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Abstract

Saliva secretion is essential for successful feeding by piercing—sucking insects. Despite extensive studies of the saliva
composition of phloem- and blood-feeding insects, less is known about the oral secretions of seed-feeding insects.
The firebug Pyrrhocoris apterus is a polyphagous insect that feeds primarily on dry seeds of various plant spe-

cies. Here, liquid chromatography—mass spectrometry/mass spectrometry (LC-MS/MS) was used to identify 165 P
apterus salivary proteins, including 110 gelling-specific proteins, 24 watery-specific proteins, and 31 proteins com-
mon to both groups. Transcriptomic analysis of saliva glands identified 567 potential salivary proteins, of which 87
overlapped with those detected by LC-MS/MS. Comparative analysis showed that 98 out of 165 (59.4%) P. apterus
saliva proteins were associated with extra-oral digestion and detoxification and had homologs in ten other spe-

cies of arthropods examined. In addition, 67 proteins were specific to P apterus, of which 22 proteins were defined
with unknown functions. RNA interference-mediated gene silencing assays indicated that P apterus-specific proteins
were vital for P apterus survival. Our findings shed light on the function of salivary proteins in feeding by seed-feeding
insects and the evolution of feeding habits in piercing—sucking insects.
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Introduction

Hemipteran insects have delicate piercing—sucking
mouthparts with a stylet that is highly specialized for
penetrating tissues and sucking out liquids [1-4]. Many
phytophagous hemipterans, such as aphids, planthop-
pers, and true bugs, insert their stylets at the feeding site
and produce gelling or watery saliva at different stages of
the feeding process [1, 5]. Gelling saliva is thought to be
produced by the principal salivary glands and secreted
onto the surface of food [6-8]. As the stylet advances
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through the plant tissue, gelling saliva is secreted incre-
mentally and forms a continuous solid sheath (salivary
flange), which encases the style and provides mechanical
stability and lubrication [8-10]. In addition to acting as a
salivary sheath, gelling saliva contains digestive enzymes
that minimize mechanical injury to plant tissues [5, 11].
After stylet penetration, a large amount of watery saliva is
secreted into plant tissues, which contain bioactive com-
ponents involved in the suppression or induction of plant
defense responses [2, 8, 12, 13]. With the help of a flow of
saliva, phytophagous hemipterans suck out liquid nutri-
ents from plants while simultaneously transmitting vari-
ous plant diseases. Given that saliva is involved from the
start of this insect—plant encounter, identifying its com-
ponents is the first and essential step for understanding
the biological function of insect saliva.

Recently, numerous salivary proteins produced by
phloem-feeding insects have been identified, and their
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secretion is crucial for safe and successful feeding [2, 9,
12, 14-19]. For instance, the salivary proteins Mp56,
Mp57, and Mp58 secreted by the green peach aphid
Myzus persicae inhibit insect fecundity by activating the
plant defense response, whereas MpC002 and Mp2 are
essential for successful feeding and reproduction by these
aphids [12, 20-22]. In the brown planthopper Nilapar-
vata lugens, a notorious sap-sucking insect pest on rice
in East Asia, the salivary proteins Nlshp and Nlsalivary
protein-3 are indispensable for the formation of the sali-
vary sheath and rice feeding [9, 23]. In addition, various
enzymes and bioactive proteins, such as oxidoreductases,
hydrolases, peptidases, proteases, isomerases, trans-
ferases, mucin, vitellogenin, and calmodulin, have also
been identified in the saliva of phytophagous sap-sucking
insects, and contribute significantly to insect—plant inter-
actions [6, 17, 19, 24-28]. Despite the functional impor-
tance of salivary proteins identified in phloem-feeding
insects, the salivary components of piercing—sucking
insects that feed on seeds remain elusive.

