
Vol.:(0123456789)1 3

Applied Entomology and Zoology (2022) 57:1–14 
https://doi.org/10.1007/s13355-021-00750-w

ORIGINAL RESEARCH PAPER

Characterization of PGRP‑LB and immune deficiency 
in the white‑backed planthopper Sogatella furcifera (Hemiptera: 
Delphacidae)

Yaya Yu1 · Chunli Luo1 · Daowei Zhang2 · Jing Chen1,3 

Received: 2 March 2021 / Accepted: 10 June 2021 / Published online: 9 July 2021 
© The Author(s) 2021

Abstract
Peptidoglycan recognition proteins (PGRPs) participate in insect defense against bacterial pathogens by recognizing bacterial 
cell wall peptidoglycans (PGNs). Here, we identified the PGRP-LB gene in the white-backed planthopper Sogatella furcifera 
(SfPGRP-LB). SfPGRP-LB is a secreted protein with a typical PGN-binding domain and five conserved amino acid (aa) 
residues required for amidase activity. Expression analysis showed that the SfPGRP-LB transcript levels were significantly 
higher in the midgut than in other tissues. Silencing SfPGRP-LB with dsRNA significantly downregulated the expression of 
Toll pathway genes Toll and Dorsal and Imd pathway genes Imd and Relish after Escherichia coli challenge. However, only 
Toll and Dorsal expressions were downregulated after Staphylococcus aureus challenge. E. coli and S. aureus challenges 
rapidly and strongly upregulated SfPGRP-LB expression. Recombinantly expressed SfPGRP-LB (rSfPGRP-LB) had strong 
affinities for E. coli Dap-type PGN and S. aureus Lys-type PGN and agglutinated the bacteria. However, rSfPGRP-LB 
inhibited S. aureus but not E. coli growth. Furthermore, rSfPGRP-LB had amidase activity, degraded Lys-type PGN, and 
destroyed S. aureus cell walls but had no such effects on E. coli Dap-type PGN. Thus, SfPGRP-LB recognizes and binds 
various bacterial PGNs but only has amidase activity against Lys-type PGN.
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Introduction

The immune system enables insects to adapt to their ambient 
environment, contend with biotic stress, and resist various 
microbial pathogens. Our current understanding of insect 
immunity is based mainly on analyses of species with com-
plete metamorphosis such as Drosophila melanogaster 
(Diptera: Drosophilidae) (Dziarski and Gupta 2018; Gottar 
et al. 2002; Hillyer 2016), Aedes aegypti (Diptera: Culicidae) 
(Koh et al. 2018; Ramirez et al. 2019; Wang et al. 2018), 
and Bombyx mori (Lepidoptera: Bombyxidae) (Chen et al. 

2018a; Chen and Lu 2018; Li et al. 2019). However, sub-
sequent genome sequencing has clarified immune system 
function in other insect species as well (Bao et al. 2013; 
Chen et al. 2018b; Laughton et al. 2011). Studies on com-
pletely metamorphic insects revealed that the first step in 
their immune response is pathogen detection via different 
pattern recognition receptors. Peptidoglycan recognition 
proteins (PGRPs) are the major insect pathogen pattern rec-
ognition receptors and confer protection against bacterial 
challenge.

PGRPs occur in most insect immune recognition sys-
tems. They detect and are induced by the peptidoglycans 
(PGNs) that are abundant in certain bacterial cell walls. The 
proportion of PGNs in Gram-positive bacterial cell walls 
is ~ 50–90% of the cell dry weight (DW). In contrast, PGNs 
comprise only ~ 10% of the cell DW in Gram-negative bacte-
rial cell walls. Most PGRPs have a conserved domain that 
recognizes and binds bacterial cell wall PGNs. According 
to the size of the transcript and structure of the domains, 
insect PGRP can be divided into short extracellular PGRP 
(shortform PGRPs, PGRP-S) and longform PGRP (longform 
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PGRPs, PGRP L) across or within the membrane (Royet 
et al. 2011). Insect PGRPs distinguish bacteria by the dif-
ferences in the third amino acid (aa) of their short-peptide 
PGNs. PGRP-SA in D. melanogaster can recognize Lys-type 
PGN, which possesses a lysine residue in the third posi-
tion of its short peptide. PGRP-SB, PGRP-SC, PGRP-LB, 
PGRP-LC, and PGRP-LE in D. melanogaster preferentially 
interact with diaminopimelate residues (Dap type). Most 
Gram-negative and Gram-positive bacteria have these PGNs 
(Guan et al. 2004; Leulier et al. 2003; Reiser et al. 2004).

PGRP number and size vary among insect species. Seven 
short and six long PGRPs were detected in D. melanogaster 
(Neyen et al. 2016; Royet et al. 2011; Werner et al. 2000), 
three short and four long PGRPs were identified in Anoph-
eles gambiae (Diptera: Culicidae) and A. aegypti (Tanaka 
et al. 2008), and six short and six long PGRPs were found 
in B. mori (Tanaka et al. 2008). Hemimetabolic insect have 
fewer but more structurally uniform PGRPs than holometa-
bolic insect. Only two long form PGRPs were detected in 
the brown planthopper Nilaparvata lugens (Hemiptera: Del-
phacidae) and white-backed planthopper Sogatella furcif-
era (Hemiptera: Delphacidae) (Bao et al. 2013; Wang et al. 
2017). PGRP is deleted in Acyrthosiphon pisum (Homop-
tera: Aphididae) (International Aphid Genomics 2010).

