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Abstract Choricotyle australiensis Roubal, Armitage
& Rohde, 1983, a diclidophorid monogenean species, is
redescribed and genetically characterised using the
partial nuclear 28S ribosomal RNA gene (28S rRNA)
and a fragment of mitochondrial cytochrome ¢ oxidase
subunit 1 (cox1) gene sequences for specimens collected
from Chrysophrys auratus (Forster) off Australia and
New Zealand. Previous studies have either provided
morphological or genetic results, whereas this study
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combines morphological and advanced molecular
methods. A total of 70 Ch. auratus were examined with
22 individuals of C. australiensis recovered from the
gills (overall prevalence of 23%). This study has
provided the first evidence for the exploration of
mitochondrial cox1 region for C. australiensis. Com-
parison of the newly generated sequences with other
available data supported the distinction of C. australien-
sis among diclidophorid Furhmann, 1928 species thus
confirming its taxonomic status.

Introduction

Chrysophrys auratus (Forster) is a large demersal
predatory finfish of the family Sparidae Rafinesque
(Order Perciformes). It is widely distributed in the
warm to temperate Indo-Pacific waters which occur
off New Zealand, Australia, Philippines, Indonesia,
China (including Taiwan) and Japan (Paulin, 1990) at
depths of 0-200 m. In the Southern Hemisphere, Ch.
auratus is found in temperate to subtropical waters of
the southern Great Barrier Reef, Lord Howe, and
Norfolk Islands, whereas in the Northern Hemisphere
it associated with temperate to tropical areas, pene-
trating nearly to the Equator in Indonesia (Paulin
1990). Chrysophrys auratus is also an iconic target
species for recreational and commercial fisherman in
each of the mainland states of Australia (Thurstan
et al., 2016; Morgan et al., 2019) due to its quality of
flesh (Gommon et al., 2008). This species has also
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been successfully cultured for many years in Japan
(Foscarini, 1988). An assessment has been conducted
in Australia to assess the suitability of Ch. auratus as
an aquaculture species (Fielder et al., 2001) which
Battaglene & Talbot (1992) have described as a prime
candidate for successful aquaculture. However, there
is limited knowledge on the key parasites hosted by
Ch. auratus and which, if any, may pose potential risks
to aquaculture (Hutson et al., 2007).

The genus Choricotyle van Beneden & Hesse, 1863
was first proposed by van Beneden & Hesse (1863)
with the identification of C. chrysophryi van Beneden
& Hesse, 1863 as the type-species which were
obtained from the gills of Ch. auratus. There are
approximately 25-30 valid species of Choricotyle
identified to date with a broad geographical distribu-
tion globally (Fig. 1). The vast proportion of Chori-
cotyle spp. parasitise sparid fish (see Supplementary
Table S1) and appear to be region-specific.

The Monogenean Choricotyle australiensis Rou-
bal, Armitage & Rohde, 1983 was first described by
Roubal et al. (1983) from Ch. auratus from Coffs
Harbour, New South Wales, Australia. It has subse-
quently been identified from five different geograph-
ical localities in Australia and New Zealand (Sharples
& Evans, 1995b; Roubal et al., 1983; Roubal et al.,
1996). There have been no studies which have used
combined morphological and molecular methods to

Global distribution of Choricotyle species

identify and describe C. australiensis and there is
limited information on the genetics of species of
Choricotyle with molecular data available for only
three species: C. australiensis, C. cf. chrysophryii, and
C. anisotremi Oliva, 1987, plus undescribed Chori-
cotyle sp. 1, 2 and 3 of Mendoza-Franco, Tun,
Anchevida & del Rio Rodriguez (2018) (see Supple-
mentary Table S1). Morphological species identifica-
tion presents many challenges as Choricotyle spp. are
morphologically characterised by having eight fragile
haptoral branches which are vulnerable to damage
during preservation, processing and mounting. This
may limit the quality and quantity of specimens for
morphological examination (Sharples & Evans,
1995b) and provide insufficient evidence required
for the redescription or revision of these species
(Llewellyn, 1941b). In some cases, species remain
undescribed such as Choricotyle sp. 1, 2 and 3
(Mendoza-Franco et al., 2018). Therefore, redescrip-
tion for every species of Choricotyle using combined
morphology and molecular tools is warranted.
Nowadays, molecular tools have been used exten-
sively for the species identification of a number of
parasites (McManus & Bowles, 1996). For example,
PCR-based approaches have been used to differentiate
among species of Monogenea using the partial 28S
ribosomal RNA gene (28S rRNA), partial and com-
plete 18S rRNA, as well as partial mitochondrial

