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Transcriptomic and proteomic analysis of
putative digestive proteases in the salivary
gland and gut of Empoasca (Matsumurasca)
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Abstract

Background: Infestation by tea green leafhoppers (Empoasca (Matsumurasca) onukii) can cause a series of
biochemical changes in tea leaves. As a typical cell-rupture feeder, E. onukii secretes proteases while using its stylet
to probe the tender shoots of tea plants (Camellia sinensis). This study identified and analyzed proteases expressed
specifically in the salivary gland (SG) and gut of E. onukii through enzymatic activity assays complemented with an
integrated analysis of transcriptomic and proteomic data.

Results: In total, 129 contigs representing seven types of putative proteases were identified. Transcript abundance
of digestive proteases and enzymatic activity assays showed that cathepsin B-like protease, cathepsin L-like
protease, and serine proteases (trypsin- and chymotrypsin-like protease) were highly abundant in the gut but
moderately abundant in the SG. The abundance pattern of digestive proteases in the SG and gut of E. onukii
differed from that of other hemipterans, including Nilaparvata lugens, Laodelphax striatellus, Acyrthosiphum pisum,
Halyomorpha halys and Nephotettix cincticeps. Phylogenetic analysis showed that aminopeptidase N-like proteins
and serine proteases abundant in the SG or gut of hemipterans formed two distinct clusters.

Conclusions: Altogether, this study provides insightful information on the digestive system of E. onukii. Compared
to five other hemipteran species, we observed different patterns of proteases abundant in the SG and gut of E.
onukii. These results will be beneficial in understanding the interaction between tea plants and E. onukii.
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Background
The tea green leafhopper Empoasca (Matsumurasca)
onukii Matsuda (Hemiptera: Cicadellidae) is an import-
ant insect pest of the tea plant Camellia sinensis (L.) O.
Kuntze (Theaceae) in tea-producing countries in Asia

[1–3]. E. onukii was previously identified as two species,
E. onukii and E. vitis. A recent detailed study of morpho-
metric characteristics suggests that E. onukii and E. vitis
actually belong to the same species [3]. E. onukii dam-
ages tea plants by piercing tea buds, leaves and tender
shoots with a needle-like stylet to suck the sap, which
typically results in a syndrome called hopper burn that
dramatically reduces the yield and quality of tea leaves
[1]. The annual economic losses caused by this insect
could reach 50% in China alone [4]. Currently, the man-
agement of E. onukii infestation relies largely on the
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application of chemical pesticides. However, chemical
pesticides can lead to pesticide resistance and cause det-
rimental effects to the environment and human health
[5–8]. Biological controls of E. onukii have also been re-
ported, but they show very limited success [9–11].
Knowledge of the biochemistry and physiology of the in-
gestion system of E. onukii may spur the development of
novel management strategies for this serious insect pest.
Phytophagous hemipteran insects have evolved

piercing-sucking mouthparts for sap feeding. There are
three types of plant sap-feeding behaviors: phytophagous
salivary sheath feeding, osmotic pump feeding, and cell
rupture feeding [12, 13]. Studies on stylet activity suggest
that E. onukii is a typical cell-rupture feeder that secretes
enzymes into plant tissues through its stylet and then
feeds on mesophyll or stem parenchyma cells [1, 14].
Piercing-sucking feeding requires injecting digestive en-
zymes secreted from the salivary gland (SG) into plants
for extraoral digestion. Hence, a detailed investigation
into salivary protein compositions would aid in under-
standing the physiology of hemipteran insect digestive
systems and potentially lead to the development of novel
strategies to manage these insect pests.
Salivary protein profiles have been studied at both the

transcriptomic and proteomic levels for a wide range of
hemipteran insects, including stink bugs, aphids, leaf-
hoppers and planthoppers [15–23]. Salivary proteomic
profiling has revealed that saliva from hemipteran in-
sects mainly contains various enzyme families, including
oxidoreductases, hydrolases, transferases, Ca2+-binding
proteins and proteases/peptidases [15, 18, 20, 24, 25].
However, most of those early studies identified only pro-
tease groups but not protease species due to the lack of
genomic information.
Transcriptomic analysis coupled with proteomic pro-

filing is an effective strategy to identify functional pro-
teins in the SG and gut of hemipterans [21, 26]. For
example, proteases in the SG and gut of two devastating
pentatomid stink bugs, Halyomorpha halys and Nezara
viridula, were investigated to identify proteases highly
expressed in each tissue [21, 26]. Furthermore, mapping
of SG transcripts of H. halys to the protein profiles of
watery saliva, which is the saliva secreted into the host
plants, revealed 22 abundant digestive proteases. In
addition, the majority of these protease transcripts were
highly accumulated in the principle salivary gland (PSG)
of H. halys and N. vididula. These results indicated that
in both stink bugs, PSGs were the major sources for re-
leasing proteases into the saliva [21].
Although proteases and nucleases participating in

extraoral digestive activities have previously been investi-
gated in the SG and gut of some hemipteran insects,
knowledge about the composition of proteases in digest-
ive tissues of E. onukii is still limited. We previously

analyzed transcriptome sequencing data derived from
the gut of E. onukii, and putative transcripts encoding
proteins of digestive proteases, detoxification enzymes
and immune response factors were identified [27]. In the
present study, we extended our investigation to tran-
scriptomic and proteomic analyses of the SG and gut of
E. onukii to investigate tissue-specific expression of pro-
teases. In addition, we also compared the abundance of
proteases in the SG and gut of several hemipterans to
assess common proteases across the species. The results
from this study will not only provide information for a
further understanding of the interaction between E. onu-
kii and tea plants but also assist in the study of aromatic
changes in tea plants after infestation with E. onukii.
Identification and analysis of the digestive proteases in
the SG and gut of E. onukii will also assist in the devel-
opment of novel strategies for managing this important
pest.

