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Abstract

The release of pollutants is increasing along the coast of Chile, and the use of biomarkers in biomonitoring programs is
essential to assess the early biological effects of marine contamination. The Micronucleus (MN) test was carried out using
hemocytes of the mussel Perumytilus purpuratus from two sites in northern-central Chile (La Pampilla and Totoralillo).
Nuclear abnormalities were assessed, and high frequencies of micronucleus (10.7-14.4%0) and other abnormalities were
found (51.9-76.6%o). These values tended to be higher in La Pampilla, possibly due to the large presence of pollution sources
in that site. However, considerably high values were observed in both sites. P. purpuratus is a suitable bioindicator and fur-
ther monitoring along the Chilean coast using this species should be developed using the MN test and/or other biomarkers
to comprehend the effects of human activities on the coastal environment of Chile.
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Marine pollution is an increasing problem for the global
marine environments (Devier et al. 2005). It causes growing
concerns due to its negative impacts on marine ecosystems
that threaten the capacity of the oceans to maintain the eco-
system functions and provide goods and services, now and
in the future (Halpern et al. 2012). Common pollutants in
marine environments include metals, hydrocarbons, pesti-
cides, polychlorinated biphenyls, and plastic debris, among
other substances which are mainly originated from human
land-based activities (Devier et al. 2005; Vikas and Dwarak-
ish 2015). Such xenobiotics can generate a range of effects
on marine organisms, including embryotoxicity, cytotoxic-
ity, immunotoxicity, genotoxicity, metabolic disturbance,
endocrine disruption, and long-term damages that could per-
sist for several generations (Jha et al. 2000; Ohe et al. 2004).
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The assessment of environmental risks due to pollution
is receiving increasing importance, as established in the
United Nations Sustainable Development Goals (SDGs),
specifically in the SDG #14 “Life Below Water—Conserve
and sustainably use the oceans, seas and marine resources
for sustainable development” (UN 2019). Approaches
used to assess pollution include chemical analyses, toxic-
ity tests, community structure description, and biomarkers,
among others (Chapman and Anderson 2005). Fish and
invertebrates are suitable biomonitors of marine pollution
(USEPA 1993), including bivalves which have been widely
used worldwide to assess contaminants’ bioaccumulation
and effects (Burns and Smith 1981). Due to their sessile
and filter-feeding habits, wide distribution, abundance in
environment, commercial and ecological importance, and
easy field collection, they represent suitable indicators of the
environmental quality (Kehrig et al. 2006; Silva et al. 2006;
Boening 1999). The use of marine bivalves in biomonitoring
frequently involves quantification of contaminants in soft-
tissues and measuring adverse effects through biomarkers.
Biomarkers can be defined as biochemical, physiological,
and/or histological measurements that indicate biochemical
or cellular alterations in living organisms as response to toxi-
cants (Van Der Oost et al. 2003). From the organismal and
sub-organismal responses, biomarkers allow extrapolating
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and warning about ecosystem changes (Depledge 1998;
Thain et al. 2008).

Genotoxicity biomarkers consist of tools that measure
DNA damage caused by direct or indirect action of chemical
substances (Depledge 1998) and have been widely used for
monitoring marine pollution, either alone or as part of inte-
grated assessments (e.g. Dailianis et al. 2003; Pereira et al.
2011; Brooks et al. 2012). DNA damages might be caused
by DNA adducts, or directly by the pollutants, which may
act as an electrophile and/or produce reactive oxygen spe-
cies (ROS), which cause DNA oxidation (Lee and Steinert
2003). The micronucleus (MN) test is one of the most used
genotoxicity biomarkers (Hayashi 2016). Micronuclei are
fragments of chromosomes that are left aside in some stage
of the cellular division, mainly in the mitosis (Ku 2017).
They are usually caused by aneugenic and clastogenic com-
pounds (Schmidt 1975) and can be easily observed in opti-
cal microscopy (Brunetti et al. 1988). Mussels have been
broadly used in ecotoxicological and biomonitoring studies
involving MN and genotoxicity (e.g. Izquierdo et al. 2003;
Siu et al. 2004; Barsiene et al. 2008, 2010; Touahri et al.
2016; Gaete et al. 2019).

