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Abstract

:

Acanthocephalans constitute a relatively small phylum of dioecious helminths that infect invertebrate intermediate and vertebrate paratenic and definitive hosts. Like most parasites, acanthocephalans are usually overlooked in biodiversity studies, although they can have significant impacts on their host’s health and the structure of surrounding communities. In this study, we present morphological and molecular data from an extensive biodiversity survey of acanthocephalans infecting a range of marine animals in a coastal marine ecosystem in New Zealand. We recovered 13 acanthocephalan species infecting 32 of the 168 free-living animal species investigated, 1 of which is a new geographic record for New Zealand (Gorgorhynchoides queenslandensis), 9 of which constitute new host records, and at least 2 that are species new to science. The data presented here provide a baseline dataset to which future assessments of changes in diversity and distribution of acanthocephalans can be compared.
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1. Introduction


Biodiversity loss is an urgent issue across the globe [1] and it is therefore increasingly important that patterns of biodiversity are documented and understood before species are lost. Without adequate records of species presence within ecosystems, it is not possible to assess which species will be most susceptible to loss, to align conservation efforts, or to predict the future of the world’s ecosystems [2]. Biodiversity surveys or studies that document species presence at one given point in time and space act as a starting point to address this problem. Unfortunately, biodiversity surveys tend to focus on certain conspicuous vertebrate taxa, consequently ignoring the vast majority of biodiversity within ecosystems [3]. Small, and often hidden to the naked eye, parasites are typically underrepresented in studies of biodiversity. It is, however, well documented that we are not able to appropriately understand the structure and functioning, or predict the future of natural systems without accounting for parasites [4,5,6,7,8,9].



Acanthocephalans are no exception to this and although they constitute a relatively small phylum of parasitic worms (approximately 1200–1500 species) [10] compared to other helminth taxa, they can exert large impacts on the structure of their surrounding communities. For example, Profilicollis antarcticus individuals influence the behavior of their crustacean intermediate hosts in a way that increases host susceptibility to predation by the parasite’s next host, the gull Larus dominicanus [11,12], thereby influencing energy flow within the food web. Acanthocephalans can also be significant components of natural systems due to their ability to cause, or be associated with, host mortality [13,14]. Recently, heavy burdens of acanthocephalans and associated peritonitis in New Zealand shags at least in part contributed to the death of some host individuals [15], highlighting the pathogenic potential of acanthocephalans.



The life cycle of acanthocephalans typically involves two or three hosts, including an arthropod intermediate host, a vertebrate definitive host, and sometimes a paratenic host such as a teleost fish. About 25% of all acanthocephalans infect marine animals, and all marine vertebrate taxa are known to host adult acanthocephalans. Proboscis hooks can be used for species delineation for most acanthocephalan species and are retained throughout each stage in their life cycles. Therefore, acanthocephalan life cycles and species resolution are relatively well elucidated, at least in comparison to other helminths [16]. New Zealand is currently home to a total of 26 known marine acanthocephalan parasites, of which 20 have been identified to species level [16]. These records result from a few small-scale surveys or reports on specific acanthocephalans or host species.



All-inclusive localized biodiversity studies are a next step in discovering and documenting parasite biodiversity, especially those incorporating multiple host and parasite taxa [17]. Not only do they reveal what species are present in a given ecosystem, biodiversity surveys act as a starting point to track changes in parasite diversity and distribution through time [17,18]. This may, in turn, aid in the conservation of endemic or threatened host species. In addition, large-scale biodiversity surveys can provide insights into previously unknown disease-causing or disease-associated agents [19]. Lastly, parasite surveys can advance our understanding of the processes behind species diversification, co-evolution, and the evolution of parasites [20].



The aim of this study was to characterize the biodiversity of parasitic Acanthocephala infecting marine animals from Otago’s coastal ecosystem in New Zealand. We present morphological and molecular data on acanthocephalan species parasitizing a range of marine animals from an extensive, collaborative, and opportunistic biodiversity survey carried out between 2019 and 2021. Thirteen acanthocephalan species were recovered, providing nine new host records, at least one new geographic record, Gorgorhynchoides queenslandensis, and at least two species new to science. Our findings serve as a baseline for future studies to assess changes in the diversity and distribution of parasitic acanthocephalans in New Zealand waters.




2. Materials and Methods


2.1. Host and Acanthocephalan Collection


Between June 2019 and August 2021, the authors dissected a total of 6826 individuals belonging to 168 animal species, which with the aim of characterizing helminth biodiversity in Otago’s coastal marine ecosystem, New Zealand. Data regarding other helminth groups are, or will be, published elsewhere (e.g., [17,21,22]). Host individuals were acquired deceased as by-catch or as a by-product of other research, except for a few inter- and sub-tidal fish species collected using hand nets and euthanized under a University of Otago Animal Use Protocol (permit AUP-19-190). All host animals were collected from within the Otago coastal marine ecosystem (OCME) as defined by the Otago regional Council [23]. The host taxa dissected included 81 species of vertebrates (31 seabird species, 40 teleost fish species, 9 elasmobranch species, and 1 marine mammal species, see Table 1 of Bennett et al. [17]) and 87 invertebrate species (see Bennett et al. [21] for a list of invertebrate species investigated).