o

Fig. 1 Global distribution of species of Choricotyle van Beneden & Hesse, 1863 from literature records. See Supplementary Table S1

for key to species numbers
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cytochrome ¢ oxidase subunit 1 (cox1) gene (Catalano
et al., 2010; Oliva et al., 2014; Jovelin & Justine,
2001). However, on some occasions, the characteri-
sation of the Choricotyle spp. was based on a single or
limited number of specimens, as well as the amplifi-
cation of highly conserved region of the nuclear gene
(28S rRNA for example) that shows a lower degree of
genetic diversity. As a result, only a few species,
including C. australiensis by Litvaitis & Rohde (1999)
and Olson & Littlewood (2002), C. cf. chrysophryii by
Jovelin & Justine (2001) and Mollaret et al. (2000)
have been identified using the nuclear genes. Hence,
the amplification of mitochondrial cox1 gene regarded
as “the core of a global bioidentification system for
animals” (Hebert et al., 2003; Ward et al., 2005).
Mitochondrial cox1 gene shows high sequence vari-
ability at the isolate level compared to nuclear genes
(such as 28S and 18S genes, those are much less
variable). This inter-species variability in sequences is
the major criterion for the molecular species charac-
terisation and hence, cox1 is being used for charac-
terisation of several =~ Monogenean  species
(Bouguerche et al., 2019; Ayadi et al., 2017). Molec-
ular characterisation may also lead to discovery of new
or cryptic species as has been described in other
parasites (Ayadi et al., 2017; Oliva et al., 2014;
Bouguerche et al., 2019).

Therefore, the aim of the present study was to
redescribe C. australiensis from Ch. auratus and to
characterise the species genetically based on partial
28S ribosomal RNA (28S rDNA) and partial mito-
chondrial cox1 genes in order to validate its taxonomic
status.

Materials and methods

Fish collection

A total of 70 fish were purchased from commercial
catches at the Sydney fish market, sourced from three
separate localities: off the coast of New South Wales
(n = 30), the waters of New Zealand (n = 20) and an
unknown location in Australia (n = 20). Fish were
purchased on 11. x.2018, 29.viii.2018 and 28.vii.2018,
respectively. Fish were transferred fresh to the Para-
sitology Laboratory of Charles Sturt University,
Wagga Wagga Campus, in an insulated box filled

with ice. All fish from each batch were examined on
the day of arrival at the University.

Parasite collection

Fish were dissected and examined for the presence of
monogeneans. In brief, the gills were removed and
placed in an individual Petri dish containing seawater.
The surfaces of all gills were thoroughly inspected
under a dissecting microscope (Leica EZ4 Stereo
Microscope, China) for the presence of parasites.
Parasites were collected by using fine forceps (Jew-
ellers forceps, Dumont no. 5). Collected monogeneans
were counted and preserved in 70% ethanol for further
morphological and genetic study.

Morphological examination

The processing and handling of specimens were
carried out in accordance with the protocol provided
by Barton et al. (2009), with the exception that a small
piece of tissue was taken from the post-peduncle of
each specimen prior to processing as per the methods
of Bouguerche et al. (2019). The characteristics of
systematic importance were measured directly with an
eyepiece micrometre (BX-43 Olympus Microscope,
Olympus Corporation, Japan). All measurements are
in micrometres and are given as the range, followed by
the mean in parentheses unless otherwise stated. A
dash (-) indicates that measurements could not be
made or were not available. All drawings were made
with the aid of a drawing tube on the same microscope.

