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Abstract: In recent years, golden tides caused by drifting Sargassum horneri (Turner) C. Agardh have
caused serious ecological disasters in coastal areas of China. Eutrophication is an important cause of
the formation of the golden tide. Additionally, the drifting population on the surface of the ocean is
exposed to more ultraviolet radiation (UVR) than the attached population on the sea floor. In this
study, the thalli of S. horneri were cultivated under two levels of nitrogen (LN: natural seawater,
in which the concentration of NO3~-N was 1 umol L1 HN: NOj3 ™ -enriched seawater, in which
the concentration of NO3~-N was 200 umol L™') for 6 days with low photosynthetically active
radiation (PAR), and then exposed to three levels of radiation (P: photosynthetically active radiation
(PAR), 400-700 nm; PA: PAR + UVA, 320-700 nm; PAB: PAR + UVA + UVB, 280-700 nm) under each
level of nitrogen for 2 h to investigate the effects of high UVR and nitrogen on photosynthesis. The
results showed that the high level of N (HN) only enhanced the synthesis of pigments after 6 days
of pre-cultivation under low PAR. After 2 h of high UVR exposure, high P, PA, and PB decreased
the maximum photochemical quantum yield (Fy/Fn) and increased non-photochemical quenching
(NPQ) in S. horneri regardless of the N level, and PAB significantly decreased Fy /Fp, compared to
PA under the LN condition alone. Under the LN condition, compared to the P group, PA and PAB
significantly promoted the synthesis of carotenoids. Under the HN condition, compared to the P
group, PAB increased the absorbed flux by active RCs (ABS/RC) and dissipated the energy flux by
active RCs (DIy/RC) in S. horneri alone. Furthermore, HN increased Fy /F,, ABS/RC, and DI /RC
more in S. horneri with PAB in comparison to those in the LN and PAB group. However, no significant
differences in these parameters were observed between the LN and HN conditions under the same
UVR treatments. These results demonstrate that drifting S. horneri on the surface of seawater could
be inhibited by the high P; however, S. horneri living in eutrophic high-nitrogen seawater may have a
stronger ability to resist high UVR damage, especially with regard to PAB radiation, which may be
one of the reasons for the formation of golden tides in coastal seawater.
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1. Introduction

Golden tides, which are an ecological issue, are caused by the accumulation of large-
scale drifting Sargassum on the surface of seawater [1]. Recently, golden tides have occurred
more frequently, especially in the Mid-Atlantic, Gulf of Mexico, and Caribbean regions [2].
Since 2000, drifting S. horneri rafts have also been reported in the East China Sea and the
Yellow Sea [3,4]. The outbreak of golden tides has negative ecological and economic impacts
on marine life and the activities of human beings [5]. For example, the accumulation of
drifting S. horneri on the surface of seawater hinders the light and oxygen availability for
marine life [6]. In 2016, a golden tide bloomed and moved offshore of Jiangsu Province,
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China, which caused serious economic losses due to the reduction in Neopyropia yezoensis
production, and the economic losses in the seaweed farming industry reached CNY 500 mil-
lion [7]. The algae that decomposed there was concomitant to the increase in toxic and
harmful substances in the seawater, which poses growing effects on coastal ecosystems,
such as alterations to seagrasses and benthic fauna on the seafloor, threatening the stability
of local ecosystems and affecting the geochemical cycle [8]. Therefore, golden tides have
become another major environmental issue after green tides.

Sargassum horneri is the causative species of golden tides in China; it is widely dis-
tributed from the Liaodong Peninsula to Guangdong Province and can be observed in
eastern and southeastern China [9]. S. horneri usually grows abundantly on benthic habitats
and is attached to the seafloor through a retainer. the formation of spherical gas-filled
bladders in matured S. horneri allows the thalli to grow upright from the bottom to the
surface of the seawater. When the retainer detaches from the attached matrix, the gas-filled
bladders allow the thalli to drift to the surface of the seawater, forming a drifting popula-
tion [10]. Widespread drifting S. horneri invaded the southwest of the Yellow Sea, causing
the large-scale golden tides in China. Golden tides even simultaneously occur with a green
tide, forming a phenomenon of bimacroalgal tides [11,12].