Hosts were defrosted if frozen, or dissected fresh. For vertebrates, the gastrointestinal tracts and body cavities were investigated for adult and larval acanthocephalans. For invertebrates, internal cavities were examined for larval acanthocephalans.




2.2. Molecular Data


Representatives of each acanthocephalan species, when numbers and conditions allowed it, were DNA sequenced. Genomic DNA was extracted using the Dneasy Blood and Tissue kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. Genes cox1, 28S, and 18S were targeted depending on the acanthocephalan taxa. Polymerase chain reaction (PCR) protocols for the 28S and cox1 gene follow those of Bennett et al. [17] using primer pairs T16 and T30 [24] and JB3 and JB4 [25], respectively. PCR conditions for the 18S gene consisted of 5 min at 94 °C, followed by 30 cycles of 94 °C for 1 min, 50 °C for 1 min, 72 °C for 1 min, and a final extension step at 72 °C for 7 min, using the primer pair 18SA and 18SB [26]. PCR products were cleaned using EXOSAP™ Express PCR Product Cleanup Reagent (USB Corporation, Cleveland, OH, USA) following the manufacturer’s instructions. Sanger sequencing by capillary electrophoresis was performed by the Genetic Analysis Service, Department of Anatomy, University of Otago (Dunedin, New Zealand), Macrogen Incorporated (Seoul, Republic of Korea) or by Massey Genome Services, School of Fundamental Science, Massey University (Palmerston North, New Zealand).



The sequences were imported into Geneious Prime(R) v1.2, trimmed using the trim function with default parameters, and manually edited for incorrect or ambiguous bases. An alignment was created for each of the main acanthocephalan groups recovered, together with sequences of close relatives downloaded from GenBank following BLASTn searches to confirm the lowest taxonomic identification possible. Three alignments were used for phylogenetic analysis, including a concatenated cox1, 28S, and 18S alignment of representatives from Family Polymorphidae, an 18S alignment for representatives of Leptorhynchidae, and a 28S alignment for representatives of Neoechinorhynchidae. In groups, outgroups, and their GenBank accession numbers used in phylogenies are presented in the respective figures. The program JModelTest v2.1.6 was used to estimate the model of evolution for two alignments (Leptorhynchidae and Neoechinorhynchidae), restricted to three substitution models compatible with MrBayes. The models selected were GTR + I + G for the 18S Leptorhynchidae alignment and GTR + I + G for the 28S Neoechinorhynchidae alignment. For the concatenated cox1, 18S, and 28S Polymorphidae alignment, a mixed nucleotide substitution rate was used to model average all possible models of evolution. Bayesian inference was conducted for each alignment using the online interface: Cyberinfrastructure for Phylogenetic Research Science Gateway (CIPRES) [27]. The analyses performed had random starting trees for two runs (each with one cold and three heated chains), employing a Markov Chain Monte Carlo approach for sampling the joint posterior probability distribution across 10,000,000 generations at heating temperatures of 0.01, 0.02, and 0.02 for the Polymorphidae, Leptorhynchidae, and Neoechinorhynchidae alignments, respectively. The first 25% of samples were discarded as burnin. After each analysis, mixing and convergence estimates were evaluated through CIPRES output files and Tracer v1.6.0 [28] to ensure the appropriateness of each estimated phylogeny. The resulting trees were summarized in a 50% majority-rule consensus tree with clade credibility support values (Bayesian posterior probability, BPP) and branch length information. The trees were visualized in FigTree v1.4.4 [29] and edited in Inkscape v1.1 (downloaded from https://inskcape.org). A BPP higher than 0.8 was considered moderately supported and greater than 0.95 was considered high nodal support. Uncorrected pairwise genetic distances were estimated in MEGA v11 [30].




2.3. Morphological Data


Morphological data were gathered from representative acanthocephalan specimens to allow identification to the lowest taxonomic level possible in combination with the genetic data obtained. For light microscopy, specimens were cleared in beechwood creosote as temporary mounts. Measurements were made using ImageJ software (Wayne Rasband, NIH, Maryland, United States of America) from photographs taken on an Olympus BX51 compound microscope mounted with a DP25 camera attachment (Tokyo, Japan). When available, specimens were chosen for scanning electron microscopy (SEM). These specimens were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer, then post-fixed in 1% osmium tetroxide and dehydrated through a gradient series of ethanol, and then critical-point dried in a CPD030 BalTec critical-point dryer (BalTec AG, Balzers, Liechtenstein) using carbon dioxide, mounted on aluminium stubs, and sputter coated with gold/palladium (60:40) to a thickness of 10 nm in an Emitech K575X Peltier-cooled high-resolution sputter coater (EM Technologies, Ashford, Kent, UK). The specimens were viewed with a Zeiss Sigma VP variable-pressure scanning electron microscope (Carl Zeiss Inc., Oberkocken, Germany) at the Otago Centre for Electron Microscopy (University of Otago, New Zealand).