The innate immune response of insects is mainly medi-
ated by two different nuclear factor-κB (NF-κB) signaling 
pathways, Toll and Imd (Lemaitre et al. 1995). In Dros-
ophila, the main genes involved in the Toll pathway (Tolls, 
Spatzle, Dorsal and Dif) and Imd pathway (Imd, Relish) 
can be activated by Gram-positive bacteria, Gram-negative 
bacteria and fungi through the identification and combina-
tion of pathogens and different PGRPs and GNBPs. The 
expressions of Toll and Imd pathway gene are activated, 
and the expressions of related antibacterial peptide protein 
are finally induced to achieve the purpose of antibacterial 
(Belvin and Anderson 1996; Myllymaki et al. 2014; Ramet 
2012; Valanne et al. 2011). For example, PGRP-LE activates 
the phenoloxidase pro-PPO system and Imd pathway (Take-
hana et al. 2002). PGRP-SA, PGRP-SC1, and PGRP-SD may 
induce the Toll pathway (Bischoff et al. 2004; Garver et al. 
2006; Michel et al. 2001). PGRP-LA, PGRP-LC, PGRP-
LB, and PGRP-LF promote the Imd pathway in response 
to Gram-negative bacterial challenge (Gendrin et al. 2013; 
Iatsenko et al. 2016). D. melanogaster harbors one secreted 
and two cytosolic PGRP-LB isoforms; the former hydro-
lyzes PGN, whereas the latter regulates regional activation 
(Charroux et al. 2018). In B. mori, PGRP-LC1, PGRP-S1, 
and PGRP-S3 expressions are upregulated in response to 
Gram-positive and Gram-negative bacteria and fungi while 
PGRP-S2 expression is upregulated by bacteria only (Yang 
et al. 2015). In B. mori, PGRP-LB and PGRP-L5 expressions 
are upregulated by fungi; whereas, PGRP-LB and PGRP-
L6 participate in the Imd signaling pathway (Tanaka and 

Sagisaka 2016; Zhan et al. 2018). PGRP-S4 initiates the B. 
mori immune response by activating the pro-PPO system. 
PGRP-S5 activates the phenoloxidase pro-PPO system and 
the Imd signaling pathway (Chen et al. 2016; Yang et al. 
2017). In A. aegypti, PGRP-S1, PGRP-SC2, and PGRP-LB 
expressions are upregulated by both Gram-negative and 
Gram-positive bacteria. In contrast, PGRP-LA, PGRP-LC, 
and PGRP-LD are not induced by either bacteria type (Wang 
and Beerntsen 2015). In Tribolium castaneum (Coleoptera: 
Paracaridae), PGRP-LA expression is upregulated by Gram-
positive and Gram-negative bacteria and PGRP-LC and 
PGRP-LE are induced mainly by Gram-negative bacteria 
via the Imd signaling pathway. PGRP-S (short type) did not 
participate in the T. castaneum immune response (Koyama 
et al. 2015). In the incompletely metamorphic insect N. 
lugens, PGRP-LB is induced by Gram-positive and Gram-
negative bacteria; whereas, PGRP-LC is only activated by 
Gram-positive bacteria (Bao et al. 2013).

The white-backed planthopper S. furcifera is an important 
insect pest on rice (Oryza sativa L.) and is incompletely 
metamorphic. However, little is known about its immune 
recognition, pattern-recognition receptor (PRR) signaling 
pathways, or innate immune response. Here, we used PGRP-
LB sequencing data obtained by transcriptomics to investi-
gate the structural and immune function characteristics of 
SfPGRP-LB. The results of this study will help us better 
understand the innate immune system of S. furcifera.

Materials and methods

Insects

S. furcifera individuals were acquired from Zhejiang Uni-
versity (Hangzhou, China). They were bred on rice seed-
lings (var. Taichung Native 1 [TN1]) for > 30 generations 
in 80-mesh wooden cages (50 cm × 50 cm × 50 cm) in an 
artificial climate chamber (27 ± 1 °C; 75–80% RH; 16/8 h 
light:dark photoperiod).

Sequence cloning, phylogenetic tree construction, 
and structure prediction

The ORF encoding SfPGRP-LB was amplified by PCR with 
PGRP-LB-full-F and PGRP-LB-full-R (Table 1). The PCR 
conditions were 95 °C for 5 min followed by 30 cycles at 
95 °C for 30 s, 57 °C for 30 s, and 72 °C for 2 min, and a 
final extension at 72 °C for 10 min. The amplified product 
was purified using a gel extraction kit (Omega Bio-Tek, Nor-
cross, GA, USA). Purified DNA was ligated into a pGM-T 
vector (TIANGEN Biotech, Beijing, China) and sequenced 
completely from both directions (Sangon Biotech, Shanghai, 
China).
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Potential protein transmembrane helices were predicted 
with TMHMM Server v. 2.0 (http:// www. cbs. dtu. dk/ servi 
ces/ TMHMM/). Molecular weights and isoelectric points 
were determined with the ExPaSy ProtParam tool (https:// 
web. expasy. org/ protp aram/). Open reading frames (ORF) 
were identified with the EditSeq program in DNAStar. Mul-
tiple aa sequence alignments were conducted in ClustalX 
v. 2.1. Signal peptides were predicted with the SignalP-5.0 
Server (http:// www. cbs. dtu. dk/ servi ces/ Signa lP/).

