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Abstract. On the ventral tube of males of Onychiuroides granulosus (Stach, 1934) there is a male ventral organ, which consists of
two groups of four setae that are thickened, slightly flattened and bent. All setae of the male ventral organ are inserted in a richly
sculptured cuticle. At the base of each seta there are a few large cells (basal cells) that have large irregular nuclei that contain
a large amount of heterochromatin. In the cytoplasm of the basal cells there are numerous mitochondria, ribosomes and a rich
system of endoplasmic reticulum. The plasma membrane of the basal cells forms richly folded, deep invaginations, filled with a
dense material, which also occurs in particular setae and on their surface. The present study indicates that the male ventral organ

is secretory and does not confirm its previously suggested sensory function.

INTRODUCTION

Springtails (Collembola) are the largest of the three lin-
eages of Entognatha, with according to Bellinger et al.
(2017) about 8600 known species. They have a very wide
global distribution, on every continent, including Antarc-
tica. They are usually associated with damp conditions and
organic debris and are found outdoors in soil, leaf litter, li-
chens, rotting wood and other habitats with a high moisture
content. As a result, many collembolans remain in close
contact with water. The main site of water and salt ex-
change in springtails is the ventral tube (Eisenbeis, 1982).
This structure, which is also called the “collophore”, con-
sists of eversible sacs and is on the ventral side of the first
abdominal segment. In some species, the vesicles of the
ventral tube may extend more than twice the length of the
body and be used for self-righting after a jump (Hopkin,
1997). All Collembola are characterized by the presence of
a ventral tube. Lubbock (1873) considers the ventral tube
to be the most characteristic feature of the group and gave
them the name Collembola from kolla (Greek for “glue™)
and embolon (Greek for “piston”). The ventral tube plays
an important role not only in osmoregulation, but can also
function as a sticky appendage that enables springtails to
adhere to slippery surfaces (Hopkin, 1997). On the ventral
tube of males of some Collembola there is ventral organ

that is covered by a group of thick and sometimes branch-
ing setae, which are clearly distinct from the typical setae
covering the body of these insects (Stach, 1934; Pomorski,
1997; Deharveng & Bedos, 2002). The male ventral organ
was first described by Stach (1934) in seven species of the
family Onychiuridae. Subsequent investigations revealed
the presence of this organ in other springtails but only in
species of a few separate phylogenetic lines within the sub-
order Poduromorpha, namely the families Onychiuridae,
Neanuridae, Brachystomellidae and Odontellidae (Hopkin,
1997; Pomorski, 1997; Weiner & Najt, 2001; Deharveng
& Bedos, 2002; Smolis & Skarzynski, 2007). The location
and morphology of this structure differs depending on the
species. The number and spatial arrangement of the setae
differ in different species and therefore this structure has
become an important diagnostic character in collembolan
taxonomy (Babenko & Kaprus, 2014). However, Snider
(1977) states that although the number and arrangement
of the setae on the ventral organ does not change during
maturation, the appearance of setac changes with the age
of a specimen, which can lead to misidentification. Hence,
only the ventral organ of adult males is considered to be a
reliable taxonomic feature.

The literature includes a wealth of data pertaining to
the structure of the male ventral organ, but little is known
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about its function. Stach (1934) suggests it has a sensory
function, but there is no evidence in support of this view.

The aim of this study was to investigate, using light and
electron microscopy, the detail and organization of the
male ventral organ of the frequently abundant European
species, Onychiuroides granulosus (Stach, 1930) in order
to determine its function.

2. MATERIAL AND METHODS

2.1. Material

Specimens of O. granulosus were collected from litter in the
forest at Wojnow (Wroctaw, Poland) in March—April 2003 and
May 2013. They were bred in plastic containers with a gypsum
base and added soil, which were kept in a refrigerator (at 10°C).

2.2. Methods
2.2.1. Scanning electron microscope (SEM)

Whole springtails were fixed in 2% OsO, in 0.1 M phosphate
buffer for about 1 h. Next, the material was rinsed thoroughly
in the same buffer and dehydrated in a series of alcohols (50—
100%). Subsequently, the specimens were placed into a mixture
of absolute alcohol and Peldri II (1:1; 1 h), placed on a heated
table and finally desiccated in Peldri II.

