
HAL Id: hal-02389245
https://hal.science/hal-02389245

Submitted on 13 Nov 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Functional analysis of the three major PGRPLC
isoforms in the midgut of the malaria mosquito

Anopheles coluzzii
Faye H. Rodgers, Julia A. Cai, Andre N. Pitaluga, Dominique
Mengin-Lecreulx, Mathilde Gendrin, George K. Christophides

To cite this version:
Faye H. Rodgers, Julia A. Cai, Andre N. Pitaluga, Dominique Mengin-Lecreulx, Mathilde Gen-
drin, et al.. Functional analysis of the three major PGRPLC isoforms in the midgut of the
malaria mosquito Anopheles coluzzii. Insect Biochemistry and Molecular Biology, 2019, pp.103288.
�10.1016/j.ibmb.2019.103288�. �hal-02389245�

https://hal.science/hal-02389245
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


Functional analysis of the three major PGRPLC isoforms in the 
midgut of the malaria mosquito Anopheles coluzzii

Faye H. Rodgers1,a, Julia A. Cai1, Andre N. Pitaluga1,b, Dominique Mengin-
Lecreulx2, Mathilde Gendrin1,3 and George K. Christophides1*  

 
1 Department of Life Sciences, Imperial College London, Exhibition Road, London SW7 2AZ, UK. 
2 Institute for Integrative Biology of the Cell (I2BC), CEA, CNRS, Univ Paris-Sud and Université Paris-
Saclay, 91198, Gif-sur-Yvette, France 
3 Institut Pasteur de la Guyane, BP6010 Cayenne, French Guiana, France & Department of Parasites 
and Insect Vectors, Institut Pasteur, Paris, France 

 

*Corresponding author: g.christophides@imperial.ac.uk 

Footnotes 
a Current address: Wellcome Sanger Institute, Wellcome Genome Campus, Hinxton, Cambridge CB10 
1SA, UK 
b Current address: Instituto Oswaldo Cruz - FIOCRUZ, Av. Brasil 4365, Rio de Janeiro, Brazil 

Abstract  

Peptidoglycan recognition proteins (PGRPs) constitute the primary means of bacterial recognition in 
insects. Recent work in the model organism Drosophila has revealed the mechanisms by which the 
complement of PGRPs refine the sensitivity of different tissues to bacterial elicitors, permitting the 
persistence of commensal bacteria in the gut whilst maintaining vigilance against bacterial infection. 
Here, we use in vivo knockdowns and in vitro pull-down assays to investigate the role of the three 
major isoforms of the transmembrane receptor of the Imd pathway, PGRPLC, in basal immunity in the 
Anopheles coluzzii mosquito midgut. Our results indicate that the mosquito midgut is regionalized in its 
expression of immune effectors and of PGRPLC1. We show that PGRPLC1 and PGRPLC3 are pulled 
down with polymeric DAP-type peptidoglycan, while PGRPLC2 and PGRPLC3 co-precipitate in the 
presence of TCT, a peptidoglycan monomer. These data suggest that, as found in Drosophila, 
discrimination of polymeric and monomeric PGN by Anopheles PGRPLC participates in the regulation 
of the Imd pathway. 

Introduction  

In insects, bacteria are mainly perceived by the detection of the bacterial cell wall component 
peptidoglycan (Leulier et al. 2003). Upon recognition, the Imd pathway is one of the major means of 
signal transduction to initiate antibacterial responses. Drosophila Imd pathway activation is tightly 
regulated in a tissue specific manner, with the gut epithelium being adapted to tolerate the presence of 
the microbiota. This is achieved through several mechanisms including regulation of ligand availability 
(Paredes et al. 2011; Zaidman-Remy et al. 2006; Costechareyre et al. 2016), regulation of receptor 
signaling capacity (Basbous et al. 2011; Maillet et al. 2008; Aggarwal et al. 2008; Kleino et al. 2008; 
Neyen et al. 2016) and regulation of effector gene transcription (Ryu et al. 2008). 



