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Tenebrionoidea, a diverse beetle superfamily, exhibits complex and poorly resolved phylogenetic relationships.
Sperm ultrastructure varies notably among its families, yet many remain unstudied. Here we examined for the
first time the sperm morphology in four species from the families Mycetophagidae, Tetratomidae, and Tene-
brionidae using ultrastructural techniques. We observed a consistent antiparallel arrangement of spermatids or

spermatozoa in the germ cysts and documented significant interspecific differences in acrosome and nucleus
dimensions. Flagellar analyses revealed asymmetrical mitochondrial derivatives and an unprecedented tail-end
microtubule arrangement. These findings refine species identification and enhance understanding of reproduc-
tive morphology within Tenebrionoidea. Our results underscore the utility of sperm ultrastructure as a taxonomic
and phylogenetic tool, highlighting its potential to clarify evolutionary relationships in this complex group, while
also indicating the necessity for further studies encompassing additional species.

1. Introduction

Tenebrionoidea is among the most numerous and complex super-
families within Cucujformia (Crowson, 1966; Lawrence and Newton,
1995; Lawrence et al., 2011; Robertson et al., 2015; Beutel and Frie-
drich, 2005; Bouchard et al., 2021). However, the monophyly of this
superfamily is not well supported. Despite increasing efforts to recover
the phylogenetic relationships of families and genera within Tene-
brionoidea using Next Generation Sequencing (NGS) methods, the
knowledge is still only fragmentary.

Tetratoma is absent in Kergoat et al. (2014), Tetratomidae are poly-
phyletic in both subclades of Tenebrionoidea. Mycetophagidae (Myce-
tophagus + Litargus + Litophagus) are sister to Tetratomidae
(Synstrophus). Neomida and Bolitophagus were not sampled. In Zhang
etal. (2018) Mycetophagidae (Mycetophagus + Nototriphyllus) are placed
in clade sister to Archaeocrypticidae + Ulodidae. Tetratomidae, Neo-
mida and Bolitophagus are absent. McKenna et al. (2019) sampled from
Tetratomidae the genus Hallomenus, which was recovered in the sister
position to Litargus (Mycetophagidae). Sampling of Tenebrionidae was
limited to three genera only including Neomida.Cai et al. (2022)
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recovered Mycetophagidae (Mycetophagus + Nototriphyllus) sister to
Archaeocrypticidae. Tetratomidae, Neomida and Bolitophagus were not
sampled. Hu et al. (2024) recovered Tetratoma sister to Trictenotoma
(Trictenotomidae) in ML analysis, or to Prostomis (Prostomidae) using
Bayesian methods. Mycetophagidae, Neomida and Bolitophagus were not
sampled. Batelka et al. (2025a) analysed M. quadripustulatus, T. fungo-
rum and Neomida bicornis. In their ML analysis Mycetophagidae (Myce-
tophagus + Litargus) are sister to Tetratomidae (Tetratoma +
Hallomenus), sampling of Tenebrionidae was limited to three genera
only.

Studies of sperm structure in Tenebrionoidea families have revealed
important differences in the length and shape of sperm components,
such as the acrosome, nucleus, and details of the flagellar structure,
particularly the shape and diameter of the mitochondrial derivatives and
accessory bodies (Baccetti et al., 1973; Afzelius and Dallai, 1994;
Jamieson et al., 1999; Dallai, 2014). A notable feature, recently
described in several Tenebrionoidea families, is the antiparallel
arrangement of spermatids within cysts during spermiogenesis, with
nuclei migrating toward opposite apical regions of the cysts—a pattern
clearly detected by nuclear fluorescence staining (Dias et al., 2012).
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Fig. 1. Bolitophagus reticulatus. A) Semithin section of a follicle showing numerous sperm cysts with sperm bundles bent due to the sperm length. B, C) Hoechst
staining of sperm bundles with antiparallel position. Note the apical nuclei and their opposite position (arrowheads). D, E) Longitudinal sections of the head region
with the short nucleus (N) and the acrosome (A) with an apical extension (asterisk). ax, axoneme; md, mitochondrial derivative. F) Longitudinal section of the
posterior nuclear region (N) showing the basal body (bb) and the axoneme (ax) on a side and the mitochondrial derivatives (md) on the opposite side. G-I) Cross
sections through a sperm cyst showing in the two details (Figs H and I) the opposite axonemal orientation of flagella of the two antiparallel sperm bundles (see
arrows). Note in H the particular structure of the axonemal end (ax) and in I the nuclear shape (N). ab, accessory bodies.

