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A B S T R A C T

Insects lack an acquired immune system and rely solely on the innate immune system to combat microbial
infection. The innate immunity of insects mainly depends on the interaction between the host's pattern re-
cognition receptor (PRR) and pathogen-associated molecular pattern (PAMP). The peptidoglycan recognition
proteins (PGRPs) family is the most important pattern recognition receptor (PRR) for insects. It can recognize the
main component of the cell wall of the pathogenic microorganism, peptidoglycan (PGN), and plays an important
role in the innate immunity of insects. In this paper, the structure, classification, and function of PGRPs is
summarized, and the role of PGRPs in the innate immunity of insects is also discussed.

1. Introduction

In long-term evolution, insects have developed several lines of de-
fense system against microbial infection. The first line of defense is
composed of insect body structures, such as the exoskeleton and peri-
trophic matrix. When a microbe breaks the first line of defense, the
innate immune response of the insect is activated. The innate immune
response of the insect is mainly composed of humoral immunity and
cellular immunity (Ferrandon et al., 2007; Lavine and Strand, 2002;
Lemaitre and Hoffmann, 2007). Humoral immunity produces anti-
microbial peptides (AMPs) through the Toll and IMD pathways (Hetru
and Hoffmann, 2009) or lead to produce the melanin and cause mela-
nization of the invading microbe at the site of injury through the pro-
phenoloxidase (PPO) activation pathway (Cerenius et al., 2008; Kurata,
2014). Cellular immunity occurs through the phagocytosis of micro-
organisms and the formation of nodules (Strand, 2008). The activation
of the humoral immune response occurs mainly through the pattern
recognition receptor (PRR), which recognizes pathogen-associated
molecular patterns (PAMP) that exist only in microorganisms but not in
the host, such as lipopolysaccharide (LPS), peptidoglycan (PGN), and
lipophosphoric acid (Akira et al., 2006; Dzik, 2002; Leulier et al.,
2003a; Medzhitov and Janeway, 2002; Royet et al., 2011). Pepti-
doglycan recognition protein (PGRP), an important PRR, can recognize
PGN, which is one of the main components of the pathogenic micro-
organism cell wall.

The first reported PGRP was purified from the hemolymph of the
silkworm, Bombyx mori, with a molecular weight of approximately 19

KDa. It can bind to PGN and activate the phenoloxidase pathway
(Yoshida et al., 1996). To date, numerous PGRPs have been reported,
and these PGRPs can be divided into long and short types. In Drosophila
melanogaster, there are 13 PGRP genes that encode 19 proteins (Royet
et al., 2011). PGRP-SA, PGRP-SB1, PGRP-SB2, PGRP-SC1A, PGRP-
SC1B, PGRP-SC2 and PGRP-SD in Drosophila are short PGRPs, while
PGRP-LA, PGRP-LB, PGRP-LC, PGRP-LD, PGRP-LE and PGRP-LF are
long PGRPs (Werner et al., 2000). There are 12 PGRP genes in silk-
worm. PGRP-L1, PGRP-L2, PGRP-L3, PGRP-L4, PGRP-L5 and PGRP-L6
are long types, while PGRP-S1, PGRP-S2, PGRP-S3, PGRP-S4, PGRP-S5
and PGRP-S6 are short types (Tanaka et al., 2008). It was also reported
that there are 7 PGRP genes in the yellow fever mosquito, Aedes aegypti
(Christophides et al., 2002). PGRP-S1 and PGRP-SC2 are short types,
while PGRP-LA, PGRP-LB, PGRP-LC, PGRP-LD and PGRP-LE are long
types (Wang and Beerntsen, 2015). Table 1 summarizes the reported
PGRPs from other insects.

2. Structural analysis of PGRP

PGN is the main component of the bacterial cell wall. It is a polymer
consisting of sugars and amino acids with long glycan chains of alter-
nating residues of β-(1,4)-linked N-acetylglucosamine (NAG) and N-
acetylmuramic acid (NAM). It can be classified into DAP- and Lys-types
according to the difference in amino acid residues and cross-linking
methods (Kurata et al., 2006; Schleifer and Kandler, 1972). Most gram-
negative PGNs are DAP-type, which activate the IMD pathway to pro-
duce AMPs, while most gram-positive PGNs are Lys-type, which are
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produced by activating the Toll pathway to produce AMPs (Valanne
et al., 2011a). Interestingly, PPO activation pathway and Toll pathway
can be connected through the common serine proteinase, which in-
volved in the AMPs production (Kan et al., 2008; Kim et al., 2008).

By constructing the PGRP phylogenetic tree, it was found that
PGRPs are highly conserved during evolution (Fig. 1). All PGRPs

contain a conserved PGRP domain that consists of approximately 160
amino acid residues. This domain is similar to 30% of T7 lysozyme and
has amidase activity (Fig. 2a). In the presence of Zn2+, it can combine
and cleave PGN (Fig. 2b). However, some PGRPs have no amidase ac-
tivity due to the lack of key amino acid residues. PGRPs can be divided
into two types, catalytic PGRPs and non-catalytic PGRPs, depending on

Table 1
PGRPs from insects.

Protein
name

Accession number Number of
amino acids

Transmembrane
domain

Signal
peptide

Amidase
activity

Binding
peptidoglycan

Participation
pathway

Literature

AgPGRP-S1 XM-310547 200 – – No – – (Mendes et al., 2010)
AgPGRP-S2 XM-557000 188 – – Yes – – (Mendes et al., 2010)
AgPGRP-S3 XM-316359 188 – – Yes – – (Mendes et al., 2010)
AgPGRP-LA XM_001688476 275 – – – – – –
AgPGRP-LB XM-321943 278 – – – – – –
AgPGRP-LC1 XM-314103 397 Yes – – DAP,Lys Imd (Meister et al., 2009)
AgPGRP-LC2 XM-558599 414 Yes – – DAP,Lys Imd (Meister et al., 2009)
AgPGRP-LC3 XM-558600 407 Yes – – DAP,Lys Imd (Meister et al., 2009)
AmPGRP-SA KC766482 124 – Yes – DAP,Lys Toll (Liu et al., 2018)
AmPGRP-S1 XM_001121036 217 No Yes Yes DAP Imd (Li et al., 2017)
AmPGRP-S2 NM_001163716 194 No Yes Yes DAP Imd (Li et al., 2017)
AmPGRP-S3 NM_001163715 189 No Yes No Lys Toll (Li et al., 2017)
AmPGRP-LC XM_392452 474 Yes No No DAP Imd (Schwarz and Evans, 2013)
AsPGRP-LC1a GU214232 454 – – – – Imd (Chen and Ling, 2010)
AsPGRP-LC1b GU214233 429 – – – – Imd (Chen and Ling, 2010)
AsPGRP-LD XM_556195 287 Yes No No Not binding – (Song et al., 2018)
BmPGRP-S1 NM_001043371 196 No Yes No Lys PO (Yoshida et al., 1996)
BmPGRP-S2 NM_001044095 195 No Yes No DAP Imd (Yang et al., 2015; Zhao et al., 2018)
BmPGRP-S3 NM_001257020 200 No Yes Yes DAP Imd (Kun et al., 2014)
BmPGRP-S4 XM_004928822 199 No Yes Yes DAP、Lys PO (Yang et al., 2017a)
BmPGRP-S5 NM_001043393 208 No Yes Yes DAP、Lys PO (Chen et al., 2016; Kangkang et al., 2014)
BmPGRP-L1 KT907183 304 Yes No No DAP Imd (Zhan et al., 2017)
BmPGRP-L6 LC064805 374 Yes No No DAP Imd (Tanaka and Sagisaka, 2016)
DmPGRP-SA CG11709 203 No Yes No Lys Toll (Reiser et al., 2004a; Wang et al., 2006)
DmPGRP-SB1 CG9681 190 No Yes Yes DAP Toll (Mellroth and Steiner, 2006; Zaidmanrémy