Drosophila also employs different peptidoglycan recognition proteins (PGRPs) in different tissues as 
immune receptors or regulators. A diversity of PGRP receptors allows discrimination of the type, the 
polymerisation status and the level of peptidoglycan that is able to stimulate antimicrobial gene 
expression (Bosco-Drayon et al. 2012; Neyen et al. 2012). Transmembrane PGRP-LC ( ) 
encodes six isoforms resulting from a combination of 3 splice variants in the extracellular domains 
(PGRP-LCx, PGRP-LCa and PGRP-LCy) and 2 splice variants in the intracellular domain (Neyen et 
al. 2016). PGRP-LCx binds both polymeric and monomeric peptidoglycan whilst PGRP-LCa has no 
peptidoglycan binding capacity (Chang et al. 2005; Mellroth et al. 2005). The pathway can be 
stimulated by either polymeric peptidoglycan inducing PGRP-LCx-LCx homodimerization or by TCT 
(tracheal cytotoxin, a peptidoglycan monomer released by growing bacteria) inducing PGRP-LCx-LCa 
heterodimerization (Chang et al. 2005; Chang et al. 2006; Kaneko et al. 2004; Neyen et al. 2012). 
PGRP-LCx is shown to be necessary and sufficient for resistance to systemic infection by Gram-
negative bacteria, indicating that polymeric peptidoglycan is the primary immune elicitor in the 
haemolymph, with PGRP-LCa-dependent TCT-induced dimers amplifying the strength of the response 
(Neyen et al. 2012). The function of PGRP-LCy is less well established (Kaneko et al. 2004; Werner et 
al. 2003), but could be related to recognition of other types of pathogen-associated molecular patterns 
(PAMPs) such as the microbial metabolite acetate (Kamareddine et al. 2018). The intracellular splicing 
variant including exon 4 encodes Imd signaling-inducing PGRP-LC, while the variant including exon 5 
encodes regulatory PGRP-LC (rPGRP-LC), which sends PGRP-LC to degradation upon specific 
sensing of polymeric peptidoglycan (Neyen et al. 2016). This downregulation of the Imd pathway via 
receptor degradation is considered as a way to resolve Imd activation while polymeric peptidoglycan 
released by lysed bacteria is still present in the haemolymph. 

A second Imd pathway receptor, PGRP-LE ( ), is localized intracellularly where it binds 
TCT, inducing receptor oligomerization and Imd pathway activation (Kaneko et al. 2006; Lim et al. 
2006). PGRP-LE is strongly enriched in the Drosophila midgut (excluding the cardia) where it is 
thought to play a significant role in detecting live bacteria and TCT (Bosco-Drayon et al. 2012; Neyen 
et al. 2012). This PGRP compartmentalization reflects a fine-tuning of the responsiveness of different 
tissues to their different levels of bacterial exposure. The haemolymph, being a nominally sterile 
environment, uses extracellular receptors to be highly responsive to both polymeric peptidoglycan and 
TCT. The posterior midgut, meanwhile, relies largely on an intracellular TCT receptor; here, the Imd 
pathway is stimulated only when bacterial growth reaches such a threshold that TCT is transported 
intracellularly. This is appropriate for a tissue that is in constant contact with microbiota.  

Anopheles mosquitoes also rely on the Imd pathway for their response to bacterial infection and for 
controlling microbiota load, which increases significantly following blood feeding (Meister et al. 2009; 
Dong, Manfredini, and Dimopoulos 2009). A. gambiae PGRPLC (AGAP005203) has a similar genetic 
architecture to its Drosophila orthologue, encoding three main isoforms (PGRPLC1, PGRPLC2 and 
PGRPLC3) that vary in their extracellular PGRP domains. These PGRP domains have derived from 
independent duplications between the mosquito and fruit fly lineages, which have been therefore 
assumed to acquire different functions (Christophides et al. 2002). It has been reported that all 
mosquito isoforms contribute to resistance to systemic Gram-negative infection, whilst PGRPLC1 and 
PGRPLC3 only are necessary for resistance to Gram-positive infection (Meister et al. 2009). 
Additionally, in two mosquito derived cell lines it is found that PGRPLC1 is the only isoform that is 
necessary for induction of the antimicrobial peptide (AMP) CEC1 following bacterial challenge (Lin et 
al. 2007). Overexpression of PGRPLC1 is found to be sufficient for CEC1 induction even in the 
absence of bacterial challenge, with PGRPLC3 overexpression having a similar but milder effect (Lin 
et al. 2007). A non-peptidoglycan-binding PGRP, PGRPLA, is also known to be a positive regulator of 
the pathway in the gut (Gendrin et al. 2017). Notably, A. gambiae does not have a PGRP-LE 
orthologue. A model has not so far emerged regarding the functions of the different PGRPLC 
ectodomains in the A. gambiae immune response. 

Given the emerging picture in Drosophila of receptor compartmentalization, and the fact that the A. 
gambiae genome is lacking in several of the characterized regulators in Drosophila, we investigated 



the role of PGRPLC in basal immune induction in the mosquito gut. We show that the midgut of A. 
coluzzii (called A. gambiae M molecular form in earlier studies of PGRPLC) is compartmentalized in its 
expression of the immune effector-encoding transcripts GAM1, CEC1 and LYSC1, and of one of the 
PGRPLC isoforms, PGRPLC1. Using isoform specific knockdown, we show that PGRPLC2 and 
PGRPLC3 both positively regulate REL2-responsive AMPs in the midgut. Functional analyses of 
recombinant PGRPLC domains indicate that PGRPLC1 and PGRPLC3 are pulled down with 
polymeric DAP-type peptidoglycan, whilst in the presence of TCT PGRPLC2 and PGRPLC3 co-
precipitate. 

