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Abstract

:

Numerous species of microalgae have been utilized for pigment production. More and more species are gaining popularity due to their ability to accumulate pigments with varying chemical compositions and the fact that some have distinctive byproducts that can be co-produced. Despite the fact that many of the species have unique by-products and traits, they are not being used economically due to high production costs. Utilizing agricultural and industrial wastewater for algae cultivation is one way to lower manufacturing costs. Herbicide-contaminated wastewater can result from agricultural contamination. Norflurazon is a popular pesticide frequently used for weed control. The presence of norflurazon in water renders that water unusable and requires proper treatment. Nanoparticles of ZnO (ZnO NPs), on the other hand, are utilized in a variety of industrial productions of numerous household goods. Water contaminated with ZnO NPs can present potential risks to human health and the environment. In this study, two field isolates of the green microalga Chlamydomonas reinhardtii, a widely used model organism, were examined for their reaction to these two compounds in order to assess the responses of different natural strains to environmental stresses. Norflurazon at 10 µM had a higher inhibitory effect on growth and pigment production than ZnO NPs at 200 mg L−1. Although both norflurazon and ZnO NPs inhibit cell growth and pigmentation, they do so through distinct processes. Norflurazon induces oxidative stress in cells, resulting in photosystem damage. ZnO nanoparticles, on the other hand, did not cause photosystem damage but rather mechanical cell damage and disintegration. In addition, the physiological responses of the two Chlamydomonas strains were distinct, supporting the utilization of natural algal strains for specific types of environmental pollutants.






Keywords:


norflurazon; pigments; Chlamydomonas; ZnO NPs












1. Introduction


Microalgae are photosynthetic unicellular organisms that serve as an essential carbon source, and play crucial roles in balancing the nutrient cycle in aquatic habitats and maintaining the food web in all ecosystems [1,2,3]. Microalgae convert light energy and inorganic materials into useful bioactive substances, including polysaccharides, lipids, pigments, proteins, vitamins, minerals, and antioxidants [4]. These microalgal bioactive chemicals are utilized in a variety of industries, including human and animal nutrition, cosmetics, pharmaceuticals, and other bio-based products [5]. Microalgae are found in aquatic habitats such as lakes, ponds, rivers, and even wastewater [6]. Increasing wastewater from anthropogenic activities such as industrial, agricultural, and household activities has become one of the most pressing environmental concerns and a danger to water security in recent years [7].



Environmental and social consciousness inspires the reuse of wastewater for microalgal production. Norflurazon is a pyridazinone herbicide used for grass and broadleaf weed management. This chemical causes plant bleaching by inhibiting carotenoid synthesis, which results in chlorophyll depletion and photosynthetic suppression in plants [8,9]. Because this herbicide directly inhibits carotenoid synthesis, it has been used in many studies to isolate microalgal strains with high carotenoid levels both via random mutagenesis and genetic engineering [10,11,12]. Nevertheless, studies on differential responses to this herbicide in different strains within the same species are still scarce. In addition to chemicals used in agriculture, which can easily contaminate water bodies, chemicals used in the industrial sector can also contaminate water bodies either from production facilities or from their usage. ZnO nanoparticles (ZnO NPs) are widely used in physical sunscreen and cosmetics, making them one of the most well-known pollutants. Due to their adsorption ability, large surface area, transparency, UV absorption efficiency, and chemical stability, ZnO nanoparticles (ZnO NPs) are some of the most widely used metals in nanotechnology development with industrial applications. They are also used to produce pigments, semiconductors, UV protection films, chemical sensors, and hair care products [13,14,15]. In addition, this particle’s antimicrobial capability has broadened its application in the pharmaceutical and food industries [16,17]. However, ZnO NPs transmit their toxicity across aquatic environments. Consequently, polluted aquatic systems have a significant negative influence on biological ecosystems and pose a threat to human health through the direct absorption of contaminated drinking water or consumption of vegetables and edible microalgae containing ZnO NPs [18,19].



