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Preface

Preface

“Individually, one small drop, but together an entire ocean”

Ryunosuke Satoro

The ocean is made up of countless smaller components, many of which go unnoticed. Each
organism, no matter how small, plays an essential role in the broader marine ecosystem.
Among the most overlooked components are parasites, tiny, often hidden creatures that are
integral to the health of their hosts and the environment. Though frequently overlooked,
parasites can provide valuable insight into the condition of marine systems, acting as early

indicators of ecological change.

This thesis explores the health of marine systems through the lens of fish parasites, using
Amblyrhynchote honckenii and its parasitic fauna as bioindicators. By examining the diversity,
distribution, and ecological roles of these parasites, this study highlights how they can reflect
the broader health of marine ecosystems, offering a unique tool for monitoring and conserving

marine biodiversity.

Conservation is the preservation of life on Earth, and at its heart lies the preservation of marine
ecosystems. Understanding the role of parasites as bioindicators is an essential step toward
safeguarding these delicate systems. In this interconnected world, every small piece matters,

and together, they form the foundation for a healthy ocean and a healthy planet.

This thesis is dedicated to my loving mother, Jeanine van der Spuy
Your strength, sacrifices, and unwavering support have been the foundation of every
achievement in my life. This thesis is dedicated with deepest love and gratitude to you, for your
endless encouragement, your belief in me when | doubted myself, and for always being my

greatest inspiration and champion.
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Summary

Summary

Marine parasitology in South Africa remains a largely neglected field, with few
comprehensive studies available to inform understanding of parasite diversity, host-parasite
interactions, and the influence of anthropogenic stressors on these relationships. Notably,
parasites are increasingly recognised as sensitive bioindicators of environmental change,
reflecting pollution levels and habitat disturbances with great fidelity. Integrating parasites into
environmental monitoring can thus provide early-warning signs of ecosystem degradation that
traditional measures might overlook. This research adopted an environmental parasitology
framework, integrating parasitology with ecotoxicology, to investigate the parasite communities of
the evileye blaasop, Amblyrhynchote honckenii (Bloch), along the coast of South Africa. The
project aimed to fill critical knowledge gaps in the taxonomy, ecology, and environmental

sensitivity of marine parasites in the region.

Field sampling was conducted at five localities located inside, near, and outside marine
protected areas (MPAs) to assess spatial variation in parasite diversity and community
composition. A total of 10—15 A. honckenii specimens were collected per locality and subjected
to thorough parasitological screening, targeting all major parasitic taxa, including ecto- and
endoparasites. Parasites were identified and documented, with notes on prevalence, intensity,
and site specificity. This provided baseline data on parasite biodiversity, host associations, and
life cycle characteristics within this poorly studied host species. Furthermore, host tissues (muscle
and liver) were sampled for contaminant analysis to quantify concentrations of element
contaminants (e.g., As, Cd, Cu, Mn, Ni, Pb, Se, and Zn) and persistent organic pollutants
(including organochlorine pesticides, OCPs, and polychlorinated biphenyls, PCBs). Chemical
analyses were conducted using standard, well-established protocols to ensure reliable
quantification and comparison across localities. These data allowed for the assessment of
pollution loads in fish hosts and their potential correlation with parasite community structure,
richness, and infection patterns. Moreover, this study also explored the potential role of MPAs in
conserving parasite biodiversity and mitigating contaminant-related impacts on fish health. In
addition to field-based assessments, a short-term laboratory exposure experiment was conducted
to evaluate copper (Cu) accumulation in both the hosts and their ectoparasites, Cinusa tefrodontis
Schjodte & Meinert, 1884. Twenty A. honckenii individuals were exposed to Cu concentrations for
24 hours. The accumulation of Cu was measured in various tissues of all fish, as well as in Cin.
tetrodontis (when present). Comparisons were made between parasitised and non-parasitised
fish to assess differences in metal accumulation potentially linked to parasite presence.
Furthermore, biomarker analyses were conducted on liver and muscle tissue to quantify

metallothionein (MT) levels as indicators of metal exposure and physiological stress. By
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integrating parasitological, toxicological, and biomarker data, this study provides novel insights

into how anthropogenic pollution influences host-parasite interactions in coastal marine systems.

Across five coastal localities, a remarkably diverse assemblage of metazoan parasites
was recorded, including several taxa that represent new host and geographic records. These
findings provide the first comprehensive baseline of parasite biodiversity in this species,
highlighting its role as a reservoir for both specialist and generalist parasites. Parasite
assemblages varied strongly with environmental conditions. In and near MPAs, parasite
communities were species-rich and included complex multi-host taxa, whereas communities from
more degraded, urbanised localities were simplified and dominated by tolerant, direct-cycle
species. This clear pattern demonstrates the sensitivity of parasite biodiversity to habitat quality
and the broader conservation value of MPAs. Element analyses revealed that the isopod parasite,
Cin. tetrodontis, accumulated elements at concentrations far higher than those found in the host,
establishing this species as an effective biological accumulator for local metal pollution. Analyses
of host tissues showed that persistent organic pollutants such as OCPs and PCBs were highest
in non-protected urban localities and lowest in protected or lightly impacted areas, directly linking
contaminant burdens to land use and management regimes. The controlled Cu exposure
experiment confirmed that Cin. tetrodontis alters the host-pollutant relationship by sequestering
the metal, thereby reducing metal loads and lessening the need for detoxification responses in its
host. The parasite exhibited strong metal accumulation and metallothionein induction, with female
isopods showing particularly high metal uptake. These findings reveal a dual role for this abundant
parasite: it acts as a sensitive sentinel of local contamination and alleviates the physiological
burden of pollution on its host. Comparisons between localities revealed the potential role of MPAs
not only in conserving fish populations but also in maintaining parasite diversity, which is often
overlooked despite its ecological importance. This study highlights the value of using parasites
as bioindicators of environmental change and anthropogenic stress and demonstrates the need

to include parasitic taxa in marine conservation and monitoring frameworks.

This work provides essential new data on parasite diversity, distributions and their
interactions with pollution along the South African coast. By linking field surveys with experimental
evidence, the study offers a comprehensive understanding of how parasite communities respond
to and modulate environmental stressors. These insights are not only academically significant,
filling key knowledge gaps, but also offer applied value for ecosystem management. In a broader
context, this thesis underscores that the “hidden” biodiversity of parasites holds valuable
information about ecosystem integrity. Incorporating parasites into routine marine monitoring and

pollution assessment can thus enhance our ability to detect ecological change, inform
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conservation strategies, and ultimately better safeguard the health of coastal marine

environments.

Keywords: Taxonomy; Environmental Toxicology; South Africa; Environmental Parasitology




Chapter 1

General introduction

1.1 General introduction

Parasites constitute a vital yet often overlooked component of marine biodiversity and
ecosystem functioning. It is estimated that parasitic species globally outnumber free-living
species, with each free-living host providing habitat for a variety of specialised parasites (Rohde,
2002; Weston et al., 2021; Smit and Sures, 2025). Parasites play crucial ecological roles by
regulating host populations, altering community dynamics, modifying food web interactions, and
contributing to energy flow within ecosystems (Rohde, 2002; Weston et al., 2021; Smit and Sures,
2025). By affecting host behaviour, reproduction, and survival, parasites shape ecosystem
structure in ways that extend well beyond their roles as mere pathogens (Weston et al., 2021;
Smit and Sures, 2025).

Establishing comprehensive baseline data on marine parasite communities is crucial for
conserving marine biodiversity and ecosystem health. Knowing which parasites are present in a
given ecosystem reveals the full scope of host-parasite interactions, including cryptic and
undescribed species that remain hidden without detailed inventories (Smit and Hadfield, 2015;
Marcogliese, 2023; Truter et al., 2025). These baseline datasets enable the detection of changes
in parasite diversity and community composition over time, serving as sensitive indicators of
environmental disturbances, pollution, habitat degradation, and shifts in host populations (Lafferty
and Kuris, 2005; Wood and Johnson, 2015; Truter et al., 2025). Without such reference points, it
is difficult to distinguish natural ecological variability from anthropogenic impacts or to anticipate
emerging threats to ecosystem stability (Lafferty and Kuris, 2005; Truter et al., 2025). Moreover,
parasites mediate key ecological and evolutionary processes and contribute to ecosystem
resilience; thus, their loss can destabilise food webs and affect host species conservation
(Dobson et al., 2008; Lafferty and Kuris, 1999; Carlson et al., 2020; Truter et al., 2025). Rich
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parasite assemblages typically indicate intact, stable ecosystems, whereas degraded habitats
often show impoverished parasite diversity dominated by a few tolerant species (Lafferty and
Kuris, 1999). Understanding and protecting parasite biodiversity is therefore integral to marine
conservation strategies. Yet, parasites are among the most extinction-prone groups, often
disappearing before they are even documented, which underscores the urgent need to
incorporate parasites into conservation planning and monitoring efforts (Dunne et al., 2013; Lees
and Pimm, 2015; Carlson et al., 2020; Truter et al., 2025). In regions of high biodiversity and
escalating anthropogenic pressure, such as southern Africa’s marine environments, robust
baseline data on parasite communities are indispensable for effective spatial planning and the
evaluation of marine protected areas, ultimately helping to safeguard these hidden yet essential

components of marine ecosystems (Truter et al., 2025).

This not only advances our understanding of parasite ecology but also highlights the
crucial role parasites play as sensitive bioindicators, offering valuable insights for ecosystem
management and conservation of environmental change (Nachev and Sures, 2016; Sures et al.,
2017; Sures et al., 2025). This shift gave rise to the interdisciplinary field of environmental
parasitology, which integrates parasitology, ecology and ecotoxicology to understand how
parasites interact with their environments and how these interactions can be utilised for
environmental monitoring (Sures et al., 2017; Sures et al., 2025; Smit and Sures, 2025).
Environmental parasitology emphasises the sensitivity of parasites to pollution and habitat
disturbance, revealing their utility as highly responsive bioindicators of ecosystem condition
(Nachev and Sures, 2016). Many endoparasites, including acanthocephalans and cestodes,
bioaccumulate metals and persistent organic pollutants (POPs) at concentrations exceeding
those in their hosts, effectively functioning as living accumulators that reveal the bioavailability of
pollutants (Sures, 2004; Vidal-Martinez et al., 2010; Nachev and Sures, 2016; Sures et al., 2017).
Beyond revealing pollution, some parasites act as biological sinks, sequestering toxicants and
thus mitigating pollutant burdens on their hosts (Sures et al., 2025). Parasite infections can
modulate host physiology, including immune responses and detoxification processes, altering
host sensitivity and responses to pollution (Sures et al., 2025). Failure to account for these
interactions can confound standard ecotoxicological assessments, whereas incorporating
parasite-associated dynamics can substantially improve biomonitoring accuracy (Sures et al.,
2025). Over recent decades, research has increasingly supported the role of parasites as
sensitive bioindicators, and advanced understanding of parasite-pollution interactions (Nachev
and Sures, 2016; Sures et al., 2017; Sures et al., 2025).

Marine environments face mounting anthropogenic pressures, including chemical

pollution and habitat degradation, which threaten biodiversity and ecosystem integrity worldwide
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(Pinsino et al., 2008; Webb and Mindel, 2015; Mahmoud et al., 2019). Traditional pollution
monitoring commonly relies on free-living sentinel species such as bivalves, which are sampled
to assess temporal and spatial pollution patterns (Farrington et al., 2016; Wepener and Degger,
2020). However, there is growing recognition that host-parasite systems offer complementary
advantages in pollution bioindication due to their sensitivity and integrative nature (Sures et al.,
2017; Chine et al., 2021; Sures et al., 2023). Previous work has primarily focused on freshwater
environments and endoparasitic helminths (e.g., acanthocephalans and cestodes) (Sures, 2004;
Nachev and Sures, 2016), with fewer studies addressing marine ectoparasites, particularly

crustacean parasites (Vidal-Martinez et al., 2010; Pérez del Olmo et al., 2019).

Furthermore, parasite communities reflect broader ecosystem integrity and environmental
quality. Intact and unpolluted habitats support diverse parasite assemblages, including
specialised multi-host taxa, whereas degraded or polluted ecosystems often show reduced
parasite richness dominated by resilient, monoxenous species (Lafferty and Kuris, 1999; Smit
and Hadfield, 2015; Erasmus et al., 2022). Marine protected areas (MPAs) preserve food web
complexity and water quality, often harbouring richer and more balanced parasite communities
compared to adjacent agricultural or polluted zones, reinforcing the value of habitat protection for
maintaining parasite biodiversity and ecosystem resilience (Wood et al., 2018; Marcogliese,
2023). Heteroxenous parasites with complex, multi-host life cycles are especially vulnerable to
disruption from environmental stressors, making their presence effective indicators of ecosystem
health and restoration (Nachev and Sures, 2016). Therefore, integrating parasitological data
alongside traditional biotic and abiotic metrics enriches environmental assessments and supports

robust conservation planning (Sures et al., 2017).

Despite these advances, substantial knowledge gaps remain, especially in biodiverse yet
understudied regions such as southern Africa. Although the marine biodiversity is exceptionally
rich, the diversity of marine parasites remains poorly documented (Smit and Hadfield, 2015).
Existing research efforts often focused on commercially important species, leaving niche and
cryptic parasite taxa understudied. Increasingly, surveys reveal many undescribed parasite
species, emphasising the need for expanded baseline data (Smit and Hadfield, 2015). Filling such
gaps is critical for accurate biodiversity inventories and understanding ecological dynamics in
these complex ecosystems. Hence, to fill this gap, this study focuses on parasites of the evileye
blaasop, Amblyrhynchote honckenii (Bloch), an endemic reef-associated fish distributed widely
along the South African coast. Its non-commercial status and broad parasite fauna, including the
ectoparasitic isopod, Cinusa tetrodontis Schioedte & Meinert, 1884, make it an excellent sentinel
for environmental parasitology and marine biodiversity monitoring (Smith and Heemstra, 2012;

Froese and Pauly, 2025). Through a combination of integrative field surveys and laboratory
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experiments, research on the A. honckenii-parasite system advances environmental parasitology
in several ways. It expands baseline records of marine parasite biodiversity and helps to uncover
cryptic species. This research also demonstrates how parasites can bioaccumulate pollutants and
act as indicators of local pollution. In addition, it shows how parasite communities reflect habitat
quality and management regimes. Finally, these studies clarify the mechanisms by which
parasites influence host pollutant uptake and physiological responses. Together, these
contributions provide a powerful framework to enhance marine environmental health
assessments, informing biodiversity conservation and pollution mitigation strategies in a rapidly

changing world.

1.2 Hypotheses
The following hypotheses were formulated and tested in the individual chapters of the

study. The relevant chapter(s) where the hypothesis is tested are indicated in parentheses:

1. Amblyrhynchote honckenii hosts a greater diversity of metazoan parasites than
currently documented, including undescribed or regionally rare taxa, reflecting
potentially host-specific associations (Chapter 3).

2. External crustacean parasites, particularly Cin. tetrodontis of A. honckenii
accumulate significantly higher levels of elements than their host (Chapter 4).

3. Levels of POPs in A. honckenii are significantly lower in MPAs than in non-
protected localities (Chapter 5).

4. Parasite diversity displays spatial trends, with richness and complexity expected
to peak in subtropical regions, particularly the Natal ecoregion, and decline toward
temperate and colder zones like the Agulhas Bank (Chapter 6).

5. Elevated organic pollutants in hosts correlate with reduced parasite richness and
dominance of directly transmitted or opportunistic taxa, while pristine and
ecologically intact localities, especially within or near-MPAs, are expected to
support rich, complex parasite communities (Chapter 6).

6. Infestation by the ectoparasite Cin. tetrodontis reduces copper (Cu) accumulation
in host tissues by acting as a biological sink (Chapter 7).

7. The presence of Cin. tetrodontis alters host detoxification, particularly
metallothionein (MT) expression, reducing biomarker activation needs (Chapter 7).

8. Cinusa tetrodontis itself actively responds to Cu exposure, exhibiting sex-specific
MT induction patterns linked to physiological differences (Chapter 7).

9. Short-term laboratory exposures can reproduce Cu accumulation and biomarker
trends observed in environmental conditions, validating controlled experiments for

host-parasite-pollutant interaction studies (Chapter 7).
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1.3 Study aim

To test these hypotheses, the main aim of the study is to advance the understanding of
marine parasites as ecological indicators of environmental health by using A. honckenii and its
parasite fauna as a model system. Specifically, it seeks to characterise the biodiversity, spatial
patterns, and pollutant interactions of A. honckenii’s parasites, evaluating their capacity to serve
as integrative bioindicators of marine ecosystem condition across varying pollution gradients and

management regimes.

1.4 Objectives

To achieve this aim, the study was designed to address the following specific objectives:

1. Document the metazoan parasite diversity of A. honckenii: Conduct comprehensive
parasitological surveys across multiple marine regions (Agulhas Bank and the Natal
ecoregion), spanning protected and unprotected localities along the South African coast.
Identify and describe metazoan parasites, including previously undescribed or regionally

rare taxa, thereby expanding baseline taxonomic and biodiversity knowledge.

2. Quantify metal pollutant bioaccumulation in host and parasites: Measure
concentrations of selected elements in tissues of A. honckenii and their external parasites.
Determine if parasites accumulate elements at significantly higher levels than their hosts,

supporting their use as sensitive bioindicators.

3. Evaluate organic pollutant burdens in A. honckenii across localities: Analyse POP
concentrations, specifically organochlorine pesticides (OCPs) and polychlorinated
biphenyls (PCBs), in fish tissues from multiple locations to assess contaminant levels.

Determine differences between MPA, near-MPA and non-MPA localities.

4. Assess spatial variation in parasite community structure: Analyse differences in
parasite diversity, richness, and community composition related to biogeographic
gradients (e.g., Agulhas Bank versus the Natal ecoregion) and conservation status (MPA,
near-MPA, and non-MPA localities). Evaluate whether parasite assemblages at protected

localities are richer and more complex compared to those at impacted localities.

5. Examine correlations between parasite community metrics and contaminant
exposure: Integrate contaminant concentration data with parasite diversity and

community composition to investigate whether higher contaminant concentrations
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correlate with reduced parasite richness, increased dominance of contaminant-tolerant

taxa, or shifts in parasite communities, indicating environmental filtering effects.

6. Conduct controlled laboratory exposures to elucidate host-parasite-pollutant
interactions: Experimentally expose both infested and uninfested A. honckenii to Cu
under controlled short-term conditions. Specifically:

e Measure concentrations of Cu in tissues of A. honckenii and their external
parasites.

o Determine whether infestation by Cin. tetrodontis reduces Cu accumulation in host
tissues by acting as a biological sink.

e Assess whether the presence of Cin. tetrodontis alters host detoxification
responses, particularly MT expression.

o Characterise the physiological responses of Cin. tetrodontis itself to Cu exposure,

including potential sex-specific patterns of MT induction.

This structured approach systematically addresses both fundamental biodiversity
questions and applied ecotoxicological topics, positioning the A. honckenii-parasite system as a

suitable, holistic tool for marine ecosystem assessment.

1.5 Thesis layout

The structure of the thesis reflects this integrative approach, as outlined below:

Chapter 1 — General introduction: This chapter establishes the study’s context, reviewing
marine environmental parasitology and the ecological importance of parasites as
bioindicators. It highlights knowledge gaps, especially in southern Africa, and
introduces A. honckenii as the focal host, outlining the study’s hypotheses, aims,

and objectives.

Chapter 2 — Sampling localities and host selection: This chapter details the study
design, describing sampling localities along the South African coast across MPAs

and non-MPA zones. Further, it describes the host selection and host collection.

Chapter 3 — Metazoan parasite diversity of A. honckenii: This chapter documents a rich
parasite fauna in A. honckenii, including numerous metazoan taxa with new species

and host association records.
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Chapter 4 — The use of C. tetrodontis as element accumulation indicators: This chapter
investigates element accumulation in A. honckenii and its ectoparasite Cin.
tetrodontis. It provides evidence that parasites act as biological sinks, mitigating host

element burden and serving as sensitive indicators of local element pollution.

Chapter 5 — Persistent organic pollutants in A. honckenii: POP pollution (OCPs and
PCBs) are quantified in A. honckenii tissues across localities with varying human
impact. The chapter reveals higher contaminant loads at non-protected urban
localities and lower burdens in MPAs, confirming the fish’s suitability as an organic
contaminant bioindicator and emphasising the role of MPAs in reducing pollutant

exposure.

Chapter 6 — Factors influencing parasite community composition: Analysing parasite
community variation, this chapter demonstrates latitudinal gradients in diversity and
complexity. It highlights the influence of contaminants and protection status, showing
polluted localities have impoverished parasite fauna dominated by opportunistic

taxa, while MPAs maintain higher diversity and trophic complexity.

Chapter 7 — Experimental host-parasite-pollutant interactions: Controlled Cu exposure
experiments reveal that Cin. tetrodontis infestation reduces host Cu accumulation
and modifies detoxification biomarker responses, including MT induction. The
parasite itself exhibits sex-specific physiological responses to Cu exposure, and
these laboratory findings reproduce environmental patterns, validating parasite

effects on host pollutant dynamics.

Chapter 8 — Discussion and conclusions: This final chapter summarises all findings,
confirming whether hypotheses related to parasite biodiversity, pollutant
bioaccumulation, and community responses to environmental gradients are

supported or not.

1.6 Thesis outputs

1.6.1 Publications

Papers already published or online:

Van Der Spuy, L., Erasmus, J.H., Nachev, M., Schaeffner, B.C., Sures, B., Wepener, V. &
Smit, N.J., 2023. The use of fish parasitic isopods as element accumulation
indicators in marine pollution monitoring. Marine Pollution Bulletin, 194: 115385
(Chapter 4, full) (see Appendix A)
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Van Der Spuy, L., Narciso, R.B., Hadfield, K.A., Wepener, V. & Smit, N.J., 2025. Exploring
South Africa's hidden marine parasite diversity: Two new marine Ergasilus species
(Copepoda: Cyclopoida: Ergasilidae) from the evileye blaasop, Amblyrhynchotes
honckenii (Bloch). Parasitology, 152(1): 30-50 (Chapter 3, in part) (see Appendix
B).

de Klerk, L., Smit, N.J., Yohannes, Y.B., Ikenaka, Y., Nimako, C., Nakayama, S.M.M,,
Ishizuka, M. & Wepener, V., 2025. Persistent organic pollutants in South African
coastal ecosystems: analysing the evileye blaasop Amblyrhynchote honckenii
(Bloch, 1785) for PCB and OCP accumulation. Regional Studies in Marine
Science, 89: 104368 (Chapter 5, full) (see Appendix C).

Papers submitted:

de Klerk, L., Yong, R.Q-Y, Hadfield, K.A. & Smit, N.J. Taxonomic reassessment of the
opistholebetine opecoelid Pseudoheterolebes cotylophorus (Ozaki, 1935)
Yamaguti, 1959, in South Africa (Chapter 3, in part) (see Appendix D).

1.6.2 Conference outputs
Van Der Spuy, L., Hadfield, K., Smit, N.J., 2022. Unique diversity of parasites of the evileye
pufferfish, Amblyrhynchote honckenii (Bloch, 1785) of South Africa. The 15th

International Congress of Parasitology (ICOPA). Denmark, Copenhagen.

Van Der Spuy, L., Erasmus, J.H., Nachev, M., Schaeffner, B.C., Sures, B., Wepener, V. &
Smit, N.J., 2023. Element accumulation in the evileye blaasop, Amblyrhynchote
honckenii (Bloch), and its parasitic isopod, Cinusa tetrodontis Schjédte & Meinert,
1884, in South Africa. SETAC Europe 33rd Annual Meeting: Data-Driven

Environmental Decision-Making. Ireland, Dublin.

Van Der Spuy, L., Yong, R.Q-Y, Hadfield, K.A. & Smit, N.J., 2024. Unpuzzling marine
mysteries: unlocking taxonomic riddles in opistholebetine trematodes of South
Africa. 52nd Annual Conference of the Parasitological Society of Southern Africa
(PARSA). Hartbeespoort, South Africa.

Van Der Spuy, L., Yong, R.Q-Y, Hadfield, K.A. & Smit, N.J., 2024. Marine mysteries:
unlocking taxonomic riddles in opistholebetine trematodes of South Africa.

Trematodes. Brisbane, Australia.
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Van Der Spuy, L., Smit, N.J., Yohannes, Y.B., [kenaka, Y., Nimako, C., Nakayama, S.M.M.,
Ishizuka, M. & Wepener, V., 2024. Exploring pesticide presence: the evileye
blaasop's journey along South Africa's coastline. Southern African Society of
Aquatic Scientists (SASAQS) Joint Society of Environmental Toxicology and
Chemistry (SETAC) Southern African Regional Conference. Gold Reef City,

Johannesburg, South Africa.

Van Der Spuy, L., Yohannes, Y.B., lkenaka, Y., Ishizuka, M., Wepener, V. & Smit, N.J. 2025.
Pollution's ripple effect: unravelling pesticide influence on fish parasite diversity in
South Africa’s coastal ecosystems. Xl International Symposium on Fish Parasites,

Fish Health, Parasites and Biodiversity Conservation (ISFP XIl). Mérida, Mexico.

Van Der Spuy, L., Schaeffner, B.C., Hadfield, K.A., Wepener, V. & Smit, N.J., 2025. Larval
cestodes and poisonous intermediate hosts: rethinking transmission pathways and
ecological interactions. Xl International Symposium on Fish Parasites, Fish Health,

Parasites and Biodiversity Conservation (ISFP Xl). Mérida, Mexico.

Van Der Spuy, L., Erasmus, J.H., Nachev, M., Schaeffner, B.C., Sures, B., Wepener, V. &
Smit, N.J., 2025. Beyond bivalves: The role of the fish parasitic isopod Cinusa
tetrodontis Schjodte & Meinert, 1884, in tracking marine pollution. XI International
Symposium on Fish Parasites, Fish Health, Parasites and Biodiversity
Conservation (ISFP Xl). Mérida, Mexico.

1.6.3 Awards

2024: First place for best PhD poster presentation. Unpuzzling marine mysteries:
unlocking taxonomic riddles in opistholebetine trematodes of South Africa.52nd
Annual Conference of the Parasitological Society of Southern Africa (PARSA).

Hartbeespoort, South Africa.

2024: Second place for best PhD oral presentation. Exploring pesticide presence: the
evileye blaasop's journey along South Africa's coastline. Southern African Society
of Aquatic Scientists (SASAQS) Joint Society of Environmental Toxicology and
Chemistry (SETAC) Southern African Regional Conference. Gold Reef City,

Johannesburg, South Africa.
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Sampling localities and host selection
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2.1 Study area/ Sampling localities

MPAs are defined as clearly demarcated marine spaces managed through legal or other
effective means to achieve long-term conservation of nature, ecosystem services, and cultural
values (Day et al., 2012). These are instrumental in reducing human pressures, supporting
fisheries, and preserving marine biodiversity (Spalding et al., 2016). For this study, five sampling
localities were selected along the southern and eastern coastlines of South Africa, representing
a range of environmental conditions, anthropogenic pressures and protection statuses. The
sampling design aimed to assess parasite diversity along with ecological and contaminant
dynamics across a gradient of management regimes, from long-established MPAs to non-

protected areas.

Sampling localities were categorised into three groups: those located within an MPA (MPA
localities), those within 15 km of a qualifying MPA (near-MPA localities), and those situated beyond
the influence of any qualifying MPA (non-MPA localities). This spatial arrangement was chosen to
allow sufficient time for ecological responses such as pollutant attenuation, species protection,
and habitat recovery, while avoiding the confounding transitional dynamics associated with
recently declared MPAs (Kaplan et al., 2019). To ensure measurable conservation effects, only
MPAs with a minimum of 10 years (Kaplan et al., 2019) of enforcement at the time of sampling
were included under MPA localities. Following this classification, the sampling localities consisted
of one locality within an established MPA (Sodwana Bay), two localities near (<10 km) established
MPAs (Witsand and Chintsa East) and two outside (>15 km) established MPA boundaries
(Uvongo Beach and Mossel Bay) (Figure 2.1).
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Figure 2.1: Map indicating the sampling localities (red circles) of specimens of Amblyrhynchote
honckenii (Bloch), along the South African Coastline. Map generated by Linda de Klerk on ArcGIS

Online.

Sodwana Bay (SB) (-27.539760, 32.680600), situated within the iSimangaliso Wetland
Park, has been a well-established and ecologically significant MPA since 1979. As part of a
UNESCO World Heritage Site, it represents one of South Africa’s most iconic and well-managed
marine conservation areas (UNESCO, 1999). Witsand (WS) (-34.397323, 20.837474), located at
the mouth of the Breede River Estuary, is not formally within an MPA but lies approximately 7 km
from the De Hoop MPA, which has been an active MPA since 1985. Witsand is considered a near-
pristine locality and serves as a near-MPA reference locality due to its low levels of industrial
activity (Breede River Estuarine Management Plan, 2016). Similarly, Chintsa East (CE) (-
32.836538, 28.116997), located just less than 10 km from the Amathole MPA, declared in 2011,
qualifies as a near-MPA site due to its proximity and relatively undisturbed condition; however, it
may experience contamination from agricultural runoff and tourism (Binning and Baird, 2001). In
contrast, Uvongo Beach (UB) (-30.836667, 30.395556) is considered a non-MPA locality despite
its proximity to two MPAs (i.e., Protea Banks and Trafalgar), because the former was only declared
in 2019 and the latter lies more than 15 km away and is positioned down current relative to UB.

This locality is heavily urbanised, experiences high seasonal tourism, and is exposed to runoff

17



Chapter 2

and stormwater discharges (Firth et al., 2023). Mossel Bay (MB) (-34.179656, 22.152093), also
designated as a non-MPA locality, is situated over 75 km from any qualifying MPA and is
characterised by substantial industrial activity, including proximity to a commercial harbour and
known sources of pollution, such as vessel operations, fuel discharge, and urban runoff (Wepener
and Degger, 2020).

Biogeographically, all localities fall within the Temperate Southern Africa marine realm as
defined by the Marine Ecoregions of the World (MEOW) framework (Spalding et al., 2007) (Figure
2.1). More specifically, the localities span two marine provinces (Spalding et al., 2007): the
Agulhas Province, which includes WS and MB, and the Natal Province encompassing CE, UB
and SB. These ecoregions are shaped by the dynamic convergence of the cold Benguela and
warm Agulhas currents (Bustamante and Branch, 1996; Turpie et al., 2000), resulting in a rich
biodiversity. The Agulhas Bank biogeographic ecoregion is characterised by a broad, shallow
continental shelf, which further supports these diverse ecosystems (Lombard et al., 2004; Griffiths
et al., 2010), making them valuable for understanding regional-scale patterns in biodiversity,

pollution loads, and conservation outcomes.

2.2 Host selection

A good bioindicator species should meet several key criteria: it should be sensitive to
environmental changes, meaning that its health, behaviour, or parasite community composition
responds to alterations in environmental conditions; it should be abundant and widespread,
facilitating sampling across diverse environments and ensuring that findings are broadly
applicable; and it should be easily monitored with minimal disruption to the ecosystem (Rainbow,
1995). The evileye blaasop, A. honckenii, meets all these criteria, with its widespread distribution
across both protected and unprotected coastal regions of South Africa, its ease of identification,

and its underexplored yet diverse parasite community.

Amblyrhynchote honckenii (Figure 2.2), is a common demersal pufferfish found across a
variety of marine habitats, including estuarine systems, shallow reefs, and intertidal zones (Smith
and Heemstra, 2012), from the southern coast of South Africa to other regions across the Indo-
West Pacific, including China and the Marshall Islands (Smith and Heemstra, 2012; Froese and
Pauly, 2025). Its wide geographic range and adaptability to different coastal habitats make it an
ideal subject for studying ecological gradients and the effects of environmental stressors such as
pollution. Additionally, A. honckenii can be easily identified and distinguished from other species,
an essential feature for any bioindicator (Rainbow, 1995). This tetraodontid fish typically reaches
lengths of 12-30 cm and is characterised by its distinctive flattened body with large, red eyes
(Smith and Heemstra, 2012; Froese and Pauly, 2025) (Figure 2.2). The ability to reliably identify
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the host species ensures that parasite data are consistently linked to the correct species,
minimising identification errors and ensuring accurate, reproducible data collection across
different localities (Rainbow, 1995). Moreover, its size and demersal lifestyle make it accessible
to researchers for sampling in both shallow and deeper marine environments. This is particularly
important in environmental monitoring, where accurate species identification is key to tracking

ecological health over time.

Despite its abundance, A. honckenii remains largely understudied, particularly in terms of
its ecological and parasitological roles. Its widespread occurrence across diverse environmental
conditions and management regimes makes it an ideal candidate for studying spatial variation in
parasite diversity and contaminant exposure. Furthermore, its scavenger feeding habits and
benthic lifestyle (Smith and Heemstra, 2012) possibly enhance its exposure to benthic prey-

associated parasites and sediment-bound pollutants, offering a more dynamic representation of

trophic interactions and pollutant pathways than is afforded by sessile indicators.

Figure 2.2: Photograph of the fish host, Amblyrhynchote honckenii (Bloch), scale bar 5 cm.
Photograph by Prof. Nico J. Smit.

2.3 Host collection

Using rod, reel and baited hooks, a total of 55 specimens of A. honckenii were collected
from the five coastal localities mentioned above. Photographs of the sampling localities are shown
in Figure 2.3. Fifteen individuals (13 males and two females) were sampled from WS in November
2021, while 10 individuals (eight males and two juveniles) were collected from MB during February
and March 2022. Another 10 specimens (one male, eight females, and one juvenile) were
obtained from the rocky shore at CE in July 2022. Ten specimens (one male and nine females)
were sampled from UB in December 2022, and the remaining 10 (two males and eight females)
from SB in September 2022. All fish were identified using Smith’s Sea Fishes (Smith and
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Heemstra, 2012), with taxonomic nomenclature following FishBase (Froese and Pauly, 2025) and

Eschmeyer’s Catalogue of Fishes (Fricke et al., 2024).

Following capture, fish were transported in aerated containers to a nearby field station for
dissection. Each specimen was identified, photographed, weighed, measured, and humanely
killed by percussive stunning followed by spinal severance and pithing, according to the standard
operating procedure approved by the North-West University Animal Ethics Committee (NWU-
00267-17-A5). Internal organs were carefully removed from each specimen for parasitological
and contaminant analyses. For parasitological analysis, the organs were examined, and parasites
were recovered and fixed, as detailed in Chapter 3. Material collected for contaminant analysis,
including liver and muscle tissues, was processed and analysed for elements as described in
Chapter 4. The methods for the processing of samples for OCP and PCB analyses are outlined
in Chapter 5. Chapter 6 provides a detailed explanation of the statistics involved to analyse the
factors influencing parasite community composition. The laboratory procedures for assessing Cu
accumulation and MT response in infested versus uninfested A. honckenii are described in
Chapter 7.

Ethical approval for this project was received from the AnimCare Research Ethics
Committee of the North-West University (NWU-00565-19-A5). Permits for the collection of A.
honckenii for research were issued by the South African Department of Agriculture, Forestry and
Fisheries (permit nos: RES2020-29; RES2022-44; RES2022-86; and RES2025-16) and Cape
Nature (permit no: CN44-87-18289).
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Figure 2.3: Photographs of the sampling localities. A — Witsand (-34.397323, 20.837474); B —
Mossel Bay (-34.179656, 22.152093); C — Chintsa East (-32.836538, 28.116997); D — Uvongo
Beach (-30.836667, 30.395556); E — Sodwana Bay; F — Amblyrhynchote honckenii (Bloch)
specimen caught at Sodwana Bay (-27.539760, 32.680600). Photographs A-E by Linda de Klerk,
F by Dr. Marliese Truter.
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Chapter 3

‘ Metazoan parasite diversity of Amblyrhynchote

honckenii (Bloch), along the South African coastline

3.1 Introduction

Metazoan parasites represent ecologically significant, yet often overlooked, components
of marine biodiversity. As regulators of host populations and indicators of ecosystem health, they
contribute to key ecological processes including food web dynamics and energy transfer (Hudson
et al.,, 2006; Adlard et al., 2015; Smit and Sures, 2025). Despite their importance, our
understanding of marine parasite diversity, particularly in biogeographically complex regions like

South Africa, remains limited due to insufficient baseline data (Smit and Hadfield, 2015).

South Africa’s marine environment, where the cold Benguela Current and warm Agulhas
Current converge, forms a dynamic marine ecotone, characterised by high species richness and
endemism, supporting one of the richest marine biodiversity zones globally (Griffiths et al., 2010;
Sell et al., 2024). While over 1,960 marine fish species are known from off South Africa (Froese
and Pauly, 2025), parasitological studies in this region have been largely opportunistic and
taxonomically narrow, focusing primarily on conspicuous crustacean ectoparasites, such as
isopods and copepods (Smit and Hadfield, 2015). Other important groups, such as
monopisthocotyleans, polyopisthocotyleans, cestodes, and acanthocephalans, remain
comparatively under-described (Smit and Hadfield, 2015; Schaeffner and Smit, 2019). As a result,
our current understanding of the broader metazoan parasite diversity in many native fish hosts is

incomplete, leaving major gaps in our knowledge of parasite-host interactions.

This study aims to enhance our knowledge of the parasite fauna associated with the

evileye blaasop, A. honckenii, a native tetraodontid fish distributed along the southern African
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coastline. Although this species is not of commercial importance, A. honckenii has been
documented to host a diverse, and in some cases, highly specialised parasite fauna, including
the cymothoid isopod Cinusa tetrodontis (Hadfield et al., 2010), the caligid copepod Caligus
tetrodontis Barnard, 1948 (Hayes et al., 2021), the ergasilid copepods, Ergasilus arenalbus van
der Spuy, Narciso, Hadfield, Wepener & Smit, 2024 and E. chintensis van der Spuy, Narciso,
Hadfield, Wepener & Smit, 2024 (Van Der Spuy et al., 2025), the haemogregarine
Haemogregarina koppiensis Smit & Davies, 2001 (Smit and Davies, 2001), the acanthocephalan
Rhadinorhynchus gerberi Lisitsyna, Kudlai, Cribb & Smit, 2019 (Lisitsyna et al., 2019), the
polyopisthocotylean, Heterobothrium victorwepeneri Acosta & Smit, 2021 (Acosta and Smit,
2021), and the digenean Pseudoheterolebes cotylophorus (Ozaki, 1935) Yamaguti, 1959 (Bray,
1986).

In contrast to the limited work on South African tetraodontids, pufferfish in Japan,
particularly species in the genus Takifugu Abe, are among the most thoroughly studied fish hosts
for metazoan parasites worldwide (see Ogawa and Inouye, 1997; Park and Park, 2006; Ogawa
etal., 2007; Ogawa and Itoh, 2022). Notably, the commercially significant tiger pufferfish, Takifugu
rubripes (Temminck & Schlegel), has been reported to host at least 18 described metazoan
parasite species, based on comprehensive aquaculture and parasitological surveys (Ogawa and
Inouye, 1997; Ogawa et al., 2007; Ogawa and ltoh, 2022). These include several well-
documented monopisthocotyleans such as Udonella caligorum (Yamaguti, 1958) and
Neobenedenia girellae (Hargis, 1955), and polyopisthocotylean species of Heterobothrium
Cerfontaine, 1895 such as Heterobothrium gotoi Ogawa & Itoh, 2022, H. tabetai Ogawa & Itoh,
2022, H. aljufailiae Ogawa & Itoh, 2022, H. iwatai Ogawa & Itoh, 2022, and H. matsubarai Ogawa
& ltoh, 2022, as well as parasitic copepods such as Pseudocaligus fugu Yamaguti, 1936 and
Caligus fugu (Yamaguti, 1936), acanthocephalans like Pomphorhynchus pagrosomi (Yamaguti,
1935), Zhao, Chen, Wayland, Yang, Gu & Li, 2025, along with blood flukes represented by species
of Paradeontacylix McIntosh, 1934 (Ogawa and Inouye, 1997; Park and Park, 2006; Ogawa et
al., 2007; Ogawa and Itoh, 2022). Ongoing research continues to reveal new parasite species
from Japanese puffers. For example, the five new species of Heterobothrium were described from
Takifugu hosts as recently as 2022 (Ogawa and Itoh, 2022). These parasites are well-
characterised in terms of their life cycles, pathogenicity, and aquaculture relevance. This
extensive literature has not only advanced aquaculture health management but also provided a
model for studying host-parasite ecology and evolution (Ogawa and Inouye, 1997). By contrast,
A. honckenii remains vastly underexplored, underscoring the need for systematic surveys of non-
commercial but ecologically valuable species in Africa. Although a few recent studies have
described parasites from this species in South Africa (e.g. Acosta & Smit, 2021; Smit & Hadfield,
2022; Van Der Spuy et al., 2025), comparable parasitological work on other African pufferfish is
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virtually absent, and the parasite fauna of most species across the continent remains

undescribed.

Establishing baseline data on the parasite diversity of A. honckenii is critical for multiple
reasons. Documenting host-specific or endemic parasite species can reveal evolutionary histories
and co-adaptation, offering insight into host-parasite coevolution (Hoberg et al., 1997; Lymbery
and Smit, 2023). Additionally, parasites can serve as indicators of host ecology, behaviour, and
environmental conditions, and understanding their presence and diversity is essential for
ecosystem-level assessments (Timi and Poulin, 2020). Baseline data, therefore, allow us to detect
changes over time, due to climate change, fishing pressure, or MPA implementation, and provide
foundational knowledge necessary for conservation planning (Wood et al., 2010; 2013). These
foundational datasets are increasingly important for supporting emerging technologies such as
environmental DNA (eDNA) monitoring. As noted by Hupalo et al. (2025), without prior knowledge
of the metazoan parasite community, eDNA signals cannot be accurately interpreted or validated,

reducing their effectiveness for biodiversity assessment and early detection of ecological change.

Due to the limited historical sampling and taxonomic effort directed at non-commercial fish
species in South Africa, it is hypothesised that A. honckenii hosts a greater diversity of metazoan
parasites than currently documented, including undescribed or regionally rare taxa, reflecting
potentially host-specific associations (Hypothesis 1, Chapter 1). Furthermore, this diversity may
reflect host-specific associations not yet recorded elsewhere. By establishing a baseline inventory
of A. honckenii's parasite community, this chapter contributes critical data to the broader
understanding of marine parasite diversity in South Africa. These findings support future research
into ecological, evolutionary, and conservation dynamics and lay the groundwork for integrating

parasitological knowledge into broader marine biodiversity frameworks.

3.2 Materials and methods

3.2.1 Parasite collection

Fish hosts were collected and humanely killed following the ethical and procedural
protocols detailed in Chapter 2. All external and internal organs, including the gills, eyes, fins,
liver, gonads, intestines, spleen, gallbladder, heart, and brain, were removed using dissection
tools. Each internal organ was individually transferred into a petri dish containing a saline solution
to maintain osmotic balance and reduce stress on any live parasites present, while external
organs, such as the gills, were kept in water from the collection locality (Panikkar and Sproston,
1941; Scholz et al., 2018). This approach was chosen to closely simulate the natural microhabitats
that various parasites occupy within or on the host. As noted by Scholz et al. (2018), recreating

such environmental conditions during initial screening enhances the likelihood of detecting viable,
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motile parasites and allows for more accurate observations of their morphology and behaviour.
Careful handling at this stage was critical to preserving parasite integrity for subsequent

identification and classification.

Detailed parasitological screening was carried out using a Zeiss Stemi 305
stereomicroscope (Zeiss, Oberkochen, Germany). Each organ was screened, and parasites were
categorised into morphotypes primarily based on movement, shape, and site of infection.
Parasites observed were removed using precision tools such as fine-tipped brushes or needles
to minimise structural damage. Following the taxon-specific protocols outlined by Scholz et al.
(2018), each specimen was processed and preserved in individually labelled 2-5 mL Eppendorf
tubes. The preservation medium, method of relaxation, and storage conditions varied according

to parasite group to optimise their morphological and molecular integrity for later analyses.

From the buccal cavity, cymothoid isopods of the genus Cinusa Schioedte & Meinert,
1884, were extracted and promptly frozen at —20°C for element analyses. Ectoparasites from the
fins and external body surfaces, including copepods of the genus Caligus Miiller O.F., 1785, were
preserved in 80% ethanol for morphological studies and 96% for DNA extraction and molecular
analyses. Gill-associated parasites were treated with taxon-specific handling procedures.
Copepods of the genus Ergasilus von Nordmann, 1832, were fixed in 80% and 96% ethanol,
while monopisthocotyleans and polyopisthocotyleans were first relaxed in near-boiling saline to
allow full extension of body structures, then fixed in 80% ethanol. Trematode metacercariae
(family Bucephalidae), isolated from the eyes and heart, were manually excysted using fine
needles and preserved in 96% ethanol to ensure DNA viability for molecular analyses. Other
trematodes and cestodes from the intestinal tract were also relaxed in heated saline to fully extend
their bodies before fixation in 80% ethanol, aiding in subsequent morphological and molecular
examination. Nematodes removed from the liver and intestinal tract followed a similar relaxation
and preservation procedure, ensuring accurate visualisation of cuticular features and internal
anatomy. Acanthocephalans, primarily located in the intestinal tract and occasionally the spleen,
were carefully detached from host tissue using fine needles. To facilitate full eversion of the
proboscis, specimens were placed in tap water within a refrigerator overnight. Once fully everted
and relaxed, they were fixed in 80% ethanol for further analysis. This carefully standardised multi-
step approach across all organ systems and parasite taxa ensured that all specimens were

preserved in a state suitable for both morphological identification and molecular characterisation.
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2.2.2 Parasite identification

Morphological analyses

All parasites were morphologically examined using standard taxon-specific procedures to
preserve diagnostic features for accurate identification. Specimens were either temporarily
mounted or permanently mounted on microscope slides, depending on their structure and
analytical needs. All parasite imaging was conducted using Nikon ECLIPSE Ni and 80i light
microscopes equipped with a Nikon Y-TV55 camera (Nikon Instruments, Tokyo, Japan). Scanning
electron microscopy (SEM) was done with the aid of a FEI Nova NanoSEM 450. All
measurements obtained were carried out using Image-Pro Express software (Nikon), and all
drawings were made using a drawing tube attached to a Nikon ECLIPSE Ni microscope (Nikon).

Final photo plates and illustrations were digitised in Adobe Photoshop v23.0.1.

Cymothoid isopods (Cinusa sp.) from the buccal cavity were morphologically examined
and identified under a stereomicroscope before freezing at —20°C. No staining or mounting was
required, and identification was based on external morphology, as described by Hadfield et al.
(2010). Copepods (Caligus sp.) collected from the fins and external body surfaces were
rehydrated in distilled water, cleared in lactophenol, and temporarily mounted onto slides (wet
mounts) for microscopic observation. Copepods (Ergasilus spp.) collected from the gills were
processed following Van Der Spuy et al. (2025). Specimens were cleared in lactic acid, dissected,
and temporarily mounted in glycerine. Morphometric measurements and photomicrographs were
obtained with the above-mentioned microscopes and software packages. Terminology followed
Boxshall and Montu (1997), with measurements summarised in tabular form. Additional
specimens were used for SEM. Following surface cleaning, specimens were dehydrated, treated
with hexamethyldisilazane (HMDS), mounted on carbon tape, and sputter-coated with carbon and
gold/palladium (Van Der Spuy et al., 2025). Key morphological features were photographed for
comparative analysis (Van Der Spuy et al., 2025). Monopisthocotyleans and polyopisthocotyleans
were processed according to their genus. Heterobothrium specimens were rehydrated, stained
with Delafield’s Haematoxylin, destained in 1% hydrochloric acid, dehydrated to 70% ethanol,
cleared in clove oil, and permanently mounted on microscope slides in Canada balsam (Van Der
Spuy et al., 2020). For Udonella sp., the method by Freeman and Ogawa (2010) was followed
with minor adaptations. Specimens were stained with aceto-carmine, cleared in methyl salicylate,
and permanently mounted. Trematode metacercariae (family Bucephalidae) from the eyes and
heart were rehydrated and mounted onto microscope slides for temporary observations.
Trematodes from the intestinal tract were stained with Mayer’s Haematoxylin. Specimens were
destained with 1% hydrochloric acid, neutralised in ammonia, dehydrated through a graded
ethanol series, cleared in methyl salicylate, and permanently mounted in Canada balsam.

Morphological identification followed Martin et al. (2018), with measurements summarised in
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tabular form. Cestodes from the intestinal tract were processed following Van Der Spuy et al.
(2020). After rehydration and staining with Delafield’s Haematoxylin, specimens were destained,
dehydrated to 70% ethanol, cleared in clove oil, and permanently mounted in Canada balsam.
Morphological structures were documented microscopically and digitally recorded. Nematodes
recovered from the intestinal tract and liver were processed according to Svitin et al. (2019).
Specimens were placed in distilled water for 20 min, cleared in lactophenol and temporarily
mounted for observation. Internal and external features were recorded and photographed.
Acanthocephalans from the intestinal tract and spleen were rehydrated and observed as wet
mounts. All voucher specimens and associated images are archived in the parasite reference

collection of the Water Research Group, North-West University, Potchefstroom, South Africa.

Genetic analyses

For molecular characterisation of parasite species, DNA was extracted from selected
specimens representing each taxonomic group. For copepods (Caligus sp. and Ergasilus sp.),
genomic DNA was extracted specifically from egg strings, following the method described by Van
Der Spuy et al. (2025). This protocol employed the Macherey-Nagel NucleoSpin® Tissue Kit
(Macherey-Nagel GmbH & Co. KG, Sandton, South Africa), with two modifications: a 4-hour pre-
lysis incubation step and the addition of 50% more buffer BE, as recommended in Van Der Spuy
et al. (2025). For all other parasite taxa, DNA was extracted using the PCR-Biosystems Rapid
DNA Extraction Kit, following the manufacturer's instructions with minor adjustments. Each
extraction used 10 pL of lysis buffer and 5 pL of a proteinase K-containing buffer, and the resulting
DNA solution was diluted to a final volume of 300 uL to ensure a sufficient yield for multiple

applications.

Gene amplification targeted both nuclear and mitochondrial markers. Specifically, internal
transcribed spacer 2 (ITS2), partial 18S, and 28S regions of ribosomal DNA (rDNA), as well as
the cytochrome c oxidase subunit | (COI) and NADH dehydrogenase subunit 1 (nad1) regions of
mitochondrial DNA (mtDNA), were amplified using taxon-specific primers. Details of the primer
sets and their thermocycling conditions are provided in Table 3.1. Amplification success was
verified through electrophoresis on 1% agarose gels stained with a SafeView™ Classic. Verified
PCR products were submitted to Ingaba Biotechnical Industries (Pty) Ltd. (Pretoria, South Africa)
for purification and sequencing. Raw sequence data were assembled, quality-checked, and
edited in Geneious Prime v2024.0.7 (Biomatters, Auckland, New Zealand). Sequences were
aligned using the MAFFT v7.490 plugin (Katoh et al., 2002; Katoh and Stanley, 2013) under
default settings in the Geneious platform. Alignments were further trimmed and edited for

phylogenetic analyses.
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Table 3.1: List of primers used, and the protocols followed for the amplification of the genomic

DNA of metazoan parasites collected from Amblyrhynchote honckenii (Bloch).

Locus Taxon Primer Sequence Reference Protocol
5'-
38 GGTACCGGTGGATCACGTGG Morgan and
. Blair (1995)
CTAGTG-3 Yong et al.
ITS2 Trematoda 5 (2016)
ITS2.2 CCTGGTTAGTTTCTTTTCCTC 8%%%)6" al.
CGC-3'
18SU467F %CCAAGGAAGGCAGCAGGC Suzuki et
-3 al. (2006) Lisitsyna,
Acanthocephala : et al.
o Suzuki et (2019)
18SL1310R CTCCACCAACTAAGAACGGC-
3 al. (2006)
18SF g:-AAGGTGTGMCCTATCAACT— (Sz%rz)% )et al., Van Der
Copepoda 18SR 5-TTACTTCCTCTAAACGCTC-  Song ef 4. (32%“23’5?"'"
3' (2008)
5" .
18SU467F  ATCCAAGGAAGGCAGCAGGC Suzuki et
. al. (2006) g
Nematoda -3 Svitin et
18S 5'- Suzuki o 2 (2019)
18SL1310R CTCCACCAACTAAGAACGGC-
3 al. (2006)
18S F-INT g'—I'ATTGGAGGGCAAGTCTGG- Prikrylova
3 etal. (2013)
18S RINT  B-CCGAACATCTAAGGCATCA-  Prikrylova
3' etal. (2013) Prikrylova
Monopisthocotyla 5'- Cunningha et al.
SSUF GATCCTTCTGCAGGTTCACCT m et al. (2013)
AC-3' (1995)
5'- Cunningha
SSUR AAGCTGGTTGATCCTGCCAG m et al.
T-3' (1995)
5- Littlewood
LSU5 TAGGTCGACCCGCTGAAYTTA o
, (1994) Lisitsyna,
AGCA-3
Acanthocephala : et al.
o Lockyer et (2019)
1200R GCTATCCTGAGGGAAACTTC Y
og al. (2003)
28SF gI-ACAACTGTGATGCCCTTAG- (82%%% )et al. Van Der
Copepoda ; Spuy et al.
28SR 5'- Song et al. (2025)
TGGTCCGTGTTTCAAGACG-3'  (2008)
5'- -
285 CTEf AGTGAATGGGGAAAAGCCCA- fz‘gt;g)et al.
Nematoda 3 Svitin et
5'- Svitin of g 2 (2019)
CTEr GGACCTCCACCAGAGTTTCC- Sviun et al.
3 (2019)
o Littlewood
LSU5 TAGGTCGACCCGCTGAAYTTA 190
Cestoda AGCA-3 Tkach et
5 Lock ;. al. (2003)
1200R GCTATCCTGAGGGAAACTTC ~ -ockyer €
og al. (2003)
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Table 3.1: Continued.

Locus Taxon Primer Sequence Reference Protocol
5 Littlewood
L1200R GCATAGTTCACCATCTTTCGG-
\ et al. (2000)
3 Acosta
Monopisthocotyla U178 5-GCACCCGCTGAAYTTAAG-  Lockyer et and Smit
3 al. (2003)  (2021)
L1642 5'-CCAGCGCCATCCATTTTCA- Lockyer et
3 al. (2003)
5- Littlewood Acosta
L1200R GCATAGTTCACCATCTTTCGG- and Smit
5 et al. (2000) (3051
Polyopisthocotyla U178 5'-GCACCCGCTGAAYTTAAG-  Lockyer et
3 al. (2003)
5'-CCAGCGCCATCCATTTTCA- Lockyer et
28S L1642 5 al, (2003)
5- Littlewood
LSU5 TAGGTCGACCCGCTGAAYTTA 1994
AGCA-3 (1994)
5- Littlewood
300F CAAGTACCGTGAGGGAAAGT
TG-3 et al. (1999) Yon of
Trematoda ; g
o Littlewood al. (2016)
ECD2 CCTTGGTCCGTGTTTCAAGAC (1
GGG-3' et al. (1997)
5'- Snyder and
1500R GCTATCCTGAGGGAAACTTC Tkach
G-3' (2001)
5'-
LCO1490  GGTCAACAAATCATAAAGATAT '?ogg‘fr etal.
1GG-3' ( ) Van Der
Acanthocephala 5. Spuy et
HCO2198  TAAACTTCAGGGTGACCAAAA [ OTerela! al. (2025)
AATCA-3' (1994)
5'-
LCO1490  GGTCAACAAATCATAAAGATAT Folmeretal
TGG-3' (1994) Van Der
Copepoda 5. Spuy et
HCO2198  TAAACTTCAGGGTGACCAAAA Ff'”‘fr etal. al. (2025)
AATCA-3' (1994)
5'-
LCO1490  GGTCAACAAATCATAAAGATAT '?ogg‘fr etal.
' TGG-3' ( ) Van Der
COl Polyopisthocotyla 5. Spuy et
HCO2198  TAAACTTCAGGGTGACCAAAA [ OTerele! al. (2025)
AATCA-3' ( )
. Wee et al
Digcox1Fa éTgATWTTYTTYTTYYTDATGC (2017) Vermaak
5 et al.
DigcoxIR ~ TCNGGRTGHCCRAARAAYCA Wee et al. (2023)
AAA-3' (2017)
Trematoda 5'- Moszczynsk
DICE1F ATTAACCCTCACTAAATTWCN a et al.
TTRGATCATAAG-3' (2009) Wee et
5 Van al. (2017)
DICE14R TAATACGACTCACTATACCHAC Steenkiste

MRTAAACATATGATG-3'

et al. (2015)
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Table 3.1: Continued.

Locus Taxon Primer Sequence Reference Protocol

5 Kostadinova

NDJ11 AGATTCGTAAGGGGCCTAATA Kostadin
NAD1  Trematoda -3' etal. (2003) ova et al.
ND.J2a 5.CTTCAGCCTCAGCATAAT-3  Kostadinova (2003)

et al. (2003)

To confirm species-level identification and guide outgroup selection, the Basic Local
Alignment Search Tool (BLAST) was used to compare each sequence against reference
sequences available in the NCBI GenBank database (see Supplementary Table S3.1). Genetic
divergence between sequences was calculated within Geneious Prime, with results presented as
percentage similarity and base-pair differences. The best-fitting nucleotide substitution model for
each dataset was determined using the Akaike Information Criterion (AIC) implemented in
jModelTest v2.1.4 (Posada, 2008; Darriba et al., 2012). These models informed both Maximum
Likelihood (ML) and Bayesian Inference (Bl) phylogenetic analyses. Bayesian analyses were
conducted via the CIPRES Science Gateway v3.3 (Miller et al., 2010) using MrBayes v3.2.7a
(Ronquist et al., 2012). Two independent runs of four Markov Chain Monte Carlo (MCMC) chains
were performed for 10 million generations, with sampling every 1,000 generations and a burn-in
of the first 25,000 generations. ML analyses were performed in PhyML v3.0 (Guindon et al., 2010)
on the ATGC bioinformatics platform, with model parameters estimated from the dataset and
1,000 bootstrap replicates used to assess nodal support. Resulting phylogenetic trees were
visualised and annotated using TreeViewer v2.2.0 (Bianchini and Sanchez-Baracaldo, 2024).
Final trees were evaluated for congruence between ML and Bl topologies and used to support

species-level identification and assess interspecific relationships.

3.2.3 Statistical analyses

Parasitic infection patterns in A. honckenii were analysed using descriptive statistics to
quantify parasite burdens along the South African coastline. The primary metrics calculated were
prevalence of infection (P), abundance (A), and mean intensity of infection (M), following Bush
et al. (1997). Prevalence represents the proportion of hosts infected by at least one parasite
species, providing a general indication of infection occurrence within the host population (Bush et
al.,, 1997). Mean abundance reflects the average number of parasites per host, including
uninfected individuals, while mean intensity describes the average number of parasites among
only the infected hosts (Bush et al., 1997).
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3.3 Results

3.3.1 General results

A total of 55 A. honckenii specimens were collected at five localities along the coast of
South Africa. Twenty-two distinct metazoan parasite species were collected from five subsets of
10-15 specimens of A. honckenii measuring 85—185 mm in total length, 40-155 mm in standard
length and 11-140 g in weight (Table 3.2).

A total of 22 metazoan parasite taxa, representing four phyla and eight classes, were
identified. These included two acanthocephalans (Pomphorhynchus sp. and R. gerberi), five
crustaceans, including the cymothoid isopod Cin. tetrodontis and three copepods (Cal.
tetrodontis, E. arenalbus, E. chintensis), five nematodes (Anisakis simplex (Rudolphi, 1809)
Dujardin, 1845, Dichelyne (Cucullanellus) szidati Timi & Sardella, 2002, Dichelyne (Cucullanellus)
sp., Physalopteridae gen. sp., Raphidascaris sp.), four cestodes [Acanthobothrium sp.,
Scyphophyillidium sp., Kotorella pronosoma (Stossich, 1901) Euzet & Radujkovic, 1989, and
Nybelinia sp. Poche, 1926], one monopisthocotylean (Udonella australis Carvajal & Sepulveda,
2002) and one polyopisthocotylean (H. victorwepeneri), and five trematodes (including
Rhipidocotyle sp. Diesing, 1858, Bucephalidae gen. sp., Helicometrina sp., Opistholebes
amplicoelus Nicoll, 1915, and Zoogonidae gen. sp.). Of these, 14 were classified as heteroxenous
taxa, involving two or more hosts in their life cycles, while the remaining eight displayed
monoxenous (direct) life cycles. Several taxa represent new geographic or host records, with
some likely representing undescribed species. In total, 3,894 individual parasites were recovered
(Table 3.3).
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Table 3.2: Summary of the total length, standard length, and body weight of Amblyrhynchote
honckenii (Bloch), as well as the number of metazoan parasite individuals and species recorded
at each sampling locality along the South African coastline. Abbreviations: WS — Witsand, MB —
Mossel Bay; CE — Chintsa East; UB — Uvongo Beach; SB — Sodwana Bay. Measurements are

presented as the mean, followed by the standard deviation.

Host information Parasite information
: Standard
Locality  Total length . Male/ No. of No. of
(mm) I?r:?nt;' Weight (g) female individuals species
WS 154 + 13 127 £ 12 80+24 13/ 2 16+ 8 4+2
MB 109+7 89+6 28+8 8/ 2 199 + 146 3+1
CE 114 + 18 92 +14 29+ 14 2/9 12+7 4 +1
UB 131+£9 97 + 21 52+ 16 1/9 97 +70 2+1
SB 119+ 16 97 + 16 53+18 2/ 8 57 + 56 3+1
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Table 3.3: List of the metazoan parasites infecting Amblyrhynchote honckenii (Bloch) along the
coast of South Africa. The life stage and abundance of specimens collected are indicated for each
locality. Abbreviations: WS — Witsand, MB — Mossel Bay; CE — Chintsa East; UB — Uvongo Beach;
SB — Sodwana Bay; HA — heteroxenous life cycle, adult specimen; MA — monoxenous life cycle,

adult specimen; HL — heteroxenous life cycle, larval specimen.

Life Abundance

Species identification stage WS MB CE UB SB

Phylum Rotifera, Clade Acanthocephala

Class Palaeacanthocephala

Order: Echinorhynchida
Family: Pomphorhynchidae
Genus: Pomphorhynchus Monticelli, 1905
Pomphorhynchus sp.
Order: Echinorhynchida
Family: Rhadinorhynchidae
2 Genus: Rhadinorhynchus Lihe, 1911 HA - - - - 53
Rhadinorhynchus gerberi Lisitsyna, Kudlai, Cribb &
Smit, 2019

Phylum Arthropoda
Class Malacostraca

Order: Isopoda
Family: Cymothoidae
Genus: Cinusa Schioedte & Meinert, 1884
Cinusa tetrodontis Schioedte & Meinert, 1884

Class Copepoda

Order: Siphonostomatoida
Family: Caligidae
Genus: Caligus Muller O.F., 1785
Caligus tetrodontis Barnard, 1948
Order: Cyclopoida
Family: Ergasilidae
5 Genus: Ergasilus von Nordmann, 1832 MA 151 - - - -
Ergasilus arenalbus van der Spuy, Narciso, Hadfield,
Wepener & Smit, 2024
Order: Cyclopoida
Family: Ergasilidae
6 Genus: Ergasilus von Nordmann, 1832 MA - - 3 1 -
Ergasilus chintensis van der Spuy, Narciso, Hadfield,
Wepener & Smit, 2024

Phylum Nematoda

HA - - 14 - -

MA 16 18 - - -

MA 27 36 3 - -

Class Chromadorea

Order: Rhabditida
Family: Anisakidae
Genus: Anisakis Dujardin, 1845
Anisakis simplex (Rudolphi, 1809) Dujardin, 1845
Order: Rhabditida
Family: Cucullanidae
8 Genus: Dichelyne Jagerskiold, 1902 HA - 1 1 - -
Dichelyne (Cucullanellus) szidati Timi & Sardella,
2002

HL 6 - - - -
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Table 3.3: Continued.

Species identification

Life

Abundance
stage WS MB CE UB

SB

Order: Rhabditida
Family: Cucullanidae
Genus: Dichelyne Jagerskiold, 1902
Dichelyne (Cucullanellus) sp.

HA

Order: Rhabditida
10 Family: Physalopteridae
Physalopteridae gen. sp.

HL

Order: Rhabditida
Family: Raphidascarididae
11 Genus: Raphidascaris Railliet & Henry,
1915
Raphidascaris sp.

HL

Phylum Platyhelminthes

Class Cestoda

Order: Onchoproteocephalidea
Family: Onchobothriidae
Genus: Acanthobothrium Blanchard, 1848
Acanthobothrium sp.

12

HL

Order: Phyllobothriidea
Family: Phyllobothriidae
Genus: Scyphophyllidium Woodland, 1927
Scyphophyllidium sp.

13

HL

10

310

Order: Trypanorhyncha
Family: Tentaculariidae
14 Genus: Kotorella Euzet & Radujkovic, 1989
Kotorella pronosoma (Stossich, 1901) Euzet &
Radujkovic, 1989

HL

Order: Trypanorhyncha
Family: Tentaculariidae
Genus: Nybelinia Poche, 1926
Nybelinia sp.

15

HL

10

Class Monopisthocotyla

Order: Gyrodactylidea
Family: Udonellidae
Genus: Udonella Johnston, 1835
Udonella australis Carvajal & Sepulveda, 2002

16

MA

12

Class Polyopisthocotyla

Order: Mazocraeidea
Family: Diclidophoridae
17 Genus: Heterobothrium Cerfontaine, 1895
Heterobothrium victorwepeneri Acosta & Smit,
2021

MA

Class Trematoda

Order: Plagiorchiida
Family: Bucephalidae
Genus: Rhipidocotyle Diesing, 1858
Rhipidocotyle sp.

18

HL

17

13 947

Order: Plagiorchiida
19 Family: Bucephalidae
Bucephalidae gen. sp.

HL

1919

1 -

30
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Table 3.3: Continued.

Life Abundance

L ificati
Species identification stage WS MB CE UB SB

Order: Plagiorchiida
Family: Opecoelidae

20 Genus: Helicometrina Linton, 1910 HL ) i i i 1
Helicometrina sp.
Order: Plagiorchiida
21 Family: Opecoelidae HA 5 ) 13 ) )

Genus: Opistholebes Nicoll, 1915
Opistholebes amplicoelus Nicoll, 1915
Order: Plagiorchiida
22 Family: Zoogonidae HL - 1 61 - 167
Zoogonidae gen. sp.

3.3.2 Morphological and molecular characterisation of metazoan parasites

3.3.2.1 Phylum Rotifera, Clade Acanthocephala

Acanthocephala comprises obligate thorny-headed endoparasitic worms that typically
inhabit the gastrointestinal tract of aquatic vertebrates, especially teleost fishes (Amin, 2013;
Sures et al., 2025). In South African marine ecosystems, acanthocephalans remain understudied,
with only a few species formally described (Lisitsyna et al., 2019). Historically, records of marine
acanthocephalans in South Africa have been limited to three articles. The first was by Dollfus and
Golvan (1963), who described Pomphorhynchus chabanaudi (Dollfus & Golvan, 1963), Zhao,
Chen, Wayland, Yang, Gu & Li, 2025, from marine fish hosts, and the second was by Bray (1974),
who added Rhadinorhynchus capensis Bray, 1974, to the known regional fauna. More recently,
Lisitsyna et al. (2019) expanded this knowledge with the formal description of R. gerberi,
parasitising A. honckenii in SB. To date, R. gerberi remains the only acanthocephalan species
confirmed from A. honckenii. The current study adds to this baseline by reporting two
acanthocephalan taxa: Pomphorhynchus sp., recovered from CE, and R. gerberi, reconfirmed
from SB. The occurrence of Pomphorhynchus in a marine tetraodontid host is especially
significant, as no species of this genus has been previously reported from marine pufferfish.
These findings therefore expand both the known host associations and geographic range of
marine acanthocephalans along the South African coastline, highlighting the need for continued

parasitological surveys in underexplored habitats.

Pomphorhynchus sp.

