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ABSTRACT

Micro-computed tomography (micro-CT) is an emerging tool in parasitology that can assist in analysing
morphology and host-parasitic interactions. It is a non-destructive, cross-sectional imaging technique that offers
good resolution and the ability to create three-dimensional (3D) reconstructions. Here, we used micro-CT to
study Linguatula serrata, which is a zoonotic pentastome parasite that infects dogs and ruminants throughout the
world. The aims of this study were to describe the internal and external anatomy of adult L. serrata specimens
using micro-CT, and to describe and compare specimens stained with 0.3% phosphotungstic acid (PTA) and 1%
iodine (Ip). Ten adult L. serrata specimens were subjected to micro-CT examination. The specimens were fixed in
70% ethanol and stained with 0.3% PTA or 1% I,. Both stains offered good tissue contrast. The main identifying
external features of L. serrata (hooks, mouth, buccal cadre) were clearly visible. Virtual sections and 3D re-
constructions provided a good overview of the coelomic cavity, with visualisation of the digestive tract, nervous
system, and male and female reproductive organs. These micro-CT images and morphological descriptions may
serve as an anatomical reference for L. serrata, in particular, the internal anatomy which has not been described

in recent years.

1. Introduction

Micro-computed tomography (micro-CT) is a promising and
underutilised technique in parasitology and can be used to elucidate
taxonomy (Tessler et al., 2016; O’Sullivan et al, 2018). It is a
non-destructive technique that offers high image resolution, and when
used in conjunction with tissue stains, good image contrast of soft tissues
can be achieved (Metscher, 2009; Gignac et al., 2016). External and
internal anatomy can be visualised, in different planes and in three di-
mensions (3D) (Tessler et al., 2016; Parapar et al., 2017). Micro-CT in
combination with various stains has been used to classify a range of soft
bodied organisms, including earthworms, leeches, and other annelids
(Fernandez et al., 2014; Tessler et al., 2016; Parapar et al., 2017); as well
as to study numerous insects (Smith et al., 2016; Rother et al., 2021;
Giglio et al., 2022). Micro-CT can also provide useful information on

host-parasitic interactions through visualisation of parasites in situ (Lee
et al., 2007; Noever et al., 2016; O’Sullivan et al., 2021).

Linguatula serrata (tongue worm) is a zoonotic pentastome arthropod
parasite that infects domestic and wild carnivores and herbivores
(Christoffersen and De Assis, 2013; Attia et al., 2024). Although the
parasite has a global distribution, tongue worms are generally under-
diagnosed and their true prevalence is unknown (Tabaripour et al.,
2019, 2021). Recently, tongue worms were found to be highly prevalent
in wild canids in south-eastern Australia (Shamsi et al., 2017) as well as
in a range of native and introduced hosts (Barton et al., 2019, 2020,
2021; Shamsi et al., 2020; Barton et al., 2022, b).

Adult tongue worms live in the upper respiratory tract of canids and
vulpids. They have a distinctive appearance, with a flattened ‘tongue-
like’ annulated body and two pairs of retractile hooks at the anterior end
(Paré, 2008). While tongue worms are readily identifiable to the genus
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level, the lack of morphological information about Linguatula species
and their developmental stages, has meant that L. serrata has sometimes
been misidentified (Barton et al., 2022; Shamsi et al., 2022). Scanning
electron microscopy (SEM) has provided more detailed information
about the external features of L. serrata (Shamsi et al., 2020), and mo-
lecular markers for Linguatula species have also been identified (Shamsi
et al, 2022). Ideally, a combined morphological and molecular
approach is needed when diagnosing Linguatula species (Shamsi et al.,
2022; Attia et al., 2024).

There are only a few publications describing the internal anatomy of
L. serrata or pentastomes generally; most are decades old and some are
not written in English (Spencer, 1892; Sambon, 1922; Haffner et al.,
1969; Mehlhorn, 2008; von Vaupel Klein, 2015). Rezaei et al. (2016)
provide some mensuration values of the intestine and uterus in L. serrata
specimens, but not a detailed morphological description of the internal
anatomy. Characterising tongue worms based on measurements is not
recommended, as features such as the size of the hooks, buccal cadre,
and copulatory spicule are found to be highly variable in different
geographic locations and may be influenced by host factors (Barton
et al., 2022). L. arctica was examined by SEM combined with dissection,
and components of the female reproductive system and intestine were
described (Nikander and Saari, 2006). The external anatomy of L. serrata
specimens from Australia, Romania, and Iran has also been described
(Rezaei et al., 2016; Shamsi et al., 2020; Barton et al., 2022).

