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Abstract

We examined the salivary gland structure of the brown marmorated stink bug (Pentatomidae: Halyomorpha halys) and
developed methods for independent collection of watery saliva and sheath saliva. This stink bug has become a serious
invasive pest of agriculture in the United States and its saliva is largely responsible for the damage it causes. We determined
by protein gel analysis and shotgun proteomics that the suite of proteins comprising the sheath and watery saliva are very
distinct. Our results indicate that a substantial amount of sheath proteins are derived from tomato when stink bugs feed on
tomato fruit. Consequently, the sheath saliva is comprised of both insect and plant-derived proteins. Both sheath and
watery saliva possessed amylase activities, but polyphenol oxidase and glucose oxidase activities were not detected in
either saliva. Peroxidase activity was only detected in salivary sheaths, but only when stink bugs fed on tomato. Proteomic
analysis indicated that the peroxidase was likely of plant origin. We also determined that sheath saliva, but not watery saliva
elicited the jasmonate inducible defense gene proteinase inhibitor 2 (Pin2), but this induction was only observed when
sheaths had been collected from tomato. This indicates that the eliciting factor of the saliva is likely of plant origin. Lastly,
neither watery or sheath saliva affected the expression of the salicylate inducible gene pathogenesis related gene (Pr1a-P4).

Citation: Peiffer M, Felton GW (2014) Insights into the Saliva of the Brown Marmorated Stink Bug Halyomorpha halys (Hemiptera: Pentatomidae). PLoS ONE 9(2):
e88483. doi:10.1371/journal.pone.0088483

Editor: Frederic Marion-Poll, AgroParisTech, France

Received September 12, 2013; Accepted January 7, 2014; Published February 26, 2014

Copyright: � 2014 Peiffer, Felton. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Research was supported by USDA NIFA Cooperative Agreement Grant 59- 1931-2-225. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: gwf10@psu.edu

Introduction

Pentatomid stink bugs include many species that are important

pests of crops where they cause feeding damage, especially on

seeds and immature fruiting structures. The resulting injury can

cause cosmetic damage rendering crops unmarketable or may

cause further damage that alters plant maturity, thus inferring with

the timing of harvest. Soybean production, in particular, is

threatened by a complex of stink bugs that occur throughout most

of the soybean production area in the U.S. In addition to many of

the common, endemic species such as southern green stink bug

(Nezara viridula), green stink bug (Chinavia hilaris or Acrosternum hilare),

and brown stink bug (Euschistus servus), a recent complex of stink

bugs and associated species including brown marmorated stink

bug (Halyomorpha halys) (BMSB), the red-banded stink bug (Piezo-

dorus guildinii), and the kudzu bug (Plataspidae) (Megacopta cribraria)

have emerged as new and serious pests in U.S. crops [1]. Although

most stink bug species have a wide host range, soybean is often a

preferred host for many species and frequently serves as a sink for

the buildup of pest populations [2].

In general, stink bugs feed by inserting their needlelike

mouthparts or stylets into stems, leaves, blooms, and fruit or

seeds. Typically stink bugs either use a lacerate and flush feeding

mode or show a preference to feed on leaf vascular tissue which

causes minimal mechanical damage [3,4]. Stink bugs may inject

toxic saliva into plant tissues that causes further tissue damage,

discoloration or may even cause fruiting structures to abort [5,6,7].

Besides causing direct tissue damage, it has been suggested to also

carry yeasts that grow within the seeds, although it is unclear if

saliva retains yeasts [8]. Feeding damage can delay plant maturity

resulting in the abnormal production of new leaflet and pods

culminating in the ‘‘green bean effect’’. Although stink bug saliva

is most often implicated as the causal agent in plant damage and

the delay in crop maturity, the components of saliva responsible

for mediating these adverse effects on crop production are

unknown [9]. The damage caused by various species may differ

and the differences have been suggested to be due to the

components of saliva [6].

The defensive responses of plants to stink bug feeding and saliva

are not well known. In general plants respond to chewing

herbivores through the jasmonic acid (JA) signaling pathway [10].

The response to sucking insects may be quite different and

frequently involves JA-independent signaling mediated by salicylic

acid [10,11]. In a study of two stink bug species with different

feeding styles (lacerate and flush vs. vascular feeding), the feeding

by the lacerate and flush species (i.e., Murgantia histrionica) induced

volatile emission consistent with a chewing herbivore, whereas the

vascular feeding species (i.e., Nezara viridula) as predicted, did not

induce volatiles [3]. Although the brown marmorated stink bug

has been reported to feed on tree phloem [12], it is unclear if they

feed on the vascular tissues of herbaceous plants.

The saliva of hemipterans has been shown in some cases to

suppress plant defenses. One of the most classic and elegantly

described examples is the suppression of sieve tube plugging by

aphid saliva [13]. Other effectors in saliva have been identified

that are important in facilitating feeding/and or suppression of

defenses such as the proteins MpC002 and MP10 from green
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peach aphids [14,15]. Saliva from aphids may also trigger plant

systemic responses due to cell wall digestion by gel saliva enzymes

that release (e.g., oligogalacturonides) [16]. In the case of the green

peach aphid, salivary components also induce defenses responses

in Arabidopsis that are independent of the known salicylic acid,

jasmonic acid or ethylene signaling pathways [17]. How the saliva

of stink bugs may mediate induced defenses is largely unknown.