The unicellular green microalga Chlamydomonas reinhardtii is widely used as a model organism for the study of numerous biological processes, including photosynthesis, circadian rhythm, phototaxis, flagella structure, etc., due to its cultivation ease, haploid genome, ability to grow heterotrophically, and the availability of genome sequence and genetic tools [20,21]. This alga produces pigments such as chlorophyll and carotenoids that can be used in the cosmetic, food, and pharmaceutical industries [22]. Numerous investigations have demonstrated that various natural isolates of this alga respond differently to various conditions [23,24]. However, responses to the herbicide norflurazon and the nanoparticles of ZnO NPs remain understudied, particularly in terms of the differential responses of field isolates. In this study, two natural strains of this alga were selected to examine their responses. These strains were examined for alterations in their physiology and pigment production, while they were cultivated in the presence of norflurazon and ZnO NPs. The differences in their sensitivity to the effects of different substances and the effects of different strains and pigment levels are discussed.




2. Materials and Methods


2.1. Algal Strains and Culture Conditions


Chlamydomonas reinhardtii CC-2344 and CC-4414 strains were provided by the Chlamydomonas Resource Center (University of Minnesota). Strains were maintained at 25 °C on TAP agar plates [25] at 50 µmoles photons m−2 s−1. Strains were inoculated into liquid cultures of TAP medium in Erlenmeyer flasks and cultivated with shaking at 120 rpm under 200 µmoles photons m−2 s−1 illumination using fluorescent lamps. Log phase cultures were diluted to a density of 1 × 106 cells mL−1 for all experiments.



To investigate the effect of norflurazon and ZnO NPs on the growth of Chlamydomonas on TAP agar plates, a 3 µL aliquot of two dilutions (1 × 106 cells mL−1 and 1 × 105 cells mL−1) was spotted onto plates containing various concentrations of norflurazon (Sigma-Aldrich, Poole, UK) and ZnO nanopowder, <100 nm particle size (Sigma-Aldrich, UK). Plates were incubated at 25 °C under 200 µmoles photons m−2 s−1 of illumination for one week. Liquid cultures were prepared with a volume of 50 mL containing various concentrations of chemicals. Cultures were incubated at 25 °C with shaking at 120 rpm under 200 µmoles photons m−2 s−1 of illumination. All experiments were performed with three biological replicates.




2.2. Growth and Cell Morphology


Standard curves of the relationship between cell density and optical density at 750 nm were generated by counting cells under a microscope with a hemocytometer. To estimate cell density, 1 mL of culture was sampled and the optical density at 750 nm was measured. The morphology of cells was examined using a light microscope.




2.3. Cell Viability Assay


Cell viability was assessed using the Evans blue staining method [26]. The percentage of Chlamydomonas cells that did not absorb Evans blue dye (Sigma-Aldrich, UK), which stains nonviable cells, was used to estimate cell viability. A volume of 1 mL of Chlamydomonas cells was incubated with 1% (w/v) Evans blue for 15 min. Dye unbound to live cells was removed by thorough washing with fresh TAP medium, while dye bound to dead cells was solubilized in a solution containing 50% (v/v) methanol and 1% (w/v) sodium dodecyl sulfate (SDS) for 30 min at 50 °C, and quantified via absorbance at 600 nm. The data are expressed as a percentage of total killing calibrated by Evans blue staining of equivalent cells that were heat-treated (~100% mortality) [27,28].




2.4. Photosynthetic Activity and Pigment Content


The fluorescence parameter measuring the quantum yield of PSII (Fv/Fm) was determined using Z985 Cuvette AquaPen (Qubit Systems, Ontario, Canada). Prior to measurement, 1 mL of each culture was kept in darkness for at least 20 min. For the estimation of the chlorophyll a, chlorophyll b, and total carotenoid contents, the pigments were extracted from 1 mL of culture. Cells were collected via centrifugation for 10 min at 7500× g, and resuspended in 1 mL of 80% acetone. Extraction was performed via vortexing until the cells were white. After centrifugation, the supernatant was subjected to spectrophotometer measurement, using the optical density at 470, 646, and 663 nm. The concentrations of pigments were calculated according to the equations previously reported [29]. For all measurements, an absorbance of 720 nm was used to correct for the contaminated color compound [30].




2.5. Statistical Analysis


Statistical analyses were conducted using SPSS Statistics version 22.0. Analysis of variance (ANOVA) was calculated to determine statistical significance (p < 0.05). All experiments were performed with three biological replicates and the results are expressed as mean values ± standard deviation (SD).





