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The cecropin-prophenoloxidase regulatory
mechanism is a cross-species physiological
function in mosquitoes

Wei-Ting Liu,1,2,6 Cheng-Chen Chen,3 Dar-Der Ji,3,4 and Wu-Chun Tu5,7,*

SUMMARY

This study’s aimwas to investigatewhether the cecropin-prophenoloxidase regula-
torymechanism is a cross-species physiological function amongmosquitoes. BLAST
and phylogenetic analysis revealed that three mosquito cecropin Bs, namelyAedes
albopictus cecropin B (Aalcec B),Armigeres subalbatus cecropin B2 (Ascec B2), and
Culex quinquefasciatus cecropin B1 (Cqcec B1), play crucial roles in cuticle forma-
tion during pupal development via the regulation of prophenoloxidase 3 (PPO 3).
The effects of cecropin B knockdown were rescued in a cross-species manner by in-
jecting synthetic cecropinB peptide into pupae. Further investigations showed that
these three cecropin B peptides bind to TTGG(A/C)Amotifs within each of the PPO
3 DNA fragments obtained from these three mosquitoes. These results suggest
that Aalcec B, Ascec B2, andCqcec B1 each play an important role as a transcription
factor in cuticle formation and that similar cecropin-prophenoloxidase regulatory
mechanisms exist in multiple mosquito species.

INTRODUCTION

Cuticle formation is an important event during pupal metamorphosis in insects. It is a complex process that

starts with the detachment of the old cuticle from epidermal cells, which is followed by the formation of a

new cuticle beneath the detached one (Costa et al., 2016); the next step involves sclerotization and mela-

nization to stabilize the new exoskeleton. During the stabilization of the cuticular proteins, electrophilic

quinones and quinone methides are generated by a phenoloxidase (PO) cascade and this leads to poly-

merization, with the quinones covalently cross-linking the cuticular structural proteins and the chitin (Suder-

man et al., 2006). This results in hardening of the cuticle. POs are multicopper tyrosinase-type phenol ox-

idases and have long been suggested to play critical roles in many physiological functions of insects,

including cuticular sclerotization, cuticle formation, egg tanning, wound healing, and the melanotic encap-

sulation of pathogens (Locke and Krishnan, 1971; Cho et al., 1998; Huang et al., 2001; Shiao et al., 2001;

Marinotti et al., 2014; Tsao et al., 2015; Liu et al., 2017). POs are present in a zymogen form in insects, namely

as prophenoloxidases (PPOs). Tsao et al. (2010) demonstrated that Armigeres subalbatus prophenoloxi-

dase III (As-pro-PO III) is required for cuticle formation in Ar. subalbatus pupae.

Recently, Liu et al. (2017) found a mosquito antimicrobial peptide (AMP), Aedes aegypti cecropin B (Aacec

B), plays a crucial role in pharate adult cuticle formation via the regulation of Ae. aegypti prophenoloxidase

3 (AaPPO 3). Aacec B seems to act as a transcription factor that is able to regulate AaPPO 3 expression in

pupae. Hence, this study aimed to elucidate whether the cecropin-prophenoloxidase regulatory mecha-

nism also functions in the other species of mosquitoes. The results of the present study demonstrate

that the amino acid sequences of three mosquito cecropin B, namely Aedes albopictus cecropin B (Aalcec

B), Armigeres subalbatus cecropin B2 (Ascec B2), and Culex quinquefasciatus cecropin B1 (Cqcec B1), are

highly similar to that of Aacec B, and play a significant and similar role to Aacec B whereby they modulate

PPO 3 gene transcription in Ae. albopictus, Ar. subalbatus, and Cx. quinquefasciatus; this occurs through

binding to TTGG(A/C)A DNA motifs during pupal metamorphosis.

RESULTS

The amino acid sequences of cecropin B from Aedes albopictus, Armigeres subalbatus, and

Culex quinquefasciatus are highly similar to that of Aedes aegypti cecropin B

To investigate whether the cecropin-prophenoloxidase regulatory mechanism is conserved in insects, a

BLAST analysis was conducted to search for homologous sequences using the amino acid sequence of
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Figure 1. Phylogenetic analysis and amino acid sequence alignment of various cecropin peptides

(A) Neighbor-Joining distance phylogenetic tree showing the relationship between various cecropins and various cecropin-like peptides. The amino acid

sequences of 112 cecropins from Diptera [Ae. aegypti (n = 10); Ae. albopictus (n = 7); An. albimanus (n = 3); An. arabiensis (n = 2); An. gambiae (n = 4); An.

