2=/Newcastle
University

Applying an integrated ecotoxicological approach to
assess stress from exposure to trace metals and UVB

radiation

Chloe Lucy Eastabrook

140135446

A Thesis submitted for the Degree of Doctor of Philosophy

School of Natural and Environmental Sciences

Newcastle University

March 2022

i






Abstract

Coastal marine organisms are impacted by combinations of chemical and non-
chemical stressors, including exposure to metals and elevated UVB radiation.
The impacts of chemical mixtures upon these are largely unknown, as are the
links between exposure and biological effects. Regulatory guidelines are often
based on single effect data and concentration addition (CA) modelling that
assumes an additive response, thereby overlooking possible synergistic or
antagonistic interactions. In this thesis, a harpacticoid copepod (Tisbe battagliai
Volkmann-Rocco, 1972) and a chlorophyte microalga Tetraselmis suecica (Kylin)
Butcher, 1959 were applied as models to characterise the toxicity and determine
observed adverse effects of copper, nickel, and zinc chlorides (copepod and
alga) or UVB (copepod only). An integrated toxicity characterisation for singular
and combined metal exposures were conducted using endpoints across different
levels of biological organisation, informed by metal concentrations previously
determined from Kaldvellfjorden, Norway. For the combined studies, a form of
resolution IV design (Definitive Screening Design, DSD) was implemented, using
the EC20, ECs0 and ECgp values from single exposure data. Additionally, CA and
independent action (IA) models predict combined effects of mixtures. The UVB-
induced effects were quantified using a cyclobutene pyrimidine dimer (CPD) DNA
damage induced toxicity pathway, resulting in increased reactive oxygen species
(ROS), CPD-DNA damage, short-term reproductive problems, developmental
delays, and mortality. Single metal studies characterised toxicity along a metal-
induced toxicity pathway that increased ROS production, oxidative DNA damage
and apoptosis leading to reduced survival. T. battagliai survival was most
impacted by copper (48h LCso 1.66 uM), followed by zinc (48h LCsp 4.53 uM) and
nickel (48h LCso 27.70 uM). All three metals were identified as significant effect
drivers within the three-metal mixture, influencing survival after 24 and 48 hours.
Significant interactions were found between the pairs copper and zinc, and
copper and nickel after 24 hours. These mixtures were compared to CA (48h
ECso 16.73 uM) and IA (48h ECso 23.32 uM) models that predicted copper would
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be the main risk driver at low mixture concentrations and zinc at high mixture
concentrations. The observed mixtures were identified as having a non-
interactive effect (additive) or an antagonistic interaction. T. suecica growth was
most sensitive to zinc and copper after seven days of single exposure, but all
three metals were significant effect drivers within the three-metal mixture. When
comparing the two species sensitivity to these metals, T. battagliai was more
sensitive to copper but less sensitive to nickel than T. suecica. This integrated
ecotoxicological approach provides greater insight into how the interactions
between metals influence mixture toxicity of copper, nickel, and zinc at different
levels of biological organisation. Following stressor-specific toxicity pathways
allowed stressor-specific endpoints to be developed and conducted. For some
endpoints, the high variability in observed effects over time shows the complexity
of interpreting toxicity from chemical and non-chemical stressors.
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Chapter 1. Introduction

1.1 Background

Although risk assessments were initially conducted for insurance purposes as far
back as 1720 (Christopher, 2007), it wasn’t until the establishment of the
Environmental Protection Agency (EPA) in 1970 in the United States of America
(USA) that quantitative ecological risk assessments became a routine part of
regulatory decision making (Suter I, 2008). The 1970s saw a swathe of
developments in the methods and practice of quantitative ecological risk
assessment (ERA), such as the publication of the Interim Procedures and
Guidelines for Health Risk and Economic Impact Assessments of Suspected
Carcinogens, that described a general framework for standardised analysis of
cancer risks from pesticides (Farland, 1992). There began to be a divergence in
practice as the methods developed, with different regulatory agencies interpreting
risk assessments differently and working to different standards. In response, the
National Academy of Science (NAS) released the ‘Red Book’ in 1983 that
outlined how risk assessments should be understood and managed, including a
four-step framework for human health risk assessment: hazard identification,
exposure assessment, dose-response assessment, and risk characterisation
(NRC, 1983). This was later modified by Environment Canada to focus on
exposure assessment, receptor characterisation, hazard assessment and risk
characterisation (Gaudet et al., 1995). To this day, this remains the dominant

approach for conducting ERAs worldwide.

ERAs have enabled the evaluation of the likelihood of adverse ecological
consequences occurring as a result of exposure to a chemical or non-chemical
hazard (stressor), focusing at an individual level (Van den Brink, 2008). Chemical
stressors include organics, metals, pesticides, and emerging contaminants of
concern, whereas non-chemical stressors include temperature, noise, and
radiation. ERAs can help identify environmental issues, establish regulatory
priorities, and provide scientific evidence for policy makers. Following this,
suitable regulatory guidelines on usage, release and/or exposure can be
established. To achieve this, the hazard assessment stage is integral, as the



hazard or toxicity of a stressor must be known and understood before risk can be
assessed. Hazard assessments determine and characterise the capacity of a
stressor to cause adverse effects (Hope, 2006). This can be achieved by
identifying toxicological activity within an organism. A mechanistic approach can
be taken here, which identifies modes of action and the adverse outcomes of the
stressor. An integrated hazard assessment combines measured effects from
different levels of biological organisation (molecular, cellular, and individual) to
understand how the toxicity at initial levels triggers the observed adverse

outcomes at an individual level.

The focus of risk assessments more generally is shifting to cumulative risk
assessments (CRA), which has pressured regulatory agencies to simultaneously
consider the importance of both chemical and non-chemical stressors. It is
therefore important to understand the complexity of mixtures and their
interactions (Lewis et al., 2011). The National Research Council’s ‘Science and
Decisions’ report, released in 2009, noted that both chemical and non-chemical
stressors should be included in cumulative risk efforts, as primary focus is usually
given to chemical stressors (NRC, 2009). Traditional risk assessment
methodologies have been focused on single chemical stressors, which has
meant that quantitative evidence base for combined studies using non-chemical

stressors is lacking.

The combined effects of complex mixtures and multiple stressors are often not
known or characterised for many common environmental stressors. Combined
hazard assessment can therefore provide these missing adverse effects data on
combined stressors, as a key component of CRA. Combined hazard assessment
can also consider potential interactions between stressors. Combined
experiments in the laboratory and field are complex; therefore, predictive models
have been useful in taking already known single toxicity data and providing the
predicted toxicity of combined stressors. However, measured combined data are
needed to understand whether these interactions are acting in the assumed way,
or whether this is under- or over-predicting potential combined effects. To
harmonise ERA of combined exposure to multiple chemicals, Committee et al.

(2019) suggest that hazard assessments for the characterisation of mixtures can



be achieved using a whole mixture approach and/or a component-based
approach. The whole mixture approach is holistic as all components are
considered as contributors to the overall mixture toxicity.