3. Results


In total, 35% of seabird species (11 of 31), 33% of fish species (13 of 40), 1 marine mammal (1 of 1), and 5% of invertebrate species (4 of 87) dissected from Otago’s coastal marine ecosystem hosted parasitic acanthocephalans. No acanthocephalans were recovered from elasmobranch hosts. We recovered 13 acanthocephalan species (Figure 1), all of which were recovered as adults within 18 definitive/accidental hosts (11 seabirds, 6 fish and leopard seal species), 3 were found as larvae within 4 invertebrate intermediate hosts (2 amphipod and 2 crab species), and 3 were found as larvae within 12 teleost paratenic hosts (Table 1). Overall, 44 unique acanthocephalan–host interactions are reported here, of which 9 are new host records (Table 1). Acanthocephalans recovered belonging to orders Neoechinorhynchida and Echinorhynchida were found infecting fish definitive hosts, while those belonging to Polymorphida infected seabirds and the one marine mammal, with one exception: the echinorhynchidan Rhadinorhynchus sp. (Family Rhadinorhynchidae Lühe, 1912) infected a flesh-footed shearwater, and was probably ingested with its fish host. We provide genetic data for 7 of the 13 acanthocephalan species from cox1, 18S, or 28S data (Table 2).



Below, we present remarks on each species recovered during this survey, including morphological descriptions where appropriate, information regarding the prevalence and intensity of infections, host specificity, and new genetic data and illustrative phylogenies.
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Table 1. Acanthocephalan species recovered from a range of marine animals in Otago’s coastal ecosystem, including data on host species, life stages recovered (Ad = adult, Cy = cystacanth), host type (D = definitive, P = paratenic, A = accidental, and I = Intermediate), and if the host–acanthocephalan association is new or not.
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Acanthocephalan Species

	
Host

	
Stage

	
Host Type

	
New Record

	
Ref






	
Andracantha leucocarboi

	
Little shag, Microcarbo melanleucos brevirostris

	
Ad

	
D

	
No

	
[15,31]




	
Otago shag Leucocarbo chalconotus

	
Ad

	
D

	
No

	
[15,31]




	
Spotted shag Phalacrocorax punctatus

	
Ad

	
D

	
No

	
[15,31]




	
Andracantha sigma

	
Little blue penguin Eudyptula novaehollandiae

	
Ad

	
D

	
No

	
[15,31,32]




	
Otago shag L. chalconotus

	
Ad

	
D

	
No

	
[15,31]




	
Spotted shag P. punctatus

	
Ad

	
D

	
No

	
[15,31]




	
Sprat Sprattus antipodum

	
Cy

	
P

	
No

	
[22]




	
Aspersentis sp.

	
NZ sole Peltorhampus novaezeelandiae

	
Ad

	
D

	
Yes

	




	
Bolbosoma balaenae

	
Little blue penguin E. novaehollandiae

	
Ad

	
A

	
No

	
[32]




	
Sprat S. antipodum

	
Cy

	
P

	
No

	
[22]




	
Amphipod Themisto sp.

	
Cy

	
I

	
No

	
[21,22]




	
Corynosoma hannae

	
Leopard seal Hydrurga leptonyx

	
Ad

	
D

	
No

	
[22]




	
Otago shag L. chalconotus

	
Ad

	
A

	
No

	
[22]




	
Spotted shag P. punctatus

	
Ad

	
A

	
No

	
[22]




	
Yellow-eyed penguin Megadyptes antipodes

	
Ad

	
A

	
No

	
[22]




	
Banded wrasse Pseudolabrus fucicola

	
Cy

	
P

	
No

	
[22]




	
Blue cod Parapercis colias

	
Cy

	
P

	
No

	
[22]




	
Brill Colistium guntheri

	
Cy

	
P

	
No

	
[22]




	
Crested bellowsfish Notopogon lilliei

	
Cy

	
P

	
No

	
[22]




	
Lemon sole Pelotretis flavilatus

	
Cy

	
P

	
No

	
[22]




	
NZ sole P. novaezeelandiae

	
Cy

	
P

	
No

	
[22]




	
Pigfish Congiopodus leucopaecilus

	
Cy

	
P

	
No

	
[22]




	
Scaly gurnard Lepidotrigla brachyoptera

	
Cy

	
P

	
No

	
[22]




	
Scarlet wrasse Pseudolabrus miles

	
Cy

	
P

	
No

	
[22]




	
Sprat S. antipodum

	
Cy

	
P

	
No

	
[22]




	
Stargazer Genyagnus monopterygius

	
Cy

	
P

	
No

	
[22]




	
Tarahiki Nemadactylus macropterus

	
Cy

	
P

	
No

	
[22]




	
Echinorhynchus sp.

	
Pigfish C. leucopaecilus

	
Ad

	
D

	
Yes

	




	
Gorgorhynchoides queenslandensis

	
Lemon sole P. flavilatus

	
Ad

	
D

	
Yes

	




	
Neoechinorhynchus sp.

	
Mullet Aldrichetta forsteri

	
Ad

	
D

	
Yes

	




	
Sprat S. antipodum

	
Ad

	
D

	
Yes

	




	
Plagiorhynchus allisonae

	
Pied stilt Himantopus himantopus

	
Ad

	
D

	
Yes

	




	
South Island pied oystercatcher Haematopus finschi

	
Ad

	
D

	
No

	
[33]




	
Amphipod Transorchestia serrulata

	
Cy

	
I

	
No

	
[21,22]




	
Profilicollis novaezealandensis

	
Black-backed gull Larus dominicanus

	
Ad

	
D

	
No

	
[22,34]




	
Little shag M. melanleucos brevirostris

	
Ad

	
D

	
No

	
[15,22]




	
Royal spoonbill Platalea regia

	
Ad

	
D

	
No

	
[22]




	
Spotted shag P. punctatus

	
Ad

	
D

	
No

	
[15,22]




	
Purple shore crab Hemigrapsus sexdentatus

	
Cy

	
I

	
No

	
[21,22]




	
Stalk-eyed mud crab Hemiplax hirtipes

	
Cy

	
I

	
No

	
[21,22]




	
Rhadinorhynchus sp.

