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Abstract: Lung fluke, Paragonimus heterotremus, is a flatworm causing pulmonary paragonimiasis in cats, dogs, and hu-
mans in Southeast Asia. We examined the ultrastructure of the testis of adult P. heterotremus with special attention to
spermatogenesis and spermiogenesis using scanning and transmission electron microscopy. The full sequence of sper-
matogenesis and spermiogenesis, from the capsular basal lamina to the luminal surface, was demonstrated. The se-
quence comprises spermatogonia, spermatocytes with obvious nuclear synaptonemal complexes, spermatids, and
eventual spermatozoa. Moreover, full steps of spermatid differentiation were shown which consisted of 1) early stage, 2)
differentiation stage representing the flagella, intercentriolar body, basal body, striated rootlets, and electron dense nucle-
us of thread-like lamellar configuration, and 3) growing spermatid flagella. Detailed ultrastructure of 2 different types of

spermatozoa was also shown in this study.
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INTRODUCTION

Paragonimiasis is an important food-born parasitic zoono-
sis endemic in many parts of Asia, Africa, and South America
[1]. There are about 50 species, of which 11 are known to cause
infections in humans [2]. In Southeast Asia, Paragonimus het-
erotremus has been increasingly detected as an important cause
of infection in humans [3]. The parasite utilizes 2 intermediate
hosts and completes the life cycle in wild mammals such as ti-
gers, civet cats, toddy cats, dogs, mongooses, and humans [4].
Freshwater molluscan species serve as the first intermediate
host and freshwater crab species serve as the common second
intermediate host [2]. Worms generally mature in pairs in cap-
sules in the lungs of their mammalian hosts [4-6].

Spermatogenesis and spermiogenesis have been subjects of-
ten used for phylogenetic study of the parasitic Platyhelmin-
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thes [7-14]. Spermiogenesis presents minor differences in Di-
genea [8,15-18], but the full range of variation in the taxon
has not yet been explored. Although light and electron micro-
scopic features of the spermatogenesis of some Paragonimus
species, such as Paragonimus miyazakii, Paragonimus westermani
and Paragonimus ohirai have already been examined [19-22],
those of P. heterotremus, remain unstudied. This study presents
the ultrastructure of the spermatogenesis and spermiogenesis
in P. heterotremus.

MATERIALS AND METHODS

Metacercariae of P. heterotremus were collected from freshwa-
ter crabs, Larnaudia larnaudii, at Chet Khot waterfall, Saraburi
Province, Thailand. Adult worms were collected from the lungs
of a cat which had been infected with metacercariae 2-4 months
earlier. The worms were fixed in 2.5% glutaraldehyde in 0.1 M
phosphate buffer (PB), pH 7.2, overnight. The fixed specimens
were divided into 2 groups, and they were further processed
for transmission electron microscopy (TEM) or scanning elec-
tron microscopy (SEM).

For TEM, the specimens were post-fixed in 1% osmium te-
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troxide in 0.1 M PB at pH 7.2 for 1 hr, dehydrated with a grad-
ed series of ethanol concentrations, infiltrated with propylene
oxide for 20 min and embedded in epoxy epon 812. Semithin
sections were cut from the embedded specimen blocks using
an ultramicrotome (Leica EM UCG6) and were stained with 1%
toluidine blue solution for light microscopic examination to
identify the morphological features representing the full se-
quence of differentiation, i.e., stages of spermatogenesis and
spermiogenesis. Thereafter, ultrathin sections were cut, and af-
ter double-staining with uranyl acetate and lead citrate observed
and photographed using a Hitachi-H600 (Hitachi, Tokyo, Ja-
pan) transmission electron microscope.

For SEM, fixed specimens were dissected under a binocular
microscope and testes were extirpated and subsequently fixed
with 1% osmium tetroxide fixative for 1 hr and dehydrated
with a graded series of ethanol concentrations. Thereafter, the
dehydrated specimens were dried with a critical point dryer
(Hitachi HCP-2, Tokyo, Japan) and mounted on cupper stubs
with silver paste and observed under SEM (Hitachi-SU3400,
Tokyo, Japan).

