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The ornamental fish trade provides a pathway for the global translocation of aquatic parasites. Myxozoa is comprised of highly specialized metazoan parasites of aquatic hosts with a wide host range. Interest in the group has intensified along with the development of aquaculture due to emergent pathogenic myxozoan species in both freshwater and marine environments. However, little is known on myxozoan diversity in the ornamental fish trade. We examined 630 ornamental fish imported from Asia to Australia (representing 24 fish populations, including freshwater and wild caught marine fish species) for myxozoan parasites during 2015. Fish were sampled under Australian quarantine following veterinary certification that they showed no clinical signs of pests and diseases from the exporting country and visual inspection at Australian border control. Myxozoan parasites infected 8 of 12 freshwater populations and 8 of 12 marine fish populations. A total of 12 morphologically distinct Myxobolus spores were detected amongst all goldfish, Carassius auratus populations. Myxidium spores were detected in kissing gourami, Helostoma temminckii, and Ceratomyxa sp. spores were detected in cardinal fishes, Cheilodipterus quinquelineatus, Pterapogon kauderni, and Zoramia leptocantha. Kudoa sp. spores were detected in C. quinquelineatus, Sphaeramia nematoptera and Z. leptocantha. Results of this study show that Australian pre-export health requirements and visual inspections do not reliably detect myxozoan infections. Inspection prior to exportation and at border control should account for the highly cryptic nature of myxozoan parasites and consider alternative detection methods to complement inspections at border control.
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Introduction

The live ornamental fish trade is a known pathway for the introduction of invasive fish, parasites, and pathogens, globally (Whittington and Chong, 2007; Lymbery et al., 2014; Becker et al., 2014; Rimmer et al., 2015; Trujillo-González et al., 2018a). Globalization, advances in technology and transport capability have facilitated the translocation of fish from remote locations and increased the number and volume of species traded. Trade of live animals at this scale presents the potential for introduction of invasive fish species and their associated parasites to endemic ecosystems (Lymbery et al., 2014; Sheath et al., 2015; Trujillo-González et al., 2018a), with important impacts on endemic wildlife, farmed fish species and natural resources (Knight, 2010; Lymbery et al., 2014; Gallardo et al., 2016). For this reason, governments may establish biosecurity protocols to detect and prevent the translocation of hazardous parasites and pathogens though the live ornamental trade (Whittington and Chong, 2007; Rimmer et al., 2015; Trujillo-González et al., 2018b).

Australia has stringent import conditions to manage risks associated with the importation of ornamental fish species. For instance, marine ornamental fish species must be sourced from wild populations 5 km away from any finfish aquaculture operation not associated with significant infectious disease or pest outbreaks during the six months prior to collection, and have not come into contact with water, equipment or fish associated with farmed food fish (DAWE, 2022). Freshwater ornamental fish species must have resided in approved export premises 14 days prior to export in systems separate from farmed food fish or koi carp and must have been inspected within seven days prior to export and show no clinical signs of infectious disease or pests (DAWE, 2022). There are additional health requirements for goldfish, Carassius auratus (Linnaeus, 1758), gouramis and paradise fish (Osphronemidae), Siamese fighting fish (Osphronemidae), cichlids, and poeciliids (DAWE, 2022). All ornamental fish species are inspected by the Department of Agriculture, Water and the Environment (DAWE) on arrival to Australia to ensure that fish are healthy, that the health certification is valid, that they are an approved species, and that they do not contain non-permitted material or material of biosecurity concern (DAWE, 2022). All ornamental species are then directed for isolation by the department at an ornamental fish Approved Arrangement site on arrival, where marine and freshwater fish are isolated for seven days except for goldfish, which must be isolated for 21 days (DAWE, 2022). Nonetheless, parasites and pathogens can be challenging to detect by visual inspections, microscopic life stages may be present in the transport water, and previous research has shown that ectoparasitic monogenean parasite species infecting imported ornamental fishes have gone undetected during pre-export quarantine periods and border control inspections in Australia (Trujillo-González et al., 2018).

Myxozoans comprise a species-rich clade of endoparasitic cnidarians with complex life cycles, exploiting invertebrate and vertebrate hosts in marine, freshwater, and terrestrial environments (Okamura et al., 2018). Available research on myxozoans has traditionally explored species of importance to aquaculture (Sayyaf Dezfuli et al., 2021; Born-Torrijos et al., 2022), with examples such as Ceratonova shasta (Noble, 1950) (Hallett et al., 2012), Enteromyxum leei (Diamant, Lom & Dyková, 1994) (Sekiya et al., 2016), multiple Kudoa species (Moran et al., 1999; Kristmundsson and Freeman, 2014; Marshall et al., 2016) and Myxobolus cerebralis Hofer, 1903 (Fetherman et al., 2011) known to cause severe mortalities and economic losses in food fish aquaculture. Indeed, whirling disease caused by infection with Myxobolus cerebralis, is a reportable aquatic disease in Australia (DAWE, 2021) and some Myxobolus spp. form plasmodia on the body surface of fish hosts and can cause severe disfigurement in farmed ornamental goldfish (Caffara et al., 2009; Zhang et al., 2018). Although over 2,500 myxosporean species have been described and known to infect freshwater and marine hosts (Okamura et al., 2018), the species richness and regularity with which myxozoan infections occur in imported fish in the ornamental fish trade remain largely unexplored, with few studies reporting myxozoan infections in imported freshwater (Caffara et al., 2009; Baska et al., 2009; Trujillo-González et al., 2018a) and marine (Sanil et al., 2016; Surendran et al., 2021) ornamental species. As such, the relative risk of myxozoan parasites being co-introduced through the ornamental trade remains poorly assessed.

