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ARTICLE INFO ABSTRACT

Keywords: Heavy metal pollution as one of the most serious pollution problems of marine environment, seriously threatens
Toxicity the safety of marine organism and human health, and will lead to potential risks for the marine ecological
Chlorophyll fluorescence parameter environment. In order to develop a rapid and sensitive toxicity detection method for marine heavy metals, in this
Heavy metal

study, marine diatom Nitzschia closterium was used as the test organism, and the effects of different con-
centrations of lead (Pb) on the five chlorophyll fluorescence parameters of N. closterium including the maximum
photochemical quantum yield of PSII (Fv/Fm), the effective quantum yield of PSII photochemical energy con-
version (®psyy), the effective absorption cross section of PSII photochemistry (opsy), the relative electron transfer
rate of PSII (rP), and the PSII electron flux per unit volume (JVPII) at different exposure times were investigated
based on chlorophyll fluorescence technology. By comparing with the photosynthetic activity fluorescence
parameter Fv/Fm which is commonly used for toxicity analysis of pollutants using algae as test organisms, the
optimal chlorophyll fluorescence parameter that could rapidly and sensitively determine Pb toxicity to N.
closterium was selected. The results indicate that all the five chlorophyll fluorescence parameters of Fv/Fm, ®pgyy,
opsir’, P and JVPII showed good dose-response relationships with Pb within 8 h exposure time, and they all could
be used as endpoints to rapidly determine Pb toxicity to N. closterium. Among the five chlorophyll fluorescence
parameters, JVPII was the most sensitive fluorescence parameter for detecting the toxicity of Pb to N. closterium
within 6 h exposure. And for JVPII, the median effective concentration (ECsc) values of Pb at 2, 4 and 6 h were
0.329, 0.068 and 0.040 mmol L.~ !, respectively. However, when the exposure time was 8 h, ®pg;; was the most
sensitive fluorescence parameter for the toxicity detection of Pb, and the ECso value of Pb at 8h was
0.038 mmol L.~ . This study will provide an important basis for the development of a rapid and sensitive de-
tection method for the biological toxicity of marine heavy metals, and those results will be helpful for ecological
risk assessment in marine environment.

Marine microalgae

1. Introduction

In recent years, with the rapid development of economy and in-
dustry in coastal areas, the problem of marine environmental pollution
is becoming more and more serious, and the types and quantities of
pollutants in the marine environment are increasing day by day. So the
development of rapid and effective marine environmental biological
monitoring technology is of great significance for the protection of
marine environment. Due to the mining of ore and marine oil wells, as

well as the discharge of industrial wastewater and agricultural sewage,
the problem of heavy metal pollution in the ocean has become in-
creasingly serious. Because of the characteristics of wide source, diffi-
culty in degradability, bioaccumulation and long residual time [1,2],
heavy metals will have toxic effects on organisms, and damage various
tissues and functions of organisms once accumulated in living organ-
isms. Therefore, marine heavy metal pollution seriously threatens the
safety of marine organism and human health, and will lead to potential
risks for the marine ecological environment. However, for the detection
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of heavy metals, though traditional physical and chemical analysis
methods such as inductively coupled plasma-mass spectrometry [3] and
atomic absorption spectrometry [4] can accurately detect the compo-
sition and content of heavy metal pollutants, they can't reflect the toxic
effects of heavy metals on aquatic organisms, and can't predict the
potential environmental risks of heavy metal pollution. Therefore, the
development of biological toxicity detection methods for heavy metal
pollutants has important practical significance for the assessment of
marine environmental quality. At present, the aquatic toxicity of pol-
lutants is mostly tested by luminescent bacteria [5-8], fleas [9-12], fish
[13-15] and algae [16,17]. Compared with other organisms, marine
microalgae, as a primary producer of marine ecosystems, is an im-
portant link in the material cycle and energy flow of marine ecosystems,
and directly affects the structure and function of marine ecosystems
[18]. Moreover, they also have the characteristics such as small size,
rapid reproduction rate and strong sensitivity for environmental influ-
ences. So marine microalgae have become an important class of in-
dicator organism for monitoring and evaluating the quality of marine
environment. And they have attracted much attention of researchers in
the study of toxicity analysis and detection of water pollutants. But for
the toxicity test of heavy metals and other water pollutants using algae
as a test organism, the algae are usually cultured for a long time in a
medium containing toxic substances, and then the toxic effects of tox-
icant on the growth, reproduction and cell structure of algae are de-
termined by measuring the changes of algal biomass [19,20], catalase
activity [21], growth inhibition rate [22], chlorophyll concentration
[23], and ultrastructural morphology of algal cells [24]. However, the
experimental processes for obtaining those toxicity indexes are usually
time-consuming and labor-intensive. The long experimental period
(usually =24 h) makes these methods unable to achieve rapid analysis
and detection of pollutant toxicity, and greatly reduces the timeliness of
environmental risk assessment. Moreover, because living cells and dead
cells of algae are often difficult to distinguish, so the above methods are
also difficult to ensure the accuracy and reliability of the measurement
results. Consequently, it is very necessary and urgent to find a method
which is rapid, simple, sensitive and harmless to the test organism
sample for assessing the toxicity of heavy metals.