Despite the move towards CRA, there remains a dearth of research focusing on
how mixtures interact and cause toxicity in marine contexts. In this thesis, an
integrated ecotoxicological approach is taken to assess stress from exposure to
trace metals in two marine species, a copepod (Tisbe battagliai) and a microalga
(Tetraselmis suecica), and to UVB radiation for T. battagliai. These lower trophic
level marine organisms are used to provide a detailed mechanistic understanding
of how microalgae and copepods respond to chemical and non-chemical
stressors. Microalgae are vital as a base for most marine food webs, and
copepods as the most numerous multicellular organisms on Earth, have a critical
role in transferring energy between this base to higher trophic levels (Jones and
Henderson, 1987; Paffenhofer, 1993; Stibor et al., 2004; Turner, 2004; Schminke,
2007). Although dominated by planktonic species, those occupying a more
benthonic niche, including the Harpacticoida, help to regulate meiobenthic
communities and are essential food sources for the juveniles of many
commercially important fish (Gee, 1989). Coastal harpacticoid copepods
(inhabiting the littoral and infralittoral zones) have been widely used in toxicology
studies (Bengtsson, 1978) and for ecological and ecosystem health and risk
assessments (ISO, 1999). Furthermore, increased use of such species in risk
assessment will help to reduce vertebrate testing in aquatic ecotoxicology.

Both chemical (trace metals) and non-chemical (UVB radiation) stressors are
used to complete hazard assessments in singular exposures and combined
stressor exposures. For the single stressors, a stressor-specific toxicity pathway
is used to characterise the adverse effects at different levels of biological
organisation. For combined stressors, specific endpoints are measured along a
toxicity pathway to characterise the toxicity because of stressor interactions.
Alongside these hazard assessments, the metal fractions within the exposure
solutions are determined to better understand what the test species is exposed to
and the implications for toxicity.



Metals are chemical elements that have metallic luster, are malleable and ductile,
form cations, have basic oxides and are electrical conductors (Ali, Khan and llahi,
2019b). There are many different terms for metals, including heavy metal, trace
metal and essential metal. Heavy metal is commonly used in ecotoxicology;
however, this can lead to assumptions that these metals are always toxic and will
cause ecological hazard (Duffus, 2002). Therefore, in this thesis, the term trace
metal will be used throughout, to include metals that are often found in the
environment at low concentrations and have the potential to cause toxicity
whether it is an essential or non-essential element in biological systems and
pathways (Rainbow, 2018b).

1.2 Aims and objectives

This thesis forms part of a larger Norwegian Research Council funded project,
Cumulative Hazard and Risk Assessment of Complex Mixtures and Multiple
Stressors (MixRisk), which used five coastal case studies in Norway to
characterise the hazard and risk of chemical and non-chemical stressors. The
metals studies within the MixRisk project were based on Kaldvellfjorden in
Southern Norway. Kaldvellfjorden was heavily polluted by metal rich runoff into
the fjord after the construction of highway E18. Water samples were taken in
2016 and analysed using inductively coupled plasma mass spectrometry (ICP-
MS) to identify 29 metals present (Teien et al., 2017). These metals were used in
a cumulative risk assessment using NIVA’s Risk Assessment database (NIVA,
2019) to identify the most susceptible taxonomic groups (the three most
susceptible groups in the fjord were fish, molluscs, and crustaceans) and to
determine the main risk drivers for each group. For crustaceans, the main risk
drivers in descending order of acute risk were identified as cobalt, aluminium,
vanadium, copper, zinc, and nickel. From these, copper, nickel, and zinc were
selected as they are well studied as single stressors in crustaceans, specifically
copepods, with known mechanisms of action, making them good contenders for
cumulative effects and risk assessment evaluation. Further, copper, nickel, and
zinc are among the most common metals associated with toxicity in marine

environments (Jara-Marini, Soto-Jiménez and Paez-Osuna, 2009; Sharma,



Sarvalingam and Marigoudar, 2021; Arifin, Puspitasari and Miyazaki, 2012;
Cardwell et al., 2013).

Within MixRisk, the aims of this thesis are to:

1. Characterise the toxicity of trace metals copper, nickel and zinc, and UVB
radiation in single exposure, following a toxicity pathway;

2. Characterise the toxicity of combined stressors;

3. Determine the types of interactions occurring between stressors, and how

these impact toxicity.
To achieve these aims, the objectives of this thesis are to:

1. ldentify the relevant toxicity pathways for metals and UVB radiation using
already published literature;

2. Develop an effects toolbox of targeted bioassays and endpoints related to
the mode of action and adverse outcomes of each stressor for the test
species;

3. Conduct a hazard assessment for metals and UVB radiation to populate a
chosen toxicity pathway with measured responses;

4. Conduct a combined hazard assessment using the same targeted
bioassays for comparisons to single toxicity responses;

5. Characterise the interactions occurring between the stressors within a

mixture by comparing to predicted mixture responses.

1.3 Research questions

The research questions for this thesis are:

1. What are the effects of metals and UVB radiation on lower trophic level
marine organisms when exposed to mixture scenarios?

2. What are the different ways that the test species respond to the same
mixture scenarios?

3. Does the presence of other metals in an exposure solution change the
effects experienced in these organisms, and if so how?



4. How can we do easier, quicker, and cheaper ecotoxicological testing of

mixtures in a laboratory setting?

1.4 Outline of thesis

In Chapter two, a systematic review is conducted to provide insights into the
current understanding of metal effects on aquatic copepods and where gaps exist
in relation to the mechanistic understanding of metal toxicity. Effect responses
show the variability and susceptibility of different metals to marine, brackish and
freshwater copepods. The potential modes of action underlying adversity and the
factors that influence metal toxicity are discussed. This provides a base for

further investigating oxidative stress-induced effects in marine organisms.

Using a toolbox of targeted bioassays, Chapter three investigates the
photosynthetic responses of T. suecica exposed to copper, nickel, and zinc as
single and combined stressors. The combined metal exposures are completed
using a design of experiments statistical approach to reduce the number of
concentrations needed and provide information on whether there are interactions

within the mixtures contributing to the adverse effects on growth.

In Chapter four, toxicity characterisations of copper, nickel, and zinc on the
marine copepod T. battagliai are conducted, using a toolbox of targeted
bioassays to follow a stressor-specific toxicity pathway. Alongside effect
endpoints, metal fractionation is measured to understand whether different size

fractions are impacting on toxicity.

In Chapter five, the combined effects of the three trace metals are characterised
on T. battagliai using a design of experiments statistical approach to reduce the
amount of testing required. These measured responses at the individual level are
compared to predictive models, to determine how the mixture components are

interacting and the impact on toxicity.

In Chapter six, toxicity characterisation of the non-chemical stressor UVB
radiation on T. battagliai is conducted after an acute, short-term exposure using a
realistic light, UV and darkness set up. Using stressor-specific bioassays, the

responses are assembled into a potential toxicity pathway.



Chapter seven synthesises the findings of this thesis and compares toxicity
between the two test species. Reflections on how microalgae and copepod
interactions can transfer toxicity along food webs, alongside the exposure and
hazard interactions presented in a realistic scenario, are included as a conceptual
diagram. Future recommendations for hazard assessments are made for
combined chemical and non-chemical stressors and better integration of hazard
and exposure assessments to fully characterise toxicity.



Chapter 2. Determining the effects of trace metals in free-living
copepods: A Systematic Review

2.1 Introduction

Metals are common chemical contaminants in aquatic and marine environments,
originating from multiple geological and anthropogenic sources (Ali and Khan,
2019). Copepods are an important class of crustaceans that play crucial roles in
marine and aquatic food webs, transferring energy between primary producers
and higher secondary consumers. Copepods uptake trace metals from solution
via adsorption onto the exoskeleton and absorption across respiratory surfaces
(Rainbow, 2018a). As copepods lack gills, gaseous exchange takes place
through pores in the integument and hindgut (Blaxter et al., 1998). Metals can
also be taken up in particulate form alongside suspended particulate matter from
the water column, sediment or food (Villagran et al., 2019). Copepods typically
feed on microalgae which co-exist in the same contaminated environments
(although not exclusively), affording an additional uptake mechanism — a trophic

transfer of metals between biota known as bioaccumulation (Ali and Khan, 2019).

