

  analytica-04-00009




analytica-04-00009







Analytica 2023, 4(2), 102-112; doi:10.3390/analytica4020009




Article



Impacts of Chlorine on the Change of Chlorophyll Fluorescence Spectrum to Phaeodactylum tricornutum



Na Li 1, Shimeng Chen 2, Jun Yang 1, Jun Song 1 and Yongxin Song 2,*





1



College of Marine Science and Environmental Engineering, Dalian Ocean University, Dalian 116023, China






2



Department of Marine Engineering, Dalian Maritime University, Dalian 116026, China









*



Correspondence: yongxin@dlmu.edu.cn







Academic Editor: Marcello Locatelli



Received: 26 March 2023 / Revised: 7 April 2023 / Accepted: 7 April 2023 / Published: 11 April 2023



Abstract

:

Chlorine-containing disinfectants have been widely used all over the world to prevent COVID-19. However, little is known about the potential risk of chlorine-containing disinfectants in the marine environment. Phaeodactylum tricornutum (P. tricornutum) is a typical marine economic diatom, often used as an effective biomarker in ecotoxicology research. Here, the present study has investigated the effect of different effective chlorine concentrations on photosynthesis of P. tricornutum by chlorophyll fluorescence spectroscopy. Results have demonstrated that chlorine exposure promoted the chlorophyll fluorescence intensity at initial stage (24 h), suggesting that a large amount of energy is emitted in the form of fluorescence. However, the chlorophyll fluorescence intensity could not be detected under the high effective chlorine concentrations (6.7 × 10−3, 1.0 × 10−2, 1.3 × 10−2 and 1.7 × 10−2 mg L−1) after 48 h, indicating that the chlorine had high toxicity leading to the death of microalgae. In addition, the emission spectra of P. tricornutum were determined to contain two distinct fluorescence peaks representing the core antenna of photosystem II (685 nm) and the photosystem I complexes (710 nm) in the control group. The fluorescence emission peak value at 685 nm is significantly lower than the peak value at 710 nm in the control group, whereas chlorine treatments were opposite. It can be concluded that microalgae can regulate the distribution of excitation energy between the two photosystems to ensure that algae can utilize light energy. The result also found that the peak position of fluorescence emission spectra has a blue shift in all of NaClO treatments. The fluorescence intensity of microalgae excited at 467 nm was lower than that at 439 nm in chlorine treatments, illustrating chlorophyll b antenna was more easily damaged than chlorophyll a antenna. Our findings are providing new insights into the changing mechanism of chlorophyll fluorescence on P. tricornutum under chlorine stress and valuable data for risk assessment of marine environments.
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1. Introduction


The emergence of the Coronavirus Disease-2019 (COVID-19) pandemic is having an extremely serious impact on human health, global economy and environment. The family of coronaviruses contains Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), which is the cause of COVID-19 [1]. The SARS-CoV-2 has spread worldwide, causing a substantial amount of human infections or even deaths [2]. According to the World Health Organization, COVID-19 has infected more than 700 million people and killed 6.8 million people by 2023. It has been reported that the chlorine-containing disinfectants have positive efficacy in killing SARS-CoV-2, so chlorine-containing disinfectants have been mainly used for sanitary disinfection during the COVID-19 pandemic in the People’s Republic of China (P.R.C) [3]. The concentrations of residual chlorine were found to be as high as 0.4 mg L−1 in some lakes of Wuhan (China) due to the excessive use of disinfectants [4]. However, even at concentrations below 0.1 mg L−1, the residual chlorine is toxic to sensitive aquatic species and may pose potential ecological risks [5,6].



The chlorine-containing disinfectants can be resolved into hypochlorous acid (HClO), hypochlorite ions (HClO−) and chloride (Cl−) in water, which are able to persist in the aquatic environment for a long time [7]. By the time these chlorine-containing compounds enter the ocean, they are causing a range of toxicological effects on marine organisms. Previous studies have shown that sodium hypochlorite (NaClO) can significantly damage cell structures and inhibit the growth and photosynthesis of algae [8,9]. As primary producers in the marine ecosystem, microalgae can convert CO2 into organic carbon through photosynthesis [10]. The process can increase marine carbon sink and maintain ecosystem homeostasis. Microalgae contribute to carbon emission reduction, which has important implications for global carbon neutralization. However, the potential threat of chlorine-containing disinfectants to microalgae photosynthesis has not attracted sufficient attention.