As we all know, Chlorophyll as one of the main photosynthetic
pigments, is the foundation of algae photosynthesis. Moreover,
Chlorophyll is also an important indicator for reflecting the ability of
marine microalgae to convert inorganic matter into organic matter.
Photosynthesis is the most basic physiological process of microalgae.
Most of the light energy absorbed by chlorophyll is used for photo-
synthesis, and the part that cannot be utilized will be emitted in the
form of heat and fluorescence. Due to the mutual competition among
these three ways for energy, the change of photosynthesis can cause the
corresponding change of fluorescence emission. Based on this, the
chlorophyll fluorescence analysis technology developed in recent years
has become a new method for the measurement and diagnostic of plant
living body based on the theory of photosynthesis. And this technology
uses chlorophyll in vivo as a natural probe to research and detect the
photosynthetic physiology and the effects of various external factors on
plant. Due to the advantages of sensitivity, simplicity, rapidity and no
damage, this technology has been widely used in the study of plant
photosynthesis and stress physiology [25]. When contaminants interact
with algal cells, the toxic effects of contaminants on algae can be ex-
pressed through photosynthesis , and then cause the change of chlor-
ophyll fluorescence. Therefore, using chlorophyll fluorescence as a
probe for biological toxicity analysis has become a new approach for
the comprehensive assessment of water pollution.

A series of chlorophyll fluorescence parameters obtained by chlor-
ophyll fluorescence technology are closely related to various reactions
of photosynthesis. They not only can reflect the activity of photosystem
II (PSII) and photosystem I (PSI), but also can fully display the im-
portant information of algal photosynthesis process, and comprehen-
sively reflect the photosynthesis physiological status and
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photosynthesis ability of algae, such as absorption, transmission, dis-
sipation and distribution of light energy by microalgae. Therefore,
photosynthetic chlorophyll fluorescence parameters are ideal internal
probes for studying the relationships between photosynthesis and stress
factors. At present, the maximum photochemical quantum yield of PSII
(Fv/Fm) as the photosynthesis activity fluorescence parameter is a
widely used chlorophyll fluorescence parameter in the toxicity analysis
of pollutants [26,27]. However, the other chlorophyll fluorescent
parameters are not better utilized to evaluate the toxic effects of tox-
icants on algae.

In marine ecosystems, Nitzschia closterium is one of the most
common marine microalgae, belonging to marine diatoms. It is also a
common bait in coastal areas of China and has the characteristics of
high sensitivity to toxic substances, rapid reproduction speed, small
volume, wide distribution and easy to obtain. So N. closterium is a very
suitable test organism for the study of marine environmental pollutant
toxicity. In this paper, marine diatom N. closterium was used as the test
organism, and chlorophyll fluorescence technology was adopted to
study the toxic effects of different concentrations of Pb at different
exposure times on various chlorophyll fluorescence parameters such as
the maximum photochemical quantum yield of PSII (Fv/Fm), the ef-
fective quantum yield of PSII photochemical energy conversion (®psyy),
the effective absorption cross section of PSII photochemistry (opsy’), the
relative electron transfer rate of PSII (rP), and PSII electron flux per unit
volume (JVPII), and then assess the toxic effect of Pb on N. closterium.
By comparing and analyzing the sensitivity of different chlorophyll
fluorescence parameters to Pb toxicity, the optimal chlorophyll fluor-
escence parameter which can sensitively and rapidly determine the
toxicity of Pb was selected. And this study will provide an important
basis for the development of a rapid and sensitive detection method for
the biological toxicity of marine heavy metals, and will be helpful for
ecological risk assessment and risk management of heavy metals pol-
lution in marine environment.

