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Abstract

In Diatraea saccharalis larvae, the Malpighian tubules are found along the digestive tube, extend-
ing from the middle mesenteric region to the end of the posterior intestine, where they come in
contact with the rectum to form the cryptonephridium. Scanning and transmission electron mi-
croscopy of non-parasitized and parasitized larvae by Cotesia flavipes have indicated that the tu-
bules consist of secretory and reabsorption cells. In parasitized larvae, the occurrence of hemo-
cytes and teratocytes around the tubules is indicative of their role in immunological defense; how-
ever, they were not observed in non-parasitized larvae. At day 9 of parasitism, the mitochon-
dria-containing vacuoles and myelin-like figures show signs of degeneration. The results of this
study have confirmed that C. flavipes manipulates the physiology and biochemistry of D. sacchara-
lis because the Malpighian tubules of the parasitized larvae remain active until the parasitoid
completes its pupal stage and is released from the host organism.
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1. Introduction

Malpighian tubules serve as the main excretory organs of insects. Although they differ among species and vari-
ous developmental stages of the same species, the tubules are generally long, narrow, and consist of a single
layer of epithelial cells [1]-[5]. The tubules are connected to the intestines through a transition region that runs
from the mesentery to the proctodeum; they then connect to the hemocoel and deliver fluids to the hemolymph
[6]. Besides the excretion of metabolites from the degradation of proteins and purines, these organs are respon-
sible for the maintenance of insect homeostasis, intestinal pH, regulation and secretion of calcium [7], immuno-
logical defense, and clearance of toxic substances [8]. During hibernation in crickets, the Malpighian tubules
provide minerals for the maintenance of vital processes, which are stored in the form of spherites [9]. In ants, the
Malpighian tubules supply metabolites that support symbiotic microorganisms that thrive in the ileum [10], as
well as regulate lipid production [11].

The different cell types in insect Malpighian tubules are indicative of its wide range of functions. However, its
basic function involves the transport of fluids from the hemolymph to the lumen. In Lepidoptera, the Malpighian
tubules consist of two main cell types: the reabsorption cells and the primary or secretory cells. The reabsorption
cells vary in terms of quantity and shape of its microvilli, mitochondria, and basal invaginations [2]. The prima-
ry cells, which possess secretory functions, are characterized by profound basal invaginations that resemble la-
byrinths or a profusion of microvilli at the apical region, which comes in contact with the lumen. Mitochondria
are located in the basal and apical regions, as well as in the interior of the microvilli. According to Martoja and
Ballan-Dufrancais [12], microvilli increase tissue permeability to solutes. Moreover, paracellular transport al-
lows the transfer of fluids across cells that contain septa and into the lumen [13]. Tubules with cells containing
the fewest number of microvilli, the thickest basal membranes, and adherent tracheoles are capable of rapidly
transporting fluids from the hemolymph [14].

The internal osmolarity of the tubules varies between hypoosmotic and hyperosmotic, which reflects the rate
of excretion and reabsorption of water and solutes [13]. A previous study on tubules reported on the presence of
aquaporins within the membranes of epithelial cells [15], which are involved in H*-ATPase-mediated active
transport that catalyzes the exchange of sodium, potassium or both, and the excretion of organic compounds
such as uric acid, alkaloids, and glycosides [16].

The physiology and structure of insect Malpighian tubules can be altered by the presence of parasites, which
include viruses, bacteria, protozoans, nematodes, and entomophagous insects. In baculovirus-infected Anticarsia
gemmatalis, the Malpighian tubules undergo modifications such as the reorganization of the microvilli, altera-
tions in the cytoplasm, and distortion of the basal membranes [17]. A reduction in the number of apical mito-
chondria as well as alterations within the microvilli has been observed in the Malpighian tubules of Aedes tae-
niorhynchus parasitized by nematodes [18]. In Triatoma infestans parasitized by the protozoan Trypanosoma,
Malpighian tubules show smaller tracheoles, cellular edema, and a reduction in the number of interdigitations,
mitochondria, and microvilli [19].