Chlorophyll, as a photosynthetic pigment existing in microalgae, is an extremely important foundation of photosynthesis. The light energy absorbed by chlorophyll is dissipated through photochemical reactions, including heat and fluorescence, respectively [11]. The three ways of transmission compete with each other for light energy, in which the fluorescence generally only accounts for 1–3% of the total energy. In a different perspective, almost all changes in the photosynthetic process can be reflected by chlorophyll fluorescence. Chlorophyll fluorescence can be used as a natural probe to investigate the changes of photosynthesis. In addition, the chlorophyll fluorescence spectrum technology has become an emerging detection technology. The chlorophyll fluorescence spectrum technology can reflect a large number of important physiological information of microalgae, such as growth status, the activities of photosystem II (PS II) and photosystem I (PS I), light energy absorptions and transformations.



Phaeodactylum tricornutum (P. tricornutum) is a typical marine economic diatom, often used as an effective biomarker in ecotoxicology research. Therefore, the purpose of this study is to assess the effects of different NaClO concentrations on the fluorescence characteristic of P. tricornutum by investigating the chlorophyll fluorescence spectra within 96 h. The objectives of the present study were to: (1) investigate the influence of NaClO on energy absorption and transformation between chlorophyll a and b; (2) reveal the effects of NaClO on the energy transfer process of microalgae photosystem; (3) explore the variation mechanism of NaClO on the spectral signature of microalgae. To the best of our knowledge, the results gained in this paper might explore the change mechanism of chlorophyll fluorescence on P. tricornutum and might be useful for ecological risk assessment of chlorine-containing disinfectants in the oceanographic investigations.




2. Materials and Methods


2.1. Microalgae Culture


P. tricornutum were provided by the Shanghai Guangyu Biological Technology Co., Ltd. (Shanghai, China). They were cultured in a 150 mL conical flask with f/2 culture medium (Table 1). The microalgae were maintained in a constant temperature light incubator with an irradiance of 60 μmol of photons m−2·s under a 12 h:12 h (light/dark) photoperiod. The initial pH and salinity in the f/2 medium were adjusted to 8.0 ± 0.06 and 32 ± 0.5, respectively. The temperature was set to 20 ± 1 °C. These flasks were manually agitated three times a day to avoid cell sedimentation. Before the sodium hypochlorite (NaClO) exposure test, the cell density of P. tricornutum was approximately 4 × 105 cell mL−1.




2.2. Experimental Design


To examine the effects of NaClO on chlorophyll fluorescence of P. tricornutum, microalgae were exposed to different concentrations of effective chlorine. P. tricornutum were treated with effective chlorine concentrations of 0 (control group), 3.3 × 10−3, 6.7 × 10−3, 1.0 × 10−2, 1.3 × 10−2 and 1.7 × 10−2 mg L−1 in a 100 mL conical flask. The sampling time points of microalgae were 24 h, 48 h, 72 h and 96 h after NaClO exposure. Every treatment was conducted in triplicate.




2.3. Measurement of Chlorophyll Fluorescence Spectroscopy


The chlorophyll fluorescence spectra of microalgae were measured by a fluorescence spectrophotometer (F4600, Hitachi, Ltd., Tokyo, Japan). The excitation (Ex) and emission (Em) wavelength range were 485–800 nm and 200–660 nm at 10 nm intervals using a slit width of 10 nm, respectively. The scanning speed and photomultiplier (PMT) voltage were 1200 nm min−1 and 700 V, respectively. An amount of 2 mL microalgae liquid was placed in a 1 cm path-length cuvettes for fluorescence spectrum scanning. The pre-experiments showed that the fluorescence maximum Ex wavelengths of chlorophyll a and chlorophyll b in P. tricornutum were 439 and 467 nm, respectively. The maximum Em wavelength of chlorophyll was around 685 nm. Therefore, the Ex wavelengths were determined to be 437 and 468 nm, and the Em wavelength was 685 nm.