2. Materials and Methods
2.1. Algal Culture

The marine diatom N. closterium used in this experiment were ob-
tained from the Microalgae Germplasm Bank of Ocean University of
China. The f/2 + Si medium containing NaNOs, vitamins, Na,SiOs, and
trace metals (e.g., FeCls, Na,EDTA, CuSO4, ZnSO,, CoCl,, MnCl,, and
NaMoOQ,) for the inoculation and culture of N. closterium was prepared
with filtered seawater and the pH was adjusted to 8.2 with 1 molL~!
NaOH. Prior to use, the medium and all the glass flasks used in the
experiment were sterilized by autoclaving in an autoclave at 121 °C for
30 min. N. closterium were aseptically inoculated in 250 mL glass flasks
containing 100 mL f/2 + Si medium in a SW-CJ-1D ultra-clean work-
bench (Shangyu Aike Instrument Equipment Co., Ltd., China) and then
were cultured in a HP400G intelligent light incubator (Wuhan Ruihua
Instrument and Equipment Co., Ltd., China). And the culture tem-
perature was 25 °C with a light illumination of 60 ymolm~2?s~! in a
12h: 12 h light: dark cycle. All flasks were shaken 3 times daily. And
healthy diatom at exponential growth phase were used for Pb exposure
experiment.

2.2. Pb Exposure Experiment

Lead nitrate (Pb(NO3),) used in the exposure experiment was of
analytical grade and purchased from Tianjin Guangfu Fine Chemical
Research Institute (Tianjin, China). Pb stock solution with a con-
centration of 0.01 mol L™ ! was prepared using sterile f/2 + Si medium,
and then diluted using sterile f/2 + Si medium to prepare a series of Pb
work solutions with concentrations of 0.04, 0.10, 0.20, 0.40, 0.80 and
1.60 mmol L™ !. Then the same volume of Pb work solutions and N.
closterium culture solution were added and mixed thoroughly in a 50 mL
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glass flasks as Pb treatments, so that the final Pb concentrations in each
of diatom suspensions were 0.02, 0.05, 0.1, 0.2, 0.4 and 0.8 mmol L™},
respectively. And a blank sample as a control was prepared in the same
way by mixing the same volume of sterile f/2 + Si medium and N.
closterium culture solution in a 50 mL glass flasks. The initial chlor-
ophyll concentrations of all test diatom samples were 400 ug L™ ! which
were measured using a FluoroProbe (BBE Moldaenke GmbH, Germany).
All the test diatom samples were placed in an incubator and cultured
under the same conditions as culture described above. Then chlorophyll
fluorescence parameters of N. closterium were measured when the ex-
posure time reached 2, 4, 6, and 8h, respectively. All samples were
measured in triplicate.

2.3. Chlorophyll Fluorescence Parameters Measurement

Chlorophyll fluorescence parameters were measured using a Fast
Repetition Rate fluorometer (FRRf) (serial no. 16-0497-003; Chelsea
Technologies Group Ltd., England) equipped with an optic glass cuvette
and Act2Run system software. And 450 nm LEDs in FRRf were selected
as the excitation light source for generating excitation pulses and the
light intensity was set as 3.32 X 10 umol m~?s~'. The voltage of the
photomultiplier tube (PMT) was set as 300 V. And a series of intensities
of photosynthetic active radiation (PAR) were set as 0, 22, 46, 72, 101,
132, 167, 205, 247, 294, 344 and 400 pmolm~2s~ 1. The irradiation
time of each PAR intensity was 15, 30, 15, 15, 15, 15, 15, 15, 15, 15, 15
and 15s, respectively. The FRRf was operated as described in
References [28, 29]. First of all, 2mL test sample solution was added
into the optic glass cuvette. Then chlorophyll fluorescence induction
curves under different PAR intensities were measured with a default
flash sequence which comprises a saturation phase of 100 flash on a
2 us pitch and a relaxation phase of 40 flash on a 60 s pitch. For a
chlorophyll fluorescence induction curve, the flash sequence was re-
peated 20 times. And the five chlorophyll fluorescence parameters of
Fv/Fm, ®pgy, Opsyt’, P and JVPII were automatically calculated and
obtained from the measured chlorophyll fluorescence induction curves
by algorithms in FRRf system software Act2Run. The chlorophyll
fluorescence parameter Fv/Fm is the maximum photochemical
quantum yield of PSII and it is usually calculated according to the
following Eq. (1):

E/Fn = (Fm - FO)/Fm (€8]

where F, and F,, are minimal fluorescence and maximum fluorescence
measured when the test algal samples have been dark acclimated, re-
spectively [30]. The chlorophyll fluorescence parameter ®pgy is the
effective quantum yield of PSII photochemical energy conversion and it
usually can be calculated as Eq. (2):

@psir = (Bn' — B)/Ey 2

where Fm' and Fs are maximum fluorescence and steady-state fluores-
cence measured under ambient light [31]. The chlorophyll fluorescence
parameter rP is the relative electron transfer rate of PSII, and it is cal-
culated according to Eq. (3) in FRRf:

P = E X E//E,/ 3

where E is the PAR intensity, Fv’ and Fm’ are variable fluorescence and
maximum fluorescence measured under ambient light [32]. The
chlorophyll fluorescence parameters opsy’ and JVPII are the effective
absorption cross section of PSII photochemistry and the PSII electron
flux per unit volume, respectively [33,34].

