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The Spherocrystals in the Tubule Epithelial Cells and Ultrastructure of the
Malpighian Tubules of Adult Isophya nervosa (Orthoptera, Tettigoniidae)
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Highlights

* The ultrastructure of the Malpighian tubules (MTs) of Isophya nervosa was examined.

« Different shapes of spherocrystals were observed in the MTs cells.

* SEM-EDX analysis of the spherocrystals was conducted.

» Differences and similarities of the MTs in Isophya nervosa with other species were revealed.

Article Info Abstract

The excretory system in insects consists of Malpighian tubules (MTs) which are responsible for
Received: 19/02/2020 osmoregulation. The functions of the MTs are the removal of the last products of metabolism
Accepted: 11/04/2020 and the transfer of the toxic compounds into the hindgut. The MTs of the insects vary

structurally. In this study, the MTs of Isophya nervosa Ramme, 1951, which is a species that
belongs to Orthoptera order, were investigated by light and electron microscopes. Adult

Keywords individuals of Isophya nervosa were collected in Kizilcahamam, Ankara in 2017 and 2018.
Elemental analysis Extracted MTs were fixed in Formaldehyde for light microscopy, in glutaraldehyde for electron
SEM-EDX microscopes. They were examined and photographed after dehydration, blocking, sectioning
Spherocrystal and staining processes were completed. This species has a great number of MTs. One end of the
Excretory system MTs in this species is attached to the ileum and the other closed end is free in hemolymph. The
Histology outer surface of the cells is surrounded by muscle layers and trachea. There are microvilli on the

apical region of cells. The lumen is covered with a monolayer cuboidal epithelium. Numerous
concentrically layered spherocrystals in different shapes were observed in the cells. When the
chemical compositions of these spherocrystals were analyzed by SEM-EDX system, it was seen
that the contents of them were different ions such as iron (Fe), carbon (C), phosphorus (P),
magnesium (Mg), sulfur (S), calcium (Ca), and manganese (Mn).

1. INTRODUCTION

Removal of metabolic wastes from the body is called excretion. The main excretory substances in insects
are excess water, salt, nitrogen wastes and some other harmful organic compounds [1]. The insect
excretion system consists of Malpighian tubules (MTs) which extend freely in the hemolymph [2, 3]. The
MTs work together with the hindgut to remove waste products from the body [4]. The MTs are the
excretory organs which are responsible for the removal of nitrogenous waste products regulating the ionic
composition of hemolymph and osmoregulation in insects. They are specialized for the transport,
metabolism and detoxification of organic dissolved substances [3, 5-11].

MTs also provide minerals that are stored in the form of spherocrystals [12]. Spherocrystals have various
functions in insects. In general, they are thought to regulate the protection of the mineral composition of
the digestive system, the deposition of toxic metals and of non-toxic waste materials that cannot be
metabolized [13]. Spherocrystals, which are deposits of waste materials and store them as vesicles, are
found in many insects’ digestive system and MTs cells, MTs lumen or gut lumen [14]. They are
concentrically layered membrane-bound cytoplasmic structures [15]. The formation of spherocrystal,
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which are formed by the cisternae of the rough endoplasmic reticulum, is a method of excreting large
amounts of intracellular deposits in a condensed form with little loss of water [16, 17].

Roeder and College (1953) [18] reported that the MTs in insects can be generally divided into different
groups. In many insects, the Malpighian system consists of a great number of tubules with the blind-end
free in hemolymph and the other end connected to the midgut-hindgut junction of the digestive tract [3, 5,
6, 10, 13, 19-22]. In some insect species, the MTs can be connected directly to the digestive tract through
the rectum [21]. This special arrangement of the MTs is known as cryptonephridial system. This structure
is present in some species of Lepidoptera, Neuroptera, Diptera, Symphita, and Coleoptera orders [12, 18,
23, 24].

The MTs generally consist of two different segments. Distal and proximal tubules appear to be
morphologically different in some species. The distal segment is the secreting part of the MTs, that is, it
carries electrolyte, organic solids, and water from the hemolymph to the tubule lumen. The proximal
segment is the reabsorption part of the MTs and reabsorbs substances and water [3, 5, 6, 19, 21, 25].