RESULTS

TEM

Based on light microscopic findings representing the full se-
quence of spermatogenesis and spermiogenesis from the cap-
sule to the luminal surface (Fig. 1), ultrastructural features
were carefully examined. In individual primary spermatogo-
nia, comparatively large oval nuclei with prominent nucleoli
in euchromatin were tightly packed and laid on the folded
basement membrane beneath the testicular capsule. Several
mitochondria and fine electron-dense ribosomes were present
in scanty cytoplasm (Fig. 2A, B). In much more advanced sper-
matogonia, patches of heterochromatin were noted in the nu-
cleus, and the cytoplasm was slightly more voluminous con-
taining cytoplasmic organelles, especially mitochondria and
ribosomes (Fig. 2C, D). Eight primary spermatocytes, in accor-
dance with established understanding that these came from 3
mitotic divisions of an individual spermatogonium, formed a
group with a rosette-like appearance, gradually developing a
central common mass called a cytophore (Fig. 3A, B). In early
spermatocytes, pale round nuclei were larger than those of
spermatogonia, and each had an obvious nucleolus (Fig. 3C).
The synaptonemal complexes were also demonstrated in the
nuclei of early prophase-I meiotic division of the primary sper-

Fig. 1. Thick section with toluidine staining photograph of the
adult P heterotremus testis showing stages of spermatogenesis
and spermiogenesis. *Differentiated spermatids. C, capsule; PS,
primary spermatocyte; SG, spermatogonia; SS, secondary sper-
matocyte.

matocytes (Fig. 3D, E). At late prophase-I meiotic division, an
irregularly shaped nucleus without a nucleolus was noted, in
which the chromatin was condensed into chromosomes (Fig.
3E G).

Meiosis-I is known to produce 16 secondary spermatocytes.
During this stage, the volume of the cytophore gradually in-
creased. The nuclei of secondary spermatocytes were much
more electron-dense, 4-fold smaller than those of primary
spermatocytes and with an increased nucleo-cytoplasmic ratio
(Fig. 4A). The nuclei were dislocated away from the central cy-
tophore which showed completely fused cell membranes with
the neighbors. The proximal plasma membranes between
neighboring spermatocytes became highly convoluted (Fig. 4B).
It was followed by meiosis-II which produces 32 spermatids
from 16 spermatocytes. The earliest spermatids were of elon-
gated oval shape, and the cell membranes at their apical mar-
gins were associated with electron-dense undercoats (Fig. 5A,
B). Their nuclei were oval in shape and had chromatin of fine
thread-like reticular arrangement intermingled with nucleoli.
At the stage of spermiogenesis, in which the spermatids become
differentiated into the spermatozoa, the spermatid nuclei were
increasingly elongated and curved in shape. The nuclear chro-
matin changed into bundles of electron dense lamellar scroll-
like configurations which were arranged in parallel with the
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Fig. 2. Transmission electron micrographs of a testis in adult P heterotremus showing the spermatogonia. (A, B) Spermatogonia laid on
the folding capsular basement membrane (BM) beneath the testicular capsule (C). (C, D) Advanced spermatogonia with patches of het-
erochromatin (arrowhead) in the nucleus (N) and slightly more voluminous cytoplasm containing cytoplasmic organelles. *Euchromatin,

Arrow: ribosome. Ce, centriole; M, mitochondria.

longitudinal axis of the nuclei, resulting in a honeycomb-like
appearance in cross section (Fig. 5C-E). A cone-shaped projec-
tion of the cytoplasm appeared on the surface of the cytophore
in conjunction with each nucleus. It contained several kinds of
cytoplasmic organelles such as mitochondria, Golgi apparatus,
rough endoplasmic reticulum and free ribosomes (Fig. 6A). As
the spermatid-cone grew outward, its base sank slightly into
the cytoplasm of the cytophore, forming a shallow ring-like
groove delineated by arching membranes of increasing electron
density. The thickening membranes close to the cytophore,
called zone of differentiation, showed a density increase asso-
ciated with the arching membranes, which was found to be a
single row of microtubules immediately underneath the cell
membrane (Fig. 6A). The median cytoplasmic process (MCP)
arising away in an opposite direction from the cytophore was

also shown (Fig. 6A). The flagellar complex also arose from the
zone of differentiation, and was composed of a middle piece of
the intercentriolar body sandwiched by 2 flagellar axonemes
which anchored the basal bodies and the striated rootlets, re-
spectively (Fig. 6B-D).