Very little is known about the saliva of the invasive brown

marmorated stink bug (BMSB). The stink bug is a native of Asia,

was accidentally introduced in eastern Pennsylvania in the 1990s,

and is now rapidly expanding its geographical range across the

United States [18]. BMSB is highly polyphagous (.300 hosts) and

has become an important pest on pea, soybean, sweet corn,

tomato, peppers, eggplant, okra, and many fruits including apple,

peach, and cherry, among others [18,19,20,21,22]. In the

northeastern United States, BMSB has emerged as the predom-

inant stink bug species on many cultivated crops and ornamentals

[20]. BMSB is also a recent invasive species in Europe with an

expanding host range [23]. Because the saliva is believed to be

responsible for the major cosmetic and physiological symptoms

associated with BMSB feeding, it is important to characterize the

salivary components of this insect.

In general, there are two types of saliva produced by most

phytophagous Hemiptera such as stink bugs. First, the watery
saliva is involved with digestion of plant food and contains

digestive enzymes among other protein components [24]. Watery

saliva is thought to be produced by the accessory salivary glands

[25]. Second, ‘‘gel’’ saliva is the basis for the formation of the

salivary sheath [26]. The salivary sheath forms a hardened

lining around the feeding stylets and the plant tissues [27,28]. The

sheath is necessary to prevent loss of plant juices during feeding by

allowing the insect to form a seal around thestylets and the plant

tissue. The sheath saliva is released through the salivary canal and

rapidly hardens once it is secreted. The sheath adheres to plant

surfaces but not to the surface of the stylets. When the insect is

finished with a feeding bout, the sheath remains in the plant tissues

when the insect withdraws its feeding stylets [29]. A new sheath is

formed during each successive feeding bout [27,30]. Although the

salivary sheaths of piercing-sucking insects have been studied for

over 60 years, there is still limited progress on the identification of

the salivary components responsible for the formation and

hardening or gelling of the sheath [26,31,32]. The salivary sheath

is believed to be a product of the principal salivary glands, whereas

the watery saliva is a product of the accessory salivary glands

[32,33].

In this study, we have developed collection methods for both the

watery and sheath saliva. With these methods, we can perform

enzymatic analysis to identify salivary enzymes, confirm which

components of the salivary glands contribute to sheath and watery

saliva, and collect sufficient saliva to identify salivary proteins by

LC-MS-MS proteomic analysis. Furthermore these tools will be

useful for future studies in identifying the specific components of

saliva in mediating plant damage and in affecting defenses of their

host plants. These methods should be generally applicable for any

species of stink bug. In this paper, we describe the salivary glands

of BMSB, report on the identification of watery saliva and sheath

saliva proteins for BMSB, and determine if BMSB feeding and

saliva elicit plant defensive responses in tomato.

Materials and Methods

BMSB colony maintenance
BMSB adults were collected from homes and fields in central

Pennsylvania and maintained in the laboratory. No specific

permissions were required for the collection of the stink bugs

because the collections occurred on the private properties of the

authors and on the Pennsylvania State University campus at

University Park, PA. The collection of these insects did not involve

endangered or protected species. BMSB were kept in a growth

chamber at 24 C with a 16:8 light dark cycle. Insects were

provided with water, organic carrots, grape tomatoes and green

beans purchased from the grocery store as well as green bean

seedlings (cv. Contender, Burpee, Warminster, PA). Adults

typically laid eggs on the underside of the bean leaves and

nymphs were reared in the same manner. To determine salivary

gland morphology, adult BMSB were dissected and removed

glands were placed in Insect Ringer’s solution for photography.

Watery saliva and sheath collection
To collect watery saliva from BMSB, adult insects were chilled

on ice for about five min, then placed ventral side up and observed

with a dissecting microscope. As the bugs returned to room

temperature, the watery saliva was secreted from the tip of the

beak. This saliva was collected into a gel loading pipet tip

containing 3 ml of buffer or glycerol. After collection, the buffer

and saliva were expelled into a 1.5 ml tube and stored at 280uC.

For all enzyme assays and induction experiments, watery saliva

was resuspended in pH 7.0 PBS buffer and protein concentrations

were determined from Abs at 280 nm measured on a NanoDrop

2000 (Thermo Scientific, Wilmington, DE) and compared to a

standard curve of bovine serum albumin.

To collect salivary sheaths, organic grape tomatoes were placed

in the BMSB colony cages. After two days, tomatoes were

removed and observed with a dissecting microscope. Sheaths were

easily identified and carefully removed with forceps to avoid

obtaining any tomato tissue, placed in a 1.5 ml tube and stored at

280uC. To collect sheaths from plastic cups, BMSB adults were

placed individually in 1 oz portion cups with lids overnight in the

growth chamber. After 24 h, bugs were returned to the colony and

cups were examined. Salivary sheaths were firmly attached to the

plastic and appeared identical to salivary sheaths deposited on

plants. The sheaths were carefully removed with forceps, placed

into 1.5 ml tubes, and stored at 280uC. For subsequent

experiments, sheaths were stored in PBS at 4uC for 4 h, to allow

proteins to solubilize. Sheaths in PBS were then centrifuged and

the supernatant, containing soluble proteins was collected and

protein concentration determined as for watery saliva.