In recent years, most studies conducted have explored the physiological, ecologi-
cal, and environmental impacts on S. horneri. Bao et al. reported that nutrient limita-
tion and high photosynthetically active radiation (PAR) may accelerate the senescence of
S. horneri [13]. Some researchers also demonstrated that light is an important factor which
affects the outbreak of golden tides, and its influence is more obvious in the drifting pro-
cess [14]. In addition, it has been reported that UVR has great influences on the growth and
physiological and biochemical composition of macroalgae, e.g., it inhibits photosynthesis,
damages the synthesis of proteins and photosynthetic pigments, and affects the formation
of oxygen radicals [15,16]. Eutrophication in inshore seawater has been regarded as one
major cause of algal blooms [1]. Nitrogen (N) is an essential nutrient and a key restrictive
nutrient for the growth and development of algae [17]. Most studies have shown that eu-
trophic high-N seawater could promote the growth rate and photosynthesis of macroalgae
by increasing the content of photosynthetic pigments and promoting the activity of the
PSII photoreaction system [17]. However, few studies have shown that the growth rate
of macroalgae may not be further promoted when the concentration of N in the seawater
exceeds the critical level, such as for Gracilaria lemaneiformis, but more N would be stored in
the algae [18].

To date, we are not aware of any study that has focused on the high P, and coupling
effects of high UVR and nitrogen content on the drifting population of S. horneri. Thus,
in the present study, the thalli of a drifting population of S. horneri were exposed to three
levels of high radiation and two levels of nitrogen content to explore the photosynthetic
response of S. horneri, which will provide an important new perspective for the study of
the mechanisms of its explosive growth.

2. Materials and Methods
2.1. Materials

Drifting Sargassum horneri samples were collected from the coastal water of Rongcheng,
Shandong Province, China (37°15" N, 122°35' E), and transported to the laboratory in a
cooler (4 °C) in 2 h. The dirt and miscellaneous algae on the surface of algal thalli were
washed with sterilized natural seawater, and then, healthy and homogeneous branches
were selected and cultured with sterilized natural seawater in growth chambers (MGC-250P,
Yiheng Technical Co., Ltd., Shanghai, China) for 24 h. The temporary culture conditions
were as follows: temperature of 18 °C, 80 umol photons m~2 s~ ! of photosynthetic active
radiation (PAR), and a light and dark period of 12 h:12 h. The stocking density was about

2 g L1, and the media were continuously aerated at a rate of 2 L min~.
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2.2. Experimental Design

After temporary culture, the thalli were adapted to two different N levels for 6 days.
Two N concentrations were set: the low N condition (LN, natural seawater; the concen-
tration of NO3-N was 1 pmol L™1) and the high N condition (HN, with the addition of
200 pumol L~! of NaNOj to natural seawater). The nitrogen content of 50 ymol L~ in natu-
ral seawater was observed in the sampling sites, and in previous research, it was reported
that the inorganic nitrogen content in golden tide bloom area increased by 3—4 times [19].
In all the treatments, the concentration of inorganic phosphorus (P) was set to 10 umol L~!
through the addition of KH,POy, to avoid P limitation [20,21]. Other conditions were the
same as the temporary culture, and the seawater medium was renewed every two days.

The maximum photochemical quantum yield (Fy/Fm) of the algae was measured every
day to ensure that the algae were in a healthy state. The Fy /Fp, of the algae was in a relatively
stable state after continuous culture for 6 days, and then, thalli adapted to low and high N
levels were randomly selected and exposed to three radiation conditions: P (PAR, 400-700 nm,
700 umol photons m~2 s~ 1), PA (PAR + UVA, 320-700 nm, PAR: 700 umol photons m 2 s~ 1;
UVA: 36.2 W m~2), or PAB (PAR + UVA + UVB, 280700 nm, PAR: 700 mol photons m~2 s~ 1;
UVA: 362 W m~2; UVB: 1.2 W m~2) [22] for 2 h. Algal samples from each nitrogen condition
without radiation treatment were used as a control group. In this study, three replications of
each treatment were performed. Light was provided by a solar simulator (Sol 1200, Honle
GmbH, Martinsried, Germany; the emission spectrum is shown in Figure 1), and different
radiations were obtained by covering quartz tubes with different types (Z]B-400, ZJB-320, and
Z]B-280) of optical filters (Nantong Yinxing Optical Co., Ltd., Nantong, China). During culture,
the quartz tubes with thalli were placed in a water bath, and the temperature was controlled
at 18 °C by a low-temperature thermostatic bath (YRDC-0506, Shanghai Yarong Biochemical
Instrument Co., Ltd, Shanghai, China). Photosynthetic physiological characteristics of the
algae, such as Fy /F, rapid light curve, non-photochemical quenching (NPQ), OJIP polyphasic
chlorophyll a fluorescence rise kinetics, contents of photosynthetic pigments, and the nitrate
reductase activity (NRA), were measured before and after the different radiation treatments.

