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Abstract

Previous work with EM immunolocalization examined the intracuticular placement of several 

antibodies directed against cuticular proteins (CPs) in various structures of Anopheles gambiae. 

Those structures had long stretches of fairly uniform cuticle. We have now used 19 antibodies 

directed against members of five CP families on two adult structures with considerable 

complexity, Johnston's organ and the corneal lens of the compound eye. We also localized chitin 

with colloidal-gold labeled wheat germ agglutinin. Twelve of these antibodies recognized 

structures in Johnston's organ. Only 6 were detected in the outer pedicel wall, but the internal 

structures were more complex with distinct distributions of members of the five CP families in six 

different structures. The corneal lens had four distinct regions of laminar cuticle. Thirteen of the 

15 members of the CPR family were detected, none from the other CP families. Specific 

antibodies were localized to different regions and in different laminae within a region. The 

specificity of deployment of cuticular proteins revealed in this study is helping to explain why An. 
gambiae allocates about 2% of its protein coding genes to structural CPs.
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1. Introduction

Anopheles gambiae allocates almost 2% (295) of its protein coding genes to structural 

cuticular proteins (CPs). In attempts to learn why there are so many CPs, we have examined 

the precise location of a small number of these proteins within the cuticle with EM 

immunolocalization (Vannini et al., 2014b, 2015; Vannini and Willis, 2016). The structures 

we examined had long stretches of seemingly identical cuticle and the epitopes detected for 

individual CPs covered large areas of these structures. We thought that we might gain 

additional information by using our available antibodies on two adult structures with special 

features. Johnston's Organ (JO), in the second antennal segment, also known as the pedicel 

of the antenna (Harbach and Knight, 1980), transmits information about wing beat frequency 

from nearby mosquitoes and contains many distinct cuticular structures (Clements, 1999; 

Hart et al., 2011). The corneal lens of the compound eye has laminae that are far better 

defined than what we saw in the surface cuticle.

The CPs of An. gambiae have been classified into 13 families based on sequence 

characteristics. (For review see Willis, 2010; Willis et al., 2012.). Chitin binding has been 

demonstrated for members of six of these families, CPR, CPAP1, CPAP3, CPCFC, CPFL 

and TWDL (Rebers and Willis, 2001; Jasrapuria et al., 2010; Tang et al., 2010; Dong et al., 

2016).

The CPR family with 164 members in An. gambiae is the largest CP family in every other 

arthropod studied and has been divided into two major groups, RR-1 and RR-2. A 

convenient tool for recognizing these groups is the Web Site CutProtFam-Pred (http://
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aias.biol.uoa.gr/CutProtFam-Pred/home.php; Ioannidou et al., 2014). We recently used 13 

antibodies against members of the CPR family and learned that the two hypotheses about the 

utilization of these groups, separation by type of cuticle or by exclusive location in exo- or 

endo-cuticle, were each somewhat incorrect. Rather some RR-2s while restricted to hard 

cuticle were found in both exo- and endo-cuticle, and one RR-1 protein was detected in hard 

cuticle (Vannini and Willis, 2016).

We had also published results of EM immunolocalization using antibodies against individual 

members of the CPF, CPLCG, and CPCFC families (Vannini et al., 2014b, 2015). Thus we 

had a collection of 19 antibodies that we thought might give us fresh insights if used against 

the cuticle in the two specialized structures that are the focus of this report, JO and corneal 

lens.

Results using antibodies against CPR130, CPR152 and CPAP3-C are reported here for the 

first time. CPR130 failed to give significant results in our earlier analysis. An analysis of 

transcript levels in whole animals across development revealed that transcripts from CPR152 
were present at much higher levels in male than in female pharate and newly eclosed adults 

(Togawa et al., 2008). In situ hybridization revealed that its mRNA was restricted to JO 

(unpublished observations), so its precise location in JO was of special interest. CPAP3-C, is 

an ortholog of gasp (also known as obstr-C) in Drosophila melanogaster where it participates 

in the formation of the tracheal lumen (Behr and Hoch, 2005; Tiklova et al., 2013). We 

wondered if it might play a role in the lumen of JO.

Our analysis of CPs in different adult structures by tandem mass spectrometry identified 79 

CPs in JO and 90 in the corneal lens, both preparations including surrounding cuticle (Zhou 

et al., 2016). These data too revealed the need to learn more about how individual CPs 

contribute to cuticle.

