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Effects of the harmful algal
bloom toxin, okadaic acid,
on the mechanoreceptors
of larval anchoveta
(Engraulis ringens) under varying
environmental conditions
Piera Pepe-Vargas1,2,3, Leonardo R. Castro2,
Catharina Alves-de-Souza2 and Alejandra Llanos-Rivera3*

1Magı́ster en Ciencias Mención Oceanografı́a, Universidad de Concepción, Concepción, Chile,
2Departamento de Oceanografı́a y Centro de Investigación Oceanográfica en el Pacífico Sur-Oriental
(COPAS COASTAL), Facultad de Ciencias Naturales y Oceanográficas, Universidad de Concepción,
Concepción, Chile, 3Laboratorio de Toxicologı́a Acuática (LATAC), Departamento de Oceanografı́a,
Facultad de Ciencias Naturales y Oceanográficas, Universidad de Concepción, Concepción, Chile
The effect of the combination of marine toxins produced by algal blooms, in

conjunction with varying environmental characteristics on organisms in the

water column, is a poorly explored research field. Pelagic fish species of

commercial importance, such as anchoveta (Engraulis ringens) in central

Chile, may be exposed to these combined factors in a climate change

scenario. This is observed from documented changes in the length of the

upwelling season, frequency of upwelling events, and the increased

frequency of atmospheric rivers affecting the southern spawning zone of

this species. This study evaluated the integrity of hair cells in neuromasts,

mechanosensory organs present in fish larvae, under exposure to different

combinations of the algal bloom-produced okadaic acid OA (1 ng mL−1), and

two temperature (12 and 14°C), and salinity treatments (historically more

frequent: 34 PSU- 12°C; expected: 32 PSU - 14°C). Viable hair cells were

counted in newly hatched larvae from the Biobıó region, central Chile. Results

showed a significant decrease in the average number of viable hair cells per

neuromast (from 6.1 ± 1.6 to 4.0 ± 1.2) under lower salinity treatments (32

PSU) compared to normal conditions. Additionally, a seasonal trend was

observed with fewer viable cells (from 7.4 ± 1.2 to 4.4 ± 1.1) as the fish

species’ reproductive period progressed. The combined effect of OA

exposure and modifications with the environmental factors also resulted in

a significant decrease of up to 70% in the number of viable hair cells in larvae

exposed to OA and high temperatures, indicating damage influenced by the

toxin along with a synergistic and/or additive role of temperature. These

findings reveal how the lipophilic toxin okadaic acid, produced by harmful
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algal blooms, interacts with abiotic environmental factors affecting coastal

ecologically and socio-economically important organisms. This emphasizes

the need to consider multiple factors when studying the effects of

marine toxins.
KEYWORDS

hair cells, neuromasts, okadaic acid, Engraulis ringens, environmental variations, small
pelagic fish
1 Introduction

The oceans are experiencing significant alterations due to the

global climate change, which is altering coastal dynamics and

intensifying the frequency and magnitude of events such as

harmful algal blooms (HABs) (Kim, 2006; Anderson et al., 2015;

Trainer et al., 2020). Among the organisms that can thrive during

an HAB event are microalgae producing biotoxins, and these, along

with the biotoxins themselves, have become the subject of recent

research (Christensen and Khan, 2020; Anderson et al., 2021).

Variations in physicochemical parameters of the water column,

such as temperature and salinity, can alter the frequency, intensity,

and duration of these HABs, as well as the production and toxic

effects of associated toxins on organisms from the water column

(Hinder et al., 2012; Kibler et al., 2015; Salgado et al., 2016; Basti

et al., 2018). These observations are relevant in the context of

current global changes, such as global warming and coastal

pollution. These changes might lead to an increase in both the

periodicity and geographic coverage of HAB occurrences; they may

even occur in places where they were not previously reported

(Glibert et al., 2014; Wells et al., 2020).

Biotoxins are usually classified within three groups named

according to their toxicity: paralytic toxins, amnesic toxins, or

lipophilic toxins (formerly known as shellfish diarrheal toxins due

to their effects on human health). Lipophilic toxins are produced by

dinoflagellates from the genera Dinophysis and Prorocentrum. They

correspond to polyether compounds, including okadaic acid (OA)

and its analogues, dinophysistoxins (DTXs), as well as

pectenotoxins (PTX), yessotoxins (YTX), and azaspiracids (AZA)

(Sar et al., 2002; Miles et al., 2004; Paz et al., 2004, Tillman et al.,

2009). OA has a cyclic polyether structure with 38 carbons, highly

lipophilic, which confers low polarity, strong hydrophobicity, and

high stability in the water column (Zhao et al., 2016). The

mechanism of action of OA is based on its inhibition of the

protein phosphatases PP1 and PP2A, which are involved in

relevant dephosphorylation reactions at the systemic level.

Among other processes, they participate in germ cell maturation,

embryonic development, and metabolic regulation. Additionally,

they play a key role in metabolic pathways such as glycolysis, lipid

metabolism, and catecholamine synthesis (Reynhout and

Janssens, 2019).
02
Globally, the monitoring of lipophilic toxins in the natural

environment indicates that OA, DTX, and PTX2 are the most

common, with a high detection rate in seawater samples compared

to other toxins and are present in samples studied worldwide (He

et al., 2020; Wang et al., 2023). Their presence has even been

observed in suspended particles and seafood (Bosch-Orea et al.,

2017; Chen et al., 2018). Variable concentrations of OA have been

recorded in seawater; while in some years the minimum detected

concentration of this toxin in Haizhou Bay (Yellow Sea, China; 37°

28’N 119°26’E) was 0.01 ng mL−1, the maximum concentration

reached around 0.1 ng mL−1 in other years (Chen et al., 2018). On

the western coast of the Mediterranean Sea, the detection of OA has

reached 1.78 ng mL−1 (Bosch-Orea et al., 2017). In all cases, there is

a particularly high incidence in coastal areas during summer (Liu

et al., 2017; Chen et al., 2018; Hattenrath-Lehmann et al., 2018;

Wang et al., 2023). The persistence time of OA under natural

sunlight varies, reaching up to 20 days in autumn and longer times

in winter, a season with lower solar radiation (Pan et al., 2020).