A total of 14 specimens were identified as Pomphorhynchus sp. Identification was limited
to the genus level, as this represents the first known record of Pomphorhynchus in this host
species. The precise species affiliation remains uncertain; however, preliminary morphological
and genetic analyses suggest that the specimens may represent a previously undescribed

species. As the associated manuscript is still in preparation and has not yet been published, this
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chapter will refer to the taxon as Pomphorhynchus sp., with the full taxonomic classification and

summary as follows:

Class: Palaeacanthocephala

Order: Echinorhynchida

Family: Pomphorhynchidae

Genus: Pomphorhynchus Monticelli, 1905

Species: Unknown

Present host: Amblyrhynchote honckenii (Bloch)

Present locality: Chintsa East, South Africa

Site of infection: Intestine and Spleen

Prevalence (P): 40%

Mean intensity (MI): 3.5

Life stage: Adult

Representative DNA sequences: One sequence for 18S rDNA, two sequences for 28S
rDNA, and two sequences for COl mtDNA

Voucher material: Four specimens fixed on slides (Figure 3.1A) and 10 specimens fixed
in ethanol (Figure 3.1B) are kept in the collection of the Water Research Group (WRG) at
the North-West University (NWU), Potchefstroom, South Africa

The family Pomphorhynchidae comprises three genera, including Paralongicollum Amin,
Bauer & Sidorov, 1991, Pomphorhynchus Monticelli, 1905, and Tenuiproboscis Yamaguti, 1935
(WoRMS, 2025). Species of the family Pomphorhynchidae are morphologically diverse,
particularly in neck and proboscis structure, which has historically guided taxonomic placement.
However, recent molecular studies challenge the validity of many of these characters (Li et al.,
2019; Zhao et al., 2025). The study by Zhao et al. (2025) demonstrated, through comparative
mitogenomic analysis and multilocus phylogenetics, that Longicollum pagrosomi Yamaguti, 1935
and Pomphorhynchus zhoushanensis Li, Chen, Amin & Yang, 2017 represent the same species,
despite striking morphological differences in neck structure. Historically, the genus Longicollum
Yamaguti, 1935, was distinguished from Pomphorhynchus Monticelli, 1905, by the absence of a
true neck bulb, whereas Pomphorhynchus possessed a symmetrical or asymmetrical neck bulb
(Amin et al., 2003). This is also seen in the present study (Fig. 3.1A-B). Hence, morphologically,
the South African species more closely resembles that of L. pagrosomi. However, Zhao et al.
(2025) found that this distinction reflects phenotypic plasticity rather than discrete species
boundaries. Consequently, Longicollum was formally relegated to a junior synonym of
Pomphorhynchus, and several species, including L. pagrosomi, were reclassified as P

pagrosomi.
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Figure 3.1: Light microscopy images of Acanthocephala spp. parasitising Amblyrhynchote

honckenii (Bloch) off the coast of South Africa. A — Stained specimen of Pomphorhynchus sp.
Monticelli, 1905, scale bar 500 um; B — Voucher specimen of Pomphorhynchus sp., scale bar 500
pm; C — Stained specimen of Rhadinorhynchus gerberi Lisitsyna, Kudlai, Cribb & Smit, 2019,
scale bar 1000 um. Photographs A—C by Linda de Klerk.

In contrast, based on 18S rDNA phylogenetic analysis, the new specimens from A.
honckenii grouped most closely with P. kashmirensis Kaw, 1941 (Figure 3.2), differing by only 3
bp (0.4%). In comparison, these specimens differ from P. pagrosomi by 11 base pairs (1.4%).
Given their distinct morphology, genetic divergence, and unique host and geographic origin, we

tentatively propose that these specimens may represent a new species.
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- Pomphorhynchus bulbocoli - AF001841
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1/100
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Pomphorhynchidae

L 0.92/ 98 o
r - Pomphorhynchus kashmirensis - MZ381411
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- - Pomphorhynchus faevis - AY423346

L - Pomphorhynchus tereticollis - AY423347

- Acanthocephalus nanus - LC100043 Outgroup

031
Figure 3.2: Bayesian inference (Bl) phylogenetic tree of the family Pomphorhynchidae, based on

18S rDNA sequences. Nodal support values are indicated as BlI/ Maximum Likelihood (ML); only
values 20.7 (Bl) and 270 (ML) are displayed. Newly sequenced isolates generated in this study
are highlighted in green with bold text. The orange-highlighted sequence indicates the closest

genetic match. Acanthocephalus nanus Van Cleave, 1925, was selected as the outgroup.

Rhadinorhynchus gerberi
A total of 53 specimens were identified as R. gerberi. These specimens were recovered
from the type locality originally reported for this species, confirming their identification. The

complete taxonomic classification and summary are as follows:

Class: Palaeacanthocephala

Order: Echinorhynchida

Family: Rhadinorhynchidae

Genus: Rhadinorhynchus Lihe, 1911

Species: Rhadinorhynchus gerberi Lisitsyna, Kudlai, Cribb & Smit, 2019
Type host: Trachinotus botla (Shaw)

Type locality: Sodwana Bay, South Africa
Present host: Amblyrhynchote honckenii (Bloch)
Present locality: Sodwana Bay, South Africa
Site of infection: Intestine

Prevalence (P): 40%
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Mean intensity (MI): 13.25

Life stage: Adult

Representative DNA sequences: Two sequences for 18S rDNA, two sequences for 28S
rDNA, and one sequence for COl mtDNA

Voucher material: Four specimens fixed on slides (Figure 3.1C) and 10 specimens fixed
in ethanol are kept in the collection of the Water Research Group (WRG) at the North-
West University (NWU), Potchefstroom, South Africa. The other remaining specimens

were frozen for future element analyses.

Specimens were identified based on a combination of distinctive morphological traits and
molecular evidence. Morphologically, the specimens exhibit an elongate, cylindrical trunk with an
uninterrupted anterior field of tegumental spines, a long proboscis armed with 10 longitudinal rows
of 28-32 hooks, a cephalic ganglion located mid-way within the proboscis receptacle, and four
cement glands arranged in pairs. The species is morphologically similar to R. gerberi with

measurements all within the range described by Lisitsyna et al. (2019).

Furthermore, molecular analysis of the mitochondrial COIl gene revealed 100% sequence
similarity with published sequences of R. gerberi from the same host and locality (Lisitsyna et al.,
2019). Phylogenetic analyses using both Bayesian Inference and Maximum Likelihood methods
placed the specimens within a monophyletic R. gerberi clade with 100% nodal support, confirming

their conspecificity (Figure 3.3).
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Figure 3.3: Bayesian inference (BI) phylogenetic tree of the family Rhadinorhynchidae, based on
COI mtDNA sequences. Nodal support values are indicated as Bl/ Maximum Likelihood (ML); only
values 20.7 (Bl) and 270 (ML) are displayed. Newly sequenced isolates generated in this study
are highlighted in green with bold text. Acanthocephalus anguillae (Muller, 1780) Lihe, 1911, was

selected as the outgroup.

3.3.2.2 Phylum Arthropoda

The phylum Arthropoda includes organisms with segmented bodies, jointed appendages,
and a chitinous exoskeleton (Hadfield et al., 2025). The phylum includes a highly diverse
assemblage of organisms, with parasitic representatives playing significant ecological roles in
both marine and freshwater environments (Hadfield et al., 2025). In South Africa, parasitic
arthropods, particularly crustaceans, are among the most frequently encountered ectoparasites
of marine fishes, with copepods and isopods comprising the majority of described species (Smit
et al., 2014). Among the parasitic copepods, species of the families Caligidae, Lernaeopodidae,
and Pennellidae have been reported from various host taxa, frequently attaching to the skin, fins,
and gills of marine teleosts (Hadfield et al., 2025). Notably, Cal. tetrodontis remains the only
formally described parasitic copepod from the tetraodontid fish, A. honckenii, in South Africa
(Hayes et al., 2021; Hadfield et al., 2025). In terms of parasitic isopods, South African marine
systems host numerous species from the family Cymothoidae, known for occupying the branchial
or buccal cavities of teleost fishes (Smit et al., 2014). Cinusa tetrodontis, a buccal cymothoid, was

also described from A. honckenii and remains one of the few formally identified isopods from
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tetraodontid hosts in the region (Hadfield et al., 2025). Despite these few host-specific records,
the overall diversity of parasitic arthropods associated with tetraodontiform fishes in South Africa

remains poorly explored.

The current study contributes to the baseline knowledge of marine parasitic arthropods in
South Africa by reporting one known isopod species, Cin. tetrodontis, and three copepod taxa,
including the known Cal. tetrodontis and two newly described species of Ergasilus von Nordmann,
1832: E. arenalbus and E. chintensis. These findings underscore the rich biodiversity of the
region’s marine ecosystems and highlight the value of continued exploration in under-studied
habitats. Importantly, the two newly described Ergasilus species offer the first insights into the
phylogenetic relationships of marine Ergasilus in the South Atlantic and Indian Ocean regions
(Van Der Spuy, L., Narciso, R.B., Hadfield, K.A., Wepener, V. & Smit, N.J., 2025. Exploring South
Africa's hidden marine parasite diversity: Two new marine Ergasilus species (Copepoda:
Cyclopoida: Ergasilidae) from the evileye blaasop, Amblyrhynchotes honckenii (Bloch).
Parasitology, 152(1): 30-50).

Cinusa tetrodontis
A total of 34 specimens were identified as Cin. tetrodontis. These specimens were
recovered from the type host originally reported for this species. The complete taxonomic

classification and summary are as follows:

Class: Malacostraca

Order: |sopoda

Family: Cymothoidae

Genus: Cinusa Schioedte & Meinert, 1884

Species: Cinusa tetrodontis Schioedte & Meinert, 1884
Type host: Amblyrhynchote honckenii (Bloch)

Type locality: Simons Bay, South Africa

Present host: Amblyrhynchote honckenii (Bloch)
Present locality: Breede River estuary, Witsand; and Mossel Bay, South Africa
Site of infection: Buccal cavity

Prevalence (P): 68%

Mean intensity (MI): 2

Life stage: Adult

Specimens were identified based on morphological comparison with the detailed

redescription provided by Hadfield et al. (2010) (Figure 3.4). This identification was supported by
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key diagnostic features, including the oval and asymmetrical body widest at pereonites 3—4, a
small cephalon deeply immersed in pereonite 1, acute lateral margins of the pleonites, and nearly
contiguous bases of the antennae. The specimens were consistently located within the buccal
cavity of their host, which corresponds with the known site specificity of Cin. tetrodontis (Hadfield
et al., 2010). Although no molecular data were available, the complete morphological consistency

with Hadfield et al.’s (2010) figures and descriptions support the identification.

w.'l

Figure 3.4: Photos of Cinusa tetrodontis Schioedte & Meinert, 1884, parasitising Amblyrhynchote

honckenii (Bloch) off the coast of South Africa. A — Female specimen, scale bar 12 mm; B —
Female specimen in the buccal cavity; C — Ovigerous female specimen, scale bar 12 mm; D —

Male specimen, scale bar 8 mm. Photographs A-D by Prof. Nico J. Smit.
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Caligus tetrodontis
A total of 66 specimens were identified as Cal. tetrodontis. While A. honckenii is not the
type host for this species, its association with Cal. tetrodontis has been previously documented

by Hayes et al. (2021). The complete taxonomic classification and summary are as follows:

Class: Copepoda

Order: Siphonostomatoida

Family: Caligidae

Genus: Caligus Miiller O.F., 1785

Species: Caligus tetrodontis Barnard, 1948

Type host: Torquigener hypselogeneion (Bleeker)

Type locality: Ggeberha, South Africa

Present host: Amblyrhynchote honckenii (Bloch)

Present locality: Breede River estuary, Witsand; Mossel Bay; and Chintsa East, South
Africa

Site of infection: External skin and fins

Prevalence (P): 69%

Mean intensity (MI): 2.73

Life stage: Adult

Representative DNA sequences: three sequences for 28S rDNA, and four sequences
for COI mtDNA

Voucher material: Ten specimens fixed in ethanol (Figure 3.5) are kept in the collection
of the Water Research Group (WRG) at the North-West University (NWU), Potchefstroom,

South Africa. Any remaining specimens were frozen for future element analyses.

Specimens were identified based on a combination of morphological traits and strong
molecular evidence. Morphological examination revealed that the adult females possessed a
subcircular dorsal cephalothoracic shield, a genital complex with rounded posterolateral corners
that was slightly longer than wide, a single-segmented abdomen, and the fourth leg was
distinctive, bearing three distal spines that decreased in length from inner to outer. These features
are consistent with the supplementary description of Cal. tetrodontis from A. honckenii, as
provided by Hayes et al. (2021).
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Figure 3.5: Photos of Caligus tetrodontis Barnard, 1948, parasitising Amblyrhynchote honckenii

(Bloch) off the coast of South Africa. A — Female specimen, scale bar 2 mm; B — Specimens on
A. honckenii, scale bar 2 cm; C — Specimens on A. honckenii; D — Male specimen, scale bar 2
mm. Photographs A—C by Prof. Nico J. Smit, D by Linda de Klerk.

Molecular analyses further supported the morphological identification. Molecular analysis
of the mitochondrial COI gene revealed 100% sequence identity with published sequences of Cal.
tetrodontis (Hayes et al., 2021). Furthermore, the phylogenetic analysis confirmed that the South

African Cal. tetrodontis specimens clustered within a distinct subclade (Figure 3.6).
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Figure 3.6: Bayesian Inference (BI) phylogenetic tree of the family Caligidae, based on COI
mtDNA sequences. Nodal support values are indicated as Bl/ Maximum Likelihood (ML); only
values 20.7 (Bl) and 270 (ML) are displayed. Newly sequenced isolates generated in this study
are highlighted in green with bold text. Lepeophtheirus pectoralis (Miller O.F., 1776) was selected
as the outgroup.

Ergasilus spp.

Two new, distinct, gill-associated ergasilid species infecting A. honckenii, were described
as part of this study (Van Der Spuy et al. 2025). The full manuscript, including their descriptions,
is already published (see Appendix B).

Species were morphologically and molecularly differentiated. Both morphotypes were
classified as Ergasilus von Nordmann, 1832, based on genus-specific characteristics following
descriptions by Boxshall and Montu (1997) and Boxshall and Halsey (2004). This includes a body
typically cyclopiform with clear segmentation, biramous legs IV with 2-segmented exopods and
3-segmented endopods, 6-segmented antennules, antennas featuring a single claw and the
absence of maxillipeds in females. The full classification and taxonomic summary for the first

specimen, E. arenalbus, are as follows:
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Class: Copepoda

Order: Cyclopoida

Family: Ergasilidae

Genus: Ergasilus von Nordmann, 1832

Species: Ergasilus arenalbus van der Spuy, Narciso, Hadfield, Wepener & Smit, 2024
Type host: Amblyrhynchote honckenii (Bloch)

Type locality: Breede River estuary, Witsand, South Africa

Site of infection: Gill filaments

Prevalence (P): 67%

Mean intensity (MI): 11.62

Life stage: Adult

Representative DNA sequences: GenBank accession numbers and numbers of bases
(bp) are given as follows: 18S: 1333 and 1344 bp long sequences of 2 specimens,
accession numbers: PQ451954 and PQ451956; 28S: 668 and 664 bp long sequences of
2 specimens, accession numbers: PQ451957 and PQ451958; and COIl: 701 bp long
sequence of 1 specimen, accession number: PQ439339

Type material: 151 Ergasilus specimens (adult females) were collected. Only adult
females were examined: 6 were used for SEM, 2 for dissection, 12 for morphology, and 2
egg strings were used for DNA extraction. The hologenophores (NMB P 1044—NMB P
1045), holotype (NMB P 1042) and 11 paratypes (NMB P 1043) were deposited in the
parasitological collections of the National Museum, Bloemfontein (NMB), South Africa; the
remaining specimens are in the possession of the Water Research Group, North-West

University, Potchefstroom, South Africa

Specimens of E. arenalbus (Figures 3.7A-B) were recovered from the gill filaments of A.
honckenii collected at WS, Western Cape, South Africa. The body has a length averaging 1182
pm and features a five-segmented prosome composed of the cephalosome and four free
pedigerous somites. The antennae bear a single prominent spine on the anterior margin of the
second endopodal segment, a key diagnostic trait. Notably, E. arenalbus also displays unique
spine-like projections on the basis of leg |, absent in other regional congeners. Compared to 17
other known marine Ergasilus species from the southern Atlantic and Indian Ocean regions, E.
arenalbus is set apart by its larger size, segmentation of the prosome (free vs. fused), and
appendage ornamentation. It differs morphologically from E. lizae Krgyer, 1863, which shares
some similarities, in having a distinct antennal armature and spine ornamentation on leg |. The
antennule is 6-segmented, unlike the 5-segmented structure seen in species such as E. ilani

Oldewage & van As, 1988, and E. uniseriatus. Furthermore, the absence of a spine on the second
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exopod segment of leg | helps to distinguish it from several other species, including E. atafonensis

Amado & Rocha, 1996, and E. xenomelanirisi Carvalho, 1955.

Figure 3.7: Light microscopy and scanning electron microscope (SEM) photomicrographs of adult
female Ergasilus spp. von Nordmann, 1832, parasitising Amblyrhynchote honckenii (Bloch). A —
Light microscopy of entire specimen of E. arenalbus van der Spuy, Narciso, Hadfield, Wepener &
Smit, 2024, scale bar 500 um; B — SEM of entire specimen of E. arenalbus, scale bar 500 ym; C
— Light microscopy of entire specimen of E. chintensis van der Spuy, Narciso, Hadfield, Wepener
& Smit, 2024, scale bar 500 ym. Photographs A—C by Linda de Klerk.
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Molecular analyses further confirmed the distinctiveness of E. arenalbus based on both
28S rDNA and COI gene sequences. These genetic differences validate its status as a separate
species and position it within a proposed sixth clade (Clade F) of African marine Ergasilus species
(Figure 3.8). Additionally, the analysis revealed that other Ergasilus taxa were genetically distant
from the newly described species, underscoring the utility of 28S rDNA in resolving phylogenetic

relationships within the family Ergasilidae.
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Figure 3.8: Bayesian Inference (Bl) phylogenetic tree of the family Ergasilidae, based on 28S
rDNA sequences. Nodal support values are indicated as Bl/ Maximum Likelihood (ML); only
values 20.7 (BI) and 270 (ML) are displayed. Dashes indicate values below 0.7 and 70%,
respectively. Newly sequenced isolates generated in this study are highlighted in teal with bold

text. Paracyclopina nana Smirnov, 1935, was used as the outgroup.
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The classification and taxonomic summary for the second specimen, E. chintensis, are as follows:

Class: Copepoda

Order: Cyclopoida

Family: Ergasilidae

Genus: Ergasilus von Nordmann, 1832

Species: Ergasilus chintensis van der Spuy, Narciso, Hadfield, Wepener & Smit, 2024
Type host: Amblyrhynchote honckenii (Bloch)

Type locality: Chintsa East; and Uvongo Beach, South Africa

Site of infection: Gill filaments

Prevalence (P): 20%

Mean intensity (MI): 1

Life stage: Adult

Representative DNA sequences: GenBank accession numbers and numbers of bases
(bp) are given as follows: 18S: 1353 bp long sequence of 1 specimen, accession number:
PQ451955; 28S: 668 bp long sequence of 1 specimen, accession number: PQ451959;
and COI: 692 bp long sequence of 1 specimen, accession number: PQ439340.

Type material: 2 ergasilids (adult females) were collected. Only adult females were
examined: 2 were used for morphology, and 1 egg string was used for DNA extraction.
The hologenophore (NMB P 1047) and holotype (NMB P 1046) were deposited in the

parasitological collections of the National Museum, Bloemfontein (NMB), South Africa.

Ergasilus chintensis was described from A. honckenii collected at CE, Eastern Cape,
South Africa (Figure 3.7C). Both adult females collected were examined, one of which was used
for molecular analysis. The body length averages 1035 pm, and the species is immediately
distinguishable by its fused 2-segmented prosome, a rare condition among marine Ergasilus
species. The antennae are more robust than in E. arenalbus, and the second endopodal segment
has two developed spines rather than one. The antennules are 6-segmented and differ in setal
formula from other southern African marine congeners. In addition to size and segmentation, E.
chintensis differs in ornamentation, such as the more intricate structure of its intercoxal sclerites
and interpodal plates, and the configuration of leg V. These morphological features, in
combination, clearly distinguish E. chintensis from all other described Ergasilus species from the

southern hemisphere, including the closely related E. arenalbus.

Genetic analysis further supports this differentiation. Ergasilus chintensis differs from E.
arenalbus by 43 bp in COl, 6 bp in 28S, and 14 bp in 18S rDNA sequences. Phylogenetic trees

constructed using both Maximum Likelihood and Bayesian Inference confirmed the placement of
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E. chintensis and E. arenalbus in a unique African marine clade, separate from freshwater and
brackish Ergasilus species (Figure 3.8). These findings underscore both the cryptic diversity of

marine ergasilids and the host-specific endemism associated with A. honckenii.

3.3.2.3 Phylum Nematoda

The phylum Nematoda includes a diverse group of roundworms, many of which are
parasitic in aquatic vertebrates, particularly marine fishes (Anderson, 1996; 2000). In South Africa,
nematodes are frequently encountered in marine teleosts and form a key part of their helminth
communities. However, their diversity and taxonomy remain poorly documented compared to
other parasitic groups (Smit and Hadfield, 2015). This knowledge gap is largely due to a shortage
of taxonomic expertise and limited comprehensive surveys targeting parasitic nematodes in
marine systems (Smit and Hadfield, 2015; Schaeffner and Smit, 2019). Furthermore, some host
groups, such as tetraodontiform fishes, have also received minimal attention. To date, no
nematodes have been formally described from A. honckenii or related tetraodontids in South
African waters. Still, some progress has been made, particularly with Anisakis spp., several of
which have been identified in the region, including A. berlandi Mattiucci, Cipriani, Webb, Paoletti,
Marcer, Bellisario, Gibson & Nascetti, 2014, A. pegreffii Campana-Rouget & Biocca, 1955, and
A. simplex (Gonzalez et al., 2006; Le Roux, 2013; Nunkoo et al., 2016; Mackintosh et al., 2018).
Additional nematode species reported from South African marine fishes include Camallanus
sodwanaensis Svitin, Truter, Kudlai, Smit & Du Preez, 2019, Cucullanus sp., Pseudoterranova
sp. Mozgovoi, 1951, and Proleptus obtusus Dujardin, 1845 (Moravec et al., 2002; Yeld, 2009;
Morris et al., 2016; Svitin et al., 2019).

The current study expands the baseline knowledge of marine parasitic helminths in South
African waters by reporting five nematode taxa: A. simplex; D. szidati; Dichelyne sp.;
Physalopteridae gen. sp.; and Raphidascaris sp. As the majority of specimens were in the larval
stage, formal species-level identification remains unresolved, since many key morphological
diagnostic features are only expressed in adult nematodes. In particular, the Physalopteridae gen.
sp. specimens could not be reliably assigned to a known genus or species and are therefore
referred to at family level. The lack of adult material prevents accurate morphological comparisons
and highlights the challenges of identifying larval nematodes, especially in ecologically complex

marine systems.

Anisakis simplex
A total of six nematode specimens were identified as A. simplex. This represents the first
known record of Anisakis Dujardin, 1845, in this host species. The full taxonomic classification

and summary are as follows:
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Class: Chromadorea

Order: Rhabditida

Family: Anisakidae

Genus: Anisakis Dujardin, 1845

Species: Anisakis simplex (Rudolphi, 1809) Dujardin, 1845

Type host: Merluccius merluccius (Linnaeus)

Type locality: Hurghada City, Egypt

Present host: Amblyrhynchote honckenii (Bloch)

Present locality: Breede River estuary, Witsand, South Africa

Site of infection: Intestine and body cavity

Prevalence (P): 27%

Mean intensity (MI): 1.5

Life stage: Larvae

Representative DNA sequences: three sequences for 18S and 28S rDNA, and one
sequence for COl mtDNA

Voucher material: Six specimens fixed in lactophenol and ethanol (Figure 3.9) are kept
in the collection of the Water Research Group (WRG) at North-West University (NWU),

Potchefstroom, South Africa

Morphological identification was limited due to the specimen being in the third larval stage
(L3), where many adult diagnostic features are either absent or underdeveloped. The larva
exhibited typical characteristics of the Anisakis simplex complex, including a cylindrical body
tapering at both ends, a rounded anterior end with a prominent apical tooth, a ventral excretory
pore posterior to the tooth, and a smooth cuticle (Umehara et al., 2006; Mattiucci et al., 1997).
However, these traits are insufficient to distinguish between sibling species such as A. pegreffil,
and A. simplex C, which are morphologically indistinguishable at this stage (Umehara et al.,
2006).
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Figure 3.9: Light microscopy images of Anisakis simplex (Rudolphi, 1809) Dujardin, 1845,
parasitising Amblyrhynchote honckenii (Bloch) off the coast of South Africa. A — Cephalic end,
scale bar 200 um; B — Caudal end, scale bar 200 ym. Photographs A-B by Dr. Marliese Truter.

To resolve the species identity, molecular analyses were conducted using partial
sequences of the 18S rRNA, 28S rRNA, and mitochondrial COI genes. All three markers produced
sequences with 100% identity to A. simplex C reference sequences. Phylogenetic analyses
confirmed this result, with the specimen clustering within the A. simplex complex and forming a

distinct clade with A. simplex C, clearly separated from A. pegreffii (Figure 3.10).
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Figure 3.10: Bayesian Inference (Bl) phylogenetic tree of the family Anisakidae, based on 28S
rDNA sequences. Nodal support values are indicated as Bl/Maximum Likelihood (ML); only values
20.7 (Bl) and 270 (ML) are displayed. Newly sequenced isolates generated in this study are
highlighted in green with bold text. Contracaecum osculatum (Rudolphi, 1802) Baylis, 1920 was

selected as the outgroup.

Dichelyne spp.

A total of four specimens were identified as two different species in the genus Dichelyne
Jagerskiold, 1902. The first species was identified as D. szidati; however, due to divergence in
molecular sequences, the second species could only be identified to genus level. Further
collection and examination will be necessary to confirm its taxonomic status. This represents the
first known record of Dichelyne in this host species. For D. szidati, the full taxonomic classification

and summary are as follows:

Class: Chromadorea

Order: Rhabditida

Family: Cucullanidae

Genus: Dichelyne Jagerskiold, 1902

Species: Dichelyne (Cucullanellus) szidati Timi & Sardella, 2002
Type host: Acanthisthius brasilianus (Valenciennes)

Type locality: Mar del Plata, Argentina
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Present host: Amblyrhynchote honckenii (Bloch)

Present locality: Mossel Bay; and Uvongo Beach, South Africa

Site of infection: Intestine, liver and body cavity

Prevalence (P): 10%

Mean intensity (MI): 1

Life stage: Larvae

Representative DNA sequences: two sequences for 18S and 28S rDNA

Voucher material: Two specimens fixed in lactophenol and ethanol (Figure 3.11) are kept
in the collection of the Water Research Group (WRG) at the North-West University (NWU),

Potchefstroom, South Africa

Morphological and molecular evidence support the identification of the present nematode
specimens as D. szidati. Key diagnostic features observed include the posterior position of the
excretory pore relative to the oesophagus, the location of the derrids near the posterior end of the
oesophagus, and the presence of a ventrally positioned intestinal cecum, features consistent with

the original species description.

Although the specimens were in the larval stage, additional support comes from molecular
analysis of the 28S rDNA gene region, which showed 99.85% similarity to reference sequences
of D. szidati, differing by only a single base pair (Figure 3.12). This high level of genetic
concordance, in conjunction with congruent morphological traits, strongly indicates that these

larvae belong to D. szidati.
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Figure 3.11: Light microscopy images of Dichelyne (Cucullanellus) szidati Timi & Sardella, 2002,
parasitising Amblyrhynchote honckenii (Bloch) off the coast of South Africa. A — Cephalic end,
scale bar 100 ym; B — Caudal end, scale bar 100 ym. Photographs A-B by Dr. Marliese Truter.

Dichelyne sp. represents the second known record of Dichelyne in this host species. The

full taxonomic classification and summary are as follows:

Class: Chromadorea

Order: Rhabditida

Family: Cucullanidae

Genus: Dichelyne Jagerskiold, 1902

Species: Unknown

Present host: Amblyrhynchote honckenii (Bloch)
Present locality: Chintsa East, South Africa
Site of infection: Intestine, liver and body cavity
Prevalence (P): 20%

Mean intensity (MI): 1
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Life stage: Larvae

Representative DNA sequences: two sequences for 18S and 28S rDNA

Voucher material: Two specimens fixed in lactophenol and ethanol (Figure 3.13) are kept
in the collection of the Water Research Group (WRG) at the North-West University (NWU),
Potchefstroom, South Africa
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Figure 3.13: Light microscopy images of Dichelyne sp. Jagerskidld, 1902, parasitising

Amblyrhynchote honckenii (Bloch) off the coast of South Africa. A — Cephalic end, scale bar 200
pm; B — Caudal end, scale bar 200 um. Photographs A-B by Dr. Marliese Truter.

The second specimen displayed notable morphological differences from D. szidati,
including variation in body form and the position of key anatomical features, with several
characters inconsistent with the original species description. Molecular analysis of the 28S
rDNA gene revealed a 76 bp (9.5%) sequence divergence from D. szidati, which exceeds
expected intraspecific variation within the species. Phylogenetically, these larvae
clustered within the same major clade as D. szidati but formed a separate and well-

supported subclade, further reinforcing their genetic distinctiveness (Figure 3.12).
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Accordingly, we refer to these nematodes as Dichelyne sp. pending the collection of more

material and more detailed morphological and molecular analyses.
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Figure 3.12: Bayesian Inference (BI) phylogenetic tree of the family Cucullanidae, based on 28S
rDNA sequences. Nodal support values are indicated as Bl/Maximum Likelihood (ML); only values
20.7 (Bl) and 270 (ML) are displayed. Newly sequenced isolates generated in this study are
highlighted in green and pink, with bold text. Rhabditis terricola Dujardin, 1844, was selected as

the outgroup.

Physalopteridae gen. sp.

A total of three specimens were identified as belonging to the family Physalopteridae.
Further collection and examination of adult specimens will be necessary to confirm their
taxonomic status. This represents the first known record of Physalopteridae in this host species.

The full taxonomic classification and summary are as follows:

Class: Chromadorea

Order: Rhabditida

Family: Physalopteridae

Genus: Unknown

Species: Unknown

Present host: Amblyrhynchote honckenii (Bloch)
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Present locality: Sodwana Bay, South Africa

Site of infection: Intestine and liver

Prevalence (P): 30%

Mean intensity (MI): 1

Life stage: Larvae

Representative DNA sequences: one sequence for each 18S and 28S rDNA

Voucher material: Three specimens fixed in lactophenol and ethanol (Figure 3.14) are
kept in the collection of the Water Research Group (WRG) at the North-West University
(NWU), Potchefstroom, South Africa.

Morphologically, the anterior region of these larvae closely resembles that of Paraleptus
species, characterised by a reduced pseudolabial region and cuticular thickening typical of
physalopterid nematodes. Molecular analysis was conducted using partial sequences of the 18S
and 28S rDNA genes. BLAST comparisons yielded inconsistent results: the 18S sequence
matched most closely with Proleptus spp., while the 28S sequence aligned more closely with
Paraleptus spp. This suggests that the larvae may represent a previously undescribed species or
a taxon for which no comparative data yet exists in public databases. Additional sampling and the

recovery of adult specimens will be required to clarify their identity.
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Figure 3.14: Light microscopy images of Physalopteridae gen. sp., parasitising Amblyrhynchote
honckenii (Bloch) off the coast of South Africa. A — Cephalic end, scale bar 50 ym; B — Caudal
end, scale bar 50 ym. Photographs A—-B by Dr. Marliese Truter.

Raphidascaris sp.

A total of two specimens were identified as Raphidascaris sp. Further collection and
examination of adult specimens will be necessary to confirm their taxonomic status. This
represents the first known record of Raphidascaris in this host species. The full taxonomic

classification and summary are as follows:

Class: Chromadorea

Order: Rhabditida

Family: Raphidascarididae

Genus: Raphidascaris Railliet & Henry, 1915
Species: Unknown

Present host: Amblyrhynchote honckenii (Bloch)

Present locality: Breede River estuary, Witsand, South Africa
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Site of infection: Intestine

Prevalence (P): 13%

Mean intensity (MI): 2

Life stage: Larvae

Representative DNA sequences: one sequence for each 18S and 28S rDNA

Voucher material: two specimens fixed in lactophenol and ethanol are kept in the
collection of the Water Research Group (WRG) at the North-West University (NWU),

Potchefstroom, South Africa

Molecular analysis based on partial sequences of the 18S and 28S rDNA genes supports
the placement of the specimens within the genus Raphidascaris. Phylogenetic reconstruction
using 28S rDNA positioned the larvae within the Raphidascaris clade, clustering closely with R.
acus (Bloch, 1779) Railliet & Henry, 1915, the type species of the genus (Figure 3.15). Although
the sequences fell within the same clade, a genetic divergence of 32 base pairs (3.63%) from R.
acus indicates that the specimens may represent a distinct species. Given the limited availability
of comparative reference sequences and the larval nature of the material, the specimens are not

currently identified to species level.
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Figure 3.15: Bayesian Inference (BI) phylogenetic tree of the family Raphidascaridae, based on

28S rDNA sequences. Nodal support values are indicated as Bl/Maximum Likelihood (ML); only
values 20.7 (Bl) and =70 (ML) are displayed. Newly sequenced isolates generated in this study
are highlighted in green with bold text. The orange highlighted sequence indicates the closest

genetic match. Contracaecum rudolphii Hartwich, 1964, was selected as the outgroup.

3.3.2.4 Phylum Platyhelminthes

The phylum Platyhelminthes comprises a wide diversity of flatworm taxa, with four major
parasitic classes, Cestoda, Monopisthocotyla, Polyopisthocotyla and Trematoda (Littlewood et
al., 2004; WORMS, 2025).

Class Cestoda

Cestodes are diverse endoparasites in marine ecosystems, primarily inhabiting the
gastrointestinal tracts of elasmobranchs (sharks, skates, and rays) and other teleost fishes (Caira
etal., 2017). In South Africa, the diversity of cestodes parasitising marine teleosts remains largely
underexplored, with most documented species described from elasmobranch hosts (Smit and
Hadfield, 2015; Schaeffner and Smit, 2019). However, increased parasitological efforts in recent
years have significantly expanded the known fauna. To date, 11 species have been described
from local waters, including Acanthobothrium crassum Van Der Spuy, Smit & Schaeffner, 2020,

A. dolichocollum Van Der Spuy, Smit & Schaeffner, 2020, A. microhabentes crassum Van Der
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Spuy, Smit & Schaeffner, 2020, and A. microtenuis crassum Van Der Spuy, Smit & Schaeffner,
2020 (Van der Spuy et al., 2020), A. umbungus Van Der Spuy, Smit & Schaeffner, 2022, A.
usengozinius Van Der Spuy, Smit & Schaeffner, 2022, and A. ulondolozus Van Der Spuy, Smit &
Schaeffner, 2022 (Van der Spuy et al., 2022), as well as Phoreiobothrium martini Van Der Spuy,
Smit, Naidoo & Schaeffner, 2022 (Van der Spuy et al., 2023). Additional records include
Poecilancistrium caryophyllum (Diesing, 1850) Dollfus, 1929 (Linton, 1924), Grillotia sasciae
Oosthuizen, Acosta, Smit & Schaeffner, 2021 (Oosthuizen et al., 2021), and Eniochobothrium
acostae Oosthuizen, Smit & Schaeffner (Oosthuizen et al., 2022), though all were described from
elasmobranchs. While adult cestodes are rarely reported from South African marine teleosts,
larval stages such as plerocercoids and merocercoids are more frequently recovered from
intermediate or paratenic fish hosts (Scholz et al., 2021). These larval forms often exhibit reduced
morphological complexity, making species-level identification difficult without molecular data
(Cutmore et al., 2024).

In this study, four larval cestode types were recovered from the intestinal tracts of A.
honckenii, including representatives of the genera Acanthobothrium (Acanthobothrium sp.),
Scyphophyllidium (Scyphophyllidium sp.), Kotorella (K. pronosoma), and Nybelinia (Nybelinia
sp.). These represent the first records of cestodes infecting A. honckenii in South Africa, providing
novel insights into cestode transmission pathways within this ecosystem. Despite its toxicity, A.
honckenii appears to play a key ecological role as an intermediate or paratenic host in the life
cycles of elasmobranch cestodes. The identification of larval cestodes from exclusively
elasmobranch-associated genera supports the hypothesis that certain sharks and rays may
possess physiological adaptations allowing them to consume toxic prey, thereby facilitating
cestode transmission. While pufferfishes (Family Tetraodontidae) are infamous for their potent
tetrodotoxin (TTX), which deters most predators, certain elasmobranchs are known to prey on
these otherwise poisonous fish. For example, tiger sharks, Galeocerdo cuvier (Péron & Lesueur,
1822) routinely include pufferfish in their diet (Dicken et al., 2017; Ulman et al., 2021). Along-term
study of tiger shark stomach contents in South African waters found that porcupinefish
(Diodontidae), pufferfish (Tetraodontidae), and boxfish (Ostraciidae) were among the most
common prey items across all shark size classes, indicating tiger sharks regularly consume these
toxic (Dicken et al., 2017; Ulman et al., 2021). These observations confirm that at least some
sharks can safely eat puffers despite their lethal toxin load. While bony fish and seabirds generally
avoid pufferfish, tiger sharks and a few other high-level predators appear to have evolved a
tolerance. This ability to exploit a toxic prey source gives such elasmobranchs a unique ecological

advantage in accessing prey that most predators cannot.
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Alternatively, A. honckenii may serve as a reservoir host, contributing to the persistence
and circulation of larval stages within marine food webs. This finding highlights the importance of
non-commercial or understudied hosts in maintaining parasite biodiversity and sustaining

complex life cycles in marine systems.

Acanthobothrium sp.
Atotal of three specimens were identified as Acanthobothrium sp. This represents the first
record of representatives of this genus in A. honckenii. The full taxonomic classification and

summary are as follows:

Class: Cestoda

Order: Onchoproteocephalidea

Family: Onchobothriidae

Genus: Acanthobothrium Blanchard, 1848

Species: Unknown

Present host: Amblyrhynchote honckenii (Bloch)

Present locality: Uvongo Beach, South Africa

Site of infection: Intestine

Prevalence (P): 30%

Mean intensity (MI): 1

Life stage: Larvae

Representative DNA sequences: One sequence for 28S rDNA

Voucher material: One specimen fixed on a slide (Figure 3.16A) and one specimen fixed
in ethanol are kept in the collection of the Water Research Group (WRG) at the North-
West University (NWU), Potchefstroom, South Africa

Specimens were identified based on a combination of morphological characters typical of
larval onchobothriids and molecular sequence data from the 28S rDNA gene. Although adult
features were absent, the larval scolex had four bothridia, which is characteristic of the genus

Acanthobothrium (Caira and Jensen, 2001).

Molecularly, the partial 28S rDNA sequences showed a high degree of similarity to A.
hypermekkolpos Fyler & Caira, 2010, differing by only 14 bp (1.26%), and clustered
phylogenetically within a clade of other Acanthobothrium species known to parasitise
elasmobranch hosts (Figure 3.17). The ecology of Acanthobothrium also supports this
identification. The genus is highly host-specific in its adult stage, typically infecting

elasmobranchs, such as rays and guitarfishes (Caira and Jensen, 2014). The larval stage
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recovered here likely represents a plerocercoid, using A. honckenii as an intermediate or
paratenic host. While A. honckenii is toxic and thus seldom predated upon, the presence of such

cestodes suggests that some elasmobranchs may consume it.

Figure 3.16: Light microscopy images of cestodes, parasitising Amblyrhynchote honckenii
(Bloch) off the coast of South Africa. A — Acanthobothrium sp. Blanchard, 1848, scale bar 100
pm; B — Scyphophyllidium sp. Woodland, 1927, scale bar 100 um; C — Kotorella pronosoma Euzet
& Radujkovic, 1989, scale bar 50 ym; D — Nybelinia sp. Poche, 1926, scale bar 50 pum.
Photographs A-D by Linda de Klerk.
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Figure 3.17: Bayesian Inference (Bl) phylogenetic tree of the family Onchobothriidae, based on

- Acanthobothrium zimmeri - F1843602

Onchobothriidae
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28S rDNA sequences. Nodal support values are indicated as Bl/Maximum Likelihood (ML); only

values 20.7 (Bl) and =270 (ML) are displayed. Newly sequenced isolates generated in this study

are highlighted in green with bold text. The orange highlighted sequence indicates the closest

genetic match. Potamotrygonocestus fitzgeraldae Marques, Brooks & Araujo, 2003, was selected

as the outgroup.

Scyphophyllidium sp.

A total of 324 specimens were identified as Scyphophyllidium sp. This represents the first

record of members of this genus in A. honckenii. The full taxonomic classification and summary

are as follows:

Class: Cestoda
Order: Phyllobothriidea
Family: Phyllobothriidae

Genus: Scyphophyllidium Woodland, 1927

Species: Unknown

Present host: Amblyrhynchote honckenii (Bloch)

Present locality: Breede River estuary, Witsand; Chintsa East; and Sodwana Bay, South

Africa
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Site of infection: Intestine

Prevalence (P): 38%

Mean intensity (MI): 27

Life stage: Larvae

Representative DNA sequences: Three sequences for 28S rDNA

Voucher material: Ten specimens fixed on slides (Figure 3.16B) and 310 specimens fixed
in ethanol are kept in the collection of the Water Research Group (WRG) at the North-
West University (NWU), Potchefstroom, South Africa

Specimens were identified based on distinctive morphological and genetic data.
Morphologically, the specimens had a scolex with four bothridia and a developing strobila

consistent with a developmental form of larval phyllobothriids (Caira et al., 2017).

Molecular analysis targeting the 28S rDNA gene showed close affinity to Scyphophyllidium
sinclairtaylori (Cutmore, Bennett, Miller & Cribb, 2017) Caira, Jensen & Ruhnke in Caira, Jensen,
Hayes & Ruhnke, 2020, with 14 bp differences (1.5%). Phylogenetic analyses placed the
sequences in a well-supported clade comprising exclusively Scyphophyllidium species
parasitising batoid fishes (Figure 3.18). The presence of larvae in A. honckenii suggests that this
host serves as a trophic intermediate or paratenic host. Given that Scyphophyllidium spp. typically
mature in rays and skates, the infection may occur through ingestion of fish already infected with

earlier larval stages.
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Figure 3.18: Bayesian Inference (Bl) phylogenetic tree of the family Phyllobothriidae, based on
28S rDNA sequences. Nodal support values are indicated as Bl/Maximum Likelihood (ML); only
values 20.7 (Bl) and =270 (ML) are displayed. Newly sequenced isolates generated in this study
are highlighted in green with bold text. The orange highlighted sequence indicates the closest
genetic match. Alexandercestus gibsoni Ruhnke & Workman, 2013, was selected as the

outgroup.

Kotorella pronosoma
A total of 12 specimens were identified as K. pronosoma. This represents the first record
of representatives of this genus in A. honckenii. The full taxonomic classification and summary

are as follows:

Class: Cestoda

Order: Trypanorhyncha

Family: Tentaculariidae

Genus: Kotorella Euzet & Radujkovic, 1989

Species: Kotorella pronosoma (Stossich, 1901) Euzet & Radujkovic, 1989
Type host: Syacium papillosum (Linnaeus, 1758) (Paralichthyidae)

Type locality: Yucatan shelf, Gulf of México

Present host: Amblyrhynchote honckenii (Bloch)
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Present locality: Chintsa East; Uvongo Beach; and Sodwana Bay, South Africa

Site of infection: Intestine

Prevalence (P): 40

Mean intensity (MI): 1

Life stage: Larvae

Representative DNA sequences: 3 sequences for 28S rDNA

Voucher material: Three specimens fixed on slides (Figure 3.16C) and 6 specimens fixed
in ethanol are kept in the collection of the Water Research Group (WRG) at the North-
West University (NWU), Potchefstroom, South Africa

Specimens were identified based on both morphology and 28S rDNA sequences. The
tentacular armature, glandular bulbs, and scolex morphology match existing descriptions of larval
tentaculariids (Palm, 2004). Genetic analysis revealed a 100% sequence match with K.

pronosoma, and phylogenetic placement was fully congruent with this identification (Figure 3.19).

Kotorella pronosoma has been described in adult form from elasmobranch hosts, and its
larval stages are known to use marine teleosts as paratenic hosts (Palm and Overstreet, 2000).
The presence of this species in A. honckenii aligns with this pattern and represents the first report
from this host species and from multiple localities along the South African coast. It also highlights

the pufferfish's potential role in facilitating the life cycle of trypanorhynchs.
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Figure 3.19: Bayesian Inference (BIl) phylogenetic tree of the family Tentaculariidae, based on

28S rDNA sequences. Nodal support values are indicated as Bl/Maximum Likelihood (ML); only

values 20.7 (Bl) and 270 (ML) are displayed. Newly sequenced isolates generated in this study

are highlighted in green and pink, with bold text. The blue highlighted sequence indicates the

closest genetic match. Sphyriocephalus viridis (Wagener, 1854) Pintner, 1913 was selected as

the outgroup.

Nybelinia sp.

A total of 10 specimens were identified as Nybelinia sp. This represents the first record of

this genus in A. honckenii. The full taxonomic classification and summary are as follows:

Class: Cestoda
Order: Trypanorhyncha

Family: Tentaculariidae

Genus: Nybelinia Poche, 1926

Species: Unknown

Present host: Amblyrhynchote honckenii (Bloch)

Present locality: Breede River estuary, Witsand, South Africa

Site of infection: Intestine
Prevalence (P): 67%
Mean intensity (MI): 0.7
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Life stage: Larvae

Representative DNA sequences: 3 sequences for 28S rDNA

Voucher material: Three specimens fixed on slides (Figure 3.16D) and three specimens
fixed in ethanol are kept in the collection of the Water Research Group (WRG) at the
North-West University (NWU), Potchefstroom, South Africa.

Specimens were identified based on typical trypanorhynch larval traits, four tentacles;
hook rows, and tentacular bulbs (Palm, 2004). The 28S rDNA sequences aligned closely with
Nybelinia africana Dollfus, 1960, differing by 22 bp (1.8%), placing them in a Nybelinia clade in
the phylogenetic analysis (Figure 3.19). Nybelinia spp. are well-documented in marine
environments, with complex life cycles involving crustaceans, teleosts, and elasmobranchs (Palm
and Overstreet, 2000). Larval stages often infect pelagic fish species that are subsequently
consumed by sharks or rays, the definitive hosts. Although definitive species identification cannot
be confirmed without adult material, the genetic divergence and morphological consistency
provide strong support for genus-level identification. Given the phylogenetic proximity to N.
africana, it is likely that the definitive host is an elasmobranch species occurring in the same
region. Further sampling of adult cestodes from elasmobranchs will be necessary to confirm this
link.

Class Monopisthocotylea and Polyopisthocotylea

Monopisthocotyleans and polyopisthocotyleans are a diverse group of ectoparasitic
flatworms that typically inhabit the gills, skin, and fins of both marine and freshwater fishes
(Buchmann and Bresciani, 2006). They possess a monoxenous life cycle, wherein a free-
swimming oncomiracidium larva hatches from the egg and directly infects a new host (Kearn,
2011). In South Africa, although the marine monopisthocotylean and polyopisthocotylean fauna
remains only partially documented, considerable progress has been made in recent years,
particularly on elasmobranch and sparid hosts (Vaughan et al., 2010; Smit and Hadfield, 2015;
Nunkoo, 2019). Early contributions to this field include the descriptions of Callorhynchocotyle
callorhynchi (Manter, 1955) Boeger, Kritsky & Pereira, 1989 and Callorhynchicola
multitesticulatus Manter, 1955 (Manter, 1955), followed by Udonella myliobati (Guberlet, 1936)
(Olivier et al., 2000), Udonella caligorum Johnston, 1835 (Grobler et al., 2003), Branchotenthes
robinoverstreeti Bullard & Dippenaar, 2003 (Bullard and Dippenaar, 2003) and Dermophthirius
carcharhini MacCallum, 1926 (Bullard et al., 2004). Subsequent studies led to the identification
of several additional species, including Dendromonocotyle spp. Hargis, 1955 (Vaughan et al.,
2008; Vaughan and Chisholm, 2009), Heterocotyle tokoloshei Vaughan & Chisholm, 2010
(Vaughan and Chisholm, 2010a), Neoheterocotyle robii Vaughan & Chisholm, 2010 (Vaughan and
Chisholm, 2010b), Myxinidocotyle eptatreti Vaughan & Christison, 2010 (Vaughan and Christison,
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2010), Gyrodactylus eyipayipi Vaughan, Christison, Hansen & Shinn, 2010 (Vaughan et al., 2010),
and Pseudoleptobothrium christisoni Vaughan & Chisholm, 2011 (Vaughan and Chisholm, 2011).
Most recently, H. victorwepeneri was described by Acosta and Smit (2021), marking a significant
addition to the known diversity of monopisthocotyleans and polyopisthocotyleans in South African
marine systems. Despite these advancements, several host groups, particularly tetraodontiform
fishes, remain underexplored. At present, H. victorwepeneri is the only polyopisthocotylean
species formally described from A. honckenii in South African marine systems. Given the cryptic
morphology and high host specificity of many monopisthocotyleans and polyopisthocotyleans, it
is highly probable that additional, yet undiscovered species are present on tetraodontid hosts in

the region.

In this study, H. victorwepeneri was recovered from its type host, at the type locality in
South Africa, confirming its presence in this region. In addition, U. australis, was observed as an
epibiont attached to the parasitic copepod Cal. tetrodontis, (identification described earlier),
representing a notable ecological association. These findings contribute to the limited but growing
knowledge of monopisthocotylean and polyopisthocotylean diversity and their interactions within

tetraodontiform hosts in South African marine environments.

Udonella australis

A total of 12 specimens were identified as U. australis. The occurrence of Udonella on
parasitic copepods also highlights its unique hyperparasitic lifestyle, one of the few known
examples in marine platyhelminths (Freeman and Ogawa, 2010). This represents the first record
of this genus on Cal. tetrodontis and A. honckenii. The full taxonomic classification and summary

are as follows:

Class: Monopisthocotylea

Order: Gyrodactylidea

Family: Udonellidae

Genus: Udonella Johnston, 1835

Species: Udonella australis Carvajal & Sepulveda, 2002

Type host: Lepeophtheirus mugiloidis Villalba & Duran, 1986 ex. Pinguipes chilensis
Valenciennes

Type locality: Concepcién, Chile

Present host: Caligus tetrodontis Barnard, 1948 ex. Amblyrhynchote honckenii (Bloch)
Present locality: Mossel Bay, South Africa

Site of infection: External body surface of Cal. tefrodontis ex A. honckenii

Prevalence (P): 10% in fish hosts, 8% in copepod host
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Mean intensity (MI): 12

Life stage: Adult

Representative DNA sequences: Three sequences for 18S rDNA and two sequences
for 28S

Voucher material: Eight specimens fixed on slides (Figure 3.20) and four specimens fixed
in ethanol are kept in the collection of the Water Research Group (WRG) at the North-
West University (NWU), Potchefstroom, South Africa

Specimens were identified using both morphological characteristics and molecular
analyses. All morphometric data for the newly collected specimens fell within the range previously
described for U. australis by Carvajal and Sepulveda (2002), with some measurements slightly
extending known limits. Molecular analysis of the 18S rDNA gene region revealed a 99.70%
sequence similarity to U. australis, and phylogenetic analyses placed the specimens within a
strongly supported clade alongside this species (Figure 3.21). To date, only two other udonellid
species have been reported from South Africa, U. myliobati and U. caligorum. However, genetic
comparisons of 18S rDNA, clearly distinguish the current specimens from these species, with
sequence differences of 67 base pairs (6.90%) and 36 base pairs (3.72%), respectively. This is
the first known record of U. australis from the South African coastline. Although U. australis was
originally described from Chile (Carvajal and Sepulveda, 2002), this finding represents a

significant geographic range extension to the South African coast.
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Figure 3.20: Light microscopy images of Udonella australis Carvajal & Sepulveda, 2002 ex

Caligus tetrodontis Barnard, 1948, parasitising Amblyrhynchote honckenii (Bloch) off the coast of
South Africa. A — Udonella australis ex Cal. tetrodontis, scale bar 2 mm; B — Specimens with eggs
(arrow indicates eggs), scale bar 500 uym; C — Stained whole specimen, scale bar 200 um.
Photographs A—C by Linda de Klerk.

75



Chapter 3

- Udonella myliobati - F1946833

- Udonella fugu - F7946830

[ - Udonelia caligorum - AJ228796

0.99/97

1/ 100

- Udonelia caligorum - FJ946831

Udonellidae

1/100 - Udonella brasitiensis - MW763077

1/100
—1/100

- Udonefla brasifiensis - MW763065

1/100

- Udonella australis - F1946832

1/100

- Udonelfia australis

- Gyrodactylus saimonis - JN230350 Outgroup

0.04
Figure 3.21: Bayesian Inference (Bl) phylogenetic tree of the family Udonellidae, based on 18S

rDNA sequences. Nodal support values are indicated as Bl/Maximum Likelihood (ML); only values
20.7 (Bl) and 270 (ML) are displayed. Newly sequenced isolates generated in this study are
highlighted in green with bold text. Gyrodactylus salmonis Yin & Sproston, 1948 was selected as

the outgroup.

Heterobothrium victorwepeneri
A total of 23 specimens were identified as H. victorwepeneri. These specimens were
collected from the type host species and type locality for the species, as originally described by

Acosta and Smit (2019). The full taxonomic classification and summary are as follows:

Class: Polyopisthocotylea

Order: Mazocraeidea

Family: Diclidophoridae

Genus: Heterobothrium Cerfontaine, 1895

Species: Heterobothrium victorwepeneri Acosta & Smit, 2021
Type host: Amblyrhynchote honckenii (Bloch)

Type locality: Chintsa East, South Africa

Present host: Amblyrhynchote honckenii (Bloch)
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Present locality: Breede River estuary, Witsand; Chintsa East; and Uvongo Beach, South
Africa

Site of infection: Gills

Prevalence (P): 66%

Mean intensity (MI): 1

Life stage: Adult

Representative DNA sequences: Three sequences for 28S rDNA and two sequences
for COl mtDNA

Voucher material: Six specimens fixed on slides (Figure 3.22) and 17 specimens fixed in
ethanol are kept in the collection of the Water Research Group (WRG) at the North-West
University (NWU), Potchefstroom, South Africa

Specimens were identified through a combination of morphological and molecular
analyses and were consistent with the original description of H. victorwepeneri by Acosta and
Smit (2021). This study confirms the continued presence of H. victorwepeneri in A. honckenii
across multiple sites along the South African coastline. Morphologically, the specimens displayed
all key diagnostic features of the species, including characteristic body shape, haptoral structures,
and reproductive anatomy. Molecular analysis of the COl mtDNA gene further supported this
identification, with sequences showing a 100% match to previously published H. victorwepeneri
data and clustering within the same well-supported phylogenetic clade (Figure 3.23). These
findings reinforce the species' identity and its persistence within its type host and geographical

range.
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Figure 3.22: Light microscopy images of Heterobothrium victorwepeneri Acosta & Smit, 2021,

parasitising Amblyrhynchote honckenii (Bloch) off the coast of South Africa. A — Stained adult

specimen, scale bar 500 um; B — Specimen on gills; C — Stained larval specimen, scale bar 500
pm.Photographs A—C by Linda de Klerk.
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Figure 3.23: Bayesian Inference (Bl) phylogenetic tree of the family Diclidophoridae, based on
COI mtDNA sequences. Nodal support values are indicated as Bl/Maximum Likelihood (ML); only
values 20.7 (Bl) and 270 (ML) are displayed. Newly sequenced isolates generated in this study
are highlighted in green with bold text. Neoheterobothrium paralichthyi Suriano & Labriola, 1999,

was selected as the outgroup.

Class Trematoda

Trematodes are obligate endoparasitic flatworms characterised by complex,
heteroxenous life cycles involving at least two hosts, typically an aquatic mollusc as the first
intermediate host and a vertebrate, such as a fish, bird, or mammal, as the definitive host (Cribb
et al., 2001). These life cycles often include free-living larval stages (such as miracidia and

cercariae) and occasionally involve additional intermediate or paratenic hosts (Cribb et al., 2001).

Research on the trematode parasites of South African marine fishes has historically been
limited, with only a small number of detailed studies conducted over the years (Yong et al., 2023).
Although contributions by several international and local researchers significantly advanced
knowledge of the region’s digenean fauna, comprehensive surveys have remained scarce (Yong
et al., 2023). In 2022, approximately only 70 trematode species had been formally recorded from
South African marine fishes, a figure significantly lower than the 190 species recorded from
southern Australia or the 529 species reported from subtropical eastern China (Bray et al., 2016;

Cribb et al., 2016, Yong et al., 2023). Most recent work in South Africa has focused on freshwater
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trematodes, particularly on larval stages in intermediate hosts (Malatji and Mukaratirwa, 2019;
Hoogendoorn et al., 2020; Rakgole et al., 2019; Dos Santos et al., 2021; Truter et al., 2025), while
relatively few studies have investigated marine systems (Vermaak et al., 2023a; b). The limited
number of new species described in recent years reflects both the lack of systematic sampling
and the undiscovered hidden diversity of trematodes in South African coastal ecosystems (Yong
et al., 2023). The evileye blaasop, A. honckenii, exemplifies the extent of this knowledge gap. To
date, only a single digenean species, Pseudoheterolebes cotylophorus (Yamaguti, 1934) Bray,
1986 (Bray, 1986; Martin et al., 2018), has been recorded from this host, originally described from

the gastrointestinal tract.

In this study, five digenean taxa were recovered from A. honckenii at various sites along
the South African coast: Rhipidocotyle sp. (metacercariae), Bucephalidea gen. sp.
(metacercariae), Helicometrina sp. (larvae), O. cotylophorus (adult) as O. amplicoelus Nicoll 1915
(adult), and Zoogonidae gen. sp. (larvae). Of these, only O. amplicoelus was represented by adult
specimens; the others were found as larval stages, particularly bucephalid metacercariae,
suggesting that A. honckenii likely serves as a second-intermediate or accidental host. These
findings reflect both the under-sampling of this host species and the broader underestimation of
trematode diversity in South African marine ecosystems. Comprehensive surveys incorporating
molecular tools are urgently needed to improve understanding of digenean biodiversity and host

associations in the region.

Rhipidocotyle sp.

A total of 977 specimens were identified as a new species of Rhipidocotyle sp. This
represents the first record of this genus and species in A. honckenii. As part of a larger project on
the Bucephalidae, a manuscript (Louvard et al. 2025) describing the larval (including those from
the present study) and adult stages of this new species has already been accepted for publication.

The full taxonomic classification and summary are as follows:

Class: Trematoda

Order: Plagiorchiida

Family: Bucephalidae

Genus: Rhipidocotyle Diesing, 1858

Species: Unknown

Present host: Amblyrhynchote honckenii (Bloch)

Present locality: Breede River estuary, Witsand; Chintsa East; and Uvongo Beach, South
Africa

Site of infection: Heart and eyes
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Prevalence of infection: 62%

Intensity of infection: 44 .4

Life stage: Larvae (Metacercaria)

Representative DNA sequences: 14 sequences for 28S

Voucher material: 963 specimens fixed in ethanol are kept in the collection of the Water
Research Group (WRG) at the North-West University (NWU), Potchefstroom, South Africa

Specimens were identified based on distinct morphological features consistent with the
genus Rhipidocotyle and confirmed using partial 28S rDNA sequences (Figure 3.24), which
matched identically to adult specimens collected from Lichia amia (Linnaeus, 1758) and
sporocysts from Perna perna (Linnaeus, 1758) (see Louvard et al. 2025). This work contributes
to our understanding of parasite diversity in A. honckenii, and highlights its role as a second

intermediate host in the complex life cycle of Rhipidocotyle sp.

Bucephalidae gen. sp.

A total of 1,950 larval specimens were identified as members of the family Bucephalidae.
These were all recovered as metacercarial cysts, and due to the absence of corresponding adult
stages and lack of clear morphological diagnostic features, the genus and species remain
unidentified. This represents the second record of a bucephalid metacercaria in A. honckenii. The

full taxonomic classification and summary are as follows:

Class: Trematoda

Order: Plagiorchiida

Family: Bucephalidae

Genus: Unknown

Species: Unknown

Present host: Amblyrhynchote honckenii (Bloch)

Present locality: Mossel Bay; Chintsa East; and Sodwana Bay, South Africa

Site of infection: Intestine, heart and eyes

Prevalence (P): 51%

Mean intensity (MI): 102.6

Life stage: Larvae

Representative DNA sequences: Three sequences for 28S

Voucher material: 1,947 specimens fixed in ethanol are kept in the collection of the Water
Research Group (WRG) at the North-West University (NWU), Potchefstroom, South Africa
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The Bucephalidae is a large, cosmopolitan family of trematodes infecting marine,
brackish, and freshwater fishes, with fish typically serving as second intermediate hosts
(Overstreet and Curran in Jones et al., 2005). The specimens recovered in this study differ
genetically from Rhipidocotyle meridionalis by 108 bp (9.72%) based on 28S rDNA sequence
analysis. Although precise identification is not yet possible without adult forms, phylogenetic
analysis places these metacercariae in a clade with Prosorhynchoides Dollfus, 1929, species
(Figure 3.24). The closest match is P. moretonensis Hammond, Cribb & Bott, 2018, differing by
only 30 base pairs (2.45%). This is also seen in the Bayesian inference (Bl) phylogenetic tree
(Figure 3.24), where the isolate forms a well-supported subclade alongside Prosorhynchoides

sequences.
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Figure 3.24: Bayesian Inference (Bl) phylogenetic tree of the family Bucephalidae, based on 28S
rDNA sequences. Nodal support values are indicated as Bl/Maximum Likelihood (ML); only values
20.7 (Bl) and 270 (ML) are displayed. Newly sequenced isolates generated in this study are
highlighted in green and pink, with bold text. Coitocaecum capense Bray, 1987 was selected as

the outgroup.

Helicometrina sp.
A single specimen was identified as Helicometrina sp. This is the first record of a species

of Helicometrina in A. honckenii. The full classification and summary are as follows:
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Class: Trematoda

Order: Plagiorchiida

Family: Opecoelidae

Genus: Helicometrina Linton, 1910

Species: Unknown

Present host: Amblyrhynchote honckenii (Bloch)

Present locality: Sodwana Bay, South Africa

Site of infection: Intestine

Prevalence (P): 10%

Mean intensity (MI): 1

Life stage: Larvae

Representative DNA sequences: One sequence for ITS2 and one sequence for 28S
rDNA

Voucher material: One hologenophore fixed in ethanol (Figure 3.25A) is kept in the
collection of the Water Research Group (WRG) at the North-West University (NWU),

Potchefstroom, South Africa
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Figure 3.25: Light microscopy photos and line drawing of trematode specimens parasitising

Amblyrhynchote honckenii (Bloch) along the South African coastline. A— Helicometrina sp. Linton,
1910, scale bar 200um; B — Line drawing of Opistholebes amplicoelus Nicoll, 1915, scale bar
500um; C — Zoogonidae gen. sp., scale bar 100um. Photographs A, C by Dr. Russel Q-Y. Yong,
B by Linda de Klerk.

The Opecoelidae is one of the most diverse families of digeneans, yet only a single
Helicometrina species, H. nimia Linton, 1910, has previously been reported from South Africa
(Bray, 1987). Although immature, the specimen collected in this study shows morphological
features consistent with Helicometrina, including a helical uterus, flamented eggs, and caeca
terminating blindly in the hindbody (Cribb in Jones et al., 2005). Molecular data from the 28S
rDNA gene place this isolate in proximity to Helicometrina species originally described from South
Africa; however, it forms a distinct lineage, differing from H. nimia by 97 base pairs (7.68%) (Figure
3.26). Due to the limited availability of reference sequences for Helicometrina, the isolate rather
forms a clade with Helicometra species in the phylogenetic analysis. Interestingly, the isolate is
genetically more similar to Helicometra fasciata (Rudolphi, 1819) Odhner, 1902, differing by only
58 base pairs (4.60%). This apparent affinity with Helicometra is likely an artefact of incomplete
taxon sampling, as the genus Helicometrina was established to accommodate species
morphologically similar to Helicometra but with more than two testes. While morphological

observations strongly support placement within Helicometrina, additional material and more
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comprehensive molecular datasets will be required to confirm the taxonomic identity of this
isolate.

- Helicomeirina nimia - MK208868

—1/ 100 . .
— Helicc ina sp.

1/99

- Helicometra fasciata - KU320597

1/99

0.73/77

Helicometrinae

- Helicometra manteri - Ki701238

- Helicomira boseli - KU320600

— 1100

- Helicometra antarcticae - OK644193

- Coitocaecum capense - OR129144 Qutgroup
.

0.03
Figure 3.26: Bayesian Inference (Bl) phylogenetic tree of the family Helicometrinae, based on

28S rDNA sequences. Nodal support values are indicated as Bl/Maximum Likelihood (ML); only
values 20.7 (Bl) and =70 (ML) are displayed. Newly sequenced isolates generated in this study
are highlighted in green with bold text. The orange highlighted sequence indicates the closest

genetic match. Coitocaecum capense Bray, 1987 was selected as the outgroup.
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Opistholebes amplicoelus

A total of 18 specimens were identified as O. amplicoelus. This species was previously
reported in A. honckenii as O. cotylophorus, which was then reassigned to P. cotylophorus based
on morphological characters. During this study, genetic analyses were employed, and the species
is now reassigned to O. amplicoelus. The full manuscript for the description of this species is

prepared to be submitted. The full taxonomic classification and summary are as follows:

Class: Trematoda

Order: Plagiorchiida

Family: Opecoelidae

Genus: Opistholebes Nicoll, 1915

Species: Opistholebes amplicoelus Nicoll, 1915

Type host: Lagocephalus lunaris (Bloch & Schneider)

Type locality: Cleveland Bay, Australia.

Present host: Amblyrhynchote honckenii (Bloch)

Present locality: Breede River estuary, Witsand; and Chintsa East, South Africa

Site of infection: Intestine

Prevalence (P): 56%

Mean intensity (MI): 1.3

Life stage: Adult

Representative DNA sequences: Five sequences for ITS2 rDNA, three sequences for
28S rDNA, 11 sequences for COl mtDNA, and 10 sequences for nad1

Voucher material: 15 specimens fixed on slides (Figure 3.25B) and five specimens fixed
in ethanol are kept in the collection of the Water Research Group (WRG) at the North-
West University (NWU), Potchefstroom, South Africa

Adult trematodes were initially identified as P. cotylophorus (Yamaguti, 1934) Bray, 1986,
based on previous records from this host and general morphological similarity. However, detailed
morphological assessment revealed that key features, specifically the position and size of the
ventral sucker, the arrangement of the reproductive organs, and the extent of the caeca, are more
consistent with the diagnostic characters of O. amplicoelus as outlined by Martin et al. (2018). We
propose the reassignment of these specimens to O. amplicoelus. This conclusion is substantiated
by molecular evidence: the partial 28S rDNA sequence obtained from our specimen clustered
within a strongly supported Opistholebes clade in the phylogenetic analysis, showing a 100%
match with existing sequences and full nodal support. The 28S phylogenetic tree (Figure 3.27)

clearly illustrates this placement. A comprehensive justification for this taxonomic reassignment,
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including comparative morphometrics and molecular analyses, is presented in the submitted

manuscript (see Appendix D; de Klerk et al., 2025, to be submitted).

_ Opistholebes amplicoelus_SA
1/ 100

- Opistholebes amplicoelus SA
0.92/ 94

- Parallelolebes virilis - MH933880

1/100
0.75{ 74
- Macuiifer diodontis - MH933879

- Macvicaria dubia - KR149470

- Macvicaria obovala - JQ694147
0.99/ 100

0.77/ 85
- Macvicaria barfolif - KR149465

028798 _ pracvicaria mormyri - AF184256
- Macvicaria gibsoni - MF166845

- Macvicaria crassigula - KI701237

- Pseudopycnadena fischthali - MEI66851

— ¥ 100

0.97/ 98

- Peracreadium idoneum - AY222209

- Magnaosimum brooksae - MG813907

- Neolebouria georgiensis - ON123036

- Opistholebes amplicoelus AUS - MH933875

- Heterolebes maculosus - MH933878

- Pseudoheterolebes stellaglobulus - MH933877

- Pseudoheteroiebes diodontis - MH933876

- Macvicaria maamouriae - KR149468

_lj - Gaevskajatrema perezi - AF184255
- Propycnadenoides philippinensis - KU320604

Opistholebetinae

Outgroup

Figure 3.27: Bayesian Inference (BI) phylogenetic tree of the family Opistholebetinae, based on

28S rDNA sequences. Nodal support values are indicated as Bl/Maximum Likelihood (ML); only

values 20.7 (Bl) and 270 (ML) are displayed. Newly sequenced isolates generated in this study

are highlighted in green with bold text. The orange highlighted sequence indicates specimens

from the genus Psudohetrolebes. Neolebouria georgiensis Gibson, 1976, was selected as the

outgroup.

Zoogonidae gen. sp.

A total of 229 specimens were identified as belonging to the family Zoogonidae gen. sp.