Molecular sequencing

A tiny piece from the post peduncle of each parasite
was transferred into 1.5 ml autoclaved Eppendorf tube
for molecular study and the rest of the body (anterior
end and peduncle containing haptoral branches) were
processed for microscopy/morphological study. DNA
was extracted using DNeasy Blood & Tissue Kits
(Qiagen, Hilden, Germany), according to the manu-
facturer$ instructions, and eluted in 40 pl of elution
buffer. Polymerase Chain Reaction (PCR) amplifica-
tion of the nuclear 28S rRNA (partial) gene and a
fragment of the mitochondrial cox1 gene was carried
out using the two primer sets: 28S-LSU5 (forward: 5'-
TAG GTC GAC CCG CTG AAY TTA AGC A-3))
and EC-D2 (reverse: 5-CCT TGG TCC GTG TTT
CAA GAC GGG-3') as well as COI-ASmit1 (forward:
5'-TTT TTT GGG CAT CCT GAG GTT TAT-3') and
COI-ASmit2 (reverse: 5-TAA AGA AAG AAC ATA
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ATG AAA ATG-3'), respectively (Littlewood et al.,
1997). The cycling conditions to amplify the nuclear
gene was initial 95°C for 2 min, followed by 40 cycles
of denaturation at 95°C for 30 s, annealing at 50°C for
1 min, extension at 72°C for 10 min and a final
extension step at 72°C for 10 min. The mitochondrial
gene was amplified using the same cycling conditions
with the annealing temperature adjusted to 48°C for 45
s. An aliquot (2 pl) of each amplicon was examined on
a 1.5% wi/v agarose gel, stained with GelRed™ and
photographed using a gel documentation system.

Representative samples were sent to the Australian
Genome Research Facility (AGRF), Queensland,
Australia, and were subjected to Sanger sequencing
using the same primer sets as for PCR. Sequence data
including chromatograms were observed initially
through Sequence Scanner Software (Applied Biosys-
tems® Genetic Analysers). Subsequently, sequences
were aligned using ClustalX (Thompson et al., 1997)
followed by manual adjustment.

Phylogenetic analysis

Phylogenetic trees for both gene regions were con-
structed from the sequences generated in this study
along with representative (similar and closely related
species) sequences from GenBank (Table 1). All
sequences were then aligned with MUSCLE in MEGA
v. 7 (Kumar et al., 2016) and adjusted manually where
necessary. The phylogenetic relationships among
species were determined using Bayesian method using
MrBayes v 3.2 (Ronquist & Huelsenbeck, 2003). The
GTR+G model was applied for both nuclear and
mitochondrial genes as suggested by jModelTest 2
(Darriba et al., 2012). Kuhnia scombri (Kuhn, 1829)
(GenBank: AF382044) and Microcotyle algeriensis
Ayadi, Gey, Justine & Tazerouti, 2016 (GenBank:
KX926444) were used as the outgroup for 28S and
cox1l phylogenetic analyses, respectively. Sample
frequency was set at 1,000, and calculated for
1,600,000 generations for both 28S and cox1 regions
until the p-value < 0.01. After the mcmc run, the first
30% samples were discarded, and the sumt command
was used to summarize the phylogenetic trees. Figtree
v 1.4.3 was used to visualise the phylogenetic trees
(Rambaut, 2014).

Data analyses
The prevalence, mean intensity and mean abundance
of the monogeneans were calculated as follows:

Prevalence (%) = Number of infected fish/Total
number of examined fish x100; Mean intensity =
Number of parasites/Number of infected hosts; and
Mean abundance = Number of parasites/Total number
of examined hosts.

Results

A total of 22 C. australiensis were recovered from 16
of the 70 fish examined, with an overall prevalence of
23%. The intensity of infection of individual parasite
was highest in Ch. auratus collected from off the coast
of New South Wales (NSW) followed by the unknown
location, Australia. The New Zealand Ch. auratus was
the least infected with C. australiensis recorded on one
out of twenty fish examined. The prevalence and
abundance of C. australiensis from Ch. auratus in the
present study are presented in Table 2.