More recently, morphological and molecular data have established a
new “Mordelloid clade” within Tenebrionoidea, comprising the families
Mordellidae and Ripiphoridae (Batelka et al., 2025a). Member of this
clade possess unique morphological characteristics but lack the anti-
parallel sperm arrangement that is typical of other Tenebrionoidea
families studied to date (Dias et al., 2015a, b, 2021, 2022a, b; Folly et al.,

2021; Rezende et al., 2024a, b; Batelka et al., 2026). To date, sperm
ultrastructure has been described for only six of more than 30 identified
families within the superfamily Tenebrionoidea (Ciidae, Meloidae,
Oedemeridae, Pythidae, Scraptiidae, and Tenebrionidae; for review see
Batelka et al., 2026). The present work aims to further expand our un-
derstanding of Tenebrionoidea evolution by investigating the sperm
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Fig. 2. Bolitophagus reticulatus. A) Cross section through the two antiparallel
bundles at half of their length. Note the opposite orientation (see arrows) of
their axoneme. ab, accessory bodies. B-D) Cross sections at three different levels
of the tail end showing the progressive axoneme modification. At the tail tip all
microtubules are beneath the plasma membrane.

ultrastructure of four species belonging to Mycetophagidae, Tetratomi-
dae, and mycetophagous representatives of Tenebrionidae.

2. Material and methods

All specimens have been collected in the Czech Republic and iden-
tified by J. Batelka.

Mycetophagidae: Mycetophagus quadripustulatus (Linnaeus, 1760);
30km E of Praha, Jevany env. September 2025, on fungus Pleurotus
pulmonarius.

Tetratomidae: Tetratoma fungorum Fabricius, 1790; 25-30km E of
Praha, Vyzlovka env. and Jevany env. October 2025, on fungus Pleurotus
pulmonarius.

Tenebrionidae: Bolitophagus reticulatus (Linnaeus, 1767); 30 km E of
Praha, Jevany env. September 2025, in fungus Fomes fomentarius.

Tenebrionidae: Neomida haemorrhoidalis (Fabricius, 1787); 30 km E
of Praha, Jevany env. September 2025, in fungus Fomes fomentarius.

2.1. Light microscopy (LM)

The male reproductive systems of the four examined species were
isolated by dissection in 0.1 M phosphate buffer (pH 7.2) supplemented
with 3% sucrose (PB). The specimens were then transferred onto a mi-
croscope slide in a small drop of PB. For fluorescence observations, DNA
was stained by incubating the material for 3-4 min in 1 pg/ML Hoechst
33258 (Sigma) in PB. Samples were observed and photographed using
differential interference contrast (DIC) and epifluorescence microscopy.
Observations were performed with a Leica DMRB microscope equipped
with an AxioCam HR camera (Carl Zeiss).

2.2. Transmission electron microscopy (TEM)

Males reproductive organs were dissected in PB and fixed overnight
in 2.5% glutaraldehyde in PB at 4 °C. The material was carefully rinsed
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in PB and post-fixed in 1% osmium tetroxide in PB for 2 h. Subsequently,
the samples were washed in PB and dehydrated through a graded
ethanol series (50-100%). The material was then transferred into pro-
pylene oxide and embedded in an Epon-Araldite resin mixture. After
polymerization at 60 °C for 48 h, the blocks were sectioned using a
Diatome diamond knife on a Reichert Ultracut II E ultramicrotome.
Semithin sections were mounted on glass slides, stained with 1% tolui-
dine blue, and examined under a Leica DMRB microscope using differ-
ential interference contrast (DIC). Ultrathin sections were routinely
stained with uranyl acetate and lead citrate and examined with a Philips
CM10 electron microscope operating at 80 kV.

