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Abstract

Marine diatoms are ubiquitously distributed in both coastal and open oceans, playing an important role in global primary
productivity. In coastal waters, they are exposed to various pollutants in addition to multiple environmental stressors. Here,
we show the pennate diatom Nitzschia sp. isolated from the East China Sea decreased its photosynthetic performance under the
combined influences of two typical marine organic pollutants (Irgarol 1051 and diuron), that are frequently used as biocides to
prevent biofouling, and solar UV radiation (UVR). Nitzschia sp. was sensitive to both pollutants under visible light (PAR)
without UVR, even at the lowest concentration (0.5 pg L") tested; higher levels led to greater reductions in its photochemical
yield. When additionally exposed to UVR (280400 nm), the inhibition of the quantum yields by the antifouling pollutants was
exacerbated, reflecting a synergistic impact of the pollutants and UVR. Exposure to UVR brought about 5-20% reduction at
different levels of Irgarol 1051, diuron, and their mixture, with a higher reduction percentage due to UVR observed at lower
concentrations of the pollutants. Our results indicate that even low levels of antifouling agents can result in significant impacts on
diatoms in the presence of solar UVR, implying that combinations of UVR and organic pollutants could be a potential method to
control-target algal biofouling.
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Introduction

The East China Sea is an important carbon sink region (Gao
and Song 20006); therefore, variations of primary production in
this region have been a strong focus of research in past de-
cades (Liu et al. 2010). Under the influence of riverine input
from the Yangtze river, the chemical and physical environ-
ment of this estuarine area is very complex; e.g., influencing
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salinity regimes, the riverine water carries various chemicals,
including nutrients, herbicides, and heavy metals (Wang et al.
2011). The main phytoplankton groups in the estuary and
adjacent waters of the Yangtze river are diatoms and dinofla-
gellates (Zhu et al. 2009). The community structure of phyto-
plankton exhibits typical regional distribution characteristics,
with diatoms and chlorophytes contributing large fractions of
the communities in nearshore waters, while dinoflagellates
account for up to 82.7% in the offshore areas (Gao and Song
2005).

The microalgae comprising the phytoplankton are the main
primary producers in the ocean (Klais et al. 2015), and dia-
toms contribute about 40% to marine primary productivity
(Carstensen et al. 2015). The contrasting phytoplankton pop-
ulations’ characteristic of different niches may reflect species
or population-specific strategies to adapt to different regional
environments (Cerino et al. 2005; Barnett et al. 2015).
Microalgae can also adhere onto the natural or artificial sur-
face and create biofilms within a few days (Landoulsi et al.
2011). These can lead to increased friction and fuel consump-
tion for ships, e.g., a 1-mm thick layer of biofouling algae has
been suggested to increase hull friction by 80% and lead to
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increased fuel consumption by 17% (Evans et al. 2000).
Therefore, antifouling paints are frequently used to prevent
the biofouling on artificial surfaces (Zamora-Ley et al. 2006;
Gallucci et al. 2015).

Tributyltin was one of the most commonly used antifouling
agents. However, this compound is highly toxic to nontarget
organisms, and has been prohibited for commercial use since
2003 (Yebra et al. 2004; Turner 2010). Subsequently, Irgarol
1051 has now become one of the most common antifouling
paint biocides (Buma et al. 2009; Hirayama et al. 2017). The
primary target of this compound is the proteins that carry
electrons within photosystem II (PSII), acting to interrupt the
electron transport and thereby inhibit the growth of algae on
artificial surfaces (Ansanelli et al. 2017). However, these com-
pounds leach into the water body and can potentially cause
problems. In the coastal waters of Singapore; for instance,
Irgarol 1051 concentrations can reach as much as
42 pg L', levels that are sufficient to influence photoauto-
trophs in seawater (Basheer et al. 2002; Kottuparambil et al.
2017). In addition, the discharged waters from land carry her-
bicides such as diuron, a predominant chemical used for weed
control, which is also an inhibitor of PSII (Gatidou and
Thomaidis 2007); hence, phytoplankton could be exposed to
both toxic chemicals in estuarine areas. However, little has
been documented on distribution and impacts of antifouling
chemicals in the Yangtze river and the adjacent waters, where
global shipping industry is active.