Toxicity depends on the concentration of a metal and its route of exposure, as
some metals at low concentrations (essential metals) are required for normal
function of many metabolic and signalling pathways. Toxicity mechanisms for
metals include displacing other metals from binding sites on proteins and DNA,
resulting in cellular misfunctioning and generating reactive radical species that
impact enzyme activity and damage lipids and DNA. These toxicity mechanisms
can cause copepods to react by activating internal defence systems (including
metabolic enzymes) against oxidative and cellular damage (Kozlowsky-Suzuki et
al., 2009). Stress responses can be triggered in other cellular components when
these defences are overwhelmed or damaged by metal exposure. These
molecular and cellular effects can indicate a metal’s mode of action (MoA) and,
alongside adverse outcomes (AQ) at the individual level, form a pathway of
toxicity from initial exposure to adverse outcome. Hazard assessment in marine
and aquatic environments has typically focused on the impacts of chemical
stressors on higher trophic organisms (particularly those of economic



importance), for example, fish. This taxonomic bias has created gaps in our
understanding of chemical stressors in lower trophic organisms, including

copepods exposed to trace metals.

2.1.1 Toxicity mechanisms of metals

Although metals are known to cause oxidative stress in many marine and aquatic
invertebrates (Jeong et al., 2019), much of the necessary detailed mechanistic
understanding remains missing. Metals can react with biological systems by
voluntarily losing electrons to form metal cations that have affinity to the
nucleophilic sites of vital macromolecules, for example proteins and DNA (Balali-
Mood et al., 2021). Metals bind to macromolecule sites that are not intended for
them by displacing the intended metal from its binding site (Jaishankar et al.,
2014). This is known as a pseudo metal which can interfere with metabolic
processes, leading to cellular dysfunction. This interaction of metals with proteins
and DNA is thought to cause oxidative deterioration of these macromolecules
(Flora, Mittal and Mehta, 2008).

Metal-induced responses in aquatic organisms include: (1) exposure effects such
as reactive oxygen species (ROS) generation, (2) detoxification responses
including antioxidant enzymes and antioxidant production, (3) toxicity responses
— the induction of oxidative stress, DNA damage and repair and apoptosis, and
(4) adverse effects at the individual level with mortality, impaired reproduction
and development, and growth. First, metals can generate reactive radical species
that cause reduced enzyme activity and damage lipid bilayers and DNA. These
reactive radical species include oxygen, nitrogen, carbon and sulphur radicals
that can originate from two sources: (1) superoxide radical, hydrogen peroxide
and lipid peroxides, and (2) chelates of amino acids, peptides and proteins
complexed with harmful metals (Flora, Mittal and Mehta, 2008). ROS are most
frequently reported for metals, including singlet oxygen, superoxide anion,
hydrogen peroxide and hydroxyl radical (Valavanidis et al., 2006; Lauritano,
Procaccini and lanora, 2012). ROS are integral to metabolism, being
continuously formed in cells and acting as important signalling molecules
(Sharma et al., 2012; Wang et al., 2017). At low intracellular concentrations, ROS
can be detoxified by efficient scavenging systems and converted into less



reactive species; however, when concentrations are high the equilibrium between
ROS formation and scavenging shifts off balance and leads to damage of
macromolecules (Caramujo et al., 2012).

Specifically, copper can facilitate the Haber-Weiss and Fenton reactions, which
converts a superoxide anion to a highly reactive hydroxyl radical. If these radicals
cannot be removed or the production process inhibited, the antioxidant balance in
the cell will be disrupted and overwhelmed with radicals, leading to oxidative
stress and cellular damages (Valavanidis et al., 2006). Relatedly, heat shock
proteins (HSP) that provide defence against oxidative stress, can undergo
transcriptional changes following metal exposure to copper, cadmium and zinc
(Kim et al., 2014a). Additionally, free copper ions (Cu?*) can compete with other
cations at ion channels, interfering with osmoregulation and enzyme activity
(Heuschele et al., 2022).

Similarly, a major mechanism of cadmium toxicity is oxidative stress, as cadmium
can increase cellular ROS, such as superoxide anions and hydrogen peroxide,
and reduce the antioxidant capacity of the cell (Ensibi and Daly Yahia, 2017).
This leads to lipid peroxidation, DNA damage and cellular damage (Wang et al.,
2012). Cellular thiols and protein sulfhydryl groups can maintain the intracellular
redox homeostasis and protein functions by reacting with ROS (Hu et al., 2019).
However, cadmium can deplete sulfhydryl groups and combine with thiol
proteins, disrupting the neutralisation of ROS and normal protein function.
Relatedly, calcium-mediated intracellular signalling processes and homeostasis
can be disrupted by cadmium, by activating transcription to reduce calcium ion
stores within a cell (Tvermoes, Bird and Freedman, 2011). Calcium ions are a
major signalling molecular during cell signal transduction, which when altered by
a trace metal like cadmium, can disrupt energy output regulation and cellular
metabolism, often inducing apoptotic cellular death (George and Orrenius, 1999).
Further, cadmium can cause neurotoxicity as it interferes with cholinesterase
enzymes (ChEs), which includes acetylcholinesterase (AChE). AChE inhibition
disrupts nervous system functions, resulting in impacted respiration, feeding and

behaviour. ChEs can be inhibited by metals including cadmium, copper, and zinc.
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Following on from ChE inhibition, zinc is also known to cause toxicity by
interfering with antioxidant defences. Zinc can inhibit glutathione reductase, an
enzyme involved in maintaining the supply of reduced glutathione (a cellular
reducing thiol) for the control of cellular ROS (Trevisan et al., 2014).

Finally, according to Brix, Schlekat and Garman (2017), there are five potential
toxicity mechanisms for nickel in aquatic environments, three of which are the
disruption of homeostasis for calcium, magnesium, and iron. Magnesium plays an
important catalytic role in stabilising nucleic acids and protein functions in
enzymatic reactions, mainly involved in ATP production. Nickel can disrupt
magnesium homeostasis by inhibiting the uptake of magnesium ions at the
cellular and organ levels (Brix, Schlekat and Garman, 2017). Similarly, iron is an
electron donor and receptor in cellular processes including ATP and DNA
synthesis. Nickel can impact the expression of genes involved in iron
homeostasis, including transferrin receptors, transferrin and ferritin, leading to
iron deficiency and reduced oxygen transfer (Brix, Schlekat and Garman, 2017).
Nickel has been reported to reduce oxygen consumption rates in aquatic
invertebrates (Pane et al., 2003). As described for copper and cadmium, nickel
can contribute to the formation of ROS and associated oxidative damage, by
denaturing and interfering with antioxidant enzymes such as catalase,

glutathione-S-transferases, and glutathione peroxidases (Tlili et al., 2016).