Family Diclidophoridae Fuhrmann, 1928
Genus Choricotyle van Beneden & Hesse, 1863

Choricotyle australiensis Roubal, Armitage &
Rohde, 1983

Host: Chrysophrys auratus (Forster).

Site in host: Gills.

Locality: Off the coast of NSW, Australia; an
unknown location in Australia and waters off New
Zealand.

Voucher material: Specimens (16 whole mount spec-
imens: 8 mature and 8 immature/juvenile) were
deposited in the South Australian Museum under the
accession numbers (AHC 36789-36800).
Representative DNA sequences: 28S gene: GenBank:
MT782270 (AHC 36789); MT782271 (AHC 36796).
coxl gene: GenBank: MT783685 (AHC 36789);
MT783686 (AHC 36794); MT783687 (AHC 36798).

Redescription

[Based on 16 specimens; Fig. 2 and Table 3.] Body
proper divided into 2 regions, small region anterior to
pharyngeal or postpharyngeal area, and main part of
body proper (division not always clearly visible in
immature specimens) (Fig. 2A). Maximum body
width at level of reproductive system. Oesophagus
with diverticula, bifurcation of intestine near genital
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Table 2 Prevalence and abundance of Choricotyle australiensis Roubal, Armitage & Rohde, 1983 in fish examined in the present

study
Off the coast of New South Wales (Australia) An unknown location (Australia) New Zealand
No. of fish examined 30 20 20
No. of fish infected 8 7 1
Prevalence (%) 27 35 5
Total no. of parasites (Range) 14 (1-3) 7 (1-1) 1 (1-1)
Mean intensity 1.75 1 1
Mean abundance 0.47 0.35 0.05

atrium (Fig. 2A). Intestinal caeca in body proper not
observed due to vitellaria.

Obvious peduncle present between body proper and
haptor. Haptor with 8 branches (Fig. 2B), each with
one clamp. Pair of anteriormost branches longest, and
their origins contiguous, posterior branches progres-
sively smaller. Clamps as described by Llewellyn
(1941a) (Fig. 2C) but with 7-8 concentric arcs of
small skeletal rods in dorsal walls of clamps, and one
large and one slightly smaller sucker-like cup in basal
quadrants of clamps.

Genital atrium mid-ventral, with well-developed
radial muscles and 7-8 large spines (Fig. 2D). Uterus
may be filled with numerous eggs. Vitellarium extend
from level halfway between pharynx and genital
atrium; vitelline follicles becoming much denser at
700-1,000 (950) from anterior extremity of body,
extending into haptor and branches, with density
decreasing nearer to the clamps. Eggs with a long
abopercular filament, in clusters held together by long
filaments (Fig. 2E); egg shape, size, number and
maturity vary according to the stages of development
of parasites. Yolk-sac visible in mature eggs.

Remarks

The morphometric and meristic data for the present
material matched with the description provided by
Roubal et al. (1983) (Table 3). The original descrip-
tion by Roubal et al. (1983) was based upon a small
number of parasites (n = 7) from a single location (all
from Coffs Harbour, NSW, Australia); in a subsequent
collection from Port Hacking (NSW), Roubal et al.
(1996) did not provide any morphological details. A
subsequent observation of C. australiensis from New

@ Springer

Zealand waters by Sharples & Evans (1995b) only
provided data on the body length at 1,845-4,465
(3,519) um for this parasite. The specimens of C.
australiensis from Ch. auratus off the coast of NSW,
Australia and New Zealand examined in this study did
not significantly differ from the specimens described
by Roubal et al. (1983) (Table 3). However, some
minor differences were found as follows:

i. The present study observed little variation in
body shape, with all specimens elongated with
a distinct peduncle. The original description of
Roubal et al. (1983) showed most specimens to
be more contracted and squat with a less
obvious peduncle. This could be due to the
collection method (their specimens were
dropped into cold formalin). The present
specimens were collected from fish that had
been kept on ice and were relaxed at the time of
collection. Thus, the elongate body and pedun-
cle show a more “realistic” body shape.

ii. Subsequently, the body length of the speci-
mens examined here is greater than that
described by Roubal et al. (1983) and Sharples
& Evans (1995Db).

iii. Genital atrium spines were only between 7 and
8, whereas Roubal et al. (1983) reported 7 to 9.

iv. This study provided some additional morpho-
metric data, such as peduncle length and width,
length and width of the individual branches of
the haptor, egg diameter, location of pharynx,
genital atrium and the distribution of the
vitellarium.