On Chilean coasts (41°28’S 72°56’W), the use of passive

samplers, such as synthetic resins that adsorb toxins from water

in a similar way to an artificial bivalve (MacKenzie et al., 2004), has

enabled the detection of lipophilic toxins including the OA (Pizarro

et al., 2011; Dıáz et al., 2022; Möller et al., 2022). The OA producer

Dinophysis acuminata is one of the most frequently recorded HAB

species in monitoring efforts along the entire Chilean coast (Dıáz

et al., 2022; Paredes-Mella et al., 2022), therefore the presence of OA

in seawater represents a potential threat to organism in the coastal

marine ecosystem. However, this threat is not frequently detected

probably because most preventive studies focus on monitoring

shellfish meat or phytoplankton samples rather than directly

analyzing seawater (Anderson et al., 2021). Additionally, the

abundance of cells of a specific species is not necessarily a reliable

indicator of toxin concentration due to variations in toxin content

among microalgae cells (Roué et al., 2018).

The anchovy (Engraulis ringens), a small pelagic fish distributed

over a wide latitudinal range along the Humboldt Current from

northern Peru (Zorritos 4°30′S) to southern Chile (Chiloé 42°30′S),
represents one of the largest fisheries in the world (Castro et al.,

2020). Previous studies have reported that variations in

environmental parameters, such as temperature and salinity, can

affect the yolk sac larval stage, the rate of yolk consumption, larval
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growth rate (Llanos-Rivera and Castro, 2006), as well as gene

expression related to the hatching process, the expression of

hatching enzymes, and the success of larval hatching (Castro

et al., 2021). In recent years, surface temperature values from July

to December, the main spawning season form most anchovies on

the coasts of Bıó Bıó, Central Chile, have fluctuated between 12 and

14°C and surface salinity values range between 32 and 34 (Castro

et al., 2020, 2021). However, these environmental conditions are

currently experiencing changes. Extreme environmental events,

such as marine heatwaves, are increasing in frequency, duration,

and intensity in recent decades (Oliver, 2019), particularly in this

region (González-Reyes et al., 2023). There is also a trend of an

increase in salinity due to the intensification of coastal upwelling as

a result of the displacement of the South Pacific high-pressure

center and the average decrease in precipitation (Schneider et al.,

2017; Jacob et al., 2018; Castro et al., 2020). In contrast, an increase

in extreme rainfall events during transitional periods (fall, spring)

due to atmospheric rivers has also been reported, events that may

reach up to 45-60% of the total annual precipitation in the region

(Bustos-Espinoza et al., 2024). Whether these environmental

changes affect the most vulnerable early life stages of small

pelagic fishes and other coastal organisms, has not been

assessed yet.

Environmental variations present also significant challenges for

toxic microalgae. Temperature and salinity are factors that regulate

the presence and production of toxins as they determine the growth

and proliferation of the microalgae that produce them (Kamiyama

et al., 2010; Basti et al., 2018). Some authors indicate that

fluctuations in the ocean’s abiotic parameters can trigger

responses related to toxin production, both an increase and a

decrease, by the microalgae (Kamiyama et al., 2010; Bui et al.,

2021; Wang et al., 2022). On the other hand, the stability and high

persistence of toxins such as OA in the water column represent a

stressing factor for coexisting marine organisms with negative

effects on their growth, metabolism, and swimming performance

(Corriere et al., 2020; Pan et al., 2020).

Other OA effects on marine vertebrates may include disruption

of functions of the sensory system. In early fish larvae these

functions are associated to neuromasts; mechanosensory organs

arranged on the body surface. The haircells, specialized sensory cells

within the neuromast, when in contact with the surrounding water,

detect water movements and translate them into nerve impulses

transmitted by neurons, creating a larval coordinated response to

changes in the aquatic environment (Ghysen and Dambly-

Chaudière, 2004). This system plays an essential role in various

vital activities, such as detecting predators, prey, or other objects in

the environment, making these mechanosensory cells ideal models

for assessing the potential toxic effects of environmental pollutants

because alteration in these functions becomes ecologically relevant

(Froehlicher et al., 2009; Hung et al., 2023).

The study of fish lateral line neuromasts has been widely

employed in toxicology to assess potentially harmful substances

such as antibiotics or heavy metals in freshwater fish (Froehlicher

et al., 2009). However, the potential use of the lateral line in marine

organisms in toxicological studies remains less explored. Like most

Teleosts, anchovy larvae hatch with a set of neuromasts on their
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head and body, with their hair cells exposed to the ambient water

(Llanos-Rivera et al., 2014). Due to their proliferative capacity,

neuromasts form throughout the fish’s life, not just during its early

developmental stages (Kasumyan, 2003). The location, number, and

development of neuromasts are well documented for anchovy

larvae in the Bıó-Bıó region (Llanos-Rivera et al., 2014) reared

under normal environmental conditions. Thus, the evaluation of

neuromast integrity can be used to study the effect that

phytoplankton derived toxins in the water column such as OA

may have on larvae of small pelagic fish, such as anchovy, especially

considering future scenarios of environmental temperature and

salinity variations. No studies have been reported on the

assessment of the response capacity to environmental variables

related to motor responses of the sensory system in these organisms.

