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a b s t r a c t

The fine structure of the interommatidial exocrine glands, found in the compound eyes of the water
strider Aquarius remigis, is described using light, scanning, and transmission electron microscopy. The
glandular pores of the glands are specialized into minute “nail-headed” structures (NS), which are
described for the first time in arthropod compound eyes. Each NS is composed of two components: a
rod-like stalk and a cup-like depression. The TEM study shows that the glands are class 3 epidermal
glands as defined by Noirot and Quennedey (1974, 1991). Each gland consists of 3 cells: a gland cell, an
intermediary cell, and a duct (canal) cell. The gland cell contains abundant electron-lucent vesicles,
while the intermediary cell contains a large number of osmiophilic secretory granules. These two cells
might secrete different substances which mix together in the dilated sac-like portion of the conducting
canal before final release. The possible functions of the secretions released from these glands are
discussed.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The corneal surface of arthropod compound eyes is not always
smooth, but is usually covered with some microstructures such as
corneal nipples. In addition, cuticular sensilla and openings of
exocrine glands are found between adjacent ommatidia (Meyer-
Rochow, 2014). These exocrine glands were aptly termed “inter-
ommatidial exocrine glands” by Müller et al. (2003).

Interommatidial exocrine glands have been occasionally found
and anatomically studied in different species, yet the information
in this field remains particularly rare. More than a century ago,
Grenacher (1880) described an epidermal gland between omma-
tidia of the lateral ocelli in the centipede species Lithobius for-
ficatus. Müller et al. (2003) re-examined the gland and found that
it is a class 3 epidermal gland. They also reported another class 3
interommatidial gland in another centipede species Scutigera
coleoptrata. Recent ultrastructural study revealed that the
“rosette-like” structures in the compound eyes of the jumping
bristletail Petrobius brevistylis (Archaeognatha) represent
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openings of epidermal glands (Fr€ohlich and Lu, 2013). Hence, there
is a great possibility that the previously found “rosette-like”
structures in the eyes of Petrobiellus tokunagae are epidermal
glands as well (Matushkina, 2010).

The chemical properties of the secretions released from these
glands are unknown and their actual functions are unclear. How-
ever, it is believed that the secretions may play a variety of roles
such as antifungal and antibacterial material (centipede: Müller
et al., 2003), aggregation pheromones (jumping bristletail:
Fr€ohlich and Lu, 2013), other biochemical signals for interspecific
communication and deposit of the cement layer on the cuticle
(Noirot and Quennedey, 1974).

While studying the fine structure of the compound eyes of the
water strider Aquarius remigis (Hemiptera, Gerridae), we observed
some minute “nail-headed” structures (NS) between the adjacent
ommatidia. Ultrastructural investigations revealed that each NS
represents the distal part of an interommatidial exocrine gland.

The water strider A. remigis is a common semi-aquatic insect
species. The adults live on the surface of water and feed on mos-
quito larvae and other dead insects. Many fishes, birds and am-
phibians are their main predators (Stonedahl and Lattin, 1982).

In the present study, the morphology and fine structure of the
interommatidial exocrine glands in A. remigis are described for the
first time and the possible functions of the released secretions are
discussed.
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2. Materials and methods

2.1. Insect species

Adult males and females of the water striders A. remigis were
captured on the surface of a pond by using brail nets in the Olympic
Forest Park in Beijing, China in summer 2014.

2.2. Scanning electron microscopy (SEM)

Altogether 10 specimens of A. Rimigis were used for SEM. After
fixation in 2.5% glutaraldehyde buffered in 0.1 M cacodylate buffer
(pH 7.4) for at least 24h, half of the specimens were dehydrated in
an alcohol series and critical-point dried with liquid carbon dioxide
(Leica EM CPD300, Leica Microsystems, Wetzlar, Germany). The
remaining specimens were air-dried at room temperature to pre-
vent any minute structures from damaging in the alcohol treat-
ments. All samples were then sputter-coated with gold at 40 mA
current for 100 s or platinum at 10 mA current for 30 s (Leica EM
SCD050, Leica Microsystems, Wetzlar, Germany).

