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A B S T R A C T   

In order to study the role of oil spills in the occurrence of green tide in the Yellow Sea, the 
physiological characteristics and photosynthetic activities of green tide causative-species Ulva 
prolifera was monitored under different conditions including two oil water-accommodated frac
tions (WAFs) of diesel oil and crude oil, dispersed water-accommodated fractions (DWAFs) and 
dispersant GM-2. The results showed that, the physiological parameters of U. prolifera including 
the growth, pigment, carbohydrate and protein contents decreased with the increased diesel oil 
WAF (WAFDO) concentration, while crude oil WAF (WAFCO) showed low concentration induction 
and high concentration inhibition effect. In addition, with the increase of WAFs concentration, 
two antioxidant activities were activated. However, compared with WAFDO alone and WAFCO 
alone, the mixture of oil and dispersant enhanced the toxicity on the above physiological char
acteristics of U. prolifera. On the other hand, the photosynthetic efficiency of U. prolifera showed a 
similar trend. Two WAFs showed significant concentration effects on the chlorophyll-a fluores
cence transients and JIP-test. The addition of dispersant further blocked the electron flow beyond 
QA and from plastoquinone (PQ) to PSI acceptor side, damaged the active OEC centers at the PSII 
donor side, suppressed the pool size and the reduction rate of PSI acceptor side, and reduced the 
energy transfer efficiency between PSII functional units. These results implied that the crude oil 
spills may induce the formation of U. prolifera green tide, and the oil dispersant GM-2 used after 
the oil spills is unlikely to further stimulate the scale of bloom, while the diesel oil spills is always 
not conducive to the outbreak of green tide of U. prolifera.   

1. Introduction 

Offshore oil pollution mainly comes from offshore oil exploitation and ship leakage. From 2000 to 2019, approximately 1.5–10 
million tons of petroleum hydrocarbons were spilled into seawater worldwide per year. In recent years, the oil spills accident in the 
Yellow Sea (YS) of China has aroused people’s concern about petroleum hydrocarbon pollution. On November 22, 2013, an oil pipeline 
operated by Sinopec in Qingdao, resulted in spilled oil of about 2000 tons and the direct economic loss of about 751 million yuan [1,2]. 
On April 27, 2021, a ship collision occurred near the Qingdao port, spilling about 400 tons of oil into the YS [3]. Oil spill pollution not 
only caused a great economic damage, but also made a serious threat to the marine and coastal ecosystems. 

The application of chemical dispersants is a commonly employed method for mitigating oil pollution following an oil spill incident. 
An oil dispersant is a blend of surfactants and solvents that serves to reduce the surface tension at the interface between the oil and 
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water. This process aids in breaking down the oil into smaller droplets, allowing it to disperse and mix within the water column under 
the influence of wind and sea waves. By removing the oil from the water surface, the level of contamination along the coastline can be 
reduced. Dispersant has been routinely utilized worldwide, including during significant oil spill events such as the Gulf of Mexico 
disaster and the 2021 Qingdao oil spill. However, it is important to note that while the use of oil dispersants can be beneficial, there is 
also the potential for them to introduce secondary pollution to marine ecosystems [4]. Both petroleum hydrocarbons and dispersants 
can have adverse effects, highlighting the need for a careful assessment of the comparative toxicity of petroleum derivatives on marine 
environments resulting from oil spills. 

Over the past few decades, there has been a notable increase in both the frequency and scale of harmful algal blooms (HABs) in 
coastal regions [5]. Recent studies have indicated a strong connection between the rising occurrence and severity of HABs and coastal 
oil pollution events [6]. The frequency of HABs has been found to be positively correlated with the number of oil spills and the volume 
of oil released. It has been observed that a higher proportion of smaller oil spills (<7 tons) are more likely to exacerbate the occurrence 
of HABs [7]. Large-scale algal blooms often follow an oil spill, sometimes occurring multiple times within weeks or months following 
the incident [8–10]. For instance, after the massive Deepwater Horizon oil spill in the United States in April 2010, satellite images 
(MODIS) revealed algal blooms approximately 20 days post-spill [8,9]. Furthermore, following a three-month-long oil spill incident in 
Penglai, Bohai Sea in June 2011, three successive phytoplankton blooms were observed in the surrounding waters [9]. These oc
currences can be attributed to several factors: the application of dispersants, weathering processes, and biodegradation. These factors 
collectively lead to a reduction in the concentration of petroleum hydrocarbons and the size of oil droplets in seawater, with lower 
concentrations of hydrocarbons potentially stimulating algae growth. Additionally, oil spills and dispersants can disrupt predator-prey 
interactions within planktonic food webs and indirectly promote the initiation of HABs. 