In this context, this study aims to assess, through neuromast

analyses, how OA affects early life stages of fish, such as anchovy

larvae, while assessing the role of oceanographic variables

(temperature and salinity) in this interaction. This approach

will allow us to deepen our understanding of how biotoxins

affect marine ecosystems, especially in the context of global

climate change.
2 Materials and methods

2.1 Description of the study area

Anchovy (Engraulis ringens) eggs were collected during their

reproductive season in the area off Coliumo Bay, Bıó-Bıó region in

central Chile, at 3 coastal stations (Figure 1, Table 1), an area where

high abundances of eggs of this species have historically been

reported in central Chile (Soto-Mendoza et al., 2010). To

characterize the oceanographic environment in which these stages

take place, CTD hauls (SBE-19plus) were carried out up to depths of

approximately 50 meters (depending on the bottom depth of each

station) to obtain salinity and temperature profiles.
2.2 Collection of biological material

A total of six zooplanktonic sampling cruises were carried out

during the anchoveta spawning season between September and

December 2023 (Table 1). To ensure an adequate number of eggs

for each experiment (see below), between two and three oblique

tows lasting 3 to 5 minutes each were conducted at each station

using a bongo net (300 µm mesh, 60 cm mouth diameter), with the

vessel maintained in motion at a speed of 2 to 3 knots. The depths of

these tows varied depending on the station but most remained

within the range of 20 to 40 meters deep, a depth range where

anchovy eggs are usually found in this area (Castro et al., 2021).

Water samples for laboratory incubations were collected at each

station from 15 m using 5 L Niskin bottles.

Once each of the zooplankton samples was obtained, they were

diluted in seawater from the same sampling area and individually

stored in airtight plastic bags (27 × 28 cm). Each sample was stored

in a sealed container and then rapidly transported to the laboratory
frontiersin.org
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at the University of Concepción. During transportation, the

containers were maintained in the dark, avoiding temperature

changes and abrupt movements, thereby ensuring the integrity of

the plankton sample.

In the laboratory, using a stereoscopic microscope with a cold

light source, the separation of eggs from the plankton was carried

out. Early-stage eggs (Figures 2A, B) were then incubated in filtered

seawater (0.2 microns) in 500 mL flasks, maintaining a density of 50

to 60 eggs per 100 mL. The samples were kept in an incubator

chamber at 12°C, and the dead eggs were removed daily until larval
Frontiers in Marine Science 04
hatching (Figure 2C). These recently hatched larvae were further

utilized for all experimental treatments.

Two sets of experiments were conducted (Table 1); the initial set

(three first sampling dates) was made to standardize aspects of the

experimental design (definition of positive control and appropriate

OA concentration), and the second set consisted of three

experiments with a complete experimental design (combinations

of temperatures, salinities, and OA concentrations).
2.3 First set of experiments:
standardization of methods

2.3.1 Standardization of neuromast cell counting
as a method for damage assessment

In order to assess the direct interaction between organisms and

the surrounding water, experiments were conducted by incubating

anchovy larvae in filtered seawater (0.2 microns) prepared

according to each of the treatments to be evaluated. Yolk sac

larvae with approximately 50% of the yolk reserves already

consumed (Figure 2D) were utilized to initiate all treatments. To

achieve this, the larvae were monitored under a cold light

magnifying glass, ensuring that they met the aforementioned

conditions to start all treatments.

2.3.2 Positive control
A positive control was considered to be copper sulfate (CuSO4)

at 50 mM, a concentration that has been shown to induce damage to

neuromasts in other teleosts larvae (Hernández et al., 2006). Three
TABLE 1 Shipment details: sampling and destination of
biological material.

Sampling date Objective

First set September 02, 2023 Standardization of
neuromast counting

September 25, 2023 Standardization of
positive control (CuSO4)

October 02, 2023 Evaluation of damage
with different

concentrations of OA

Second set October 17, 2023 Experiment 1 (T, S,
OA)*

November 15, 2023 Experiment 2 (T, S,
OA)*

December 15, 2023 Experiment 3 (T, S,
OA)*
*T = Temperature (12, 14°C); S = Salinity (32, 34 PSU); OA = Okadaic acid (1 ng ml -1).
FIGURE 1

Study Area. Coliumo Bay, with sampling points highlighted in black.
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replicates, each with 15 yolk sac larvae, were incubated in this

solution for 20 minutes at a 12°C and 34 PSU in 12-well plates, with

a density of 5 to 7 larvae per well. At the same time, an equal

number of larvae were incubated in filtered seawater as a negative

control, under the same experimental conditions.

To evaluate the structural integrity of the neuromasts, DiAsp

staining (4-(4-diethylaminostyryl)-N-methylpyridinium iodide;

SIGMA-Aldrich) was used. DiAsp is incorporated by cells that

possess intact mechanotransduction channels, allowing

visualization of those hair cells with active channels (Mardones,

2010; Nishikawa and Sasaki, 1996). After exposure to the

experimental conditions, the larvae were exposed to DiAsp (5 ng

mL−1 in seawater) for 10 minutes and then washed in seawater for

another 10 minutes. Following staining, the larvae were

anesthetized with 0.4% tricaine (Sigma Aldrich) and individually

mounted on a slide with a coverslip provided with a stop of

plasticine under a microscope.