2.2.2. Light microscope (LM) and transmission electron
microscope (TEM)

Whole males were fixed in 2% OsO, in 0.1 M phosphate buffer
and then rinsed thoroughly in the same buffer. Subsequently, the
material was dehydrated in increasing concentrations of acetone
(30-100%) and embedded in Epon 812. Serial semi thin sections
(0.6 um thickness; 150200 sections from every block) were cut
with an ultramicrotome (Ultracut E, Reichert). Ultrathin sections
(90 nm) were stained with uranyl acetate and lead citrate and then
analyzed using a transmission electron microscope (Zeiss EM
900) in the laboratory of microscopic techniques of the Faculty of
Biological Sciences (Wroclaw University).

3. RESULTS

In O. granulosus the ventral tube is located on the central
part of the sternum of the first abdominal segment, imme-
diately behind the third pair of limbs (Fig. 1A, Pomorski,
1998: Fig. 533). This organ is composed of an unpaired
basal part and paired distal almost symmetrical halves
(Fig. 1C, Pomorski, 1998: Fig. 534). There are cuticular
processes on the surfaces of each half (Fig. 1C, D). In
males, on the posterior side of each half of the ventral tube
there is a ventral organ. The male ventral organ consists of
two groups of setae (each containing four setac — Fig. 1B,
Pomorski, 1998: Fig. 534). In a sexually mature male the
setae on this organ are thick, slightly flattened and charac-
teristically bent, resembling a brush in shape (Fig. 1B, E,
Pomorski, 1998: Fig. 535). Typical setaec are longer and
equally narrow (Fig. 1B, Pomorski, 1998: Fig. 534). Both
types of setae are set in a richly sculptured cuticle. The cu-
ticle at the base of a typical seta forms a characteristic ring
composed of a dozen or so cuticular granules (Fig. 1B).

On the longitudinal section of the ventral tube, at the
base of the ventral organ, there are a few large cells (basal
cells) (Fig. 2A, B, C, D). They are located symmetrically
in each half, filling almost the whole volume of the ventral
tube. The relatively large nuclei of the basal cells are irreg-
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ular in shape and contain uniformly distributed accumula-
tions of heterochromatin (Fig. 2B, D). There are numerous
mitochondria, ribosomes and a few dictyosomes in the cy-
toplasm of these cells (Fig. 2C, D). In addition, there is an
abundant system of endoplasmic reticulum, containing a
large number of tubules, canals and vesicles (Fig. 2B). The
highest density of endoplasmic reticulum was observed in
the apical part of the basal cells (Fig. 2A, B, C). In the cells
at the base of a seta, the plasma membrane forms deep in-
vaginations reaching almost to the surface of the nucleus.
The membrane of the invagination is richly folded to form
a mass of densely packed, thin ducts (channels), regular in
size, reaching far into the cell. These channels resemble
the elements of the endoplasmic reticulum. The invagi-
nations in the basal cells are filled with a dense material,
which produces accumulations of different sizes (Fig. 2A,
C). In the vicinity of the plasma membrane and between
the invaginations, the dense material forms interconnected
granules. In the central part of the invaginations granules
fuse to form dense and more uniform aggregates (Fig. 2C,
D). Presence of dense material was observed in the entire
length of the invaginations, both deep in a cell in the vicin-
ity of the basal cell nucleus and at the base of a seta. The
dense material was also detected within the medial part of
each seta and in one case material of a similar structure was
also found on the outer surface of the setae in the upper
zone of the ventral organ (Fig. 1F).

Apart from the typical setae and setae on the outer sur-
faces of both halves of the ventral tube of the male’s ventral
organ, there are small single cuticular appendages. These
appendages have a slightly clavate shape, rounded top and
smooth surface. They are embedded in a smooth un-sculp-
tured cuticle, overlying the inner plane of the ventral tube
(Fig. 1G, H). These cuticular appendages are located on the
ventral part of the ventral tube. Fragments of the cuticle of
these appendages on the ventral tube are lined with trans-
porting epithelial cells.