minimus (n = 4); An. quadriannulatus (n = 1); An. sinensis (n = 2); An. stephensi (n = 4); Ar. subalbatus (n = 5); Cx. quinquefasciatus (n = 5); Drosophila

mauritiana (n = 6), Drosophila melanogaster (n = 4); Drosophila pseudoobscura (n = 3); Malus domestica (n = 4); Stomoxys calcitrans (n = 2)], Lepidoptera

[Bombyx mori (n = 5); Helicoverpa armigera (n = 4); Hyalophora cecropia (n = 3); Hyphantria cunea (n = 1);Manduca sexta (n = 1);Operophtera brumata (n =

2); Ostrinia furnacalis (n = 1); Papilio machaon (n = 1); Papilio xuthus (n = 3); Plutella xylostella (n = 4); Spodoptera exigua (n = 6); Trichoplusia ni (n = 3)],
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Ae. aegypti cecropin B (Aacec B); the search included 83 insect species, namely five species belonged to

Coleoptera, sixteen to Diptera, twelve to Hemiptera, thirty-eight to Hymenoptera, and twelve to order

Lepidoptera. A total of 105 cecropins from 31 insect species, belonging to Coleoptera, Diptera, and Lepi-

doptera, were identified as homologs of Aacec B; however, no homologs of Aacec B were found among

hymenopteran and hemipteran insects. Further phylogenetic analysis of these 105 cecropin was carried

out using four nematode cecropins and three tunicate cecropin-like peptides as outgroups and this

showed that the cecropin sequences could be divided into five distinct clusters (Figure 1A). In cluster V,

three cecropins, Ae. albopictus cecropin B (VectorBase: AALF014650), Ar. subalbatus cecropin B2 (Gen-

Bank: AY440667.1), and Cx. quinquefasciatus cecropin B1 (VectorBase: CPIJ005108) cluster with Aacec B

and are distinct from other insect cecropins. Sequence alignment analysis showed that the deduced amino

acid sequences of the three Aacec B homologs, namelyAe. albopictus cecropin B (Aalcec B),Ar. subalbatus

cecropin B2 (Ascec B2), and Cx. quinquefasciatus cecropin B1 (Cqcec B1), are highly similar (identity >92%

and similarity >94%) to the sequence of Aacec B (Figure 1B and Table S2).

Knockdown of cecropin B in the pupae of Ae. albopictus, Ar. subalbatus, and Cx.

quinquefasciatus leads to a high pupal mortality and the emergence of deformed adults;

these deleterious effects of cecropin B knockdown are rescued in a cross-species manner

In order to investigate whether the three cecropin Bs have similar physiological functions compared to Aacec B,

we examined the expression levels and the effects of knockdown of Aalcec B, Ascec B2, and Cqcec B1 on Ae.

albopictus,Ar. subalbatus, andCx. quinquefasciatus, respectively. At 26G 1�C, the lengths of the pupal stage of
Ae. albopictus, Ar. subalbatus, and Cx. quinquefasciatus are approximately 52.1, 79.8, and 50.5 h, respectively.

Thus, the effect of knockdown of Aalcec B and Cqcec B1 in Ae. albopictus and Cx. quinquefasciatus, respec-

tively, was recorded at 48 h after larval-pupal ecdysis, while that of Ascec B2 in Ar. subalbatus was recorded

at 72 h after larval-pupal ecdysis. As shown in Figures 2A–2C, themRNA levels of Aalcec B, Ascec B2, and Cqcec

B1 were detectable at < 0.5 h after ecdysis, that is immediately after larval-pupal ecdysis, and then decreased to

low levels at 12–36 h. Later, thesemRNAwere highly expressed inAr. subalbatus at 72 h after ecdysis (Figure 2B)

and in Cx. quinquefasciatus at 48 h after ecdysis (Figure 2C). However, the expression level of Aalcec B in Ae.

albopictus was only slightly increased at 48 h after ecdysis (Figure 2A). Compared with the uninjected and the

GFP dsRNA-injected mosquitoes, the mRNA levels of cecropin B were found to be significantly reduced in

the three mosquito species after cecropin B dsRNA was injected into the pupae.

Injection of cecropin B dsRNA into mosquito pupae resulted in a high level of pupal mortality. As shown in

Figure 2D, the cumulative mortality rate was 63.13 G 5.94% after the pupae of Ae. albopictus was injected

with Aalcec B dsRNA alone. The mortality rate was reduced to 27.22G 3.28% after injection simultaneously

with Aalcec B dsRNA and Aacec B peptide, 25 G 11.89% after injection simultaneously with Aalcec B

dsRNA and Aalcec B peptide, 27.78G 6.21% after injection simultaneously with Aalcec B dsRNA and Ascec

B2 peptide, and 26 G 12.84% after injection simultaneously with Aalcec B dsRNA and Cqcec B1 peptide.