The CPs of mosquitoes present a challenge to EM immunolocalization and to MS analyses 

because many proteins come from sequence clusters, groups of almost identical genes 

(Cornman et al., 2008; Cornman and Willis, 2008, 2009). We have used three antibodies that 

recognize from 6 to 10 proteins within a sequence cluster because no suitable unique peptide 

could be obtained. Two other antibodies recognize proteins from two distinct genes that code 

for identical proteins. Another peptide is found in two otherwise unrelated proteins. 

Problems with such similar genes have been discussed in some detail in prior publications 

(Vannini and Willis, 2016; Zhou et al., 2016).

The results demonstrate that we were correct in anticipating that the two new structures we 

have examined would provide new information about the utilization of CPs.

2. Materials and methods

2.1. Mosquito rearing

Eggs were obtained from the colony of An. gambiae (G3 strain) maintained in the insectary 

of the University of Georgia Entomology Department. Larvae were reared in a 12/12 L/D 

photoperiod at 27° C, fed ground Koi food (Foster and Smith Aquatics, Rhinelander, WI 
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USA), and adults had access to water and an 8% fructose solution. To obtain 

developmentally synchronized pharate adults, pupae were collected at hourly intervals, 

separated by sex and maintained in small groups until they reached the desired age. Adults 

were collected on the morning after emergence (d 0) and prepared for fixation.

2.2. Antibody production

Sixteen of the 19 primary antibodies tested in this study were used in previous studies by 

Vannini et al. (2014b; 2015) and Vannini and Willis (2016). All the antibodies, except for the 

anti-3RC Cluster and anti-CPCFC1, were raised against synthetic peptides at Genscript Inc. 

(Piscataway, NJ) and affinity purified. Peptides were selected to avoid similarity to other An. 
gambiae CP sequences using blastp at NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi). See 

Supplementary File 1 for further information.

Anti-CPR130, anti-CPR152 and anti-CPAP3-C were used here for the first time. Two 

isoforms are known for CPAP3-C and the antibody was designed to recognize both of them. 

(See sequences in Supplementary File 2).

The colloidal-gold conjugated secondary antibodies (Sigma-Aldrich Co., St. Louis, MO) 

were 10 nm goat-anti-mouse and 5 or 10 nm goat-anti-rabbit. The presence of chitin was 

monitored with colloidal-gold conjugated Wheat Germ Agglutinin (WGA) (15 nm particle 

size) obtained from EY Laboratories Inc. (San Matteo, CA).

2.3. Western blots

Crude protein extracts came from 5-day-old adults using the second antennal segment for 

CPR152 and CPAP3-C and legs for CPR130. These were reacted with antibodies following 

methods previously described (Vannini and Willis, 2016).

2.4. Immunogold localization

Part of the head including the eyes and the second antennal segment (pedicel) with 

Johnston's organ and a few segments of the more distal flagellum from less than 12h old 

males were dissected and prepared for TEM. Tissues were fixed in 4% formaldehyde, 0.3% 

glutaraldehyde + 4% sucrose in phosphate buffer 1X (PBS) (pH 7.4) overnight at 4° C, and 

embedded in LR White resin (Electron Microscopy Sciences). The last step, carried out 

under nitrogen at 55° C for two days. A more detailed description is in Vannini et al. 

(2014b).

Primary antibodies were diluted in 0.5 M NaCl, 0.1% BSA, 0.05% TWEEN 20 and 5% 

FBS. The dilutions used are given in Table 1 as well the list of tissues tested. All treatments 

were done as described in Vannini et al. (2014b). The grids with sections were incubated 

face down on drops of the appropriate solutions. All steps were performed at room 

temperature except the incubation of the primary antibody that was performed at 4°C. As a 

negative control, sections were treated in the same way without the primary antibody 

incubation step.

For CPR130 and CPR60, a post-embedding antigen retrieval (AR) procedure was necessary 

and performed following Saito et al. (2003), described in more detail in Vannini and Willis 
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(2016). The ultrathin sections mounted on a nickel grid were placed on 100% EtOH 

followed by 0.05M TRIS pH 10 for 40 min at 99°C. After a brief step in the blocking 

solution, treatment with the primary antibody and the protocol following were done as usual.