YS has experienced harmful algal blooms (HABs) over the past few decades. Recent studies have documented 165 red tide events 
between 1972 and 2017, along with 17 consecutive years of green tide occurrences from 2007 to 2023 in the YS region of China [11, 
12]. Ulva prolifera, a common green macroalgae found globally, is identified as the primary causative species responsible for the green 
tides in the YS. Due to its ease of propagation and strong adaptability to coastal environments, the substantial accumulation of 
U. prolifera biomass leads to the formation of large-scale green tides [13]. However, the exact role of oil spills in triggering U. prolifera 
green tides remains unclear. Some studies have suggested that the presence of petroleum hydrocarbons can reduce the growth rate of 
Ulva sp. Additionally, the pigment and glycolipid content within the cells may also undergo alterations [14]. Furthermore, various 
types of oils and components of dispersants can impact the occurrence of HABs. Oil spills in the YS typically involve crude oil from 
offshore drilling activities and diesel oil from ships. Dispersants like GM-2 and Corexit 9500 are commonly employed to mitigate oil 
spills in the region. Despite the use of dispersants, there is limited published data available on the impact of oil spills and GM-2 
dispersants on the green tide species U. prolifera. Therefore, conducting a comparative assessment of the toxic effects of 
petroleum-derived substances, including oils, dispersants, and their combinations, on U. prolifera could shed light on the mechanisms 
underlying the outbreak of green tides in the YS. 

In order to answer the above question, the toxicity of two kinds of oils water-accommodated fractions (WAFs), chemical dispersant 
GM-2 (D) and their dispersed water-accommodated fractions (DWAFs) to U. prolifera was tested. Through analyzing the changes of 
physiological characteristics and photosynthetic activities under petroleum contamination stress, this work aims to reveal the link 
between oil spills events and U. prolifera green tide in the YS. 

2. Materials and methods 

2.1. Macroalgae culture 

Macroalgae U. prolifera were collected from the coast of Qingdao. Thalli were washed several times with sterile seawater, gently 
cleaned with soft brushes and checked under a microscope to ensure that they were free of epiphytes. The treated U. prolifera thalli 
were controlled in a laboratory environment for several days prior to experiments. U. prolifera were cultured using f/2 medium, which 
was constituted of 75 g/L NaNO3, 5 g/L NaH2PO4⋅H2O, 0.5 mL/L vitamin solution and 1 mL/L trace element solution. The detail 
composition was describled by Guillard [15]. The thalli were maintained at 24 ± 2 ◦C, under an irradiance of 4000 lx, with a light: dark 
cycle of 12 h:12 h. 

2.2. Test solution preparation 

Diesel oil, crude oil and oil dispersant GM-2 were used in tests. Diesel oil and crude oil was produced from China Sinopec Co. Ltd. 
Dispersant GM-2 was obtained from Qingdao Guangming Environmental Technology Co. Ltd. The preparations of diesel oil WAF 
(WAFDO) and crude oil WAF (WAFCO) were in accordance with Singer et al. [16], Wilson and Ralph [17]. A vortex was created prior to 
the addition of oils to decrease the amount of oils adhered to the inside of the flask. Oils were added close to the water surface using a 
glass pipette. To prepare the WAFs, mixed the sterile seawater and oils in a flask (1:10 v/v), and stirred with a magnetic stirrer for 24 h 
at 150 rpm. Then the lower oil-seawater mixture was collected into a brown bottle by siphoning and stored at 4 ◦C. The preparation 
method of DWAFs is the same as above, and the ratio of dispersant to oil was 1:10 (v/v). The concentrations of WAFs and DWAFs were 
measured by UV spectrophotometer (UNICO, UV 2102-C, China). 
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2.3. Experimental design 

All experiments were carried out in flasks containing f/2 medium, with the initial culture concentration of U. prolifera set at 1 g/L. 
The experimental design for the microcosm studies is presented in Fig. 1. 1) a control group with sterilized seawater only, 2) three 
groups exposed to WAF of diesel oil alone, 3) three groups exposed to WAF of crude oil alone, 4) a dispersant-only group, 5) a group 
exposed to DWAF of diesel oil, and 6) a group exposed to DWAF of crude oil. The WAF concentrations of diesel oil and crude oil in the 
experimental groups were set at 3 mg/L, 6 mg/L, and 12 mg/L each. The DWAF concentrations of diesel oil and crude oil in the 
experimental groups were both 3 mg/L. Each treatment consists of 12 flasks, and 3 flasks were taken out to test the following pa
rameters at each time point (24 h, 72 h, 120 h, and 168 h). These exposure experiments were carried out for a duration of 7 days. 

2.3.1. Specific growth rate (SGR) 
The SGR was calculated using the following formula based on the macroalgae weight: 

SGR= [ln(Wt /W0) / t] × 100% (1) 

(where Wt, the wet weight of Ulva at the end of the experiment; W0, the wet weight of Ulva at the begin of the experiment; and t, 
experimental time). 

2.3.2. Chlorophyll-a and carotenoid contents 
The content of chlorophyll-a (chl-a) and carotenoid (car) in the sample was determined according to the method by Porra [18] and 

Parsons et al. [19]. In detail, 0.1 g Ulva sample was added to 10 mL methyl alcoho and kept overnight at 4 ◦C in dark. Cell contents were 
lysed on the ice by an ultrasonic cell disruptor for 10 min (each 5s working with a 3s interval, 700W). Cell debris was removed by 
centrifugation (2500 r/min, 10 min, 4 ◦C), and the supernatant was retained to measure the optical density at 480, 510, 652 and 665 
nm wavelength. The pigment concentration was calculated according to the formula: 

Fig. 1. The schematic diagram of the experimental design.  
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Chl − a=(16.29×OD665 − 8.54×OD652) × V /W (2)  

Car= 7.6×(OD480 − 1.49×OD510) × V /W (3) 

(where V, the methanol content; W, the weight of Ulva). 