This is the first record of Zoogonidae larvae in A. honckenii. The full classification and summary

are as follows:

Class: Trematoda
Order: Plagiorchiida
Family: Zoogonidae
Genus: Unknown

Species: Unknown

Present host: Amblyrhynchote honckenii (Bloch)

Present locality: Mossel Bay; Chintsa East; and Sodwana Bay, South Africa
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Site of infection: Intestine

Prevalence (P): 40%

Mean intensity (MI): 16.4

Life stage: Larvae

Representative DNA sequences: Three sequences for ITS2 rDNA, three sequences for
28S rDNA, and three sequences for COl mtDNA

Voucher material: 229 specimens fixed in ethanol (Figure 3.25C) are kept in the
collection of the Water Research Group (WRG) at the North-West University (NWU),

Potchefstroom, South Africa

Zoogonids are small-bodied digeneans that typically inhabit the gastrointestinal tract of
marine teleosts (Bray in Jones et al., 2005). To date, five species of Zoogonidae have been
reported from South African marine fishes: Cephaloporus bakeri Bray, 1985; Lecithostaphylus
retroflexus (Molin, 1859); Overstreetia sodwanaensis Bray, 1985; Steganoderma sp. Stafford,
1904; and Steganodermatoides allocytti (Tkachuk, 1979) (Fantham, 1938; Bray, 1985, 1987;
Parukhin, 1989). Morphologically, the larval specimens collected in this study most closely
resemble members of the genus Zoogonoides, based on features such as body shape, sucker
and organ distribution. Specimens yielded partial 28S rDNA sequences with 96 bp difference
(7.60%) from Zoogonoides viviparus (Olsson, 1868) Odhner, 1902 (Figure 3.28). This
phylogenetic affinity supports the tentative assignment of these larvae to Zoogonoides gen. sp.
However, due to the limitations of larval morphology and the moderate divergence from known
species, additional specimens and more variable genetic markers will be needed to confirm this

identification at the species level.
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Figure 3.28: Bayesian Inference (Bl) phylogenetic tree of the family Zoogoninae, based on 28S
rDNA sequences. Nodal support values are indicated as Bl/Maximum Likelihood (ML); only values
20.7 (Bl) and 270 (ML) are displayed. Newly sequenced isolates generated in this study are
highlighted in green with bold text. The orange highlighted sequence indicates the closest genetic

match. Coitocaecum capense Bray, 1987, was selected as the outgroup.

3.4 Discussion

The diversity and composition of the metazoan parasite communities recovered from A.
honckenii across multiple ecoregions illustrate the remarkable but historically underestimated
complexity of South African marine parasite faunas (Smit and Hadfield, 2015). This study
documented 22 parasite taxa, spanning several phyla and life history strategies, including
significant representation from acanthocephalans, cestodes, crustaceans, digeneans,
monopisthocotyleans, nematodes, and polyopisthocotyleans. Notably, while crustacean
ectoparasites such as Cin. tetrodontis and Cal. tetrodontis dominated prior reports of parasites
from this host (Hadfield et al., 2010; Hayes et al., 2021), the current baseline assessment revealed
both high prevalence and diversity of helminth endoparasites, particularly larval cestodes and
trematodes, highlighting the ecological centrality of A. honckenii as an intermediate and paratenic

host within regional trophic webs.

The parasite assemblage of A. honckenii reveals a mix of highly host-specific taxa and

more cosmopolitan species. Several metazoan parasites appear unique or largely restricted to
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this pufferfish, reflecting specialised host-parasite associations. For instance, the buccal
cymothoid isopod Cin. tetrodontis was originally described from A. honckenii and remains one of
the few isopods documented from any tetraodontid in South Africa (Hadfield et al., 2010).
Likewise, the qill associated polyopisthocotylean Heterobothrium victorwepeneri was recently
described as a new species from A. honckenii, and it is currently the only polyopisthocotylean
formally recorded directly on this fish host (Acosta and Smit, 2021). Two novel copepod parasites,
E. arenalbus and E. chintensis, were discovered on A. honckenii as well, representing the second
and third ergasilid species ever reported from any pufferfish worldwide (Van Der Spuy et al.,
2025). Amblyrhynchote honckenii is also the type host for the acanthocephalan R. gerberi,
described in 2019 (Lisitsyna et al., 2019), underscoring that several components of its parasite
fauna are endemic to this host. At the same time, A. honckenii harbours parasites that it shares
with other tetraodontid fishes, hinting at broader host ranges within the Tetraodontidae family.
Notably, the caligid copepod Cal. tetrodontis, while prevalent on A. honckenii, was originally
described from a different pufferfish, T. hypselogeneion (Hayes et al., 2021), indicating this
ectoparasite infects multiple tetraodontid hosts in the region. Similarly, the digenean O.
amplicoelus, the only trematode historically reported from A. honckenii, was first described in
Australian waters, suggesting that at least some helminths of A. honckenii are shared with
tetraodontids beyond Africa (Martin et al., 2018). Such findings highlight that A. honckenii
supports both a set of host-specific parasites and others that are common to pufferfishes more
generally, paralleling patterns seen in better-studied relatives. For example, polyopisthocotyleans
in the genus Heterobothrium are recurrent parasites of pufferfish globally, and the occurrence of
H. victorwepeneri on A. honckenii aligns with this trend even as it represents a unique species
confined to African waters. This blend of specialised and shared parasites in A. honckenii reflects
a complex host-parasite history, with certain lineages possibly co-diverging with the evileye puffer

while others colonise it opportunistically from related hosts.

Equally important is the subset of A. honckenii's parasites that are widely distributed
among unrelated fish hosts, emphasising this puffer’s role in regional food webs. The present
survey revealed a high diversity and prevalence of trophically-transmitted endoparasites in A.
honckenii, particularly larval stages of helminths, which had been underrepresented in earlier
reports focused on conspicuous ectoparasites. Many of these larval parasites are not specific to
pufferfish but rather exploit A. honckenii as an accidental, intermediate or paratenic host. The
prominence of such generalist or heteroxenous parasites in A. honckenii mirrors findings in other
coastal fish and underscores that, despite its potent defences, this pufferfish is embedded in the
broader parasite ecology of the ecosystem. When comparing A. honckenii's parasite fauna to that
of well-studied Asian puffers, notable similarities and differences emerge. Takifugu rubripes hosts

at least 18 metazoan parasite species, including numerous monopisthocotyleans (including U.

90



Chapter 3

caligorum and N. girellae) and polyopisthocotyleans (including Heterobothrium spp.), specialist
copepods (P. fugu, C. fugu), acanthocephalans (P. pagrosomi), and even blood flukes
(Paradeontacylix spp.) (Ogawa and Inouye, 1997; Park and Park, 2006, Ogawa et al., 2007;
Ogawa and Itoh, 2022). Amblyrhynchote honckenii also harbours Heterobothrium, Udonella,
Caligus, as well as Pomphorhynchus species. Although the parasite fauna of A. honckenii is
unique, with its own host-specific parasites, such as Cin. tetrodontis, it also hosts some broadly
shared genera. This comparison underlines how regional host ecology and research effort
influence our perception of parasite diversity, reaffirming the importance of new surveys on
previously overlooked hosts to fully elucidate the diversity and host-specificity of fish parasites

worldwide.

The prominence of larval cestodes, exclusively linked to adults in elasmobranch hosts,
attests to the complexity of transmission routes and the pivotal function of this pufferfish as a
conduit for parasite life cycles involving multiple hosts. The regular recovery of O. amplicoelus
(de Klerk et al., 2025), previously reported as O. cotylophorus (Bray, 1986) from this system,
corroborates earlier, isolated findings and highlights both persistent host associations and the
need for continued systematic integrative surveys. Additionally, new and cryptic digenean taxa,
including a new Rhipidocotyle species, were revealed by the integrative use of morphological and
molecular diagnostics (Louvard et al., 2025), demonstrating the value of combined approaches
for resolving tropical parasite diversity and unravelling hidden host-specific lineages (Smit and
Sures, 2025).

Marked spatial variation in parasite assemblages across sampling localities suggests
significant influences of environmental gradients, host population structure, and site-specific
ecological processes on community composition (Griffiths et al., 2010; Sell et al., 2024). Such
findings echo broader patterns reported from the region (Smit and Hadfield, 2015; Timi and Poulin,
2020), and they support the view that host and parasite diversity in South African marine systems
remain substantially underestimated and inadequately surveyed, particularly for non-commercial
hosts and those lacking aquaculture relevance (Smit and Hadfield, 2015). Furthermore, the
recovery of two new Ergasilus species with site-specificity and unique morphological traits further

exemplifies the latent cryptic diversity awaiting discovery (Van der Spuy et al., 2025).

This work helps fill a major knowledge gap in the documentation of marine parasites from
South African tetraodontids, in sharp contrast to the extensive parasite records for Asian
pufferfishes, particularly those in aquaculture (Ogawa and Inouye, 1997; Ogawa et al., 2007; Park
and Park, 2006). The absence of comparable baseline datasets in Africa constrains both

ecological interpretation and the application of emerging biomonitoring tools, such as
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environmental DNA (eDNA), which rely on well-resolved reference databases (Hupalo et al.,
2025). By providing the first integrative inventory of A. honckenii parasites, including both adults
and larvae, this study advances our capacity to use parasites as indicators of ecosystem integrity,
changing environmental conditions, and anthropogenic impact (Adlard et al., 2015; Hudson et al.,
2006; Smit and Sures, 2025). It also reinforces the importance of non-commercial hosts as
reservoirs of parasite diversity, reflecting both natural patterns and responses to environmental
change (Timi and Poulin, 2020; Wood et al., 2013).

3.5 Conclusion

The identification of four distinct parasite phyla, spanning isopods, copepods,
monopisthocotyleans, polyopisthocotyleans, digeneans, acanthocephalans and cestodes,
reveals a more complex and diverse parasite fauna than previously reported, thereby supporting
the initial hypothesis (Hypothesis 1, Chapter 1) that parasite diversity in this host is
underestimated. This chapter establishes a critical baseline for understanding the metazoan
parasite diversity of A. honckenii, revealing a host that supports rich and underappreciated
parasite assemblages in South African coastal waters. The synergy of morphological and
molecular approaches was essential for resolving cryptic and larval taxa, highlighting
considerable undiscovered diversity and restrictive gaps in current taxonomic knowledge. These
findings call for urgent, systematic, and regionally coordinated surveys across host taxa and
habitats, employing integrative methods to inform both scientific understanding and conservation
policy. Importantly, the ubiquitous presence and abundance of the cymothoid isopod Cin.
tetrodontis in surveyed populations suggests that it may serve as a practical and sensitive
bioindicator. The next chapter of this thesis will explore the potential of Cinusa as an indicator for
environmental pollution and element accumulation within A. honckenii, thus linking host-parasite

ecology to pressing questions in environmental health assessment and management.
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The use of fish parasitic isopods as element
accumulation indicators in marine pollution

monitoring

Adapted from Marine Pollution Bulletin (2023) 194: 115385
https://doi.org/10.1016/j.marpolbul.2023.115385

4.1 Introduction

Marine ecosystems are continuously threatened by several anthropogenic pressures,
such as pollutants, which influence the integrity of these systems and endanger marine
biodiversity (Pinsino et al., 2008; Webb and Mindel, 2015; Mahmoud et al., 2019). Traditionally,
pollution monitoring programs in marine environments have focused on the use of free-living
bioindicator species, such as bivalves, to assess element exposure in the marine environment
over spatial and temporal scales (Farrington et al., 2016; Wepener and Degger, 2020). However,
recent research has shown the value of the use of affiliate species and their fish hosts as sentinels
for chemical pollution (Sures et al., 2017). Parasites are highly sensitive to environmental change
and respond either directly or indirectly to different degrees of pollution (Chine et al., 2021; Sures
etal., 2023). Advances in environmental parasitology have demonstrated the advantages of using
hosts and their parasites as sentinel systems for pollution monitoring over free-living species,
such as mussels (Sures et al., 2017; Chine et al., 2021; Sures et al., 2023). However, previous
studies on host-parasite systems were primarily focused on freshwater environments and biased
towards the use of endoparasitic helminths, such as acanthocephalans, cestodes, nematodes or
digeneans (Sures, 2004; Vidal-Martinez et al., 2010; Nachev and Sures, 2016; Erasmus et al.,
2020), while fewer studies focused on the use of ectoparasites, particularly in marine

environments (e.g., Pérez-del-Olmo et al., 2019).

In comparison to their endoparasitic counterparts, ectoparasites are exposed to both the
external environment as well as the environment created by their fish hosts, which makes them
potentially more susceptible and sensitive to environmental changes caused by pollution and/or

other water quality parameters (Biswal and Chatterjee, 2020). They were shown to possess a
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higher bioaccumulation capacity than their fish hosts, for instance, lead in monogeneans (Gao
and Nie, 2000), and mercury in the cymothoid parasite, Riggia paranensis Szidat, 1948 (Lins et
al., 2008) and various other elements in parasitic isopods (Pérez-del-Olmo et al., 2019). This
indicates that similar to endoparasites, ectoparasites are able to bioconcentrate these elements,
producing quantifiable results, which are normally only present in very low or undetectable
concentrations in the environment (Gilbert and Avenant-Oldewage, 2017). The use of
ectoparasites, such as isopods, could greatly facilitate our understanding of the biological
availability of pollutants in the environment, ecological interactions and food web information, with
a direct link to climate change (Longo et al., 2013; van Gestel et al., 2018; Sures et al., 2023).
Isopods represent a quarter (25%) of all ectoparasites known to infest fish globally (Oktener and
Sezgin, 2000; Tansel and Fatih, 2012; Mahmoud et al., 2019). They play crucial roles in marine
ecosystems by providing food for larger species and helping to break down organic matter (van
Gestel et al., 2018). Results from ecotoxicological studies of terrestrial isopods over the last three
decades highlight the great capability of these organisms to accumulate element contaminants
(Drobne, 1997; van Gestel, 2012), making them suitable bioindicators for bioaccumulation
monitoring programs. Further advantages of their use as bioaccumulation indicators in marine
systems are the high host specificity, easy identification, well-defined physiologies, known life

cycles and high occurrence in nature (Longo et al., 2013).

The present study aims to determine the potential use of the parasitic isopod, Cin.
tetrodontis, together with its fish host, A. honckenii, for analyses of metals and metalloids in
marine environments. Specifically, we tested the hypothesis that external crustacean parasites,
particularly Cin. tetrodontis, of A. honckenii accumulate significantly higher levels of elements
than their host (Hypothesis 2, Chapter 1). To address this, we determined and compared the
accumulation of elements in fish hosts (both infected and uninfected), as well as male and female
parasites from a near-pristine and contaminated harbour locality. Elemental accumulation is also
compared between male and female isopods from both localities. This marks the first study to
conduct element analyses of parasitic isopods off the coast of Africa and first-implementing this

host-ectoparasite system as an additional model for marine biomonitoring.

4.2 Materials and methods

4.2.1 Sampling and locality selection

As stated in Chapter 2, the Breede River Estuary is classified as one of the top twenty
near-pristine estuaries in the Western Cape Province of South Africa (Breede River Estuarine
Management Plan, 2016). It could therefore be assumed that this locality would not show high
element concentrations, but rather reflect background geogenic concentrations. Nevertheless,

potential threats that may still alter the quality and integrity of this estuary could be induced by
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various urban developments and agricultural activities along the river, as well as vessel source
pollution (Erasmus et al., 2004; Breede River Estuarine Management Plan, 2016), such as those
caused by recreational vessels launching from WS. Mossel Bay, on the other hand, being
adjacent to the harbour, introduces many additional anthropogenic sources of pollution to the
marine environment due to vessel pollution, vessel repairs, variable non-point discharges of
elements, and coastal oceanographic changes in upwelling events (Wepener and Degger, 2020).
Hence, it is expected to find high levels of element concentrations attributed to anthropogenic
sources within this locality. Amblyrhynchote honckenii is the only known host of the ectoparasitic
isopod, Cin. tetrodontis, which commonly infests the buccal cavity of fish (Hadfield et al., 2010).
Furthermore, this parasite is a protandric hermaphrodite, with commonly one male and one
female present in the hosts’ buccal cavity, consequently providing a valuable opportunity to
determine element accumulation for four tissues per fish (i.e., liver, muscle, female parasite, and

male parasite).

Fish hosts were collected from the relevant localities and humanely killed following the
ethical and procedural protocols detailed in Chapter 2. The mouth of the fish was screened for
isopods, and any isopods found were identified following Hadfield et al. (2010). All specimens of
Cin. tetrodontis were removed, and the life cycle stage (i.e., juvenile or adult) and sex (i.e., male
or female) were determined, frozen and stored at -20°C in pre-cleaned acid-washed
polypropylene tubes. Axial muscle and liver tissue samples of the fish hosts were collected, frozen

and stored at -20°C in pre-cleaned acid-washed polypropylene tubes.

4.2.2 Sample preparation

All samples were thawed and freeze-dried (FreeZone® 6, Labconco) for a duration of 96
h. Dried samples were homogenised using a mortar and pestle and accurately weighed to four
decimals (100 mg of muscle and liver tissue, as well as +80 mg parasite tissue) and acid digested
in 30 mL TFM® vessels with 4 mL HNO3; (sub-boiled from 65%; p.a. quality, Merck) using a Mars
6 microwave digestion system (CEM Corporation, Kamp-Lintfort) for multi-element analysis. To
avoid cross-contamination, the mortar and pestle were thoroughly cleaned using 5% HNO3 before
the next sample was homogenised. Digests were transferred to 5 mL volumetric flasks, brought
to volume with ultrapure MilliQ water, transferred to pre-cleaned polypropylene tubes and stored

at room temperature until analyses.

4.2.3 Analyses
According to the survey on elements in mussels by Wepener and Degger (2020), arsenic
(As), cadmium (Cd), copper (Cu), manganese (Mn), nickel (Ni), lead (Pb), selenium (Se), and zinc

(Zn) are generally present in all major harbours in South Africa. Accordingly, a multi-element
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analysis was performed for these elements, using a quadrupole inductively coupled plasma-mass
spectrometry (ICP-MS) (PerkinElmer, Elan 6000) equipped with an auto-sampler system
(PerkinElmer, AS-90). The analysis was performed with the following operational specifications:
1000 W plasma power, 14 L/min gas flow, 0.95 L/min nebuliser gas flow and 1 mL/min sample
flow rate. Yttrium (Y) and thulium (Tm) (Certipur®, Merck) were used as internal standards for
quality measurements at a concentration of 10 ug/L. These elements were quantified by using
the following mass lines: 75As, 114Cd, 63Cu, 55Mn, 60Ni, 208Pb, 82Se, and 66Zn. The ICP-MS
was calibrated by using a series of 11 dilutions of multi-element standard solutions. Element
concentrations were calculated for each sample by use of corresponding regression lines with a
correlation factor of 20.999. The detection limits were calculated as three times the standard

deviation of the blank measurements per digestion batch (Table 4.1).

Table 4.1: Percentage recovery (%) of two different certified reference materials (DOLT5 and
SRM15666b), as well as the limit of detection (LOD) (ng/g dry weight) in different tissue samples.
Detection limits for the fish and parasite samples were determined as three times the standard
deviation of the blank measurements, considering a mean sample mass of 115 mg (muscle), 92

mg (liver), and 78 mg (parasites), respectively.

Metal % Recovery LOD (ng/g dry weight)
DOLT5 SRM15666b Muscle Liver Parasite
As 93 92 0.25 0.15 0.64
Cd 87 88 0.015 0.014 0.020
Cu 109 105 0.75 0.44 0.70
Mn 106 104 0.37 0.20 0.28
Ni 109 106 2.02 15.2 413
Pb 118 93 0.98 0.19 1.53
Se 81 108 0.63 1.15 0.37
Zn 93 81 21.0 7.77 52.3

4.2.4 Quality control

Quality control of the element analysis was performed using applicable standard reference
materials for all the elements. Reference materials, DOLT5 (Dogfish liver certified reference
material for trace metals and other constituents, National Research Council, Canada) and
SRM15666b (Oyster Tissue certified reference material, National Institute of Standards and
Technology, USA) were used to validate the analytical procedure of biotic samples (Table 4.1).
Internal procedural standards were analysed after every 20 samples for quality control and

assurance.
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4.2.5 Statistical analyses

For statistical data analysis, the data were tested for normality using the Shapiro-Wilk
normality test. Since all data met the normal distribution assumption, a two-way ANOVA was
performed, followed by Tukey’s multiple comparison test using GraphPad Prism v7. Significance
was regarded as p<0.05. Results of two-way ANOVA statistical analysis of variance comparing
metal concentrations in species (parasite and fish host) from two localities (WS and MB) are
presented in tabular form (Tables 4.2 and 4.3). Results of Tukey’s multiple comparison tests,
indicating significant differences (p<0.05) in element concentrations in species (parasite and fish

host) from two localities (WS and MB), are illustrated in tabular form (Table 4.4).

4.3 Results

The concentrations of As, Cd, Cu, Mn, Ni, Pb, Se, and Zn were determined in muscle and
liver tissues of both infected and uninfected fish, as well as in male and female parasites from
WS and MB, on the South African temperate south coast. Female specimens of A. honckenii
sampled from WS 180 £ 7 mm (175-185 mm) were much larger than males 150 + 9 mm (140—
165 mm). No juvenile fish were recorded from this locality (Supplementary data, Table S4.1). The
adult A. honckenii from MB were significantly smaller than those sampled from WS (110 £ 7 mm).
No female fish were recorded from this locality; however, two juvenile fish were recorded
measuring 105 + 7 mm (100—-110 mm) in total length (Supplementary data, Table S4.2). There
was a significant difference in the prevalence of infection by Cin. tetrodontis in A. honckenii
between localities since only 40% of the fish were infested with Cin. tetrodontis at WS versus 90%
of fish at MB. Since the isopod used in this study is a protandric parasitic species, both male and
female sexes were present. Twelve adult specimens of Cin. tetrodontis, six males (64 + 16 mg;
range 47-95 mg) and six females (121 £ 17 mg; range 101-171 mg) were collected from six
specimens of A. honckenii from WS (Supplementary data, Table S4.1). From MB, 18 adult
specimens of Cin. tetrodontis, nine males, weighing 39 + 4 mg (32-43 mg), and nine females
weighing 125 + 28 mg (80-189 mg), were collected from nine specimens of A. honckenii
(Supplementary data, Table S4.2). Interestingly, all specimens of Cin. tetrodontis were collected

from male A. honckenii, while none of the female fish were infested.

The concentrations of As, Cu, Mn, Ni, Pb and Zn in Cin. tetrodontis differed significantly
(p<0.05) between the two localities, where MB’s isopods had higher concentrations of Ni, Pb and
Zn (Table 4.2). Significant differences in Cin. tetrodontis between localities are seen in the
concentrations of Cu and Ni. Female Cin. tetrodontis from WS had higher concentrations of Cu
than those from MB (Table 4.2). Male Cin. tetrodontis from MB had significantly (p<0.05) higher

concentrations of Ni than those from WS (Table 4.2). Selenium concentrations in infected fish
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muscle tissue differed significantly (p<0.05) between localities, with higher concentrations

observed in fish collected from WS compared to those from MB (Table 4.2).

The instances of significant differences between the biological samples (parasites,
uninfected and infected fish muscle and liver tissues) at a locality were far more than the
differences between localities. The only significant interactions of elements in samples and

localities were for Cu, Mn and Ni (Table 4.3).

Table 4.3: Two-way ANOVA analysis of variance table comparing element concentrations in
species (Cinusa tetrodontis Schioedte & Meinert, 1884, infested Amblyrhynchote honckenii
(Bloch), and uninfested A. honckenii) from two localities (Witsand and Mossel Bay) along the

South African coastline.

Metal Species Sites Interaction
(df = 5) (df =1) (df = 5)
As F=32.22; p<0.0001 F=0.067; p=0.8 F=1.183; p=0.3267
Cd F=34.76; p<0.0001 F=3.071; p=0.0842 F=2.335; p=0.0512
Cu F=68.42; p<0.0001 F=3.520; p=0.0649 F=3.361; p=0.0090
Mn F=46.67; p<0.0001 F=1.749; p=0.1905 F=5.523; p=0.0003
Ni F=499.7; p<0.0001 F=4.469; p=0.0382 F=2.386; p=0.0470
Pb F=4.399; p=0.0016 F=1.381; p=0.2440 F=1.033; p=0.4056
Se F=173.2; p<0.0001 F=0.1952; p=0.6601 F=0.4499; p=0.8120
Zn F=45.27; p<0.0001 F=8.058; p=0.0060 F=1.673; p=0.1529

The significant differences in element concentrations between species (Cin. tetrodontis,
infected A. honckenii, and uninfected A. honckenii) from the two localities are summarised in
Table 4.4. Apart from Cd, element concentrations were generally higher in male isopods
compared to females. At WS significant differences (p<0.05) were found in concentrations of Mn,
Ni and Se, while at MB, Pb, Mn, Ni, and Se were higher in male than female isopods (Table 4.4).
The parasitic isopod accumulated significantly higher concentrations of elements when compared
to its fish host (Table 4.2). Male isopods had significantly higher concentrations of As, Cu, Mn, Ni,
Se and Zn than those of their fish hosts at both localities. At MB, males had significantly higher
concentrations of As, Cu, Mn, Ni, Pb, Se and Zn compared to their fish hosts (Tables 4.2 and
4.4). Besides Pb, female Cin. tetrodontis showed the same trend when compared to their host,
A. honckenii (Tables 4.2 and 4.4). In general, infected fish had lower element concentrations
compared to uninfected fish. Only Cd and Mn levels in the liver tissues of uninfected fish at MB

were significantly lower than the levels in the liver of infected fish (Table 4.4).
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Table 4.2: Element concentrations (mean + standard deviation) of Cinusa tetrodontis Schioedte & Meinert, 1884, infested Amblyrhynchote honckenii
(Bloch) and uninfested A. honckenii from two localities (Witsand and Mossel Bay) along the South African coastline. Significant differences between the
two localities are indicated with an asterisk (*). Significant differences between the parasites and host tissues at WS and MB, respectively, are presented

in Table 4. Significance was taken as (p<0.05). Abbreviations: DW — dry weight.

Male Female Infected fish Uninfected fish Infected fish Uninfected fish
Metal Locality Cinusa tetrodontis  Cinusa tetrodontis Muscle muscle Liver Liver
(1g/g DW) (pg/g DW) (pg/g DW) (pg/g DW) (pg/g DW) (1g/g DW)
As WS 40.40 + 15.70 31.21+8.88 6.42 +5.94 9.31+11.27 493 1+ 1.66 5.74 +4.23
MB 33.70 £ 10.70 27.62+7.35 8.38+2.45 5.96 8.47 £6.17 17.81
cd WS 0.11 £0.05 0.11 £ 0.09 0.01 £ 0.001 0.01 £ 0.001 211+1.36 2.16 £ 0.96
MB 0.09 £ 0.04 0.06 £ 0.03 0.01 £ 0.001 0.01 1.94+1.12 4.41
Cu WS 81.57 + 387.96 69.97 + 12.44* 0.79+0.16 0.78+0.14 2.88+1.55 3.55+2.07
MB 54.60 £+ 18.30 45.34 + 11.57* 0.90 £0.15 0.87 411+ 1.64 8.62
Mn WS 6.20 £ 2.10 3.36 £ 0.92 0.27 £ 0.04 0.27 £ 0.05 1.81+£0.52 1.67 £ 1.08
MB 460 +1.20 2.57 +0.50 0.50 +0.24 0.33 299+1.14 4.79
Ni WS 8.44 +0.70* 3.44 +0.75 0.12 £ 0.03 0.11 £ 0.02 0.31+£0.04 0.33+£0.15
MB 9.77 £ 0.99* 3.81+1.12 0.19+£0.11 0.18 0.29+0.12 0.68
Pb WS 1.11+£0.74 0.47 £0.18 0.07£0.13 0.03 £ 0.01 0.06 +0.03 0.07 £ 0.07
MB 3.02 £+ 3.61 1.13+1.44 0.06 +0.05 0.04 0.16 £0.12 0.25
Se WS 20.34 £ 1.54 13.33+4.88 1.18 £ 0.19* 1.19+0.37 218 £0.31 257+1.10
MB 18.84 + 3.12 12.33 + 3.01 0.86 + 0.09* 0.76 2.29 + 0.66 4.07
Zn WS 248.61 £ 82.22 205.44 £ 114.77 13.87 £ 1.54 14.14 + 3.80 43.77 £ 9.53 69.44 + 53.93
MB 368.41 £ 110.33 284.44 + 83.44 15.36 + 3.44 15.69 71.66 £ 30.99 174.72
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Table 4.4: Matrix indicating significant differences (p<0.05) in element concentrations in species (Cinusa tetrodontis Schioedte & Meinert, 1884, infested
Amblyrhynchote honckenii (Bloch), and uninfested A. honckenii) from two localities (Witsand and Mossel Bay) along the South African coastline. Cells
above the diagonal lines represent the elements that are statistically different between conditions at MB, while elements below the diagonal lines

represent those conditions that differed significantly at WS. Abbreviations: & — male; @ — female; M — muscle; L — liver.

MB
Cinusa (&) Cinusa (9) Infected fish (M) Infected fish (L) Uninfected fish (M) Uninfected fish (L)
Cinusa (J) Mn, Ni, Pb, Se S C“ég’,";n"‘" Pb,  As, (;,db’, %‘; . Nb As, Cu, Mn, Ni, Se, zn Cd, Cu, Ni, Se
Cinusa (?) Mn, Ni, Se As, Cu, l\Z/Ir? Ni, Se,  As, Cd, (Z:rL: Ni, Se, Cu, Ni, Se, Zn Cd, Ni, Se
Infected fish (W) | A% Ct U, Ni Se, - As, Cu, Wn, i, Se, Cd, Mn Cd, Mn
Infected fish (L) | A% Cdéguz’r']v'“’ NI As, Cd, Cu. i Se, cd cd
Uninfected fish (M) [ A% G Mn. Ni Se,  As, Gu, Mn, I, Se, Cd, Mn Cd, Mn
Uninfected fish (L) | A% 900 M N As, €4, Gu, Mn, cd Cd, Mn
7 | ws
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4.4 Discussion

The present paper assessed the possible role of marine ectoparasitic isopods and their
fish hosts as model bioindicators, complementary to traditional mussel indicators for marine
pollution monitoring. To be considered an effective bioindicator, these isopods need to fulfil the
criteria commonly accepted for established sentinel species. Accordingly, ectoparasitic isopods
need to have high bioaccumulation capabilities, be resistant to pollutants with long pollutant half-

lives once accumulated, and be prevalent, as well as widespread (van Gestel et al., 2018).

The present study assessed element accumulation within the parasitic isopod, Cin.
tetrodontis, together with its fish host, A. honckenii. The bioaccumulation potential of both male
and female isopod parasites, as well as infected and uninfected fish from both a relatively
unaffected locality (WS) and an element-contaminated harbour locality (MB), were compared.
The parasitic isopod accumulated significantly higher concentrations of elements, except Cd,
compared to its fish host. This is likely because these ectoparasites are exposed to both the
external environment, as well as accumulating elements from feeding on their fish hosts, making
them more susceptible and sensitive to environmental changes caused by pollution and/or other
water quality parameters (Biswal and Chatterjee, 2020). The uptake and accumulation of
elements, in general, are dependent on environmental and biological factors across different
exposure routes (i.e., uptake from exposure to the external environment, dermal uptake or food
uptake) (Somero et al., 1977; Cani and Atli, 2003; Van Gestel et al., 2018). Therefore, the degree
of element exposure of these isopods is much higher than what is experienced by their fish host.
However, unlike their hosts, these parasites have the ability to bioconcentrate these elements
producing quantifiable results, which are normally only present in very low, or seemingly
undetectable concentrations in the environment (Sures et al., 2017). This is supported by the
present study since concentrations between localities in the muscle or liver tissues of A. honckenii
alone did not show any significant differences. Cadmium was the only element that accumulated
in much lower concentrations in the isopod, compared to its fish host. According to the study by
Vijver et al. (2006), this is most likely due to the isopod’s high capability of sequestering elements,
which is strongly related to the storage capacity of elements, such as Cd and Zn, within the
hepatopancreas of isopods. Crustaceans also have the ability to store potential toxic elements in
their exoskeleton and can reduce their body burdens by increasing the number of moults
(O’Callaghan and Sullivan, 2020). It is, therefore, likely that Cin. tetrodontis has a high tolerance

to element exposure, especially potentially toxic elements.

The significant differences between localities were related to concentrations of both
essential and non-essential elements. According to Bosch et al. (2015), not all element

contaminants are hazardous, since elements such as Cu, Fe, Se and Zn are essential in their
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specific functions in body metabolism. Conversely, elements such as Cd, Cr, Hg, Ni and Pb are
related to sources of pollution and considered non-essential and toxic to both fish and the
environment in exceeding concentrations (Bosch et al., 2015). In the present study,
concentrations of Cu, Mn, Ni, Pb and Zn in Cin. tetrodontis differed significantly between the two
localities, where MB’s isopods had higher concentrations of Ni, Pb and Zn. Furthermore, the most
significant differences in Cin. tetrodontis between localities were seen in the concentrations of Cu
and Ni, where female isopods, from WS, had a higher concentration of Cu (essential) than those
from MB. On the other hand, male isopods from MB had a higher concentration of Ni (non-
essential) compared to those from WS. Hence, based on the data, it is clear that MB contains
more toxic non-essential element concentrations than WS, containing more or higher essential
element concentrations. Interestingly, WS had slightly higher Cd concentrations compared to MB.
This was unexpected since the Breede River Estuary at WS has no known sources of element
contamination and is regarded as a pristine, unaffected locality (Breede River Estuarine
Management Plan, 2016). Similarly, Erasmus et al. (2021) found elevated element levels in
klipfish, Clinus superciliosus (Linnaeus), from unimpacted localities along the same coastline.
These authors attributed this to long-term exposure to elements derived from natural geogenic
weathering introduced by freshwater runoff and frequent upwelling events along the South African
coast. The levels of elements in the brown mussel, Perna perna, from localities along the South

African south coast also support these findings (Degger et al., 2011; Wepener and Degger, 2020).

By comparing element concentrations between male and female Cin. tetrodontis, element
concentrations were generally higher in male isopods than in females. Interestingly, except with
Cu, female Cin. tetrodontis showed significant relationships towards an increase in elements in
host liver tissue samples, whereas male Cin. tetrodontis showed significant relationships towards
an increase in elements in host muscle tissue. The reason for this is unclear; however, it could
be explained by their food source because even though both male and female isopods attach in
the host’s buccal cavity, the male feeds predominantly on host tissue, while the female feeds on
host blood (Smit et al., unpublished data). This relationship between element concentrations and
female isopods that feed on blood was also corroborated by Erasmus et al. (2020). These
potential relationships between the host and or the external environment as metal sources in the
parasitic isopods, should be explored further by analysing metals in host blood and the tissues of

the buccal cavity.

4.5 Conclusion
The results of this study confirm our hypothesis (Hypothesis 2, Chapter1) that the parasitic
isopod Cin. tetrodontis accumulates significantly higher concentrations of elements than its fish

host, demonstrating its suitability as an effective accumulation bioindicator. Additionally, as a
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group, ectoparasitic isopods possess a well-defined physiology, which accounts for increased
tolerance or even resistance towards non-essential hazardous elements. Given the knowledge of
their life cycles, attachment localities and food source information as described by Smit et al.
(2014), ectoparasitic isopods provide an easier way to understand environmental changes and
relative host behaviour and ecological interactions (Longo et al., 2013; van Gestel et al., 2018;
Honda et al.,, 2021). The present study highlights a future direction within environmental
parasitology and emphasises the importance and utility of this particular ectoparasite-host model
system, bioaccumulating higher element concentrations than their hosts, thereby acting as an

effective early warning model.
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Persistent organic pollutants in South African
‘ coastal ecosystems: analysing the evileye
blaasop Amblyrhynchote honckenii (Bloch) for

‘ PCB and OCP accumulation

Adapted from Regional Studies in Marine Science (2025) 89: 104368
https://doi.org/10.1016/j.rsma.2025.104368

5.1 Introduction

Coastal marine environments are globally threatened by the presence of POPs,
particularly OCPs and PCBs (Gakuba et al., 2019). These contaminants, widely used in
agriculture and industry, are characterised by their long-lasting presence in the environment and
their ability to bioaccumulate in aquatic organisms (Gakuba et al., 2019; Ramirez-Ayala et al.,
2021). OCPs were primarily introduced for pest and disease control starting in the 1940s, while
PCBs were used as coolants and lubricants in electrical equipment until their ban in the late 1970s
(Serdar et al., 2014). Both groups of pollutants pose serious ecological risks, including disruptions
to marine life and food webs (Serdar et al., 2014; Thompson et al., 2017). The persistence of
these compounds poses ongoing risks to marine ecosystems, remaining detectable long after
their initial application and raising concerns about their long-term effects on biota and human
health, due to their biomagnification through the food chain (Jones and de Voogt, 1999; Li and
Macdonald, 2005; Girones et al., 2020; D'Agostino et al., 2020).

Efforts to manage POPs have been initiated through international agreements such as the
Stockholm Convention, which aims to eliminate or restrict these pollutants globally (Stockholm
Convention, 2001; Gakuba et al., 2019). However, challenges persist due to existing stockpiles
of POPs and ongoing releases from contaminated localities (Ramirez-Ayala et al., 2021).
Currently, South Africa is the largest importer of pesticides in Africa, with an estimated value of
$3.4 million between 2008 and 2017 (Tolera, 2021), resulting in the ongoing introduction of
pesticides into rivers and ultimately the marine environment through various contamination
pathways (Vogt et al., 2019; Wepener and Degger, 2019; Erasmus et al., 2020). For example,

POPs such as DDT, banned in most other parts of the world, continue to be used for vector control
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in malaria-endemic regions of South Africa (Burke et al., 2017; Thompson et al., 2017; Olisah et
al.,, 2021). Studies have shown that these land-based sources of POPs resulted in the
contamination of intertidal (Erasmus et al., 2020) and coral reef (Porter et al., 2018) ecosystems
off the east coast of South Africa. Understanding the distribution and concentration of POPs along
the South African coastline is critical for evaluating potential impacts on biodiversity and
ecosystem health. The implications extend beyond ecological health to human health concerns
for communities reliant on coastal resources (Ramirez-Ayala et al., 2021). Consumption of
contaminated seafood can result in harmful substance bioaccumulation in humans, leading to
adverse health outcomes (Ramirez-Ayala et al., 2021). Therefore, comprehending the dynamics
of POP accumulation in marine species is vital for assessing risks to both ecological integrity and
public health (D'Agostino et al., 2020).

Most marine pollution monitoring studies have relied on traditional sessile bioindicator
species such as mussels (Wepener and Degger, 2012; Farrington et al., 2016). In South Africa,
the focus has primarily been on the monitoring of metals in mussels (Wepener and Degger, 2020)
but the need for assessing other classes of pollutants (Wepener and Degger, 2019) and using
other species such as marine fish (Gakuba et al., 2019; Olisah et al., 2021) along the South
African coastline has been identified. Although South African pufferfish are not commercially
significant and are classified as “least concern” by the IUCN (Froese and Pauly, 2023), their use
as an indicator of contamination offers advantages over mussels. Unlike mussels, which filter-
feed from large volumes of water with low enzymatic activity for metabolising OCPs (Leon et al.,
2013), pufferfish exhibit diverse metabolic pathways that provide insights into how various
contaminants affect marine fish rather than sessile bivalves (Yuqi et al., 2014). Furthermore, their
scavenger feeding habits expose them to different sources of contaminants (Sazima, 2024).
Pufferfish liver has a high lipid content (Wang et al., 2019), which is crucial for the accumulation
of POPs (Phillips and Rainbow, 2013) and for this reason, pufferfish have been used as indicator
organisms of metal exposure in the Mediterranean Sea (Kosker et al., 2019; Dogdu et al., 2021)
and the South African coastline (Van Der Spuy et al., 2023). Furthermore, biochemical and
histological biomarkers in pufferfish were used as indicators of marine health in MPAs of Brazil

(Marinsek et al., 2024) and coastal lagoons of the Yucatan (Pech et al., 2009).

A pufferfish species occurring in South Africa, the evileye blaasop, A. honckenii, has the
potential to serve as a model for studying pollutants due to its wide distribution, ecological
significance, and sensitivity to environmental changes, as evidenced by its accumulation of
metals (Van Der Spuy et al., 2023). This species is also one of the most common marine and
brackish fish associated with reefs, with a broad Indo-West Pacific distribution from South Africa

to China and the Marshall Islands in Micronesia (Froese and Pauly, 2023). This study aimed to

119



Chapter 5

provide insights into OCP and PCB accumulation in marine fish, using the evileye blaasop as an
indicator organism, along the nearshore South African coastline. Specifically, we tested the
hypothesis that levels of POPs in A. honckenii are significantly lower in MPAs than in non-
protected localities (Hypothesis 3, Chapter 1). The study further aimed to compare OCP and PCB
exposure concentrations between MPAs and non-MPA localities to determine whether MPAs

provide a protective effect against contaminant accumulation.

5.2 Materials and methods

5.2.1 Sampling and locality selection

To explore the bioaccumulation of lipophilic pollutants, particularly OCPs and PCBs, in A.
honckenii, specimens were collected as described in Chapter 2 from six distinct localities along
the South African coast. These localities included those described in Chapter 2, as well as one
additional non-MPA locality, St Francis Bay (FB)(Figure 5.1). St Francis Bay (-34.183333;
24.851667) combines recreational activities with residential development and a commercial
fishing fleet harbour (Baird and Pereyra-Lago, 1992), highlighting the effects of mixed-use

environments on contaminant levels.
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Figure 5.1: Map indicating the sampling localities (red circles) of specimens of Amblyrhynchote

honckenii (Bloch). Map generated by Linda de Klerk on ArcGIS Online.
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5.2.2 Sample preparation

Muscle and liver tissue were removed using pre-cleaned dissection equipment, placed in
pre-cleaned aluminium foil, transferred to polypropylene Falcon tubes, and frozen at -20°C
pending analyses. In the laboratory, samples were first thawed and weighed to determine their
wet weight. They were then placed in a -80°C freezer for 24 h before being transferred to a freeze
dryer (FreeZone 6, Labconco) for approximately 96 h. Following freeze-drying, the samples were
reweighed to obtain their dry weight and subsequently homogenised using a mortar and pestle.
Approximately 0.5 g of each sample was placed into 15 mL Falcon tubes. Two samples of
approximately 0.2 g of rat liver were prepared for every 30 samples for recovery and quality
control (QC). Similarly, two blank samples were prepared for every 30 samples using 500 uL of
ultra-pure MilliQ water (MQ).

All tubes, except for the MQ, were spiked with OCP (Dr. Ehrenstorfer) and PCB (Dr.
Ehrenstorfer) standard surrogates and internal standards before being vortexed. Internal
standards were selected not for their structural similarity to the target analytes, but for their
chemical stability, consistent recovery, and lack of interference with target compound detection.
The use of these internal standards corrected for potential variations in extraction efficiency,
injection volume, and instrumental response across all samples. The concentrations and spike
volumes of these standards are detailed in Supplementary Tables 5.1 and 5.2. The OCP and
PCB surrogates used are listed in Supplementary Table 5.3. Following this, 500 uL of 0.1% formic
acid (99%, Fuijifilm Wako) in acetonitrile (99.9%, Fuijifilm Wako) was added to the biological and
QC samples, which were then mixed thoroughly and vortexed for 1 min. After allowing the
samples to stand for 1-2 h post-spiking, an additional 5 mL of 0.1% formic acid in acetonitrile was
added to each falcon tube, while only the blanks and MQ samples received an additional 500 pL
of sodium acetate (Fujiflm Wako) to facilitate the separation of water from the solvent. The
samples were vortexed for 1 min and then ultrasonicated for 5 min before being shaken
mechanically at maximum speed for 10 min. Following this, the samples were centrifuged at
10,000 rpm for 5 min at 5°C. To remove the lipids from the samples, the supernatant was
decanted into activated EMR-Lipid tubes (Agilent Bond Elut), which had been pre-activated by
adding 5 mL of MQ and shaking vigorously. For the blanks and MQ samples, only 5 mL of
supernatant was transferred to the EMR-Lipid tubes. All samples were shaken vigorously and
vortexed again before being placed in a mechanical shaker at maximum speed for another 10
min, followed by a second centrifugation at 10,000 rpm for five minutes at 5°C. The entire
supernatant from each sample was then decanted into pre-prepared EMR-Polish tubes, which
contained 1.4 g of MgSOs4 (Fujifilm Wako) and 0.6 g of NaCl (Kanto Chemical Co., Inc.). The
samples were vortexed upright for one minute before undergoing final centrifugation at 10,000

rpm for 5 min at 5°C. Finally, a volume of 1 mL from the uppermost supernatant was pipetted into

121



Chapter 5

the corresponding GC vial for analysis. The acetonitrile extract was not evaporated and was
injected directly into the GC-MS.

5.2.3 Analyses

The OCPs and PCBs were analysed in muscle and liver tissue of the Evileye blaasop
using a GC-20230 Plus (Shimadzu) coupled with a GCMS-TQ8050NX triple quadrupole mass
spectrometer (Shimadzu). Chromatographic separation was performed using a Rxi-5Sil MS
capillary column (30 m x 0.25 mm i.d., 0.25 pym df, Restek, Bellefonte, PA, USA).

For OCP analysis, the operating condition was splitless injection mode with an injection
volume of 1 pL at an injector temperature of 250°C. Helium (299.999%) was used as the carrier
gas with a linear velocity in flow control mode, 100.1 Kpa pressure, 30 mL/min total flow rate, 1.69
mL/min column flow, 47.2 cm/s linear velocity, 5 mL/min purge flow. The oven temperature
program started at 50°C (held for 1 min), increased to 200°C at 30 °C/min, and finally ramped to
260°C at 5 °C/min, where it was held for 3 min. The total program duration was 20 min. The mass
spectrometer system was operated in the electron ionisation (El) mode at 70 eV. The ion source
and interface temperatures were 230 and 250°C, respectively. The regression line was
determined using the internal standard method, where the ratio of each analyte signal is taken to
the internal standard signal and plotted against the analyte concentrations in the calibration
solutions to obtain a regression line with a correlation factor of (R?=0.99) before analysing the

samples.

For PCB analysis, the operating condition was splitless injection mode with an injection
volume of 1 yL at an injector temperature of 270°C. Helium (299.999%) was used as the carrier
gas with a linear velocity in flow control mode, 41.1 KPa pressure, 30.0 mL/min total flow rate,
0.75 mL/min column flow, 31.8 cm/s linear velocity, 5 mL/min purge flow. The oven temperature
program started at 75°C (held for 2 min), increased to 180°C at 15 °C/min, and finally ramped to
300°C at 4 °C/min, where it was held for 6 min. The total program duration was 45 min. The mass
spectrometer system was operated in the electron ionisation (El) mode at 70 eV. The ion source
and interface temperatures were 230 and 290°C, respectively. The regression line was
determined using the internal standard method, where the ratio of each analyte signal is taken to
the internal standard signal and plotted against the analyte concentrations in the calibration
solutions to obtain a regression line with a correlation factor of (R?=0.98) before analysing the

samples.
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5.2.4 Quality control

Procedures used for the analysis of selected OCPs and PCBs were monitored with
appropriate quality control and assurance measures. Procedural blanks were used in all the
extraction, clean-up and analysis steps along with sample preparation and analysis to determine
if there was any possible input from external sources during analysis. There were no detectable
levels of target contaminants in blank samples. Target analyte recoveries were performed by
spiking freeze-dried rat liver as reference material with separate OCP and PCB standards before
extraction. The concentration of the analytes was determined using the internal standard method.
The concentration of the spiked reference samples was divided by the known concentration of
the spike in the sample and multiplied by 100 to obtain the percentage recoveries (Saadati et al.,
2013). The limit of detection (LOD) was calculated as 3 times the signal-to-noise ratio using the
standard deviation of 3 calibration intercepts divided by the slope, whereas the limit of
quantification (LOQ) was 10 times this ratio (Saadati et al., 2013). The recovery rate (%), limit of
detection (LOD) and limit of quantification (LOQ) of all the different OCP and PCB compounds of
interest that were detected are shown in Table 5.1. The reference material in freeze-dried rat liver
tissues was analysed, yielding recovery percentages of 103—148% for OCPs and 82-119% for
PCBs (Table 5.1).
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Table 5.1: The limit of detection (LOD), limit of quantification (LOQ) and recovery rates (%)(mean
+ standard deviation) of all the different organochlorine pesticide (OCP) and polychlorinated

biphenyl (PCB) compounds detected in the liver tissues of Amblyrhynchote honckenii (Bloch).

OCPs PCBs
LOD LOQ Recovery LOD LOQ Recovery
Compounds Compounds
s (nglg) _ (nglg) (%) . (ng/lg) __ (nglg) (%)
Dieldrin 0.48 146  106+18 | PCB #31 255 774 1;963
0,p-DDD 0.41 125  148+5 PCB #44 239 725 188;
o,p"-DDT/ p,p*- 107 £
oD 0.71 2.14 107 £ 10 PCB #52 2.76 8.35 1110
Oxychlordane  0.64 1.95 104 + 14 PCB #66 1.57 477  94+6.91
p,p-DDE 0.50 1.50 102+ 9 PCB #87 0.38 115  91+3.44
p,p-DDT 1.56 473 113+10 | PCB #101 0.83 250  98+3.88
trans- 0.72 2.19 100 + 14 PCB #110 0.27 0.81 104 +4.36
Nonachlor
B-HCH 1.24 3.75 122+14 | PCB #138 0.71 216  92+8.06
y-HCH 0.47 1.42 103+ 7 PCB #141 0.51 156  90+7.96
(Lindane)
PCB #151 1.19 361 107 £4.95
PCB #153 0.63 1.91 94 +4.13
PCB #170 0.33 1.01 85 + 9.20
PCB #180 0.45 135  82+1.17
PCB #183 0.45 136  84+8.87
PCB #187 0.29 087  84+7.93
PCB #206 0.22 0.66 100 +4.54

5.2.5 Statistical analyses

Data were tested for normality using the Shapiro-Wilk normality test. Significant
differences in OCP and PCB concentrations in A. honckenii tissues between the six localities
were determined using a one-way ANOVA followed by Dunn's multiple comparisons test
(GraphPad Prism v9.0.0). Significance was regarded as p<0.05. To allow for statistical analyses,
all sample values below the LOD were substituted with LOD/2 (Kushner, 1976; Labuschagne et
al., 2020).

5.3 Results

The overall recovery rates, typically within the acceptable range of 75% to 125% (Table
5.1), confirm the accuracy of the method and ability to minimise analyte losses during sample
preparation and analysis (Saadati et al., 2013). The detection limits across both chemical groups
demonstrate the method's capability to accurately identify contamination at trace levels, ensuring
the reliability of reported concentrations. There were no detectable levels of target contaminants
in fish muscle samples, while nine OCPs and 16 PCBs were detected in fish livers across the six

localities (Supplementary Tables 5.4 and 5.5).
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The distribution of OCPs across the six localities indicates significant spatial variation in
exposure and subsequent contamination (Figure 5.2). Total OCP concentrations (> OCP) were
highest in WS (372 £ 161 ng/g) and lowest in SB (177 £ 131 ng/g) (Figure 5.2), suggesting greater
contamination in the localities on the south west coast. Notably, oxychlordane concentrations
were significantly higher when compared to the other localities (Figures 5.2-5.3), peaking in MB
(296 + 73 ng/g) and being lowest in SB (64 + 28 ng/g). The concentrations of p,p’-DDT found in
FB, UB, and SB were similar (Figures 5.2-5.3). Significant variation (p<0.05) was also observed
for p,p'-DDE (Figure 5.2), with fish from FB having the highest concentrations (72 + 36 ng/g) and
SB having the lowest (5 + 3 ng/g). Interestingly, B-HCH showed an increasing trend (albeit non-
significant) (Figure 5.2) from WS (25 * 21 ng/g) on the southwest to SB (43 + 57 ng/g) in the
northeast (Supplementary Table 5.4). Dieldrin and trans-nonachlor were detected exclusively in
UB, whereas o,p’-DDD was only found in FB fish (Supplementary Table 5.4). Statistical analysis
confirmed significant spatial differences in contamination levels. The ANOVA results indicate that
o,p'-DDT/p,p'-DDD (F=12.55; p<0.0001), oxychlordane (F=26.77; p<0.0001), y-HCH (F=5.05;
p=0.0013), and p,p'-DDE (F=15.84; p<0.0001) exhibited significant variation across localities.
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Figure 5.2: Organochlorine pesticide (OCP) concentrations (mean + standard deviation) in fish
liver tissues of Amblyrhynchote honckenii (Bloch) from six localities (Witsand, Mossel Bay, St
Francis Bay, Chintsa East, Uvongo Beach, and Sodwana Bay) along the South African coastline.
Significant differences between the six localities are indicated by the p-value. All concentrations
are expressed as ng/g dry weight. Significance was taken as p<0.05. Abbreviations: ND — not
detected; WS — Witsand; MB — Mossel Bay; FS — St Francis Bay; CE — Chintsa East; UB —
Uvongo Beach; SB — Sodwana Bay. Concentrations that were only observed in one locality are

listed in the supplementary material.
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Figure 5.3: Percentage organochlorine pesticide composition in fish liver tissues of
Amblyrhynchote honckenii (Bloch) from six localities (Witsand, Mossel Bay, St Francis Bay,
Chintsa East, Uvongo Beach, and Sodwana Bay) along the South African coastline.
Abbreviations: WS — Witsand; MB — Mossel Bay; FS — St Francis Bay; CE — Chintsa East; UB —
Uvongo Beach; SB — Sodwana Bay.

PCB contamination exhibited a striking pattern, with FB fish having a significantly higher
total PCB concentration (3 PCB = 929 + 999 ng/g) compared to those from all other localities,
where concentrations remained below 22 ng/g (Supplementary Table 5.5). The relatively high
standard deviation in 3 PCB concentration at the FB locality (929 + 999 ng/g) reflects both the
detection of a wider range of PCB congeners at this location and the influence of LOD/2
substitution for non-detects. In contrast, the other localities exhibited fewer detectable congeners,
with most PCB values below detection limits, leading to lower calculated means and standard
deviations. PCB #153 was the most widespread congener, detected in fish from all localities
except SB, and showed significantly higher concentrations in FB (235 + 222 ng/g) (Figures 5.4—
5.5). Among the PCBs, PCB #153 showed a significant difference (F=9.474; p<0.0001),
reinforcing the pattern of elevated levels in FB. The statistical confirmation of these differences
strengthens the argument for targeted investigations into contamination sources in this region.
Several PCB congeners, such as PCB #180 (F=8.96; p<0.0001) and PCB #187 (F=6.9);
p<0.0001), were also significantly elevated in FB fish compared to those from UB (Figure 5.4). In
contrast, PCBs were below detection in SB fish, indicating a lower impact from such contaminants
in this region (Figure 5.5). This suggests that north-eastern coastal localities have either remained
unaffected by historical PCB contamination or benefit from oceanographic conditions that reduce

contaminant accumulation.
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Figure 5.4: Polychlorinated biphenyl (PCB) concentrations (mean + standard deviation) in fish

liver tissues of Amblyrhynchote honckenii from six localities (Witsand, Mossel Bay, St Francis

Bay, Chintsa East, Uvongo Beach, and Sodwana Bay) along the South African coastline.

Significant differences between the six localities are indicated with the p-value. All concentrations

are expressed as ng/g dry weight. Significance was taken as p<0.05. Abbreviations: ND — not
detected; WS — Witsand; MB — Mossel Bay; FS — St Francis Bay; CE — Chintsa East; UB —

Uvongo Beach; SB — Sodwana Bay.
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Figure 5.5: Percentage polychlorinated biphenyl congener composition in fish liver tissues of

Amblyrhynchote honckenii (Bloch) from six localities (Witsand, Mossel Bay, St Francis Bay,

Chintsa East, Uvongo Beach, and Sodwana Bay) along the South African coastline.
Abbreviations: WS — Witsand; MB — Mossel Bay; FS — St Francis Bay; CE — Chintsa East; UB —

Uvongo Beach; SB — Sodwana Bay.
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5.4 Discussion

The results of this study provide valuable insights into the spatial distribution, persistence,
and potential ecological risks associated with pesticide contamination across various sampling
localities along the South African coastline. The detection of two global priority contaminants,
OCPs and PCBs, highlights the widespread and complex nature of OCP contamination.
Compounds such as o,p'-DDT/p,p'-DDD, oxychlordane, p,p'-DDE, and PCB #153 showed
significant spatial variation, indicating point sources of contamination. Conversely, the relatively
uniform distribution of p,p'-DDT and B-HCH suggests widespread historical contamination rather
than locality-specific contamination events. The uniform presence of these compounds further
suggests their mobility and persistence in the marine environment, potentially transported via

water currents or bioaccumulated across broader regions.

POPs, such as OCPs and PCBs, have been extensively studied along the South African
coastline, with previous research highlighting long-term trends and potential sources. Ryan et al.
(2012) reported a decreasing trend between 1884 and 2008 in legacy OCPs in beached plastic
pellets. However, they also found that PCB concentrations have not shown the same decline,
likely due to their continued leaching from historical sources and industrial activities. This is
consistent with the present findings, where OCP contamination showed variability across
localities, while PCB contamination was particularly pronounced in FB, pointing to potential
ongoing industrial inputs. These findings are consistent with global research indicating that
despite regulatory restrictions, pesticide residues persist due to their long half-lives, continued
use, and secondary contamination sources (Ali et al., 2021). The selected bioindicator species,
A. honckenii, revealed distinct contamination trends indicative of both historical and ongoing
contamination. The distribution of these POPs provides insights into the interplay between
anthropogenic activities, oceanographic transport mechanisms, and the potential role that MPAs

play in reducing contaminant exposure in the nearshore environment.

Total OCP concentrations varied significantly across locations, with WS exhibiting the
highest concentrations and SB the lowest, suggesting an increasing east to west gradient along
the coast of South Africa. This pattern is likely driven by regional differences in land use, historical
pesticide application, and hydrodynamic conditions affecting sediment deposition and
resuspension (Berrojalbiz et al., 2011; Cao et al., 2022; Liu et al., 2024). This spatial trend aligns
with studies by Degger et al. (2011), that found that OCP levels in Perna perna (brown mussels)
were highest in areas with strong agricultural runoff, particularly in regions of the Western Cape
Province, supporting the hypothesis that historical pesticide application continues to influence
coastal contamination through runoff and sediment resuspension. The elevated concentrations

observed on the southwestern coast are consistent with agricultural runoff from the Western
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Cape, a region historically associated with pesticide use, mirroring contamination patterns
observed in metal pollution studies (Wepener and Degger, 2020). Similarly, Firth et al. (2019)
monitored organic pollutants in Choromytilus meridionalis Krauss (black mussels) along the South
African coastline and found that contaminants such as DDT metabolites and PCBs are highly
persistent in marine environments, accumulating in bioindicator species. This aligns with the
present study, where high concentrations of p,p'-DDE in FB further support the persistence of
DDT residues in marine sediments and biota despite regulatory bans. Furthermore, Erasmus et
al. (2020) reported that South African coastal localities continue to receive inputs of DDT from
malaria vector control programs, which aligns with the detection of parent p,p'-DDT. The presence
of p,p'-DDT in SB and UB likely results from WHO-approved malaria vector control programs in
northeastern South Africa (WHO, 2011; Thompson et al., 2017), whereas in FB, it raises concerns

about illegal agricultural use.

Hydrodynamic conditions also play a crucial role in the spatial distribution of OCPs, as
coastal currents and sediment transport influence contaminant dispersion and accumulation
(Berrojalbiz et al., 2011; Cao et al., 2022; Liu et al., 2024). The strong Agulhas Current activity in
the north and east likely facilitates contaminant dispersion (Liu et al., 2024), while the slower-
moving Agulhas counter-current in the southwest contributes to contaminant accumulation. This
could also explain the higher OCP concentrations observed in the southwestern coastal localities.
The detection of oxychlordane in MB suggests localised degradation of legacy chlordane,
consistent with findings that older OCPs undergo gradual transformation in marine environments
(Degger et al., 2011; Firth et al., 2019). The persistence of these pollutants can be attributed to
factors such as microbial activity, temperature, and sediment characteristics, which influence
degradation rates (Aislabie et al., 1997; Yu et al., 2011). Additionally, the accumulation of various
POPs, including PCBs and other halogenated compounds, has been well-documented in
estuaries along the South African coastline and offshore (Kampire et al., 2016; Ryan et al., 2012;
Wu et al., 2019). These studies highlight the long-term stability of such compounds in coastal
ecosystems, reinforcing the urgent need for continued monitoring and stricter enforcement of

pesticide regulations in South Africa to mitigate their lasting environmental impact.

The B-HCH concentrations exhibited a decreasing trend from the northeast (SB) to the
southwest (WS), suggesting that its presence is linked to historical and possibly ongoing use in
northern regions rather than long-range atmospheric transport. Previous studies have indicated
that B-HCH remains more prevalent in the northern parts of South Africa, likely due to past
agricultural applications and industrial sources (Kampire et al., 2016; Wu et al., 2019). This spatial
distribution aligns with the hypothesis that OCPs are transported from their primary regions of use

rather than through atmospheric mechanisms, as prevailing wind patterns predominantly move
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south-westward. Limited detections of dieldrin and trans-nonachlor in UB suggest historical
termiticide use near urban settlements (Colt et al., 2006), while the detection of o,p'-DDD only in
FB implies localised reductive dechlorination processes in sediment under low-oxygen conditions
(Venkatesan et al., 1999). The restricted spatial occurrence of these compounds further supports
the role of locality-specific contamination sources and retention mechanisms in shaping pollutant

distributions along the South African coastline.

The presence of PCBs in the study area is of particular concern due to their high
persistence, bioaccumulation potential, and toxic effects (Girones et al., 2020; Barhoumi et al.,
2023). PCBs exhibited spatial variability along the South African coastline, with the highest
concentrations observed at FB. This pattern aligns with findings from previous studies, which
have identified the Ggeberha (previously known as Port Elizabeth) region as a hotspot for PCB
contamination due to historical and industrial sources (Kampire et al., 2016; Porter et al., 2018;
Wu et al.,, 2019). Detailed insights into PCB congener profiles reveal PCB #153 as the
predominant congener, attributed to its remarkable chemical stability and resistance to metabolic
degradation (Kampire et al., 2016; Marinsek et al., 2024). The present study's detection of
elevated PCB levels near FB supports observations by Wu et al. (2019), who found that Loligo
reynaudii d'Orbigny (chokka squid) accumulated higher PCB concentrations in this region, likely
influenced by proximity to the fishing fleets of the large-scale squid fisheries and regional
contamination inputs from the metropolitan region of Ggeberha. Further supporting this, Degger
et al. (2011) demonstrated that semi-permeable membrane devices (SPMDs) deployed along the
South African coast efficiently accumulated dioxin-like PCBs, whereas mussels showed limited
bioaccumulation due to their metabolic capacity to degrade these toxic congeners. This suggests
that while PCBs are present in the water column, their bioavailability to certain marine organisms
may vary depending on species-specific metabolism. The presence of PCBs in the FB region is
likely attributed to historical use in e.g. harbour activities, electrical transformers, industrial
activities, and continued remobilisation from contaminated sediments, as discussed in Kampire
et al. (2016). This highlights the necessity for long-term monitoring efforts in this area, particularly
given the potential for PCB bioaccumulation in commercially important marine species such as
squid and mussels. That this species of pufferfish accumulate PCBs further supports its use as a
valuable bioindicator species, complementing existing monitoring efforts and enhancing our
understanding of PCB distribution along the South African coastline. The findings of these studies
reinforce concerns regarding the persistence of PCBs in South African coastal waters and their
potential risks to marine ecosystems. In contrast, the absence of detectable PCBs in SB suggests
a reduced industrial footprint, potentially influenced by oceanographic dilution or conservation

measures within the MPA.
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The observed spatial variability in OCP and PCB levels reflects multiple environmental
and anthropogenic factors. Agricultural runoff remains a key contributor to OCP contamination,
particularly in WS and MB, paralleling patterns observed in heavy metal contamination studies
(Erasmus et al., 2020). Industrial activity and urbanisation appear to be dominant contributors to
PCB contamination, especially in FB. The high standard deviation in PCB concentrations at this
locality suggests localised contamination hotspots or sediment resuspension during seasonal
oceanographic shifts (Liu et al., 2024). Moreover, the wide range of PCB congeners detected at
FB compared to other localities further contributes to the variability, suggesting either diverse
contamination sources or differential retention of congeners in sediments or biota. Similarly, the
Benguela Current on the west coast and the Agulhas Current on the east and south coasts could
facilitate the redistribution of contaminants, influencing bioaccumulation patterns in marine
organisms (Liu et al., 2024). Firth et al. (2019) demonstrated that hydrodynamic conditions
significantly impact pollutant accumulation in mussels, with stronger currents in the east
dispersing contaminants, while slower currents in the west lead to their accumulation. These
findings further support our results showing lower OCP and PCB concentrations in SB compared

to southwestern localities such as WS and FB.

The ecological implications of pesticide residues are significant, particularly for aquatic
ecosystems and associated biota. Chronic exposure to DDT and its metabolites has been linked
to endocrine disruption in fish and wildlife, raising concerns about bioaccumulation in local food
webs (Bouwman et al., 2008; Serdar et al., 2014; van den Berg et al., 2017; Bennett et al., 2021).
Similarly, PCBs pose severe risks to marine ecosystems, with established links to reproductive
impairments, immune suppression, and developmental defects in aquatic species (Serdar et al.,
2014; van den Berg et al., 2017; Bennett et al., 2021). This study was not able to conclusively
demonstrate that localities in MPAs would be able to protect resident nearshore fish species from
OCP and PCB exposure. Reduced PCB concentrations in SB (MPA) likely reflect the absence of
industrial and urban exposure routes. Amblyrhynchote honckenii’s non-migratory behaviour
(reflecting a localised habitat) indicates locality-specific exposure and demonstrates that MPAs
remain vulnerable to POPs transported via long-range atmospheric and ocean current pathways.
While this study did not specifically investigate the biology of A. honckenii, nor fine-scale
environmental heterogeneity, these factors could contribute to individual variability in contaminant
accumulation and warrant further investigation. Future studies incorporating these variables may
help clarify sources of variability and improve the interpretation of bioaccumulation patterns. The
widespread detection of OCPs across all localities, including MPAs, demonstrates the diffuse
sources and persistent nature of contaminants through various transport mechanisms (Boersma
et al., 1999). This aligns with evidence that POPs persist and migrate globally, challenging the

isolation of even well-managed MPAs from transboundary contamination (Erasmus et al., 2020).
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Elevated OCP and PCB levels in non-MPA localities, particularly FB and MB, emphasise the need
for stricter contamination management strategies. Implementing buffer zones and catchment-
level management could help mitigate pollutant inputs from surrounding land-use activities
(Boersma et al., 1999).

5.5 Conclusion

This study highlights the ongoing risks posed by OCPs and PCBs in South African coastal
ecosystems despite international regulatory measures. The spatial variability in contamination
levels suggests contributions from both localised and long-range transport mechanisms,
emphasising the need for a multifaceted approach to contamination management. The evileye
blaasop, A. honckenii, used here as a bioindicator, demonstrated locality-specific contamination
patterns, reflecting both historical and current pollutant exposures and underlining its value in
monitoring marine ecosystem health and pollutant bioaccumulation. While MPAs showed some
reduction in PCB concentrations compared to non-protected sites, the differences were not
consistent across all compounds, and thus our hypothesis (Hypothesis 3, Chapter 1) that POP
levels in A. honckenii would be significantly lower in MPAs than in non-protected localities was
only partially supported. These findings indicate that although MPAs can help mitigate certain
industrial pollutants, broader regulatory enforcement and pollution mitigation strategies beyond
protected areas are essential. Future research should focus on identifying specific contamination
sources, assessing long-term bioaccumulation trends, and evaluating the ecological and human
health implications of these contaminants. Overall, this study highlights the complexity of POPs
contamination, influenced by historical and ongoing usage, environmental transport mechanisms,
and degradation dynamics. The significant spatial variability observed in pesticide residues
highlights the need for locality-specific risk assessments and targeted remediation efforts.
Proactive measures, including reducing pesticide inputs, enhancing environmental monitoring,
and ensuring regulatory compliance, are essential to minimising the long-term ecological impact

of pesticide contamination.
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Metazoan parasite diversity of the evileye
blaasop Amblyrhynchote honckenii (Bloch):
factors influencing parasite community

composition.