Cells of the Malpighian tubules of Diatraea saccharalis parasitized by the xenobiont endoparasite Cotesia
flavipes have never been studied. However, in intestinal cells, mitochondrial vacuoles have been observed [20],
together with the accumulation of spherites [21] and the presence of inorganic compounds in the fat bodies [22].

D. saccharalis is of great economic importance to the sugar-alcohol industry because of the considerable
damages it has caused in sugarcane plantations [23]. Despite numerous attempts, there is currently no insecticide
that can efficiently control this insect, and therefore, in this case, chemical control is not as efficient as biologi-
cal control [24] [25], which highlights the need for morphological and functional studies that will address these
concerns.

2. Material and Methods

Larvae of D. saccharalis and adult C. flavipes were obtained from the Laboratory of Entomology of the Santa
Terezinha sugar plant, Iguatemi district, Maringa/Paranad/Brazil (23°23'54"S - 52°05'36""W). The third instar lar-
vae of D. saccharalis were exposed to recently fecundated C. flavipes females to facilitate egg laying and para-
sitism. The insects were maintained in glass tubes, fed on a artificial diet [26], and kept in a 24°C incubator at a
relative humidity of 64% * 10% and a photoperiod of 14 h. Third and fifth instar non-parasitized larvae of D.
saccharalis were also used as controls, and growth was monitored using the same conditions.

D. saccharalis larvae were cold anesthetized and dissected in an insect salt solution (0.1 M NaCl, 0.1 M
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Na,HPO,, and 0.1 M KH,PO,) under a stereoscopic microscope. The specimens used in this study included 10
insects at day 5 of parasitism, 10 insects at day 9 of parasitism, and 10 non-parasitized insects. The Malpighian
tubules were separated into the rectal portion and the ampullar region.

2.1. Scanning Electron Microscopy

The tissues were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.3) for 48 h. Post-fixation was
performed using osmium tetroxide and the tissues were dehydrated across an increasing gradient of acetone so-
lutions (30% to 100%). To complete the dehydration process, the tissues were subjected to Balzers CPD/030
critical point drying. Immediately after drying, the tissues were placed on aluminum stubs lined with double-
sided tape. They were then transferred to the Balzers Union MED 010 sputtering coater and covered with a
10-nm layer of gold. The pieces were examined and photographed using a TM 3000 scanning electron micro-
scope at the Imaging Laboratory of the Departamento de Quimica of the Universidade Estadual do Centro Oeste
Guarapuava/Parana/Brazil.

2.2. Transmission Electron Microscopy

D. saccharalis larvae were cold anesthetized and dissected in the insect salt solution (0.1 M NaCl, 0.1 M
Na,HPO,, and 0.1 M KH,PO,) under a stereoscopic microscope. The specimens used in the study included in-
sects at day 5 of parasitism, 10 insects at day 9 of parasitism, and 10 non-parasitized insects. The Malpighian
tubules were separated into the rectal portion and the ampullar region. The tissues were fixed in 2.5% glutaral-
dehyde in 0.2 M sodium cacodylate buffer (pH 7.4). Post-fixation was performed using 1% osmium tetroxide
using the same buffer for 1 h and staining was conducted using 2% aqueous uranyl acetate solution at room
temperature overnight. Dehydration was performed using a series of ethanol solutions of increasing concentra-
tions (50% to 100%), followed by a solution of ethanol:acetone (1:1) and acetone P.A., both for 10 min. The
tissues were then embedded in a mixture of resin and acetone for 7 h at 4°C and in pure resin (Araldite®) for 24
h at 4°C. The resin blocks were sectioned using an ultra-microtome and then stained with uranyl acetate and lead
citrate. Analysis and imaging were performed using the transmission electron microscope JEOL JEM-1400 at
the Centro de Microscopia do Complexo de Centrais de Apoio a Pesquisa (COMCAP) of the Universidade
Estadual de Maringéa/Parand/Brazil and Leo 906 at the Laboratério de Microscopia e Microanalise/lIbilce-
Unesp/Séo José do Rio Preto/S&o Paulo/Brazil. The vouchers and data from this work were deposited in the En-
tomological Collection of the Laboratério de Biotecnologia, Genética e Biologia Celular of the Universidade
Estadual de Maringa, Pr, Brazil.