All specimens were finally observed under a FEI Quanta 450
scanning electron microscope (FEI, Hillsboro, USA), operated at a
voltage of 30 kV or a Hitachi SU8010 field emission scanning
electronmicroscope (Hitachi, Tokyo, Japan), operated at a voltage of
3 kV.

2.3. Transmission electron microscopy (TEM)

A total of 14 specimens were used for TEM study. The com-
pound eyes of the specimens were cut off from their heads and
immediately fixed in 2.5% glutaraldehyde buffered in 0.1 M
cacodylate buffer (pH 7.4). the specimens were postfixed in 1%
OsO4, also buffered in 0.1 M cacodylate buffer (pH 7.4) for 2 h at
room temperature. The samples were then rinsed three times in
the same buffer and dehydrated in a graded series of ethanol. The
specimens were passed through different acetone/Epon mixtures
(3: 1, 1: 1, 1: 3, pure Epon), embedded in pure Epon (Serva, Hei-
delberg, Germany) and hardened at a temperature of 60 �C for 3 d.
Ultrathin sections (~65 nm) were cut on an ultramicrotome (Leica
EM UC6þFC6, Wetzlar, Germany) with a diamond knife (Diatome,
Bienne, Switzerland) and picked up on uncoated 500-mesh cop-
per grids. The ultrathin sections were then stained with 2%
aqueous uranyl acetate for 15 min and Reynolds' lead citrate for
5 min and observed under a Spirit transmission electron micro-
scope (FEI Tecnai Spirit, Hillsboro, USA) or a JEOLe1400 trans-
mission electron microscope (JEOL, Tokyo, Japan), both operated
at 80 kV.

2.4. Light microscopy (LM)

Semithin sections for light microscopy were cut on an ultrami-
crotome (Leica EM UC6þFC6, Wetzlar, Germany) with a glass knife.
The sections were placed on glass slides and stained with a 0.5%
aqueous solution of toluidine blue, and mounted with rhamsan
gum. After the gum dried out, the samples were observed with an
oil immersion objective (100�, NA ¼ 1.25) under a Nikon eclipse
Ni-E microscope system (Tokyo, Japan).

3. Results

3.1. External morphology

In A. remigis, minute “nail-headed” structures (NS) are found
between the hexagonal or pentagonal corneal facets of the com-
pound eyes (Fig. 1A). These NS appear mainly in the dorsal part of
the eye and are strictly limited to the vertices of the hexagon or the
pentagon (Fig. 1BeC. There are 1e3 NS per vertex. No morpho-
logical or quantity difference of the NS between males and females
is noticed.

Each NS appears as a rod-like stalk inserting into a cup-like
depression. The stalk forms an apical flattened bulge which has a
smooth surface and is roughly spherical with a diameter of about
1 mm (Fig. 1D). A circular pore with a diameter of 0.4e0.5 mm in the
center of the bulge is distinct, which indicates that the NS is hollow
(Fig. 1E). The base of the stalk protrudes from a cup-like depression
in the cuticle (Fig. 1D). The edge of each depression is diversified
into dozens of radial folds (Fig. 1D). The folds usually have peg-like
appearances pointing at the NS (Fig. 1D). In some cases, the stalk is
missing and the presumed secreted substance in the depression
can be observed (Fig.1F). The NS has a total length of approximately
2 mm (Fig. 2A, inset).

3.2. Inner structure

Observations by LM (Fig. 2) and TEM (Figs. 3 and 4) reveal that
the tissue beneath the NS conforms to that of an epidermal exocrine
gland. The gland is located between ommatidia and reaches from
the NS down to the nuclear region of the secondary pigment cells
(Fig. 2A). Each gland consists of three cells: a proximal gland cell, an
intermediary cell and a distal duct (canal) cell. A 30e40 mm long
canal (the conducting canal and the receiving canal), crossing
through the whole gland, starts proximally in the gland cell and
ends distally at the NS (Figs. 2AeB and 3A).