	
Flesh-footed shearwater Puffinus carneipes

	
Ad

	
A

	
Yes

	




	
Tegorhynchus sp.

	
Scarlet wrasse P. miles

	
Ad

	
D

	
Yes

	




	
Tenuisoma tarapungi

	
Black-backed gull L. dominicanus

	
Ad

	
D

	
Yes

	




	
Red-billed gull Chroicocephalus scopulinus

	
Ad

	
D

	
No

	
[35]
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Table 2. Newly produced gene sequences of acanthocephalans infecting marine animals in Otago, New Zealand.
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Acanthocephalan Species

	
Host

	
Isolate

	
Genbank Accession






	

	

	

	
28S

	
18S

	
cox1




	
Aspersentis sp.

	
NZ sole

	
FF1aca1_10

	
OQ947383

	
OQ942219

	
OQ947286




	
Corynosoma hannae

	
Leopard seal

	
LSL1aca1

	
OQ947384

	

	




	
Otago shag

	
OSH1aca1

	
OQ947385

	

	




	
Spotted shag

	
SSH1aca1

	
OQ947386

	

	




	
Yellow-eyed penguin

	
YEP1aca1

	
OQ947387

	

	




	
Gorgorhynchoides queenslandensis

	
Lemon sole

	
FF2aca2_17

	
OQ947388

	
OQ942220

	




	
Neoechinorhynchus sp.

	
Mullet

	
Mull1aca1

	
OQ947389

	

	
OQ947287




	
Sprat

	
SPRAaca4

	
OQ947390

	

	




	
Plagiorhynchus allisonae

	
Pied stilt

	
Psti1aca1

	
OQ947391

	

	




	
Profilicollis novaezealandensis

	
Royal spoonbill

	
SPB1aca1

	
OQ947392

	

	




	
Tegorhynchus sp.

	
Scarlet wrasse

	
Fish3Baca1

	
OQ947393

	
OQ942221

	




	
Tenuisoma tarapungi

	
Black-backed gull

	
BBG40aca1

	
OQ947394
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Figure 1. Plate of scanning electron or photo micrographs of acanthocephalan diversity in Otago’s coastal marine ecosystem. (a) Andracantha leucocarbo ex spotted shag [31]; (b) Andracantha sigma ex spotted shag [31]; (c) Bolbosoma balaenae ex little blue penguin [32]; (d) Corynosoma hannae ex Otago shag [36]; (e) Profilicollis novaezealandensis ex Royal spoonbill; (f) Tenuisoma tarapungi ex red-billed gull [35]; (g) Plagiorhynchus allisonae ex amphipod Transorchestia serrulata; (h) Aspersentis sp. ex NZ sole; (i) Gorgorhynchoides queenslandensis ex lemon sole; (j) Echinorhynchus sp. ex pigfish; (k) Tegorhynchus sp. ex scarlet wrasse; (l) Rhadinorhynchus sp. ex flesh-footed shearwater; (m) Neoechinorhynchus sp. ex yellow-eyed mullet. Scale bars (a–g) = 1 mm, (h–m) = 100 µm. 
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3.1. Class Palaeacanthocephala: Order Polymorphida Petrochenko, 1956: Family Polymorphidae Meyer, 1931


Almost half of the acanthocephalan species recovered in this survey belonged to Family Polymorphidae (Figure 2). The phylogeny inferred from cox1, 18S, and 28S sequence data provides high nodal support for most species within Polymorphidae except for some representatives of Corynosoma and Bolbosoma (Figure 2). The relationships between taxa are comparable to those reported in other studies using the same molecular markers (e.g., Garcia-Varela et al. [37]; Presswell et al. [35]). All polymorphid acanthocephalans were identified to species level.



3.1.1. Andracantha leucocarboi Presswell, García-Varela & Smales, 2018 (Figure 1a)


In this survey, A. leucocarboi specimens were recovered from three definitive shag hosts (little pied Microcarbo melanoleucos (Gould), Otago Leucocarbo chalconotus (Gray), and spotted shags Phalacrocorax punctatus (Sparrman)). The prevalence of A. leucocarboi was highest in little pied shags (86%, n = 8), followed by Otago (50%, n = 16) and spotted (35%, n = 34) shags. Similarly, the intensity of A. leucocarboi was also highest in little pied shags with an average of 44 (1–100) individuals per infected shag, followed by spotted and Otago shags (mean intensity = 20 (1–90) and 5 (1–14), respectively). Andracantha leucocarboi was previously reported in the same hosts when originally described by Presswell et al. [31] and again when reported more recently by Presswell and Bennett [15].