The phylogenetic tree was plotted by the neighbor-
joining (NJ) method in MEGA v. 7.0. The follow-
ing PGRPs were used in the phylogenetic analysis: 
PGRP-LA (D. melanogaster; NP_001261623), PGRP-
LB (D. melanogaster; NP_001247054), PGRP-LC (D. 
melanogaster; NP_001163397), PGRP-LD (D. mela-
nogaster; NP_001027113), PGRP-LE (D. melanogaster; 
NP_573078), PGRP-LF (D. melanogaster; NP_648299), 
PGRP-LA (A. aegypti; XP_001655982), PGRP-LB 
(A. aegypti; XP_021709443), PGRP-LC (A. aegypti; 
XP_021698612), PGRP-LE (A. aegypti; XP_021704907), 
PGRP-LA (Bactrocera dorsalis (Diptera: Tephritidae); 
XP_011210802), PGRP-LB (B. dorsalis; XP_011211382), 
PGRP-LC (B. dorsalis; XP_011211382), PGRP-LA (T. 
castaneum; XP_008192537), PGRP-LB (T. castaneum; 
XP_969556), PGRP-LE (T. castaneum; XP_008192547), 
PGRP-LB (B. mori; XP_012548100), PGRP-LE (B. mori; 
XP_004929966), PGRP-LB (N. lugens; AGK40911), PGRP-
LC (N. lugens; AGK40912), and PGRP-LB (S. furcifera; 
MW323547.1).

RNA isolation and cDNA synthesis

Total RNA was extracted from S. furcifera with an RNA 
extraction kit (Axygen Scientific Inc., Union City, CA, 
USA). First-strand cDNA was synthesized with the Pri-
meScript™ IV first-strand cDNA synthesis mix (Takara 
Biomedical Technology Co. Ltd., Dalian, China). One 
microgram first-strand cDNA served as a template for PCR 
and qRT-PCR.

qRT‑PCR analysis

The qRT-PCR amplifications were performed with TB 
Green® Premix Ex Taq™ II (Takara Biomedical Tech-
nology Co. Ltd., Dalian, China). A β-actin (GenBank 
ID: ALO78726.1) cDNA fragment was amplified as an 
internal control using β-actin-RTF/β-actin-RTR primers 
(Table 1). Each qRT-RCR reaction system was cycled in 
20 μL volume consisting of 2 μL of cDNA sample, 1 μL 
of each 5 μM primer, 10 μL of 2 × TB Green Premix Ex 
Taq II, and 6 μL of  ddH2O. All qRT-PCR reactions were 
performed in triplicate in a CFX96 real-time PCR detec-
tion system (Bio-Rad Laboratories, Hercules, CA, USA). 
The cycling protocol was 95 °C for 30 s followed by 40 
cycles of 95 °C for 5 s and 60 °C for 30 s. Relative tar-
get gene expression was determined by the comparative 
 2−ΔΔCT method [ΔΔCT = ΔCT (target) − ΔCT (calibrator)]
(Livak and Schmittgen 2001).

Table 1  Primers used in this study

Primer names Nucleotide sequences (5′ → 3′) Primer use

PGRP-LB-full-F GTG GAC ATA GAC TTG TAT CAG Amplification for cloning of full length cDNA
PGRP-LB-full-R CAA TGT TCT CAA TGG ATG GA
PGRP-LB-protein-F GAC ACG GAT CCG AAC AAA TTG GTG CTA GAA CTA 

TTA CT
Amplification for construction of recombinant vector

PGRP-LB-protein-R GTG TCC TCG AGT TAT AAC TTT TTG ATGA 
PGRP-LBRTF ACA CCT TAT AGC TTG TGG ATT AGA G Amplification for qRT-PCR
PGRP-LBRTR AAG AGT ATT GCC TGG ACA TTCTG 
β-Actin-RTF AAT CGT AAG AGA CAT CAA GGAG 
β-Actin-RTR AGG CAA TTC GTA GGA CTT CT
Toll-RTF GTG CCG TCA AGA GCC GTC ATC 
Toll-RTR CCC GAG ACC CAG GTC CAT ACAG 
Imd-RTF GAT GTC CGC GTG ACT GGA GTTC 
Imd-RTR TCA GCA ACA CCG TGG AAC ACAG 
Dorsal-RTF CAA GAC CGG CTA CGA ACA CA
Dorsal-RTR GTT TTC CTC CAA CAA CCG GG
Relish-RTF TAG GCC AAA GAG GCA ACC AC
Relish-RTR TCT TGC TCG GCT TCA AGT CT
PGRP-LB–dsRNA-F GTG GAC ATA GAC TTG TAT CAGA Amplification for dsRNA synthesis
PGRP-LB–dsRNA-R GCA ATG CCA ATA CTC CTA CT

http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TMHMM/
https://web.expasy.org/protparam/
https://web.expasy.org/protparam/
http://www.cbs.dtu.dk/services/SignalP/
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Tissue distribution analysis

To investigate the tissue distribution of SfPGRP-LB mRNA, 
total RNA was extracted from the head, midgut, thorax, epi-
dermis, fat body, spermary, and ovary using fifth instars and 
adults. The organs were rinsed several times in 1 × phos-
phate-buffered saline (PBS, 1.47 mM  KH2PO4, 8.1 mM 
 NaH2PO4, 137 mM NaCl, and 2.68 mM KCl; pH 7.4) and 
mixed with those from 30 to 80 adults. Organs were used 
in high-quality RNA extraction and cDNA synthesis. The 
qRT-PCR-specific primers PGRP-LBRTF/PGRP-LBRTR 
(Table 1) with 103-bp amplicons were designed according 
to full-length SfPGRP-LB cDNA.

Bacterial challenge

Gram-negative E. coli strain (K12) and Gram-positive S. 
aureus strain (ATCC6538) were used to infect S. furcifera. 
E. coli and S. aureus were cultured in LB medium at 37 °C 
with shaking at 200 rpm until  OD600 = 0.6. The bacteria 
were sedimented at 37 °C by centrifugation at 5000×g for 
10 min, washed, resuspended in 1 × PBS to a density of 
5 ×  108 CFU  mL−1, and heat-killed by boiling for 30 min.