3. Results


3.1. Algal Growth and Responses to Chemicals


A desirable trait for microalgae designed for cultivation in wastewater is resistance to contaminants. Two distinct kinds of pollutants were chosen, with norflurazon representing agricultural pollutants and ZnO NPs representing industrial pollutants. CC-2344 and CC-4414, two Chlamydomonas field isolates, were examined [24]. Cells were spotted directly on plates containing varying concentrations of norflurazon or ZnO NPs. Strains were able to grow similarly under controlled conditions, as seen by growth and color on plates in the absence of chemicals (Figure 1a). The concentrations of norflurazon at 5 µM and 10 µM inhibited the growth of CC-4414, but CC-2344 was able to grow at these concentrations. In the presence of ZnO NPs, dark green cells turned light green as ZnO NP concentrations increased, yet cells were still able to proliferate. At a higher ZnO NP concentration, the cells of CC-2344 were greener than those of CC-4414. Similar outcomes were seen for liquid cultures supplemented with norflurazon and ZnO NPs (Figure 1b).



The growth kinetics of CC-2344 and CC-4414 under identical conditions were distinct. Under the control conditions, both strains grew rapidly over the first 48 h and then maintained a constant growth rate between 72 and 96 h (Figure 2a,b). Even though both strains reached the stationary phase after 48 h, the cell density of CC-4414 was higher than that of CC-2344 and remained higher throughout the experiment. The addition of norflurazon hindered the growth of both strains in a dose-dependent manner, as evidenced by the lower initial cell density in cultures containing norflurazon. Similar to norflurazon, ZnO NPs decreased the growth of both strains, although the suppression was not as strong. In all situations, CC-4414 exhibited greater growth compared to CC-2344.



In order to determine the proportion of surviving cells, cell viability assay was performed using the Evans blue staining method. Norflurazon at 5 µM caused a small but significant reduction in cell viability of both strains at 24 h and 48 h (Figure 2c). At 72 h and 96 h, however, the cell viability of cultures with 5 uM of norflurazon was similar to that of the control. The presence of 10 µM norflurazon resulted in a considerable reduction in growth within the first 48 h of treatment, and the effects were stronger toward the end of the experiment. At 96 h, the cell viability of CC-2344 and CC-4414 in the presence of 10 µM norflurazon was at 47.1% ± 10.3 and 53.1% ± 10.4, respectively. The presence of ZnO NPs led to a strong reduction in the percentage of cell viability of CC-4414 at the beginning of the experiment, but the value recovered at later time points (Figure 2d). After 96 h, the percentage of cell viability in the presence of ZnO NPs was the same as that of the control in both strains.




3.2. Photosynthesis and Pigment Content


To maximize algal growth, the efficiency of light usage is essential, particularly in outdoor environments where the light intensity varies constantly. The maximum quantum yield of PSII (Fv/Fm), which measures photosynthetic capability, can be used to assess algal health by measuring the efficiency of light utilization via photosystem II (PSII). In the control conditions, the Fv/Fm values of both strains remained steady between 0.60 and 0.75 (Figure 3a,b). At 72 and 96 h, CC-4414 had greater values than CC-2344. At 24 h, norflurazon caused a significant drop in Fv/Fm in both strains, but the value of CC-4414 at 10 µM norflurazon was lower than that of CC-2344 (Figure 3a). The levels of CC-2344 were stable throughout the experiment after 24 h. CC-4414, on the other hand, demonstrated a significant recovery from 24 h to 72 h, with values stabilizing at 96 h. Norflurazon at 10 µM decreased the values greater than 5 µM at all time periods. The presence of ZnO NPs had no influence on Fv/Fm, and the values of both strains were identical (Figure 3b).



To determine whether the presence of chemicals has any effect on pigment content, the amount of pigment per cell was calculated. In the absence of chemicals, the chlorophyll and carotenoid content of both strains were comparable (Figure 4a–d). Norflurazon dose-dependently decreased both chlorophyll and carotenoid concentrations (Figure 4a,c). At 24 h, the effect was more pronounced in CC-4414 than in CC-2344 (Figure 4a,c). At 96 h, however, CC-4414 was able to recover to have higher levels of both pigments than CC-2344 (Figure 4a,c). The presence of ZnO NPs decreased the levels of both pigments at 24 h and at 48 h (Figure 4b,d). Nevertheless, CC-4414 had higher pigment levels than CC-2344 at the end of the experiment (Figure 4b,d).