6.1 Introduction

Parasites, though frequently overlooked, are critical components of marine ecosystems.
They serve as both indicators of ecological health and important regulators of marine food web
structure and function (Marcogliese, 2005). The diversity and composition of parasite
communities in marine environments are shaped by a dynamic interplay of host biology and a
wide range of environmental conditions, including anthropogenic stressors (Marcogliese, 2016;
Sures et al., 2023). Along South Africa’s diverse coastline, spatial scales in temperature and
anthropogenic stressors lead to pronounced variation in these communities (Erasmus et al.,
2022), making it essential to consider such gradients to understand regional patterns and their

broader ecological significance.

Marine parasite communities are particularly sensitive to a variety of environmental
stressors, including organic pollutants, metals, temperature fluctuations, and habitat alteration
resulting from fisheries and coastal development (Lafferty and Kuris, 1999; Grabner et al., 2023;
Sures et al., 2023). Chronic exposure to organic contaminants such as OCPs and PCBs can
disrupt host immune responses (Serdar et al., 2014; Thompson et al., 2017), modify susceptibility
to infection, and sometimes impact the free-living, larval, or developmental stages of parasite
lifecycles (Molbert, 2020; Grabner et al., 2023). However, these impacts are not uniform; for
example, parasites with complex heteroxenous life cycles that require multiple host species and
transmission steps, tend to be more vulnerable to habitat fragmentation and biodiversity loss, as
they depend on the health and presence of several hosts and intact food webs (Lafferty, 2012;

Marcogliese, 2023). In contrast, directly transmitted parasites or those with simple, monoxenous
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life cycles may dominate stressed environments, reflecting the simplification or degradation of

ecological interactions (Cable et al., 2017; Poulin et al., 2024).

Temperature stands out as a key abiotic driver of both host and parasite physiology,
influencing rates of parasite development, reproduction, and transmission success (Poulin et al.,
2024). The South African coastline is marked by a striking gradient from the cooler, temperate
waters of the Agulhas Bank to the warmer, subtropical and tropical waters of the Natal Ecoregion
(Spalding et al., 2007). These temperature gradients not only delineate marked changes in host
assemblages but also shape parasite communities, with some species favouring the higher
temperatures of the Natal region and others restricted to the cooler waters of the Agulhas Bank
(Nunkoo, 2019; Mackintosh, 2019; Pfingst et al., 2021). This biogeographic transition affects both
the composition and richness of parasite taxa, as well as the dynamics of host-parasite
interactions, with higher temperatures generally promoting faster parasite development (Cable et
al., 2017; Poulin et al., 2024). In addition, regional differences in oceanographic features, such as
current regimes, nutrient upwelling, and productivity, further shape the food web structure and

pollution exposure, thereby indirectly influencing parasite assemblages (Marcogliese, 2002).

The establishment of MPAs along the coast is a growing strategy for conserving marine
biodiversity and fostering ecosystem resilience (Davies, 2021), and these interventions carry
distinct implications for parasite communities (Wood et al., 2013). By restricting extractive
activities and safeguarding habitat complexity, MPAs help sustain or restore robust host
assemblages and the trophic interactions upon which many complex parasites depend (Wood et
al., 2013). In this way, parasite diversity can actually increase inside MPAs, highlighting the
importance of intact food webs and niche diversity (Wood et al., 2013; Wood et al., 2018).
Furthermore, parasites, especially those with complex, multi-host life cycles, are useful indicators
of ecosystem health and restoration success within protected areas (Marcogliese, 2023).
However, MPAs can also have unintended consequences. In certain cases, MPAs cannot always
buffer against pollutants delivered by ocean currents from outside their boundaries, a factor that
may continue to stress both host and parasite populations (Boersma and Parrish, 1999; Carr et
al., 2017).

Understanding the interconnected impacts of environmental stressors, temperature
gradients, and management interventions such as MPAs is therefore crucial for effective
conservation in coastal South Africa. By integrating parasitological data with biogeographic,
ecological, and conservation contexts, we are better positioned to interpret spatial and temporal
patterns across the Agulhas Bank and Natal Ecoregions. Monitoring parasite communities offers

valuable insight into ecosystem structure, function, and resilience. Such knowledge is critical for
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informing future expansions of MPAs, targeting pollution mitigation, and incorporating parasite
data into biodiversity assessments, ultimately supporting more robust and holistic ecosystem

management strategies.

This chapter aims to examine how parasite diversity and community structure in the
evileye blaasop, A. honckenii, vary along the South African coast. The focus is on understanding
the spatial patterns that emerge due to differences in regional climate and habitat, gradients of
environmental contamination, and the presence or absence of MPAs. By using a combination of
parasitological, ecological, and contamination data from localities with different protection status
and environmental conditions, this chapter seeks to reveal the primary factors shaping parasite
assemblages in this ecologically significant host species. It is hypothesised that parasite diversity
will follow distinct spatial patterns, with the highest richness and complexity occurring in
subtropical regions, particularly within the Natal ecoregion, and a gradual decline toward
temperate and cold-temperate regions such as the Agulhas Bank (Hypothesis 4, Chapter 1).
These patterns are anticipated to reflect underlying biogeographic and climatic gradients.
Furthermore, it is expected that elevated levels of organic pollutants, as indicated by OCP and
PCB burdens in A. honkenii, will be associated with reduced parasite richness and evenness and
with communities dominated by directly transmitted or opportunistic taxa (Hypothesis 5, Chapter
1). In contrast, more pristine and ecologically intact localities, especially those within or near-
MPAs, are predicted to support richer and more complex parasite communities, including
heteroxenous species dependent on intact food web structures (Hypothesis 5, Chapter 1).
Consequently, MPAs, through their higher ecological integrity and habitat quality, are expected to
support more diverse and evenly structured parasite assemblages compared to unprotected
areas. These findings will help clarify how biogeography, contaminant exposure, and conservation

measures interact to shape parasite biodiversity along the South African coastline.

6.2 Materials and methods

6.2.1 Sampling

Site selection and fish sampling followed protocols already described in Chapter 2, while
parasite collection and identification are described in Chapter 3 and tissue sampling and pesticide
analyses are described in Chapter 5. Table 6.1 summarises the regional considerations

associated with each locality sampled according to Chapter 2.
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Table 6.1: Summary of environmental and host characteristics of sampling surveys.

Locality Coordinates Ecoregion Protection status No. fish (n)
Witsand (WS) -34.40° S, 20.84° E  Agulhas bank Near-MPA 15
Mossel Bay (MB) -34.18° S, 22.15°E  Agulhas bank Non-MPA 10
Chintsa East (CE) -32.84° S, 28.12° E Natal Near-MPA 10
Uvongo Beach (UB) -30.84° S, 30.40° E Natal Non-MPA 10
Sodwana Bay (SB) -27.54° S, 32.68° E Natal MPA 10

6.2.2 Statistical analyses

To characterise parasite population and community structure in A. honckenii, various
ecological descriptors were applied following standardised protocols outlined by Bush et al.
(1997). This included prevalence, mean intensity, and mean abundance. These measures were

previously calculated and presented in Chapter 3.

Parasite assemblages were analysed at two hierarchical levels: the infra-community level,
representing all parasite taxa found within an individual host, and the component community level,
which encompassed all parasite taxa recorded in the host population at a specific locality and
time point. Diversity metrics for infra-communities were calculated using PRIMER v7 and included
species richness (mean number of parasite taxa per fish), total abundance (mean number of
individual parasites per fish), and Brillouin’s diversity index (Bush et al, 1997; Poulin, 2015). At
the component community level, overall diversity was assessed using Pielou’s evenness index
(J"), Shannon-Wiener index (H'), and Simpson’s index, which together provided insight into both
taxon richness and dominance patterns across localities (Poulin, 2015). All data were tested for
normality using the Shapiro-Wilk test in GraphPad Prism v9.0.0. For data that were normally
distributed, a one-way ANOVA was conducted, followed by Tukey’s multiple comparison test to
detect statistically significant differences among localities. Where data did not conform to
normality assumptions, the Kruskal-Wallis test was applied, followed by Dunn’s post-hoc test.
Statistical significance was accepted at a threshold of p<0.05. Diversity indices were calculated
per locality, while grouped comparisons based on protection status (i.e., MPA, near-MPA, and
non-MPA).

To evaluate spatial patterns in parasite community composition and identify key
environmental and biological drivers, multivariate statistical analyses were conducted.
Explanatory environmental variables considered were OCP and PCB concentrations in liver
tissue of A. honkenii (Chapter 5), as well as host condition factor (CF) and hepatosomatic index
(HSI). Bray-Curtis similarity coefficients were calculated from log-transformed abundance data to

assess both infra-community and component community similarities among localities.
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To determine which parasite taxa contributed most to within- and between-site similarities,
a SIMPER (Similarity Percentage) analysis was conducted using Bray-Curtis resemblance
matrices with a 90% cut-off for low-contribution species. Differences in parasite assemblages
between localities were statistically tested using an ANOSIM (Analysis of Similarities), also based
on Bray-Curtis similarity matrices. For visual representation of community structure, a non-metric
multidimensional scaling (hnMDS) ordination was performed and rotated via Principal Components
Analysis (PCA) in Canoco v5.12. Additionally, a redundancy analysis (RDA) was conducted in
Canoco v5.12 to determine how much variation in parasite taxon composition could be explained
by the explanatory variables. The RDA included interactive forward selection and Monte Carlo
permutation tests to identify the most influential variables, accounting for up to 90% of the
explained variation. Prior to analysis, all abundance and environmental data were log-

transformed, then centred and standardised.

Finally, a species accumulation curve was constructed using iNEXTOnline (Chao et al.,
2016) to assess the relationship between sampling effort and observed parasite richness. The
curve was generated both per protection status (near-MPA, non-MPA and MPA localities) and for
the entire sampled population, with 95% confidence intervals applied to estimate sampling
completeness and richness asymptotes. All statistical analyses were conducted using a

significance threshold of p<0.05.

6.3 Results

6.3.1 Parasite diversity

A total of 22 metazoan parasite taxa, representing four phyla and eight classes, were
identified from A. honckenii collected at the five coastal localities across South Africa. These
included acanthocephalans (n=2), isopods (n=1), copepods (n=3), nematodes (n=5), cestodes
(n=4), monopisthocotyleans (n=1), polyopisthocotyleans (n=1) and trematodes (n=5) (see
Chapter 3, Table 3.3).

6.3.2 Infra-community composition

Infra-community descriptors (Figure 6.1) show significant spatial variation in parasite
community metrics across the five sampling localities. Parasite species richness (Figure 6.1A)
was highest in WS and CE (near-MPA), with lower values in MB and UB (non-MPA). Sodwana
Bay (MPA) exhibited more median species richness. Parasite abundance (Figure 6.1B) followed
a reversed pattern, being significantly higher in MB compared to all other localities, followed by
UB. The lowest parasite abundances were at WS and CE, while SB again showed a median
parasite abundance between that of the near-MPA and non-MPA localities. Brillouin’s diversity

index (Figure 6.1D), which integrates both richness and abundance, was significantly higher in
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WS and CE, significantly lower in MB and UB and intermediate in SB. Component community-
level indices also varied significantly. Pielou’s evenness (Figure 6.1C) was more uniform across
localities with similar protection status (near-MPA, non-MPA and MPA). Witsand and CE localities
have significantly higher values closer to 1, suggesting a more even distribution of individuals
among parasite taxa at those localities. Mossel Bay and UB localities had significantly lower
values, while the MPA locality, SB, again was in the middle. Shannon-Wiener diversity (Figure
6.1E) and Simpsons diversity (Figure 6.1F) was significantly higher at near-MPA localities than
the MPA and non-MPA localities. Diversity was highest at CE, followed by WS and SB, while MB
and UB had the lowest diversity.

Table 6.2: Grouped parasite diversity indices for localities with the same protection statuses

(near-MPA, non-MPA and MPA). Diversity is given as the mean followed by the standard

deviation.

Diversity index Near-MPA Non-MPA MPA
Species richness 412 +1.54 2.75+0.85 250+ 1.35
Abundance 14.68 + 7.56 147.90 + 122.61 56.90 + 66.14
Pielou’s evenness 0.79+0.17 0.25+0.23 0.54 £ 0.31
Brilouin’s diversity 0.78 £0.28 0.19+0.17 0.38 £ 0.27
Shannon-Wiener diversity 1.05+£0.37 0.23+£0.22 0.43 £0.36
Simpson’s diversity 0.61+0.19 0.12+0.15 0.31+£0.26

The proportional abundance of parasite taxa varied noticeably across the three protection
status locations, with near-MPA localities exhibiting the broadest diversity of taxa. Parasites such
as E. arenalbus (100%), A. simplex (100%), Nybelinia sp. (100%), O. amplicoelus (100%), and
Raphidascaris sp. (100%) were found exclusively in near-MPA fish (Figure 6.2). Additionally, taxa
like Cal. tetrodontis (45.5%), Cin. tetrodontis (47.1%), and Zoogonidae gen. sp. (26.6%) also
occurred in moderate abundances in near-MPA areas. Other species, including E. chintensis, D.
szidati, and K. pronosoma appeared in both near-MPA and non-MPA localities, though with
greater representation in the former. Near-MPAs thus harboured a wide range of both
monoxenous and heteroxenous parasites. The dominance of heteroxenous parasites
characterised non-MPA localities, particularly the trematodes Bucephalidae gen. sp. (98.4%) and

Rhipidocotyle sp. (96.9%), which together formed the majority of infections at these localities.
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Figure 6.1: Parasite infra-community of Amblyrhynchote honckenii (Bloch) sampled along the
South African coastline. A — Species richness; B — Abundance; C — Pielou's evenness index; D
— Brillouin's diversity index; E — Shannon-Wiener index; F — Simpson's diversity index. Significant
differences (p-values) between locations are presented on the bars. Abbreviations: WS —
Witsand; MB — Mossel Bay; CE — Chintsa East; UB — Uvongo Beach; SB — Sodwana Bay.

Udonella australis, Acanthobothrium sp., and Dichelyne sp. were also exclusive (100%)
to non-MPA fish. Copepod taxa such as Cal. tetrodontis (54.6%) and Cin. tetrodontis (52.9%)
were proportionally more abundant in non-MPAs compared to near-MPAs. Some taxa shared

between localities, such as H. victorwepeneri and K. pronosoma, had a higher representation in
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non-MPA fish. In contrast, the parasite community in MPA fish was compositionally restricted and
dominated by a few taxa. Scyphophyllidium sp. accounted for the majority of infections (95.7%),
followed by Zoogonidae gen. sp. (72.9%). Rhadinorhynchus gerberi (100%), Physalopteridae
gen. sp. (100%), and Helicometrina sp. (100%) were exclusive to SB. Bucephalidae gen. sp. was

present but in low proportion (1.5%). Most other taxa were absent from the MPA fish.

Zoogonidae gen. sp. | = MPA
Opistholebes amplicoelus
Helicometrina sp.
Bucephalidae gen. sp.
Rhipidocotyle sp.
Heterobothrium victorwepeneri
Udonella australis
Nybelinia sp.
Kotorella pronosoma
Scyphophyilidium sp.
Acanthobothrium sp.
Raphidascaris sp.
Physalopteridae gen. sp.
Dichelyne sp.
Dichelyne szidati -
Anisakis simplex
Ergasiius chintensis
Ergasilus arenalbus -
Caligus tetrodontis -
Cinusa tetrodontis
Radinorhynchus gerberi
Pomphorhynchus sp. -

3 near-MPA
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Figure 6.2: Proportional abundance of parasite taxa infecting Amblyrhynchote honckenii (Bloch)

in near-MPA, non-MPA and MPA localities, along the South African coastline.

6.3.3 Component community composition

Based on the SIMPER analysis, parasite community composition within and between the
five sampled localities showed clear patterns of within-site similarity and between-site
dissimilarity, driven by a small number of key parasite taxa (Table 6.3). At MB, the within-group
similarity was the highest at 81.59%, with the parasite Bucephalidae gen. sp. contributing the
most to this similarity (65.61%), followed by Cal. tetrodontis (19.37%) and Cin. tetrodontis
(15.02%). Similarly, UB had a relatively high within-group similarity of 61.64%, primarily structured
by Rhipidocotyle sp. (85.24%) and H. victorwepeneri (13.79%). Chintsa East showed a moderate
average similarity of 51.28%, dominated by Zoogonidae gen. sp. (60.67%) and O. amplicoelus
(25.95%). WS had a slightly lower similarity of 46.52%, with E. arenalbus (47.69%), Cal.
tetrodontis (20.82%), and Cin. tetrodontis (10.58%) as main contributors. SB had the lowest
within-group similarity at 40.21%, primarily structured by Bucephalidae gen. sp. (52.44%) and
Scyphophyllidium sp. (37.87%).
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Table 6.3: Similarity results from the SIMPER analysis showing the mean similarity for each
locality, as well as the mean abundance (MA), mean similarity + SD, contribution (%) and

cumulative contribution (%) for the most abundant taxa per locality.

Taxa per locality MA Mean similarity Contribution (%) Cumulative (%)
Witsand Mean similarity = 46.52%

E. arenalbus 1.82 22.18 +1.33 47.69 47.69
Cal. tetrodontis 0.85 9.68 + 0.86 20.82 68.51
Cin. tetrodontis 0.59 4,92 +0.59 10.58 79.09

Rhipidocotyle sp. 0.59 3.74 £ 0.59 8.04 87.13

Nybelinia sp. 0.37 1.75+£0.32 3.77 90.90

Mossel Bay Mean similarity = 81.59%
Bucephalidae gen. sp. 4.77 53.53 + 4.56 65.61 65.61
Cal. tetrodontis 1.43 15.81 £ 3.98 19.37 84.98
Cin. tetrodontis 0.99 12.25+1.86 15.02 91.56
Chintsa East Mean similarity = 51.28%
Zoogonidae gen. sp. 1.77 31.11 £ 3.53 60.67 60.67
O. amplicoelus 0.79 13.31£1.79 25.95 86.62
Rhipidocotyle sp. 0.51 2.53+0.35 4.94 91.56
Uvongo Beach Mean similarity = 61.64%
Rhipidocotyle sp. 2.49 52.55 + 3.02 85.24 85.24
H. victorwepeneri 0.70 8.50 £0.88 13.79 99.03
Sodwana Bay Mean similarity = 40.21%
Bucephalidae gen. sp. 1.32 21.08 +1.23 52.44 52.44
Scyphophyllidium sp. 2.24 15.23+0.77 37.87 90.30

Between-location dissimilarities were also substantial (Table 6.4). For example, the
highest dissimilarity was observed between MB and UB (100%), driven by Bucephalidae gen. sp.
and Rhipidocotyle sp., which were each abundant at only one of the two localities. Comparatively,
dissimilarity between WS and CE was 87.77%, mainly due to differences in the abundance of E.
arenalbus and Zoogonidae gen. sp. Other prominent taxa driving dissimilarity across pairs
included Cal. tetrodontis, Scyphophyllidium sp., Cin. tetrodontis and O. amplicoelus, depending

on locality pairing.
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Table 6.4: Results from the SIMPER analysis, indicating the average dissimilarity between
localities. Abbreviations: WS — Witsand; MB — Mossel Bay; CE — Chintsa East; UB — Uvongo
Beach; SB — Sodwana Bay.

WS MB CE uB SB
WS
MB 79.51
CE 87.77 94.17
uB 86.10 100.00 83.90
SB 96.29 77.41 94.12 99.42

The ANOSIM results confirmed statistically significant differences in parasite community
composition across the five sampling localities (Table 6.5). The overall global R-value was 0.8369,
indicating strong separation between groups. Pairwise comparisons between localities showed
very high R-values, all close to or exceeding 0.89, with most reaching or surpassing 0.90,
supporting a clear structuring of parasite assemblages by locality. Similar to the SIMPER analysis,
the strongest dissimilarity was observed between MB and CE or MB and UB (both withan R = 1).
Further, SB and CE (R = 0.96) showed the strongest dissimilarity, followed closely by SB and UB
(R=0.93), and SB and MB (R = 0.92). All comparisons showed R values above 0.75, suggesting

that each region hosts a significantly distinct parasite community with minimal overlap.

Table 6.5: Results from the ANOSIM analysis indicating the R-statistic matrix for each locality.
Abbreviations: WS — Witsand; MB — Mossel Bay; CE — Chintsa East; UB — Uvongo Beach; SB —
Sodwana Bay.

WS MB CE uB SB
WS
MB 0.84
CE 0.90 1
uB 0.89 1 0.90
SB 0.93 0.79 0.92 0.96

The nMDS ordination had a stress value of 0.11, indicating that the two-dimensional
configuration reliably represents the underlying Bray-Curtis dissimilarities, with minimal distortion.
Clear spatial structuring of parasite communities was observed across the five sampling localities,
with most separation occurring along the first two axes (Figure 6.3). Axis 1, which accounted for
the largest proportion of the variation (63.64%), primarily captured dissimilarities between UB,
MB, and CE, as well as SB. A looser clustering was observed between WS and CE near the
centre of the plot, with WS extending toward the negative end of Axis 2. This placement reflects
its unique community structure dominated by E. arenalbus and Nybelinia sp. In contrast, SB was

positioned at the far positive end of Axis 1, characterised by a distinct assemblage dominated by
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Scyphophyillidium sp. and R. gerberi, and marked by the absence of many parasite taxa present
at other localities. Axis 2, which explained an additional 22.90% of the variation, further
distinguished UB from CE, and MB from SB. Mossel Bay formed a tightly packed cluster, whereas
the other localities showed more diffuse spatial arrangements. Uvongo Beach was loosely
clustered but positioned closer to WS and CE, reflecting moderate overlap in community structure
and influenced by taxa such as Rhipidocotyle sp. and H. victorwepeneri. In contrast, MB was
distinctly separated and positioned between SB and WS, with no overlap. The convergence of
CE and WS in the central region of the ordination suggests intermediate community similarity

between these localities.
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Figure 6.3: Ordination plot (nMDS) based on parasite infra-community diversity and abundance

in Amblyrhynchote honckenii (Bloch) sampled along the coastline of South Africa. The two axes

display 86.5% of the total variation with a stress value of 0.11.

6.3.4 Factors contributing to community composition

The distance-based redundancy analysis (db-RDA) (Figure 6.4) revealed that the
explanatory variables collectively accounted for 45.3% of the total variation in parasite community
composition, with an adjusted explained variation of 29.3%. Axis 1 explained 21.89% of the total

variation and 48.34% of the fitted variation, while Axis 2 contributed an additional 11.94% to the
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total and 26.35% to the fitted variation, resulting in a cumulative explained variation of 33.83%
and 74.69% by the first two axes. The first two axes also exhibited strong pseudo-canonical
correlations (Axis 1 = 0.8887, Axis 2 = 0.8673), indicating a high level of association between the
ordination axes and the explanatory variables. Forward selection identified trans-Nonachlor as
the most influential variable, explaining 14.2% of the variation (pseudo-F = 8.6, p = 0.002),
followed by p,p’-DDE (7.9%, pseudo-F = 5.1, p = 0.002), and HSI (6.3%, pseudo-F = 4.4, p =
0.002). The legacy pesticides p,p’-DDT and ratio’s of o,p’-DDT / p,p'-DDD were also retained as
significant contributors, explaining 4.7% (p = 0.004) and 3.2% (p = 0.014) of the variation,
respectively. Other variables, including fish condition factor (CF), various PCBs, and other
organochlorine pesticides, were not significant contributors to parasite community structures (p >
0.05). The combined effect of the selected variables captured over 90% of the fitted variation by
the fourth axis, with consistently high pseudo-canonical correlations for the supplementary
variables (Axis 1 = 0.9585, Axis 2 = 0.9639, Axis 3 = 0.9765, Axis 4 = 0.9588), indicating strong

explanatory power of the retained factors on parasite community patterns.

In the RDA ordination plot, a noticeable separation was observed in the spatial distribution
of the localities. Witsand and CE exhibited increased convergence, indicating a greater similarity
in community structure compared to previous analyses (Figure 6.4). This overlap extended to
include a subset of individuals from MB, forming a broader, central cluster. This grouping was
characterised predominantly by monoxenous parasites, particularly isopods and copepods,
including Cin. tetrodontis and Cal. tetrodontis. Despite this overlap, WS was influenced by higher
abundances of E. arenalbus and Nybelinia sp., both monoxenous taxa. Chintsa East and WS
were further associated with the presence of heteroxenous digeneans, including O. amplicoelus,
and larval nematodes such as Raphidascaris sp., reflecting a mixed assemblage of direct and
indirect life cycle parasites. Mossel Bay remained partially distinct, loosely aligned with SB;
however, the community structure at SB appeared to be more similar to CE and MB. Notably, SB
did not display a strong association with any pesticide but was more loosely aligned with host-
related metrics such as CF, although this variable was not statistically significant in the forward
selection. Uvongo Beach community structures were different compared to other localities,
dominated by heteroxenous taxa, particularly Acanthobothrium sp., Rhipidocotyle sp., and one
monoxenous taxon, H. victorwepeneri. These assemblages were closely associated with elevated
concentrations of trans-Nonachlor, Dieldrin, and PCB #180. In contrast, DDT strongly fit in the
central region of the ordination space, positioned between UB and MB, indicating a broader
influence across these localities, while its metabolites, particularly p,p’-DDE, contributed towards
the ordination closer ordination to CE and WS. Overall, the ordination reflects a gradient in
parasite community composition driven by both parasite life-history strategies and environmental

contamination profiles, particularly organochlorine pesticide exposure.
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Figure 6.4: RDA tri-plot illustrating associations between the parasite infra-community taxa
abundance of Amblyrhynchote honckenii (Bloch), explained by explanatory variables. The two

axes display 45.3% of the total variation.

6.3.5 Estimated parasite diversity

Figure 6.5 presents the species accumulation curve for metazoan parasites detected in
A. honckenii across all sampled localities. The X-axis represents the cumulative number of host
individuals examined, while the Y-axis indicates the cumulative number of parasite taxa recorded.
The accumulation curve shows a steady and pronounced increase in parasite species with
increasing sampling effort. Importantly, the curve does not reach a plateau, even at the maximum
number of hosts sampled. Moreover, the wide confidence intervals at higher sampling efforts
further reflect continued uncertainty regarding the true parasite richness, reinforcing the
interpretation that rare or low-prevalence taxa remain undetected. Pooled data from all localities
further support this, as the overall accumulation curve rises consistently without levelling off. The
trend observed in Figure 6.5 demonstrates that the estimated parasite diversity in A. honckenii is

high but remains underestimated given the sampling effort applied in this study.
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Figure 6.5: Species accumulation curve estimating the diversity of parasites as a function of
sampling effort for each locality, as well as for the whole population of parasites of Amblyrhynchote

honckenii (Bloch).

6.4 Discussion

This study provides the first comprehensive analysis of the metazoan parasite
communities of the evileye blaasop, A. honckenii, across five coastal localities on the South
African coastline, extending from the temperate Agulhas Bank to the tropical Natal ecoregion.
Parasite communities were strongly structured by the interaction of biogeographic gradients,
contaminant exposure and the degree of marine protection. In total, 22 taxa of metazoan parasites
were identified across WS, MB, CE, UB and SB, including both monoxenous parasites with direct
life cycles and heteroxenous parasites. It is well documented that A. honckenii is a widespread
Indo-Pacific host, occurring from South Africa to as far north as China (Froese and Pauly, 2024),
and these data further confirm that it is also a sensitive integrator of local ecosystem processes.
Pufferfish are generally avoided by predators due to their tetrodotoxin (Lorentz et al., 2016) and
can therefore act as long-lived and site-associated hosts that integrate parasite transmission
pathways. Their parasite communities thus reflect the ecological complexity of local food webs
and host availability, even though the fish themselves are not a major food resource for other

vertebrates.
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The results revealed a strong spatial structuring of parasite communities between
localities. The near-MPA localities of WS and CE displayed the richest and most even
assemblages, with high values for Shannon-Wiener, Brillouin and Simpson indices, with Pielou’s
evenness closest to 1. These assemblages comprised a wide range of taxa, including
heteroxenous parasites such as A. simplex, Nybelinia sp., Raphidascaris sp., O. amplicoelus and
E. arenalbus, alongside monoxenous species, such as H. victorwepneneri, Cal. tetrodontis and
Cin. tetrodontis. These patterns indicate that the near-MPA localities maintain ecological
conditions that allow the persistence of parasites with complex life cycles that rely on multiple
intermediate hosts, which is a well-recognised signal of habitat integrity and connectivity (Wood
et al., 2010; Cable et al., 2017). Similar results have been reported for Diplodus capensis (Smith)
in the Agulhas Bank, where Vermaak (2024) recorded 30 metazoan parasite species, with the
richest communities in MPA or near-MPA localities. Erasmus et al. (2022) found that parasite
diversity and evenness in Clinus superciliosus (Linnaeus) were maximised in moderately
protected areas with low levels of contamination. These parallels demonstrate that a pattern of
high diversity in lightly impacted habitats is consistent across multiple host species in southern
Africa.

In contrast, parasite assemblages at the non-MPA localities of MB and UB were simplified,
characterised by high parasite abundance but low diversity, and dominated by a narrow set of
resilient taxa, especially bucephalid and Rhipidocotyle metacercariae encysted in cardiac tissues.
The collapse of community structure into dominance by a few opportunistic species is a classic
indicator of degraded environments and is consistent with the high contaminant loads and poor
host condition recorded at these localities (Marcogliese, 2005; Vidal-Martinez et al., 2019). The
replacement of heteroxenous taxa by monoxenous taxa, such as H. victorwepeneri, mirrors
findings in other marine and estuarine systems, where pollutant exposure produced communities
dominated by larval trematodes, monopisthocotyleans and polyonopisthocotyleans (Lafferty and
Kuris, 1999; Grabner et al., 2023), and it is consistent with the ecological filtering processes
described by Sures (2008) and Timi and Poulin (2020). The single fully protected MPA locality,
SB, exhibited intermediate parasite richness and a restricted assemblage dominated by
Scyphophyillidium sp. and zoogonid digeneans. Although this locality is in an MPA, its limited
diversity suggests that protection alone does not guarantee a return to a complex, heteroxenous-
dominated parasite community if stressors from outside the protected area (such as contaminant
inflow or reduced densities of intermediate hosts) are still present. This outcome parallels studies
of Mediterranean MPAs where protection was insufficient to offset large-scale pollutant input and
host depletion (Guidetti and Sala, 2007).
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Community-level analyses confirmed these spatial distinctions. SIMPER analysis
revealed high within-locality similarity in MB (81.59%) and UB, driven by dominance of a single
species, while near-MPA localities exhibited more moderate similarity values and a richer mix of
taxa. SB had the lowest similarity value (40.21%), reflecting its lower richness and compositional
skew. ANOSIM tests produced a global R of 0.8369, demonstrating strong separation between
localities, with pairwise comparisons between MB and CE and between MB and UB both yielding
R-values of 1.0, indicating completely distinct, non-overlapping communities. These analyses
clearly demonstrated that the patterns observed were not random but strongly structured by
environmental gradients. Environmental drivers underpinning these differences were revealed by
distance-based redundancy analysis. The pollutants trans-Nonachlor, p,p’-DDE and p,p’-DDT
explained a significant portion of the variance in parasite composition, with trans-Nonachlor alone
accounting for 14.2% of the explained variation. Pollutant exposure acts both directly, by
damaging free-living stages and suppressing host immune systems, and indirectly, by reducing
the abundance of intermediate hosts, leading to the loss of heteroxenous species (Sures, 2008;
Blanar et al., 2009; Grabner et al., 2023). Uvongo Beach, with the highest of these pollutant loads,
showed simplified communities dominated by monoxenous and metacercaria parasites. These
patterns are congruent with the study by Wood et al. (2023) documenting a century-scale decline
in complex life cycle taxa associated with global warming and human pressures. In contrast, WS
and CE, which had lower contaminant burdens and healthier fish condition (higher HSI values),

supported diverse communities of heteroxenous and monoxenous taxa.

The composition of parasite assemblages in A. honckenii thus closely mirrored that of
other coastal fish hosts studied along South Africa’s southern and eastern coasts. In D. capensis,
Vermaak (2024) found that heteroxenous parasites, particularly trematodes and larval cestodes,
dominated communities in near-MPA areas, while non-MPA localities had simplified assemblages
dominated by bucephalid larvae. Similarly, Erasmus et al. (2022) reported that C. superciliosus
populations in near-MPA localities supported rich parasite assemblages including multiple larval
stages of cestodes, nematodes and acanthocephalans, while heavily impacted localities hosted
only a few generalist taxa. These results highlight that parasite communities across different fish

hosts respond similarly to gradients of disturbance and protection.

One striking outcome of the present study was that the highest parasite richness and
evenness were not found at the warm tropical locality of SB, contrary to the expectation of the
latitudinal diversity gradient (Poulin, 2010). Instead, the richest assemblages occurred in
transitional near-MPA localities such as CE, where environmental quality was higher and
contamination levels lower. This pattern mirrors that observed in D. capensis and C. superciliosus

and suggests that, at a regional scale, habitat quality, host population structure and connectivity
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are stronger determinants of parasite diversity than temperature alone (Costello et al., 2015;
Poulin and Morand, 2000; Poulin, 2010). Such findings emphasise that local-scale factors can
override broad climatic gradients in shaping parasite communities. Furthermore, the species
accumulation curve for A. honckenii continued to rise without reaching an asymptote, indicating
that a substantial proportion of its parasite fauna remains undiscovered. This is not surprising
given that marine parasitology has historically concentrated on a few southern and eastern
localities in South Africa, leaving the northern regions relatively understudied (Nunkoo, 2019). It
is likely that expanded sampling across seasons, host size classes, and especially across the
tropical and subtropical parts of A. honckenii's range, will reveal even greater parasite diversity,
including cryptic species. The lack of additional sampling in the host's northeastern distribution

could also explain the lower diversity reported in the Natal ecoregion, such as SB.

6.5 Conclusion

The data affirm the utility of parasites as integrative indicators of habitat quality and
anthropogenic impact. Parasite communities reflect both present and historical ecological
processes, providing insights complementary to those derived from contaminant bioaccumulation.
The observed sensitivity of parasite assemblages to chemical exposure, host condition, and food
web structure underlines their value in biodiversity monitoring and marine management. While
MPAs can enhance parasite richness and stability, their effectiveness is constrained without
broader ecological connectivity and pollution control. The central coast near-MPA localities,
particularly WS and CE, emerged as contemporary biodiversity hotspots for parasitic fauna,
providing a model for the conditions under which complex, and ecologically integrated parasite
communities can persist. This pattern suggests that the protective benefits of MPAs may extend
into adjacent non-protected areas. Similar “spillover” effects have been documented in fish
communities, where biomass and abundance in waters just outside MPAs increase over time as
marine life from the reserve spills over into fished areas (Francheschini et al., 2024). These results
underscore the need to incorporate parasite diversity into ecosystem health assessments and
advocate for long-term, cross-ecoregion monitoring of parasite communities in South African

marine fish.

In conclusion, this study set out to test two key hypotheses: (i) that parasite diversity in A.
honckenii would display clear spatial patterns, with richness and complexity peaking in subtropical
regions, particularly the Natal ecoregion, and declining toward temperate and cold-temperate
regions such as the Agulhas Bank (Hypothesis 4, Chapter 1); and (ii) that elevated contaminant
burdens in hosts would be associated with reduced richness and evenness, resulting in

communities dominated by directly transmitted or opportunistic taxa, whereas more pristine or
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near-MPA localities would support richer, more complex parasite assemblages (Hypothesis 5,
Chapter 1).

The results show that these hypotheses were only partially supported. Although spatial
trends were evident, the predicted peak diversity at the tropical Natal locality (SB) was not
observed. Instead, the highest richness and complexity occurred at WS and CE, localities located
near-MPAs, characterised by lower contaminant loads and healthier host populations. These
findings suggest that while biogeographic gradients influence parasite communities, local factors
such as habitat quality and pollution can override these large-scale patterns. As predicted,
parasite assemblages in contaminated localities such as MB and UB were simplified and
dominated by directly transmitted taxa, whereas near-MPA areas supported more diverse
communities with numerous heteroxenous species. The expectation that MPAs enhance diversity
was supported in part, although the limited diversity of SB suggests that protection alone does
not guarantee restoration. The findings demonstrate that parasite assemblages are shaped by
the interplay of temperature, pollution and management, and confirm their value as bioindicators

of ecosystem integrity.
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Evaluating the combined effect of Cinusa tetrodontis

P Schioedte & Meinert, 1884, infestation and copper
exposure on the accumulation and metallothionein

expression in the evileye blaasop, Amblyrhynchote

honckenii (Bloch)

7.1 Introduction

Marine ecosystems are increasingly impacted by a range of anthropogenic stressors,
among which heavy metals are of particular concern due to their persistence, bioavailability, and
toxicity (Nachev and Sures, 2016). Copper is a prevalent and essential trace element that plays
crucial roles in enzymatic activity and cellular metabolism in fish (Malhotra et al., 2020). However,
Cu’s beneficial properties are negated by its potential toxicity when present in elevated
concentrations, often due to anthropogenic inputs such as antifouling paints used on ships and
marine infrastructure, mining runoff, industrial effluents, and agricultural activities (Malhotra et al.,
2020; Lu et al., 2022; Cui et al., 2024).

Coastal and estuarine areas are particularly susceptible to Cu pollution, given their
proximity to concentrated human activities and their ability to retain metals in sediments and
organisms (Nachev and Sures, 2016; Li et al., 2022). Even at sublethal levels, Cu exposure can
induce oxidative stress and disrupt ion regulation in marine fish (Malhotra et al., 2020; Wang et
al., 2024). The gills, which are the primary site for waterborne metal uptake, are particularly
susceptible, often exhibiting structural damage such as epithelial lifting, lamellar fusion, and
necrosis following exposure (Malhotra et al., 2020; Martinez-Durazo et al., 2023). The liver and
kidneys, which are critical organs for detoxification and excretion, may also be impaired,
compromising immune function, metabolic efficiency, and ultimately increasing mortality risk,
thereby threatening fish populations and ecosystem stability (Malhotra et al., 2020; Wang et al.,
2024). The bioavailability and severity of Cu toxicity are influenced by environmental parameters,
including pH, salinity, water hardness, and the concentration of dissolved organic carbon (DOC)

(Nachev and Sures, 2016; Cui et al., 2024). For instance, lower pH and salinity conditions tend
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to increase Cu toxicity by elevating the availability of free cupric ions (Cu?*). In contrast, higher
DOC and water hardness can mitigate toxicity by binding Cu and reducing its bioavailability (Cui
et al., 2024). These variables are known to fluctuate considerably in coastal estuarine
ecosystems, further complicating the assessment of Cu’s ecological impact and highlighting the

need for context-specific environmental monitoring (Cui et al., 2024).

A key physiological response to Cu exposure in fish is the synthesis of metallothionein
(MTs), which are low-molecular-weight, cysteine-rich proteins that bind to metal ions, thus
mitigating their toxicity and facilitating homeostasis and detoxification of trace elements (Amiard
et al., 2006; Le et al., 2016; Singh and Sharma, 2024). Metallothionein levels are commonly used
as a biomarker in ecotoxicological studies, with elevated expression reflecting increased metal
exposure and physiological stress (Amiard et al., 2006; Le et al., 2016). However, MT responses
are known to vary depending on factors such as exposure duration, metal concentration,
speciation, and co-occurring stressors, reflecting the complexity of detoxification pathways
(Amiard et al., 2006; Malhotra et al., 2020). In some cases, prolonged or high-level Cu exposure
can suppress MT expression, indicating a breakdown of detoxification capacity (Malhotra et al.,
2020). Parasitism introduces an additional layer of complexity to these interactions. Several
studies have shown that intestinal helminths such as acanthocephalans and cestodes are
capable of accumulating trace metals, including lead and cadmium, at concentrations far
exceeding those found in host tissues (Sures, 2003). This bioaccumulation capacity effectively
reduces the bioavailable fraction of metals in the host, potentially lessening the physiological
burden (Nachev and Sures, 2016; Sures et al., 2025). For example, parasitised fish have been
shown to exhibit lower concentrations of certain metals in their tissues compared to non-

parasitised individuals (Nachev and Sures, 2016).

While much of this research has focused on freshwater environments and endoparasites,
marine ectoparasites, particularly isopods, remain relatively underexplored (Sures, 2004; Vidal-
Martinez et al., 2010; Nachev and Sures, 2016; Erasmus et al., 2020; van der Spuy et al., 2023;
Sures et al., 2025). A recent study by van der Spuy et al. (2023), detailed in Chapter 4 of this
thesis, demonstrated that the cymothoid isopod Cin. tetrodontis, which infests the buccal cavity
of the evileye blaasop, A. honckenii, accumulates significantly higher levels of Cu than its host.
Given its direct contact with both host tissue and ambient seawater, and its blood-feeding
behaviour, Cin. tetrodontis has the potential to serve as both a bioindicator of environmental metal
contamination and a potential modulator of host metal burdens (van der Spuy et al., 2023). Other
studies on element exposure and the interaction between hosts and parasites showed that
infected hosts may benefit from reduced internal Cu levels due to sequestration by the parasite,

potentially resulting in altered physiological responses such as MT expression (Sures and

162



Chapter 7

Radszuweit, 2007; Sures et al., 2017). Alternatively, parasitism may increase the levels of stress
responses if the host faces additional immune or metabolic challenges (Gismondi et al., 2012;
Sures et al., 2017). For example, the acanthocephalan Pomphorhynchus laevis (Zoega in Mdller,
1776) Porta, 1908 has been shown to accumulate lead 2,000-fold the levels found in fish muscle
(Sures et al., 2017), while the nematode Raphidascaris acus (Bloch, 1779) Railliet & Henry, 1915
has been associated with lower selenium accumulation and reduced oxidative stress in infected
rainbow trout (Hursky and Pietrock, 2015; Sures et al., 2017). However, these effects are
dependent on different internal and external factors, particularly the parasite species, host
physiology, metal type, and exposure conditions (Sures, 2006; Marcogliese and Pietrock, 2011;
Sures et al., 2017).

Ectoparasitic isopods in marine systems have received limited attention in studies on
contaminant dynamics (Pérez-del-Olmo et al., 2019; van der Spuy et al., 2023). Furthermore, in
chapter 4, only the environmental results suggestive of modulation were highlighted.
Understanding how parasitic infections or infestations interact with chemical pollutants in marine
organisms is essential in evaluating ecosystem health and pollutant impacts (Sures et al., 2017;
Sures et al., 2025). Although environmental Cu exposure is a well-known stressor in aquatic
systems, the role of ectoparasitic isopods in modulating its accumulation and associated
physiological responses in marine fish has remained poorly understood (Sures et al., 2017; Sures
et al., 2025). The potential for Cin. tetrodontis to influence Cu accumulation and MT responses in
A. honckenii has not yet been explored under controlled experimental conditions. This study aims
to fill that gap by assessing Cu accumulation and MT expression in infected and uninfected A.
honckenii following a 24-hour sublethal Cu exposure in a controlled laboratory setting. The short-
term exposure design enables the detection of early physiological responses and avoids
confounding effects related to chronic stress or long-term adaptation (Mahotra et al., 2020). The
laboratory exposures were further compared to the Cu concentrations in field-sampled A.
honckenii and Cin. tetrodontis (see Chapter 4). Based on the known capacity of parasites to
accumulate metals and influence host physiology, this study tests several key hypotheses
(Hypotheses 6-9, Chapter 1). First, it is hypothesised that infestation by Cin. tetrodontis reduces
Cu accumulation in host tissues by acting as a biological sink, thereby modulating host exposure.
Second, the presence of the parasite is expected to alter the host's detoxification response,
particularly metallothionein (MT) expression, which lessens the need for biomarker activation.
Third, it is hypothesised that Cin. tetrodontis itself actively responds to Cu exposure, with sex-
specific variation in MT induction, reflecting physiological differences between males and females.
Lastly, the study proposes that short-term laboratory exposures can reproduce Cu accumulation
and biomarker trends observed in environmental conditions, validating the use of controlled

experiments in assessing complex host—parasite—pollutant interactions.
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The significance of this research lies in its contribution to our understanding of how
ectoparasites may influence trace metal dynamics in marine fish. By elucidating whether Cin.
tetrodontis modulates Cu accumulation and alters biomarker responses such as MT induction,
this study provides new insight into the role of parasites in ecotoxicological processes. Moreover,
these findings have practical implications for biomonitoring and environmental assessment (Sures
et al., 2017). Incorporating host-parasite interactions into pollution monitoring frameworks can
enhance sensitivity to contaminant exposure and improve ecological risk assessments in marine

ecosystems increasingly impacted by anthropogenic stressors.

7.2 Materials and Methods

7.2.1 Fish source, husbandry and acclimation

Twenty evileye blaasop, A. honckenii, were obtained from the Two Oceans Aquarium,
Cape Town, with 10 specimens naturally infested with the parasitic isopod, Cin. tetrodontis, and
10 uninfested controls. All procedures involving the fish were approved by the Two Oceans
Aquarium Animal Ethics Committee (TOAAEC; approval number: TOA-RES003-21) and the
AnimCare Animal Research Ethics Committee of the North-West University (FNASREC; NWU-
00565-19-A5). Upon arrival, fish were housed at the National Aquatic Bioassay Facility (NABF)
of the North-West University under environmental and welfare conditions aligned with the

aquarium’s care guidelines and current best practices for marine species research.

Fish were housed for a period of 22 months in two separate 500 L circular tanks filled with
artificial seawater, one for infested fish specimens and the other for uninfested fish specimens.
Infestation status was determined through screening under mild anaesthesia that involved using
clove oil at 0.05 mL per 500 mL of water, administering only 75% of the full dose for no more than
20 s (Fernandes et al., 2016). Fish were visually examined for the presence of Cin. tetrodontis
and allowed to recover in aerated tanks. Infested and uninfested fish were separated into distinct
groups following screening and were observed for any adverse responses to anaesthesia or
handling. All fish adapted well during this period, with no mortality or signs of disease reported.
The housing tanks were equipped with a sandy substrate to accommodate the natural burrowing
behaviour of the fish species and included PVC pipes as shelter to reduce stress and promote
natural behaviours (Figure 7.1). The tanks were completely grey, allowing fewer visual
disturbances and minimising stress and physical trauma. Water quality was consistently
maintained within optimal ranges for marine fish, with the temperature controlled between 18—
19°C, salinity maintained at 33—34 ppt, pH between 8.0-8.2, and ammonia levels kept below 0.1

mg/L. These parameters were monitored daily using automated meters.
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Figure 7.1: Photograph of the housing tanks in the NABF facility at the North-West Univ

ersity, along with some close-up photos of the evileye blaasop, Amblyrhynchote honckenii (Bloch).
A — housing tank; B — A. honckenii hiding under the sand (uninfested); C — Cinusa tetrodontis.
Photographs A-C by Linda de Klerk.

Fish were fed five times per week (Monday to Friday) with a varied diet of commercial
pellets and a customised gel-based formula consisting of seafood, vitamin and mineral
supplements, spirulina, garlic, calcium, and fish oil. Both infested and uninfested fish received the
same type and quantity of food throughout the study. The gel food was finely blended to avoid
choking or respiratory obstruction, following species-specific feeding precautions. Feeding
responses were observed daily to monitor health and appetite. The aquarium system also
included skimmer cups designed to remove dissolved proteins and organic waste from the water,
helping to maintain optimal water quality. Skimmer cups were cleaned every second day, with 30—
50% water changes conducted every two to three weeks, depending on the rate of waste
accumulation, with regular siphoning of the sandy substrate to remove uneaten food and debris.
Weekly salinity and temperature checks and daily health assessments were completed, which

included evaluation of abrasions, fin condition, feeding response, body integrity, and behaviour.
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Monthly video and photo health reports were submitted to the Two Oceans Aquarium to ensure
compliance with ethical standards. Infested fish were observed to be more active and responsive
to feeding, while uninfested fish tended to remain buried except during feeding. This careful
acclimation and husbandry ensured that all fish specimens were in optimal condition prior to the
commencement of exposure experiments, following the standards set by the Two Oceans

Aquarium.

7.2.2 Exposure design and experimental procedures

The exposure protocol followed OECD guidelines for fish toxicity testing (OECD, 2019),
with modifications to accommodate marine species and ethical welfare considerations. All fish
originated from the same source population and had undergone long-term acclimation to
laboratory conditions, ensuring uniformity in age, health, and consistent environmental history.

Before exposure, fish were visually screened for general health and absence of disease.

Twenty individual 8 L polycarbonate (ZebTEC) tanks were filled with artificial seawater and
left to stabilise for 24 h before transferring the fish to the tanks. Tanks were randomly distributed
in the test area and visually shielded to minimise external disturbance. Artificial seawater was
prepared by dissolving commercial marine salts (Vibrant Sea, Seachem) in reverse osmosis
water, and each tank was aerated to achieve full oxygen saturation. Individual fish were
transferred into a static, aerated 8 L ZebTEC tank to prevent social stress and allowed to
acclimate to the new tank for 24 h prior to exposure. Water quality was carefully maintained, with
the temperature set between 20—22°C, salinity between 30-34 ppt, pH at 8.0-8.2, and dissolved
oxygen above 80% air saturation, with a 12—16 h photoperiod. Fish were divided into four test
groups (n=5 fish specimens per group) (Figure 7.2): control, uninfested; control, infested; Cu-

exposed, uninfested; Cu-exposed, infested.
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Figure 7.2: Experimental design for four test exposure groups of Amblyrhynchote honckenii

(Bloch) specimens during a 24-hour exposure to a hazard concentration of copper (Cu) affecting
20% of the population (HC20). A — Control fish, without parasites, n=5; B — Control fish, infested
with Cinusa tetrodontis Schioedte & Meinert, 1884, n=5; C — Cu exposed fish, without parasites,
n=5; D — Cu exposed fish, infested with Cinusa tetrodontis Schioedte & Meinert, 1884, n=5.
Diagram by Linda de Klerk.

The Cu exposure solution was prepared using Cu (ll) chloride (CuCl,) with the test
concentration calculated to represent the hazardous concentration for 20% of species (HC20)
based on the species sensitivity distribution (Fantke et al., 2018). The final exposure
concentration was 486 ug/L Cu, prepared by adding 3.88 mL of a 1000 mg/L Cu standard stock
solution to each 8 L tank and mixed thoroughly. Control tanks received no Cu addition. Fish were
exposed for a duration of 24 h. No feeding occurred during the 24 h exposure period to prevent
confounding effects from food and waste. Throughout the exposure period, fish were monitored
for signs of behavioural change, discomfort, or mortality. Additionally, water parameters, including
dissolved oxygen, temperature, and pH were also monitored for the duration of the exposure.
Copper concentrations in exposure tanks were monitored throughout the exposure period by
collecting water samples from each tank before and after exposure. The dosed nominal Cu

concentrations were analytically confirmed at the start of the exposure as recommended by
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OECD guidelines (OECD, 2019), ensuring the accuracy and reproducibility of dosing (see Figure
7.3). No mortalities, visible abnormalities, or behavioural changes were observed throughout the

exposure.

Following exposure, fish were humanely killed using percussive stunning followed by
pithing, following the approved SOP for aquatic ectotherms (NWU-00267-17-A5). Fish length (cm)
was measured and weighed (g) to calculate the condition factor (K). Following dissection, fish
livers and gonads were weighed to calculate the hepatosomatic index (HSI) and gonadosomatic
index (GSI) (see Figure 7.4). Parasites were carefully removed from the buccal cavity of infested
fish and confirmed as Cin. tetrodontis based on morphology (Hadfield et al., 2010). The sex (male
or female) and life stage (juvenile or adult) of each parasite were recorded. Parasites and fish
tissues, including gills, liver, muscle, stomach, and gall bladder, were collected, frozen, and stored
at -80°C in pre-cleaned acid-washed polypropylene tubes for Cu accumulation analysis.

Additionally, sub-samples of liver, muscle, and parasite tissue were collected for MT analysis.

7.2.3 Analytical procedures

For Cu analysis, frozen samples were thawed, weighed to determine wet weight (g) and
freeze-dried (FreeZone 6, Labconco) for approximately 96 h. Dried samples were reweighed to
determine dry weight (g) and homogenised using a mortar and pestle. Approximately 0.2 g of fish
tissue and 0.08 g of parasite tissue were acid-digested in Teflon vessels, using 7.5 mL of 65%
HNO; (sub-boiled p.a. quality, Merck) and 2.5 mL of 37% HCI (supra-pure, Merck), or 750 L
65% HNO; and 250 uL 37% HCI for parasite samples, using an Ethos Easy MAXII-44 microwave
digestion system. After digestion, each vessel was emptied, rinsed, and brought to a volume of
50 mL (fish tissue) or 10 mL (parasite tissue) with 1% HNOj, transferred to acid-washed tubes,
and kept in the dark at room temperature until analysis (Degger et al., 2011; Labuschagne et al.,
2021). All digested samples were diluted 1:10 in 1% HNO3 and analysed using graphite furnace
atomic absorption spectrometry (GF-AAS, PerkinElmer Analyst 600 with Zeeman-effect
background correction) (Erasmus et al., 2020). For each sample, 600 uL was pipetted into AAS
vials, and 20 pL was automatically injected into the graphite furnace. Samples were analysed in
triplicate, with mean peak area values used for final calculations. Copper concentrations were
calculated from the regression line with a correlation factor of 20.999. Three blank samples per
digestion run were prepared and analysed alongside quality standards analysed after every 20
samples. Furthermore, analytical accuracy was verified using the DOLT-5 reference material
(dodfish liver certified reference material for trace metals and other constituents, National
Research Council, Canada), with Cu recoveries calculated between 87% and 112%. Limits of
detection (LOD) and quantification (LOQ) were calculated as 3 and 10 times the signal-to-noise

ratio using the standard deviation of the calibration intercept divided by the slope (Saadati et al.,
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2013), respectively, and adjusted for the average sample weights of 184 mg for fish tissue and

55 mg for parasite tissue (Table 7.1).

For MT analyses, tissues stored at -80°C were placed on ice and allowed to thaw to
approximately 0°C. Approximately 0.2—-0.3 g of fish liver and muscle tissue, as well as parasite
tissue samples, were homogenised using a VELP OV5 homogeniser (VELP Scientifica, Italy) in
a 0.25 M sucrose solution in a 1:4 tissue: volume ratio. Homogenates were centrifuged at 20,000
g for 20 min at 4°C. Three 300 uL aliquots of supernatant were prepared for MT analysis using a
modified silver saturation method (Scheuhammer and Cherian, 1986; Frank et al., 2008). Each
aliquot was mixed with 500 uL of a 20 mg/L AgNO; solution and incubated at room temperature
for 20 min to displace bound Cu with a lower affinity for MTs than Ag, saturating the MT binding
sites with Ag. To remove excess Ag ions, 100 pL of red blood cell hemolysate (10% haematocrit,
Sigma-Aldrich, Germany) was added. Samples were then subjected to three cycles of heating in
a water bath at 100°C and centrifuged at 1,200 g for 10 min to precipitate the Ag-bound
haemoglobin, leaving heat-stable MT proteins in suspension, and to remove the denatured
proteins. The final supernatant was centrifuged at 16,000 g for 15 min before determining the
silver concentration, which is considered proportional to the amount of MT. Silver content was
analysed using graphite furnace atomic absorption spectrometry (GF-AAS, PerkinElmer),
following the method of Erasmus et al. (2020) as described for Cu. Samples were also analysed
in triplicate, with mean peak area values used for final calculations. Final MT concentrations were
calculated from the regression line with a correlation factor of 20.989. Limits of detection (LOD)
and quantification (LOQ) were calculated as 3 and 10 times the signal-to-noise ratio using the
standard deviation of the calibration intercept divided by the slope (Saadati et al., 2013) and
adjusted for the average sample weight of 271 mg (Table 7.1).

7.2.4 Statistical analysis

Statistical analyses were conducted using GraphPad Prism v10. Data were tested for
normality using the Shapiro-Wilk normality test. As all data met the normal distribution
assumption, a one-way ANOVA and a two-way ANOVA were performed, followed by Tukey’s
multiple comparison test. Significance was set at p<0.05. Results of the one-way ANOVA and
Tukey’s multiple comparison tests, indicating significant differences (p<0.05) comparing Cu and
MT concentrations in parasite and fish host species from control and exposed groups, are
presented in figures, with significant differences indicated (Figures 7.5—7.6). Results of the two-
way ANOVA statistical analysis of variance comparing metal concentrations in species (parasite
and fish host) from two treatment groups (control and exposure) are presented in tabular form
(Table 7.2).
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7.3 Results
The controlled Cu exposure experiment revealed clear patterns in both Cu accumulation

and MT induction across tissues and between infested and uninfested A. honckenii.

Table 7.1 presents the analytical performance metrics for Cu and MT quantification across
parasite and fish tissues. The percentage recovery of Cu from the DOLT-5 certified reference
material was 96.05 + 9.42 %, confirming the accuracy and reliability of the digestion and
quantification protocol used in this study. Limits of detection and LOQ were calculated based on
signal-to-noise ratios and adjusted for tissue mass. For fish tissue, the LOD and LOQ were 0.02
Mg/g and 0.40 ug/g dry weight, respectively, while for parasite tissue, slightly higher values were
reported (0.90 yg/g LOD and 2.72 pg/g LOQ). Metallothioneins were quantified with equal LOD
(0.30 pg/g) and LOQ (0.90 ug/g) values for both parasite and fish tissue. Overall, the values
reported confirm that the study employed sensitive and robust analytical methods, capable of
detecting both background levels and treatment-induced changes in trace metal accumulation

and biomarker responses in both host and parasite tissues.

Table 7.1: Percentage recovery (%) of DOLT-5 certified reference material, as well as the limit of
detection (LOD) (ug/g dry weight) and limit of quantification (LOQ) (ug/g dry weight) in different

tissue samples.

LOD (ug/g dry weight) LOQ (ug/g dry weight)
Analyt R 9
nalyte ecovery (%) Parasite Fish tissue Parasite Fish tissue
Cu 96.05 0.90 0.02 2.72 0.40
MTs - 0.30 0.30 0.90 0.90

The results from the water analyses (Figure 7.3; Supplementary Table 7.1) confirmed that
exposure tanks reached the dosed nominal sublethal Cu concentration of approximately 486 ug/L,
with values ranging from 407.50 + 71.59 ug/L to 417.73 £ 70.87 pg/L. The Cu levels in the control

tanks remained lower (8.79-12.46 ug/L), ensuring the integrity of the experimental design.
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Figure 7.3: Copper concentrations measured in control and exposure tanks at the start of the
exposure period. Graph values represent means * standard deviation (n=5 per treatment). All

abbreviations are defined in the graph legends.

Morphometric indices (Figure 7.4) did not show any significant changes over the short
exposure duration. The K was slightly lower in exposed fish than in control fish (Figure 7.4A), and
slightly higher in environmental fish than in laboratory fish (Figure 7.4B). Additionally, infested
laboratory fish had slightly higher K values than uninfested fish, mirroring the same trend seen in
field-sampled environmental fish (see Chapter 4). In contrast, the HSI was slightly higher in
exposed fish (Figure 7.4B), particularly in uninfested rather than infested fish (Figure 7.4B). The
HSI results show the same trend as seen in environmental fish. The GSI remained relatively
stable across the treatment groups (Figure 7.4C). Environmental fish did, however, show

uninfested fish with significantly higher GSI values than infested fish (Figure 7.4C).
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Figure 7.4: Condition factor (K), hepatosomatic index (HSI), and gonadosomatic index (GSI) of
Amblyrhynchote honckenii (Bloch) across different treatment groups. A — Condition factor (K) for
infested and uninfested control fish, exposed fish, and environmental fish; B — Hepatosomatic
index (HSI) for infested and uninfested control fish, exposed fish, and environmental fish; C —
Gonadosomatic index (GSI) for infested and uninfested control fish, exposed fish, and
environmental fish. “Environmental fish” refers to specimens described in Chapter 4. All

abbreviations are defined in the graph legends.

Cu accumulation patterns across host and parasite tissues (Figure 7.5; Supplementary
Table 7.2) aligned with trends observed in environmental samples, but were higher, most probably
due to the elevated exposure concentration. For example, Cu levels in Cin. tetrodontis females
reached 286 ug/g dry weight compared to 55.19 ug/g in environmental samples; in Cin. tetrodontis
males, 762 ug/g versus 65.37 pg/g. In host tissues, Cu concentrations were also elevated:
uninfested liver tissue showed 8 ug/g versus 4 ug/g; infested liver tissue, 17 ug/g versus 4 ug/g;
infested muscle tissue, 3 ug/g versus 0.8 ug/g; and uninfested muscle tissue, 3 pg/g versus 0.9
Ma/g. In both control and exposed groups, Cin. tetrodontis accumulated significantly more Cu

(p<0.05) than any host tissue (Figure 7.5A). Male isopods consistently had higher Cu
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concentrations than females, reaching up to 762 £ 249 ug/g dry weight in the Cu exposure group,
which was significantly higher (p<0.05) compared to 286 + 40 ug/g in females (Figure 7.5A).
These values were also significantly higher than those observed in isopods from wild-caught fish,
reaffirming their strong capacity to bioaccumulate metals under elevated metal exposure

conditions.

The liver tissue had the highest Cu concentrations in exposed individuals, with uninfested
fish accumulating 16.6 + 5.9 ug/g compared to 7.6 + 1.8 ug/g in infested fish (Figure 7.5D). This
pattern was consistent across other tissues, with gills and stomachs of uninfested fish also
exhibiting higher Cu levels than those of infested individuals (Figure 7.5B—C). Muscle tissue
consistently had the lowest Cu concentrations across all groups (Figure 7.4E). Importantly,
infested fish displayed significantly lower (p<0.05) hepatic Cu concentrations than uninfested fish
following Cu exposure, a trend that strongly reflected observations in environmental fish reported
in Chapter 4. Furthermore, Cu concentrations increased significantly (p<0.05) in all exposed fish
tissues relative to their respective controls. In uninfested fish, this increase was especially
prominent in the gill, liver, and muscle tissues (Figure 7.5B, D, E), while in infested fish, the liver,
stomach, and muscle tissues also demonstrated significant Cu accumulation following exposure.
Overall, Cu accumulated most prominently in the liver and gills, in line with their roles in metal
uptake and detoxification. The trend of lower accumulation in parasitised fish and higher
concentrations in Cin. tetrodontis strongly parallels the patterns observed under natural

environmental conditions, but with much higher concentrations following experimental exposure.

In response to Cu exposure, MT concentrations increased significantly (p<0.05) in the
liver of uninfested and infested fish, with liver MT concentrations in uninfested fish increasing from
21 £ 3.3 pyg/g in controls to 32 + 2.3 pg/g, compared to infested fish increasing from 17+ 3.6 ug/g
to 23 £ 3.8 pg/g (Figure 7.6 B; Supplementary table 7.2). The MT concentrations in the muscle of
uninfested fish increased from 26 + 4.52ug/g to 32 + 2.7 pg/g compared to more stable
concentrations in infested fish, ranging between 24.6 + 5.9 ug/g to 25.2 + 3.5 pg/g (Figure 7.6 C).
Notably, the MT concentrations in Cin. tetrodontis also increased following the exposure of the
hosts to Cu, particularly the males displaying significantly (p<0.05) higher levels than exposed

females and control males (Figure 7.6A).
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Figure 7.5: Copper (accumulation in Cinusa tetrodontis Schioedte & Meinert, 1884, and
Amblyrhynchote honckenii (Bloch) across different treatment groups. A — C. tetrodontis collected
from control fish, exposed fish, and environmental fish; B — Gill tissue of A. honckenii from infested
and uninfested control fish and exposed fish; C — Stomach tissue of A. honckenii from infested
and uninfested control fish and exposed fish; D — Liver tissue of A. honckenii from infested and
uninfested control fish, exposed fish, and environmental fish; E — Muscle tissue of A. honckenii
from infested and uninfested control fish, exposed fish, and environmental fish. “Environmental

fish” refers to fish described in Chapter 4. All abbreviations are defined in the graph legends.
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Figure 7.6: Metallothionein accumulation in Cinusa tetrodontis Schioedte & Meinert, 1884, and
Amblyrhynchote honckenii (Bloch) across different treatment groups. A — C. tetrodontis collected
from control fish and exposed fish; B — Liver tissue of A. honckenii from infested and uninfested
control fish and exposed fish; E — Muscle tissue of A. honckenii from infested and uninfested

control fish and exposed fish. All abbreviations are defined in the graph legends.

The two-way ANOVA (Table 7.4) confirmed that both species (i.e., parasite versus host
tissue type) and treatment (control versus exposure) significantly affected Cu and MT
concentrations (p < 0.0001), with notable interaction effects. This highlights the complexity of
parasite-host-metal dynamics and suggests that both biotic (infestation) and abiotic (metal

exposure) variables need to be considered in ecotoxicological assessments.
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Table 7.2: Two-way ANOVA analysis of variance table comparing copper (Cu) and
metallothionein (MTs) concentrations across species (Cinusa tetrodontis Schioedte & Meinert,
1884, infested and uninfested Amblyrhynchote honckenii (Bloch) liver and muscle tissue, and

treatment groups (control and 24-hour Cu exposure).

Species (df = 5) Treatment (df = 1) Interaction (df = 5)
Cu F =61.77; p < 0.0001 F =15.52; p = 0.0003 F =7.798; p <0.0001
MTs F = 8.046; p < 0.0001 F = 68.95; p < 0.0001 F =19.79; p < 0.0001

7.4 Discussion

This study provides novel insights into the intricate interactions between parasitism and
Cu exposure in a marine teleost host. Under controlled sublethal exposure conditions, infestation
by the cymothoid isopod Cin. tetrodontis was shown to significantly alter Cu accumulation patterns
and detoxification responses in A. honckenii. These findings advance the growing field of
environmental parasitology and emphasise the importance of incorporating parasitic infections
into interpretations of biomarker responses and pollutant bioaccumulation in aquatic organisms
(Sures et al., 2017; Grabner et al., 2023).

Following Cu exposure, uptake was demonstrated, with uninfested A. honckenii showing
the highest Cu concentrations in the gill and liver tissues. In fish, Cu uptake occurs primarily
through the gills and is transported to the liver for detoxification, storage, or excretion (Wang et
al., 2024). This pathway was evident in uninfested A. honckenii, with the liver and gill tissues
displaying the highest Cu concentrations, reflecting their roles in metal uptake and
biotransformation. These tissues are key to detoxification and metal homeostasis and typically
show early signs of contaminant-induced physiological stress (Singh and Sharma, 2024). Fish
infested with Cin. tetrodontis exhibited reduced Cu accumulation in host tissues, particularly in
the liver. This suggests that parasitism by the isopod alters the host’s internal metal burden, either
through direct sequestration of Cu by the parasite or indirectly by modifying host physiology, such
as ion regulation across the gill epithelium (Sures, 2003; Nachev and Sures, 2016; Sures and
Nacheyv, 2022). Given that Cin. tetrodontis is a large parasite (female ~20 x 12 mm; male ~17 x
13 mm) and resides within the buccal cavity (Hadfield et al., 2010), it may physically inhibit metal
uptake or induce changes in gill function, such as reduced ventilation rates or altered morphology,
ultimately limiting Cu absorption (Sures and Nachev, 2022). Similar patterns have been observed
in freshwater fish parasitised by internal parasites, like acanthocephalans or cestodes, that
exhibited consistently lower tissue concentrations of metals like cadmium and lead (Sures and
Siddall, 1999; Sures and Radszuweit, 2007). The present study, therefore, extends this

ecotoxicological interaction to a marine ectoparasite-host system.
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Consistent with previous field observations (Chapter 4), Cin. tetrodontis demonstrated a
pronounced ability to bioaccumulate Cu, often exceeding the concentrations recorded in host
tissues. In exposed male parasites, tissue concentrations exceeded 760 ug/g dry weight, several
magnitudes higher than host levels, reflecting similar patterns observed in intestinal parasites
such as acanthocephalans (Sures, 2003; Nachev and Sures, 2016). Additionally, male isopods
accumulated more Cu than females, mirroring a sexually dimorphic trend reported in other
ectoparasites and aquatic invertebrates, potentially linked to differences in size, surface area,
metabolic rate, or feeding frequency (Vidal-Martinez et al., 2010). For instance, in the parasitic
crustacean Argulus japonicus Thiele, 1900, males show higher Cu sequestration in their
sclerotised carapace compared to females, as evidenced by more intense Phen-Green
fluorescence in male thoracic regions (Gilbert and Avenant-Oldewage, 2018). Similarly, male
marine amphipods, Allorchestes compressa Dana, 1852, not only accumulate more Cu but also
exhibit greater Cu tolerance, linked to elevated metallothionein and glutathione-S-transferase
levels, relative to females (Dong et al., 2020). These findings support similar trends observed in
other ectoparasitic isopods such as Ceratothoa oestroides (Risso, 1827), suggesting that
cymothoid isopods may serve as important modulating agents in marine pollution scenarios
(Pérez-del Olmo et al., 2019). Although Cu concentration differences between infested and
uninfested hosts were not always statistically significant, with significance only observed in liver
tissues, the consistent trend of reduced accumulation in infested fish supports the role of the
parasite as a biological metal sink. Sures et al. (2025) caution that such reductions may reflect
passive metal competition rather than evolved adaptive strategies, where the isopod parasite, as

a high-capacity sink, might indirectly limit metal uptake by the host.