Solar simulator

10

Relative units

T T T T T T T
300 400 500 600 700
Wavelength (nm)
Figure 1. The emission spectrum of the solar simulator which provides culture light.

2.3. Determination of Fy/Fy, and NPQ

Algal thalli in good condition were sampled and adapted to dark conditions for
5 min, and the chlorophyll fluorescence parameters were measured using a handheld
chlorophyll fluorescence meter (AP-C100, Photon Systems Instruments, Brno, Czech Re-
public). The algae were first irradiated with a light source of low irradiance (approximately
0.15 umol photons m~2 s~ 1) to obtain the minimum fluorescence (Fy) in dark adaptation,
and then, saturated light (4000 pmol photons m~2 s~1) was used to obtain the maximum
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fluorescence (F) in the dark-adapted state. Finally, the maximum fluorescence (Fr’) of the
algae in the light-adapted state was measured using saturated light.

The maximum photochemical quantum yield of PSIL: Fy /Fn = (Fm — F¢)/Fm
Non-photochemical quenching: NPQ = (Fmy — Fm’)/Fm

2.4. Acquisition of Rapid Light Response Curves

After 5 min of dark adaptation, the rapid light curves (RLCs) of the algal samples were
measured using a modulated chlorophyll fluorescence instrument (FL6000, Photon Systems
Instruments, Brno, Czech Republic). The selected LC3 program contains 7 gradients of
photochemical light: 10, 20, 50, 100, 300, 500, and 1000 umol photons m~—2 s~1. Each
gradient lasted 1 min. The quantum yield was measured, and the relative electron transport
rate (rETR) was calculated as follows [23]:

Relative electron transport rate rETR (II) = ®PSII x PFD x 0.5,

where PSII is the actual light quantum yield of PSII, PFD is the actinic light intensity, and
0.5 is the ratio of absorbed light via PSII to the total incident light.

The maximum relative electron transport rate (tfETRmax) and the initial slope (x)
were obtained by fitting the data to a non-linear function as shown in the following
formula [24,25]:

rETR = rETRpax X tanh(oe X PAR/TETRpax)

Minimum saturation irradiance Ey = rETR ¢/

2.5. Determination of Rapid Chlorophyll Fluorescence Induction and [IP Test

Sargassum horneri samples were adapted to dark conditions for 5 min, and the rapid
chlorophyll fluorescence induction and JIP test was carried out using a double-modulated
chlorophyll fluorescence instrument (FL6000, Photon Systems Instruments, Brno, Czech
Republic). The fluorescence signals were recorded with a scanning time that ranged from
10 ps to 2 s and were labeled as O, ] (at about 2 ms), I (at about 30 ms), and P. In order to
show the obvious OJIP phase, the horizontal coordinate time was changed to a logarithmic
form to directly observe the ] and I points and infer the state of the PSII reaction center. In
the rapid chlorophyll fluorescence induction kinetic curve (OJIP curve), light energy was
absorbed by the excited antenna pigment (ABS, absorbed light energy). The excited energy
was captured (TR) and transferred to the reaction center (RC), and the rest was dissipated
in the form of heat or fluorescence. Vj reflects the degree of closure of the reaction center
at 2 ms, and My reflects the maximum rate at which QA was restored. ¥ reflects the
possibility of electron transport beyond Q,.