The number of the MTs varies among insect orders and species. There are four MTs in the insects of
Diptera order, six MTs in Lepidoptera order, 50-60 MTs in Odonata order. This number can be two
orfour MTs in Hemiptera order and 2-200 MTs in Hymenoptera order. The tubule number may be more
than 200 in individuals of Orthoptera order [1, 2, 6, 7, 10, 24-27].

Isophya nervosa Ramme, 1951 (Orthoptera, Tettigoniidae) is an endemic species in Turkey. The MTs of
Isophya nervosa have been chosen as the subject of this study because no previous studies, to the best of
our knowledge, have investigated internal system of this species. For this reason, we aimed to obtain
information about the structure and chemical composition of spherocrsytals in the excretory system cells.
In addition, the cytology, histology and ultrastructure of excretory system were examined and the
similarities and differences between MTs structures of other insect and that of Isophya nervosa were
revealed.

2. MATERIAL METHOD

2.1. Material

Adult individuals of Isophya nervosa were collected in Kizilcahamam, Ankara Province, Turkey from
May to August 2017 and 2018. In the laboratory, bush-crickets were kept in plastic boxes and were fed on
fresh plants.

2.2. Preparation of Samples for Stereomicroscope

The digestive canals in conjunction with MTs of the individuals of Isophya nervosa were dissected in
sodium phosphate buffer using Olympus SZX7 stereomicroscope and the photos of the dissected regions
were taken with imaging system.

2.3. Preparation of Samples for Light Microscopy (LM)

The MTs, which were removed from the alimentary canal were fixed in Formaldehyde. After washing
and the dehydration process, samples were embedded in paraffin. 5-7 micron thick sections were taken by
using Microm HM 310 microtome. Thereafter, the sections were stained with Hematoxylin and Eosin
(H&E) and Mallory's trichrome stain. The specimens were examined using Olympus BX51 light
microscope and were photographed with Olympus E330 camera.

2.4. Preparation of Samples for Scanning Electron Microscopy (SEM)

MTs obtained from adult individuals of Isophya nervosa were prepared for scanning electron microscope
studies. Dissected samples were fixed in 5% glutaraldehyde (pH 7.2, phosphate-buffered). The samples
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were rinsed three times with phosphate buffer. Then dehydration stage was completed in ascending series
of ethyl alcohol. Thereafter, the samples were put in amyl acetate twice. After that, the samples were
dried by using CO; with critical point drying apparatus (Polaron CPD 7501 Critical Point Dryer). The
specimens (as whole or broken) were mounted with double sided adhesive band on the stubs. The surface
of the specimens was coated with gold in a Polaron SC 502 sputter coater to prevent from shining.
Examinations of the samples were conducted with a JEOL JSM 6060 LV SEM at an accelerating voltage
of 5-10 kV and photos were taken at different magnifications. For elemental analysis, dissected MTs were
examined with Scanning Electron Microscope (SEM) fitted with EDX. An EDX analysis of the granules
in MTs cells was also conducted.

2.5. Preparation of Samples for Transmission Electron Microscopy (TEM)

Dissected tissues were fixed in 5% glutaraldehyde (pH 7.2, phosphate-buffered). Post-fixation was
performed using 1% OsO.. The samples were rinsed three times with phosphate buffer for removing the
Os04. Dehydration was performed using a graded ethyl alcohol series. The tissues were embedded in
Araldite. The Araldite blocks were sectioned using Leica EM UC6 ultramicrotome. Ultra-thin sections
were stained with lead citrate and uranyl acetate. Finally, the stained sections were analyzed using JEOL
JEM 1400 TEM at 80 kV in the Electron Microscopy Laboratory of the Faculty of Science at Gazi
University, in Ankara Province, Turkey.