et al., 2011)
DmPGRP-SC1a AJ556594 185 No Yes Yes Lys Toll,,Imd (Bischoff et al., 2006; Zaidmanrémy et al.,

2011)
DmPGRP-SC1b XM_002080607 185 No Yes Yes Lys Toll,,Imd (Mellroth et al., 2003)
DmPGRP-SC2 CG14745 184 No Yes Yes DAP、Lys Toll,,Imd (Bischoff et al., 2006; Costechareyre et al.,

2015)
DmPGRP-SD CG7496 186 No Yes No DAP Toll,,Imd (Bischoff et al., 2004; Iatsenko et al., 2016)
DmPGRP-LA CG32042 138 Yes No No Not binding Imd (Gendrin et al., 2013)
DmPGRP-LB CG14704 215 No Yes Yes DAP Imd (Dziarski and Gupta, 2018; Girardin and

Philpott, 2006; Zaidmanrémy et al., 2006)
DmPGRP-LC CG4432 501 Yes No No DAP Imd,,PO (Choe et al., 2002; Kurata, 2010; Neyen

et al., 2012; Rämet et al., 2002; Schmidt
et al., 2008)

DmPGRP-LE CG8995 345 No No No DAP Imd,,PO (Boscodrayon et al., 2013; Kurata, 2010;
Neyen et al., 2012; Takehana et al., 2002)

DmPGRP-LF CG4437 369 Yes No No Not binding Imd (Basbous et al., 2011; Maillet et al., 2008;
Persson et al., 2007)

GfPGRP-LB FJ195347 81 – – Yes – Imd (Wang et al., 2009).
GlmPGRP-LB DQ307160 211 No Yes Yes – Imd (Wang and Aksoy, 2012)
GlmPGRP-LC DQ307161 413 – – – – – –
GmPGRP-S JQ687224 211 – Yes – – – –
GmPGRP-A AF394583 93 – – – – – –
GmPGRP-B AF394587 143 – – – – – –
HdPGRP-1 AB115774 197 No Yes No Binding PO (Lee et al., 2004)
HdPGRP-2 AB115775 187 No Yes No Binding PO (Lee et al., 2004)
HdPGRP-3 AB115776 187 – – – – – –
RfPGRP-LB MG457266 228 No Yes Yes DAP,Lys — (Dawadi et al., 2018)
SzPGRP-1 EU282122 262 – – – – (Anselme et al., 2008)
SzPGRP-2 EU282121 187 – – – – (Anselme et al., 2008)
MsPGRP-1A AF413068 192 No Yes No DAP,Lys PO (Sumathipala, 2009; Sumathipala and Jiang,

2010)
MsPGRP-1B AF413061 191 – – – – – –
MsPGRP-2 GQ293365 196 – – – – – –
TmPGRP-SA AB219970 193 No Yes Yes DAP,Lys Toll,,PO (Kan et al., 2008; Kurokawa et al., 2011;

Park et al., 2007)
TmPGRP-SC2 AB560751 188 No Yes Yes DAP,Lys Toll (Yu et al., 2010)
TmPGRP-LE HF935084 329 No No No DAP Imd,,PO (Hamisi et al., 2013)
TnPGRP-S AF076481 182 No Yes Predicted

activation
Lys – (Kang et al., 1998)
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whether there is amidase activity (Reiser et al., 2004b; Royet et al.,
2011) (Fig. 2c). Catalytic PGRPs are mainly located extracellularly and
usually act as a bactericide or as a regulatory immune pathway to
prevent excessive activation of the immune pathway. Non-catalytic
PGRPs are located intracellularly, in the transmembrane, or extra-
cellularly. These PGRPs activate hydrolase, play an important role in
signal transduction or can enhance the activation of the immune

pathway.
All PGRPs have a conservative L-shaped PGN binding groove that

contains 30 to 50 residues of N-terminal fragments. By analyzing the
structure of PGRP-LB from Drosophila, Zn2+ was found in the PGN
binding slot, and three amino acid residues (His42, His152, Cys160)
were involved. This structure is strictly conserved in all the catalytic
PGRPs, which reveals the mechanism for catalytic PGRP hydrolysis of
PGN. Zn2+ acts as an electrophilic catalyst to promote amide bond
cleavage between MurNAc and L-Ala (Guan et al., 2004). Although
most of the non-catalytic PGRPs retains His42 and His152 residues
corresponding to PGRP-LB, they always lack the zinc ion ligand Cys160,
which is shown to be necessary for the hydrolysis of PGN. Non-catalytic
PGRPs do not contain Zn2+-coordinating residues and cannot hydrolyze
PGN.

3. The role of PGRP in insect immunity

Toll, IMD and PPO are the main signaling pathways in insects to
eliminate invading pathogens. PGRP plays an important role in all these
pathways. Toll pathways are involved in gram-positive bacterial and
fungal infection (Lemaitre et al., 1996; Valanne et al., 2011a), while the
IMD pathway is primarily responsible for gram-negative bacterial in-
fection (Alexandre et al., 2009; Myllymäki et al., 2014; Lemaitre et al.,
1995). There is also some overlap between Toll and IMD pathway in
response to gram-positive or gram-negative bacteria. In some condi-
tions, Drosophila PGRP-SD can recognize gram-negative bacteria and
activate Toll pathway (Leone et al., 2008). However, some gram-posi-
tive bacteria such as Bacillus with DAP type peptidoglycan can activate
the IMD pathway rather than Toll pathway (Henna et al., 2014; Kaneko
et al., 2004; Leulier et al., 2003b) (Fig. 3).