2.4. Data Processing and Statistical Analysis

Statistical analyses were carried out using SPSS 19.0 software.
Significant differences were determined by one-way ANOVA analysis of
variance with post-hoc multiple test. And p < 0.05 was considered
statistically significant. To determine the 10, 20, 30, 40 and 50%
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effective concentration (EC;o, EC59, EC30, EC49, and ECsg) of Pb for the
different chlorophyll fluorescence parameters at different exposure
times, the inhibition degree or inhibition rate of Pb on the different
chlorophyll fluorescence parameters of N. closterium was calculated
according to following Eq. (4):

I; (%) = [(Px—t — B)/Py—:] X 100% (@)

where P, and P, were the chlorophyll fluorescence parameters of N.
closterium in the absence and presence of Pb at exposure time of t, re-
spectively. And I, (%) was the inhibition rate of Pb on the chlorophyll
fluorescence parameter of N. closterium at exposure time of t. All the
dose-response relationships between the chlorophyll fluorescence
parameters and Pb were fitted using logistic curve. And the EC;¢, ECyo,
EC30, EC49, and ECs of different chlorophyll fluorescence parameters at
different exposure times were calculated according the dose-response
curve.

3. Results
3.1. The Effect of Pb on Chlorophyll Fluorescence Parameter Fv/Fm

Fv/Fm is an important parameter for evaluating photosynthesis
activity of plants. And this chlorophyll fluorescence parameter usually
can reflect the maximum photosynthetic capacity of algal cells. When
the photosynthetic activity of algae is affected by any environmental
factors, the value of Fv/Fm will also change and will be lower than that
of the normal photosynthetic activity. So the decrease of Fv/Fm value is
an important information indicating that the photosynthetic activity of
algal cells is affected. At present, Fv/Fm has become a widely used
chlorophyll fluorescence parameter for assessing the toxic effects of
toxicants on algae cells [26,27]. In this study, the effect of different
concentrations of Pb on the chlorophyll fluorescence parameter Fv/Fm
of N. closterium at different exposure times (2h, 4h, 6 h, and 8 h) was
first investigated. And the Fv/Fm values of N. closterium exposed to
different concentrations of Pb during 8 h were shown in Fig. 1. As can
been seen from Fig. 1 that for the control, the photosynthetic activity
fluorescence parameter Fv/Fm showed a small fluctuation in the range
of 0.375-0.422 within 8 h, and the relative standard deviation calcu-
lated from the Fv/Fm values at different exposure times was 3.94%.
This indicates that for the control without Pb, the photosynthetic ac-
tivity of N. closterium within 8h was relatively stable. But for the
treatments, we can see from Fig.1 that Fv/Fm value decreased rapidly

05 | B control [ 0.02
ESo2o EBo4o

Blo.os [EEE o0
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Time (h)

Fig. 1. Fv/Fm values of N. closterium exposed to different concentrations of Pb
during 8 h. *Indicates there was a significant difference between the treatment
and the control (*0.01 < p < 0.05; **0.001 < p <0.01; ***p < 0.001, post-
hoc multiple test).
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Fig. 2. Dose-response relationships between Fv/Fm and Pb concentration at different exposure times. (a) 2h, (b) 4h, (c) 6h, and (d) 8 h.

with the increase of exposure time and Pb concentration. When N.
closterium was exposed for 2h, there had been a significant difference
between the 0.2 mmol L™ ! Pb treatment and control (p < 0.05). When
the concentration of Pb was > 0.1 mmol L™}, the treatments and the
control had extremely significant differences at the exposure time of 4 h
(p < 0.01). After a 6h exposure or 8h exposure, 0.02mmolL~' Pb
treatment had been a significant difference with the control (p < 0.05
and p < 0.01), respectively. This indicates that chlorophyll fluores-
cence parameter Fv/Fm had a significant dose-dependence and time-
dependence with Pb. And the photosynthesis activity of N. closterium
was significantly affected by Pb.