3. RESULTS

Isophya nervosa has a large number of the MTs, one end of them is joined to the digestive tract at the
junction of the midgut and the hindgut, and the other end of them is closed and extends freely in
hemolymph. It was observed that the MT number of four individuals, two males and two females, ranges
from 80 to 100 tubules (Figures 1, 2). The stereomicroscope images show that the MTs are brown in
color, long and do not show external segmentation or bead structure (Figure 1). It is seen that each tubule
consists of a single layer of cells surrounding a blind-ending lumen in the light microscope (Figures 3a,
3b). Generally, there is big nucleus in the center of the cells (Figures 3a, 3b, 4). There are a vast number
of long microvilli in the apical side of the cells, facing the lumen (Figures 3-5). In the basal regions of the
epithelial cells, there are numerous basal membrane infoldings that allow greater absorption (Figure 6).
The outer surface of the MTs is covered with muscle layer (Figure 6).

There are two different type of cells in the MTs of Isophya nervosa in TEM sections (Figure 7). The first
type of cell is more in number and larger than the other. Therefore, the first type of cell is called as
principal cell, the second type of cell is called as stellate cell. Stellate cells, however, have a lower
number of granules in the cytoplasm than that of principal cells. A number of mitochondria and numerous
concentrically layered spherocrystals in different shapes appear to be present in the cytoplasm of the
stellate cells (Figure 7). All of them are in a sac surrounded by membrane (Figures 8-10). Many
spherocrystals consist of electron-lucent layers between lamellae of different electron-dense layers. Some
spherocrystals are composed of intense concentric mineralized layers appearing as electron-dense regions
(Figure 8). Some of them consist of compact electron-dense in central and enclosing electron-lucent
regions (Figures 9, 10). While in another case, several spherocrystals, which are round shaped, concentric
or compact, can be found in the same membrane. These consist of a non-intense granule in central, and
electron-lucent regions follow it, and they are surrounded by many concentric layers of homogeneously
distributed electron-dense (Figure 10).

The chemical composition of these spherocrystals, which were obtained using SEM-EDX, involves high
rate of iron (Fe) elements. Carbon (C) and phosphorus (P) elements follow up this data. It was found that
magnesium (Mg), sulfur (S), calcium (Ca), manganese (Mn) elements are in small quantities (Figure 11).

The nuclei of the stellate cells are round shaped and the membrane of the nucleus has too much
indentation. The heterochromatin region of the nucleus is quite apparent in this cell type, too. Microvilli
on the apical surface of the stellate cells are either absent or do not appear in our sections (Figure 7).
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Various types of granules are found in the cytoplasm of the principal cells (Figures 7, 12). There are also
long microvilli in the apical side of the cells (Figures 5, 7). Lateral membrane folds are also clearly
evident in the principal cells (Figure 12). The nuclei of these cells are ovoid shape. The heterochromatin
region of the nucleus is pretty dense (Figures 7, 12).
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Figure 1. The general view of the Malpighian tubules in Isophya nervosa (Stereomicroscope)
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Figure 2. The general view of the Malpighian tubules in Isophya nervosa (SEM)
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3a 0.025 mm 3 b 0.025 mm
Figure 3. (a) The cross section of the Malpighian tubules. Nucleus (N), microvilli (M) (LM, Mallory's
trichrome stain, X1000), (b) The cross section of the Malpighian tubules. Nucleus (N), microvilli (M)

(LM, H&E, X1000)
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Figure 4. The cross section of the Malpighian tubules. Nucleus (N), microvilli (M) (TEM)



635

Damla AMUTKAN MUTLU, Zekiye SULUDERE/ GU J Sci, 33(3): 630-644 (2020)

- ¥ TG

s

& &
. L3

3 g RN
e

B

‘,‘~ " Muscle

¥

"Basal

D R o RS T lamina ~ 7
Mag | HV | HFW Date
JEM-1400]12000 x|80 kV|12.5 um|03/08/18, 11:12 —2 ym——

Figure 6. The cross section of the Malpighian tubules and basal membrane infoldings (arrowhead),
microvilli (M) (TEM)
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Figure 7. The longitudinal section of the Malpighian tubules. The heterochromatin region of the nucleus
is quite dense in two types of cells. Nucleus (N), microvilli (M) of the principal cell, granules (*),
spherocrystals (arrowhead) of the stellate cell (TEM)
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Figure 8. TEM photograph of the spherocrystals which have electron-lucent layers between lamellae of
different electron-dense layers (—) and spherocrystals which have intense concentric mineralized layers

appearing as electron-dense regions (»)
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Figure 9. TEM photograph of the spherocrystals which have compact electron-dense in central and
enclosing electron-lucent regions (—)