3.3. Cell Morphology


Over the course of 96 h, the shape of algal cells cultured with and without herbicide was examined. The cells of both strains were ellipsoidal or nearly spherical, measuring around 10 µm in length and 8 µm in width, with smooth surfaces (Figure 5a,f). Within cells, chlorophyll pigment is densely distributed. Norflurazon caused both strains to have a somewhat lighter hue (Figure 5b,c,g,h). In the presence of norflurazon, the pyrenoid of CC-2344 became less apparent, whereas that of CC-4414 remained intact (Figure 5b,c,g,h). On the other hand, ZnO NPs caused CC-2344 to shrink but not CC-4414 (Figure 5d,i). The cell surface of CC-2344 was irregular, with rough edges, and pieces of cells could be seen outside of the cells (Figure 5d). The cell was a bit paler in CC-4414, but the corners were not as ragged as in CC-2344 (Figure 5d,i). Interestingly, CC-4414 displayed cell aggregates with a higher degree of aggregation in the beginning of the experiment compared to the end, while CC-2344 did not exhibit cell aggregates (Figure 5e,j).




3.4. Pigment Production


To compare variations in pigment production, the chlorophyll and carotenoid productions per volume of culture were calculated. The presence of norflurazon lowered the production of pigments in both strains by a significant amount at 96 h (Figure 6a,b). However, in CC-4414, the level of chlorophyll continued to increase with time, whereas the production of carotenoid was stabilized at later time points. At the end of the experiment, both pigments in CC-2344 were stabilized or decreased at a higher concentration of norflurazon. At the same norflurazon concentration at 96 h, CC-4414 produced more of both pigments than CC-2344. Intriguingly, CC-4414 exhibited a lowered accumulation of both pigments at 24 h, but by 96 h, CC-4414 pigment production was higher than that of CC-2344. The addition of ZnO NPs decreased the accumulation of both pigments (Figure 6b,d). The production of both pigments by the two strains was equivalent after 24 h. However, CC-4414 pigment production was substantially greater than CC-2344 pigment production after 96 h.



Over the course of 96 h, cell growth and pigment production were highest at the last time point. Therefore, the pigment production at this time point is summarized in Table 1 and Table 2. At 5 and 10 µM, norflurazon decreased chlorophyll production in CC-2344 by approximately 50 and 70 percent, respectively (Table 1). A greater proportion of chlorophyll b was inhibited compared to chlorophyll a. At 10 µM of norflurazon, approximately 50% of chl a production was inhibited, whereas 70% of chl b accumulation was inhibited. The production of carotenoids decreased at the same rate as total chlorophyll. In contrast, ZnO NPs inhibited around 35% of the initial total chlorophyll and carotenoids production. The chl a level was reduced by 30% while the chl b level was reduced by 40%.



Norflurazon reduced 45% and 55% of chlorophyll production in CC-4414 at concentrations of 5 µM and 10 µM, respectively (Table 2). At 5 µM, chl a was inhibited by 30% and chl b was inhibited by 45%. At 10 µM, chl a was inhibited by 53% and chl b was inhibited by 63%. The production of carotenoid was reduced by 37% and 64% as a result of 5 µM and 10 µM of norflurazon, respectively. The presence of ZnO NPs reduced 25% of total chlorophyll production and 35% of carotenoid production. Chl a was suppressed by 30% and chl b was suppressed by approximately 10%.