A Nikon Eclipse E200 epifluorescence microscope was used,

and under UV light, the larvae were observed individually. For each

larva, live cells (identified as those showing positive staining with

DiAsp) located in three lateral neuromasts (3, 4, 5) in the mid-body

region of the larva (Figure 3A) were examined. These neuromasts

were chosen following other authors who assessed functional

neuromasts in other fish species (Hernández et al., 2006; Lin

et al., 2023) and also because counting viable cells in neuromasts

away from the yolk sac facilitates their examination (yolk
Frontiers in Marine Science 05
autofluorescence interferes with the fluorescent signal of these

structures). Following Hernández et al. (2006) those hair cells that

tested positive for DiAsp were counted, and only those that

exhibited uniform staining and a morphology similar to that of a

flower petal were considered (Figure 3B).

2.3.3 Evaluation of ranges of OA concentrations
inducing alterations on neuromasts

To assess the effect of OA on neuromast cells, three OA

concentrations were evaluated based on bibliographic data from

other geographical areas. Chen et al. (2018) mention that the

maximum detected concentration of dissolved OA in Chinese

coastal waters around 0.1 ng mL−1. On the other hand, Bosch-

Orea et al. (2017) indicate that at Spanish coasts, detections of OA

exceeded 1 ng mL−1. During HAB events, there is a higher

phytoplankton cell density and therefore a higher concentration

of toxins such as OA in the water column is expected. HAB events

in the future are expected to increase in frequency and intensity (cell

density) (Wells et al., 2015). Accordingly, for our treatments, our

maximum concentrations reached values above those described by

Bosch-Orea et al. (2017) (see below).

To prepare the solutions, aliquots of OA (National Research

Council Canada pure standard solution (CRM-OA-d)) were

evaporated using a sample concentrator coupled to a nitrogen

tank to remove the methanol in which the toxin is dissolved.

Subsequently, the OA was resuspended in seawater (0.2 um
FIGURE 2

Developmental stages of Engraulis ringens observed during incubation. After the incubation of the eggs (A, B), the larvae (C, D) were observed
during their growth until the stage defined for the setup of the experiments (D, partial absorption of the yolk sac).
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filtered), stored in amber glass vials, and left homogenizing with

gentle agitation overnight.

For the experiment, anchovy yolk sac larvae (n= 15) were

exposed to increasing concentrations of OA of 0.1, 1, and 10 ng

mL−1 and incubated for 20 minutes at 12°C to evaluate the acute

damage induced by the toxin. Larvae exposed to positive control

(CuSO4; n=15) and negative control (seawater; n=15) were also

included. To avoid any operator bias, observations were made

randomly during the counting through a blind analysis.
2.4 Second set of experiments: assessment
of temperature and salinity variations and
OA on anchoveta larvae neuromasts

To determine if variations in environmental conditions (salinity

and temperature) alone (without OA) might alter the integrity of

the cells composing the neuromasts, temperature and salinity values

were defined as normal by inspecting the hydrographic profiles

(CTD casts) obtained during the first three sampling dates (See
Frontiers in Marine Science 06
Table 1). Previous records during the anchovy spawning season in

the study area determined average temperature values close to 12°C

and salinity values between 33 and 34 PSU for the first 30 - 40

meters of depth (Castro et al., 2019). Using data collected by the

CTD, we generated profiles that allowed us to calculate the average

values of each parameter. These values were used as a reference to

define our experimental conditions, which should reflect the natural

environmental conditions in which anchovy eggs and larvae are

found. Profile analyses revealed that temperatures ranged around

12°C and salinity around 34 PSU in the study area, in the first 30

meters of depth.

To evaluate scenarios beyond the current normal condition,

variations of these temperature and salinity values were considered,

defining 14°C for the second temperature treatment and 32 PSU for the

second salinity treatment. The temperature variation (increase) was set

considering the potential effects by heatwave events, and the salinity

variation (reduction) on the observed extreme rainfall events caused by

atmospheric rivers during transitional periods (spring and autumn)

(Oliver, 2019; Bustos-Espinoza et al., 2024). Finally, a combined

treatment with both values, 14°C and 32 PSU, was also considered.
FIGURE 3

(A) Scheme showing the arrangement of neuromasts (L1 to L7) on the body of an anchovy larvae. Neuromasts where live cell counting was
performed are highlighted in red. Neuromasts of the head are not represented. (B) In vivo visualization of the mid-body section of an anchovy larva
exposed to seawater (negative control) and stained with DiAsp under a microscope (400x magnification). A single neuromast (L3) is distinguished,
visible even without fluorescence (A), under fluorescence filter (B), and the detail of its cells. White arrows indicate cells considered viable
for counting.
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Consequently, in each of the three experiments (corresponding

to the egg batches from October, November, and December), the

collected and separated eggs from the plankton were separately

incubated under each of these combinations of environmental

conditions. When reaching 50% vitelline absorption, 15 yolk sac

larvae were selected to undergo the DiAsp staining procedure

described in section 2.3. On the other hand, to assess the

influence of OA on the integrity of the hair cells of the

neuromasts, incubations in 1 ng mL−1 of OA were conducted for

20 minutes on 15 larvae from each treatment mentioned prior to

DiAsp staining. After staining, all larvae underwent the same

microscopic counting procedure described in section 2.3, and the

counts were performed randomly through a blind analysis.
2.5 Statistical analysis

The within-group normality of each dataset was assessed using

the Shapiro-Wilk test, whereas the homogeneity of variance was

checked using the Bartlett test. Depending on the results, parametric

or non-parametric statistical tests were utilized to evaluate the effect

of CuSO4 and different concentrations of OA on the neuromasts, the

average number of viable cells in the neuromasts observed per

individual (n=3) was calculated. The effect of CuSO4 was assessed

using the Mann-Whitney test, while the effect of different OA

concentrations was compared by ANOVA and Tukey’s post-hoc

tests using GraphPad Prism software (version 9.2.0).