Similar reductions in cumulative mortality were also observed in Ar. subalbatus and Cx. quinquefasciatus.

As shown in Figure 2E, the cumulative mortality rate was 70.95 G 11.34% in Ascec B2 dsRNA-injected pu-

pae of Ar. subalbatus, which was reduced to 31.67 G 5.48% after injection simultaneously with Ascec B2

dsRNA and Aacec B peptide, 32.67G 18.65% after injection simultaneously with Ascec B2 dsRNA and Aal-

cec B peptide, 32.22 G 9.35% after injection simultaneously with Ascec B2 dsRNA and Ascec B2 peptide,

and 36.67 G 12.07% after injection simultaneously with Ascec B2 dsRNA and Cqcec B1 peptides. The cu-

mulative mortality rate was 61.67 G 9.76% in Cqcec B1 dsRNA-injected pupae of Cx. quinquefasciatus,

which was reduced to 28.89G 4.04% after injection simultaneously with Cqcec B1 dsRNA and Aacec B pep-

tide, 27.33 G 4.66% after injection simultaneously with Cqcec B1 dsRNA and Aalcec B peptide, 26.67 G

5.58% after injection simultaneously with Cqcec B1 dsRNA and Ascec B2 peptide, and 27 G 7.93% after

injection simultaneously with Cqcec B1 dsRNA and Cqcec B1 peptide (Figure 2F). However, a reduction

in mortality rate was not observed in pupae injected simultaneously with cecropin B dsRNA and

Figure 1. Continued

Coleoptera [Acalolepta luxuriosa (n = 1); Calomera littoralis (n = 2); Diabrotica virgifera virgifera (n = 2)], Nematoda [Ascaris suum (n = 4)] and tunicates

[Styela clava (n = 3)] were selected for the tree construction. The mosquito cecropins are shown in green, the four target mosquito species are shown in

red, and other dipteran species are shown in light blue, while the coleopteran is shown in purple, the nematodes are shown in black, the tunicates are

shown in blue, and the lepidopterans are shown in orange.

(B) Alignment of cecropin B proteins of Aedes aegypti, Aedes albopictus, Armigeres subalbatus, and Culex quinquefasciatus. All sequences were obtained

from NCBI protein database and VectorBase database. Symbol (*) indicates that the aligned residues are identical. Substitutions suggested to be con-

servative or semi-conservative are marked as (:) and (.), respectively.
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Hyalophora cecropia cecropin B (Hccec B) peptide (Figures 2D–2F). Among the above pupae, 1.79% of the

Aalcec B dsRNA-injected pupae, 3.17% of the Ascec B2 dsRNA-injected pupae, and 1.11% of the Cqcec B1

dsRNA-injected pupae emerged as deformed adults with curved legs or wings and then died shortly after

emergence. Only two Ae. albopictus injected simultaneously with Aalcec B dsRNA and Aacec B peptide,

Figure 2. The effects of gene knockdown on cecropin B expression in pupae of Aedes albopictus, Armigeres subalbatus, and Culex

quinquefasciatus

(A–C) RT-qPCR analysis of cecropin B expression in the uninjected control, the GFP dsRNA-injected control, and the cecropin B dsRNA-injected pupae. 0.5–

72: <0.5–72 h after injection. qPCR results were normalized against the mRNA expression of Ae. albopictus ribosomal protein L32 (AalRPL32), Ar. subalbatus

ribosomal protein S7 (AsS7), andCx. quinquefasciatus ribosomal protein S7 (CqS7), respectively. Values are meansG SD, n = 3. Asterisks indicate significant

differences (*p < 0.005; **p < 0.001) compared to the relative mRNA levels of the uninjected control at each time point. (A) Ae. albopictus cecropin B (Aalcec

B). (B) Ar. subalbatus cecropin B2 (Ascec B2). (C) Cx. quinquefasciatus cecropin B1 (Cqcec B1).