3.1.2. Andracantha sigma Presswell, García-Varela & Smales, 2018 (Figure 1b)


This species was described from the spotted shag Phalacrocorax punctatus, Otago shag Leucocarbo chalconotus, and little blue penguin Eudyptula novaehollandiae (Stephens) (as E. minor Forster) [31], but no intermediate or paratenic hosts were known at the time. This study recovered cystacanths of A. sigma from the sprat Sprattus antipodum (Hector), as reported in Bennett et al. [22]. As of yet, no invertebrate first intermediate host is known for this species. Spotted shags hosted the highest prevalence and intensity of A. sigma (prevalence = 82%, n = 34, intensity = 40.5 individuals on average per infected host). On average, little blue penguins hosted 3.3 A. sigma individuals per infected host and Otago shags hosted 3.5 individuals with a prevalence of 47% and 38%, respectively, which was markedly lower than that of spotted shags.




3.1.3. Bolbosoma balaenae (Gmelin, 1790) Porta, 1908 (Figure 1c)


In this study, we recovered one specimen of an adult Bolbosoma balaenae infecting a little blue penguin, Eudyptula novaehollandiae, as reported and briefly described in Bennett et al. [32]. Bolbosoma balaenae usually occurs in baleen whales (Mysticeti) and is the largest of all the Bolbosoma species, reaching a length of over 200 mm in its natural hosts [38]. The single specimen from the little blue penguin was smaller and not mature, but it was found fully everted (a sign that it was alive when it passed into the intestine of the bird) and in good condition, so the penguin was undoubtedly an accidental host [32]. Bolbosoma balaenae was also found in one fish paratenic host (sprat Sprattus antipodum) and its first intermediate host, an amphipod Themisto sp., as first reported in Bennett et al. [22], which represents the complete life cycle elucidated for this species. A previous study found cystacanths in euphausiid shrimp Nyctiphanes couchii (Bell) from Spain [39], which suggests a relatively broad host choice for this species in its first intermediate host.




3.1.4. Corynosoma hannae Zdzitowiecki, 1984 (Figure 1d)


First described from a leopard seal Hydrurga leptonyx (Blainville) in Australia [40], the adult stage of C. hannae has since been reported in New Zealand from two pinnipeds: NZ fur sea lion Phocarctos hookeri (Gray) and NZ fur seal Arctophoca forstseri (Lesson) [41]. Adult C. hannae were recovered from an individual leopard seal and immature adults have also been recovered from the Otago shag (prevalence = 62.5%, n = 16 and intensity = 19.1) and spotted shag species (prevalence =14.7%, n = 34 and intensity = 1.4) and yellow-eyed penguins (prevalence = 50%, n = 6 and intensity = 78) [15,22,36]. Corynosoma hannae cystacanths have been previously reported from two flatfish species, brill Colistium guntheri (Hutton), and New Zealand sole Peltorhamphus novaehollandiae Günther [36,42] and, in this study, we reported an additional 10 paratenic fish hosts (see Table 1 and Bennett et al. [22]). Larval C. hannae exhibited the lowest host specificity of all acanthocephalans present in Otago that were recovered from 30% of all teleost fish species investigated in this study.




3.1.5. Profilicollis novaezelandensis Brockerhoff & Smales, 2002 (Figure 1e)


Profilicollis novaezelandensis was described from a South Island pied oystercatcher Haematopus finschi Martens and bar-tailed godwit Limosa lapponica (Linnaeus) [43]. The species has also been reported from two gull and two shag species [15,34,44]. Adult Profilicollis novaezelandensis were recovered in this survey from Royal spoonbill Platalea regia Gould (prevalence = 66.6%, n = 3 and mean intensity = 17.5), as reported in Presswell and Bennett [15], as well as all of the above definitive hosts. Cystacanths have been found in five different intertidal crab species [21]. Surprisingly, no new specimens were found of P. antarcticus Zdzitowiecki, 1985, which was previously described as common in oystercatchers Haematopus finschi Martens and H. unicolor Forster, and bar-tailed godwit Limosa lapponica L. [43]. We have dissected a number of oystercatchers without finding this species. Neither have we uncovered any specimens from the three crab species that are said to harbor this acanthocephalan [43].




3.1.6. Tenuisoma tarapungi Presswell, Bennett & Smales, 2020 (Figure 1f)


Tenuisoma tarapungi was originally described from the red-billed gull by Presswell et al. [35]. The present survey also recovered this acanthocephalan from a second definitive host species, the black-backed gull. Sequences of 28S rDNA from the latter were identical to those provided by Presswell et al. [35]. The prevalence was higher in red-billed gulls (16.6%) than in black-backed gulls (6.2%), although the intensity was relatively low for both species (mean intensity 2.7 and 1.6, respectively). No intermediate hosts have yet been identified for this species.





3.2. Class Palaeacanthocephala: Order Polymorphida Petrochenko, 1956: Family Plagiorhynchidae Golvan, 1960


Plagiorhynchus allisonae Smales 2002 (Figure 1g)


Plagiorhynchus allisonae Smales 2002, described from South Island pied oystercatcher Haematopus finschi, and variable oystercatcher H. unicolor [33], was also recovered in this survey from a pied stilt Himantopus himantopus (Linnaeus) which constitutes a new host record. Based on the data from this study, the mean intensity of P. allisonae was much higher in variable oystercatchers (439.5 based on 2/6 infected hosts) than South Island pied oystercatchers (60 based on 1/6 infected hosts) and pied stilts (5 based on 2/2 infected hosts). The intermediate host is known to be the amphipod Transorchestia serrulata (Dana) (formerly T. chilensis). [45]. Newly generated 28S sequences from a pied stilt matched, with 100% identity, those supplied in Lagrue et al. [45].