JEM-1400/20000 x{80 kV|7.4 um|02/28/18, 15:10| — T um—

Figure 10. TEM photograph of the spherocrystals which have compact electron-dense in central and
enclosing electron-lucent regions (—), spherocrystals which are round shaped, concentric or compact in
the same membrane (W)
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Figure 12. The longitudinal section of the principal cell. Nucleus (N), granules (*), lateral membrane
folds (arrow) (TEM)

4. DISCUSSION

Malpighian tubules, which are responsible for excretion, are the organs in the excretory system. They are
generally found on the junction point of the midgut and the hindgut. However, the MTs are directly
connected with the hindgut in some insect species [1, 9, 24, 28, 29]. Along with basic similarities, the
structure and number of the MTs varies considerably among insect classes. The MTs, which generally
extend freely in the body cavity, are in contact with certain parts of the digestive canal in some species
[27, 28, 30, 31]. The MTs are connected to the digestive tract at the junction of the midgut and the
hindgut in many insect species as in Rhodnius prolixus (Hemiptera, Reduviidae) [21], Drosophila
melanogaster (Diptera, Drosophilidae) [3], Troglophilus neglectus (Orthoptera, Rhaphidophoridae) [13]
and Poecilimon cervus (Orthoptera, Tettigoniidae) [10]. The distal end is free in the body cavity in these
species. Conversely, the MTs are directly linked to the hindgut in the system which is known as the
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cryptonephridial system. In Onymacris plana plana (Coleoptera), Arachnocampa luminosa (Diptera) and
Rhodnius prolixus (Heteroptera), the distal ends of the MTs extend to the rectum [21, 31, 32]. There is no
cryptonephridal system in Isophya nervosa. MTs extend freely in the body cavity.

The number of tubules varies between insect species although most occur in multiples of two. The tubule
number in Graphosoma lineatum, which belongs to Heteroptera order, is four as two pairs [25]. There are
about 150 tubules in each individual in Periplaneta americana (Blattodea) [33]. This number is
approximately 14-24 tubules in Grylloblatta compodeiformis (Orthoptera, Grylloblattidae) [6]. The
number of MTs of Schistocerca gregaria (Orthoptera) is 250 tubules [2]. In adult Isophya nervosa, the
number of MTs has been observed to vary from 80 to 100. This number is a lower range than it is in other
Orthopteran species.

In a number of insects, there is a remarkable regional specialization of the MTs. The MTs have two
segments as proximal and distal segment in Dysdercus koenigi (Hemiptera, Pyrrhocoridae), Triatoma
infestans (Heteroptera, Reduviidae), Rhodnius prolixus (Heteroptera) and Graphosoma lineatum
(Heteroptera, Pentatomidae) [21, 25, 34, 35]. The MTs of Troglophilus neglectus (Orthoptera,
Rhaphidophoridae) and Solenopsis saevissima (Hymenoptera, Formicidae) consist of three regions:
proximal, middle and distal segments [13, 24 ,36]. The MTs of Aedes taeniorhynchus (Diptera, Culicidae)
and Poecilimon cervus (Orthoptera, Tettigoniidae) do not split into distinct segments [10, 24]. In a similar
manner, the MTs of Isophya nervosa, that have a large number of tubules, show no visible differences
over their entire length of the tubules.

The tubules of Isophya nervosa consist of a monolayered epithelium, which includes two cell types such
as large principal cells and small stellate cells. The presence of two cell types has been reported in the
MTs of Terrobittacus implicatus (Mecoptera, Bittacidae) [37]. It was also reported that MTs of Carausius
morous (Phasmida) [38], Aedes taeniorhynchus (Diptera) [39], Culex pipiens pallens (Diptera) [40] and
Aedes aegypti (Diptera) [26] were composed of two types of cells [41]. On the other hand, Calliphora
erythrocephala (Diptera) [42] was classified into four types of cells. These types of cells are rather
different in ultrastructure [41].

