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RESUMO

MARTINEZ CASTRILLON, Luis Carlos, D.Sc., Universidade Federal de Vigasa#o

de 2014.Ultraestrutura e funcédo das glandulas salivares de Podisus nigrispis
(Hemiptera: Pentatomidae). Orientador: José Eduardo Serrdo. Coorientadores: José
Cola Zanuncio e Maria do Carmo Queiroz Fialho.

Podisus nigrispinus Dallas (Hemiptera: Pentatomidae) é um inseto zgditébm
potencial para controle biolégico, pois ninfas e adulposdam diversos insetos,
inserindo o aparelho bucal e injetando o contetdo das glarsdlileeres no interior das
presas, causando a morte das mesmas. Entretanto, psstosntoxicos da saliva desse
inseto, responsaveis pela morte das presas sdo ainda d@esdosahComo primeira
etapa para a identificacdo das possiveis substanciasni@®sna saliva de .P
nigrispinus, este estudo avaliou a ultraestrutura e citoquag@landulas salivares de
P. nigrispinus. A segunda etapa identificou os compostos da saliva migrispinus
responsaveis pela morte da presa Anticarsia gemmatalisalidgio da ultraestrututra
das glandulas salivares mostrou que o sistema salivarrdgrBpinus € composto por
um par de glandulas salivares principais bilobadas, formandiohoranterior curto e
um posterior longo e um par de glandulas acessoérias tebulas células de ambas as
glandulas foram bem desenvolvidas com predominio de mitlnie® e reticulo
endoplasmatico rugoso, além de invaginacées da membranaptasbasal, indicando
gue ambas as glandulas tem funcdo de transporte de susst@nmzartir da hemolinfa
bem como na sintese de proteinas. Os testes citoquimasisaram reacdes positivas
no citoplasma para carboidratos, fosfatase acida e maeteias diferentes regides do
sistema glandular. A saliva de P. nigrispinus exposta a inilsgmamaticos, proteases
e na fase de éter causou mortalidade apos injecdo enatadarf. gemmatalis, sendo a
ClLso de 1,91 e Cipde 4,34 uL do extrato em éter de saliva. Fracdes do exalatars
em éter que causaram mortalidade de A. gemmatalis correspandezompostos N,N-
dimetil anilina e 1,2,3-tritiepano, sendo que a injecdo dogmintomposto apresentou
ClLso de 136,1 nL e Cdgde 413,8nL, sugerindo que este composto ndo proteico da
saliva é um dos responsaveis pela toxicidade da saliva daigHAspinus. As
caacteristicas ultraestruturais e citoquimicas sugerica® as glandulas salivares
principais e acessorias participam da secrecdo de proteisialsstancias toxicas nao

proteicas na saliva desse inseto. Isto foi corroboradoigettificacdo da N,N-dimdti
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anilina e o 1,2,3-tritiepano responsaveis pela morte da A gt&hisos quais sao

reportados pela primeira vez na saliva de insetos.
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ABSTRACT

MARTINEZ CASTRILLON, Luis Carlos, D.Sc., Universidade Federal de Vigosa, May,
2014. Ultrastructure and function of the salivary glands of Podisus nigripinus
(Hemiptera: Pentatomidae). Adviser: José Eduardo Serrdo-Advisers: José Cola
Zanuncio and Maria do Carmo Queiroz Fialho.

Podisus nigrispinus Dallas (Hemiptera: Pentatomidae) is a zoophytophagectsthat
has a potential in biological control because its nymgig adults prey on various
insects. They insert their mouthparts and inject theéecds of their salivary glands in
their prey to kill them. Although it is understood that théve of this predator is toxic,
the toxic compounds responsible for the prey death remaksown. To identify the
components of the saliva of P. nigrispinus, we evaluated thlastnticture and
cytochemistry of the salivary glands of this insecttaCliemistry evaluation identified
the compounds of the saliva of P. nigrispinus responsible éodélath of Anticarsia
gemmatalis prey. The salivary system of P. nigrispinus has cordisa pair of
principal salivary glands, which are bilobed with a shorer@ot and a long posterior
lobe, and a pair of tubular accessory glands. The o¢llsoth the glands are well
developed with a predominance of mitochondria and rough esshof reticulum and
with basal plasma membrane infoldings, indicating thah bla¢ glands play a role in
the transport of hemolymph substances and protein syntAd&scytochemical tests
demonstrated positive reactions for carbohydrate, pradenh,acid phosphatase in the
cells of both the salivary glands. An injection of g&iva of P. nigrispinus exposed to
enzyme inhibitors and proteases and extracted at the ethss paAused mortality of A
gemmatalis larvae, with L{g = 1.91 and_Dgo = 4.34 pL. These saliva fractions were
identified as N,N-dimethylaniline and 1,2/@hiepane, and the injection of the first
compound showednLCso=136.1nL and LG = 413.8 nL, suggesting that these non-
proteineous compound is responsible for the saliva toxidity? .onigrispinus. The
ultrastructural and cytochemical features suggested patiiripaf the principal and
accessory salivary glands in the secretion of prateimas and non-proteinaceous toxic
substances in the saliva of this insect. This was furthefiroeed by identification of
N,N-dimethylaniline and 1,2,3-trithiepane responsible for thehdeh A. gemmatalis

This is the first study reporting the toxic compounds of #ia of this insect.
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GENERAL INTRODUCTION

Among the most studied methods for the management otu#igrad and forest
pests is the biological control method because promadtmganservation, inoculation,
and inundation of natural enemies. Biological controlyrba defined as the use of
natural enemies such as viruses, bacteria, fungi, oelest and insects to reduce the
populations of harmful insects damaging plantations witd aim to sustain the
agroecosystems with alternatives that reduce the enviroamemact (Smith et al.
1997; Letourneau and Altieri 1999; Pearson and Callaway 2003). In thiexto
biological control is essential for the establishmentwdtainable pest management
programs by using propagation techniques, handling and relenatucdl enemies with
favorable effects on crop productivity, low cost-benefiio, and preservation of native
and cultured ecosystems (Bottrell et al. 1998; Thompson 199%e<@ro et al. 2000).
The comprehension of the interactions between diffepdamit-herbivore and natural
enemies is important for the implementation of biolagiwontrol of pests in different
ecosystems (Lalonde et al. 1998; Eubanks and Denno 1999; altadri2005).

The interaction of predators as natural enemies of tinsests coexisting in
natural or artificial habitats has been recognized inogio&l control (Zanuncio et al.
1994; Eubanks and Denno 1999; De Clercq 2002; Symondson et al. 2002). Rredator
insects have an important role in the insect communitessause the variation in food
availability or prey has dramatic effects on survivalpdisal, and population dynamics
of these organisms (Cohen 1990; Coll and Guershon 2002). The predato
representatives of Coleoptera, Diptera, Hemiptera, and Hiyptera have been reported
to feed on one or several preys with specific or genenaleferences (Cohen 1990;
Memmott et al. 2000; Richter 2000). Also, these predators cacldssified as
opportunistic, obligates, or facultatives in functiondshen the importance of ingested
materials such as plant, animal, or other organic so(@mbkand Guershon 2002). The
opportunistic predators include phytozoophagous, which are hezbiamd which feed
on prey, and zoophytophagous, which are carnivores and evenfedlyon plants
(Memmott et al. 2000; Coll and Guershon 2002).