3.3. Class Palaeacanthocephala: Order Echinorhynchida Southwell & Macfie, 1925: Family Echinorhynchidae Cobbold, 1876


Echinorhynchus sp. (Figure 1j)


A single adult male specimen of an unknown Echinorhynchus species was recovered from a pigfish Congiopodus leucopaecilus (Richardson), constituting the first record of an acanthocephalan infection for this host. The specimen was in fair condition, but with the proboscis only partly inverted. The features were as follows: body length 5.49 mm, maximum width 720 µm; proboscis length 662, proboscis width 213; proboscis receptacle 959 long, 283 wide; hook rows 14, hooks per row 9–11; largest hooks 69 µm (dorsal) and 89 µm (ventral), smallest hooks 25 µm (dorsal) and 32 µm (ventral) long; testes in third quarter of body length, tandem; anterior testis 462 × 237, posterior testis 385 × 206. Comparing the hook rows and number per row, the size of hooks, size and shape of proboscis, position of testes, habitat, host, and locality with all other marine species currently accepted in the genus [46,47] leads to the conclusion that this specimen does not belong to any known named species. Further specimens are required to name and describe this species. Unfortunately, no DNA sequence could be obtained in this study.





3.4. Class Palaeacanthocephala: Order Echinorhynchida Southwell & Macfie, 1925: Family Heteracanthocephalidae Petrochenko, 1956


Aspersentis sp. (Figure 1h)


A single gravid female specimen belonging to genus Aspersentis was recovered from a NZ sole Peltorhamphus novaezeelandiae Günther in our survey. This species is morphologically closest to Aspersentis peltorhamphi (Baylis, 1944) (syns. Rhadinorhynchus peltorhamphi Baylis, 1944; Heteracanthocephalus peltorhamphi (Baylis, 1944) Petrochenko, 1956) also found and described from the NZ sole in 1944 [48], and more recently in Anglade and Randhawa in 2018 [42]. However, this species differs with considerably smaller proboscis hooks compared to those reported for A. peltoramphi and all other Aspersentis species [48,49,50,51,52,53]. Its features are as follows: body length 6 mm, maximum width 1.2 mm; proboscis 340 µm long; proboscis receptacle 818 µm long; hook rows 12–14, hooks in row 9 approx. 8; ventral hooks 35–62 µm, dorsal hooks 18–28 long; eggs 66 × 15 µm. These specimens, recovered from one of three NZ sole individuals, therefore appear to represent an undescribed species, although the material was not sufficient to allow a formal description at this time.





3.5. Class Palaeacanthocephala: Order Echinorhynchida Southwell & Macfie, 1925: Family Isthmosacanthidae Smales, 2012


Gorgorhynchoides queenslandensis Smales, 2014 (Figure 1i)


A specimen of Gorgorhynchoides queenslandensis was recovered from one lemon sole Pleotretis flavilatus Waite, out of six individuals investigated. The 18S and 28S sequences obtained here were identical to those of the same species from a yellowtail amberjack Seriola lalandi Valenciennes in Australia [54] (Genbank accessions MN705838 [18S] and MN705858 [28S]). This constitutes a new host record for lemon sole and a new geographic record for G. queenslandensis in New Zealand, extending its currently known range, and it represents the first record of any species within family Isthmosacanthidae in New Zealand.





3.6. Class Palaeacanthocephala: Order Echinorhynchida Southwell & Macfie, 1925: Family Leptorhynchoididae Witenberg, 1923


Tegorhynchus sp. (Figure 1k and Figure 3)


A single-part specimen belonging to family Leptorhynchoididae (syn. Illiosentidae) was recovered from a scarlet wrasse Pseudolabrus miles (Schneider & Forster). Morphologically, this specimen belongs to the genus Tegorhynchus (syn. Illiosentis see Kita et al. [55]), but the proboscis hook formation does not conform to any other species description and it is therefore assumed that this is an undescribed species. Formal description awaits the discovery of further specimens. Its total body length is not known. Its trunk spines extend from the neck to 590 µm (dorsal) and 450 µm (ventral) lengths of the body. Its other features are as follows: proboscis length 862 µm; proboscis receptacle length 724 µm; neck length 226 µm; proboscis hooks in 16 rows; 12+ hooks per row (ventral), 7 posterior spines and 20+ rooted hooks (dorsal); dorsal hooks 20–30 µm, ventral hooks 45–77 µm. Our 18S sequence of this species places Tegorhynchus sp. within Family Leptorhynchidae with high nodal support (Figure 3). The amplified 28S sequences place this species within Leptorhynchoididae with 0.54% genetic divergence to the closest sequence, an unnamed species of Tegorhynchus from an unknown host, provided by García-Varela and Nadler [56]. This is the first record of a species within family Leptorhynchoididae for New Zealand.
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Figure 3. Bayesian phylogenetic tree of acanthocephalans of Family Leptorhynchoididae illustrating the position of Tegorhynchus sp. ex scarlet wrasse recovered in this study (in red), inferred from 18S gene data. Scale represents substitution per base. BPP denoted by black and black-outlined white squares. 