As an important physical driver, light potentially modulates
the toxicity of organic pollutants to photoautotrophs. Previous
studies have revealed that dynamic light or light history (with-
out UVR) could alter the sensitivity of biofilms to pollutants
(Laviale et al. 2010; Bonnineau et al. 2012). As UVR is the
most energetic waveband within the sunlight spectrum
reaching the earth’s surface, it is likely that this should have
a more intense interaction with other chemical drivers (Barnes
et al. 2019); e.g., UVR synergistically reduces the photosyn-
thetic activity of diatoms under high salinity or in the presence
of copper (Wu et al. 2017; Zhu et al. 2019). Possible interac-
tions of UVR with organic pollutants such as Irgarol and diu-
ron are, however, still unknown (Lambert et al. 2006). In
estuarine areas, pennate diatoms play an important role in
the generation of biofilms, which provide suitable microenvi-
ronment for bacterial community succession on ship’s surface
(Landoulsi et al. 2011). In addition, they are also resuspended
frequently by turbulence, and can then contribute a substantial
fraction to primary production in the water column
(Underwood et al. 1998). Considering the widespread distri-
bution of Irgarol 1051 and diuron in natural seawater, and their
similar primary target sites on photosystem II, we isolated
Nitzschia sp. from the estuary of the Yangtze river to test the
hypothesis that these two pollutants could interactively affect
the photochemical process of pennate diatoms, particularly
under the influence of UVR.
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Materials and methods
Algal culture

The diatom Nitzschia sp. was isolated from the estuary of the
Yangtze river in June 2018 and maintained in a growth cham-
ber under 50 pmol photons m* s~' and 20 °C. Before the
experiment, this diatom was inoculated into 500 mL polycar-
bonate bottles filled with 400 mL sterilized natural seawater
and enriched with F/2 medium, with a starting cell concentra-
tion of 500 cells mL™'. The bottles were placed in an incuba-
tor, with light intensity around 150 pmol photon m > s ' un-
der a 12/12 light/dark cycle, while temperature was controlled
at 20 °C. Triplicate cultures for each treatment were main-
tained at exponential phase by semi-continuously diluting
with fresh medium every 24 h, maintaining the cell concen-
trations below ~2 x 10* cells mLﬁl, while bottles were man-
ually shaken 3—4 times every day.

Test chemicals and solution

Known amounts of 2-(tert-butylamino)-
4-(cyclopropylamino)-6-(methylthio)-s-triazine (Irgarol
1051) and diuron were weighed and dissolved in DMSO (di-
methyl sulfoxide) to a final concentration of 1 ug mL ™. In
addition, lincomycin, which is a frequently used chemical to
block protein synthesis within the chloroplast, was prepared to
determine the damage rate of photosystem II in the absence of
repair processes.

Experimental setup

During the light exposure, a solar simulator with a 1000 W
xenon lamp (Ji Guang Inc. China) was used as the light
source, and the light intensity was adjusted by altering the
distance between xenon lamp and the water bath. The inten-
sity of PAR (400-700 nm), UVA (315400 nm), and UVB
(280-315 nm) was measured by a light meter (PMA2100,
Solar Light Inc.), and values were 470 umol photons
m?2s ', 122Wm 2 and 2.84 W m 2, respectively.

The culture of Nitzschia sp. was sampled during the middle
of'the light period, and dispensed into 50 mL quartz tubes, and
then the pollutants (Irgarol 1051, diuron, or lincomycin)
added to final concentrations of 0.5, 1.0, and 2.0 pg L' for
the determination of the independent effect of each pollutant;
the same volume of DMSO was added to the control. To
investigate the potential interactive effects between pollutants,
equal concentrations of Irgarol 1051 and diuron were added to
the samples, with the same total final concentration as above.
In addition, a parallel experiment with a final concentration of
0.5 mg mL™" lincomycin (which fully blocked the repair pro-
cess within PSII) was conducted, to determine the damage rate
under the respective light treatments.
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After the addition of pollutants under light, the quartz tubes
were placed in a water bath, underneath a cutoff filter (ZJB280
for PAB [PAR + UV-A + UV-B] treatment and ZJB400 for P
[PAR] treatment) (Yin Xing Inc. China), while temperature
was controlled at 20 °C by a chiller (CTP3000, Eyela,
Japan). A subsample (2 mL) was immediately withdrawn for
measurement of initial chlorophyll fluorescence, and subse-
quent measurements were conducted at specific time intervals
(see below). After 60-min exposure, the quartz tubes were
moved into another water bath (20 °C) under dim light (~
20 umol photons m 2 s ') for recovery (~ 80 min), and fluo-
rescence was then measured again.