Podisus nigrispinus Dallas (Hemiptera: Pentatomidae) is a common
zoophytophagous insect that is used in the biological cofatr@gricultural and forest
crops in America (Cohen 1990; Medeiros et al. 2000; Lerhat 2001; Mohaghegh et

al. 2001). The potential of P. nigrispinus in biological control basn reported for
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defoliating larvae Anticarsia gemmatalis Hubner (Lepidopter&biBae), Alabama
argillacea Hubner, Spodoptera exigua Hubner, and Trichoplusia ni Huibner
(Lepidoptera: Noctuidae) (Mohaghegh et al. 2001; Medeir@d. &@003; Ferreira et al.
2008; Neves et al. 2010; De Bortoli et al. 2011) in cotton, tomsdgbean, and
eucalyptus plantations (Zanuncio et al. 1994; Matos Neto. &08PR; Oliveira et al.
2002; Lemos et al. 2003). The importance of P. nigrispinus in biologpedrol has
been demonstrated in several studies regarding its develomegroduction, predater

prey interactions, feeding strategies, and extra-oralstigge (Saavedra et al. 1997;
Torres et al. 1998; Lemos et al. 2001; Medeiros et al. 200&vVet al. 2003; Oliveira

et al. 2006; Ferreira et al. 2008; Fialho et al. 2012).

The extra-oral digestion begins with the injection @ifva into the prey before
ingesting it. The saliva contains digestive enzymes thatised to liquefy the body
contents of the prey and facilitate the uptake of nusiaim it (Miles 1972; Land et
al. 1994; Cohen 1995). The salivary glands of predatory Hemiptedugeosaliva
containing different compounds such as water, lipids, carbateglr and enzymes,
favoring the extra-oral digestion (Land et al. 1994; Zery@when 2000; Oliveira et al.
2006). In this context, P. nigrispinus insert the stylets in® phey bodies and
regurgitate saliva, causing rapid paralysis and death qiréye(Cohen 1998; Lemos et
al. 2003; Oliveira et al. 2006). However, digestive enzymeg mxor collagenase, are
not present in the salivary glands of P. nigrispinus, whicisesl to rupture the internal
organs of the prey for facilitating the intake of tlesues (Fialho et al. 2012). The
compounds produced in the salivary glands responsible fatethtty of the prey remain
unknown in P. nigrispinus and other predatory Hemiptera.

In insects, prey paralysis and death are caused by tba a¢tioxic compounds
or venoms from a predator as a facilitator of predasvategies. Venom is a toxin
commonly produced by glands and injected into another organisrg specialized
apparatuses, and the action of these toxins immobilizél @réy (Blum 1978; Schmidt
1982). The venoms of insects are chemical compounds caogtatkaloids, terpenes,
polysaccharides, biogenic amines, organic acids, and amino &Bidsy 1978;
Chapman 2013), although the main compounds are macromolsclesas peptides,
oligopeptides, and proteins (Schmidt 1982; Calvete et al. 2009). Scesstaith low
molecular weight and short carbon chains has beenteebtr be responsible for the
lethal and sublethal effects on insect, for instanice, Apis cerana Fabricius

(Hymenoptera: Apidae) (Schmidt et al. 1997), Galerita lecontei D€fealeoptera:
2



Carabidae) (Rossini et al. 1997), and Polistes sulcifer Zimmerntdymenhoptera:
Vespidae) (Bruschini and Cervo 2011). However, in these msélceé venom is
produced by specialized glands, which are not salivary glands

The presence of venoms in insects provide a powerful doalrfderstanding the
functioning of the salivary glands and saliva compositibrPo nigrispinus and its
strategies for predation. We hypothesize that the saligdagds of P. nigrispinus
contains non-proteinaceous compounds which cause a top@nseson preys. In order
to address this question, the salival compounds from P. nigrispiaysbe act as
venom and facilitating the extraoral ingestion processusThn this study, we
investigated the presence of non-protein substances in lihe shthe predator that
imparts toxicity to the venom.

Considering the importance of P. nigrispinus in biological rmdnpests
programs and the limited studies on biochemistry and plogsief the salivary glands,
this study aimed to evaluate the ultrastructural and cgtoatal aspects of the salivary
glands and to identify the presence of venom in theaalf P. nigrispinus so as to
facilitate the comprehension of predajorey interaction and the ecological

relationships of predator in biological control.
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CHAPTER 1

ULTRASTRUTURE AND CYTOCHEMISTRY OF SALIVARY GLANDS OF
THE PREDATOR Podisus nigrispinus (HEMIPTERA: PENTATOMIDAE)
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Abstract Podisus nigrispinus Dallas (Hemiptera: Pentato-
midae) is a zoophytophagous insect with a potential for use as
a biological control agent in agriculture because nymphs and
adults actively prey on various insects by inserting mouthparts
and regurgitating the contents of the salivary glands inside the
prey, causing rapid paralysis and death. However, the substances
found in saliva of P. nigrispinus that causes the death of the prey
are unknown. As a first step to identify the component of the
saliva of P. nigrispinus, this study evaluated the ultrastructure
and cytochemistry of the salivary glands of P. nigrispinus. The
salivary system of P. nigrispinus has a pair of principal salivary
glands, which are bilobed with a short anterior lobe and a long
posterior lobe, and a pair of tubular accessory glands. The
principal gland epithelium is composed of a single layer of cells
enclosing a large lumen. Epithelial cells of the principal salivary
gland vary from cubic to columnar shape, with one or two
spherical and well-developed nuclei. Cells of the anterior lobe
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of the principal salivary gland have an apical surface with narrow,
short, and irregular plasma membrane foldings; apical and
perinuclear cytoplasm rich in rough endoplasmic reticulum;
and mitochondria with tubular cristae. The basal portion of the
secretory cells has mitochondria associated with many basal
plasma membrane infoldings that are short but form large extra-
cellular canals. Secretory granules with electron-dense core and
electron-transparent peripheral are dispersed throughout the cy-
toplasm. Cells of the posterior lobe of the principal salivary gland
are similar to those of the anterior lobe, except for the presence of
mitochondria with transverse cristac. The accessory salivary
gland cells are columnar with apical microvilli, have well-
developed nucleus and cytoplasm rich in rough endoplasmic
reticulum, and have secretory granules. Cytochemical tests
showed positive reactions for carbohydrate, protein, and acid
phosphatase in different regions of the glandular system. The
principal salivary glands of P. nigrispinus do not have muscle
cells attached to its wall, suggesting that saliva-releasing mech-
anism may occurs with the participation of some thorax muscles.
The cytochemical and ultrastructural features suggest that the
principal and accessory salivary glands play a role in protein
synthesis of the saliva.

Keywords Asopinae - Enzymes - Epithelium - Lumen -
Secretory cells - Zoophytophagous

Introduction

Insect predators have been studied in different aspects as poten-
tial agents for biological control of forest and agricultural pests.
Biological control with predators is an alternative to chemical
control, which reduces the cost of production and avoids the
harmful environmental impact (McPherson et al. 1982; Lacerda
et al. 2004; Matos Neto et al. 2004). Within Hemiptera, repre-
sentatives of Asopinae (Heteroptera: Pentatomidae), Bronto-
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coris, Euchistus , Podisus , and Supputius have been successfully
used to control various insect pests (Zanuncio et al. 1994;
Mohaghegh et al. 1999; Medeiros et al. 2000; Panizzi et al.
2000; Tillman and Mullinix 2004; Lemos et al. 2003; Oliveira
et al, 2005).

Predation in insects is a complex behavior as it is affected by
several factors such as predator and prey density, attack or
defense mechanisms, and feeding strategies (Cohen 1995;
Mohaghegh et al. 2001; Guedes et al. 2007). Some Hete-
roptera have been studied in detail for their feeding strategies
and extra-oral digestion (Boyd et al. 2002; Swart and
Felgenhauer 2003; Bell et al. 2005; Fialho et al. 2009, 2012).

The Asopinae predators insert the stylet into the body of the
prey and regurgitate saliva, causing rapid paralysis and death of
the prey (Cohen 1990), after which they suck on the prey
contents at leisure (Lemos et al. 2005a; Azevedo et al. 2007).
The paralysis and death of the prey have been attributed to the
action of digestive enzymes. produced by the salivary glands,
released inside the prey (Schmidt 1982; Cohen 1990). However,
Fialho et al. (2012) did not find any digestive enzymes, except
collagenase, in the salivary glands. Thus, saliva compounds
responsible for paralysis and death of the prey in Asopinae
remain unknown.