3. Results
3.1. Bolitophagus reticulatus (Tenebrionidae)

The testis follicles are filled with long sperm cysts. In areas where the
cysts are less compact and the sperm bundles are relaxed, semi-thin
sections reveal the sinuous nature of the sperm bundles (Fig. 1A).
After fluorescence staining, it is observed that both ends of the cysts
show marking, indicating that the spermatozoa in each germinal cyst are
arranged in an antiparallel orientation (Fig. 1B, C). Higher magnifica-
tion of the distal regions of these sections shows that the flagellar axo-
nemes are oriented in opposite directions (Fig. 1G-I). The sperm are
approximately 224 ym long and possess an acrosome (0.93 ym) with a
perforatorium and an apical expansion about 0.25 um long, filled with
moderately electron-dense material (Fig. 1D-E), resulting in a three-
layered acrosome. The nucleus is elliptical in cross section (Fig. 1I)
and notably short (2.10 um), characterized by highly compact chro-
matin (Fig. 1D). Posteriorly, it extends on one side in continuity with the
basal body and axoneme, while on the opposite side it houses a large
mitochondrial derivative (Fig. 1D, F). The flagellum is long and contains
a 9+ 9+ 2 axoneme with electron-dense accessory tubules. Two un-
equal mitochondrial derivatives are present; the one on the left side of
the axoneme is thicker than the one on the right (Figs. 1H, I, 2A).
However, at about half the flagellar length, the two mitochondria are
nearly identical in diameter. The matrix of the mitochondrial derivatives
facing the axoneme is denser than the opposite region (Figs. 1H, I; 2A).
Two small, elliptical accessory bodies (0.11 um x 46 nm) are located
lateral to the axoneme (Figs. 1H, [; 2A). Toward the tail end, only one
mitochondrial derivative remains visible before it disappears, leaving
only the axoneme. Later, the axoneme becomes disorganized, and all
microtubular elements are arranged beneath the plasma membrane,
forming an unusual structure (Fig. 2B-D).

3.2. Neomida haemorrhoidalis (Tenebrionidae)

Testes have follicles with germ cysts filled with bundles of long,
sinuous perm cells (Fig. 3A). The spermatozoa are arranged in an anti-
parallel orientation within the cysts (Fig. 3B). Sperm are about 180 pum
long, and each sperm bundle consists of about 500 sperm units, thus the
species has germ cysts with 21 = 1024 sperm. The sperm has an apical
acrosome showing at its anterior region a long expansion apparently
empty (Fig. 4A, B). Early spermatids show spheroidal acrosomes,
0.85 ym in diameter, adherent to the nuclear apex (Fig. 3C). Upon
maturity, the acrosome reaches about 1.43 pm of length (Fig. 4B). The
cylindrical nucleus is about 7.60 um long and 0.4 pm in diameter
(Fig. 3D, E; 4B-C). Apically, it tapers to a reduced diameter and an
elliptical shape (Fig. 4A). In young spermatids, the nuclei are ovoid (2.5
pm long x 1.85 pm wide). Posteriorly, the nucleus is modified to
accommodate the basal body and flagellar axoneme on one side, and a
mitochondrial derivative on the opposite side (Fig. 4C). A cross section
through this nuclear region clearly shows that the nucleus has a semi-
lunar shape and it hosts a few microtubules of the initial axoneme (Fig. 4
inset). On the opposite nuclear side, a mitochondrial derivative is
apparent (Fig. 4C). The flagellum displays the typical 9+ 9 + 2
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Fig. 3. Neomida haemorrhoidalis. A) Semithin section of a follicle showing the numerous sperm cysts. B) Hoechst staining of a sperm bundle in an antiparallel
position. The nucleus (N) are on the apical position at the two opposite extremities of the sperm bundle. Note also the nuclei of the sperm cyst (arrows). C) Cross
section of early spermatids with the apical roundish acrosome (A) and the ovoidal nucleus (N). In the posterior nuclear region, the electron-dense material of the
centriole adjunct (ca), the axoneme (ax) and a mitochondrion (m) are visible. D, E) Cross and longitudinal sections of a sperm bundle with about 500 sperm cells.