Chlorophyll fluorescence measurements

Due to the space limitation under the solar simulator, we per-
formed each experiment with 6 quartz tubes (2 pollutants under
1 light regime). Since the cultures were maintained in exponen-
tial phase by semi-continuous dilution, all samples were in a
similar physiological state (as shown in the initial fluorescence
yield values) before the measurements. During the experiment,
2 mL of sample was taken to measure the effective quantum
yield with an AquaPen fluorometer (AP-C 100, PSI,
Czech Republic). After a total of 7 rounds of measurement
(60 min), tubes were transferred into a low-light environment
under the same temperature for recovery, and effective quantum
yield was measured for the next 80 min.

Data analysis

The effective quantum yield (EQY) measured with the
AquaPen was calculated as follows:

EQY = (Fm/_Fo/)/Fm/;

where F,,’ is the maximum effective fluorescence in the pres-
ence of actinic light and F)’ is the minimum fluorescence mea-
sured with a modulated measuring light (0.01 pmol photons
m > s ') under incubation light. To have a better comparison
among treatments, the EQY was converted to relative values,
with initial values set as 1 at time zero, and all subsequent values
were normalized as relative quantum yield (RQY) accordingly.

The damage rate to PSII caused by UVR (%, min!) and
repair rate (7, min ') were fitted to the Kok equation:

Pt r k

el —(k+r)t
Po k+r k+vr

where P, is the EQY at time zero under incubation light, and
P, is the EQY at time ¢ (min). First, & values under P and PAB
treatments were obtained in the presence of 0.5 mg mL ™' lin-
comycin (which fully blocked the protein repair in PSII),
while 7 values for lincomycin-free samples were obtained
from the determined k& value through the Kok equation.

To determine the recovery rate of the high light-damaged
cells during subsequent exposure to dim light, mimicking the
movement in nature of cells from the surface to deep water by
mixing, the rate constant of recovery (minﬁl) was then calcu-
lated by an exponential rise equation:

y =y +c(l—e),

where y is the EQY at time # (min) in the dim light recovery
experiment, y, and c are constants, and « is the rate constant of
recovery (min"") (Heraud and Beardall 2000).

The relative pollutant inhibition of EQY was calculated by
the following equation:

Relative pollutant inhibition = (P. — Pg)/P.

where Py represents EQY when samples were exposed to the
pollutant (Lincomycin, Irgarol 1051, diuron, or Irgarol 1051
& diuron) and P represents EQY of the control treatment to
which only the solvent DMSO had been added.

A two-way repeated measures ANOVA was used to ana-
lyze the impact of independent effects and the interactions of
radiation and pollutant, while significance among different
levels of pollutants were assessed with a Turkey post hoc test.