2.1.2 Defence and repair mechanisms

Defence and repair mechanisms can assist in restoring ROS-induced DNA and
protein damage in copepods (Sahlmann et al., 2017). Cells contain detoxification
systems that use endogenous antioxidants including catalase (CAT), superoxide
dismutase (SOD) and glutathione peroxidase (GPx) to inhibit or quench free
radical reactions (Nimse and Pal, 2015). In short, these enzymatic antioxidants
work by breaking down and removing free radicals by converting them into
hydrogen peroxide, then splitting the hydrogen peroxide into a harmless water
molecule and divalent oxygen. There are two types of antioxidants — small-
molecule and large-molecule. Small-molecule antioxidants e.g., glutathione
(GSH) are scavengers that can physically remove ROS. Large-molecule
antioxidants (e.g., CAT, SOD and GPx enzymes) absorb ROS to prevent protein
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damage (Nimse and Pal, 2015). Additionally, HSP provide protein defence
following metal induced oxidative stress. HSP are widely known as chaperone
proteins as one of their functions is to interrupt aggregations of proteins which
can occur under oxidative stress (Segrensen, Kristensen and Loeschcke, 2003).
HSP can also secure functional conformation of proteins and can reverse
misfolded or degraded proteins (Wang et al., 2017). Protein synthesis can be
temporarily paused in copepods when HSP are expressed to avoid further
misfolding or degradation during oxidative stress (Hakimzadeh and Bradley,
1990). Measurements of these responses can indicate whether there was a
stress response from the organism and whether the species can naturally deal
with that stress. This helps to characterise toxicity and provide explanations for a

species’ sensitivity.

2.1.3 Toxicity characterisation

Metal toxicity can cause adverse outcomes for affected species, including
compromised reproduction, development, and survival. Adverse outcomes are
commonly measured in hazard assessments as they represent the toxicity impact
on the individual and the growth of the population, with both impacting overall
community structure and functioning. The lethal concentration that causes 50%
mortality (LCso) value has become a well-accepted value to compare the effects
of metals between species, and easily determine a species’ metal sensitivity. As
adverse outcomes are the result of both molecular and cellular toxicity, these
effects can be organised into a toxicity pathway to provide a mechanistic
understanding of metal toxicity. Measurements of gene expression or cellular
components that are changed during toxicity (e.g., ROS formation and enzyme
activity) can be determined alongside life history assays (e.g., fecundity and
developmental delays).

2.1.4 Aims of review

Metals were chosen as the stressors of interest for this systematic review as they
are major chemical contaminants found in all marine and aquatic environments
and are known to cause toxicity and activate stress responses. Copepods are

known to be good indicators of how ecosystems will respond to environmental
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change (Wang et al., 2018), making them ideal candidates for hazard
assessments. Within hazard assessment, there is a need to capture data in a
standardised, structural, and transparent way to allow assembly, integration,

interpretation, and reporting of these data.

The aims of this review were to assess copepod species sensitivity to different
metals and to provide a mechanistic understanding of metal toxicity. To achieve
this, measured effects after metal exposure in laboratory studies were organised
into possible molecular initiating events (MIE), and cellular responses and
adverse outcomes. Potential links between effects are discussed.

2.2 Materials and Methods

A systematic review collects published empirical evidence to answer a specific
research question. To achieve this, a database search was conducted to collate
studies to be reviewed using carefully selected key words that relate to the
research question and aims. These studies were then assessed for eligibility and
reliability, using inclusion and exclusion criteria, and the remaining studies were

used for qualitive data analysis.

2.2.1 Identification of studies

The research question for this review was, ‘what are the effects of metals on free-
living copepods?’ A pilot study was conducted to check that the chosen key
words for the database search and criteria for including and excluding papers at
each screening level were suitable. Using Scopus as the chosen electronic
database, the search was performed without restrictions using the advanced
search settings and query string:

TITLE-ABS-KEY(copepods AND metal AND effect) TITLE-ABS-
KEY(copepods AND metals OR effect).

Using the programming language node.js, a script was written to query the
Scopus Search API for papers matching the query string. This code (see
appendix A) retrieved all necessary metadata (title, authors, abstract, journal,
date published, DOI) and was outputted into a .csv file. This .csv file was the
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basis for data screening. The search was performed on 4" October 2021, and
initially included papers from 1972 until 2021.

2.2.2 Assessment of study eligibility

All downloaded studies were screened for eligibility at three levels following
specific inclusion and exclusion criteria. Firstly, studies were screened at the title
and abstract levels and were included if they met the inclusion criteria: (1)
specified a crustacean species was used, (2) a metal was used in a laboratory
test, using terms such as LC/ECx values, MoA or AO, and (3) was written in
English. This generated a list of papers to be read in more detail and further

screened using more specific criteria.

The inclusion criteria for full texts were as follows: (1) a marine, brackish or
freshwater copepod was used in a laboratory experiment, (2) an ecotoxicology
study was conducted using a metal(s) added to the media or food, and (3)
reported toxicity endpoints were measured. The exclusion criteria for full texts
were as follows: (1) a marine, brackish or freshwater copepod was used in a field
or mesocosm experiment, (2) an ecotoxicology study was conducted using
another chemical stressor, and (3) no toxicity endpoints were measured. For the
screening of full texts, a record was kept of why each paper was rejected. Review
articles were excluded. Following this, this list of papers to be included was used

in the reliability and quality assessment.

2.2.3 Reliability and quality assessment

Reliability and quality assessment of the full texts that passed the inclusion
criteria were conducted using the Toxicological data reliability assessment tool
(ToxRTool) (Schneider et al., 2009). This tool is publicly available for use and can
be downloaded and used in Microsoft Excel (version 16.58). ToxRTool has two
software tools — an in vivo and an in vitro evaluation tool — this review only used
the in vivo software tool. To answer the 21 criteria of ToxRTool, a binary
response was implemented, giving the answer zero when the criteria was not met
and one when the criteria was met. These were totalled and given an overall
score that related to one of three Klimisch reliability categories (Klimisch,
Andreae and Tillmann, 1997). Category one represents studies that are reliable
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without restrictions, as studies were carried out following accepted test guidelines
or close to these guidelines. Category two represents studies that are reliable
with restrictions, as these studies do not follow accepted test guidelines but have
sufficient methodological details and are well documented approaches. Category
three includes not reliable studies as they used methods that are not accepted,
there was insufficient information provided for the assessment, or the test
substance or organism/system were not relevant for the research questions. A
score of three indicated that the paper was not reliable enough to be included in

this review and was removed before data extraction.

2.2.4 From identification to inclusion

The selection of studies included in this review can be seen in a PRISMA flow
diagram — Preferred Reporting Items for Systematic reviews and Meta-Analyses
(Figure 2.1). This review began with 269 studies and excluded 212 studies after
title, abstract and full text eligibly assessment. Full texts couldn’t be found for nine
papers, after contacting the authors via ResearchGate where possible, causing
these to be removed. The 57 full texts were assessed for reliability, resulting in 19
papers being excluded as they scored three and the remaining 20 papers scoring
one and 18 papers scoring two that were included in this review. These final 38

studies were included in qualitative data analysis.

2.2.5 Data extraction

Data extraction was completed in Microsoft Excel (version 16.58), to include the
relevant information for effect endpoint comparisons, including year of
publication, metals used in exposure, species name, LCso values if present and
effect endpoints measured. These data were imported into GraphPad Prism 9 for
qualitative data analysis, including non-linear regressions and Pearson

correlation analysis when relevant.
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Figure 2.1. PRISMA flow through depicting the screening process for the

selection of records included in the review for metals. Some studies reported

multiple metals or species, producing multiple data entries into the review,

making the number of studies shown here different to the number of data entries.

Adapted from Liberati et al. (2009).
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2.3 Results and Discussion

In this systematic review, 38 studies measured toxicity endpoints during and after
exposure to metals in laboratory studies. The metals included in this review are
metals of concern for researchers and environmental hazard assessments
because of their bioavailability, their difficulty to eliminate from marine and
aquatic environments and for their population health effects on commercially and
regulatory important species (Briffa, Sinagra and Blundell, 2020; Tian et al., 2020;
Jeong et al., 2019).