When the exposure time was 2, 4, 6, and 8 h, the changes of in-
hibition rate of chlorophyll fluorescence parameter Fv/Fm of N. clos-
terium with the concentration of Pb were shown in Fig. 2, respectively.
As can been seen from Fig. 2 that when the concentration of Pb
was < 0.2mmol L™, the inhibition rate of Fv/Fm increased rapidly
with the increase of Pb concentration. But for the concentration of
Pb > 0.2mmol L™}, the increase of inhibition rate of Fv/Fm was slow,
and the longer the exposure time was, the slower the increase rate was.
When N. closterium were exposed to Pb for 2, 4, 6, and 8 h, the dose-
response relationships between Fv/Fm inhibition rate and Pb con-
centration were fitted by Logistic curve, and correlation coefficient R*
were 0.9605, 0.8804, 0.9388, and 0.9597, respectively. According to
the dose-response curves, the median effective concentration (ECsg)
values of Pb to N. closterium at different exposure times were calculated

as follows: 4h-ECs, was 0.767mmolL™!, 6h-ECs, was
0.224mmol L™}, and 8h-ECg, was 0.109mmolL ™}, respectively.
However, from Fig. 2(a) we can observe that the upper limit of in-
hibition rate of Fv/Fm was 23.52% for the exposure time of 2 h, so 2 h-
ECso was not calculated, and 2 h-ECyo of 0.292 mmol L ™! and 2 h-ECy,
of 0.677mmolL~! were calculated according to the dose-response
curve of 2h as shown in Table 1, respectively. Those results indicate
that chlorophyll fluorescence parameter Fv/Fm can been used as the
endpoint to rapidly detect the toxicity of Pb on N. closterium.

3.2. The Effects of Pb on Chlorophyll Fluorescence Parameter ®psy, Opsy’,
rP and JVPII

In addition to the photosynthesis activity fluorescence parameter
Fv/Fm, FRRf also can obtain a variety of other chlorophyll fluorescence
parameters which also can display the important information of pho-
tosynthesis process in algal cells. According to the above analysis, we
know that Pb had effect on chlorophyll fluorescence parameter Fv/Fm
of N. closterium. Therefore, in order to confirm the optimal chlorophyll
fluorescence parameters for determination of Pb toxicity to N. clos-
terium based on chlorophyll fluorescence method, the toxic effects of Pb
on the four chlorophyll fluorescence parameters including the effective
quantum yield of PSII photochemical energy conversion (®pgy), the
effective absorption cross section of PSII photochemistry (opsy’), the
relative electron transfer rate of PSII (rP), and PSII electron flux per unit
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Table 1
Values of ECx of Pb for different chlorophyll fluorescence parameters at dif-
ferent exposure times.

Time Parameter ECyo ECyo EC3o EC40 ECso
(mmol L™ 1)
2h Fv/Fm 0.292 0.677 - - -
Dpsiy 0.044 0.072 0.110 0.177 0.520
O psir’ 0.017 0.041 0.106 0.265 -
P 0.070 0.116 0.186 0.539 -
JVPII 0.022 0.039 0.065 0.112 0.329
4h Fv/Fm 0.047 0.095 0.180 0.397 0.767
Dpgyy - - - 0.062 0.084
O psi’ - 0.022 0.060 0.157 0.804
P - - 0.058 0.084 0.098
JVPII - - 0.008 0.054 0.068
6h Fv/Fm 0.028 0.049 0.079 0.125 0.224
Dpsiy - - - - 0.052
O psir’ - - 0.032 0.059 -
P - - - 0.037 0.071
JVPII - - - 0.013 0.040
8h Fv/Fm - 0.041 0.063 0.083 0.109
Dpgyy - - 0.001 0.020 0.038
O psir’ 0.016 0.018 0.023 0.057 0.210
P - - 0.008 0.037 0.055
JVPII 0.007 0.014 0.022 0.034 0.052

- indicates that the value can't be available.

volume (JVPII) were also investigated in this study.