Results
Protease activity in the salivary gland and gut of E. onukii
The enzymatic activities of leucine aminopeptidase, ca-
thepsin B-, cathepsin L-, trypsin- and chymotrypsin-like
protease in the SG and gut were examined, and the re-
sults are shown in Fig. 1. The overall enzymatic activities
of digestive proteases were much higher in the gut than
in the SG except for leucine aminopeptidase activities,
which showed similar activity units in the SG and gut.
The activities of cathepsin B-, cathepsin L-, trypsin- and
chymotrypsin-like protease were significantly higher in
the gut than in the SG (Fig. 1). Cathepsin B- and L-like
proteases showed the highest activities in the gut.
Trypsin-like protease, chymotrypsin-like protease and
leucine aminopeptidases showed low to moderate activ-
ity in the gut (Fig. 1).

Transcriptomic and proteomic analysis of proteins in the
SG and gut of E. onukii

1) RNA sequence assembly and functional annotations

The obtained sequence reads were assembled using
tissue-specific RNA reads or pooled reads derived from
the RNA of both the SG and gut. BUSCO (Benchmark-
ing Universal Single-Copy Orthologs) analysis showed a
high-quality (92.1% complete) assembly. Details of the
sequence assembly are summarized in Additional file 1:
Table S1. The generated contigs were annotated by
BLASTx against the NCBI (National Center for Biotech-
nology Information) nr database. Protein hits were ob-
served for approximately 42, 57 and 38% of the contigs
assembled from the SG, gut and pooled reads (Add-
itional file 1: Table S1). The protein hits for the three
sets of contigs were similar and reflected in the species
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distribution of the hits (Additional file 2: Fig. S1). The
majority of hits (41–43%) were from hemipterans,
followed by ~ 22% from Blattaria (Table 1).

2) Mapping of the assembled genes to proteomic
profiles derived from the SG and gut

To investigate the expression of the E. onukii genes at
the protein level, we used the assembled transcripts as a
database and mapped SG and gut protein peptide se-
quences resulting from proteomic sequencing to the
protein sequences translated from the assembled contigs.
The peptide mapping results are summarized in

Fig. 1 Enzymatic activity of selected proteases in homogenates of salivary glands and guts of E. onukii. Error bars indicate the standard deviation
from the mean for three replications. Statistical comparisons were conducted between the enzymatic activity of salivary glands and guts (*0.01 <
P < 0.05, **P < 0.01, Student’s t-test)
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Additional file 1: Table S1. In total, 4457 unique tran-
scripts in the SG and 3784 transcripts in the gut were
mapped by the peptides derived from proteomic sequen-
cing. The numbers of mapped proteins from the SG, gut
and both tissues are shown in Fig. 2a. The majority of
proteomic peptide mapped transcripts were identified in
both the SG and gut, with 18.6% (945) and 13.7% (654)
of transcripts predicted to be specifically expressed in
the SG and gut, respectively. These results indicated that
the SG and gut of E. onukii generally provide common
functions in the digestive system. However, unique pro-
teins identified in the SG and gut reflect that the two tis-
sues also have different biological functions in E. onukii.
In addition, certain numbers of transcripts identified
from the proteomic profiles were associated with an in-
crease in the FPKM (expected number of fragments per
kilobase of transcript sequence per million base pairs se-
quenced) value of the transcripts (Fig. 2b), which was
similar to previous observations in the investigation of
stinkbug proteases [21, 26].

3) Identification of protease genes

We identified 930 unique contigs encoding putative
proteases from SG and gut tissues by analyzing the
BLAST annotation results. These proteases included
aminopeptidase, carboxypeptidase, dipeptidase, aspartic
protease, cathepsin B-like protease, cathepsin L-like pro-
tease and serine protease (trypsin-, chymotrypsin- and
elastase-like protease). However, only 129 (14%) of the
protease proteins were mapped by at least two unique
peptides derived from proteomic sequencing profiles
(Table 2), which included 26 aminopeptidases, 12 car-
boxypeptidases, 11 dipeptidases, 8 aspartic proteases, 14
cathepsin B-like proteases, 18 cathepsin L-like proteases
and 40 serine proteases (Additional file 3). Fifty-two of
the putative proteases mapped by proteomic profiles
contained signal peptides that were potential digestive
proteases. The other 77 proteases had either no signal
peptides or the signal peptides could not be determined
due to a lack of N-terminal sequences (Additional file 3).

Table 1 Distribution of the top hit annotations against the NCBI nr database in different insect orders

Insect order Salivary gland specific assembly Gut specific assembly Combined assembly

Hemiptera 43.16% 40.88% 40.63%

Blattaria 21.88% 21.35% 22.15%

Coleoptera 4.69% 4.13% 4.97%

Lepidoptera 5.69% 3.82% 3.01%

Hymenoptera 2.41% 2.41% 2.42%

Diptera 0.51% 0.62% 0.57%

Others 21.66% 26.78% 26.26%

a b

Fig. 2 Summary of proteins mapped to proteomic peptides. Panel a Number of proteins identified in the SG, gut or both tissues. Panel b
Correlations between transcript abundance and the probability of proteins mapped to proteomic peptides. Translated protein sequence sets
derived from the salivary glands and gut were respectively used as targets for mapping of peptides that resulted from the proteomic analysis of
the corresponding tissue. The proportion of proteins detected from the proteome increased with increasing FPKM values
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The protein sequences of the possible secreted proteases in
the gut or SG of E. onukii are provided in Additional file 4.