2.3.3. Cellular carbohydrate and protein contents 
The carbohydrate and protein contents were measured using the phenol sulphuric acid method and Kaumas blue method, taking D- 

glucose and bovine serum albumin as standards, respectively [20,21]. In detail, 0.1 g Ulva sample were added 5 mL phosphate buffer 
(50 mmol/L, pH7.0) and grinded in the homogenizer. The homogenates were lysed on ice by an ultrasonic cell disruptor for 10 min 
until there was were no particles. After centrifugation at 3500 r/min, 4 ◦C for 10 min, the supernatant was used for carbohydrate or 
protein content measurement. 

2.3.4. Superoxide dismutase and catalase activities 
The activity of superoxide dismutase (SOD) was measured by the reduction of nitrite. The activity of catalase (CAT) was measured 

by the amount of product combining by H2O2 and ammonium molybdate. Two antioxidant enzymes were determined as described by 
Ramadass et al. [22]. Microplate reader was used to measure the spectrophotometric value of the reagent. All the reagents used were 
from commercial kit (A001–1–1 for SOD, A007–1–1 for CAT, Nanjing Jiancheng Bioengineering Institute, China). 

2.3.5. Chlorophyll-a fluorescence parameters 
Chl-a fluorescence was performed using Imaging PAM (AquaPen AP110, Photon Systems Instruments, Czechia). After 168 h of 

treatment, at least three U. prolifera samples in each treatments were measured after 15 min of dark adaptation. Analysis of OJIP 
transient parameters were conducted according to Stirbet [23], all parameters and their description are summarised in Table 1. 

2.4. Statistical analysis 

All the test parameters were calculated as the means ± standard deviations, and P < 0.05 indicated significant statistical differences 
between different treatment. The two-way ANOVA was used to analyse the effects of petroleum derivatives, time and the interactions 

Table 1 
OJIP test parameters and expressions.  

Parameter Formula Description 

FO, FJ, FI, 
FK  

Fluorescence intensity at 50 μs, 2 ms, 30 ms, 300 μs 

FM (FP)  Maximal fluorescence intensity (P step); the peak of OJIP curve 
FV FM-FO Maximal variable fluorescence 
VJ (FJ-FO)/(FM-FO) Relative variable fluorescence at 2 ms 
VI (FI-FO)/(FM-FO) Relative variable fluorescence at 30 ms 
Vt (Ft-FO)/(FM-FO) Relative variable fluorescence at time t 
WOJ (Ft-FO)/(FJ-FO) Ratio of variable fluorescence (Ft –FO) to the amplitude (FJ–FO), used to show K-band 
WOI (Ft-FO)/(FI-FO) Ratio of variable fluorescence (Ft –FO) to the amplitude (FI–FO), used to show J-step 
MO 4 × (FK-FO)/(FM-FO) Approximate initial slope of the fluorescence transient normalized on the maximal variable fluorescence Fv 
OEC 

centers 
[1-(VK/VJ)]treatment/[1-(VK/ 
VJ)]control 

The active fraction of oxygen evolving complexes centers 

φPO (FM-FO)/FM = 1- (FO/FM) = FV/ 
FM 

Maximal quantum yield of PSII primary photochemistry 

ψO 1-VJ Probability that an electron moves further than QA 

φEO [1- (FO/FM)] × (1-VJ) Quantum yield for electron transport 
φDO 1 – φPO=(FO/FM) Quantum yield of energy dissipation 
δRO (1-VI)/(1-VJ) Efficiency/probability with which an electron from the intersystem electron carriers is transferred to reduce 

end electron acceptors at the PSI acceptor side (RE) 
ABS/RC (TRo/RC)/(TRo/ABS) Average absorbed photon flux per active RC 
TRo/RC 4 × (FK-FO)/(FJ-FO) Maximum trapped electron flux per active RC 
ETo/RC (TRo/RC)(1–VJ) Electron transport flux per active RC 
DIo/RC ABS/RC–TRo/RC Energy flux dissipated as heat in active RC 
ABS/CSm FM Average absorbed photon flux per cross section (at t = m) 
TRo/CSm φPO × (ABS/CSm) Maximum trapped electron flux per cross section (at t = m) 
ETo/CSm φEO × (ABS/CSm) Electron transport flux per cross section (at t = m) 
DIo/CSm (ABS/CSm)-(TRo/CSm) Energy flux dissipated as heat in cross section (at t = m) 
RC/CSm φPO × (VJ/Mo) × (ABS/CSm) Number of the active reaction center per cross section (at t = m) 
PIABS (RC/ABS) × [φPO/(1-φPO)] ×

[ψO/(1-ψO)] 
Performance index (based on absorption) 

PICS (RC/CSm) × [φpo/(1-φpo)] ×
[ψo/(1-ψo)] 

Performance index (based on cross section) 

PITOTAL PIABS × [δRO/(1- δRO)] Performance index (potential) for energy conservation from photons absorbed by PSII antenna until the 
reduction of PSI acceptors  
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of them. Then, the effects of petroleum derivative at each fixed time and the effects of time at each fixed petroleum derivative were 
calculated by one-way ANOVA. The Pearson coefficient (r) was used to reveal the correlation between test parameters of U. prolifera. 