For the last three experiments (second set, AO, T and S), the data

on viable cells were sorted according to the treatments, and the

average number of viable cells for each individual was calculated.

Normality was assessed using the Shapiro-Wilk test, which indicated

that the data did not follow a normal distribution. Outliers were

removed from each set using the z-score method for each treatment

(z-score = (value - mean)/SD), considering values with z-scores > 1 as

outliers. After outlier removal, comparisons were made using the

Kruskal-Wallis test followed by Dunn’s post-hoc tests using the basic

package in R software (https://cran.r-project.org/).

The design of experiments 1, 2, and 3 incorporated environmental

variables and okadaic acid (OA) exposure. However, for clarity in

presenting the results, they were segregated into two figures. One figure

exclusively presents the results of experimental conditions involving

T and S, while another figure represents the experimental outcomes

with OA.
3 Results

3.1 Environmental conditions

Temperature values ranged from 11.3°C at surface to 12.6°C at

40 m deep in the September-October sampled dates. Temperature

in the first two samplings showed a gradual decrease with depth

(Figure 4) but in October, the thermocline was more pronounced

and located within the first 10 meters of depth. Salinity varied

between 32 to 34.4 in all profiles, the lowest values occurred in

shallow water early in the season (September). Late in September
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and in October, though, most of the water column deeper than 5 or

10 m depth remained with salinities around 34 or higher as the

depth increased. In October, salinity profiles did not exhibit a

pronounced halocline, which, along with the lower temperature,

suggested that an upwelling event was occurring during the date

sampled, thus, the most frequent ranges of values in the shallow

layers ranged between 12° and 34 PSU.
3.2 Standardization of neuromast cell
counting: CuSO4 test as a possible positive
control for neuromast cell damage

In larvae exposed to CuSO4 (50 uM), the number of viable cells

in the analyzed neuromasts was lower (1.04 ± 0.99) than the

number of viable cells in larvae exposed only to seawater (6.0 ±

2.2) (negative control). This nearly 85% decrease in the number of

viable cells per neuromast was statistically significant (Mann-

Whitney test; p < 0.0001, Figure 5), confirming that neuromasts

of early anchovy larvae may be affected by toxic compounds, that

the cell counting methodology with DiAsp staining is effective for

evaluating this damage and is harmless to the larvae, since it did not

generate mortality or any other type of damage. The treatment with

copper was included in each of the subsequent experiments, and

this result was observed in all of them.
3.3 Evaluation of OA concentration ranges
inducing alterations on neuromasts

The results of this experiment revealed an inverse relationship

between the concentration of OA to which the larvae were exposed

and the number of viable cells counted in the analyzed neuromasts

(Figure 6, Table 2). As the concentration of OA increased, a

decrease in the number of viable cells was observed. However,

these differences were only significant when comparing larvae

exposed to the negative control with those exposed to higher

concentrations of OA (Tukey’s test; 1 ng mL−1, p= 0.0363; 10 ng

mL−1, p<0.0001). When compared to the positive control (CuSO4),

it was observed that the damage induced by the toxin in anchoveta

larvae was lower than that induced by copper sulfate, with

significant differences in the two lower concentrations (Tukey’s

test; 0.1 ng mL−1, p<0.0001; 1 ng mL−1, p=0.0001). Based on these

results, a concentration of 1 ng mL−1 of OA was selected for the

subsequent experiments.
3.4 Evaluation of potential damage
generated by temperature and salinity
variations on anchoveta larvae neuromasts

To assess whether the projected environmental conditions for

the study area alone might induce damage to neuromasts,

anchoveta larvae were exposed to different combinations of

temperature and salinity on three dates from October to

December (Experiments 1-3). Three experiments were conducted:
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in the first experiment (Exp 1, corresponding to October; Table 1), a

combined challenge treatment (14°C, 32 PSU) was not included

(Figure 7). The results indicate that, under the environmental

condition defined as normal (12°C, 34 PSU), the number of

viable cells in the neuromasts varied, decreasing progressively as

the spawning season advanced. The highest average values of viable

cells were 7.4 (SD=3.77) in October (Exp. 1), and the lowest (4.4

cells, SD=2.27) were in December (Exp. 3) with which coincides

with the final period of the anchoveta spawning season in the area.

The comparison between treatments of environmental

conditions indicated a decrease in the number of viable cells in

larvae exposed to the salinity challenge treatment (T12S32) compared
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to those under normal environmental conditions (T12S34) with

statistically significant differences in the first (October) and third

(December) experiments (Table 3, Exp 1: Dunn’s Test, p= 0.0046,

Exp 3: Dunn’s Test, p= 0.0078) (Figure 8). This could indicate a

negative effect on neuromasts due to lower salinity in the

environment; however, this difference was not observed in

treatments where along with the decrease in salinity, there was a

higher ambient temperature (Combined challenge, T14S32). Under

this condition, the number of viable cells in the neuromasts was equal

to what was quantified in larvae exposed to the normal condition

(Exp 2: Dunn’s Test, p= 0.5739; Exp 3: Dunn’s Test, p= 0.6228). In

larvae exposed to the temperature challenge treatment (T14S34), the
FIGURE 4

Temperature (°C) and salinity (PSU) profiles for the study area during samplings conducted in September and October. Average values are presented,
with horizontal lines indicating standard deviation.
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results were similar to those quantified under normal conditions (Exp

2: Dunn’s Test, p= 0.0943, Exp 3: Dunn’s Test, p=0.3526).