For the immune challenge experiment, fourth-instar S. 
furcifera larvae (day 1) were randomly assigned to the E. 
coli, S. aureus, and PBS treatment groups. Each larva was 
anesthetized by 10 s exposure to 5 mPa  CO2 and positioned 
supine in the grooves of an agarose gel placement plate. 
Then, 0.5 μL of devitalized bacterial suspension or PBS 
solution was injected with a FemtoJet microinjection sys-
tem (Eppendorf, Hamburg, Germany) into the abdominal 
segment junction between the second and third appendages 
(Chen et al. 2018b). The treated larvae were raised in an 
artificial incubation chamber and fed fresh rice seedlings. 
Samples were collected at 0, 6, 12, and 24 and 48 h post-
injection and there were three replicates per time point. RNA 
extraction from midgut and fat body, cDNA synthesis, and 
qRT-PCR were conducted and specific qRT-PCR primers 
(Table 1) were prepared as previously described.

RNA interference

SfPGRP-LB and GFP (GenBank ID: KU306402.1) cDNA 
fragments were amplified by PCR using primers containing 
the T7 promoter (5′–TAA TAC GAC TCA CTA TAG GG–3; 
Table 1). The products were purified and used as templates 
to synthesize dsRNA in a T7 high-yield RNA transcription 
kit (Vazyme Biotech Co. Ltd., Nanjing, China). The reac-
tions were conducted as follows: 95 °C for 5 min followed 
by 30 cycles at 95 °C for 30 s, 57 °C for 30 s, and 72 °C for 
30 s, and a final extension at 72 °C for 10 min. The dsRNA 
products were dissolved in ultrapure water and their concen-
tration and purity were determined with a NanoDrop 2000 

spectrophotometer (Thermo Fisher Scientific, Waltham, 
MA, USA) and by 1.5% agarose gel electrophoresis, respec-
tively. Fourth-instar nymphs were either microinjected 
with dsSfPGRP-LB (treatment) or dsGFP (control). Then, 
200 ng of dsRNA from SfPGRP-LB or GFP was injected 
into the segment between the second and third appendages 
with a FemtoJet microinjection system (Eppendorf, Ham-
burg, Germany) (Chen et al. 2018b). After microinjection, 
each nymph group was fed TN1 rice under the previously 
described conditions.

Effects of SFPGRP‑LB on Toll and Imd pathways 
in vivo

To determine whether SfPGRP-LB modulates the expres-
sion of genes involved in the Toll and Imd pathways after 
bacterial challenge, the Toll, Imd, Dorsal, and Relish tran-
scription levels were measured and compared among the 
dsSfPGRP-LB group injected with E. coli (dsSfPGRP-
LB + E. coli), dsSfPGRP-LB group injected with S. aureus 
(dsSfPGRP-LB + S. aureus), dsGFP group injected with E. 
coli (dsGFP + E. coli), and dsGFP group injected with S. 
aureus (dsGFP + S. aureus). The specific qRT-PCR primers 
are shown in Table 1.

Recombinant vector construction

The ORF encoding SfPGRP-LB was amplified by PCR with 
PGRP-LB-protein-F/PGRP-LB-protein-R primers (Table 1). 
The PCR conditions were 95 °C for 5 min followed by 30 
cycles at 95 °C for 30 s, 57 °C for 30 s, and 72 °C for 30 s, 
and a final extension at 72 °C for 10 min. The PCR product 
was digested with the restriction enzymes BamHI and XhoI 
(Takara Biomedical Technology Co. Ltd., Dalian, China) 
and ligated to the BamHI/XhoI site of the pET28a (+) vector 
(Novagen, Darmstadt, Germany). The recombinant vectors 
transformed BL21-competent cells for protein expression.

Recombinant protein purification

BL21 colonies were incubated in fresh LB medium at 37 °C 
with shaking at 200 rpm until  OD600 = 0.6. Then 0.5 mM 
isopropyl-β-dithiogalactoside was added to induce PGRP-
LB expression with poly-His tags at the C-terminus. After 
incubation at 200 rpm for 4 h, the cells were collected and 
resuspended in Buffer B (8 M urea, 50 mM Tris–HCl, and 
300 mM NaCl; pH 8.0). After sonication on ice for 10 min 
(5 s on, 10 s off), the supernatant was collected by cen-
trifugation at 12,000×g and 4 °C for 10 min, mixed with 
nickel nitrilotriacetate (Ni–NTA; Sangon Biotech, Shang-
hai, China) and gently shaken at 4 °C overnight. The bound 
protein was eluted in PBS-T buffer with 20, 50, and 100 mM 
imidazole.
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Western blotting assay

Purified recombinant rSfPGRP-LB was separated by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to a polyvinylidene fluoride (PVDF) 
membrane. Western blotting was conducted using mouse 
primary and goat anti-rabbit immunoglobulin G (IgG)-
conjugated horseradish peroxidase secondary antibodies 
(Sangon Biotech, Shanghai, China). Western blot signals 
were developed in an enhanced chemiluminescence (ECL) 
detection kit (Bio-Rad Laboratories, Hercules, CA, USA) 
and photographed with a Molecular Imager® ChemiDoc™ 
XRS + system (Bio-Rad Laboratories, Hercules, CA, USA). 
β-actin polyclonal rabbit serum was used to ensure equal 
protein loading.