4. DISCUSSION

The male ventral organ within the family Onychiuridae
is present in many but not all species (Pomorski, 1997; Po-
morski et al., 1998; Kaprus & Tsalan, 2009; Kaprus et al.,
2014). Even within one genus, in some species the male
ventral organ is present, while in others it is absent. While
there is no male ventral organ in Hymenaphorura strasseri
(Stach, 1934) and Hymenaphorura valdegranulata (Stach,
1954), it is present in in Hymenaphorura pseudosibirica
(Stach, 1954) (Pomorski, 2000). Kaprus (2008) investigat-
ed six species of Onychiurus Gervais, 1841 and did not find
the male ventral organ. Similarly, Sun & Li (2014), studied
species of another genus of Onychiuridae: Spinonychiurus
Weiner, 1996. In Protaphorura octopunctata (Tullberg,
1876), the male ventral organ exists in the form of two
pairs of thick setae, each embedded in an oval cuticular
depression on the rear edge of the second abdominal seg-
ment (Stach, 1934). In Deuteraphorura silesiaca (Dunger,
1977), the ventral organ is in the same position, but con-
sists of 30 thick and straight setae (Pomorski, 1998). In
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Fig. 1. A—H. Male ventral tube with the male ventral organ of Onychiuroides granulosus. A— general morphology of a male. Arrow indicates
the ventral tube on the first segment of the abdomen. SEM. Scale bar: 100 um. B — group of thick, slightly curved setae of the male ventral
organ (a) in the vicinity of the elongated, narrow, typical setae (b). Bases of both types of setae are in depressions in the sculptured cuticle.
SEM. Scale bar: 2 ym. C — longitudinal section of the ventral tube. Two symmetrical parts are visible. Small cuticular appendages pres-
ent on the surfaces (arrow). Epon semithin section stained with methylene blue. Scale bar: 50 pm. D — longitudinal section of a cuticular
appendage (ca) protruding from the cuticle (c). TEM. Scale bar: 0.6 pm. E — semithin section of the apical part of the ventral tube. Empty
arrow indicates the thick seta of the male ventral organ; black arrow indicates a cuticular appendage. Scale bar: 50 um. F — longitudinal
section of basal part of a seta of the male ventral organ (arrow); ¢ — cuticle, sm — secretory material, bc — basal cell. TEM. Scale bar: 1.1
pum. G — longitudinal section of typical seta (s) in a depression in the sculptured cuticle (c). At the base of the seta there is a lymph cavity
(arrowhead). TEM. Scale bar: 0.6 pm. H — section of the sculptured cuticle (c) with secondary granules (empty arrow). TEM. Scale bar:
0.6 um.
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Fig. 2. A-D. Basal cells of the male ventral organ. A — cells at the base of a seta of the ventral organ (basal cells) with numerous secre-
tory granules (sg). The extensive zone of microvilli is visible (mv). TEM. Scale bar: 2.5 ym. B — basal cells of the male ventral organ. The
huge nuclei (n) contain a large amount of heterochromatin. In the cytoplasm there are many mitochondria (m) and an abundance of rough
endoplasmic reticulum (rer); mv — microvilli. Scale bar: 1.7 pm. C — part of a basal cell with numerous mitochondria (m) and secretory
granules (sg). TEM. Scale bar: 1.1 pm. D — basal cells of setae of the male ventral organ. Note large nucleus (n) with accumulations of
heterochromatin (arrows). In the cytoplasm there is many mitochondria (m) and secretory granules (sg). TEM. Scale bar: 1.1 ym.

some species, e.g. Heteraphorura variotuberculata (Stach,
1934), the ventral organ is situated on the third segment of
the abdomen, in the middle of the sternum and consists of a
group of about fifty thick setac embedded in hollows on the
cuticle (Stach, 1934). In some cases the male ventral organ
occurs on both the second and third abdominal sterna. An
example is Onychiurus ambulans (Linnaeus, 1758), where
on the third segment is a single group consisting of many
setae, while on the second segment there are two, rather
long, thick setae lying close to each other and directed
backwards (Stach, 1934). The ventral organ of males of

Onychiurus folsomi consists of a row of four thick setae
on the second abdominal segment (Snider, 1977). In Or-
thonychiurus neocaledonicus (Najt & Weiner, 1997), the
ventral organ is located at the site of the reduced furca and
takes the form of four short, thick, pointed setae arranged
almost in a line, with each seta in a small cuticular depres-
sion (Najt & Weiner, 1997), whereas in Tantulonychiurus
volinensis (Szeptycki, 1964) this organ consists of eight
short thick setaec forming two rows of four, at the back of
the granular area on the fourth abdominal sternum (Pomor-
ski, 1998). In Detriturus jubilarius (Gisin, 1957), the male
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ventral organ is located on the third and fourth abdominal
segments: on the third segment it consists of thick setae in
sets of 4 + 4 in one row in front of the furcal field, while on
the fourth segment the same number and arrangement of
setae occurs along the edge (Fjellberg, 1998).