The firebug, Pyrrhocoris apterus (Heteroptera: Pyr-
rhocoridae), is a gregarious species that has been used
in a variety of morphological, developmental, ecological,
genetic, and evolutionary studies [29]. As a polyphagous
insect, P apterus primarily feeds on dry seeds of vari-
ous plant species, including those belonging to the Mal-
vaceae, Rosaceae, and Tiliaceae [30-32]. Additionally,
it occasionally sucks plant sap, water, and dead animal
matter [31]. Over the past two decades, P apterus has
expanded its distribution rapidly from Eurasia to other
areas of the world, including North America and south-
eastern Australia, due, in part, to the warming climate
and human activity [29, 33-35]. Thus far, the saliva com-
ponents of P. apterus have not yet been identified, which

Short-winged P. apterus
Fig. 1 Overview of workflow used to identify salivary proteins. To collect watery salivary, P apterus was allowed to feed on an artificial diet (1.5%
sucrose solution), and the diet fluid was concentrated for LC-MS/MS analysis. To collect gelling saliva, insects were allowed to feed on red clover
seeds and salivary sheaths were collected for LC-MS/MS analysis

Watery saliva deposits
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limits our understanding of the feeding process of this
seed-feeding insect as well as its habitat expansion.

In this study, we determined the proteinaceous compo-
nents of the watery and gelling saliva of P. apterus using
liquid chromatography-tandem spectrometry (LC-MS/
MS) and transcriptomic analysis. Our results indicated
that watery and gelling saliva of P. apterus were enriched
with digestive enzymes and oxidoreductases essential for
extra-oral digestion. RNA interference (RNAi)-mediated
gene functional assays indicated that species-specific sal-
ivary proteins may be vital for P. apterus survival. These
findings further our understanding of the evolution of
feeding habits in piercing-sucking insects.

Materials and methods

Insect preparation

The firebug P. apterus was originally collected in Urumgji,
Xinjiang Uygur Autonomous Region, China, in 2020. The
insects were maintained in a walk-in chamber at 26 °C
under a photoperiod of 16 h light/8 h dark, and were
supplied with water and red clover seeds (Trifolium prat-
ense L). P. apterus exists in both long- and short-winged
morphs. A short-wing (SW) population was used in this
study, in which long-winged individuals are scarce (< 1%).

Collection of watery saliva proteins

A 1.5% sucrose diet solution was prepared by dissolv-
ing sucrose into Milli-Q ultrapure water and filtering it
through 0.22-um filters. To perform artificial feeding,
1 mL sucrose solution (1.5%) was sandwiched between two
layers of stretched Parafilm and placed on top of a 35-mm
Petri dish with the exposed diet facing upward (Fig. 1).
Approximately 1,000 adult P. apterus were allowed to feed
on each dish for 24 h. The diet solution containing secreted
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saliva was pooled and then centrifuged at 7,000xg for
30 min at 4 °C. Then, the supernatants were ultrafiltered
using a 3-kDa molecular-weight cut-off Amicon Ultra-15
Centrifugal Filter Device (Millipore). Subsequently, the
saliva solution was concentrated to~ 25 pL using a freeze-
dryer (Alpha 1-2 LD plus, Martin Christ).

Collection of gelling saliva proteins

To collect gelling saliva,~250 P apterus adults were
allowed to feed on red clover seeds for 24 h in a plas-
tic chamber (Fig. 1). The salivary sheaths were carefully
removed from the surface of seeds using forceps under a
stereomicroscope (Leica S8APO). Subsequently, the sali-
vary sheaths were pooled and washed in lysis buffer (4%
CHAPS, 2% SDS, and 2% DTT), followed by grounding
with liquid nitrogen. The sheath powder was then heat-
solubilized in 40 uL lysis buffer for 10 min. Last, the saliva
solution was denatured in 9 M urea at room temperature
for 1 h, and then concentrated to a volume of~30 pL
using a freeze-dryer.

Polyacrylamide gel electrophoresis

The collected watery and gelling saliva solutions were
mixed in a ratio of 1:5 protein loading buffer (12% SDS,
300 mM Tris—HCl, 600 mM DTT, 60% glycerol, and 0.6%
bromophenol blue), and then denatured by boiling for
5 min. Then, salivary proteins were separated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis with
a 6% stacking and 12% separating gel. Protein bands were
visualized under staining with Coomassie brilliant blue.
Subsequently, the protein bands exhibiting a blue color
were excised for LC-MS/MS analysis.