Amidase activity assay

Amidase activity was measured as described in a previous 
report (Yang et al. 2019) with some modifications. Briefly, 
Dap-type PGN from E.coli and Lys-type PGN from S. 
aureus were purchased from Sigma-Aldrich (Merck KgAA, 
Darmstadt, Germany). Twenty micrograms of bovine serum 
albumin (BSA; Sangon Biotech, Shanghai, China), 20 µg 
of rSfPGRP-LB, or 20 μg of lysozyme (Sangon Biotech, 
Shanghai, China) was resuspended in 100 μL of PBS, 
respectively, and mixed with 100 μL of reaction buffer 
(2 mM  ZnSO4, 40 mM  MgCl2, and 100 mM Tris HCl; pH 
7.9). Then, the suspensions were incubated at 37 °C for 60, 
120, or 180 min, respectively. Afterward, 40 μL of this mix-
ture was added to 100 μL of 1 M NaOH and the suspension 
was incubated at 37 °C for 30 min. Then, 10 μL of 0.5 M 
 H2SO4 and 1 mL of 98% (v/v)  H2SO4 were added in suc-
cession and the mixtures were boiled for 5 min. After cool-
ing, 10 μL of 4% (w/v)  CuSO4·5H2O and 20 μL of 95% 
(v/v) ethanol containing 1.5% (v/v) p-hydroxydiphenyl were 
added and the mixture was incubated at 30 °C for 30 min. 
Then, 200 μL of this mixture was taken and its  OD560 was 
measured in a CMax Plus multiskan (Molecular Devices 
LLC, San Jose, CA, USA).

Agglutination assay

Bacterial agglutination was performed as previously 
described (Dawadi et al. 2018) with minor modifications. 
Briefly, E. coli and S. aureus were incubated overnight, inoc-
ulated into LB medium at 1:100 ratio, and incubated at 37 °C 
with shaking at 200 rpm until  OD600 = 0.4–0.6. The bacteria 
were then centrifuged at 5,000 × g for 5 min, washed, col-
lected in 500 µL of 1 × PBS, and diluted to  10–5 ×. A 10-μL 
aliquot was mixed with 50 μL of rSfPGRP-LB (0.45 μg/
μL) and 10 μL of Tris buffer (2 mM  ZnSO4, 40 mM  MgCl2, 
and 100 mM Tris–HCl; pH 7.9) and placed in oscillating 

incubator at 37 °C with shaking at 150 rpm for 3 h. Bacte-
rial distribution was observed under an inverted microscope 
system (Olympus Corp., Tokyo, Japan). For the control, 50 
μL of Tris buffer replaced the rSfPGRP-LB.

Scanning electron microscopy

Escherichia coli and S. aureus were incubated at 37 °C with 
shaking at 200 rpm until  OD600 = 0.4–0.6. For each treat-
ment group, 2 mL of bacterial suspension was centrifuged 
at 5000×g for 5 min and the cells were collected and washed 
with 1 × PBS. The E. coli or S. aureus was resuspended in 
500 μL of 1 × PBS and mixed with 150 μL of 1 × PBS, 150 
μL of rSfPGRP-LB (0.45 μg/μL), or 150 μL of ampicil-
lin (0.45 μg/μL). All treatment groups were incubated at 
25 °C for 12 h and washed with 1 × PBS. Then, 200 μL of 
prechilled 2.5% (v/v) glutaraldehyde was added to the cells 
and the suspensions were incubated at 4 °C overnight. The 
bacteria were rinsed with 1 × PBS and centrifuged at 4 °C 
for 20 min and the supernatant was discarded. The bacteria 
were dehydrated twice with an ethanol gradient (30% (v/v), 
50% (v/v), 70% (v/v), 80% (v/v), 95% (v/v), and 100% (v/v)) 
and 100% isoamyl acetate. The cells were resuspended, incu-
bated at 4 °C for 20 min, and centrifuged at 5000×g at 4 °C 
for 20 min to collect the pellet. The dehydrated samples were 
immersed in isoamyl acetate and subjected to zero-point 
drying. The dried samples were coated and examined and 
photographed under a scanning electron microscope (SEM) 
(Hitachi, Tokyo, Japan).

Inhibition zone assay

SfPGRP-LB antibacterial activity was determined using an 
inhibition zone assay. E. coli and S. aureus were incubated 
in LB broth at 37 °C until  OD600 = 0.6. Each 100-μL bacte-
rial suspension was spread onto LB agar plates. Filter disks 
5 mm in diameter were soaked in 0.45 μg/μL rSfPGRP-LB 
and set on the media. The plates were incubated at 37 °C 
until bacterial growth was visible. Ampicillin (0.45 μg/μL) 
and BSA (0.45 μg/μL) were the positive and negative con-
trols, respectively.

Antimicrobial cell counting kit‑8 (CCK‑8) assay

The rSfPGRP-LB antibacterial activity was determined 
using a CCK-8 (Glpbio, Montclair, CA, USA) assay (Yang 
et al. 2018). In brief, 1 mL of E. coli and S. aureus was incu-
bated overnight in LB medium and centrifuged at 5000×g at 
37 °C for 10 min. The bacterial cells were collected, washed 
thrice, and resuspended in 1 mL of 1 × PBS. Then, 0.5 μL 
of bacterial suspension was added to 80 μL of a liquid LB 
medium followed by 15 μL of rSfPGRP-LB (0.45 μg/μL), 
15 μL of BSA (0.45 μg/μL) or 15 μL of ampicillin (0.45 μg/
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μL) and 5 μL of CCK-8 reagent (the main ingredient is the 
tetrazolium salt WST-8). The blank control consisted of 5 
μL of CCK-8 reagent plus 95 μL of LB medium. All reaction 
systems were incubated in a 96-well microplate (Thomas 
Scientific, Swedesboro, NJ, USA) at 37 °C.  OD450 was 
measured in a CMax Plus multiskan (Molecular Devices 
LLC, San Jose, CA, USA) at 4, 6, and 8 h.

Statistical analysis

The mRNA expression levels were determined by one-way 
ANOVA and Student’s t test in SPSS v. 19.0 (IBM Corp., 
Armonk, NY, USA). Differences between treatment means 
were considered statistically significant at p < 0.05.