Polyacrylamide gel electrophoresis (PAGE)
To analyze watery saliva and the content of salivary sheaths by

gel electrophoresis, SDS sample buffer was added directly to saliva

collected in glycerol or sheaths. Samples were boiled for 5 min

then loaded onto a 12% resolving gel and electrophoresed at

200 V. Protein bands were visualized by silver staining [34]. For

size determination a protein ladder (Fermentas, Glen Burnie, MD)

was also run.

For native PAGE, samples were combined with native sample

buffer (0.08 M Tris-HCl, pH 6.8, 30% glycerol and 0.02%

bromphenol blue) and loaded onto an 8% acrylamide gel in

1.5 M Tris-HCl, pH 8.8 and electrophoresed at 150 V for 3 h.

The gel was then transferred to a peroxidase staining solution

(2 mM dianisidine in 0.08 M phosphate buffer pH 7.0, 2%

ethanol, 0.15% hydrogen peroxide) to visualize peroxidase

activity.

Proteomics
For proteomic identification of salivary proteins, watery saliva

from 110 adult BMSB was collected in 5 mM EDTA in 50 mM

Saliva of Brown Marmorated Stink Bug
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Tris-HCl pH 8.0 and stored at 280uC. Salivary sheaths deposited

by adult BMSB were collected from tomatoes and stored at –

80uC. For proteomic analysis, sheaths were combined with 5 mM

EDTA and 1 M urea in 50 mM Tris-HCl pH 8.0 and allowed to

solubilize at 4uC for 2 h then centrifuged to remove insoluble

proteins. NanoLC was carried out as previously described [35].

Briefly, proteins were digested with trypsin. Then separated in a

Dionex Ultimate 3000 (Milford, MA) and analyzed on an Applied

Biosystems Proteomics Analyzer. Peptides were searched against

insect, bacteria, and yeast databases (http://blast.ncbi.nlm.nih.gov

insects (taxid:6960); bacteria (taxid:2); and yeast (taxid:4932)).

Proteins with Total Ion C.I.% greater than 95 were considered

high confidence matches.

Enzyme activity
All chemicals were purchased from Sigma Chemical Co, (St.

Louis, MO). Spectrophotometric readings were taken on a

Spectramax 190 (Molecular Devices, Silicon Valley, CA). Amylase

activity was measured as previously described [36]. Samples were

combined with 50 ml 1% starch and incubated at 25uC for 3 min.

100 ml of color reagent (0.01 g/ml 3,5,-dinitrosalicylic acid, 0.3 g/

m sodium potassium tartrate tetrahydrate in 0.4 N sodium

hydroxide) was added and the mixture was placed in a boiling

water bath for 5 min. 1 ml of water was then added and

absorbance measured at 540 nm and compared to a maltose

standard curve.

To measure peroxidase activity, samples were combined with

3 mM guaiacol, 0.15 % hydrogen peroxide in 0.1 M potassium

phosphate buffer pH 7.0. Change in absorbance was measured at

450 nm. Polyphenol oxidase activity was measured by combining

samples with 3 mM caffeic acid in 0.1 M potassium phosphate

buffer pH 7.0 and measuring the change in absorbance at 450 nm

[37]. Glucose oxidase activity was assayed as previously described

[38].

Induction of tomato defenses
To determine if BMSB secretions induced defense genes (Pin2,

Pr1a(P4) in tomato leaves, the youngest fully expanded leaf of a 4

node tomato plant (cv. Better Boy) was wounded by punching a

4 mm diameter hole and immediately applying 10 mg of watery

saliva or salivary sheath in 20 ml PBS. Unwounded plants were

used as a negative control and wounded with PBS only was used as

a positive wound control. Plants remained in the greenhouse,

under super spectrum lights for 24 h, and then 100 mg of tissue

was harvested from wounded leaves. RNA extraction and

quantitative real time PCR (q-RT-PCR) was performed as

Figure 1. Mouthparts of the brown marmorated stink bug. Photograph (a) and Scanning electron micrograph (b) of BMSB mouthparts. Beak is
indicated by black arrow. Stylet extending out of beak is indicated by white arrow.
doi:10.1371/journal.pone.0088483.g001

Figure 2. Salivary glands of brown marmorated stink bug.
Structure of BMSB salivary glands. (a) anterior lobe of principal gland;
(b) posterior lobe of principal gland; (c) salivary duct; (d) accessory
gland. Illustration by Nick Sloff.
doi:10.1371/journal.pone.0088483.g002

Figure 3. Salivary sheaths of brown marmorated stink bug on
tomato. Salivary sheaths on grape tomatoes, bar = 0.2 mm.
doi:10.1371/journal.pone.0088483.g003

Saliva of Brown Marmorated Stink Bug
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described previously [39]. Briefly, tissue was homogenized in

liquid nitrogen and RNA extracted using Trizol (Life Technolo-

gies). RNA was quantified using a NanoDrop 2000 and 1 mg

reverse transcribed with High Capacity Reverse Transcription kit

(Applied Biosystems). All q-RT-PCR reactions used FastStart

Universal SYBR Green Master Mix (Roche) and were carried out

in a 7500 Fast Real –time PCR system (Applied Biosystems).