3. Results 

3.1. Effects of petroleum derivatives on the growth of U. prolifera 

The SGR of U. prolifera under different stresses and exposure durations was shown in Fig. 2. In terms of dose effect, the SGR 
decreased with the increase of WAFDO concentration, but low concentration induction and high concentration inhibition appeared 
under WAFCO treatment. The impacts of WAFDO were notably higher than those of WAFCO at the same concentration (P < 0.05). 
Meantime, the inhibitory effects were significantly greater in the DWAF-treated groups than in the groups exposed to oil WAFs alone, 
for both diesel oil and crude oil (P < 0.05). Regarding the time effect, the SGR of U. prolifera exhibited a significant decrease followed 
by an increase in the 6–12 mg/L WAFDO, 12 mg/L WAFCO, and the three oil-dispersant combined groups. Conversely, the SGR showed 
an initial increase followed by a decrease in the groups treated with 3 mg/L WAFs. 

3.2. Effects of petroleum derivatives on the pigment contents of U. prolifera 

Fig. 3 showed the pigment changes of U. prolifera under different stresses and exposure durations. It can be seen that in terms of 
dose effect, when exposure to WAFDO, D and DWAFs groups, the chl-a and car content of U. prolifera were all inhibited. Under the 
WAFCO-exposure condition, U. prolifera appeared low concentration induction and high concentration inhibition effect. Meantime, the 
pigment contents decreased with the increase of WAFs concentration, the inhibitory effects of diesel oil were significantly higher than 
crude oil at the same concentration (P < 0.05). In addition, the decrease of pigment contents in DWAFs treatments were higher than 
WAFs treatments at the same concentration and dispersant alone treatments. In terms of time effect, except 6 mg/L WAFCO showed an 
increasing trend and DWAFDO showed a decreasing trend on pigment contents with time, other treatment groups showed no significant 
change over time. 

3.3. Effects of petroleum derivatives on the carbohydrate and protein contents of U. prolifera 

The carbohydrate and protein contents of U. prolifera under different stresses and exposure durations was presented in Fig. 4. 
Regarding the dose effect, the carbohydrate and protein content of U. prolifera generally decreased with the increase of WAFDO 
concentration, while its content appeared low concentration induction and high concentration inhibition effect under WAFCO treat
ment. In addition, the DWAFDO treatments had no significant difference from WAFDO treatment at the same concentration and D alone 
treatment (P > 0.05), which is the same as the difference between DWAFDO and DWAFCO. While the decrease of carbohydrate and 
protein contents in DWAFCO treatments were higher than WAFCO treatment at the same concentration. In terms of time effect, only 
6–12 mg/L WAFCO showed a notably increasing trend on carbohydrate and protein contents with time, no significant changes were 
observed in other treatment groups with time. 

Fig. 2. The specific growth rate (SGR) of Ulva prolifera under different petroleum derivative stresses and exposure durations. Different capital letters 
and lowercase letters indicate significant differences between different time at the same stress and different stress at the same time, respectively (P 
< 0.05). 
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3.4. Effects of petroleum derivatives on the antioxidase activities of U. prolifera 

Fig. 5 showed the antioxidant system changes of U. prolifera under different stresses and exposure durations. Regarding the dose 
effect, the SOD and CAT activity of U. prolifera had the significantly positive correlation with the concentration of WAFs at each period 
except WAFCO at 72–120 h on SOD. In addition, the activities of two antioxidase were also increased at oil-dispersant addition groups. 
The promotion effect of DWAFDO was greater than WAFDO and DWAFCO. For CAT activity, dispersant-only group had the highest 
promotion effect than other groups. In terms of time effect, for SOD activity, except 3–6 mg/L WAFCO showed an decreasing trend, 
6–12 mg/L WAFDO and DWAFDO showed a increasing trend with time, the trends for other treatment groups were not significant over 
time. For CAT activity, except 6 mg/L WAFDO, 6–12 mg/L WAFCO, D and DWAFDO showed an increasing trend with time, other 
treatment groups had no notably changes over time. 

Fig. 3. The pigment content of Ulva prolifera under different petroleum derivative stresses and exposure durations (a. chl-a; b. car). Different capital 
letters and lowercase letters indicate significant differences between different time at the same stress and different stress at the same time, 
respectively (P < 0.05). 

Fig. 4. The carbohydrate and protein contents of Ulva prolifera under different petroleum derivative stresses and exposure durations (a. carbo
hydrate; b. protein). Different capital letters and lowercase letters indicate significant differences between different time at the same stress and 
different stress at the same time, respectively (P < 0.05). 
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Fig. 5. The antioxidase activtities of Ulva prolifera under different petroleum derivative stresses and exposure durations (a. SOD; b. CAT). Different 
capital letters and lowercase letters indicate significant differences between different time at the same stress and different stress at the same time, 
respectively (P < 0.05). 