LC—MS/MS analysis

The excised SDS-PAGE gels were decolorized in de-
staining buffer [50% acetonitrile (ACN), 50 mM tri-
ethylammonium bicarbonate (TEAB)], followed by
dehydration in 100% ACN. The gels were treated with
1 mlDTT (10 mM) for 40 min at 56 °C and then alkylated
with 1 mL iodoacetamide (50 mM) for 30 min in the
dark. Subsequently, the gels were washed with destain-
ing buffer and treated with 100% ACN one more time.
The decolorized gels were resolved in a 100 pL diges-
tion solution (0.01 mmol TEAB, 1 pg trypsin, and 0.3 pg
CaCl2) overnight at 37 °C. Then, peptides were extracted
from the supernatant using 0.1% formic acid. The peptide
mixture was loaded onto the trap column of the EASY-
nLCTM 1200 UHPLC system (Thermo Fisher Scientific)
coupled with a Q ExactiveTM HF-X mass spectrometer
(Thermo Fisher Scientific). The LC-MS/MS proteomics
data were deposited to the ProteomeXchange Consor-
tium (GenBank project accession: PXD040558).
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Bioinformatics analysis

Protein identification was performed using Proteome
Discoverer v2.2 (Thermo Fisher Scientific) against the P.
apterus genomic database (32,085 entries). The following
search parameters were used: (i) type of quantification, pre-
cursor quantification; (if) fragment mass tolerance, 0.02 Da;
(iii) enzyme, trypsin; (iv) max missed cleavage sites, 2; (v)
static modification, carbamidomethyl (C); (vi) precursor
mass tolerance, 10 ppm (M); (vii) dynamic modification,
oxidation (M); and (viii) N-terminal modification, acetyl
(N-terminal). Peptide Spectrum Matches (PSMs) with a
confidence level >99% and proteins with at least one unique
peptide were considered as confidence. In addition, pep-
tides with false discovery rates (FDRs)<0.05 were consid-
ered for identification. The presence of signal peptides was
predicted using the SignalP Server (v5.0) (https://services.
healthtech.dtu.dk/services/SignalP-5.0/). 'The prediction
of transmembrane helices in proteins was predicted using
TMHMM-2.0 (https://services.healthtech.dtu.dk/services/
TMHMM-2.0/).

Spatiotemporal expression of salivary genes

To investigate the temporal expression of target genes,
total RNAs were isolated from eggs (n=100), first-instar
(n=50), second-instar (#=20), third-instar (n=20),
fourth-instar (n=10), fifth-instar nymphs (»=10), and
adult females (#=10) and males (n=10) using RNAiso
Plus (Takara) according to the manufacturer’s instruc-
tions. To investigate the spatial expression of target
genes, the abdominal cuticle, fat body, ovary, testis,
head, gut, and salivary gland were dissected from each
adult (#=20) and used for RNA isolation. A total of 1 pg
RNA per sample was used to construct a sequencing
library using a NEBNext Ultra RNA library prep kit for
[lumina (NEB) according to the manufacturer’s instruc-
tions. Library fragments 250—300 bp in length were puri-
fied using an AMPure XP system (Beckman Coulter).
Clustering of the index-coded samples was performed
on a cBot Cluster generation system using a TruSeq PE
cluster kit v3-cBot-HS (Illumina). cDNA libraries were
sequenced on an Illumina NovaSeq 6000 platform, and
150 bp paired-end reads were generated (GenBank pro-
ject accession: PRINA954282).

Mapping and gene expression analysis

After RNA sequencing (RNA-seq), clean reads were gen-
erated from raw data after removing adapter, poly-N,
and low-quality reads using the fastp algorithm (v0.12.4)
[36]. The clean reads were mapped against the P. apterus
draft genome using hisat2 (v2.1.0) [37], and the transcript
abundance was quantified using StringTie (v1.3.5) [38].
Fragments Per Kilobase of transcript per million mapped
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reads (FPKM) was used to quantify the expression level
of each transcript. To generate heatmaps, FPKM of each
gene was z-score transformed and clustered using the
online OmicShare tool (www.omicshare.com/tools/
Home/Soft/heatmap). Gene Ontology (GO) enrichment
analysis of genes was performed using the online Omic-
Share tool (www.omicshare.com/tools/home/report/
goenrich.html).

Comparative analysis of insect saliva

We compared P. apterus saliva proteins with those from
ten published arthropod species: five aphids [Acyrtho-
siphon pisum [39], Macrosiphum euphorbiae [40], M.
persicae [41], Diuraphis noxia [42], and Rhopalosiphum
padi [41], two true bugs [Halyomorpha halys [19, 43] and
Riptortus pedestris [16]], the planthopper N. lugens [9],
the whitefly Bemisia tabaci [17], and the phytophagous
mite Tetranychus evansi [44]. The conserved and spe-
cies-specific saliva proteins were identified using BLAST
alignment with an E-value cut-off of 107>, Homologous
proteins were verified by BlastP searching against the
NCBI database, and those that exhibited high sequence
similarity and similar annotation were grouped together.