The aim of this study was to document myxozoan parasite diversity infecting marine and freshwater ornamental fish species imported to Australia. Fish were imported from Asia and examined for myxozoan parasites under quarantine conditions using a combined morphological and molecular approach to determine the identity of myxozoan parasites undetected following inspection at border control.



Materials and Methods


Fish Importation and Collection

A repeated cross-sectional survey was conducted to examine imported ornamental fish under quarantine for the presence of nationally listed aquatic pathogens that are associated with at least one ornamental fish host imported to Australia. All fishes collected were considered pre-import and under quarantine at the time of testing. A total of 37 fish populations representing 11 species of freshwater fishes and seven species of marine fishes from 11 consignments were commissioned from Sri Lanka, Singapore, Indonesia, and Thailand for examination of parasite fauna (Supplementary S1, Table S1). A consignment was defined as all the ornamental fishes received from an international exporter on a specific day. A population was defined as a single fish species received from an international exporter on a specific day. Fish species were prioritized based on prior knowledge of potential for infection with nationally listed pathogens in consultation with the Australian Government Department of Agriculture, Water and the Environment (DAWE).

On arrival to Australia, all fish were subjected to quarantine practices, which involved clearance from Australian customs, followed by visual inspection and approval by Australian Quarantine Services from DAWE. Following release by Quarantine Services, fish were transported by road to an Approved Arrangement site at the Sydney School of Veterinary Sciences, The University of Sydney, Camden, Australia, for necropsy. It is important to note that all fish populations were still under quarantine authority, as Australian import conditions require all fish released by Quarantine Services to undergo a final quarantine period for 21 days in the case of goldfish, and seven days for all other fish in an Approved Arrangement site (DAWE, 2022). Thirty fish were randomly selected for sampling from each population to enable 95% confidence of detecting parasite prevalence ≥ 10%, assuming 100% sampling sensitivity (Post and Millest, 1991). Apparent prevalence was presented with 95% confidence intervals using the exact binomial approximation. When there were no observed parasites, the proportion was calculated with a one-sided upper 97.5% confidence limit. Fish were euthanized inside the original transport container used by the exporters for delivery (i.e., 20 L plastic bag for freshwater fish populations and individual 5 L plastic bags for marine fish) using benzocaine (100 mg/L) within 12 hours of receipt from Australian Quarantine Services, as per import conditions. To maximize the diversity of fish species available for examination within the 12-hour time limit, three large sampling events were completed in January, May, and October of 2015. Animal ethics approval was obtained from The University of Sydney Animal Ethics Committee (approval number: 720).



Tissue Sampling and Necropsy

Imported fish species were examined for protozoan and metazoan parasites via external macroscopic examination and necropsies of internal organs using wet mount microscopy preparations. Immediately following euthanasia, individual fish were placed in a disposable Petri dish to be photographed, weighed, and measured. Then, tissue samples from each fish were sequentially dissected, placed on glass slides under a large coverslip (with either saltwater or freshwater according to the origin of the fish, or saline solution for internal organs) and examined for the presence of parasites using a compound microscope (Olympus BX41). First, skin scrapes were collected from the left dorsal area of the fish. Then the gill basket was carefully removed and placed in a cavity block with either saltwater or freshwater according to the origin of the fish, and each gill arch carefully dissected. Tissue samples were collected in order from the brain, muscle tissue in the left dorsal muscle area, liver, spleen, and kidney. The gall bladder was excised onto a clean glass slide, immersed in saline solution under a large coverslip and carefully depressed, allowing bile to fill the glass slide. Lastly, the digestive tract was separated between the stomach and intestines, chopped with a scalpel blade, and immersed in saline on a glass slide under a coverslip, followed separately by the heart in the same manner. If microspores or plasmodia were detected, microphotographs were taken using an Olympus UC50 digital camera and NISElements Basic Research 3.0 software (Nikon Corporation, Japan). Samples from each organ were placed in individual Eppendorf tubes with 70% ethanol, labelled and stored for DNA extraction. Glass slides were left to air dry. Once dried, slides were held in slide holders with 70% ethanol for further examination.

