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Abstract

The red seaweed Asparagopsis armata exhibits a strong invasive behaviour and is included
in the list of the “Worst invasive alien species threatening biodiversity in Europe”. This
seaweed has been shown to produce a large diversity of halogenated compounds with
effective biological effects, deeply affecting rockpool species. Therefore, the present study
aimed to investigate the biochemical responses to sublethal concentrations of
Asparagopsis armata exudate on two coastal organisms, the marine snail Gibbula
umbilicalis and the rockpool shrimp Palaemon elegans. Antioxidant defences superoxide
dismutase (SOD) and glutathione-S-transferase (GST), oxidative damage endpoints lipid
peroxidation (LPO) and DNA damage, the neuronal parameter acetylcholinesterase (AChE),
as well as the fatty acid profile were evaluated. Results revealed different metabolic
responses between species, indicating that A. armata exudate affected the organisms
through different pathways. Despite previous studies indicating that the exudate effected
G. umbilicalis’ survival and behaviour, this does not seem to result from oxidative stress or
addressed neurotoxicity. On the other hand, for P. elegans, an inhibition of AChE and the
decrease of antioxidant capacity concomitant with the increase of LPO, suggests
neurotoxicity and oxidative stress as mechanisms of exudate toxicity for this species. For
fatty acids, there were different profile changes between species, also more pronounced
for P. elegans with a general increase in PUFA with exudate exposure, which commonly
means a defence mechanism protecting from membrane disruption. Nonetheless, the
omega-3 PUFAs ARA and DPA were increased in both invertebrates, indicating a common
mechanism regulation of inflammation and immunity responses to this stress. This work
provides further insight on the mechanisms of invertebrate response and tolerance to an

expanding coastal environmental stress as is the marine invader A. armata.
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1. Introduction

More than 3800 halogenated compounds are known to exist [1], and many are known to
be present in the environment, having both biogenic and anthropogenic sources. The
largest source of biogenic organohalogens are seaweeds, sponges, corals, tunicates and
bacteria [1]. Seaweeds produce an array of organohalogens, which exhibit important and
vital ecological roles as defence compounds [2].

Asparagopsis armata, a species of the family Bonnemaisoniaceae is known to form
specialized cells, known as vesicle or gland cells, which are sources of these halogenated
products including halomethanes, haloalkanes, haloacids, and haloketones [3], reported to
have potent biological effects to protect themselves from attacks by herbivores and
pathogens [4, 5], which may ultimately influence rockpool diversity [6].

The eutrophication and the occurrence of algal blooms may result in negative ecological
consequences to the aquatic ecosystem. Algal blooms of some seaweeds, such as A.
armata, can be retained in the rockpools and release high concentrations of halogenated
compounds, which can be harmful and compromise inhabiting biota [6, 7]. Limited
information is available on effects of macroalgae exudated secondary metabolites in
aquatic environments. However, some negative effects of these compounds on aquatic
ecosystem can be found in the literature [e.g., 7, 8]. Besides suppressing the growth of
other algae [6, 9], macroalgae exudates can affect the development and grazing of
invertebrates [4] and even vertebrates [10].

In this study, Gibbula umbilicalis (da Costa 1778) and Palaemon elegans (Rathke 1837),
abundant species on rocky shores and having wide geographical distributions [11], were
used as testing model species to assess the impacts of A. armata on coastal communities
through a biomarker mechanistic approach.

Once these invertebrates are exposed to pollutants such as A. armata exudate, these
compounds go through biotransformation reactions, stimulating the production of reactive
oxygen species (ROS) which can damage cellular macromolecules [12], in the form of lipid
peroxidation (LPO) and DNA strand breaks. Key antioxidant enzymes that protect cells
against ROS include superoxide dismutase (SOD), representing the primary defence against

oxygen toxicity, being responsible for the transformation of 02°" into H,0, [13].
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Glutathione-S-transferase (GST) plays a role in the second phase of the detoxification
process, where it facilitates the excretion of xenobiotics [14]. Environmental stressors may
also promote neurotoxicity. Acetylcholinesterase, involved in the synaptic transmission of
nerve impulse through the hydrolysis of neurotransmitter acetylcholine into choline and
acetate, is known to be inhibited by contaminants such as pesticides [15, 16, 17].

Fatty acid profile (FAP) has also been used as a biochemical response to pollutant exposure
[18, 19, 20]. Fatty acids (FAs) are amongst the main constituents of the cell membrane and
are involved in a wide range of biological pathways, from the production and permeability
of cell membrane to lipids main components, while also being signalling mediators and
used as fuel in all metabolic systems [21].

This biomarker approach allows for a mode-of-action assessment of Asparagopsis armata
exudates impact in organisms and eventual repercussions in higher levels of biological
organization, such as population or even community levels [22].

This work aimed to evaluate biochemical responses of the common species Palaemon
elegans and Gibbula umbilicalis after exposure to impactful concentrations of Asparagopsis
armata exudate, by assessing oxidative damage (lipid peroxidation and DNA damage),
antioxidant and detoxification enzymes (superoxide dismutase and glutathione S-

transferase), neuronal activity (acetylcholinesterase) and fatty acid profile changes.

2. Material and methods

2.1. Test organisms

The collection of Palaemon elegans and Gibbula umbilicalis was performed in an intertidal
rocky shore (Carreiro de Joannes), in Peniche, central Portugal (39°21'18.0"N,
9°23'40.6"W). Their maintenance in laboratory was carried out with temperature kept at
20 + 1 °C, with a photoperiod of 16 h: 8 h (light:dark), and constant aeration. During this
period, every two days, the organisms were fed ad libitum with small fragments of mussels

for the shrimps and Ulva lactuca for snails.
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2.2. Experimental setup

Asparagopsis armata collection, preparation of exudates, and experimental design
followed previous work by Silva et al. [7]. Briefly, after collected in Berlenga Island
(Peniche), by SCUBA, the seaweed was cleaned and 5kg of A. armata was placed in aquaria
containing 50L of filtered seawater during 12h in the dark at 20 °C. Then, the seaweed was
removed, and the water was filtered and kept at -202C until further use (exudate). As in
Silva et al. [7], the produced exudate constitutes the stock solution for all experiments, and
experimental concentrations are presented as % of the exudate produced.