3. Results

The ampullar and rectal regions of the Malpighian tubules of D. saccharalis and those parasitized by C. flavipes
for 5 and 9 days showed the following characteristics;

3.1. Non-Parasitized Larvae

The insertion sites of the tubules in the intestine occurred at the transition region between the mesentery and the
proctodeum through two saccular ampullae, which were positioned laterally and symmetrically in the intestinal
muscles. The tubules diverged from the ampullae and continued toward the anterior mesentery, devoid of
tracheoles. The cells that were part of this structure were arranged in the form of a bead collar with centralized
nuclei (Figure 1(a)).

The ampullar region contained cells with a basal lamina, numerous labyrinth-like invaginations in the plasma
membrane, and centrally positioned nuclei. Electron-dense mitochondria were observed in the basal and apical
regions, with the apical surface containing microvilli that were in contact with the lumen (Figure 2(g)).

The Malpighian tubules in the rectal region lacked hemocytes and showed numerous tracheoles (Figure 2(a)).
The tracheoles allowed the Malpighian tubules to attach to each other, as well as to the perinephral membrane
and the rectum, thus forming the cryptonephridium (Figure 2(b)). In this region, two types of cells constitute the
tubules; one cell type contains a small cytoplasm and few mitochondria, which characterizes absorption cells.
The typical primary or secretory cells were characterized by a large cytoplasm, microvilli, and extensive and
well-developed basal invaginations (Figure 3(b)).
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Figure 1. Scanning electron microscopy of Malpighian tubules of Diatraea saccharalis larvae. (a) Non-parasitized ampulla;
(MT) Malpighian tubules, (arrow) nucleus, (A) ampulla, (IM) intestinal muscle. Bar =200 um. (b) MT at day 5 of parasitism
with the formation of hemocytes clusters; (MT) Malpighian tubules, (TR) tracheoles, and (H) hemocytes. Bar = 100 um. (c)
Rectum at day 9 of parasitism (T) detail of a teratocyte. Bar = 5 um. (d) Ampulla at day 9 of parasitism; (C) Cotesia flavipes
larva; (MT) Malpighian tubules, (TR) tracheoles, (arrow) hemocytes attached to the parasitoid. Bar = 200 pm. (e) Broken
rectum at day 9 of parasitism (arrow) basal lamina; (MV) microvilli, (L) lumen, (SV) secretory vesicles. Bar = 30 um. (f)
Ampulla at day 9 of parasitism (TR) tracheoles, (MT) Malpighian tubules, (H) hemocytes. Bar = 50 um.

Figure 2. Scanning electron microscopy of Diatraea saccharalis larvae. (a) Non-parasitized rectum region; (MT) Malpig-
hian tubules, (TR) tracheoles. Bar = 300 um. (b) Non-parasitized rectum (MT) Malpighian tubules, and (PM) perinephral
membrane. Bar = 200 um. (c) Rectum at day 5 of parasitism; (CR) cryptonephridium, (MT) Malpighian tubules, and (TR)
tracheoles. Bar = 500 um. (d) Rectum at day 9 of parasitism; (MT) Malpighian tubules, (TR) tracheoles, (arrow) perinephral
membrane, (T) teratocytes. Bar = 500 um. Transmission electron microscopy of Malpighian tubules of Diatraea saccharalis
larvae. (e) Non-parasitized ampulla; (BM) basal lamina, (I) basal invaginations, (arrrow) electron-lucent vesicles, (N) nuc-
leus, (HL) hemolymph, (L) lumen, (fine arrow) mitochondria, and (MV) microvilli. Bar = 1 pm. (f) Ampulla at day 9 of pa-
rasitism; (BM) basal lamina, (I) basal invaginations, (arrow) electron-lucent vesicles, (fine arrow) vacuole, (N) nucleus, (TR)
tracheoles, (L) lumen, (M) mitochondria, and (MV) microvilli. Bar = 1 pm.
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Figure 3. Transmission electron microscopy of Malpighian tubules of Diatraea saccharalis larvae. (a) Non-parasitized rectal
region; (M) electron-dense mitochondria, (MV) micovilli, (arrow) mitochondria inside microvilli, and (V) electron-lucent
vesicles released in the lumen. Bar = 0.5 um. (b) Non-parasitized rectum, two types of cells forming the Malpighian tubules
(A) Secretory, (B) and (C) reabsorption cells, (L) lumen. Bar = 2 um. (c) Rectum at day 5 of parasitism; (I) basal invagina-
tions, (arrow) glycogen granules. (M) mitochondria, Bar = 0.2 pm. (d) Rectum at day 9 of parasitism; (arrow) vacuole-con-
taining mitochondria. Bar = 1 um. (e) Rectum at day 9 of parasitism; (BM) double-layered basal lamina, (HL) hemolymph,
(S) intercellular space, and (arrow) globular and stretched vesicles. Bar = 0.5 um. (f) Rectum at day 5 of parasitism; (MV)
stick-shaped microvilli, (arrow) mitochondria. Bar = 0.2 um. (g) Rectum at day 5 of parasitism; (arrow) myelin body, (MV)
stick-shaped microvilli. Bar = 0.2 pm.