3.2.1. Gland cell and receiving canal
The drop-shaped gland cell lies at the internal end of the gland

(Figs. 2A and 3B). The huge oval nucleus of the gland cell is located
at the basal region of the cell (Figs. 2B and 4A). The cytoplasm of the
cell contains abundant electron-lucent secretory vesicles, a few
mitochondria, some osmiophilic secretory granules and lysosomes
(Figs. 3C and 4A). The electron-lucent secretory vesicles are
membrane-bounded and measure between 0.2 mm and 0.7 mm in
diameter (Figs. 3C and 4A). The osmiophilic secretory granules are
darkly stained and measure between 0.3 mm and 0.6 mm in diam-
eter. The lysosomes are present at the peripheral region of the cell
(Fig. 4A and D). Each lysosome consists of a membrane boundary, a
few myelin figures formed by membranes arranged in whorls, and
probably some enzyme granules (Fig. 4B).

The distal part of the cell invaginates into an extracellular
reservoir, which is lined with numerous microvilli (Fig. 3BeC).
These stumpy microvilli measure ~80 nm in diameter and point at
the receiving canal (Figs. 3C and 4C). Plaques with high electron
density at the apexes of many microvilli can be seen (Fig. 4C).

The receiving canal extends into the extracellular reservoir for
approximately 4.3 mmand tapers towards its proximal end (Fig. 3B).
The receiving canal is lined with two layers: a perforated cuticulin
outer layer with pores, and a filamentous inner layer containing
numerous fine filaments (Figs. 3D and 4C). The perforated outer
layer, measuring ~50 nm in width, is darkly stained and exhibits an
interrupted circular appearance in cross section (Fig. 4C). The fila-
mentous layer measures around 150 nm in width and closely abuts
the outer layer (Figs. 3D and 4C). The filaments are densely packed
to form a “barrier” between the microvilli and the outer layer
(Figs. 3D and 4C). In the distal region of the gland cell, the receiving
canal has a small continuous portion (~1 mm in length) which is in
continuity with the conducting canal (Fig. 3E).

3.2.2. Intermediary cell and conducting canal
The intermediary cell, connecting with the gland cell through

ladder-shaped septate junctions, is located between the gland



Fig. 1. SEMmicrographs of the nail-headed structures (NS) on the compound eyes of A. remigis. (A) Dorsal view of a compound eye, showing the NS between the facets. Bar: 100 mm.
(B) Many NS are situated at the vertices of the hexagon or pentagon. Bar: 10 mm. (C) Side view of a NS. Bar: 5 mm. (D) Three NS appear at one vertex. Two of them are intact. The
remaining NS lost its stalk and exposes its cup-like depression. Bar: 2.5 mm (E) A circular hole appears in the center of the stalk surface. Bar: 0.5 mm. (F) The presumed secretion can
be observed in the cup-like depression. Bar: 1 mm.
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cell and the duct cell (Fig. 3B and E). The cell contains a large
number of osmiophilic secretory granules of the same size as
those in the gland cell, a few mitochondria, few secretory vesi-
cles, and lysosomes which also contains myelin figures
(Fig. 4DeE).

The membrane of the cell folds inward to form a sac-like
extracellular space that is lined with abundant microvilli
(Fig. 4DeE). With a diameter of ~55 nm, these microvilli are
conspicuously thinner than those in the gland cell. The extracellular
space is sealed by adherens junctions (Fig. 4E).

At the level of the intermediary cell, the conducting canal,
running through the reservoir, is lined with two layers: a cuticulin
outer layer and an epicuticle inner layer (Fig. 4DeE). At this level,
the conducting canal is not constant in diameter but possess a
dilated sac-like portion at the proximal region of the intermediary
cell (Fig. 3B).