We recently used conventional CT to describe L. serrata (Birckhead
et al., 2024). CT captured the generally broad and elongated body shape
of the tongue worms, and an outer hyperattenuating rim in the females,
which was speculated to be due to their chitinous exoskeleton. The
spatial resolution was not high enough to visualise smaller external
details, such as hooks or their internal anatomy. The aims of this paper
are to document the internal and external anatomy of L. serrata using
micro-CT, and to explore how image detail and stain uptake vary with
the use of 0.3% phosphotungstic acid (PTA) and 1% iodine (Iy) stains.
While the technique and stains utilised in the study are well documented
in the literature, to our knowledge, this is the first time micro-CT has
been used to examine a pentastome parasite and L. serrata specifically.

2. Material and methods
2.1. Linguatula serrata collection and sample preparation

Linguatula serrata specimens were retrieved at necropsy examination
of wild canid (dingoes [Canis lupus dingo] and dingo/dog hybrids) and
vulpid (Vulpes vulpes) cadavers supplied by professional vertebrate
control officers, as previously described (Shamsi et al., 2017; Birckhead
et al.,, 2024). The canids and vulpids were trapped and shot in the
Kosciusko National Park area and the Southern Tablelands region, New
South Wales, Australia, between September 2017 and May 2023, as part
of vertebrate pest management. Cadaver heads were bagged, labelled
and frozen within 12 h of death, and stored until post-mortem exami-
nation. Retrieved tongue worms were placed immediately in 70%
ethanol and stored until they were examined by micro-CT. Ten tongue
worm specimens were selected for micro-CT. They consisted of seven
females (ranging from 27 to 87 mm in length, and a juvenile female of
15 mm length) and three males (16-22 mm in length). The intention was
to scan four males; however, one specimen was determined to be a ju-
venile female on micro-CT. Three female and two male specimens were
stained with 0.3% phosphotungstic acid (PTA) and four females and one
male specimen with 1% iodine metal (I3). Stain formulations and pro-
tocols followed those previously described (Metscher, 2009) (Table 1).
Specimens were sealed in Eppendorf plastic tubes, and physically
anchored using low-density polystyrene foam specimen holders to pre-
vent movement during scanning (Fig. 1).
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Table 1
Phosphotungstic acid (PTA) and iodine (Iy) staining protocols used on the
tongue worm specimens adapted from (Metscher, 2009).

Stain  Stock Solution Staining procedure

PTA 1% (w/v) PTA in water (dedeca
Tungstophosphoric acid hydrated;
Chem supply Australia)

Samples held in fresh 70%
ethanol (EtOH) overnight.
Samples added to 0.3% PTA
solution with 70% EtOH.
Samples left in staining solution
for 72 h, at room temperature,
gently agitated via rocking plate.
Samples taken to 70% EtOH for
30 min, then 100% EtOH.
Samples scanned in 100% EtOH.
Samples taken to 100% alcohol
overnight.

Samples added to I,E solution for
72 h, at room temperature, gently
agitated via rocking plate.
Samples washed with 100%
alcohol 2-3 times until free iodine
was not visible.

Samples scanned in 100% EtOH.

12E 1% iodine metal (inorganic iodine,
Chem Supply Australia) dissolved in
100% ethanol (IE)

2.2. Micro-computed tomography and analysis

High-resolution three-dimensional micro-CT scanning and analysis
were performed at the Small Animal Imaging Facility of the South
Australian Health and Medical Research Institute (SAHMRI, Adelaide,
South Australia). A total of ten L. serrata specimens underwent micro-CT
(SkyScan 1176; Bruker) at a nominal resolution of 9, 18, or 35 pm,
30-470 ms exposure, 1, 2, or 4K pixelation (camera binning mode). An
X-ray tube voltage of 55 kV and 413 pA was applied, with no filter. The
scan orbit was 360° with a rotation step of 0.3, 0.5, or 0.8° and 2-frame
averaging (see Appendix 1 for full scanning parameters). Reconstruction
of the micro-CT scans was carried out with a modified Feldkamp algo-
rithm using SkyScan NRecon software (Version 1.7.4.2), accelerated
with the GPU Recon Server Reconstruction engine (Version 1.7.4),
applying Guassian smoothing (2), ring artifact reduction (10), and beam
hardening correction (30%) to all samples.