RNAI, RNAi efficiency, and survival rate

RNAi-mediated gene silencing was conducted as previ-
ously described with minor modifications [45]. Briefly,
double-strand RNAs (dsRNAs) were synthesized using a
T7 high-yield transcription kit (Vazyme) according to the
manufacturer’s instructions, with primers containing the
T7 RNA polymerase promoter at both ends (Table S1).
For dsRNA microinjection, third-instar nymphs were
anesthetized with carbon dioxide for 10-15 s. Approxi-
mately 700 ng of dsRNA was microinjected into each P
apterus abdomen using a FemtoJet microinjection system
(Eppendorf). Three days later, salivary glands were dis-
sected from each insect (n=5 for each three replicates)
and used for total RNA extraction, followed by cDNA
synthesis for RNAI efficiency examination by qRT-PCR.
The survival of dsRNA-treated insects (7 =30) was moni-
tored every 24 h.

qRT-PCR assay

Total RNA was isolated from whole P apterus or their
tissues using RNAiso Plus (Takara) according to the
manufacturer’s instructions. First-strand c¢cDNA was
synthesized using HiScript QRT super mix (Vazyme).
qRT-PCR was conducted using a CFX96TM real-time
PCR detection system (Bio-Rad) with the following con-
ditions: 95 °C for 3 min, followed by 40 cycles at 95 °C
for 10 s and 60 °C for 30 s. The relative expression lev-
els of target genes were normalized to the gene encod-
ing ribosomal protein 49 (rp49) [45] using the g—hACt
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method (where Ct represents the cycle threshold). Three
biological replicates were used for statistical comparison
between samples.

Scanning electron microscopy

Third-instar nymphs were microinjected with dsR-
NAs targeting Pyap29161, Pyap23512, Pyap04329,
Pyap23515, Pyap23508, Pyap21548, Pyap09885, and
Pyap23510 and then allowed to feed on red clover seeds.
Five days after microinjection, salivary sheaths on the
seed surface were attached to a stub, followed by drying
in an ion sputter (lonbeam) under vacuum. After gold
sputtering, the samples were observed under a scanning
electron microscope (Hitachi) at 3.0 kV.

Data analysis

Statistical analyses were performed using GraphPad
Prism (v8.0). Two-tailed Student’s ¢-tests and log-rank
(Mantel-Cox) tests were used for statistical analysis. Sig-
nificance levels are indicated as P<0.05 (*), P<0.01 (*¥),
or P<0.001 (***).

Results

Identification of P. apterus watery saliva proteins

The results of shotgun LC-MS/MS revealed 103 pep-
tides under the criterion of an FDR<0.05 (Table S2). By
matching the peptides with the P. apterus genomic data-
base, 55 watery saliva proteins were identified, among
which 18 proteins exhibited medium or high abundance
with unique peptide counts>2, and 37 proteins had low
abundance with only one unique peptide count (Table 1
and S2). In addition, 35 out of 55 (63.6%) watery saliva
proteins contained a potential signal peptide, which
might facilitate protein secretion from salivary glands to
host tissues during feeding (Table 1). Proteomic analysis
showed that 19 watery saliva proteins (34.6%) were cat-
egorized as digestive enzymes, such as protease, lipase,
carboxypeptidase, and carboxypeptidase (Table S2).
Eight proteins (14.6%) were assigned to the oxidoreduc-
tase category, including glucose dehydrogenase, laccase,
and catalase. Ten proteins (18.2%) were non-enzyme
proteins, such as transferrin, hexamerin, and odorant-
binding protein 10 (OBP10). Notably, 16 (29.1%) watery
saliva proteins could not be assigned to any defined
functions, among which 11 proteins were specific to
P apterus because no homologs were identified in any
other genome-available insect species (Table S2).