3.2.3. Duct cell
The slender duct cell, running down from the proximal end of the

cornea to the intermediary cell, closely wraps the conducting canal.
The membrane of the duct cell folds inward to form a small extra-
cellular spacewhich contains the conducting canal. The extracellular
space is sealed by adherens junctions (Fig. 4F). The cytoplasm of the
duct cell houses a roundish nucleus in its basal region and is devoid
of any organelles but a few mitochondria and some osmiophilic
secretory granules (Fig. 4F). At the duct cell level, the conducting
canal maintains a constant diameter of ~0.5 mm and has the same
double-layered structure as in the intermediary cell (Fig. 4F, inset).



Fig. 2. (A) LM micrograph of the longitudinal section of an interommatidial exocrine gland, showing the lengthy secretion canal, the drop-shaped secretory gland cell, and the
dilated sac-like portion of the conducting canal. Inset in A shows the NS. Bars: A ¼ inset in A ¼ 10 mm. (B) Semi-schematic diagram of an interommatidial exocrine gland.
cc e conducting canal; co e cornea; dc e duct cell; gc e gland cell; ic e intermediary cell; NS e nail-headed structure; rc e receiving canal.
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4. Discussion

With a cuticular canal, the interommatidial exocrine glands
found in A. remigis correspond to class 3 epidermal gland based on
the classification by Noirot and Quennedey (1974, 1991).
4.1. Morphological characteristics of NS

The nail-headed structures (NS) found in A. remigis have never
been described before in any arthropod compound eyes. The NS is
composed of two components: the rod-like stalk and the cup-like
depression. With an apical opening through which the secretions
are discharged, the hollow stalk may structurally and functionally
resemble a spray nozzle head. Firstly, the stalk (about 2 mm in
length) uplifts the discharging position of the secretions. As a
result, the secretions could be easily spread onto the corneal sur-
face. This task can be challenging if a stalk is absent when consid-
ering the strongly convexity of the outer surface of the cornea.
Secondly, the stalks are headed in different directions (Fig. 1D).
Thus each stalk, functioning as a nozzle head, determines the di-
rection of the fluid flow of its own secretions.

The depression is morphologically similar with the “rosette-
like” structure found in several species of Microcoryphia and
Zygentoma (Matushkina, 2010; Fr€ohlich and Lu, 2013). The
“rosette-like” structure is regarded as an enlarged evaporative area
or an enlarged area of retention according to the chemical prop-
erties of the released secretions (Noirot and Quennedey, 1974;
Fr€ohlich and Lu, 2013). However, the cup-like depression in NS is
not directly in contact with the cuticle opening as those “rosette-
like” structures do. Hence, besides the two functions mentioned
above, another possible function of the depression is to provide a
storage space for the excess secretions flowing down from the stalk.

4.2. Gland cell and receiving canal

With a large extracellular reservoir lined with numerous
stumpy microvilli, the gland cell is likely to produce the main
component of the final secretions. The abundant electron-lucent
secretory vesicles are probably the main secretory organelles.