The host’'s physiological response to Cu exposure was further evaluated through
increased production of MTs. Metallothioneins are key proteins involved in binding metals and
protecting cells from oxidative stress (Amiard et al., 2006; Singh and Sharma, 2024). The increase
in hepatic MT concentrations in uninfested A. honckenii, indicates an active detoxification
response. However, parasitised fish exhibited a reduced response with only a slight increase, in
comparison to control fish, in liver MT concentrations under the same conditions. This suggests
that lower tissue Cu burdens in parasitised fish reduce the need for MT induction. This finding is
also consistent with earlier research demonstrating suppressed biomarker responses in
parasitised hosts. Sures and Radszuweit (2007) found that the acanthocephalan P. laevis
infecting the chub, Squalius cephalus (Linnaeus), exhibited lower hepatic MT levels following
cadmium exposure. Similarly, Frank et al. (2013) observed reduced palladium-induced biomarker
responses in the freshwater amphipod Gammarus fossarum Koch, 1836 infected with
acanthocephalan parasites, reinforcing the concept that parasites can potentially buffer the host

against toxicant-induced stress. Moreover, MT levels were also lower in parasitised control fish
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than in uninfested controls, implying a chronic reduction in detoxification potential due to parasite
presence. These results clearly show that while both infested and uninfested groups responded
to Cu, the presence of Cin. tetrodontis was associated with a reduction of MTs in both control and

Cu-exposed fish.

Interestingly, MT induction in male C. tetrodontis was significantly higher following Cu
exposure, whereas females showed a significantly reduced response under the same conditions.
While MT induction has been extensively studied in fish, comparatively little is known about this
process in crustacean ectoparasites. Vidal-Martinez et al. (2010) demonstrated MT upregulation
in helminths, and this study provides some of the first evidence for similar responses in cymothoid
isopods. Outside of parasitic systems, free-living isopods such as the common woodlouse
Porcellio scaber Latreille, 1804, have been extensively studied for their metal detoxification
strategies. In this species, exposure to Cu and zinc leads to upregulation of MT-like proteins and
compartmentalisation of metals primarily within the hepatopancreas (Prosi and Dallinger, 1988;
Znidarsi¢ et al., 2005). Similarly, the woodlouse Oniscus asellus Linnaeus, 1758, stores large
quantities of Cu, zinc, cadmium, and lead in lysosomal vesicles within the hepatopancreas and
upregulates stress proteins when exposed to mixed metal stress (Kohler and Eckwert, 1997).
While MT responses have been less frequently documented in parasitic crustaceans, there is
emerging evidence suggesting similar capabilities. For instance, studies on parasitic copepods,
such as Lepeophtheirus salmonis (Krayer, 1837), have shown upregulation of metal-binding
proteins following pollutant exposure (Lauritano et al., 2012). Similar detoxification responses
have also been documented in free-living copepods and isopods. For example, the copepod
Tigriopus japonicus Mori, 1938, upregulates antioxidant enzymes such as superoxide dismutase
(SOD) and displays metal-responsive transcriptional changes when exposed to Cu and other
pollutants (Kim et al., 2011). Likewise, Gladioferens pectinatus (Brady, 1899) shows broad-scale
transcriptomic responses to Cu, including altered expression of stress and detoxification
pathways across multiple generations (Barrick et al., 2022). In this context, the response of C.
tetrodontis provides some of the first clear evidence of MT induction in parasitic cymothoids.
Importantly, unlike helminths and cestodes, which lack free-living relatives, cymothoids are closely
related to these well-studied free-living taxa, enabling ecotoxicological comparisons across
parasitic and non-parasitic lifestyles. Importantly, this comparison highlights a unique advantage
in studying cymothoids: unlike internal helminths or cestodes, they have ecologically and
phylogenetically comparable free-living counterparts, allowing for more nuanced interpretations

of metal handling in parasitic versus non-parasitic lifestyles.

Given that both sexes were parasitising the same host and thus exposed to the same

environmental Cu concentrations, this sexually dimorphic pattern likely reflects intrinsic
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physiological differences between the sexes. One plausible explanation lies in the role of Cu as
an essential micronutrient in crustaceans, particularly in female reproductive physiology. Cu is
required for processes such as vitellogenesis and oocyte development (Ahearn et al., 2004;
Rainbow, 2002), and females may therefore possess more robust regulatory mechanisms for
maintaining internal Cu homeostasis. These mechanisms may involve tightly controlled Cu
uptake, binding, and excretion pathways that buffer internal concentrations and minimise the need
for acute MT synthesis. In contrast, males, lacking these homeostatic demands, may accumulate
Cu more rapidly, triggering a protective upregulation of MTs in response to the sudden metal
influx. This is supported by the observation that male isopods not only accumulated more Cu but
also showed significantly elevated MT levels within just 24 h, a remarkably rapid detoxification
response. The speed and magnitude of this response suggest that MT induction in males acts as
an immediate buffering mechanism against acute Cu toxicity. However, it remains unclear whether
this response is sustainable over longer periods. Prolonged exposure may eventually overwhelm
the MT capacity in males, potentially leading to toxic effects such as oxidative damage, protein
denaturation, or impaired physiological function. Conversely, female isopods may initially avoid
MT induction due to effective baseline Cu regulation, but chronic or high-dose exposures could
eventually saturate these pathways, triggering delayed MT upregulation. This potential
divergence in short-term vs. long-term detoxification strategies between the sexes warrants
further investigation and could have important implications for parasite survival, reproductive
success, and metal cycling dynamics within host-parasite systems. What makes this even more
intriguing is the protandrous hermaphroditism seen in cymothoid isopods: individuals mature first
as males, and some later transition into females (Aneesh and Kappalli, 2020). This life-history
pattern has been documented in a variety of cymothoids, including Mothocya renardi (Bleeker,
1857) and Ichthyoxenus fushanensis Tsai & Dai, 1999 (Tsai et al., 1999) and C. tetrodontis
(Hadfield et al., 2010). Consequently, every current female was once a male and may have
experienced the same chronic MT response during that phase. The lingering physiological effects
of early-life MT induction, or how transitioning females ‘reprogram’ their Cu regulation, are entirely
unknown but could influence reproductive capacity or longevity. Exploring whether MT profiles
persist post-transition, or if MT expression resets during sex change offers rich avenues for future

research.

Additionally, fish morphometric indices were also assessed as complementary indicators
of fish health. These indices are widely used as indicators of nutritional status, overall health,
energy reserves, and reproductive investment of fish (Marshall et al., 2004; Choi et al., 2004;
Cade et al., 2008; Wuenschel et al., 2019). The slightly reduced K-values in Cu-exposed fish
compared to control groups suggest a mild energetic cost associated with metal exposure.

Interestingly, both in the laboratory and environmental samples, parasitised fish exhibited slightly
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higher K values than uninfested fish, possibly due to compensatory feeding induced by infestation.
It is also possible that differences in parasite attachment sites or host size classes could subtly
influence mass-to-length ratios over short periods. The HSI increased in exposed uninfested fish,
likely due to hepatic hypertrophy associated with detoxification (Wang et al., 2024). However,
parasitised fish exhibited slightly reduced HSI under Cu exposure, suggesting lowered hepatic
activity or metal uptake, which aligns with the hypothesis of parasitism-induced modulation of liver
detoxification (Sures, 2003; Sures and Nachev, 2022). The GSI values remained stable across
treatments but were lower in parasitised fish in environmental samples, suggesting that chronic
parasitism may impair reproductive investment in natural settings. Such effects have been
observed in multiple host-parasite systems, where long-term parasitic burdens have been linked
to reduced gonadal development and altered endocrine regulation (Marcogliese and Pietrock,
2011). Though morphometric responses were not statistically significant over the short duration
of exposure, the subtle trends detected in K, HSI, and GSI highlight the value of combining
biochemical biomarkers with organism-level indicators. These indices provide a useful
supplementary framework for interpreting physiological trade-offs under pollutant exposure and
biological stress, particularly when integrated with data from longer-term environmental

monitoring.

7.5. Conclusion

The results of this study support the proposed hypotheses (Hypotheses 6—9, Chapter 1),
that Cin. tetrodontis functions as a biological metal sink, modulates host detoxification responses,
and exhibits sex-specific physiological reactions to Cu exposure under controlled laboratory
conditions. The results highlight the dual ecological role of Cin. tetrodontis as both a biological
accumulator of metals and a modulator of host physiology. Its presence consistently reduced host
tissue Cu burdens and altered biomarker patterns, particularly MT expression, while
simultaneously upregulating its own detoxification pathways. However, rather than directly
suppressing host detoxification, the parasite likely modulates the host's need to initiate MT-based
responses by acting as an initial sink for Cu, thereby buffering the host from full toxicant exposure.
In this way, Cin. tetrodontis may effectively absorb the ‘first wave’ of metal influx, reducing the
physiological burden on the host and delaying or diminishing the induction of host detoxification
pathways. These findings align with the ecological framework proposed by Smit and Sures (2025),
in which parasites are recognised as integral components of contaminant cycling and biological
response in aquatic ecosystems. It is important to recognise, however, that the relationship
between parasitism, metal accumulation, and host stress responses is highly context-dependent.
While parasite-mediated sequestration of metals can reduce tissue metal concentrations and
associated biomarker responses, parasitism itself imposes energetic and immunological costs on

the host (Marcogliese and Pietrock, 2011; Birk et al., 2020). Under certain conditions, co-exposure
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to parasites and pollutants may result in additive or synergistic stress effects. Although this study
did not reveal such effects during its short-term 24 h exposure duration and moderate infestation
levels, longer-term studies are needed to assess cumulative impacts on growth, immunity,
reproduction, and survival (Malhotra et al., 2020; Sures et al., 2017). Future research should
therefore prioritise multi-stressor laboratory investigations incorporating chronic exposure
periods, variable parasite intensities, and environmentally relevant fluctuations such as
temperature or salinity. Chronic exposures, varying environmental conditions, and different
parasite species or loads may vyield more complex outcomes than those observed here.
Integrating parasite-based metrics into environmental risk assessment offers a more ecologically
realistic view of contaminant effects. Furthermore, the observed modulation of MT expression
highlights the need for careful interpretation of biomarker data in parasitised organisms, as failure
to account for parasitic influence may lead to underestimations of environmental contamination
(Grabner et al., 2023; Sures and Nachev, 2022). Ultimately, this study contributes to a broader
understanding of host-parasite-pollutant interactions in marine environments and emphasises the
importance of laboratory exposures and integrating parasitology into aquatic ecotoxicology.
Parasites like Cin. tetrodontis not only influence metal dynamics but also affect host physiology
in subtle, yet ecologically meaningful ways, making them indispensable components of marine

ecosystem health assessments.
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D

General discussion and conclusions

|

8.1 General discussion

The findings of this study reinforce key concepts in environmental parasitology, particularly
the value of parasites as bioindicators of marine pollution and ecosystem health. Each chapter of
this study presents various interrelated findings. First, a rich diversity of metazoan parasites was
documented in A. honckenii, including several new species and records (Chapter 3). Second, the
parasitic isopod Cin. tetrodontis was shown to accumulate trace elements at significantly higher
concentrations than host tissues, indicating its value as a bioindicator for element pollution
(Chapter 4). Third, significant levels of OCPs and PCBs were detected in A. honckenii across
multiple coastal localities, with notable hotspots of contamination (Chapter 5). Fourth, parasite
community structure shifts along environmental gradients, where factors such as contaminant
load and biogeographic region, as well as conservation status (MPA, near-MPA and non-MPA),
were identified as key drivers of parasite community composition (Chapter 6). Lastly, controlled
laboratory exposures demonstrated that parasite infection by Cin. tetrodontis can markedly alter

metal uptake and detoxification responses in the fish host (Chapter 7).

8.1.1 Rich parasite diversity

Across all sampled fish, nearly 3900 individual parasites were recorded, spanning eight
major groups: acanthocephalans, cestodes, copepods, isopods, monopisthocotyleans,
polyonopisthocotyleans, nematodes and trematodes. This diversity greatly exceeds prior records
for A. honckenii (Bray, 1986; Smit and Davies, 2001; Hadfield et al., 2010; Lisitsyna et al., 2019;
Hayes et al., 2021; Acosta and Smit, 2021; Van Der Spuy et al., 2025), confirming that its parasite
fauna had been underestimated. Furthermore, the discovery of previously undescribed species

(e.g., two new species of Ergasilus) and new host or geographic records for several of the
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documented parasite taxa further demonstrates how little was known about A. honckenii prior to

this research.

This high parasite diversity reflects the species’ broad habitat range and omnivorous
benthic diet, which exposes it to multiple pathways for parasite transmission. Amblyrhynchote
honckenii inhabits various habitats, from estuaries and intertidal pools to deeper coastal reefs
(Smith and Heemstra, 2012; Froese and Pauly, 2025), and feeds on diverse prey, including
crustaceans and molluscs, each potentially serving as an intermediate host of unique parasites.
Its relative size (30 cm) (Smith and Heemstra, 2012) further supports infection by a wide range
of parasite species (Marcogliese, 2023). The parasite community thus mirrors South Africa’s
complex coastal food webs and highlights parasites as indicators of biodiversity and ecological
interactions (Marcogliese, 2023). Characterising these parasites provides insights into the
ecological role of this non-commercial host and establishes a foundation for understanding marine

parasite biodiversity in the region.

When compared to well-studied commercial pufferfishes, such as the Japanese tiger
puffer T. rubripes, which hosts at least 18 parasite species (Ogawa and Inouye 1997), the 22
parasite species recorded in A. honckenii from limited sampling size are striking. New parasite
species continue to be described in Japanese puffers, exemplified by five new species of
Heterobothrium described as recently as 2022 (Ogawa and Itoh, 2022). The parasite fauna of T.
rubripes is thus extremely well-characterised in terms of taxonomy, life cycles, and pathogenic
effects, largely because of aquaculture-driven concern and research investment. This has not
only improved fish health management in aquaculture but also provided a model system for host-
parasite ecology and coevolution studies in Japan (Ogawa and Inouye 1997). This comparison
challenges the notion that only commercially important fish warrant extensive parasite surveys
and shows that non-commercial species like A. honckenii can host equally diverse parasite
communities. These findings support the hypothesis that South Africa’s marine fishes, rich in
diversity and endemism, harbour many undescribed parasites (Smit and Hadfield, 2015).
Baseline parasitological surveys of diverse fish hosts are urgently needed. Without them, a
substantial portion of marine biodiversity remains hidden. Building parasite inventories for African
fishes, following the Japanese model, will greatly enhance scientific understanding and resource

management in southern African marine ecosystems.

8.1.2 Cinusa tetrodontis as bioindicators
This research further demonstrated that the marine parasitic isopod Cin. tetrodontis and
its fish host A. honckenii can serve as a sensitive bioindicator combination for trace element

pollution. Cinusa tetrodontis accumulated significantly higher levels of elements like As, Cu, Mn,

188



Chapter 8

Ni, Pb, Se, and Zn in its tissues compared to the host’s liver and muscle across both pristine and
polluted environments (Van Der Spuy et al., 2023). This finding extends previous knowledge that
certain endoparasites bioconcentrate heavy metals (Sures, 2004; Vidal-Martinez et al., 2010;
Nachev and Sures, 2016; Erasmus et al., 2020), by demonstrating that ectoparasitic isopods also
sequester bioavailable elements from the marine environment. The accumulation of elements
within the parasite’s tissues indicates biological uptake rather than mere surface adsorption,
confirming the parasite as a living accumulation indicator of marine pollution (Sures et al., 2017;
Sures et al., 2025).

Furthermore, Cin. tetrodontis reflected site-specific differences in pollution exposure, with
higher Ni and Cu burdens found in parasites from an industrialised harbour compared to those
from a near-pristine estuary, mirroring local contaminant profiles (Van Der Spuy et al., 2023). In
contrast, A. honckenii exhibited less consistent spatial differences, possibly due to physiological
regulation or parasite sequestration of elements. For most elements, except Cd, parasite
concentrations exceeded those in the fish liver (Van Der Spuy et al., 2023), emphasising the
parasite’s role as a natural concentrator that amplifies trace contamination signals that may be
undetectable in host tissues or water samples alone (Gilbert and Avenant-Oldewage, 2017; Sures
et al., 2017; Pérez-del-Olmo et al., 2019). This bioaccumulation provides an integrated, time-

averaged measure of pollutant bioavailability, essential for marine pollution monitoring.

This host-parasite system also offers insight into host-pollutant interactions. Although A.
honckenii accumulated elements in its organs, parasite presence appeared to influence this
accumulation. Previous studies have shown that parasites, acting as sinks, reduce host element
burdens (Sures et al., 2017; Sures et al., 2025). Significant correlations between element
concentrations in parasites and host livers suggest a coupled dynamic in polluted environments,
where fish with more contaminated livers also harboured parasites with higher element loads.
While evidence for a protective effect of parasites on host metal levels was complex and subtle,
these findings highlight the importance of considering parasite infection status in biomonitoring
studies (Sures et al., 2017; Sures et al., 2025).

From a bioindicator perspective, the A. honckenii-Cin. tetrodontis combination presents
practical advantages as a sentinel system. Amblyrhynchote honckenii is an endemic, non-
commercial fish species (Froese and Pauly, 2025), reducing confounding effects from fisheries or
translocation. The parasite, residing in the fish’s buccal cavity over a long term (Hadfield et al.,
2010), is continuously exposed to host pollutant conditions, thereby providing a time-integrated
record of contaminant exposure. This approach addresses a gap in marine pollution monitoring,

where free-living bioindicators and water sampling often miss biologically sequestered pollutants
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or only detect surface adsorption (Sures et al., 2017; Erasmus et al., 2022). Including parasite
indicators ensures that measured pollutants have entered the trophic network (Sures et al., 2017).
This work advances environmental parasitology by demonstrating the utility of a marine
ectoparasite as a trace element bioindicator, broadening the predominantly freshwater and
endoparasite-focused literature (Sures et al., 2017; 2025). It represents a significant step in
applying parasite-based indicators to complex coastal marine environments, where such
approaches remain underutilised. Overall, the findings support the hypothesis that Cin. tetrodontis
effectively indicates trace metal pollution, and the A. honckenii-parasite system enhances marine
pollution biomonitoring, forming a foundation for future exploration of host-parasite-pollutant

dynamics and global comparisons.

8.1.3 Amblyrhynchote honckenii as bioindicator

Building on the parasite-related bioindicator findings, the focus expanded to examine the
accumulation of organic pollutants, specifically OCPs and PCBs, in A. honckenii across multiple
coastal localities with varying protection statuses. Although parasites were not directly analysed
for these organic pollutants, the study emphasises that both parasites and their hosts reflect
environmental contaminant burdens. This investigation considers how MPAs might mitigate
pollutant accumulation, linking ecosystem integrity to lower pollution levels and higher biodiversity.
Measuring chemical residues in a sentinel fish provides ecological context for understanding

parasite responses and highlights multiple stressors affecting marine health.

Consistent with global findings, banned OCPs and PCBs persist in marine food webs,
even within MPAs (Ramirez-Ayala et al., 2021; de Klerk et al., 2025). By comparing six localities
from near-pristine to impacted environments, the study showed that fish from high-impacted
localities near urban runoff or harbours had elevated POPs, whereas fish from well-managed
MPAs, such as SB, showed lower concentrations. However, MPAs do not fully prevent pollution
to reach the organisms living there, as oceanographic transport and atmospheric deposition can
introduce contaminants into reserve waters (Boersma et al., 1999; De Klerk et al., 2025). For
instance, Firth et al. (2019) documented local urban pollutants affecting protected reefs,
paralleling observations of detectable OCP and PCB levels in fish from near-MPA areas. Although
fewer studies have used fish parasites as indicators of organic pollutants, emerging evidence
indicates that acanthocephalans and cestodes can also accumulate POPs at higher levels than
their hosts (Molbert et al., 2020), which could extend to the A. honckenii-Cin. tetrodontis

combination.

Using A. honckenii as a bioindicator species for organic pollutants potentially offers more

practical advantages. As a non-commercial, reef-associated fish (Froese and Pauly, 2025), A.
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honckenii remains in local reef habitats and is not subject to fishing pressure. This means its
contaminant load reflects local pollution exposure without confounding factors like fisheries-driven
population changes or long-distance migrations (Wood and Lafferty, 2015). Unlike sessile mussel
bioindicators that measure water quality at fixed points (Wepener and Degger, 2020), this mobile
species integrates exposure across reef habitats through multiple pathways, including sediment
and prey. Sampling inside and outside MPAs enables assessment of whether protection reduces
contaminant burdens in marine biota, informing conservation policy. Evidence suggests that
MPAs like SB support fish populations with lower POP concentrations, supporting the role of
MPAs in preserving both biodiversity and environmental quality (de Klerk et al., 2025). However,
moderate pollutant levels detected near but outside MPAs, such as CE, highlight the influences
of land-based runoff and regional pollution. This indicates that MPAs are necessary, but not
sufficient alone for pollution mitigation (Boersma et al., 1999; de Klerk et al., 2025). Integrated
coastal management must combine MPAs with broader pollution controls, including upstream
agricultural practices and harbour emission regulations, to safeguard biodiversity and ecosystem

health effectively.

Conceptually, this integrated approach links chemical pollutant monitoring with ecological
context, reinforcing the value of studying host-parasite systems along contamination gradients
rather than in isolation. The contaminant data provide a foundation for interpreting parasite

community responses.

8.1.4 Ecological parasitology

The identification of parasites and their hosts as bioindicators of contaminant burdens
provides a foundation for understanding how parasite community structure varies along
environmental gradients, including climate, pollution, and protection status and provides critical
insights into parasites as effect indicators of ecosystem condition. Consistent with foundational
concepts in aquatic parasitology, changes in parasite diversity and composition mirror differences
in habitat quality and anthropogenic stress. Localities with lower pollution and MPAs support
richer, more balanced parasite assemblages dominated by complex, multi-host taxa such as
cestodes or trematodes, which reflect intact food webs and ecological connectivity (Lafferty and
Kuris, 1999; Grabner et al., 2023). In contrast, heavily polluted or degraded localities harbour
simplified communities dominated by opportunistic, direct-cycle parasites, indicating loss of
parasite life cycle complexity due to anthropogenic stress (Erasmus et al., 2022; Grabner et al.,
2023; Vermaak, 2024). This pattern aligns with global studies that disturbance reduces parasite
biodiversity, particularly specialists, while protection fosters richness (Marcogliese, 2023).
Moreover, conservation status and local water quality often outweigh latitudinal influences on

parasite diversity, as well-managed temperate MPAs can host unexpected diversity hotspots
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(Marcogliese, 2023). The species accumulation data for A. honckenii further support the need for

more comprehensive parasite biodiversity surveys in understudied regions (Nunkoo, 2019).

Using A. honckenii and its parasites as integrated bioindicators offers distinct advantages
owing to the fish’s resident, non-commercial status and broad parasite fauna. Its distribution
across temperate to subtropical ecoregions and minimal fishing pressure allows confident
environmental comparisons (Smith and Heemstra, 2012; Froese and Pauly, 2025). The coupled
host-parasite system integrates chemical and biological signals of environmental stress.
Contaminant burdens in fish tissues reflect chemical exposure, while parasite community
composition reveals the ensuing effect to the biological integrity (Sures et al., 2017; Erasmus et
al., 2022). This approach captures biodiversity facets often missed by monitoring programs
focused solely on commercially important species, supporting recent recommendations to
incorporate parasite data in marine conservation and monitoring (Wood et al., 2010; 2013; 2018).
Importantly, parasite surveys in such hosts can provide early warnings of ecosystem degradation

before fish populations or chemical parameters exhibit change.

This research substantiates parasite community metrics, such as richness, evenness, and
diversity, as effective indicators of host biological integrity disturbances and the success of
protection efforts, linking parasitology and conservation science (Wood et al., 2018; Marcogliese,
2023). MPAs promote parasite diversity by sustaining host populations and intact food webs, but
their efficacy depends on adequate size, enforcement, and complementary pollution control to
counter external contaminant influx (Boersma, 1999). Given parasites’ long-lived life cycles, they
can integrate environmental changes over time, enhancing long-term monitoring and
management, especially in multi-stressor regions like South Africa (Smit and Hadfield, 2015). The
identification of parasite diversity hotspots near MPAs, such as WS and CE, provides key
information for conservation prioritisation and management practices. Integrating parasitological,
environmental, and biogeographic data reinforces the paradigm that biodiversity promotes further
biodiversity; monitoring parasite communities offers a more complete assessment of ecosystem
health than free-living species alone (Marcogliese, 2023). These findings confirm that parasite
communities in A. honckenii are sensitive and reliable indicators of environmental quality and
anthropogenic impact. This reinforces the value of parasite-based indices within marine
ecosystem assessment and furthers the necessity for their routine inclusion in biodiversity

monitoring, conservation planning, and pollution mitigation efforts.

8.1.5 Experimental insight into host-parasite-pollutant interactions
The experimental investigation on the influence of parasite infection on pollutant

bioaccumulation and physiological responses in A. honckenii provides critical insights into host-
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parasite-pollutant interactions, which is a core focus of environmental parasitology (Sures et al.,
2017; Grabner et al., 2023; Sures et al., 2025). Exposing both parasitised and uninfected fish to
acute Cu concentrations revealed that fish infested with the ectoparasitic isopod, Cin. tetrodontis
accumulated significantly less Cu in tissues. This suggests that the parasite, by residing in the
buccal cavity, either sequesters Cu itself or alters host uptake pathways, effectively reducing the
host's metal burden, thereby providing direct experimental evidence of parasites acting as
pollutant sinks (Sures et al., 2025). Additionally, the presence of the parasite influenced the host’s
detoxification mechanisms, as demonstrated by modified MT induction levels, indicating complex
interactions between infection status and contaminant exposure. These findings highlight the
broader concept that parasites modulate the toxicological pathways of pollutants, which can alter
ecotoxicological biomarker responses and may confound standard toxicity assessments that

typically neglect symbiotic status (Sures et al., 2017; Grabner et al., 2023; Sures et al., 2025).

This experimental evidence complements and advances recent literature documenting the
multifaceted roles of parasites in ecotoxicology, where infections can either exacerbate
contaminant toxicity or initiate unexpected tolerance (Sures et al., 2025). The study also highlights
the significance of incorporating naturally infected, non-commercial host-parasite models in
pollution research, addressing a critical gap where laboratory toxicology often excludes parasitism
(Sures et al., 2017). By demonstrating that parasites accumulate elements and thereby alter host
tissue contaminant levels, this work suggests that monitoring both host and parasite tissues yields

a more complete understanding of pollutant distribution and ecological risk.

These results emphasise the need to integrate biotic interactions such as parasitism into
risk assessments and biomonitoring protocols (Sures et al., 2025). Practically, parasite infection
status must be considered when interpreting biomarker data to avoid under- or over-estimation
of pollutant effects (Sures and Nachev, 2022; Grabner et al., 2023). Parasite contaminant burdens
and biomarkers may serve as complementary indicators of environmental contamination
alongside traditional host indicators. Establishing a marine host-ectoparasite experimental model
using A. honckenii and Cin. tetrodontis demonstrates the feasibility of studying complex pollutant
interactions in ecologically relevant organisms beyond standard parasite-free laboratory species.
This approach opens avenues for future research exploring host-parasite models following
exposure to various pollutants (e.g., microplastics, hydrocarbons) and expands the toolkit for
environmental parasitology and ecotoxicology integration. Furthermore, Chapter 7 provides
mechanistic confirmation that parasite infections shape host pollutant accumulation patterns and
biomarker responses, a critical acknowledgement for marine environmental health assessments.

These findings reinforce the notion that parasite-pollutant interactions are complex but essential
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to incorporate within ecosystem-level monitoring and management strategies aimed at accurately

evaluating pollution impacts (Sures and Nachev, 2022; Grabner et al., 2023).

8.2 Knowledge gaps and future recommendations

Despite advances in marine parasitology, critical gaps remain in understanding host-
parasite interactions and their ecological roles. Marine ecosystems are increasingly threatened
by multiple stressors, including pollution, habitat degradation, and climate change, necessitating
robust tools for environmental health assessment. Parasites, as integral components of
biodiversity and ecosystem function, offer valuable insights into ecological integrity and
anthropogenic impacts. Building on the insights gained from evaluating A. honckenii and its
diverse parasite communities as sensitive bioindicators of marine ecosystem health, several
targeted recommendations emerge to advance both fundamental research and applied
environmental monitoring. These proposals aim to strengthen our understanding of host-parasite
interactions, refine bioindicator frameworks, and support more effective management of South

Africa’s marine environments in the face of ongoing ecological change.

1. Expand parasite biodiversity surveys using A. honckenii:
Continue targeted parasitological surveys of A. honckenii across broader spatial and
temporal gradients along the South African coast and its wider distribution. This will
uncover further undescribed and regionally rare parasite taxa, refine host-parasite
association records, and establish comprehensive baselines for monitoring changes in

marine biodiversity.

2. Integrate parasite metrics in routine marine health monitoring:
Embed parasite richness, community structure, and infection parameters into ongoing
marine environmental assessment programs, especially within and around MPAs.
Regular monitoring using A. honckenii and its parasite fauna can provide early warning
signals of ecosystem degradation and track the effectiveness of conservation

measures.

3. Advance host-parasite-pollutant research:
Undertake experimental studies with longer exposure durations to manipulate both
contaminant levels and parasite infection, particularly with Cin. tetrodontis, to clarify the
mechanistic pathways by which parasites influence bioaccumulation, biomarker
response, and host resilience. Comparative laboratory and fieldwork will improve the

understanding and support of biomonitoring protocols that account for infection status.
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In addition, this experimental framework can also be used to test the effects of other

priority elements and pollutants as well.

Employ molecular and integrative detection methods:

Combine classical morphology with molecular tools (e.g., eDNA, whole genome
sequencing, and stable isotope analysis) in parasite detection and characterisation.
Applying these to A. honckenii and its now known parasite communities will resolve

cryptic diversity, clarify life cycles, and strengthen food web and biomarker analyses.

. Assess parasite responses to multiple stressors:

Investigate how parasite communities in A. honckenii respond to combined pressures
from pollution, habitat change, fishing effort, and climate variability. This should include
examining shifts in community composition, functional traits, and infection dynamics

under realistic environmental scenarios.

Strengthen comparative studies across protected and impacted localities:

Continue sampling A. honckenii and parasites from both MPAs and adjacent non-
protected or intermediate localities, to better understand the effects of protection status,
local habitat factors, and pollutant gradients on parasite biodiversity and bioindicator

potential.

Evaluate parasites as pollutant accumulators, not as remediation tools: Emerging
evidence suggests that acanthocephalans and cestodes can accumulate POPs and
trace elements at levels higher than their hosts. Future work should assess this for Cin.
tetrodontis in A. honckenii. However, while such findings highlight their potential as
sensitive bioassays for locality-specific pollutant risks, their use should remain restricted

to understanding contaminant pathways and improving biomonitoring.

Develop a South African host-parasite laboratory model:

South Africa could benefit from establishing a controlled laboratory model using A.
honckenii and its parasites, parallel to the established Takifugu pufferfish systems in
Japan. Such a model would enable experimental work on parasite-pollutant interactions,
parasite life cycles, and physiological effects under controlled conditions, thereby

bridging field observations and mechanistic research.

Initiate long-term, evolutionary, and adaptive monitoring:
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Begin longitudinal studies to monitor evolutionary shifts in both host and parasite
populations related to environmental change. Tracking adaptive responses in A.
honckenii’s parasite system over time under changing pollution and climate regimes will

improve predictive power for future management.

10. Promote interdisciplinary collaboration:
Foster partnerships among parasitologists, ecotoxicologists, conservation biologists,
and resource managers. Such collaboration is vital for translating A. honckenii-parasite

system research into effective ecosystem health management and policy interventions.

By addressing these recommendations, research on A. honckenii and its parasites can
continue to shape environmental parasitology and reinforce the value of non-commercial host-

parasite systems as foundational bioindicators for marine health in a changing world.

8.3 Conclusions
This study tested several key hypotheses concerning the parasite communities of A.

honckenii and their interactions with environmental contaminants (Chapter 1):

1. Amblyrhynchote honckenii hosts a greater diversity of metazoan parasites than
currently documented, including undescribed or regionally rare taxa, reflecting
potentially host-specific associations (Chapter 3).

2. External crustacean parasites, particularly Cin. tetrodontis, of A. honckenii
accumulate significantly higher levels of elements than their host (Chapter 4).

3. Levels of POPs in A. honckenii are significantly lower in MPAs than in non-
protected localities (Chapter 5).

4. Parasite diversity displays spatial trends, with richness and complexity expected
to peak in subtropical regions, particularly the Natal ecoregion, and decline toward
temperate and colder zones like the Agulhas Bank (Chapter 6).

5. Elevated organic pollutants in hosts correlate with reduced parasite richness and
dominance of directly transmitted or opportunistic taxa, while pristine and
ecologically intact localities, especially within or near-MPAs, are expected to
support rich, complex parasite communities (Chapter 6).

6. Infestation by the ectoparasite Cin. tetrodontis reduces copper (Cu) accumulation
in host tissues by acting as a biological sink (Chapter 7).

7. The presence of Cin. tetrodontis alters host detoxification, particularly

metallothionein (MT) expression, reducing biomarker activation needs (Chapter 7).
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8. Cinusa tetrodontis itself actively responds to Cu exposure, exhibiting sex-specific
MT induction patterns linked to physiological differences (Chapter 7).

9. Short-term laboratory exposures can reproduce Cu accumulation and biomarker
trends observed in environmental conditions, validating controlled experiments for

host-parasite-pollutant interaction studies (Chapter 7).

The findings of the study comprehensively support these hypotheses with nuances in
spatial diversity patterns. A. honckenii harbours a richly diverse metazoan parasite assemblage,
including previously undocumented taxa, underscoring the host’s sentinel value. The study
supports that external parasites bioaccumulate elements at significantly higher levels than their
host tissues, validating their role as pollutant sinks. POP burdens in A. honckenii are lower within
MPAs relative to impacted areas, affirming conservation effectiveness in reducing chemical
stressors. While spatial trends in parasite diversity generally reflect expected latitudinal gradients,
the highest parasite richness occurred not directly within the SB MPA but rather in a near-MPA
intermediate locality (CE). This pattern reflects the complexity of local environmental conditions
and conservation management, illustrating that protection status alone does not entirely dictate
parasite diversity. Similarly, parasite communities in highly contaminated localities showed
expected reductions in richness and evenness, dominated by opportunistic, direct-cycle taxa. Yet,
the responses were influenced by a combination of pollution levels, habitat quality, and host
ecology. Experimental exposures with the ectoparasite Cin. tetrodontis substantiated its role as a
biological sink, reducing Cu accumulation in host tissues and modulating MT induction in infected
fish. Furthermore, Cin. tetrodontis exhibited sex-specific MT responses under Cu exposure,
indicating physiological differences between males and females. Laboratory trials successfully
reproduced environmentally observed contaminant and biomarker patterns, validating controlled

experiments as effective tools for elucidating host-parasite-pollutant dynamics.

The study advocates integrating parasite community and pollutant bioaccumulation data
to enhance biodiversity monitoring, conservation planning, and environmental risk assessments.
By elucidating complex host-parasite interactions, this work deepens our understanding of marine
ecosystem functionality and provides a scientifically grounded framework to inform adaptive
management strategies in the face of accelerating environmental change. The comprehensive
examination of parasite communities of A. honckenii within marine ecosystems reveals their
indispensable role as integral components of biodiversity and ecosystem functionality. Parasites
not only reflect the complexity of host populations and food web interactions but also serve as
sensitive indicators of environmental change, anthropogenic impacts, and habitat quality. The
spatial and temporal patterns observed along the South African coastline, particularly between

the Agulhas Bank and Natal ecoregions, underscore the influence of biogeographic gradients,
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environmental contaminants, and conservation measures such as MPAs on parasite diversity and
community structure. These findings highlight that parasite assemblages are shaped by a
multifaceted interplay of abiotic factors such as temperature and pollution, biotic factors including
host size, condition, and behaviour, and anthropogenic pressures that alter habitat integrity and
host availability. Collectively, this research positions the A. honckenii-parasite system as a robust,
integrative bioindicator for assessing marine environmental health. It effectively captures
information on chemical contamination, ecological connectivity, and anthropogenic impacts

across spatial gradients.
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Supplementary Material:

Supplementary Table S3.1: List of GenBank sequences included in the phylogenetic analyses. Outgroups are marked in grey shade. **Taxon from the Barcode of
Life Database (BOLD).

. Accession numbers

Taxon Host Locality 185 283 col Reference
Acanthocephala: Pomphorhynchidae
Gymnorhadinorhynchus decapteri Decapterus punctatus Brazil KJ590125 - - Braicovich et al., 2014
Pomphorhynchus bulbocoli Unknown Unknown AF001841 - - Near et al., 1998
Pomphorhynchus kashmirensis Freshwater fish India MZ381411 - - Amin et al., 2022
Pomphorhynchus laevis Unknown France AY423346 - - Perrot-Minoot, 2004
Pomphorhynchus pagrosomi Pagrus major Japan LC195887 - - Unpublished
Pomphorhynchus tereticollis Unknown France AY423347 - - Perrot-Minoot, 2004
Acanthocephalus nanus Cynops pyrrhogaster Japan LC100043 - - Nakao, 2016
Acanthocephala: Rhadinorhynchidae
Rhadinorhynchus biformis Pelates sexlineatus Australia - - MN692682 | Huston et al., 2020
Rhadinorhynchus carangis Trachinotus coppingeri Australia - - MN692684 | Huston et al., 2020
ggriz’cggi% ,;f)fi’#gsus Decapterus kurroides Vietnam - - MN267179 | Chaudhary et al., 2020
Rhadinorhynchus gerberi Trachinotus botla South Africa - - MN104897 | Lisitsyna et al., 2019
Rhadinorhynchus hiansi Sarda orientalis Vietham - - MN203136 | Amin et al., 2020
Rhadinorhynchus johnstoni Auxis thazard Australia - - MN692680 | Huston et al., 2020
Rhadinorhynchus laterospinosus Auxis rochei Vietnam - - MK572743 | Amin et al ., 2020
Rhadinorhynchus pristis Nyctiphanes couchii Spain - - JQ061132 | Gregori et al. 2013
Rhadinorhynchus seriolae Thunnus orientalis Japan - - LC777825 | Kitaetal., 2024
Rhadinorhynchus trachinoti Trachinotus rhodopus Mexico - - PQ541022 | Grano-Maldonado et al., 2025
Acanthocephalus anguillae Anguilla anguilla Germany - - MN416027 | Amin et al., 2019
Arthropoda: Caligidae
Caligus asymmetricus Unknown Malaysia - - PQ468448 | Unpublished
Caligus belones Salmo salar; Salmo trutta Norway - - AY861368 | Jines and Heuch, 2005
Caligus bonito Unknown India - - MH651760 | Unpublished
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Accession numbers

Taxon Host Locality 185 283 col Reference
Caligus callyodoni Unknown India - - PQ687497 | Unpublished
Caligus centrodonti Salmo salar; Salmo trutta Norway - - AY861370 | Qines and Heuch, 2005
Caligus cheilodactyli Sebastes oculatus Chile - - KU317605 | Gonzales et al., 2016
Caligus clemensi Dicentrarchus labrax Egypt - - PP549199 | Abdelsalam et al., 2024
Caligus confuses Unknown India - - MZ983788 | Nikhila et al., 2019
Caligus cordyla Unknown India - - OP425697 | Unpublished
Caligus curtus Chondracanthus merluccii | North Sea - - KT209233 | Raupach et al., 2015
Caligus cybii Unknown Malaysia - - PQ461336 | Unpublished
Caligus dakari Argyrosomus japonicus South Africa - - MW911362 | Hayes et al., 2021
Caligus diaphanus Triglid fishes Norway - - EF065616 | Qines and Schram, 2008
Caligus elongatus Unknown Norway - - AY386273 | Unpublished
Caligus epidemicus Unknown India - - OP957023 | Unpublished
Caligus fugu Unknown Korea - - KR049056 | Unpublished
Caligus furcisetifer Carcharias taurus South Africa - - MW911361 | Hayes et al., 2021
Caligus gurnardi Salmo salar; Salmo trutta Norway - - AY861369 | Jines and Heuch, 2005
Caligus hamruri Unknown India - - MW971507 | Unpublished
Caligus hirsutus Unknown India - - PQ638939 | Unpublished
Caligus hoplognathi Unknown Korea - - KR049058 | Unpublished
Caligus infestans Scomberomorus Malaysia - - PQ469596 | Unpublished

commerson

Caligus kanagurta Unknown India - - ONO023681 | Nikhila et al., 2019
Caligus lacustris Oncorhynchus mykiss Russia - - MT920720 | Parshukov et al., 2021
Caligus lalandei Seriola lalandi South Africa - - MW911365 | Hayes et al., 2021
Caligus lobodes Unknown India - - PQ687496 | Unpublished
Caligus longirostris Salmonids Australia - - HQ667343 | Nowak et al., 2011
Caligus minimus Dicentrarchus labrax Turkey - - PQ166292 | Yanar et al., 2025
Caligus neunonnae Latris lineata Tamania - - EF452642 | Andrews et al., 2009
Caligus pelamydis Salmo salar; Salmo trutta Norway - - AY861367 | Qines and Heuch, 2005
Caligus priacanthid Unknown India - - MH651759 | Unpublished
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Caligus punctatus Unknown Korea - - KR049057 | Unpublished
Caligus quadratus Unknown Korea - - EF065619 | Unpublished
Caligus rogercresseyi Salmo salar Chile - - MT795966 | Gonzales et al., 2016
Caligus rotundigenitalis Unknown India - - MH651757 | Unpublished
Caligus sclerotinosus Unknown Japan - - LC835012 | Unpublished
Caligus stromatei Unknown India - - MH651758 | Unpublished
Caligus tetrodontis Amblyrhynchote honckenii | South Africa - MW911366 | Hayes et al., 2021
Caligus warlandi Thunnus maccoyii Australia - - EF452644 | Nowak et al., 2011
Lepeophtheirus pectoralis Salmo salar; Salmo trutta Norway - - AY861364 | @ines and Heuch, 2005
Arthropoda: Ergasilidae
Acusicola margulisae Amphilophus citrinellus Nicaragua MN852694 | MN852849 | MN854868 | Santacruz et al., 2022
MN852695 | MN852850 | MN854869
Dermoergasilus madagascarensis Paretroplupolyactis Madagascar PP115568 | PP115569 | PP117931 | Mic et al., 2024
- - PP117932
Ergasilus anchoratus Pseudobagrus fulvidraco China DQ107564 | DQ107528 - Song et al., 2008
**Ergasilus auritus Gasterosteus aculeatus Canada - - ECTCRO091- | BOLD
14
Ergasilus briani Misgurnus anguillicaudatus | China DQ107572 | DQ107532 - Song et al., 2008
Ergasilus caparti Neolamprologus brichardi Burundi 0Q407469 | OQ407474 - Mi¢ et al., 2023
Ergasilus hypomesi Acanthogobius hasta China DQ107573 | DQ107539 - Song et al., 2008
**Ergasilus lizae Fundulus diaphanus Canada - - ECTCRO024- | BOLD
14
Ergasilus macrodactylus Gnathochromis Burundi 0Q407465 | 0OQ407470 - Mi¢ et al., 2023
permaxillaris
Ergasilus megacheir Simochromis diagramma Burundi 0Q407466 | OQ407471 - Mi¢ et al., 2023
Ergasilus mirabilis Clarias gariepinus South Africa OR449753 | OR449755 | OR448769 | Fikiye et al., 2023
Zambia OR449754 | OR449756 | OR448770
Ergasilus parasarsi Simochromis diagramma Burundi 0Q407467 | OQ407473 - Mi¢ et al., 2023
Ergasilus parvus Spathodus erythrodon Burundi 0Q407468 | OQ407472 - Mi¢ et al., 2023
Ergasilus parasiluri Tachysurus fulvidraco China DQ107567 | DQ107536 - Song et al., 2008
Ergasilus peregrinus Siniperca chuatsi China DQ107577 | DQ107531 - Song et al., 2008

204




Supplementary material

Accession numbers

T Host Localit Ref
axon os ocality 185 285 col eference
Ergasilus scalaris Tachysurus dumerili China DQ107565 | DQ107538 - Song et al., 2008
Ergasilus sieboldi Perca fluviatilis; Sparus Czech MW810238 | MW810242 - Kvach et al., 2021
aurata Republic
Ergasilus tumidus Acanthorhodeus China DQ107569 | DQ107533 - Song et al., 2008
taenianalis DQ107570 | DQ107534 -
Ergasilus wilsoni Free-living South Korea KR048765 | KR048843 | KR049036 | Baek et al., 2016
Ergasilus yaluzangbus Gymnocypris stewartii China DQ107578 | DQ107540 - Song et al., 2008
Neoergasilus japonicus Lepomis gibbosus Czech MH167970 | MH167968 - Ondrackova et al., 2019
Republic MW810236 | MW810240 - Kvach et al., 2021
Scardinius - - MZ964935 | Vasquez et al., 2021
erythrophthalmus USA - - MZ964938
Paraergasilus brevidigitus Cyprinus carpio China DQ107576 | DQ107530 - Song et al., 2008
Paraergasilus longidigitus Abramis brama; Perca Czech MW810239 | MW810243 - Kvach et al., 2021
fluviatilis; Scardinius Republic
erythrophthalmu
Paraergasilus medius Ctenopharyngodon idellus | China DQ107574 | DQ107529 - Song et al., 2008
Sinergasilus major Ctenopharyngodon Idella China DQ107558 - - Song et al., 2008
Silurus glanis Hungary - MZ047815 - Dos Santos et al., 2021
Sinergasilus polycolpus Hypophthalmichthys China DQ107563 | DQ107525 - Song et al., 2008
molitrix
Sinergasilus undulatus Cyprinus carpio China DQ107561 | DQ107526 - Song et al., 2008
- - MWO080644 | Hua et al., 2021
Paracyclopina nana Free-living Korea - - EU877959 | Ki et al., 2009
FJ214952 | FJ214952 - Ki et al., 2011
Nematoda: Anisakidae
Anisakis pegreffii Scomber australasicus Taiwan - MF422214 - Chen et al., 2015
Anisakis simplex Mirounga angustirostris California - AY821754 - Nadeler et al., 2005
Anisakis typica Selar crumenophthalmus Indonesia - MZ350222 - Syarifah et al., 2023
Anisakis ziphidarum Mesoplodon hotaula Philipines - KF214798 - Quiazon et al., 2021
Contracaecum osculatum Gadus morhua Baltic sea - KM273050 - Mehrdana et al., 2014
Nematoda: Cucullanidae
Cucullanus bourdini Caesio xanthonota Taiwan - KX910701 - Xu et al., 2017
Cucullanus grandistomis Oxydoras niger Brazil - KX752093 - Pereira and Luque, 2017
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Cucullanus opithoporus Cichla pinima Brazil - KX752095 - Pereira and Luque, 2017
Cucullanus pinai pinai Pimelodus fur Brazil - OP942396 - Ailan-Choke et al., 2023
Cucullanus pulcherrimus Micropogonias furnieri Brazil - MF 187076 - Unpublished
Dichelyne mexicanus Ictalurus balsanus Mexico - MG182630 - Mejia-Madrid, 2018
Dichelyne pleuronectidis Pleuronichthys cornutus China - KF470872 - Lietal, 2014
Dichelyne szidati Acanthistius patachonicus | Argentina - MK131262 - Bagnato et al., 2022
Truttaedacnitis truttae Oncorhynchus mykiss Colorado - KY857891 - Mejia-Madrid, 2018
Rhabditis terricola Free living Turkey - KP027185 = Azizolu et al., 2016
Nematoda: Raphidascaridae
Raphidascaris acus Neogobius fluviatilis Lithuania - PQ570400 - Kudlai et al., 2024
Raphidascaris andersoni Gymnogeophagus balzanii | Brazil - MK141032 - Malta et al., 2020
Raphidascaris gigi Hypomesus nipponensis Japan - AB558480 - Abe, 2011
Raphidascaris lanfrediae Geophagus proximus Brazil - KX859078 - Pereira and Luque, 2017
Raphidascaris longispicula Uroconger lepturus China - MF094288 - Lietal, 2018
Raphidascaris lophii Lophius litulon China - MH211582 - Zhang et al., 2018
Raphidascaris mahnerti Loricariichthys labialis Brazil - MK766746 - Malta et al., 2020
Raphidascaris trichiuri Chiloscyllium plagiosum Taiwan - FJ009682 - Damin and Heqing, 2001
Contracaecum rudolphii Pelecanus occidentalis Florida = MN557379 = D’Amelio et al., 2012
Cestoda: Onchobothriidae
Acanthobothrium brevissime Dasyatis say Florida - EU170364 - Holland et al., 2009
Acanthobothrium cleofanus Hypanus longus Mexico - MZ081426 - Unpublished
Acanthobothrium cornoatum Scyliorhinus stellaris Meditterranean - MZ243218 - Santoro et al., 2021
Acanthobothrium coronatum Scyliorhinus stellaris Italy - MZ243216 - Santoro et al., 2021
Acanthobothrium filicolle Zearaja nasuta New Zealand - MH913266 - Bennett et al., 2019
Acanthobothrium golsteini Unknown USA - PQ580682 - Unpublished
Acanthobothrium hypermekkolpos Rhynchobatus laevis Australia - HQ917930 - Fyler and Caira, 2011
Acanthobothrium jeanneae Rhynchobatus laevis Australia - HQ917928 - Fyler and Caira, 2011
Acanthobothrium katherineae Squaliolus aliae Taiwan - MT395344 - Gallagher and Caira, 2020
Acanthobothrium margieae Orectolobus maculatus Australia - MH729998 - Cutmore et al., 2018
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Acanthobothrium masnihae Himantura sp Australia - FJ843604 - Fyler et al., 2009
Acanthobothrium mattaylori Rhynchobatus laevis Australia - HQ917927 - Fyler and Caira, 2011
Acanthobothrium oceanharvestae Himantura sp. Australia - FJ843594 - Fyler et al., 2009
Acanthobothrium parviuncinatum Urobatis maculatus Mexico - EF095264 - Waeschenbach et al., 2017
Acanthobothrium popi Himantura sp. Australia - FJ843600 - Fyler et al., 2009
Acanthobothrium robostum Unknown USA - PQ580683 - Unpublished
Acanthobothrium rodmani Himantura sp. Australia - FJ843596 - Fyler et al., 2009
Acanthobothrium romanowi Himantura sp. Australia - FJ843598 - Fyler et al., 2009
Acanthobothrium santarosaliense Heterodontus mexicanus Mexico - KF685751 - Caira et al., 2014
Acanthobothrium sp. Dasyatis say Mexico - FJ843592 - Jensen and Bullard, 2010
Acanthobothrium wedli Zearaja nasuta New Zealand - MH913270 - Benett et al., 2019
Acanthobothrium zimmeri Himantura sp. Australia - FJ843602 - Fyler et al., 2009
Potamotrygonocestus cf. fitzgeraldae | Potamotrygon castexi Mexico - KF685773 - Caira et al., 2014
Cestoda: Phyllobothriidae
Scyphophyllidium arnoldi Negaprion acutidens Australia - MN686528 - Ruhnke et al., 2020
Scyphophyllidium bai Mustelus mustelus Senegal - KC505625 - Ruhnke and Workman, 2013
Scyphophyllidium bullardi Carcharhinus acronotus Mexixo - MN686531 - Ruhnke et al., 2020
Scyphophyllidium campbel Rhizoprionodon Florida - MN686538 - Ruhnke et al., 2020

terraenovae
Scyphophyllidium christopheri Carcharhinus sorrah Australia - MG008931 - Cutmore et al., 2017
Scyphophyllidium deburonae Carcharhinus isodon Sout Carolina - MNG686546 - Ruhnke et al., 2020
Scyphophyllidium exiguum Alopias vulpinus New York - MN686548 - Ruhnke et al., 2020
Scyphophyllidium giganteum Galeorhinus galeus New Zealand - KF685901 - Caira et al., 2014
Scyphophyllidium harti Carcharhinus leucas Australia - MGO008939 - Cutmore et al., 2017
Scyphophyllidium janineae Hemipristis elongata Australia - MN686550 - Ruhnke et al., 2020
Scyphophyllidium kirstenae Hemigaleus microstoma Borneo - KC505626 - Ruhnke and Workman, 2013
Scyphophyllidium latipi Scoliodon macrorhynchos | Borneo - KF685900 - Caira et al., 2014
Scyphophyllidium mattisi Carcharhinus limbatus Mexico - MN686552 - Ruhnke et al., 2020
Scyphophyllidium orectobiobi Orectolobus maculatus Australia - MG008940 - Cutmore et al., 2017
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Scyphophyllidium paulum Galeocerdo cuvier New York - MN686556 - Ruhnke et al., 2020
Scyphophyllidium prionacis Prionace glauca New York - MNG86557 - Ruhnke et al., 2020
Scyphophyllidium randyi Chiloscyllium hasseltii Borneo - KF685767 - Caira et al., 2014
Scyphophyllidium sinclairtaylori Carcharhinus amboinensis | Australia - MG008934 - Cutmore et al., 2017
Scyphophyllidium taylori Hemigaleus australiensis Australia - HQ680632 - Cutmore et al., 2017
Scyphophyllidium timvickiorum f;;%c;?zﬁ:;char/as Ecuador i MN706182 ) Caira et al., 2020
Scyphophyllidium tyleri Chiloscyllium punctatum Borneo - KF685890 - Caira et al., 2014
Allexandercestus gibsoni Carcharhinus leucas Australia - MG008925 - Cutmore et al., 2017
Cestoda: Tentaculariidae
Heteronybelinia estigmena Coryphaena hippurus Indonesia - FJ572931 - Palm et al., 2009
Heteronybelinia yamagultii Promethichthys Australia - FJ572932 - Palm et al., 2009

prometheus
Hetronybelinia estigmena Carcharhinus limbatus Malaysia - DQ642789 - Olsen et al., 201
Kotorella pronosoma Dasyatis say USA - DQ642788 - Olsen et al., 2010
Myxonybelinia lepturi Gempylus serpens Indonesia - FJ572933 - Palm et al., 2009
Nybelinia aequidentata Rhinoptera neglecta Malaysia - DQ642790 - Olsen et al., 2010
Nybelinia africana Lamiopsis temminckii Malaysia - DQ642786 - Olsen et al., 2010
Nybelinia indica Heteropriacanthus Hawai - FJ572930 - Palm et al., 2009
cruentatus
Nybelinia queenslandensis Carcharinus melanopterus | Australia - AF286975 - Olsen et al., 2001
Nybelinia sphyrnae Sphyrna lewini Malaysia - DQ642791 - Olsen et al., 2010
Nybelinia surmenicola Unknown Japan - FJ572929 - Palm et al., 2009
Tentacularia coryphaenae Katsuwonus pelamys Australia - EF095269 - Palm et al., 2007
Sphyriocephlus viridis Dalatias licha Indonesia - FJ572940 - Palm et al., 2009
Monopisthocotylea: Udonelidae
Udonella australis Caligus rogercresseyi ex Chile FJ946832 - - Freeman and Ogawa, 2010
Eleginops maclovinus
Udonella brasiliensis Caligus sp. on Genidens Brazil MW763077 - - Soares et al., 2021
barbus MW?763065
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Udonella caligorum Caligus sp. ex Gadus Japan AJ228796 - - Littlewood et al., 1999;
morhua FJ946831 Freeman and Ogawa, 2010
Udonella fugu Pseudocaligus fugu ex Japan FJ946830 - - Freeman and Ogawa, 2010
Takifugu spp.
Udonella myliobatid Caligid copepod ex Australia FJ946833 - - Freeman and Ogawa, 2010
Myliobatis australis
Gyrodactylus salmonis rainbow trout Mexico JN230350 - - Rubio-Godoy et al., 2012
Polyonopisthocotylea: Diclidophoridae
Heterobothrium gotoi Takifugu porphyreus Japan - - LC658933 | Ogawa and ltoh, 2022
Heterobothrium matsubarai Takifugu stictonotus Japan - - LC658936 | Ogawa and ltoh, 2022
Heterobothrium okamotoi Takifugu rubripes Japan - - LC658930 | Ogawa and Itoh, 2022
Heterobothrium praeorchis Takifugu pardalis Japan - - LC658931 | Ogawa and Itoh, 2022
Heterobothrium tetrodontis Takifugu pardalis Japan - - LC658932 | Ogawa and Itoh, 2022
Heterobothrium victorwepeneri Amblyrhynchote honckenii | South Africa - - MW115855 | Acosta and Smit, 2021
Neoheterobothrium paralichthyi Paralichthys patagonicus Argentinia - - LC658938 | Ogawa and Itoh, 2022
Trematoda: Bucephalidae
Aenigmatrema grandiovum Sphyraena obtusata Australia - MT809145 - Corner et al., 2020
Aenigmatrema inopinatum Sphyraena obtusata Australia - MT809144 - Corner et al., 2020
Aenigmatrema undecimtentaculum Sphyraena obtusata Australia - MT809143 - Corner et al., 2020
Bucephalus cynoscion Bairdiella chrysoura USA - KT273397 - Nolan et al., 2015
Bucephalus gorgon Seriola dumerili USA - KT273400 - Nolan et al., 2015
Bucephalus margaritae Caranx crysos USA - KT273395 - Nolan et al., 2015
Bucephalus polymorphus Dreissena polymorpha Belarus - AY289247 - Stunz et al., 2004
Bucephalus skrjabani Unknown Asia - OM615429 - Atopkin et al., 2022
Dollfustrema durum Gymnothorax javanicus USA - KT213572 - Nolan et al., 2015
Heterobucephalopsis yongi Gymnothorax eurostus Australia - MH754949 - Cutmore et al., 2018
Paurorhynchus hiodontis Hiodon alosoides USA - KT273401 - Nolan et al., 2015
Prosorhynchoides apogonis Cheilodipterus macrodon USA - KT213576 - Nolan et al., 2015
Prosorhynchoides brayi Epinephelus coioides Australia - MH754950 - Cutmore et al., 2018
Prosorhynchoides caecorum Sciaenops ocellatus USA - KT273392 - Nolan et al., 2015
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Prosorhynchoides cutmorei Tylosurus gavialoides Australia - MG953232 - Hammond et al., 2018
Prosorhynchoides galaktionovi Tylosurus crocodilus Australia - MN310395 - Hammond et al., 2018
Prosorhynchoides karvei Unknown Asia - OM615433 - Atopkin et al., 2022
Prosorhynchoides kohnae Tylosurus crocodilus Australia - MN310397 - Hammond et al., 2018
Prosorhynchoides longoviferus Sphyraena barracuda USA - KT273387 - Nolan et al., 2015
Prosorhynchoides megacirrus Sciaenops ocellatus USA - KT273391 - Nolan et al., 2015
Prosorhynchoides moretonensis Tylosurus gavialoides Australia - MG953230 - Hamond et al., 2018
Prosorhynchoides ovatus Lobotes surinamensis USA - KT273399 - Nolan et al., 2015
Prosorhynchoides paralichthydis Paralichthys lethostigma USA - KT273398 - Nolan et al., 2015
Prosorhynchoides Scomberomorus Scomberomorus cavalla USA - KT273389 - Nolan et al., 2015
Rhipidocotyle angusticolle Euthynnus alletteratus USA - KT273383 - Nolan et al., 2015
Rhipidocotyle campanula Anodonta anatina Lithuania - KF184355 - Petkeviviute et al., 2014
Rhipidocotyle fennica Anodonta anatina Lithuania - KF184363 - Petkeviviute et al., 2014
Rhipidocotyle galeata Eutrigla gurnardus United - AY222225 - Olsen et al., 2003

Kingdom
Rhipidocotyle husi Unknown Asia - OM615425 - Atopkin et al., 2022
Rhipidocotyle lepisostei Lepisosteus oculatus USA - KT273390 - Nolan et al., 2015
Rhipidocotyle santanaensis Acestrothynchus Argentina - 0Q244080 - Montes et al., 2023
pantaneiro
Rhipidocotyle transversalis Strongylura marina USA - KT273394 - Nolan et al., 2015
Rhipidocotyle tridecapapillata Micropterus salmoides USA - KT273384 - Nolan et al., 2015
Coitocaecum capense Clinus superciliosus South Africa - OR129144 - Vermaak et al., 2023
Trematoda: Helicometrinae
Helicometra antarcticae Unknown Russia - OK644193 - Unpublished
Helicometra boseli Sargocentron spiniferum New - KU320600 - Bray et al., 2016
Caledonia
Helicometra fasciata Epinephelus fasciatus New - KU320597 - Bray et al., 2016
Caledonia
Helicometra manteri Prionotus alatus Florida - KJ701238 - Andres et al., 2014
Helicometrina nemia Syacium papillosum Mexico - MK908868 - Vidal-Martinez et al., 2019
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Coitocaecum capense Clinus superciliosus South Africa - OR129144 - Vermaak et al., 2023
Trematoda: Opistholebetinae
Gaevskajatrema perezi Unknown France - AF184255 Tkach et al., 2001
Heterolebes maculosus Diodon hystrix Australia - MH933878 - Martin et al. (2018a)
Maculifer diodontis Diodon hystrix Australia - MH933879 - Martin et al. (2018a)
Macvicaria bartolii Diplodus annularis Tunisia ) KR149465 - ,(Azrg?;)e tal. (2015); Rima et al.
Macvicaria crassigula Calamus bajonado Mexico - KJ701237 - Andres et al. (2014)
Macvicaria dubia Oblada melanura Tunisia - KR149470 - Antar et al. (2015)
Macvicaria gibsoni Diplodus vulgaris Algeria - MF166845 - Rima et al. (2017)
Macvicaria maamouriae Lithognathus mormyrus Tunisia - KR149468 - Antar et al. (2015)
Macvicaria mormyri Sparus aurata; France - AF184256 ) Tkach et al. (2001); Rima et al.
Unknown (2017)
Macvicaria obovata Cyclope neritea Spain - JQ694147 - Born-Torrijos et al. (2012)
Magnaosimum brooksae Tripodichthys angustifrons | Australia - MG813907 - Martin et al. (2018b)
- MH933883;
MH933884;
, . Lagocephalus lunaris; . MH933885; .

Opistholebes amplicoelus Tetractenos hamiltont Australia MH933875 MH933886- Martin et al. (2018a)

MH933887;

MH933888
Paralellolebes virilis Meuschenia hippocrepis Australia - MH933880 - Martin et al. (2018a)
Peracreadium idoneum Anarhichas lupus UK - AY222209 - Olsen et al. (2003)
Propycnadenoides philippinensis Gymnocranius grandoculis | Australia - KU320604 - Bray et al. (2016)
Pseudoheterolebes diodontis ﬁ}’/?s‘j’;’r’i’x”t“r osus; Diodon |z stralia - MH933876 ] Martin et al. (2018a)
Pseudoheterolebes stellaglobulus Dicotylichthys punctulatus Australia ) MH933877 - Martin et al. (2018a)
Pseudopycnadena fischtali Diplodus vulgaris Algeria - MF166851 - Rima et al. (2017)
Neolebouria georgiensis Parachaenichthys charcoti | Ukraine - ON123036 - Faltynkova et al. (2022)
Trematoda: Zoogoninae
Brevicreadium sp. Forsterygion capito New Zealand - PV521839 - Viriyautsahakul et al., 2025
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United
Kingdom
Diphterostomum brusinae Cerastoderma edule Portugal - MN263044 - Gilardoni et al., 2020
Pseudozoogonoides subaequiporus Anarhichas lupus Russia - OP956068 - Kremneyv et al., 2023
Pseudozoogonoides ugui Pseudaspius hakonensis Russia - PP317550 - Atopkin et al., 2024
Zoogonidae sp Anentome helena Thailand - MZ825155 - Chomchoei et al., 2022
MZ825156
Zoogonoides viviparus Callionymus lyra United - AY222271 - Olsen et al., 2003; Kremneyv et
Nuculana pernula Kingdom; OP956062 al., 2023
Russia
Zoogonus rubellus Diplodus sargus Geneva - AJ241804 - Jousson et al., 1999
Coitocaecum capense Clinus superciliosus South Africa - OR129144 - Vermaak et al., 2023
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Supplementary Table S4.1: Biometric information (sex, size, weight) on host specimens of Amblyrhynchote honckenii (Bloch), including presence or absence of
Cinusa tetrodontis Schjodte et Meinert, 1884 and their relevant information (sex, weight), collected from Witsand, South Africa. Abbreviations: (+) — parasite present;
(-) — parasite absent.

Presence of

CallzElmn Sex el LRI Locality Cinusa tetrodontis Sex Lt
code (mm) (9) (mg)
WSAH21-01 F 185 140 Breede River Estuary, Witsand - - -
WSAH21-02 M 165 100 Breede River Estuary, Witsand ¥ '\é' 19056
WSAH21-03 M 145 70 Breede River Estuary, Witsand - - -
WSAH21-04 M 160 80 Breede River Estuary, Witsand - - -
WSAH21-05 M 140 60 Breede River Estuary, Witsand + '\FA 14071
WSAH21-06 M 160 80 Breede River Estuary, Witsand - - -
WSAH21-07 F 175 110 Breede River Estuary, Witsand - - -
WSAH21-08 M 140 50 Breede River Estuary, Witsand - - -
WSAH21-09 M 145 60 Breede River Estuary, Witsand ¥ v o
WSAH21-10 M 150 80 Breede River Estuary, Witsand - - -
WSAH21-11 M 145 60 Breede River Estuary, Witsand ¥ M >
WSAH21-12 M 160 100 Breede River Estuary, Witsand - - -
WSAH21-13 M 140 60 Breede River Estuary, Witsand + '\FA 16365
WSAH21-14 M 150 70 Breede River Estuary, Witsand + '\FA 16032
WSAH21-15 M 150 80 Breede River Estuary, Witsand - - -

213



Supplementary material

Supplementary Table S4.2: Biometric information (sex, size, weight) on host specimens of Amblyrhynchote honckenii (Bloch), including presence or absence of
Cinusa tetrodontis Schjodte et Meinert, 1884 and their relevant information (sex, weight), collected from Mossel Bay, South Africa. Abbreviations: (+) — parasite
present; (-) — parasite absent.

Collection

Length

Weight

Presence of

Weight

code Sex (mm) @) Locality Cinusa tetrodontis Sex (mg)
MBAH22-01 M 125 40 Mosselbay + v 38
MBAH22-02 J 100 18 Mosselbay " i 14036
MBAH22-03 M 105 30 Mosselbay " i gg
MBAH22-04 M 110 40 Mosselbay " '\lf 13053
MBAH22-05 M 110 30 Mosselbay . v 4
MBAH22-06 M 105 20 Mosselbay . v 32
MBAH22-07 M 110 30 Mosselbay " v 39
MBAH22-08 M 105 20 Mosselbay s i 3
MBAH22-09 M 110 30 Mosselbay . i bl
MBAH22-10 J 105 20 Mosselbay - - -
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Supplementary Table $5.1: Concentrations of the standard surrogates and internal standards in ug/L. Abbreviations: STD — standard compounds; IS — internal
standard compounds.

Chemicals OCP TMX PCB #77 PCB #209 PCB STD PCB IS
Stock concentration 1000 1000 1000 1000 1000 1000
Final concentration 5 10 10 10 50 5

Supplementary Table $5.2: The volume of the standard surrogates and internal standards in pL used to spike the blanks, distilled water, quality control and
biological samples. Abbreviations: DW — distilled water; QC — quality control; STD — standard compounds; IS — internal standard compounds.

Volume spiked pL

Sample Weight ocP TMX PCB #77 PCB# 209 PCB STD PCB IS
Blank 500 pl 3 50 50 50 - 25
DW 500 pl 25 50 50 50 50 25
Qc 0.2g 25 50 50 50 50 25

Samples 0.3-0.5¢g - 50 50 50 - 25
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Supplementary Table $5.3: Organochlorine pesticide (OCP) and polychlorinated biphenyl (PCB) standards used.