4) Expression of protease transcripts

To assess the overall expression of the transcripts in
the SG and gut, the FPKM of each contig was estimated.
The FPKM data were converted to log scale, and box-
plots showing the medians and full range of FPKM vari-
ations are presented in Fig. 3a. In addition, boxplots
using the FPKM values of transcripts encoding proteases

are also shown in Fig. 3a. The majority of the transcripts
had very low FPKM values, and the median FPKM was
only 1.47 for the gut and 2.23 for the SG (Fig. 3a). On
the other hand, proteases had much higher RNA expres-
sion levels. The median FPKM of proteases was 84.43 in
the gut, which was 54-fold higher than the median
FPKM calculated from the FPKM of all transcripts (Fig.
3a). Notably, 7 of the top 10 most abundant transcripts
in the gut were proteases (Additional file 5). Transcripts
of protease in the SG were lower than those in the gut
of E. onukii but still higher than the average FPKM of

Table 2 Summary of identified digestive proteases

Category of protease Nr annotated contig Proteome identified Percentage

Aminopeptidase 148 26 18%

Carboxypeptidase 89 12 13%

Dipeptidase 46 11 24%

Aspartic protease a 39 8 21%

Cathepsin B-like 68 14 21%

Cathepsin L-like 197 18 10%

Serine protease b 343 40 12%

Total 930 129 14%
a Aspartic protease includes cathepsin D and aspartic protease
b Serine protease includes trypsin, chymotrypsin and elastase

a b

Fig. 3 Transcriptomic abundance of proteases mapped to proteomic peptides. Panel a Median FPKM of predicted proteins in the SG and gut of
E. onukii. Error bars indicate the standard deviation of the median FPKM of proteins in three biological replications. Panel b Number of proteases
identified in the SG, gut or both tissues
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the total SG contig set. The median FPKM of proteases
in the SG was 8.70, which was approximately 4 times
higher than that of total transcripts (Fig. 3a), although
no transcripts of protease were among the top 100 most
expressed proteins in the SG (Additional file 5).
The FPKM of each identified protease in the SG or gut

is listed in Additional file 3 and presented by a heatmap
(Additional file 2: Fig. S2). Of all the identified proteases,
107 had an FPKM≥1000 or 50 ≤ FPKM< 1000. The FPKM
values of 49 proteases were higher than 1000 in the gut,
while the FPKM values of only 10 proteases were above
1000 in the SG (Additional file 3). Differential analysis by
DESeq2 showed that 85 out of 129 putative protease genes
had over twice the expression level in the gut compared to
the SG and only 13 putative protease genes had more than
twice the expression level in the SG than in the gut (Add-
itional file 3). Different types of proteases apparently dif-
ferentially expressed in the SG or gut. Cathepsin-like
proteases and serine proteases were the most abundant
proteases among all proteases analyzed. In addition, the
highly transcribed cathepsin B- and cathepsin L-like pro-
teins in the gut also showed relatively higher FPKM values
in the SG than the other cathepsin-like proteins (Add-
itional file 3). Serine proteases were also abundant in the
gut; 7 out of 40 potential serine proteases had FPKM
values over 10,000. On the other hand, only two serine
proteases (EMoSerineProtease-24 and -26) showed FPKM
values over 1000 in the SG (Additional file 3). In the ami-
nopeptidase group, EMoAminopeptidase-10 was the only
aminopeptidase showing an FPKM over 1000 in the gut.
Aminopeptidases were also highly transcribed in the SG
of E. onukii. FPKMs of EMoAminopeptidase-1 and
EMoAminopeptidase-3 in the SG were 710.05 and 755.95,
respectively, which were 3.50 and 6.18 times higher than
their expression levels in the gut, respectively (Additional
file 3). Compared to other protease groups, carboxypepti-
dases and dipeptidases showed lower expression.
EMoCarboxypeptidase-3 was the most abundant carboxy-
peptidase in the gut, and EMoCarboxypeptidase-5 and -6
were moderately transcribed (FPKM below 100). Con-
versely, EMoCarboxypeptidase-7, − 8 and − 9 were abun-
dant in the SG but were less transcribed in the gut. In
addition, the most abundant dipeptidase was
EMoDipeptidase-2 (FPKM= 402.60) in the gut.

5) Tissue-specific distributions of protease proteins

The number of potential secreted proteases identified
from the SG and gut is shown in Fig. 3b. The majority
of the proteases (59%) were distributed in both tissues,
with 8 and 34 proteases specific to the SG and gut, re-
spectively. Among protease groups, the same number of
aminopeptidases was found in the SG and gut, while
more cathepsin-like proteases and serine proteases were

found in the gut than in the SG (Additional file 1: Table
S2). These results were consistent with the results of en-
zymatic activity tests, in which higher cathepsin and serine
protease activities were observed in the gut; however, few
differences in aminopeptidase activities were observed be-
tween the SG and gut. Various numbers of proteases iden-
tified in the SG and gut provided explanations of the
enzymatic activities. Notably, EMoCathepsin L-16 and
EMoSerineProtease-21 were highly expressed in the gut,
with FPKMs of 44,267 and 3460, respectively (Additional
file 3). However, from the proteomic profiles, these prote-
ase proteins were found only in the SG and not in the gut.

Comparison of the top expressed proteases in E. onukii
and five other hemipterans
The SG and gut of E. onukii expressed similar proteases
(Table 3), which suggested that the SG and gut of E.
onukii may play similar roles in food digestion. To deter-
mine whether other hemipteran insects have similar pro-
tease distributions, we analyzed available RNA-Seq data
on proteases isolated from the SGs or guts of five hem-
ipteran insects, including two rice planthoppers (N.
lugens and L. striatellus), one rice leafhopper (N. cincti-
ceps), one stink bug (H. halys) and one aphid (A. pisum).
Information on the proteases in N. lugens, L. striatellus,
A. pisum, H. halys and N. cincticeps is shown in Add-
itional file 6. Due to the lack of genomic data for N.
cincticeps, translated protein sequences of predicted pro-
teases in N. cincticeps are shown in Additional file 4.
The top ten proteases of each insect based on FPKM
values were selected and are listed in Table 3. The re-
sults showed that aminopeptidase, carboxypeptidase and
dipeptidase were among the most highly expressed pro-
teases in the transcripts of the SG of N. lugens, L. stria-
tellus, A. pisum and N. cincticeps. Compared with results
for these four insects, cathepsin-like proteases and serine
proteases were among the most highly expressed prote-
ases in the SG of E. onukii and H. halys (including PSG
and accessory SG, ASG) and only one carboxypeptidase
was included in the top 10 most abundant digestive pro-
teases in the SG of E. onukii and the PSG of H. halys.
The most abundant transcripts of proteases were serine
proteases (trypsin- and chymotrypsin-like) or cysteine
proteases (cathepsin B- and L-like) in the gut of these
hemipterans (RNA-Seq data of N. cincticeps gut is un-
available), including E. onukii. Cathepsin L-like protease
is the most abundant protease family in the gut of E.
onukii and H. halys.