Since all the four fluorescence parameters of ®pgy, Opsy’, TP and
JVPII can be measured when the algae are irradiated by ambient light,
these four fluorescence parameters are related to the PAR intensity. In
order to study the toxic effects of Pb on N. closterium using ®psyy, Opsrr’,
rP and JVPII measured under the optimal ambient light intensity as the
endpoints, the influences of different PAR intensities on fluorescence
parameter ®pgy;, Opsy’, TP and JVPII were first studied. When N. clos-
terium was exposed to different concentrations of Pb for 2 h, the changes
of chlorophyll fluorescence parameter ®pgy, Opsyy’, P and JVPII with
PAR intensity were shown in Fig. 3. We can see from Fig. 3 that for the
treatments, all the four fluorescence parameters of ®psy, Opsy’, P and
JVPII were obviously different from those of the control. Fig. 3(a) and
(b) show that for N. closterium exposed to different concentrations of Pb,
the fluorescence parameter ®pgy; and opgy” gradually decreased with the
increase of PAR intensity. And when the intensity of PAR was the same,
the higher the Pb concentration was, the smaller the values of ®pgy and
ops’ were. Fig. 3(c) and (d) show that with the increase of PAR in-
tensity, the fluorescence parameter rP and JVPII of N. closterium ex-
posed to different concentrations of Pb increased rapidly first, then
remained stable or even decreased. And for the same PAR intensity, the
higher the Pb concentration was, the smaller the values of rP and JVPII
were.

According to Fig. 3, for N. closterium exposed 2 h by different con-
centrations of Pb, the changes of the inhibition rates of ®pgy;, Opsy’, P
and JVPII with the intensity of PAR were shown in Fig. 4. It can be seen
from Fig. 4 that with the increase of PAR intensity, all inhibition rates of
®pgy1, Opsir’s TP and JVPII increased first and then decreased. Fig. 4(a)
and (d) show that when the PAR intensity was 167 umol m~2s7 1, the
inhibition rates of ®pg;; and JVPII were generally the maximum, and
they all showed a obvious dependence on the concentration of Pb. But
as shown in Fig. 4(b) and (c) that when the PAR intensity was
205umolm~2s~ !, Pb had the greatest inhibition on the chlorophyll
fluorescent parameter opgy’ and rP. At the same time the inhibition
rates of opsy’ and rP also showed a obvious dependence relationship
with Pb concentration. Therefore, chlorophyll fluorescence parameter
®pgy; and JVPII measured under a PAR intensity of 167 umolm ™ 2s™?!
and opgy” and P measured under a PAR intensity of 205 umolm~2s~!
were more beneficial to improve the sensitivity of toxicity analysis of Pb
to N. closterium.
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Based on the above analysis, the chlorophyll fluorescence parameter
®pgy and JVPII measured under a PAR intensity of 167 pmolm™2s™ !
and opgyy’ and rP measured under a PAR intensity of 205 pmol m~2s7!
were selected and used to analyze the toxic effects of Pb on N. clos-
terium. When the exposure time was 2, 4, 6, and 8h, the values of
chlorophyll fluorescence parameter ®pgy, Opsy’, P and JVPII of N.
closterium exposed to different concentrations of Pb were shown in
Fig. 5. As can be seen from Fig. 5 that for the control, the values of
chlorophyll fluorescence parameter ®pgy;, Opsy’, P and JVPII remained
basically unchanged within 8 h, and the relative standard deviations
from the values of ®pg;, Opsyy’, rP and JVPII measured at different times
within 8 h were 7.49%, 0.75%, 9.29% and 3.33%, respectively. How-
ever for the treatments, the values of ®pgy, Opsyy’, rP and JVPII of N.
closterium were significantly lower than those of the control except for
the rP value of N. closterium exposed to 0.02 mmolL~! Pb for 2h. For
the chlorophyll fluorescence parameter ®pgy;, When the exposure time
was 2h, there had been a significant difference between the
0.1 mmol L~! Pb treatment and the control (p < 0.01). And when the
concentration of Pb was > 0.02mmolL ™", there had been very sig-
nificant differences between the treatments and the control at the ex-
posure time of 4h (p < 0.01). Moreover, after a 6h exposure,
0.02mmol L™ ! Pb treatment had been an extremely significant differ-
ence with the control (p < 0.001). For the chlorophyll fluorescence
parameter Opsyy, rP, and JVPII, When the exposure time was 2 h, there
had been an extremely significant difference between the
0.02mmol L~ ! Pb treatment and the control (p < 0.001). This in-
dicates that similar to the photosynthetic activity fluorescence para-
meter Fv/Fm, the four fluorescence parameters of ®pgy, Opsry, rP and
JVPII can also rapidly determine the toxic effects of Pb on N. closterium.