Despite these differences in morphometric and
meristic data, the morphology of the C. australiensis
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Fig. 2 Morphology of Choricotyle australiensis Roubal, Armitage & Rohde, 1983 ex Chrysophrys auratus (Forster) in the present
study. A, Anterior region; B, Posterior end; C, A typical clamp; D, Genital atrium with spines; E, A typical egg

from Ch. auratus in Australian and New Zealand
waters agrees overall with the previously descriptions
of C. australiensis from Ch. auratus in Australian
waters.

Molecular analyses

The alignments of 28S rRNA gene and coxl gene
sequences were 923 bp and 396 bp in length,
respectively. All 28S rDNA sequences were identical;
however, mutations in two loci were observed in cox1
sequences among our specimens. 28S sequences
obtained from this study were clustered with the
reference sequence of C. australiensis (GenBank:
AF382046) in a well-supported clade comprising the
two closely related Choricotyle spp. (Fig. 3A). The
cox1 sequences obtained in the present study grouped
within a single clade, with 95% posterior probability
(Fig. 3B). The clade generated for the cox1 gene was
distinct from the reference sequences with strong
posterior probability values supporting the results of
the morphological study.

Discussion

This study confirmed the presence of C. australiensis
on Ch. auratus in Australian and New Zealand waters
through a combined morphological and molecular
approach. The overall prevalence of C. australiensis in
the study was 23%, the mean prevalence of parasite
infection was highest in the fish sourced from the
Australian waters and the lowest in specimens from
New Zealand waters. Similar infection patterns were
reported by Sharples & Evans (1995a) who found that
C. australiensis was rare in Ch. auratus from New
Zealand waters (prevalence of only 7.7%). The
prevalence of C. australiensis from off the coast of
NSW was higher (27%) than those reported from a
similar geographical region off south-eastern Aus-
tralia by Roubal et al. (1996) who reported a preva-
lence of 2.9%. This represents a marked increase in
prevalence of infection and warrants further parasito-
logical investigation with a greater sample size to
reach in solid conclusion.

The body of the parasite was comparatively larger
with a clear distinction of the peduncle in the
specimens from this study (see Table 3 and Fig. 2B).
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The smaller body size and shape of specimens
described by Roubal et al. (1983) and Sharples &
Evans (1995b) may have been a result of the preser-
vation methodology (for example, immersion in cold
formalin) which can cause sample shrinkage (Baylis,
1922). This is supported by Cribb & Bray (2010) who
suggested that the process of fixation and preservation
of trematodes has impacts on both morphology and
molecular study of trematodes: “We find that the
quality of slide specimens produced by alcohol
preservation does not quite match that of formalin

acceptable and the flexibility of this method has great
advantages” (Cribb & Bray, 2010). Additionally,
greater than double in number of specimens were
examined in this study compared with the observa-
tions of Roubal et al. (1983). Differences in fixation
and the use of more modern microscopy equipment
and techniques may have influenced the quality of the
morphometric observations in the present study.
Sequence data for C. australiensis are scarce, with
three sequences available in GenBank for the nuclear
genes only (see Supplementary Table S1). The present

preservation, but certainly

specimens are

study incorporated the amplification of both nuclear

Table 3 Comparative measurements of Choricotyle australiensis Roubal, Armitage & Rohde, 1983 from Chrysophrys auratus

Source

Present study

Roubal et al. (1983)

Locality

Body length

Maximum body width
Peduncle length

Peduncle width

Haptor branch length (longest)
Haptor branch length (smallest)
Haptor branch width
Opisthaptor length
Opisthaptor width