Materials and Methods 

Mosquito rearing, blood feeding and antibiotic treatment 

The A. coluzzii N gousso colony was maintained at 27 °C (±1°C), 70-80 % humidity with a 12 h 
light/dark cycle.  All adults were allowed ad libitum access to 5 % w/v fructose solution and females 
were maintained on human blood. 2-3 day old female mosquitoes were used in all experiments, 

-
-

confirmed by qRT-PCR against 16S rRNA. 

Gene expression and microbiota analysis 

qRT-PCR was used to assess expression levels of AMPs (CEC1, GAM1 and LYSC1), PGRPLC 
transcripts and 16S rRNA load. Midgut tissues were dissected into subregions using a thin needle. For 
posterior tissue sections, either the whole posterior region (  was sampled, or 
each half of the posterior region (referred to  ) was 
sampled separately, as indicated. Tissues were flash frozen on dry ice and homogenized in TRIzol 
(Invitrogen) using a Precellys 24 homogenizer (Bertin) with 0.5-mm-wide glass beads (Bertin) or with a 
pestle-based motorized homogenizer. RNA was extracted according to the TRIzol (Invitrogen) 

 and resuspended in molecular-biology grade, RNase-free water. cDNA 
was synthesized using PrimeScript Reverse Transcriptase (Takara) or SuperScript III Reverse 
Transcriptase (ThermoFisher Scientific). qRT-PCR was performed on a 7500 Fast Real Time PCR 
machine (Applied Biosystems) using a SYBR premix ex Taq kit (Takara). The ribosomal transcript S7 
(AGAP010592) was used as normalization control. qRT-PCR primer sequences are listed in Table S1, 
and PGRPLC isoform-specific amplicons are represented Fig S1A. 

Double stranded RNA preparation and gene knockdown 

Double stranded RNA (dsRNA) was used for transient in vivo knockdown of target genes by RNAi. 
The target region was amplified from total cDNA using primers flanked with the T7 RNA polymerase 
promoter sequence (primer sequences listed in Table S1) with Phusion Taq polymerase (NEB). PCR 
products were purified using the QIAquick PCR purification kit (Qiagen). dsRNA was then synthesized 
from the PCR product by overnight incubation at 37 °C with T7 polymerase and dNTPs from the 
MEGAscript RNAi kit (ThermoFisher Scientific). dsRNA was purified using the RNeasy kit (Qiagen) 

injected into the thorax of CO2-anaesthetised 0-2-day old female mosquitoes using the Nanoject II 
(Drummond Scientific). dsRNA against a region of the bacterial lac operon (dsLACZ) was injected as a 
control. 



PGRP ectodomain cloning for recombinant protein production 

PGRP ectodomains were amplified from an A. coluzzii cDNA library by PCR with Phusion polymerase 
(NEB). The amplified products of the appropriate size were gel extracted using the QIAquick gel 
extraction kit (Qiagen), cloned by ligation independent cloning using the Ek/LIC cloning kit (Novagen) 
into the pIEX-10 vector (Novagen) for insect cell expression and verified by sequencing. pIEX-10 
introduces an N-terminal strep tag II, a C-terminal His-tag and a secretion signal peptide. 

Transfection and stable cell line generation  

Sf9 lepidopteran cells were maintained at 27 °C in adherent culture in SF900 II serum free medium. 
Three stable cell lines were generated, expressing PGRPLC1, PGRPLC2 and PGRPLC3 ectodomains 

pIEX- - neo (Novagen
(Invitrogen). PIE1-neo expresses the neo gene, facilitating selection in the presence of the antibiotic 
G418. 24 h post transfection, the medium was replaced with complete medium (SF900 II plus 10 % 
fetal calf serum (FCS)) and cells were re-plated in serial dilution. After 36 h, the medium was changed 
to complete medium plus 1 mg/ml G418. This selective medium was refreshed every 4 days for 
approximately 2 weeks, or until resistant colonies were observed. Selection was reduced to 0.3 mg/ml 
G418 in complete medium and this concentration was maintained throughout. Once the selected cells 
reached confluency, a sample of conditioned medium was analyzed by Western blot for expression of 
recombinant protein. 

Recombinant protein purification 

Recombinant proteins were purified from conditioned medium by His-tag affinity. TALON beads 

volumes of equilibration buffer (50 mM NaH2PO4, 300 mM NaCl, pH 7.0). The beads were incubated 
with conditioned medium, rotating at room temperature, for 2 h. Beads were then washed twice with 
20 volumes of wash buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 7.0) for 15 min 
followed by one wash with 5 volumes of wash buffer for 5 min, both at room temperature. His-tagged 
proteins were eluted in elution buffer (50 mM NaH2PO4, 300 mM NaCl, 150 mM imidazole, pH 7.0). 
Purified proteins were then dialyzed (Amicon Ultra 4 ml dialyzer, 10 kDa pore size) overnight at 4 °C 
into wash buffer to remove the imidazole for further processing. Where specified, the C-terminal His-
tag was cleaved with ProTEV plus protease (Promega), using the TEV cleavage site that was 
introduced with the reverse primers 
incubated with ProTEV cleavage buffer, 1 mM DTT and 100 units of ProTEV protease for 3 h at 30 °C. 
Cleaved protein was isolated from the His tag and the protease itself, which also has a His-tag, using 
TALON beads as described above (retaining the flow through). 