After the acclimation period (7 days), the organisms were randomly transferred to glass
sampling flaks, and the concentrations of exudate used were: 0, 0.04, 0.07, 0.14, 0.25, 0.47,
and 0.87% for the sea snails; and 0, 0.11, 0.21, 0.39, 0.72, 1.33, and 2.46% for shrimp
[highest concentration for both ranges based on half the LCio; as in Silva et al. [7]]. Media
was obtained by adding corresponding exudate percentages to natural seawater (v/v).
Exposures lasted for 168h and 16 and 8 replicates were used per treatment for sea snails
and shrimps, respectively. At the end of the exposure period, organisms were sacrificed

and kept at -80 °C until further analysis.

2.1. Biochemical analysis

2.1.1 Tissue preparation

Test organisms were sacrificed, and soft tissues were removed and dissected on ice. Pools
of two snails (each pool considered as one biological replicate) were homogenized in a
proportion of 1:12 (m:v) of potassium phosphate buffer (0.1 M, pH 7.4). The homogenate
was then divided into 3 microtubes and kept at -802C until further analysis of DNA damage,
FAP and lipid peroxidation (LPO). For the latter, sampling microtubes contained BHT (2.6-

dieter-butyl-4-metylphenol) 4% in methanol to prevent tissue oxidation. The rest of the
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homogenate was separated into two microtubes that followed different centrifugations: 1)
centrifuged for 5 min at 3000g (4 °C) for the analysis of AChE activity on the resulting
supernatant stored at -80 °C; 2) centrifuged for 20 min at 10000 g (4 °C) to obtain the post-
mitochondrial supernatant (PMS), which was stored at -80 °C for posterior analysis of SOD
and GST activities.

For the P. elegans samples, the homogenate was separated by different tissues into
microtubes, following different centrifugations: eyes were homogenized on 300 pL of
potassium phosphate buffer (0.1 M, pH 7.4) and centrifuged for 5 min at 3000g (4 °C) for
the analysis of AChE activity; hepatopancreas was also homogenized in potassium
phosphate buffer in a proportion 1:10 (w:v) and divided into different microtubes for the
analysis of LPO, DNA damage and FAP; the remaining homogenate was centrifuged for 20
min at 10000 g (4 °C) to obtain the PMS for posterior analysis of SOD and GST activities. All

aliqguots were kept at -802C until further analysis.

2.1.2 Antioxidant and detoxification defences

GST activity was determined by the method of Habig et al. [23] adapted to microplate,
following the conjugation of GSH with 1-chloro-2,4-dinitrobenzene (CDNB) at 340 nm for 3
min. GST activity was calculated, using a molar extinction coefficient of 9.6 x 10> M cm™?,
and expressed in nmol min~! mg ~! of protein.

SOD activity was measured according to McCord & Fridovich [24], adapted to microplate,
using the xanthine/xanthine oxidase mediated reduction of cytochrome C. The decrease of
the cytochrome C reduction was followed at 550 nm and SOD activity was expressed in U

mg ~ ! of protein using a SOD standard of 1.5 U ml~1, where 1 U represents the amount of

enzyme required to inhibit the rate of reduction of cytochrome c by 50%

2.1.3 Oxidative damage

The LPO levels were determined by measuring the content of thiobarbituric acid reactive

substances (TBARS), following Ohkawa et al. [25] and Bird & Draper [26]. After the reaction
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with TBA (2-thiobarbituric acid), absorbance was read at 535 nm and results were
expressed in nmol TBARS g ! ww (wet weight), using a molar extinction coefficient of
1.56x10° M cm™™.

DNA damage (strand breaks) analysis was based in the DNA alkaline precipitation assay [27]
with adaptations from de Lafontaine et al. [28]. After the precipitation of nucleoproteins
and intact DNA, the DNA kept in the supernatant was linked with Hoesch dye (1 pg mL?
bis-benzimide, Sigma-Aldrich), allowing the estimation of damage levels by fluorescence,
using an excitation/emission wavelength of 360/460 nm. Results were expressed as ug/g

ww of DNA using calf thymus DNA as standard to extrapolate DNA concentration.

2.1.4 Neuromuscular biomarker

The AChE activity was determined through the methodology proposed by Ellman et al. [29]
adapted to microplate [30]. The absorbance was read at 414 nm for 5 min, monitoring the
formation of 5-thio-2-nitrobenzoate anion (TNB), which results from the reaction of 5,5'-
dithiobis-(2-nitrobenzoic acid) (DTNB) with thiocholine, a product of the acetylcholine
substrate hydrolysis performed by AChE. Results are expressed in nmol min"t mg™? of

protein using a molar extinction coefficient of 13.6x103 M cm™.

2.1.4 Fatty acid profile

The methodologies for FA preparation and analysis were performed according to Silva et
al. [19], with minor modifications. Briefly, for the initial saponification step, 150 pL of 2M
KOH (diluted in 67% ethanol; v/v) was added to 150ul of homogenate. Samples were then
similarly kept at 80°C for 1 hour, cooled to room temperature, diluted with water, acidified
(HCI) and FAs isolated with hexane.