Great number of granules and numerous spherocrystals were observed inside the cytoplasm of the tubule
cells in Isophya nervosa. These spherocrystals, which are commonly called as laminate spheres, spherites
or mineral concretions, are generally supposed to serve as a form of storage excretion [12]. These
spherocrystrals have a concentric content reported in cells of many insect internal systems [13, 43, 44].
They are always associated with a specific cell type. The spherocrystals are found in the principal cell of
the MTs in Aedes taeniorhynchus (Diptera) and Periplaneta americana (Blattodea) [12, 33, 39].
However, in Terrobittacus implicatus, the principal cells of the MTs have numerous spherocrystals [37].
While the stellate cells in Isophya nervosa are characterized by a wide range of spherocrystals, there were
no spherocrystals observed in the tubule cells of Anopheles sinesis (Diptera) [41].

Spherocrystals are dynamic structures because the number of spherocrystals increase all the way through
insect aging and these accumulate in the cytoplasm of the cells. It is suggested that the spherocrystals
released by secretion is a detoxification mechanism in the cells [14]. Spherocrystals are generally found
in MTs cells and midgut cells of insects [13, 15, 25, 43, 45- 49]. They can contain different elements such
as calcium (Ca), magnesium (Mg), potassium (K), phosphorus (P), manganese (Mn), iron (Fe), zinc (Zn),
and chlorine (CI) [16]. These metal or non-metal ions are essential elements for mitochondrial respiration
and cuticle formation [50]. These stored elements may vary during larval, pupal, and adult life. For
example, although the spherocrystals are found in only larval stage in Euroleon sp. (Neuroptera), they can
be present throughout the developmental stage in another Neuropteran Chrysopa sp. [16].

The mineral concretions including zinc (Zn), manganese (Mn) and magnesium (Mg) ions in MTs cells
were described in most insect orders such as Orthoptera, Coleoptera, Diptera, and Hymenoptera [16, 48,
51, 52, 53]. The storage of the calcium (Ca) and phosphorus (P) in the cells was also reported in some
invertebrates such as Androctonus australis (Scorpiones), Coelotes terrestris (Aranea), Gyas annulatus
(Opiliones) [47]. It is reported that increasing of the calcium and phosphorus in the spherocrystals
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correlate with the mineralisation of the cuticle [47]. In 1987, Krueger, Broce, and Hopkins [45] reported
that although the calcium containing spherocrystals were found in larvae stage, these spherocrystals
disappeared after pupation. It is thought that the disappeared calcium ions in the cells pass into the
hemolymph and contribute to the process of puparium formation [45]. In 2002, Lipovsek, Letofsky-Papst,
Hofer, and Pabst, [47] obtained the same result in Gyas annulatus (Opiliones), too. Similar interpretation
is available in another literature [46]. This literature showed that the stored calcium during the larval stage
in Musca autumnalis (Diptera) decreased in the course of puparium formation [46]. As a result, it was
deduced that the calcium was used for mineralization of puparium [46]. In our study, calcium was seen to
a certain extent.

The EDX analysis of the spherocrystals, which is observed in the cytoplasm of the tubule cells in Isophya
nervosa, shows that there are large quantities of iron. In the previous studies, it was indicated that the iron
is one of the essential elements for the survival of the insect. It is stored as a ferritin molecule in the cell.
Ferritin is pretty conspicuous in the midgut and MTs cell. Therefore, ferritin which is found at extremely
high levels, confirms that iron is necessary for cellular requirement [54]. The high iron content showed
that there is a kind of ferritin storage method [55]. In Drosophila (Diptera), iron existence is related to
important developmental signals [49, 56]. When Drosophila species were compared, it was seen that
stored iron amount in MTs changed despite following the same diet [54].

The results of this paper have shown that the ultrastructure of the Malpighian tubule of Isophya nervosa
bears close resemblance to the other Orthoptera species. Our findings provide new insights in the
structure of the MTs of bush-crickets. It is thought that this study, which elucidated the morphological
and histological structure of the MTs of this species, may be the basis for further research. According to
the data of the chemical analysis of spherocrystals, MTs are thought to play an important role in the
transport of ions and function in homeostatic control.
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