The flagellar axonemes consisted of 9 doublet tubules con-
centrically arranged around a single central core complex (Fig.
6C, D). At the early stage of flagellar development, they were
arranged almost perpendicular to the MCP axis (Fig. 6B-D). As
the development proceeded, the emergent flagella were rotat-
ed and arranged closer and in parallel to the longitudinal axis
of the MCP of the developing spermatozoon (Fig. 7A-C) and
they finally fused with the MCP. The arching membrane por-
tions also gradually moved centrally to make a narrow con-
stricted portion (Fig. 7A-D) and then finally pinched off the
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Fig. 3. Transmission electron micrographs of an adult P heterotremus testis showing full stages of primary spermatocyte differentiation
and meiotic-I division. (A, B) Primary spermatocytes (PS) form a group with a rosette-like appearance connected at cytophore (CP). (C-E)
Large euchromatic nucleus (N) of early meiosis-I of the primary spermatocyte with obvious nucleolus (Nu) and synaptonemal complexes
(arrowhead) with intact nuclear membrane. (F, G) Primary spermatocyte at the late prophase-l meiotic division with irregular shaped nu-
clei in which the chromatins were condensed to the chromosomes (Ch), and the nuclear membrane gradually disappeared (arrowhead).
Thin arrow: ribosome; Thick arrow: cell membrane. M, mitochondria.

Fig. 4. Transmission electron micrographs of an adult P heterotremus testis showing the secondary spermatocytes. (A) Oval nuclei (N) of
secondary spermatocytes were much more electron-dense with the increased nucleo-cytolasmic ratio. (B) Nuclei were dislocated away
from the central cytophore (CP), and proximal plasma membranes between neighboring spermatocytes became highly convoluted (arrow).

head portion of the spermatid from the central mass of the cy-  axis of the spermatid and spermatozoon. Subsequently large
tophore, resulting in formation of the spermatozoon (Fig. 7E).  vacuoles appeared in the cytophore, which represents a stage
In synchrony with this change, mitochondria grew in the long  of degeneration (Fig. 7F). Spermatozoa, when pinched off, did
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Fig. 5. Transmission electron micrographs of an adult P heterotremus testis showing the early stage of differentiation of spermatids. (A, B)
The earliest spermatids were elongated and oval-shaped (arrowhead) with oval nuclei (N) and intermingled nucleoli (Nu). The cell mem-
branes at their apical margin were associated with electron-dense undercoats (arrow). (C-E) The elongated and curved spermatid nuclei
had bundles of electron-dense lamellar nuclear chromatins arranged in parallel with the longitudinal axis of nuclei (N), and the nuclei took
honeycomb-like appearance in cross section (arrowhead). Arrow: ribosome. CM, cell membrane; Gol, Golgi apparatus; M, mitochondria;
RER, rough endoplasmic reticulum.

Fig. 6. Transmission electron micrographs of an adult P heterotremus testis showing the flagellar complex. (A) Median cytoplasmic pro-
cess (MCP), cone-shaped projection of the cytoplasm appeared on the surface of the cytophore in conjunction with individual nucleus
(N) with zone of differentiation (ZD) and arching membrane (arrowhead). (B-D) The flagellar complexes (Fg), arranged almost perpendicu-
lar to the MCP axis, were composed of a middle piece of the intercentriolar body (Ib), 2 flagellar axonemes (AX) which anchored the
basal bodies (BB), and the striated rootlets (Sr). Arrow: microtubules. M, mitochondria; N, nucleus; RER, rough endoplasmic reticulum.

not contain the central body, centriole and striated rootlets  ready fused with the MCP (Fig. 8). Two different types of sper-
anymore. However, axonemes still remained and they were al- ~ matozoa were distinguished; the first type with translucent cy-
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Fig. 7. Transmission electron micrographs of an adult P heterotremus testis showing the spermiogenesis. (A-D) Flagella (Fg) were rotat-
ed and arranged closer and in parallel to the longitudinal axis of the median cytoplasmic process (MCP) and nuclei (N) of the spermatids.
They finally fused with the MCP. The arching membrane (Ar) also gradually moved centrally to make a narrow constricted portion. (E, F)
The head portion of the spermatozoon pinched off from the cytophore (CP). Large vacuoles appeared (arrowhead) in the cytophore. BB,
basal body; M, mitochondria; Sr, striated rootlets; SZ, spermatozoa; ZD, zone of differentiation.