Results

SfPGRP‑LB sequence and evolutionary analyses

We identified and cloned full length cDNA of SfPGRP-
LB by searching the S. furcifera transcriptome database 
(BioSample accession: SAMN12612920) with BLASTX 
at e-value =  10–5 and using PCR, respectively. The nucleo-
tide sequence of SfPGRP-LB obtained by transcriptome 
sequencing was exactly the same as the result of PCR full-
length amplification (S1.seq). SfPGRP-LB is long and 
resembles D. melanogaster PGRP-LB. SfPGRP-LB cDNA 
has a 606-bp ORF encoding a putative 201-aa protein (Gen-
Bank ID: MW323547.1). The predicted MW of SfPGRP-LB 
is ~ 22.60 kDa and its theoretical pI = 6.39. SfPGRP-LB has 
five  Zn2+-dependent amidase active sites (H–Y–H–T–C) 
(Fig. 1A). This protein might have amidase activity in the 
presence of  Zn2+. SfPGRP-LB had no transmembrane region 
but did have a signal peptide at the protein N-terminus (aa: 
1–20) (Fig. 1A).

To clarify the evolutionary position of SfPGRP-LB, 
we constructed a phylogenetic tree using the sequence of 
SfPGRP-LB and other insect PGRP proteins available. 
Twenty-one PGRP aa sequences from seven insect species 
were used in the sequence alignment and evolutionary analy-
sis. A phylogenetic tree was constructed by the NJ method 
and showed that all PGRP proteins identified here were in 
groups PGRP-LA to PGRP-LF and SfPGRP-LB was in 
PGRP-LB. Moreover, SfPGRP-LB has the highest homol-
ogy with N. lugens PGRP-LB (sequence similarity, 80%), 
which belongs to the same planthopper family (Fig. 1B).

SfPGRP‑LB tissue expression analyses

SfPGRP-LB mRNA expression was detected in the head, 
thorax, epidermis, fat body, midgut, spermary, and ovary. 
It was highly expressed in the male and female midgut 

and to a lesser degree in the female fat body but its 
expression levels were low in the head, thorax, spermary, 
and ovary (Fig. 2).

SfPGRP‑LB expression analysis in response 
to bacterial challenge

Bacteria-induced SfPGRP-LB expression profiles were ana-
lyzed to determine whether SfPGRP-LB has immune-related 
function in Gram-positive and Gram-negative bacteria. 
Whether in the midgut or in the fat body, the mRNA expres-
sion of SfPGRP-LB increased under the challenge of differ-
ent pathogens. Especially in the midgut, after 6 h of E. coli 
and S. aureus induction, the expression level of SfPGRP-
LB increased significantly, and continued to increase at 
12–48 h. In the fat body, the expression of SfPGRP-LB did 
not increase until 12 h after the bacterial challenge, and the 
rate of increase was lower than that in the midgut (Fig. 3).

Relationship between SfPGRP‑LB and NF‑κB 
pathway

To clarify NF-κB pathway regulation by SfPGRP-LB, we 
measured the Toll, Imd, Dorsal, and Relish transcript levels 
in the dsSfPGRP-LB + E. coli and dsSfPGRP-LB + S. aureus 
treatment groups. The transcript level of SfPGRP-LB sub-
stantially declined by 87–98% at 12–72 h after dsSfPGRP-
LB injection compared with that after dsGFP injection group 
(Fig. 4A). Additionally, the Toll, Imd, Dorsal, and Relish 
mRNA levels were significantly downregulated in the dsSf-
PGRP-LB + E. coli injection group at 24 and 72 h compared 
with those in the dsGFP + E. coli injection group (p < 0.05) 
(Fig. 4B). However, only the Toll and Dorsal mRNA lev-
els were downregulated in the dsSfPGRP-LB + S. aureus 
injection group at 24 and 72 h compared with those in the 
dsGFP + S. aureus injection group (p < 0.05) (Fig. 4C).

Protein purification

To identify the immune-related functions of SfPGRP-LB, 
recombinant protein was expressed in E. coli. Purified 
recombinant protein was detected by Coomassie brilliant 
blue (CBB) staining and western blotting. The rSfPGRP-LB 
target was detected with anti-HisTag antibody and appeared 
as a single ~ 23 kDa band (Fig. S2).

SfPGRP amidase activity

Sequencing demonstrated that SfPGRP-LB has five sites 
vital to amidase activity. Hence, E. coli Dap-type and S. 
aureus Lys-type PGN served as substrates to analyze rSf-
PGRP-LB amidase activity. After 60–180 min, rSfPGRP-LB 
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had PGN-lytic type amidase activity on Lys-type PGN. 
However, rSfPGRP-LB could not degrade Dap-type PGN 
(Fig. 5).

rSfPGRP‑LB agglutination analysis

The rSfPGRP-LB agglutination test results are shown in 
Fig. 6. After 3 h of incubation, the E. coli and S. aureus 
in the control groups (Fig. 6A and B) were diffuse and did 
not agglutinate. In contrast, E. coli (Fig. 6C) and S. aureus 

Fig. 1  SfPGRP-LB gene 
sequence analysis. A Alignment 
of PGRP amino acidsequences. 
SfPGRP-LB: S. furcifera 
PGRP-LB; DmPGRP-LB: 
D. melanogaster PGRP-LB; 
DmPGRP-LC: D. melanogaster 
PGRP-LC; T7 lysozyme: bac-
teriophage T7 lysozyme. The 
signal peptide region is marked 
by blueline; H–Y–H–T–C resi-
dues are denoted by asterisks; 
the GW and R residues deter-
mining peptidoglycan-binding 
specificity are marked by three 
red dots above the alignment. B 
Phylogenetic tree was con-
structed by NJ (bootstrap test; 
1000 replicates) from 21 insect 
PGRP proteins. Numbers of 
branch lengths are shown beside 
branches
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(Fig. 6D) treated with rSfPGRP-LB were bound to Lys- and 
Dap-type PGN. Thus, SfPGRP-LB agglutinates various 
bacteria.