To the FA fractions isolated from each sample after saponification, 1.5 mL of acetyl
chloride:methanol (1:20 v/v) solution was added for the derivatization step, and samples
were kept at 802C for 1 hour. After adding, 1 mL of Mili-Q water and 1 mL of hexane for

phase separation, the organic layer was recovered to clean GC vials and solvent was
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evaporated in a vacuum concentrator (SpeedvacTM) for 10 minutes. Samples were then
resuspended in 50 pL of hexane and methylated nonadecanoic acid (50 pL; 10 mg.mL™?) was
added as an internal standard to each sample, prior to gas chromatography analysis. Fatty
acid methyl ester mixes (PUFA Nol from Marine source and PUFA No 3 from Menhaden
oil) were used as external standards (Supelco, Bellefonte, Pa., U.S.A.). Operating conditions
were as described by Silva et al. [19]. Theoretical correction factor (FCT) for FID detectors

was applied in FA quantification, according to Guo [31].

2.2 Statistical analysis

All statistical analyses were run using R software (version 3.6.3) in combination with user
interface RStudio 1.2.5033. Boxplot graphs were prepared in Graphpad Prism version 7 for
Mac (GraphPad Software, San Diego, CA). Both biomarker and fatty acid data were checked
for normality with Shapiro-Wilk test (“shapiro.test” function), with most variables having
p-value<0.05 (indicative of non-normal distribution). Thus, Kruskal-Wallis one-way analysis
of variance test was performed (“kruskal.test” function) to determine significant
differences between exudate treatments for biomarkers and for every fatty acid detected
(p<0.05). For significantly different variables, this was followed by a post-hoc Nemenyi-Test
(“kwAllPairsNemenyiTest” function), package PMCMRplus [32], to find which specific
treatments significantly differed. For the metabolic shift analysis, each significantly
different fatty acids’ mean values was normalized to the respective mean of the control,
and a Bray-Curtis dissimilarity matrix was computed (“vegdist” function), package vegan
[33], that was used in the production of heatmaps. To visualize the different levels of
expression, a degree of colour was assigned where green represents the lowest amount of

fatty acid, passing through black and ending in red, as a higher amount of fatty acid.

3. Results

3.1. Biochemical biomarkers
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Measurements of antioxidant defences, oxidative damage, and neuromuscular biomarkers
in gastropod (G. umbilicalis) and shrimp (P. elegans) are illustrated in Figure 1 and 2,
respectively. In general, A. armata exudate induced alterations biochemical alterations in
both G. umbilicalis and P. elegans metabolism, yet with different trends of effects between

species.

The antioxidant and detoxification enzymes evaluated revealed a significant decrease in
GST activity in G. umbilicalis at 0.14 (C3; p=0.001) and 0.25% (C4; p=0.015) concentrations
of A. armata exudate, but for SOD, no significant differences were found (Fig. 1a,b).
Concerning the parameters addressing oxidative damage, a significant decrease was
observed in peroxidation of lipids at lower exudate concentrations (0.04%), (C1; p=0.041)
but with no effects for DNA-strand breaks being registered (Fig.1c,d). Neuromuscular
parameter (AChE) had significant higher activities at 0.14 (C3; p=0.0214) and 0.47 % (C5;
p=0.0246) of A. armata exudate (Fig.1e).
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Fig. 1 - Results of detoxification and antioxidant defences (a) and (b), oxidative
damage (c) and (d), and neuromuscular (e) biomarkers in Gibbula umbilicalis when exposed
to Asparagopsis armata exudate for 168 h. Results are shown in boxplot (i.e. the median,
the first and the third quartiles, the non-outliers range and the outliers); * Significant

differences from the control (Nemenyi, p<0.05).
The biochemical analysis to the shrimp P. elegans, revealed no significant differences

detected for GST, but a decrease in SOD was observed at 0.11 % (C1; p=0.028) of A. armata

exudate concentration (Fig.2a,b). Regarding the oxidative damage, significant effects of the
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exudate were observed in LPO at the highest exudate concentration of exposure (C6;
p=0.0018), and with a trend to increase through consecutive concentrations (Fig.2c). As
observed for G. umbilicalis, no damage was observed in DNA-strands for P. elegans (Fig.

2d). Also, an inhibition of the neuromuscular parameter AChE was identified at 0.21% of A.

armata exudate (C2; p= 0.032) (Fig.2e).
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Fig. 2 - Results of detoxification and antioxidant defences (a) and (b), oxidative

damage (c) and (d), and neuromuscular (e) biomarkers in Palaemon elegans when exposed
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to Asparagopsis armata exudate exudate for 168 h. Results are shown in boxplot (i.e. the
median, the first and the third quartiles, the non-outliers range and the outliers); *

Significant differences from the control (Nemenyi, p<0.05).

3.2 Fatty acid profile

Globally, the tissues of the two invertebrates presented FAs ranging from capric acid (10:0)
to nervonic acid (24:1 n9), in a total of 43 different FAs detected and identified throughout
this study. The complete list of fatty acids found for the different treatments and for both
species tested can be consulted in Tables S1 and S2 (supplementary data). After exposure
to A. armata exudate, both invertebrates presented significant alterations in some
particular FAs. Such carboxylic acids from both invertebrates that were considered
metabolically important and presenting significant differences in at least one of the
treatments (17 FA in total), were selected to be further discussed and are presented in
Fig.3. To streamline the overall interpretation, these FAs were clustered according to
similarities in their concentration levels across the different exudate treatments.