The micro-CT files were processed with ORS Dragonfly (software
version 2022,2.0.1399). Two-dimensional (2D) imaging slices were
evaluated in different planes and still images were captured in trans-
versal, sagittal, and frontal planes, using the specimens that were of
highest quality and most representative. 3D reconstructions and volu-
metric rendering were also performed.

The anatomical terminology used in the results and discussion sec-
tions follows that of Mehlhorn (2008) and von Vaupel Klein (2015).
Image quality of tongue worm specimens stained with 0.3% PTA and 1%
I, was assessed and compared for detail, stain uptake, contrast between
organs, visualisation of anatomical structures, and for the presence of
artifacts such as movement blur.

3. Results
3.1. Image quality

Two L. serrata specimens were initially micro-CT scanned unstained
in ethanol but image contrast was poor, and these scans were not ana-
lysed. Image detail was notably poorer at a scanning resolution of 35 pm
compared to at 18 pm and 9 pm, for both contrast staining techniques
(Fig. 2). Therefore, 18 ym and 9 pm were used for the anatomical ana-
lyses and representative 3D volumes. External and internal anatomical
features could be visualised with both the 0.3% PTA and 1% I, stains.
Internal organ contrast was generally comparable with both stains, other
than the ovary being slightly more contrast-enhancing with the 0.3%
PTA stain. Some differences in external detail were noted between the
stains. The hooks and buccal cadre, and copulatory spicules were more
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Fig. 1. (A) Photograph of a small female tongue worm specimen stained with 0.3% PTA in an Eppendorf tube, prepared for micro-CT scanning. (B) The Eppendorf
tubes were held in place in a foam specimen holder during micro-CT scanning. (C) A photograph of the micro-CT machine used.

Fig. 2. Ventral (top), sagittal (middle) and transversal views (bottom) of a male tongue worm stained with 0.3% PTA at scanning resolutions of 9 pm (A), 18 pm (B),
and 35 pm (C). The image detail is notably poorer at 35 pm compared to other scanning resolutions, especially when magnified. The anterior end is at the top of the

image (ventral views) or to the left (sagittal views). White bar = 1 mm.

contrast-enhancing and clearly defined with the 1% I, stain compared to
the 0.3% PTA stain (Fig. 3). External cuticle detail in the female was
generally better with the 0.3% PTA stain, with a greater range of
contrast observed.

Internal features that were strongly hyperattenuating or contrast-
enhancing with both stains, were the uterus filled with eggs and the
ejaculatory ducts (in the male). The digestive tract, the ovaries, and
testes were moderately contrast-enhancing. The coelomic space or
haemocoel was hypoattenuating.

Artifacts consisted of poor stain uptake in one male and one female
specimen stained with 0.3% PTA (Fig. 4A). Image quality in the male
specimen was particularly poor, resulting in the image dataset not being
analysed. Movement blur was seen in one female specimen (Fig. 4B); this

parasite was subsequently rescanned, and the problem was rectified. In
another female specimen (Fig. 5A-B), the head had an undulating con-
tour. The cause was unknown, but possibly associated with the posi-
tioning in the container, a fixation artifact, or damage sustained during
retrieval of the parasite at necropsy.

Fixation time in 70% ethanol prior to the micro-CT scan, ranged from
12 to 14 days (two male and four female specimens) to 4-5 years (one
male and three female specimens). No obvious differences in image
quality and stain uptake were observed between these specimens
(Fig. 6).
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Fig. 3. Ventral views of the anterior end of two female tongue worms scanned at 18 pm resolution, and stained with 1% I, (A) or 0.3% PTA (B). The buccal cadre
(arrow) and hooks (either side) are more contrast-enhancing and clearly defined with the 1% I, stain. A greater range of contrast is seen with the 0.3% PTA stain. The
anterior end is at the top of the image. White bar = 1 mm.

Fig. 4. (A) Dorsal view of a male tongue worm specimen stained with 0.3% PTA, demonstrating poor stain uptake artifact (anterior end is to the top of the image).
(B) Transversal view of a female specimen stained with 1% I, demonstrating movement blur artifact.