Ubiquitin was used as the endogenous control gene and relative

expression was calculated with the median untreated plant as the

calibrator. In q-RT-PCR experiments to quantify Pr1a(P4),

primers were designed to pathogenesis-related protein 1 (NCBI

accession # AJ011520; forward TGTCTCATGGTATTAGC-

CATATTTCAC; reverse CGTTGTGAACCGCAAGATAG-

TC). Primers for Pin2 and ubiquitin were as previously described

(39).

We then further determined the role of feeding and saliva on

induced defenses by removing the BMSB stylets. To remove the

BMSB stylets, adult BMSB were placed on ice for 5 minutes, then

with the aid of a dissection microscope, an insect pin was inserted

between the stylet and the beak at the beak joint closest to the

head. The pin was used to gently lift and remove the stylet from

the beak and the stylet was cut off with scissors. Intact BMSB and

those with stylets removed were then caged individually on the

youngest fully expanded leaf for 24 h. For q-RT-PCR, the area

within the cage was harvested and analyzed as described above.

This experiment was conducted to separate the effects of BMSB

walking and contact on the leaf surface from the effects of feeding

and salivation.

Results

Morphology
BMSB mouthparts consist of a long beak (Fig. 1a), which houses

the stylets inside (Fig. 1b). During feeding, the stylets extend out of

the beak and penetrate the plant tissue. The salivary glands are

made up of two pairs of glands: principal and accessory (Fig. 2).

Salivary glands are located in the thorax adjacent to the gut. The

principal gland is made up of 2 lobes, anterior and posterior, with

a constriction between the two. At this constriction, the accessory

gland, a long thin gland, attaches. Also attached at the constriction

is the salivary duct, which connects the glands to the stylets. BMSB

produce 2 distinct types of saliva: watery saliva and gel saliva that

forms a salivary sheath (Fig. 3). The salivary sheath becomes

visible after feeding and may remain attached to the plant at the

feeding site. Alternatively it remains on the stylet when feeding

ceases and then is expelled during grooming and moving (Movie

S1).

Proteins in Watery Saliva and Sheath
When watery saliva was run on SDS PAGE next to gut tissue

and proteins secreted from the gut, the band patterns were quite

distinct (Fig. S1). This provides evidence that the watery saliva we

collected does not originate from the gut. SDS PAGE gel

electrophoresis also showed that the watery saliva and the salivary

sheath have very distinct protein profiles (Fig. 4). Our proteomic

data supports this; we did not find any proteins in common

between watery saliva and salivary sheath (Tables S1, S2). Watery

saliva had 59 peptides with high confidence matches and of these

29% are digestive enzymes (Fig. 5a; Table S1). Other proteins with

conserved regions that function in ATP, nucleotide, protein and

actin binding were also identified. The soluble fraction of the

salivary sheaths contained 80 peptides with high confidence

matches (Fig. 5b; Table S2). While only 10% are enzymes, 18%

are involved in nucleotide binding. Proteins involved in ATP and

protein binding were also identified. Additionally, when peptides

were searched against a bacteria or a yeast database, there was no

indication that either bacterial or yeast proteins were present in

the watery saliva or salivary sheaths.

Enzymatic survey
Both BMSB watery saliva and salivary sheaths contain amylase

activity, however sheaths have a higher specific activity than saliva

(Table 1). While watery saliva does not have detectable peroxidase

activity, significant activity was present in salivary sheaths collected

from tomato fed BMSB. We then examined peroxidase activity

using native gel electrophoresis to compare the salivary sheaths

collected from tomato-fed BMSB and those collected from BMSB

held in plastic cups without food. We found that only the sheaths

collected from tomato-fed BMSB contained peroxidase activity

(Fig. 6). Neither watery saliva nor salivary sheaths contain

polyphenol oxidase or glucose oxidase activity.

Because of the presence of peroxidase activity in sheaths

collected from tomato-fed BMSB, we then searched the proteomic

sheath data using the Solanum database (http://blast.ncbi.nlm.nih.

gov Solanum (taxid:4107)) These results were surprising in that a

large number of peptides from tomato were successfully identified

(N = 116) (Table S3). Included in these data were two peroxidases

confirming our observation of peroxidase activity in tomato-fed

stink bugs. These results reveal that the protein composition of the

sheath is a mixture of insect- and plant-derived proteins.

Figure 4. Polyacrylamide gel electrophoresis (PAGE) of BMSB
watery saliva and salivary sheaths from BMSB. Watery saliva was
collected as described from 6 adult stink bugs. 20 salivary sheaths were
collected from tomatoes after stinkbugs had fed on them for 48 hrs.
Watery saliva and sheaths were then each combined with 10 ml of SDS
sample buffer, boiled for 5 minutes and the entire volume was loaded
onto the gel. All three lanes were run on a single gel, the image was
edited to remove empty lanes between the samples.
doi:10.1371/journal.pone.0088483.g004

Saliva of Brown Marmorated Stink Bug
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Induction of defenses by saliva
When watery saliva and salivary sheath extracts were applied to

wounded tomato leaves, the leaves with salivary sheath extract had

significantly higher Pin2 expression when compared to plants

treated with watery saliva or PBS (Fig. 7A, ANOVA, F = 3.41, p =

0.045). However, when salivary sheaths were collected from plastic

cups and applied to wounded tomato leaves, there was no

significant difference when compared to PBS treated plants (Fig.