Phylogenetic analysis of potential digestive proteases
isolated from E. onukii and other hemipteran insects
Phylogenetic trees were constructed for the aminopepti-
dases, cathepsin B- and L-like proteins and serine prote-
ases isolated from SGs and guts of six hemipteran
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insects (E. onukii, A. pisum, H. halys, N. cincticeps, N.
lugens and L. striatellus). In addition, phylogenetic ana-
lyses of the proteases from hemipteran insects and other
insect groups were also performed.

1) Aminopeptidase

Many types of aminopeptidases have been identified
[28]. Nine different aminopeptidase groups were identi-
fied in the transcriptome of the SG and gut of A. pisum,
H. halys, N. cincticeps, N. lugens, L. striatellus and E.
onukii. The phylogenetic analysis grouped the amino-
peptidases into 12 clades (Fig. 4a). Aminopeptidase N
(APN) was the largest group and distributed in four
clades (A, B, F and G). The remaining aminopeptidases
were divided into eight clades representing a variety of
aminopeptidase groups (Fig. 4a). Insect aminopeptidase
N normally contains a gluzincin motif (GXMEN) and a
zinc-binding motif (HEXXHX18E) [29]. We noticed that
these two motifs were only observed in the APNs in
groups A and B but not in groups F and G. Groups F
and G were mainly composed of deduced aminopepti-
dases of E. onukii and N. cincticeps, respectively (Fig.
4b). In addition, the APNs of group A generally had
higher transcriptional levels in the gut than in the SG of
the five hemipteran insects. In contrast, group B APNs
showed higher expression levels in the SG than in the

gut (Fig. 4a). The differentially expressed APNs of
groups A and B found in the SG and gut were uniquely
clustered when the APNs of more insect orders were in-
troduced for phylogenetic tree construction (Additional
file 2: Fig. S3).

2) Cathepsin B- and L-like proteins

Cathepsin B- and L-like proteins identified from the
SG and gut of E. onukii and five other hemipterans were
clearly grouped into two distinct clusters in the phylo-
genetic tree: a cathepsin B group and a cathepsin L
group (Fig. 5). In the group containing cathepsin L-like
proteins, the cathepsin L-like proteases of E. onukii clus-
tered together in the same clade except for EMoCathep-
sin L-1, which is closely related to NcCathepsin L-5 (Fig.
5). Cathepsin B-like proteases, which showed higher
transcriptional levels in the gut of E. onukii (EMo-
Cathepsin B -3, − 5, − 6, − 7, − 9, − 10, − 11, − 12 and −
13), were clustered together. On the other hand, EMo-
Cathepsin B-8, the only cathepsin B-like protein of E.
onukii showing a higher expression level in the SG, was
grouped with four other SG-enriched cathepsin B-like
proteases: HhCathepsin B-1, ApCathepsin B-3,
LsCathepsin B-2, and NlCathepsin B-4 (Fig. 5).

3) Serine protease

Fig. 4 Phylogenetic tree containing aminopeptidases from six hemipteran species. Protein sequences of aminopeptidase-like proteins from
Nilaparvata lugens (Nl), Laodelphax striatellus (Ls), Nephotettix cincticeps (Nc), Acyrthosiphum pisim (Ap), Halyomorpha halys (Hh) and Empoasca
(Matsumurasca) onukii (EMo) were aligned and used for the phylogenetic analysis through the maximum likelihood strategy (Panel a). Information
regarding the proteins is shown in Files S3 and S6. Proteins from E. onukii are indicated in bold. Proteins in the phylogenetic tree mentioned in
the paper are arrowed. Groups A, B, F and G: proteins annotated by aminopeptidase N; Group C: glutamyl aminopeptidase; Group D: puromycin
sensitive aminopeptidase; Group E: endoplasmic reticulum aminopeptidase; Group H: methionine aminopeptidase; Group I: xaa-Pro
aminopeptidase; Group J: aminopeptidase NPEPL1; Group K: cytosol aminopeptidase; Group L: aminopeptidase W07G4.4e. Relative expression
level is presented by log2FC (gut vs SG) and shown by a colored circle outside the tree, from green (log2FC = −6) to red (log2FC = 9). Proteins
with no log2FC of FPKM are left blank. The sequence logos (logs?) of the gluzincin motif and zinc-binding motif from aminopeptidase N-like
proteins in groups A, B, F and G are shown in (panel b)
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The serine proteases (trypsin-like, chymotrypsin-like,
elastase-like and other serine proteases) of E. onukii and
five other hemipteran insects were mainly divided into
two major clusters in the phylogenetic tree (Fig. 6). Most
of the cluster I serine proteases showed low to moderate
transcriptional abundance in the gut, while most of the
cluster II serine proteases showed higher expression in the
gut. Significantly, a branch of serine proteases in cluster I,
including NcSerineProtease-6, EMoSerineProtease-4, − 36,
ApSerineProtease-1, − 2, − 6, and multiple other serine

proteases, which were highly transcribed in the SG of
stink bugs [21, 26], were grouped together (the clade col-
ored red in Fig. 6). The putative serine proteases from E.
onukii were mostly grouped into cluster II with the excep-
tion of EMoSerineProteases-4, − 35, − 36 and − 37 (Fig. 6).
In addition to the two major clusters, EMoSerineProtease-
35 and seven other serine proteases from A. pisum, H.
halys, and L. striatellus were clustered into two small
clades independent from other serine proteases (clusters
III and IV). To understand whether the cluster II serine