Peptide:N-glycosidase (PNGase F) treatment 

-
mercaptoethanol) at 100 °C for 10 min before being incubated with 2.5 units PNGase F and 0.8 % 
Triton X-100 at 37 °C for 3 h. 

Western blotting 

After separation by SDS-PAGE, proteins were transferred to a nitrocellulose membrane by semi dry 
transfer (15 V for 30 min) and membranes blocked in phosphate buffered saline plus 1 % Tween-20 
(PBST) with 3 % bovine serum albumin (BSA), either overnight at 4 °C or for 1 h at room temperature. 
Primary antibody was added in fresh blocking buffer at the specified concentration and incubated 
overnight at 4 °C. After three 10 min washes in PBST, blots were incubated with the specified 
secondary antibody conjugated with horseradish peroxidase (HRP) at a 1:10000 dilution in PBST with 



3 % BSA for 1 h at room temperature, before three further washes in PBST. Blots were exposed with 
ECL chemiluminescence substrate (Pierce) and visualized with a Biorad Chemidoc Imager. 

Peptidoglycan preparation 

DAP-type peptidoglycan polymer was purified from the E. coli lpp::CmR strain that does 
not express the Lpp lipoprotein, as described (Leulier et al. 2003). The GlcNAc-MurNAc(anhydro)-L-
Ala-D-iGlu-meso-DAP-D-Ala peptidoglycan monomer fragment (designated as TCT, tracheal 
cytotoxin) was obtained by peptidoglycan digestion with SltY transglycosylase and purified by HPLC 
as previously described (Stenbak et al. 2004). 

Peptidoglycan co-precipitation assay 

Escherichia coli (1 
HEPES, pH 7.5) for 1 h at room temperature, 

rotating. The insoluble peptidoglycan was then pelleted by centrifugation (13000 g, 5 min). The pellet 

supernatant fractions were analyzed by Western blot, using a primary antibody against the N-terminal 
strep tag II. 

PGRPLC co-precipitation assay 

For protein-protein co-precipitation assays, recombinant protein after cleavage of the His-tag (100 
/ml) was incubated with recombinant protein that retained its His-

an approximately 5-fold 
temperature, rotating. His-tagged protein and any interacting protein were then purified by His-tag 
affinity. The flow through and bead bound fractions were analyzed for their protein content by Western 
blot, probing for the N-terminal strep tag II. 

Statistical analysis 

qRT-PCR expression data (including 16S analysis) were analyzed with linear mixed effect regression 
models using the lme4 package in R (version 3.1.2). Mosquito batch (i.e., experimental replicate) was 
included as a random effect, with tissue section and/or dsRNA as fixed effects. When examining the 
effect of dsRNA in different tissues, a tissue:dsRNA interaction term was fitted first (together with the 
main effect terms). If this significantly improved the fit of the model (as assessed by ANOVA), we go 
on to report the effect of dsRNA in each tissue independently (expression ~ dsRNA + (1|replicate)). 
Otherwise, the reported p value is the result of an ANOVA test after removing dsRNA from the full 
model (expression ~ tissue + dsRNA + (1|replicate)). 

Results  

AMP expression and PGRPLC1 expression are spatially heterogeneous along the mosquito 
midgut 

We examined whether the A. coluzzii gut tissue is spatially heterogeneous in its immune activity, and 
how this putative heterogeneity might be related to the presence of the gut microbiota. Midguts were 
micro-dissected into three main regions: the cardia, anterior and posterior (Fig 1A). The abundance of 
bacterial 16S rRNA and the expression of transcripts of the microbiota-dependent antimicrobial 
peptides (AMPs; Rodgers et al. 2017) CEC1 (AGAP000693), GAM1 (AGAP008645) and LYSC1 
(AGAP007347) were analyzed by qRT-PCR. We observed that bacterial proliferation upon blood 
feeding is limited to the posterior section of the gut, the region which harbours the blood bolus (Fig 
1B). Strikingly, all three AMPs analyzed were heterogeneously expressed across the length of both 



sugar-fed and blood-fed guts, with expression being higher in the cardia and anterior regions than the 
posterior (Fig 1C-E), despite the abundance of the microbiota in this region after blood feeding. We 
assessed whether all regions of the gut are able to respond transcriptionally to the microbiota by 
comparing AMP expression in control mosquitoes with mosquitoes that have been treated with a 
robust cocktail of antibiotics (Fig 1C-E). Expression of one AMP (GAM1 in the sugar-fed posterior 
region) or all three AMPs (in all other regions) was lower after antibiotic treatment; thus, we conclude 
that the whole length of the gut epithelium is able to respond to microbiota-derived bacterial elicitors.  