Podisus nigrispinus Dallas (Hemiptera: Pentatomidae) has
a potential as a biological control agent and is considered as a
generalist predator (Cohen 1990; Zanuncio et al. 1998; Lemos
etal. 2001). The salivary system of other predatory Hemiptera
has a pair of bilobed principal glands, a salivary duct, and a
pair of accessory glands (Puri 1924; Barth 1954; Azevedo
et al. 2007; Serrdo et al. 2008; Castro et al. 2013), but these
studies describe gross morphology of the salivary glands
without details of the fine structure of their cells.

As a first step to identify the possible substances present in
the saliva of P. nigrispinus , this study describes the anatomy,
ultrastructure, and cytochemistry of its salivary gland system,
which may contribute to the comprehension of the saliva
compounds that induce paralysis and death of the prey during
predation.

Materials and methods
Insects

Adults of P. nigrispinus were obtained from mass rearing in the
Laboratorio de Controle Biologico do Instituto de Biologia
Aplicada a Agricultura e Pecuaria (Bioagro, Universidade
Federal de Vigosa, state of Minas Gerais, Brazil) and maintained
at 25+2 °C, 75£5 % relative humidity, and 12:12 h light/day
photoperiod. These insects fed on Tenebrio molitor (L.) pupae
(Coleoptera: Tenebrionidae) and Eucalyptus grandis (W.
Hill ex. Maiden) leaves ad libitum (Zanuncio et al. 1994;
Lemos et al. 2005b).
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Scanning electron microscopy

Adults of P. nigrispinus were anesthetized at —4 °C, and the
salivary glands were dissected in saline solution for insects
(0.1 M NaCl, 0.1 M KH,PO,, 0.1 M Na,HPO,) and trans-
ferred to Zamboni's fixative solution (Stefanini et al. 1967) for
12 h at 5 °C. Then, the samples were dehydrated in a graded
ethanol series (70°, 80°, 90°, and 99°), transferred to
hexamethyldisilazane for 5 min, dried at room temperature,
and coated with gold (20 nm thick), and finally observed
under the LEO VP1430 scanning electron microscope.

Light microscopy

Adults of P. nigrispinus were anesthetized at —4 °C, and the
salivary glands were dissected in saline solution for insects and
transferred to the Zamboni's fixative solution for 24 h at 5 °C.
Then, the samples were dehydrated in a graded ethanol series
(70°, 80°, 90°, and 95°), embedded in historesin JB4, sectioned
at 3 pm thickness in Leica RM2255, stained with hematoxylin
and eosin, and analyzed under Leica DMLS light microscope.

Transmission electron microscopy

Salivary glands of P. nigrispinus were dissected and trans-
ferred to 2.5 % glutaraldehyde in sodium cacodylate buffer
(0.2 M, pH 7.2) containing 0.2 M sucrose for 4 h at room
temperature. Then, the principal salivary gland was divided
into anterior lobe and posterior lobe, and the accessory gland
was isolated and post-fixed in | % osmium tetroxide for 2 h in
the same buffer at room temperature, followed by washing in
buffer and dehydration in 70° ethanol. The samples were
embedded in LR White resin, and ultrathin sections (8-
90 nm) obtained with glass knife in ultramicrotome Sorvall
MT2-BMT2-B were stained with 1 % aqueous uranyl acetate
and lead citrate (Reynolds 1963) and examined under the
Zeiss EM 109 transmission electron microscope.

Cytochemistry
Carbohydrates

Some ultrathin sections of salivary glands were transferred to
copper grids, incubated in 1 % periodic acid for 20 min, and
washed in distilled water. Subsequently, the samples were trans-
ferred to 0.2 % thiosemicarbazide solution for 30 min, washed in
10 % acetic acid solution (Thiery 1967), and examined under the
Zeiss EM 109 transmission electron microscope.

Acid phosphatase

Salivary glands were dissected and transferred to glutaralde-
hyde—paraformaldehyde 1 % (v/v) in 0.2 M sodium cacodylate
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buffer at pH 7.2 for 4 h at room temperature. Then, the salivary
glands were washed in 0.1 M sodium acetate buffer (pH 4.8) and
incubated in 0.01 M sodium [-glycerophosphate solution in
sodium acetate buffer (0.1 M, pH 5.0) containing 2.5 mM lead
nitrate for 45 min at room temperature (Tyder and Bowen 1975).
Samples were post-fixed in 1 % osmium tetroxide for 2 h at
room temperature, followed by washing in 0.1 M sodium
cacodylate buffer, dehydrated in 70° ethanol, and then em-
bedded in LR White resin. Ultrathin sections were stained
with 1 % aqueous uranyl acetate and lead citrate (Reynolds
1963) and examined under the Zeiss EM 109 transmission
electron microscope.

Lipids

The salivary glands of P. nigrispinus were dissected and
transferred to 2.5 % glutaraldehyde in 0.2 M sodium
cacodylate buffer (pH 7.2) containing 0.2 M sucrose for 4 h
at room temperature. Then, salivary glands were washed in
sodium cacodylate buffer for 10 min and 0.1 M imidazole
buffer (pH 7.5) for 10 min. The glands were post-fixed in
2 % osmium tetroxide in 0.1 M imidazole buffer for
30 min at room temperature in dark (Angermiiller and
Fahimi 1982). After further washes in imidazole buffer,
the samples were dehydrated in 70° ethanol and embedded
in LR White resin. Ultrathin sections were stained with
1 % aqueous uranyl acetate and lead citrate (Reynolds
1963) and examined under the Zeiss EM 109 transmission
electron microscope.

Proteins

The salivary glands were dissected and transferred to 2.5 %
glutaraldehyde in 0.2 M sodium cacodylate buffer (pH 7.2)
containing 0.2 M sucrose. The glands were washed in distilled
water and incubated in a 0.15 % ammoniacal silver solution
for 5 min at room temperature. Next, the glands were trans-
ferred to 3 % formaldehyde for 5 min and washed in distilled
water. Subsequently, the samples were washed in 0.1 M im-
idazole buffer (pH 7.5) (McRae and Meetz 1970), followed by
dehydration in a graded ethanol series. The glands were
embedded in LR White resin and the ultrathin sections were
stained with 1 % aqueous uranyl acetate and lead citrate
(Reynolds 1963) and then examined under the Zeiss EM
109 transmission electron microscope.

Results

The salivary system of P. nigrispinus consisted of a pair of
principal salivary glands and a pair of accessory salivary
glands extending from the prothorax to the metathorax, which
were translucent in saline solution for insects.

The principal salivary glands were bilobed, containing
the anterior lobe smaller than the elongated posterior lobe
(Fig. 1). The anterior lobe is a semi-oval shaped with a
short projection into the insect head and enlarged toward
the posterior lobe (Fig. 1). The posterior lobe was located
in prothorax, and it was more enlarged at the junction with
the anterior lobe and sharper at the posterior end (Fig. 1).
In the hilus between the anterior and posterior lobes, a
narrow salivary duct was inserted (Fig. 2), which connected
inside the head with the salivary duct of the other pair of
principal salivary gland to form a single salivary duct that
opens in the mouthpart stylet.

Accessory salivary glands were tubular and narrower
than the principal salivary glands (Fig. 1), opening by a
long and narrow glandular duct in the hilus of the principal
salivary gland (Fig. 2). In the portion near the hilus, the
duct of accessory salivary gland had a regular U-shaped
fold (Fig. 2).