Identification of P. apterus gelling saliva proteins

The salivary sheath is formed by the secretion of gel-
ling saliva (Fig. 1). A total of 141 proteins were identi-
fied in the salivary sheath through shotgun LC-MS/
MS analysis (Table 1 and S3), among which 103 (73.1%)
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proteins were potentially secretory owing to the presence
of a putative signal peptide. Two vitellogenin homologs
(vitellogenin 2 and vitellogenin) displayed the high-
est abundance, with 33 and 30 unique peptide counts,
respectively, followed by a zonadhesin-like protein with
29 unique peptide counts. In addition, the gelling saliva
contained 38 enzymes, including one isomerase, two
acetyltransferases, two ATP synthases, ten oxidoreduc-
tases, and 23 digestive enzymes (Table S3). Among the
ten oxidoreductases, glucose dehydrogenase was most
common, followed by prophenoloxidase and laccase-like
proteins (Tables S3). Among the 23 digestive enzymes, 17
(73.9%) were protease and lipases, and two were nucleo-
side hydrolases. Additionally, the gelling saliva contained
73 proteins with undefined functions, among which 27
proteins were specific to P. apterus because no homologs
were identified in any other genome-available insect spe-
cies (Table 1).

Conserved and species-specific salivary components

In total, 165 P. apterus salivary proteins were obtained:
110 gelling-specific proteins, 24 watery-specific proteins,
and 31 common proteins in both (Table 1). To provide
insights into the functional specificity of P. apterus saliva,
P. apterus saliva proteins were blasted with those derived
from ten phytophagous arthropod species. Of the 165 P
apterus saliva proteins, 98 (59.4%) had counterparts in
the ten other species of arthropods examined (Table 1),
such as heat shock cognate proteins, apolipophorins, and
enzymes (e.g., protease, aminopeptidase, ATP synthase,
trehalase, carbonic anhydrase, and glucose dehydroge-
nase). Notably, actin was commonly detected in the saliva
of all ten arthropods in addition to P. apterus. This obser-
vation indicates that the common 98 proteins are widely
distributed in seed- and phloem-feeding insects. GO
enrichment analysis showed that the 98 common sali-
vary proteins were classified into three GO categories at
the second level: biological process, cellular component,
and molecular function (Fig. 2a and Table S4). The three
most enriched GO terms in the ‘biological process’ com-
prised cellular process (28 proteins), metabolic process
(26 proteins), and organic substance metabolic process
(25 proteins); the ‘cellular component’ category included
cell (19 proteins), cell part (19 proteins), and intracellu-
lar part (17 proteins); and the ‘molecular function’ cat-
egory included catalytic activity (19 proteins), hydrolase
activity (11 proteins), and binding (10 proteins). Except
for the common 98 proteins, some saliva proteins, such
as vitellogenin, apolipoprotein, and hexamerin, were also
readily detected across certain phytophagous species. For
example, vitellogenin was found to be a component of P
apterus, B. tabaci, and N. lugens saliva, although it was
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absent in aphid saliva, indicating that it might be con-
served in lineage-specific sap-sucking insects.

In addition, 67 out of 165 (40.6%) proteins were only
identified in P apterus saliva. GO enrichment analysis
showed that: (i) the single-organism process (12 pro-
teins), cellular process (12 proteins), and cellular meta-
bolic process (11 proteins) represented the top three
enriched biological processes; (ii) the cell (11 proteins),
cell part (11 proteins), and organelle (nine proteins) were
the major cellular components, and (iii) the catalytic
activity (eight proteins), binding (eight proteins), and
antioxidant activity (one protein) were the most enriched
molecular functions (Fig. 2b and Table S5).

Transcriptomic analysis of the P. apterus salivary gland

To fully identify potential salivary proteins, P. apterus sal-
ivary glands were collected for RNA-seq. After filtering
out low-quality reads, adaptor sequences and reads with
high levels of unknown bases, a total of 54,340,018 clean
reads were obtained from the library, of which over 88.7%
reads could be mapped to the P. apterus draft genome. Of
these, 9,029 (29.88%) genes were potentially expressed in
salivary glands with an FPKM >0 (Table S6), of which 567
proteins contained a predicted signal peptide, but lacked
a transmembrane domain, indicating that they might be
secreted into saliva by salivary glands (Table S6). Notably,
87 out of 567 genes were commonly detected by LC-MS/
MS and transcriptomic approaches.