In addition, the fluorescence effect of P. tricornutum was observed by the CCD camera (DS-Qi1Mc, Nikon, Ltd., Tokyo, Japan) of an inverted optical microscope imaging system (Ti-E, Nikon, Japan). The fluorescence excitation and emission filter module of the microscope was set as EX: 527–553 nm, DM: 565 nm and RA: 577–633 nm.




2.4. Statistical Analysis


All data were expressed as mean ± standard deviation (SD) of three replicates (n = 3). The spectral curves are smoothed through the Origin Pro 2021 software. In order to extract more accurate spectral information, the fluorescence spectrum was analyzed by Gaussian peak analysis [12]. The equation used for fitting has the form of Equations (1) and (2):


  f  ( x )  = a  e       (  x − b  )   2    2  e 2       



(1)






  y =  y 0  +    A 0     ω 0     π 2       e       (  x −  μ 0   )   2     ω 0    2       



(2)




where x is the wavelength (nm); f(x) is the relative intensity of fluorescence; y0 is the slope (baseline); A0 is an area of the peak; μ0 is the center of the peak (nm); ω0 is peak half-width (nm).





3. Results and Discussion


3.1. Fluorescence Excitation Spectra


Photosynthesis is a necessary activity for microalgae growth, which synthesize organic substances from inorganic materials and stores energy. The chlorophyll fluorescence is a sensitive probe for studying photosynthesis. Therefore, the fluorescence excitation spectra were determined to investigate the potential influence of NaClO on the chlorophyll fluorescence system of P. tricornutum. When the Em wavelength was 685 nm, the fluorescence Ex peaks were located near 437 nm and 468 nm of P. tricornutum (Figure 1). This finding was consistent with a previous study [13], which confirmed that the fluorescence Ex peaks at 437 nm (F437) and 468 nm (F468) were chlorophyll a and chlorophyll b antenna, respectively.



At the initial stage (24 h), the relative chlorophyll fluorescence intensity of P. tricornutum increased significantly at effective chlorine concentrations in 6.7 × 10−3 and 1.3 × 10−2 mg L−1, compared to the control group (Figure 1a). Superficially, the low concentrations of NaClO can promote the increase in chlorophyll fluorescence of algae. It is known that NaClO decomposes in water to form chloric acid and hypochlorite (NaClO + H2O = HClO + NaOH). NaClO is a neutral molecule, which can rapidly diffuse to the surface of negatively charged microalgae. The entry of NaClO into cells mainly depends on the active transport process. It disrupts microalgae metabolic processes, such as carbohydrate metabolism, protein metabolism, respiration produces and photosynthesis. Therefore, the “stimulatory effect” is due to NaClO potentially disturbing the photosynthetic electron transport chain. Ultimately, a large amount of energy is emitted in the form of fluorescence.



The chlorophyll fluorescence intensity of P. tricornutum significantly increased during 96 h at the culture group. However, the intensity of chlorophyll fluorescence decreased with prolonged exposure time under the NaClO. As shown in Figure 1b–d, it is clear that the relative intensity of chlorophyll fluorescence decreased with the increase in culture time under low effective chlorine concentration (3.3 × 10−3 mg L−1). Under the high concentrations (6.7 × 10−3, 1.0 × 10−2, 1.3 × 10−2 and 1.7 × 10−2 mg L−1) stress, the relative fluorescence intensity of microalgae was almost undetectable after 48 h. It has previously been reported that the chlorophyll auto-fluorescence intensity of Prorocentrum minimum under low biocide chlorine concentrations stress (0.1, 0.5 and 1.0 mg L−1) decreased by 68%, compared with the control group, whereas the fluorescence of algae could not be detected under higher concentrations (2.0 and 3.0 mg L−1) [14]. Moreover, the relative chlorophyll fluorescence intensity of P. tricornutum decreased with the increase in the effective chlorine concentrations at the same culture time (Figure 1). The chlorophyll fluorescence intensity showed a dose-dependent and time-dependent decrease exposure to NaClO during 96 h. Similarly, NaClO at 0.1–3 mg L−1 caused a significant decrease in the chlorophyll auto-fluorescence intensity of Closterium ehrenbergii [15]. The content of chlorophyll and carotene were significantly inhibited at chlorine treatments [16], indicating that the photosynthesis capability was reduced of microalgae. The damage to photosynthetic activity directly impacts the light-trapping function of the antenna protein in chlorophyll. In addition, the value of maximum quantum yield of PS II (Fv/Fm) also decreased [6], illustrating that the presence of NaClO disrupting the normal electron transfer process. Therefore, these results confirmed that NaClO caused serious damage to the photosystem of microalgae [17].