3.2. Parasitized Larvae

The parasitized larvae showed a significantly higher number of hemocytes and teratocytes attached to the Mal-
pighian tubules (Figure 1(b), Figure 1(c), and Figure 1(f)). In the broken tubules, tracheoles, basal membranes,
microvilli, and secretory vesicles were observed (Figure 1(e)). At day 9 of parasitism, the C. flavipes larvae
were attached to the Malpighian tubules and hemocytes were observed on the parasitoid (Figure 1(d)). Trache-
oles were attached to the basal lamina, whereas labyrinth-like basal invaginations, electron-lucent vacuoles, po-
lymorphic mitochondria across the cytoplasm, and centrally positioned nuclei were evident (Figure 2(f)). In the
Malpighian tubules of larvae at day 5 of parasitism, the perinephral membrane and the cryptonephridium formed
a compact structure in the rectal region (Figure 2(c)). Moreover, vesicles in the lumen, basal invaginations, and
glycogen granules spread across the cytoplasm were observed (Figure 3(c)). The cells of the Malpighian tubules
from days 5 and 9 of the parasitized larvae showed myelin bodies and vacuole-containing mitochondria (Figure
3(d)). At day 9 of parasitism, teratocytes were observed between the perinephral membrane and the Malpighian
tubules, which formed the cryptonephridium (Figure 2(d)). The presence of an intercellular space where globu-
lar and stretched vesicles could be found suggested the occurrence of paracellular transport (Figure 3(e)).
Stick-shaped microvilli were also observed, with some containing mitochondria and myelin bodies (Figure 3(f)
and Figure 3(0)).

4. Discussion

Similar to the majority of the Lepidoptera, the Malpighian tubules of D. saccharalis larvae have been exten-
sively described [2] [27]. The cryptonephridium, which can be found at the end of the rectum, is responsible for
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the reabsorption of water and salts, thus allowing the maintenance of homeostasis [2] [28] [29]. The fusion of
two tubules could be observed on the wall of the rectum [30].

The larvae of D. saccharalis have Malpighian tubules that were comprised of two types of cells that can be
found in both the rectal and the ampullar regions: primary or secretory cells and reabsorption cells. The primary
cells have centrally positioned nuclei, labyrinth-like and well-developed basal invaginations containing numer-
ous mitochondria, and microvilli in the apical region that come in contact with the lumen. Mitochondria can also
be found within the microvilli. This characteristic of the primary or secretory cells has been described for vari-
ous insect orders, including Coleoptera [31], Diptera [32] [33], Hemiptera [34] and Hymenoptera [6].