3.1. Participation in the toll pathway

When insects (such as Drosophila) are infected by fungi or Lys-PGN
bacteria, the Toll pathway is activated to produce AMPs (Lu and Leger,
2016; Yang et al., 2017b). Unlike mammalian TLRs, insect TLRs do not
directly bind PAMPs of bacteria, fungi, and viruses. There is only one
Toll pathways in insect (Lindsay and Wasserman, 2014; Valanne et al.,
2011b). PGRP-SA, PGRP-SD and GNBP1 act upstream of the Toll
pathway and function as a PRR for activation of the Toll pathway
(Lemaitre and Hoffmann, 2007). PGRP-SA is a secreted protein located
in the hemolymph of Drosophila that recognizes and binds Lys-PGN
(Michel et al., 2001). When PGRP-SA was mutated, it was found that
Lys-PGN bacteria could not activate the Toll pathway, while DAP-PGN
could activate the IMD pathway (Michel et al., 2001). Similar results
were also observed when GNBP1 was mutated. These results indicate
that both PGRP-SA and GNBP1 are involved in the Toll pathway, and
PGRP-SD serves as a cofactor to participate in PGRP-SA and GNBP1
complexes (Gobert et al., 2003; Pili-Floury et al., 2004). When the
PGRP-SA, PGRP-SD, and GNBP1 complexes recognize Lys-PGN, they
activate serine protease activity and cleave the Spatzle precursor into a
mature Spatzle. The mature Spatzle can bind to the Toll protein to in-
itiate the downstream signal transduction pathway, which leads to
activation of the transcription factors Dif and Dorsal to initiate tran-
scription of AMPs (Duneau et al., 2017; Issa et al., 2018; Rahimi et al.,
2016; Yamamoto-Hino and Goto, 2016) (Fig. 3).

3.2. Participation in the IMD pathway

When Drosophila is infected with DAP-PGN bacteria, it activates the
IMD pathway to produce AMPs (Capo et al., 2016). PGRP-LC is a
transmembrane receptor protein in the IMD pathway that recognizes
DAP-PGN. PGRP-LC has three isoforms in Drosophila, namely, PGRP-
LCa, PGRP-LCx, and PGRP-LCy, in which PGRP-LCa and PGRP-LCx
form a dimer to recognize the DAP-PGN monomer. PGRP-LCx itself
forms a dimer to recognize DAP-PGN multimers, with weak recognition

Fig. 1. Phylogenetic analysis of PGRP. A scale in the upper left of the tree re-
presents the distance. Ag, Anopheles gambiae; Am, Apis mellifera; As, Anopheles
stephensi; Bm, Bombyx mori; Dm, Drosophila melanogaster; Gf, Glossina fuscipes;
Glm, Glossina morsitans; Gmm, Galleria mellonella; Hd, Holotrichia diomphalia;
Ms, Manduca sexta; Rf, Rhynchophorus ferrugineus; Sz, Sitophilus zeamais; Tm,
Tenebrio molitor; Tn, Trichoplusia ni.
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of Lys-PGN (Choe et al., 2002; Gottar et al., 2002; Kaneko et al., 2004;
Rämet et al., 2002). Studies have found that PGRP-LE can also bind to
PGN, which can activate the IMD pathway when overexpressing PGRP-
LE in cells (Kaneko et al., 2006). PGRP-SD and PGRP-LB act as an-
tagonists in the IMD pathway. PGRP-LB can bind and cleave PGN to

prevent excessive activation of the immune response (Paredes et al.,
2011; Zaidmanrémy et al., 2006), while PGRP-SD binds PGN and re-
localizes it to the cell surface to promote PGRP-LC binding to PGN to
enhance the activation of the IMD pathway (Iatsenko et al., 2016). This
pathway ultimately leads to activation of the transcription factor Relish

Fig. 2. Structure of PGRP proteins. (a) Prediction of the tertiary structure of Drosophila PGRP-SD, LB and T7 lysozyme. (b) DAP-type peptidoglycan structure. (c) The
difference between long and short types of Drosophila PGRP.
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to initiate transcription of AMPs (Capo et al., 2016; Hedengren et al.,
1999; Hori et al., 2017; Zhai et al., 2018) (Fig. 3). In addition, a recent
study found that knocking out PGRP-S2 in silkworms resulted in a
significant decrease in transcription factor Relish and some AMP genes,
suggesting that PGRP-S2 is involved in the IMD pathway (Yang et al.,
2015).

3.3. Participation in the PPO activation pathway

Some PGRPs bind to bacterial PGN to activate the PPO pathway,
which promotes wound healing and melanization (Fig. 3). The first
reported PGRP-S1 was purified from the hemolymph of the silkworm,
which binds to PGN and triggers activation of the phenoloxidase
pathway. In Drosophila, PGRP-LE recognizes and binds DAP-type PNG,
which leads to the conversion of zymogenic PPO into catalytically ac-
tive phenoloxidase. Then PGRP-LE activates the prophenoloxidase
cascade to produce the melanin and encapsulation of the pathogen
(Kurata, 2010; Neyen et al., 2012; Takehana et al., 2002; Yoshida et al.,
1996). In Helicoverpa armigera (Ha), PGRP-A acts as a PRR and binds to
Lys- and DAP-type PGN, respectively. After binding to the PGN, PGRP-A
trigger the prophenoloxidase activation pathway of H. armigera and
participate in the melanization process of nodulation and encapsulation
responses. Knockdown of HaPGRP-A decreased PPO activity in bac-
teria-challenged larval hemolymph. While recombinant PGRP-A en-
hances phenoloxidase activation in vitro and enhances nodule forma-
tion and melanization in vivo (Li et al., 2015). In addition, in Bombyx,

PGRP-S5 also functions as a PRR to bind the Lys- and DAP-type PGN
from certain bacterial strains and then activates phenoloxidase pathway
in the same way (Chen et al., 2016; Kangkang et al., 2014; Kurata,
2010; Mellroth and Steiner, 2006; Neyen et al., 2012; Yang et al.,
2017a; Zaidmanrémy et al., 2011).

3.4. Antibacterial activity

Some PGRPs not only participate in the immune signal transduction
pathway, but also act directly as a bactericide to kill the microorganism.
These PGRPs usually have amidase activity or have the ability to cause
bacterial agglutination. For example, PGRP-S5 in silkworm can not only
activate the PPO pathway when combined with PGN but also cleave
PGN to exhibit antibacterial activity, which Zn2+ promotes (Chen et al.,
2016; Kangkang et al., 2014). PGRP-SB1 kills Bacillus megaterium in the
presence of Zn2+ in Drosophila but has no bactericidal effect on other
gram-positive or negative bacteria (Mellroth and Steiner, 2006;
Zaidmanrémy et al., 2011). PGRP-A in Helicoverpa can agglutinate Es-
cherichia coli (E. coli) and Staphylococcus aureus (S. aureus). Zn2+ was
not required for E. coli agglutination; however, Zn2+ was needed for S.
aureus agglutination (Li et al., 2015).