Effects of rSfPGRP‑LB on bacterial morphology

After 12 h of incubation with rSfPGRP-LB, S. aureus cells 
were destroyed and their cell content had leaked. Neverthe-
less, there was no obvious damage to E. coli cells subjected 
to rSfPGRP-LB. No pore formation or leakage was detected 
in BSA-treated E. coli or S. aureus. Ampicillin-treated E. 
coli and S. aureus presented with cell damage (Fig. 7). 
Hence, SfPGRP-LB severely damaged S. aureus membrane 
integrity.

SfPGRP‑LB antibacterial activity

SfPGRP-LB has key residues that enable it to cleave PGNs 
and inhibit bacterial growth. We performed inhibition zone 

and CCK-8 assays to evaluate bacterial growth in the pres-
ence of rSfPGRP-LB. After rSfPGRP-LB application, inhi-
bition zones expanded on each bacterial plate. rSfPGRP-LB 
had antibacterial efficacy against S. aureus (Fig. 8A) but not 
E. coli. Ampicillin had strong antibacterial efficacy against 
E. coli and S. aureus.

We monitored bacterial growth under various applications 
using 4, 6, and 8 h CCK-8 assays. In the 0.45 mg/mL BSA 
protein treatment group (negative control),  OD450 = 1.2–1.5 
for E. coli and S. aureus in 8 h. In the 0.45 mg/mL ampi-
cillin treatment groups (positive controls),  OD450 = 0.1–0.2 
for E. coli and S. aureus (Fig. 8B). In the cultures treated 
with 0.45 mg/mL rSfPGRP-LB,  OD450 = 1.2 for E. coli and 
 OD450 = 0.3 for S. aureus after 8 h (Fig. 8B). Hence, rSf-
PGRP-LB could significantly inhibit the growth of S. aureus.

Discussion

PGRP has been detected in mollusks, insects, echinoderms, 
zebrafish, frogs, mice, and humans.

In the innate immune response, insect PGRP is a PRR 
bindingbacterial peptidoglycan and activating the Toll 
and Imd signaling pathways (Gottar et al. 2002; Ramet 

Fig. 2  SfPGRP-LB expression patterns. SfPGRP-LB expression in 
midgut, thorax, epidermis, head, fat body, ovary, and spermary. 
β-actin was internal control. Black bars represent standard deviation 
(SD)

Fig. 3  Analysis on the expression level of SfPGRP-LB in fat body a 
and midgut b after E. coli or S. aureus challenge, respectively. PBS 
was negative control. Asterisks above bars indicate statistically signif-
icant differences between E. coli and S. aureus injection groups and 
control group (p < 0.05). Black bars represent standard deviation (SD)
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et al. 2002). It also hydrolyzes amide bonds in bacterial 
peptidoglycan, has bactericidal activity (Cheng et  al. 
1994), acts as an opsonin, and promotes phagocytosis 
(Garver et al. 2006; Royet et al. 2011). The PGRP gene 
family is relatively conserved among insects. Certain 
PGRPs have a ~ 160-aa domain structurally homologous 

to bacteriophage T7 lysozyme/Zn-dependent N–acetyl-
muramoyl–L–alanine amidase (Liu et al. 2001; Mellroth 
et al. 2003; Werner et al. 2000). The sequence analysis 
(Fig. 1) revealed that SfPGRP-LB has all the T7 lysozyme 
amidase activity sites required for  Zn2+ binding. As 
SfPGRP-LB protein was thought to have amidase activity 

Fig. 4  qRT-PCR analysis of Toll, Imd, Dorsal, and Relish after dsSf-
PGRP-LB injection and bacterial challenge. A SfPGRP-LB silencing 
efficiency. B Relative Toll, Imd, Dorsal, and Relish transcription after 
E. coli challenge in dsSfPGRP-LB and dsGFP groups. C Relative 
Toll, Imd, Dorsal, and Relish transcription after S. aureus challenge in 

dsSfPGRP-LB and dsGFP groups. Asterisks above bars indicate sta-
tistically significant differences between E. coli or S. aureus injection 
groups and control group (p < 0.05). Black bars represent standard 
deviation (SD)
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against bacterial peptidoglycan, we analyzed tissue-spe-
cific and bacteria-induced SfPGRP-LB expression profiles. 
SfPGRP-LB expression was highly upregulated in the mid-
gut (Fig. 2). Thus, it operates mainly in the intestinal tract 
which may be a challenge route in S. furcifera. The gut is 
one of the most important interfaces between insects and 
the internal and external environment. However, owing to 
its special function, the gut is often infected by external 
pathogenic bacteria (Huang et al. 2015; Zheng et al. 2017). 
In Rhynchophorus ferrugineus, PGRP-LB is of great sig-
nificance for the development of new management strate-
gies to destroy intestinal pathogenic bacteria (Dawadi et al. 
2018). In our study, the mRNA expression of SfPGRP-LB 
was highly upregulated in the midgut (Fig. 2). In addition, 
E. coli and S. aureus injections significantly upregulated 
SfPGRP-LB expression and the rate of increase in fat body 
was lower than that in the midgut (Fig. 3); thus, we sup-
posed SfPGRP-LB may prevent bacteria from penetrating 
midgut cells. A previous study showed that PGRP induc-
tion confers resistance to microbial pathogen invasion. 
After E. coli or S. aureus injection, PGRP-B and PGRP-C 
mRNA levels are upregulated in Helicoverpa armigera 
(Lepidoptera: Noctuidae) (Yang et al. 2013). In addition, 

PGRP-S5 transcription significantly increases when B. 
mori is infected with Pseudomonas aeruginosa and S. 
aureus (Chen et al. 2014). E. coli and Bacillus subtilis 
challenges significantly upregulate PGRP-LB expression 
in N. lugens (Bao et al. 2013). These results suggest that 
SfPGRP-LB plays vital roles in natural immune responses 
to pathogen invasion.