All marine fish were examined fresh in this survey. Due to time constraints associated with the 12 h time limit of DAWE to euthanise fish, some freshwater fish were not able to be examined fresh following euthanasia. Fish not examined fresh were photographed, measured and weighed, and underwent external examinations. Subsequently, they were preserved whole with a ventral incision from the isthmus to the anus to permit more rapid fixation in 70% ethanol. These fish were shipped to the Marine Parasitology Laboratory (James Cook University, Australia), and dissected following the methods described above. Parasites were detected using a compound microscope (Olympus BX53) fitted with direct interference contrast, and a dissecting microscope (Leica M60). Microphotographs were taken using an Olympus UC50 mounted camera and Labsense image analysis software (Olympus v. 1).



DNA Extraction, PCR Amplification and Sequencing

DNA was extracted from myxozoan spores isolated from samples stored in 70% ethanol using a Qiagen DNeasy blood and tissue kit (QIAGEN Pty Ltd, Australia) according to the manufacturer’s instructions. Ribosomal DNA for myxozoan parasites was amplified using several primer combinations (Table 1). Polymerase Chain Reaction (PCR) assays (25 μL) contained 2 μL DNA, 1 μL of each corresponding primer combination (10 nM), 12.5 μL Qiagen Hotstart Taq Master Mix (Qiagen, Australia), 4.5 μL MilliQ® water, and 2 μL of Dimethyl Sulfoxide (DMSO, Sigma-Aldrich, Australia). Reactions were performed in a Veriti® Thermal Cycler (Sigma-Aldrich, Australia) under the following cycling conditions: initial denaturation at 95°C for 15 min, followed by 40 cycles of 95°C denaturation for 15 sec then primer-specific annealing temperature for 40 sec (Table 1), 65°C extension for 30 sec, and a final extension at 65°C for 5 min. Amplicons were visualised on agarose gels and selected amplicons were Sanger sequenced by the Australian Genome Sequencing Facility (Brisbane, Australia). Sequence identity was confirmed by BLAST in Geneious (v10.0.9).


Table 1 | Primers for myxozoa ribosomal DNA.





Data Analysis

Measurements of myxozoan parasites were made from photomicrographs using the image analysis package Fiji from Image J (Schindelin et al., 2012). Measurements were only collected from spores positioned ventrally, with the aim of obtaining a minimum of 20 spores from each putative myxozoan species from each host/parasite combination. Measurements for Myxobolus spore ventral length and width were collected from each spore, as well as the length, width and number of ridges of each polar capsule within each spore, following protocols by Lom and Arthur (1989) and Burger and Adlard (2011). Measurements for Ceratomyxa spore length and thickness, and polar capsule length and width were collected following protocols by Heiniger et al. (2007). Principal component analysis was used to create Euclidean plots and differentiate myxozoan spores using S-PLUS (v 8.0). Factors were rotated to improve data interpretation when principal factors were equally loaded (Supplementary S1, Figure S1).




Results


Apparent Prevalence of Myxozoan Infections

Populations 1, 21 and 25 were seized at border control because of irregularities in their documentation and were excluded from the survey (Supplementary S1, Table S1). Fish from populations 12-20 were degraded despite ample fixation and deemed inadequate for recovery of optimal myxozoan parasites. Therefore, these populations were not examined in this study (Supplementary S1, Table S1).

Myxozoan parasites were detected in 66% (8 of 12) of freshwater fish populations (Table 2). All C. auratus populations were infected with Myxobolus sp. with apparent prevalence (95% CI) ranging from 16.7% (5.6-34.7) (Population 7) to 53.3% (34.3-71.7) (Population 5). Three Helostoma temminckii Cuvier, 1829, specimens imported from Singapore showed Myxidium sp. infections with an apparent prevalence = 10% (2.1–26.5). Parasites were not detected (apparent prevalence 0% (0-11.4)) in Beta splendens Regan, 1910, imported from Malaysia, Danio rerio (Hamilton, 1822) imported from Sri Lanka, Xiphophorus helleri Heckel, 1848, from Sri Lanka and Xiphophorus maculatus (Günther, 1866) imported from Thailand and Singapore (Table 2).


Table 2 | Apparent prevalence of myxozoan parasites infecting imported ornamental fish.



Similarly, 66% (8 of 12) of marine fish populations were infected with myxozoan parasites. All Pterapogon kauderni Koumans, 1933, populations imported from Singapore and Indonesia were infected with Ceratomyxa sp. with apparent prevalence ranging 50% (31.3–68.7) (Population 32) to 60% (40.6–77.3; Populations 33-34; Table 2). In the same way, Kudoa sp. was found infecting Cheilodipterus quinquelineatus Cuvier, 1828, Sphaeramia nematoptera (Bleeker, 1856) and Zoramia leptocantha Bleeker, 1856 imported from Indonesia with apparent prevalence ranging from 13.3% (3.8–30.7) (Population 37) to 40% (22.7–59.4l; Population 31; Table 2). Cheilodipterus quinquelineatus imported from Indonesia was also infected Ceratomyxa sp. (10 (2.1–26.5), while Zoramia leptocantha Bleeker, 1856, also imported from Indonesia, showed Myxidium sp. infections (10% (2.1–26.5); Table 2). Parasites were not detected (0% (0–11.4)) in any of the Amphiprion species imported for examination (populations 26 to 29; Table 2). Staining was inadequate for morphological diagnosis of Kudoa spores and no reliable measurements could be taken for comparison.



