019). 
Previous research has shown that inhibiting pcna expression causes morphology and structural 
changes in the cell nucleus (Li et al., 2015). During DNA replication, pcna must be opened and 
closed in order to completely encircle the DNA. As a result, the MTZ-induced decrease in pcna 
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expression may cause the elongation phase to be inhibited. DNA replication is a critical event in 
cell proliferation that can be permanently or temporarily hampered by the inhibition of fork 
formation and primary binding as replisome components become inactivated (Syed et al., 2016).   

Apoptosis is also likely to be caused by errors in the initiation of DNA replication (Weinberger et 
al., 2005). Ribonuclease H2 subunit C (rnaseh2c) and flap endonuclease-1 (fen1), both of which 
are required during the termination phase, may be reduced as well. The fen1 protein participates 
in both DNA replication and repair via its interaction with pcna. The nuclease activity of fen1 can 
be stimulated by pcna to improve branch point stability and increase the likelihood of cutting 
(Craggs et al., 2013; Boehm et al., 2016). Prior to each cell division, the fen 1 ensure that sufficient 
energy and materials (e.g., primer, enzymes, and deoxynucleotide) are obtained for adequate cell 
growth, proper DNA replication, and cell cycle checking. Inadequate energy and materials (Vitova 
et al., 2015) and DNA damage that is not repaired properly (Roos and Kaina, 2013) may inhibit 
DNA replication. Because DNA replication is a critical component of cell proliferation, the DNA 
replication pathway downregulated by MTZ in algal cells was assumed to inhibit the next cell 
division process, resulting in decreased algal density. Endogenous and exogenous factors that 
damage genomic DNA can interfere with normal processes of DNA replication, transcription, and 
chromosome segregation, resulting in genomic instability, cell ageing, and/or apoptosis 
(Kusakabe et al., 2019). Several studies have shown that nitroimidazole exposure causes 
oxidative stress and inhibits algae growth (Rao et al., 1987; Nie et al., 2013). An imbalance 
between the generations of reactive oxygen species (ROS) and cellular antioxidant defenses 
causes oxidative stress. ROS can cause a variety of covalent DNA modifications, including single-
nucleobase lesions, strand breaks and cross-links, and protein-DNA cross-links (Melis et al., 
2013). The accumulation of ROS in cells can cause membrane lipid peroxidation, which produces 
malondialdehyde. ROS can also cause DNA damage, preventing genetic information from being 
transmitted and leading to cell cycle activation (Qi et al., 2018). 

In a study by Guo et al, (2020) the insufficient algae growth depends on the energy fixation (e.g., 
energy may be primarily used to buffer ROS) may severely impair DNA replication and repair 
(Guo et al., 2020). Similarly, such results are applicable to the findings of this study of MTZ since 
the Guo study used Roxithromycin which belongs to the same antibiotic group as MTZ and both 
work on the same mechanism on organisms. Thus, one of the reasons behind the insufficient algal 
growth in the MTZ experiment could be due to severely impair DNA replication and repair. 
Organisms have evolved multiple DNA repair pathways as the primary defense system against 
these negative effects, including nucleotide excision repair (NER), base excision repair (BER), and 
DNA mismatch repair (MMR) (Kusakabe et al., 2019).  In several studies, multiple repair 
pathways were involved in oxidative DNA damage repair such as BER and NER. BER is regarded 
as the dominant approach to repairing oxidative stress-induced DNA damage (Melis et al., 2013). 
NER is the primary pathway in charge of removing bulky DNA lesions caused by UV irradiation, 
environmental mutagens, and certain chemotherapeutic agents (Schärer et al., 2013). In this 
study of MTZ, the downregulated DEGs, including pcna, were found to be involved in the DNA 
repair and ligation in both pathways. 

The findings of this experiment are critical for raising awareness about the importance of the 
correct use of medication specially MTZ. A leakage of MTZ to marine may lead to serious crises as 
it affected the microalgae. Furthermore, it is also expected have a negative effect on macroalgae. 
These algae are a great source of oxygen and nutrition source for other organisms like planktonic. 
The mode of action of MTZ and its effect on R. subcabitata was demonstrated to decrease the algal 
growth. The chosen concentrations in this study were higher than the concentrations found in the 
nature of Sweden as a hazardous indication to keep the concentration of MTZ as low as possible. 
It was noticed that MTZ had a negative effect on genes related to DNA replication and repair. 
However, a wider range of concentrations are recommended to use to create a better 
understanding. The study only focused on changes on pcna gene. But, studying the changes in 
expression of other genes related to carbon fixation, ROX reduction and chlorophyll helps to 
understand the multiple mode of action of MTZ on algal metabolism.  
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Ethical considerations 