4. Discussion


4.1. Effects of Norflurazon


Norflurazon is a pesticide employed for weed control in agricultural settings. Norflurazon can potentially pollute ground and surface water sources through soil leaching. This can be detrimental to aquatic life; hence, water polluted with norflurazon must be decontaminated before being released into the environment. Norflurazon directly inhibits phytoene desaturase, the enzyme that catalyzes the early steps of carotenoid production, resulting in a decrease in carotenoids. Carotenoids are accessory pigments for photosynthesis and antioxidants that scavenge photooxidative stress-causing free radicals. Thus, a decrease in carotenoids might result in chloroplast bleaching in the presence of light, ultimately leading to cell death. Many studies have shown that microalgae also showed similar trends in pigment reduction by norflurazon. For example, the growth of the diatom Phaeodactylum tricornutum was found to be sensitive to 10 µM norflurazon resulting in reduced cell density and chlorophyll production [31]. The treatment of 0.02 µM norflurazon combined with high light reduced carotenoids in Haematoccus pluvialis by half [32]. Water tainted with norflurazon could be utilized to cultivate microalgae for high-value products. However, adequate species and strain selection are required to maximize growth and product yield, as various species and strains of the same species may have varying tolerances to norflurazon.



On plates and in liquid culture, CC-2344 and CC-4414 norflurazon phenotypes differed from one another. On plates, cells are unable to swim away or aggregate to alleviate the impacts of reactive oxygen species (ROS) production that is amplified by light, which may be the survival mechanisms essential for CC-4414. The initial cells of this strain were extremely sensitive to norflurazon in liquid culture. If these first cells perished, the culture would be incapable of proliferating. Even though the initial cells of CC-4414 were highly sensitive to norflurazon, if they were given time to activate cellular responses to protect themselves from the effects of norflurazon, they could exhibit better survival. Therefore, the screening procedure for strains used for cultivation is essential because phenotypes on a plate may not correspond to the same phenotypic variations in liquid culture. In this instance, CC-4414 was more sensitive to norflurazon when grown on plates, but it was more resistant than CC-2344 when grown in liquid culture.



In both strains, a greater percentage of chl b than chl a was inhibited. The reason for this is that chl b is mostly localized in the light harvesting chlorophyll-protein complex (LHCII) [33]. Under circumstances that promoted ROS production, the LHCII levels decreased to reduce the antenna size to lower than the amount of light that would enter the photosystems and minimize ROS production [34]. Comparing the two strains, CC-4414 exhibited superior recovery after norflurazon inhibition. Because PSII is the most sensitive component of photosynthesis, the maximum photosynthetic quantum yield, Fv/Fm, is the most sensitive measurement that can be used to assess algal health. CC-4414 reacts rapidly to the presence of norflurazon, as evidenced by a significant decrease in Fv/Fm. Nonetheless, this strain is better able to recover from stress, demonstrating the capacity to restore PSII function. CC-2344, on the other hand, exhibited a decrease in Fv/Fm, but not as severe as CC-4414, but was unable to recover as well as CC-4414. The remarkable recovery of CC-4414, specifically the Fv/Fm value, suggests that Fv/Fm can be utilized to identify strains that will thrive in different stresses because of its sensitivity to environmental changes. Changes in this value can be used to predict how cells would behave and adapt prior to the emergence of other phenotypes. Nonetheless, the length of cultivation is significant since different time periods provide distinct effects. When initially exposed to norflurazon, CC-4414 demonstrated increased sensitivity. If screening by Fv/Fm at 24 h, strains that would actually be superior for long-term growth would be overlooked, as this strain provided superior growth and pigmentation at 96 h.



CC-4414 demonstrated a stronger physiological reaction to norflurazon than CC-2344, as evidenced by a greater decrease in Fv/Fm and a reduction in chlorophyll and carotenoid levels. The effect was at its peak at 24 h, and all values returned close to initial values at 96 h. However, the contrary was observed with CC-2344, which was not significantly influenced at first but exhibited a stronger inhibition over time. With the addition of norflurazon in the medium, this high sensitivity and dramatic response may be more effective at sending signals to the cells to adjust to this alteration. This may then allow CC-4414 in adjusting its physiology and gene expression in order to recuperate more effectively in this new environment. In this strain, mechanisms that aid in lowering ROS, such as decreasing antenna size, initiating the non-photochemical quenching process, and activating antioxidant systems, may be greatly stimulated. The recovery of Fv/Fm indicated that photosynthesis had resumed its functioning, which implies that PSII had been protected from ROS and photosynthesis had been restored. This allowed cell division to continue despite the presence of norflurazon. The absence of a comparable recovery in CC-2344 suggests that systems that protect PSII or manage ROS may not be as effective. The difference in ROS management between these two strains is currently under investigation.