Oral sucker length

Oral sucker width

Pharynx length

Pharynx width

Distance anterior extremity to pharynx

Distance anterior extremity to
vitellarium

Distance anterior extremity to anterior

margin of genital atrium
Genital atrium/gonopore length
Genital atrium width
No. of spines in genital atrium
Genital atrium spine length
Clamps length
Clamps width
No. of eggs
Egg length (longest)
Egg length (smallest)
Egg width

Various locations off the coast of New South Wales,
Australia; and New Zealand (n = 16)

2,450-6,650 (4,186)
160-930 (487)
250-700 (166)
200-380 (111)
700-1,500 (1,038)
600-1,250 (912)
110-300 (173)

60-110 (81)
55-105 (75)
93-150 (90)
70-90 (80)
100-150 (132)
700~1,000 (950)

140-480 (291)

40-80 (58)
45-80 (57)
7-8

20-30 (29)
100-450 (295)
88-400 (255)
5-100
115-138 (126)
75-110 (93)
50-75 (62)

Australia: Coffs Harbour, New
South Wales (n = 7)

500-2,844 (1,381)
424-1,264 (810)

979-1,643 (1,106)
510-1,074 (827)
53-97 (72)

40-74 (48)
91-123 (102)
72-86 (78)

40-69 (56)
49-78 (63)
7-9

16-26 (22)
148-220 (188)*
123-278 (188)*
Numerous

“Measurement of largest clamp only provided
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—— KJ397728 Pedocotyle annakohnae

100% )
L KJ397729 Pedocotyle bravoi

99% AF382047 Diclidophora denticulata
(]
100%

AF382048 Diclidophora minor

— KJ397731 Parapedocotyle prolatili

KJ397730 Paraeurysorchis sarmientoi

KJ397727 Choricotyle anisotremi

94%| AF382046 Choricotyle australiensis

100% |, MT782270 Choricotyle australiensis *

: MT782271 Choricotyle australiensis *

AF382044 Kuhnia scombri

0.050

KJ794215 Microcotyle sp.

KJ794213 Paraeurysorchis sarmientoi

100%

KJ794208 Pedocotyle bravoi

100%

KJ794205 Choricotyle anisotremi

AY009165 Choricotyle cf. chrysophrii

— ————— KJ794212 Parapedocotyle prolatili

MT783685 Choricotyle australiensis *

MT783687 Choricotyle australiensis *

95%
MT783686 Choricotyle australiensis *

KX926444 Microcotyle algeriensis

010

Fig. 3 Phylogenetic tree based on the Bayesian method for sequences of Choricotyle australiensis Roubal, Armitage & Rohde, 1983
generated in this study with the available sequences for diclidophorid species from the GenBank database (see Table 1 for details). A,
28S rRNA (partial) nucleotide sequences; B, mitochondrial cox1 (partial) nucleotide sequences. The sequences generated in this study
are indicated with asterisks. Posterior probabilities branch support values higher than 90% are indicated
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and mitochondrial genes along with the morphological
identification of C. australiensis. The mitochondrial
cox1 (partial) gene sequences generated here are novel
for C. australiensis. Since, almost all species of
Choricotyle have been identified based solely on
morphology, significant ambiguity still exists in
Choricotyle spp. identification globally. For this
reason, parasite taxonomists have suggested revision
of the species within genus Choricotyle is required
(Llewellyn, 1941b; Hargis, 1955).

Based on morphology records, the monogenean
specimens from Ch. auratus were identified as C.
australiensis. Phylogenetic trees generated from 28S
rRNA and cox1 sequences supported the morpholog-
ical conclusion, with C. australiensis grouping within
the Choricotyle spp. clade (see Fig. 3A, B). Improved
and comprehensive morphometric and meristic data
along with nuclear and mitochondrial gene sequences
of C. australiensis would provide an important
foundation for the exploration of evolutionary history
of other polyopisthocotyleans Monogenea including
Choricotyle spp.
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