Both treatments defined as salinity challenge (T12S32) and

temperature challenge (T14S34) in experiments 1 and 2 showed

significant differences between them (Table 3, Exp. 1: Dunn’s Test.

p=0.0161, Exp 2: Dunn’s Test p=0.0019), indicating a lower average

number of viable hair cells in the salinity challenge treatment (Figure 8).
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3.5 Evaluation of the effect of OA with
variations in ambient temperature and
salinity on neuromasts of anchoveta larvae

In all three experiments where larvae were exposed to OA along

with different combinations of temperature and salinity, a

consistent trend is observed: OA induces a decrease in the
FIGURE 5

Average ( ± s.d.) number of viable cells in lateral neuromasts 3, 4, and 5 of anchovy larvae in positive control (CuSO4) and negative control (seawater)
treatments; Mann-Whitney test, p<0,0001. The number of larvae analyzed per treatment was 43 and originated from 3 sampled stations or dates.
FIGURE 6

Evaluation of the effect of increasing concentrations of OA on neuromast cells. Average number of viable neuromast cells of anchoveta larvae
exposed to OA at three concentrations. Statistical comparisons between treatments (Seawater, CuSO4, 0.1, 1, and 10 ng mL-1 OA) are represented
with uppercase letters; treatments with the same letters indicate no significant differences between them. For example: 0.1 ng mL-1 does not differ
significantly from the seawater treatment (A), nor from the 1 ng mL-1 treatment (B).
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number of viable cells in all cases, except when the salinity challenge

was applied (T12S32) (Figure 8).

The results indicate that temperature seems to play a significant

role in reducing the number of hair cells in neuromasts in the presence

of OA in at least two out of the three experiments conducted, showing

significant differences in both cases (Table 3, Exp 1: Dunn’s test,

p=0.0560; Exp 3: Dunn’s test, p=0.0170). It is important to note that

OA treatment exhibited the lowest average values of hair cells in

neuromasts (Exp 1: 1.48; Exp 2: 3.5; Exp 3: 1.64 cells).

However, in the second experiment, no significant differences

were found between the treatment of normal conditions (T12S34)

and the temperature treatment (T14S34). There were also no

significant differences between the normal treatment (T12S34)

and the salinity treatment (Exp 2: T14S34, Dunn’s test, p=0.7093;

T12S32, Dunn’s test, p=0.4586).
4 Discussion

Given the heterogeneous nature and the different mechanisms

of action of the factors that can be stressful or be directly harmful to

aquatic organisms, the coexistence of several factors can result in

additive, synergistic, or antagonistic effects on the organisms facing

them (Velasco et al., 2018). With the purpose of investigating

possible structural variations in the lateral line neuromasts of

early anchoveta larvae in response to exposure to okadaic acid

(OA), as well as to different temperature and salinity values,
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experiments were conducted with different combinations of these

three variables. The results show an influence of seasonal variability

on the quality of the larvae and their neuromasts, as well as a

significant influence of the salinity variation on the number of living

cells in these sensorial organs. Additionally, when evaluating the

combined effects of the toxin presence and environmental

variations, we observed that an increase in temperature intensifies

the harmful effects of OA on hair cells, suggesting greater damage.

Studies on effects generated by variations in environmental

conditions, such as temperature and salinity, on larvae of aquatic

organisms usually reveal alterations in survival, growth, and vital

biological processes such as swimming speed (Collazos-Lasso et al.,

2014; Montory et al., 2014; Politis et al., 2018). For young life stages

of anchoveta (Engraulis ringens), it has been reported that

temperature modulates the embryo duration, the yolk sac larval

phase duration, yolk consumption rate, and larval growth rate

(Llanos-Rivera and Castro, 2006). Salinity variations have been

related to changes in the hatching gene expression, the hatching

enzyme expression and larval hatching success (Castro et al., 2021).

However, while these studies provide evidence of the effects of

environmental variations on relevant embryonic and larval

processes, to date, there has been no reported evidence of the

effect that temperature and salinity variations could have on the

mechanoreceptor system of the lateral line in the larval stage of this

economically important fish species.

Our results suggest a change in larval neuromasts integrity

along the reproductive season. For this species, a primary spawning
FIGURE 7

Effect of different combinations of temperature and salinity (treatments) on the number of viable neuromast cells of anchoveta larvae in the three
experiments conducted. The ends of the boxes show the upper (Q3) and lower (Q1) quartiles, the horizontal line represents the median of the data,
and the vertical lines represent the maximum and minimum values for each treatment. Statistical comparisons of the same treatment between
experiments are represented with uppercase letters; treatments with the same letters indicate no significant differences between them. For example:
in the T12 S32 treatment, there were no significant differences between experiments 1 and 2 (A), but both differed significantly from experiment 3 (B).
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period is recognized between winter and spring, with a reproductive

peak in August (Cubillos et al., 2001), and our experiments were

conducted with eggs collected in months following this peak

(October, November, and December). The results showed that

larvae from eggs collected in the middle of the spawning season

had a higher average number of viable hair cells compared to those

obtained from eggs spawned towards the end of the reproductive

period. Additionally, for the later period, we observed greater larval

fragility, making their handling considerably more complex.

Seasonal variation in the quality of eggs and larvae has been

reported for small pelagic fishes using various indicators. For

example, for this species, both the biochemical composition

(proteins, lipids, or free amino acids), the size of the egg and

larval hatch success indicate a decrease in the quality of

propagules as the spawning season progresses (Llanos-Rivera and

Castro, 2004; Castro et al., 2009, 2021). For Strangomera bentincki,

another Clupeiform species present in the same area, there is a trend

towards an increase in embryonic anomalies as the reproductive

season progresses (Vásquez et al., 2010).