The fluorescence of PS II light-harvesting complex (LHC II) is provided by chlorophyll a and b together. The absorbed light energy was transferred between chlorophyll a and b until stable equilibrium was reached. Therefore, the chlorophyll a/b fluorescence intensity (F437/F468) can be used to reflect the proportion of excitation energy in LHC II. As shown in Figure 2, the average value of F437/F468 in the control group remained at 0.83 ± 0.02 during 24–96 h, indicating that the light energy conversion process of microalgae is normal and stable. Moreover, the value of F437/F468 is less than 1, illustrating that the excitation energy of chlorophyll b in LHC II was higher than that of chlorophyll a. This phenomenon was most probably due to the fact that light energy transferred from chlorophyll b to chlorophyll a. However, during exposure of different NaClO concentrations, the value of F437/F468 was significantly higher than the control group during the initial stage (within the first 24 h). The results of this study demonstrated that NaClO could inhibit the absorption of light energy by chlorophyll b and interfere with electron transport. To protect the ability of LHC II to capture light under NaClO exposure, chlorophyll a absorbs a large quantity of excitation energy for photosynthesis. Moreover, the value of F437/F468 of microalgae decreased from 1.16 to 0.87 within 24–96 h at low effective chlorine concentration (3.3 × 10−3 mg L−1), indicating that the inhibitory effect of NaClO on photosynthesis of microalgae gradually weakened. Reduction in F437/F468 value over exposure time was related to self-recovery ability of the photosynthetic efficiency. Under the high effective chlorine concentrations (6.7 × 10−3, 1.0 × 10−2, 1.3 × 10−2 and 1.7 × 10−2 mg L−1), the value of F437/F468 was below the detection line after 48 h. Previous studies have found that the acute toxicity of NaClO to microalgae was significant and could cause microalgae death [18].




3.2. Fluorescence Emission Spectra


The fluorescence Em spectra of P. tricornutum was induced with 467 nm irradiance in the presence of different effective chlorine concentrations as a function of exposure times (Figure 3). In the control group, the Em spectra of P. tricornutum contained two prominent fluorescence peaks located near 687 nm and 710 nm, respectively. The main peak of chlorophyll fluorescence in most microalgae was between 680 nm and 690 nm [19]. This can be interpreted as the fluorescence Em peak of P. tricornutum at 687 nm representing the core antenna of PS II. The reaction center pigments of PS II are called P680, which are able to absorb light with the wavelength of 680 nm (Figure 4). In addition, The PS I core complex consists of reaction center pigments P700, of which the maximum absorption wavelength is 700 nm. Previous studies found that the fluorescence emission peak of PS I in P. tricornutum is located at 717 nm [20]. The PS I complex of P. tricornutum showed fluorescence Em peaks at 690 nm and 716 nm at 77 K [21]. The shoulder peak of chlorophyll fluorescence Em of Codium chloroplasts also isolated at 712 nm [22]. Therefore, the 687 nm band is associated with the core antenna of PS II and the broad band at 710 nm is mainly associated with PS I complexes.