Heatmaps depicts an overall comparison of 13 significantly different fatty acids for G.
umbilicalis (Fig. 3A) and 10 for P. elegans (Fig. 3B). It should be noted that there is a
generalized shift in lipid metabolism between concentration 0.07% (C2) and 0.14% (C3) for
G. umbilicalis and between concentrations 0.39% (C3) and 0.72% (C4) for P. elegans, where
especially for P. elegans, more unsaturated FAs tend to increase and more saturated FAs
tend to decrease. In G. umbilicalis, FAs were separated by two major groups. Vaccenic (18:1
n7; p=0.045), adrenic (AdA; 22:4 n6; p=0.01), docosapentaenoic (DPA; 22:5 n3; p=0.00),
arachidonic (ARA; 20:4 n6; p=0.00), and hexadecenoic (16:1 n5; p=0.00) acids comprise the
first cluster. When compared to control, there is an increase in metabolic levels of these
FAs generally starting from 0.14% (C3) of exudate. The opposite was observed for the
second cluster, composed by behenic acid (22:0, p=0.020), 22:3 n6 (p=0.007), myristoleic
acid (14:1; p=0.024), dihomo-gamma-linolenic acid (DGLA; 20:3 n6; p=0.018), eicosadienoic
acid (EDA; 20:2 n6; p=0.037), heneicosapentaenoic acid (HPA; 21:5 n3; p=0.032), eicosenoic

12
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acid (EA; 20:1 n9; p=0.031), and decanoic acid (10:0; p=0.008). Here, there is a general
decrease in metabolic levels of these FAs and especially after the 0.14% concentration (C3).
Exceptionally, n6 DGLA and eicosadienoic acids presented an increase in C5 (0.47%;
p=0.018 and p=0.037, respectively), and 22:3 n6 also increase in C3 (0.14%; p=0.008).

For P. elegans, 3 main clusters were identified, in which the first one is composed by
pentadecenoic acid (15:1), remaining invariable throughout treatments, but significantly
higher for the higher concentration (C6; p=0.002).

In the second cluster, EA (20:1 n9; p=0.001) and tridecanoic acid (13:0; p=0.000) presented
higher concentrations in control and first treatments, with further depletion in higher
exudate concentrated treatments. However, the third cluster, which comprises mostly
polyunsaturated FAs: DPA (22:5 n3; p=0.004), docosadienoic acid (22:2 n6; p=0.008), HPA
(21:5 n3; p=0.003), 22:3 n6 (p=0.004), alpha-linoleic acid (ALA; 18:3 n3; p=0.022), ARA (20:4
n6; p=0.034), and decanoic acid (10:0; p=0.006), demonstrate an inverse behaviour to the
previous cluster, by overall increased FA quantities with increasing concentrations of the

exudate (from 0.72%, C4).

b)
18:1n7 15:1
22:4 6 .
22:5n3 *h
20:4 n6 = 13:0
16:1n5 22:5n3
22:0 _[ 22:2n6
22:3n6
14:1 — 21:5n3
20:3 n6 22:3n6
20:2n6 18:3n3
21:5n3
20:1n9 20:4 n6
10:0 10:0

0 0.04 0.07 0.14 0.25 0.47 0.87 0 0.11 0.21 0.39 0.72 1.33 246

Fig. 3 - Heatmap depicts an overall comparison of the significantly different fatty acids in
Gibbula umbilicalis (A) and Palaemon elegans (B) based on their sensitivity against different
concentrations of Asparagopsis armata exudate. Rows are clustered using correlation

distance and colour scaling was performed by row.
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4. Discussion

The present study was designed to further address potential mechanisms of action involved
in the previously observed toxic effects on two coastal invertebrate species, the marine
snail Gibbula umbilicalis and the shrimp Palaemon elegans, exposed to the exudate of A.
armata [7]. This was performed by evaluating parameters including neuronal,
detoxification and oxidative stress biochemical biomarkers and fatty acid composition. In
the present study, A. armata exudate induced shifts in the studied endpoints, in both snails
and shrimps, yet with different responses between species. The dissimilarities between
biomarkers from both species suggest different metabolic processes being affected, the
same way previous study [7] indicated different species’ sensitivity and energetic impacts.
Red algae are a rich source of halogens, predominantly bromine and iodine [8]. In the case
of A. armata, the major natural products known are numerous halogenated metabolites
which possess a wide range of volatility and solubility [3]. The overall toxicity of halogen-
containing compounds seems to be derived from their abilities as alkylating agents [3] or
by inducing ROS production [34]. Also, the alkylating agents, such as haloacetones found in
A. armata, are well-known enzyme inhibitors, able of cross-linking serine and histidine
residues in various proteins [3].

Here, the activity of the enzyme GST on the marine snail was in fact significantly decreased
in mid exudate concentrations. An inhibition of GST is often found as result of an increased
level of produced ROS, which among other damage also inhibits enzymes, and has
previously been reported for other marine snails [e.g., 35]. In the present case, this
inhibition may also be due to the aforementioned direct action of the exudate compounds
on the enzyme [3], while some allelochemicals of plants are also known to act as GST
inhibitors [36]. Owing their toxicity to a myriad of secondary metabolites, including more
than 100 halogenated compounds [3], exudate dilutions representing a cocktail of different
compounds, present in different concentrations, are due to trigger differentiated
mechanisms of action and thus non-monotonic dose-responses [7], a factor that increases

the need for a less straightforward analysis of organism responses along concentrations.

14
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Regarding oxidative stress parameters, for G. umbilicalis, the non-observed effects in
antioxidant defence enzymes are concomitant with the non-observed damage in both DNA
and lipids. In fact, LPO levels decreased with the snail exposure to lower concentrations of
the exudate. The rationale for this decrease, also seen in a vast number of other studies
[e.g., 37, 38], is yet not clear, and entails further research and careful analysis.

Regarding the neuronal parameter, AChE is involved in the regulation of the transmission
of nerve impulses, and contaminants such as chlorpyrifos has been demonstrated to inhibit
AChE activity in G. umbilicalis [17]. However, in this work, a significant induction of AChE
was observed in G. umbilicalis exposed to 0.14 and 0.47% exudate concentrations. Reddy
et al. [39] also found an increase in the enzyme activity on crab Barytelphusa guerini after
4d of exposure to fluoride, a halogenated compound. The induction of AChE activity after
macroalgae exudate exposure could be due to a phenomenon of overcompensation as
proposed by Badiou et al. [40].