All the relationships between the inhibition rates of ®pgy;, Opsy’, TP
and JVPII and Pb concentration at the exposure time of 2, 4, 6, and 8 h
could be fitted by logistic curve. This indicates that when the exposure
time was within 8h, there were good S-shaped curve relationships
between the inhibition rates of fluorescence parameter ®pgy;, Opsy’, P
and JVPII of N. closterium and Pb concentration. And the correlation
coefficients R* were all > 0.983. Those results indicate that there was a
good dose-response relationship between the fluorescence parameter
®pgy1, Opstr’, TP or JVPII and Pb within 8 h, respectively. According to the
dose-response curves and the concentration range of Pb used in the
exposure experiment, for different chlorophyll fluorescence parameters,
the values of x% effective concentration (ECx) at the exposure time of 2,
4, 6, and 8 h were calculated and shown in Table 1. From Table 1 we
can see that when N. closterium was exposed for 2h, the EC;y, ECy,
ECs0, EC49, and ECs values of fluorescence parameter ®pgy;, and JVPII,
and the EC;y, ECyp, EC39, and ECy4, values of fluorescence parameter
opsir’, TP could be obtained. This indicates that these four fluorescence
parameters could rapidly predict the toxic effects of Pb on N. closterium.
By comparing and analyzing the ECx values of different parameters
with the same inhibition degree, we can see that when the exposure
time was 2, 4, and 6h, respectively, the ECx values of chlorophyll
fluorescence parameter JVPII were the lowest. This indicates that JVPII
was the most sensitive chlorophyll fluorescence parameter for de-
termining Pb toxicity to N. closterium. However, when N. closterium
were exposed for 8h, the ECx values of chlorophyll fluorescence
parameter ®pg;; were the lowest. And this indicates that ®pg; was the
most sensitive chlorophyll fluorescence parameter for determining the
toxicity of Pb to N. closterium.

4. Discussion

Pb is one of the most toxic heavy metal and poses a serious threat to
the aquatic environment. So environmental toxic effects of Pb in the
aquatic ecosystem have been attracted significant attention. And many
researchers have carried out the study on the toxic effects of Pb on
different algae species. For example, Bibiana Debelius et al. have in-
vestigated the toxic effects of Pb on growth rate of five marine
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intensity.

microalgae including T. chuii, R. salina, Chaetoceros sp., I. galbana, and
N. gaditana [35]. Guangxu Liu et al. have investigated the toxic effects
of Pb on the motility of two marine microalgae I. galbana and T. chui
[36]. And the motility included motile percentage, curvilinear velocity,
average path velocity, straight line velocity, linearity, straightness, and
wobble. Vinitha Ebenezer et al. have assessed the toxicity of Pb by
observing the change of cell counts and chlorophyll a levels of C.
polykrikoides exposed to Pb [37]. Wei Zhang et al. and Weijie Mu et al.
have carried out the study of toxicity assessment of Pb to C. vulgaris, C.
protothecoides, H. veneta, and S. crumena by observing the changes in
growth rate, chlorophyll a content, and superoxide dismutase (SOD)
and catalase (CAT) activities, respectively [38,39]. All these results
indicate that Pb can alter the chlorophyll a content, and motility of
algae, and the toxicity of Pb can inhibit the growth and enzyme ac-
tivities of algal cells. Consequently, growth rate, cell density, chlor-
ophyll a content, SOD and CAT activities are usually used as indicators
to assess Pb toxicity. And growth inhibition test has been as the Orga-
nization for Economic Co-operation and Decelopment (OECD) guide-
lines for testing of chemicals using freshwater alga and cyanobacteria
(2006). However, for growth inhibition test, the exposure time usually
has to reach > 24h to achieve the 50% inhibition effect. Moreover,
chlorophyll a content also needs to be extracted with 90% acetone for
24 h then measured using absorption spectrum after algal cells are ex-
posed to Pb for > 24 h. Similarly, the activities of SOD and CAT also

need to be detected after algal cells exposed to Pb for > 24 h. Conse-
quently, growth rate, chlorophyll a content, SOD and CAT activities as
the endpoints can't be used to rapidly assess the toxicity of Pb on algae.

Photosynthesis is an important physiological process of phyto-
plankton. And any factors that inhibit the growth of algae can directly
inhibit the photosynthesis of algae cells. Therefore, the photosynthesis
process can be used to rapidly assess the toxic effects of pollutants on
algae. The research results of Ly H.T. Dao et al. also showed that Pb has
significant effect on photosynthesis of Chlorella, and can significantly
inhibit their PSII performance [30]. FRRf used in our study is adopted
chlorophyll fluorescence induction kinetics technology and Fast Re-
petition Rate technology. A series of chlorophyll fluorescence para-
meters of tested algae samples can be measured by FRRf. And the
measurement process has the advantages of simple operation, fast
measurement, stable performance, non-destructive, and multiple
fluorescence parameters and so on. Because these chlorophyll fluores-
cence parameters can display the important information of algal pho-
tosynthesis process, and comprehensively reflect the photosynthesis
physiological status and photosynthesis ability of algae, they can be
used as the endpoints to characterize the toxic effects of pollutants on
algae.