Fig. 3. TEM micrographs of the longitudinal sections through the interommatidial exocrine glands. (A) The distal region of the gland showing the conducting canal passing through
the area between the adjacent corneas. Arrow shows the diversified, infolded pore wall. Bar: 5 mm. (B) The intermediary cell and the gland cell. The two cells are connected by
septate junctions (arrowheads). The gland cell forms an extracellular reservoir lined with numerous microvilli. The receiving canal tapers and ends at the middle region of the
extracellular reservoir. The conducting canal forms a dilated sac-like portion lined with thin microvilli at the basal region of the intermediary cell. Bar: 1 mm. (C) The extracellular
reservoir in the gland cell. Numerous stumpy microvilli show up in the reservoir. Bar: 1 mm. (D) Double-layered structure of the receiving canal. The cuticulin outer layer is darkly
stained and interrupted by pores. The filamentous inner layer contains densely-packed filaments and is much thicker than the outer layer. Bar: 0.2 mm. (E) The details of the
connection area of the intermediary cell and the gland cell. A portion of the receiving canal is continuous (line). Inset in E shows the ladder-shaped septate junction. Bars:
E ¼ 0.5 mm, inset in E ¼ 0.2 mm c e cuticulin outer layer; cc e conducting canal; co e cornea; fl e filamentous inner layer; gc e gland cell; gr e osmiophilic secretory granule;
ic e intermediary cells; mi e microvillus; mt e mitochondrion; p e pore; pw e pore wall; rc e receiving canal; sj e septate junction; sv e electron-lucent secretory vesicle.
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Tightly surrounding the microvilli, they are probably directly
involved in the synthesis and storage of the released substance.
These electron-lucent vesicles are common in arthropod epidermal
glands. They are derived from the endoplasmic reticulum and
presumably contain lipids or small-sized molecules (Noirot and
Quennedey, 1974; Quennedey, 1998). The myelin figures included
in lysosomes are derived from the process of the autophagy
(Matsuura et al., 1968; Ma et al., 2013).

The receiving canal consists of a porous epicuticular outer layer
and a filamentous inner layer. The pores of the epicuticular outer
layer serve to allow for the transfer of the secretion. The filamen-
tous layer is extensively common in insect glands (Noirot and
Quennedey, 1974). In insect epidermal glands, such filamentous
layer can be a dynamic structure in which the filaments are
considered as the secretions or secretion-precursor material (Happ
et al., 1966), or can be a built-in structure inwhich the filaments are
of epicuticular origin containing enzymes or compounds modifying
the secretions (Biemont et al., 1992; Schierling and Dettner, 2013).
In the case of A. remigis, the filamentous layer may belong to the
latter, because the filaments are densely packed and each filament



Fig. 4. TEM micrographs of the cross sections through the interommatidial exocrine glands. (A) A gland cell with a huge oval nucleus. Bar: 1 mm. (B) A lysosome in the gland cell
showing its membrane boundary, whorl-like myelin figure and probably some enzyme granules. The arrowheads show the septate junctions. Bar: 0.5 mm. (C) The receiving canal
shows its double-layered structure. The microvilli reaching the filaments show apical electron-dense plaques (arrowheads). Bar: 1 mm. (D) An intermediary cell and an underlying
gland cell. Arrowheads show the septate junctions. Bar: 1 mm. (E) An intermediary cell shows its extracellular reservoir lined with numerous microvilli. Arrowheads show the
adherens junctions. Bar: 1 mm. (F) Two adjacent duct cells. Arrowheads show the adherens junctions (arrowheads) that are formed by infolding membrane. The duct cells are devoid
of any organelles but a fewmitochondria. Inset in F shows the conducting canal is lined with two layers: a cuticulin outer layer and an epicuticle inner layer. Bars: F ¼ 10 mm, inset in
F ¼ 0.2 mm c e cuticulin outer layer; cc e conducting canal; co e cornea; dc e duct cell; fl e filamentous inner layer; gc e gland cell; gr e osmiophilic secretory granule;
ic e intermediary cells; ie e inner epicuticle layer; ly e lysosome; mi e microvillus; mt e mitochondrion; my e myelin figure; N e nucleus; NS e nail-headed structure; p e pore;
rc e receiving canal; sj e septate junction; sv e electron-lucent secretory vesicle.
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can be clearly identified, not as a filamentous mass as described in
other insect species (Biemont et al., 1990, 1992; Drilling et al., 2010;
Schierling and Dettner, 2013). Additionally, the electron-dense
plaques formed by many microvilli can be clearly spotted
(Fig. 4C), which, according to Locke and Huie (1979), probably
represent epicuticular material.