Spatiotemporal expression patterns of P. apterus salivary
proteins

To investigate the temporal expression patterns of P
apterus salivary genes, P apterus at different develop-
mental stages and different body parts of fifth-instar
nymphs were collected for RNA-seq, and the gene
expression level was quantified using FPKM. This test
showed that the majority of salivary genes were stably
expressed in nymph and adult stages (Fig. 3a), compared
with 7.9% genes that were biased-expressed in eggs.
Notably, vitellogenin was exclusively expressed in the
adult stage, followed by the high expression of hexamerin
and palmitoyl-protein thioesterase 1 (Table S7). The spa-
tial expression patterns indicated that 70 salivary genes
were exclusively expressed in the salivary gland (Fig. 3b
and Table S8), among which 19 genes encode enzymes
such as proteases (13), lipases (2), a glucose dehydro-
genase, a carboxypeptidase B-like, a lysophospholipid
acyltransferase 7, and a peroxidase. This observation sug-
gests that these genes are important for extra-oral diges-
tion. In addition, 22 genes were highly expressed in the
gut, such as those encoding cathepsin L7, inosine-uridine
preferring nucleoside hydrolase, and palmitoyl-protein
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Fig.2 Gene ontology classification of P apterus salivary proteins. a Gene ontology classification of the 98 conserved P. apterus salivary proteins. b

Gene ontology classification of the 67 P apterus-specific salivary proteins

thioesterase 1, suggesting that these are required for
internal digestion. Notably, two genes encoding alpha-
glucosidase (Pyap11426) and lipase (Pyap23534) had sig-
nificantly high transcript levels in both the salivary gland
and gut, indicating that they might be important for both
oral and internal digestion.

RNA-mediated knockdown of P. apterus-specific salivary
genes

Given that 13 P apterus-specific salivary proteins
were assigned with undefined functions (Table 1), we
investigated how they contribute to the success of P
apterus. To this end, eight genes were randomly selected
(Pyap29161, Pyap23512, Pyap04329, Pyap23515,
Pyap23508, Pyap21548, Pyap09885, and Pyap23510) for

RNAi-mediated knockdown assays. These 8 genes exhib-
ited stable expression in both nymph and adult stages,
with lower expression levels during the embryonic stage
(Fig. Sla). Furthermore, the spatial expression patterns
indicated that these genes were exclusively expressed
in the salivary gland (Fig. S1b). Fourth-instar P apterus
nymphs were microinjected with dsRNAs targeting each
gene, and the RNAi efficiency was examined by qRT-PCR
three days later. dsRNA treatments significantly reduced
the expression of each gene relative to the dsGfp treat-
ment (Fig. S2). Except for Pyap29161, knockdown of the
remaining genes significantly decreased nymph survival
by>60% (Fig. 4), although it did not impair the deposi-
tion of salivary sheaths (Fig. 5). Notably, knockdown of
Pa09885 even resulted in a mortality rate of P apterus as
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Fig. 3 Heatmap depicting the spatiotemporal expression of salivary genes. Different developmental stages of P apterus and different tissues
of adults were collected for RNA-seq. Gene expression was evaluated by FPKM. The FPKM of each gene in the same row was z-score transformed.
a The expression of salivary genes across developmental stages. b The expression of salivary genes in different tissues of 3-day-old adult females.

Color key corresponds to row z-score

] - dsGfp
1 OO_ . dsPyap23512 **
80- - dsPyap04329 **
;\5‘ | - dsPyap29161
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g ; - dsPyap23508 ***
c 404 - dsPyap21548 ***
A - dsPyap09885 ***
20+ - dsPyap23510 *
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Days after dsRNA microinjection

Fig. 4 Survival rate of P apterus with gene knockdown. Third-instar nymphs (n=30) were microinjected with dsRNA. The survival of P apterus
was monitored every 24 h. Statistical analysis was performed using the log-rank Mantel-Cox test (* < 0.05, **P< 0.01, and *** P<0.001)

high as 90%. This indicates that undefined salivary pro-
teins might be essential for food ingestion and digestion
by P. apterus.