Morphometric Analysis

Twelve distinct Myxobolus spores were observed infecting imported goldfish. The principal component analysis (PCA) supported the morphological separation of Myxobolus spores infecting goldfish (Figure 1). Spore length contributed the most to differences in the morphometric analysis (Figure 1). Myxobolus spores 1, 2, 7, 9, 10, 11 and 12 were distinct in spore length and width while Myxobolus spores 3, 4 and 5, and 6 and 8 grouped within two similar clusters, respectively (Figure 1). All 12 Myxobolus spores displayed similar shape and capsule morphology consistent with 11 Myxobolus species reported for C. auratus in Asia (Table 3). Within these species, Myxobolus diversus Nie and Li, 1973, Myxobolus turpisrotundus Zhang, Wang, Gong 2010, and Myxobolus lentisuturalis Dyková, Fiala and Nie, 2002, have been reported infecting farmed ornamental C. auratus (Trujillo-González et al., 2018a) and have consistent measurements and myxosporean morphology as the spores reported in this study.




Figure 1 | Principal Component analysis (PCA) of mature Myxobolus spores found in tissue samples from goldfish. Drawings for 12 morphologically distinct spores are provided in congruence with the PCA analysis. Principal Component 1 (spore length) explained 52.4% of variation, while Principal Component 2 (spore width) explained 20.9% of variation. Scale bar = 10 µm.




Table 3 | Morphometric comparison of Myxobolus spores found infecting imported Carassius auratus populations and similar Myxobolus species.



Similarly, four apparently morphologically distinct Ceratomyxa spore were detected. Although the PCA for Ceratomyxa spores indicated that spore length contributed the most to differences in the morphometric analysis (Figure 2), it is important to consider that all samples for marine fishes were examined using fresh mounts, and spore length may have been affected by positioning of Ceratomyxa polar extensions (Figure 2). Ceratomyxa spores 1, 3 and 4 were detected infecting the gall bladder of P. kauderni imported from Singapore (Population 32, Figure 2 and Table 2), while spore 2 was detected infecting C. quinquelineatus (Population 31), and P. kauderni (Populations 32 and 34) (Figure 2 and Table 2). Ceratomyxa species infecting wild caught C. quinquelineatus and P. kauderni, had spore measurements and morphology consistent with previous records of Ceratomyxa cardinalis Heiniger & Adlard, 2013, Ceratomyxa talboti Gunter & Adlard, 2008, and Ceratomyxa ireneae Heiniger & Adlard, 2013 (Table 4).




Figure 2 | Principal Component Analysis (PCA) of Ceratomyxa spores found in marine fish populations. Drawings for four morphologically distinct Cetatomyxa spores are provided in congruence with the PCA analysis. Principal Component 1 (spore length) explained 59.48% of variation, while Principal Component 2 (polar capsule width) explained 22.84% of variation. Scale bar = 25 µm.




Table 4 | Measurements from Ceratomyxa spores found infecting the gall bladder of marine fish imported to Australia and comparison to similar Ceratomyxa species.





Molecular Confirmation

A total of four separate 1225 bp fragments from the 18s gene region were generated from Myxobolus isolates infecting goldfish Populations 7-9. All fragments exhibited 98.3–99% similarity to Myxobolus kingchowensis Chen & Ma, 1998 (NCBI Accession KP400625). No sequences were recovered for any Myxidium species infecting H. temminckii.

A total of two 680 bp fragments in the 28s gene region and one 835 bp fragment from the 18s region were amplified from Kudoa isolates infecting C. quinquelineatus and Z. leptocantha (populations 31 and 36, respectively) using primer pair 5 for 28s and primer pair 6 for 18s (Table 1). Kudoa sp. fragments for the 28s and 18s gene regions showed 99% similarity to Kudoa cheilodipteri Heiniger, Cribb & Adlard, 2013, collected from C. quinquelineatus in Australia (NCBI Accession JX090299 AND JX090295 for 28s and 18s respectively). No sequences were recovered for any Ceratomyxa reported in this study and all curated sequences were accessioned in the National Centre for Biotechnology information (accession no. ON125902 and ON125905-ON125908).




Discussion

The endoparasitic nature of myxozoan parasites makes detection by visual inspection an almost impossible task unless symptoms are obvious. We detected myxozoan infections in 8 of 12 freshwater and 8 of 12 marine fish populations imported to Australia following veterinary certification from the exporting countries and inspection at the Australian border control. Myxobolus spores were detected infecting all C. auratus populations, within which M. kingchowensis was confirmed infecting in 3/7 C. auratus populations imported from Malaysia and Thailand. Myxidium spores were detected infecting H. temminckii imported from Singapore, while Ceratomyxa spores were detected in one C. quinquelineatus population imported from Indonesia and in all P. kauderni populations imported from Singapore, which also displayed high apparent prevalence of Ceratomyxa infections compared to all other infected marine populations. Kudoa cheilodipteri was confirmed infecting C. quinquelineatus and Z. leptocantha imported from Indonesia while unidentified Kudoa spores were detected in wild caught C. quinquelineatus S. nematoptera and Z. leptocantha imported from Indonesia. Detection of myxozoan infections in such a high number of fish populations highlights how these parasites can go undetected at border control in the absence of suitable health requirements for ornamental fish species imported to Australia (DAWE, 2022).