The cytoplasm of the primary cells contained electron-dense vesicles, vacuoles, and vesicles protruding into
the lumen with material from the hemolymph. Myelin bodies could be observed in the microvilli of parasitized
cells, which have resulted from the elimination of cellular residues or organelles [35]. However, mineral forma-
tions such as those described in other organs [9] [19] [21] [36] were not observed in the Malpighian tubules of D.
saccharalis.

Maddrell [7] previously suggested that the main function of the Malpighian tubules was to transport fluids
from the hemolymph to the lumen. In addition to passive transport, it has also been suggested that Malpighian
tubules are involved in H*-ATPase-mediated active transport [16], which is in agreement with the high number
of mitochondria and tracheoles observed in D. saccharalis. No tracheoles were found attached to the D. sac-
charalis Malpighian tubules; however, glycogen deposits were observed in the cytoplasm, and mitochondria
could be found inside the microvilli. These polymorphic, electron-dense organelles were observed in larval cells
up to day 5 of parasitism. In some cells, mitochondria showed vacuoles and loss of the matrix, which indicated
degeneration, as described by [20] for the mid-intestinal cells of D. saccharalis parasitized by the same parasi-
toid.

Blunn [36] previously described different trans-epithelial transport mechanisms, namely through the cytop-
lasm, with and without vesicles, or through the intercellular spaces. In the rectal region of D. saccharalis at day
9 of parasitism, inter-membrane spaces were observed, which indicated that paracellular movement of small ve-
sicles played a role in the excretion of toxins, as suggested by [13] for other insects. The paracellular transport
observed in different species was undetected in resting cells [37]-[39].

In addition to fluid transport from the hemolymph to the tubules and later to the rectum, the Malpighian tu-
bules are also responsible for the reabsorption of water and salts for homeostasis maintenance. This is the role of
the reabsorption cells, which showed smaller cytoplasm, fewer microvilli, and larger lumen, thus allowing the
rapid passage of fluids [11] [28] [31]. In D. saccharalis, the reabsorption cells in the ampullar and the rectal re-
gions, where the cryptonephridium is located, showed an increase in reabsorption capacity [40].

Koinobiontparasites lead to alterations in the host hemolymph composition, the endocrine system, and the
immunological system. However, the maintenance of the integrity of the host organs is paramount for the life
cycle of the parasitoid [41] [42]. In D. saccharalis parasitized by C. flavipes, no morphological alterations were
detected in the Malpighian tubules and the ampullae, except for the presence of hemocytes and teratocytes.
These data confirm that C. flavipes, which is a koinobiont, gregarious endoparasite with regulatory activities, is
capable of manipulating the host’s physiology for its benefit [43]-[45]. The activity of the parasitoid may be in-
fluenced by a decrease in the number of hemocytes, alterations in the diet, host metamorphosis, non-encapsula-
tion, and nodulation [46].

The manipulation of the host physiology and biochemistry occurs through venom secretion, ovarian proteins,
and symbiotic viruses such as the polydnavirus that is injected together with the eggs during oviposition. As a
surviving strategy inside the host, the parasitoids release cells derived from the extra-embryonic tissue or the te-
ratocytes [47]-[49]. D. saccharalis larvae parasitized by C. flavipes were compared with non-parasitized larvae
and an initial increase in the number of hemocytes adhering to the Malpighian tubules, the intestine, and the pa-
rasitoid bodies was observed. According [50], the host immune response and the number of hemocytes de-
creased as the parasitoid developed. Nunes and Gregério [51] showed that C. flavipes induces ultra-structural
modifications in one type of D. saccharalis hemocyte, the oenocyte, which can affect the defense mechanisms
of the host due to the production/activation of the prophenoloxidase system.

In D. saccharalis, teratocytes were observed mainly in the rectal region at day 9 of parasitism. The number of
teratocytes can change depending on the extent of degeneration and on the nutrient consumption by the parasi-
toid [52], as these cells contribute to the maintenance of the endoparasite [53].

No polydnaviruses were observed in the Malpighian tubules of parasitized D. saccharalis larvae, possibly
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because this organ was not a target of this virus [17], whereas they were detected in A. gemmatalis parasitized
by a baculovirus and in Bombyx mori infected by a nucleopolyedrovirus [53].
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