Discussion

The secretion of saliva is an efficient way for insects to
digest and absorb nutrients from plant tissues and seed
content [46]. Despite extensive studies on the salivary

components of phloem-sucking insects [6, 12, 16-18,
24, 28, 46, 47], little is known about the oral secretions
of insects that feed on dry seeds with a piercing—sucking
mouthpart. In previous studies, to determine the saliva
component in several phloem-sucking insects, saliva
was collected from artificial food for LC-MS/MS analy-
sis [6, 17, 44, 48]. Alternatively, salivary glands were dis-
sected for RNA-seq, and potential saliva proteins were
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Fig. 5 Morphological observations of the salivary sheath secreted by P apterus with gene knockdown. Third-instar P apterus nymphs were injected
with dsRNAs and allowed to feed on red clover seeds. Five days after microinjection, the salivary sheaths on the seed surface were observed

under a scanning electron microscope. Scale bars: 50 um

predicted based on the presence of a signal peptide but
the absence of transmembrane domains [27, 49, 50]. In
this study, we identified 165 salivary proteins from the
artificial diet via LC-MS/MS analysis, and 576 potential
salivary proteins were predicted from salivary glands
via transcriptomic analysis. We noticed that the num-
ber of salivary proteins obtained from LC-MS/MS was
less than that obtained from transcriptomic analysis.
This discrepancy might be the result of differences in
the diet fed to P. apterus in the experiments, with insects
fed an artificial diet and seeds for LC-MS/MS and tran-
scriptomic analysis, respectively. Consistent with this
observation, previous studies indicated that the saliva
composition of B. tabaci and Spodoptera frugiperda
changed along with different host plants [17, 51]. Given
that artificial diets were used for saliva collection in most
published studies, the accurate composition of insect
saliva during host feeding needs further clarification. In
addition, we found that 33 out of 165 (20%) P apterus
saliva proteins from LC-MS/MS lacked signal peptides.
This indicates that the presence of signal peptides should
not be used as the only criterion for screening saliva pro-
teins from the transcriptome.

The firebug P. apterus feeds on various seeds that are
primarily rich in lipids and proteins via extra-oral diges-
tion, in which the insect repeatedly thrusts its stylet back
and forth until several cells have been broken down, ena-
bling it to flush out the seed content with a flow of saliva

[30, 52, 53]. For insects performing extra-oral digestion,
the secretion of digestive enzymes, such as trypsin and
chymotrypsin, is crucial to break down solid contents
into liquids, thus increasing food extraction efficiency
[54]. In line with this, genes associated with proteolysis
and lipid transport were highly expressed in P apterus
salivary glands, and numerous proteases and lipases were
found in the watery saliva, indicating the importance of
watery saliva on extra-oral digestion in P apterus. This
observation differs greatly from that in phloem-feeding
insects, which rarely secrete proteases during feeding
[55, 56]. In addition, a catalase was found in P apterus
watery salivary, suggesting that this enzyme is required
by P. apterus for detoxifying plant-defense compounds,
as reported for other hemipterans [5].

For phloem-sucking insects, gelling saliva is continu-
ously secreted during stylet penetration, and then rap-
idly hardens to protect stylets from physical damage
via forming a protective sheath [8, 57]. We noticed that
P apterus gelling saliva contained abundant enzymes
involved in digestion, including protease, lipase, glucosi-
dase, trehalase, nucleoside hydrolase, carboxypeptidase
and aminopeptidase (Table 1). This suggests that gelling
saliva is involved in extra-oral digestion during seed feed-
ing in addition to providing a protective sheath. It is well
known that phloem-feeding insects encode cell-degrad-
ing enzymes, such as amylase, pectinase, cellulose and
pectinesterase, to facilitate stylet penetration into plant
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tissue [5]. Intriguingly, these proteins were not identi-
fied in P. apterus gelling saliva. A possible explanation for
this discrepancy could be the limited phloem sap-suck-
ing behavior of P apterus. In addition, P. apterus gelling
saliva contained several oxidoreductases, including per-
oxidase, carboxylesterase, glucose dehydrogenase, pro-
phenoloxidase, and laccase, which were interpreted as a
reductive weapon against plant phenols and reactive spe-
cies [58]. These proteins might be essential for detoxify-
ing secondary metabolites during seed feeding since dry
seeds contain abundant phenolic compounds [59]. Oxi-
doreductases are also commonly identified in the saliva
of phloem-feeding insects and use dto detoxify various
phenolic compounds produced by stylet penetration [5].

We noticed that carbonic anhydrase was identified in
P apterus saliva, which is also present in the saliva of
planthoppers, aphids, whiteflies, and leathoppers [9, 17,
40, 41, 60]. Carbonic anhydrase is a metalloenzyme that
catalyzes the conversion of carbon dioxide to bicarbo-
nate ions and protons to mediate pH homeostasis [61].
Previous studies indicated that carbonic anhydrase had
an essential role in maintaining alkaline pH for homeo-
stasis and ion transport in the silk gland of the silkworm
Bombyx mori [62] and in the mosquito gut [63]. How-
ever, suppression of carbonic anhydrase gene expression
did not change the pH value in either tissue but caused a
profoundly lethal effect in the planthopper N. lugens [9].
Hence, the detailed function of carbonic anhydrase in
insect saliva needs further investigation.