Figs. 1, 2 Scanning electronic micrographs of salivary glands of P.
nigrispinus (Hemiptera: Pentatomidae): / General view showing princi-
pal gland (PG) and accessory gland (4G). 2 Detail of hylus between
anterior (A7) and posterior (P7) lobes with ducts of accessory gland (DA4)
and principal gland (DP)
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Principal salivary glands

The epithelium of the principal salivary gland had a single
layer of cubic or columnar cells (Figs. 3, 4). with one or two
well-developed spherical nuclei with a predominance of
uncondensed chromatin and evident nucleolus (Fig. 4). The
cytoplasm showed homogeneous aspect with few granules.
The lumen content was homogeneous and acidophill (Fig. 4).
Externally, the principal salivary glands were coated with a
thin basement membrane (Fig. 4).

In the anterior lobe of the principal salivary glands, the
basal portion of secretory cells had short plasma membrane
infoldings that formed large canals (Fig. 5) associated with
mitochondria. The cytoplasm had a high amount of rough
endoplasmic reticulum (Figs. 6, 7), Golgi apparatus, and
vesicles with electron-dense core and an electron-transparent
periperical halo (Fig. 8) similar to the luminal content (Fig. 6).
Mitochondria were numerous and well developed, with many
tubular cristae that resulted in a multivesicular compartment
bounded by double membrane (Fig. 7). The nucleus was
median and irregular with uncondensed chromatin and well-
developed nucleolus (Fig. 9). The apical surfaces of the se-
cretory cells had narrow, short, and irregular plasma mem-
brane foldings (Fig. 5). The luminal content was granular and

Figs. 3, 4 Histological sections of salivary glands of P. nigrispinus
(Hemiptera: Pentatomidae). 3 Anterior lobe of principal gland showing
columnar epithelium (Ep ) with well-developed nucleus () and basophil-
ic cytoplasm (Cv). Note acidophill gland content in the lumen (L). 4
Posterior lobe of principal gland showing cubical epithelium (Ep) with
some cells containing two nucleus (#) and basophilic cytoplasm (Cy)
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electron-dense. Cytochemical tests showed positive reactions
for carbohydrates near the electron-dense granules (Fig. 9) and
for protein in the electron-dense granules (Fig. 10). The cyto-
chemical tests for lipids and acid phosphatase were negative in
the anterior lobe of the principal salivary gland tissues.

In the posterior lobe of the principal gland, the basal region of
the secretory cell was similar to that found in the anterior lobe,
with short plasma membrane infoldings associated with mito-
chondria that formed large canals (Fig. 11). The cytoplasm was
rich in rough endoplasmic reticulum, Golgi complex, mitochon-
dria with many cristae, and vesicles with granular content
(Fig. 12). The well-developed nucleus showed a predominance
of uncondensed chromatin and multiple nucleoli. The apical
surface of the cell was characterized by numerous narrow and
long microvilli, reaching the luminal content that showed lower
electron density in comparison with the luminal content of the
anterior lobe (Fig. 13). Cytochemical tests showed positive reac-
tions for acid phosphatase in vacuoles of different sizes (Fig. 14).
Lipids were found in the apical cytoplasm (Fig. 15), and proteins
were scattered in the cytoplasm with a high concentration in the
basal cell region close to the rough endoplasmic reticulum
(Fig. 16). Carbohydrates were weakly identified in these cells.

The secretory cells of both anterior and posterior lobes
were onto a thin basal lamina that had an extensive amount
of trachea and lacked muscle cells (data not shown).

Accessory salivary glands

The epithelium of accessory salivary glands was composed of
columnar cells lining a narrow lumen, whose content
remained unstained by hematoxylin and eosin staining
(Fig. 17). The cytoplasm of secretory cells of the accessory
salivary gland had large vacuoles with electron-transparent or
electron-lucent content (Fig. 18), rough endoplasmic reticu-
lum, and mitochondria (Fig. 19). The irregular nucleus
showed a predominance of uncondensed chromatin and nu-
cleoli. The basal surface of the cell was characterized by the
plasma membrane infoldings (Fig. 20). The apical surface of
the glandular cell had narrow and short microvilli (Fig. 21).
The secretory epithelium was onto a thin basal lamina rich in
trachea. Cytochemical tests showed positive reactions for
lipids that were homogeneously distributed in the cytoplasm
(Figs. 21, 22) and proteins in the lumen and extracellular
spaces (Fig. 23).

Discussion

The salivary system of P. nigrispinus is formed by a pair of
principal salivary glands and accessory salivary glands, with
anatomy similar to that described for Podisus distinctus (Castro
et al. 2013), Brontocoris tabidus (Heteroptera: Pentatomidae)
(Azevedo et al. 2007). and other Pentatomidae (Baptist 1941),
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Figs. 5-10 Transmission
electronic micrographs of
secretory cells of anterior lobe of
principal salivary gland P.
nigrispinus (Hemiptera:
Pentatomidae). 5 Basal cell
region showing plasma
membrane infoldings (/n). Note
peritoneal sheet with trachea (7).
6 Apical cell region showing
irregular cell surface (arrows)
with electron-dense secretory
vesicles (J&). 7 Perinuclear
cytoplasm with rough
endoplasmic reticulum (Rer) and
mitochondria (M) with tubular
cristae. 8 Irregular nucleus (N)
with decondensed chromatin and
well-developed nucleolus (Nu). 9
Cytochemical test for
carbohydrate showing granules
(arrows) in the cytoplasm. /0
Cytochemical test for protein
showing positive reactions
(armows)

suggesting a similar anatomical pattern for Pentatomidae.
However, variations have been reported for other Hemiptera such
as Belostoma lutarium (Belastomatidae) (Swart and Felgenhauer
2003), Cimex hemipterus (Cimicidae) (Serrdo et al. 2008),
Karenia caelatata (Cicadidae) (Zhong et al. 2013), Mahanarva
posticata (Cercopidae) (Roma et al. 2003), and Triatominae
species (Lacombe 1999; Weirauch and Schuh 2011). Although
the morphological diversity of the salivary glands may be due
to different feeding habits of Hemiptera, with zoophagous,
phytophagous, zoophytophagous, phytozoophagous, and he-
matophagous species (Miles 1972; Terra and Ferreira 1994;
Cohen 1995; Zeng and Cohen 2000), the anatomy of these
glands in Pentatomidae seemed more related to the phylogeny
because phytophagous Pentatomidae (Baptist 1941) have sal-
ivary glands similar to those of predators Brontocoris tabidus
(Azevedo et al. 2007), P. distinctus (Castro et al. 2013), and
P. nigrispinus.

The principal salivary glands of P. nigrispinus does
not have muscle cells attached to its wall, suggesting
that saliva-releasing mechanism in P. nigrispinus occurs
with the participation of some thorax muscles, as re-
ported for secretion release of head glands in termites
(Santos et al. 2005).

The accessory salivary glands of P. nigrispinuns are tubu-
lar, with a narrow lumen and a duct that opens in the hilus
between the two lobes of principal salivary gland such as that
in Brontocoris tabidus (Azevedo etal. 2007) and P. distinctus
(Castro et al. 2013), suggesting that secretion produced in
accessory glands is transported to the lumen of the principal
salivary gland. Opening of the accessory salivary gland duct
in the principal gland has been reported in other Hemiptera,
indicating that the composition of the saliva can be mixed
continuously (Terra and Ferreira 1994; Cohen 1995; Zeng and
Cohen 2000; Swart and Felgenhauer 2003; Zhong etal. 2013).