Regarding the shrimp P. elegans, and similar to G. umbilicalis, an over-production of ROS
[40] and/or exudate compounds’ enzyme inhibitory action [3] might have resulted in the
seen inhibition of SOD activity and the trend for a decreased level of GST. Further on, this
inhibition might have led to the accumulation of ROS, which in turn led to an increase of
LPO. These results are also in agreement with the study of Box et al. [42] where the invasive
red macroalgae Lophocladia lallemandii induced the increase of MDA levels generated by
lipid peroxidation, to the bivalve Pinna nobilis). Notwithstanding, and although alkylating
agents are present in some A. armata extracts and have been proved to possess genotoxic
properties [3], damage on DNA was not found in the present study.

In P. elegans, AChE was inhibited at 0.21% of exudate exposure. In literature, methanolic
extracts from Sargassum sp. and Gracilaria gracilis showed to inhibit the fish Nile tilapia
ChEs [43]. Moreover, Custddio et al. [44] has shown that extracts of A. armata had potent
inhibitory capacity on AChE (58.4% at 10 mg mL™) of human cells. Typically, this enzyme
inhibition is known as an early sign of behavioural impairments. Although no effects were
seen for feeding activity after the same exudate exposure for 96h [7], this enzyme inhibition
may disclose potential higher-level behavioural effects in longer exposures, not addressed

in the present study.
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Additionally to the different species sensitivity and differentiated mechanisms of toxic
response, one has to note that the choice of sub-lethal concentrations were made
considering the survival effects (half the LC10 as top concentration) [7]. This implied having
an appreciably higher concentration range for the shrimp in this study, which may explain
the more explicit oxidative and neurotoxic effects here seen.

Differentiated fatty acids profiles shifts due to exudate exposure were also observed
between species. The obtained results demonstrated 13 and 10 differentiating metabolites
in G. umbilicalis and P. elegans, respectively, indicating A. armata exudate altered fatty acid
biosynthesis and metabolism in the organisms, although through a different way. Many
studies have shown that pollution can change the composition of FAs from organisms in
the aquatic environment [20, 45, 46, 47].

In a broad observation, and especially for P.elegans, an increase in PUFA could be observed,
while saturated and monounsaturated FAs tended to decrease. The increase in PUFA
content can be considered a defence mechanism, protecting the membranes from
oxidation disruption [45]. For G. umbilicalis, an increase in the first cluster including ARA
and DPA can be seen. Further, in the literature, an increase of these two PUFA was also
found for the bivalve Mizuhopecren yessoensis after being exposed to cadmium [48]. It is
known that 22:5 n3 (DPA) can be retro-converted to eicosapentaenoic acid (EPA; 20:5 n3)
and that it reacts with lipoxygenases to form distinctive oxylipins, such as the specialized
pro-resolving mediators involved in the resolution of inflammation [49]. Also, omega-3
PUFAs like DPA serve as precursors of eicosanoids (prostaglandins, thromboxanes,
leukotrienes, etc.), which have a wide range of physiological functions in immune system,
inflammatory response, neural function, reproduction, and improve the organisms’
adaptation to environmental stress [50]. The increase of ARA (20:4 n6) in both
invertebrates is an indication that this FA was possibly required for activation of eicosanoid
synthesis for the regulation of inflammation and immunity responses, triggered by the
exudate [51]. This increase maybe an adaptive response of treated organisms to face the
detrimental effects. This fact is in accordance with a study of Silva et al. [19], where levels
of ARA in G. umbilicalis were observed to increase after metal exposure. Additionally, DGLA

(20:3 n6) and EDA (20:2 n6), although clustered in a different group, presented an increase,
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particularly at 0.47% (C5). These particular FAs are also involved in eicosanoid synthesis,
and DGLA is also desaturated to form ARA, thus explaining their increase.

In P. elegans, a metabolic shift between the third and fourth treatments was observed in
terms of FA profiling, where a general increase in PUFA was denoted in 0.74% (C4) of A.
armata exudate. This may be attributed to an inflammatory response due to the increase
of n3 and n6 FAs, as previously reported by Simopoulos [52], and more evident for the
shrimp than for the snail. These class of PUFA serve as potent anti-inflammatory and
immunomodulatory agents. HPA (21:5 n3) is a stronger inhibitor of the conversion of a-
linoleic acid and dihomo-y-linolenic acid to ARA and inactivates prostaglandin H synthase
as rapidly as do ARA [53].

Although there is a trend to an increase in PUFA with increasing exudate concentrations in
P. elegans, in the higher concentration (2.46%, C6) there is a decrease of n3 PUFA. This may
be due to the loss of ability of P. elegans to cope with the stressor at higher concentrations,
which might have led to the observed increase in lipid peroxidation levels. However, and
most likely, the pro-oxidant effect of exudate altered membrane integrity and fluidity in
the shrimp membrane cells, due to decreased adaptation and activity of the membrane-
bound enzymes and pumps that block the membrane permeability. At the same
concentration, despite the overall PUFA reduction, n6 and short chain FAs increased. This
event is suggestive of a post-inflammatory response [54]. This behaviour, where n-3 PUFA
decrease and n-6 PUFA increase, was also previously reported in literature for Venus
verrucosa, exposed to lead [55], and for Mytilus edulis under cadmium and copper
exposure [45].

Comparing the responses in the two species we can highlight the fatty acids DPA and ARA
with more similar responses, where there was an evident increase with the exposure.
Overall, A. armata exudate exposure had an influence on membrane functioning by means
of disturbing the membrane of the organisms, which could be significantly injurious to

membrane-bound enzymes.