Detection of myxozoan infections in this study were mostly of mature spores present in internal organs with no instances of obvious external hyperplasia or superficial plasmodia. Myxozoan infections are considered emerging threats to ornamental aquaculture development associated with significant fish mortalities and economic losses in food fish aquaculture (Saha and Bandyopadhyay, 2017). Such association is commonly linked to intensive aquaculture conditions where tissue hyperplasia, macroscopic cysts and erosive necrotic lesions on the host fish associated to severe myxozoan infections are conspicuous (Kent et al., 2001; Morsy et al., 2012; Shinn et al., 2015; Saha and Bandyopadhyay, 2017). Considering the large diversity of myxozoan parasites reported in this study and the lack of obvious visual signs of infection, it remains unclear to what extent myxozoan infections are present in the ornamental trade. Multiple co-introduced and co-invasive myxozoan parasites have been reported globally associated with the goldfish trade (Trujillo-González et al., 2018a) and research has suggested marine host species could be important myxozoan reservoirs of importance to the development of aquaculture, both of food fish and ornamental species (Heiniger et al., 2007; Burger et al., 2008). As such, countries with developing ornamental industries and trade should consider assessing the parasite fauna of commercially important ornamental fish species within their jurisdictions, as this study showed that a high diversity of myxozoan parasites with an unassessed biosecurity risk to the Australian ornamental trade, were not detected at border control.

It is unclear to what extent myxozoan parasites reported in this study pose a risk to the ornamental trade and biosecurity. Despite their importance as disease-causing parasites in aquaculture and wild fish stock populations (Feist and Longshaw, 2006), the diversity and impact of myxozoan species of importance to the ornamental trade remains poorly understood. Research on myxozoans infecting commercially important species is available for some marine species (e.g. Kudoa nerophila (Cobcroft and Battaglene, 2013)), while several studies have explored the associated diversity of myxozoan parasites in wild marine species (e.g. Auerbachia, Ceratomyxa, Coccomyxa, and Kudoa (Whipps et al., 2003a; Whipps et al., 2003b; Whipps et al., 2004; Heiniger et al., 2007; Burger et al., 2008; Gunter and Adlard, 2009; Burger and Adlard, 2011; Heiniger et al., 2011; Heiniger and Adlard, 2013)), of which K. cheilodipteri, which was found infecting imported C. quinquelineatus and Z. leptocantha, has been reported infecting C. quinquelineatus in Australia (Heiniger and Adlard, 2013). Moreover, research on endemic and invasive myxozoan species infecting wild freshwater or marine species has far mostly targeted disease-causing Myxozoa (Moran et al., 1999; Hallett et al., 2012; Sekiya et al., 2016), or mechanisms used by myxozoan species to infect and thrive in their hosts (Sayyaf Dezfuli et al., 2021). As such, available risk assessments for myxozoans have been discussed and implemented within the context of risks associated to the importation of food fish, emerging species affecting farmed and wild food fish, and pathogen transmission from aquaculture to wild fish (Bartholomew and Kerans, 2015). Records in this study provide valuable baseline information for future assessments to determine the potential risks of myxozoan parasites co-imported via the ornamental trade, highlighting the need to better understand endemic and co-invasive species infecting fishes in the ornamental trade.

Similarly, management strategies for myxozoan infections are poorly studied beyond the scope of aquaculture and focus on avoidance through biosecurity measures. Infection intensities of the myxosporean stage of Kudoa neurophila (Grossel, 2003) in hatchery reared Latris lineata (Bloch & Schneider 1801) were reduced to 0% when treating source water with dose-controlled ultraviolet irradiation ≥ 44 mJ cm-2 UV (Cobcroft and Battaglene, 2013). Ozonating source water with > 700 mV Oxidation-Reduction Potential for 10 min prevented K. neurophila infections (Cobcroft and Battaglene, 2013). Sand and cartridge filtration of seawater (filtration< 5 μm), followed by ultraviolet (UV) irradiation at a dose of 46 mJ/cm2 was shown to prevent Kudoa septempunctata Matsukane, Sato, Tanaka, Kamata, and Sugita-Konishi, 2010, from infecting farmed Paralichthys olivaceus (Temminck & Schlegel, 1846) (Nishioka et al., 2016). Similarly, prior exposure to myxozoan infections in farmed fish could provide protective immunity and prevent reinfection (e.g. Kudoa thyrsites infecting Salmo salar (Braden et al., 2018)) and provide complementary management strategies to minimise the impact of myxozoan infections. Pre and post border biosecurity regulations as well as health certificate requirements could be implemented to minimize the risk of parasitic diseases. Such requirements could include the treatment and handling of fish during quarantine periods using suitable and approved methods, followed by health assessments by a recognised entity by the importing country. Future risk analyses should assess treatment conditions of water sources by exporting companies and consider the inclusion of source water treatment or rearing requirements prior to export overseas.