Fig. 5 Phylogenetic tree containing cathepsin B- and cathepsin L-like proteins from six hemipteran species. Protein sequences of cathepsin B-
and cathepsin L-like proteins from N. lugens (Nl), L. striatellus (Ls), N. cincticeps (Nc), A. pisim (Ap), H. halys (Hh) and E. onukii (EMo) were aligned
and used for the phylogenetic analysis through the maximum likelihood strategy. Cathepsin D-like proteins of N. lugens and L. striatellus were
clustered as the outgroup. Information regarding the proteins is shown in Files S3 and S6. Proteins from E. onukii are indicated in bold. Proteins in
the phylogenetic tree mentioned in the paper are arrowed. The clade highlighted by pink and yellow contains cathepsin B- and cathepsin L-like
proteins, respectively. Relative expression level is presented by log2FC (gut vs SG) and shown by a colored circle outside the tree, from green
(log2FC = −3) to red (log2FC = 11). Proteins with no log2FC of FPKM are left blank
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proteases were distinct from the serine proteases abun-
dant in the SG, venom serine proteases from various in-
sect orders were appended for phylogenetic analysis.
Interestingly, when the venom serine proteases of multiple
insect orders were included in the phylogenetic analysis,
the serine proteases in cluster II, which were highly
expressed in the gut of hemipterans, were again grouped
into a distinct clade and located at the root of the tree
(Additional file 2: Fig. S4).

Discussion
The primary goal of this study was to identify digestive
proteases in E. onukii by analyzing transcriptomic and
proteomic profiles derived from the SG and gut of E.
onukii. We discovered at least 129 protease sequences,
52 of which contained signal peptides that were putative
digestive proteases. These proteases include aminopepti-
dase, carboxypeptidase, dipeptidase, aspartic protease,
cysteine protease (cathepsin B- and L-like), and serine

Fig. 6 Phylogenetic tree containing serine protease-like proteins from six hemipteran species. Protein sequences annotated by trypsin,
chymotrypsin and elastase from N. lugens (Nl), L. striatellus (Ls), N. cincticeps (Nc), A. pisim (Ap), H. halys (Hh) and E. onukii (EMo) were aligned and
used for the phylogenetic analysis through the maximum likelihood strategy. Information regarding the proteins is shown in Files S3 and S6.
Proteins from E. onukii are indicated in bold. Proteins in the phylogenetic tree mentioned in the paper are arrowed. Clades highlighted by blue
and orange indicate two clusters of serine protease. The branch highlighted by red indicates a cluster of serine protease showing relatively
higher FPKMs in the salivary gland than in the gut. Relative expression level is presented by log2FC (gut vs SG) and shown by a colored circle
outside the tree, from green (log2FC = − 10) to red (log2FC = 13). Proteins with no log2FC of FPKM are left blank
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protease (trypsin-, chymotrypsin- and elastase-like prote-
ase). Furthermore, cysteine proteases and serine prote-
ases showed significantly higher activity in the gut than
in the SG, while almost equal enzymatic activity of ami-
nopeptidase was determined in both tissues (Fig. 1).
Serine proteases (trypsin- and chymotrypsin-like prote-
ases) and cysteine proteases (cathepsin B- and cathepsin
L-like) were identified as the major digestive enzymes in
the midguts of phloem sap-sucking hemipterans, al-
though phloem sap is nutritionally inadequate [21–23,
26, 30, 31]. Our results are consistent with previous in-
vestigations of digestive proteases of hemipteran insects.
It is interesting to observe that both cysteine and serine
proteases accumulate in the guts of hemipteran insects,
yet these two groups of proteases require a different pH
for their activity. The optimum environment for cysteine
proteases is acidic (pH < 7.0), while neutral and alkaline
pH values are conducive to serine proteases [31, 32].
One possible explanation for the existence of both cyst-
eine and serine proteases in E. onukii is that gut pH var-
ies through their digestive tracts. Pondus hydrogenii
variation in the midgut of Aphis gossypii was observed
alongside changes from acidic (stomach) to lower alka-
line (central and posterior midgut) [33].
Insect digestive proteases are produced mainly by mid-

gut epithelial cells and secreted into the lumen, where
the food bolus passes through [34, 35]. However, tran-
scription or translation of digestive proteins could be
regulated by insect feeding behaviors, developmental
stages, and food sources. For instance, enzymatic activ-
ities in the SG and midgut of the mirid bug Apolygus
luncorum are regulated by sex, age and food resources
(plant or animal sources) [22]. In addition, symbiotic
bacteria can also regulate digestive protease expression
[30]. Differential expression of various proteases in the
SG and gut is also observed in pentatomid stink bugs, N.
viridula [26] and H. halys [21]. Compared to these two
species, E. onukii appears to have a very different regula-
tion of protease expression in its digestive system. In
general, more proteases were identified in the gut from
both transcriptomic and proteomic data in E. onukii. Of
the 129 protease proteins mapped by the peptide pro-
files, only 16 proteases were unique in the SG, and 2
(EMoCathepsin L-16 and EMoSerine protease-21) of
them had a much higher transcription level (log2−fold
changes, log2FC > 6.5) in the gut (Additional file 3).
These results suggested that some proteases, especially
cathepsin-like proteases and serine proteases, might be
transferred from the gut to the SG. Two highly
expressed cathepsin-like proteases in the gut of H. halys
were detected in saliva [21]. These results imply that
cathepsin-like proteases in H. halys could possibly be de-
livered from the gut to saliva. An earlier investigation of
the aphid Tuberaphis styraci suggested that 1st instar

aphid soldiers could inject midgut-expressed cathepsin
B-like proteases through their stylets into enemies [36].
Our observation seems to support the proposition that
hemipteran insects may utilize midgut-expressed prote-
ases for extraoral digestion, although the actual mechan-
ism remains to be discovered. Studies of tea leaf protein
composition show that 15% of the dry weight of tea
leaves is proteins [37]. Therefore, a high abundance of
digestive enzymes in the gut of E. onukii may be func-
tional in the digestion of ingested proteins from the
mesophyll and stem parenchyma cells of tea plants.
Recently, transcriptomic and proteomic analyses iden-