Fig. 6. Effects of petroleum derivatives on raw fluorescence rise kinetics OJIP curves and the relative variable fluorescence of Ulva prolifera. (a. chl-a 
fluorescence rise kinetics; b. chl-a fluorescence rise kinetics normalized by FO and FM as Vt = (Ft - FO)/(FM - FO); c. ΔVt = Vt (treatment) - Vt 
(control); d. the value of MO, VJ, VI and FJ/FI). 
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3.5. Effects of petroleum derivatives on the chl-a fluorescence of U. prolifera 

3.5.1. Fluorescence rise kinetics OJIP curves 
The analysis of fluorescence rise kinetics OJIP curves of U. prolifera in Fig. 6a showed that, compared with control group, the 

fluorescence intensity of J, I and P points decreased, indicating that the oxidation degree of electron transport chain decreased after 
dark adaptation. In detail, fluorescence emission was significantly decreased with the elevated WAFS concentrations, addition of 
dispersant led to fluorescence intensity decreased rapidly. The OJIP rising kinetics in 6–12 mg/L WAFDO, DWAFs and D groups were 
not obvious, which indicated that these treatments caused photo-oxidation damage of U. prolifera. The relatively variable fluorescence 
Vt (Fig. 6b) and ΔVt (Fig. 6c) to show the detailed characteristics of chl-a fluorescence rise kinetics. Compared to control, all the 
treatments especially 6–12 mg/L WAFDO, D and DWAFs showed chl-a fluorescence drastically increased at J-step and I-step. Rapid rise 
of I-step indicate limited electron transfer from plastoquinone (PQ) to the PSI acceptor side. Sharp rise of J-step contributed to the large 
accumulation of QA− in PSII reaction center (RCs) for the blockage of electron flow beyond QA. An increase in QA− concentration will 
lead to the inactivation of PSII RCs. Mo is the approximate initial slope of FV, representing the net rate of the RCs closure. It can be seen 
that the Mo values of D, DWAFs and 6–12 mg/L WAFDO were significant higher than control (P < 0.05, Fig. 6d). To further evaluate the 
initial action site, three JIP test parameters, VJ (relative variable fluorescence at the J-step), VI (relative variable fluorescence at the I- 
step) and FJ/FI, were compared in Fig. 6d. At all treatment groups, only the VJ, VI and FJ/FI values of 6–12 mg/L WAFDO, D and DWAFs 
were significantly increased, indicating the electron flow outside QA, from PQ to PSI acceptor side were all blocked under these 
stresses. 

To detect the events reflected in the OK, OJ, OI and IP phase, other normalizations and corresponding subtractions (difference 
kinetics) were also performed in Fig. 7. Chl-a fluorescence rise kinetics curves were double normalized by O-step (50 μs) and K-step 
(300 μs) to show L-band, and WOK (top) and ΔWOK (bottom) in the linear time scale from 0 to 300 μs were presented in Fig. 7a. The L- 
band is considered as an indicator of the energetic connectivity or grouping of the PSII units. It clearly showed that the 12 mg/L WAFDO 
and WAFCO, D and DWAFs treatment groups significant increased L-band. Meanwhile, the WL, ΔWL and FL/FJ values of above treated 
groups increased significantly compared with the control (Fig. 7b). This suggests that stress reduce the energy transfer efficiency 

Fig. 7. Different normalizations of the fluorescence rise kinetics OJIP curves of petroleum derivatives treated Ulva prolifera. (a. the fluorescence rise 
kinetics normalized by FO and FK as WOK = (Ft - FO)/(FK - FO) (top), and the difference kinetics ΔWOK = WOK (treatment) - WOK (control) (bottom) in 
a linear time scale from 0 to 300 μs; b. the value of WL, ΔWL and FL/FJ; c. the fluorescence rise kinetics normalized by FO and FJ as WOJ = (Ft - FO)/ 
(FJ - FO) (top), and the difference kinetics ΔWOJ = WOJ (treatment) - WOJ (control) (bottom) in a linear time scale from 0 to 2 ms; d. the value of WK, 
OEC centers and FK/FJ). 
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between PSII functional units, decrease the electron transfer energy, and increase the light energy dissipation. In addition, to inves
tigate the effects of variable treatments on the K-step, chl-a fluorescence rise kinetics were normalized by O-step (50 μs) and J-step (2 
ms), and WOJ and ΔWOJ in the linear time scale from 0 to 2 ms were presented in Fig. 7c. ΔWOJ curves showed that different treatments 
induced the appearance of the K-band, especially DWAFs, D and 12 mg/L WAFs groups. The increase of the K-step indicates the 
inactivation of OEC centers at the PSII donor side (Fig. 7d).It was found that above treatment groups significant increased in WK and 
FK/FJ (P < 0.05), decreased in OEC centers (P < 0.05) (Fig. 7cd), which confirmed that these stress damage the fraction of active OEC 
centers. 