4. Conclusion

To date, a tremendous number of studies on PGRPs and PGRPs in
Toll and IMD pathways have been carried out on Drosophila. These

Fig. 3. Functions of PGRP proteins. Gram-positive peptidoglycan binds to PGRP-SA, PGRP-SD, and GNBP1 of Drosophila, and acts on the Spatzle precursor activating
enzyme. The cleaved Spatzle activates the Toll pathway to produce antimicrobial peptides to kill bacteria. When the gram-negative peptidoglycan binds to
Drosophila's transmembrane receptor PGRP-LC, its intracellular binding domain directly binds to and activates IMD, and the activated IMD activates the IMD pathway
to produce antibacterial peptides to kill bacteria. Prophenoloxidase (PPO) is activated by the action of serine proteases to produce PO, which is then enzymatically
cascaded to produce melanin or other active substances to protect against invading pathogenic microorganisms.

Q. Wang et al. Molecular Immunology 106 (2019) 69–76

73



studies provide insight into the role of PGRPs in other insects in innate
immunity. Analysis PGRPs in insects innate immunity revealed that
PGRPs detect PGN as the basis for their recognition of infectious bac-
teria, activation and regulation of immune responses. The diversity of
PGRPs can recognize structural diversity of PGN and activate different
innate immunity pathway, such as the Toll pathway, the IMD pathway
and the PPO activation pathway.

Despite tremendous progress have been made since the discovery of
PGRPs, there are still much remains to be solved. Firstly, The structures
of PGRPs in insects still need to be determined. Secondly, the exact
function of PGRPs in various insects also need to be clarified. Thirdly,
Although studies have shown that some PGRPs are involved in the PPO
pathway, their specific role in the activation of the PPO pathway is still
unknown. Therefore, further studies are needed to explore the specific
role of PGRPs in innate immunity.

Through a genome-wide analysis of silkworm, it was found that the
silkworm has complete Toll and IMD pathways. However, due to dif-
ferent living environments, such as the silkworm diet of mulberry
leaves and fruit fly diet of the fermented material, there are some dif-
ferences in immune signal transduction and regulation mechanisms for
AMPs gene expression. Detailed differences are still unknown. For other
insects, there are also some differences in their innate immunity due to
different living environments. Although some PGRPs have been iden-
tified and characterized, their detailed functions in the innate immune
process have been studied less.

PGRP is a highly conserved molecule involved in the innate immune
response from insects to mammals (Dziarski and Gupta, 2010). Four
PGRPs have been found in mammals. However, mammals PGRPs do not
act as activating molecules for innate immune responses, but directly
inhibit or kill bacteria (Lu et al., 2006; Sun et al., 2006). These four
PGRPs, as a new type of antimicrobial peptide, are significantly dif-
ferent from other antimicrobial peptides. However, their specific me-
chanisms are still elusive and further research is needed to clarified.
Furthermore, the function of mammalian PGRPs in vivo and clinical
application also need to be examined (Bobrovsky et al., 2016; Saha
et al., 2010). The study of insect PGRPs can help us understand the
function of mammalian PGRPs.

Acknowledgments

This work was supported by the China Postdoctoral Science Special
Foundation (2017M5654),the National Natural Science Foundation of
China (81502621 and 81502088, 31872425) and the Postdoctoral
Science Foundation of China (2015M571678).

References

Akira, S., Uematsu, S., Takeuchi, O., 2006. Pathogen recognition and innate immunity.
Cell 124, 783–801.

Alexandre, C., Eric, J., Peter, S., David, S., 2009. The Imd pathway is involved in antiviral
immune responses in Drosophila. PLoS One 4, e7436.

Anselme, C., Pérezbrocal, V., Vallier, A., Vincentmonegat, C., Charif, D., Latorre, A.,
Moya, A., Heddi, A., 2008. Identification of the weevil immune genes and their ex-
pression in the bacteriome tissue. BMC Biol. 6 (1), 43 2008-10-16) 6.

Basbous, N., Coste, F., Leone, P., Vincentelli, R., Royet, J., Kellenberger, C., Roussel, A.,
2011. The Drosophila peptidoglycan‐recognition protein LF interacts with pepti-
doglycan‐recognition protein LC to downregulate the Imd pathway. EMBO Rep. 12,
327–333.

Bischoff, V., Vignal, C., Boneca, I.G., Michel, T., Hoffmann, J.A., Royet, J., 2004. Function
of the drosophila pattern-recognition receptor PGRP-SD in the detection of Gram-
positive bacteria. Nat. Immunol. 5, 1175–1180.

Bischoff, V., Vignal, C., Duvic, B., Boneca, I.G., Hoffmann, J.A., Royet, J., 2006.
Downregulation of the Drosophila Immune response by peptidoglycan-recognition
proteins SC1 and SC2. PLoS Pathog. 2, e14.

Bobrovsky, P., Manuvera, V., Polina, N., Podgorny, O., Prusakov, K., Govorun, V.,
Lazarev, V., 2016. Recombinant human peptidoglycan recognition proteins reveal
antichlamydial activity. Infect. Immun. 84, 2124–2130.

Boscodrayon, V., Poidevin, M., Boneca, I.G., Narbonnereveau, K., Royet, J., Charroux, B.,
2013. Peptidoglycan sensing by the receptor PGRP-LE in the Drosophila gut induces
immune responses to infectious bacteria and tolerance to microbiota. Gut Microbes
12, 153–165.

Capo, F., Charroux, B., Royet, J., 2016. Bacteria sensing mechanisms in Drosophila gut:
local and systemic consequences. Dev. Comp. Immunol. 64, 11–21.

Cerenius, Lage, Lee, Luel B., Söderhäll, Kenneth, 2008. The proPO-system: pros and cons
for its role in invertebrate immunity. Trends Immunol. 29, 263–271.

Chen, Y., Ling, E.J., 2010. Molecular cloning and functional characterization of PGRP-LC1
in Anopheles stephensi (Diptera: culicidae). Acta Entomologica Sinica 53, 131–138.

Chen, K., Zhou, L., Chen, F., Peng, Y., Lu, Z., 2016. Peptidoglycan recognition protein-S5
functions as a negative regulator of the antimicrobial peptide pathway in the silk-
worm, Bombyx mori. Dev. Comp. Immunol. 61, 126–135.

Choe, K.M., Werner, T., Stöven, S., Hultmark, D., Anderson, K.V., 2002. Requirement for a
peptidoglycan recognition protein (PGRP) in relish activation and antibacterial im-
mune responses in Drosophila. Science 296, 359–362.

Christophides, G.K., Zdobnov, E., Barillasmury, C., Birney, E., Blandin, S., Blass, C., Brey,
P.T., Collins, F.H., Danielli, A., Dimopoulos, G., 2002. Immunity-related genes and
gene families in Anopheles gambiae. Science 298, 159–165.

Costechareyre, D., Capo, F., Fabre, A., Chaduli, D., Kellenberger, C., Roussel, A.,
Charroux, B., Royet, J., 2015. Tissue-specific regulation of Drosophila nf-x03ba;B
pathway activation by peptidoglycan recognition protein SC. J. Innate Immun. 8, 67.