Figure 3. Bayesian phylogenetic tree of acanthocephalans of Family Leptorhynchoididae illustrating the position of Tegorhynchus sp. ex scarlet wrasse recovered in this study (in red), inferred from 18S gene data. Scale represents substitution per base. BPP denoted by black and black-outlined white squares.
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3.7. Class Palaeacanthocephala: Order Echinorhynchida Southwell & Macfie, 1925: Family Rhadinorhynchidae Lühe, 1911


Rhadinorhynchus sp. (Figure 1l)


A single male specimen of an unknown species of Rhadinorhynchus was found in a flesh-footed shearwater Ardenna carneipes (Gould). The species of this family are parasites of fish [57], so its discovery in a seabird was unexpected. It is assumed that this specimen was ingested with its fish host. The only fish reported as a host of Rhadinorhynchus in New Zealand is albacore tuna Thunnus alalunga, which was infected by Rhadinorhynchus sp. [58,59]. It is unlikely that this species from the shearwater is the same rhadinorhynchid as in the tuna species, as they are too large a prey item for shearwater to predate; thus, the identity of the fish host of Rhadinorhynchus sp. remains a mystery. Its features are as follows: total body length > 9 mm; trunk spines in two fields, with anterior field consisting of two circles of bluntly tipped spines, 47–58 µm long, and the second field being unclear due to damage; proboscis cylindrical, length 1737 µm; proboscis receptacle length 1792 µm; proboscis hooks in 14 rows of 20+ per row (estimated from partially inverted proboscis); dorsal hook 59–75 µm, ventral hooks 57–67 µm long; testes oval and tandem; anterior testis 880 µm long, 520 µm wide; posterior testis 754 µm long, 506 µm wide. Unfortunately, the specimen was too damaged to attempt identification to species level and the DNA amplification of remaining tissue was unsuccessful. We did not find any specimens of rhadinorhynchid in any of the pelagic fish sampled; therefore, this species remains intriguing because of its apparent rarity.





3.8. Class Eoacanthocephala: Order Neoechinorhynchida Southwell & Macfie, 1925: Family Neoechinorhynchidae (Ward, 1917)


Neoechinorhynchus sp. (Figure 1m and Figure 4)


Specimens of genus Neoechinorhynchus were recovered from 10 out of 11 yellow-eyed mullet Aldrichetta forsteri (Valenciennes) and 1 of 10 sprat Sprattus antipodum (Hector) in this survey, often in large numbers, with the largest infection comprising over 350 individuals in one mullet intestine. The specimens recovered from mullet and sprat were genetically identical at the level of the 28S gene. These specimens were closest morphologically to N. aldrichettae Edmonds 1971, described from the same host (A. forsteri) in Australia and reported also from New Zealand [60,61]. Recently, specimens collected in Tasmania and identified as N. aldrichettae from A. forsteri were redescribed along with DNA sequences presented by Huston et al. [62]. However, a partial 28S sequence for Huston et al.’s specimens (OM103598) exhibited 12.4% uncorrected pairwise genetic divergence from our newly produced sequences of 28S (Figure 4). Within our presented phylogeny, relationships were well supported within the family, with high support for topologies for most species presented, although Neoechinorhynchus appears paraphyletic (Figure 4). Neoechinorhynchus sp. recovered from sprat and mullet were also highly supported as sister taxa to N. aldrichettae from mullet in Australia (Figure 4). Based on our phylogenetic tree, Neoechinorhynchus species exhibit between 12.4 and 46.6% intraspecific genetic variation in 28S (uncorrected pairwise p distance). Reports from other studies illustrate interspecific divergences ranging from 1.65 to 32.9% [63], and so, based on this, the specimens recovered here may or may not represent a sister species to N. aldrichettae. For the purpose of this study we will consider them as Neoechinorhynchus sp. indet. In the overall size of the trunk, proboscis, and proboscis hooks, the range of measurements is within that given by Edmonds [60] and Huston et al. [62]. However, there are characters, such as the length of the lemnisci and proboscis receptacle, that appear to differ from the descriptions of N. aldrichettae.





[image: Diversity 15 00665 g004 550] 





Figure 4. Bayesian phylogenetic tree of acanthocephalans from Family Neoechinorhynchidae illustrating the position of Neoechinorhynchus sp. ex mullet and sprat recovered in this study (in red), inferred from 28S gene data. Scale represents substitution per base. BPP denoted by black and black-outlined white squares. 
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4. Discussion


We recovered a phylogenetically diverse range of acanthocephalans infecting marine animals in Otago’s coastal marine ecosystem. In total, 13 acanthocephalan species were identified from 18 definitive or accidental host species and 16 intermediate host species, including 9 new host records, at least 1 new geographic record for New Zealand, at least 2 species new to science, and 17 newly generated DNA sequences. The data presented here provide insights into patterns of acanthocephalan biodiversity and host use across species in a coastal ecosystem. We hope these baseline data will provide a starting point for future comparisons pertaining to how acanthocephalan diversity and distributions may change in future.