Marine pollution is a concern along the Chilean coast, as
high concentrations of different pollutants have been found
in coastal waters, sediments, and/or marine organisms, such
as metals (Valdés et al. 2009) and plastic debris (e.g. Thiel
et al. 2003). Besides, increasing amounts of wastes com-
ing from urban, port, mining, and industrial activities tend
to increase the levels of pollutants in the environment to
the point of harming marine ecosystems and the marine
resources extracted for human consumption (De Gregori
et al. 1996). In spite of the local importance and the global
concerns regarding this issue, the monitoring of the environ-
mental quality of Chilean coastal ecosystems is insufficient.
The monitoring of the marine pollutants in Chile was car-
ried out by the Coastal Environment Observation Program
(POAL—the acronym to “Programa de Observacién del
Ambiente Litoral”) until 2017. Annual concentrations of
several pollutants in water and sediments were measured
in this program. Also, this program included the quantifica-
tion of pollutants in soft tissues of the mussel Perumytilus
purpuratus but did not involve the evaluation of adverse
effects. Worse, the program seems to be discontinued and
new analysis have not been carried out since 2018.

Perumytilus purpuratus is a small mussel (maximum
length 3 cm) that inhabits the exposed rocky intertidal reefs
along the entire Chilean coast (18° S to 54° S) (Zagal and
Hermosilla 2007). Due to its sensitivity to contaminants and
status of non-commercial species, this mussel is the target
species of the P.O.A.L and has been used successfully as
bioindicator of pollution, including metals (De Gregori et al.
1994, 1996; Salamanca et al. 2004) and polycyclic aromatic
hydrocarbons (Mendoza et al. 2005; Palma-Fleming et al.
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2008). This species has been used in some biomarker studies
involving exposure to copper (Cu) in laboratory conditions.
Riveros et al. (2002) studied lysosomal stability and other
cellular responses, while Riveros et al. (2003) used copper
metallothionein-like proteins as biomarker for Cu. More
recently, MN rates were measured in P. purpuratus exposed
to Cu (Gaete et al. 2019). This work evaluated the genotox-
icity in individuals of P. purpuratus collected at two sites
presenting different sources of contaminants to determine
whether individuals from the more impacted site exhibited
larger signs of stress. The aim of the present study was to
evaluate the utility of the MN test for the monitoring of
environmental pollution on the Chilean coast.

Materials and Methods

Individuals of P. purpuratus (25-35 mm) were collected
from two sites located on northern-central Chile: La Pam-
pilla, Coquimbo (29° 57’ 18.4" S-71° 21' 41.8" W), and
Totoralillo (30° 04’ 51.5" S—71° 22" 18.9" W). La Pampilla
is a site influenced by the release of urban, port and fishing
wastes, while Totoralillo (30° 04’ 51.5"” S-71° 22’ 18.9" W)
is to a small town and watering place. These sites were cho-
sen because of the presence of populations of P. purpuratus,
and differences on the existing pollution sources. The first
survey was done between May 30th, 2017 (Totoralillo) and
June 8th, 2017 (La Pampilla), while the second one was
conducted 3 months later (August 29th and 30th). May—June
survey was carried out after heavy rainstorms that occurred
between May 10th and 13th, 2017. This event affected both
sampling sites, but collections in La Pampilla were delayed
due to unsuitable conditions which prevailed until May 30th.
After the sampling, individuals were immediately carried
to the laboratory of the Universidad Catodlica del Norte for
haemolymph extraction.

To develop the MN test, haemolymph was extracted from
the posterior adductor muscle of the mussel (Fig. S1) of
13 individuals from each study site. This was done using
a 1 mL thin-tipped syringe containing 0.2 mL of a fixing
solution of methanol-acetic acid (Carnoy) (3:1 v/v). Haemo-
lymph was left in the syringe for 10 min. Then, three or
four droplets were placed on labelled glass slides and fixed
in methanol for 5 min. Slides were left drying over ambi-
ent temperature and rinsed with distilled water; three slides
per individual were prepared. The slides were stained for
30 s with Giemsa (4%-5%) in phosphate buffer (pH=6.8),
and then, rinsed again. Finally, the preparations were sealed
permanently with a cover slide, using the mounting medium
Entellan (Merck, see simplified protocol scheme in Fig. S2).
The extraction of haemolymph and slides preparation was
made based on the protocol described by Bolognesi and
Fenech (2012) with some modifications. Details of these
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modifications and protocol are described in the supplemen-
tary material (Table S1).

1000 hemocytes per mussel were counted using a light
microscope. Hemocytes were separated in normal agranular
cells and cells with nuclear abnormalities. This was done
considering three different groups (Bolognesi and Fenech
2012): (1) micronucleus, that include all nuclear struc-
tures in the cytoplasm less than 1/3 of the diameter of the
main nucleus, which were not in contact with the principal
nucleus and that were of the same colour and structure than
the main nucleus (Rocha and Rocha 2016), (2) binucleated
cells, that are hemocytes with two nucleus totally or partially
separated, and (3) nuclear buds, which are cells with struc-
tures similar to a micronuclei but that are in contact to the
principal nucleus (Fig. 1). In the second sampling (August),
the shell lengths were additionally measured to relate the
size of individuals to the number of nuclear abnormalities
present in their hemocytes.