Note the elliptical nuclei (N) and the initial flagellar region (F).

axoneme configuration. Opposite to the axoneme, two mitochondrial
derivatives are present. That on the right side is larger than the opposite
one, and it has an almost roundish cross section. The smaller mito-
chondrial derivative is about 1/3 of the larger one (Fig. 4C, D). The
matrix of the two mitochondrial derivatives is denser towards the
axonemal side. Two small globular accessory bodies (about only 62 nm
each) are positioned lateral to the axoneme (Fig. 4C, D). Towards the tail
end a single mitochondrial derivative is evident. At the tail end, which is
only 0.2 pm wide, the axoneme appears disorganized, with all the mi-
crotubules just below the plasma membrane (Fig. 4E)

3.3. Mycetophagus quadripustulatus (Mycetophagidae)

The male reproductive apparatus of this species consists of two testes
with 18-21 follicles each (Fig. 5A). Each follicle is pear-shaped,
measuring 628 pm in length and 348 pm in width (Fig. 5B), and con-
tains numerous fusiform germ cysts (Fig. 5D). After fluorescence treat-
ment, the spermatozoa within each cyst are arranged in an antiparallel
orientation (Fig. 5E). The follicle roundish apical region contains germ

cysts with early stages of spermatogenesis, while the opposite pointed
region has cysts filled with sperm bundles intermingled with large
globular bodies, 0.3 ym in diameter, possible remnants of cyst degen-
eration (Figs. 5C; 8A, B). In the apical region of spermatocytes, ovoid
nuclei show a synaptonemal complex (Fig. 6A); early spermatids are also
commonly found (Fig. 6A-F). Large Golgi apparatuses are visible close to
the apical nuclear region (Fig. 6A). In the early spermatid a centriole
surrounded by electron-dense material of the centriole adjunct is present
(Fig. 6B). Further, the spermatids have nuclei exhibiting the early stage
of chromatin condensation, characterized by the presence of two
electron-dense ribbons on two opposite nuclear sides (Fig. 6C). The
flagellar axoneme is present with a 9 + 9 + 2 microtubular pattern
(Fig. 6D, E). Lateral to the axoneme two long mitochondrial derivatives,
still provided with cristae are visible. At almost spermatid maturity, two
small accessory bodies are visible and the mitochondrial derivatives
show an electron-dense material in their matrix (Fig. 6F). The sperm are
long, and show an apical acrosome, 0.82 ym long with an inner perfo-
ratorium and a short electron-dense elliptical tip (Fig. 7B). The nucleus
is about 5.70 ym long and has an elliptical outline, in cross section
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Fig. 4. Neomida haemorrhoidalis. A) Cross section through the sperm head region with the acrosome (A), showing the apical extension (asterisks) and the perfo-
ratorium (p), and the elliptical nuclei (N). B) Longitudinal section of sperm with the acrosome (A), with the apical extension (asterisks), and the nucleus (N). C) Cross
section of the posterior nuclear region with a semilunar section (N), a single mitochondrial derivatives (md) and the beginning of the axoneme (ax). Note, in the inset,
the presence of two microtubules in the nuclear axis (arrows). D) Cross section through the flagellar axoneme (ax) with the asymmetric mitochondrial derivatives
(md) and the two ovoidal accessory bodies (ab). E) Cross section of the tail end with the disorganized axoneme (ax). Note the reduced section of the tail tip with

microtubules beneath the plasma membrane (asterisks).

(0,34 ym x 0,27 um) (Fig. 7A, C). Posteriorly, the nucleus has a deep
cavity into which a mitochondrial derivative is on a side together with
two small accessory bodies (Fig. 7B), while on the opposite side the two
central axonemal tubule are present. A little behind the complete
axoneme is apparent. Further posteriorly, the two mitochondrial de-
rivatives are visible. The axoneme consists of a 9 + 9 + 2 microtubular
pattern with electron-dense accessory tubules. Beneath two unequal
mitochondrial derivatives are present. That on left side is larger than the
opposite one (Fig. 7C, D). Two small elliptical or slightly spherical
accessory bodies are lateral to the axoneme (Fig. 7C, D). A cross section
through the sperm bundle within a cyst clearly shows that the sperm
axonemes, as expected, have an opposite orientation; they are, in fact, a
bundle with sperm arranged in an antiparallel orientation. (Fig. 7D).
Towards the posterior end, the two mitochondrial derivatives gradually

taper until one disappears, while the other persists. At the tail tip, only
the axoneme remains; following the termination of the central micro-
tubule pair (Fig. 7C, insets), the remaining microtubules reorganize just
beneath the plasma membrane, forming an unusual peripheral config-
uration ().