The acanthocephalans recovered may have a range of impacts on their hosts’ biology and ecology. These impacts are well documented for larval acanthocephalans within invertebrate intermediate and fish paratenic hosts, including species recovered here such as Profilicollis. [11,12]. Such influences are likely exerted in all acanthocephalan host-associations identified here of intermediate/paratenic hosts and larval acanthocephalans. Lesser known are the impacts of adult acanthocephalans on their definitive hosts, especially in seabirds. Various polymorphids, including species recovered here, have previously been associated with host mortality, especially in high infection intensities where acanthocephalans penetrate the intestinal wall causing peritonitis [15,64]. Sub-lethal impacts of acanthocephalans in definitive hosts are much less documented, perhaps because they are difficult to quantify, although consideration should undoubtedly be given to such subtle impacts [65].



A large proportion of species recovered belonged to Family Polymorphidae (6 of 13 species), of which all were identified to a species level. The seven remaining acanthocephalans include five that remain taxonomically unresolved (i.e., only identified to genus level). This taxonomic imbalance may be in part due to the authors’ previous experience in avian polymorphid systematics (e.g., [31,35]). A lack of taxonomic resolution is also a result of a paucity of specimens; some acanthocephalans have low prevalence and intensity in the studied definitive hosts compared to the polymorphids, which were particularly prevalent with sometimes high intensities. In fact, four of the five unresolved species consisted of only an individual specimen within one definitive host individual. Therefore, although a large effort was expended here to identify acanthocephalans from a range of marine animals within one whole coastal ecosystem, much work is still required to provide a resolution of the species recovered here, in particular those acanthocephalans that infect fish.



Taxonomic resolution is not the only limiting factor in our characterization of acanthocephalan biodiversity within Otago, or even New Zealand’s marine environment. Based on the data obtained here, is it likely that all acanthocephalans occurring in Otago’s coastal marine ecosystem, or New Zealand, have been discovered? For acanthocephalans that use fish as definitive hosts, by dissecting 40 fish species in this survey, we recovered at least 2 new species. Considering that there are over 1100 species of marine fish in New Zealand, most of which are yet to be investigated for their parasitic fauna [16], a simple extrapolation means that there could be as many as 57 acanthocephalan species infecting just marine fish in New Zealand yet to be discovered, which would almost double the currently known total species in New Zealand [16]. This only takes into account acanthocephalans maturing in fish definitive hosts, not those species infecting marine mammals and seabirds. Only further large-scale biodiversity surveys can allow an estimate of the actual number of acanthocephalans present in New Zealand marine animals.



Investigations into a wide range of definitive hosts have provided insights into patterns of acanthocephalan host specificity. With the exception of B. balaenae, all polymorphids infected between two and four definitive hosts, and these definitive hosts were exclusively coastal seabirds, except for C. hannae, which was also identified from a leopard seal. Conversely, acanthocephalans maturing in fish appeared to exhibit a higher host specificity with most species infecting only one fish host, e.g., Echinorhynchus sp., Gorgorhynchoides queenslandensis, and Tegorhynchus sp. Not only do these data provide insights into which species are acanthocephalan hosts, but they also indicate which host species are not yet considered hosts of acanthocephalans. Of course, low sample sizes limit our ability to conclude which free-living taxa do not host acanthocephalans; however, these findings provide a starting point to answer this question.



Once it is established which free-living species are infected with acanthocephalan species, it is possible to gain insight into which host species may be more important than others, or which are likely “natural” hosts as opposed to accidental ones. To determine this, we must look towards the prevalence and intensity data, which in this study vary a lot between and within acanthocephalan taxa. For instance, as mentioned earlier, fish acanthocephalans tended to have high host specificity and so only infected one or two definitive hosts. Acanthocephalans infecting seabirds, however, vary in their prevalence and intensity between different host species. For instance, spotted shags, Otago shags, and little blue penguins are currently the only known definitive hosts of A. sigma. However, the prevalence in spotted shags is much higher (82%) than in Otago shags and little blue penguins (38 and 47% prevalence, respectively). The intensity shows a similar pattern with an average of 40 individuals found per infected spotted shag compared to less than 4 individuals per infected Otago shag and little blue penguins. This suggests that spotted shags are likely the preferred host of A. sigma. Alternatively, this pattern could indicate that spotted shags simply consume more of the paratenic or intermediate hosts in their diet, or that spotted shag immune systems are not able to prevent acanthocephalan establishment compared to other potential hosts [66]. Regardless of the processes determining which host species are most appropriate for acanthocephalan infection, our study highlights that infection parameters can provide insights into the factors that determine which host species are more likely to be infected or not.



Although acanthocephalans constitute a relatively small phylum of parasitic helminths, they deserve effort to document their occurrence for their contribution to natural biodiversity and their impacts on host populations. Carlson et al. [67] estimated that by 2070, up to 5% of all currently known acanthocephalan species will be committed to extinction. Without baseline inventories such as this, our ability to understand how patterns of acanthocephalan diversity and distribution will change in response to natural and anthropogenic pressures may be greatly limited.
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Figure 2. Bayesian phylogenetic tree of acanthocephalans of Family Polymorphidae infecting marine animals in Otago’s coastal marine ecosystem, inferred from concatenated cox1, 18S, and 28S gene data. Each colored species was found in Otago and each silhouette represents a host (black silhouettes denote definitive hosts and grey silhouettes denote intermediate or paratenic hosts). Scale represents substitution per base. BPP denoted by black and black-outlined white squares. Genbank accession numbers follow each taxon name as cox1/18S/28S. 
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