Results

Under the P treatment, the RQY of the control treatment
decreased quickly to ~80% of the initial value after 6 min
under the solar simulator and remained stable during the
rest of the exposure (Fig. 1a). However, the RQY of sam-
ples that were treated with Irgarol 1051 decreased steadily
to the end of the light exposure, with the lowest value
observed for samples treated with 2 ug L' Irgarol 1051,
around 50% of initial value. Significant differences were
observed among the 3 levels of Irgarol 1051 (p <0.001,
Table 1). For samples to which diuron was added, the
RQY quickly decreased and reached a stable value within
12 min, around 70% of initial value, but the amplitude of
the decrease was smaller than under the Irgarol 1051 treat-
ments. The differences among the 3 levels of diuron tested
were significant (Fig. 1b) (p <0.05, Table 1). After the
addition of the mixture of Irgarol 1051 and diuron, the
RQY showed a similar pattern, with values decreasing to
the end of the light exposure, around 56% of initial value.
However, the difference between 0.5 and 1 ug L' was
insignificant (Fig. 1c, Table 1). During the dim light incu-
bation, the control samples recovered quickly to the initial
value within 10 min, while the other samples treated with
Irgarol 1051, diuron or their mixture recovered much
slower and reached ~ 70, ~90, and ~70% of the initial
value after 80 min, respectively (Fig. 1a, b, and c).
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Under the PAB treatment, the RQY decreased quickly after
6-min exposure, with a slower rate for the control group than
for those groups to which the pollutants had been added;
values were also significantly higher at the start of the 30-
min exposure. Subsequently, samples with added pollutants
approached equilibrium, while the control group still contin-
ued decreasing, resulting in comparable values for RQY of
around 45% of the initial value for all treatments at the end
of the PAB exposure (Fig. 1d, e, and f). Among 3 levels of
Irgarol 1051, the highest level treatment (2.0 pg Lfl) had the
lowest quantum yield than the other level treatments (p < 0.05,
Table 1) (Fig. 1d). When diuron or the mixture of Irgarol 1051
and diuron were added, RQY values were significantly lower
than in the control group (p <0.001, Table 1), while no signif-
icant differences among the 3 levels of pollutant treatments
were found (Fig. 1e and £, Table 1). For treatments that includ-
ed pollutants and UVR, RM-ANOVA results showed that
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Time (min) Time (min)

there were significant interactions between UVR and the
two tested pollutants or their mixture (Table 2). During the
dim light incubation, the control sample recovered quickly
to about 86% of the initial value within 80 min, while the
samples with added with Irgarol 1051, diuron or the mixture
could only recover to about 56, 70, and 55% of the initial
value, respectively (Fig. 1d, e, and f).

During the light exposure, the EQY ratio between values at
the lowest level and highest level of pollutant was associated
with the radiation treatments; values of Irgarol 1051-treated
cells were ~ 1.20 under the P treatment, but significantly de-
creased to ~1.03 under the PAB treatment. The, diuron- or
mixture-treated cells generally had lower values than cells
under the Irgarol treatment under P, with ratios ranging from
1.05-1.10, though these were still significantly higher than
under the PAB treatment, which almost decreased to 1.0
(Fig. 2b and c).
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Table 1 The statistical results (p value) of post hoc test for the
comparison among different levels of pollutants during the light
exposure, the bold numbers indicate no significant differences (p > 0.05)

Treatments Irgarol Diuron I+D
Pollutant
Concentration (pg Lfl) P PAB P PAB P PAB
0.0 0.5 0.000 0.000 0.000 0.004 0.000 0.000
1.0 0.000 0.000 0.000 0.001 0.000 0.000
2.0 0.000 0.000 0.000 0.000 0.000 0.000
0.5 0.0 0.000 0.000 0.000 0.004 0.000 0.000
1.0 0.001 0.325 0.042 0.406 0.978 0.991
2.0 0.000 0.003 0.000 0.079 0.034 0.844
1.0 0.0 0.000 0.000 0.000 0.001 0.000 0.000
0.5 0.001 0.325 0.042 0.406 0.978 0.991
2.0 0.000 0.032 0.001 0.627 0.020 0.949
2.0 0.0 0.000 0.000 0.000 0.000 0.000 0.000
0.5 0.000 0.003 0.000 0.079 0.034 0.844
1.0 0.000 0.032 0.001 0.627 0.020 0.949

During the light exposure and dim light incubation, the
repair rate, damage rate of PSII, and rate constant for recovery
were fitted from the kinetics of RQY. The repair rate was
about 0.065 min ™" for cells that were treated with 0.5 g L™
diuron under the P treatment, while much lower values were
observed for the Irgarol 1051 treated samples (~0.04 min ')
or mixed pollutants (0.03 min ) (Fig. 3a). Those repair rates
decreased further when exposed to UVR (Fig. 3b). The corre-
sponding damage rates were around 0.025 and 0.038 min '
for P and PAB treatments, respectively (Fig. 3a and b). During
the dim light incubation after PAR exposure, the rate constants
for recovery of the control group was much higher than for
samples with added pollutants, while samples with Irgarol
1051 or the mixture were significantly lower than for the diu-
ron alone treatment (Fig. 3c). The overall pattern of rate con-
stants for recovery under PAB treatment was similar to that in
the P treatment, while absolute values were much lower
(Fig. 3d).