Salinity, as one of the most important physicochemical parameters

in marine ecosystems, varies in different habitats and seasons,

affecting young stages survival, metabolism, distribution, and oxygen

consumption rates of various taxa (Varsamos et al., 2005;Montory et al.,

2014; Castro et al., 2021). In this study, we provide evidence on that a

decrease in salinity in experimental conditions affect the structure and

integrity of the hair cells present in the lateral neuromasts of anchoveta

larvae. Neuromasts maintain hair cells immersed in fluid

microenvironments maintained electrogenically; covered by a

gelatinous cupula that provides an electric and ionic

microenvironment that remains active and is necessary for hair cells

to depolarize when mechanically activated, initiating sensory

transduction (Peloggia et al., 2021). In zebrafish larvae (Danio rerio),

another teleost, changes in salinity have been identified to induce a

signaling cascade in isotonic environments, causing epithelial cells to

differentiate into ionocytes; which maintain ionic balance ensuring

conditions for hair cell functionality (Stawicki et al., 2014; Peloggia

et al., 2022, 2024). Thus, genetic ablation of these ionocytes as well as

exposure to acidified water impair hair cell function, suggesting that hair

cells require a buffered ionic environment to function properly (Stawicki

et al., 2014; Lin et al., 2019).
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In recent decades, potential toxic effects of OA have been

investigated beyond its role as a Diarrhetic Shellfish Poisoning (DSP)

toxin. Alterations in DNA and cellular components have been

reported, as well as effects on the immune and nervous systems, and

even on embryonic development (Valdiglesias et al., 2013). In fish,

acute exposure to this toxin leads to alterations in oxidative parameters

inducing malformations in medaka (Oryzias latipes) larvae (Figueroa

et al., 2023), embryonic development alterations in marine species such

as Oryzias melastigma (Yang et al., 2023), and changes in swimming,

buoyancy, and ataxia in adult zebrafish (Danio rerio) (Barrio et al.,

2015). Our results indicate that this toxin has a dose-dependent

negative effect on the integrity of hair cells in neuromasts. These hair

cells are formed by specialized extensions called stereocilia which are

composed of actin filaments, and a group of stereocilia will be

associated with a single kinocilium, a central microtubule (Tanimoto

et al., 2011), both structures being fundamental for the sensory function

of the neuromast. Okadaic acid inhibits the activity of phosphatase 2A

(PP2A), which among other functions may affect the structural states

that define the cellular function of actin, such as polymerization and

depolymerization (Canals et al., 2012). On the other hand, there is

evidence that OA affects microtubule support proteins in primary

neuron cultures, resulting in decreased neuronal function (Zhao et al.,

2016). These findings suggest that the potential mechanism of toxicity

in neuromasts could be related to the structural stability of the cells

composing neuromasts mediated by the inhibition of PP2A activity on

proteins. Further subcellular level research is needed to improve our

understanding on the underlying biochemical mechanisms involved in

regulating the quantity and integrity of hair cells in response to

environmental variations and the presence of toxic agents such as OA.

Lin et al. (2019) and Stawicki et al. (2014) have shown how damage

to hair cell structures, induced by factors such as acidic water, can

impair the mechanosensory capabilities of neuromasts. Consequently,

structural damage to these organs can lead to their functional

impairment. To evaluate the impact of OA on the functionality of

the mechanoreceptor system, Faria et al. (2020) assessed how this toxin

affects the escape behavior of 7 days post fertilization (dpf) zebrafish

larvae, which is partly regulated by the normal functioning of

neuromasts. The results showed that startle and habituation

responses (the ability to ignore irrelevant stimuli) were not altered

after exposure to 0.036 ng mL−1 of this toxin; a concentration below
TABLE 2 Matrix of multiple comparisons (Tukey's Test).

p Seawater CuSO4
OA

0,1 ng mL-1
OA

1 ng mL-1
OA

10 ng mL-1

Seawater
•-
•

<0.0001 0.4961 0.0363 <0.0001

CuSO4 – <0.0001 0.0001 0.1344

OA
0,1 ng mL-1

- 0.6110 0.0014

OA
1 ng mL-1

– 0.0914

OA
10 ng mL-1

-

p-values of the comparisons between treatments (Seawater, CuSO4, 0.1, 1, and 10 ng mL-1 OA). Comparisons with significant differences (p<0.05) are underlined. OA, Okadaic Acid.
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which our results showed that it would not induce structural damage of

neuromasts (1 ng mL−1) and thus it is expected not to detect functional

alterations. Thus, our findings indicate that the higher concentrations

of okadaic acid, starting from 1 ng mL−1, which are ecologically

relevant, can cause hair cell damage. This damage suggests a possible

functional impairment of these organs in fish larvae that are exposed to

these toxins dissolved in their surrounding water.
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When comparing the combined effect of the toxin and

environmental parameters, we observed the synergistic and/or additive

role of temperature with the toxin. A stressed thermoregulatory system

in any organism can alter the physiological response to toxic agents, and

generally, high temperatures exacerbate the effects of many

environmental toxins (Gordon, 2003). In other fish, an increase in

water temperature has been associated with an increase in the acute
FIGURE 8

Effect of OA and different combinations of temperature and salinity on the number of viable neuromast cells. The ends of the boxes show the upper
(Q3) and lower (Q1) quartiles, the horizontal line represents the median of the data, and the vertical lines represent the highest and lowest values for
each treatment. The brackets indicate statistical comparisons where significant differences were found: the red brackets indicate significant
differences within the same treatment with and without okadaic acid. The purple brackets indicate significant differences between different
treatments with OA only.
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toxicity of substances such as paracetamol, enrofloxacin, and