Species delineation of myxozoans is challenging through morphological features alone because of variation in measurements following preparation, few distinct morphological features and phenotypic plasticity. Similarities in spore measurements, size and morphology prevented delineation of Ceratomyxa and Myxobolus types to species level. Diagnostic features for Myxozoa have been recently questioned given the possibility of intra-specific phenotypic plasticity and the lack of genetic sequences available for comparison (Smothers et al., 1994; Sanil et al., 2016; Zhang et al., 2018). As such, studies have questioned the validity of many myxozoan species because of their incomplete and purely morphological descriptions, insufficient comparison with other known species, and recent revision of taxonomic criteria for myxozoans (Zhang et al., 2010). Although we identified Myxobolus kingchowensis infecting farmed C. auratus and Kudoa cheilodipteri infecting wild caught C. quinquelineatus and Z. leptocantha using both morphological and molecular approaches, our molecular approach (i.e., Sanger sequencing) failed to provide suitable molecular data to definitively identify myxozoan fauna as the targeted sequencing approach was affected by the wide array myxozoan species co-infecting sampled fish populations in this study (Zhang et al., 2010; Zhang et al., 2018). Future studies could aim to isolate myxozoan proliferative stages for accurate molecular identification (Born-Torrijos et al., 2022), or explore the use of high throughout sequencing methods to comprehensively explore myxozoan diversity (Alama-Bermejo and Holzer, 2021).

In conclusion, this study showed that despite stringent pre-export quarantine and border control requirements, a wide diversity of myxozoan parasites were undetected by visual inspections at border control. Here, we provide a baseline assessment to consider what myxozoan diversity can go undetected at border control and highlight that the commonly asymptomatic condition infections. Biosecurity measures should consider complementary detection methods and analyse the risks of exotic myxozoan parasites imported via the ornamental fish trade. For example, previous research has shown that the use of environmental DNA-based non-invasive sampling methods, coupled with high throughput sequencing was able to detect 107 distinct myxozoan Operational Taxonomic Units infecting otters, domestic and wild geese, and four species of wild birds by targeting water samples and faecal matter (Hartikainen et al., 2016). eDNA techniques have also been previously demonstrated to accurately detect and discriminate five different Dactylogyrus parasites (Trujillo-González et al., 2019) and could complement visual inspections in Australian biosecurity.
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OEBPS/Images/table2.jpg
Population Fish species Environment Sample date  Exporter  Parasite genus No. infected fish Apparent prevalence % (95% Cl)

2 Beta splendens Freshwater October Malaysia 1 Not detected 0 0(0-11.4)
3 Carassius auratus Freshwater June Singapore 2 Myxobolus sp. 10 33.3(17.3-52.8)
4 Carassius auratus Freshwater June Singapore 2 Myxobolus sp. 10 33.3(17.3-52.8)
5 Carassius auratus Freshwater June Thailand 1 Myxobolus sp. 16 53.3 (34.3-71.7)
6 Carassius auratus Freshwater October Thailand 1 Myxobolus sp. 6 20 (7.7-38.6)
7 Carassius auratus Freshwater October Thailand 2~ Myxobolus sp. 5 16.7 (5.6-34.7)
8 Carassius auratus Freshwater October Malaysia 1 Myxobolus sp. 15 50 (31.3-68.7)
9 Carassius auratus Freshwater October Malaysia 1 Myxobolus sp. 12 40 (22.7-59.4)
10 Danio rerio Freshwater January SriLanka 1 Not detected 0 0(0-11.4)
11 Helostoma temminckii Freshwater May Singapore 1 Myxidium sp. 3 10 (2.1-26.5)
22 Xiphophorus hellerii Freshwater Qctober Srilanka2  Not detected 0 0(0-11.4)
23 Xiphophorus maculatus Freshwater May Thailand 1 Not detected 0 0(0-11.4)
24 Xiphophorus maculatus Freshwater June Singapore 2 Not detected 0 0(0-11.4)
26 Amphiprion bicintus Marine October Indonesia 3 Not detected 0 0(0-11.4)
27 Amphiprion ocellaris Marine May Indonesia 2  Not detected 0 0(0-11.4)
28 Amphiprion ocellaris Marine October Indonesia 3  Not detected 0 0(0-11.4)
29 Amphiprion sebae Marine May Singapore 1 Not detected 0 0(0-11.4)
30 Cheilodipterus quinquelineatus Marine January Indonesia 2 Kudoa sp. T 23.3 (9.9-42.3)
31 Cheilodipterus quinquelineatus Marine June Indonesia 2 Ceratomyxa sp. 4 13.3 (3.8-30.7)
Kudoa sp. 12 40 (22.7-59.4)
32 Pterapogon kauderni Marine January Singapore 1 Ceratomyxa sp. 15 50 (31.3-68.7)
Myxidium sp. 3 10 (2.1-26.5)
33 Pterapogon kauderni Marine January Singapore 1 Ceratomyxa sp. 18 60 (40.6-77.3)
34 Pterapogon kauderni Marine January Indonesia 2  Ceratomyxa sp. 18 60 (40.6-77.3)
35 Sphaeramia nematoptera Marine October Indonesia 3  Kudoa sp. 4 13.3 (3.8-30.7)
36 Zoramia leptocantha Marine May Indonesia 2  Kudoa sp. 6 20 (7.7-38.6)
37 Zoramia leptocantha Marine Qctober Indonesia 3 Myxidium sp. 3 10 (2.1-26.5)
Kudoa sp. 4 13.3 (3.8-30.7)