2. Conclusion
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In the present study, potential neurotoxicity, oxidative stress mechanisms of action and
fatty acid profile changes, behind the seen A. armata exudate impacts, were addressed in
two rockpool invertebrates. In P. elegans, oxidative stress and neurotoxic effects were
found as potential higher levels of biological toxicity drives, while for G. umbilicalis these
routes do not seem to relate to seen impacts (i.e. feeding behaviour).

Fatty acids also revealed different metabolic responses between species, indicating that A.
armata exudate may in fact be affecting the organisms through different pathways, despite
the increase of PUFAs ARA and DPA, in both invertebrates, which points towards common
inflammatory and immunity regulation response.

Given the paramount rate of expansion of this invasive species across aquatic
environments, where different species are present, a greater body of research is necessary
to investigate how A. armata, and even other potentially harmful algae blooms, impact
rockpools and other environments and even how other global change drivers may act and

even enhance this problem.

3. Acknowledgments

This study had the support of Fundagao para a Ciéncia e a Tecnologia (FCT) through the
Strategic Project UID/MAR/04292/2013, project MARINE INVADERS — The impact and
mechanisms of success of the invasive seaweed Asparagopsis armata on coastal
environments (POCI-01-0145-FEDER-031144), and grant awarded to Carla Silva
(SFRH/BD/87030/2012). The project was also partially funded by the Integrated
Programme of SR&TD “SmartBioR” (reference Centro-01-0145-FEDER-000018) cofunded
by Centro 2020 program, Portugal2020, European Union, through the European Regional
Development Fund. Authors also thank Sofia Silva (MARE, Portugal) for help in laboratorial

work.

4, References

18


https://doi.org/10.20944/preprints202010.0133.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 October 2020 d0i:10.20944/preprints202010.0133.v1

[1] Gribble, G.W. (2003). “The diversity of naturally produced
organohalogens”. Chemosphere, 52(2), 289-297.

[2] Amsler, C.D. (2008). “Algal Chemical Ecology”. vol. 468, Springer, Berlin.

[3] McConnell, O., & Fenical, W. (1977). “Halogen chemistry of the red alga Asparagopsis”.
Phytochemistry, 16(3), 367-374.

[4] Paul, N.A., de Nys, R., & Steinberg, P.D. (2006a). “Chemical defence against bacteria in
the red alga Asparagopsis armata: linking structure with function”. Marine Ecology
Progress Series, 306, 87-101.

[5] Paul, N.A., De Nys, R., & Steinberg, P.D. (2006b). “Seaweed—herbivore interactions at a
small scale: direct tests of feeding deterrence by filamentous algae“. Marine Ecology
Progress Series, 323, 1-9.

[6] Silva, C.0., Lemos, M.F.L., Gaspar, R., Gongalves, C., Neto, J.M. (2020a) “The effects of
the invasive seaweed Asparagopsis armata on native rock pool communities: evidences
from experimental exclusion”. Preprints, 2020100089 (doi:
10.20944/preprints202010.0089.v1).

[7] Silva, C.0., Novais, S.C., Soares, A.M.V.M., Barata, C., & Lemos, M.F.L. (2020b). “Impacts
of the invasive seaweed Asparagopsis armata exudate on rockpool invertebrates”.
Preprints, 2020080236 (doi: 10.20944/preprints202008.0236.v1).

[8] Paul, N.A,, Cole, L., De Nys, R., & Steinberg, P.D. (2006c). “Ultrastructure of the gland
cells of the red alga Asparagopsis armata (Bonnemaisoniaceae)”. Journal of Phycology,
42(3), 637-645c.

[9] Harlin, M. (1996). “Allelochemistry in marine macroalgae”. Critical Reviews in
Toxicology, 5, 237-249.

[10] Nelson, T.A,, Lee, D.J., & Smith, B.C. (2003). “Are “green tides” harmful algal blooms?
Toxic properties of water-soluble extracts from two bloom-forming macroalgae, Ulva
fenestrata and Ulvaria obscura (Ulvophyceae)”. Journal of Phycology, 39(5), 874-879.

[11] Gaudéncio, M.J)., & Guerra, M.T. (1987). “Preliminary observations on Gibbula
umbilicalis (da Costa, 1778) on the Portuguese coast”. In Long-Term Changes in Coastal
Benthic Communities (pp. 23-30). Springer, Dordrecht.

[12] Livingstone, D.R. (2003). “Oxidative stress in aquatic organisms in relation to pollution

19


https://doi.org/10.20944/preprints202010.0133.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 October 2020 d0i:10.20944/preprints202010.0133.v1

and aquaculture”. Revue de Medecine Veterinaire, 154(6), 427-430.

[13] Stegeman, J.J., Brouwer, M., Richard, T.D.G., Forlin, L., Fowler, B.A., Sanders, B.M., &
van Veld, P.A,, (1992). “Molecular responses to environmental contamination: enzyme and
protein systems as indicators of chemical exposure and effect.” In: Huggett, R.J., Kimerly,
R.A., Mehrle Jr, P.M., & Bergman, H.L. (Eds.), “Biomarkers: Biochemical, Physiological and
Histological markers of Anthropogenic Stress.” Lewis Publishers, Chelsea, MI, USA. 235-
335.

[14] Boutet, I., Tanguy, A., & Moraga, D. (2004). “Response of the Pacific oyster Crassostrea
gigas to hydrocarbon contamination under experimental conditions”. Gene, 329, 147-157.
[15] Barata, C., Solayan, A., & Porte, C. (2004). “Role of B-esterases in assessing toxicity of
organophosphorus (chlorpyrifos, malathion) and carbamate (carbofuran) pesticides to
Daphnia magna”. Aquatic Toxicology, 66(2), 125-139.