We next analyzed the expression pattern of the three major PGRPLC isoforms. We found that the 
expression of PGRPLC1 correlates well with that of the AMPs analyzed, being more highly expressed 
in the cardia and anterior regions than in the posterior (Fig 1F). PGRPLC2 and PGRPLC3 do not vary 
in their expression across the length of the gut (Fig S1). Altogether, these data show that the 
expression of CEC1, GAM1, LYSC1 and PGRPLC1 vary significantly along the length of the gut, 
though their expression pattern appears to be uncoupled from levels of exposure to commensal 
bacteria in the different regions. 

PGRPLC2 and PGRPLC3 are positive regulators of REL2-responsive AMPs in the midgut 

Given that PGRPLC-dependent activation of the Imd pathway plays a role in controlling the mosquito 
gut microbiota (Dong, Manfredini, and Dimopoulos 2009; Meister et al. 2009), we next sought to 
decipher which PGRPLC isoforms are responsible for stimulating Imd activity in the midgut. 

We first determined which AMPs are transcriptionally responsive to the Imd pathway in the sugar-fed 
and blood-fed gut by monitoring the expression of GAM1, LYSC1 and CEC1 after injection of dsRNA 
against the Imd pathway transcription factor REL2 (AGAP006747) (Fig 2, Fig S2, Fig S3). Of the 
AMPs analyzed, we found GAM1 expression to be responsive to REL2 knockdown across the sugar-
fed gut (p<0.05, Fig 2A). REL2 knockdown had no significant effect on CEC1 or LYSC1 expression in 
the sugar-fed gut (Fig S3A-B). 

We next injected dsRNA against each specific PGRPLC ectodomain, trying to recapitulate the effect 
on GAM1 expression (Fig 2A). As observed previously (Meister et al. 2009), we achieved limited and 
variable knockdown efficiency against individual PGRPLC isoforms (Fig S2). Nevertheless, we found 
that PGRPLC2 dsRNA caused a significant reduction in GAM1 expression in the cardia (p<0.05) and 
anterior (p<0.05) regions of the sugar-fed midgut. PGRPLC3 dsRNA had no effect in any region of the 
sugar-fed midgut. PGRPLC1 dsRNA resulted in a significant increase in GAM1 expression in the 
anterior region (p<0.05), but interestingly not in the cardia despite this region having very high 
PGRPLC1 expression. 

After blood feeding, GAM1 remained responsive to REL2 throughout the gut (p<0.05, Fig S3C), 
though no PGRPLC isoforms had any effect on GAM1 expression. We also observed a significant 
reduction in LYSC1 expression upon REL2 knockdown in the cardia (p=0.05) and anterior (p<0.05) 
regions, with the posterior region showing the same trend (Fig 2B). Concurrently, we found PGRPLC2 
dsRNA to cause a reduction in LYSC1 expression in the posterior region (p<0.05) and PGRPLC3 
dsRNA to cause a reduction in LYSC1 expression in the cardia (p<0.05) and posterior (p<0.01) 
regions. 

Altogether, these data confirm that the AMPs GAM1, CEC1 and LYSC1 are REL2-responsive in at 
least some regions of the midgut. PGRPLC2 and PGRPLC3 also both act as positive regulators of two 
of these AMPs. Despite PGRPLC1 being known to be able to induce the Imd pathway (Lin et al. 
2007), we did not find evidence for this isoform acting as a positive Imd regulator in the midgut. Our 
data rather suggests that PGRPLC1 could be acting as a negative regulator, though we cannot rule 
out that PGRPLC1-dependent signaling to other pathways induces dysbiosis, causing the observed 
induction of GAM1 expression. 



PGRPLC1 and PGRPLC3 co-precipitate with polymeric DAP-type peptidoglycan 

In order to understand further the differing functions of the PGRPLC isoforms, their PGRP domains 
were recombinantly produced and subjected to in vitro functional analysis. The recombinant PGRP 
domains of the three major isoforms were secreted from Sf9 lepidopteran cells and purified from 
conditioned media with a C-terminal His-tag (Fig S4A). The His-tags were cleaved before further 
functional analysis to avoid artefactual interaction between them and peptidoglycan (Basbous et al. 
2011; Persson, Oldenvi, and Steiner 2007). PGRPLC1 and PGRPLC3 were observed to migrate as a 
double and triple band, respectively, whilst PGRPLC2 migrates as a single band (Fig S4B). We 
hypothesized that this may be due to glycosylation, a common posttranslational modification in 
secreted and membrane bound proteins. All of the ectodomains have predicted O-glycosylation sites, 
whilst PGRPLC1 and PGRPLC3 additionally have two and three predicted N-glycosylation sites, 
respectively (Fig S4C). Treatment with PNGase F, an N-glycosidase, indeed resulted in a shift in the 
migration of PGRPLC1 and PGRPLC3 with no effect on PGRPLC2 (Fig S4D), suggesting that 
PGRPLC1 and PGRPLC3 undergo N-glycosylation.  