2.3.1 Frequency of studies over time

Since the early 1980s the number of papers published exposing metals to
copepods there has increased (Figure 2.2). There was a significant positive
correlation between the year and the number of papers published (Pearson
correlation, P = 0.02). This correlation between the number of papers published
and the year of publication seems representative of the increasing risk and
understanding of metal contamination over that period. Recently, the interest in
understanding metal occurrence, behaviour, interactions, and effects has
increased due to growing industrial and anthropogenic activities near marine and
aquatic environments, particularly coastal environments (Balali-Mood et al., 2021;
Ali, Khan and llahi, 2019b).
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Figure 2.2. Frequency of papers published between 1982 and 2021, fitted with a
non-linear regression (R? = 0.31).

2.3.2 Frequency of species and metals

Of the 38 studies included in this review, 30 were marine, including 22 different
copepod species; there were four brackish species across seven studies and
only one freshwater species in a single study (Figure 2.3A); although 16 of the 22
marine species were only reported once. The most tested marine species were

harpacticoids; Tigriopus japonicus, T. brevicornis and T. fulvus (Figure 2.3C).

Copper was the most studied of the 11 metals, closely followed by cadmium
(Figure 2.3B). This is not surprising considering that copper and cadmium are two
of the most persistent metals found in many marine environments. Seven metals
were only reported once or twice, including lead, manganese, and cobalt. Silver

only featured in brackish studies.

2.3.3 Frequency of effects measured
Survival was the most measured endpoint, followed by reproductive and

developmental endpoints (Figure 2.4). These life history endpoints were included

in marine, brackish, and freshwater studies, whereas the molecular and cellular
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endpoints were mostly included in marine studies. The most common cellular
endpoint was antioxidant enzyme activity, but this was only included in marine
studies (Figure 2.4). Genetic and proteomic expression were recorded for both
marine and brackish copepods, yet no molecular or cellular endpoints were
measured in the freshwater study (Figure 2.4). Because of this and the low
number of freshwater studies found, in this review the effects of freshwater
copepods were limited to life history discussions. Freshwater environments and
species are common for ecotoxicological assessments, suggesting that the focus
on copepods is lacking. This could be due to wide acceptance of other model
freshwater species that are recommended in testing guidelines, including the
water flea Daphnia magna and zebrafish Danio rerio. Metal toxicity and effects
are well understood in fish and Daphnia, but this level of understanding for

copepods is lacking.

19



B. Metals

A. Environment

20+

T T
0 o

~— ~

S8IpN}s JO Jaquinn

T
T}

1
o

1 1
o Yo]
N -~

seIpn}s Jo Jaqui

1
o
&

NN

0

peaT

1eqoD
asauebuep
JBA|IS
oluasly
wnjwoiyo
AinoJs
oulz
[®OIN
wniwpe)
Jaddo)

Jajemysal4

yspioelg

auLel

Metal

Environment

C. Species

Il Marine

B Brackish

B Freshwater

sa10ads Jo JaquinN

J8}1uod snwojdejpojoN

eueu euidojofoeied
IS euoyjio

Juaqeuy ejadoziydos
ISUB08UI0q sdojaooody
adiuids e1o0)N

B]eAIND BOROUQD
adibuoj soydajs

Bolj0/R)UE BISIOPIqE[Rled

nojyoJewuly snuejes
sisualluis eiueay

nojuod saebedosjus)
snany sndoubi
1U1001N8.1q Sndolbil|
esuoj elueoy

nojuodel sndoLbi |

Species
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number of studies vary between (A) and (B).
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Figure 2.4. Frequency of biological endpoints measured. The total number of
endpoints does not equal the total number of studies as some studies included
multiple endpoints. ROS = reactive oxygen species.

2.3.4 Copepod sensitivity to metals

Species sensitivity to adversity was described in many studies in this review (n =
22). LCsp values were compiled for the top four genera studied to compare
sensitivity (Figure 2.5). Tigriopus had LCso values for seven metals, over different
time points, and was the most resilient genus to chromium, nickel, and cadmium.
Eurytemora had LCso values for only three metals but was the most sensitive

genus to all three (nickel, cadmium, and copper).

For the most studied species (T. japonicus) copper was the most toxic metal,
followed by lead, zinc, arsenic, cadmium, nickel, and chromium. This review

found a similar trend in the order of metal toxicity for other marine species
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including T. battagliai and T. holothuriae, although not all the same metals were
tested. Copper is an essential metal and according to Barka, Pavillon and Amiard
(2001), essential metals often have higher toxicities than non-essential metals.
This did not hold true for all metals, as nickel is essential yet was less toxic than

non-essential lead.

Copper was the most toxic metal measured for marine, brackish and freshwater
adversity (Figure 2.6). This finding must be considered within the limitations of
this metal being the only metal where survival, reproduction and development
were measured in all three species groups, as well as being the most studied
metal overall. This main finding supports other published literature comparing
metal sensitivity outside of the criteria for this review (Verriopoulos and Moraitou-
Apostolopoulou, 1982; Hagopian-Schlekat, Chandler and Shaw, 2001).
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Figure 2.5. Lethal concentrations that cause 50% mortality (LCso values) after (A)
Tigriopus, (B) Acartia, (C) Tisbe and (D) Eurytemora genera are exposed to trace
metals. Trace metals include chromium, nickel, cadmium, zinc, copper, lead,
arsenic, and cobalt. Each cross represents one LCso value taken from a study.
The spread of LCso values per metal shows different LCso values calculated at
different time points. The greater the width of the violin outline, the more data
points were available. The width is relative to the number of metals measured per
genus and is therefore only comparable within each genus figure.
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Figure 2.6. Lethal concentrations that cause 50% mortality (LCso values) for
copepod species after exposure to (A) copper, (B) cadmium, (C) nickel, and (D)
zinc. The cross-data points are for species with LCso values shown on the left-
hand y-axis, and filled circle data points are for species with LCsg values on the

right-hand y-axis. The dashed line on the x-axis divides these two groups.
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2.3.5 Copper toxicity

Copper caused the upregulation of anti-oxidative enzymes GST, GPx and SOD
and heat shock proteins (HSP) 20 and 70 at 10 and 100 yg L' in T. japonicus,
alongside genes coding for detoxification, antioxidant defence and HSP at 10 pg
L-'. However, no ROS formation at the same concentrations were measured in T.
Japonicus and no increase in DNA damage in two other Tigriopus species were
reported at 6 and 60 pg L™, albeit this study also reported high background DNA
damage that could explain the lack of significant difference between controls and
exposed Tigriopus species (Table 2.1). ROS formation and DNA damage at
lower concentrations than mortality would be expected. However, T. angulatus
had a high sensitivity to copper and had the highest LCso value reported in this
review for copper (1.56 mg L") (Figure 2.6).

These responses suggest that anti-oxidative enzymes are effectively managing
ROS formation in T. japonicus as copper is a redox metal known to directly form
superoxide and hydrogen peroxide from the Fenton reaction (Chaitanya,
Shashank and Sridevi, 2016). However, it is surprising that a measurement of
increased ROS was not reported, as shown in other marine species (Nguyen et
al., 2018; Rhee et al., 2013b; Bopp, Abicht and Knauer, 2008). This lack of ROS
formation could explain the lack of change in DNA damage, measured using the
comet assay in three species (Sahlmann et al., 2019). This assay measures
double strand breaks, single strand breaks, oxidative base damage, and DNA
cross-linking. Copper exposure has been shown to cause oxidative base damage
after build-up of free radicals and ROS in cells. A study outside of this review
found that DNA damage occurred after metal exposure in three marine
copepods, with copper being associated with some of the highest DNA damage
(Goswami et al., 2014), suggesting that changes in DNA damage in Sahlmann et
al. (2019) might have been missed due to the high background DNA damage. As
50% mortality was seen for A. tonsa at 234 ug L', DNA damage at a lower

concentration would be expected before mortality.