Thirty fish were examined from each population unless stated otherwise. Populations 3 and 11 had one mortality at the time of sampling. Mortalities were excluded, and examinations were
done from a total of 29 examined fish for each population. Different exporters within countries are labelled numerally.
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31 Cheilodipterus
quinquelineatus
32 Pterapogon kauderni
34 Pterapogon kauderni
(Sanil et al., 2016) Chaetodon collare
(Gunter and Adlard, Epinephelus quoyanus
2009)

(Heiniger et al., 2007) Thalassoma lunare
(Heiniger and Adlard,  Archania funcata

2013)

(Heiniger et al., 2007)  Oxycheilinus digramma

Country/
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Indonesia 2

Singapore 1

Indonesia 2
India

Australia

Australia
Australia
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Ceratomyxa spore/
species

3
4
2
Ceratomyxa collarae
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Ceratomyxa thalassoma
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Ceratomyxa
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n Spore length

8
5
1
1
1

30

30

30

6.04
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5.76)
6.03 (4.23-
7.34)
457
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6.39
5.20 (4.54-
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49 (4.0-55)

5.0 (3.3-6.4)
52 (4.5-62)

9.4 (8.3-10)

Spore thick-
ness

20.1

12.7 (10.17-
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22.00 (19.64-
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18.40
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26.60
16.32 (15.2-
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12.9 (10.0-15.5)

189 (16.4-22.2)
145 (12.2-17.3)

29.8 (22.8-33.9)

PC length

2.78

243 (2.21-
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2.99

(2.59-.53)
2.10
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29 (2.2-33)
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1.4 (1.0-2.0)

2.8(2.2-30)
1.7 (15-2)

2.8 (2.4-33)

L PC, Large Polar Capsule; SPC, Small Polar Capsule; PC, Polar Coils. Mean measurements are provided in micrometres (range). Mean measurements are provided in micrometres (range)
taken from microphotographs of freshly mounted material.
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Spore
length

135
14.29
11.62
13.21

(12.82-
13.60)
11.0 (10.8-
12)
13.61
(13.33-
13.89)
13.57
13.47
(12.17-
14.39)
13.78
(13.34-
14.49)
12.2 (10.8-
13.4)

16.5 (14.85-
18.08)

18 (16.5-
19.5)
17.2 (16.4-
18.6)
11.43
14,13
12.37
13.46
14.8 (13.2-
15.8)
17.41
9.1
10.89
13.94
(13.46-
14.42)
11.43
11,62 (10.78
~12.46)

10.02
14.73
(13.85-
15.90)
15.6 (15—
16.2)
14.4 (13.2-
15.6)
9.53
14.71 (14.1-
15.04)

14.3 (13.2-
15.6)
11.55
14.72
(13.56-
15.85)

14.06
(13.41-
14.80)
11.8 (1.2
12.4)
13.57
(11.64-
14.95)
13.57
(12.91-
14.89)
13.29
8.6-10.0

10.7 (9.6-12)

11.21 (9.63-
12.20)

Spore
width

7.44
7.59
7.01
8.07

(7.92-
8.22)
8.7 (8.2~
926)
7.31
(7.12-7.5)

8.01
7.88
©97-
8.36)
7.84
(7.57-
8.11)
8.8 (8.4~
96)
8.44
(7.28-
9.24)
9.3(85-
10.0)
6.8 (63
8.4)
73
12.53
7.69
7.38
112
(10.4-12)
9.42
6.71
6.31
7.70
(6.93-
8.47)
6.98
7.28
684~
7.72)
6.27
7.19
(6.58-
7.75)
14 (13.8-
14.4)
9.4(9.0-
10.2)
6.47
103
9.90-
10.76)
10.6 (8.4~
13)
6.72
875
(7.82-
9.41)

7.12
(6.41-
7.56)
7.6(7.2-
8.4)
7.43
(7.27-
7.69)
7.25
(6.36-
8.14)
8.4
8.2-10.0

83(7.2-
8.4)
8.43

(7.83-
9.14)

LPC
length

6.48
6.78
6.35
6.99

(6.80-
7.17)