The addition of pollutants also induced significant inhibi-
tion on PSII, while the changing pattern was associated with
the light regime to which the cells were exposed. Under the P
treatment, the relative Irgarol 1051 inhibition increased and
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Fig. 2 The effective quantum yield (EQY) ratios of low-levels (0.5 or
1.0 pg L") to the highest level pollutant (2.0 pg L™")-treated cells under
P or PAB treatment, Irgarol 1051 treated (a), diuron treated (b), mixture
(Irgarol 1051 + diuron) treated cells (c). Horizontal lines indicate signif-
icant difference between treatments, vertical lines represent SD, n=6

reached its highest value at the end of exposure, up to ~38% at
a concentration of 2.0 ug L' (Fig. 4a). However, the relative
Irgarol 1051 inhibition exhibited a different pattern under PAB
treatment; in that, it increased in the first 12 min but decreased
toward the end of the light exposure (Fig. 4b). Similar patterns
were observed for samples exposed to diuron or the mixture,
while the highest inhibitions observed were ~20 and 15% for
diuron and 33% and 24% for the mixture under P or PAB
treatments, respectively (Fig. 4c, d, e, and f). Moreover, the

Table 2  The statistical results of RM-ANOVA for effective quantum yield during light exposure under different pollutants and radiation treatments

Pollutants Irgarol diuron I+D
Factors

df F p df F p df F p
Time 6 6775.03 0.000 6 5865.61 0.000 6 6325.50 0.000
Time*radiation 6 223.73 0.000 6 867.11 0.000 6 305.56 0.000
Time*pollutant 18 93.60 0.000 18 43.97 0.000 18 66.66 0.000
Time*radiation*pollutant 18 60.69 0.000 18 13.97 0.000 18 40.44 0.000
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relative inhibition was correlated with pollutant concentration,
with, in general, higher level of pollutants inducing higher
inhibition of PSII, particularly for cells exposed to PAR, with
larger differences among different levels for Irgarol 1051- and
diuron-treated cells.

Discussion

Under the influence of human activities, coastal oceans have
been becoming more vulnerable due to progressively in-
creased of riverine inputs of inorganic and organic com-
pounds, many of which are pollutants, causing a series of
environmental risks, e.g., algal bloom, hypoxia, etc. (Wang
et al. 2017). Therefore, the widely distributed toxic chemicals
found around the world, e.g., pesticides, heavy metals, and
antifouling paints, potentially threaten the health of coastal
ecosystems (Connelly et al. 2001; Ali et al. 2013). Nitzschia
belongs to a commonly found group of pennate diatoms that
contains species that are potentially toxic, which account for
substantial primary production in estuary area (Bates et al.
2018). In the present work, both Irgarol 1051 and diuron
had significant inhibitory effects on the photochemistry of
Nitzschia sp., even at low concentrations, and UVR exacer-
bated the photoinhibition, indicating a synergistic impact of
the anti-biofouling and UVR. Our results suggest that the
threshold of effects of typical organic pollutants could be low-
er with impacts of UVR being included.