tified various proteases in the saliva of H. halys. The vast
majority of the proteases found in saliva are serine pro-
teases that are highly expressed in the PSG of H. halys
but also include cathepsin-like proteases and peptidases
[21]. Significantly, almost all the proteases recovered
from saliva are proteases with the highest transcript
level, suggesting that proteases with a higher transcrip-
tional level are more likely to be functional in food di-
gestion. Hence, we analyzed the transcriptomes of five
hemipteran insects, including two planthoppers (N.
lugens and L. striatellus), one leafhopper (N. cincticeps),
one aphid (A. pisum) and one stink bug (H. halys). The
top ten most highly expressed proteases in the SG and
gut of E. onukii were compared to the findings in those
five hemipterans (Table 3). As expected, the top 10 pro-
teases in the PSG of H. halys included nine serine prote-
ases and one carboxypeptidase that have been previously
found in the saliva of H. halys [21]. These results further
prove that proteases with a high transcriptional level in
digestion-related organs are likely to be involved in food
digestion. It is clear that the top 10 most highly
expressed protease transcripts (mainly cathepsin-like
and serine proteases) in the SG and gut of E. onukii were
very similar, indicating that both the SG and gut of E.
onukii play important roles in food digestion. The SGs
and guts of the three rice feeders (N. lungens, L. striatel-
lus and N. cincticeps) presented similar protease compo-
sitions (Table 3). In the guts of the three rice feeders
and one aphid, cathepsin-like proteases or serine prote-
ases were the most abundant proteases. In addition to
cathepsin-like and serine proteases, aminopeptidases
were also included in the top expressed proteases in the
SGs of these four hemipterans. It is not clear whether
the aminopeptidases were released into the saliva. No
aminopeptidase was identified in the saliva of H. halys,
although low to moderate expression of aminopeptidases
was found in the SG of H. halys and N. viridula [21]. In
the present study, no aminopeptidase was included in
the top ten lists of the PSG and ASG of H. halys (Table
3). It is believed that E. onukii is a typical cell-rupture
feeder [1], and H. halys was reported to have both cell-
rupture and sheath forming feeding behaviors [38];
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however, the other hemipterans investigated in this re-
port are sheath forming feeders [12, 39–42]. Cell-
rupture feeders feed intracellularly on the mesophyll and
parenchyma cells by rapidly moving their stylets and
continually secreting saliva to digest plant tissues
in vitro, followed by the sucking of this processed soup
through the stylets [14]. Hence, ingested plant juices
containing rich protein components require further pro-
cessing in the alimentary tract. This predicted feeding
behavior might explain why the SG and gut of E. onukii
contain similar digestive proteases. On the other hand,
sheath-forming hemipterans generally suck sap from
vascular tissues (phloem and xylem) [14, 43]. Hence, the
nutritional components of sap ingested from vascular
tissues are significantly different from the juices of
broken mesophyll and parenchymal cells in nonvascular
tissues. The SGs of the three rice feeders (N. lungens, L.
striatellus and N. cincticeps) presented similar protease
compositions (Table 3). Consequently, different feeding
behaviors and food sources may play important roles
impacting protease compositions in the SGs of
hemipterans.
Phylogenetic analysis of aminopeptidases from six

hemipteran insects showed that the APNs of hemip-
terans, which contain a gluzincin motif and a zinc-
binding motif, were divided into two distinct clades. One
clade (A) had a higher transcript level in the gut, while
the APNs of the other clade (B) were more abundant in
the SG (Fig. 4). In the phylogenetic tree containing
APNs from multiple insect orders, the hemipteran APNs
in clades A and B of the phylogenetic tree in Fig. 4 were
themselves separated into two clades (Additional file 2:
Fig. S3). Notably, the APNs of other insect families were
also divided into two clusters (Additional file 2: Fig. S3).
Hence, the APNs in insect digestive tissues may be of
two types, one mainly expressed in the SG and the other
highly expressed in the gut. Further study is needed to
clarify the current observations.
Similar to the clusters of hemipteran APNs, the major-

ity of serine proteases from the six hemipteran insect
species were divided into two distinct clusters at the root
of the phylogenetic tree (Fig. 6). Based on the transcrip-
tomic level, some serine proteases in cluster I (the red
clade) are likely to be the venom proteases that were
highly transcribed in the SG, while the majority of clus-
ter II serine proteases were abundant in the gut. Inter-
estingly, with the addition of venom serine proteases
from other insect orders, the cluster II hemipteran serine
proteases formed a unique branch distinct from all other
venom serine proteases from multiple orders of insects,
including Hemiptera (Additional file 2: Fig. S4). These
results indicate that serine proteases were divided into a
gut-abundant group and a venom group prior to the
emergence of Hemiptera.

Conclusions
In summary, we found that both the SG and gut of E.
onukii express similar groups of proteases and most of
the proteases were highly transcribed in the gut. We also
compared the most highly expressed proteases in the SG
and gut of E. onukii with the results for five other hem-
ipteran insects and found differences in the protease dis-
tributions in the five analyzed hemipterans relative to E.
onukii. The variation in the proteases expressed in the
SG and gut could be associated with the insects’ feeding
behaviors and food sources. The phylogenetic analysis
suggests that proteases highly expressed in the SG or gut
evolved in two distinct directions. Tea cultivars resistant
to infestation by E. onukii have been previously reported
[11, 44]. Protease inhibitors are potential biocontrol
agents for insect pests [45–47]. The information pre-
sented here enriches our understanding of the digestive
systems of E. onukii and could provide targets for the
development of protease inhibitors and other biocontrol
agents to manage this important tea pest. This work
could also provide a knowledge base for the exploration
of interaction mechanisms between tea plants and E.
onukii.