6.8 (6.0-
82)
6.26

(6.04-
6.47)
7.92
6.63
(5.62—
8.11)
6.81
(6.53-7)

6.7 (6.0
72)
7.68

(6.95-
8.98)

85(7.0-
10.0)

8.7 (7.6
9.4)
6.11
6.38
6.73
7.29

7.0 (6.6-
72)
8.16
5.25
5.4
6.58

6.12-
7.03)
5.72
6.00

(5.87-
6.14)
4.14
7.43

.73
8.11)

83 (7.8~
86)

7.3 (6.6-
8.4)
5.05
6.81

©.21-
7.23)

6.1 (6.0
6.6)
6.08
5.97

(@.74-
6.73)

6.84
®.11-
7.58)
4.2 (4.0~
4.4)
6.37
(5.52-
8.03)
6.77
©21-
7.89)
6.93
44-5.1

7262~
8.4)
7.38
©.01-
8.14)

LPC SPC SPC
width length width
2.09 5.49 1.44
27 6.2 2.87
2.54 6.17 2.33
2.98 5.90 2.54
(2.93- (5.83- ©@.51-
3.02) 5.98) 2.58)

3.2 (2.6~ = -
3.6)
2.58 5.66 253
@17- (.98 @.41-
2.99) 6.34) 2.64)
3.82 5.92 299
275 5.57 232
(2.15- (4.42- (1.74-
3.09) 6.28) 2.74)
295 6.38 2.99
(2.66- (5.92- (2.88-
3.32) 6.65) 3.10)
3431~ 67(60- 34(3.1-
3.6) 7.2) 3.6)
2.89 6.90 278
(2.60- (5.66— (2.01-
3.37) 7.45) 3.37)
35 85(7.0- 325
4.0) 10.0 4.0)
2.4 (2.0~
2.7)
2.49 4.92 219
3.38 6.19 2.88
291 4.69 2.44
3.08 6.29 2.44
34(30- 7066- 38430
3.6) 7.2) 3.6)
2.902 7.37 3.2
2.56 4.41 2.36
2.41 4.69 2.63
2.60 5.55 2.62
(244 (4.68- (2.59-
2.76) 6.42) 2.66)
2.39 5.68 225
272 4.81 2.10
(2.46- (4.02- (1.80-
2.99) 5.61) 2.41)
5.42 3.562= 2.88
2.83 6.28 2.38
(2.48- @97-  (1.98-2.5)
3.13) 7.22)
55(4.8- 83(7.8- 55(4.8-6)
6) 8.6)
35@B0- 7.366- 38530
3.6) 8.4) 3.6)
219 4.29 2.3
3.67 6.72 3.47
(3.04- (5.89— (2.98-
4.21) 7.52) 3.89)
35(.0- 6.16.0- 35(3.0-
3.6) 6.6) 3.6)
2.35 5.3 2.03
2.78 5.96 272
(2.22- (6.17- (2.32—
3.30) 6.47) 3.04)
275 5.76 2.44
(2.26- (6.25- (1.80-
3.13) 6.55) 2.87)
25020~ 42@.0- 25(20-
28) 4.4 2.8)
242 5.51 211
(2.02- (4.98- (1.68-
2.66) 6.39) 2.61)
278 6.01 25217~
(2.27- (5.06- 2.84)
3.64) 6.74)
3.43 7.05 3.12

2.5-3.1 4.1-5.1 2.5-3.1

34 (26~ - -
36)
354 598 293
@O1- (505~ (@14
3.99) 6.81) 3.32)

PC

7

LPC, Large Polar Capsule; SPC, Small Polar Capsule; PC, Polar Coils. Mean measurements are provided in micrometres (range), taken from microphotographs of preserved material. It
was not possible to count polar coils. Myxobolus turpisrotundus, and Myxobolus kingchowensis have been reported in multiple tissues and are provided for comparison with Myxobolus
spores in this study, based on infection site.
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5’ -Sequence- 3’

GGC AGC AGG CGC GCA AAT TAC 1900
CCA A

CTG ACA GAT CAC TCC ACG AAC

CAA GAC TAC CTG CTG AAC 850
GTG TTT CAA GAC GGG TCG

CTG GTT GAT CCT GCC AGT 1483

CAATCC TAT CAATGT CTG GAC CTG

TCA CTA TCG GAA TGA ACG 866
CTA CGG AAA CCTTGT TAC G

ACC CGC TGA AYT TAA GCA TAT 1400
TTC ATC CCG CAT CGC CAG TTC

TTC TGC CCT ATC AAC TWG TTG 1100
CTA CGG AAA CCT TGT TAC G

Amplicon (Bp) Annealing temperature ('C)

55

50

56

56

56

46

Reference

(Trujilo-Gonzalez et al., 2018b)

(Lymbery et al., 2014)

(Whittington and Chong, 2007; Rimmer et al.,
2015)

(Becker et al., 2014; Sheath et al., 2015)
(Knight, 2010)

(Gallardo et al., 2016)