Em peak value at 685 nm is significantly lower than the peak value at 710 nm in the control group during 96 h (Figure 3). The PS I and PS II are both photosynthesis units in the thylakoid membrane of microalgae. LHC II and LHC I (PS I light-harvesting complex) can absorb and transfer the light energy, which in turn drive photosynthetic electron transport and energy conversion process (Figure 4). The algae cells distribute energy between the two photosystems by regulating the light-harvesting complexes. Hence, the excitation levels of PS I and PS II are in a relatively balanced state. In the control group, the excitation energy could efficiently be transferred from PS II to PS I of P. tricornutum. However, the peak value at 710 nm of algae cultured in low effective chlorine concentration was significantly lower than the peak value at 685 nm. It is worth noting that the photosynthesis of microalgae performs under the synergistic action of PS I and PS II [23]. The PS II of microalgae may be overstimulated under low NaClO concentration stress. A portion of LHC II is phosphorylated in this process, resulting in the formation of the super-complexes PS I-LHC I-LHC II [24]. The super-complexes PS I-LHC I-LHC II can transfer energy to PS I, achieving a balanced distribution of excitation energy between PS II and PS I (Figure 4). Therefore, the microalgae can regulate the distribution of excitation energy between the two photosystems to ensure that algae can utilize light energy. In addition, responding to low effective chlorine concentration stress, a decrease in relative chlorophyll fluorescence intensity was observed in P. tricornutum. The Em peak value at 710 nm of algae was always lower than the peak value at 685 nm during 96 h under the NaClO stress. The phenomenon demonstrated that the photosynthetic capacity of microalgae decreased after NaClO stress. Microalgae can generate stress protection mechanisms to maintain cell metabolism. Both PS II and PS I are prone to oxidative damage under stress. The difference is that the repair process of PS I is very slow, which is obviously different from PS II. Therefore, the NaClO stress can result in irreversible PS I damage of P. tricornutum.



As shown in Figure 3b–d, the fluorescence Em peak near 685 nm and 710 nm was not detected under the high effective chlorine concentrations, suggesting that the light energy transfer process suffered serious damage under the NaClO treatments. However, the peak of fluorescence Em spectrum appeared near 585 nm. The peak value at 585 nm increases with the increase in effective chlorine concentrations. Furthermore, the fluorescence effect was observed under the optical microscope to check the viability of P. tricornutum (Figure 5). It is clear that the microalgae could emit fluorescence under control group and 3.3 × 10−3 mg L−1 effective chlorine concentration, whereas microalgae barely emit fluorescence in the other treatments at 48 h. The cell debris contain un-degraded fluorescent groups. Therefore, the fluorescence Em peak near 585 nm may be caused by a large number of dead microalgae and colored dissolved organic matter (CDOM).



The changes in the relative fluorescence intensity near 685 nm of P. tricornutum in the presence of NaClO over a period (24 h, 48 h, 72 h and 96 h) are presented in Figure 3. The relative fluorescence intensity of algae cultured in all of the NaClO treatments increased at 24 h (Figure 3a). In a short time, the addition of NaClO could stimulate the intracellular stress response and increase the chlorophyll content [25]. The capacity of reaction center pigments in chloroplast to absorb and transfer light energy was enhanced, which increased the fluorescence intensity of the microalgae. After 48 h, the fluorescence intensity of microalgae decreased significantly with increasing effective chlorine concentrations (Figure 3b–d). Specifically, the relative fluorescence intensity of algae was not detected under the high effective chlorine concentrations. Previous studies found that the effective reagent of chlorine can kill algae [26,27,28], which confirmed that 90% of algae were destroyed within 6 min under chlorine concentration of 10 mg L−1 [9]. Meanwhile, microalgae death probably results from chlorine attacking the cell membrane, obstructing photosynthesis electron transfer, damaging the intracellular structure and inhibiting synthetic molecules [29,30].



The peak position of fluorescence Em spectra of P. tricornutum are shown in Table 2. The fluorescence EM spectra were induced by 439 nm and 467 nm irradiance, respectively. The peak position of P. tricornutum was 686.9 ± 0.5 nm in the control group. The main peak of chlorophyll fluorescence near 685 nm is mainly provided by the antenna pigment system of PS II at normal temperature. However, the peak position of fluorescence Em spectra has a blue shift in all of NaClO treatments. For instance, when exciting at wavelengths of 439 nm and 467 nm, the fluorescence Em peak shifts 12 nm and 8 nm at 24 h under effective chlorine concentrations of 1.7 × 10−2 mg L−1. The maximum peak of C. vulgaris and P. helgolandica shifted from 685.2 nm to 681.9nm and 685.2 nm to 680.5 within 6 h under the NaClO stress, respectively [17]. Moreover, similar trends were observed for other experimental results [31,32]. It can be found that the NaClO treatments are expected to destroy the internal structure of chloroplast [33,34], resulting in the change of light absorption pigment structure in PS II antenna.