Methods
Insects, tissue collections and sample preparations
The E. onukii strain used in this research was originally
collected from a tea field located at Fujian Agriculture
and Forestry University, Fuzhou, Fujian Province, China,
and has been maintained in laboratory conditions for ap-
proximately 2 years. The E. onukii colony was raised on
tea shoots, bred in water and kept at 28 °C with a photo-
period of 14:10 (light:dark) h in an insectary. The 3rd-
instar nymphs of E. onukii were collected from water-
planted fresh tea shoots and used for isolation of guts
and salivary glands. To dissect the gut and salivary
gland, insects were immobilized on ice for several mi-
nutes before they were dissected. SG isolation was per-
formed under a stereomicroscope (VHX-5000, KEYE
NCE, Japan). The morphology of the SG is illustrated in
Fig. 7. Morphological images of SG tissues were ob-
tained via digital microscopy (VHX-2000C, KEYENCE,
Japan). The methods used for gut dissections have been
previously described [27].
To determine the enzyme activities, six hundred saliv-

ary glands or guts were homogenized in 600 μL PBS
(137 mM NaCl, 2.68 mM KCl, 8.1 mM Na2HPO4, 1.47
mM KH2PO4, pH 7.4) in a 1.5 mL microcentrifuge tube.
Preparation of the homogenized samples was replicated
three times, and the protein concentrations were nor-
malized by the results of the Bradford method [48]. For
the RNA extractions, approximately 1500 SGs and 1000
guts were isolated, and the tissues were quickly washed
in a diethylpyrocarbonate (DEPC)-treated PBS solution
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after dissection. The tissues were kept in RNAhold
(TransGen Biotech, China). For proteomic sequencing,
2500 SGs or 1500 guts were quickly washed and resus-
pended in PBS. The tissues were then immediately fro-
zen with liquid nitrogen and kept at − 80 °C. Tissue
collections for RNA sequencing and proteomic analysis
were repeated three times.

Activity assays of digestive proteases
For the enzyme activity assays, collected SG or gut tis-
sues were homogenized by a mortar homogenizer. Leu-
cine aminopeptidase activity was measured using leucine
p-nitroanilide (LpNA) (Sigma, US) as a chromogenic
substrate [49]. Tissue homogenates were diluted to
100 μg/mL by 0.1 M Tris-HCl (pH 8.6). Eighteen micro-
grams of each sample was mixed with 1mM prewarmed
(30 °C) substrate buffer (0.1 M Tris-HCl, 1 mM LpNA,
pH 8.6). The enzymatic reaction was monitored for in-
creases in optical absorbance at 405 nm and 30 °C in a
microplate reader (SPARK 10M, Tecan) for 10 min (ob-
servations were carried out every 10 s, and 60 cycles
were conducted for each reaction). Trypsin activity was
determined by mixing 5 μg protein in 3 mL of 1 mM Na-
benzoyl-L-arginine p-nitroanilide (BApNA, Sigma, US)
in 50 mM Tris-HCl (pH 8.0). The enzymatic reactions at
28 °C were monitored in a UV-VIS spectrophotometer
(TU-I950, PERSEE) by recording the optical absorbance
at 405 nm for 40min (observations were carried out

every 30 s, and 80 cycles were conducted for each reac-
tion). The activities of cathepsin L- and B-like protease
were assayed using carbobenzyloxy-Phe-Arg-(7-amino-
4-methyl-coumarin) (Z-FR-AMC, Santa Cruz Biotech-
nology, US) as a fluorescent substrate. Briefly, 5 μg of
the protein was suspended in activation buffer (10 mM
Tris-HCl, pH 7.5) at a final volume of 60 μL, including
Z-FR-AMC (0.1 mM). The enzymatic reactions were
monitored at 30 °C in a microplate reader (SPARK 10M,
Tecan) with an optical absorbance increase at an excita-
tion wavelength of 380 nm and an emission wavelength
of 460 nm for 40min (observations were carried out
every 30 s, and 80 cycles were conducted for each reac-
tion). One unit of enzyme (U) was defined as the
amount that hydrolyzes 1 μmol of substrate per minute.
Mean enzyme activities were calculated from three read-
ings for one replication. Chymotrypsin activity assays
were carried out using a chymotrypsin activity assay kit
(A080–3-1, Nanjing Jiancheng Bioengineering Institute,
China) according to the manufacturer’s instructions. All
enzymatic reactions were replicated at least three times
for the statistical analysis using Student’s t-test in Prism
(version 8.2.0).

RNA extraction, library preparation, Illumina sequencing
and de novo assembly
Collected tissues were homogenized moderately with a
hand homogenizer. Total RNA was extracted using an
HP Total RNA Kit (Omega, USA) according to the man-
ufacturer’s protocol. The quantity of extracted RNA was
confirmed with a NanoDrop (Bio-Rad, USA), and the
quality of RNA was verified by Agilent 2100 (Agilent,
Germany) and electrophoresis gel analysis. Approxi-
mately 1.5 μg of total RNA extracted from each sample
was used to generate sequencing libraries. Sequencing li-
braries were constructed using the NEBNext® Ultra™
RNA Library Prep Kit for Illumina® (NEB, USA) follow-
ing the manufacturer’s recommendations. The qualified
cDNA library was clustered through the Illumina cBot
system and sequenced on an Illumina HiSeq 2500 plat-
form to generate 150 nt paired-ended reads (Novogene
Bioinformatics Technology Co., Ltd., Beijing, China).
The original image data were processed with Illumina
GA Pipeline v1.3 to clean reads, followed by the removal
of adapter sequences, empty reads and low-quality reads.
The clean reads obtained from SG or gut samples were
uploaded to the NCBI SRA database (BioProject ID:
PRJNA606974) and assembled by Trinity Assembly (ver-
sion 2.8.5) [50] with the default parameter settings, and all
reads pooled together were also assembled. Tissue-specific
RNA sequencing reads from the SGs or guts of Nilapar-
vata lugens (SRR5149721 and SRR8189329), Laodelphax
striatellus (SRR1617628 and SRR1617623), Nephotettix
cincticeps (SRR018462), Acyrthosiphum pisum

Fig. 7 Excised salivary glands of Empoasca (Matsumurasca) onukii
nymphs. Salivary glands were dissected and imaged by digital
microscope VHX-2000C (KEYENCE, Japan). a-d indicate four lobes of
one side of the salivary gland
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(SRR7037541 and SRR7037537) and Halyomorpha halys
(SRX6717290, SRX6717291, SRX6717292) were down-
loaded from the NCBI Sequence Read Archive (SRA)
database and separately assembled by Trinity as described
above. To assess the completeness of the assembled data,
the assembled transcripts were analyzed using arthropod
gene sets in the BUSCO database as a reference by the
BUSCO program [51].