7B, ANOVA, F = 2.69, p = 0.069). When the same plants were

analyzed for expression of Pr1a(P4), a gene regulated by salicylic

acid, no significant differences were found between any of the

treated plants and the untreated control plants (Fig. 8A, ANOVA,

F = 0.03 p = 0.992; Fig 8B, ANOVA, F = 0.48 p = 0.630).

To further study the effects of BMSB feeding and saliva on

tomato plants, the stylets were removed from the beak and snipped

off approximately 2 mm from the head. After this, the bugs

continue to live for several days, but they appear unable to feed

and cannot produce a salivary sheath. When adult BMSB with

intact stylets were caged on tomato leaves, these leaves showed

significantly higher expression of Pin2 than did leaves which had

empty cages or cages containing adult BMSB with stylets removed

(Fig. 9, ANOVA, F = 3.25, p = 0.033). These results indicate that

Figure 5. Salivary protein distribution of watery and sheath saliva from the brown marmorated stink bug. Relative abundance of
peptides identified by LC- MS/MS from BMSB watery saliva (a) or BMSB salivary sheaths (b).
doi:10.1371/journal.pone.0088483.g005

Saliva of Brown Marmorated Stink Bug
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BMSB feeding and potentially saliva elicits defense gene expres-

sion.

Discussion

The saliva of herbivorous arthropods performs multiple

physiological functions including extraoral digestion [40], detox-

ification [35,41,42,43], evasion of host defenses [44,45,46], and

protection against microbes [47,48]. Consistent with a role in

digestion, we found several digestive enzymes including amylases,

protease, and an esterase in the watery saliva of BMSB (Table S1).

We performed an analysis of salivary enzyme activities based upon

typical components of saliva (e.g., amylase)[24], salivary enzymes

reported to be involved with detoxification of plant secondary

compounds (e.g., peroxidase, polyphenol oxidase)[49,50,51,52]

and enzymes involved in suppression or induction of plant

defenses (e.g., glucose oxidase)[44,53,54]. Although glucose

oxidase and other GMC-oxidoreductases have been detected in

aphids [55], no glucose oxidase activity or GMC-oxidoreductase

proteins were detected in BMSB saliva. Gelling and stabilization of

the salivary sheath in Hemiptera has been proposed to result from

oxidation of low molecular weight compounds by polyphenol

oxidase [26,32] and the absence of any detectable polyphenol

oxidase activity in BMSB saliva is noteworthy However, in earlier

studies authors used whole salivary glands rather than secreted

watery saliva or sheath material. The proteomic analysis of the

sheath revealed a phenol oxidase of plant origin (Table S3), but the

abundance of this protein was apparently too low to detect

enzymatic activity.

Significant peroxidase activity was detected in the salivary

sheath (Table 1), suggesting that this enzyme could be involved in

sheath formation. However, no peroxidases of insect origin were

detected in the watery saliva by proteomic analyses (Table S1).

When we examined peroxidase activity via native gel electropho-

resis we detected significant activity in sheaths obtained from

BMSB feeding on tomato (Fig. 5). However, when BMSB were not

provided food, the sheaths deposited on plastic cups did not

contain any detectable peroxidase activity (Fig. 5). These results

suggested that we should further analyze the sheath proteomic

data by searching our results against a Solanum database. The

results of this analysis were surprising in that we detected a total of

116 Solanum proteins, compared to only 46 of insect origin. No

evidence for proteins of microbial origin was obtained. Moreover,

based upon the total number of peptides identified per protein, the

tomato proteins appeared to be major components of the sheath

saliva. Extraordinary precaution was exercised to avoid disrupting

tomato tissues during the collection of the sheaths. We do not

believe that the composition of tomato proteins in the sheath

material is a spurious artifact of our collection methods, but

represents the natural coalescing of insect and plant derived

proteins that occurs during formation of the sheath and

subsequent feeding. Accordingly, the presence of peroxidase

activity in the sheaths derived from tomato-fed BMSB could be

attributed to the presence of two peroxidases detected in the

sheath proteome that were Solanum lycopersicum proteins (Table S3).

Consequently, we were unable to detect any candidate salivary

oxidases that are of insect origin and that may function in gel or

sheath formation. Nevertheless, it is possible that the oxidases,

once polymerized in the sheath, remain insoluble in our extraction

protocols and would have escaped detection by our methods.

The salivary protein (ACYPI009881) identified in Acyrthosiphon

pisum was suggested to be a potential candidate as a structural

sheath protein [56]. It has been indicated that this protein shares

close similarity to other aphid salivary proteins and thus may

represent a highly conserved structural protein among Hemiptera

[26]. We blasted our sheath protein sequences against

ACYPI009881 and did not find any significant matches.