4.3. Intermediary cell and conducting canal

In the intermediary cell, thin microvilli surrounding the con-
ducting canal are present suggesting that the intermediary cell is
also secretory (Noirot and Quennedey, 1991). However, with
abundant osmiophilic secretory granules instead of electron-
lucent vesicles, the released substances of the intermediary cell
are likely to be different from that of the gland cell. These
osmiophilic secretory granules have been described previously in
the interommatidial glands of L. forficatus and S. coleoptrata by
Müller et al. (2003), but their chemical composition remains un-
clear. It is possible that they are the pigment granules deriving
from the adjacent pigment cells of the ommatidia (Müller et al.,
2014). Another possibility is that they are involved in the secre-
tory process as those electron-dense secretory granules found in
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various glands of insects and polychaetes (Dorn and Romer, 1976;
�Sobotnık et al., 2003; Meibner et al., 2012; R€oßger et al., 2015).

Because of the lack of pores in the conducting canal, the
released substances of the intermediary cell must diffuse across
the cuticulin layer (Quennedey, 1998). The dilated sac-like portion
of the conducting canal could be regarded as a common reservoir
for temporary storage of the substances released from the inter-
mediary cell as well as the gland cell. In addition, this sac-like
portion also provides a proper place for the mixture of the two
substances before finally releasing them to the surface of the
compound eyes.
́

4.4. Expulsion of gland products

Since no musculature associated with the gland could be
observed, an active control mechanism for expulsion of the secre-
tion is absent. Therefore, we assume that the abundant stumpy
microvilli surrounding the receiving canal are involved in the
downstream movement of the secretion. Microvilli are able to
contract due to the presence of actin and myosin filaments
(Mooseker, 1976; Hirokawa et al., 1983; Matsudaira and Burgess,
1985). Coordinated contractions of circumferentially arranged
microvilli may compensate for the absence of a circular muscula-
ture and drive the secretion forward (Storch and Welsch, 1972;
R€oßger et al., 2015). In Aquarius remiges, the microvilli of the
gland cell are connected with the filamentous inner layer of the
receiving canal by the electron-dense plaques. Each time the co-
ordinated contraction of the microvilli occurs, the extracellular
reservoir of the gland cell is widened. This process may generate a
pumping pressure to push the secretion through the duct and out of
the gland. In addition, given the small size of the gland unit and the
minute diameter of the canal (0.5 mm), capillary forces may also
assist in driving the secretion forward.
4.5. Functional implications

In insects, epidermal glands perform a wide variety of func-
tions (Noirot and Quennedey, 1974). Secretions of inter-
ommatidial exocrine glands also exhibit functional diversity.
“Rosette-like” structures in P. brevistylis seem to release aggre-
gation pheromones according to behavioral observations
(Fr€ohlich and Lu, 2013), but a similar aggregation phenomenon
has never been reported in A. remigis. Therefore, this case can be
excluded. Interommatidial exocrine glands in L. forficatus and S.
coleoptrata may produce anti-fungal or anti-bacterial substances
to keep the clarity of the cornea (Müller et al., 2003). Given that
the secretions could be spread across the corneal surface through
the NS, the interommatidial glands in A. remigis may perform the
same function.

Heteropteran species usually possess dorsal abdominal glands
andmetathoracic glands producing noxious secretions for repelling
predators (Staddon, 1979). This may be another possible function of
the secretions produced by the interommatidial glands found in A.
remigis. Firstly, A. remigis live on the openwater surface and have to
avoid a large number of predators like fishes, birds and amphibians
(Stonedahl and Lattin, 1982). Secondly, the great length of the canal
(compared with the small size of the gland) and the extracellular
compartments in the class 3 interommatidial glands of A. remigis
indicate good adaptations for the manufacture of toxic production
(Noirot and Quennedey, 1974). Nonetheless, other possible func-
tions of the secretion like sexual pheromones and interspecific
communication signals can't be totally excluded for lack of
biochemical analysis of the secretions.
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