@_ Springer
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Figs. 11-16 Transmission
electronic micrographs of
secretory cells of posterior lobe of
principal salivary gland of P.
nigrispinus (Hemiptera:
Pentatomidae). // Basal cell
region showing enlarged
extracellular canals resulting from
basal plasma membrane
infoldings (/n) which extend to
perinuclear cytoplasm rich in
rough endoplasmic reticulum
(Rer). 12 Perinuclear cytoplasm
with well-developed
mitochondria (M) and secretory
vesicles (Jé). /3 Apical cell
surface with narrow microvilli
(Mv) and electron-dense gland
content in the lumen (L). /4
Cytochemical detection of acid
phosphatase (arows) in the
digestive vacuoles. /5
Cytochemical detection of lipids
(Li). 16 Cytochemical detection
of proteins in the cytoplasm
(arrows)

The morphology of salivary glands of P. nigrispinus sug-
gests that there are three regions responsible for saliva pro-
duction: anterior and posterior lobes of principal salivary

20um

—

Fig. 17 Histological section of accessory salivary gland of P. nigrispinus
(Hemiptera: Pentatomidae): Cubic epithelial cells (Ep) with well-devel-
oped basal nucleus (N) and enlarged extracellular space (arrows). Note
narrow lumen (L)

@_ Springer

gland and accessory salivary gland because the occurrence
of glandular epithelium with columnar or cubical cells in the
three gland regions are indicative of cells with high metabolic
rate (Del Bene et al. 1991; Ghanim et al. 2001; Reis et al.
2003; Sais et al. 2003; Oliveira et al. 2006; Azevedo et al.
2007; Serrao et al. 2008).

The presence of basal plasma membrane infoldings asso-
ciated with mitochondria and formation of large canals as well
as the presence of carbohydrate reserves demonstrated by
cyvtochemical test in the cells of anterior and posterior lobes
of the principal salivary glands of P. nigrispinus suggests high
transport of substances from the hemolymph. Cells with struc-
tural organization are commonly found in the epithelia, which
plays an active role in the transport of substances (Alberts
et al. 2010), where glycogen is the primary fuel source for
ADP to ATP conversion in the mitochondria (Nelson and Cox
2008). Furthermore. cytoplasms rich in rough endoplasmic
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Figs. 18-23 Transmission
electronic micrographs of
secretory cells of accessory
salivary gland of P. nigrispinus
(Hemiptera: Pentatomidae). /8
General view of secretory cell
showing nucleus (V) and
clectron-lucent granules (Gr). 19
Basal cell region showing nucleus
(N) with decondensed chromatin
and perinuclear cytoplasm rich in
rough endoplasmic reticulum
(Rer). 20 Secretory cell with
electron-lucent and electron-
dense granules (Gr) and irregul
plasma membrane foldings
(arrow). 21 Apical cell surface
with short microvilli (Mv) and
electron-lucent granules (Gr).
Inset, detail of electron-lucent
granule. 22 Cytochemical
detection of lipids (Li). 23
Cytochemical detection of protein
(Pr)

reticulum and granules containing proteins indicate the occur-
rence of protein synthesis. Protein secretion by principal
salivary glands has been reported for other Hemiptera (Miles
1972; Cohen 1998; Swart and Felgenhauer 2003; Nunes and
Camargo-Mathias 2006; Azevedo et al. 2007; Serrdo et al.
2008; Fialho et al. 2012; Zhong et al. 2013), showing that the
function of the principal salivary glands is conserved in these
insects, regardless of their feeding habits.

Epithelial cells of accessory salivary gland of P. nigrispinus
have ultrastructure suggesting involvement in the transport of
substances from hemolymph and proteins secretion. This is an
intriguing finding, as the narrow lumen of this gland makes it
unlikely to store substances that may be constitutively released
in the lumen of the principal salivary glands because the duct of
the accessory salivary gland opens in the hilum between the
anterior and posterior lobes of the principal salivary gland.
Thus, our model suggests that the accessory salivary gland of

P. nigrispinus has a different function from that suggested by
Miles and Slowiak (1976), who pointed out that this gland
plays a role in addition of water to saliva.

Cytochemical differences in the quantity and distribution
of carbohydrates, acid phosphatase, lipids, and proteins were
found in the secretory cells of the anterior and posterior lobes
of the principal and accessory salivary glands of P.
nigrispinus, indicating that different substances in different
quantities are produced in these gland compartments. The
salivary gland complex of predatory stink-bugs is important
in the production of enzymes required for extra-oral digestion
(Swart and Felgenhauer 2003; Azevedo et al. 2007). In pred-
atory bugs, the principal salivary glands may play a role in the
production of digestive enzymes that cause liquefaction of
prey body for its ingestion, which characterizes extra-oral
digestion (Cohen 1990, 1995, 1998; Mohaghegh et al. 2001;
Eubanks et al. 2003). However, in P. nigrispinus, the only
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digestive enzyme present in the salivary glands is col-
lagenase (Fialho et al. 2012). Thus, the cellular apparatus
for protein synthesis in the principal salivary glands of P.
nigrispinus synthesizes other proteins/peptides than digestive
enzymes.

The diversity of substances produced by the salivary glands
of P. nigrispinus suggests that this predator can feed on large
numbers of prey. Moreover, the complexity of the saliva
compounds, functional morphology of ingestion organs, and
the ecological implications of insect biology need additional
studies to extend our understanding of salivary gland function
in the feeding behavior as well as in the production of sub-
stances responsible for prey paralysis and death.
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Abstract

Podisus nigrispinus Dallas (Hemiptera: Pentatomidae) is a zoophytophagous
insect with potential for biological control because niilsand adults prey on several
insects by inserting their mouthparts and injecting the sgligland contents in the
prey, killing them. However, the toxic compounds from the/aaof this insect that is
responsible for the death of the prey remains unknowis. gtudy identified the saliva
compounds of P. nigrispinus responsible for the death of theArggmmatalis. The
saliva of P. nigrispinus treated with enzyme inhibitors, protemdeacted with ether
caused mortality after injection in A gemmatalis larvaiWwiCso= 1.91 pL and LGy =
4.34 uL of the saliva extract. The fractions of salivaaettin ether phase responsible
for mortality of A. gemmatalis were identified to be Njinethylaniline and 1,2,3-
trithiepane, and the injection of the former compounN-8imethylaniline showean
LCsp = 136.1nL andLCgy = 413.8 nL, suggesting that this non-proteineous compound

is responsible for the toxicity of P. nigrispinus saliva.

Keywords: Asopinae, N,Mimethylaniline, predator, salivary glands, venom, 1,2,3-

trithiepane
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Introduction

Podisus nigrispinus Dallas (Hemiptera: Pentatomidae) is a zoophytophagous
insect used in the biological control in agriculture am@s$try in America (Cohen 1990;
Medeiros et al. 2000; Lemos et al. 2001; Mohaghegh et al. 2BOh)grispinus is used
in the biological control for defoliating pests such Axgicarsia gemmatalis Hibner
(Lepidoptera: Erebidae), Alabama argillacea Hubner, Spodoptera exigua Haibter
Trichoplusia ni Hubner (Lepidoptera: Noctuidae) (Mohaghegh et al. 200deiMs et
al. 2003; Ferreira et al. 2008; Neves et al. 2010; De Bortdli 2041).

The feeding strategies and extra-oral digestion have dieeied for the species
of the predatory Hemiptera Belostoma lutarium Stal (Belostomatid2eraeocoris
nebulosus Uhler (Miridae), and Podisus maculiventris Say (Pentatgmi@aden
1995; Boyd et al. 2002; Swart et al. 2003; Bell et al. 2005). Pemtide predators
insert their mouthparts into the body of the prey anécingaliva, causing rapid
paralysis and death of the prey (Cohen 1990), followed bysiiogeof the prey body
content (Lemos et al. 2005a; 2005b; Azevedo et al. 2007). Th#ygiarand death of
the prey have been attributed to the action of digestiveymes produced by the
salivary glands and released within the prey (Schmidt 1982; CAdB60). The
cytochemical and ultrastructural analysis the principdl @cessory salivary glands of
P. nigrispinus revealed high secretary activity of the proteidsodher compounds in
the saliva (Martinez et al. 2014). However, Fialho et al (26ifgd that the salivary
glands of this insect contain no digestive enzymes,péxoe collagenase, which could
be used to rupture the internal organs of the prejitéaing its ingestion. The salivary
glands compounds responsible for the death of the preynkr@wn in P. nigrispinus
and other hemipteran predators.