chlortetracycline (Kim et al., 2010). This phenomenon is likely

attributed to changes in the toxicokinetics of these substances, i.e.,

how they are absorbed, distributed, metabolized, and excreted in the

fish’s body (Kim et al., 2010). In our experience, in two out of the three

experiments conducted, the combination of temperature and OA

resulted in a decrease in the number of viable hair cells compared to

normal conditions with the presence of the toxin. Additionally, in

Experiment 1, these variations were significant even when compared

to the effects of salinity, suggesting that the interaction between

temperature and OA may potentiate adverse effects on neuromast

integrity. This contrasts with observations by Xu et al. (2004), who

report that a thermal variation canmitigate the effects of OA through the

hyperphosphorylation of cytoskeletal proteins, implying that the effect of

OA would be less when applied together with a thermal change.

However, it is important to highlight that this study was conducted
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on mammalian cell cultures (neuroblastomas), which might explain

differences in the observed responses compared to whole organisms, as

in our case. Moreover, the experimental conditions used by Xu et al.

including toxin concentration, exposure time, and temperature, were

much higher than those in our study (25 ng mL−1, 10 hours, and 42°C).

Therefore, differences in the results could be due to these discrepancies

in experimental conditions and may not necessarily reflect what occurs

in the natural environment of anchovy larvae that we attempted to

replicate in the laboratory.

Among the characteristics of OA, its thermal stability stands

out, along with a relatively slow degradation under natural solar

radiation, allowing it to remain in the water column for more than

20 days (Jimenez, 2019, Pan et al., 2020). Most harmful algal bloom

(HAB) events reported in central-southern Chile have occurred

during spring-summer periods, where there is usually an increase in

seawater temperature (Barrıá et al., 2022). This makes it possible for
TABLE 3 Matrix of multiple comparisons (Dunn's Test) by experiment.

Experiment 1 T12 S34 OA T12 S34 T12 S32
OA

T12 S32
T14 S34 OA T14 S34

T12 S34 - 0.0008 0.0046 0.0078 0.7115 0.0000

OA T12 S34 – 0.4539 0.3876 0.0027 0.0560

T12 S32 - 0.8658 0.0161 0.0057

OA T12 S32 – 0.0270 0.0052

T14 S34 - 0.0000

OA T14 S34

Experiment 2 T12 S34
OA

T12 S34
T12 S32

OA
T12 S32

T14 S34
OA

T14 S34
T14
S32

OA T14 S32

T12 S34 - 0.0048 0.1161 0.0351 0.0943 0.0183 0.5739 0.7961

OA T12 S34 – 0.2731 0.4586 0.0000 0.7093 0.0005 0.0155

T12 S32 - 0.7110 0.0019 0.4720 0.0323 0.2199

OA T12 S32 – 0.0001 0.6992 0.0049 0.0806

T14 S34 - 0.0001 0.2840 0.0760

OA T14 S34 – 0.0029 0.0422

T14 S32 - 0.4618

OA T14 S32 –

Experiment 3 T12 S34
OA

T12 S34
T12 S32

OA
T12 S32

T14 S34
OA

T14 S34
T14
S32

OA T14 S32

T12 S34 – 0.3490 0.0377 0.0005 0.3526 0.0001 0.6228 0.0068

OA T12 S34 – 0.4318 0.0395 0.8073 0.0170 0.1468 0.1859

T12 S32 – 0.0822 0.2226 0.0319 0.0039 0.4042

OA T12 S32 – 0.0046 0.8290 0.0000 0.3451

T14 S34 – 0.0007 0.1177 0.0486

OA T14 S34 – 0.0000 0.2119

T14 S32 – 0.0005

OA T14 S32 –
Statistical comparisons between different treatments (T12 S34, T12 S32, T14 S34, and T14 S32 with and without OA). p-values are provided, with significant comparisons (p<0.05) underlined. OA,
Okadaic Acid.
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an HAB event with OA production during spring-summer to

coincide with the final main spawning period of anchoveta.

The results obtained in this study show that this toxin in the water

column could induce damage to neuromasts and that this damage

could be greater as the reproductive period progresses. The

deterioration of these sensory organs could compromise the larvae’s

ability to respond to key environmental stimuli, which in turn could

affect their survival. This becomes particularly relevant when

considering that the early life stages of these organisms naturally

experience high mortality rates. The success of recruitment is closely

tied to the survival of larvae during these critical periods, where any

additional stressors, such as the damage induced by marine toxins,

could further diminish their chances of reaching maturity. On a

broader perspective, these results underscore the importance of

considering multiple environmental factors (e.g., variations in

temperature and salinity) when studying the effects of marine toxins

on fish larvae, providing new insights into how toxins produced in

HAB events can interact with abiotic elements and have repercussions

on organisms coexisting in the water column.
5 Conclusions

Our study highlights the potential effect of OA on the sensory

organs of fish larvae, particularly on neuromasts. We found that

exposure to OA can lead to negative effects in these critical sensory

structures, potentially compromising the larvae’s ability to respond to

environmental cues and affect their survival. Salinity alone may also

induce changes in the viability of haircells. Additionally, our results

suggest a synergistic effect between OA and temperature, which could

exacerbate the detrimental effects on neuromast integrity. In a broader

context, these results underscore the importance of considering

multiple environmental variables when assessing the effects of marine

toxins on fish larvae, especially considering environmental variations

anticipated under a climate change scenario.
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