[16] Monteiro, H.R., Lemos, M.F.L., Novais, S.C., Soares, A.M.V.M., & Pestana, J.L.T. (2019).
“Amitraz toxicity to the midge Chironomus riparius: Life-history and biochemical
responses”. Chemosphere, 221, 324-332.

[17] Silva, C.0O., Novais, S.C., Alves, L.M.F., Soares, A.M.V.M., Barata, C., & Lemos, M.F.L.
(2019). “Linking cholinesterase inhibition with behavioural changes in the sea snail Gibbula
umbilicalis: Effects of the organophosphate pesticide chlorpyrifos”. Comparative
Biochemistry and Physiology Part C: Toxicology & Pharmacology, 225, 108570.

[18] Filimonova, V., Goncalves, F., Marques, J.C., De Troch, M., & Goncalves, A.M. (2016).
“Fatty acid profiling as bioindicator of chemical stress in marine organisms: a review”.
Ecological Indicators, 67, 657-672.

[19] Silva, C.0O., Simdes, T., Novais, S C., Pimparel, |., Granada, L., Soares, A.M.V.M., Barata,
C. & Lemos, M.F.L. (2017). “Fatty acid profile of the sea snail Gibbula umbilicalis as a
biomarker for coastal metal pollution”. Science of the Total Environment, 586, 542-550.
[20] Silva, C.S.E., Novais, S.C., Simdes, T., Caramalho, M., Gravato, C., Rodrigues, M.J.,,
Maranhdo, P., & Lemos, M.F.L. (2018). “Using biomarkers to address the impacts of
pollution on limpets (Patella depressa) and their mechanisms to cope with stress”.
Ecological Indicators, 95, 1077-1086.

[21] Neves, M., Castro, B.B., Vidal, T., Vieira, R., Marques, J.C., Coutinho, J.AP.,, ... &

20


https://doi.org/10.20944/preprints202010.0133.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 October 2020 d0i:10.20944/preprints202010.0133.v1

Goncalves, A.M.M. (2015). “Biochemical and populational responses of an aquatic
bioindicator species, Daphnia longispina, to a commercial formulation of a herbicide
(Primextra® Gold TZ) and its active ingredient (S-metolachlor)”. Ecological Indicators, 53,
220-230.

[22] Lemos, M.F.L., Soares, A.M.V.M., Correia, A.C., & Esteves, A.C. (2010). “Proteins in
ecotoxicology—how, why and why not?”. Proteomics, 10(4), 873-887.

[23] Habig, W.H., Pabst, M.J., & Jakoby, W.B. (1974). “Glutathione S-transferases the first
enzymatic step in mercapturic acid formation”. Journal of Biological Chemistry, 249(22),
7130-7139.

[24] McCord, J.M., & Fridovich, 1. (1969). “Superoxide dismutase an enzymic function for
erythrocuprein (hemocuprein)”. Journal of Biological Chemistry, 244(22), 6049-6055.

[25} Ohkawa, H., Ohishi, N., & Yagi, K. (1979). “Assay for lipid peroxides in animal tissues by
thiobarbituric acid reaction”. Analytical Biochemistry, 95(2), 351-358.

[26] Bird, R.P., & Draper, H.H. (1984). “Comparative studies on different methods of
malonaldehyde determination”. In Methods in enzymology, Vol. 105, pp. 299-305.
Academic Press.

[27] Olive, P.L. (1988). “DNA Precipitation Assay: A Rapid and Simple Method for Detecting
DNA Damage in Mammalian Cells”. Environmental and Molecular Mutagenesis, 11(4), 487—-
95.

[28] de Lafontaine, Y., Gagné, F., Blaise, C., Costan, G., Gagnon, P., & Chan, H.M. (2000).
“Biomarkers in zebra mussels (Dreissena polymorpha) for the assessment and monitoring
of water quality of the St Lawrence River (Canada)”. Aquatic Toxicology, 50(1-2), 51-71.
[29] Ellman, G.L., Courtney, K.D., Andres Jr, V., & Featherstone, R.M. (1961). “A new and
rapid colorimetric determination of acetylcholinesterase activity”. Biochemical
Pharmacology, 7(2), 88-95.

[30] Guilhermino, L., Lopes, M.C., Carvalho, A.P., & Soares, A.M.V.M. (1996). “Inhibition of
acetylcholinesterase activity as effect criterion in acute tests with juvenile Daphnia
magna”. Chemosphere, 32(4), 727-738.

[31] Guo, X., ed. (2014) Advances in gas chromatography. BoD—Books on Demand.

[32] Pohlert, T. (2018). “PMCMR: calculate pairwise multiple comparisons of mean rank

21


https://doi.org/10.20944/preprints202010.0133.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 October 2020

sums. Ver. 4.3. R package”. http://CRAN.R-project.org/package=PMCMR.

[33] Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., ... &
Stevens, M.H.H. (2019). Package ‘vegan’. R package version 2.5-6. URL: https://CRAN.R-
project.org/package=vegan.

[34] Dring, M.J. (2005). “Stress resistance and disease resistance in seaweeds: the role of
reactive oxygen metabolism”. Advances in Botanical Research, 43, 175-207.

[35] Cunha, I., Mangas-Ramirez, E., & Guilhermino, L. (2007). “Effects of copper and
cadmium on cholinesterase and glutathione S-transferase activities of two marine
gastropods (Monodonta lineata and Nucella lapillus)”. Comparative Biochemistry and
Physiology Part C: Toxicology & Pharmacology, 145(4), 648-657.

[36] Lee, K. (1991). “Glutathione S-transferase activities in phytophagous insects: induction
and inhibition by plant phototoxins and phenols.” Insect Biochemistry, 21(4), 353-361.

[37] Aderemi, A.O., Novais, S.C., Lemos, M.F.L., Alves, L.M.F., Hunter, C., & Pahl, O.