We found several sheath proteins that are normally associated

with microtubule formation and binding. Included in the

identifications were two dyneins, which are motor proteins (with

ATPase activity) that associate with microtubules [57]. Another

identified protein was a lava lamp protein which associates with

dyneins [58]. A hyaluronan-mediated motility receptor is another

sheath protein that is known to cross-link microtubules, through

direct interactions with microtubules and an association with

dyneins [59]. A microtubule associated protein xmap215, which

enhances microtubule growth rates and remains bound to ends of

Table 1. Enzyme activities in BMSB watery saliva and salivary
sheaths collected from tomatoes.

enzyme watery saliva salivary sheath

Amylase (mmole/min/mg protein) 1960.04 4406176

Peroxidase (DOD/min/mg protein) not detected 9026309

Polyphenol oxidase (DOD/min/mg
protein)

not detected not detected

Glucose oxidase (mmole/min/mg
protein)

not detected not detected

doi:10.1371/journal.pone.0088483.t001

Figure 6. Activity gel stain for peroxidase activity in salivary
sheaths of brown marmorated stink bug. Peroxidase stain of
native PAGE of BMSB salivary sheaths collected from stink bugs fed
grape tomatoes or kept in plastic cups without food.
doi:10.1371/journal.pone.0088483.g006

Saliva of Brown Marmorated Stink Bug
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the microtubules, was also identified [60]. Another protein

matched to a putative a nesprin-1; nesprins are high molecular

weight actin-binding proteins [61]. The known structural roles of

many of these sheath proteins suggest they may contribute to the

structure of the salivary sheath. Because sheath formation during

feeding is considered an essential part of the feeding process,

targeting genes encoding the structural components of the sheath

may be an effective strategy using RNA interference.

We did not find any evidence that watery saliva could suppress

defense gene expression. Expression of the jasmonate-inducible

Pin2 gene and the salicylate-inducible Pr1a(P4) gene was not

affected by watery saliva (Figs. 7, 8). In a previous study we found

that salivary enzymes with ATPase activity in the caterpillar

Helicoverpa zea had strong suppressing activity on jasmonate-

induced responses [62]. Although multiple proteins present in

BMSB watery saliva and sheath possess ATPase activities (e.g.,

dyneins), their potential effects on induced responses are either

masked by other salivary components or their in vivo enzymatic

activities are insufficient to affect plant responses. In contrast to

watery saliva, we found that salivary sheath extracts elicited a

significant increase in Pin 2 expression (Fig. 7a). However, we only

observed that sheaths collected from tomato fed BMSB elicited

Pin2, because sheath extracts collected from BMSB held in plastic

cups failed to elicit Pin2. Regardless of source, sheath extracts

failed to affect Pr1a(P4) expression. The observation that sheath

extracts from tomato fed BMSB elicit Pin2 expression indicates

that either unique salivary components are produced when BMSB

feed on tomato, or that components from tomato present in the

sheath are responsible for inducing Pin2. It has been noted in

aphids that defense responses can also be induced by cell wall

degradation products that are produced by cellulase and pectinase,

present in the saliva of aphids [63]. It should be noted that we

identified a couple of pectinases of tomato origin in the salivary

sheaths deposited by BMSB. The specific pectic fragments

produced by the action of pectinases are known to elicit defense

responses in plants including specifically, Pin2 in tomato [64].

In summary, we have developed methods for collecting watery

and sheath saliva for BMSB that may be utilized for many other

Figure 7. Effect of saliva from brown marmorated stink bug on expression of the proteinase inhibitor 2 (Pin2) defense gene in
tomato. Relative expression of Pin2 in tomato leaves 24 h after wounding and application of physiologically buffered saline (PBS), watery saliva or
salivary sheath extract from tomatoes (a) or plastic cups (b). For each treatment n = 5 and the median untreated plant was used as the calibrator.
(Fisher’s P , 0.05, following ANOVA). Error bars represent +SE.
doi:10.1371/journal.pone.0088483.g007
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stink bug species and perhaps other Hemipterans. Our results

indicate that the watery saliva and sheath saliva have very distinct

protein profiles. We have made initial findings that sheath saliva

may elicit induced plant responses. Future research will include

comparative transcriptomics of salivary glands from stink bugs

feeding on varied diets. Further characterization of the salivary

components that contribute to sheath formation and for eliciting

plant responses is now possible.

Supporting Information

Figure S1 Silver stained SDS PAGE gel of BMSB watery
saliva, gut tissue and secretions from gut tissue.

(PPTX)

Table S1 Proteins identified in BMSB watery saliva by
Nano LC-MSMS. Peptides were searched against the NCBI

insect database.

(DOCX)

Figure 8. Effect of saliva from brown marmorated stink bug on expression of the pathogenesis related Pr1a(P4) defense gene in
tomato. Relative expression of Pr1a(P4) in tomato leaves 24 h after wounding and application of PBS, watery saliva or salivary sheath extract from
tomato-fed BMSB (a) or BMSB held in plastic cups without food (b). For each treatment n = 5 and the median untreated plant was used as the
calibrator. (Fisher’s P , 0.05, following ANOVA). Error bars represent +SE.
doi:10.1371/journal.pone.0088483.g008

Figure 9. Effect of stylet removal on expression of the
proteinase inhibitor 2 (Pin2) defense gene in tomato. Relative
expression of Pin2 in tomato leaves 24 h after BMSB were caged on the
leaf. For each treatment n = 5 and the median untreated plant was used
as the calibrator. (Fisher’s P ,.05, following ANOVA). Error bars
represent +SE.
doi:10.1371/journal.pone.0088483.g009
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Table S2 Proteins identified in BMSB salivary sheath
by Nano LC-MSMS. Peptides were searched against the NCBI

insect database.

(DOCX)

Table S3 Proteins identified in BMSB salivary sheath
by Nano LC-MSMS. Peptides were searched against the NCBI

Solanum database.

(DOCX)
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orchards in the United States: case studies of commercial management. Psyche:

A Journal of Entomology 2012.