In this study, the five chlorophyll fluorescence parameters including
Fv/Fm, ®pgy, Opsyr’, P, and JVPII were chosen to investigate the toxic
effects of Pb on N. closterium. The chlorophyll fluorescence parameter
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Fv/Fm, ®pgy, Opsyy’, TP, and JVPII represent the maximum photo-
chemical quantum yield of PSII, the effective quantum yield of PSII
photochemical energy conversion, the effective absorption cross section
of PSII photochemistry, the relative electron transfer rate of PSII, and
the PSII electron flux per unit volume, respectively. By analyzing the
degree of inhibition of the five chlorophyll fluorescence parameters of
N. closterium exposed to different concentrations of Pb for different
times, the results indicate that Fv/Fm, ®pgy, Opgy’, TP, and JVPII all
showed significant dose-dependent and time-dependent relationships
with Pb. And when the exposure time was 2 h, the concentrations of Pb
which had an inhibitory effect on Fv/Fm, ®pgp, Opsyy’, rP, and JVPIL
were 0.10, 0.05, 0.02, 0.05, and 0.02 mmol L~ %, respectively. Moreover
at this time, Pb had caused a 50% inhibition effect on both ®pg;; and
JVPIL And 2 h-ECs, values of ®pgyy and JVPII were 0.52 mmol L ™! and
0.329 mmol L™, respectively. Those results indicate that compared
with growth rate, chlorophyll a content, SOD and CAT activities, all the
five chlorophyll fluorescence parameters of Fv/Fm, ®pgyy, Opsyy’, P, and
JVPII can be used as endpoints to rapidly assess Pb toxicity, and the
exposure time of 2h is much faster than the exposure time of 24 h re-
quired for growth inhibition tests. When N. closterium were exposed to
Pb for 4h, all the five fluorescence parameters had achieved 50% in-
hibition degree, and the 4 h-ECs, values of Fv/Fm, ®pgyy, Opsyy’, P, and
JVPII were 0.767, 0.084, 0.804, 0.098, and 0.068 mmolL_l, respec-
tively (see Table 1). By comparing and analyzing the ECx values of
different parameters with the same inhibition degree, the results in-
dicate that when the exposure time was 2, 4 and 6 h, the ECx values of

fluorescence parameter JVPII were the lowest. And when the exposure
time was 8 h, the ECx values of fluorescence parameter ®pg;; were the
lowest. This indicates that JVPII was the most sensitive chlorophyll
fluorescence parameter for determining Pb toxicity to N. closterium
within 6h, and ®pg; was the most sensitive chlorophyll fluorescence
parameter for determining the toxicity of Pb to N. closterium when N.
closterium was exposed for 8 h.

In summary, the five chlorophyll fluorescence parameters of Fv/Fm,
®psy1, Opstr’, P and JVPII all can be used to rapidly determine the bio-
logical toxicity of Pb to N. closterium, and they all showed good dose-
response relationships with Pb within 8 h. Among the five chlorophyll
fluorescence parameters, When the exposure time was within 6 h, JVPII
was the most sensitive chlorophyll fluorescence parameter to determine
the toxicity of Pb to N. closterium. However, ®pg; was the most sensitive
chlorophyll fluorescence parameter to determine the toxicity of Pb to N.
closterium for the exposure time of 8 h.

5. Conclusions

In this paper, marine microalgae N. closterium was used as the test
organism, and chlorophyll fluorescence technology was adopted to
study the effects of different concentrations of Pb on the five chlor-
ophyll fluorescence parameters such as Fv/Fm, ®pgy, opsy’, rP, and
JVPII at different exposure times. By comparison and analysis, it is
determined that all the five chlorophyll fluorescence parameters of Fv/
Fm, ®pgyy, Opsyy’, TP and JVPII can be used as endpoints to rapidly predict
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the biological toxicity of Pb to N. closterium, and they all showed good
dose-response relationships with Pb within the exposure time of 8 h.
Moreover, JVPII was the most sensitive chlorophyll fluorescence para-
meter for determining the biological toxicity of Pb to N. closterium when
the exposure time was within 6 h. However, ®ps; was the most sensitive
parameter to determine the biological toxicity of Pb to N. closterium for
the exposure time of 8 h. This study will provide an important basis for
the development of a rapid and sensitive detection method for the
biological toxicity of marine heavy metals, and will be helpful for
ecological risk assessment of heavy metal pollution in China's marine
environment.
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