The relevant parameters were calculated as follows [26]:

Vy = (Fams — Fo)/ (Fm — Fo)
My =4 X (Faoous — Fo)/(Fm — Fo)
Yo=1-V
ABS/RC =My x (1/V}) X [Fm/(Fm — Fo)]
TRy /RC = My x (1/V})
ETo/RC =My x (1/V}) x ¥g
DIy/RC = (ABS/RC) — (TRy/RC)
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2.6. Determination of Photosynthetic Pigments

The determination of pigments was carried out by referring to the method reported by
Wellburn [27]. About 0.2 g of fresh-weight (FW) thalli was placed in a mortar with 10 mL
of methanol solution, and then, it was ground into a homogeneous slurry. After 24 h of
dark extraction in a 4 °C refrigerator, the extract solution was centrifuged for 10 min at 4 °C
and 5000 r min~! using a high-speed refrigerated centrifuge. The absorbance values of the
supernatant were scanned by using a UV spectrophotometer at a wavelength of 280~750 nm.
The contents of photosynthetic pigments were calculated using the following formula:

CthI‘Ophyll a (mg gil) = [1629 X (A665 — A750) — 8.54 x (A652 — A750)] X V/(FW X 1000)

Carotenoid (mg gil) =7.6 X [(A480 — A750) — 149 x (A510 - A750)] X V/(FW X 1000)

where Agyy, Agss, Ages, and Azsg is the absorbance at 470 nm, 653 nm, 666 nm, and
750 nm, respectively.

2.7. Determination of Nitrate Reductase Activity (NRA)

Referring to the method reported by Corzo and Niell [28], approximately 0.1 g of
FW thalli were incubated in the reaction solution (10 mL) for 1 h at 30 °C in the dark.
The reaction solution was prepared as follows: 0.1 mol L~! phosphate buffer, pH 7.5;
1 mmol L~! EDTA; 0.1% propanol; 0.2 mol L~! NaNOj; 10 pmol L~! glucose. The O, in
the solution was removed by filling N, for 2 min to prevent the generated NO, ™~ from
being oxidized to NO3; ™~ before the incubation. The reaction was terminated by removing
the algae from the solution, and the concentration of NO, ™ produced in the solution was
determined. The concentration of NO,~ produced was determined colorimetrically at
540 nm [29]. The activity of nitrate reductase was expressed as umol NO,~ g~! FW h~1,

2.8. Statistical Analysis of Data

All the measurement results were expressed as mean =+ standard deviation (n > 3).
The data were analyzed using the Prism 7.0 and SPSS v.20 software. A two-way ANOVA
(Duncan) was conducted to analyze the interactive effects of UVR and N levels on Fy /Fpy,
rETRmax, &, Ex, NPQ, OJIP curve, photosynthetic pigments, and nitrate reductase activity
(NRA). The significance level was set as p < 0.05, and different lowercase letters represent
significant differences among the different treatments.

3. Results
3.1. Maximum Photochemical Quantum Yield (F,/F,,)

In the process of pre-cultivation, under the HN condition, the F,/Fn of
Sargassum horneri significantly decreased on day 2, rebounded on day 3, and then remained
stable (around 0.6) during the subsequent culture process from day 3 to day 6. Under the
LN condition, the F, /F, of S. horneri remained stable during the 6-day cultivation period,
which was about 0.6 (Figure 2A).

UVR had an independent effect on the Fy /Fn, of S. horneri (p < 0.05), the N concentra-
tion had no effect on Fy /Fn, (p > 0.05), and there was no interactive effect between UVR
and N levels on Fy /F, (p > 0.05) (Figure 2B). The F, /Fy, of S. horneri was not affected by
HN after 6 days of pre-cultivation (p > 0.05) (Figure 2B). After 2 h of UVR exposure, under
the LN condition, the Fy/Fm, of S. horneri was the lowest during the PAB treatment with
0.36 and highest during the PA treatment with 0.54 (p < 0.05) (Figure 2B). Compared to the
P group, the Fy/Fm of S. horneri under the PA and PAB conditions were not significantly
different (p > 0.05) (Figure 2B). There was no significant difference among different UVR
treatments under the HN condition (p > 0.05). The Fy/Fm of S. horneri increased by 3% and
32% when treated with PA and PAB under HN compared to those treated with the same
UVR under the LN condition, respectively (p > 0.05) (Figure 2B).
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Figure 2. Fy /F of Sargassum horneri in the 6-day pre-cultivation period (A) and after 2 h of exposure
to P, PA, and PAB (B). Significant differences among all treatments are indicated by different lowercase
letters (p < 0.05).