3.4. Tetratoma fungorum (Tetratomidae)

The specimen examined displays a male reproductive apparatus that
apparently has not evident testes (Fig. 9A). It is possible that, after
completing spermiogenesis in a previous developmental instar, the male
regresses its exhausted testes, with all sperm now contained in the large,
sinuous deferent ducts (Fig. 9A, B). The sperm are long and possess a
short acrosome (0.31 um), which is flattened in cross section and
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Fig. 5. Mycetophagus quadripustulatus. A) Schematic drawing of the male genital apparatus. ag accessory glands; D, deferent ducts; F, pyriform follicles; T, testes. B)
The pyriform shape of a testis follicle. C) Semithin section of the pointed region of a follicle with the numerous sperm bundles (spb) and some dense bodies (db). D) A
complex of elongated germ cysts in the testis follicle. E) Hoechst staining of some elongated sperm bundles showing the nucleus (N) at the two opposite extremities.
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Fig. 6. Mycetophagus quadripustulatus. A) Cross section of a nucleus (N) of a spermatocyte with a synaptonemal complex (arrow). Note also the large Golgi apparatus
(G). B) Cross section of the centriolar region (c) surrounded by the electron-dense material of the centriole adjunct (ca). C) Cross section of early spermatids with
nucleus (N) showing chromatin condensation on both side (arrowheads). Some flagellar axonemes have a simple 9 + 2 organization (ax). D, E) Cross sections through
two more developed spermatids with mitochondrial derivatives (md) showing crystallization of their matrix and a 9 + 9 + 2 flagellar axoneme (ax). F) Cross section
of an almost mature spermatid showing the axoneme (ax) with electron-dense accessory tubules, two roundish accessory bodies (ab) and mitochondrial derivatives

with a large area of matrix crystallized.

contains an inner perforatorium (Fig. 9C-E). The nucleus is also rela-
tively short, measuring 7.0 pm, and has a cylindrical shape that tapers to
a conical anterior extremity (Fig. 9C, E-H). Posteriorly, the nucleus
contains a cavity 0.5 pm deep, which houses the axoneme on one side
and a single mitochondrial derivative on the opposite side (Fig. 9E, G).
The axoneme exhibits the typical 9 + 9 + 2 microtubular pattern with
electron-dense accessory tubules. Next to the axoneme, two nearly equal
elliptical mitochondrial derivatives are present (0.31 um x 0.20 pm)
(Fig. 9F). The accessory bodies are small and ovoid in cross section
(62 nm wide) (Fig. 9F-G). Posteriorly, the mitochondrial derivatives
decrease in size, and eventually only one remains for a short distance
before disappearing (Fig. 9H). A cross section through the bundle in the
deferent duct lumen reveal the opposite orientation of the flagellar

axonemes, indicating that even in the deferent ducts the antiparallel
arrangement of sperm is still evident (Fig. 9F). At the tail end, the
axoneme loses its normal configuration, and the microtubular structures
are no longer arranged in a regular array (Fig. 91).