Contrary to the lack of DNA damage reported in Sahlmann et al. (2019), HSP20
and HSP70 were significantly overexpressed at 10 and 100 yg L' in T. japonicus
(Table 2.1). HSP are often overexpressed in response to genotoxic stress, as a
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mechanism to protect cells and preserve cell integrity (Dubrez et al., 2020).
However, HSPs are also known to respond to a form of cell death called intrinsic
apoptosis, which occurs in response to cellular stresses by mitochondrial
signalling. These cellular stresses include ROS and the accumulation of mis-
folded proteins (Menze et al., 2010b). Here HSP overexpression could be to
protect the cells from apoptosis, as one of their main roles is to correct mis-folded
proteins. Though apoptosis was not measured in any of these reviewed studies, it
is @a common response to metal exposure and can be one of the final stages of
toxicity at the cellular level, before adverse outcomes.

Furthermore, fatty acids (FA) are involved in protecting cells against diseases
(Boissonnot et al., 2016) and were measured in Acartia tonsa under copper
exposure of 109 ug L™, showing compositional changes including a lack of
monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA)
(Table 2.1). FAs are involved in metabolism and a change in composition can
trigger reduced reproductive success, notably through compromised egg viability
(Irigoien et al., 2000). Although egg viability was not measured, reproductive
success did decrease following copper exposure, with impacts occurring on the
presence of egg sacs (fecundity) and the number of nauplii released (hatching

success).

Respiration was measured for two marine species, with opposing results. There
were no changes in respiration rates after 12 hours of 23 ug L' copper exposure
to Calanus finmarchicus yet T. brevicornis displayed increased respiration in one
study but exhibited no change in a second (Table 2.1). Lode et al. (2021)
suggested this difference was due to the number of individuals used per
replicate, as an increase was only found when low densities were used (1-2
individuals per replicate). Changes in respiration rates can have important
consequences for energy availability for growth and reproduction.

At the adverse outcome level, following copper exposure, reproductive and
developmental endpoints showed significant effects after exposure to low
concentrations over both short and long time periods, from one to 30 days. For
the marine species Nitocra spinipes that was exposed to copper via sediment

contamination, there were 50% fewer nauplii produced at 37 and 740 mg kg™".
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Even when the copper concentration increased 20 times, the same percentage
reduction in nauplii production was shown. The change in silt percentage in the
sediment could therefore be contributing to the lack of change in nauplii
production, or the additional copper cannot be up taken and increase toxicity
impacts. Larval development was reduced in a marine and an estuarine copepod
following both constant and pulsed exposure at concentrations of 1.7, 13 and 28
ug L and up to 25 ug L' respectively (Table 2.1). Relatedly, the expression of
vitellogenin (Vg) genes Vg1 and Vg2 following a higher 400 ug L' exposure after
2, 3 and 4 days showed significant induction in the marine copepod
Paracyclopina nana, whilst the freshwater Notodiaptomus conifer produced no
egg sacs (Table 2.1). Although the concentrations for these studies were quite
different, the impacts on developmental success were linked to Vg expression
levels as Vg is important for energy availability for embryonic development, as it
is the starting protein of the egg yolk vitellin (Lauritano, Procaccini and lanora,
2012).

Copper exposure was not always detrimental for reproduction as N. conifer
experienced an increase in the number of eggs per female at low copper
concentrations of 0.4 — 0.8 ug L™". As copper is an essential metal this suggests
that the individuals were able to utilise the additional copper up to a certain
threshold value. Above this threshold, the concentration of copper exceeded what
was needed for essential cellular processes, like reproduction, and instead had a
damaging effect. This was shown for N. conifer that had no egg sac at a copper
concentration of 3 ug L. Further, N. conifer had a LCso value of 120.5 and 62.9
ug L' that are higher than any concentrations used in this reproductive study,
suggesting that although N. conifer can survive higher copper concentrations,

their reproduction is negatively impacted at much lower concentrations.

Overall, copper toxicity from these papers indicated a relationship to oxidative
stress that caused anti-oxidative enzymes, HSPs and FAs to react at a molecular
and cellular levels. Once copper toxicity was established, both reproductive and
developmental endpoints highlighted the high impact at relatively low copper
concentrations, suggesting that copepods are very sensitive to copper.
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Table 2.1. Summary of biological endpoints measured in studies that exposed copepods to copper, except for survival or LCsg values.
For the environment column, blue represents marine species, green represents brackish species and orange represents freshwater
species. ROS = reactive oxygen species, GPx = glutathione peroxidase, GST = glutathione S-transferase, GSH = glutathione, GR =
glucocorticoid receptor, SOD = superoxide dismutase, CYP13A = cytochrome P13A, CYP4C20 = cytochrome P4C20, HSP = heat shock
protein, FA = fatty acids, PUFA = polyunsaturated fatty acid, HUFA = highly unsaturated fatty acids, Vg = vitellogenin.

Concentration

Environment | Species Endpoint Time | (ugL" unless Response Reference
otherwise stated)
138 genes upregulated — detoxification,
Tigriopus Gene antioxidant defence, heat shock proteins, GPx, (Ki et al.
. . . 6h 10 GST, CYP13A and CYP4C20. ’
Japonicus expression 375 genes downregulated — structure, growth, 2009)
development, Vg and cuticle proteins.
. . . 10 No change Lee et al.,
T. japonicus GST expression | 6h 50 Increased (2007)
ROS formation No sig. change
GSH and GR No sig. change
. . GST, GPx and Concentration dependent significant increases Kim et al.,
T. japonicus SOD 4d 10:and 100 compared to contFr)oIs 5 (2014b)
HSP40 Downregulated
HSP20 and 70 Upregulated
T. brevicornis 6h . ) i
T. longicornis DNA strand and 0. 6 and 60 No increase in DNA strand break but high (Sahlmann
: breaks background DNA strand break reported etal., 2019)
Acartia tonsa 3d
A. tonsa FA profile 2d 109 No PUFAs or HUFAs present g'gmoznoavg)
T. brevicornis | Respiration 12h 23 zqc(r)?azlsitra] ;’i/ :S\Lljvacl:;))pepod densities per replicate (2I602d1e) etal.,
T. brevicornis | Respiration 12h 23 No change
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Calanus (Lode et al.,

finmarchicus 2020)
Sediment 10% silt = 50% fewer nauplii produced
37 mg kg™’
g’iﬁ?rzs E:l:ntl)iier of 10d Sediment 91% silt = 50% fewer nauplii produced (e(t:z;npzaonfz)
pinip P 740 mg kg'' g
Water = 68 No change
1d 8 Chronic ECso value following 3h pulse
o Larval Chronic ECs value following 3h pulse (Stone et
A. sinjiensis development 2d 13 al., 2021)
34 17 Chronic ECs value following continuous
' exposure
. 0, 1, Significant induction of Vg1 at all time points
’l::;zcy clopina \e/)?1r22302n 2,3, 400 when compared to 0-day g;lwzaggot)at
P 4d Significant induction of Vg2 at 2, 3 and 4 days ’
: _ (Bielmyer,
A. tonsa Eumtl)iier of 7d I;I)lzetary exposure = 20% fewer nauplii Grosell and
aup ' Brix, 2006)
Eurytemora Developmental (Sullivan et
affinis rates 2d > 25 Suppressed developmental rates al., 1983)
. Higher than controls = 5.67 + 1.14
Fecundity 04-16 Exposed = 7 — 11.2
Time of first 04-16 Increased time for clutch presence of 4.2 — 4.8 Gut
, clutch ' ' days compared to controls 3.8 + 0.83 (Gutierrez,
Notodiaptomus P : 19 - Gagneten
conifer resence o 30d 3 No egg sac and Paggi,
clutch
2010)
04-0.8 7