The presence of chitin in the different regions of the Johnston's organ and in the corneal lens 

was revealed by labelling with WGA-gold that binds chitin, performed following Lee et al. 

(1990) and described in detail in Vannini and Willis (2016).

Sections were examined in a JEOL JEM-1011 transmission electron microscope (JEOL 

USA Inc. Peabody, MA) at 80 kV. The images were captured with a XR80M Wide-Angle 

Mid-Mount CCD Camera from AMT (Advanced Microscopy Techniques, Woburn, MA).

The secondary antibody used to detect the primary antibody had been conjugated with 

colloidal gold and did not react with the cuticular parts of the antenna or corneal lens when 

tested on sections that had been incubated with the binding buffer without the primary 

antibody (Supplementary File 3). Additional controls for many of these antibodies are in 

earlier papers (Vannini et al., 2014b, 2015; Vannini and Willis, 2016).

3. Results

3.1. Western blot

Western blot results for all but three of the primary antibodies used in this study were 

presented in previous work (Vannini et al., 2014b, 2015; Vannini and Willis, 2016).

Strong bands were detected for all three new proteins, with molecular masses larger than 

what was calculated for CPR151 and CPAP3-C, and lower for CPR130 (Supplementary File 

4). The different molecular masses most likely reflect the already described abnormal 

electrophoretic mobility of many CPs (Cox and Willis, 1987).

3.2 Cuticular protein localization in antennal structures

3.2.1 CP localization in antennal flagellum and pedicel wall of second antennal 
segment—JO fills the enlarged pedicel of the second antennal segment in dipteran males 

(Fig. 1A) and females have a fully develop JO but it is far smaller (Supplementary File 5F) 

and has a reduced sensibility compared to males (Göpfert et al., 1999). The second antennal 

segment is covered with a cuticular pedicel wall that appears similar to the surface cuticle of 

the more distal flagellum that extends distally from the apical pit of the pedicel (Fig. 1A, B). 

The pedicel wall surrounded the JO up to where the flagellum extends and where it becomes 

thinner and organized in ribs (Fig. 1B). The results with the 19 antibodies that we tested 

were almost identical for the flagellum and pedicel wall (Table 1). In addition to the 

expected presence of chitin (data not shown), we detected binding of 7 antibodies, including 

those designed to recognize the RR-2 proteins: CPR60 (Figs. 2A, 3C); CPR59/70 (Figs. 2B, 

3A); and the 3RC cluster (Figs. 2D, 3B). The only RR-1 protein detected was CPR125 (Figs. 

2G, H, 3D). Also detected were members of two other CP families, CPCFC1 (Figs. 2E, 3E) 

and CPLCG3/4/5 (Figs. 2F, 3F). 2RA was found only in sections of the pedicel wall (Fig. 

2C). Interestingly, the density of gold particles for 2RA was far lower in the outer regions of 

Vannini and Willis Page 5

Arthropod Struct Dev. Author manuscript; available in PMC 2017 November 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the exocuticle. Perhaps as sclerotization proceeds, some proteins become unavailable as 

antigens (Fig. 2C).

The location of the antigens within the cuticle was also almost the same for both structures 

(Table 2). Three were present in both exo- and endo-cuticle (CPR59/70, 2RA, 3RC); CPR60 

was restricted to the exocuticle, while CPCFC1 and CPLCG3/4/5 were predominantly 

detected in endocuticle. CPR125, was present throughout the endocuticle (Fig. 2G) of the 

flagellum closest to the pedicel. Distally its localization was restricted to a distinct row of 

gold particles at the junction between epidermis and endocuticle (Fig. 2H) as in the pedicel 

wall (Fig. 3D).

3.2.2. JO within the second antennal segment—JO is a complex structure with 

many distinct cuticular components in addition to its neural components (Boo and Richards, 

1975a,b). More CPs were detected within Johnston's organ than in its surrounding pedicel. 

Indeed only 7 of the 19 antibodies we tested failed to detect proteins in one or more of its 

structures. Furthermore, different structures had from 2-6 CPs associated with them and all 

but the caps had chitin (Table 1). Antibodies against 7 CPs were only detected in 

components of JO and not the flagellum or pedicel wall (Table 1).

In situ hybridization, revealed the presence of transcripts for CPR152, CPAP3-C, CPCFC1, 

CPLCG3 and CPLCG4 in Johnston's organ of pharate adults (Supplementary File 5).