Fig. 8. Transmission electron micrographs of an adult P heterotremus testis showing 2 types of the spermatozoa which represent head,
middle, and tail portions. (A, B) Translucent type. (C-E) Densely packed glycogen granular type. Arrowhead: cell membrane. AX, axo-
neme; H, head portion; M, mitochondria; Mid, middle portion; N, nucleus; T, tail portion.

toplasm and the second type with densely packed glycogen  spermatozoa of both types. Additionally, the elongated mito-
granules (Fig. 8). Rows of microtubules were arranged under-  chondria also appeared centrally in the core of both types.
neath the cell membrane of the head and middle portions of ~ Elongated nuclei of high electron density were also apparent
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Fig. 9. Scanning electron micrographs of an adult P heterotre-
mus testis showing spermatids with flagella and spermatozoa
with tails. (A, B) Cone-shaped spermatids (ST) with rectangle thin
flagella (thin white arrow) and the bundle of flagella (Fg). (C) The
pear-shaped spermatozoon (arrow) with its thicker central out-
growth tail (arrowhead) wandering inside the luminal surface of
the testis above the group of spermatocytes (SC). (D) A bundle of
the tails of spermatozoa (arrowhead) intermingled with some
spermatid flagella (Fg).

in both types.

SEM

The SEM observations were focused on the spermatids and
spermatozoa. Flagella of fine thread-like appearance were shown
to extend from the cone-shaped proximal region of the sper-
matids (Fig. 9A). The pinched-off head and thicker elongated
tails of the spermatozoa were also shown (Fig. 9C). Sperma-
tids and mature spermatozoa were shown to be characterized
by frequent occurrence of flagella and tails bundles respective-

ly (Fig. 9).
DISCUSSION

The ultrastructural organization of the spermatogenesis and
spermiogenesis of P. heterotremus are in accord with those pre-
viously reported for other digeneans [12-17]. An exception to
this general pattern is noticed: Two ultrastructurally distinct
types of spermatozoa differentiated in P. heterotremus; one with
electron-translucent cytoplasm, which is commonly found in
other Digenea, and the other with highly packed glycogen
granules which has not been reported in other digeneans ex-
cept Dicrocoelium hospes and Hypocreadium caputvadum [12,23].
The finding of this exception contrasts sharply with some pre-

vious reports of spermatozoa ultrastructure of other digeneans
[8,15,18-22].

The synaptonemal complexes were readily observed in the
primary spermatocytes of P. heterotremus as previously noted in
other digeneans which suggested the showing of normal chro-
mosome paring [8,11,21]. Since the secondary spermatocytes
are quite few in number, when compared with the other stages
of development, probably due to the fact that this stage occurs
shortly before dividing into the spermatids, it remains unknown
whether or not the synaptonemal complexes occur in the sec-
ondary spermatocytes.

The development of the zone of differentiation during sper-
miogenesis is followed by the formation of 2 free flagella. Ini-
tially, the flagella are freely arranged in a direction perpendicu-
lar to the spermatid longitudinal axis, and they can bend and
finally fuse with the MCP. Such fusion has also been observed
in Aspidogastrea, Monogenea, Gyrocotylidae, Amphilinidea,
Eucestoda, and Haploporidae within the Digenea [7]. The
presence of 2 flagella, 2 centrioles with striated rootlets, and
this fusion are generally characteristics of Platyhelminthes [11-
13]. This study has not observed the numerous flagella pro-
jecting from the 1 cell as previously observed in P. westermani
[21] which may represent difference in their parthenogenesis.

The elongation of the nucleus along the longitudinal axis of
the spermatid and the condensation of the chromatin into la-
mellae have already been observed in other digeneans 15,18,
19,21]. When features of nuclei and chromatins are compared
between P. heterotremus and other species of Digenea at differ-
entiation stages from the spermatogonia to the spermatozoa,
the spermatogonia of P. heterotremus have oval nuclei similar
to those of Saccacocoelioides [18], but different from those of P,
ohirai [16] and P. pulmonalis [21] which have round-shaped
nuclei and from those of Fasciola hepatica which has irregular
nuclei [24]. The patchy heterochromatin of the spermatogonia
was consistent with that of the others except for F. hepatica which
contains quite large amounts of heterochromatin [24]. The
large, round, and euchromatic nuclei of primary spermato-
cytes of P. heterotremus are similar to those of P. westermani |21]
but are different from those of F hepatica which have oval nu-
clei with dense heterochromatin [24]. The nuclei of spermatids
during several steps of differentiation into the spermatozoa are
similar to those of Paragonimus spermatids reported previously
[19-22].
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