OCP Standards

PCB Standards

OCP Mix OCP Internal standards PCB 981 Mix PCB Internal standards
Purity Purity Purity Purity
Analytes (%) Analytes (%) Analytes (%) Analytes (%)
. PCB 77 (3,3'4,4"- . 99 PCB #77 (3,3',4,4"- 99
Aldrin 98 Tetrachlorobiphenyl) 99 PCB #1 (2-chlorobiphenyl) Tetrachlorobiphenyl-C13)
PCB 209 99 T 99
cis-Chlordane (Alpha) 99 (2,2'3,3,4,4'556,6- 99 gigﬁoﬁi é:pﬁényn ﬁgﬁ:&ﬂgrfg% iﬁéi&ﬁb 9
Decachlorobiphenyl)
cis-Heptachlor Epoxide 99 PCB #18 (2,2',5- 99 PCB #126 (3,3'4,4',5- 99
P P trichlorobiphenyl) Pentachlorobiphenyl-C13)
cis-Nonachlor 99 PCB #31 (2,4',5- 99 PCB #156 (2,3,3',4,4',5- 99
trichlorobiphenyl) Hexachlorobiphenyl-C13)
Dieldrin 98 PCB #44 (2,2',3,5'- 99 PCB #169 (2,3'4,4',5',6- 99
tetrachlorobiphenyl) Hexachlorobiphenyl-C13)
Endrin 99 PCB #52 (2,2',5,5'- 99
tetrachlorobiphenyl)
PCB #66 (2,3',4,4'- 99
Heptachlor 99 tetrachlorobiphenyl)
Hexachlorobenzene 99 PCB #87 (2,2,3,4,5- 99
pentachlorobiphenyl)
o,p-DDD (2,4'-DDD): 1- . " 99
Chloro-2-2,2-dichloro-1-(4- 99 Pgn?aﬂ?gréﬁizﬁzf’f)
chlorophenyl)ethyllbenzene P pheny
o,p-DDE (2,4'-DDE): 1,1- VA B 99
Do 23 i, = PRI G es
chlorophenyl)ethylene P pheny
o,p-DDT (2,4'-DDT): 1,1- 99
Dichloro-2,2-bis(p- 99 PCB #138 (2,2',3,4,4'5'-
chlorophenyl)ethane (same hexachlorobiphenyl)
as 4,4'-DDT)
PCB #141 (2,2',3,4,5,5'- 99
Oxychlordane 99 hexachlorobiphenyl)
p,p-DDD (4,4-DDD) 4,4* o PCB #151 (2,2',3,5,5' 6- 99

Dichlorodiphenyldichloroetha
ne:

hexachlorobiphenyl)

216



Supplementary material

OCP Standards PCB Standards
OCP Mix OCP Internal standards PCB 981 Mix PCB Internal standards
Purity Purity Purity Purity
Analytes (%) Analytes (%) Analytes (%) Analytes (%)
p,p-DDE (4,4'-DDE): 4,4'- VAN E B 99
Dichlorodiphenyldichlorosthy 99 Eg(if;lgfog’ifﬁ“l’)5’5
lene pheny
p,p-DDT (4,4'-DDT): 1,1,1- NPT 99
\ . PCB #170 (2,2',3,3',4,4',5-
Trichloro-2,2-bis(p- 99 heptachlorobiphenyl)
chlorophenyl)ethane
PCB #180 (2,2',3,4,4',5,5'- 99
trans-Chlordane (Gamma) 99 heptachlorc()biphenyl)
trans-Heptachlor Epoxide 99 E(;Cp?aﬁ:w?jréashz:yﬁ 5.6- 99
PCB #187 (2,2',3,4',5,5',6- 99
trans-Nonachlor 99 heptachlorobiphenyl)
. PCB #206 99
a-HCH: Alpha- 98 (2.2'3.3'44'55'6-
hexachlorocyclohexane nonachlorobiphenyl)
B-HCH: Beta- 99
hexachlorocyclohexane
y-HCH: (Lindane): Gamma- 99
Hexachlorocyclohexane

Comments on the recovery rates for OCPs and PCBs

Nine OCPs and 16 PCBs were detected in fish livers across the six sites (Table 5.1). There were no detectable levels of target contaminants in fish muscle samples.
Table 5.1 presents the analytical sensitivity of the methods used to detect and quantify organochlorine pesticides (OCPs) and polychlorinated biphenyls (PCBs) in liver
tissues of A. honckenii. The limit of detection (LOD) and limit of quantification (LOQ) vary between compounds, indicating differential sensitivity in analytical
measurements (Saadati et al., 2013). Among OCPs, p,p'-DDT exhibited the highest LOQ (4.73 ng/g), suggesting a higher threshold for reliable quantification compared
to other OCPs, such as y-HCH (1.42 ng/g) (Table 1). Recovery rates for most OCPs exceeded 100%, with 0,p'-DDD showing the highest recovery (148.37%) (Table
5.1), which may suggest matrix effects or analytical overestimations (Saadati et al., 2013). The variation in recovery rates, particularly those exceeding 100%, indicates
possible interferences or matrix complexities affecting analyte extraction and detection efficiency (Saadati et al., 2013). Similarly, among PCBs, PCB #31 had the
highest LOQ (7.74 ng/g), and PCB #206 had the lowest (0.66 ng/g) (Table 5.1). Recovery rates were consistently high, ranging between 82% and 148%, which
indicates the reliability of the extraction and quantification processes (Table 5.1). Recovery rates for PCBs were slightly lower than for OCPs, with PCB #180 having
the lowest recovery (82.24%), indicating potential losses during extraction and analysis (Table 5.1). The relatively lower recovery rates for certain PCBs may suggest
minor extraction inefficiencies, compound volatility, or potential degradation during sample preparation (Saadati et al., 2013).
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Supplementary Table $5.4: Organochlorine pesticide (OCP) concentrations (mean * standard deviation) in fish liver tissues of Amblyrhynchote honckenii (Bloch)
from six localities (Witsand, Mossel Bay, St Francis Bay, Chintsa East, Uvongo Beach, and Sodwana Bay) along the South African coastline. Significant differences
between the six sites are indicated with an asterisk (*). All concentrations are provided in ng/g. Significance was taken as p<0.05. Abbreviations: ND — not detected.

Gononas Localities

Witsand Mossel Bay St Francis Bay Chintsa East Uvongo Beach Sodwana Bay
> OCP 372 + 161 358 + 88 213+ 143 297 + 131 214 + 109 177 £ 131
Dieldrin ND ND ND ND 16+13 ND
o,p-DDD ND ND 9+4 ND ND ND
o,p-DDT/ p,p"-DDD 39 +13* 47 £ 9* 18 £ 5* 41 + 22* 22 +9* 20 +10*
Oxy-Chlordane 252 + 86* 296 + 73* 76 + 66* 214 + 56* 76 +18* 64 + 28*
p,p-DDE 39 + 28* 16 £ 5* 72 + 36* 15 + 6% 14 £ 11* 5+ 3"
p,p-DDT ND ND 3326 ND 43 + 20 41 £ 27
trans-Nonachlor ND ND ND ND 114 ND
B-HCH 25 £ 21 ND ND 17 £33 30 + 31 43 £ 57
y-HCH (Lindane) 16 £+ 13* ND 6+ 6" 9+15 2+2" 4+ 6*

218



Supplementary material

Supplementary Table $5.5: Polychlorinated biphenyl (PCB) concentrations (mean + standard deviation) in fish liver tissues of Amblyrhynchote honckenii (Bloch)
from six localities (Witsand, Mossel Bay, St Francis Bay, Chintsa East, Uvongo Beach, and Sodwana Bay) along the South African coastline. Significant differences
between the six sites are indicated with an asterisk (*). All concentrations are provided in ng/g. Significance was taken as p<0.05. Abbreviations: ND — not detected.

Gononas Localities
Witsand Mossel Bay St Francis Bay Chintsa East Uvongo Beach Sodwana Bay

> PCB 65 35 929 + 999 6+9 21+ 20 ND
PCB #31 ND ND 37124 ND ND ND
PCB #44 ND ND 21+ 36 ND ND ND
PCB #52 ND ND 113+ 130 ND ND ND
PCB #66 ND ND 23+ 26 ND ND ND
PCB #87 ND ND 615 ND ND ND
PCB #101 ND ND 93 +98 ND ND ND
PCB #110 ND ND 50 £ 65 ND ND ND
PCB #138 ND ND 152 + 151 ND ND ND
PCB #141 ND ND 9+18 ND ND ND
PCB #151 ND ND 19+ 23 ND ND ND
PCB #153 6 + 5* 3+5* 235 + 222* 6+9* 18 + 14* ND
PCB #170 ND ND 28 + 33 ND ND ND
PCB #180 ND ND 68 + 68* ND 4+ 6* ND
PCB #183 ND ND 16 £ 22 ND ND ND
PCB #187 ND ND 58 + 65* ND 2+5* ND
PCB #206 ND ND 2+5 ND ND ND
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Supplementary Table S7.1: Copper (Cu) concentrations measured in control and exposure tanks at the start of the exposure period. Values represent means *
standard deviation (n = 5 per treatment). Abbreviations: (+) — parasite present; (-) — parasite absent.

Water (-) Water (+)
oL Control 12.46 + 2.99 8.79+1.85
Exposure 407.50 £ 71.59 417.73 £70.87

Supplementary Table S$7.2: Copper (Cu) and metallothionein (MT) accumulation in Cinusa tetrodontis Schioedte and Meinert, 1884, and Amblyrhynchote honckenii
(Bloch) across different treatment groups: female and male C. tetrodontis; gill tissue of A. honckenii from infested and uninfested fish; stomach tissue of A.
honckenii from infested and uninfested fish; liver tissue of A. honckenii from infested and uninfested fish, muscle tissue of A. honckenii from infested and
uninfested fish. Values are presented as means + standard deviation. Abbreviations: 3 — male; @ — female; (+) — parasite present; (-) — parasite absent.

Cinusa (?)  Cinusa (3) Gill (-) Gill (+) Sto?_")aCh StO(T)aCh Liver(-)  Liver(+) Muscle(-) Muscle (+)
180.06 + 254.00 * 316t  754% 6.03 705 261t 131+ 114 ¢
Control 109.96 16436 470062 “huq 1.49 0.96 2.13 0.87 0.02 0.17
- 286.04 + 761.63 + 1958+  7.00+ 1015+ 930+ 1662+ 758+ 317 + 266 +
P 39.46 248.94 15.99 171 1.86 183 5.87 176 0.91 0.46
. 4.06 + 362 + 0.79 + 0.86 +
Environmental 55.19+16.94 65.37 +29.89 - - - - 553 167 013 0.15
2108t 1730t  2574%  2457%
L Comno 1657 +871  8.66+2.94 . i - i s 730 > T
3165+ 2203+ 3192+ 2524+
Exposure ~ 21.00+8.64 68.65+ 18.87 - i - i s oy Iy o
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Marine ecosystems are continuously under threat due to pollutants, which endanger marine biodiversity. The
present study determines the potential use of the parasitic isopod, Cinusa tetrodontis Schjodte et Meinert, 1884,
together with its fish host, Amblyrhynchotes honckenii (Bloch) for marine bioaccumulation monitoring. The
concentrations of As, Cd, Cu, Mn, Ni, Pb, Se, and Zn were determined in muscle and liver tissues of infested and
uninfested fish, and male and female parasites on the South African temperate south coast. The concentrations of
Cu and Ni in C. tetrodontis differed significantly between two sampling sites, a near-pristine (Breede River Es-
tuary, Witsand) and a more polluted site (harbour area in Mossel Bay). Mossel Bay isopods had higher con-
centrations of Ni, while Witsand isopods had higher concentrations of Cu. In contrast to fish hosts, parasitic
isopods accumulated significantly higher levels of all elements except Cd. Most significant relationships between
elements accumulated by C. tetrodontis and an increase of elements in fish tissues were seen in liver, rather than
muscle tissue samples. Specimens of C. tetrodontis can be defined as good bioindicators for elements such as As,
Cu, Mn, Ni, Pb, Se, and Zn, as they possess high bioaccumulation capabilities. This study addresses one of several

future directions needed within envirc | par

logy and highlights the importance of studying and

utilising this host-ectoparasite model system.

Marine ecosystems are continuously threatened by several anthro-
pogenic pressures, such as pollutants, which influence the integrity of
these systems and endanger marine biodiversity (Pinsino et al., 2008;
Webb and Mindel, 2015; Mahmoud et al., 2019). Traditionally, pollu-
tion monitoring programs in marine environments have focused on the
use of free-living bioindicator species, such as bivalves, to assess element
exposure in the marine environment over spatial and temporal scales
(Farrington et al., 2016; Wepener and Degger, 2020). However, recent
research has shown the value of the use of affiliate species and their fish
hosts as sentinels for chemical pollution (Sures et al., 2017). Parasites
are highly sensitive to environmental change and respond either directly
or indirectly to different degrees of pollution (Chine et al., 2021; Sures
et al., 2023). Advances in environmental parasitology have demon-
strated the advantages of using hosts and their parasites as sentinel
systems for pollution monitoring over free-living species, such as

* Corresponding author.

mussels (Sures et al.,, 2017; Chine et al.,, 2021; Sures et al., 2023).
However, previous studies on host-parasite systems were primarily
focused on freshwater environments and biased towards the use of
endoparasitic helminths, such as acanthocephalans, cestodes, nema-
todes or digeneans (Sures, 2004; Vidal-Martinez et al., 2010; Nachev and
Sures, 2016; Erasmus et al., 2020), while fewer studies focused on the
use of ectoparasites, particularly in marine environments (e.g., Perez-
del-Olmo et al., 2019).

In comparison to their endoparasitic counterparts, ectoparasites are
exposed to both the external environment, as well as the environment
created by their fish hosts, which makes them potentially more sus-
ceptible and sensitive to environmental changes caused by pollution
and/or other water quality parameters (Biswal and Chatterjee, 2020).
They were shown to possess a higher bioaccumulation capacity than
their fish hosts, for instance, Pb in monogeneans (Gao and Nie, 2000),
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and Hg in the cymothoid parasite, Riggia paranensis Szidat, 1948 (Quoy
et Gaimard) (Lins et al,, 2008) and various other elements in parasitic
isopods (Pérez-del-Olmo et al,, 2019). This indicates that similar to
endoparasites, ectoparasites are able to bioconcentrate these elements,
producing quantifiable results, which are normally only present in very
low, or undetectable concentrations in the environment (Gilbert and
Avenant-Oldewage, 2017). The use of ectoparasites, such as isopods,
could greatly facilitate our understanding of the biological availability
of pollutants in the environment, ecological interactions and food web
information, with a direct link to climate change (Longo etal., 2013; van
Gestel et al.,, 2018; Sures etal., 2023). Isopods represent a quarter (25%)
of all ectoparasites known to infest fish globally (Oktener and Sezgin,
2000; Tansel and Fatih, 2012; Mahmoud et al., 2019). They play crucial
roles in marine ecosystems by providing food for larger species and
helping to break down organic matter (van Gestel et al., 2018). Results
from ecotoxicological studies of terrestrial isopods over the last three
decades highlight the great capability of these organisms to accumulate
element contaminants (Drobne, 1997; van Gestel, 2012), making them
suitable bioindicators for bioaccumulation monitoring programs.
Further advantages of their use as bioaccumulation indicators in marine
systems are the high host specificity, easy identification, well-defined
physiologies, known life cycles and high occurrence in nature (Longo
et al., 2013).

The present study aims to determine the potential use of the parasitic
isopod, Cinusa tetrodontis Schjodte et Meinert, 1884, together with its
fish host, Amblyrhynchotes honckenii (Bloch) for analyses of metals and
metalloids in marine environments. We determine and compare the
accumulation of elements in fish hosts (both infected and uninfected), as

21°0'0"E
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well as male and female parasites from a near-pristine and contaminated
harbour site. Elemental accumulation is also compared between male
and female isopods from both sites. This marks the first study to conduct
element analyses of parasitic isopods off the coast of Africa and first-
implementing this host-ectoparasite system as an additional model for
marine biomonitoring.

The study focussed on the warm temperate South Coast and fish were
sampled from the Breede River Estuary at Witsand, and in Mossel Bay
adjacent to the harbour (Fig. 1). The Breede River Estuary is classified as
one of the top twenty near-pristine estuaries in the Western Cape
Province of South Africa (Breede River Estuarine Management Plan,
2016). It could therefore be assumed that this site would not show high
element concentrations, but rather reflect background geogenic con-
centrations. Nevertheless, potential threats that may still alter the
quality and integrity of this estuary could be induced by various urban
developments and agricultural activities along theriver, as well as vessel
source pollution (Erasmus et al,, 2004; Breede River Estuarine Man-
agement Plan, 2016), such as those caused by recreational vessels
launching from Witsand. Mossel Bay, on the other hand, being adjacent
to the harbour, introduces many additional anthropogenic sources of
pollution to the marine environment due to vessel pollution, vessel re-
pairs, variable non-point discharges of elements, and coastal oceano-
graphic changes in upwelling events (Wepener and Degger, 2020).
Hence, it is expected to find high levels of element concentrations
attributed to anthropogenic sources within this site.

The evil-eye blaasop, A. honckenii is a fairly understudied fish species
(Acosta and Smit, 2021) although it is one of the most common marine
and brackish fish species, associated with reefs with a wide Indo-West
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Fig. 1. Map indicating the sampling localities of specimens of Amblyrhynchotes honckenii (Bloch).
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Pacific distribution from South Africa to China, and the Marshall Islands
in Micronesia (Froese and Pauly, 2023). It is not a commercially
important fish species and is currently listed as “least concern” in the
TUCN database (Froese and Pauly, 2023). Amblyrhynchotes honckenii is
the only known host of the ectoparasitic isopod, C. tetrodontis, which
commonly infests the buccal cavity of fish (Hadfield et al,, 2010).
Furthermore, this parasite is a protandric hermaphrodite, with
commonly one male and one female present in the hosts’ buccal cavity,
consequently providing a valuable opportunity to determine element
accumulation for four tissues per fish (i.e., liver, muscle, female parasite,
and male parasite).

Using rod and reel, 15 specimens of A. honckenii, 13 males and two
females, were collected from Witsand (—34.397323; 20.837474) in
November 2021 and 10 specimens, eight males and two juveniles, from
Mossel Bay (—34.179656; 22.152093) in February/March 2022 (Fig. 1).
Following capture, fish were transported in aerated water containers
from the collection site to the nearby field station for dissection.

The fish were identified, photographed, weighed, measured, and
killed using percussive stunning followed by pithing (Ethics Committee
approved standard operation procedure NWU-00267-17-A5). The
mouth of the fish was screened for isopods and any isopods found were
identified following Hadfield et al. (2010). All specimens of C. tetrodontis
were removed, and the life cycle stage (i.e., juvenile or adult) and sex (i.
e., male or female) were determined, frozen and stored at —20°C in pre-
cleaned acid-washed polypropylene tubes. Axial muscle and liver tissue
samples of the fish hosts were collected, frozen and stored at —20°C in
pre-cleaned acid-washed polypropylene tubes.

All samples were thawed and freeze-dried (FreeZone® 6, Labconco)
for a duration of 96 h. Dried samples were homogenised using a mortar
and pestle and accurately weighed to four decimals (100 mg of muscle
and liver tissue, as well as +80 mg parasite tissue) and acid digested in
30 ml TFM® vessels with 4 ml HNO3 (sub-boiled from 65%; p.a. quality,
Merck) using a Mars 6 microwave digestion system (CEM Corporation,
Kamp-Lintfort) for multi-element analysis. To avoid cross-
contamination, the mortar and pestle were thoroughly cleaned using
5% HNOj before the next sample was homogenised. Digests were
transferred to 5 ml volumetric flasks, brought to volume with ultrapure
MilliQ water, transferred to pre-cleaned polypropylene tubes and stored
atroom temperature until analyses. According to the survey on elements
in mussels by Wepener and Degger (2020), As, Cd, Cu, Mn, Ni, Pb, Se,
and Zn are generally present in all major harbours in South Africa.
Accordingly, a multi-element analysis was performed for these elements,
using a quadrupole inductively coupled plasma-mass spectrometry (ICP-
MS) (PerkinElmer, Elan 6000) equipped with an auto-sampler system
(PerkinElmer, AS-90). The analysis was performed with the following
operational specifications: 1000 W plasma power, 14 1/min gas flow,
0.95 1/min nebulizer gas flow and 1 ml/min sample flow rate. Yttrium
and Tm (Certipur®, Merck) were used as internal standards for quality
measurements at a concentration of 10 pg/l. These elements were
quantified by using the following mass lines: “°As, 11%cd, ®Cu, °Mn,
50Ny, 298pb, 82Se, and °°Zn. The ICP-MS was calibrated by using a series
of 11 dilutions of multi-element standard solutions. Element concen-
trations were calculated for each sample by use of corresponding
regression lines with a correlation factor of >0.999. The detection limits
were calculated as three times the standard deviation of the blank
measurements per digestion batch (Table 1). Quality control of the
element analysis was performed using applicable standard reference
materials for all the elements. Reference materials, DOLT5 (Dogfish liver
certified reference material for trace metals and other constituents,
National Research Council, Canada) and SRM15666b (Oyster Tissue
certified reference material, National Institute of Standards and Tech-
nology, USA) were used to validate the analytical procedure of biotic
samples (Table 1). Internal procedural standards were analysed after
every 20 samples for quality control and assurance.

For statistical data analysis, the data were tested for normality using
the Shapiro-Wilk normality test. Since all data met the normal
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Table 1

Percentage recovery (%) of two different certified reference materials (DOLT5
and SRM15666b), as well as the limit of detection (LOD) (ng/g dry weight) in
different tissue samples. Detection limits for the fish and parasite samples were
determined as three times the standard deviation of the blank measurements
considering a mean sample mass of 115 mg (muscle), 92 mg (liver), and 78 mg
(parasites), respectively.

Hement % recovery LOD (ng/g dry weight)
DOLTS SRM15666b Muscle Liver Parasite
As 93 92 0.25 0.15 0.64
Ccd 87 88 0.015 0.014 0.020
Cu 109 105 0.75 0.44 0.70
Mn 106 104 0.37 0.20 0.28
Ni 109 106 2.02 15.2 4.13
Pb 118 93 0.98 0.19 1.53
Se 81 108 0.63 1.15 0.37
Zn 93 81 21.0 7.77 52.3

distribution assumption, a two-way ANOVA was performed followed by
Tukey’s multiple comparison test using GraphPad Prism v7. Significance
was regarded as p < 0.05. Results of two-way ANOVA statistical analysis
of variance comparing metal concentrations in species (parasite and fish
host) from two localities (Witsand and Mossel Bay) are presented in
tabular form (Tables 2 and 3). Results of Tukey’s multiple comparison
tests, indicating significant differences (p < 0.05) in element concen-
trations in species (parasite and fish host) from two localities (Witsand
and Mossel Bay), are illustrated in tabular form (Table 4).

Ethical approval for this project was received from the Faculty of
Natural and Agricultural Sciences’ Ethics Committee (FNASREC) of the
North-West University with ethics number NWU-00565-19-A5. Permits
for the collection of A. honckenii for research were issued by the South
African Department of Agriculture, Forestry and Fisheries (permit no.
RES2022-44).

The concentrations of As, Cd, Cu, Mn, Ni, Pb, Se, and Zn were
determined in muscle and liver tissues of both infected and uninfected
fish, as well as in male and female parasites from Witsand and Mossel
Bay, on the South African temperate south coast. Female specimens of
A. honckenii sampled from Witsand 180 + 7 mm (175-185 mm) were
much larger than males 150 + 9 mm (140-165 mm). No juvenile fish
were recorded from this site (Supplementary data, Table S1). The adult
A. honckenii from Mossel Bay were significantly smaller than those
sampled from Witsand (110 + 7 mm). No female fish were recorded
from this site, however, two juvenile fish were recorded measuring 105
+ 7 mm (100-110 mm) in total length (Supplementary data, Table S2).

There was a significant difference in the prevalence of infection by
C. tetrodontis in A. honckenii between sites since only 40% of fish were
infested with C. tetrodontis at Witsand versus 90% of fish at Mossel Bay.
Since the isopod used in this study is a protandric parasitic species, both
male and female sexes were present. Twelve adult specimens of
C. tetrodontis, six males (64 + 16 mg; range 47-95 mg) and six females
(121 + 17 mg; range 101-171 mg) were collected from six specimens of
A. honckenii from Witsand (Supplementary data, Table S1). From Mossel
Bay, 18 adult specimens of C. tetrodontis, nine males, weighing 39 + 4
mg (32-43 mg), and nine females weighing 125 + 28 mg (80-189 mg),
were collected from nine specimens of A. honckenii (Supplementary
data, Table S2). Interestingly, all specimens of C. tetrodontis were
collected from male A. honckenii, while none of the female fish were
infested.

The concentrations of As, Cu, Mn, Ni, Pb and Zn in C. tetrodontis
differed significantly (p < 0.05) between the two sites, where Mossel
Bay’s isopods had higher concentrations of Ni, Pb and Zn (Table 2).
Significant differences in C. tetrodontis between sites are seen in the
concentrations of Cu and Ni. Female C. tetrodontis from Witsand had
higher concentrations of Cu than those from Mossel Bay (Table 2). Male
C. tetrodontis from Mossel Bay had significantly (p < 0.05) higher con-
centrations of Ni than those from Witsand (Table 2). Selenium
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Table 2
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Element concentrations (mean + standard deviation) of Cinusa tetrodontis Schjddte et Meinert, 1884, infested Amblyrhynchotes honckenii (Bloch) and uninfested
A. honckenii from two localities (Witsand and Mossel Bay) along the South African coastline. Significant differences between the two sites are indicated with an asterisk
(*). Significant differences between the parasites and host tissues at Witsand and Mossel Bay, respectively are presented in Table 4. Significance was taken as p < 0.05.

Hement Locality Male Female Infected fish Uninfected fish Infected fish Uninfected fish
CGinusa tetrodontis Cinusa tetrodontis Muscle Muscle Liver Liver
(18/g DW) (1g/g DW) (ig/g DW) (1g/g DW) (1g/g DW) (1g/g DW)
A Witsand 40.40 £15.70 31.21 £ 888 6.42 +£5.94 9.31 £11.27 4.93 + 1.66 5.74 + 4.23
Mossel Bay 33.70 £10.70 27.62 £ 7.35 8.38 £2.45 5.96 8.47 £ 6.17 17.81
ad Witsand 0.11 £ 0.05 0.11 £0.09 0.01 + 0.001 0.01 £ 0.001 211 +£1.36 2.16 £ 0.96
Mossel Bay 0.09 + 0.04 0.06 +£0.03 0.01 + 0.001 0.01 1.94+1.12 4.41
cu Witsand 81.57 + 387.96 69.97 £+ 12.44% 0.79 £ 0.16 0.78 + 0.14 2.88 £ 1.55 3.55 +2.07
Mossel Bay 54.60 £ 18.30 45.34 + 11.57* 0.90 £ 0.15 0.87 4.11 +£1.64 8.62
M ‘Witsand 6.20 & 2.10 3.36 +£0.92 0.27 + 0.04 0.27 £+ 0.05 1.81 + 0.52 1.67 £ 1.08
" Mossel Bay 4.60 £ 1.20 2.57 £0.50 0.50 + 0.24 0.33 2,99 +1.14 4.79
Wi Witsand 8.44 £ 0.70* 3.444+075 0.12 4+ 0.03 0.11 £ 0.02 0.31 £ 0.04 0.33 £ 0.15
Mossel Bay 9.77 + 0.99* 3.81+£1.12 0.19+0.11 0.18 0.29 +£0.12 0.68
b ‘Witsand 1.11 £ 0.74 0.47 £0.18 0.07 £0.13 0.03 £ 0.01 0.06 &+ 0.03 0.07 £ 0.07
B Mossel Bay 3.02 £3.61 113 £1.44 0.06 + 0.05 0.04 0.16 £ 0.12 0.25
se ‘Witsand 20.34 £1.54 13.33 + 4.88 1.18 £ 0.19* 119+ 0.37 218+ 0.31 2.57 £1.10
Mossel Bay 18.84 £ 3.12 12.33 £3.01 0.86 + 0.09* 0.76 2.29 4+ 0.66 4.07
7n Witsand 248.61 + 82.22 205.44 £114.77 13.87 £ 1.54 14.14 + 3.80 43.77 £ 9.53 69.44 4+ 53.93
Mossel Bay 368.41 £110.33 284.44 £ 83.44 15.36 £ 3.44 15.69 71.66 + 30.99 174.72
il concentrations in infected fish muscle tissue differed significantly (p <
able

Two-way ANOVA analysis of variance table comparing element concentrations
in species (Cinusa tetrodontis Schjodte et Meinert, 1884, infested Amblyrhynchotes
honckenii (Bloch), and uninfested A. honckenii) from two localities (Witsand and
Mossel Bay) along the South African coastline.

Hement Species Sites Interaction

df=5) (df=1) df=5)
F=3222p< _ e _ ]

As 0.0001 F=0.067, p=0.8 F=1.183 p= 0.3267
F=34.76;p < » e _ s

o] 0.0001 F=3.071; p=0.0842 F=2.335 p=0.0512
F=168.42p< » e _ o

Cu 0.0001 F=3.520;p=0.0649 F=23.361; p=0.0090
F=46.67; p < _ . _ .

Mn 0.0001 F=1.749;p=0.1905 F=5.523; p= 0.0003
3 F=499.7,p< » ¢ _ T

Ni 0.0001 F=4.469;p=0.0382 F=2.386; p=0.0470
F=4399p= _ L _ .

Pb 0.0016 F=1.381; p=0.2440 F=1.033 p= 0.4056

%e =173.2,p< F=01952 p= F=0.4499; p =

0.0001 0.6601 0.8120
F=4527,p< - T _ o

Zn 0.0001 F=8.058; p=0.0060 F=1.673 p=0.1529

Table 4

0.05) between sites, with higher concentrations observed in fish
collected from Witsand compared to those from Mossel Bay (Table 2).
The instances of significant differences between the biological samples
(parasites, uninfected and infected fish muscle and liver tissues) at a site
were far more than the differences between sites. The only significant
interactions of elements in samples and sites were for Cu, Mn and Ni
(Table 3).

The significant differences in element concentrations between spe-
cies (C. tetrodontis, infected A. honckenii, and uninfected A. honckenii)
from the two localities are summarised in Table 4. Apart from Cd,
element concentrations were generally higher in male isopods compared
to females. At Witsand significant differences (p < 0.05) were found in
concentrations of Mn, Ni and Se, while at Mossel Bay Pb, Mn, Ni and Se
were higher in male than female isopods (Table 4). The parasitic isopod
accumulated significantly higher concentrations of elements when
compared to its fish host (Table 2). Male isopods had significantly higher
concentrations of As, Cu, Mn, Ni, Se and Zn than that of their fish hosts at
both localities. At Mossel Bay, males had significantly higher concen-
trations of As, Cu, Mn, Ni, Pb, Se and Zn compared to their fish hosts
(Tables 2 and 4). Besides Pb, female C. tetrodontis showed the same trend
when compared to their host, A. honckenii (Tables 2 and 4). In general,
infected fish had lower element concentrations compared to uninfected
fish. Only Cd and Mn levels in the liver tissues of uninfected fish at

Matrix indicating significant differences (p < 0.05) in element concentrations in species (Cinusa tetrodontis Schjodte et Meinert, 1884, infested Amblyrhynchotes
honckenii (Bloch), and uninfested A. honckenii) from two localities (Witsand and Mossel Bay) along the South African coastline. Cells above the diagonal lines represent
the elements that are statistically different between conditions at Mossel Bay, while elements below the diagonal lines represent those conditions that differed

significantly at Witsand.
Mossel Bay
Cinusa (3) Cinusa (2) Infected fish (M) Infected fish (L) Uninfected fish (IM) Uninfected fish
(L)
Ginusa (3) Mn, Ni, Pb, Se As, Cu, Mn, Ni, Pb, Se, As, Cd, Cu, Mn, Ni, Pb, Se, As, Cu, Mn, Ni, Se, cd, cu, i, Se
Zn Zn Zn
Cinusa (%) Mn, Ni, Se As, Cu, Mn, Ni, Se, Zn As, Cd, Cu, Ni, Se, Zn Cu, Ni, Se, Zn Cd, Ni, Se
Infected fish (M) As, Cu, Mn, Ni, Se, Zn As, Cu, Mn, Ni, Se, Zn Cd, Mn Cd, Mn
Infected fish @)~ 2% Ob CL Mo NiSe, oy ou, 1, Se, Zn cd cd
Zn
Um"feiltvel;l i As, Cu, Mn, Ni, Se, Zn  As, Cu, Mn, Ni, Se, Zn cd, Mn cd, Mn
Uninfected fish (L) As, Cd, Cu, Mn, Ni, Se, As, Cd, Cu, Mn, Ni, Se, cd cd, Mn
Zn Zn
Witsand
Abbreviations: (3) Male; (9) Female; (M) Muscle; (L) Liver.
4

234



Appendix A

L. Van Der Spuy et al.

Mossel Bay were significantly lower than the levels in the liver of
infected fish (Table 4).

The present paper assessed the possible role of marine ectoparasitic
isopods and their fish hosts as model bioindicators, complementary to
traditional mussel indicators for marine pollution monitoring. To be
considered an effective bioindicator, these isopods need to fulfil the
criteria commonly accepted for established sentinel species. Accord-
ingly, ectoparasitic isopods need to have high bioaccumulation capa-
bilities, be resistant to pollutants with long pollutant half-lives once
accumulated, and be prevalent, as well as widespread (van Gestel et al.,
2018).

The present study assessed element accumulation within the para-
sitic isopod, C. tetrodontis, together with its fish host, A. honckenii. The
bioaccumulation potential of both male and female isopod parasites, as
well as infected and uninfected fish from both a relatively unaffected site
(Witsand) and an element-contaminated harbour site (Mossel Bay), were
compared. The parasitic isopod accumulated significantly higher con-
centrations of elements, except Cd, compared to its fish host. This is
likely because these ectoparasites are exposed to both the external
environment, as well as accumulating elements from feeding on their
fish hosts, making them more susceptible and sensitive to environmental
changes caused by pollution and/or other water quality parameters
(Biswal and Chatterjee, 2020). The uptake and accumulation of ele-
ments, in general, are dependent on environmental and biological fac-
tors across different exposure routes (i.e., uptake from exposure to the
external environment, dermal uptake or food uptake) (Somero et al.,
1977; Caniand Adi, 2003; Van Gestel et al., 2018). Therefore, the degree
of element exposure of these isopods is much higher than what is
experienced by their fish host. However, unlike their hosts, these para-
sites have the ability to bioconcentrate these elements producing
quantifiable results, which are normally only present in very low, or
seemingly undetectable concentrations in the environment (Sures et al.,
2017). This is supported by the present study since concentrations be-
tween sites in the muscle or liver tissues of A. honckenii alone did not
show any significant differences. Cadmium was the only element that
accumulated in much lower concentrations in the isopod, compared to
its fish host. According to the study by Vijver et al. (2006), this is most
likely due to the isopod’s high capability of sequestering elements,
which is strongly related to the storage capacity of elements, such as Cd
and Zn, within the hepatopancreas of isopods. Crustaceans also have the
ability to store potential toxic elements in their exoskeleton and can
reduce their body burdens by increasing the number of moults (O’Cal-
laghan and Sullivan, 2020) It is, therefore, likely that C. tetrodontis has a
high tolerance to element exposure, especially potentially toxic
elements.

The significant differences between sites were related to concentra-
tions of both essential and non-essential elements. According to Bosch
et al. (2015), not all element contaminants are hazardous, since ele-
ments such as Cuy, Fe, Se and Zn are essential in their specific functions in
body metabolism. Conversely, elements such as Cd, Cr, Hg, Niand Pb are
related to sources of pollution and considered non-essential and toxic to
both fish and the environment in exceeding concentrations (Bosch et al.,
2015). In the present study, concentrations of Cu, Mn, Ni, Pb and Zn in
C. tetrodontis differed significantly between the two sites, where Mossel
Bay’s isopods had higher concentrations of Ni, Pb and Zn. Furthermore,
the most significant differences in C. tetrodontis between sites were seen
in the concentrations of Cu and Ni, where female isopods, from Witsand,
had a higher concentration of Cu (essential) than those from Mossel Bay.
On the other hand, male isopods from Mossel Bay had a higher con-
centration of Ni (non-essential) compared to those from Witsand. Hence,
based on the data it is clear that Mossel Bay contains more toxic non-
essential element concentrations, than that of Witsand, containing
more or higher essential element concentrations. Interestingly, Witsand
had slightly higher Cd concentrations compared to Mossel Bay. This was
unexpected since the Breede River Estuary at Witsand has no known
sources of element contamination and is regarded as a pristine
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unaffected site (Breede River Estuarine Management Plan, 2016).
Similarly, Erasmus et al. (2021) found elevated element levels in klip-
fish, Clinus superciliosus, from unimpacted sites along the same coastline.
These authors attributed this to long-term exposure to elements derived
from natural geogenic weathering introduced by freshwater runoff and
frequent upwelling events along the South African coast. The levels of
elements in the Brown mussel, Perna perna, from sites along the South
African south coast also support these findings (Degger et al., 2011;
Wepener and Degger, 2020).

By comparing element concentrations between male and female
C. tetrodontis, element concentrations were generally higher in male
isopods than in females. Interestingly, except with Cu, female
C. tetrodontis showed significant relationships towards an increase in
elements in host liver tissue samples, whereas male C. tetrodontis showed
significant relationships towards an increase in elements in host muscle
tissue. The reason for this is unclear, however, it could be explained by
their food source because even though both male and female isopods
attach in the host’s buccal cavity, the male feeds predominantly on host
tissue, while the female feeds on host blood (Smit et al. unpublished
data). This relationship between element concentrations and female
isopods that feeds on blood was also corroborated by Erasmus et al.
(2020). These potential relationships between the host and or the
external environment as metal sources in the parasitic isopods should be
explored further by analysing metals in host blood and the tissues of the
buccal cavity,

The results of this study demonstrate the suitability of C. tetrodontis
as a good accumulation bioindicator, due to its high bioaccumulation
capability. Additionally, asa group, ectoparasitic isopods possess a well-
defined physiology, which accounts for increased tolerance or even
resistance towards non-essential hazardous elements. Given the
knowledge of their life cycles, attachment sites and food source infor-
mation as described by Smit et al. (2014), ectoparasitic isopods provide
an easier way to understand environmental changes and relative host
behaviour and ecological interactions (Longo et al., 2013; van Gestel
etal., 2018; Honda et al, 2021). The present study highlights a future
direction within environmental parasitology and emphasises the
importance and utility of this particular ectoparasite-host model system,
bicaccumulating higher element concentrations than their hosts,
thereby acting as an effective early warning model.
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Abstract

Marine parasites remain understudied in South Africa with little information available on
their diversity and the effects these parasites may have on their hosts. This is especially
true for parasitic copepods within the family Ergasilidae. Among the 4 genera known in
Africa, Ergasilus Nordmann, 1832 is the most speciose with 19 reported species. However,
this represents only 12% (19/163) of the global diversity. Furthermore, only 5 known
African species are reported from marine environments, and only 1 is reported from the
South African coastline. Given the rich biodiversity along this coastline, a high marine parasite
diversity could be expected from these shores. As a case study, the Evileye blaasop,
Amblyrhynchote honckenii (Bloch), a marine and brackish fish species, was screened for para-
sites along the South African coastline. This resulted in the discovery of 2 species of Ergasilus
new to science (Ergasilus arenalbus n. sp. and Ergasilus chintensis n. sp.), which makes them
the second and third ergasilid species reported for tetraodontid pufferfishes worldwide.
Although genetically distinct, the 2 newly described species clustered in the same subclade
within the Ergasilidae based on 185 rDNA, 28S rDNA and COI mtDNA phylogenies.
The newly described species differ morphologically from each other, and their respective
congeners based on the size and armature of the antenna; body segmentation; and general
ornamentation throughout the entire body. The addition of these 2 new species from a single
host species indicates that South Africa’s marine fishes contain most probably a hidden
parasitic copepod diversity that is worth exploring.

Introduction

Exploring diversity within marine ecosystems has become increasingly important in recent
years, revealing a previously unnoticed level of species richness and genetic variation.
This is particularly true for parasitic copepods within the family Ergasilidae Burmeister,
1835 (Boxshall and Defaye, 2008). Among the various genera in this family, Ergasilus
Nordmann, 1832, stands out as one of the most speciose and widely distributed (Oldewage
and van As, 1988; Oldewage and Avenant-Oldewage, 1993; Fikiye et al, 2023; Mi¢ et al.,
2023). However, the extent of this diversity remains largely unexplored in Africa (Killian
and Avenant-Oldewage, 2013; Fikiye et al., 2023; Mi¢ et al., 2023), with merely 19 reported
species, 12% (19/163), of the global diversity (Fikiye et al., 2023; WoRMS, 2024).

The lack of comprehensive studies in Africa limits our understanding of Ergasilus diversity,
where unique environmental conditions and host communities may foster an even higher
diversity of distinct Ergasilus species. While some investigations have provided insights into
Ergasilus species in African freshwater systems (Oldewage and van As, 1988; Fikiye et al.,
2023), marine or brackish environments in this region remain largely unexplored, hosting
only 5 known species and a single species from the South African coastline (Fikiye et al.,
2023; WoRMS, 2024). Additionally, the limited knowledge regarding their diversity and the
lack of genetic data, compared to those of other well-studied organisms, hinder comprehensive
genomic analyses, creating further challenges in gaining deeper insights into their phylogeny
and biology (Fikiye et al., 2023; Mic et al., 2023).

The discovery of new Ergasilus species, especially in unexplored regions would aid in filling
these crucial gaps and understanding these parasites’ biogeography and evolution (Boxshall
and Halsey, 2004; Song et al., 2008; Mi¢ et al., 2023). Furthermore, marine regions across
the Atlantic and Indian oceans represent hotspots for parasitic diversity due to their wide
range of marine habitats (Everett et al., 2015; Miller et al., 2018). Hence, given the rich diver-
sity of Ergasilus species described from the southern Atlantic and Indian Ocean regions (see
Table 1), South Africa could provide an ideal setting to study marine Ergasilus species and
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Table 1. Updated information for all marine species of Ergasilus Nordmann, 1832 described within the South Atlantic and Indian oceans, with information on host species, host families, distribution and available GenBank data

Species Host family Host species Distribution Ocean 185 288 col References
E. arenalbus n. sp. TH: ‘honckenii (Bloch) TLOC: Witsand, Breede River Estuary, South v s v Present study
present study South Africa Atlantic
E. atafonensis Amado Mugilidae TH: Mugil curema Valenciennes, 1836 TLOC: Rio de Janeiro, Brazil South Atlantic - - - (Amado and
and Rocha, 1996 M. liza Valenciennes, 1836; M. rubrioculus Sergipe, Brazil; Rio Grande do Sul, Brazil; Rocha, 1996)
Harrison et al., 2007; M. trichodon Poey, Séo Paulo, Brazil; Santos, Brazil;
1875 Maranho, Brazil; Bahia, Brazl
E. bahiensis Amado Mugilidae TH: Mugil curema Valenciennes, 1836 TLOC: Bahia, Brazil South Atlantic - - = (Amado and
and Rocha, 1996 Ariidae Sciades herzbergii (Bloch, 1794) Caeté estuary, Brazil; Ajuruteua beach, Rocha, 1996; Dos
Brazil Santos et al,,
2021)
E. caraguatatubensis Mugilidae TH: Mugil curema Valenciennes, 1836 TLOC: Caraguatatuba, Brazil South Atlantic = = = (Amado and
Amado and Rocha, M. liza Valenciennes, 1836; M. rubrioculus Sao Paulo, Brazil; Cananeia, Brazil; Rio Rocha, 1996)
19% Harrison et al., 2007 de Janeiro, Brazil; Maranhao, Brazil
E. chintensis n. sp. TH: ‘honckenii (Bloch) TLOC: Chintsa East, South Africa Indian v 4 4 Present study
present study
E. cyanopictus Mugilidae TH: Mugil cephalus Linnaeus, 1758 TLOC: Rio Nébrega, Brazil South Atlantic - - - (Carvalho, 1962)
Carvalho, 1962
E. felichthys (Pearse, Polyodontidae TH: Bagre marinus (Mitchill, 1815) TLOC: Beaufort, USA North Atlantic - - - (Pearse, 1947;
1947) Ariidae Ariopsis felis (Linnaeus, 1766); Genidens Uruguay; Mobile Bay, USA; St. Louis Bay, South Atlantic Thomsen, 1949;
Syn: E elongatus barbus (Lacepede, 1803); Polyodon USA; Tallapoosa River, USA; Colyell Bay, Gulf of Mexico Johnson and
Thomsen, 1949 spathula (Walbaum, 1792) USA Rogers, 1972)
E. foresti Boxshall - Free-living (Plankton nets) TLOC: Piau River estuary, Brazil; Grande South Atlantic - - - Boxshall et al.
et al., 2002 do Sul, Brazil (2002)
E. ilani Oldewage and Mugilidae TH: Mugil cephalus Linnaeus, 1758 TLOC: Sodwana estuary, Sodwana Bay, Indian = 5 5 (Oldewage and
van As, 1988 KZN, SA van As, 1988)
E. lizae Kroyer, 1863 Mugilidae TH: Mugil liza Valenciennes, 1836 TLOC: New Orleans, USA North Atlantic - - / (Beneden, 1870;
Syn: E nanus Anguillidae Bagridae Anguilla anguilla (Linnaeus, 1758); Louisiana, USA; Brisbane River, Australia; Pacific Bymes, 1986;
Beneden, 1870 Cochleae Acanthopagrus butcheri (Munro, 1949); A Texas coast, USA; Georgia coast, USA; Caribbean Kabata, 1992)
Cyprinodontidae australis (Gunther, 1859); A. berda Israel; Rio Aconcagua, Chile; La Parguera, Mediterranean
Fundulidae Oxudercidae (Fabricius, 1775); Chelon auratus (Risso, Puerto Rico; Melbourne, Australia; Lakes Gulf of Mexico
Sparidae 1810); C. ramada (Risso, 1827); C. saliens Entrance, Australia; Port Lincoln, Indian
(Risso, 1810); Coptodon zlli (Gervais, Australia; Coffs Harbour, Australia;
1848); Fundulus similis (Baird and Girard, Gladstone, Australia; Port Canning, India
1853); . heteroditus (Linnaeus, 1766);
Floridichthys carpio (Gunther, 1866); M.
cephalus Linnaeus, 1758; M. trichodon,
Poey, 1875; Mystus gulio (Hamilton, 1822);
Pseudapocryptes elongatus (Cuvier, 1816);
Sarotherodon galilaeus (Linnaeus, 1758);
Trachystoma petardi (Castelnau, 1875);
E. myctarothes Sphyrnidae TH: Sphyma zygaena (Linnaeus, 1758) TLOC: Indian Ocean islands Indian = Z = (Wilson, 1913)
Wilson, 1913
E istanic TH: armatus (Lacepéde, TLOC: Sindh, Pakistan Indian - - - (Jafri, 1995)
Jafri, 1995 1800)
TLOC: Veli Lake, India Indian - < = Ho et al. (1992)
E. parvitergum Ho Cichlidae TH: Etroplus suratensis (Bloch, 1790);
etal., 1992 Carangidae Carangoides molabaricus (Bloch and
Schneider, 1801)
E. polynemi Redkar Polynemidae TH: Eleutheronema tetradactylum (Shaw, TLOC: Maharashtra, Mumbai, India Indian = 5 = Redkar et al.
et al., 1952 1804) (1952)
E. rostralis Ho et al., Mugilidae TH: Planiliza parsia (Hamilton, 1822) TLOC: Madras, India Indian - - - Ho et al. (1992);
1992 il cunnesius i Pakistan; Veli Lake, India; El-Rashidy and
1836); P. tade (Fabricius, 1775); P. abu Neendakara, India; Shatt Al-Arab River, Boxshall (2002)
(Heckel, 1843); P. macrolepis (Smith, 1846); India
E. uniseriatus Ho Gobiidae TH: Glossogobius giuris (Hamilton, 1822) TLOC: Veli Lake, India Indian - - - Ho et al. (1992)
et al., 1992 Belonidae Xenentodon cancila (Hamilton, 1822) Karuvanoor River, India
E. vembanadensis Siluridae TH: Wallago attu (Bloch and Schneider, TLOC: Vembanad Lake, India Indian - - = (Thomas, 1993)
Thomas, 1933 1801)
E. TH: Atherinella brasiliensis (Quoy and TLOC: Cananéia, Brazil South Atlantic - - - (Carvalho, 1955)
Carvalho, 1955 Gaimard, 1825)
E. youngi Tavares and Ariidae TH: Aspistor luniscutis (Valenciennes, 1840) TLOC: Angra dos Reis, Brazil South Atlantic = = - (Tavares and
Luque, 2005 Sciades herzbergii (Bloch, 1794) Caeté estuary, Brazil Luque, 2005; Dos
Santos et al,,
2021)

Information from the present study is represented in bold.

Syn, synonym; TH, type host; TLOC, type locality.

ABojoysoing

€

‘o 33 Ands Jap uena epury

238



Appendix B

Parasitology

their host associations, possibly yielding a hidden marine parasite
diversity within these shores. Understanding the distribution and
diversity of Ergasilus species across South Africa can provide valu-
able insights into evolutionary patterns, connectivity between
populations and the impact of environmental factors on parasite
distribution (Boxshall and Halsey, 2004). Additionally, such com-
parisons can aid in identifying potential host-switching events
and the emergence of novel host-parasite associations (Boxshall
and Halsey, 2004; Fikiye et al., 2023; Mic et al., 2023).

This study aimed to start filling this gap by investigating the
presence, diversity and molecular characteristics of Ergasilus
copepods associated with the Evileye blaasop, Amblyrhynchote
honckenii  (Bloch), along the South African coastline.
Combining morphological examination and molecular analyses
based on partial ribosomal RNA (rRNA) gene regions (18S and
28S), and 1 mitochondrial DNA gene region (COI), 2 new marine
Ergasilus species were found and described. Revealing and docu-
menting these new species enhances our understanding of the
marine parasite diversity within this region, revealing new hos-
t-parasite interactions and evolutionary links.

Materials and methods
Sampling

As part of a larger study on the biodiversity of marine fish para-
sites in southern Africa, 25 A. honckenii specimens were collected
from 2 coastal localities. Using rod and reel, 15 specimens of A.
honckenii (13 males and 2 females) were collected from the
Breede River Estuary, Witsand (—34.397323; 20.837474) in
November 2021 and 10 specimens (1 male, 8 females and 1
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juvenile) from the intertidal rocky shore at Chintsa East
(—32.836538; 28.116997) in July 2022 (Fig. 1). Following capture,
the fish were transported in aerated water containers to a nearby
field station for dissection. The specimens were then identified,
photographed, weighed, measured and humanely killed using per-
cussive stunning followed by pithing (ethics committee approved
standard operation procedure NWU-00267-17-A5). Ethical
approval for this project was received from the AnimCare
Ethics Committee of the North-West University with ethics num-
ber NWU-00565-19-A5. Permits for collecting A. honckenii were
issued by Cape Nature, Western Cape Province and the South
African Department of Agriculture, Forestry and Fisheries (per-
mit no. CN44-87-18289 and RES2022-44, respectively).

Fish were identified using Smith Sea Fishes (Smith and
Heemstra, 2012), with fish nomenclature following FishBase
(Froese and Pauly, 2024) and Eschmeyer’s Catalog of Fishes
(Fricke et al., 2024). Host authorities are not included in the
text or references.

Morphological analyses

Fish gills were removed and screened for parasites using a Zeiss
Stemi 305 compact stereomicroscope (Zeiss, Oberkochen,
Germany). Copepod specimens were removed from the gills
and preserved in 80% ethanol for morphology and 96% for
molecular analysis. Twelve selected specimens underwent mor-
phological observations after being cleared in lactic acid, dissected
and temporarily mounted onto slides with glycerine.
Photomicrographs of various body structures were captured
using a Nikon Y-TV55 video camera mounted on a Nikon
ECLIPSE Ni microscope (Nikon, Tokyo, Japan). Image analysis
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Figure 1. Map indicating the sampling localities of specimens of Amblyrhynchote honckenii (Bloch).
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software, Image-Pro Express (Nikon), facilitated obtaining all
necessary measurements for descriptive analyses. All measure-
ments and terminology for describing body somites and cephalic
appendages follow Boxshall and Montu’s (1997) guidelines.
Measurements are provided in text descriptions and tabular
form, with text descriptions including average measurements fol-
lowed by the range and number of specimens in parentheses.
Table 2 presents metrical data as the mean, followed by the stand-
ard deviation and the number of specimens examined.
Measurements are in micrometres unless otherwise specified.
Pencil drawings of specimens and dissected appendages were cre-
ated using a drawing tube attached to a Nikon ECLIPSE Ni micro-
scope (Nikon). Final digital illustrations were made with Adobe
Photoshop version 23.0.1 software using a Wacom Intuos Pro tab-
let (Wacom, Saitama, Japan).

Furthermore, 6 adult specimens collected from the Breede
River Estuary, Witsand, were used for scanning electron micros-
copy (SEM). SEM could not be performed on specimens from
Chintsa East due to the limited availability of specimens.
Each specimen selected for SEM observation was cleaned by
lightly brushing the surface. Cleaned specimens were dehydrated,
placed in hexamethyldisilisane (HMDS), mounted onto carbon
tape, placed on aluminium stubs and sputter-coated with carbon
(Emscope TB500, Quorum Technologies, Puslinch, ON, USA),
followed by 20-30nm gold/palladium (Eiko IB2 ion coater,
Eiko, Japan). Specimens were examined with a FEI Nova
NanoSEM 450 scanning electron microscope (FEI, Hillsboro,
OR, USA). Images were taken of various characteristic body struc-
tures to aid in the morphological description and for comparisons
among species.

Molecular analyses

Genomic DNA extraction was conducted using egg strings from 2
copepod specimens from the Breede River Estuary, Witsand, and
1 copepod specimen from Chintsa East. Extraction followed the
Macherey-Nagel NucleoSpin® Tissue extraction kit protocol
(GmbH and Co. KG, Sandton, South Africa), with an adapted
4h pre-lysis period and adding 50% more buffer BE. Partial
gene amplification targeted 3 gene regions: 2 rRNA gene regions
(18S and 28S) and 1 mitochondrial DNA gene region (cyto-
chrome ¢ oxidase I or COI), using primers (18SF, 18SR; 28SF,
28SR) prepared by Song et al. (2008) for 18S and 28S, and univer-
sal mitochondrial primers (LCO1490 and HCO2198) (Folmer
et al., 1994) for COI (Table 3). Amplification reactions were con-
ducted in 25 pL volumes, made up of 12.5uL of DreamTaq PCR
Master Mix (Thermo Fischer Scientific, Waltham, MA, USA),
1.25uL of 10 pm of each primer, 3 uL of DNA product and 7 uL
of double distilled water. Thermocycling conditions followed
adapted protocols established by Folmer et al. (1994) and Song
et al. (2008). The PCR thermocycling profile followed adapted
conditions: 94°C for 5min, followed by 40 amplification cycles
of 95°C for 30, 47°C for 30s and 72°C for 1 min with a final
extension at 72°C for 7 min. Positive PCR products were verified
via 1% agarose gel electrophoresis and then sent for purification
and sequencing in both forward and reverse directions to
Inqaba Biotechnical Industries (Pty) Ltd. (Pretoria, South Africa).

Sequences were assembled, aligned, edited and trimmed using
Geneious Prime version 2023.1.2 (Biomatters, Auckland, New
Zealand). Additionally, the nucleotide Basic Local Alignment
Search Tool (BLAST) was used to select Paracyclopina nana
Smirnov, 1935 (Cyclopettidae Martinez Arbizu, 2000), as the out-
group of the study (Table 4). Considering the limited availability
of COI sequences, unpublished sequences of Ergasilus species,
sourced from the Barcode of Life Database (BOLD), were also
included in the COI alignment (Table 4). Alignments for the

Linda van der Spuy et al.

Table 2. Metrical information of the new species of Ergasilus Nordmann, 1832

Ergasilus Ergasilus

Character arenalbus n. sp. chintensis n. sp.
Body (L) 1182+137; 12 1035 +47; 2
Body (W) 408 +49; 12 424+17; 2
Cephalothorax (L) 626 +93; 12 608+5; 2
Cephalothorax (W) 397 £53; 12 417+6; 2
Cephalosome (L) 336+43; 12 Fused

; Cephalosome (W) 387 +38; 12 Fused
First pedigerous somite (L) 176 +27; 12 Fused
First pedigerous somite (W) 358 +42; 12 Fused
Second pedigerous somite (L) 107 +24; 12 138+6; 2
Second pedigerous somite (W) 274 +31; 12 292+7; 2
Third pedigerous somite (L) 105+18; 12 106 +10; 2
Third pedigerous somite (W) 212 +37; 12 224£10; 2
Fourth pedigerous somite (L) 61+9; 12 40%3;2
Fourth pedigerous somite (W) 140+£11; 12 112+3; 2
Fifth pedigerous somite (L) 31+6; 12 14+6; 2
Fifth pedigerous somite (W) 80+12; 12 83+16; 2
Genital double somite (L) 135+8; 12 113+4; 2
Genital double somite (W) 109+8; 12 88+3;2
First abdomen (L) 43+6; 12 28+6; 2
First abdomen (W) 73+8 12 53+3;2
Second abdomen (L) 31+6; 12 23+42
Second abdomen (W) 63+3; 12 50+1; 2
Third abdomen (L) 28+4;12 21+6;2
Third abdomen (W) 63+2; 12 46+1;2
Caudal rami (L) 30£2; 12 25+2: 2
Caudal rami (W) 24+1;12 18+1;2
Seta | (L) 92+5; 12 61+2; 2
Seta 11 (L) TT+7; 12 55422
Seta 111 (L) 2845, 12 24142
Seta IV (L) 282+24; 12 183+3; 2
Antennule (L) 121+8; 12 98+1;2
Coxobasis (L) 174+23; 12 102+3; 2
Coxobasis (W) 95 +10; 12 65+4; 2
First endopodal segment (L) 339+25; 12 184+2;2
Second endopodal segment (L) 196 +15; 12 108+3; 2
Third endopodal segment (L) 28+4;12 13422
Claw (L) 161+13; 12 86+3; 2
Eggs (L) 1269 +257; 12 1101+4; 2
Eggs (W) 256 +42; 12 193+3; 2

L, length; W, width.

Information is presented as the mean, followed by the standard deviation and the number
of specimens examined.

All measurements are in micrometres.

novel sequences were generated and trimmed using default para-
meters of MAFFT version 7.4.9 (Katoh et al, 2002; Katoh and
Standley, 2013). Genetic divergences among aligned specimens
were calculated within Geneious Prime version 2023.1.2, present-
ing percentage similarities and differences in base numbers.
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Table 3. List of primers used for DNA amplification of parasitic copepods with sequences and references, used to amplify partial 18S, 285 and COI genes in this

study
Gene regions Primers Sequences Sources
185 18SF 5'-AAG GTG TGM CCT ATC AAC T-3' Song et al. (2008)
18SR 5'-TTA CTT CCT CTA AAC GCT C-3'
285 28SF 5'-ACA ACT GTG ATG CCC TTA G-3' Song et al. (2008)
28SR 5'-TGG TCC GTG TTT CAA GAC G-3'
col LCO1490 (F) 5'-GGTCAACAAATCATAAAGATATTGG-3 Folmer et al. (1994)

HC02198 (R)

5'-TAAACTTCAGGGT GACCAAAAAATCA-3"

The optimal nucleotide substitution model for each dataset
was estimated using the Akaike Information Criterion (AIC) in
jModelTest 2.1.4 (Posada, 2008; Darriba et al, 2012). The general
time-reversible model with invariant sites and gamma-distributed
rate variation (GTR + I+ G) was recommended for all datasets
(18S, 28S and COI). Phylogenetic analyses were performed
using Maximum Likelihood (ML) and Bayesian Inference (BI)
methods with this suggested model. BI analyses were conducted
on the CIPRES Science Gateway version 3.3 (Miller et al., 2010)
using MrBayes version 3.2.7a (Ronquist et al., 2012), with 2 inde-
pendent Markov Chain Monte Carlo (MCMC) runs of 4 chains
for 10 million generations, sampling every 1000 generations,
and a burn-in of the first 25 000 generations. ML analyses were
performed using PhyML version 3.0 (Guindon et al,, 2010) on
the ATGC bioinformatics platform, with model parameters esti-
mated and 1000 bootstrap repetitions for nodal support. The
resulting phylogenetic trees from BI and ML analyses were visua-
lized using TreeViewer version 2.2.0 (Bianchini and
Sanchez-Baracaldo, 2024).

Results

Two distinct gill-associated parasitic species, morphologically and
molecularly differentiated, were obtained from subsets of 10-15
A. honckenii specimens, ranging from 95 to 185 mm in length
and weighing 30 to 140 g. Both morphotypes were classified as
Ergasilus (Ergasilidae) based on specific characteristics, such as
body typically cyclopiform with clear segmentation, biramous
legs IV with 2-segmented exopods and 3-segmented endopods,
6-segmented antennules, antennas featuring a single claw and
the absence of maxillipeds in females, following descriptions by
Boxshall and Montu (1997) and Boxshall and Halsey (2004).
Notably, only 1 morphotype was found and described from
each location, highlighting the uniqueness of both morphotypes
in their respective collection sites.

Taxonomy

Ergasilus arenalbus n. sp.: Figures 2-5

ZooBank  LSID:  urn:lsid:zoobank.org:act:4B5580B2-C5BA-
4B8E-99C3-14E9BBF32D3D
Type  host:  Amblyrhynchote  honckenii (Bloch)

(Tetraodontiformes: Tetraodontidae).

Type locality: Breede River Estuary, Witsand (—34.397323;
20.837474), Western Cape Province, South Africa.

Site on host: Gill filaments.

Prevalence of infection: 67% (10 of 15 pufferfish).

Type material: 151 Ergasilus specimens (adult females) were
collected. Only adult females were examined: 6 were used for
SEM; 2 for dissection; 12 for morphology; and 2 egg strings
were used for DNA extraction. The hologenophores (NMB P

1044-NMB P 1045), holotype (NMB P 1042) and 11 paratypes
(NMB P 1043) were deposited in the parasitological collections
of the National Museum, Bloemfontein, South Africa; the remain-
ing specimens are in the possession of the Water Research Group,
North-West University, Potchefstroom, South Africa.

Representative DNA sequences: GenBank accession numbers
and numbers of bases (bp) are given as follows: 18S: 1333 and
1344bp long sequences of 2 specimens, accession numbers:
PQ451954 and PQ451956; 28S: 668 and 664 bp long sequences
of 2 specimens, accession numbers: PQ451957 and PQ451958;
and COL: 701 bp long sequence of 1 specimen, accession number:
PQ439339.

Etymology: The species name ‘arenalbus’ is derived from
‘arena albus’ meaning white sand (English) or wit sand
(Afrikaans) in Latin. This refers to ‘Witsand” the name of the
type locality of this species.

Description

Adult female description (based on 12 specimens). Body length
(measured from the anterior margin of cephalosome to posterior
margin of caudal rami) 1182 (959-1370; n = 12). Body comprises
prosome, urosome and caudal rami. Prosome 5-segmented, com-
posed of cephalosome and 4 free pedigerous somites.
Cephalothorax composed of cephalosome and first pedigerous
somite; cephalosome separated dorsally from previous somite by
flexible cuticle (Figs 2A and 5A). Cephalosome slightly shorter
than wide, 336 (272-414; n=12) long by 387 (316-460; n=12)
wide, oval to trapezoidal, with antennules and antenna visible
in dorsal view. Cephalic ornamentation comprising of anterior
circular eyespot and inverted T-shaped mark of thickened chitin
situated medially on dorsal side (Fig. 2A and B). Paired sensory
pores and papillae observed anterior to eyespot with numerous
sensory papillae and pores scattered over dorsal surface of cepha-
losome. Rostrum well-developed, with truncated posterior mar-
gin. All pedigerous somites wider than long and progressively
smaller. Paired sensory papillae observed mid-dorsally on seg-
ments 2-5. First pedigerous somite 176 (129-218; n=12) long
by 358 (297-428; n =12) wide; second pedigerous somite 107
(82-154; n = 12) long by 274 (241-334; n=12) wide; third pedi-
gerous somite 105 (78-138; n=12) long by 212 (163-268; n=12)
wide; fourth pedigerous somite 61 (44-82; n=12) long by 140
(127-169; n =12) wide.

Urosome comprising reduced fifth pedigerous somite, genital
double somite and 3 free abdominal somites (Fig. 3A). Reduced
fifth pedigerous somite 31 (20-39; n=12) long by 80 (72-114;
n=12) wide. Genital double-somite longer than wide, 135
(120-152; n=12) long by 109 (100-130; n = 12) wide (Fig. 3A),
bearing a pair of multiseriate egg sacs dorsally (Figs 2A and
4A), measuring 1269 (989-1662; n=12) long by 256 (222-340;
n=12) wide (Figs 2A and 4A). Abdomen 3-segmented; first
abdominal somite widest, 43 (36-56; n=12) long by 73 (64-92;
n =12) wide; second abdominal somite shorter, 31 (23-40; n =
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Table 4. List of GenBank and Barcode of Life Database (BOLD) Ergasilidae sequences included in the phylogenetic analyses

Linda van der Spuy et al.

GenBank accession numbers

Taxon Host Locality 18S 28S col References
Acusicola margulisae Amphilophus citrinellus; Parachromis Nicaragua MN852694 MN852849 MN854868 Santacruz et al. (2020)
managuensis; Oreochromis sp.; MN MN852850 MN854869
Poecilia exicana 852695
Dermoergasilus FParetroplus; polyactis Madagascar PP115568 PP115569 PP117931 Mic et al. (2024)
madagascarensis - - PP117932
Ergasilus anchoratus Pseudobagrus fulvidraco China DQ107564 DQ107528 - Song et al. (2008)
Ergasilus arenalb blyrhynchote honckenii South PQ451954 PQ451957 PQ439339 Present study
n. sp. Africa PQ451956 PQ451958 -
**Ergasilus auritus Gasterosteus aculeatus Canada - - ECTCR091-14 BOLD
Ergasilus briani Misgurnus anguillicaudatus China DQ107572 DQ107532 - Song et al. (2008)
Ergasilus caparti Neolamprologus brichardi Burundi 0Q407469 0Q407474 - Mic et al. (2023)
Ergasilus chintensis Amblyrhynchote honckenii South PQ451955 PQ451959  PQ439340 Present study
n. sp. Africa
Ergasilus hypomesi Acanthogobius hasta China DQ107573 DQ107539 - Song et al. (2008)
**Ergasilus lizae Fundulus diaphanus Canada - - ECTCR024-14 BOLD
Ergasilus Gnathochromis permaxillaris Burundi 0Q407465 0Q407470 - Mic et al. (2023)
macrodactylus
Ergasilus megacheir Simochromis diagramma Burundi 0Q407466 0Q407471 - Mic et al. (2023)
Ergasilus mirabilis Clarias gariepinus South Africa OR449753 OR449755 OR448769 Fikiye et al. (2023)
Zambia OR449754 OR449756 OR448770
Ergasilus parasarsi Simochromis diagramma Burundi 0Q407467 0Q407473 - Mi¢ et al. (2023)
Ergasilus parvus Spathodus erythrodon Burundi 0Q407468 0Q407472 - Mi¢ et al. (2023)
Ergasilus parasiluri Tachysurus fulvidraco China DQ107567 DQ107536 - Song et al. (2008)
Ergasilus peregrinus Siniperca chuatsi China DQ107577 DQ107531 - Song et al. (2008)
Ergasilus scalaris Tachysurus dumerili China DQ107565 DQ107538 - Song et al. (2008)
Ergasilus sieboldi Perca fluviatilis; Sparus aurata Czech MW810238 MW810242 - Kvach et al. (2021)
Republic
Ergasilus tumidus Acanthorhodeus taenianalis China DQ107569 DQ107533 - Song et al. (2008)
DQ107570  DQ107534 -
Ergasilus wilsoni Free-living South Korea KR048765 KR048843 KR049036 Baek et al. (2016)
Ergasilus Gymnocypris stewartii China DQ107578 DQ107540 - Song et al. (2008)
yaluzangbus
Neoergasilus Lepomis gibbosus Czech MH167970 MH167968 - Ondrackova et al. (2019),
Jjaponicus Scardinius erythrophthalmus Republic MW810236 MW810240 - Kvach et al. (2021),
USA - - MZ964935 Vasquez et al. (2023)
- - MZ964938
Paraergasilus Cyprinus carpio China DQ107576 DQ107530 - Song et al. (2008)
brevidigitus
Paraergasilus Abramis brama; Perca fluviatilis; Czech MW810239 MW810243 - Kvach et al. (2021)
longidigitus Scardinius erythrophthalmu Republic
Paraergasilus medius Ctenopharyngodon idellus China DQ107574 DQ107529 - Song et al. (2008)
Sinergasilus major Ctenopharyngodon Idella China DQ107558 - - Song et al. (2008)
Silurus glanis Hungary - MZ047815 - Dos Santos et al. (2021)
Sinergasilus Hypophthalmichthys molitrix China DQ107563 DQ107525 - Song et al. (2008)
polycolpus
Sinergasilus Cyprinus carpio China DQ107561 DQ107526 - Song et al. (2008)
undulatus - - MWO080644 Hua et al. (2021)
**Thersitina Gasterosteus aculeatus Canada - - ECTCR063-14 BOLD
gastorostei
Paracyclopina nana Free-living Korea - - EU877959 Ki et al. (2009)
FJ214952 FJ214952 - Ki et al. (2011)

The taxa in bold fonts are sequences generated from the present study. Paracyclopina nana (in the grey shade) was used as the outgroup.
**Taxon from the Barcode of Life Database (BOLD).
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Figure 2. Illustrations of adult female of Ergasilus arenalbus n. sp: (A) entire specimen, dorsal view; (B) detail of cephalosome, dorsal view; (C) mouth, mandible,
maxillule and maxilla; (D) antenna; (E) antennule. Scale bars: A - 500 um; B - 250 um; C-E - 100 um.