Dawadi, B., Wang, X., Xiao, R., Muhammad, A., Hou, Y., Shi, Z., 2018. PGRP-LB homolog
acts as a negative modulator of immunity in maintaining the gut-microbe symbiosis
of red palm weevil, Rhynchophorus ferrugineus Olivier. Dev. Comp. Immunol. 86,
65–77.

Duneau, D.F., Kondolf, H.C., Im, J.H., Ortiz, G.A., Chow, C., Fox, M.A., Eugénio, A.T.,
Revah, J., Buchon, N., Lazzaro, B.P., 2017. The Toll pathway underlies host sexual
dimorphism in resistance to both Gram-negative and Gram-positive bacteria in mated
Drosophila. BMC Biol. 15, 124.

Dziarski, R., Gupta, D., 2010. Review: mammalian peptidoglycan recognition proteins
(PGRPs) in innate immunity. Innate Immun. 16, 168–174.

Dziarski, R., Gupta, D., 2018. A balancing act: PGRPs preserve and protect. Cell Host
Microbe 23, 149.

Dzik S., 2002. Decoding the patterns of self and nonself by the innate immune system: R.
Medzhitov, C. Janeway. Sci. 296:298–300, 2002. Transfusion Medicine Reviews 16,
331-332.

Ferrandon, D., Imler, J.L., Hetru, C., Hoffmann, J.A., 2007. The Drosophila systemic
immune response: sensing and signalling during bacterial and fungal infections. Nat.
Rev. Immunol. 7, 862.

Gendrin, M., Zaidman-Rémy, A., Broderick, N.A., Paredes, J., Poidevin, M., Roussel, A.,
Lemaitre, B., 2013. Functional analysis of PGRP-LA in Drosophila immunity. PLoS
One 8 e69742-e69742.

Girardin, S.E., Philpott, D.J., 2006. PGRP-LB minds the fort. Immunity 24, 363–366.
Gobert, V., Gottar, M., Matskevich, A.A., Rutschmann, S., Royet, J., Belvin, M., Hoffmann,

J.A., Ferrandon, D., 2003. Dual activation of the Drosophila toll pathway by two
pattern recognition receptors. Science 302, 2126.

Gottar, M., Gobert, V., Michel, T., Belvin, M., Duyk, G., Hoffmann, J.A., Ferrandon, D.,
Royet, J., 2002. The Drosophila immune response against Gram-negative bacteria is
mediated by a peptidoglycan recognition protein. Nature 416, 640–644.

Guan, R., Roychowdhury, A., Ember, B., Kumar, S., Boons, G.J., Mariuzza, R.A., 2004.
Structural basis for peptidoglycan binding by peptidoglycan recognition proteins.
Proc. Natl. Acad. Sci. U. S. A. 101, 17168.

Hamisi, T., Bhusan, P.B., Hyun, K.D., Seulgi, M., Hun, J.Y., Luel, L.B., Seok, L.Y., Jung,
K.N., Han, Y.S., 2013. Cloning, characterization and effect ofTmPGRP-LEGene si-
lencing on survival ofTenebrio MolitoragainstListeria monocytogenesInfection. Int. J.
Mol. Sci. 14, 22462–22482.

Hedengren, M., Asling, B., Dushay, M.S., Ando, I., Ekengren, S., Wihlborg, M., Hultmark,
D., 1999. Relish, a central factor in the control of humoral but not cellular immunity
in Drosophila. Mol. Cell 4, 827–837.

Henna, M.K., Susanna, V., Mika, R.M., 2014. The Drosophila imd signaling pathway. J.
Immunol. 192, 3455.

Hetru, C., Hoffmann, J.A., 2009. NF-kappaB in the immune response of Drosophila. Cold
Spring Harb. Perspect. Biol. 1, a000232.

Hori, A., Kurata, S., Kuraishi, T., 2017. Unexpected role of the IMD pathway in Drosophila
gut defense against Staphylococcus aureus. Biochem. Biophys. Res. Commun. 495.

Iatsenko, I., Kondo, S., Menginlecreulx, D., Lemaitre, B., 2016. PGRP-SD, an extracellular
pattern-recognition receptor, enhances peptidoglycan-mediated activation of the
Drosophila imd pathway. Immunity 45, 1013–1023.

Issa, N., Guillaumot, N., Lauret, E., Matt, N., Schaeffer-Reiss, C., Dorsselaer, A.V.,
Reichhart, J.M., Veillard, F., 2018. The circulating protease persephone is an immune
sensor for microbial proteolytic activities upstream of theDrosophilaToll pathway.
Mol. Cell 69, 539–550 e6.

Kan, H., Kim, C.H., Kwon, H.M., Park, J.W., Roh, K.B., Lee, H., Park, B.J., Zhang, R.,
Zhang, J., Soderhall, K., Ha, N.C., Lee, B.L., 2008. Molecular control of phenolox-
idase-induced melanin synthesis in an insect. J. Biol. Chem. 283, 25316–25323.

Kaneko, T., Goldman, W.E., Mellroth, P., Steiner, H., Fukase, K., Kusumoto, S., Harley,
W., Fox, A., Golenbock, D., Silverman, N., 2004. Monomeric and polymeric gram-
negative peptidoglycan but not purified LPS stimulate the Drosophila IMD pathway.
Immunity 20, 637–649.

Kaneko, T., Yano, T., Aggarwal, K., Lim, J.H., Ueda, K., Oshima, Y., Peach, C.,
Erturkhasdemir, D., Goldman, W.E., Oh, B.H., 2006. PGRP-LC and PGRP-LE have
essential yet distinct functions in the drosophila immune response to monomeric
DAP-type peptidoglycan. Nat. Immunol. 7, 715–723.

Kang, D., Liu, G., Lundström, A., Gelius, E., Steiner, H., 1998. A peptidoglycan recognition
protein in innate immunity conserved from insects to humans. Proc. Natl. Acad. Sci.
U. S. A. 95, 10078.

Kangkang, C., Chen, L., Yan, H., Haobo, J., Zhiqiang, L., 2014. A short-type peptidoglycan
recognition protein from the silkworm: expression, characterization and involvement
in the prophenoloxidase activation pathway. Dev. Comp. Immunol. 45, 1–9.