3.2. Rapid Light Curve and Non-Photochemical Quenching

Both the UVR and N levels were found to have no significant effects on the &, rETRmax,
and Ey of S. horneri (p > 0.05), and there was no interaction effect between the UVR and
N concentration on them (p > 0.05) (Table 1). After 6 days of pre-cultivation, the o and
rETRmax of S. horneri were not affected by HN (p > 0.05), but HN decreased the Ey of
S. horneri more than LN did (p < 0.05) (Table 1). After 2 h of UVR exposure, a significant
difference was only found in the rETRpnax between the HN and P group (85.41 & 25.07) and
the LN and P group (52.89 + 18.59) (p < 0.05), and the rETRmax of S. horneri was highest in
the P and HN group among all treatments (Table 1 and Figure 3).

Table 1. Photosynthetic parameters of rapid light curve for Sargassum horneri cultured under different
treatments. « is the electron transport efficiency, rETRmay is the maximum relative electron transport
rate, and Ey is the minimum saturated irradiance. Different superscript letters indicate significant
differences among different treatments (p < 0.05).

rETRmax

@ pumol e~ m—2s-1 Ex
Initial LN 0.24 +0.052 57.11 + 18.36 3 232.15 4 42.65 2P
nitia HN 0.24 4+ 0.062 4541 + 13672 188.88 & 36.07 2
P LN 021 4+0.052 52.89 + 18.59 2 248.03 + 49.10 2P
HN 0.30 &+ 0.06 2 85.41 + 25.07b 277.58 + 33.44 ab
PA LN 0.25 +0.092 55.24 + 8.75 b 232.52 + 59.54 ab
HN 021 +£0.072 67.46 + 4.943b 344.44 +99.36 P
PAB LN 0.24 4+ 0.06 2 63.55 +20.15 3 277.77 4+ 105.03 ab

HN 0.26 +0.052 57.98 + 13.60 2P 227.24 + 62.02 @b
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Figure 3. The electron transport rates of Sargassum horneri with LN (A) and HN (B) under P, PA, and

PAB treatments.

UVR only had a main effect on the NPQ of S. horneri (p < 0.05) (Figure 4), N levels had
no main effect on the NPQ of S. horneri (p > 0.05) (Figure 4), and there was no interaction
effect between these two factors (p > 0.05) (Figure 4). After 6 days of pre-cultivation, HN
did not enhance the NPQ of S. horneri (p > 0.05) (Figure 4). The NPQ of S. horneri treated
using UVR was significantly higher than the initial values of NPQ regardless of N levels
(p < 0.05), and a significant difference did not occur among different UVR and N treatments
after 2 h of UVR exposure (p > 0.05) (Figure 4).

1.004

0.754

0.254

0.00-

b
T T
i 1|
LN

mmm [nitial
P

mm PA
PAB

b

b b .FbT

HN
N concentration (umol L")

Figure 4. Non-photochemical quenching (NPQ) of Sargassum horneri under P, PA, and PAB treatments.
Significant differences among all treatments are indicated by different lowercase letters (p < 0.05).
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3.3. OJIP Curve

Typical OJIP curves with different treatments are shown in Figure 5. UVR was found
to have significant effects on the Vj, My, Yo, ABS/RC, DIy/RC, ETy/RC, and TR, /RC of
S. horneri (p < 0.05) (Figures 6 and 7), while N levels had no significant effect on these
parameters, as described above (p > 0.05) (Figures 6 and 7). There were no interaction
effects between the UVR and N levels on these parameters (p > 0.05) (Figures 6 and 7).
The Vj, My, and Yy of S. horneri were not significantly enhanced under HN after 6 days
of pre-cultivation (p > 0.05) (Figure 6). The Vy and My of S. horneri increased after 2 h of
UVR exposure in comparison to the initial group, especially in the HN condition (p < 0.05)
(Figure 6A,B). There was no significant difference in V; among all the UVR and N treatments,
but the values of V} in samples treated using PAB reached a maximum of 0.79 under LN
and a maximum of 0.78 under HN (Figure 6A). Like V}, the My of S. horneri treated using
PAB reached a maximum of 1.28 under LN and 1.16 under HN (Figure 6B). The change in
Yy was opposite to that of Vy and My under the same conditions, and its lowest value was
0.21 under LN and 0.22 under HN after PAB treatment (p < 0.05) (Figure 6C).