12) long by 63 (55-67; n = 12) wide; third somite ( = anal somite)
incised dorsoventrally (= anal opening or anus) forming attach-
ment for caudal rami, 28 (22-32; n=12) long by 63 (59-68;
n=12) wide, ornamented with pair of pores on dorsal side;
each pore located laterally to anal opening and carrying bristle
(Figs 3A, 4E, 5C). All abdominal somites with posterior row of
ventral spinules (Figs 4E and 5C).

Caudal rami slightly elongated, 30 (26-33; n=12) long by 24
(22-28; n = 12) wide, with 4 setae (Fig. 3A). Innermost seta (IV)
longest 282 (226-308; n = 12), followed by shortest seta (III) 28
(20-39; n=12) and 2 longer setae (Il and I) 77 (60-87; n=12)
and 92 (83-99; n =12), respectively (Fig. 3A).

Antennule 6-segmented, armed with long and short setae
(Fig. 2E). Setal formula from proximal to distal segments given

as 3-12-6-2-3-8 (total 34). Antenna 4-segmented (Figs 2D
and 4B) comprising coxobasis, 174 (110-196; n=12) long by
95 (73-114; n=12) wide; and 3-segmented endopod; armed
with curved terminal claw (Figs 2D and 4B). First endopod seg-
ment longest 339 (288-366; 1 = 12), followed by second endopod
segment 196 (152-215; n = 12) and small third endopod segment
28 (24-40; n =12). Prominent spine observed on anterior second
endopod segment (Figs 2D, 4B, 5D). Terminal claw pointed and
smooth 161 (127-186; n=12), with fossa on concave margin.
Mouth positioned ventrally on cephalosome. Labrum with
internal teeth; teeth arranged in an arch. Mandible armed with
3 blades (anterior, medial and posterior blades); anterior blade
thinner and shorter than others, ornamented along anterior mar-
gin; medial and posterior blades, both with teeth on opposite

243



Appendix B

38

Linda van der Spuy et al.

Figure 3. lllustrations of adult female of Ergasilus arenalbus n. sp: (A) urosome, dorsal view; (B) intercoxal sclerites and interpodal plates; (C) leg 1; (D) leg 2 and leg

3; (E) leg 4; (F) leg 5. Scale bars: A - 200 um; B - 100 um; C-F - 50 um.

margin. Maxillule armed with 2 unequal setae; innermost seta
shortest; ornamented with 1 pore and multiple spinules; pore
lacking bristle (Fig. 2C). Maxilla 2-segmented, comprising syn-
coxa ( =first segment) and basis (=second segment); syncoxa
broad, with 2 distal pores; basis ornamented with multiple spi-
nules on posterior margin. Labium broad, unornamented; mid-
region produced posteriorly, with truncated posterior margin.
Swimming legs I to IV; each comprising coxa, basis and 2 seg-
mented rami (ie. exopod, endopod). Rami of all legs

3-segmented, except 2-segmented exopod of leg IV. Segments dis-
tinct, typical with similar basic morphology as in other species of
Ergasilus. Armature on rami as Roman and Arabic numerals indi-
cating spines and plumose setae, respectively, in Table 5.

Leg I (Fig. 3C). Coxa ornamented with spinules on outer mar-
gin. Basis armed with bare outer seta, ornamented with spinules
on both sides; posterior margin protrudes posteriorly forming 1
spinous process; spines located between rami (Figs 3C and 4C).
Exopod 3-segmented; first endopodal segment with distal spine,
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Figure 4. Scanning electron microscope photomicrographs of adult female Ergasilus arenalbus n. sp. showing features from the ventral and dorsal view: (A) entire
specimen; (B) antenna; (C) base of first leg; (D) ventral view of interpodal plates; (E)- dorsal view of ornamentation on caudal rami. Scale bars: A - 500 um; B - 100

um; C-E - 25um.

ornamented with patch of spinules on outer margin; spinules
located just above distal spine; and bristles along outer margin;
second exopodal segment with 1 plumose seta, unornamented;
third exopodal segment armed with 2 serrated spines (inner
and outer spine); inner spine about 2.0 times longer than outer
spine; and 5 plumose setae. Endopod 3-segmented; all segments
with spinules along inner margin; first and second endopodal seg-
ment, each with 1 plumose seta on inner margin; third endopodal
segment armed with 2 serrated spines (inner and outer spine);
inner spine about 2.0 times longer than outer spine; and 4 plum-
ose setae.

Leg II (Fig. 3D). Coxa ornamented with spinules on outer
margin. Basis armed with bare outer seta, ornamented with spi-
nules on both sides. Exopod 3-segmented; first exopodal segment
with distal spine, ornamented with patch of spinules on outer
margin; spinules located just above distal spine; and bristles
along inner margin; second exopodal segment armed with 1
plumose seta; third exopodal segment with simple spine (or non-
serrated) and 6 plumose setae. Endopod 3-segmented; first and
second endopodal segments with 1 and 2 plumose setae, respect-
ively; third endopodal segment with serrated spine and 4 plumose

setae. Leg III with the same armament and ornamentation
described for leg IL

Leg IV (Fig. 3E). Coxa ornamented with spinules on both
sides. Basis armed with bare outer seta, with spinules scattered
across surface. Exopod 2-segmented; first exopodal segment
armed with distal spine, ornamented with spinules and bristles
on outer and inner margin, respectively; second exopodal seg-
ment with 1 spine and 5 plumose setae. Endopod 3-segmented,
all segments lacking ornaments on both margins; first and
second endopodal segment with 1 and 2 plumose setae, respect-
ively; third endopodal segment with 1 serrated spine and 3
plumose setae.

Leg V (Fig. 3F) with single ramus. Ramus 2-segmented;
proximal segment rectangular, without any armaments or orna-
ments; distal segment about 3.0 times longer than previous seg-
ment, with spinules scattered across surface, armed with 2 bare
setae.

Intercoxal sclerites and interpodal plates of all legs, present
(Figs 2A, 3B, 4D). Intercoxal sclerites unornamented, with both
ends directed posteriorly. Interpodal plates present; first to third
plate with spinules; fourth plate absent (Figs 2A and 3B).
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Figure 5. Scanning electron microscope photomicrographs of adult female Ergasilus arenalbus n. sp showing features from the ventral and dorsal view: (A) detail of
the cuticular membrane of cephalothorax; (B) leg 5; (C) ventral view of detail of the caudal rami; (D) detail of the spine of the third antennal segment. Scale bars:

A-150um; B - 25um; C - 20um; D - S5um.

Table 5. Spine-setae formula on swimming legs of Ergasilus arenalbus n. sp.

Coxa Basis Exopod Endopod
Leg | 0-0 0-1 1-0; 0-1; II-5 0-1; 0-1; 1I-4
Leg Il 0-0 0-1 1-0; 0-1; I-6 0-1; 0-2; I-4
Leg Il 0-0 0-1 1-0; 0-1; I-6 0-1; 0-2; I-4
Leg IV 00 0-1 1-0; I-5 0-1; 0-2; I-3

Number of spines in Roman numerals, number of setae in Arabic numerals.

Remarks

The detailed morphological description of E. arenalbus n. sp.
sheds light on its distinctiveness among the recognized species
of Ergasilus worldwide. With 163 valid species known, compari-
sons were only made with other marine Ergasilus species from
the southern Atlantic and Indian Ocean regions. Among the 17
marine species from these regions (Table 1), E. arenalbus n. sp.
stands out in several key morphological aspects, notably in size;
armature of the antenna; the segmentation in the body (free vs
fused prosome somites); and general ornamentation throughout
the entire body. Firstly, its larger body size, with a length aver-
aging 1182 um, sets it apart from species such as E. atafonensis
Amado and Rocha, 1996, E. bahiensis Amado and Rocha, 1996,
E. caraguatatubensis Amado and Rocha, 1996, E. ilani
Oldewage and van As, 1988, E. myctarothes Wilson, 1913,
E. parvitergum Ho et al., 1992, E. rostralis Ho et al., 1992 and
E. uniseriatus Ho et al, 1992 which typically have a smaller
total length, below 1054 um. Conversely, E. felichthys (Pearse,
1947) and E. youngi Tavares and Luque, 2005 present larger
body sizes, approximately 1400 um, emphasizing the distinctive
size range of the newly described species. The segmentation of

the body, particularly the free vs fused prosome somites, is
another distinguishing factor. For instance, E. arenalbus n. sp.
shows variations in abdominal somite dimensions, contrasting
with the more uniform structures seen in species like E. atafonen-
sis. This variability extends to cephalosome characteristics, with
E. caraguatatubensis exhibiting an inflated shape absent in
E. arenalbus n. sp. The spine-setae formulae on the swimming
legs of E. arenalbus n. sp. further differentiate it, particularly
when compared to all other marine congeners, except for
E. lizae Kroyer, 1863. Ergasilus atafonensis, E. bahiensis,
E. myctarothes, E. parvitergum and E. xenomelanirisi Carvalho,
1955, have a spine on the outer margin of the second exopodite
of leg I, which is absent in the new species. In addition, E. ilani
lacks a certain number of armaments that are common on the
legs of the species in the group, for example, spines and setae
on the first segments of the exopod and endopod, respectively.
In E. caraguatatubensis, E. felichthys, E. foresti Boxshall et al.,
2002, E. ilani, E. parvitergum and E. youngi, leg V is extremely
reduced and is represented by 1 or 2 setae. While the setae for-
mula of the antennule is also a clear distinguishing factor, species
like E. ilani, E. rostralis and E. uniseriatus were further excluded
due to their antennules being described as only 5-segmented,
unlike the 6-segmented antennules observed in the other
Ergasilus species. Although E. arenalbus n. sp. morphologically
resembles E. lizae in many aspects, it differs notably in the arma-
ture of the antenna, with E. arenalbus n. sp. exhibiting a single
spine on the anterior second endopod segment, unlike E. lizae.
Additionally, a distinctive feature of the new species is the spine
projections on the posterior margin of the basis of the first leg,
a characteristic absent in all other species examined. This compre-
hensive morphological analysis of E. arenalbus n. sp. provides a
clear understanding of its unique features within the Ergasilus
genus, emphasizing size, body segmentation, appendage armature
and ornamentation as crucial factors in species differentiation.
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Figure 6. lllustrations of adult female of Ergasilus chintensis n. sp: (A) entire specimen, dorsal view; (B) detail of the cephalosome, dorsal view; (C) mouth, mandible,
maxillule and maxilla; (D) antennule; (E) antenna. Scale bars: A - 500 um; B - 250 um; C-E - 100 um.

Ergasilus chintensis n. sp.: Figures 6-7

ZooBank LSID: urn:lsid:zoobank.org:act:E51F54EC-9CF7-47DA-
B4B7-61DEC73B430F.

Type  host:  Amblyrhynchote
(Tetraodontiformes: Tetraodontidae).

Type locality: Chintsa East (—32.836538; 28.116997), Eastern
Cape Province, South Africa.

Site on host: Gill filaments.

Prevalence of infection: 20% (2 of 10 pufferfish observed).

Type material: 2 ergasilids (adult females) were collected. Only
adult females were examined: 2 were used for morphology, and 1
egg string was used for DNA extraction. The hologenophore
(NMB P 1047) and holotype (NMB P 1046) were deposited in

honckenii (Bloch)

the parasitological collections of the National Museum,
Bloemfontein, South Africa.

Representative DN A sequences: GenBank accession numbers and
numbers of bases (bp) are given as follows: 18S: 1353 bp long sequence
of 1 specimen, accession number: PQ451955; 28S: 668 bp long
sequence of 1 specimen, accession number: PQ451959; and COIL:
692 bp long sequence of 1 specimen, accession number: PQ439340.

Etymology: The species name ‘chintensis’ is derived from
Chintsa, representing the type locality of the species.

Description

Adult female description (based on 2 specimens). Body length
(measured from the anterior margin of cephalosome to the pos-
terior margin of caudal rami) 1035 (1002-1068; n=2). Body
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Figure 7. lllustrations of adult female of Ergasilus chintensis n. sp: (A) urosome, dorsal view; (B) intercoxal sclerites and interpodal plates; (C) leg 1; (D) leg 2 and leg

3; (E) leg 4; (F) leg 5. Scale bars: A - 200 um; B - 100 pm; C-F - 50 um.

comprises prosome, urosome and caudal rami. Prosome com-
posed of cephalosome, fused somites (first to third pedigerous
somites) and fourth free somite (Fig. 6A). Cephalosome slightly
shorter than wide, oval to trapezoidal, with antennules and
antenna visible in dorsal view. Cephalic ornamentation compris-
ing of anterior circular eyespot and an inverted T-structure of
thickened chitin situated medially on dorsal side (Fig. 6A
and B). Paired sensory pores and papillae observed anterior to
eyespot with numerous sensory papillae and pores scattered
over the dorsal surface of cephalosome. Rostrum well-developed,
with truncated posterior margin. All pedigerous somites wider
than long and progressively smaller. Second pedigerous somite

104 (98-110; n = 2) long by 292 (287-297; n =2) wide; third ped-
igerous somite 106 (99-113; n =2) long by 224 (217-231; n=2)
wide; fourth pedigerous somite 40 (38-42; n=2) long by 112
(110-114; n =2) wide.

Urosome comprising reduced fifth pedigerous somite, non-
pedigerous barrel-shaped genital double somite, and 3 free
abdominal somites (Fig. 7A). Reduced fifth pedigerous somite
14 (10-18; n = 2) long by 83 (72-94; n = 2) wide. Genital double-
somite longer, 113 (110-115; n =2), than wide, 88 (86-90; n =2)
(Fig. 7A), bearing a pair of multiseriate egg sacs dorsally, measur-
ing 1098 (1101-1095; n=2) long by 190 (192-188; n =2) wide
(Fig. 6A). Abdomen 3-segmented, first abdominal somite widest,
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Table 6. Spine-setae formula on swimming legs of Ergasilus chintensis n. sp.

Coxa Basis Exopod Endopod
Leg ! 0-0 0-0 10; 0-1; II-5 0-1; 0-1; II-4
Leg Il 0-0 0-1 10; 0-1; 1-6 0-1; 0-2; I-4
Leg lll 0-0 0-1 1-0; 0-1; I-6 0-1; 0-2; I-4
Leg IV 00 01 10; I-4 0-1; 0-2; I-3

Number of spines in Roman numerals, number of setae in Arabic numerals.

28 (24-32; n=2) long by 53 (51-55; n =2) wide, second abdom-
inal somite shorter, 23 (20-25; n =2) long by 50 (49-51; n=2)
wide; third somite (=anal somite) incised dorsoventrally (=
anal opening or anus) forming attachment for caudal rami, 21
(17-25; n=2) long by 46 (45-47; n=2) wide (Fig. 7A). All
abdominal somites with posterior row of ventral spinules.

Caudal rami slightly elongated, 23 (22-25; n=2) long by 18
(17-18; n =2) wide, with 4 setae (Fig. 7A). Innermost seta (IV)
longest 184 (182-186; n=2), followed by shortest seta (III) 24
(23-24; n=2) and 2 longer setae (Il and I) 55 (54-56; n=2)
and 59 (57-60; n = 2), respectively (Fig. 7A). Two sensory pores
on posterior ventral margins on each ramus.

Antennule 6-segmented, armed with long and short setae
(Fig. 6D). Setal formula from proximal to distal segments given
as 3-10-6-3-2-6 (total 30). Antenna 4-segmented, comprising
of coxobasis, 99 (97-101; n =2) long by 61 (58-65; n=2) wide;
and 3-segmented endopod, armed with curved terminal claw
(Fig. 6E). First endopod segment longest 182 (181-184; n =2),
followed by second endopod segment 110 (108-112; n =2), and
small third endopod segment 14 (13-15; n=2). Two spines
observed on second endopod segment. Terminal claw pointed
and smooth 83 (81-85 n=2), with fossa on inner margin
(Fig. 6E).

Mouth positioned ventrally on cephalosome. Mandible armed
with 3 blades (anterior, medial and posterior blades); anterior
blade thinner and shorter than others, ornamented along anterior
margin; medial and posterior blades, both with teeth on opposite
margin (Fig. 6C). Maxillule armed with 2 bare setae. Maxilla
2-segmented, comprising syncoxa (= first segment) and basis
(=second segment); syncoxa broad with large maxillary pore;
basis distally ornamented with numerous teeth on convex margin.
Labium broad, unornamented; mid-region produced posteriorly,
with rounded posterior margin.

Swimming legs I to IV; each comprising coxa, basis and 2 seg-
mented rami (i.e. exopod, endopod). Rami of all legs 3-segmen-
ted, except 2-segmented exopod of leg IV. Segments distinct,
typical with similar basic morphology as in other species of
Ergasilus. Armature on rami as follows (Roman and Arabic
numerals indicating spines and plumose setae, respectively) in
Table 6.

Leg I (Fig. 7C). Coxa ornamented with spinules on outer mar-
gin. Basis lacking outer setae, ornamented with spinules on inner
margin. Exopod 3-segmented; first segment with small outer
spine; second segment with 1 inner plumose seta, lacking spine;
third segment with small spine on outer corner, longer apical
spine; both spines with serrated margins; and 5 plumose setae.
Endopod 3-segmented; first and second segment each with 1
plumose seta; third segment with 4 plumose setae and 2 distal ser-
rated spines.

Leg II (Fig. 7D). Coxa ornamented with spinules on outer mar-
gin. Basis with outer seta and pore, ornamented with multiple spi-
nules on inner margin. Exopod 3-segmented; first segment with
small outer spine; second segment with 1 plumose seta, lacking
spine; third segment with small spine on outer corner and 6
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plumose setae. Endopod 3-segmented; first segment with 1 plumose
seta; second segment with 2 plumose setae; third segment with 4
plumose setae and 1 distal serrated spine (Fig. 7D). Leg III
(Fig. 7D) with same ornamentation and armament described for
leg 2.

Leg IV (Fig. 7E). Coxa ornamented with spinules on outer
margin. Basis with outer seta, ornamented with multiple spinules
on inner margin. Exopod 2-segmented; first segment with small
outer spine; second segment with small spine on outer corner
and 4 plumose setae. Endopod 3-segmented; first segment with
1 plumose seta; second segment with 2 plumose setae; third seg-
ment with 3 plumose setae and 1 distal serrated spine.

Leg V (Fig. 7F) with single ramus. Ramus 2-segmented: prox-
imal segment rectangular, without any armaments or ornaments;
distal segment about 2.5 times longer than previous segment, with
spinules scattered across surface, bearing 2 setae (lateral and inner
setae); lateral seta plumose.

Intercoxal sclerites of all legs, present (Figs 6A and 7B); each
sclerite with both ends directed posteriorly. Interpodal plates of
leg I to III ornamented with spinules; fourth plate absent (Fig. 7B).

Remarks

The detailed description of E. chintensis n. sp. highlights its unique
characteristics among Ergasilus species worldwide, especially com-
pared to marine congeners from these geographic regions. Notably,
similar to E. arenalbus n. sp., its body size averaging 1035 pm sets it
apart from both larger species like E. felichthys and E. youngi, ran-
ging around 1400 um, and also from species with smaller sizes
below 1054 pm, such as E. atafonensis, E. bahiensis, E. caraguatatu-
bensis, E. ilani, E. myctarothes, E. parvitergum, E. rostralis and E.
uniseriatus. Similarities emerge due to their shared size range
when comparing the 2 newly described South African species; how-
ever, subtle proportional variations in body segments and appen-
dages are key to their differentiation upon closer examination.
Additionally, E. chintensis n. sp. displays a more intricate armature
on its antenna segments than E. arenalbus n. sp., where the second
endopod segment in this species shows 2 developed spines rather
than just 1 as present in E. arenalbus n. sp. The most striking fea-
ture of E. chintensis n. sp. is its body segmentation, characterized by
a fused 2-segmented prosome. This completely contrasts with the
free prosome somites observed not only in E. arenalbus n. sp.
but also concerning all the other compared marine ergasilid spe-
cies. Ergasilus caraguatatubensis also exhibits a fused prosome
structure, although, to a lesser degree than E. chintensis n. sp.
The antennule setae formula also contributes to this distinction,
with E. chintensis n. sp. differing from E. ilani, E. rostralis and E.
uniseriatus in antennule segmentation (6- vs 5-segmented). These
distinguishing features collectively characterize E. chintensis n. sp.
within the Ergasilus genus, highlighting body segmentation,
appendage armature and ornamentation as key characteristics for
species differentiation.

Molecular characterization and phylogenetic position of African
marine Ergasilus species

The molecular analyses revealed distinct genetic profiles for the
newly described Ergasilus species. This study successfully gener-
ated a total of 8 sequences. For E. arenalbus n. sp., 5 sequences
were produced: 2 188, 2 28S and 1 COI sequence. For E. chintensis
n. sp., 3 sequences were obtained: 1 18S, 1 28S and 1 COI
sequence. Nucleotide comparisons of the 2 new species against
the partial 185 rDNA, 285 rDNA and COI mtDNA gene
sequences of the genus Ergasilus were performed, as detailed in
Tables 7-9, respectively. Both ML and BI analyses were conducted
on the partial 18S rDNA, 28S rDNA and COI gene alignments,
producing phylogenetic trees with congruent topologies. Thus,
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Table 7. Nucleotide comparison of the partial 18S rDNA sequences of the genus Ergasilus Nordman, 1832, based on 1354 bp-long alignment.

Number of bases/residues which are not identical

E E E E E & E E E & E E (7 2 % E E E P.
arenalbus chintensis caparti parvus macrodactylus megacheir parasarsi - sieboldi mirabilis hypomesi tumidus briani anchoratus yoluzangbus wilsoni parasiluri peregrinus scolaris nana
E. arenalbus 0 14 14 14 15 15 15 15 19 23 23 25 26 ZS 27 ?l 33 99
i E. chintensis 100 14 14 14 15 15 16 17 20 24 24 26 30 27 29 2 35 103
E. caparti 98.60 98.60 0 0 1 1 14 3 12 19 19 14 16 18 24 27 19 76
E. parvus 98.60 98.60 100 0 1 1 14 3 12 19 19 14 16 18 24 27 19 76
E. macrodactylus 9860 98.60 100 100 1 1 14 3 12 19 19 14 16 18 24 pid 19 76
E. megacheir 9850 98.50 9990 99.90 9990 o 13 4 13 20 20 15 15 19 25 28 20 7%
E. parosarsi 9850 98.50 99.90 99.90 9990 100 13 4 13 20 20 15 15 19 25 28 20 76
E. sieboldi 9887 98.82 9859 98.59 9859 98.69 98.69 13 19 2 21 24 23 2 28 3 32 100
E. mirabilis 9887 %8.74 99.70 99.70 99.70 99.60 99.60 99.04 20 2 22 24 23 25 29 36 32 102
E. hypomesi 9857 98.52 9880 98.80 98.80 98.69 98.69 9859 98.52 14 14 24 34 30 20 3 35 104
E. tumidus 9827 98.23 9809 98.09 98.09 97.9 97.99 9845 98.37 98.96 4 31 36 30 20 36 41 106
E. briani 9827 98.23 9809 98.09 98.09 97.9 97.99 9845 98.37 98.96 99.70 31 36 30 20 37 41 106
; E. anchoratus 98.12 98.08 9859 98.59 9859 98.49 98.49 9822 9.2 98.2 97.711 97.71 37 37 34 39 28 105
E. yoluzangbus 98.05 97.78 9839 98.39 9839 98.49 98.49 9830 98.30 97.49 97.34 97.34 9726 33 39 39 45 103
E. wilsoni 98.05 98.00 9819 98.19 98.19 98.09 98.09 9822 98.15 97.78 97.78 97.78 9726 97.56 38 a2 49 108
E. parasiluri 97.98 97.86 97.59 97.59 9759 97.49 97.49 9793 97.86 98.52 98.52 9852 9749 97.12 97.19 a2 44 110
E. peregrinus 97.67 97.63 9729 97.29 9729 97.19 97.19 9756 97.34 97.71 97.34 97.26 9711 97.12 96.89  96.89 50 107
E. scalaris 9752 97.41 98.09 98.09 98.09 97.9 97.99 9763 97.63 97.41 96.97 9697 9793 96.67 9.37 9675 %.3 116
P. nana 9258 92.39 9238 9238 9238 92.38 9238 9261 9247 92.32 92.17 9217 9225 9239 9202 9188 921 9.4

Percentage of basis/residues which are identical

Table 8. Nucleotide comparison of the partial 28S rDNA sequences of genus Ergasilus Nordman, 1832, based on 682 bp-long alignment

‘)0 33 Ands Jap uen epur]

Abojoysping

Number of bases/residues which are not identical

E E E: E E (=) E E E E E E £ E E E E P
arenalbus chintensis wilsoni hypomesi peregrinus sieboldi briani tumidus scalaris parasiluri coparti megacheir macrodactylus anchoratus parvus mirabiis parasarsi  yaluzangbus nana

E. arenalbus 6 37 37 38 48 50 54 55 55 61 62 63 66 68 69 70 71 176
E. chintensis 99.10 36 38 40 46 47 50 54 54 61 62 63 66 68 65 72 72 176
E. wilsoni 94.46 94.61 38 40 a2 37 40 42 4 66 66 67 66 70 69 73 70 171
E. hypomesi 9447 94.32 9432 40 36 32 35 34 2 55 62 59 67 63 61 60 64 169
E. peregrinus 9431 94.01 94.01 94.02 44 42 45 46 44 56 57 56 66 59 60 64 64 168
E. sieboldi 9255 92.86 93.48 94.41 93.17 40 41 43 3 65 72 70 2 74 62 75 66 168
E. briani 9253 9297 9447 95.22 9372 93.8 19 22 18 65 67 64 7 68 64 69 75 169
E. tumidus 9193 9253 94.02 94.78 9327 9364 9716 29 25 67 70 66 80 70 65 72 72 168
E. scalaris 9177 91.92 93.71 94.92 93.11 93.32 9671 9567 8 n 74 71 9 3 3 72 70 173
E. parasiluri 9177 91.92 9341 95.22 9341 9332 9731 9626 9880 70 73 70 80 70 70 69 72 167
E. caparti 90.67 90.67 89.91 91.59 91.44 89.83 9008 8977 8914 89.30 14 13 78 17 32 18 73 180
E. megacheir 9052 90.52 89.91 90.52 9128 88.73 8977 8931 8869 83.84 97.86 9 81 13 41 19 73 180
E Mmqlm 9037 90.37 89.76 90.98 9144 89.05 9023 8992 8914 89.30 98.01 9862 81 6 43 15 71 177
E. anchoratus 90.13 90.13 90.13 90.00 90.13 88.82 8851 8806 8819 83.04 88.07 8761 87.61 85 84 85 95 180
E. parvus 89.60 89.60 8930 90.37 90.98 8842 8962 8931 8884 8930 97.40 9801 99.08 87.00 45 ik 74 180
E. mirabilis 8969 920.28 89.69 90.88 91.03 90.37 9045 9030 8864 89.54 95.10 9372 93.42 8744 93.11 44 81 176
E. parasarsi 8930 88.99 88.84 90.83 9021 8826 8947 8901 8899 8945 97.24 9709 91.70 87.00 97.70  93.26 70 77
E. yaluzangbus 8947 89.32 89.61 90.50 90.50 89.81 8889 8933 8961 8932 8891 8891 89.21 8593 8875 87.9% 89.36 174
P. nana 74.00 74.00 7474 75.07 75.18 7421 7507 7522 7445 1533 72.85 7285 7330 7345 7285 74.04 73.30 74.37

Percentage of basis/ residues which are identical
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Table 9. Nucleotide comparison of the mtDNA COI gene sequences of genus Ergasilus Nordman, 1832, based on 700 bp-long alignment.

Number of bases/residues which are not identical

E. arenalbus E. chintensis E. wilsoni E. auritus E. lizae E. mirabilis P. nana

E. arenalbus 43 111 119 128 139 1
E. chintensis 93.78 114 123 134 137 179
E. wilsoni 80.93 80.41 111 114 122 146
E auritus 81.91 81.31 80.93 133 141 177
E lizae 80.55 79.64 80.41 79.79 130 181
E. mirabilis 79.94 80.17 79.04 7857 80.24 184
P. nana 74.46 74.36 74.91 73.10 72.49 73.45

Percentage of basis/residues which are identical

only the ML tree of the 28S and COI gene regions are presented
(Figs 8 and 9, respectively).

The 18S phylogenetic analyses yielded a final alignment con-
sisting of 1354 bases. The 18S sequences exhibited no interspecific
variability (0bp difference) since no differences were found
among the 185 rDNA sequences of E. arenalbus n. sp. and E.
chintensis n. sp. (Table 7). The analysis revealed E. scalaris
Markevich, 1940, as the most genetically distant species from E.
arenalbus n. sp. (33bp/2.48%) and E. chintensis n. sp. (35bp/
2.59%) (Table 7). The lowest interspecific differences
(1.13-1.18%) were observed between the new species and E. sie-
boldi von Nordmann, 1832 (Table 7).

The 28S phylogenetic analysis produced a final alignment of 682
bases. These 28S sequences displayed minor interspecific variability
(6 bp) among the 28S rDNA sequences of E. arenalbus n. sp. and E.
chintensis n. sp. (Table 8). The analysis showed E. parasarsi Mi¢
et al., 2023, and E. yaluzangbus Kuang and Qian, 1985, as the
most genetically distant species from E. arenalbus n. sp. (71bp/
10.70%) and E. chintensis n. sp. (72bp/10.68%), respectively
(Table 8). The smallest interspecific differences (5.39-5.60%)
were noted between the new species and E. wilsoni Markevich,
1933 (Table 8). ML and BI analyses using rDNA alignment that
included partial 28S sequences of Ergasilidae produced trees with
consistent topologies and similar nodal support values.

‘;glgnsllus arenalbus
-Ergasilus chintensis

@?sik_ls

ot |Eoré;asilus mir:
-Ergasilus mirabilis

74/-
-Ergasilus peregrinus
-Sinergasilus major
Fl 100, 7

-Sinergasilus undulatus
10.81/70
-Ergasilus anchoratus
- g%ergasilus Jjaponicus
-Neoergasilus japonicus
9éf:'lgasilus briani
(-Ergasilus tumidus
-Ergasilus tumidus

- 097770

-Ergasilus parasiluri
0.99/87

10.82/

Ergasili&ae
Cyclopoida

-Ergasilus scalaris
-Ergasilus hypomesi
-Dermoergasilus mada
098/76 MR, :
-Ergasilus sieboldi
[‘- ;‘Qo%usicola margulisae
- Acusicola margulisae
-Paraergasilus medius
-Paraergasilus brevidigitus

-Paraergasilus longidigit
-Ergasilus wilsoni
nana

outgroup | |

yclop

Figure 8. Phylogenetic tree of Ergasilidae copepods based on partial 285 rRNA gene alignments. Newly generated sequences for Ergasilus arenalbus n. sp. and
Ergasilus chintensis n. sp. are provided in bold. Nodal support presented above or below branches for Bayesian Inference (>0.7) and Maximum Likelihood
(>70%) analyses (BI/ML). Dashes indicate values below 0.7 and 70%, respectively. Paracyclopina nana Smirnov, 1935, was used as the outgroup.
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Figure 9. Phylogenetic tree of Ergasilidae copepods based on partial COl mtDNA gene alignments. Newly generated sequences for Ergasilus arenalbus n. sp. and
Ergasilus chintensis n. sp. are provided in bold. Nodal support presented above or below branches for Bayesian Inference (>0.7) and Maximum Likelihood (>70%)
analyses (BI/ML). Dashes indicate values below 0.7 and 70%, respectively. Paracyclopina nana Smirnov, 1935, was used as the outgroup.

Consistent with previous phylogenetic studies on ergasilids (Song
et al., 2008; Santacruz et al., 2020; Fikiye et al., 2023; Mi¢ et al,
2023, 2024), the analyses identified 5 well-supported polyphyletic
Ergasilus groups (Fig. 8): (A) the African freshwater Ergasilus spe-
cies, (B) the Sinergasilus Yin, 1949, species and the E. anchoratus
Markevich, 1946, group, (C) the Asian Ergasilus species and the
Neoergasilus japonicus (Harada, 1930) group, (D) the recently
described Dermoergasilus madagascarensis Mi¢ et al. , 2024, and
E. sieboldi group and (E) the Paraergasilus Markevich, 1937, species
and the E. wilsoni group (Fig. 8). Despite forming a distinct sub-
clade (F), the newly described species still clustered within the lar-
ger clade that includes subclade (A) comprising African freshwater
species, along with non-African species like E. yaluzangbus and E.
peregrinus Heller, 1865 (Fig. 8).

COI sequences were aligned using invertebrate mitochondrial
translation, resulting in an alignment length of 700 bases. The
sequences included GenBank and BOLD sequences submitted
from Canada (Table 4). These results displayed substantial inter-
specific variability (43 bp) among the COI sequences of E. arenal-
bus n. sp. and E. chintensis n. sp. and more than 110 bases from
all other Ergasilus congeners (Table 9). The analysis showed E.
mirabilis Oldewage and van As, 1987, and E. lizae as the most
genetically distant species from E. arenalbus n. sp. (139 bp/
20.06%) and E. chintensis n. sp. (134bp/20.36%), respectively
(Table 9). The smallest interspecific differences (19.07-19.59%)
were noted between the new species and E. wilsoni (Table 9).
Similar to the 28S tree topology, the novel sequences of E. arenal-
bus n. sp. and E. chintensis n. sp. formed the same subclade (F),
within the larger clade that includes subclade (A) comprising

African freshwater species, E. mirabilis, and the morphologically
similar marine species E. lizae, which is also found within the
Indian Ocean (Fig. 9).

Based on these analyses, this study proposes the existence of a
sixth clade (F) consisting of African marine Ergasilus species (Figs
8 and 9). However, this proposition remains speculative as their
precise phylogenetic placement within Ergasilidae remains unre-
solved due to low support values and limited molecular data, con-
cerning marine ergasilids.

Discussion

The discovery of 2 new Ergasilus species, E. arenalbus n. sp. and E.
chintensis n. sp., from the Evileye blaasop, A. honckenii, signifi-
cantly enhances our understanding of marine parasite diversity
in South Africa. These findings highlight the underexplored
nature of marine parasites in this region, particularly within the
genus Ergasilus, known for its rich diversity in global freshwater
and marine environments (Boxshall and Defaye, 2008; Fikiye
et al., 2023; Mi¢ et al., 2023). To date, only a limited number of
Ergasilus species have been reported from African marine envir-
onments, with only 5 documented, including just 1 from South
Africa (Fikiye et al., 2023; WoRMS, 2024). Moreover, despite
Ergasilus being found in a wide range of fish host families (see
Table 1), only a single species, E. colomesus Thatcher and
Boeger, 1983, has been described from the family
Tetraodontidae Bonaparte, 1832 (Thatcher and Boeger, 1983) in
the Amazon River, Brazil.
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The addition of E. arenalbus n. sp. and E. chintensis n. sp. not
only introduces new host records but also suggests a higher hid-
den diversity of Ergasilus within South Africa’s coastal region and
the Tetraodontidae family. This hints at a potentially broader
copepod diversity and novel host-parasite relationships yet to
be explored, aligning with global trends revealing extensive species
diversity in under-studied marine ecosystems (Boxshall and
Defaye, 2008). The presence of these new species along the
South African coastline highlights the region’s rich marine bio-
diversity and emphasizes the importance of investigating lesser-
known areas and hosts for hidden parasite diversity.

Taxonomically, detailed morphological examinations of these
species, focusing on size, body segmentation, appendage armature
and ornamentation, provide crucial insights into their distinctive-
ness from known congeners. Integrating traditional morpho-
logical taxonomy with molecular techniques has been
instrumental in characterizing these new Ergasilus species.
Molecular analyses alongside morphological assessments confirm
the uniqueness of these species with greater accuracy (Mic¢ et al.,
2024; Walter and Boxshall, 2024). This integration is valuable as
morphological characters alone often yield conflicting results in
distinguishing new species and understanding their placement
within Ergasilidae lineages (Mi¢ et al, 2024; Walter and
Boxshall, 2024).

The nomenclatural history of ergasilids emphasizes the signifi-
cant challenge of formulating generic diagnoses that effectively
distinguish species. This complexity is evidenced by the synony-
mization of 33 Ergasilus species either with other previously
described Ergasilus species or with species from different genera
within the Ergasilidae family (Walter and Boxshall, 2024).
Moreover, genera such as Acusicola Cressey, in Cressey and
Collette, 1970, Dermoergasilus Ho and Do, 1982, Neoergasilus
Yin, 1956, Paraergasilus and Sinergasilus, have consistently been
confirmed as monophyletic (Song et al., 2008; Santacruz et al.,
2020; Kvach et al., 2021; Mi¢ et al., 2023, 2024). However, these
genera render Ergasilus polyphyletic, with certain species, like E.
anchoratus, E. sieboldi and E. wilsoni, showing closer relationships
to Sinergasilus, Dermoergasilus and Paraergasilus, respectively
(Figs 8 and 9).

Phylogenetics pose significant challenges that hinder com-
prehensive genomic analyses of Ergasilus species, creating obsta-
cles in gaining deeper insights into their biology. The limited
knowledge regarding their diversity and the lack of genetic
data, compared to those of other well-studied organisms, are
major contributing factors. Previous studies (Song et al., 2008;
Santacruz et al, 2020; Kvach et al., 2021; Mi¢ et al., 2023,
2024) have attempted to overcome these challenges through
molecular characterization using rRNA genes, particularly the
18S and 28S rDNA regions. However, the effectiveness of
these markers in species-level differentiation has been variable
(Mi¢ et al., 2023, 2024). The 18S rDNA region of the present
study has shown minimal or even zero variation (0-2.59%) in
some cases, making it unsuitable for distinguishing between
closely related species. This is consistent with findings from earl-
ier studies, which reported that the 18S rRNA gene is highly
conserved and not suitable for identification at lower taxonomic
levels (Taniguchi et al., 2004; Huys et al., 2006; Tang et al., 2012;
Marrone et al., 2013). This lack of variation reinforces the lim-
itations of the 18S rDNA marker for species-level differentiation
within this genus.

In contrast, the 28S rDNA analyses have proven more effective
in distinguishing between species (Song et al., 2008; Santacruz
et al., 2020; Kvach et al., 2021; Mi¢ et al., 2023, 2024). The present
study supports these findings to an extent, revealing higher, albeit
minor interspecific divergence (6 bp between E. arenalbus n. sp.
and E. chintensis n. sp.). The analysis also identified other
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Ergasilus species as genetically distant from the newly described
taxa, highlighting the potential of 285 rDNA in elucidating phylo-
genetic relationships within the family Ergasilidae. However, des-
pite its relative effectiveness, the genetic variation observed in the
28S rDNA is still limited, with little variation (0.90-10.70%),
compared to other markers, raising questions about its adequacy
for reliable species identification.

The COI gene, a widely used barcode for species-level differen-
tiation (Tang et al., 2012; Baek et al., 2016; Mayor et al., 2017; Mi¢
et al., 2023, 2024), demonstrated high resolution at the species
level for the Ergasilus species described in this study and indicated
significant interspecific variability. The COI analyses revealed
substantial differences (43bp) among the COI sequences of E.
arenalbus n. sp. and E. chintensis n. sp., as well as notable vari-
ation from other Ergasilus congeners. This suggests that the
COI gene may be a more suitable marker for species-level differ-
entiation in this group. However, it is important to note that the
limited availability of only 4 other Ergasilus COI sequences (see
Fig. 9 and Table 9) means that drawing definitive conclusions
from these results is premature. While COI shows promise for
more precise species identification, further research is needed to
expand the dataset and validate its effectiveness across a broader
range of Ergasilus species. Moving forward, prioritizing the COI
gene in future studies may provide a clearer understanding of
the diversity and evolutionary relationships within the family
Ergasilidae.

The phylogenetic relationships of ergasilid copepods remain
largely unclear, with only 11% (31 out of 277) of the known species
with any molecular data available (Mi¢ et al., 2023, 2024; Walter
and Boxshall, 2024). Limited studies have examined the genetic
characteristics of African Ergasilus species (Fikiye et al., 2023,
Mic et al., 2023), and no genetic studies exist for the characteriza-
tion of marine species. Notably, the present study provides the first
marine sequences for this genus. The only available brackish
sequences are for Ergasilus wilsoni and Ergasilus sieboldi (Walter
and Boxshall, 2024), both of which are primarily associated with
freshwater environments rather than being strictly marine or brack-
ish. Ergasilus wilsoni and E. sieboldi can inhabit fresh or brackish
waters, while recognized as typical freshwater species found in
the Palearctic region, particularly in rivers and lakes (Kvach
et al, 2021), distinguishing them from the newly discovered
Ergasilus species, as close relationships among ergasilids may be
influenced by the geographical origin of the species or the endem-
ism of their hosts (Mic et al., 2023). This means that parasite dis-
tribution is closely linked to the geographic distribution of their
hosts (Morand and Guégan, 2000), suggesting potential
coevolution between parasites and hosts. The discovery of 2 genet-
ically similar species from the same host species suggests that the 2
newly identified Ergasilus species associated with pufferfish along
the South African coast reflect coevolutionary patterns and
host-specific endemism. These findings are consistent with conclu-
sions drawn from previous phylogenetic studies (Song et al., 2008;
Santacruz et al., 2020; Kvach et al., 2021; Oliveira et al, 2021).
Therefore, the geographic separation between E. sieboldi and E. wil-
soni from the newly discovered species further highlights the crit-
ical need for more comprehensive genetic data on marine
Ergasilus species to enhance our understanding of their diversity,
evolutionary relationships and distribution patterns.

Conclusion

The discovery and descriptions of E. arenalbus n. sp. and E. chin-
tensis n. sp. in association with the Evileye blaasop represent a sig-
nificant advance in our understanding of marine parasite diversity
in South Africa. These results highlight the rich marine ecosys-
tems of the region and emphasize the importance of investigating
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under-explored areas to uncover the hidden biodiversity.
Furthermore, the new Ergasilus sequences and phylogenetic ana-
lyses presented in this study provide the first insight into the
phylogenetic relationships of marine Ergasilus species within the
South Atlantic and Indian Ocean regions. Alongside the studies
by Mic et al. (2023, 2024) and Fikiye et al. (2023), this research
also offers a further understanding of the African clade lineage,
making the molecular data presented here the first to elucidate
the phylogenetic relationships of this genus in African and marine
systems. Our phylogenetic analysis suggests that African marine
ergasilids form a distinct monophyletic lineage separate from
freshwater species, proposing the recognition of a sixth clade
(F) for African marine Ergasilus species (Figs 8 and 9).
Nonetheless, due to low support values and the scarcity of
molecular data for marine ergasilids, their exact phylogenetic
placement within the family Ergasilidae remains unresolved.
Further studies that integrate both morphological and molecular
data are essential to elucidate these relationships.

Data available statement. Sequence data are available on the
NCBIGenBank database. All other necessary data are included in the article.
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and industry, are characterised by their long-lasting presence in the
environment and their ability to bioaccumulate in aquatic organisms
(Gakuba et al., 2019; Ramirez-Ayala et al., 2021). OCPs were primarily
introduced for pest and disease control starting in the 1940s, while PCBs
were used as coolants and lubricants in electrical equipment until their
ban in the late 1970s (Serdar et al., 201 4). Both groups of pollutants pose
serious ecological risks, including disruptions to marine life and food
webs (Serdar et al., 2014; Thompson et al., 2017). The persistence of
these compounds poses ongoing risks to marine ecosystems, remaining
detectable long after their initial application and raising concerns about
their long-term effects on biota and human health, due to their bio-
magnification through the food chain (Jones, De Voogt., 1999; Li and
Macdonald, 2005; Girones et al., 2020; D’Agostino et al., 2020).

Efforts to manage POPs have been initiated through international
agreements such as the Stockholm Convention that aims to eliminate or
restrict these pollutants globally (tockholm Convention on persistent
organic pollutants, convention text., 2001; Gakuba et al., 2019). How-
ever, challenges persist due to existing stockpiles of POPs and ongoing
releases from contaminated sites (Ramirez-Ayala et al, 2021).
Currently, South Africa is the largest importer of pesticides in Africa,
with an estimated value of $3.4 million between 2008 and 2017 (Tolera,
2021), resulting in the ongoing introduction of pesticides into rivers and
ultimately the marine environment through various contamination
pathways (Vogt et al., 2019; Wepener and Degger, 2019; Erasmus et al.,
2020). For example, persistent organic pollutants such as DDT, banned
in most other parts of the world, continue to be used for vector control in
malaria-endemic regions of South Africa (Burke et al., 2017; Thompson
et al., 2017; Olisah et al., 2021). Studies have shown that these
land-based sources of POPs resulted in the contamination of intertidal
(Erasmus et al., 2020) and coral reef (Porter et al., 2018) ecosystems off
the east coast of South Africa. Understanding the distribution and con-
centration of POPs along the South African coastline is critical for
evaluating potential impacts on biodiversity and ecosystem health. The
implications extend beyond ecological health to human health concerns
for communities reliant on coastal resources (Ramirez-Ayala et al.,
2021). Consumption of contaminated seafood can result in harmful
substance bioaccumulation in humans, leading to adverse health out-
comes (Ramirez-Ayala et al., 2021). Therefore, comprehending the dy-
namics of POP accumulation in marine species is vital for assessing risks
to both ecological integrity and public health (D"Agostino et al., 2020).

Most marine pollution monitoring studies have relied on traditional
sessile bioindicator species such as mussels (Wepener and Degger, 2012;
Farrington et al., 2016). In South Africa, the focus has primarily been on
the monitoring of metals in mussels (Wepener and Degger, 2020) but the
need for assessing other classes of pollutants (Wepener and Degger,
2019) and using other species such as marine fish (Galkuba et al., 2019;
Olisahetal., 2021) along the South African coastline has been identified.
Although South African pufferfish are not commercially significant and
are classified as “least concern” by the IUCN (Froese and Pauly, 2023),
their use as an indicator of contamination offers advantages over mus-
sels. Unlike mussels, which filter-feed from large volumes of water with
low enzymatic activity for metabolising OCPs (Leon et al., 2013), puf-
ferfish exhibit diverse metabolic pathways that provide insights into
how various contaminants affect marine fish rather than sessile bivalves
(Yuqi et al., 2014). Furthermore, their scavenger feeding habits expose
them to different sources of contaminants (Sazima, 2024). Pufferfish
liver has a high lipid content (Wang et al., 2019), which is crucial for the
accumulation of POPs (Phillips, Rainbow., 1994) and for this reason,
pufferfish have been used as indicator organisms of metal exposure in
the Mediterranean Sea (Kosker et al., 2019; Dogdu et al., 2021) and the
South African coastline (Van Der Spuy et al, 2023). Furthermore,
biochemical and histological biomarkers in pufferfish were used as in-
dicators of marine health in marine protected areas (MPAs) of Brazil
(Marinsek et al., 2024) and coastal lagoons of the Yucatan (Pech et al.,
2009).

A pufferfish species occurring in South Africa, the evileye blaasop,
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Amblyrhynchote honckenii (Bloch, 1785), has the potential to serve as a
model for studying pollutants due to its wide distribution, ecological
significance, and sensitivity to environmental changes, as evidenced by
its accumulation of metals (Van Der Spuy et al., 2023). This species is
also one of the most common marine and brackish fish associated with
reefs, with a broad Indo-West Pacific distribution from South Africa to
China and the Marshall Islands in Micronesia (Froese and Pauly, 2023).
This study aimed to provide insights into OCP and PCB accumulation in
marine fish, using the evileye blaasop as an indicator organism, along
the nearshore South African coastline. The study further aimed to
compare OCP and PCB exposure concentrations between MPAs and
non-MPA sites to determine whether MPAs provide a protective effect
against contaminant accumulation.

2. Materials and methods
2.1. Sampling and site selection

To explore the bioaccumulation of lipophilic pollutants, particularly
OCPs and PCBs, in A. honckenii, 10-25 specimens were collected using
rod and reel at six distinct sites along the South African coast. The sites
were selected to represent inside, near and outside MPAs (Fig. 1). Wit-
sand (WS) (-34.397323; 20.837474) is situated at the Breede River Es-
tuary, which is known for its near-pristine status but faces threats from
urban development and agricultural runoff (Erasmus et al., 2004; Breede
River Estuarine Management Plan, 2016). Mossel Bay (MB)
(-34.179656; 22.152093), adjacent to a small commercial harbour, is
impacted by significant anthropogenic contamination sources, such as
vessel emissions (Wepener and Degger, 2020). St Francis Bay (FB)
(-34.183333; 24.851667) combines recreational activities with resi-
dential development and a commercial fishing fleet harbour (Baird and
Pereyra-Lago, 1992), highlighting the effects of mixed-use environments
on contaminant levels. Chintsa East (CE) (-32.836538; 28.116997) may
experience contamination from agricultural runoff and tourism (Binning
and Baird, 2001), making it vital to understand land-use impacts on
marine ecosystems. Uvongo (UV) (-30.836667; 30.395556) faces po-
tential pollutant loads from urbanisation and tourism (Firth et al,
2023), emphasising local economic influences on marine health. Sod-
wana Bay (SB) (-27.539760; 32.680600) is in an MPA (UNESCO, 1999)
and serves as a critical site for evaluating the effectiveness of protected
areas in mitigating pollution despite external influences.

Following capture, fish were transported in aerated water containers
to a nearby field station, where they were identified, photographed,
weighed, measured, and humanely killed. Muscle and liver tissue were
removed using pre-cleaned dissection equipment, placed in pre-cleaned
aluminium foil, transferred to polypropylene Falcon tubes, and frozen at
—20 °C pending analyses. Ethical approval for this project was received
from the AnimCare Research Ethics Committee of North-West University
(NWU-00565-19-A5). Permits for the collection of A. honckenii for
research were issued by the South African Department of Agriculture,
Forestry and Fisheries (permit nos. RES2022-44 and RES2022-86) and
Cape Nature (permit no. CN44-8718289).

2.2. Sample preparation

In the laboratory, samples were first thawed and weighed to deter-
mine their wet weight. They were then placed in a —80 °C freezer for
24 h before being transferred to a freeze dryer (FreeZone 6, Labconco)
for approximately 96 h. Following freeze-drying, the samples were
reweighed to obtain their dry weight and subsequently homogenised
using a mortar and pestle. Approximately 0.5 g of each sample was
placed into 15 mL Falcon tubes. Two samples of approximately 0.2 g of
rat liver were prepared for every 30 samples for recovery and quality
control (QC). Similarly, two blank samples were prepared for every 30
samples using 500 pL of ultra-pure MilliQ water (MQ).

All tubes, except for the MQ, were spiked with OCP (Dr.
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Fig. 1. Map indicating the sampling localities of specimens of Amblyrhynchote honckenii.

Ehrenstorfer) and PCB (Dr. Ehrenstorfer) standard surrogates and in-
ternal standards before being vortexed. Internal standards were selected
not for their structural similarity to the target analytes, but for their
chemical stability, consistent recovery, and lack of interference with
target compound detection. The use of these internal standards cor-
rected for potential variations in extraction efficiency, injection volume,
and instrumental response across all samples. The concentrations and
spike volumes of these standards are detailed in Supplementary Tables 1
and 2. The OCP and PCB surrogates used are listed in Supplementary
Table 3. Following this, 500 pL of 0.1 % formic acid (99 %, Fujifilm
Wako) in acetonitrile (99.9 %, Fujifilm Wako) was added to the bio-
logical and QC samples, which were then mixed thoroughly and vor-
texed for 1 min. After allowing the samples to stand for 1-2 h post-
spiking, an additional 5 mL of 0.1 % formic acid in acetonitrile was
added to each falcon tube, while only the blanks and MQ samples
received an additional 500 uL of sodium acetate (Fujifilm Wako) to
facilitate the separation of water from the solvent. The samples were
vortexed for 1 min and then ultrasonicated for 5min before being
shaken mechanically at maximum speed for 10 min. Following this, the
samples were centrifuged at 10,000 rpm for 5 min at 5°C. To remove the
lipids from the samples, the supernatant was decanted into activated
EMR-Lipid tubes (Agilent Bond Elut), which had been pre-activated by
adding 5 mL of MQ and shaking vigorously. For the blanks and MQ
samples, only 5 mL of supernatant was transferred to the EMR-Lipid
tubes. All samples were shaken vigorously and vortexed again before
being placed in a mechanical shaker at maximum speed for another
10 min, followed by a second centrifugation at 10,000 rpm for five
minutes at 5 °C. The entire supematant from each sample was then
decanted into pre-prepared EMR-Polish tubes, which contained 1.4 g of

MgSO, (Fujifilm Wako) and 0.6 g of NaCl (Kanto Chemical Co., Inc.).
The samples were vortexed upright for one minute before undergoing
final centrifugation at 10,000 rpm for 5 min at 5 °C. Finally, a volume of
1 mL from the uppermost supernatant was pipetted into the corre-
sponding GC vial for analysis. The acetonitrile extract was not evapo-
rated and was injected directly into the GC-MS.

2.3. Analyses

The OCPs and PCBs were analysed in muscle and liver tissue of the
Evileye blaasop using a GC-20230 Plus (Shimadzu) coupled with a
GCMS-TQ8050NX triple quadrupole mass spectrometer (Shimadzu).
Chromatographic separation was performed using a Rxi-5Sil MS capil-
lary column (30 m x 0.25 mm i.d., 0.25 um df, Restek, Bellefonte, PA,
USA).

For OCP analysis, the operating condition was splitless injection
mode with an injection volume of 1 pL at an injector temperature of
250 °C. Helium (>99.999 %) was used as the carrier gas with a linear
velocity in flow control mode, 100.1 Kpa pressure, 30 mL/min total flow
rate, 1.69 mL/min column flow, 47.2 ecm/s linear velocity, 5 mL/min
purge flow. The oven temperature program started at 50°C (held for
1 min), increased to 200 °C at 30 °C/min, and finally ramped to 260°C
at 5 °C/min, where it was held for 3 min. The total program duration
was 20 min. The mass spectrometer system was operated in the electron
ionisation (EI) mode at 70 eV. The ionsource and interface temperatures
were 230 and 250°C, respectively. The regression line was determined
using the internal standard method, where the ratio of each analyte
signal is taken to the internal standard signal and plotted against the
analyte concentrations in the calibration solutions to obtain a regression
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line with a correlation factor of (R*=0.99) before analysing the samples.

For PCB analysis, the operating condition was splitless injection
mode with an injection volume of 1 L at an injector temperature of
270 °C. Helium (>99.999 %) was used as the carrier gas with a linear
velocity in flow control mode, 41.1 KPa pressure, 30.0 mL/min total
flow rate, 0.75 mL/min column flow, 31.8 cm/s linear velocity, 5 mL/
min purge flow. The oven temperature programstarted at 75°C (held for
2 min), increased to 180°C at 15 °C/min, and finally ramped to 300°C at
4 °C/min, where it was held for 6 min. The total program duration was
45 min. The mass spectrometer system was operated in the electron
ionisation (EI) mode at 70 eV. The ion source and interface temperatures
were 230 and 290°C, respectively. The regression line was determined
using the internal standard method, where the ratio of each analyte
signal is taken to the internal standard signal and plotted against the
analyte concentrations in the calibration solutions to obtain a regression
line with a correlation factor of (R>=0.98) before analysing the samples.

2.4. Quality control

Procedures used for the analysis of selected OCPs and PCBs were
monitored with appropriate quality control and assurance measures.
Procedural blanks were used in all the extraction, clean-up and analysis
steps along with sample preparation and analysis to determine if there
was any possible input from external sources during analysis. There
were no detectable levels of target contaminants in blank samples.
Target analyte recoveries were performed by spiking freeze-dried rat
liver as reference material with separate OCP and PCB standards before
extraction. The concentration of the analytes was determined using the
internal standard method. The concentration of the spiked reference
samples was divided by the known concentration of the spike in the
sample and multiplied by 100 to obtain the percentage recoveries
(Saadati et al., 2013). The limit of detection (LOD) was calculated as 3
times the signal-to-noise ratio using the standard deviation of 3 cali-
bration intercepts divided by the slope, whereas the limit of quantifi-
cation (LOQ) was 10 times this ratio (Saadati et al., 2013). The recovery
rate (%), limit of detection (LOD) and limit of quantification (LOQ) of all
the different OCP and PCB compounds of interest that were detected are
shown in Table 1. The reference material in freeze-dried rat liver tissues
was analysed, yielding recovery percentages of 103-148 % for OCPs and
82-119 % for PCBs (Table 1).

2.5. Statistical analyses

Data were tested for normality using the Shapiro-Wilk normality test.
Significant differences in OCP and PCB concentrations in A. honckenii

Table 1
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tissues between the six sites were determined using a one-way ANOVA
followed by Dunn’s multiple comparisons test (GraphPad Prism v9.0.0).
Significance was regarded as p < 0.05. To allow for statistical analyses,
all sample values below the LOD were substituted with LOD/2 (Kushner,
1976; Labuschagne et al., 2019).

3. Results

The overall recovery rates, typically within the acceptable range of
75-125 % (Table 1), confirm the accuracy of the method and ability to
minimise analyte losses during sample preparation and analysis (Saadati
et al., 2013). The detection limits across both chemical groups demon-
strate the method’s capability to accurately identify contamination at
trace levels, ensuring the reliability of reported concentrations. There
were no detectable levels of target contaminants in fish muscle samples,
while nine OCPs and 16 PCBs were detected in fish livers across the six
sites (Supplementary Tables 4 and 5).

The distribution of OCPs across the six sites indicates significant
spatial variation in exposure and subsequent contamination (Fig. 2).
Total OCP concentrations (3°OCP) were highest in Witsand (372
+ 161 ng/g) and lowest in Sodwana Bay (177 + 131 ng/g) (Fig. 2),
suggesting greater contamination in the sites on the south west coast.
Notably, oxychlordane concentrations were significantly higher when
compared to the other sites (Figs. 2-3), peaking in Mossel Bay (296
+ 73 ng/g) and being lowest in Sodwana Bay (64 + 28 ng/g). The
concentrations of p,p’-DDT found in St Francis Bay, Uvongo, and Sod-
wana Bay were similar (Figs. 2-3). Significant variation (p < 0.05) was
also observed for p,p-DDE (Fig. 2), with fish from St Francis Bay having
the highest concentrations (72 + 36 ng/g) and Sodwana Bay having the
lowest (5 + 3 ng/g). Interestingly, B-HCH showed an increasing trend
(albeit non-significant) (Fig. 2) from Witsand (25 + 21 ng/g) on the
southwest to Sodwana Bay (43 +57ng/g) in the northeast
(Supplementary Table 4). Dieldrin and trans-nonachlor were detected
exclusively in Uvongo, whereas o,p’-DDD was only found in St Francis
Bay fish (Supplementary Table 4). Statistical analysis confirmed signif-
icant spatial differences in contamination levels. The ANOVA results
indicate that o,p-DDT/p,p-DDD (F=12.55; p < 0.0001), oxychlordane
(F=26.77; p < 0.0001), y-HCH (F=5.05; p = 0.0013), and p,p-DDE
(F=15.84; p < 0.0001) exhibited significant variation across sites.

PCB contamination exhibited a striking pattern, with St Francis Bay
fish having a significantly higher total PCB concentrations (3_PCB =
929 + 999 ng/g) compared to those from all other sites, where con-
centrations remained below 22 ng/g (Supplementary Table 5). The
relatively high standard deviation in "PCB concentration at the St
Francis Bay site (929 + 999 ng/g) reflects both the detection of a wider

The limit of detection (LOD), limit of quantification (LOQ) and recovery rates (%) of all the different organochlorine pesticide (OCP) and polychlorinated biphenyl

(PCB) compounds detected in the liver tissues of Amblyrhynchote honckenii.

OCPs PCBs
Compounds LOD (ng/g) LOQ (ng/g) Recovery (%) Compounds LOD (ng/g) LOQ (ng/g) Recovery (%)
Dieldrin 0.48 1.46 106 = 18 PCB #31 2.55 7.74 119 = 15.62
o,p-DDD 0.41 125 148 £ 5 PCB #44 2.39 7.25 108 = 10.77
0,p-DDT/ p,p-DDD 071 214 107 = 10 PCB #52 2.76 8.35 107 = 11.10
Oxychlordane 0.64 1.95 104 = 14 PCB #66 1.57 4.77 94 £ 6.91
p.p-DDE 0.50 1.50 102 =9 PCB #87 0.38 115 91 = 3.44
p.p-DDT 1.56 473 113 £ 10 PCB #101 0.83 2.50 98 = 3.88
trans-Nonachlor 0.72 219 100 = 14 PCB #110 0.27 0.81 104 = 4.36
p-HCH 1.24 375 122 = 14 PCB #138 0.71 2.16 92 = 8.06
7-HCH (Lindane) 047 1.42 1037 PCB #141 0.51 1.56 90 =7.96
PCB #151 1.19 3.61 107 = 4.95
PCB #153 0.63 1.91 94 =413
PCB #170 0.33 1.01 85+=9.20
PCB #180 0.45 1.35 82117
PCB #183 0.45 1.36 84 £ 8.87
PCB #187 0.29 0.87 84 +7.93
PCB #206 0.22 0.66 100 = 4.54
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Fig. 2. Organochlorine pesticide (OCP) concentrations (mean + standard deviation) in fish liver tissues of Amblyrhynchote honckenii from six localities (Witsand,
Mossel Bay, St Francis Bay, Chintsa East, Uvongo Beach, and Sodwana Bay) along the South African coastline. Significant differences between the six sites are
indicated with the p-value. All concentrations are expressed as ng/g dry weight. Significance was taken as p < 0.05.Abbreviations: ND — not detected. Concentrations

that were only observed in one site are listed in the supplementary material.
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Fig. 3. Percentage organochlorine pesticide composition in fish liver tissues of
Amblyrhynchote honckenii from six localities (Witsand, Mossel Bay, St Francis
Bay, Chintsa East, Uvongo Beach, and Sodwana Bay) along the South Afri-
can coastline.

range of PCB congeners at this location and the influence of LOD/2
substitution for non-detects. In contrast, the other sites exhibited fewer
detectable congeners, with most PCB values below detection limits,
leading to lower calculated means and standard deviations. PCB #153
was the most widespread congener, detected in fish from all sites except
Sodwana Bay, and showed significantly higher concentrations in St
Francis Bay (235 =+ 222 ng/g) (Figs. 4-5). Among the PCBs, PCB #153
showed a significant difference (F=9.474; p < 0.0001), reinforcing the
pattern of elevated levels in St Francis Bay. The statistical confirmation
of these differences strengthens the argument for targeted investigations
into contamination sources in this region. Several PCB congeners, such
as PCB #180 (F=8.96; p <0.0001) and PCB #187 (F=6.9);
p < 0.0001), were also significantly elevated in St Francis Bay fish
compared to those from Uvongo (Fig. 4). In contrast, PCBs were below
detection in Sodwana Bay fish, indicating a lower impact from such
contaminants in this region (Fig. 5). This suggests that north-eastern
coastal sites have either remained unaffected by historical PCB
contamination or benefit from oceanographic conditions that reduce
contaminant accumulation.

4. Discussion

The results of this study provide valuable insights into the spatial
distribution, persistence, and potential ecological risks associated with
pesticide contamination across various sampling sites along the South
African coastline. The detection of two global priority contaminants,
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Fig. 4. Polychlorinated biphenyl (PCB) concentrations (mean + standard deviation) in fish liver tissues of Amblyrhynchote honckenii from six localities (Witsand,
Mossel Bay, St Francis Bay, Chintsa East, Uvongo Beach, and Sodwana Bay) along the South African coastline. Significant differences between the six sites are
indicated with the p-value. All concentrations are expressed as ng/g dry weight. Significance was taken as p < 0.05. Abbreviations: ND — not detected.
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Fig. 5. Percentage polychlorinated biphenyl congener composition in fish liver
tissues of Amblyrhynchote honckenii from six localities (Witsand, Mossel Bay, St
Francis Bay, Chintsa East, Uvongo Beach, and Sodwana Bay) along the South
African coastline.

OCPs and PCBs, highlights the widespread and complex nature of OCP
contamination. Compounds such as o,p-DDT/p,p-DDD, oxychlordane,
p,p-DDE, and PCB #153 showed significant spatial variation, indicating
point sources of contamination. Conversely, the relatively uniform dis-
tribution of p,p-DDT and B-HCH suggests widespread historical
contamination rather than site-specific contamination events. The uni-
form presence of these compounds further suggests their mobility and
persistence in the marine environment, potentially transported via
water currents or bioaccumulated across broader regions.

Persistent organic pollutants, such as OCPs and PCBs, have been
extensively studied along the South African coastline, with previous
research highlighting long-term trends and potential sources. Ryan et al.
(2012) reported a decreasing trend between 1884 and 2008 in legacy
OCPs in beached plastic pellets. However, they also found that PCB
concentrations have not shown the same decline, likely due to their
continued leaching from historical sources and industrial activities. This
is consistent with the present findings, where OCP contamination
showed variability across sites, while PCB contamination was

particularly pronounced in St Francis Bay, pointing to potential ongoing
industrial inputs. These findings are consistent with global research
indicating that despite regulatory restrictions, pesticide residues persist
due to their long half-lives, continued use, and secondary contamination
sources (Ali et al., 2021). The selected bioindicator species, A. honckenii,
revealed distinct contamination trends indicative of both historical and
ongoing contamination. The distribution of these POPs provides insights
into the interplay between anthropogenic activities, oceanographic
transport mechanisms, and the potential role that MPAs play in reducing
contaminant exposure in the nearshore environment.

Total OCP concentrations varied significantly across locations, with
Witsand exhibiting the highest concentrations and Sodwana Bay the
lowest, suggesting an increasing east to west gradient along the coast of
South Africa. This pattern is likely driven by regional differences in land
use, historical pesticide application, and hydrodynamic conditions
affecting sediment deposition and resuspension (Berrojalbiz et al, 2011;
Cao et al., 2022; Liu et al., 2024). This spatial trend aligns with studies
by Degger et al. (2011), that found that OCP levels in Perna perna (brown
mussels) were highest in areas with strong agricultural runoff, particu-
larly in regions of the Western Cape Province, supporting the hypothesis
that historical pesticide application continues to influence coastal
contamination through runoff and sediment resuspension. The elevated
concentrations observed on the southwestern coast are consistent with
agricultural runoff from the Western Cape, a region historically associ-
ated with pesticide use, mirroring contamination patterns observed in
metal pollution studies (Wepener and Degger, 2020). Similarly, Firth
et al. (2019) monitored organic pollutants in Choromytilus meridionalis
(black mussels) along the South African coastline and found that con-
taminants such as DDT metabolites and PCBs are highly persistent in
marine environments, accumulating in bioindicator species. This aligns
with the present study, where high concentrations of p,p-DDE in St
Francis Bay further support the persistence of DDT residues in marine
sediments and biota despite regulatory bans. Furthermore, Erasmus
et al. (2020) reported that South African coastal sites continue to receive
inputs of DDT from malaria vector control programs, which aligns with
the detection of parent p,p-DDT. The presence of p,p-DDT in Sodwana
Bay and Uvongo likely results from WHO-approved malaria vector
control programs in northeastern South Africa (WHO, 201 1; Thompson
et al., 2017), whereas in St Francis Bay, it raises concerns about illegal
agricultural use.