Number of eggs
per female

1.6 2.5
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2.3.6 Cadmium toxicity

Cadmium exposure at 100 and 1000 ug L did not increase ROS production in T.
Japonicus and only stimulated SOD, GST and GPx enzyme activity in T. japonicus at
the same concentrations (Kim et al., 2014b) and at lower concentrations of 0.2 and
0.4 ug L™ for C. ponticus (Ensibi and Daly Yahia, 2017) (Table 2.2). Redox-inactive
metals (e.g., cadmium, arsenic and lead) cannot form ROS and free radicals
themselves, but can deplete glutathione and bond to sulfhydryl groups of proteins
including glutathione (Valko et al., 2016). This can disrupt and intervene with enzyme
activity involved in detoxification, and as a result can allow more ROS to accumulate
uncontrollably within cells. This could explain why high concentrations of cadmium
did not increase GR and GSH and suggest that ROS formation was controlled by
other enzyme activities that were increased (CAT and SOD). These data align with T.
japonicus survival data and the LCso value of 12.11 mg L' (Figure 2.6) and suggest

that this species has a low sensitivity to cadmium.

Both DNA damage and HSPs increased following cadmium exposure, especially the
upregulation of HSP20 and HSP70 in T. japonicus at high concentrations of 100 and
1000 ug L' (Kim et al., 2014b). For DNA damage, this review saw that a relatively
low cadmium concentration of 9.57 ug L' caused over 60% DNA damage in the
brackish species A. tonsa (Pavlaki et al., 2016a). A. tonsa had a LCso value of 64.6
ug L', which alongside high DNA damage at 9.57 ug L' suggests that A. tonsa is a
sensitive species to cadmium. Another Acartia species, A. danae had a similar
response with high mortality and a similarly low LCso value of 32 ug L' (Figure 2.6).
HSPs are known to upregulate in response to DNA damage and mis-folded proteins
(Menze et al., 2010b); therefore, these responses suggest a possible DNA damage-
induced toxicity mechanism for cadmium. HSP20 is known as the small molecular
HSP as the molecular weights are below 42 kDa, which are evolutionarily conserved
and have a role in protein homeostasis, while HSP70 is a large HSP. Both have been
identified as potential molecular biomarkers for metal toxicity in marine and aquatic
environments as they play protective roles in many species (Jung and Lee, 2012). In
support, gene expression in T. japonicus was upregulated in genes related to
diseases and oxidative phosphorylation following exposure to 50 ug L-'(Wang, Zhang
and Lee, 2018). Relatedly to DNA damage, lipid peroxidation (LPO) is a main
indicator of damage to a cellular membrane following metal exposure, as structural

lipids are a target for toxicity (Sobrino-Figueroa, Hernandez and Alvarez, 2020).
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Cadmium was found to cause this damage in C. ponticus, with a concentration
dependent increase at relatively low concentrations of 0.2 and 0.4 pg L' (Ensibi and
Daly Yahia, 2017).

Neurotoxicity can be inferred from acetylcholinesterase (AChE) enzyme activity. For
C. ponticus, AChE activity also initially increased at relatively low concentrations of
0.2 and 0.4 ug L™, suggesting cadmium is involved in neurotoxicity (Ensibi and Daly
Yahia, 2017). This enzyme controls acetylcholine, the primary neurotransmitter in
most copepods, that without regulation can result in excessive nerve and muscle
fibre stimulation and death (Forget, Beliaeff and Bocquené, 2003). As cadmium is not
an essential metal, this could explain the initial response even at low concentrations,
as the metal does not need to be scavenged when present at a concentration slightly
higher than normal, although AChE activity reduced after 72 hours. AChE inhibition
has been linked to neurotoxicity in copepods exposed to other contaminants,
suggesting that longer exposures to cadmium could result in neurotoxicity (Forget,
Beliaeff and Bocquené, 2003). Although C. ponticus was not included in a survival
assay in this review, the AChE assay being conducted at very low concentrations of
0.2 and 0.4 ug L' is a very different experimental design set up compared to the
survival assays for other copepod species. Eight species had LCso values above 840
ug L', with only two species having very low survival at low cadmium concentrations
(Figure 2.6). This suggests that C. ponticus would be as sensitive to cadmium as
Acartia danae and Oithona similis. These three species are pelagic, whereas T.
Japonicus and T. fulvus are benthic species and have the highest sensitivity to
cadmium in this review (Figure 2.6). This suggests that the habitat or adaptations to
the habitat could influence cadmium sensitivity.

Vg expression can impact reproduction and development. This was seen for
cadmium in two estuarine copepods at the molecular and cellular level, with changes
in Vg expression for P. nana at 100 ug L' (Hwang et al., 2010) and suppressed
developmental rates for nauplii for E. affinis at a slightly higher concentration of 116
ug L' (Sullivan et al., 1983). Other papers have also reported Vg expression
induction following cadmium exposure in the marine copepod T. japonicus (Lee et al.,
2008). These three species (P. nana, E. affinis and T. japonicus) are different
copepods in terms of their environment (estuarine or marine) and where they live
within that environment (pelagic, epipelagic, and benthic respectively); however, they

all experienced an induction of Vg to similar levels of cadmium.
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Cadmium also impacts copepod physiology, including feeding rates, developmental
rates, and reproductive timings. Feeding rates of S. knabeni were studied in a
sediment experiment, showing short term (four-hour) significant impacts at
concentrations up to 49 mg kg™' and no grazing at higher concentrations of 98, 106
and 157 mg kg™ (Silva et al., 2009). As a result, energy requirements can be
impacted, often causing energy diversions from reproductive processes during
stress. Reproductive outputs were found to be significantly impacted by cadmium for
brackish species (Table 2.2), with a hatching success ECsg value of 1940 ug L for
A. tonsa and larval development ratio ECso value of 690 ug L' (Pavlaki et al., 2016a).
At a lower cadmium concentration of 116 ug L™ the developmental rates for E. affinis
were supressed. Although both estuarine species, these species live in different
environments that could contribute this difference in tolerance (A. tonsa is pelagic
and often at the ocean surface, while E. affinis is epipelagic and can live in sediment

or water).

For two marine species of Tigriopus, the number of clutches, number of nauplii,
nauplii per clutch and fecundity all decreased at concentrations of 2.5, 5, 10, 50 and
300 ug L™ when compared to controls (Pane et al., 2008; Wang, Zhang and Lee,
2018). These results show that cadmium exposure will impact overall population
growth, but once hatched T. japonicus nauplii survival did not significantly change up
to cadmium concentrations of 50 ug L. Similarly, when T. japonicus and T. fulvus
are adults, they are not particularly sensitive to cadmium, with high survival and LCso
values of 12.11 mg L' and 6.54 mg L™" respectively (Figure 2.6). Yet their
reproductive systems are very sensitive to cadmium, as shown by significant
decreases happening from 2.5 to 300 ug L™'. However, if the cadmium contamination
is short-lived, the recovery could take only one to two generations, as shown in
Wang, Zhang and Lee (2018). Here, after cadmium exposure was stopped for the 5t
and 6™ generations of T. japonicus, there was no significant difference from the
controls. This quick recovery could allow population numbers to recover in areas
experiencing one-off contamination events. Overall, cadmium exposures to copepods
suggests that the mode of action occurs from prolonged oxidative stress (LPO
induced) causing increased DNA damage, in turn impacting physiological rates,
including feeding rates, reproductive rates and developmental rates.
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Table 2.2. Summary of biological endpoints measured in studies that exposed copepods to cadmium, except for survival or LCso values.
For the environment column, blue represents marine species, and green represents brackish species. ROS = reactive oxygen species,
GPx = glutathione peroxidase, GST = glutathione S-transferase, GSH = glutathione, GR = glucocorticoid receptor, SOD = superoxide
dismutase, CAT = catalase, AChE = Acetylcholinesterase, HSP = heat shock protein, Vg = vitellogenin.