22. Kuhar TP, Kamminga KL, Hooks CRR, Herbert DA (2012) The pest potential

of brown marmorated stink bug on vegetable crops. Online Plant Health

Progress doi:101094/PHP-2012-0523-01-BR.

23. Zhu G, Bu W, Gao Y, Liu G (2012) Potential geographic distribution of brown

marmorated stink bug invasion (Halyomorpha halys). PLoS One 7: e31246.

24. Ramzi S, Hosseininaveh V (2010) Biochemical characterization of digestive

alpha-amylase, alpha-glucosidase and beta-glucosidase in pistachio green stink

bug, Brachynema germari Kolenati (Hemiptera: Pentatomidae). Journal of Asia-

Pacific Entomology 13: 2152219.

25. Kumar SM, Sahayaraj K (2012) Gross morphology and histology of head and

salivary apparatus of the predatory bug, Rhynocoris marginatus. Journal of Insect

Science 12: 19.

26. Will T, Steckbauer K, Hardt M, van Bel AJ (2012) Aphid gel saliva: sheath

structure, protein composition and secretory dependence on stylet-tip milieu.

Plos One 7: e46903.

27. Medrano EG, Esquivel JF, Bell AA, Greene JK, Roberts PM, et al. (2011)

Analysis of microscopic injuries caused by southern green stink bug (Hemiptera:

Pentatomidae) feeding on cotton bolls. Southwestern Entomologist 36:

2332245.

28. Alhaddad H, Coudron TA, Backus EA, Schreiber F (2011) Comparative

behavioral and protein study of salivary secretions in Homalodisca spp.

sharpshooters (Hemiptera: Cicadellidae: Cicadellinae). Annals of the Entomo-

logical Society of America 104: 5432552.

29. Brennan EB, Weinbaum SA, Pinney K (2001) A new technique for studying the

stylet tracks of homopteran insects in hand-sectioned plant tissue using light or

epifluorescence microscopy. Biotechnic & Histochemistry 76: 59266.

30. Bowling C (1980) The stylet sheath as an indicator of feeding activity by the

southern green stink bug on soybeans. Journal of Economic Entomology 73:

123.

31. Hattori M, Tsuchihara K, Noda H, Konishi H, Tamura Y, et al. (2010)

Molecular characterization and expression of laccase genes in the salivary glands

of the green rice leafhopper, Nephotettix cincticeps (Hemiptera: Cicadellidae).

Insect Biochemistry and Molecular Biology 40: 3312338.

32. Miles P (1964) Studies on the salivary physiology of plant bugs: the chemistry of

formation of the sheath material. Journal of Insect Physiology 10: 1472160.

33. Moreno A, Garzo E, Fernandez-Mata G, Kassem M, Aranda MA, et al. (2011)

Aphids secrete watery saliva into plant tissues from the onset of stylet

penetration. Entomologia Experimentalis Et Applicata 139: 1452153.

34. Blum H, Beier H, Gross HJ (1987) Improved silver staining of plant proteins,

RNA and DNA in polyacrylamide gels. Electrophoresis 8: 93299.

35. Tian D, Peiffer M, Shoemaker E, Tooker J, Haubruge E, et al. (2012) Salivary

glucose oxidase from caterpillars mediates the induction of rapid and delayed-

induced defenses in the tomato plant. PLoS One 7: e36168.

36. Kotkar HM, Sarate PJ, Tamhane VA, Gupta VS, Giri AP (2009) Responses of

midgut amylases of Helicoverpa armigera to feeding on various host plants. Journal

of Insect Physiology 55: 6632670.

37. Felton GW, Donato K, Delvecchio RJ, Duffey SS (1989) Activation of plant

foliar oxidases by insect feeding reduces nutritive quality of foliage for noctuid

herbivores. Journal of Chemical Ecology 15: 266722694.

38. Eichenseer H, Mathews MC, Bi JL, Murphy JB, Felton GW (1999) Salivary

glucose oxidase: multifunctional roles for Helicoverpa zea? Archives of Insect

Biochemistry and Physiology 42: 992109.

39. Tian D, Tooker J, Peiffer M, Chung SH, Felton GW (2012) Role of trichomes in

defense against herbivores: comparison of herbivore response to woolly and

hairless trichome mutants in tomato (Solanum lycopersicum). Planta 236:

105321066.

40. Bezdi MS, Toorchi M, Pourabad RF, Zarghami N, Nouri M-Z, et al. (2012)

Proteomoe analysis of gut and salivary gland proteins of the fifth-instar nymph

and adults of the sunn pest, Eurygaster integriceps. Archives of Insect Biochemistry

and Physiology: n/a-n/a.

41. Francis F, Gerkens P, Harmel N, Mazzucchelli G, De Pauw E, et al. (2006)

Proteomics in Myzus persicae: Effect of aphid host plant switch. Insect

Biochemistry and Molecular Biology 36: 2192227.

42. Celorio-Mancera M, Courtiade J, Muck A, Heckel DG, Musser RO, et al.

(2011) Sialome of a generalist lepidopteran herbivore: identification of

transcripts and proteins from Helicoverpa armigera labial salivary glands. PLoS

One 6: e26676.

43. Nicholson SJ, Hartson SD, Puterka GJ (2012) Proteomic analysis of secreted

saliva from Russian Wheat Aphid (Diuraphis noxia Kurd.) biotypes that differ in

virulence to wheat. Journal of Proteomics 75: 225222268.