Hydrodynamic conditions also play a crucial role in the spatial dis-
tribution of OCPs, as coastal currents and sediment transport influence
contaminant dispersion and accumulation (Berrojalbiz et al., 2011; Cao
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etal, 2022; Liuet al., 2024). The strong Agulhas Current activity in the
north and east likely facilitates contaminant dispersion (Liu et al., 2024),
while the slower-moving Agulhas counter-current in the southwest
contributes to contaminant accumulation. This could also explain the
higher OCP concentrations observed in the southwestern coastal sites.
The detection of oxychlordane in Mossel Bay suggests localised degra-
dation of legacy chlordane, consistent with findings that older OCPs
undergo gradual transformation in marine environments (Degger et al.,
2011; Firth et al., 2019). The persistence of these pollutants can be
attributed to factors such as microbial activity, temperature, and sedi-
ment characteristics, which influence degradation rates (Aislabie et al.,
1997; Yu et al., 2011). Additionally, the accumulation of various POPs,
including PCBs and other halogenated compounds, has been
well-documented in estuaries along the South African coastline and
off-shore (Kampire et al., 2016; Ryan et al., 2012; Wu et al., 2019). These
studies highlight the long-term stability of such compounds in coastal
ecosystems, reinforcing the urgent need for continued monitoring and
stricter enforcement of pesticide regulations in South Africa to mitigate
their lasting environmental impact.

The B-HCH concentrations exhibited a decreasing trend from the
northeast (Sodwana Bay) to the southwest (Witsand), suggesting that its
presence is linked to historical and possibly ongoing use in northem
regions rather than long-range atmospheric transport. Previous studies
have indicated that f-HCH remains more prevalent in the northern parts
of South Africa, likely due to past agricultural applications and indus-
trial sources (Kampire et al., 2016; Wu et al., 2019). This spatial dis-
tribution aligns with the hypothesis that OCPs are transported from their
primary regions of use rather than through atmospheric mechanisms, as
prevailing wind pattemns predominantly move south-westward. Limited
detections of dieldrin and trans-nonachlor in Uvongo suggest historical
termiticide use near urban settlements (Colt et al., 2006), while the
detection of o,p-DDD only in St Francis Bay implies localised reductive
dechlorination processes in sediment under low-oxygen conditions
(Venkatesan et al., 1999). The restricted spatial occurrence of these
compounds further supports the role of site-specific contamination
sources and retention mechanisms in shaping pollutant distributions
along the South African coastline.

The presence of PCBs in the study area is of particular concern due to
their high persistence, bioaccumulation potential, and toxic effects
(Girones et al., 2020; Bathoumi et al., 2023). Polychlorinated biphenyls
exhibited spatial variability along the South African coastline, with the
highest concentrations observed at St Francis Bay. This pattern aligns
with findings from previous studies, which have identified the Ggeberha
(previously known as Port Elizabeth) region as a hotspot for PCB
contamination due to historical and industrial sources (Kampire et al.,
2016; Porter et al., 2018; Wu et al., 2019). Detailed insights into PCB
congener profiles reveal PCB #153 as the predominant congener,
attributed to its remarkable chemical stability and resistance to meta-
bolic degradation (Kampire et al., 2016; Marinsek et al., 2024). The
present study’s detection of elevated PCB levels near St Francis Bay
supports observations by Wu et al. (2019), who found that Loligo rey-
naudii (chokka squid) accumulated higher PCB concentrations in this
region, likely influenced by proximity to the fishing fleets of the
large-scale squid fisheries and regional contamination inputs from the
metropolitan region of Gqeberha. Further supporting this, Degger et al.
(2011) demonstrated that semi-permeable membrane devices (SPMDs)
deployed along the South African coast efficiently accumulated
dioxin-like PCBs, whereas mussels showed limited bioaccumulation due
to their metabolic capacity to degrade these toxic congeners. This sug-
gests that while PCBs are present in the water column, their bioavail-
ability to certain marine organisms may vary depending on
species-specific metabolism. The presence of PCBs in the St Francis
Bay region is likely attributed to historical use in e.g. harbour activities,
electrical transformers, industrial activities, and continued remobilisa-
tion from contaminated sediments, as discussed in Kampire et al. (2016).
This highlights the necessity for long-term monitoring efforts in this
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area, particularly given the potential for PCB bioaccumulation in
commercially important marine species such as squid and mussels. That
this species of pufferfish accumulate PCBs further supports its use as a
valuable bioindicator species, complementing existing monitoring ef-
forts and enhancing our understanding of PCB distribution along the
South African coastline. The findings of these studies reinforce concerns
regarding the persistence of PCBs in South African coastal waters and
their potential risks to marine ecosystems. In contrast, the absence of
detectable PCBs in Sodwana Bay suggests a reduced industrial footprint,
potentially influenced by oceanographic dilution or conservation mea-
sures within the MPA.

The observed spatial variability in OCP and PCB levels reflects
multiple environmental and anthropogenic factors. Agricultural runoff
remains a key contributor to OCP contamination, particularly in Wit-
sand and Mossel Bay, paralleling pattemns observed in heavy metal
contamination studies (Erasmus et al., 2020). Industrial activity and
urbanisation appear to be dominant contributors to PCB contamination,
especially in St Francis Bay. The high standard deviation in PCB con-
centrations at this site suggests localised contamination hotspots or
sediment resuspension during seasonal oceanographic shifts (Liu et al.,
2024). Moreover, the wide range of PCB congeners detected at St Francis
Bay compared to other sites further contributes to the variability, sug-
gesting either diverse contamination sources or differential retention of
congeners in sediments or biota. Similarly, the Benguela Current on the
west coast and the Agulhas Current on the east and south coasts could
facilitate the redistribution of contaminants, influencing bio-
accumulation patterns in marine organisms (Liu et al., 2024). Firth et al.
(2019) demonstrated that hydrodynamic conditions significantly impact
pollutant accumulation in mussels, with stronger cuirents in the east
dispersing contaminants, while slower currents in the west lead to their
accumulation. These findings further support our results showing lower
OCP and PCB concentrations in Sodwana Bay compared to southwestern
sites such as Witsand and St Francis Bay.

The ecological implications of pesticide residues are significant,
particularly for aquatic ecosystems and associated biota. Chronic
exposure to DDT and its metabolites has been linked to endocrine
disruption in fish and wildlife, raising concerns about bioaccumulation
in local food webs (Bouwman et al., 2008; Serdar et al., 2014; Van den
Berg et al., 2017; Bennett et al., 2021). Similarly, PCBs pose severe risks
to marine ecosystems, with established links to reproductive impair-
ments, immune suppression, and developmental defects in aquatic
species (Serdar et al., 2014; Van den Berg et al., 2017; Bennett et al.,
2021). This study was not able to conclusively demonstrate that sites in
MPAs would be able to protect resident nearshore fish species from OCP
and PCB exposure. Reduced PCB concentrations in Sodwana Bay (MPA)
likely reflect the absence of industrial and urban exposure routes.
Amblyrhynchote honckenii’s non-migratory behaviour (reflecting a
localised habitat) indicates site-specific exposure and demonstrates that
MPAs remain vulnerable to POPs transported via long-range atmo-
spheric and ocean current pathways. While this study did not specif-
ically investigate the biology of A. honckenii, nor fine-scale
environmental heterogeneity, these factors could contribute to indi-
vidual variability in contaminant accumulation and warrant further
investigation. Future studies incorporating these variables may help
clarify sources of variability and improve the interpretation of bio-
accumulation patterns. The widespread detection of OCPs across all
sites, including MPAs, demonstrates the diffuse sources and persistent
nature of contaminants through various transport mechanisms
(Boersma, Parrish., 1999). This aligns with evidence that POPs persist
and migrate globally, challenging the isolation of even well-managed
MPAs from transboundary contamination (Erasmus et al, 2020).
Elevated OCP and PCB levels in non-MPA sites, particularly St Francis
Bay and Mossel Bay, emphasise the need for stricter contamination
management strategies. Implementing buffer zones and catchment-level
management could help mitigate pollutant inputs from surrounding
land-use activities (Boersma, Parrish., 1999).
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5. Conclusion

This study highlights the ongoing risks posed by OCPs and PCBs in
South African coastal ecosystems despite international regulatory mea-
sures. The spatial variability in contamination levels suggests contri-
butions from both localised and long-range transport mechanisms,
emphasising the need for a multifaceted approach to contamination
management. The evileye blaasop, A. honckenii, used here as a bio-
indicator, demonstrated site-specific contamination patterns, reflecting
both historical and current pollutant exposures and underlining its value
in monitoring marine ecosystem health and pollutant bioaccumulation.
While MPAs could be effective in reducing industrial pollutants such as
PCBs, broader regulatory enforcement and pollution mitigation strate-
gies beyond protected areas are essential. Future research should focus
on identifying specific contamination sources, assessing long-term bio-
accumulation trends, and evaluating the ecological and human health
implications of these contaminants. Overall, this study highlights the
complexity of POPs contamination, influenced by historical and ongoing
usage, environmental transport mechanisms, and degradation dy-
namics. The significant spatial variability observed in pesticide residues
highlights the need for site-specific risk assessments and targeted
remediation efforts. Proactive measures, including reducing pesticide
inputs, enhancing environmental monitoring, and ensuring regulatory
compliance, are essential to minimising the long-term ecological impact
of pesticide contamination.
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Taxonomic reassessment of the opistholebetine opecoelid Pseudoheterolebes cotylophorus
(Ozaki, 1935) Yamaguti, 1959, in South Africa.
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T Water Research Group, Unit for Environmental Sciences and Management, North-West University, 11
Hoffman Street, Potchefstroom 2520, South Africa.

Abstract

The taxonomic status of Pseudoheterolebes cotylophorus (Ozaki, 1935) Yamaguti, 1959
(Opecoelidae: subfam. Opistholebetinae) has been a subject of taxonomic confusion since its initial
description by Ozaki in 1935 as Opistholebes cotylophorus Ozaki, 1935. The species’ current recognised
classification dates back to Yamaguti's reclassification of O. cotylophorus as Pseudoheterolebes
cotylophorus; however, doubts persist regarding this classification and the validity of this species. The
species was reported by Bray in 1986 from off the coast of South Africa, infecting the evileye blaasop
Amblyrhynchote honckenii (Bloch) (Tetraodontidae). Recent parasitological assessments of South African
marine fishes have resulted in the recollection of this taxon from the same host species, allowing for a
reassessment of its status. Morphological and molecular phylogenetic analyses, incorporating ITS2 and
28S rDNA, as well as COIl and nad1 mtDNA sequence data, confirmed that the South African P.
cotylophorus is conspecific with Opistholebes amplicoelus Nicoll, 1915, resolving decades of uncertainty

and demonstrating the critical role of molecular techniques in identifying marine parasites.

Keywords: Taxonomic uncertainties, Morphology, Molecular characterisation, Taxonomic clarification,

Biodiversity

Introduction

Opistholebetine trematodes of the family Opecoelidae represent a morphologically diverse yet
taxonomically complex group of marine parasites. Despite their global distribution, their true diversity
remains substantially underestimated, particularly in regions such as South Africa. To date, only two of the
114 (approximately 2 %) valid opistholebetine species have been reported from the South African coastline
(WoRMS 2025), pointing to a significant gap in our understanding of their taxonomy, biogeography, and
ecological roles within local marine ecosystems. This underrepresentation likely stems from limited

historical sampling efforts and persistent difficulties in resolving taxonomic uncertainties (Cribb et al. 2025).

Among this limited representation, Pseudoheterolebes cotylophorus (Ozaki, 1935) Yamaguti, 1959
has been subject to taxonomic confusion, with a complex history dating back to its initial description (Martin
et al. 2018a). Following its original description as Opistholebes cotylophorus Ozaki, 1935 from the diodontid

fish Diodon holocanthus Linnaeus, in Japan (Ozaki 1935), this species has undergone multiple
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reassignments and misidentifications, contributing to its ambiguous status (Yamaguti 1959; Manter and
Prichard 1962; Martin et al. 2018a). Yamaguti (1959) proposed the genus Pseudoheterolebes Yamaguti,
1959 nec Gupta, 1968, based on the presence of distinctive tegument folds surrounding the ventral sucker,
and designated O. cotylophorus as the type species of the genus, as Pseudoheterolebes cotylophorus.
This reassignment was contested by Manter and Pritchard (1962), who prioritised internal morphological
features, particularly gonad arrangement, as more reliable taxonomic traits for taxonomic classification, and
returned the species to Opistholebes Nicoll, 1915. In 1986, Bray reported O. cotylophorus from the evileye
blaasop, Amblyrhynchote honckenii (Bloch) (Tetraodontidae), from Algoa Bay, off the coast of South Africa.
Later, Martin et al. (2018a) resurrected the genus Pseudoheterolebes to accommodate O. cotylophorus
(now P. cotylophorus) along with four other species. However, they noted that Bray’s material appeared to
be more consistent with species of Opistholebes, and suggested that it represents Opistholebes
amplicoelus Nicoll, 1915, O. microovus Ku and Shen, 1965 or potentially a new species (Martin et al.

2018a). The identity of this South African tetraodontid-infecting opistholebetine hence remains unresolved.

These ongoing taxonomic challenges highlight the difficulty of distinguishing between closely
related opistholebetine species and the limitations of traditional morphology-based taxonomy in this group
(Martin et al. 2018b). These uncertainties impact our understanding of host specificity, parasite distribution,
and evolutionary patterns in marine ecosystems (Cribb et al. 2025). Molecular systematics, using ribosomal
(ITS2, 28S rDNA) and mitochondrial (COI, nad1 mtDNA) markers, has become a key tool in resolving these
ambiguities and clarifying species identities and evolutionary relationships (Bray et al. 2016; Fayton and
Andres 2016; Martin et al. 2018b). These methods are particularly effective in addressing the challenges
posed by ambiguous or convergent morphological traits (Martin ef al. 2018b). Given these challenges, the
present study aimed to reassess the identity of P. cotylophorus sensu Bray (1986) from A. honckenii off the
south coast of South Africa. Information on species of Opistholebes and Pseudoheterolebes, including host
records, geographical distribution, and available GenBank data, was compiled for comparison of the genera
(see Table 1). By refining generic classifications and integrating morphological and molecular approaches,
this study will advance knowledge of Opistholebetinae systematics, highlighting the importance of
combining traditional morphological methods with modern molecular tools to address species diversity and

improve species identification within marine parasitic taxa.
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Table 1 Updated information for species of Opistholebes Nicoll, 1915 and Pseudoheterolebes Yamaguti, 1959 nec Gupta, 1968, with information on host species, host

families, distribution, and available GenBank data. Abbreviations: Syn — synonym; TH — type host; TLOC — type locality

Species Host family Host species Distribution ITS2 28S col References
Genus Opistholebes Nicoll, 1915
O. amplicoelus Tetraodontidae TH: Lagocephalus lunaris (Bloch and TLOC: Cleveland Bay, Australia Nicoll, 1915;
Nicoll, 1915 Schneider) Krishna and Sreeramulu, 1993;

China; India; Moreton Bay, Australia; Olson et al., 2003;
Syns: Heterolebes buckleyi (Gupta, 1968) Dichotomyctere nigroviridis (Marion de Green Island, Australia; Fisherman’s v v v Martin et al., 2018a
Cribb, 2005; H. dongshanensis Liu, 1999; Procé); Island, Australia; Bramble Bay,
O. buckleyi Gupta, 1968; O. Arothron manilensis (Marion de Procé); Australia; Peel Island, Australia
dongshanensis Liu, 1999; O. indicus Tetractenos hamiltoni (Richardson)
Gupta, 1968; O. tetraodontis Gupta, 1968
O. microovus Tetraodontidae TH: Takifugu niphobles (Jordan and TLOC: Taiwan, China Ku and Shen, 1965
Ku & Shen, 1965 Snyder) - - - Martin et al., 2018a
Genus Pseudoheterolebes Yamaguti, 1959 nec Gupta, 1968
P. adcotylophorus Diodontidae TH: Diodon holocanthus Linnaeus TLOC: Dry Tortugas, Florida, U.S.A. Manter, 1947;
(Manter, 1947) Martin, Ribu, Cutmore & Martin et al., 2018a
Cribb, 2018 - - -
Syn: O. adcotylophorus Manter, 1947
P. corazonae Diodontidae TH: Diodon nicthemerus Cuvier TLOC: Stanley, Tasmania Martin et al., 2018a
Martin, Ribu, Cutmore & Cribb, 2018 - - -
P. cotylophorus Diodontidae TH: Diodon holocanthus Linnaeus TLOC: Japan Ozaki, 1935;
(Ozaki, 1935) Yamaguti, 1959 Ozaki, 1937;

Chilomycterus reticulatus (Linnaeus); Shirahama, Japan; Algoa Bay, South - - - Yamaguti, 1959;
Syn: O. cotylophorus Ozaki, 1935 Tetraodontidae Takifugu niphobles (Jordan and Snyder); Africa Bray, 1986;
Amblyrhynchote honckenii (Bloch)

P. diodontis Diodontidae TH: Diodon hystrix Linnaeus TLOC: Puerto Rico Cable, 1956;
(Cable, 1956) Martin, Ribu, Cutmore & Martin et al., 2018a
Cribb, 2018 D. liturosus Shaw Curacao; Jamaica; Hawaii;

Arabian Sea off Karachi, Pakistan; v v v
Syn: O. diodontis Cable, 1956 Heron Island, southern Great Barrier

Reef, Queensland; Lizard Island,

northern Great Barrier Reef.
P. stellaglobulus Diodontidae TH: Dicotylichthys punctulatus Kaup TLOC: Green Island, Moreton Bay, Martin et al., 2018a
Martin, Ribu, Cutmore & Cribb, 2018 southeast Queensland, Australia.

v v v

Mud Island, Wellington Point;
Dunwich, North Stradbroke Island.

267



Appendix D

Materials and methods
Collection of specimens

A total of seventy-four specimens of A. honckenii were collected using rod and reel from seven
coastal locations along the South African coastline, arranged from west to east in Table 2. The table lists
each sampling location with corresponding geographic coordinates, the number of individual fish collected,
sampling periods, and the approximate distance of each site relative to the Swartkops River Estuary, Algoa
Bay, which serves as a geographic reference point as the original location where P. cotylophorus was first
reported by Bray in 1986 (see Table 1-2; Fig. 1). Following capture, the fish were transported in aerated
containers to a nearby field station for dissection. Each specimen was identified, photographed, weighed,
measured, and humanely killed by percussive stunning followed by spinal severance and pithing, according
to the standard operating procedure approved by the North-West University Ethics Committee (NWU-
00267-17-A5). Fish nomenclature follows FishBase (Froese and Pauly 2025). Ethical approval for this
project was received from the AnimCare Research Ethics Committee of North-West University (NWU-
00565-19-A5). Permits for the collection of A. honckenii for research were issued by the South African
Department of Agriculture, Forestry and Fisheries (permit nos.: RES2020-29; RES2022-44; RES2022-86;
and RES2025-16) and Cape Nature (permit no. CN44-87-18289).
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Fig. 1 Map indicating the sampling localities (red circles) of specimens of Amblyrhynchote honckenii
(Bloch). The black circle indicate the original sampling locality (Swartkops River Estuary, Algoa Bay) of A.
honckenii by Bray, 1986.
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Table 2 Summary of Amblyrhynchote honckenii (Bloch) specimen collections along the South African coastline. The table details each sampling location with
geographic coordinates, the number of fish collected, the prevalence of infection, the sampling periods, and the approximate distance of each location relative to the
Swartkops River Estuary, Algoa Bay, which serves as the geographic reference point of the original collection locality of Pseudoheterolebes cotylophorus (Ozaki, 1935)
Yamaguti, 1959

No. of Opistholebes Distance relative to the
Location GPS coordinates No. of fish (infected) amplicoelus specimens Swartkops River estuary, Sampling period
per fish Algoa Bay

De Hoop Nature Reserve, Western Cape -34.48° S, 20.51° E 1(1) 8 475 km west Nov 2021
Breede River estuary at Witsand, Western Cape -34.40° S, 20.84° E 15 (6) 3-12 445 km west Nov 2021
Mossel Bay, Western Cape -34.18° S, 22.15° E 10 (0) - 323 km west Mar 2022
Boknesstrand, Eastern Cape -33.73° S, 26.58° E 2(2) 2-6 90 km east Apr 2025
Chintsa East, Eastern Cape -32.84° S, 28.12° E 18 (4) 1-13 230 km east Oct 2020; Jul 2022
Uvongo Beach, KwaZulu-Natal -30.84° S, 30.40° E 10 (0) - 560 km east Dec 2022
podwana Bay, iSimangaliso National Park, -27.54° S, 32.68° E 10 (0) - 974 km northeast Sept 2022
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Morphological analyses

After euthanasia, the internal organs of each fish were carefully removed and examined for
parasites using a Zeiss Stemi 305 compact stereomicroscope (Zeiss, Oberkochen, Germany). Digenean
trematodes were carefully removed with fine needles, fixed in hot saline, and preserved in 80% ethanol for
further analysis. Six specimens were selected for detailed morphological examination. These specimens
were rehydrated, stained with Mayer’s haematoxylin, destained with 1% hydrochloric acid, neutralised in
1% ammonia, dehydrated in a graded ethanol series, cleared in methyl salicylate and permanently mounted
on slides using Canada balsam. Observations were made using a Nikon Y-TV55 camera mounted on a
Nikon ECLIPSE Ni light microscope (Nikon, Tokyo, Japan). Measurements and photographs for each
species were captured using Image-Pro Express software (Nikon, Japan). Morphological characterisation
of the specimens, including measurements of internal organs and body structures, followed Martin et al.
(2018a). Measurements are presented in tabular form (Table 3), with each value shown as a range,
followed by the mean in parentheses. All measurements are in micrometres (um), unless otherwise stated.
Detailed drawings were created using a drawing tube attached to the microscope and digitised with Adobe
Photoshop v. 23.0.1.

Voucher specimens and type series were deposited in the British Museum of Natural History,
London, United Kingdom (BMNH), the Parasite Collection at the National Museum (NMB) in Bloemfontein,
South Africa, and the Iziko South African Museum (SAM) in Cape Town, South Africa.

Molecular analyses

Genomic DNA was extracted from a total of 11 specimens, including five syngenophores sensu
Pleijel et al. (2008) collected across four locations: De Hoop Nature Reserve (n=3), the Breede River
Estuary at Witsand (n=3), Boknesstrand (n=2), and Chintsa East (n=3). Extractions were performed using
the PCRBiosystems Rapid DNA Extraction Kit, following the manufacturer’s instructions with slight
modifications. Specifically, 10 pL of lysis buffer and 5 L of proteinase K-containing buffer were used, and
the final extracted DNA was diluted to a volume of 300 yL. Subsequent gene amplification targeted the
ITS2 and partial 28S regions of ribosomal DNA (rDNA) and the COl and nad1 regions of mitochondrial DNA
(mtDNA) (primers and thermocycling profiles used for amplification are listed in Table 4). Successful PCR
amplifications were confirmed by electrophoresis on 1% agarose gels. Verified products were then
submitted to Ingaba Biotechnical Industries (Pty) Ltd. in Pretoria, South Africa, for purification and

sequencing.

Sequences were assembled, aligned, edited and trimmed using Geneious Prime version 2024.0.7
(Biomatters, Auckland, New Zealand). Additionally, the nucleotide Basic Local Alignment Search Tool
(BLAST) was used to support identification of sequence affiliations and outgroup selections (Table 5). ITS2
rDNA, partial 28S rDNA, and COl mtDNA sequences were used to confirm the species-level identity of the

sequenced specimens, as no comparable sequences were available for the nad1 mtDNA region.

The COI mtDNA sequences, in combination with the nad1 mtDNA sequences, were used to

construct haplotype networks and assess population-level trends for the South African specimens. Partial
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28S rDNA sequences were aligned with those of Opistholebetinae species for which sequence data were
available on GenBank. Neolebouria georgiensis Gibson, 1976, was used as the outgroup taxon for the 28S
rDNA phylogenetic analyses. Alignments were constructed, generated and trimmed using default
parameters of MAFFT version 7.490 (Katoh et al. 2002; Katoh and Stanley 2013) on the Geneious Prime
platform v 2024.0.7 (Kearse et al. 2012). The COl mtDNA dataset was translated and inspected in Mesquite
v 3.03 (Maddison and Maddison 2017) for stop codons per Huston et al. (2021), tested for non-stationarity
caused by base composition bias using the x? test function on PAUP* (Swofford 2002) and for substitution
saturation using Xia’s test function on DAMBE 7 (Xia 2018). No base composition bias was detected on
any codon positions (P = 1.00 for all codon positions), nor any substitution saturation (lss = 0.0318; lssc =
0.7099). Genetic differences across all sequenced specimens and DNA regions were calculated on the
Geneious Prime platform, with results shown as percentage similarities and number of base-pair differences
(Tables 6-9).

The optimal nucleotide substitution model for each dataset was estimated using the Akaike
Information Criterion (AIC) in jModelTest 2.1.4 (Posada 2008; Darriba et al. 2012). The general time-
reversible model with invariant sites and gamma-distributed rate variation (GTR+1+G) was recommended
for the 28S rRNA and COI analyses. Phylogenetic analyses were performed using Maximum Likelihood
(ML) and Bayesian Inference (Bl) methods with this suggested model. Bl analyses were conducted on
Geneious Prime version 2024.0.7, the CIPRES Science Gateway version 3.3 (Miller et al. 2010) using
MrBayes version 3.2.7a (Ronquist et al. 2012), with 2 independent Markov Chain Monte Carlo (MCMC)
runs of 4 chains for 10 million generations, sampling every 1000 generations, and a burn-in of the first
25000 generations. ML analyses were performed using PhyML version 3.0 (Guindon et al. 2010) on the
ATGC bioinformatics platform, with model parameters estimated and 1000 bootstrap repetitions for nodal
support. The resulting phylogenetic trees from Bl and ML analyses were visualised using TreeViewer

version 2.2.0 (Bianchini and Sanchez-Baracaldo 2024).

For the haplotype network analyses, two alignments were constructed: one using COl mtDNA
sequences for the South African taxa and Opistholebes amplicoelus from Moreton Bay, Australia; the other
a concatenated alignment of COl and nad1 mtDNA sequences from the South African specimens. As nad1
mtDNA sequence data for O. amplicoelus from Australia were not available, the analyses were performed
separately. Alignments were generated using the MUSCLE algorithm in MEGA 7 (Kumar et al. 2016), with
UPGMA clustering applied during iterations 1 and 2. Haplotypes were identified and assigned using DnaSP
v6.12 (Rozas et al. 2017), and haplotype networks were constructed and visualised using the Median-
Joining Network function in PopART v1.7 (Leigh and Bryant 2015).

Results

Specimens of opistholebetine trematodes from A. honckenii were recovered from four localities:
De Hoop Nature Reserve, the Breede River Estuary at Witsand, Boknesstrand, and Chintsa East.
Assessments of fish from off Mossel Bay, Uvongo Beach and Sodwana Bay did not yield any specimens
of opistholebetine trematodes. Morphological measurements of the newly collected specimens are

presented in Table 3 along with published metrical data for all valid species of Opistholebes and
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Pseudoheterolebes. A combination of morphometric and molecular phylogenetic comparisons confirmed

the identity of these specimens as Opistholebes amplicoelus.

Taxonomic summary
Opistholebes amplicoelus Nicoll, 1915 (Fig. 2)

Synonyms: Heterolebes buckleyi (Gupta, 1968) Cribb, 2005; H. dongshanensis Liu, 1999; O. buckleyi
Gupta, 1968; O. dongshanensis Liu, 1999; O. indicus Gupta, 1968; O. tetraodontis Gupta, 1968.

Type-host: Lagocephalus lunaris (Bloch & Schneider) (Tetraodontiformes: Tetraodontidae).

Type-locality: Cleveland Bay, Australia.

Other records: Ex L. lunaris from China by Liu (1999); L. lunaris from off Visakhapatnam, India by Krishna
and Sreeramulu (1993) (as O. tetraodontis Gupta, 1968); L. lunaris from Moreton Bay, off North
Stradbroke Island, Australia by Martin et al. (2018a); Dichotomyctere nigroviridis (Marion de Procé)
from off Madras and Mumbai, India by Gupta (1968) (as O. indicus Gupta, 1968 and O.
tetraodontis); Tetractenos hamiltoni (Richardson) from off North Stradbroke Island, Australia by
Olson et al. (2003) and Martin et al. (2018a); Arothron manilensis (Marion de Procé) from off Peel
Island, Moreton Bay, Australia by Martin et al. (2018a); A. honckenii from Algoa Bay, South Africa
by Bray (1986).

New localities: De Hoop Nature Reserve, Western Cape, South Africa (-34.48°S, 20.51°E); Breede River
Estuary, Witsand, Western Cape, South Africa (-34.40°S, 20.84°E); Boknesstrand, Eastern Cape,
South Africa (-33.73°S, 26.58°E); Chintsa East, Eastern Cape, South Africa (-32.84°S, 28.12°E).

New material: Voucher specimens ex A. honckenii collected from De Hoop Nature Reserve (XX-XX,
including one syngenophore XX); Breede River Estuary, Witsand (XX-XX, including two
syngenophores XX and XX); Boknesstrand (XX-XX, including two syngenophores XX and XX),
Chintsa East (XX—XX, including two syngenophores XX and XX).

Site in host: Intestine.

Representative DNA sequences: ITS2 rDNA: Five identical replicates of 428 bp (one from De Hoop
Nature Reserve, and two each from Chintsa East and Boknesstrand), one submitted to GenBank
(XX); 28S rDNA: Three identical replicates of 1,250-1,268 bp (one from De Hoop Nature Reserve,
and two from Chintsa East), one submitted to GenBank (XX); COl mtDNA: eleven sequences of
475-790 bp comprising three genotypes (three each from De Hoop Nature Reserve, Witsand, and
Chintsa East, and two from Boknesstrand), three submitted to GenBank (XX); nad1 mtDNA: ten
sequences of 474 bp comprising two genotypes (three each from De Hoop Nature Reserve,

Witsand, and Chintsa East, and one from Boknesstrand), two submitted to GenBank (XX).

272



Appendix D

S,
\ \ \\\\‘\\\W\J/ //////////Z///Z

Fig. 2 lllustration of an adult voucher specimen (NMB XX) of Opistholebes amplicoelus from the evileye

blaasop, Amblyrhynchote honckenii (Bloch), from Chintsa East, South Africa. Scale bar: 500um
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Table 3 Morphometric information for Opistholebes amplicoelus Nicoll, 1915 from this study and from literature, and Pseudoheterolebes cotylophorus (Ozaki, 1935)

and Opistholebes microovus Ku & Shen, 1965 from literature. Entries marked with

Ry

(in reference) represent original descriptions. Information is presented as the

range, followed by the mean. All measurements are in micrometres. Abbreviations: L, length; W, width; B, body; FB, forebody; OS, oral sucker; VS, ventral sucker;

Ph, pharynx; RT, right testis; LT, left testis; Ov, ovary; CS, cirrus-sac; GP, genital pore

O. amplicoelus

O. amplicoelus

O. amplicoelus

O. amplicoelus

O. amplicoelus

Species O. amplicoelus O. amplicoelus O. amplicoelus (as O. amplicoelus (as O. (as O. indicus) (as O. (as Heterolebes cotylo 'horus cotylo 'horus cotylo ‘horus O. microovus
P. cotylophorus) buckleyi) . tetraodontis) dongshanensis) viop yiop yiop
Reference  Presentstudy  Nicoll (1915) * M?zn(qu g; )"”/' Bray (1986) Zhukov (1977)  Gupta (1968) Gupta (1968) Gupta (1968) Liu (1999) Ozaki (1935)*  Ozaki (1937) Y?gg%‘;" K“(%g‘g;’”
Host family Tetraodontidae Tetraodontidae Tetraodontidae Tetraodontidae Tetraodontidae Tetraodontidae Tetraodontidae Tetraodontidae Tetraodontidae Diodontidae Diodontidae Diodontidae Tetraodontidae
Okinawa
Moreton Ba Moreton Ba Algoa Bay, South Island, Weihai, China
Location South Africa N Y N Y g .y‘ Madras, India Mumbai, India Madras, India Mumbai, India Dongshan, China Japan Yakushima & Hawaii ’
Australia Australia Africa . N
Hiroshima,
Japan
954-1,679 612-1,393 960-1,600
BL (1,349) 2,000 (1,036) 1220 930 735-975 1,210-1,950 890-937 (1,340) 2,900-3,800 800-3,800 2,100-2,800 1,620-2,739
BW 71(2‘011;‘;";"0 1,300 40%1’?96 780 720 555-875 630-1,270 574-688 690-1,130 (884)  2,300-3,600 600-2,300 2,300-2,800 1,136-1,837
1.06-1.52 1.08-1.74
BL/ BW (1.31) - (1.37) 1.56 - - - - - 1.06-1.26 - - 1.43-1.49
689-1,219
FBL (948) - 444-994 (764) - - - - - - - - - -
FBL/BL (%) 58-78 (69) - 67-79 (74) - - - - - - - - - -
OosL 248-482 (349) - 165-285 (220) 300 200 116 -120 75-215 118-130 184-240 (210) - - 200-300 317-434
OoswW 223-474 (344) 280 163-561 (233) 300 140 125-140 150-315 135-156 176-272 (227) - - 300-420 418-501
0.78-1.22 0.89-2.07
Oswi/L (0.99) - (1.05) 1 - - - - - - - - 1.15-1.32
VSL 231-458 (341) - 154-321 (238) 280 170 180-185 180-375 153-162 192-280 (224) - - 500-680 198-578
VSwW 313-564 (441) 340 229-408 (290) 400 220 187-190 135-285 197-220 216-316 (261) - 600-800 560-730 578-957
1.09-1.53 1.01-1.53
VSW/ L (1.31) - (1.23) 1.43 - - - - - 1.5 - - 1.66-2.92
0.91-1.06 0.81-1.26
VSL/OSL (0.98) - (1.08) 0.93 - - - - - - - - 0.62-1.33
1.16-1.42 0.65-1.48
VSW/OSW (1.30) - (1.28) 1.33 - 1.5 - - - - - - 1.38-1.91
PhL 168-302 (230) 170 95-241 (155) 160 110 135-150 75-180 77-91 104-160 (129) - - 170-220 334-434
Phw 177-315 (234) 220 119-208 (155) 200 120 135-165 90-225 128-160 136-176 (158) - - 260-380 418-501
0.87-1.13 0.75-1.47
Phwi/L (1.02) - (1.02) 1.25 - - - - - - - - 1.15-1.25
1.28-1.80 1.13-1.85
OSL/PhL (1.52) - (1.44) 1.88 - - - - - - - - 0.95-1
1.17-1.79 1.23-3.03
OSW/PhwW (1.46) - (1.5) 1.50 - - - - - - - - 1
RTL 170-286 (213) 180 82-288 (154) 140 - 120-135 150-180 146-160 112-184 (152) - - 200-300 150-434
RTW 162-204 (185) 220 107-223 (157) 180-200 - 105-115 180-225 135-164 128-208 (174) - 200-350 270-380 284-367
0.71-0.96 0.67-1.37
RTWIL (0.89) - (1.05) 1.29-1.43 - - - - - - - - 0.83-1.89
LTL 164-274 (196) 180 97-241 (152) 140 - - 195-225 163-175 120-184 (150) - - 200-300 150-434
LTW 139-187 (172) 220 99-273 (157) 180-200 - - 210-255 147-182 120-192 (165) - 200-350 270-380 284-367
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0.68-0.87 0.66-2.31
LTWIL (0.89) (1.06) 1.29-1.43 0.83-1.89
0.89-1.01 0.84-1.49
LTL/RTL (0.95) (1.01) 1 1
0.85-1.13 0.69-1.86
LTW/RTW (0.93) (1.01) ! !
oL 108-260 (184) 160 77-187 (120) 160 - - 105-135 129-134 120-184 (153) 280-360 160-200 200-401
ow 122-326 (201) 220 75-209 (138) 200 - - 120-210 75-125 144-240 (192) 170-220 220-340 200-443
csL 200-442 (295) 450 116-365 (235) 280 - 120-300 270-420 164-209 204-320 (258) 83
csw 66-141 (113) 125 55-158 (108) 80 - 75-120 - 68-72 96-114 (108)
CSL/BL (%) 19-28 (22) 14-37 (23) 23 3-5
;/:“;GP/ BL 37-67 (51) 37-67 (49)
g‘/op)‘VS/ BL 522 (19) 19-59 (30)
Egg L** 60-65 (63) 65-70 51-67 (57) 73-80 58 60 60 49-61 58-68 (61) 62-64 70-77 78-86 44-59
Egg W ** 34-39 (38) 30 27-40 (33) 35-42 20-33 30 45 21-33 31-38 (34) 40-42 47-52 46-62 22-36
** Egg measurements represent the average of multiple subsamples per specimen.
Table 4 List of primers used for DNA amplification and sequencing in this study
RGe.ne Primers Sequences Sources Thermocycling profile reference
egions
NDJ11 5-AGATTC GTAAGG GGC CTAATA-3' Kostadinova et al. (2003)
nadi1 Kostadinova et al. (2003)
NDJ2a 5'-CTT CAG CCT CAG CAT AAT-3' Kostadinova et al. (2003)
3S 5'-GGT ACC GGT GGATCA CGT GGC TAG TG-3' Morgan and Blair (1995)
ITS2 Yong et al. (2016)
ITS2.2 5-CCTGGTTAGTTT CTT TTC CTC CGC-3' Cribb et al. (1998)
LSU5 5'-TAG GTC GAC CCG CTG AAY TTAAGC A-3' Littlewood (1994)
300F (sequencing only) 5'-CAA GTACCG TGA GGG AAAGTT G-3' Littlewood et al. (1999)
28S Yong et al. (2016)
ECD2 (sequencing only) 5'-CCT TGG TCC GTG TTT CAA GAC GGG-3' Littlewood et al. (1997)
1500R 5'-GCT ATC CTG AGG GAAACT TCG-3' Snyder and Tkach (2001)
Digcox1Fa 5-ATGATW TTY TTY TTY YTD ATG CC-3' Wee et al. (2017)
Vermaak et al. (2023)
Digcox1R 5'-TCN GGR TGH CCR AAR AAY CAA AA-3’ Wee et al. (2017)
col
DICE1F 5'-ATT AAC CCT CAC TAAATT WCN TTR GAT CAT AAG-3’ Moszczynska et al. (2009)
Wee et al. (2017)
DICE14R 5-TAATAC GAC TCA CTA TAC CHA CMR TAAACA TAT GAT G-3' Van Steenkiste et al. (2015)
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Table 5 List of GenBank Opistholebetinae sequences included in the phylogenetic analyses. The taxa in bold fonts are sequences generated from the present study.

Neolebouria georgiensis Gibson, 1976 (in the grey shade) was used as the outgroup for the 28S rDNA alignment and phylogenetic analyses

Accession numbers

Taxon Host Locality TS2 285 cor madl Sources
Gaevskajatrema perezi Unidentified fish host France AJ241800 AF184255 - - Tkach et al. (2001)
Heterolebes maculosus Diodon hystrix Australia MH933871 MH933878 - - Martin et al. (2018a)
Maculifer diodontis Diodon hystrix Australia MH933873 MH933879 - - Martin et al. (2018a)
Macvicaria bartolii Diplodus annularis Tunisia KR149471 KR149465 ; ; Antar et al. (2015);
Rima et al. (2017)
Macvicaria crassigula Calamus bajonado Mexico MF 166834 KJ701237 - - Andres et al. (2014)
Macvicaria dubia Oblada melanura Tunisia KR149488 KR149470 - - Antar et al. (2015)
Macvicaria gibsoni Diplodus vulgaris Algeria MF166830 MF166845 - - Rima et al. (2017)
Macvicaria maamouriae Lithognathus mormyrus Tunisia KR149474 KR149468 - - Antar et al. (2015)
- . Sparus aurata; Tkach et al. (2001);
Macvicaria mormyri Unidentified fish host France MF166839 AF184256 - - Rima et al. (2017)
Macvicaria obovata Cyclope neritea Spain JQ694145 JQ694147 - - Born-‘l('gg;;gi etal.
Magnaosimum brooksae Tripodichthys angustifrons Australia MG813905 MG813907 - - Martin et al. (2018b)
MH933883;
MH933884;
. ] Lagocephalus lunaris; . MH933885; .
Opistholebes amplicoelus Tetractenos hamiltoni Australia MH933868 MH933875 MH933886- - Martin et al. (2018a)
MH933887;
MH933888
XXX; XXX:
Opistholebes amplicoelus Amblyrhynchote honckenii South Africa XXX XXX XXX; XXX, Present study
XXX;
Paralellolebes virilis Meuschenia hippocrepis Australia MH933874 MH933880 - - Martin et al. (2018a)
Peracreadium idoneum Anarhichas lupus UK - AY222209 - - Olsen et al. (2003)
Propycnadenoides philippinensis Gymnocranius grandoculis Australia - KU320604 - - Bray et al. (2016)
Pseudoheterolebes diodontis Diodon liturosus; Diodon hysterix ~ Australia MH933869 MH933876 - - Martin et al. (2018a)
Pseudoheterolebes stellaglobulus ~ Dic0Wlichthys punctulatus Australia MH233870 MH933877 ; ; Martin et al. (2018a)
Pseudopycnadena fischtali Diplodus vulgaris Algeria MF166841 MF166851 - - Rima et al. (2017)
Neolebouria georgiensis Parachaenichthys charcoti Ukraine - ON123036 - - Tl el

(2022)
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Table 6 Nucleotide comparison of partial ITS2 rDNA sequences of Opistholebetinae, based on a 433 bp alignment.

Number of bases/ residues which are not identical

O. amplicoelus DH
O. amplicoelus BS
O. amplicoelus CE
O. amplicoelus
M. diodontis
P. virilis
P. diodontis
P. stellaglobulus
H. maculosus
G. perezi
M. mormyri
M. maamouriae
M. gibsoni
M. dubia
M. bartolii
M. crassigula
M. obovata
P. fischthali

M. brooksae

3 @ S @
s 2z 2 3 g 3 3 s & o < T . 5 3
- = [%] N =

3 3 3 3 5 2 g & 3 8 g 3 S 2 S > g £ 2

Q Q Q = ] = S > 3 @ s g Q S & 3 2 < S

L L L S K] S S R} % Q g IS S Sl Q < 8 3 o

i 8§ § § T « 5 3 R T S S & s

8 s s o = « & T s s s © s

o c S

0 0 0 12 13 13 15 17 17 18 20 20 21 21 21 22 24 42

100 0 0 12 13 13 15 17 17 18 20 20 21 21 21 22 24 42
100 100 0 12 13 13 15 17 17 18 20 20 21 21 21 22 24 42
100 100 100 12 13 13 15 17 17 18 20 20 21 21 21 22 24 42
97.21 97.21 97.21 97.21 10 10 1 14 15 17 21 20 22 20 21 23 22 38
96.97 96.97 96.97 96.97 97.67 1 12 10 10 14 19 16 20 15 14 21 18 38
96.98 96.98 96.98 96.98 97.67 97.44 2 18 18 15 21 18 22 18 19 23 23 40
96.51 96.51 96.51 96.51 97.44 97.2 99.53 19 19 15 21 18 22 18 19 23 22 39
96.03 96.03 96.03 96.03 96.74 97.66 95.8 95.57 17 20 24 20 25 22 22 26 24 40
96.04 96.04 96.04 96.04 96.5 97.66 95.8 95.57 96.03 12 17 14 17 13 14 19 15 36
95.8 95.8 95.8 95.8 96.04 96.73 96.5 96.5 95.33 97.2 12 5 12 5 6 14 18 33
95.36 95.36 95.36 95.36 95.13 95.58 95.13 95.13 94.42 96.05 97.21 13 2 10 11 2 18 33
95.34 95.34 95.34 95.34 95.34 96.26 95.8 95.8 95.33 96.73 98.83 96.98 13 7 6 15 20 36
95.14 95.14 95.14 95.14 94.91 95.36 94.91 94.91 94.2 96.06 97.22 99.54 96.98 10 11 4 18 33
95.12 95.12 95.12 95.12 95.35 96.5 95.81 95.81 94.87 96.97 98.83 97.67 98.37 97.68 3 12 18 32
95.12 95.12 95.12 95.12 95.12 96.74 95.58 95.58 94.87 96.74 98.6 97.44 98.6 97.45 99.3 13 19 33
949 94.9 949 94.9 94.66 95.12 94.66 94.66 93.95 95.58 96.74 99.53 96.51 99.07 97.21 96.98 20 35
94.43 94.43 94.43 94.43 949 95.81 94.66 94.9 94.42 96.51 95.81 95.81 95.35 95.82 95.81 95.58 95.35 29
90.26 90.26 90.26 90.26 91.18 91.16 90.72 90.95 90.7 91.63 92.33 92.33 91.63 92.34 92.56 92.33 91.86 93.26

Percentage of basis/ residues which are identical
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Table 7 Nucleotide comparison of partial 28S rDNA sequences of Opistholebetinae, based on a 1,250 bp-long alignment.

Number of bases/ residues which are not identical

g & T & 5 § ¢ & § s g & 3 &2 & §8 & § & 8 %
: F : : Y S o2 3% Fo= ¢ = f o : ¢ 5 5 o 0 3 3
3 S o T X s = X <
o (o]
O. amplicoelus DH 0 0 14 15 17 17 17 21 24 26 26 27 27 31 34 34 38 41 50 108
O. amplicoelus CE 0 0 14 15 17 17 17 21 24 26 26 27 27 31 34 34 38 41 50 108
O. amplicoelus 100 100 14 15 17 17 17 21 24 26 26 27 27 31 34 34 38 41 50 108
M. diodontis 98.94 98.94 98.94 14 22 11 1" 34 33 31 38 37 36 39 42 36 38 45 46 109
P. virilis 98.78 98.78 98.78 98.94 23 16 16 31 28 24 35 32 31 34 37 33 31 38 39 109
H. maculosus 98.62 98.62 98.62 98.29 98.13 22 22 35 38 32 39 39 41 44 47 43 46 48 56 110
P. diodontis 98.62 98.62 98.62 99.19 98.70 98.21 0 35 32 28 37 37 35 38 41 33 35 42 45 112
P. stellaglobulus 98.62 98.62 98.62 99.19 98.70 98.21 100 35 32 28 37 37 35 38 41 33 35 42 45 112
M. maamouriae 98.22 98.22 98.21 97.19 97.36 97.02 97.02 97.02 20 32 3 17 21 22 25 29 37 37 50 108
M. gibsoni 97.96 97.96 97.96 97.28 97.62 96.77 97.28 97.27 98.30 22 21 18 1" 7 1 30 29 32 41 105
P. fischthali 97.79 97.79 97.79 97.45 97.96 97.28 97.62 97.61 97.28 98.13 33 29 25 24 27 27 23 24 40 103
M. obovata 97.92 97.92 97.89 96.99 97.16 96.83 96.99 96.99 99.75 98.21 97.19 18 22 24 27 32 40 40 52 114
M. dubia 97.71 97.71 97.70 96.94 97.28 96.68 96.85 96.85 98.56 98.47 97.53 98.47 22 22 23 32 36 39 48 105
M. bartolii 97.71 97.71 97.70 97.02 97.36 96.51 97.02 97.02 98.22 99.06 97.87 98.13 98.13 7 12 30 32 29 44 104
M. crassigula 97.52 97.52 97.48 96.91 97.24 96.43 96.91 96.91 98.13 99.40 97.96 98.08 98.13 99.41 10 32 34 35 48 108
M. mormyri 97.25 97.25 97.24 96.67 96.99 96.18 96.67 96.66 97.88 99.06 97.70 97.81 98.05 98.98 99.19 32 35 39 47 110
P. philippinensis 97.28 97.28 97.24 97.16 97.32 96.51 97.32 97.31 97.54 97.45 97.70 97.44 97.29 97.46 97.44 97.41 25 31 46 116
P. idoneum 96.96 96.96 96.91 96.99 97.48 96.26 97.16 97.15 96.86 97.53 98.04 96.80 96.95 97.29 97.28 97.17 98.00 33 37 110
G. perezi 96.68 96.68 96.67 96.43 96.91 96.10 96.59 96.58 96.86 97.28 97.96 96.76 96.69 97.54 97.17 96.84 97.49 97.33 47 114
M. brooksae 96.00 96.00 95.94 96.30 96.83 95.45 96.34 96.34 95.76 96.51 96.60 95.84 95.93 96.27 96.16 96.19 96.32 97.04 96.19 106
N. georgiensis 91.00 91.00 90.94 90.90 90.86 90.77 90.60 90.59 90.83 91.06 91.23 90.50 91.09 91.17 91.00 90.79 90.34 90.84 90.47 91.17

Percentage of basis/ residues which are identical
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Table 8 Nucleotide comparison of Opistholebes Nicoll, 1915, mitochondrial COlI (mtDNA) gene sequences, based on a 475 bp alignment.

Number of bases/ residues which are not identical

0. amplicoelus DH
O. amplicoelus WS
O. amplicoelus BS
O. amplicoelus CE
O. amplicoelus DH
O. amplicoelus CE
0. amplicoelus WS
O. amplicoelus BS
O. amplicoelus
O. amplicoelus
O. amplicoelus
O. amplicoelus
O. amplicoelus

O. amplicoelus

2 g 3 8 5 8 2 3 . g . . . .
o o o) o o o o o)
0 0 0 1 1 2 2 69 71 71 71 72 72
100 0 0 1 1 2 2 69 71 71 71 72 72
100 100 0 1 1 2 2 69 71 71 71 72 72
100 100 100 1 1 2 2 69 71 71 71 72 72
99.79 99.79 99.79 99.79 2 3 1 68 70 70 70 'l 7
99.79 99.79 99.79 99.79 99.58 1 3 68 70 70 70 7 71
99.58 99.58 99.58 99.58 99.37 99.79 4 69 71 71 71 72 72
99.58 99.58 99.58 99.58 99.79 99.37 99.16 69 71 71 71 72 72
85.47 85.47 85.47 85.47 85.68 85.68 85.47 85.47 2 2 4 5 3
85.05 85.05 85.05 85.05 85.26 85.26 85.05 85.05 99.58 0 2 3 1
85.05 85.05 85.05 85.05 85.26 85.26 85.05 85.05 99.58 100 2 3 1
85.05 85.05 85.05 85.05 85.26 85.26 85.05 85.05 99.16 99.58 99.58 3 1
84.84 84.84 84.84 84.84 85.05 85.05 84.84 84.84 98.95 99.37 99.37 99.37 2
84.84 84.84 84.84 84.84 85.05 85.05 84.84 84.84 99.37 99.79 99.79 99.79 99.58

Percentage of basis/ residues which are identical
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Table 9 Nucleotide comparison of Opistholebes amplicoelus Nicoll, 1915, nuclear nad1 (hDNA) gene sequences, based on a 474 bp alignment. Abbreviations: DH —
De Hoop; WS — Witsand; BS — Boknesstrand; CE — Chintsa East

Number of bases/ residues which are not identical

O. amplicoelus DH 0. amplicoelus WS O. amplicoelus BS O. amplicoelus CE 0. amplicoelus DH 0. amplicoelus CE
0. amplicoelus DH 0 0 0 1 1
0. amplicoelus WS 100 0 0 1 1
O. amplicoelus BS 100 100 0 1 1
0. amplicoelus CE 100 100 100 1 1
0. amplicoelus DH 99.79 99.79 99.79 99.79 2
0. amplicoelus CE 99.79 99.79 99.79 99.79 99.58

Percentage of basis/ residues which are identical
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Description

Based on six ventrally whole-mounted specimens, measurements in Table 3. Body robustly
pyriform, with rounded to flat posterior. Tegument thick, smooth to wrinkled, with variably rugose frill
posteriorly. Forebody approximately three-quarters of total body length. Oral sucker subterminal, spherical
to subspherical. Ventral sucker subterminal from posterior extremity, subspherical to transversely-
ellipsoidal, slightly larger than oral sucker, surrounded by tegumental folds which form posterior rugose
“frill”. Tegumental folds varying from almost non-existent in some specimens to somewhat extensive, but
never completely enveloping ventral sucker. Pre-pharynx surrounded by prominent, muscular post-oral ring.
Pharynx muscular, ellipsoidal, smaller than oral sucker. Oesophagus short. Intestinal bifurcation broad, in
anterior third of body. Caeca broad with thick internal gastrodermis, slightly tapered posteriorly, extending
to level of posterior margin of ventral sucker. Testes two, spherical to ovoid, approximately equal in size,
margins not contiguous, situated dorsal to ventral sucker, spanning entire intercaecal space. Cirrus-sac
elongated oval, medial. Seminal vesicle broad, tubular, looped, occupies majority of cirrus-sac, sharply
constricted prior to pars prostatica. Pars prostatica short, meets genital atrium. Common genital atrium
short, simple, immediately preceding common genital pore. Genital pore medial to just sinistral of midline,
overlapping caeca in some specimens, entirely post-caecal in others. Ovary roughly spherical, margins
smooth, slightly smaller than testes, dextro-submedial, antero-dorsal to and slightly overlapping dextral
testis. Canalicular seminal receptacle prominent, smaller than and immediately anterior to ovary. Laurer’s
canal short, opens dorsal to ovarian complex. O6type not observed; Mehlis’ gland not prominent. Uterus
convoluted, thin-walled, mostly pre-testicular in sinistral intercaecal region, slightly dorsally overlapping
anterior margin of sinistral testis. Eggs oval, tanned, operculate. Vitelline follicles numerous, dense,
relatively large, distributed from level of pharynx to posterior extremity, more extensive dorsally than
ventrally; dorsal distribution fills most of body, somewhat but not entirely overlapping intercaecal space;
ventral distribution partially overlapping caeca, not confluent. Pigment granules sparsely interspersed
among vitelline follicles. Excretory vesicle difficult to observe, short, saccular, at most reaching to posterior

margin of ovary. Excretory pore subterminal, dorsal to ventral sucker.

Morphological remarks

This study represents the first record of the opistholebetine trematode infecting A. honckenii off the
coast of South Africa since Bray (1986) reported a single specimen from the Swartkops River estuary near
Ggeberha. Morphological comparisons between the specimen described by Bray (1986) and those
examined in the present study indicate that they belong to the same taxon. Martin et al. (2018a) previously
suggested that the South African specimen identified by Bray (1986) may have closer affinities to species
of Opistholebes rather than Pseudoheterolebes, noting its morphological similarity to O. amplicoelus and
O. microovus, and proposing it might represent a distinct, undescribed species. However, the South African
specimens can be distinguished from O. microovus by a combination of morphological features, including
a narrower ventral sucker (<564 um vs. 578—-957 um in width), a shorter pharynx (<302 ym vs. 334-434
pum in length), a thinner pharynx (<315 pm vs. 418-501 ym in width), narrower testes (<273 ym vs. 284—
367 ym in width), and a longer cirrus-sac (>116 um vs. 83 ym in length) (Table 3). Comparison of these
features with both the original description of O. amplicoelus by Nicoll (1915) and the redescription by Martin

et al. (2018a) supports the identification of the South African specimens as O. amplicoelus and suggests

281



Appendix D

that Bray’s original classification of the specimen as Pseudoheterolebes cotylophorus was likely erroneous.
Detailed morphological comparisons among the present specimens, Bray’s (1986) specimen, and
previously reported descriptions of both O. amplicoelus and P. cotylophorus (summarised in Table 3) reveal
strong similarity to O. amplicoelus and clear distinctions from P. cotylophorus. The South African specimens
conform to the generic characteristics of Opistholebes as outlined by Martin et al. (2018a), including a broad
body (Fig. 2), with total length less than twice the width, and a ventral sucker positioned posteriorly, dorsally
to the testes (Fig. 2), and measuring less than 1.5 times the width of the oral sucker (Table 3). These traits
closely match those described by Nicoll (1915) and subsequent redescriptions (e.g., Manter and Pritchard
1962; Martin et al. 2018a), with only minor metrical variation (Table 3). Previous reports consistently note
that gravid individuals of O. amplicoelus are smaller than those of P. cotylophorus, with Nicoll (1915)
reporting a maximum size of 2,000 um for O. amplicoelus, although the specimen was noted as flattened.
In contrast, P. cotylophorus specimens are generally larger, ranging from 2,000-3,800 um. Ozaki (1937a)
reported specimens as small as 800 pm, though the maturity of these individuals was not specified.
Although egg size has been considered a potential diagnostic character in opistholebetines, it does not
reliably distinguish O. amplicoelus from P. cotylophorus. The egg sizes reported for O. amplicoelus from
the type locality range from 51-70 x 27—40 um (Nicoll 1915; Martin et al. 2018a), which is consistent with
the present South African specimens (60-65 x 34—39 um). However, Bray’s specimen exhibited distinctly
larger eggs (73-80 x 35—42 pm), overlapping with those reported for P. cotylophorus as 70-77 x 47-52 ym
(Ozaki 1937a) and 78-85 x 46—62 um (Yamaguti 1959). Notably, the original description of P. cotylophorus
by Ozaki (1935) reported egg dimensions (62-64 x 40—42 pym) more typical of O. amplicoelus. These
findings suggest that egg size is not a reliable taxonomic character for distinguishing between these two
species. A key morphological feature of Pseudoheterolebes, including P. cotylophorus, is the presence of
pronounced tegumental folds or “frills” surrounding the ventral sucker. This character was a primary
justification for the establishment of the genus and the designation of P. cotylophorus as its type species
(Yamaguti 1959). However, these prominent tegumental folds are absent in Bray’s (1986) specimen and
mostly absent in the South African specimens examined in the present study (Fig. 2). While some
individuals exhibit slight frilling around the ventral sucker, none show the extensive development typical of
Pseudoheterolebes species.

Molecular results

The ITS2 rDNA and partial 28S rDNA molecular phylogenetic analyses produced final alignments
of 433 bp and 1,250 bp, respectively. The newly generated ITS2 and partial 28S rDNA sequences for South
African specimens were identical across all specimens, exhibiting no intraspecific variation (i.e. 0 bp
difference). In the ITS2 rDNA analyses, all South African sequence replicates (collected from De Hoop,
Boknesstrand and Chintsa East) were identical to that of a sequence of Opistholebes amplicoelus from off
North Stradbroke Island, Australia (ex L. lunaris) (Table 6). Similarly, in the partial 28S rDNA analysis, the
newly generated South African specimens (collected from De Hoop and Chintsa) showed no differences (0
bp) to the sequence of O. amplicoelus from off North Stradbroke Island, Australia (ex L. lunaris) (Table 7).
These validate the identity of the South African taxon as O. amplicoelus. Maximum likelihood (ML) and
Bayesian inference (Bl) analyses based on the rDNA alignment, which included partial 28S sequences of

Opistholebetinae, yielded phylogenetic trees with congruent topologies and comparable nodal support (Fig.
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3). These results align with previously reported phylogenetic patterns for Opistholebetinae (Martin et al.
2018a). The South African sequences formed a well-supported clade with O. amplicoelus (highlighted in
green in Fig. 3), clearly separated from all Pseudoheterolebes species, which grouped into a distinct clade
(highlighted in orange). The newly generated South African specimens showed clear genetic distinction
from species of Pseudoheterolebes, exhibiting 17 bp differences in the 28S rDNA region when compared
to those taxa (Table 7). The smallest interspecific differences (14 bp/ 1.06%) were observed between O.
amplicoelus and Maculifer diodontis Martin, Ribu, Cutmore & Cribb, 2018. Conversely, Magnaosimum
brooksae Martin, Crouch, Cutmore & Cribb, 2018, was the most genetically distant species from O.
amplicoelus, with 50 bp differences (4%) in the 28S rDNA region (Table 7).

_ Opistholebes amplicoelus SA
1/ 100
- Opistholebes amplicoelus_SA

0.92/94
- Opistholehes amplicoelus_AUS - MH333875
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Fig. 3 Phylogenetic tree of the subfamily Opistholebetinae based on partial 28S rRNA gene alignments.
Newly generated sequences for Opistholebes amplicoelus Nicoll, 1915, are provided in bold. Nodal support
presented above or below branches for Bayesian Inference (>0.7) and Maximum Likelihood (>70%)
analyses (BI/ML). Dashes indicate values below 0.70 and 70%, respectively. Neolebouria georgiensis

Gibson, 1976, was used as the outgroup

Alignment of the COlI mtDNA dataset, comprising Opistholebes amplicoelus specimens from South
Africa and six replicates from Moreton Bay, Australia, yielded 475 bp for analysis. South African specimens
exhibited 0—4 bp (0-0.42%) variation at the COlI locus (Table 8), with three genotypes identified across all
localities and seven of 11 replicates sharing an identical sequence (Fig. 4). The Australian replicates
showed a comparable level of intraspecific variation (0-5 bp; 0-1.1%). However, the South African and
Australian specimens differed by 69-72 bp (14.5-15.2%). Alignment of the nad1 mtDNA dataset yielded

474 bp for analysis. South African O. amplicoelus specimens showed minimal variation (0—2 bp; 0-0.42%)
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across localities, with eight of 11 replicates being identical (Table 9). A concatenated dataset of the COIl and

nad1 loci produced a total alignment of 952 bp. This dataset, along with the COl mtDNA alignment alone,

was used to construct haplotype networks to visualise population structure for O. amplicoelus (Fig. 5). The

South African and Australian populations of O. amplicoelus were highly distinct, showing no shared

haplotypes or evidence of population connectivity. Within each population, no geographic structuring was

observed, and both loci indicated a lack of divergence among individuals from different sampling localities

in South Africa.
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Fig. 4 Phylogenetic tree of Opistholebes Nicoll, 1915, trematodes based on partial COl mtDNA gene

alignments. Newly generated sequences for Opistholebes amplicoelus Nicoll, 1915, are provided in bold.

Nodal support presented above or below branches for Bayesian Inference (>0.7) and Maximum Likelihood

(>70%) analyses (BI/ML). Dashes indicate values below 0.7 and 70%, respectively
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Fig. 5 Haplotype networks for Opistholebes amplicoelus Nicoll, 1915, based on mitochondrial DNA

sequence data: A — Network based on COl mtDNA sequences from South African specimens and
specimens from Moreton Bay, Australia; B — Network based on a concatenated alignment of COIl and nad1

mtDNA sequences from South African specimens only

Discussion

This study resolves a longstanding taxonomic uncertainty regarding the identity of opistholebetine
trematodes infecting A. honckenii off the South African coast. Through detailed morphological analyses,
the newly collected specimens are shown to conform to O. amplicoelus, particularly in body proportions,
sucker size, arrangement of reproductive organs, and the absence of pronounced tegumental folds around
the ventral sucker. These features distinguish the specimens from Pseudoheterolebes cotylophorus.
Molecular data further support this reassignment: sequences from the ITS2, 28S rDNA, and COl mtDNA
regions were identical across all South African specimens and matched reference sequences of O.
amplicoelus, exhibiting no intraspecific variation. Phylogenetic analyses based on ITS2 and partial 28S
rDNA placed these specimens in a well-supported clade with O. amplicoelus from the type locality, distinct

from Pseudoheterolebes species, which formed a separate lineage with greater sequence divergence.

Since its original description from Moreton Bay, Australia by Nicoll (1915), O. amplicoelus has rarely
been reported and often misidentified, with several specimens later synonymised (e.g., Gupta 1968; Liu
1999). The redescription by Martin et al. (2018a) from the type locality, based on new material, and the
sequences presented in their study, and this one, remain the only molecular data available for the species.

Future analyses of specimens from India and China currently assigned to O. amplicoelus are needed.
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Host specificity and distribution data further reinforce this taxonomic reassignment.
Pseudoheterolebes cotylophorus was originally described from the diodontid Diodon holocanthus (Ozaki
1935) and has predominantly been reported from diodontid hosts (e.g., Ozaki 1937b; Manter and Pritchard
1962; Yamaguti 1970), with only two records from tetraodontids and a single uncorroborated record from a
carangid, Trachurus mediterraneus, (Steindachner) (Caranginae) in the Black Sea (Nikolaeva and
Kovaleva 1966). The latter record was made without comment in a broad, parasite-wide survey and, due
to host identity and geographic mismatch, is regarded here as likely erroneous. Ozaki (19374, b) listed the
tetraodontid Takifugu niphobles (Jordan & Snyder) (Tetraodontidae) as a host of P. cotylophorus without
comment, and Bray (1986) similarly made no note of host associations when assigning a South African
specimen from A. honckenii to that species. In contrast, O. amplicoelus is reliably known from
tetraodontiform hosts, reported from five genera: Amblyrhynchotes, Arothron, Dichotomyctere,

Lagocephalus, and Tetractenos, making its occurrence in A. honckenii ecologically consistent.

Together, these morphological, molecular, and ecological data demonstrate that the trematodes
previously identified as P. cotylophorus by Bray (1986) actually represent O. amplicoelus. This correction
not only clarifies historical misidentifications but also highlights the value of integrated morphological and
molecular approaches in resolving taxonomic ambiguities among marine parasites. Future work focusing
on the type host and locality of P. cotylophorus in Japan is needed to refine the genus boundaries and

confirm its phylogenetic placement.

It is noteworthy that specimens of O. amplicoelus from South Africa are genetically identical in the
ITS2 and 28S rDNA regions to those from eastern Australia. Ribosomal markers, such as ITS2, are widely
used to delineate cryptic species, especially in trematode taxa where morphological convergence can
obscure true identity (Martin et al. 2018b; Bray et al. 2022). The absence of ribosomal sequence divergence
across this broad Indo-West Pacific range suggests a single, widespread species, likely sustained by
connectivity among host populations. Most known hosts of O. amplicoelus are tetraodontids with extensive
ranges across the region (Froese and Pauly 2025), although host movement and population structure
remain poorly studied in southern Africa. Sampling of other tetraodontiform fishes in this region may reveal

further hosts, but such studies are currently lacking.

Despite broad geographic coverage in the current sampling, genetic variation among South African
O. amplicoelus was minimal: no variation in ITS2 and 28S, only 1-2 bp differences in nad1 mtDNA, and 0-
4 bp differences in COl miDNA (Tables 6-9). Australian specimens showed similar low intraspecific
variation, but COl mtDNA differed from South African sequences by 68—72 bp. This level of mitochondrial
divergence, although high, is consistent with patterns observed in other widely distributed trematodes (e.g.,
Emprostiotrema fusum (Goto & Ozaki, 1929) Cianferoni & Ceccolini, 2021) (Huston et al. 2024), where
ribosomal sequences remain conserved, but mitochondrial markers show greater geographic variability. In
some instances, such patterns mask cryptic speciation (e.g., Doorochen spp. Bray, Cutmore & Cribb, 2022)
(Bray et al. 2023), however, given the complete morphological congruence and lack of sequence data from
intermediate regions, the most parsimonious conclusion is that Australian and South African O. amplicoelus
represent a single, widespread species. Continued refinement of trematode systematics, especially

regarding reconciliation of mitochondrial and nuclear markers, is ongoing (Cribb et al. 2025), and future
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studies across the Indian Ocean and western Pacific may vyield further insights into the extent of O.

amplicoelus’ range.

Mitochondrial haplotype analyses reveal no population structuring among South African O.
amplicoelus. Three COI genotypes were detected: two occurred across a 700 km stretch from De Hoop
Nature Reserve to Chintsa East, and the third was present in specimens from Witsand and Boknesstrand,
separated by ~550 km. While movement and population genetics of several commercially important South
African fishes have been well studied (e.g., Dichistius capensis (Cuvier)(Dichistiidae), Lichia amia
(Linnaeus)(Carangidae), Atractoscion aequidens (Cuvier)(Sciaenidae)) (Attwood and Cowley 2010;
Henriques et al. 2012, 2014), no such studies exist for A. honckenii or other tetraodontids in the region.
Interestingly, no O. amplicoelus were found in A. honckenii sampled north of Chintsa East, at either Uvongo
Beach (n = 10) or Sodwana Bay (n = 18) (Table 2). This absence may be explained by oceanographic
factors. The southward-flowing Agulhas Current in eastern South Africa creates biogeographic separation
from the cooler southern systems (Halo and Raj 2020), potentially limiting host or intermediate host
dispersal. The identity of the intermediate host for O. amplicoelus remains unknown, further complicating
biogeographic interpretation.

Reconciling parasite and host distributions in southern African marine systems remains an
emerging field. Several recent studies hint at broad parasite homogeneity across wide distances. For
instance, Vermaak et al. (in review) found Macvicaria sp. Gibson & Bray, 1982 (Opecoelidae) infecting
Diplodus capensis (Smith) from De Hoop to Chintsa East, mirroring our findings. Similarly, Yong et al. (2025)
reported genetically indistinguishable lepidapedids in Dichistius capensis and its second intermediate host,
Perna perna (Linnaeus) (Mytilidae), from central Namibia to southwestern South Africa. Louvard et al. (in
review) described a new Bucephalidae Poche, 1907, species spanning 2,700 km, from Langstrand,
Namibia, to Uvongo Beach, South Africa. While these studies were not biogeographically focused and
lacked comprehensive dual-host molecular data, they suggest low parasite population structuring along the
southern African coast. Broader, finer-scale studies with robust sampling are needed to confirm these
patterns and reveal the underlying mechanisms of connectivity and speciation in marine parasites, like O.
amplicoelus. Taken together, these findings resolve a longstanding taxonomic uncertainty surrounding
Opistholebes amplicoelus and highlight the value of integrative taxonomic approaches in uncovering cryptic

parasite diversity and clarifying host—parasite biogeographic relationships across marine ecosystems.
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