The fluorescence kinetics curves between the O-step and I-step (30 ms) were normalized as WOI and ΔWOI (Fig. 8a), as well as 
WOI≥1 plotted in the linear 30–270 ms time range to show the IP phase (Fig. 8b). The smaller amplitude of the WOI curve, the stronger 
the inhibitory effect on the cell size at PSI receptor side. Obviously, all treatment groups reduced the amplitude of WOI curves to some 
extent, especially for DWAFCO, 6–12 mg/L WAFDO, D and DWAFDO groups. Another fluorescence rise kinetics normalization WIP 
(normalized by I-step and P-step) was also shown in Fig. 8c. It can be seen that the half rise-time of the rise curves WIP = 0.5 were 
greater in all treatment groups than in the control groups. This suggests that WAFs and DWAFs decrease reduction rates of PSI end 
electron acceptors pool. In Fig. 8d, δRo is a JIP test parameter that represents the probability of electron transport from the reduced 
intersystem electron acceptor to the final electron acceptor of PSI. It was found that δRo was significantly increased at D and DWAFs 
treatments. This means that the addition of dispersant would stimulate PSI activity partially. 

3.5.2. The JIP-test analysis 
In order to further assess the stress on the photosynthesis, several JIP test parameters were provided in Fig. 9. Firstly, the quantum 

yields represent the efficiencies of electron transport, including φPo (the maximal quantum yield of PSII primary photochemistry), Ψo 
(the probability that an electron moves further than QA), φEo (the quantum yield for electron transport) and φDo (the quantum yield of 
energy dissipation). With increased WAFs concentration, φPo, Ψo and φEo declined significantly, while φDo showed the opposite trend 
(Fig. 9a). In addition, the values of φPo, Ψo and φEo in the DWAFs groups were significantly lower than WAFs groups at the same 
concentration, while φDo was significantly higher. The inhibition or promotion effects of DWAFCO was greater than DWAFDO and D 
treatment. Secondly, in terms of the specific energy flux per reaction centers (RC), the absorbed (ABS/RC), trapped (TRo/RC), 

Fig. 8. Different normalizations of the fluorescence rise kinetics curves of petroleum derivatives treated Ulva prolifera. (a. the fluorescence rise 
kinetics curves normalized by FO and FI as WOI = (Ft -FO)/(FI -FO) (top) and the difference kinetics ΔWOI = WOI (treatment) – WOI (control) (bottom) 
in a logarithmic time scale; b. the WOI curves from 30 μs to 270 μs; c. fluorescence rise kinetics curves normalized by FI and FP (FM) as WIP; d. the 
value of δRo). 
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transported (ETo/RC) and dissipated (DIo/RC) flux per RC of U. prolifera in response to all petroleum treatments were presented in 
Fig. 9b. The energy fluxes except ETo/RC had the positive correlation with the WAFs concentration. The values of ABS/RC, TRo/RC 
and DIo/RC in 6–12 mg/L WAFDO, D and DWAFs groups were all significantly higher than control, while the ETo/RC in 6–12 mg/L 
WAFDO and DWAFCO groups were significantly lower. After the addition of oil-dispersant, the values of ABS/RC, TRo/RC and DIo/RC 
in the DWAFs groups greatly increased than the same WAFs concentration groups, while the value of ETo/RC in DWAFCO greatly 
decreased than the WAFCO group. Thirdly, the absorbed (ABS/CSm), trapped (TRo/CSm), transported (ETo/CSm), dissipated (DIo/ 
CSm) flux and the number of active reaction centers per cross-section (RC/CSm) of U. prolifera were presented in Fig. 9c. The ABS/CSm, 
TRo/CSm, ETo/CSm and RC/CSm of U. prolifera were negatively correlated with the concentration of WAFs, while DIo/CSm showed 
the positive relationship. In the disperant-addition groups, the values of ABS/CSm, TRo/CSm and RC/CSm in the DWAFs groups were 
significantly lower than the same WAFs concentration groups. While DIo/CSm showed the opposite trend, and the value in the DWAFs 
groups were significantly greater than the same WAFs concentration groups. Finally, three performance indexes based on absorption 
(PIABS), cross section (PICS) and energy conversion (PITOTAL) are showed in Fig. 9d. The values of three indexes in 3–12 mg/L WAFDO, 
6–12 mg/L WAFCO, D and DWAFs groups were significantly lower than the control group (P < 0.05). 

3.6. Correlation analysis 

The correlation analysis between the physiological and photosynthetic parameters of U. prolifera was shown in Fig. 10. In terms of 
physiological parameters, SGR, pigments and carbohydrate of U. prolifera had the strong positive correlation with OEC Centers, φPo, 
φEo and the comprehensive performance index PIABS, PICS and PITOTAL, the strong negatively correlation with VI and φDo. In addition, 
SGR, pigments and carbohydrate also had the moderate-strong positive correlation with Ψo, ETo/CSm, and moderately strong negative 
correlation with ABS/RC and DIo/RC. There is a similar pattern in protein, but the correlation was slightly lower. SOD has a strong 
positive correlation with φDo and TRo/RC, and a strong negative correlation with OEC Centers, φPo, φEo, PIABS, PICS and PITOTAL. CAT 
was not closely related to each photosynthetic parameters, with the absolute value of correlation coefficient less than 0.5. 