The bottom of the apical pit is occupied by the basal plate, a circular disc of unsclerotized 

cuticle (Clements, 1999) that lacks laminae and any morphological distinction between exo- 

and endo-cuticle (Figs.1, 4). Cuticular projections, such as prongs and septa, spread from it 

(Fig. 1C, D). The septa lie between the prongs that curve out and up from the basal plate and 

are attached to the ribs by fragile strips of cuticle that form a network of cuticle. Thanks to 

these connections the basal plate is extremely flexibly suspended and capable of responding 

to each flagellum vibration. The basal plate shows an outer layer (Fig. 1C) interrupted by 

dorsal crests that Clemens (1999) called “possibly epicuticle.” Treatment with WGA showed 

not only that this layer had chitin but the gold particles were more densely arrayed there than 

in the inner regions of the basal plate below (Fig 4A). The presence of chitin eliminates the 

possibility that this is epicuticle, because epicuticle is chitin-free. (See Willis et al., 2012 for 

review and mention of one possible exception to this generalization.) CPR60, CPR59/70 and 

the 3RC Cluster were also localized in the outer layer (Fig. 4B-D). CPR59/70 and the 3RC 

cluster were found in both exoand endo-cuticle of the flagellum and pedicel, while CPR60 

was restricted to the exocuticle (Table 2). Thus it is of interest that of these three, only 

CPR60 was also detected in the inner regions of the basal plate (Fig. 4B, Table 2). 

Interestingly, the other CPs localized exclusively in the endocuticle of the pedicel wall and 

flagellum (CPR125, CPCFC1 and CPLCG3/4/5) were not found in the outer layer of the 

basal plate (Table 2). This suggests that the outer layer of the basal plate is an extension of 

the pedicel wall exocuticle. CPR152 and CPR140 were the only two CPs restricted to the 

inner region of the basal plate (Fig. 4E, F). CPR152 was found in several structures of JO, 

whereas CPR140 was only detected in JO's basal plate in this study (Tables 1, 2). This is the 

first record of proteins localized in the basal plate, a key structure in mosquito reproduction 

and environmental sensing.
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Four CPs were detected in prongs, 6 in septa (Figs. 5-6). Treatment with WGA showed that 

these structures contain chitin (data not shown). The prongs were the only antennal structure 

that had evidence for CPR130 (Fig. 5C). CPR152 also was detected in the region 

surrounding the prongs (Fig. 7C) that we believe to show transverse sections of terminal 

filaments connecting the scolopidia to the prongs (Hart et al., 2011).

The scolopidia are the fundamental sensory units of Johnston's organ (Clements, 1999; Hart 

et al., 2011). Each scolopidium is covered by a conical cuticular cap (Hart et al., 2011) 

where CPR133=153, CPR151, CPR152, CPAP3-C and CPF3 were found (Fig. 8). WGA 

failed to react with caps itself but sporadic gold particles were found on the surrounding rods 

(Fig. 8A). The absence of chitin in the caps themselves suggests a different nature for these 

structures even though all of the CPs detected there except for CPF3 have chitin-binding 

domains.

Radial scolopidia represent 97% of all the sensitive units; they have two similar neurons 

with a dendrite consisting of two ciliary structures (Hart et al., 2011). CPR152 and CPAP3-

C were found in the dendrite lumen (Fig. 9 C, E). Longitudinal sections of the dendrites 

revealed the localization of the two proteins in the granular material that fills the lumen (Fig. 

9 D, F). This material of unknown composition deposited between the ciliary structures does 

not contain chitin (Fig. 9 A, B), yet both of these proteins have chitin-binding domains.

3.3. CP localization in the corneal lens

The corneal lens of the compound eye (Fig.10) is a modified transparent portion of the 

chitinous exoskeleton made of concentric layers covered externally by small conical 

protuberances known as the corneal nipples partially embedded in the outer layer of the 

corneal lens in Diptera (Trujillo-Cenóz, 1972). Immediately below the nipples are three dark 

bands with two clear bands in-between that we have called the DCB (dense and clear band 

region). The largest inner portion of the cornea can be classified in two regions: wide 

laminae (WLR) and narrow laminae (NLR) connected to the crystalline cone and darker 

(Fig.10). The outer alternating bands are the substratum of a system of interference filters 

tinting the light reaching the photoreceptors (Trujillo-Cenóz, 1972). WGA was localized 

throughout the corneal lens except for the corneal nipples (Fig. 11A).