Another interesting finding was that vitellogenin
was abundantly detected in the P. apterus gelling saliva
(Table 1). Vitellogenin is generally considered to be a
female-specific nutritious protein vital for oocyte matu-
ration and embryo development in most oviparous ver-
tebrate and invertebrate animals [64]. In recent years,
proteomic analysis revealed that vitellogenin is widely
distributed in the saliva of piercing—sucking phytopha-
gous arthropods, such as whiteflies, aphids, spider
mites, Asian citrus psyllids, and rice planthoppers [6, 9,
44, 48, 65]. The C-terminal polypeptide of vitellogenin
in the planthopper Laodelphax striatellus acts as an
effector that hinders the accumulation of hydrogen per-
oxide and rice defenses, thereby improving insect feed-
ing performance and survival [65]. In another report,
vitellogenin was found to act as a pathogenic trans-
porter to facilitate virus movement from the insect
vector into the plant [66]. In addition to vitellogenin,
apolipophorin was also identified in the gelling saliva
of P. apterus, as also found in planthoppers and aphids.
Apolipophorin is a protein component of lipopro-
teins that participates in lipoprotein metabolism, lipid
transport, and the immune response in insects [67,
68]. Interestingly, salivary apolipophorin was thought
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to interfere with plant signaling defense responses [5].
These events suggest that vitellogenin and apolipo-
phorin have important roles in nutrient binding and
transporting, and assisting the feeding process.

Odorant-binding proteins (OBPs) are a group of
extracellular proteins that are extensively expressed
in chemosensory tissues and are known to mediate
olfactory transduction by transporting odorant mol-
ecules to olfactory receptors [69]. OBP10 was iden-
tified in P apterus saliva, in line with multiple other
OBPs detected in the salivary glands of various preda-
ceous and hematophagous insects. OBP56a of the blow
fly Phormia regina saliva solubilizes fatty acids during
feeding and subsequently helps to deliver fatty acids to
the midgut [70]. The OBP-like protein D7 of a blood-
sucking mosquito shows anti-hemostatic and anti-
inflammatory action to facilitate blood feeding [71]. In
the phytophagous planthopper N. lugens, OBP11 assists
feeding on rice and acts as an effector that inhibits
plant defense [72]. The secretion of OBP10 in P. apterus
saliva suggests that it contributes to P apterus feeding
on animal matter and live plants, but its precise func-
tion in this species remains unknown.

Many studies have indicated significant variations
in saliva composition among insect species, and the
presence of species-specific salivary proteins might
be essential for feeding. For example, the presence of
Ca**-binding proteins in the saliva of the Sternorrhyn-
cha could aid their phloem feeding by reducing the
occlusion of sieve-tube elements, which would occur
as an induced defense response in plants [5]. To better
understand the function of species-specific salivary pro-
teins that are exclusively expressed in the salivary gland,
we used RNAI to decrease the expression level of eight
genes encoding gelling salivary proteins. Silencing these
genes led to a significant reduction in P. apterus survival
but did not alter the deposition of salivary sheaths. This
event strongly indicates that gelling salivary proteins not
only serve as a stylet sheath but also function to facilitate
host feeding. It was found that these eight genes are only
present in P apterus and Riptortus pedestris, which can
also feed on dry seeds (Table 1). They are almost absent
in phloem- and blood-feeding insects, suggesting that
the presence of these proteins may aid truebugs in seed
feeding. However, the scarcity of research on salivary
components in other insects that feed on dry seeds poses
a challenge in determining whether these proteins are
commonly found in seed-feeding insects.

Overall, our study identified and characterized the
salivary proteins of P apterus using proteomic and tran-
scriptomic approaches. The results derived from our
study will be helpful for understanding the feeding pro-
cess of sap-sucking and seed-feeding insects.
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each gene was normalized to the expression of rp49. Data are presented
as the mean+ SEM. Two-tailed unpaired Student’s t-test was used for the
statistical analysis (*P< 0.05, and **P < 0.01).
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