Although many chemicals are effective at preventing foul-
ing on paint surfaces, most of them are toxic enough to affect
bacteria and crustaceans, and misuse of them could threaten
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nontarget organisms (Soroldoni et al. 2017). The predominant
antifouling chemical, Irgarol 1051, is a triazine antifouling
agent that targets the D1 protein in PSII of primary producers
(Owen et al. 2002), while diuron is a phenylurea herbicide,
which can inhibit the Hill reaction in photosynthesis (Jones
and Kerswell 2003). Therefore, both agents could have poten-
tial synergistic impacts on photoautotrophs (Kottuparambil
etal. 2017). However, environmental risk assessments usually
focus on a single compound, but the natural water and organ-
isms are often affected by mixed pollutants and other environ-
mental factors. Microalgae are likely be affected synergistical-
ly (Gatidou and Thomaidis 2007), while seagrass showed
higher resistance to mixed pollutants (Diepens et al. 2017).
As the first step in photosynthesis, the photochemical
process is very sensitive to environmental factors
(McCarthy et al. 2012; Zhu et al. 2019), in which light
is the most effective factor that mediates the performance
of photosystems (Key et al. 2010). We have shown here
that under high light stress, the relative quantum yield
decreased, the extent of which was dependent on the
levels of the pollutants (Fig. 1). The highest level of
Irgarol 1051 or diuron reduced relative quantum yield
more than lower levels under P treatment, while when
Irgarol 1051 and diuron were added together, even the
lowest level of both could result in similar inhibitory ef-
fects as the highest one of each, indicating a synergistic
effect of these two pollutants (Fig. 1c). Moreover, there
were significant interactions between the pollutants and
UVR, particularly at low concentration (Fig. 2); that is,
the presence of UVR exacerbated the harmful effects of
the pollutants. This indicates that toxicity of pollutants
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would be higher than expected before under the influence
of multiple environmental stressors, such as UV.

Some diatoms, brown algae and cyanobacteria are known
to show tolerance to diuron (Magnusson et al. 2012) or Irgarol
1051 (Eriksson et al. 2009), and the impacts of these pollut-
ants on the algae seem to be reversible; when pre-treated cells
are reintroduced into fresh seawater, diuron can be “washed”
from the Qy, site, giving a rise to the rapid recovery of photo-
chemical efficiency. However, Irgarol 1051 behaved more
persistent, continuously inhibiting the photosynthesis of phy-
toplankton (Buma et al. 2009), while for benthic diatoms in-
volved in the creation of biofilms, their resistance to herbi-
cides increased (Larras et al. 2013). In addition, the toxicity
of degradation products sometimes is greater than their origi-
nal source (Fernandez-Alba et al. 2002), which needs to be
taken into account when performing long-term toxicity test
experiments.

In the past, most marine antifouling agents contained cop-
per, while zinc oxide was often used as a booster that increases
the antifouling potency of copper (Turner 2010). The newest
antifouling products usually use at least 2 chemicals, i.e.,
Irgarol 1051 and diuron, to enhance the antifouling efficiency.
Previous studies have shown that although the interaction be-
tween Irgarol 1051 and diuron was still unclear, indeed, the
combination of those two chemicals at different concentra-
tions has been shown to yield antagonistic, additive, or syner-
gistic effects on marine algae (Chesworth et al. 2004;
Kottuparambil et al. 2017). Considering their impacts in the
euphotic zone, exposure to solar UVR could further aggravate
the pollutant-induced stresses with which phytoplankton are
confronted (Barnes et al. 2019). Our results support the previ-
ous findings that there was a synergistic effect between Irgarol
1051 and diuron (Ferndndez-Alba et al. 2002). Interestingly,
our data also clearly showed that the presence of UVR greatly
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amplified the impacts of Irgarol 1051at low concentration
(Fig. 1d), resulting in comparable inhibition at the highest
concentration (Fig. 4b). This implies that the inhibitory effects
of Irgarol 1051 could be much higher if UVR effects are taken
into account, and that may provide a new perspective, i.e.,
combination of UV radiation and organic compounds, for
the control of biofouling algae (Yebra et al. 2004).

Though the emission of ozone-depleting substances was
prohibited after the Montreal Protocol, the global develop-
ment of industry still poses a potential threat to the atmo-
sphere, and a recent report has shown that the emission of
chlorofluorocarbons has not fully stopped; thus, photoauto-
trophs still have to cope with increased UV-B irradiance due
to depletion of the ozone layer (Montzka et al. 2018).
Ultimately, the anti-biofouling agents and solar UVR, along
with other ocean global and regional changes, might interact
to inhibit phytoplankton photosynthesis and primary produc-
tivity, thereby influencing ecosystem services (Okamura et al.
2000; Gao et al. 2019).
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