Fig. 5. Transversal (A) and sagittal (B) views of the anterior end of a female tongue worm specimen stained with 1% I, and scanned at 18 pm resolution. In A, the tips
of the anterior hooks are visible on either side of the mouth (white arrow). In B, an anterior hook is visible. The red arrow corresponds to the hook and the yellow to
the fulcrum. Note the undulating contour of the dorsal aspect of the head (cause unknown; likely artifactual). (C) Ventral view of a female specimen stained with
0.3% PTA and scanned at 9 pm resolution, showing the hook pits (grey arrows). Anterior is to the left (sagittal image) or the top (ventral image). White bar = 1 mm.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Transversal views of female (A and B) and male (C and D) tongue worm specimens, from anterior to posterior end (top to bottom). Note the pronounced
lateral lobes in the females and the generally rounder body shape in the male. Specimens in A, B and D were stained with 1% I,, and C was stained with 0.3% PTA. No
noticeable difference in stain uptake was observed in specimens fixed in ethanol for 4-5 years (specimens A and C) compared to those fixed in ethanol for 12-14 days
prior to the micro-CT scan (specimens B and D). E and F, sagittal views of the lateral lobe of a female (E) and male (F) tongue worm stained with 0.3% PTA, showing
their serrated contours. Scanning resolution of all images is 18 pm, except for F, which is 9 pm. The anterior is to the left for the sagittal views. White bar = 1 mm.

3.2. Morphological features 7E). The hooks had a hyperattenuating rim and hypoattenuating centre.
Hook pits were observed as hypoattenuating slits (Fig. 5C).

3.2.1. External features The female tongue worms had a broad dorsoventrally flattened

The two pairs of sharply pointed hooks, mouth, and buccal cadre at anterior body and a narrow rounded posterior end (Fig. 6A-B & 7A-B).

the anterior end of the parasite were readily identified (Fig. 3, 5A-B, & The head generally had a smoothly convex dorsal margin. Fine external

Fig. 7. 3D reconstructions of female (A & B) and male (C, D & E) tongue worm specimens stained with 1% I, and scanned at a resolution of 18 ym. A & C are ventral
views, and B, D, and E are frontal views of the head; volumetric rendering in the latter highlights the hooks (black arrows) and copulatory spicules (red arrow) of the
male. The anterior end is at the top of the image for the ventral views. Black bar in A & B = 10 mm; and in C, D, & E = 1 mm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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annuli were identified throughout the body. The lateral margins or lobes
of the anterior body had a serrated contour (Fig. 6E). The two male
tongue worms had similarly dorsoventrally flattened heads as the fe-
males; one had a smoothly convex dorsal margin and the other had
pointed lateral margins. The male body shape was generally rounder
than the female, and prominent lateral lobes were not observed (Fig. 6C-
D & 7C-D). Fine external serrations, similar to the female, were present
(Fig. 6F).

3.2.2. Digestive system

Bands of moderately contrast-enhancing tissue were present in the
dorsal head region, on either side of the hooks and mouth, which is
likely consistent with musculature and glandular tissue (Fig. 8A-B).

The buccal cavity, oesophagus, and intestine were clearly visible
(Fig. 8C-D). The buccal cadre extended a similar depth to its width. The
oesophagus, a thin hollow tube, arose immediately posterior to the
buccal cadre. It ran in a horizontal direction before turning dorsally to
join the intestine (or midgut). The pharynx was not clearly defined but
was mildly thicker and more contrast-enhancing than the oesophagus.
The junction between the oesophagus and intestine was clearly defined,
with a concentric ring (valve). The intestine was approximately five
times the diameter of the oesophagus. In females the intestine was
generally filled with moderately contrast-enhancing and slightly het-
erogeneous material (ingesta). The intestine in the male was relatively
thinner for its body size. The intestine continued as a relatively straight
tube in a posterior direction, gradually narrowing and terminating at the
most posterior part of the body, at the anus. In females, the anus was just
dorsal to the genital pore. A hindgut or posterior intestine was not
differentiated from the midgut.

3.2.3. Female reproductive system

The ovary was a long structure that extended approximately two-
thirds of the body, dorsally and lateralised to one side of the coelomic
cavity (Fig. 9A-B & H). The ovary was moderately heterogeneously
contrast-enhancing and had a cobbled appearance. The very anterior
aspect of the ovary bifurcated into two narrow oviduct tubes that con-
tained several small, round, luminal hyperattenuating/contrast-
enhancing structures (likely consistent with ova; Fig. 9A). The tubes
extended anterolaterally along the body walls and fused ventrally, at the
level of the junction of the oesophagus and intestine (Fig. 9C). The fused
tube continued midline, ventral to the intestine and between the two
receptacula seminis, and then posteriorly as the uterus. The ovary could
not be identified in one young female L. serrata specimen.