Frequency in a total of 1000 cells (%o) of the three types
of nuclear abnormalities and their sum (total nuclear abnor-
malities) were considered for statistical analyses. General-
ised linear models (GLM) with negative binomial distribu-
tion (due to overdispersion of the data) were used to compare
frequencies of nuclear abnormalities with “sampling” and
“site” as fixed factors. Four separated GLM analyses were
run to compare frequencies of micronucleus (MN), nuclear
buds (NB), binucleated cells (BC) and total nuclear abnor-
malities (Total NA) from organisms obtained in different
sites and sampling dates. The effects of shell size in the
different nuclear abnormalities were analysed using linear
regressions again separately for each nuclear abnormality.
Analyses and figures were prepared using R studio v. 1.3.959
(R Studio Team 2020).
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Results and Discussion

For total NA, the highest value was 76.6 %o in La Pampilla
in May—June sampling, while the lowest value was 51.9%o
in Totoralillo in August (Table S2). In the case of Micro-
nucleus, the lowest frequency of MN was 10.7%o in Toto-
ralillo on August and the highest value was shared between
La Pampilla in August and Totoralillo in May—June (14.4
%o0). MN was the nuclear abnormality that showed lower
frequencies (compared to NB and BC), and this have also
been observed in other studies using the MN test and other
nuclear abnormalities (e.g. Barsiene et al. 2006; Van Ngan
et al. 2007). These differences in the number of abnormali-
ties indicate a different kind of damage; the damage can be
genotoxic, in the case of MN and NB, and cytotoxic, when
BC are counted (Rodilla 1993), also other nuclear abnor-
malities appeared in higher frequencies than MN. For this
reason, the use of the three nuclear abnormalities analysed
here could provide a wider view about the cytogenotoxicity
of the environment in biomonitoring programs (Barsiene
et al. 2006; Fernandez et al. 2011). In general, the number
of nuclear abnormalities was higher in La Pampilla than
Totoralillo, as well as in May—June than August (Fig. 2).
This trend is significant for the frequency of NB in August,
that was 0.6 times higher in La Pampilla than Totoralillo
(p=0.01). This high frequency of NB and the general trend
of nuclear abnormalities to be higher in La Pampilla might
be due to the large amount of pollution sources present there
(see below). Detailed results of the statistical test can be
found in the Table S3.

Shell lengths of the mussels ranged between 25.5
and 35 mm, while the average size in Totoralillo was
30.43 +3.45 mm, and 28.33+ 1.9 mm in La Pampilla.
There was no relationship between the frequency of NAs
and the size of the individuals, thus, the size of mus-
sels did not affect the observed level of genotoxicity.
Besides, the use of organisms of a similar range of sizes
is recommended to reduce the variation due to individual
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Fig. 1 Agranular hemocytes of Perumytilus purpuratus: a normal hemocyte, b hemocyte with nuclear buds, ¢ hemocyte with a micronuclei d

binucleated hemocyte. Photo credit: Catalina A. Musrri
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Fig.2 Frequency of nuclear abnormalities in 1000 agranular hemo-
cytes (Abnormality %o) of Perumytilus purpuratus from La Pampilla
and Totoralillo in May-June and August sampling. Nuclear abnor-
malities include micronucleus (MN), nuclear buds (NB), binucleated
cells (BC) and total abnormalities (Total NA). Box plots show data

characteristics (Bolognesi et al. 2004). Therefore, the size
range used in this study is recommended for further studies
with P. purpuratus.

The observed frequencies of nuclear abnormalities can
be considered high when they are compared with results
from other studies. Regarding to MN frequency, Touahri
et al. (2016) found MN rates of 12.5 %o in hemocytes of M.
galloprovincialis collected in a contaminated port zone from
Algeria, while in the reference clean site, mussels presented
MN rates of 3.24 %o. About total NA, Barsiene et al. (2006)
evaluated the total NA in gills of Mytilus spp. from the Gulf
of Gdansk which is polluted by polychlorinated biphenyls
(PCB) and polycyclic aromatic hydrocarbons (PAHs, Konat
and Kowalewska 2001; Lubecki and Kowalewska 2012) and
they found rates of ~25 %o. Such numbers are very low com-
pared with average NAs observed in this study.
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distribution. Boxes represent data corresponding to the first and third
quartiles (n=7-10, see Table S2). Bold line inside boxes indicates
the value of the median of each NA and vertical lines represents the
interquartile range. Dots outside the range are outliers