(2018). “Oxidative stress responses and cellular energy allocation changes in microalgae
following exposure to widely used human antibiotics”. Aquatic Toxicology, 203, 130-139.
[38] Silva, C.S.E., Novais, S.C., Lemos, M.F.L., Mendes, S., Oliveira, A.P., Gongalves, E.J., &
Faria, A. M. (2016). “Effects of ocean acidification on the swimming ability, development
and biochemical responses of sand smelt larvae.” Science of the Total Environment, 563,
89-98.

[39] Reddy, S.L.N., & Venugopal, N.B.R.K. (1990). “Effect of fluoride on acetylcholinesterase
activity and oxygen consumption in a freshwater field crab, Barytelphusa guerini”. Bulletin
of Environmental Contamination and Toxicology, 45(5), 760-766.

[40] Badiou, A., Meled, M., & Belzunces, L.P. (2008). “Honeybee Apis mellifera
acetylcholinesterase—a biomarker to detect deltamethrin exposure”. Ecotoxicology and
Environmental Safety, 69(2), 246-253.

[41] Zhang, W., Liu, W., Zhang, J., Zhao, H., Zhang, Y., Quan, X., & lJin, Y. (2012).
“Characterisation of acute toxicity, genotoxicity and oxidative stress posed by textile
effluent on zebrafish”. Journal of Environmental Sciences, 24(11), 2019-2027.

[42] Box, A., Sureda, A., & Deudero, S. (2009). “Antioxidant response of the bivalve Pinna

nobilis colonised by invasive red macroalgae Lophocladia lallemandii”. Comparative

22

d0i:10.20944/preprints202010.0133.v1


https://doi.org/10.20944/preprints202010.0133.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 October 2020 d0i:10.20944/preprints202010.0133.v1

Biochemistry and Physiology Part C: Toxicology & Pharmacology, 149(4), 456-460.

[43] Natarajan, S., Shanmugiahthevar, K.P., & Kasi, P.D. (2009). “Cholinesterase inhibitors
from Sargassum and Gracilaria gracilis: seaweeds inhabiting South Indian coastal areas
(Hare Island, Gulf of Mannar)”. Natural Product Research, 23(4), 355-369.

[44] Custédio, L., Silvestre, L., Rocha, M. I., Rodrigues, M. J., Vizetto-Duarte, C., Pereira, H.,
Barreira, L., & Varela, J. (2016). “Methanol extracts from Cystoseira tamariscifolia and
Cystoseira nodicaulis are able to inhibit cholinesterases and protect a human dopaminergic
cell line from hydrogen peroxide-induced cytotoxicity”. Pharmaceutical Biology, 54(9),
1687-1696.

[45] Fokina, N.N., Ruokolainen, T. R., Nemova, N.N., & Bakhmet, I.N. (2013). “Changes of
blue mussels Mytilus edulis L. lipid composition under cadmium and copper toxic effect”.
Biological Trace Element Research, 154(2), 217-225.

[46] Maazouzi, C., Masson, G., lzquierdo, M.S., & Pihan, J.C. (2008). “Chronic copper
exposure and fatty acid composition of the amphipod Dikerogammarus villosus: results
from a field study”. Environmental Pollution, 156(1), 221-226.

[47] Perrat, E., Couzinet-Mossion, A., Tankoua, O.F., Amiard-Triquet, C., & Wielgosz-Collin,
G. (2013). “variation of content of lipid classes, sterols and fatty acids in gonads and
digestive glands of Scrobicularia plana in relation to environment pollution levels”.
Ecotoxicology and Environmental Safety, 90, 112-120.

[48] Chelomin, V. P., Bobkova, E. A., Lukyanova, O. N., & Chekmasova, N. M. (1995).
“Cadmium-induced alterations in essential trace element homoeostasis in the tissues of
scallop Mizuhopecten yessoensis”. Comparative Biochemistry and Physiology Part C:
Pharmacology, Toxicology and Endocrinology, 110(3), 329-335.

[49] Lipid Maps 2003, accessed 3 April 2020, https://www.lipidmaps.org/

[50] Calder, P. (2010). “Marine omega-3 fatty acids and inflammation”. Journal of Lipid
Nutrition, 19(2), 233-244.

[51] Delaporte, M., Soudant, P., Moal, J., Giudicelli, E., Lambert, C., Séguineau, C., & Samain,
J.F. (2006). “Impact of 20: 4n- 6 supplementation on the fatty acid composition and
hemocyte parameters of the pacific oyster Crassostrea gigas”. Lipids, 41(6), 567-576.

[52] Simopoulos, A.P. (2002). “Omega-3 fatty acids in inflammation and autoimmune

23


https://doi.org/10.20944/preprints202010.0133.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 October 2020 d0i:10.20944/preprints202010.0133.v1

diseases”. Journal of the American College of Nutrition, 21(6), 495-505.

[53] Larsen, L.N., Hevik, K., Bremer, J., Holm, K.H., Myhren, F., & Bgrretzen, B. (1997).
“Heneicosapentaenoate (21: 5n- 3): Its incorporation into lipids and its effects on
arachidonic acid and eicosanoid synthesis”. Lipids, 32(7), 707-714.

[54] Mirmonsef, P., Zariffard, M.R., Gilbert, D., Makinde, H., Landay, A.L., & Spear, G.T.
(2012). “Short-chain fatty acids induce pro-inflammatory cytokine production alone and in
combination with toll-like receptor ligands”. American Journal of Reproductive
Immunology, 67(5), 391-400.

[55] Bejaoui, S., Fouzai, C., Trabelsi, W., Rabeh, I., Chetoui, I., Telahigue, K., ... & Soudani,
N. (2019). “Evaluation of lead chloride toxicity on lipid profile in Venus verrucosa gills”.

International Journal of Environmental Research, 13(5), 793-800.

24


https://doi.org/10.20944/preprints202010.0133.v1