The receptacula seminis were observed as two elongated, blind-
ended tubular structures that were located midline and ran in a
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posterior direction (Fig. 9C-D, F-G). Intraluminally, they contained a
variable amount of clumped hyperattenuating material (consistent with
spermatozoa). A thin tube or ductule arose from the anterior aspect of
each of the receptaculum seminis, coursed medially and joined the fused
oviduct tube.

The uterus was highly coiled and looped around the relatively
straight intestine, and filled much of the coelomic cavity (Fig. 9B, E, &
H). The uterine lumen was variably filled with intensely hyper-
attenuating or contrast-enhancing material, and individual eggs were
not clearly visible. In two mature females, the uteri were relatively
empty. The uterus in the young female examined was narrower, less
coiled and did not contain any hyperattenuating material (Fig. 9G).

Image detail was generally reduced in the posterior end of the par-
asites due to the narrow size and reduced stain uptake. The vagina was a
continuation of the most posterior aspect of the uterus and appeared as a
short, narrow empty tube. The genital pore was immediately ventral to
the anus and was observed as a small opening.

3.2.4. Male reproductive system

The two testes appeared as elongated, homogeneously attenuating,
undulating structures that were surrounded by a thin membrane and
extended dorsally along almost the entire length of the body (Fig. 10A &
E). A single seminal vesicle tube originated from the anterior aspects of
the testes and contained moderately contrast-enhancing luminal mate-
rial. It was slightly variable in diameter, with two dilatations observed in
the distal segment (Fig. 10D). The seminal vesicle had a slightly tortuous
course. It extended in a posterior direction between the testes, turned
tightly in the ventral aspect of the mid coelomic cavity, and ran ante-
riorly down the midline to the level of the proximal intestine (Fig. 10E).
The seminal vesicle bifurcated at the proximal intestine into two short,
narrow-diameter tubes. These tubes ran ventrally and connected with
the two short vas deferens, anteriorly, and the two ejaculatory ducts,
posteriorly. The vas deferens continued anteriorly to the cirrus sac. The
ejaculatory ducts were observed as thick-walled, strongly contrast-
enhancing, blind-ended, tubular structures, that were slightly undulat-
ing and horizontally orientated (Fig. 10C & E). The two copulatory
spicules were clearly defined, with strongly contrast-enhancing rims.
The posterior aspect was rounded, and the anterior aspect was more
pointed (Fig. 10B-C & E). The paired penes (cirri) within the cirrus sac
were not clearly visible. The genital pore opening was seen at the ventral
aspect of the anterior cephalothorax (Fig. 10D).

3.2.5. Nervous system
The suboesophageal ganglion was visualised with micro-CT
(Fig. 11). The most anterior part of the suboesophageal ganglion

Fig. 8. Sagittal (A) and ventral views (B) of the anterior aspect of a female tongue worm specimen stained with 0.3% PTA, highlighting moderately contrast-
enhancing bands of tissue of the head (yellow arrows). These are likely consistent with musculature and glandular tissue. Sagittal images of female (C) and male
(D) tongue worm specimens stained with 0.3% PTA and 1% I,, respectively. Blue arrow, buccal cavity; green arrows, oesophagus; white arrow, intestine (or midgut).
Anterior is to the left (sagittal images) or the top (ventral image). Scanning resolution is 18 pm for all images. White bar = 1 mm. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. Dorsal (A & B), ventral (C), sagittal (D) and transversal (E) views of the mid-anterior body of a mature female tongue worm specimen stained with 1% I,.
Ventral (F) and transversal (G) views of a young female specimen stained with 1% I,. Yellow arrows, ovary; white arrows, oviduct; red arrows, uterus; purple arrows,
receptacula seminis; blue arrows, ductules originating from receptacula seminis; green arrow, intestine. (H) 3D volumetric rendering of the ovary (yellow), uterus
(red) and intestine (purple) of the mature female tongue worm specimen stained with 1% I,. In G, note the small size of the uterus (red arrow) in the young female;
loops of intestine are seen dorsal to the uterus (green arrows). Anterior is to the top (ventral and dorsal views) or to the left (sagittal views). Scanning resolution for all
images is 18 pm. White bar = 1 mm. Black bar = 10 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)