Time .
(days Concentration
) -1
Environment | Species Endpoint unless “;ﬂ L _unless Response Reference
otherwise | o, erwise
stated) stated)
ROS f ti
G(S)ﬁ 30;2125 n No significant change compared to controls
Tigriopus GST and SOD Significant increase at both concentrations Kim et al.
'1grop 4 100 and 1000 ( ’
Jjaponicus GPx Significant increase at 1000 only 2014b)
HSP10 Downregulated
HSP20 and HSP70 Upregulated
GPx Concentration dependent increase (Ensibi
. . - . nsibi
CAT, GR, GST and Biphasic response — increasing at 24h or
g;?tz;rctzpsages AChE 3 0,0.2and 0.4 48h and decreasing by 72h $r;?,igaly
Egr)éilir(]j:trifn“pld Concentration dependent 2017)
28 genes upregulated — metabolic
pathways, oxidative phosphorylation, and
Tigriopus 15t — 4t diseases (Wang,
. . Gene expression . 50 . Zhang and
Jjaponicus generations 30 genes downregulated — neuroactive Lee, 2018)
ligand-receptor interaction, protein digestion, ’
and absorption
Nauplii survival No change
. Time in the st ath (Wang,
: 1'—4 2. 1
J.Ta’ggg;i‘fs naupliar phase generations gb 5.5 10and | o centration dependent increase for all Zhang and
Developmental generations Lee, 2018)
time

33




Number of clutches

4™ generation impacted at 5, 10 and 50 ug
L-1

Concentration dependent decrease for all

Fecundity .
generations
5th _ 6th
Recovery . No significant differences to controls
generations
Number of clutches Reduced from 7 £ 0.7 in controls to 4.2 £ 1.1
Number of nauplii $Zduced from 96.4 £ 14 in controls to 22.5 +
Tigriopus ' . (Pane et
fulvus Nauplii per clutch 2 300 I?;duced from 13.7 £ 1.5 in controls t0 5.3 + al., 2008)
Nauplii per female Reduced from 3.2 £ 0.5 in controls to 0.7
per day 0.2
-1
> 49 mg kg™ dry Significantly reduced
sediment
Schizopera . (Silva et
knabeni Feeding rates 4h 98, 106 and 157 al., 2009)
k -1
sr,r(]a%irgen?ry No grazing observed
Paracyclopina | Vg1 and 2 01234100 Significant induction of both Vg1 and Vg2 (Hwang et
nana expression T from 1 day al., 2010)
DNA damage 2 9.57 > 60% DNA damage
. Hatching success 1 1940 50% hatching success (Pavlaki et
Acartia tonsa 3 I devel " al., 2016a)
arval development | 4 690 50% LDR ”
ratio
Sullivan
Eurytemora Developmental (
affinis rates 2 116 Supressed et al.,

1983)
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2.3.7 Nickel toxicity

As shown in Table 2.3, nickel toxicity was measured at the molecular and cellular
levels using endpoints for antioxidant enzymes, AChE activity, LPO, and
metallothionein (MT). These endpoints are related to oxidative stress, with mainly
concentration dependent increases for most enzyme activity. Two different marine
species T. japonicus and C. ponticus showed similar increases for the enzymes SOD
at nickel concentrations 0.75 mg L' and 0.002 to 2 mg L' respectively and GST at
nickel concentrations of 3 mg L" and 0.002 to 2 mg L' respectively (Wang and
Wang, 2010; Djebbi et al., 2021). Nickel cannot directly produce ROS, but it can
interfere with enzyme activity which leads to ROS formation being uncontrolled. All
related enzyme activities (e.g., SOD, GST, GPx, and CAT) were increased by nickel
exposure of 3 mg L' and up to 2 mg L' depending on the species, except for GSH
that reduced lower than controls from 0.25 — 3 mg L.

Relatedly, MT was significantly increased in response to nickel exposure from 0.125
to 3 mg L in T. japonicus (Wang and Wang, 2010). MTs are a family of cysteine-rich
metal binding proteins that are commonly associated with metal exposure and
providing protection against oxidative stress. When MT synthesis capacities are
overcome, LPO and DNA damage can occur, making MT a useful bioindicator of
general oxidative stress. However, LPO was significantly reduced in T. japonicus
when exposed to 0.75 and 3 mg L™ of nickel (Wang and Wang, 2010). LPO is often
induced by free radicals and ROS; therefore, this response is surprising when other
oxidative stress indicators have increased. This suggests that LPO factors might not
depend on the antioxidant system. Interestingly, both LPO and GSH decreases
occurred at the same concentration, hinting at a possible interaction. A similar
reduced LPO was noted after 14 days of nickel exposure to Apocyclops borneoensis

by Mohammed (2013) — a study not included within this review.

Two brackish species exposed to nickel experienced reproductive and
developmental delays. For A. tonsa, the number of nauplii per female reduced by
20% after a low dietary exposure of nickel at 2.4 ug L' (Bielmyer, Grosell and Brix,
2006). For A. sinjiensis, both larval and naupliar developments were impacted, with a
50% reduction in larval development at 8.6 ug L' and no copepodites developed at
16 ug L (Gissi et al., 2018); similar trends were found for other Acartia species
(Mohammed, Wang and Jiang, 2010; Stone et al., 2021). Pulse exposures were
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trialled at 71 and 130 ug L™ with A. sinjiensis in Stone et al. (2021), resulting in lower
ECso values than continuous exposure, which is not surprising but provides more
insightful responses for environments where pulse exposures would provide a more
accurate understanding of toxicity. In other marine species, the number of nauplii per
female for T. japonicus and Apocyclops borneoensis reduced from 45 to 20 and 5
respectively after 1 mg L' of nickel exposure (Mohammed, Wang and Jiang, 2010).
In the same study, another species A. pacifica had a reduction in the number of eggs
per female from 23 to 3 and a reduced hatching success from 80% to around 30% at
the same nickel concentration. All three species were included in a survival assay,
where lethality sensitivity was low for T. japonicus (LCso value of 17.70 mg L"),
followed by A. borneoensis (LCso value of 13.05 mg L") and A. pacifica (LCso value
of 2.36 mg L"). The same order of sensitivity for reproduction was seen for T.
Japonicus and A. borneoensis. Another marine copepod C. ponticus suffered reduced
reproductive success, egg production and hatching success reduced at relatively low
nickel concentrations of 0.02 and 2 mg L, particularly when compared to LCs value
of 4.0 mg L™ for adult survival (Djebbi et al., 2021). This suggests that reproduction
and development are more sensitive endpoints to nickel exposure than lethality.

When comparing nickel species sensitivity to copper, cadmium and zinc, nickel had
the largest range of LCso values from 17.70 mg L™ to 0.090 mg L™". The highest LCso
value reported in this review belongs to the benthic T. japonicus, yet the lowest nickel
LCso value is for an epipelagic species E. affinis. As both these species are
associated with the sediment, it is surprising that their sensitivity to nickel ranges so
much. The second highest LCso of 13.05 mg L™ is a pelag