Q. Wang et al. Molecular Immunology 106 (2019) 69–76

74

http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0005
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0005
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0010
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0010
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0015
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0015
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0015
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0020
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0020
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0020
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0020
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0025
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0025
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0025
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0030
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0030
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0030
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0035
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0035
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0035
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0040
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0040
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0040
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0040
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0045
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0045
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0050
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0050
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0055
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0055
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0060
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0060
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0060
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0065
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0065
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0065
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0070
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0070
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0070
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0075
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0075
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0075
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0080
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0080
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0080
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0080
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0085
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0085
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0085
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0085
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0090
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0090
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0095
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0095
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0105
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0105
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0105
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0110
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0110
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0110
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0115
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0120
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0120
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0120
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0125
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0125
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0125
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0130
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0130
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0130
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0135
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0135
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0135
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0135
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0140
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0140
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0140
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0145
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0145
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0150
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0150
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0155
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0155
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0160
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0160
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0160
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0165
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0165
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0165
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0165
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0170
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0170
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0170
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0175
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0175
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0175
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0175
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0180
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0180
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0180
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0180
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0185
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0185
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0185
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0190
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0190
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0190


Kim, C.H., Kim, S.J., Kan, H., Kwon, H.M., Roh, K.B., Jiang, R., Yang, Y., Park, J.W., Lee,
H.H., Ha, N.C., Kang, H.J., Nonaka, M., Soderhall, K., Lee, B.L., 2008. A three-step
proteolytic cascade mediates the activation of the peptidoglycan-induced toll
pathway in an insect. J. Biol. Chem. 283, 7599–7607.

Kun, G., Xiang-Yuan, D., He-Ying, Q., Guang-Xing, Q., Cheng-Xiang, H., Xi-Jie, G., 2014.
Cloning and expression analysis of a peptidoglycan recognition protein in silkworm
related to virus infection. Gene 552, 24–31.

Kurata, S., 2010. Extracellular and intracellular pathogen recognition by Drosophila
PGRP-LE and PGRP-LC. Int. Immunol. 22, 143–148.

Kurata, S., 2014. Peptidoglycan recognition proteins in Drosophila immunity. Dev. Comp.
Immunol. 42, 36–41.

Kurata, S., Ariki, S., Kawabata, S., 2006. Recognition of pathogens and activation of
immune responses in Drosophila and horseshoe crab innate immunity.
Immunobiology 211, 237–249.

Kurokawa, K., Gong, J.H., Ryu, K.H., Zheng, L., Chae, J.H., Kim, M.S., Lee, B.L., 2011.
Biochemical characterization of evasion from peptidoglycan recognition by
Staphylococcus aureus D-alanylated wall teichoic acid in insect innate immunity.
Dev. Comp. Immunol. 35, 835.

Lavine, M.D., Strand, M.R., 2002. Insect hemocytes and their role in immunity. Insect
Biochem. Mol. Biol. 32, 1295–1309.

Lee, M.H., Osaki, T., Lee, J.Y., Baek, M.J., Zhang, R., Park, J.W., Kawabata, S., Söderhäll,
K., Lee, B.L., 2004. Peptidoglycan recognition proteins involved in 1,3-beta-D-glucan-
dependent prophenoloxidase activation system of insect. J. Biol. Chem. 279,
3218–3227.

Lemaitre, B., Hoffmann, J., 2007. The host defense of Drosophila melanogaster. Annu.
Rev. Immunol. 25, 697–743.

Lemaitre, B., Kromermetzger, E., Michaut, L., Nicolas, E., Meister, M., Georgel, P.,
Reichhart, J.M., Hoffmann, J.A., 1995. A recessive mutation, immune deficiency
(imd), defines two distinct control pathways in the Drosophila host defense. Proc.
Natl. Acad. Sci. U. S. A. 92, 9465–9469.

Lemaitre, B., Nicolas, E., Michaut, L., Reichhart, J.M., Hoffmann, J.A., 1996. The dor-
soventral regulatory gene cassette spatzle/Toll/cactus controls the potent antifungal
response in Drosophila adults. Cell 86, 973–983.

Leone, P., Bischoff, V., Kellenberger, C., Charles, Hetru, Royet, J., Roussel, A., 2008.
Crystal structure of Drosophila PGRP-SD suggests binding to DAP-type but not lysine-
type peptidoglycan. Mol. Immunol. 45, 2521–2530.

Leulier, F., Parquet, C., Pili-Floury, S., Ryu, J.H., Caroff, M., Lee, W.J., Mengin-Lecreulx,
D., Lemaitre, B., 2003a. The Drosophila immune system detects bacteria through
specific peptidoglycan recognition. Nat. Immunol. 4, 478–484.

Leulier, F., Parquet, C., Pilifloury, S., Ryu, J.H., Caroff, M., Lee, W.J., Menginlecreulx, D.,
Lemaitre, B., 2003b. The Drosophila immune system detects bacteria through specific
peptidoglycan recognition. Nat. Immunol. 4, 478–484.

Li, Y.P., Xiao, M., Li, L., Song, C.X., Wang, J.L., Liu, X.S., 2015. Molecular characterization
of a peptidoglycan recognition protein from the cotton bollworm, Helicoverpa ar-
migera and its role in the prophenoloxidase activation pathway. Mol. Immunol. 65,
123–132.

Li, W., Evans, J.D., Li, J., Su, S., Hamilton, M., Chen, Y., 2017. Spore load and immune
response of honey bees naturally infected by Nosema ceranae. Parasitol. Res. 116,
3265–3274.

Lindsay, S.A., Wasserman, S.A., 2014. Conventional and non-conventional Drosophila toll
signaling. Dev. Comp. Immunol. 42, 16–24.

Liu, Y., Zhao, X., Naeem, M., An, J., 2018. Crystal structure of peptidoglycan recognition
protein SA in Apis mellifera (Hymenoptera: apidae). Protein Sci. 27.

Lu, H.L., Leger, R.J.S., 2016. Insect immunity to entomopathogenic Fungi. Adv. Genet.
94, 251–285.

Lu, X., Wang, M., Qi, J., Wang, H., Li, X., Gupta, D., Dziarski, R., 2006. Peptidoglycan
recognition proteins are a new class of human bactericidal proteins. J. Biol. Chem.
281, 5895–5907.

Maillet, F., Bischoff, V., Vignal, C., Hoffmann, J., Royet, J., 2008. The Drosophila pep-
tidoglycan recognition protein PGRP-LF blocks PGRP-LC and IMD/JNK pathway
activation. Cell Host Microbe 3, 293–303.

Medzhitov, R., Janeway Jr, C., 2002. Decoding the patterns of self and nonself by the
innate immune system. Science 296, 298–300.

Meister, S., Agianian, B., Turlure, F., Relógio, A., Morlais, I., Kafatos, F.C., Christophides,
G.K., 2009. Anopheles gambiae PGRPLC-Mediated defense against Bacteria
Modulates infections with malaria parasites. PLoS Pathog. 5, e1000542.

Mellroth, P., Steiner, H., 2006. PGRP-SB1: an N-acetylmuramoyl L-alanine amidase with
antibacterial activity. Biochem. Biophys. Res. Commun. 350, 994–999.

Mellroth, P., Karlsson, J., Steiner, H., 2003. A scavenger function for a Drosophila pep-
tidoglycan recognition protein. J. Biol. Chem. 278, 7059–7064.

Mendes, C., Felix, R., Sousa, A.M., Lamego, J., Charlwood, D., Rosário, V.E.D., Pinto, J.,
Silveira, H., 2010. Molecular evolution of the three short PGRPs of the malaria
vectors Anopheles gambiae and Anopheles arabiensis in East Africa. BMC Evol. Biol.
10, 9.