We detected even more (13) of the 19 CPs in the corneal lens than we had in JO. 

Importantly, they were all members of the CPR family (Tables 1, 3). The localization of the 

CPRs in the corneal lens fell into 4 patterns according to the region where proteins were 

detected: i) DCB only (Fig. 11 B); ii) the DCB and WLR, (Fig. 11 C, D); iii) the DCB and 

NLR (Fig. 12); iv) the NLR only (Fig. 13). These locations and their specific proteins are 

summarized in Table 3.

In situ hybridization had revealed transcripts in pharate adults for CPR59 and CPR75. They 

code for two of the proteins detected in this study and were found in cells beneath the 

corneal lens (Vannini et al., 2014a).

WGA detected chitin in all regions and in both the dark and light laminae (Fig. 11A). But 

the patterns of CP localization were different for the different proteins, for some were 
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exclusively present or more abundant in the dark laminae where they could be recognized, 

for it was impossible to distinguish the two types of laminae in some sections of the NLR. 

Thus CPR60, CPR59/70, and the 3RC Cluster were found only in the darker bands of the 

DCB (Figs. 11B, 12A, B). The only protein that was most abundant in the lighter bands of 

the DCB was the RR-1 protein CPR12=13 (Fig. 11C). These distributions are summarized in 

Table 3.

4. Discussion

4.1 Overview

The most striking finding of this study was the precise localization of 19 CPs in specific 

components of the structures studied. Most of the cuticular structures within JO were 

detected with only a subset of the antibodies tested but the total number of CPs detected in 

JO (12) was greater than in the structurally less specialized antenna (7) or pedicel of JO (6). 

The corneal lens also showed specific localization of individual CPs. We had 15 antibodies 

against members of the CPR family, 13 recognized structures in the corneal lens, including 6 

that had not reacted with JO components. Interestingly, the 4 antibodies we had directed 

against members of other CP families, failed to recognize components of the corneal lens, 

while they did recognize antennal structures. This precise deployment of specific CPs to 

components of a single structure helps to explain why there are so many distinct genes for 

CPs in insect genomes and invites further investigation to correlate protein properties with 

localization.

4.2 Localization of CPs within the cuticle of the antennal flagellum and Johnston's organ

Many regions of cuticle have a laminar structure and other investigators have reported that 

certain antibodies preferentially recognize proteins in specific regions of the procuticle 

(reviewed in Willis et al., 2012; more recent findings in Vannini and Willis, 2016). This 

study extended these findings, for once again we found proteins restricted to the exo- or 

endo-cuticle of the antennal flagellum and pedicel wall. The distribution of proteins in the 

two regions of the procuticle of these structures was the same as we had previously found in 

legs and sclerites with four RR-2 proteins (CPR59/70, CPR140, 2RA and 3RC) present in 

both exo- and endo-cuticle, one, CPR60, exclusively in exocuticle. The only RR-1 protein, 

CPR125, that we had found present in hard cuticle where it was restricted to the endocuticle, 

also appeared in the endocuticle of the flagellum and pedicel wall (Table 2).

The antennae are sensitive hearing organs, and their auditory mechanism depends on the 

ability of the Johnston's organ to transmit information received by the flagellae to the central 

nervous system. Essential for this is the basal plate of Johnston's organ that vibrates after 

wing vibrations from another mosquito or other signals have induced deflection of the 

antennae. This gives the basal plate a crucial role in hearing and everything that depends on 

that, including frequency matching during courtship (Göpfert et al., 1999; Eberl and 

Boekhoff-Falk, 2007). The internal structures of JO did not show any laminar cuticle nor a 

distinction between exo- and endo-cuticle. The only region with two distinct areas was the 

basal plate. CPR60 was in both regions, while CPR59/70 was found in the outer plate and 

CPR140 was restricted to the inner region of the basal plate where it appeared in small 
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clusters, as it did in other structures. So, we cannot equate the distinction between these two 

regions to exo- and endo-cuticle. We included CPR152 in our analysis because MS/MS data 

revealed that it is found only in antennae and predominantly in Johnston's organ (Zhou et al., 

2016). It was also found in the inner region of the basal plate, but intriguingly also in most 

of the other components of JO.