4. Discussion 

The increase of global energy use poses a continuous threat to marine ecosystems. Our research results clearly proved that oil spill- 
related products have a significant impact on the green tide-causing species U. prolifera, especially under the pressure of high con
centration of oil and oil-dispersant combinations, its physiological activities and photosynthetic efficiencies are low. 

This study first indicated that two oil WAFs have classic dose-response effects on the physiological parameters of U. prolifera. The 
SGR, pigments, carbohydrate and protein contents decreased with the increase of WAFs concentration, while two antioxidase (SOD and 

Fig. 9. Effects of petroleum derivatives on the PSII performance indexes of Ulva prolifera. (a. quantum yield; b. energy flux per unit reaction centers; 
c. energy flux per cross-section; d. the performance indexes). 
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CAT) activities showed the opposite trends. SGR is the most important index to evaluate the physiological status of macroalgae. The 
results showed the negative effect of increasing oil stress on the growth of U. prolifera was enhanced, which was consistent with the 
result reported by Liu et al. [14]. At the same time, the change of pigments, carbohydrate and protein content of U. prolifera showed the 
same trends as SGR. Xu and Gao [24] pointed that the damage of carbohydrate and protein was not conducive to the absorption and 
utilization of light. The reduction of photosynthetic pigments could avoid the over-excitation of electron transfer, thus protecting the 
photosynthetic mechanism. Moreover, the activities of SOD and CAT increased with WAFs concentration, which was similar to the 
reports by Luo and Liu [25] and Zheng et al. [26]. The improved SOD activity was to eliminate free radicals rapidly to mitigate 
damages caused by protein oxidation and carbohydrate damage. Meantime, the increased CAT activity was used for protection against 
lipid hdyroperosides and hydrogen peroxide [27]. In addition, the addition of dispersant further enhanced the toxicities on U. prolifera. 
Above physiological parameters except two antioxidase activities in the DWAFs groups were significantly lower than the same con
centration WAFs groups. This result is also consistent with previous reports. Oil disperant GM-2 itself had a negative effective on 
organism, the addition of GM-2 dispersant enhanced the toxicity of diesel oil and crude oil [28]. Wade et al. [29] reported the 
dispersion of crude oil and fuel oil resulted in a substantial increase in the total petroleum hydrocarbons and was generally associated 
with greater physiological impact on algae, compared with the oil alone. The increased toxicity of DWAFs may be mainly due to the 
high concentration of low molecular hydrocarbons, which poses greater risk to aquatic biota [30]. 

Through chl-a fluorescence parameters have been widely used to investigate the photosynthetic capacity under external stress 
conditions. However, there are no related reports about oil spill on Ulva. This study proved that the stress of petroleum derivatives on 
photosynthetic performance of U. prolifera showed the similar trend with the physiological activity. Two petroleum WAFs also showed 
significant concentration effects on the chl-a fluorescence transients and JIP-test, the mixture of oil and dispersant further increased 
the stress effects on the photosynthsis. From the aspect of chl-a fluorescence transients, first, the decrease in the fluorescence of the 
OJIP curves indicated that all petroleum derivatives caused photo-oxidation damage of U. prolifera. Xia et al. [31] and de Carvalho 
et al. [32] also pointed the similar phenomenon in U. prolifera under salinity and herbicide stress conditions respectively. Secondly, 
WAFDO at highest concentration and dispersant additive groups blocked the electron transfer beyond QA and from PQ to PSI by 
increasing the values of VJ and VI. The interrupted PSII electron transport beyond QA could cause a large accumulation of QA-in PSII 
RCs, which was consistent with the increased Mo and the destruction of OEC centers. Thirdly, high concentration WAFs and dispersant 
additive groups increased the L-band and K-band parameters including WL, ΔWL and WK, while changed the IP phase parameters 
including WOI and WIP. This shows that these stresses reduce the energy transfer efficiency between functional units of PSII, inhibit the 
pool size and the reduction rate of PSI receptor side, and inactivate the OEC centers on the donor side of PSII [33]. The JIP test pa
rameters subsequently indicate the decrease in photosynthesis may due to the inactivation of PSII reaction centers and the changed 
energy distribution. First, the quantum yield of U. prolifera including φPo, Ψo and φEo were significantly inhibited by 12 mg/L WAFs and 
dispersant additive groups, while φDo showed the opposite trend. The similar results was been reported by Xia et al. [31]. Moreover, 
PIABS, PICS and PITOTAL, as the most sensitive indexes of photosynthesis system, the decreased values mean the functionalities of both 
PSI and PSII were damaged. In terms of energy flux, petroleum derivatives including highest concentrations WAFs and dispersant 
addition groups decreased the number of active reaction centers per CS(RC/CSm), resulting in the decrease of the trapped flux 
(TRo/CSm) and the transported flux (ETo/CSm). However, the absorbed flux per RC (ABS/RC) and trapped flux (TRo/RC) enhanced at 
the same time, indicating that U. prolifera can ensure the normal supply of light energy by enhancing the function of remaining active 
response centers under stress. In addition, the active dissipated flux (DIo/RC) observed in U. prolifera, by turning excessive light into 

Fig. 10. The correlation analysis between the physiological parameters and photosynthetic performance parameters of Ulva prolifera. Data rep
resents the pearson correlation between them. 
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thermal energy to increase the light dissipation, which was an adaptive strategy to avoid damaging the photosynthetic structure. This 
photo-protective mechanism of PSII were also been observed in some Ulva species [34]. The change of quantum yield and energy fluxes 
confirmed that the light energy utilization ability of U. prolifera decreased. U. prolifera can regulate the inactivation of the reaction 
center and maintain its energy distribution balance through oil stress. 