Michel, T., Reichhart, J.M., Hoffmann, J.A., Royet, J., 2001. Drosophila Toll is activated
by Gram-positive bacteria through a circulating peptidoglycan recognition protein.
Nature 414, 756.

Myllymäki, Henna, Valanne, Susanna, Rämet, Mika, 2014. The Drosophila imd signaling
pathway. J. Immunol. 192, 3455.

Neyen, C., Poidevin, M., Roussel, A., Lemaitre, B., 2012. Tissue- and ligand-specific
sensing of gram-negative infection in drosophila by PGRP-LC isoforms and PGRP-LE.
J. Immunol. 189, 1886.

Paredes, J.C., Welchman, D.P., Poidevin, M., Lemaitre, B., 2011. Negative regulation by
amidase PGRPs shapes the Drosophila antibacterial response and protects the fly from
innocuous infection. Immunity 35, 770.

Park, J.W., Kim, C.H., Kim, J.H., Je, B.R., Roh, K.B., Kim, S.J., Lee, H.H., Ryu, J.H., Lim,

J.H., Oh, B.H., 2007. Clustering of peptidoglycan recognition Protein-SA is required
for sensing lysine-type peptidoglycan in insects. Proc. Natl. Acad. Sci. U. S. A. 104,
6602–6607.

Persson, C., Oldenvi, S., Steiner, H., 2007. Peptidoglycan recognition protein LF: a ne-
gative regulator of Drosophila immunity. Insect Biochem. Mol. Biol. 37, 1309–1316.

Pili-Floury, S., Leulier, F., Takahashi, K., Saigo, K., Samain, E., Ueda, R., Lemaitre, B.,
2004. In vivo RNA interference analysis reveals an unexpected role for GNBP1 in the
defense against Gram-positive bacterial infection in Drosophila adults. J. Biol. Chem.
279, 12848–12853.

Rahimi, N., Averbukh, I., Haskelittah, M., Degani, N., Schejter, E.D., Barkai, N., Shilo,
B.Z., 2016. A WntD-Dependent integral feedback loop attenuates variability in
Drosophila toll signaling. Dev. Cell 36, 401–414.

Rämet, M., Manfruelli, P., Pearson, A., Matheyprevot, B., Ezekowitz, R.A., 2002.
Functional genomic analysis of phagocytosis and identification of a Drosophila re-
ceptor for E. Coli. Nature 416, 644–648.

Reiser, J.B., Teyton, L., Wilson, I.A., 2004a. Crystal structure of the Drosophila pepti-
doglycan recognition protein (PGRP)-SA at 1.56 A resolution. J. Mol. Biol. 340,
909–917.

Reiser, J.B., Teyton, L., Wilson, I.A., 2004b. Crystal structure of the Drosophila pepti-
doglycan recognition protein (PGRP)-SA at 1.56 Å resolution. J. Mol. Biol. 340,
909–917.

Royet, J., Gupta, D., Dziarski, R., 2011. Peptidoglycan recognition proteins: modulators of
the microbiome and inflammation. Nat. Rev. Immunol. 11, 837–851.

Saha, S., Jing, X., Park, S.Y., Wang, S., Li, X., Gupta, D., Dziarski, R., 2010. Peptidoglycan
recognition proteins protect mice from experimental colitis by promoting normal gut
flora and preventing induction of interferon-gamma. Cell Host Microbe 8, 147–162.

Schleifer, K.H., Kandler, O., 1972. Peptidoglycan types of bacterial cell walls and their
taxonomic implications. Bacteriol. Rev. 36, 407–477.

Schmidt, R.L., Trejo, T.R., Plummer, T.B., Platt, J.L., Tang, A.H., 2008. Infection-induced
proteolysis of PGRP-LC controls the IMD activation and melanization cascades in
Drosophila. FASEB J. 22, 918–929.

Schwarz, R.S., Evans, J.D., 2013. Single and mixed-species trypanosome and micro-
sporidia infections elicit distinct, ephemeral cellular and humoral immune responses
in honey bees. Dev. Comp. Immunol. 40, 300.

Song, X., Wang, M., Dong, L., Zhu, H., Wang, J., 2018. PGRP-LD mediates A. Stephensi
vector competency by regulating homeostasis of microbiota-induced peritrophic
matrix synthesis. PLoS Pathog. 14, e1006899.

Strand, M.R., 2008. The insect cellular immune response. Insect Sci. 15, 1–14.
Sumathipala, N., 2009. Expression, Purification and Characterization of Peptidoglycan

Recognition Protein 1 From Manduca sexta (L.). Dissertations Theses - Gradworks.
Sumathipala, N., Jiang, H., 2010. Involvement of Manduca sexta peptidoglycan re-

cognition protein-1 in the recognition of bacteria and activation of prophenoloxidase
system. Insect Biochem. Mol. Biol. 40, 487–495.

Sun, C., Mathur, P., Dupuis, J., Tizard, R., Ticho, B., Crowell, T., Gardner, H., Bowcock,
A.M., Carulli, J., 2006. Peptidoglycan recognition proteins Pglyrp3 and Pglyrp4 are
encoded from the epidermal differentiation complex and are candidate genes for the
Psors4 locus on chromosome 1q21. Hum. Genet. 119, 113–125.

Takehana, A., Katsuyama, T., Yano, T., Oshima, Y., Takada, H., Aigaki, T., Kurata, S.,
2002. Overexpression of a pattern-recognition receptor, peptidoglycan-recognition
protein-LE, activates imd/relish-mediated antibacterial defense and the propheno-
loxidase cascade in Drosophila larvae. Proc. Natl. Acad. Sci. U. S. A. 99,
13705–13710.

Tanaka, H., Sagisaka, A., 2016. Involvement of Peptidoglycan recognition protein L6 in
activation of immune deficiency pathway in the immune responsive silkworm cells.
Arch. Insect Biochem. Physiol. 92, 143–156.

Tanaka, H., Ishibashi, J., Fujita, K., Nakajima, Y., Sagisaka, A., Tomimoto, K., Suzuki, N.,
Yoshiyama, M., Kaneko, Y., Iwasaki, T., 2008. A genome-wide analysis of genes and
gene families involved in innate immunity of Bombyx mori. Insect Biochem. Mol.
Biol. 38, 1087–1110.

Valanne, S., Wang, J.H., Rämet, M., 2011a. The Drosophila toll signaling pathway. J.
Immunol. 186, 649–656.

Valanne, S., Wang, J.H., Ramet, M., 2011b. The Drosophila toll signaling pathway. J.
Immunol. 186, 649–656.

Wang, J., Aksoy, S., 2012. PGRP-LB is a maternally transmitted immune milk protein that
influences symbiosis and parasitism in tsetse’s offspring. Proc. Natl. Acad. Sci. U. S. A.
109, 10552–10557.