3-
~ A P
= |
o) e |nitial
<, P J
w + PA .
= v PAB
[
2 “f
2 140  rTT——————
k=
o
0 T L T T T 1
1075 10* 10 102 10" 10° 10
3_
~>
> | B
©
\‘:2_
w P
> J
2
§1]0 ey
£ *
L .::‘/
LL. .
0

] T L] L] T 1
107% 10 10°° 102 10" 10° 10’
JIP-time(us)

Figure 5. Chlorophyll a fluorescence transients (OJIP) of Sargassum horneri under LN (A) and HN (B)
under P, PA, and PAB treatments.

The changes in the ABS/RC and DIy/RC of S. horneri showed the same trends
(Figure 7B,C). Under LN, no significant difference was found regarding the ABS/RC
and DIy/RC of S. horneri among all the treatments, including the initial group. However,
under the HN condition, the ABS/RC and DIy/RC of S. horneri were significantly higher
under the PAB condition than in both the P and PA groups (p < 0.05) (Figure 7B,C). HN did
not affect ABS/RC and DI/RC under the same UVR conditions (p > 0.05) (Figure 7B,C).
In terms of ETy/RC, under the LN condition, it was only significantly lower under the
PAB condition and not under the initial condition (p < 0.05). However, under HN, the
ET/RC of S. horneri was significantly lower during all three different UVR treatments
than that during the initial condition (p < 0.05). After 2 h of UVR exposure, there was no
significant difference regarding ET(/RC among the different UVR treatments at the same
N concentration (p > 0.05) (Figure 7C).
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Figure 6. V} (A), My (B), and Y (C) of Sargassum horneri under P, PA, and PAB treatments. Significant
differences among all treatments are indicated by different lowercase letters (p < 0.05).
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Figure 7. TRy /RC (A), ABS/RC (B), DI /RC (C), and ET/RC (D) of Sargassum horneri under P, PA,
and PAB treatments. Significant differences among all treatments are indicated by different lowercase
letters (p < 0.05).
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3.4. Pigment Contents

Both the UVR and N levels had main effects on chlorophyll a and carotenoids in
S. horneri (p < 0.05), but there was no interaction effect between the UVR and N levels
on chlorophyll a and carotenoids in S. horneri (p > 0.05) (Figure 8A,B). After 6 days of
pre-cultivation, an enhancement of chlorophyll a and carotenoid contents in S. horneri
was observed in the HN condition. After 2 h of UVR exposure, under LN, significant
increases in the contents of chlorophyll a and carotenoids were observed in the PA and
PAB treatments in comparison to the initial group (p < 0.05) (Figure 8A,B). However, under
HN, no significant differences in the contents of chlorophyll 2 and carotenoids were found
among all the groups, including the initial group (p > 0.05) (Figure 8A,B).

-
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Figure 8. Chlorophyll a (A) and carotenoids (B) of Sargassum horneri under P, PA, and PAB treatments.
Significant differences among all treatments are indicated by different lowercase letters (p < 0.05).

3.5. The Nitrate Reductase Activity (NRA)

The UVR and N levels had an interactive effect on the NRA of S. horneri (p < 0.05),
and each factor had main effects on it (p < 0.05) (Figure 9). HN had no positive effect on
NRA after 6 days of pre-cultivation. After 2 h of UVR exposure, the values of the NRA of
S. horneri in the LN and P group were significantly higher than the NRA in other groups
(p < 0.05) (Figure 9), and no significant difference was observed among all groups, except
for the LN and P group (p > 0.05) (Figure 9).
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Figure 9. NRA of Sargassum horneri under P, PA, and PAB treatments. Significant (p < 0.05) differences
among the treatments are indicated by different lowercase letters.