4.2. Effects of ZnO NPs


There have been inconsistent findings, with some indicating that ZnO NPs can be hazardous to algae and others finding no substantial influence. Studies conducted on Ostreococcus tauri and Nannochloris sp. demonstrated that ZnO NPs had no influence on cell growth and morphology [35]. A study conducted on Chlorella vulgaris revealed that ZnO NPs at concentrations greater than 1 mg L−1 reduced growth and photosynthetic efficiency [36]. In Scenedesmus obliquus, ZnO NPs at concentrations of more than 50 mg mL−1 altered the cell wall structure and harmed the photosynthetic pigments [37]. After 96 h of exposure to ZnO NPs, Spirulina (Arthrospira) platensis cells exhibited decreased cell viability, decreased biomass, and decreased chlorophyll-a, carotenoids, and phycocyanin contents [38].



Our results demonstrated that at a relatively high concentration of 200 mg L−1, ZnO NPs inhibited the growth of Chlamydomonas. Nevertheless, there were no observable effects of ZnO NPs on photosynthesis. There was a small decrease in photosynthetic pigment content. In CC-4414, chl b was suppressed to a considerably lesser extent than chl a, indicating that photosynthesis was still fully functioning and there was no need for cells to reduce the LHCII levels. Therefore, ROS production was not the issue in this case. This observation suggests that the presence of ZnO NPs did not have a direct influence on photosynthesis in this alga. The constant Fv/Fm ratio throughout the experiment also confirmed that PSII was unaffected. Our results are in accordance with a prior finding that ZnO NPs do not increase ROS production in Chlamydomonas even at a 100 mg mL−1 concentration [15]. Nevertheless, responses in terms of ROS generation could be different in different species, because a study reported that ZnO NPs did cause oxidative stress in Tetraselmis sp. but not in Desmodesus subspicatus [39]. Therefore, lower cell density and pigment content in our study were not due to a reduction in photosynthesis. Rather, the decline in growth was caused by the mechanical disturbance of the cell surface, which led to cell death, as it has been demonstrated that the toxicity of ZnO NPs causes cell wall rupture in Haematococcus pluvialis and the destabilization of the cell membrane in Pseudokirchneriella subcapitata [40,41]. CC-4414 is a fast-growing strain. It entered the stationary phase on Day 2 with a significantly higher cell density than CC-2344 (Figure 2a,b). The response between the two strains was already distinct from the beginning. CC-4414 was found to aggregate in the presence of ZnO NPs (Figure 5j). Cell aggregation has been suggested as a protection mechanism to minimize the surface area that comes into contact with ZnO NPs and to reduce the zinc ions released from the NPs [42]. CC-4414 could also potentially be more resistant to cell disruption due to variations in the cell wall and membranes of these two strains.