The Ex wavelength of the experiment was set at 439 nm (chlorophyll a antenna) or 467 nm (chlorophyll b antenna) to measure the fluorescence Em spectra. The results show that the peak position of fluorescence Em spectra in P. tricornutum was consistent under different Ex wavelengths, indicating that the peak position was independent of the Ex wavelengths (Table 2). However, the fluorescence intensity of microalgae excited at 467 nm was higher than that at 439 nm in the control group. For example, the relative fluorescence intensity of algae was 250.6 ± 12.2 a.u. and 352.2 ± 17.4 a.u., when excited at 439 nm and 467 nm at 24 h, respectively. On the contrast, the algae exposed to NaClO treatments observed an opposite trend at 24 h. The peak value of 439 nm irradiance was 7.2%, 5.3%, 3.4%, 18.0% and 34.8% higher than that of 467 nm irradiance under effective chlorine concentrations of 3.3 × 10−3, 6.7 × 10−3, 1.0 × 10−2, 1.3 × 10−2 and 1.7 × 10−2 mg L−1, respectively. Thus, it could be speculated that chlorophyll b antenna was more easily damaged than chlorophyll a antenna under NaClO treatments. During 48–96 h, the fluorescence intensity near 685 nm excited at 467 nm was higher than that at 439 nm under the low effective chlorine concentration (3.3 × 10−3 mg L−1). The phenomenon was similar to the trend in the control group. The chlorophyll a antenna are the main photosynthetic pigments, while chlorophyll b antenna are the accessory pigments. The chlorophyll b antenna collects energy and transfers it to the chlorophyll a antenna. Under the low effective chlorine concentration, the light-absorbing capacity of chlorophyll a antenna was lower than that of chlorophyll b antenna over the short term (within 24 h), whereas the trend was reversed after 48 h. In other words, the photosynthetic capacity of chlorophyll b gradually recovered with the extension of culture time. Therefore, this phenomenon indicated that microalgae have a relatively complete repair mechanism, which are able to repair or reconstruct damaged parts of the photosystem [35].





4. Conclusions


This study was conducted to evaluate the acute toxicity of different concentrations of NaClO on P. tricornutum at increasing time intervals. During the initial stage (24 h), NaClO exposure promoted the relative intensity of chlorophyll fluorescence, indicating that an abundance of energy is emitted in the form of fluorescence. The value of F439/F467 exposure to NaClO was significantly higher than the control group, suggesting that NaClO could inhibit the absorption of light energy by chlorophyll b and interfere with electron transport. However, when microalgae were exposed to the high effective chlorine concentrations, the relative intensity of chlorophyll fluorescence could not be detected after 48 h. According to fluorescence emission spectra, the peak value at 710 nm of P. tricornutum significantly decreased compared to the peak value at 685 nm at 3.3 × 10−3 mg L−1 effective chlorine concentration. Moreover, the peak position of fluorescence EM spectra has a blue shift in all of the NaClO treatments. The present study might be helpful to understand the potential damages of chlorine-containing disinfectants to microalgae photosynthesis and provide theoretical supports for protecting marine ecological environments.
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Figure 1. The fluorescence excitation spectra of P. tricornutum exposed to the different effective chlorine concentrations, 24 h (a), 48 h (b), 72 h (c) and 96 h (d). The different colors of shadows indicate the standard deviation of each group (mean ± SD, n = 3). 
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Figure 2. The chlorophyll fluorescence ratio F437/F468 of P. tricornutum under the different effective chlorine concentrations. 
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Figure 3. The fluorescence emission spectra of P. tricornutum exposed to the different effective chlorine concentrations, 24 h (a), 48 h (b), 72 h (c) and 96 h (d). The different colors of shadows indicate the standard deviation of each group (mean ± SD, n = 3). 
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Figure 4. Schematic diagram of energy transfer process in microalgae photosystem. Cyt b6f, cytochrome b6f; Pc, plastocyanin; Fd, ferredoxin; FNR, Ferredoxin-NADP PQ, Oxidized plastoquinone; PQH2, Reduced plastoquinone; P680, Reaction center pigments of PS II; P700, Reaction center pigments of PS I. 
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Figure 5. The chlorophyll fluorescence of P. tricornutum under different the effective chlorine concentrations at 48 h. 
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Table 1. The nutrient formula of f/2.
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f/2 Medium