We were particularly interested in CPAP3-C for its ortholog in D. melanogaster binds the 

intraluminal chitin fibrils during tracheal development (Barry et al., 1999). The extent of 

growth of the diameter of tracheae is determined by the amount of intraluminal protein 

present. The chitin cable is transient and cleared from the lumen before larval hatching to 

enable gas filing (Tiklová et al., 2013). We can speculate a similar function for the 

Anopheles CPAP3-C in the radial scolopidia, suggesting that the amount of the protein bond 

to or part of the granular material determines the size of the dendritic lumen and is not 

cleared out after development is complete, because there is no need to open airways or other 

spaces in this tissue. But the role of CPAP3-C in the terminal filaments and caps will need 

another explanation.

4.3 Localization of CPs in the corneal lens of the compound eye

It is well known that diverse species have built their lenses with proteins that also serve other 

roles, a phenomenon that has been named “gene sharing” (Piatigorsky, 2007). What was 

surprising was the large number of proteins we found in the corneal lens, first with in situ 
hybridization (Vannini et al., 2014a), next with MS/MS (Zhou et al., 2016) and now with 

EM immunolocalization.

In our previous work with EM immunolocalization, we failed to detect a distribution of 

antibodies biased against either dark or light laminae (Vannini et al., 2014b, 2015; Vannini 

and Willis, 2016). But in this study where we examined the corneal lens, we found evidence 

for CPs localized exclusively or primarily in the dark regions of cuticular laminae and one, 

CPR125, in the light laminae of the DCR (Table 3). We are not the first to observe 

differential localization of a protein within the laminae of the corneal lens. Komori et al. 

(1992) identified a 52 kDa protein found exclusively in the eye. They had only obtained N-

terminal sequence data, but used an antibody raised against their 13 aa to localize the peptide 

in the corneal lens. With precise quantitation, they found 2.3 times as many gold particles 

from the secondary antibody in the dark layers as in the light layers of the corneal laminae. 

A subsequent study (Janssens and Gehring, 1999) obtained the complete sequence for this 

protein, named it crystalline (crys, CG16963) and recognized that it had the R&R Consensus 

chitin-binding domain. This protein scores as an RR-2 on CutProtFam-Pred (Ioannidou et 

al., 2014). There is no ortholog of crys in An. gambiae.

4.4 Comparison of localization of specific CPs between antennal structures and eye with 
other adult structures previously examined with LC MS/MS

We have compared our finding with the antibodies to data obtained from an LC MS/MS 

analysis carried out on the second antennal segment with its JO, the rest of the antenna and 

the corneal lens (Zhou et al., 2016). Data are summarized in Supplementary File 6 where we 

go beyond scoring presence and absence to include a rough quantitation of the MS/MS data 
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obtained from spectral counts. We show the rank order of the proteins we studied compared 

to all possible CPs. The limitations of using spectral counts with data that include proteins 

found in sequence clusters and others that share peptides are discussed in Zhou et al. (2016), 

but spectral counts provide at least a rough view of relative abundance.

In general, the MS/MS data fit our current results. Three of the antibodies tested (anti-

CPR59, -CPR70 and -CPR60) recognized proteins in all three structures and were among 

the most abundant proteins in all three structures. They were, however, absent from terminal 

filaments, caps and the scolopidia lumen. The MS/MS data indicate that although we had an 

antibody that potentially recognized CPLCG3, CPLCG4 and CPLCG5 (Supplementary File 

2), it is unlikely that it was recognizing CPLCG3 since that protein had not been identified 

in our MS analysis,

A protein of low abundance in the second antennal segment (CPF3) was detected in only one 

of the two MS/MS samples where it scored #46. This fits nicely with our only finding it in 

the caps of JO. In contrast, CPR130 which scored well in the MS/MS analysis of all three 

structures, was only detected in the prongs and abundantly in the narrow laminar region of 

the corneal lens. Perhaps it becomes modified so that it is less accessible to the specific 

antibody that we used.

5. Conclusions

The data we obtained provide the first record of CPs localized in the cuticle of the different 

components that make up JO. With one exception, Dmelcrys, they are also, as far as we 

know, the first to localize specific proteins in distinct regions and layers of the corneal lens. 