We first looked at the ability of the three PGRPLC ectodomains to interact with peptidoglycan. As the 
vast majority of bacteria present in the gut microbiota are Gram-negative, we used DAP-type 
peptidoglycan purified from E. coli for this purpose. Each PGRPLC isoform was incubated with 
insoluble peptidoglycan, and the supernatant and washed pellet analyzed by Western blot. Under the 
conditions used, PGRPLC1 and PGRPLC3 were both pulled down with the polymeric peptidoglycan, 
whilst PGRPLC2 remained in the supernatant fraction (Fig 3A). When isoforms were combined 
pairwise and co-precipitated with peptidoglycan, we observed a protein migrating as a single band 
(likely PGRPLC2) in the supernatant fraction of both the PGRPLC1/PGRPLC2 and 
PGRPLC2/PGRPLC3 combinations (Fig 3B). Whilst we cannot rule out some level of PGRPLC2-
peptidoglycan interaction, we conclude that PGRPLC1 and PGRPLC3 co-precipitate with polymeric 
DAP-type peptidoglycan, both alone and in the presence of other PGRPLC isoforms. 

PGRPLC2 and PGRPLC3 co-precipitate in the presence of TCT 

Next, we considered which of the PGRP domains could interact with one another in the presence of 
the peptidoglycan monomer, TCT. To do this, we combined one isoform with its His-tag with another 
isoform whose His-tag had been cleaved off, in the presence of TCT. Purifying by His-tag affinity, we 
then pulled down the His-tagged protein and observed whether the other, non-His tagged, isoform 
pulled down with it or remained in the flow-through fraction (Fig 4A). When probing initially with anti-
strep tag II, we found that the PGRPLC2/PGRPLC3 combination led to near complete pull down (Fig 
4A), with no free PGRPLC3 being observed in the flow-through fraction. This was not due to residual 
His-tag being retained on PGRPLC3, as in combination with both PGRPLC3(His) and PGRPLC1(His) 
a large proportion of PGRPLC3 is found in the flow-through fraction. To validate this finding, we 
performed the reciprocal experiment, pulling down PGRPLC1 and PGRPLC2 with PGRPLC3(His) (Fig 
4B). As expected, PGRPLC2 appears almost entirely in the bound fraction whilst PGRPLC1 appears 
mostly in the free fraction, again with a small proportion in the bound fraction. In addition to the 
PGRPLC2/LC3 interaction, we also observed the appearance of bands at sizes that correspond to 
dimers and higher oligomers (Fig 4). These bands were present largely in the bound fractions, i.e., in 
the presence of the His-tag. We cannot therefore rule out these dimers being an artefact caused by 
the presence of the His-tag, a proposition that has some precedence (Wu and Filutowicz 1999). 
Nevertheless, we conclude that, in the presence of TCT, PGRPLC2 and PGRPLC3 show specific co-
precipitation with one another. 

Discussion  

We demonstrate here that the mosquito midgut is heterogeneous in its expression of immune effectors 
and at least one immune receptor. In particular, we observe higher expression of the AMPs GAM1, 
CEC1 and LYSC1 in the cardia region compared with the posterior region of sugar-fed and blood-fed 



midguts. The Drosophila midgut is already understood to be compartmentalized in its immune and 
digestive function (Buchon and Osman 2015), with enrichment of Imd dependent immune genes in the 
cardia region (Buchon et al. 2013; Tzou et al. 2000). This likely both ensures that exogenous bacteria 
entering the gut encounter a robust initial immune response and allows the microbiota in the posterior 
region to persist. A question arising from this finding is the mechanism by which the gut epithelium 
mediates this heterogeneity, given that it is exposed to, and indeed responds to, bacterial ligand along 
its length. Despite observing a very similar spatial heterogeneity in the expression of PGRPLC1, we 
were not able to detect any clear isoform-specific functionality in this region, perhaps suggesting that 
PGRPLC receptor variation does not underlie this basal variation in immunogenicity.  

Previous structural modelling predicted that dimerization of all isoform-isoform combinations was 
feasible, except for PGRPLC3 homodimers (Meister et al. 2009). To our knowledge, the experiments 
presented here are the first to explore in vitro the functionality of the mosquito PGRPLC isoforms. Our 
results show that PGRPLC1 and PGRPLC3 co-precipitate with polymeric DAP-type peptidoglycan. In 
the presence of TCT, PGRPLC2 and PGRPLC3 co-precipitate with one another. These data are 
consistent with a model whereby PGRPLC2 plays a similar role to Drosophila PGRP-LCa, which acts 
as an adaptor to PGRP-LCx in the presence of TCT, while PGRPLC3 is a PGRP-LCx equivalent.  