4. Discussion

In congruence with the molecular phylogenetic results proposed in
Kergoat et al. (2014), McKenna et al. (2019) and Batelka et al. (2025a)
Mycetophagidae seems to be related to Tetratomidae. At least Myceto-
phagus quadripustulatus and Tetratoma fungorum, the type species of the
respective genera, share in the Central Europe the same microhabitat
and bionomics. While Tenebrionidae is the most speciose family within
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Fig. 7. Mycetophagus quadripustulatus. A) Cross section of the bilayered acrosome (A) and of the elliptical nuclear apex (N). B) Longitudinal section of the sperm head
with the acrosome (A) and the nucleus (N). C) Cross section through the sperm bundle showing the posterior nuclear region (N) and the beginning of the flagellum.
Note the nuclear remnants and the central tubules of the axoneme (arrows) on a side and a mitochondrial derivative (md) on the opposite side together with two
small accessory bodies (ab). Two sections of the tail end are also visible (arrowheads). In the two insets the tail end is shown with the two central tubules and the
microtubules beneath the plasma membrane. ax, axoneme. D) Cross section of the flagella at half sperm length. Axonemes have a different orientation due to the
antiparallel position of the sperm bundles (see arrows). Note also the unequal size of the mitochondrial derivatives (md) and the two small accessory bodies (ab).

Tenebrionoidea, and comparable molecular data for Neomida and Boli-
tophagus are currently lacking, the two mycetophagous tenebrionids
studied here are unrelated; Neomida haemorrhoidalis belongs to Diaper-
inae, whereas Bolitophagus reticulatus belongs to Tenebrioninae. Despite
their phylogenetic distance, both species frequently co-occur in the same
fruit bodies of Fomes.

The sperm ultrastructure of the four species studied here confirms
previous findings regarding the main characteristics of Tenebrionoidea
families (Baccetti et al., 1973; Dias et al., 2012, 2021, 2022a, b; Rezende
et al., 2024a, b; Folly et al., 2021; Batelka et al., 2026), while also
providing additional details useful for species identification. Excluding
recently established Mordelloidea (with the crown families Mordellidae
and Ripiphoridae), which exhibits unique morphological features (Dias

et al., 2022a, b), Tenebrionoidea sensu Batelka et al. (2025b) share the
unusual trait of having testes with germ cysts containing sperm arranged
in an antiparallel orientation. This condition results from the migration
of spermatid nuclei to opposite poles of the cyst during spermiogenesis
(Dias et al.,, 2012) and is observed in M. quadripustulatus. At cyst
maturity, sperm reach their final structure and are accommodated
within the cyst volume by forming several flagellar loops, as seen in
B. reticulatus, N. haemorrhoidalis, and M. quadripustulatus. Once mature,
sperm are ready to exit the cysts and move toward the deferent ducts. In
some species, after sperm have migrated to the deferent ducts and no
new cysts develop, the testes may appear greatly reduced or absent. This
may be the case in T. fungorum, where we did not find testes in the male
genital apparatus but observed only long, large, and tortuous deferent
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Fig. 8. Mycetophagus quadripustulatus. A, B) Cross sections through the pointed apex of a follicle showing large electron-dense bodies containing remnants of cyst

cytoplasm intermingled with sperm bundles.

ducts filled with sperm. A similar situation was found in the ground
beetle Paussus favieri (Gentile et al., 2026). The species examined in this
study belong to three families - Tenebrionidae, Mycetophagidae, and
Tetratomidae (see Table 1) - and are characterized by relatively long
sperm, where measurable. This finding needs to be considered in future
researches. However, sperm length is not comparable to that of Mor-
delloidea species (Dias et al., 2022a, b; Batelka et al., 2026), which have
very long sperm contained in small cysts and thus forced to form
flagellar loops. Comparative analysis of sperm characteristics revealed
notable differences in acrosome length, such as the very short acrosome
in T. fungorum (0.31 um) compared to N. haemorrhoidalis (1.43 pm).
Similarly, B. reticulatus has an acrosome 0.93 pym long, while
N. haemorrhoidalis has an acrosome 1.43 um long. The nuclei also differ
significantly, with N. haemorrhoidalis having a nucleus more than three
times longer (7.60 um) than that of B. reticulatus (2.10 um). Another
Diaperinae species, Phaleria testacea (Rezende et al., 2024b), has a
shorter acrosome and a longer nucleus compared to N. haemorrhoidalis.
The lengths of the acrosome and nucleus also differ in the other two
species examined: in M. quadripustulatus they are 0.82 um and 5.70 pm,
respectively, while in T. fungorum they are 0.31 pm and 7.0 pm. These
data are not in agreement with those proposed by Kergoat et al. (2014),
McKenna et al. (2019) and Batelka et al. (2025a) who recovered
Mycetophagidae related to Tetratomidae. These data rather may be
useful for species identification. The flagellar structure also shows
remarkable differences. Similar shape and structure of the two mito-
chondrial derivatives were observed only in T. fungorum, a trait shared
with several other Tenebrionoidea species (Baccetti et al., 1973; Nardi
et al., 2013; Dias et al., 2012, 2013, 2015a, b, 2021, 2022a, b; Folly
et al., 2021; Rezende et al., 2024a, b). In B. reticulatus and
M. quadripustulatus, the left mitochondrial derivative is larger than the
right, while in N. haemorrhoidalis the right derivative is larger. Whether
these differences affect flagellar motility remains unclear and would
require further investigation. The accessory bodies are generally small in
all species examined, whereas in many Tenebrionoidea species they are
larger and extend toward the axoneme to embrace it (Dias et al., 2021,
2022a, b). Notably, the accessory bodies of Mylabris variabilis and