Saliva of Brown Marmorated Stink Bug

PLOS ONE | www.plosone.org 9 February 2014 | Volume 9 | Issue 2 | e88483

Movie S1 Adult BMSB feeding on a tomato fruit.

(M4V)



44. Musser RO, Hum-Musser SM, Eichenseer H, Peiffer M, Ervin G, et al. (2002)

Herbivory: Caterpillar saliva beats plant defences - A new weapon emerges in
the evolutionary arms race between plants and herbivores. Nature 416:

5992600.

45. Weech M-H, Chapleau M, Pan L, Ide C, Bede JC (2008) Caterpillar saliva
interferes with induced Arabidopsis thaliana defence responses via the systemic

acquired resistance pathway. J Exp Bot 59: 243722448.
46. Mutti NS, Louis J, Pappan LK, Pappan K, Begum K, et al. (2008) A protein

from the salivary glands of the pea aphid, Acyrthosiphon pisum, is essential in

feeding on a host plant. Proceedings of the National Academy of Sciences 105:
996529969.

47. Musser RO, Kwon HS, Williams SA, White CJ, Romano MA, et al. (2005)
Evidence that caterpillar labial saliva suppresses infectivity of potential bacterial

pathogens. Arch Insect Biochem Physiol 58: 1382144.
48. Liu F, Cui L, Cox-Foster D, Felton GW (2004) Characterization of a salivary

lysozyme in larval Helicoverpa zea. Journal of Chemical Ecology 30: 243922457.

49. Miles PW, Peng Z (1989) Studies on the salivary physiology of plant bugs:
Detoxification of phytochemicals by the salivary peroxidase of aphids. Journal of

Insect Physiology 35: 8652872.
50. Peng Z, Miles PW (1988) Studies on the salivary physiology of plant bugs:

Function of the catechol oxidase of the rose aphid. Journal of Insect Physiology

34: 102721033.
51. Peng L, Yan Y, Yang CH, De Barro PJ, Wan FH (2013) Identification,

comparison, and functional analysis of salivary phenol-oxidizing enzymes in
Bemisia tabaci B and Trialeurodes vaporariorum. Entomologia Experimentalis et

Applicata 147: 2822292.
52. Mathews MC, Summers CB, Felton GW (1997) Ascorbate peroxidase: A novel

antioxidant enzyme in insects. Archives of Insect Biochemistry and Physiology

34: 57268.
53. Louis J, Peiffer M, Ray S, Luthe DS, Felton GW (2013) Host-specific salivary

elicitor(s) of European corn borer induce defenses in tomato and maize. New
Phytologist doi: 10.1111/nph.12308: n/a-n/a.

54. Eichenseer H, Mathews MC, Powell JS, Felton GW (2010) Survey of a salivary

effector in caterpillars: glucose oxidase variation and correlation with host range.
Journal of Chemical Ecology 36: 8852897.

55. Harmel N, Letocart E, Cherqui A, Giordanengo P, Mazzucchelli G, et al. (2008)

Identification of aphid salivary proteins: a proteomic investigation of Myzus

persicae. Insect Molecular Biology 17: 1652174.

56. Carolan JC, Fitzroy CIJ, Ashton PD, Douglas AE, Wilkinson TL (2009) The
secreted salivary proteome of the pea aphid Acyrthosiphon pisum characterised by

mass spectrometry. Proteomics 9: 245722467.

57. Redwine WB, Hernández-López R, Zou S, Huang J, Reck-Peterson SL, et al.
(2012) Structural basis for microtubule binding and release by dynein. Science

337: 153221536.
58. Papoulas O, Hays TS, Sisson JC (2005) The golgin Lava lamp mediates dynein-

based Golgi movements during Drosophila cellularization. Nature Cell Biology 7:
6122618.

59. Maxwell CA, Keats JJ, Crainie M, Sun X, Yen T, et al. (2003) RHAMM is a

centrosomal protein that interacts with dynein and maintains spindle pole
stability. Molecular Biology of the Cell 14: 226222276.

60. Zanic M, Widlund PO, Hyman AA, Howard J (2013) Synergy between
XMAP215 and EB1 increases microtubule growth rates to physiological levels.

Nature Cell Biology 15: 6882693.

61. Zhang Q, Ragnauth C, Greener MJ, Shanahan CM, Roberts RG (2002) The
nesprins are giant actin-binding proteins, orthologous to Drosophila melanogaster

muscle protein MSP-300. Genomics 80: 4732481.
62. Wu S, Peiffer M, Luthe DS, Felton GW (2012) ATP hydrolyzing salivary

enzymes of caterpillars suppress plant defenses. Plos One 7: e41947.
63. Cherqui A, Tjallingii WF (2000) Salivary proteins of aphids, a pilot study on

identification, separation and immunolocalisation. Journal of Insect Physiology

46: 117721186.
64. Ferrari S, Savatin DV, Sicilia F, Gramegna G, Cervone F, et al. (2013)

Oligogalacturonides: plant damage-associated molecular patterns and regulators
of growth and development. Frontiers in Plant Science 4.

Saliva of Brown Marmorated Stink Bug

PLOS ONE | www.plosone.org 10 February 2014 | Volume 9 | Issue 2 | e88483