4. Discussion

Sargassum horneri drifting on the surface of seawater are easier to expose to high levels
of UVR. Decreased Fy/Fr and increased NPQ were observed when algae were exposed
to high P level than low P. Our results suggest that S. horneri alleviate the inhibitory
effects of high P by increasing NPQ. Previous research also demonstrated that drifting
S. horneri have evolved a range of mechanisms to adapt to high radiation on the surface of
seawater, and algae adapts to high radiation stress via physiological regulation, such as
the consumption of excess light energy [30,31]. Excess energy dissipates as heat increases
to relieve the excitation pressure and keep cells in a normal state [32]. Under the high P
condition, the increase in NRA could improve the activity of nitrate utilization to provide
a bigger N source; however, limiting N could not significantly increase the synthesis of
chlorophyll a and carotenoids. Carotenoids play an important role in protecting algae
from UVR [33]. When exposed to high PA and PAB, a significant increase in content of
carotenoids in S. horneri was observed in our study, suggesting that PA and PAB could
promote carotenoid synthesis and protect algae from the damage of UVR. Similar results
were reported regarding Chondrus Crispus [34]. Even though the damage of PAB was
considered more severe than that of PA, in this study, the lowest F,/Fr, was found in the
PAB condition with low N content.

More studies have mentioned the interactive effects of PA (or PAB) and other envi-
ronmental factors on macroalgae. When nitrogen was enriched, HN could provide more
metabolic expenses for the synthesis of photosynthetic pigments and carotenoids at low P
and high P and PA conditions; these results show that HN could improve photosynthetic
activity and the ability of photoprotection. The changing contents of chlorophylls and
carotenoids are important photoprotection mechanisms in algae [35-37]. When exposed to
PAB, compared to the PA condition, PAB decreased Fy/Fr, in the same LN condition but
did not significantly inhibit F,/F in the same HN condition; these results suggest that HN
may increase the tolerance to high PAB in S. horneri.

The OJIP curve can reflect the electron transport rate on the donor side and the
recipient side of PSII [38] and reflect the initial reaction of photosynthesis. In this study, the
Y significantly decreased after 2 h of high PAB exposure. This result indicates that high
PAB may damage the acceptor region of the PSII protein of S. horneri. At the same time, an
increase in Vj was also observed after high PAB exposure, suggesting the enhancement of
closed PSII reaction center levels. The results in this study show that PAB could rapidly
increase the fluorescence value and hinder the electron transfer from Q4 ~ to Qp in algae
cells, leading to the accumulation of Q4 ™ [26,38—40]. As a result, high P, PA, and PAB levels
had inhibitory effects on algae. Furthermore, PAB enhanced the inhibition of the oxidation
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of Qa 7, resulting in the highest Vj in both the LN and HN conditions. PAB also increased
the ABS/RC and DI, /RC levels but still decreased the ETy/RC levels; these results show
that the energy used for electron transfer is reduced and the electron transfer from Q™ to
Qg is blocked, which may cause the generation of non-Qg reduction centers in PSII systems,
inhibiting photosynthesis [38,41]. ABS/RC and DIy /RC were further improved by PAB in
the HN condition, but there was no obvious difference regarding TR, /RC between the LN
and HN group with PAB. PAB radiation increases the light energy absorbed by the unit
reaction center in the PSII system, but the algae may maintain the normal state of the PSII
system by increasing the heat energy dissipation [42], which is more significant in the HN
environment. Hence, the algae could more effectively maintain PSII activity against PAB
stress in the HN condition.

Here, we found that high PAB obviously reduced the activity of S. horneri and inhibited
the photosynthesis process of S. horneri. In this study, the high N concentration could not
completely offset the radiation damage; however, a high N concentration could increase
the synthesis of pigments, change the activity of the PSII reaction center, and increase the
maximum photosynthetic capacity. Therefore, it is speculated that eutrophic seawater
is more prone to the occurrence of golden tides, because nitrogen is the key factor in
the growth of algae, and the higher availability of nitrogen sources could improve the
protective ability of algae under ultraviolet stress.
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