The venoms of arthropods have insecticidal activity agalifferent pests of
economic importance (Escoubas et al. 1995; Parkinson 20@2; Zhang et al. 2005;
Baek et al. 2011). Venom is a toxin produced by glands thajeisted into another
organism through a specialized apparatus, which can immobilizié thre prey (Blum
1978; Schmidt 1982). Venoms of some Hemiptera, Hymenoptera, ardbpegra have
been isolated, identified, and evaluated against other ingattgestebrates (Ramos et
al. 2004; Zhang et al. 2005; Sahayaraj and Muthukumar 2011). Tiséetraf venom
into insects can be active like in Hymenoptera througting and like in Hemiptera

through mouthparts; it may also occur passively like in Lep&laptarvae through
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bristles, spines, or hairs, which transfer the venombweidily contact with the prey
(Schmidt 1982).

The venoms of insects have been described chemicalbngsocinds containing
alkaloids, terpenes, polysaccharides, biogenic amines, orgeidis, and amino acids
(Blum 1978), although the main components are peptides, oligdpgpand proteins
(Schmidt 1982; Calvete et al. 2009).

The identification of the venomous substances in theasaf P. nigrispinus is
important to comprehend the toxic activity responsible tfee prey death by the
predator. The present study therefore attempted to idehefgalivary compounds of

this predator responsible for causing death of the prey.

Material and methods

Insects

Adults of P. nigrispinus were obtained from mass rearing in the Labaraté
Controle Biolégico do Instituto de Biologia Aplicada a &gitura e Pecuéria
(BIOAGRO, Universidade Federal de Vicosa, Minas Gerais, ilBrathey were
maintained at 25 + 2 °C at 75 + 5% relative humidity and 1hdigphase. The insects
were kept in wooden cages (30 x 30 x 30 cm) coated with nylon arsd gtovided
with ad libitum Tenebrio molitor (L.) pupae (Coleoptera: Tenebrionidaagalyptus
grandis (W. Hill ex. Maiden) leaves ad libitum and water (Leni@d. 2001).

Larvaeof A. gemmatalis were obtained from a laboratory colorB6at 1 °C at
75 + 5% relative humidity and 12-h photophase, and placedlystpene boxes (15 x
9 cm). The larvaevere fed on artificial diet containing 10 g agar, 15.6 g brewer’s yeast,
25 g wheat germ, 25 g soy protein, 31.2 g minced beans, 12.5 g aawtia,5 mL
vitamin solution (1.2% ascorbic acid, 0.03% calcium pantoteeni015% niacin,
0.008% riboflavin, 0.004% thiamin, and 0.004% HCI) (Greene et al. 1976).

Adult males of P. nigrispinus and fifth instar larvae of A geratis without

amputations or malformations were used in the bioassaysltegmof size and weight.

Preparation of samples of salivary extract of P. nigrispinus
Males of P. nigrispinus (n = 80®ere anesthetized at —4 °C, and the salivary
glands were dissected in the saline solution for isgg€ci M NaCl, 0.1 M KHPOy, 0.1

20



M Na;HPQy) and transferred to four glass vials containing RQOof distilled water.
The salivary glands were macerated and centrifuged at 10000 4<§Cafor 20 min.
The supernatant was removed and stored at —18 °C for bioassays, constituting the

agueous extract of saliva.

Inhibitors
The aqueous extract of saliva of P. nigrispinus (100 pL) was dilotédad pL

of protease inhibitor cocktail (P2714; Sigma-Aldrich, St. LoUiSA) and other 100 pL
of aqueous extract of saliva in 100 pL proteinase K for the dagioa of proteins and
peptides. The aqueous extract of saliva with protease inh#idmproteinase K were
used as treatments, with 2.7 pL injected into A gemmataligé using a glass
microcapillary with micropipette. As controls, 2.7 pL miotease inhibitor, proteinase
K, and distilled water were injected. Fifteen larvae ofgdammatalis were used for
every treatment and, after injection, these insectg welividualized in Petri dishes (9
cm diameter) with artificial diet, and the mortahtyas recorded for 7B.

Preparation of proteinaceous and non-proteinaceous extract of P.igmispinus
saliva

The aqueous extract of saliva of P. nigrispinus (200 uL) was dilot2dd pL
of petroleum ether. The petroleum ether phase waddreew to a glass vial, air dried,
and re-suspended in 200 pL distilled water. A 2.7-uL volumextfacts from the
agueous phase, ether phase, aqueous+ether phases mindutistidled water (control)
was injected n A gemmatalis using a micropipette. Fifteen larvae of A.rgatalis for
every treatment were used, individualized in Petri dis®egnf diameter) with an

artificial diet, and the mortality was evaluated forh72

Mortality bioassay on A. gemmatalis larvae

Non-proteinaceous extract (200 uL) of P. nigrispinus saliva re-suspdraim
ether phase was obtained as described. Saliva extramh@@ntrations 1, 2, 3, 4, and 5
puL (adjusted to a 5-uL final volume) and 5 pL distilledtevacontrol) were used to
determine the lethal concentration dgCand LGy, Solutions with different
concentrations were injected in A gemmatalis larvae usimgicaopipette, and the

insects were individualized in Petri dishes with an aréfi diet. Forty larvae per

21



concentration were used, and the mortality was recorded’Zoh after injection

following correction for natural mortality accordingAdbott (1925).

Purification of non-proteinaceous compounds of P. nigrispinus saliva

The salivary extract of P. nigrispinus (200 pL) at the ether phaseair dried,
re-suspended in 10 mL of 0.05% (v/v) agueous formic acid, andonact by reverse
phase high-performance liquid chromatography (RP/HPLC; Shimad20A) using
the Vyda& C18-218TP54 column (5 x 250 mm; Deerfield, USA) equilibrated with 0.05
% (v/v) agueous formic acid. The concentration of aceitenih the eluting solvent was
raised to 550% over 30 min using a linear gradient at a flow rate of 1 miL/mi
Absorbance of the column effluent was monitored at A = 214 nm and the fractions (1
mL) were collected at 1-min intervals. The fractions wes#ected at their retention
peak and used as test solutions for the toxic activity tkestilled water was used as
control. A 3.7-uL aliquot was injected in A. gemmatalis d&rwsing a micropipette.
Fifteen larvae were used per concentration and individedhliz glass vial (2.5 x 15 cm)
with a 10 g artificial diet. The mortality was recordactey 24 h for 10 days or up the
change from larval to pupal stage, and the natural nigrieds corrected according to
Abbott (1925).

Identification of toxic non-proteinaceous compounds of P. nigrispinus saliva

The toxic fractions for A gemmatalis larvae were lyophdizend resuspended
in 10 pL dichloromethane at 9:1 proportion (v/v). The analysse performed using a
gas chromatograph coupled with a mass detector CG/MS (CGRIS5050A;
Shimadzu). For each fraction, 1 pL aliquot was injected irsphiéless mode, helium
was used as the carrier gas with a flow rate constatt7omL™ onthe Rt-5MS
capillary column (30 m, 0.25 mm x 0.25 um; Bellefonte, USA) using the Crossbond®
stationary phase (35% diphenyb5% dimethyl polysiloxane). The initial temperature
of injector and detector was 25 °C for 2 min, with a prograteegerature of 1 to 230
°C°/min, increasing by 3 °C every 60 min. The mass spectromeie programmed to
detect masses in the range of@390 Da with 70 eV ionization energy. The compounds
were identified by comparisons of the mass spectra Wiiket available in the Wiley

Spectroteca Data Bas€e"(&dition) and by the Retention indices.
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Mortality bioassay of commercial substance on A. gemmatalis larvae

The N,N-dimethylaniline compound identified in the saliva ohigrispinus was
obtained from Sigma-Aldrich. Six different concentraicof N,N-dimethylaniline and
the control (552 nL distilled water) were adjusted in voluand used to calculate the
lethal concentration L& and LGo 18.4, 36.8, 69, 138, 276, and 552 nL. The
concentrations were injected into the body of A gemrnsatddrvae using a
microinjector (Nanoject Il auto nanoliter, Drummond SciantCo., USA), and the
larvae were individualized in Petri dishes with an ardfidiet. Ninety larvae were used
for each concentration and the mortality was evaludted72 h after injection,

following correction according to Abbott (1925).