Transcriptome analysis
Functional annotation of the de novo assembled contigs
was conducted by a BLASTx search against the NCBI nr
(nonredundant) and Swiss-Prot databases with an E-
value cutoff of 10− 5. The protein sequences of the con-
tigs with positive hits were translated for further ana-
lysis. Potential coding sequences (CDSs) of the contigs
without hits by BLAST annotation were predicted by
ESTScan (version 3.0.3). Relative expression of the tran-
scripts in the pooled assembled E. onukii datasets was
estimated using RSEM software (version 1.3.1) [52].
Read mapping and FPKM values were performed by
Bowtie. The FPKM of protease genes was divided by that
of the reference gene into either the SG or gut for
normalization. Reference genes from each insect species
were selected according to previous studies [53–56]. In-
formation on selected reference genes is shown in Add-
itional file 6. The relative expression of protease genes in
the SG and gut of N. lugens, L. striatellus, A.
pisum, and H. halys is presented by calculating the
log2FC of the FPKM values (gut vs SG). Median FPKM
values were calculated and plotted by boxplot functions
using a Python script. Heatmaps of the FPKM values
were generated using TBtools software (version 0.6652)
[57].

Extraction of total protein and LC-MS/MS analysis
Tissue samples were thoroughly milled in liquid nitro-
gen by a mortar homogenizer. The milled powders were
mixed with lysis buffer (50 mM Tris-HCl, pH 8.0, 8M
urea and 0.2% SDS) and incubated with ultrasonication
on ice for 5 min, followed by centrifugation at 12,000 g
for 15 min at 4 °C. Samples were mixed with 2mM di-
thiothreitol and incubated at 56 °C for 1 h, followed by
the addition of sufficient iodoacetic acid and incubation
for 1 h at room temperature in darkness. The samples
were then mixed with 4 volumes of cold acetone, vor-
texed and placed at − 20 °C overnight, followed by cen-
trifugation at 12,000 g for 15 min at 4 °C. The
supernatants were discarded, and the pellets were washed
twice with cold acetone. The washed pellets were dis-
solved in dissolution buffer (0.1M triethylammonium bi-
carbonate, pH 8.5, 8M urea), and the protein
concentration was determined by the Bradford assay. Pro-
tein samples were sent to Novogene Co., Ltd. (China) for

further preparation followed by liquid chromatography
(LC)-electrospray ionization (ESI) tandem mass spectrom-
etry (MS/MS) analysis by Novogene Co., Ltd. (China).

Identification of protease proteins from transcriptomic
and proteomic data
Putative protease proteins were identified by searching
for the positive hits of proteases from BLAST results.
Protein sequences from three individual assemblies for
the RNA-seq data (SG, gut and combined reads) that hit
the same accession numbers were manually checked to
determine whether they were derived from the same
genes. Therefore, we only present each identified prote-
ase protein by a given ID name instead of the transcript
IDs (Additional file 3). The assembled transcripts anno-
tated as aminopeptidase, aspartic protease (cathepsin D),
carboxypeptidase, dipeptidase, cathepsin B, cathepsin L,
trypsin, chymotrypsin, elastase, cysteine protease and
serine protease were identified as putative proteases.
The putative protease fragments (> 100 aa) obtained
from contig sets of the gut, SG and pooled reads were
further examined by BLASTp to sort for duplicate prote-
ase sequences. Sequences that hit the same accession
numbers were manually checked by alignment of these
sequences using MEGAX (version 10.1.7) built-in
MUSCLE and ClustalW programs to determine whether
they were derived from the same genes. A similar
process was also used to identify protease proteins from
the transcriptomes of N. lugens, L. striatellus,
N. cincticeps and A. pisum species. Signal peptidases of
5′ end complete proteins were predicted by the SignalP-
5.0 server [58].
To identify protease proteins from the proteomic data,

putative amino acid sequences of proteins encoded by
the contigs assembled from the gut, SG and pooled
reads were translated using TransDecoder (v5.5.0) [59].
The protein sequences were mapped to the peptide li-
braries that resulted from LC-MS/MS analysis using Dis-
coverer 2.2 software (Thermo Fisher Scientific, Bremen,
Germany). A protein sequence mapped by at least two
different peptides was selected. Selected proteins pre-
dicted to contain a signal peptide at the N-terminus
were determined as putative digestive proteases.

Phylogenetic analysis
Aminopeptidase, cysteine proteases (cathepsin B- and
cathepsin L-like protease) and serine proteases (trypsin-,
chymotrypsin- and elastase-like protease) identified in A.
pisum, N. lugens, L. striatellus, N. cincticeps, H. halys
[21] and E. onukii were included in the phylogenetic
analysis. Information about the proteins used in the
phylogenetic analysis is shown in Additional files 3 and
6. For the phylogenetic analysis of aminopeptidase- or
cathepsin-like proteins from multiple orders of insects,
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reference proteins were randomly selected from the
BLASTp results using EMoAminopeptidases and EMo-
Cathepsins as queries against the NCBI nr database, re-
spectively. For the phylogenetic analysis of serine
proteases from multiple insect orders, reference proteins
were randomly selected from previously reported insect
venom serine proteases [21]. Plant aminopeptidase N-
like proteins, hemipteran aspartic proteases and
cathepsin-like proteases of H. halys were included in the
phylogenetic tree of aminopeptidase N, cathepsin-like
protease and serine protease to form an outgroup. Pro-
tein sequences of each protease group were aligned in
batches with MAFFT [60]. Aligned sequences were then
assessed via phylogenetic analysis using the maximum
likelihood (ML) method. ModelFinder [61] implemented
in IQ-TREE [62] was used to choose the best partition-
ing scheme and models. ML analysis was performed
using IQ-TREE with 10,000 ultrafast bootstraps [63].
Constructed trees were uploaded to the Interactive Tree
of Life (http://itol.embl.de) for visualization and
annotations.
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