encircled the oesophagus (Fig. 11A-C). Posteriorly, it extended to the
distal oviduct/proximal uterus in the female (Fig. 11D) and to the dorsal
aspect of the copulatory apparatus in the male (Fig. 11B). The nerves
originating from the mass were most clearly seen in a mature female
specimen that was stained with 0.3% PTA, and the following description
is based on this specimen. There appeared to be nine pairs of nerves, and
possibly several smaller nerves, but it was difficult to be certain due to
their small size. The nerves were traced as follows, from anterior to
posterior: the first pair coursed to the region of the buccal cavity, the
second pair to the region of the base of the anterior pair of hooks, the
third to the region of the musculature between the hooks, the fourth to
the base of the posterior hooks, the fifth to the eighth pair of nerves were
small and ran in a transverse direction from the mid-aspect of the sub-
oesophageal ganglion and could not be completely followed, and the
ninth pair were the largest (known as the abdominal nerve chords) and
ran in a posterior direction bilaterally along the ventral coelomic cavity
(Fig. 11E).

4. Discussion

This study provided the first anatomical description of L. serrata
using micro-CT and updated information on L. serrata anatomy,

particularly its internal anatomy which is only described in a few dated
publications. Micro-CT allowed major organ systems to be identified and
provided a good gross overview of the coelomic cavity. Micro-CT also
enabled visualisation of many of the external characteristics of L. serrata
previously described by SEM (Shamsi et al., 2020). Sufficient contrast
was achieved with both PTA and I, stains, and image quality was
generally good.

Tongue worms have chitin throughout their bodies including within
the external cuticle, hooks, buccal cadre, digestive system, uterus, and
copulatory spicules (Spencer, 1892; Mehlhorn, 2008; von Vaupel Klein,
2015; Parija and Chauhury, 2022). Chitin is a strong X-ray absorber and
contributes to image contrast. In insects, chitin has been found to impart
excellent image contrast, and it is possible to examine insects using
micro-CT without additional staining (Killiny and Brodersen, 2022).
Staining was found to be necessary with the tongue worms in the current
study to achieve sufficient tissue contrast. The hooks, buccal cadre and
male copulatory spicules were particularly attenuating, likely reflecting
the density of chitin within these structures and the stain uptake.

The stains used, PTA and I, are readily available and of low toxicity
(Metscher, 2009). The staining protocols were easy to perform and
provided adequate tissue contrast. Slight differences were noted be-
tween the stains, with 0.1% I, providing greater enhancement of the
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Fig. 10. A male tongue worm specimen stained with 1% I,; dorsal (A), ventral (B), and sagittal views (C & D). Pink arrows, testes; white arrows, copulatory spicules;
blue arrow, ejaculatory duct; yellow arrow, seminal vesicle; purple arrow, genital pore. (E) 3D volumetric rendering of the male reproductive tract: testes (pink),
seminal vesicle (yellow), vas deferens (green), ejaculatory ducts (blue), and copulatory spicules (white). Anterior is to the top (dorsal and ventral views) or to the left
(sagittal views). Scanning resolution for all images is 18 ym. White bar = 1 mm. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

hooks, buccal cadre, and copulatory spicules compared to 0.3% PTA.
Conversely, in insects, PTA has been found to stain chitin more strongly
than I, (Metscher, 2009). The differences found in this current study
may reflect the staining times used and the diffusion speeds of the stains.
I, penetrates tissues quickly, while PTA has a moderate diffusion speed
(Ondrus et al., 2021). For example, in earthworm specimens, a 3-4 week
staining period with 0.3% PTA was required to achieve adequate stain
uptake. Specimens stained for shorter durations had prominent internal
artifacts (Fernandez et al., 2014). In this study, internal structures were
adequately stained with 0.3% PTA after 3 days, possibly due to the low
density of tongue worms. However, a longer staining time with PTA
would likely have resulted in greater stain uptake, particularly of the
chitinous structures.

Micro-CT proved to be an efficient and versatile technique. Several
specimens were scanned in a relatively short period of time. This
allowed anatomical data from various specimens to be compared, and
accounted for image datasets that had artifacts and had to be omitted.
No overt differences in image quality were observed in specimens that
had been fixed in 70% ethanol for up to 4-5 years compared to 12-14

days. Previous studies involving other organisms (e.g., leeches, lam-
preys) have found that good detail can be achieved even in museum-
fixed specimens (Metscher, 2009; Tessler et al., 2016). The main
consequence of long-term ethanol fixation is shrinkage and distortion,
resulting in measurements not being reliable (Buytaert et al., 2014;
Hedrick et al., 2018). Stains can also contribute to specimen shrinkage,
particularly high concentrations of iodine (Vickerton et al., 2013; Buy-
taert et al., 2014).