The correlation analysis revealed several photosynthetic parameters were closely related to physiological parameters. Among 
them, φPo of algae is a relatively stable value under non-stress conditions, and will decrease under stress conditions; so, it is often used 
as a stress indicator [25,35]. In this study, the φPo of U. prolifera was sharply decreased in WAFs, D and DWAFs groups, indicating that 
those treatments caused significant stress to U. prolifera. Especially in DWAFs groups, not only the lower growth rate was found, but 
also the lowest pigments, protein and carbohydrate contents were obtained. These results undoubtedly showed that the oil stress 
caused both photosynthetic and physiological damage. Besides φPo, the comprehensive performance index PIABS, PICS and PITOTAL are 
also considered to be indicators of stress conditions, even more sensitive than φPo. In this study, three indexes values in high con
centration WAFs and dispersant addition groups were lower than the control group, which also proved the stress nature of oil 
spill-related products for U. prolifera to grow and accumulate cell contents. Furthermore, OEC centers and φEo are connected to the 
process of electron transport, which also closely related to growth and nutritional accumulation. In addition, among other photo
synthetic parameters closely related to physiological status, ABS/RC is the energy absorbed per reaction centers, and parameters of 
φDo, DIo/RC and DIo/CSm are all related to energy dissipation. This also suggests that growth, pigment and carbohydrate accumu
lation are mainly related to the balance between energy absorption and dissipation in the photosynthetic system. 

Although inhibition is the main effect caused by petroleum derivatives, stimulation at low WAF concentration is also common [36]. 
Our results also showed this phenomenon. Among our WAFCO treated groups, 3 mg/L crude oil stimulate the growth, pigments, 
carbohydrate and protein contents of U. prolifera, while 6–12 mg/L crude oil reduce these parameters. This “toxicant excitatory effect” 
was been confirmed in microalgae and observed in some Ulva species [22,37]. The reason for the growth of algae is that petroleum 
hydrocarbons can affect the synthesis of proteins, carbohydrate, and other biological macromolecules, and the synthesis rate directly 
reflects the metabolism and growth of the algae. Pilatti et al. [38] found carbohydrates metabolism as the main detoxification pathway 
in U. lactuca. de Carvalhov et al. [32] suggest that U. lactuca is able to metabolize hydrocarbons and use them as energy source, acting 
as bio-remediator of marine waters contaminated by petroleum derivatives. Lv et al. [28] reported that algae accelerate the accu
mulation of proteins in their bodies to promote their ability to detoxify petroleum stress. This “toxicant excitatory effect” stimulate the 
growth of U. prolifera, making it more likely to induce the formation of green tide. 

The above results emphasized that oil spill, especially crude oil at lower concentrations, makes it more likely to induce the for
mation of green tide. However, the addition of dispersant would greatly reduce the physiological characteristics of U. prolifera. 
Therefore, from the perspective of oil spill clean-up strategy, a coastal crude oil spill accident may lead to the formation of U. prolifera 
green tide, but the oil dispersant GM-2 used after the oil spill is unlikely to further stimulate the bloom scale. 5 Conclusion. 

Our study investigated the comparative toxic effects of diesel oil, crude oil, dispersant, and combinations of oil-dispersant on the 
physiology and photosynthetic characteristics of U. prolifera. This method of contaminant addition was employed to simulate the 
impact of oil spills in the natural environment. The toxicity tests revealed the following results: 1) Crude oil exhibited low concen
tration induction and high concentration inhibition effects on physiological parameters, including growth rate and cell contents, while 
the presence of dispersant decreased these physiological activities. This finding suggests that crude oil spills may trigger the occurrence 
of U. prolifera green tides, and the application of oil dispersant following such spills is unlikely to further enhance the scale of the 
bloom. 2) Diesel oil consistently exhibited a negative concentration effect on the physiological characteristics and photosynthetic 
efficiency of U. prolifera, with dispersant further inhibiting these activities. This outcome indicates that diesel oil spills may not 
promote the formation of U. prolifera green tides in the Yellow Sea. 

5. Limitations and future works 

In addition to the above findings, the study has potential limitations. An apparent limitation of the method is using simulated 
medium instead a real seawater. Consequently, this study is confined to a microscopic toxicity test in the laboratory, rather than 
reflecting the real ecological environment under natural conditions. Furthermore, we only studied the toxic effects of two oils and did 
not measure the changes of oil component and concentration in this experiment, for which further study are needed. Eventually, the 
“toxicant excitatory effect” and stress mechanism triggered by oil spills were not be identified from recent results. Therefore, more 
experimental elucidations are needed by using some advanced methods such as transcriptomic or metabolome analysis in the next 
works. 
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