	
Chemical Medicine

	
Dosage (g)






	
A1

	
NaNO3

	
7.5




	
A2

	
NaH2PO4·2H2O

	
0.562




	
B

	
Na2SiO3·9H2O

	
3




	
C

	
Na2EDTA

	
0.436




	
FeCl3·6H2O

	
0.315




	
D

	
CuSO4·5H2O

	
0.098




	
ZnSO4·7H2O

	
0.22




	
CoCl2·6H2O

	
0.1




	
MnCl2·6H2O

	
1.8




	
Vitamins




	
Vitamin B12

	
5 mg




	
Vitamin H

	
5 mg




	
Vitamin B1

	
10 mg




	
Ultrapure water

	
100 mL











[image: Table] 





Table 2. The peak position and peak value of emission fluorescence of P. tricornutum exposed to different effective chlorine concentrations at 24 h, 48 h, 72 h and 96 h (mean ± SD, n = 3).
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Culture Time

	
24 h

	
48 h




	

	
439 nm

	
467 nm

	
439 nm

	
467 nm




	

	
Peak Position

	
Peak Value

	
Peak Position

	
Peak Value

	
Peak Position

	
Peak Value

	
Peak Position

	
Peak Value






	
Control

	
686.2

	
250.6 ± 12.2

	
686.8

	
352.2 ± 17.4

	
686.4

	
283.7 ± 9.3

	
687

	
341.9 ± 11.1




	
3.3 × 10−3 mg L−1

	
683.4

	
292 ± 22.7

	
683.6

	
271.7 ± 19.3

	
684.2

	
88.36 ± 4.3

	
684

	
99.71 ± 4.6




	
6.7 × 10−3 mg L−1

	
683.2

	
335.8 ± 12.2

	
683

	
317.9 ± 9.1

	
684.2

	
4.92 ± 0.04

	
684

	
4.36 ± 0.02




	
1.0 × 10−2 mg L−1

	
681.6

	
383.3 ± 28.3

	
681

	
370.2 ± 24.2

	
681.2

	
4.37 ± 0.02

	
683.6

	
4.22 ± 0.04




	
1.3 × 10−2 mg L−1

	
680

	
411.2 ± 30.1

	
680.2

	
337.2 ± 21.4

	
680.6

	
2.75 ± 0.07

	
680

	
3.07 ± 0.06




	
1.7 × 10−2 mg L−1

	
679.2

	
355.2 ± 25.6

	
679.2

	
231.6 ± 13.6

	
680

	
2.45 ± 0.09

	
680

	
2.33 ± 0.1




	
Culture time

	
72 h

	
96 h




	

	
439 nm

	
467 nm

	
439 nm

	
467 nm




	

	
Peak position

	
Peak value

	
Peak position

	
Peak value

	
Peak position

	
Peak value

	
Peak position

	
Peak value




	
Control

	
687.4

	
333.9 ± 8.8

	
687

	
401.4 ± 10.5

	
686.4

	
375.3 ± 15.0

	
687.6

	
476.1 ± 19.0




	
3.3 × 10−3 mg L−1

	
684.4

	
109.8 ± 3.6

	
683.8

	
128.4 ± 4.2

	
684.6

	
96.34 ± 1.8

	
683.6

	
113.3 ± 2.2




	
6.7 × 10−3 mg L−1

	
683.2

	
5.51 ± 0.1

	
684

	
6.03 ± 0.1

	
684

	
4.38 ± 0.3

	
684.2

	
4.36 ± 0.2




	
1.0 × 10−2 mg L−1

	
683.8

	
4.39 ± 0.1

	
683.2

	
5.13 ± 0.1

	
683.2

	
4.23 ± 0.05

	
684

	
3.81 ± 0.02




	
1.3 × 10−2 mg L−1

	
681.8

	
4.20 ± 0.04

	
681

	
5.07 ± 0.03

	
681.8

	
4.02 ± 0.03

	
682.4

	
2.86 ± 0.2




	
1.7 × 10−2 mg L−1

	
680.6

	
3.77 ± 0.05

	
680.6

	
5.10 ± 0.06

	
681.8

	
2.38 ± 0.01

	
682.4

	
2.07 ± 0.09
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