The main external features of L. serrata were visualised with micro-
CT, including the hooks, mouth, buccal cadre, hook pits, general body
shape, and annuli. They were found to be consistent in appearance with
previous descriptions (Shamsi et al., 2020). Pentastome hooks are re-
ported to be hollow; on micro-CT this was appreciated with the hooks
having hypoattenuating centres (Bowman, 2013). Finer structures such
as papillae, sensillae, and pores that were described on SEM could not
clearly be identified with micro-CT (Nikander and Saari, 2006; Shamsi
et al., 2020). Image resolution is a limitation with micro-CT (Faulwetter
et al., 2013; Fernandez et al., 2014). Depending on the system used, it is
generally in the range of 0.9-100 pm/pixel, which is coarser than that
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Fig. 11. Ventral (A), transversal (C) and sagittal views (D and E) of the anterior aspect of a female tongue worm specimen stained with 0.3% PTA. (B) A ventral view
of the anterior aspect of a male tongue worm specimen stained with 1% I,. Green arrows, oesophagus; orange arrows, suboesophageal ganglion; white arrows,
copulatory spicules; red arrow, uterus; blue arrows, abdominal nerve chord. Anterior is to the top (ventral views) or to the left (sagittal views). Resolution for all
images is 18 pm. White bar = 1 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

provided by SEM and histology (Faulwetter et al., 2013). In this study, 9
pm was the lowest scanning resolution available. Parapar et al. (2017)
who assessed the taxonomy of annelids with micro-CT, concluded that
micro-CT was most useful for assessing macroscopic external features
and gross internal anatomy. When more detailed morphological infor-
mation is required, complementary imaging techniques such as SEM
should be used.

The main organ systems of L. serrata (the digestive, reproductive, and
nervous) were visualised with micro-CT. The sensory system of penta-
stomes is reduced, and they do not have respiratory, circulatory, or
excretory systems (Nikander and Saari, 2006; von Vaupel Klein, 2015;
Parija and Chauhury, 2022). Instead, they have small pores and bacillary
cells, which are presumed to be responsible for excretion and respiration
(Nikander and Saari, 2006; von Vaupel Klein, 2015). The coelomic space
was hypoattenuating, likely reflecting the haemolymph that surrounds
the organs. Haemolymph provides a supportive hydrostatic skeleton and
facilitates peristaltic locomotion (Paré, 2008; von Vaupel Klein, 2015).
The head was dense compared to the rest of the body, with several bands
of contrast-enhancing tissue. This is because pentastomids have strong
head muscles that, in conjunction with the chitinous plates of the
pharynx, allow them to suck and feed from the host (Spencer, 1892; von
Vaupel Klein, 2015). Head glands are also reported to intervene between
the muscles of the head (Spencer, 1892; von Vaupel Klein, 2015).

Reproductive structures were the dominant internal features of the
mature adult tongue worm, particularly the uterus in the female and the
testes in the male. The reproductive structures identified with micro-CT,
were largely consistent in appearance with previous descriptions of
other porocephalid species (Nikander and Saari, 2006; Mehlhorn, 2008;
von Vaupel Klein, 2015). Small variations in the female included the
receptacula seminis being more elongated and the uterus coiling around
the intestine, rather than ventral to the intestine, as depicted by Mehl-
horn (2008). Additionally, the ovary was lateralised to one side, rather
than running immediately dorsal to the intestine. In the male, the testes
were surrounded by a thin tubular structure and the internal testicular
tissue was discontinuous. This has been described in Waddycephalus
teretiusculus (Baird, 1862), another porocephalid species, in which the

testis had a thin membranous external layer and scattered multicellular
internal masses that were composed of sperm cells at different devel-
opmental stages (Spencer, 1892). The seminal vesicle had a slightly
tortuous course and was consistent with the description provided by
Spencer (1892), who stated it was a tube that “bent double upon itself”.