Our previous immunolocalization studies examined structures with almost no differentiation 

of cuticle types, except soft (intersegmental membranes) and hard (sclerites, legs). Now that 

we have examined two structures with well demarcated components, we found that CP 

deployment can be complex. These data that revealed the precise localization of different 

CPs in different components of both JO and the eye lens, is helping us to understand why 

An. gambiae devotes so many genes to structural CPs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

EM immunolocalization used 19 antibodies vs. Anopheles gambiae cuticular proteins.

The second antennal segment with Johnston's organ (JO) and corneal lens were studied.

Internal structures of JO were recognized by 12 antibodies from 4 CP families.

Antibodies against 13 CPRs reacted with the corneal lens in a region specific manner.
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Fig. 1. 
Overview of the antennal pedicel and Johnston's organ. A: Schematic representation of a 

transversal section of a pedicel (modified from Hart et al, 2011). B: TEM section of the 

junction between the flagellum and the pedicel. C: TEM transversal section of Johnston's 

organ. D: TEM section of the connections of the prongs and septa to the basal plate. 

Abbreviations: ant sc, anterior scolopidia; tfs, terminal filaments; flag, flagellum; bpl, basal 

plate; ped, pedicel; post sc, posterior scolopidia; pr, prong; rad sc, radial scolopidia; rb, 
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rib; sep, septa; ped wall, pedicel wall; cps: caps; out, outer layer of the basal plate; ep, 

epidermis.
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Fig. 2. 
EM immunolocalization of CPR60, CPR59/70, 2RA Cluster, 3RC Cluster, CPCFC1, 

CPLCG3/4/5 and CPR125, in TEM sections of the flagellum of a young adult. 

Abbreviations as in Fig. 1. Scale bar 500nm.
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Fig. 3. 
EM immunolocalization of CPR59/70, 3RC Cluster, CPR60, CPR125, CPCFC1 and 

CPLCG3/4/5 in TEM sections of the pedicel wall of a young adult. Abbreviations as in Fig. 

1. Scale bar 500nm.
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Fig. 4. 
EM immunolocalization of WGA, CPR60, CPR59/70, 3RC Cluster, CPR152 and CPR140 

in TEM sections of the basal plate of a young adult. Abbreviations as in Fig. 1. Scale bar 

500nm.
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Fig. 5. 
EM immunolocalization of CPR59/70, CPR60, CPR130, and 3RC Cluster in TEM sections 

of the prongs of a young adult. Abbreviations as in Fig. 1. Scale bar 500nm.
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Fig. 6. 
EM immunolocalization of CPR59/70, CPR133=153, CPR152, 2RA Cluster, 3RC Cluster 

and CPCFC1 in TEM sections of the septa of a young adult. Abbreviations as in Fig. 1. 

Scale bar 500nm.
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Fig. 7. 
EM immunolocalization of WGA, CPAP3-C and CPR152 in TEM sections of terminal 

filaments of a young adult. Abbreviations as in Fig. 1. Scale bar 500nm.
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Fig. 8. 
EM immunolocalization of CPR133=153, CPR151, CPR152, CPAP3-C and CPF3 in TEM 

sections of the caps of a young adult and WGA surrounding caps. Abbreviations as in Fig. 1. 

Scale bar 500nm.

Vannini and Willis Page 22

Arthropod Struct Dev. Author manuscript; available in PMC 2017 November 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 9. 
EM immunolocalization of WGA, CPR152 and CPAP3-C in TEM sections of radial 

scolopidia of a young adult. Abbreviations: den, dendrite; ci, ciliary structure; gr m, 

granular material. Scale bar 500nm.
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Fig. 10. 
Corneal lens. CN, corneal nipples; DCB, dense and clear bands; WLR, wide lamellar region; 

NLR, narrow lamellar region. Scale bar 500nm.
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Fig. 11. 
EM immunolocalization of WGA, CPR60, CPR12=13, and CPR61 in TEM sections of a 

single corneal lens of a young adult. Abbreviations as in Fig. 10. Scale bar 500nm.
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Fig. 12. 
EM immunolocalization of CPR59/70, 3RC Cluster, 2RA Cluster, and CPR130 in TEM 

sections of a single corneal lens of a young adult. Abbreviations as in Fig. 10. Scale bar 

500nm.
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Fig. 13. 
EM immunolocalization of CPR75, CPR151, CPR22, CPR125, CPR140 and 2RB Cluster in 

TEM sections of a single corneal lens of a young adult. Abbreviations as in Fig. 10. Scale 

bar 500nm.
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