M. hieracii are very small and contain diffuse material along both sides of
the axoneme (Dias et al., 2022a). The flagellar axoneme has the typical
9 + 9 + 2 microtubular structure with electron-dense accessory tubules.
The structure of the tail end is also noteworthy. In insects, the flagellar
end commonly displays disorganization of the orderly arrayed axo-
nemes. This pattern is present only in T. fungorum, while in the other
three species (B. reticulatus, N. haemorrhoidalis, and M. quadripustulatus),
after the two central tubules terminate, all other microtubular struc-
tures, doublets, and accessory tubules move toward the periphery and
align beneath the plasma membrane, forming a previously unobserved
model. The data reported here on the sperm structure might be useful for
establishing affinities among the examined species and will support
further analyses of other unstudied species. However, it is clear that
more species need to be studied before general conclusions about Ten-
ebrionoidea and particularly Tenebrionidae can be drawn. The results
obtained here, based on the sperm structure of a few species, never-
theless highlight the value of these characters for establishing relation-
ships among the numerous species in the superfamily.
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Fig. 9. Tetratoma fungorum. A) Male genital apparatus with long, large and sinuous deferent ducts (d). Note the apical extremities of these ducts where testes must be
present (arrowheads). ag, accessory glands. B) Semithin cross section of a deferent duct filled with sperm (sp). ep, epithelium; ms, muscle layer. C) Longitudinal
section of the sperm head with the short acrosome (A) and the almost cylindrical nucleus (N). D) Cross section of the acrosome (A) with the inner perforatorium (p).
E) Longitudinal section of the nuclear posterior region (N). In the nuclear cavity the mitochondrial derivatives (md) and the flagellar axoneme (ax) are hosted. F)
Cross section of sperm bundles with axonemes showing a different orientation due to the antiparallel position of the two bundles (see arrows). Note the almost equal
mitochondrial derivatives (ind), the axoneme (ax) and the ovoidal accessory bodies (ab). G) Cross section through the nuclear posterior end (N) with the beginning of
the axoneme (ax) and one mitochondrial derivative (md). H, I) Cross sections of the tail end showing the reduced size and number of mitochondrial derivatives (md)

and the axoneme disorganization (ax).

Table 1
Main characteristics of the sperm of the examined species
Bolitophagus reticulatus Neomida haemorrhoidalis Mycetophagus quadripustulatus Tetratoma fungorum
Family Tenebrionidae Mycetophagidae Tetratomidae
Subfamily Tenebrioninae Diaperinae Mycetophaginae Tetratrominae
Total length About 224 ym About 180 pm
Acrosome 0.93 um -+ apical dense expansion 1.43 um + apical empty expansion 0.82 um 0.31 um
Nucleus 2.10 um 7.6 um 5.7 pm 7 um
Mitochondrial Left mitochondria larger than the Right mitochondria larger than the Left mitochondria larger than the Similar
derivatives opposite opposite opposite
Accessory bodies Large, elliptical Small and globular or slightly elliptical Small and globular or slightly elliptical Small globular
Tail end All microtubules beneath the plasma All microtubules beneath the plasma All microtubules beneath the plasma Disorganized
membrane membrane membrane axoneme
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Data availability
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