5. Conclusions


Examining two Chlamydomonas strains, we discovered that their reactions to norflurazon and ZnO NPs are distinct. CC-4414 initially demonstrated a high sensitivity to norflurazon, but it was able to adapt and thrive in its new habitat through a remarkable recovery. Very high concentrations of ZnO NPs reduced cell growth and pigment synthesis in both strains. CC-4414 demonstrated cell aggregation and greater resistance to ZnO NPs, leading to better cell survival. Our findings support the notion that various strains of the same species exhibit distinct behavioral responses. Selecting a strain that is compatible with particular components of the wastewater will help to maximize product yield.
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Figure 1. Growth of C. reiinhardtii CC-2344 and CC-4414 cells with and without norflurazon and ZnO NPs on plates (a) and in liquid cultures (b). Exponential phase cultures were diluted to the indicated cell density, and a 3 µL aliquot was spotted onto plates with the indicated chemical at different concentrations. Liquid cultures were diluted to a density of 1 × 106 cells mL−1 and the chemical at the indicated concentration was added. Photographs were taken after 96 h. 
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Figure 2. Growth and percentage of cell survival. Cell density (a,b) and percentage of cell survival (c,d) under norflurazon and ZnO NP conditions, respectively. Blue and red solid lines are CC-2344 and CC-4414 with no chemicals, respectively. Blue and red dashed lines and dotted lines represent CC-2344 and CC-4414 with the indicated concentration of the chemical, respectively. All data are means ± SD of three biological replicates. Significant differences between the control culture and chemical-added culture within the same condition are indicated by asterisks (*) (p < 0.05). 
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Figure 3. Chlorophyll fluorescent parameter. The maximum quantum yield of PSII (Fv/Fm) under the presence of norflurazon (a) and ZnO NPs (b). Blue and red solid lines are CC-2344 and CC-4414 with no chemicals, respectively. Blue and red dashed lines and dotted lines represent CC-2344 and CC-4414 with the indicated concentration of the chemical, respectively. All data are means ± SD of three biological replicates. All data are means ± SD of three biological replicates. Significant differences between the control culture and the chemical-added culture within the same condition are indicated by asterisks (*) (p < 0.05). 
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Figure 4. Pigment content per cell unit. Chlorophyll content (a,b) and carotenoid content (c,d) under norflurazon and ZnO NP conditions, respectively. Blue and red solid lines are CC-2344 and CC-4414 with no chemicals, respectively. Blue and red dashed lines and dotted lines represent CC-2344 and CC-4414 with the indicated concentration of the chemical, respectively. All data are means ± SD of three biological replicates. Significant differences between the control culture and the chemical-added culture within the same condition are indicated by asterisks (*) (p < 0.05). 
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Figure 5. Morphological changes in cells exposed to norflurazon and ZnO NPs for 96 h. CC-2344 and CC-4414 were cultivated in TAP (a,f), TAP with norflurazon (b,c,g,h), and ZnO NPs (d,e,i,j). 
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Figure 6. Pigment production. Chlorophyll content (a,b) and carotenoid content (c,d) under norflurazon and ZnO NP conditions, respectively. Blue and red solid lines are CC-2344 and CC-4414 with no chemicals, respectively. Blue and red dashed lines and dotted lines represent CC-2344 and CC-4414 with the indicated concentration of the chemical, respectively. All data are means ± SD of three biological replicates. Significant differences between the control culture and the chemical-added culture within the same condition are indicated by asterisks (*) (p < 0.05). 
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Table 1. Total chlorophyll, chlorophyll a, chlorophyll b, and carotenoids of CC-2344. All data are means ± SD of three biological replicates. Significant differences between the control and each condition are indicated by asterisks (*) (p < 0.05).
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Control

	
Norflurazon (µM)

	
ZnO (mg L−1)




	
0

	
5

	
10

	
200






	
Total Chlorophyll (mg L−1)

	
30.37 ± 0.73

	
16.69 ± 1.13 *

	
11.98 ± 0.77 *

	
19.76 ± 1.11 *




	
Chlorophyll a (mg L−1)

	
18.44 ± 0.54

	
11.73 ± 0.78 *

	
8.63 ± 0.57 *

	
12.47 ± 0.55 *




	
Chlorophyll b (mg L−1)

	
11.71 ± 0.31

	
4.73 ± 0.33 *

	
3.20 ± 0.19 *

	
7.28 ± 0.59 *




	
Carotenoids (mg L−1)

	
6.34 ± 0.41

	
3.21 ± 0.30 *

	
2.30 ± 0.16 *

	
4.16 ± 0.34 *
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Table 2. Total chlorophyll, chlorophyll a, chlorophyll b, and carotenoids of CC-4414. All data are means ± SD of three biological replicates. Significant differences between the control and each condition are indicated by asterisks (*) (p < 0.05).
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Control

	
Norflurazon (µM)

	
ZnO (mg L−1)




	
0

	
5

	
10

	
200






	
Total Chlorophyll (mg L−1)

	
39.98 ± 0.69

	
26.49 ± 1.51 *

	
17.70 ± 0.61 *

	
30.19 ± 0.43 *




	
Chlorophyll a (mg L−1)

	
26.94 ± 0.39

	
19.13 ± 1.26 *

	
12.70 ± 0.39 *

	
19.06 ± 0.44*




	
Chlorophyll b (mg L−1)

	
12.72 ± 0.31

	
7.02 ± 0.39 *

	
4.77 ± 0.21 *

	
11.13 ± 0.05 *




	
Carotenoid (mg L−1)

	
9.28 ± 0.18

	
5.92 ± 0.24 *

	
3.39 ± 0.11 *

	
6.06 ± 0.32 *
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