Within the Neanuridae, the male ventral organ is present
in species of two groups, namely Pseudachorutinae and
Neanurinae. In species of these subfamilies this structure
occurs on the third, fourth, fifth or sixth abdominal seg-
ment. For example, Vitronura mascula (Smolis & Dehar-
veng, 2006) was named after the extreme development of
the male organ, which is composed of more than 20 very
thick setae located along the ventral midline from the third
to the sixth abdominal segment. In turn, in Vietnura caeru-
lea Deharveng & Bedos, 2000, the male organ consists of
4-5 short and very thick setae arranged almost in a row on
the ventral surface of the fourth abdominal segment (De-
harveng & Bedos, 2002), whereas in Ectonura sensillata
Deharveng & Bedos, 2002, the male ventral organ extends
along the fourth, fifth and sixth segment of the abdomen.
In Brachystomella villalobosi (Cassagnau & Rapoport,
1962), (Brachystomellidae), this structure occurs on the
fifth segment (Weiner & Najt, 2001). In the family Odon-
tellidae, the ventral organ is located on the sixth abdominal
sternum (Deharveng & Izarra, 1979).

Stach (1934) describes the male ventral organ in several
species of Onychiuridae, including those included in the
present study, but only at the morphological level. This au-
thor describes the setae of the male ventral organ based
on the then contemporary knowledge (most setae have a
sensory role) and suggests they have a sensory function.
The results presented here do not confirm this hypothesis.
The investigation conducted at the ultrastructural level did
not reveal the presence of nerve cells within the male ven-
tral organ, which does not support the theory of a sensory
function. Morphological (LM) and ultrastructural (TEM)
analyses of the male ventral organ in O. granulosus indi-
cate a secretory rather than a sensory function. A secretory
function is supported by the presence, at the base of the
setac of the male ventral organ, of large cells, with an ul-
trastructure suggesting a synthetic and secretory activity.
They have large nuclei with visible accumulations of het-
erochromatin, which indicates a high level of polyploidy.
Enlargement of both the volume of the nucleus and size
of the basal cells may be associated with polyploidization,
which is a characteristic feature of synthetically active
cells (Nagl, 1978). Ultrastructural observations revealed
an abundant system of endoplasmic reticulum, numerous
mitochondria and ribosomes within the basal cells. The
above-mentioned organelles are engaged in cellular syn-
thesis and secretion (Lodish & Berk, 2008). The apical
plasma membrane of the basal cells has characteristic in-
vaginations that extend into the interior of the cells, nearly
to the perinuclear surroundings. Inside the invaginations,
the spaces between ducts, the area under the setae, and,
partly, the interior of the setae are filled with dense ma-
terial. This material forms smaller or larger aggregates,
which are probably a result of the fusion of granules that
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are present in the basal cells. Material of a similar structure
was also observed on the surface of the setae of the ventral
organ. What kind of secretion could it be? One hypothesis
is that the male ventral organ secretes pheromones, which
help females find spermatophores deposited in the soil. It
is well known that hexapods communicate with a “chemi-
cal tongue” using pheromones produced by special glands.
Different types of pheromones are produced by hexapods
to induce certain behavioural responses: sex pheromones,
aggregation pheromones, alarm pheromones, etc. Some
pheromones function as attractants, allowing individuals
to detect and locate mates, whereas others induce trail-
following, oviposition or aggregation in other congeners
(Reddy & Guerrero, 2010).

Despite these ultrastructural observations, there is very
little is known about the mechanism of secretion. For ex-
ample, the very small number of some cellular structures
involved in the process of secretion in the basal cells of the
ventral organ is puzzling. While the endoplasmic reticulum
in the form of tubules and vesicles is abundant, the num-
ber of dictyosomes is rather small. Perhaps the paucity of
these organelles is related to the dynamics of the secretory
processes. Pheromones are secreted only when spermato-
phores are deposited during the relatively short period of
reproduction. Therefore, it is difficult to capture the mo-
ment of secretion. A detailed explanation of the function
of the male ventral organ requires further research using
cytochemical methods.
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