PGRPs recognize and bind pathogens and initiate down-
stream immune responses such as Toll and Imd pathway 
activation and antimicrobial peptide biosynthesis (Garver 
et al. 2006; Michel et al. 2001). The Toll pathway is acti-
vated mainly by Lys-type PGN, whereas, Dap-type PGN 
activates the Imd pathway (Leulier et al. 2003). Drosophila 
PGRP-SCla recognizes invading E. coli and Micrococcus 
luteus and activates the Toll pathway (Garver et al. 2006). 
Drosophila PGRP-LC and PGRP-LE recognize Dap-type 
PGN on Gram-negative bacterial cell wall and activate the 
Imd pathway (Choe et al. 2002; Gottar et al. 2002; Iatsenko 
et al. 2016; Kurata 2010). When dsSfGFRP-LB was injected 
into S. furcifera and induced by E. coli, Toll and Dorsal (Toll 
pathway) and Imd and Relish (Imd pathway) expressions 
were significantly upregulated compared with that in the 
control. When dsSfGFRP-LB was injected into S. furcifera 
and induced by S. aureus, Toll and Dorsal (Toll pathway) 
expressions were declined relative to the control, whereas 
Imd and Relish (Imd pathway) expression did not signifi-
cantly change (Fig. 4). Therefore, SfGFRP-LB may partici-
pate in E. coli resistance via the Toll and Imd pathways. In 
contrast, SfGFRP-LB resistance to S. aureus is mediated by 
the Toll pathway.

A previous study demonstrated that PGRP proteins 
cleaving bacterial peptidoglycan might have antibacterial 
activity. PGRP-LC of Bombus lantschouensis (Hymenop-
tera: Apoidea) directly binds Dap-type PGN and responds 
to E. coli challenge (Liu et al. 2020). The same is true for 
PGRP-L protein in humans, mice, and Amphioxus (Li et al. 
2012; Wang et al. 2003; Yang et al. 2010). PGRP proteins 
are bactericidal factors in immunization. However, not all 
proteins with amidase activity are bactericidal. Drosoph-
ila PGRP-SC has a conserved lactamase protein structure 
with no direct antibacterial activity (Mellroth and Steiner 
2006). To verify whether SfPGRP-LB has amidase activity, 
we used Dap-type and Lys-type PGN as research objects. 
The rSfPGRP-LB protein hydrolyzed only Lys-type PGN 
(Fig. 5). In Drosophila, PGRP-LB, PGRP -SC1(a/b), and 
PGRP-SC2 are known or predicted to have amidase activity, 
and they also modulate activation of the Imd pathway (Bis-
choff et al. 2006; Mellroth et al. 2003; Paredes et al. 2011; 
Royet et al. 2011; Zaidman-Remy et al. 2006, 2011). In our 
study, PGRP-LB had amidase activity and resisted patho-
gen challenge through the NF-κB pathway. In Drosophila, 
there are 13 members of the PGRP family, and the division 
of labor is more detailed. In S. furcifera, there are only two 

Fig. 5  Amidase activity assay. Dap-type and Lys-type PGNs treated 
with 20  μg of BSA, 20  μg of rSfPGRP-LB, or 20  μg of lysozyme. 
PGN degradation detected by changes in  OD560. Asterisks above 
bars indicate statistically significant differences between lysozyme or 
rSfPGRP-LB groups and BSA group (p < 0.05). Black bars represent 
standard deviation (SD)
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family members of PGRP (PGRP-LB and PGRP-LC); thus, 
the function may be more comprehensive.

Certain PGRPs recognize and bind PGNs in bacterial 
cell walls and promote aggregation. B. mori PGRP-S5 binds 
PGNs and promotes E. coli and P. aeruginosa aggregation 
(Chen et al. 2014). In the presence of  Zn2+, H. armigera 

PGRP-B and PGRP-C induce E. coli and S. aureus aggre-
gation (Yang et al. 2013). In the present study, rSfPGRP-
LB bound E. coli and S. aureus in vitro and promoted E. 
coli and S. aureus agglutination (Fig. 6). The E. coli and S. 
aureus activity tests showed that rSfPGRP-LB significantly 
inhibited the growth of S. aureus but not that of E. coli 

Fig. 6  Recombinant SfPGRP-
LB agglutination. A E. coli 
treated with Tris  (ZnCl2). B 
S. aureus treated with Tris 
 (ZnCl2). C E. coli treated with 
rSfPGRP-LB  (ZnCl2). D S. 
aureus treated with rSfPGRP-
LB  (ZnCl2)

Fig. 7  Morphological changes 
in bacteria. E. coli and S. aureus 
treated with BSA, rSfPGRP-
LB, or ampicillin and examined 
under SEM
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(Fig. 8). Moreover, rPGRP-LB damaged the cell walls of S. 
aureus but not those of E. coli (Fig. 7). For these reasons, we 
speculated that the antibacterial/bactericidal mechanisms of 
rSfPGRP-LB differ between E. coli and S. aureus.

In conclusion, our results suggest that SfPGRP-LB regu-
lates the balance between the invasion of pathogenic bacteria 
and reproduction of pathogenic bacteria in the gut. In this 
process, SfPGRP-LB may have multiple functions. First, it 
prevents the overproduction of Gram-positive bacteria Lys-
type PGN by degrading it and realizes the innate immune 
response of S. furcifera to intestinal Gram-positive bacteria. 
Second, it acts as a PRR to activate the NF-κB signaling 
pathway to resist the growth of pathogenic bacteria in the 
gut.
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