Statistical analyses

The mortality data for inhibitors, phases (aqueous, etn&t, aqueous+ether),
and saliva fractions were transformed with the forr~/x-+QOE and analyzed for
one-way ANOVA. A Fisher Leans Significant Differencett@sSD) was also used for
comparisons of the means in the bioassays at 5% signeéidamel using SAS User
software (v. 9.1) for Windows (SAS 2002). Thesk@r LCyoand their confidence limits
were determined by logistic regression in deossponse assays based on the
concentration probitmortality (Finney 1964), with the program XLSTAT-PRO (v. 7.5)
for Windows (XLSTAT 2004).

Results

The aqueous extract of P. nigrispinus saliva showed mortalitinsigé.
gemmatalis larvae. To determine whether the substandée isaliva of the predator
responsible for the mortality of A gemmatalis were ereyymhe salivary extract
containing protease inhibitor cocktail showed 92.29% mortafitarvae. The larvae of
A gemmatalis injected with the salivary extract, whose pmstaind peptides were
degraded by proteinase K, showed 84.11% mortality, whereasutie extract of P.
nigrispinus saliva without the addition of protease inhibitors oreprase K showed
96.25% mortality. The larvae mortality was 13.58, 7.03, and 7,088pectively, with

water, protease inhibitors, and proteinase K (Figure 1). dlneasy aqueous extracts of
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P. nigrispinus, processed with protease inhibitors and degraded wittinpse K,

showed toxic effect on A gemmatalis larvag (/= 33.67, P < 0.05).
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Fig 1. Mortality (Mean + SD) of Anticarsia gemmatalis larcaeised by the saliva of
Podisus nigrispinus (Hemiptera: Pentatomidae) in aqueous extract votbage

inhibitor and proteinase K. Letters in columns indicagmificant differences by LSD
test (P < 0.05).

The salivary gland extract of P. nigrispinus separated ingheaas, ether, and
aqueous+ether mixture phases showed significant mortalitc gemmatalis larvae
(Fi14 = 16.02, P < 0.05). The ether and mixture (agueous+ether) pbhsesd
mortality for A gemmatalis of 80.02% and 93.32%, respectivaith the values were
higher than that for the aqueous extract and control (3382%6.60%, respectively,
mortality) (Figure 2).
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Fig. 2. Mortality (Mean = SD) of Anticarsia gemmatalis E@vcaused by salivary
compounds of Podisus nigrispinus (Hemiptera: Pentatomidae) in wtter,phase and

agueous+ether. Letters in the columns indicate signifiddierences by LSD test (P <
0.05).

The doseresponse bioassay to different concentrations ofalieasy extract of
P. nigrispinus in the ether phase on A gemmatalis showed besigt ne the
concentration of 4 pL of salivary extrg& = 0.94, P < 0.001), with Lgg = 2.04 pL for
24 h and LGy = 3.27 after 36 h (Table 1). Concentrations below 4 pL indhee
symptoms of intoxication in AL gemmatalis larvae as progregsaralysis, low food

consumption, regurgitation, and necrosis in the bodg amgcted with the salivary

ether extract.
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Table 1. Lethal Concentration of the extract in detrm ether phase of the saliva of
Podisus nigrispinus (Hemiptera: Pentatomidae) on Anticarsia gemmatsés at 72 h

after injection and estimated in probit values

Concentration Estimated value (uL) 95% Confidence limits ~ X* P>F
(df=3) Lower Upper
LCso 2.04 0.67 2.59 98.85 <0.0001
LCgo 3.27 2.56 4.97
LCoys 3.74 3.02 4.97
LCyo 4.81 3.71 17.3

The salivary glands extract of P. nigrispinus from ether segmrated in five
fractions (FEF5) (Figure 3). These fractions were injected in A gemnsakaivae and
showed significant mortality response; (F= 3.75, P < 0.05), with F3, F4, and F5
fractions showing toxic effect than the F1 and F2 fomdi(Figure 4). The mortality for

the control was <0.1%.
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Fig. 3 HPLC chromatogram profile of peak retention of fractiand compounds of the

venom of Podisus nigrispinus (Hemiptera: Pentatomidae).
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Fig. 4. Mortality (% = SD) of Anticarsia gemmatalis lanaiter 10 days injected with
fractions that compose the venom of Podisus nigrispinus (Hemiferdaatomidae).
Means followed by different letters in the column difiiyy LSD test (P < 0.05)

The F3, F4, and F5 fractions of the salivary glands extfae. nigrispinus were
identified as hydrocarbons; the F3 and F4 fractions spomded to N,N-
dimethylaniline (GH1iN) and 1,2,3-trithiepane (BsS;3), respectively (Table 2),

whereas the F5 fraction, with a retention time of 39.9Q mas not identified.

Table 2 Chemical composition of the fractions of extract afivary glands Podisus

nigrispinus (Hemiptera: Pentatomidae) toxic to Anticarsia gemmatalis

Fraction Compound MM  Formula RI Ri Rt m/z
F3 N,N-dimethylaniline 121 CgHiyN 125 942 16.61 120.15
F4 1,2,3-trithiepane 152 C4HsS;  17.2 1263 29.49 152
F5 n.s - - 1.60 641 39.90 31

MM - Molecular mass, RI - Relative intensity, Ri - R#ten indices, Rt - Retention

time, m/z - Molecular weight

N,N-dimethylaniline was found commercially and its toxic efedh A

gemmatalis were studied at different concentrations (Tablédi@her mortality was
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obtained with the injection of 552 nL of N,N-dimethylanilire’ (= 0.84, P < 0.001),
with estimated LG and LG of 136.1nL and 413.8 nL, respectively. In this treatment,
A gemmatalis larvae showed symptoms of intoxication andosiscat concentrations
below 552 nL (Figure 5). The lethal time calculated for 368 138, and 276 nL
concentrations was 36 h for k§&&and 48 h for LGo. The mortality of A. gemmatalis was

99% for all N,N-dimethylaniline concentrations after 72 h.

Table 3 Lethal concentration of N,N-dimethylaniline in Anticarsiargeatalis larvae at

72 h after injection and estimated in probit values

Concentration _ 95% Confidence limits 5
Estimated value (nL) X P>F
(df=3) Lower Upper
LCso 136.1 3.28 234.4  136.55 <0.0001
LCqo 413.89 343.64 520.25
LCos 531.23 441.06 667.73
LCoo 751.33 623.80 944.38

Fig. 5 Time-course of N,N-dimethylaniline on Anticarsia gemrtiatdarvae after

injection. Sequential necrosis effects at 2 hours (Ahd@és at LG (B), and 48 hours

at LGy (C). Injection point (arrows
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Discussion

The saliva of P. nigrispinus treated with protease inhibitors agchded by
proteinase K showed toxic activity for A. gemmatalis larvaelicating that the
compounds responsible for the prey death during P. nigrispinusndeede not
proteineous. The saliva of predatory stink bugs has beentedpor contain enzymes
required for extra-oral digestion (Terra and Ferreira 199¢grt and Felgenhauer 2003;
Azevedo et al2007). The action of these digestive enzymes in the salipaedatory
Hemiptera has been assumed to promote internal preyfdjiosm for posterior
ingestion (Cohen 1990; 1993; 1999ohaghegh et al. 20QXEubanks et al. 2003);
however, collagenase was the only digestive enzyme foune isalivary glands of P.
nigrispinus (Fialho et al. 2012). In addition, proteins and pepiidéee saliva that acts
as venoms have been reported in the Heteroptera specreiite paralysis and death
in prey. Belostomatidae and stink bugs Reduviidae contaitktail of proteins in the
saliva, which play a role as a potent venom of immedeitel action for vertebrates
(Silva-Cardoso et al. 2010) and invertebrates (SahayanaghjKanna 2009; Silva-
Cardoso et al. 2010; Sahayaraj and Muthukumar 2011). Howeves, déhdier studies
reported that the action of proteins in prey death isicesdrto the identification of
protein profiles present in the saliva and their toxicotféa different prey, whereas our
study showed that the toxic compounds in the P. nigrispinus saliveotigroteins or
peptides.