This model is supported by previously published data on the functionality of the PGRPLC isoforms. All 
isoforms contribute to resistance to systemic Gram-negative infection, whilst only PGRPLC1 and 
PGRPLC3 are necessary for resistance to Gram-positive infection (Meister et al. 2009). Given that 
only Gram-negative bacteria shed TCT, this is consistent with PGRPLC2 only playing a role in the 
presence of Gram-negatives. In A. gambiae cultured cells, overexpression of either PGRPLC1 or 
PGRPLC3, but not PGRPLC2, is sufficient to induce CEC1 expression in the absence of infection (Lin 
et al. 2007). Again, this is consistent with PGRPLC2 acting as an adapter and alone being unable to 
dimerize with itself.  

In the knockdown experiments presented here, we find both PGRPLC2 and PGRPLC3 acting as 
positive regulators of REL2 responsive AMPs. We also observed GAM1 to be responsive to REL2 
after blood feeding, but did not observe knockdown of any single PGRPLC isoform to reproduce this 
effect. This could suggest that there is redundancy amongst the three PGRPLC isoforms under these 
conditions, or indeed that PGRPLC is able to dimerize with other partners to stimulate the pathway, 
such as PGRPLA (Gendrin et al. 2017). This model is also consistent with our observation that 
PGRPLC3 is not necessary for AMP induction in the sugar-fed gut, suggesting that PGRPLC2 can 
dimerize with another partner under these conditions. 

Interestingly, PGRPLC1 silencing was found to lead to stimulation of the Imd pathway in the anterior 
part of the midgut. This is intriguing, considering that the same isoform is known to be able to induce 
the Imd pathway (Lin et al. 2007). However, it has been shown in the Drosophila gut that a single 
peptidoglycan receptor, PGRP-LE, induces the Imd pathway in response to infectious bacteria, while 
promoting tolerance to the microbiota via induction of Imd negative regulators (Bosco-Drayon et al. 
2012). Drosophila PGRP-LC also has a dual role in Imd induction and negative regulation, depending 
on its intracellular domain (Neyen et al. 2016).  

Together, our data indicate that Anopheles PGRPLC isoforms can discriminate polymeric and 
monomeric peptidoglycan. They also suggest that PGRPLC2 acts as an adapter to PGRPLC3 for the 
specific sensing of TCT, leading to the induction of the Imd pathway. Finally, they add a putative 
regulatory role for PGRPLC1, besides its shown Imd-inducing activity. 
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Figure legends

Figure 1. Spatial heterogeneity of AMP and PGRPLC1 expression in the mosquito gut. 

(A) Schematic of the mosquito gut, with dissected midgut regions indicated. (B) 16S rRNA distribution 
throughout the gut of sugar-fed and blood-fed females, determined by qRT-PCR on cDNA using 
universal 16S primers. Each point represents a pool of tissues from 15-30 individual mosquitoes, 
derived from 5 (blood-fed) and up to 8 (sugar-fed) independent batches of mosquito. Bacterial load 
significantly increases in the posterior region after blood feeding: p<0.05, ANOVA following linear 
mixed effect regression model fitting. (C-E) Expression of CEC1, GAM1 and LYSC1 throughout the 
gut of sugar-fed and blood-fed females, with or without antibiotic feeding. Each point represents a pool 
of tissues from 15-30 individual mosquitoes, derived from 5 (blood-fed) and up to 6 (sugar-fed) 
independent batches of mosquito. For all three AMPs, tissue of origin had a statistically significant 
effect on AMP expression level: CEC1 p<0.001, GAM1 p<0.001, LYSC1 p<0.01, ANOVA following 
linear mixed effect regression model fitting. (F) Expression of PGRPLC1 throughout the gut of sugar-
fed mosquitoes. Each point represents a pool of tissues, of 15-30 individual mosquitoes per pool, 
derived from 5 independent batches of mosquito. Tissue of origin had a statistically significant effect 
on PGRPLC1 expression level: p<0.01, ANOVA following linear regression model fitting. In graphs B-
F, the shapes of the points for the sugar-fed posterior region indicate whether samples were from the 
whole posterior region (circles), the proximal half (squares) or the distal half (triangles).  

Figure 2. The effect of REL2 and PGRPLC isoform knockdown on GAM1 and LYSC1 expression 
in the mosquito gut. 

(A) GAM1 expression in different regions of the sugar-fed midgut following injection of dsRNA against 
LACZ (control), REL2 or specific PGRPLC isoforms. REL2 dsRNA causes a significant reduction in 
GAM1 expression independently of tissue of origin (p<0.05), PGRPLC1 dsRNA causes a significant 
increase in GAM1 expression in the anterior region (p<0.05), and PGRPLC2 dsRNA causes a 
significant reduction in GAM1 expression in the cardia (p<0.05) and anterior regions (p<0.05). The 
shape of the data points indicate whether the sample represents the whole posterior region (circles), 
the proximal half (squares) or the distal half (triangles). (B) LYSC1 expression in different regions of 
the blood-fed midgut following injection of dsRNA against LACZ (control), REL2 or specific PGRPLC 
isoforms. REL2 dsRNA causes a significant reduction in LYSC1 expression in the cardia (p=0.05) and 
anterior (p<0.05) regions, PGRPLC2 dsRNA causes a significant reduction in LYSC1 expression 
specifically in the posterior region (p<0.05), and PGRPLC3 dsRNA causes a significant reduction in 
LYSC1 expression in the cardia (p<0.05) and posterior (p<0.01) regions. In both panels, each point 
represents a pool of tissues from 10-20 individual mosquitoes, derived from 3 (REL2, PGRPLC1 and 
PGRPLC2) or 4 (PGRPLC3 and LACZ) independent batches of mosquito. P values are derived from 
ANOVA tests following linear mixed effect regression model fitting.  