A very small amount of microalgae used in the study has been justified by the important findings 

of the study, which raises the awareness about the importance of the correct use of chemicals, 

and the importance of eco-toxicological research. Also considering that the algae have a high and 

rapid growth rate. All chemicals used were discarded according to local regulations. Used 

Metronidazole concentrations are below the hazardous standardization of 2500µg/L (US 

environmental protection agency; Magalhães, 2014) 
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Conclusion 

The study clearly identified that MTZ at low concentrations in comparison to nature did not 
significantly inhibit the growth or alter the transcriptional profile of R. subcapitata. MTZ had an 

inhibitory effect on R. subcapitata at concentrations higher than 100 µg/l and upregulated effect 

on the expression of pcna when exposed to 5-100µg/l concentration. Exposure to a high 

concentration of 200 ug/L of MTZ inhibited the growth by approximately 42 %. DNA replication 

and repair processes, as well as biogenesis, were downregulated at the transcriptomic level. 
These findings suggested that MTZ may cause DNA damage and inhibit translation in R. 

subcapitata. Overall, the study revealed new information about the effects of MTZ on R. subcapitata 

and demonstrated that transcriptomic analysis is an effective method for predicting adverse 

outcomes at the physiological and molecular levels. 
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Appendix  

 

Figure 6, shows the relationship between the cell number and the absorbance at 684 nm. 

 

 

 

Table 3 Average cell count for the 3 experiments, at 4 different time points for all used concentrations 
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Relationship between the number of cells and 
the absornce. 

Cell Count (AVG) 
 

Solvent 5 10 20 100 200 

Day 

1 

113333.3 130000 153333.3 123333.3 110000 116666.7 

Day 

3 

223333.3 230000 203333.3 253333.3 236666.7 180000 

Day 

4 

306666.7 383333.3 263333.3 283333.3 220000 266666.7 

Day 

7 

1166667 1416667 1163333 1160000 930000 673333.3 
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Table 4 Growth rate value from the 3 experiments at day 7 calculated using the OECD guidelines. Last row 
shows the average used for analysis 

Day 7  

Solvent 5 10 20 100 200 

2.104134 1.99243 1.262242 1.466337 1.769287 0.336472 

2.062634 2.079442 3.536117 1.568616 1.734601 0.587787 

2.104134 2.010449 3.610918 1.526056 1.698669 0.236389 

1.734601 2.533697 1.450833 1.466337 0.587787 1.076139 

1.769287 2.512306 1.609438 1.466337 0.955511 0.955511 

1.722767 2.495956 1.757858 1.511458 1.120591 0.980829 

1.824549 2.738687 1.386294 1.983298 0.659246 0.470004 

1.835245 2.785011 1.496642 2.247777 2.905078 0.550046 

1.609438 2.76001 1.419084 2.261763 0.757686 0.470004 

3.926583 3.949961 3.7281 3.522431 3.310543 3.288402 

3.913355 3.909353 3.745575 3.583519 3.594569 3.448929 

3.930518 3.955082 3.754979 3.532226 3.378725 3.38326 

3.905334 3.965248 1.635755 3.79474 3.782673 3.285911 

3.917342 3.940934 3.764296 3.773527 3.831536 3.278402 

3.916015 3.965248 3.831536 3.840169 3.890459 3.290886 

3.685541 3.86563 3.467817 3.873975 3.549617 3.205453 

3.673766 3.908015 3.522431 3.812571 3.603685 3.229486 

3.68219 3.930518 3.484312 3.882251 3.574217 3.200033 

2.648536 3.02205 3.270836 3.536117 2.817403 2.667228 

2.7169 3.025291 3.285911 3.572346 2.829284 2.70805 

2.772589 3.060271 3.293365 3.480214 2.879198 2.699122 

2.95491 2.926739 3.360375 3.147022 2.801338 3.050852 

2.972122 2.933857 3.378725 3.158418 2.833213 3.012262 

2.992393 2.905078 3.322635 3.208152 2.821379 3.078847 

2.772589 3.651524 3.250374 2.817403 2.712485 1.983298 

2.725672 3.616309 3.180828 2.867899 2.738687 2.391816 

2.721295 3.596399 3.144152 2.85647 2.809403 2.282382 

2.836831 3.1865 2.88709 2.879905 2.590625 2.190659 
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