Differences in the reproductive status were noted in the female
tongue worms. The uteri contained variable amounts of relatively ho-
mogeneous hyperattenuating material. Individual eggs were not visible,
likely due to the massive number of eggs present and superimposed upon
one another. A gravid porocephalid species is reported to have around
500,000 eggs (Mehlhorn, 2008). In two mature females, the uteri were
almost empty, with only a small amount of hyperattenuating material
present, possibly reflecting reduced fecundity. Fecundity may be
affected by the immunological response of the host and the number of
other pentastomids present in an infection (von Vaupel Klein, 2015).
One of these females was relatively small (approximately 27 mm in
length); age may have been a factor. Alternatively, these females may
have recently released a large number of eggs. Sinclair (1954) found that
eggs are discharged in host nasal secretions irregularly, but it is not clear
how many eggs are released at once.

Micro-CT proved to be a useful technique for determining the sex of
the L. serrata specimens. One small tongue worm specimen (approxi-
mately 15 mm in length) was originally identified as a male when it was
retrieved at necropsy due to its small size. Based on the visualisation of
its internal organs on micro-CT, it was determined to be a young adult
female. The two receptacula seminis were clearly visible and appeared
empty. The uterus was small and less coiled compared to that of the
mature female, consistent with findings reported by Spencer (1892).
There was no evidence of hyperattenuating material (eggs) within the
uterus, and the intestine took up relatively more space in the coelomic
cavity. The ovary, which has been described as a simple tube in imma-
ture females (Spencer, 1892), was not observed in this specimen. Simi-
larly, Fernandez et al. (2014) found micro-CT to be useful in
determining the sex of juvenile earthworm specimens where external
sexual characteristics are often inaccurate.

All components of the digestive tract could be followed with micro-
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CT. The pharynx was closely associated with the buccal cadre and not
clearly defined, but it appeared to be slightly thicker and more contrast-
enhancing than the oesophagus. In pentastomids, the pharynx is
described as having a ventral and dorsal chitinous plate, and found to be
thicker and stain more readily than the oesophagus (Spencer, 1892; von
Vaupel Klein, 2015). The valve between the oesophagus and the intes-
tine, which prevents backflow of ingesta (Mehlhorn, 2008), was clearly
visible with micro-CT. The hindgut in pentastome species is described as
a short section of intestine, immediately before the anus, that is sepa-
rated from the midgut by a pyloric valve (Mehlhorn, 2008; von Vaupel
Klein, 2015). The hindgut could not be differentiated from the rest of the
intestine in this study.

In other porocephalid species, 8-11 pairs of nerves are reported to
originate from the suboesophageal ganglion (Doucet, 1965; Mehlhorn,
2008; von Vaupel Klein, 2015). Nine pairs of nerves were identified in
this current study; it is likely that some smaller nerves were not
visualised because of resolution limitations with micro-CT. Nerves
supplying the hooks and the abdominal nerve chords were traced
(Doucet, 1965; von Vaupel Klein, 2015).

This study had several limitations. Sample size was small, comprising
ten adult L. serrata specimens: seven females (one young adult) and three
males. There are a limited number of anatomical references on L. serrata
and porocephalids in general, and anatomical structures were not
confirmed through histology. Image quality was generally considered to
be good, but was likely affected by a few factors. The specimens had
previously been frozen, which is known to alter microstructures (Hu and
Xie, 2021). Additionally, the tongue worms were fixed in ethanol, which
is known to cause shrinkage of specimens (Vickerton et al., 2013; Buy-
taert et al., 2014) and soft bodied organisms, such as tongue worm, are
particularly prone to distortion during fixation (von Vaupel Klein,
2015). Image contrast may have been improved by using different fix-
atives; in leeches, glutaraldehyde was found to be superior to ethanol for
image resolution (Tessler et al., 2016).

Future micro-CT studies on L. serrata could explore other fixatives,
stains, and staining times to assess the effect they have on image quality.
Using micro-CT to examine different developmental stages, species of
Linguatula, and tongue worms from other geographical locations, would
be beneficial for taxonomic and comparative purposes.

5. Conclusions

This study demonstrated the utility of micro-CT for assessing the
anatomy of L. serrata and provided updated anatomical information.
Good tissue contrast was achieved with both PTA and I, stains. Micro-CT
was an efficient technique to provide a good gross anatomical overview
of the coelomic cavity. Numerous internal and external anatomical
structures were visualised and described, including the digestive,
reproductive, and nervous systems, as well as the hooks and buccal
cadre. Micro-CT could be used in the future to characterise other Lin-
guatula species and their developmental stages.
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