The mortality of A. gemmatalis was high with the P. nigrispsais/a extracted
with the petroleum ether phase and with the agueous+gtiase mixtures, which are
low molecular weight substances such as aromatic compa@unmtblydrocarbons. The
mortality of A gemmatalis larvae injected with the salvagueous extract containing
only proteins, obtained after extraction of other coumus with ether and enzyme
treatment, was lower as compared to that with the congsoobtained after extraction
with ether phase and for the mixture of the two extragtéich demonstrates that the
venomous effect of P. nigrispinus saliva is not due to proteins aptidgs
corroborating our the previous test results. The low cutde weight and short carbon
chains venom components of insects have been reportedueifethal and sublethal
effects, such a#pis cerana Fabricius (Hymenoptera: Apidae) (Schmidt et al. 1997),
Galerita lecontei Dejean (Coleoptera: Carabidae) (Rossini et al. 1&9F)Polistes

sulcifer Zimmermann (Hymenoptera: Vespidae) (Bruschini and Cervo 2dbWever,
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in these insects, the venom is produced by specialized velaomsgother than the
salivary glands.

Different concentrations of P. nigrispinus saliva extracted wedtter showed
toxic effect on A gemmatalis larvae between 12 and 36 mmje€tion. The dose
response bioassay indicated toxicity for A. gemmatalis witheasing concentrations
and 90% mortality. Increasing concentrations of substaisodsted and injected into
lepidopteran larvae, showed immediate toxic responses Irapplication (Beard
1963; Boyd et al. 2002; Baek et al. 2011; Sahayaraj and Muthuk20td). The LG
(2.04 pL) and LG (3.27 pL) of P. nigrispinus saliva indicates that low amounts of
toxic substances present in the saliva kil A gemmataliee %alivary glands of
Belostoma lutarium Stal, Lethocerus uhleri Montandon (Belostonedfidl@eraeocoris
nebulosus Ulher, Deraeocoris nigritulus Ulher (Miridae), Zelus renardé@nét, and
Rhynocoris marginatus Fabricius (Reduviidae) produce large volurhesaliva
containing toxic substances with the potential to rapidly laige invertebrates and
vertebrates (Cohen 1993; Boyd et al. 2002; Boyd 2003; Swart2€04).

In this study, three fractions of P. nigrispinus saliva demnatest toxic activity
against A gemmatalis and two compounds were identified aslisBkhylaniline and
1,2,3-trithiepane. Injection of N,N-dimethylaniline (DMA) causetbrtality of A
gemmatalis larvae (L§g = 136.1 nL). DMA is an organic chemical compound that is a
substituted derivative of aniline, consisting of a tertianyree group and dimethylamine
group attached to a phenyl group (Krieger 2010). DMA can modify eexyna N-
demethylation, N-oxidation, and N-hydroxylation as pathwaystlier formation of
toxic compounds in mammalian cells (Gorrod and Goodherman 1981). DMA a
xenobiotic compounds derived from N-demethylation, N-oxideaticand N-
hydroxylation has been implicated in the degradation of eagyamd with genotoxic,
teratogenic and carcinogenic activities (Hlavica and Kiinzelaglul993; Hover and
Kulkarni 2000; Taupp et al. 2006). DMA has been reported to axtphggostimulant
in Anthonomus grandis Boheman (Coleoptera: Curculionidae) and assecticide
solubilizer in Melophagus ovinus L. (Diptera: Hippoboscidae) by irsimgathe
penetration rate through the body cuticle (Webb 1946; Hedih £068).

The 1,2,3-trithiepane is a organic chemical compound syntkedinen 2-
chloretil disulfide by reacting with sodium sulfide andtdnecyclic closed chain
(Windhager et al. 2007). The synthesis of 1,2,3-trithiegané/ing organisms have

been reported from the metabolism of proteins rich in su#itk disulfide (Field and
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Foster 1970), and found in species Allium (Alliaceae) and BrassicasgiBaceae)
(Kubec et al. 1997). However, this is the first report loé bccurrence of 1,2,3-
trithiepane in insects.

Overall, the present study characterized the toxic sulEtgaresent in the saliva
of P. nigrispinus that are responsible for paralysis and deatbreyf The toxic
substance was identified to be non-proteinaceous competiésdimethylaniline and
1,2,3-trithiepane; this is the first report of these compsum insect saliva. The
findings raise the possibility of stink bug to produce aegacocktail of toxins, so that
the resulting venoms are highly efficient, as demotedraby biochemical and
toxicological tests. The presence of venom in the saiea evolutionary advantage for
a predator, resulting in efficient capture and diversificabf the prey. Overall, this
research presents insights to the study of the complefitthe venom and its
implications in the biology and ecology of the predator ttués importance in the

control of forest and agricultural pests.
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FINAL CONSIDERATIONS

The salivary system of P. nigrispinus consists of a pair otipal salivary
glands and accessory salivary with similar anatomydbdhbscribed for other predatory
Hemiptera. The principal salivary glands of P. nigrispinus areébéxlowith a short
anterior and a long posterior lobe, whereas the aagegkmds are tubular.

The cytochemical differences in the quantity and distiam of carbohydrates,
acid phosphatase, lipids, and proteins found in the segretdls of the anterior and
posterior lobes of the principal and accessory saligéagds of P. nigrispinus reveal
that different substances in different quantities caproeluced by these glands. This
indicates that the cellular apparatus of salivary glandthfe predator is involved in the
secretion of substances other than digestive enzymes.

Podisus nigrispinus saliva exposed to protease inhibitors and with its
proteins/peptides degraded by proteinase K demonstrated toxic yactgainst A.
gemmatalis larvae, indicating that the compounds respengibkhe death of the prey
during feeding of the predator are not proteineous. Differenterdrations of ether-
extracted predator saliva showed toxic effects on AL gemmatetigelen 12 and 36 h
after injection. This result supports the hypothesis ti@t-proteineous substances
produced in the salivary glands of the predator acts as vemkiththe prey.

In this study, three fractions showed toxic activity agasgemmatalis, and
two compounds were identified as N,N-dimethylaniline and 1,2/3e¢pane. Injection
of commercial N,N-dimethylaniline confirmed the mortalith & gemmatalis larvae.
The two non-proteineous compounds discovered in this stislgsrthe possibility that
this stink bug may produce a varied cocktail of toxins, resyin the production of a
highly toxic venom, as demonstrated by biochemical and toxjaabanalyzes.

In summary, this study evaluated the ultrastructure anctifumof the salivary
glands of P. nigrispinus. The knowledge of ultrastructuralcytachemical features of
the salivary glands and the presence of toxic compoundseirsdliva of this insect
enabled understanding the digestive functions and the misohanvolved in causing
death of the prey. This is the most detailed study of preytality caused by P.
nigrispinus, based on the findings of venom in the saliva. Thetifidation of P.
nigrispinus venom has future perspectives to the comprehensibe aid¢chanism of

action and direct effects on prey biochemistry, physiglagd immunology. Therefore,
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the implications of these findings may have several eajdins in toxicology,
biochemistry, and physiology of insects as well as in wgtdeding the predatgorey

interactions better for the development of efficient plswtogical and insecticides
agents.
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