Figure 3. PGRPLC1 and PGRPLC3 co-precipitate with polymeric DAP-type peptidoglycan. 

(A) Pull down assays using insoluble, polymeric DAP-type peptidoglycan and single PGRPLC 
isoforms. Blot shows one of three independent replicates, each giving the same result. (B) Pull down 
assays using insoluble, polymeric DAP-type peptidoglycan and combinations of PGRPLC isoforms, as 
indicated. Blot shows one of two independent replicates, both giving the same result. Western blots 
are non-reducing and were probed with anti-strep tag II antibody (1:1000 in 3% BSA). In=input 
(recombinant PGRP that had not been exposed to peptidoglycan); F=free; B=bound. 

Figure 4. PGRPLC2 and PGRPLC3 co-precipitate in the presence of TCT. 

(A-B) The PGRPLC2 ectodomain interacts with the PGRPLC3 ectodomain in the presence of TCT. 
His-tagged PGRPLC isoforms were incubated with non-His tagged PGRPLC isoforms, pulled down by 



His tag affinity and the free (F) and bound (B) fractions analyzed. Western blots are non-reducing and 
were probed with anti-strep- tag II antibody (1:1000 in 3% BSA). 

Figure S1. Expression of PGRPLC2 and PGRPLC3 does not vary along the length of the gut. 

(A) Schematic indicating qRT-PCR primer positioning on the PGRPLC transcript. (B) Expression of the 
PGRPLC2 and PGRPLC3 transcripts throughout the gut of sugar-fed mosquitoes. Each point 
represents a pool of tissues, of 15-30 individual mosquitoes per pool, derived from 5 independent 
batches of mosquito.  

Figure S2. Knockdown efficiencies of REL2 and PGRPLC isoforms in different regions of the 
sugar-fed and blood-fed gut. 

Each point represents a pool of tissues, of 10-20 individual mosquitoes per pool, derived from 3 
(REL2, PGRPLC1 and PGRPLC2) or 4 (PGRPLC3 and LACZ) independent batches of mosquito. For 
the sugar-fed posterior region, point shapes indicate whether the sample represents the whole 
posterior region (circles), the proximal half (squares) or the distal half (triangles). Knockdown was 
quantified concurrently with AMP expression analysis, 24 h (sugar-fed) or 48 h (blood-fed) after 
dsRNA injection. 

Figure S3. The effect of REL2 and PGRPLC isoform knockdown on GAM1, CEC1 and LYSC1 
expression in the mosquito gut. 

(A) CEC1 expression in different regions of the sugar-fed midgut following injection of dsRNA against 
LACZ (control), REL2 or specific PGRPLC isoforms. PGRPLC2 dsRNA causes a significant reduction 
in CEC1 expression in the cardia region (p<0.05). (B) LYSC1 expression in different regions of the 
sugar-fed midgut following injection of dsRNA against LACZ (control), REL2 or specific PGRPLC 
isoforms. (C) GAM1 expression in different regions of the blood-fed midgut following injection of 
dsRNA against LACZ (control), REL2 or specific PGRPLC isoforms. REL2 dsRNA causes a significant 
reduction in GAM1 expression independently of tissue of origin (p<0.05). (D) CEC1 expression in 
different regions of the blood-fed midgut following injection of dsRNA against LACZ (control), REL2 or 
specific PGRPLC isoforms. (A-D) Each point represents a pool of tissues, of 10-20 individual 
mosquitoes per pool, derived from 3 (REL2, PGRPLC1 and PGRPLC2) or 4 (PGRPLC3 and LACZ) 
independent batches of mosquito. p values are the result of ANOVAs following linear mixed effect 
regression model fitting. For the sugar-fed posterior region, point shapes indicate whether the sample 
represents the whole posterior region (circles), the proximal half (squares) or the distal half (triangles). 

Figure S4. Production of recombinant PGRPLC ectodomains. 

(A) Schematic of the expression region in the pIEX-10 vector used for recombinant protein production. 
(B) Coomassie stained gel of purified proteins before and after His-tag cleavage. (C) Glycosylation 
sites predicted using the GlycoEP server (Chauhan, Rao, and Raghava 2013) using Binary Profile of 
Patterns (BPP) prediction with SVM threshold set to 0.0. (D) PNGase F treatment of recombinant 
PGRPs. Western blot probed with anti His antibody (1:2000 in 3% BSA). 
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