Wang, S., Beerntsen, B.T., 2015. Functional implications of the peptidoglycan recognition
proteins in the immunity of the yellow fever mosquito, Aedes aegypti. Insect Mol.
Biol. 24, 293–310.

Wang, L., Weber, A.N., Atilano, M.L., Filipe, S.R., Gay, N.J., Ligoxygakis, P., 2006.
Sensing of Gram-positive bacteria in Drosophila: GNBP1 is needed to process and
present peptidoglycan to PGRP-SA. EMBO J. 25, 5005–5014.

Wang, J., Wu, Y., Yang, G., Aksoy, S., Beaty, B.J., 2009. Interactions between mutualist
"Wigglesworthia" and tsetse peptidoglycan recognition protein (PGRP-LB) influence
trypanosome transmission. Proc. Natl. Acad. Sci. U. S. A. 106, 12133–12138.

Werner, T., Liu, G., Kang, D., Ekengren, S., Steiner, H., Hultmark, D., 2000. A family of
peptidoglycan recognition proteins in the fruit fly Drosophila melanogaster. Proc.
Natl. Acad. Sci. U. S. A. 97, 13772–13777.

Yamamoto-Hino, M., Goto, S., 2016. SpÃ¤tzle-Processing enzyme-independent activation
of the toll pathway in Drosophila innate immunity. Cell Struct. Funct. 41, 55–60.

Yang, J., Wang, X., Tang, S., Shen, Z., Wu, J., 2015. Peptidoglycan recognition protein S2
from silkworm integument: characterization, microbe-induced expression, and in-
volvement in the immune-deficiency pathway. J. Insect Sci. 15.

Yang, P.J., Zhan, M.Y., Ye, C., Yu, X.Q., Rao, X.J., 2017a. Molecular cloning and char-
acterization of a short peptidoglycan recognition protein from silkworm Bombyx
mori. Insect Mol. Biol. 26.

Q. Wang et al. Molecular Immunology 106 (2019) 69–76

75

http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0195
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0195
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0195
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0195
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0200
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0200
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0200
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0205
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0205
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0210
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0210
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0215
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0215
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0215
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0220
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0220
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0220
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0220
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0225
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0225
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0230
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0230
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0230
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0230
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0235
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0235
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0240
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0240
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0240
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0240
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0245
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0245
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0245
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0250
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0250
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0250
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0255
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0255
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0255
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0260
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0260
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0260
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0265
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0265
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0265
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0265
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0270
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0270
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0270
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0275
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0275
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0280
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0280
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0285
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0285
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0290
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0290
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0290
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0295
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0295
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0295
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0300
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0300
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0305
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0305
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0305
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0310
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0310
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0315
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0315
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0320
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0320
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0320
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0320
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0325
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0325
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0325
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0330
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0330
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0335
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0335
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0335
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0340
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0340
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0340
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0345
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0345
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0345
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0345
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0350
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0350
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0355
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0355
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0355
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0355
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0360
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0360
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0360
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0365
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0365
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0365
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0370
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0370
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0370
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0375
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0375
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0375
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0380
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0380
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0385
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0385
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0385
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0390
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0390
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0395
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0395
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0395
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0400
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0400
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0400
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0405
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0405
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0405
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0410
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0415
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0415
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0420
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0420
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0420
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0425
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0425
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0425
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0425
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0430
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0430
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0430
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0430
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0430
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0435
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0435
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0435
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0440
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0440
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0440
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0440
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0445
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0445
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0450
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0450
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0455
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0455
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0455
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0460
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0460
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0460
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0465
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0465
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0465
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0470
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0470
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0470
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0475
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0475
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0475
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0480
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0480
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0485
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0485
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0485
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0490
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0490
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0490


Yang, Yi., Lee, M.R., Lee, S.J., Kim, S., Nai, Yh., Kim, J.S., 2017b. Tenebrio molitor
Gram‐negative‐binding protein 3 (TmGNBP3) is essential for inducing downstream
antifungal Tenecin 1 gene expression against infection with Beauveria bassiana JEF7.
Insect Sci. 25, 969–977.

Yoshida, H., Kinoshita, K., Ashida, M., 1996. Purification of a peptidoglycan recognition
protein from hemolymph of the silkworm, Bombyx mori. J. Biol. Chem. 271,
13854–13860.

Yu, Y., Park, J.W., Kwon, H.M., Hwang, H.O., Jang, I.H., Masuda, A., Kurokawa, K.,
Nakayama, H., Lee, W.J., Dohmae, N., 2010. Diversity of innate immune recognition
mechanism for bacterial polymeric meso-diaminopimelic acid-type peptidoglycan in
insects. J. Biol. Chem. 285, 32937.

Zaidmanrémy, A., Hervé, M., Poidevin, M., Pilifloury, S., Kim, M.S., Blanot, D., Oh, B.H.,
Ueda, R., Menginlecreulx, D., Lemaitre, B., 2006. The Drosophila amidase PGRP-LB
modulates the immune response to bacterial infection. Immunity 24, 463–473.

Zaidmanrémy, A., Poidevin, M., Hervé, M., Welchman, D.P., Paredes, J.C., Fahlander, C.,
Steiner, H., Menginlecreulx, D., Lemaitre, B., 2011. Drosophila immunity: analysis of
PGRP-SB1 expression, enzymatic activity and function. PLoS One 6, e17231.

Zhai, Z., Boquete, J.P., Lemaitre, B., 2018. Cell-Specific Imd-NF-κB Responses Enable
Simultaneous Antibacterial Immunity and Intestinal Epithelial Cell Shedding upon
Bacterial Infection. Immunity 48, 897–910.

Zhan, M.Y., Yang, P.J., Rao, X.J., 2017. Molecular cloning and analysis of PGRP-L1 and
IMD from silkworm Bombyx mori. Comp. Biochem. Physiol. B, Biochem. Mol. Biol.
215.

Zhao, P., Xia, F., Jiang, L., Guo, H., Xu, G., Sun, Q., Wang, B., Wang, Y., Lu, Z., Xia, Q.,
2018. Enhanced antiviral immunity against Bombyx mori cytoplasmic polyhedrosis
virus via overexpression of peptidoglycan recognition protein S2 in transgenic silk-
worms. Dev. Comp. Immunol. 87, 84.

Q. Wang et al. Molecular Immunology 106 (2019) 69–76

76

http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0495
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0495
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0495
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0495
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0500
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0500
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0500
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0505
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0505
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0505
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0505
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0510
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0510
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0510
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0515
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0515
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0515
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0520
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0520
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0520
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0525
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0525
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0525
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0530
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0530
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0530
http://refhub.elsevier.com/S0161-5890(18)30901-5/sbref0530

	Peptidoglycan recognition proteins in insect immunity
	Introduction
	Structural analysis of PGRP
	The role of PGRP in insect immunity
	Participation in the toll pathway
	Participation in the IMD pathway
	Participation in the PPO activation pathway
	Antibacterial activity

	Conclusion
	Acknowledgments
	References