A possible explanation might be the high pollution in
the study sites. In the case of La Pampilla, it receives con-
tamination from different anthropogenic sources. One of the
most important sources is the sewage outfall of Punta Tinaja,
which consists of a main source of domestic sewage to the
adjacent waters. Sediment analysis near the sewage outfall
(Coquimbo’s water bodies, Bahia La Herradura) developed
by the POAL found concentrations of genotoxic substances,
such as Cadmium (Cd), Mercury (Hg), Lead (Pb), PAHs
and Cu (DIRECTEMAR 2017). There is no information
on the concentrations of metals and PAHs for Totoralillo.
In that analysis, Cu concentration was considerably high
(145 mg kg ~"), when contrasted to the sediment quality
guidelines proposed by the NOAA (Buchman 2008). Cu is
a well-known genotoxic agent (e.g. Bolognesi et al. 1999).
Furthermore, Gaete et al. (2019) observed genotoxicity on P.



Bulletin of Environmental Contamination and Toxicology (2021) 107:77-83

81

purpuratus exposed to Cu from concentrations of 1 pg L7},
and also an increased number of MN with time of exposure.
Cu concentrations in Chile are naturally high and this metal
may occur in waters, sediments, and mussels from the north-
ern coast of Chile, as observed by De Gregori et al. (1996).
Cu is also related to several sources of pollution, such as
sewage or residues from mining or port activities (Valdés
et al. 2015). Furthermore, there are several studies focused
on the effects of Cu concentrations in Chilean coastal envi-
ronments and organisms (e.g. Riveros et al. 2003; Medina
et al. 2005; Saez et al. 2015; Gaete et al. 2019). Other metals
found near the sampling site have also increased the fre-
quency of MN in mussels (Bolognesi et al. 1999). PAHs are
also known to have genotoxic potential to mussels (Siu et al.
2004). The presence of Cu and other xenobiotics like these
might explain the number of NAs observed.

Gaete et al (2019) discussed that P. purpuratus exposed
to Cu presented sensitivity similar to other mussels (about
MN frequency) and that low MN basal values were observed
for this species. Then, higher rates of NA observed in our
investigation could be due to pollution, or natural environ-
mental stressors present in the sampling sites. Another fac-
tor that might influence the elevated frequencies observed
in P. purpuratus was the fact that this species inhabits the
intertidal zone of the rocky reef, thus they keep exposed to
the air and sun during low tides, and such fact may represent
a natural stressor and increase the number of MN (Brunetti
et al. 1992). This temporal anoxic condition combined with
the contaminants present in the environment might cause
stronger genotoxic effects.

High frequencies of NA may also have been influenced
by the heavy and uncommon thunderstorms occurred in the
zone (Coquimbo) between May 10 and 13, 2017 (2-3 weeks
before sampling); in that extreme climatic event, the volume
of rain precipitation was almost equivalent to a year’s aver-
age for the zone. This possibly caused the introduction of
stormwater rainfall and superficial leachates into the coastal
waters, carrying sediments and contaminants from urban
zones and mining activities. It is known that short acute
exposure to contaminants may cause genotoxicity to mussels
(Woznicki et al. 2004), and this effect may last up to 5 years
(Barsiene et al. 2008, 2012). Also, temporal variations in
effluents and organic contents in seawater can generate vari-
ations in the concentrations of pollutants in soft tissues of
P. purpuratus (Riveros et al. 2003). Therefore, an abrupt
increase of contaminants and freshwater input could have
affected the organisms, especially in the first sampling sur-
vey. This indicates that this test also can be used to evalu-
ate the effects of extreme environmental changes on marine
organisms and not only direct effect of pollutants.

Perumytilus purpuratus appears as potential organism to
be used in wider monitoring programs and risk assessments,
using MN test and/or other biomarkers capable to show the

effects caused by xenobiotics or changes in the environment,
such as those generated by the climate change. Previous
studies conducted in Chile also showed that this species can
provide useful information on the environmental contami-
nation (Riveros et al. 2002, 2003). Also, as this organism
is not commercially exploited, the populations tend to be
stable, abundant, and available to provide a suitable number
of test-organisms. The use of the MN and other abnormali-
ties on P. purpuratus was considered effective and simple to
evidence environmental genotoxicity. This test also showed
the utility to assess the effect of extreme climatic events,
which will increase in intensity and frequency in the future
(Ummenhofer and Meehl 2017).

Supplementary Information The online version of this article (https://
doi.org/10.1007/s00128-021-03132-8) contains supplementary mate-
rial, which is available to authorized users.
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