(D–F) The cumulative mortality rates (%) of the uninjected control (blue line), the GFP dsRNA-injected control (red line), the cecropin B dsRNA-injected

pupae (green line), the cecropin B dsRNA + Aacec B peptide-injected pupae (orange line), the cecropin B dsRNA + Aalcec B peptide-injected pupae (brown

line), the cecropin B dsRNA + Ascec B2 peptide-injected pupae (black line), the cecropin B dsRNA + Cqcec B1 peptide-injected pupae (gray line), and the

cecropin B dsRNA + Hyalophora cecropia cecropin B (Hccec B) peptide-injected pupae (pink line) at various time intervals after injection. < 0.5–144: <0.5–

144 h after injection. Each group consisted of thirty pupae in a single experiment and seven replicate experiments were conducted. The range bars indicates

the standard deviations of the means. (D) Ae. albopictus. (E) Ar. subalbatus. (F) Cx. quinquefasciatus.
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one Ar. subalbatus injected simultaneously with Ascec B2 dsRNA and Cqcec B1 peptide, and one Cx. quin-

quefasciatus injected simultaneously with Cqcec B1 dsRNA and Aalcec B peptide emerged as deformed

adults. These findings support the hypothesis that each of the peptides, Aalcec B, Ascec B2, and Cqcec

B1, plays as an important role as Aacec B in pupal morphogenesis. Furthermore, the knockdown effects

of cecropin B were rescued in a cross-species manner in all three cases by the injection of a sequence-

similar cecropin B peptide from different mosquito species.

Knockdown of cecropin B in pupae leads to a reduction in the transcription of PPO 3 in Ae.

albopictus, Ar. subalbatus, and Cx. quinquefasciatus

To elucidate whether the effects of knockdown of the three cecropin Bs also affect gene expression of their

respective prophenoloxidase 3s during pupal development, we examined the expression levels of proph-

enoloxidase 3 (PPO 3) after the pupae was injected with cecropin B dsRNA alone. A BLAST analysis was first

conducted to search for homologs of the amino acid sequence of AaPPO 3 in Ae. albopictus, Ar. subalba-

tus, and Cx. quinquefasciatus. As shown in Figure 3, AaPPO 3 clustered together with three prophenolox-

idase genes, namely Ae. albopictus prophenoloxidase 3 (AalPPO 3) (AALF011778), Ar. subalbatus proph-

enoloxidase 3 (As-pro-PO III) (AAR88078.1), and Cx. quinquefasciatus prophenoloxidase 3 (CqPPO 3)

(CPIJ009877), and these had high degrees of amino acid sequence similarity to AaPPO 3 (Figure S1 and

Table S3). As shown in Figures 4A and 4C, the mRNA levels of AalPPO 3 and CqPPO 3 were detectable

at < 0.5 h after ecdysis immediately after larval-pupal ecdysis, and were expressed constitutively over

the time period 12–48 h after ecdysis. The mRNA levels were highly expressed in Ae. albopictus and Cx.

quinquefasciatus at 24 h after ecdysis. While the mRNA of As-pro-PO III was detectable at < 0.5 h after

ecdysis immediately after larval-pupal ecdysis, it then decreased to a low level, and this was then followed

by constitutive expression at 12–72 h after ecdysis. In addition, the expression level of As-pro-PO III was

found to be slightly increased at 60 h after ecdysis in Ar. subalbatus (Figure 4B).

Subsequently, we investigated the knockdown effects of cecropin B on the transcription of PPO 3 in Ae. albo-

pictus, Ar. subalbatus, and Cx. quinquefasciatus. When compared with uninjected mosquitoes, knockdown of

Aalcec B significantly reduced the transient expression of AalPPO 3 in Ae. albopictus at 12–48 h after ecdysis

(Figure 4A). Furthermore, knockdown of Ascec B2 significantly reduced transient expression of As-pro-PO III

in Ar. subalbatus at 36, 60, and 72 h after ecdysis (Figure 4B). Finally, knockdown of Cqcec B1 significantly

reduced transient expression of CqPPO 3 in Cx. quinquefasciatus at 12–36 h after ecdysis (Figure 4C). Further-

more, knockdown of Cqcec B1 also significantly induced the expression levels of CqPPO 3 inCx. quinquefascia-

tus at 48 h after larval-pupal ecdysis (Figure 4C). This implies that the CqPPO 3 dsRNA injection might be not

sufficient to suppress the transcription of CqPPO 3 for 48 h, which, in turn, activates the expression of CqPPO

3. These findings indicate that knockdown of cecropin B decreased the transcription levels of PPO 3 in pupae

of Ae. albopictus, Ar. subalbatus, and Cx. quinquefasciatus.

Cuticle formation is impaired in the cecropin B-knockdown pupae of Ae. albopictus, Ar.

subalbatus, and Cx. quinquefasciatus

Cuticle formation is one of the major morphogenetic events during the pupal stage. Since there was high

mortality and only a few deformed adults available after cecropin B dsRNA injection, we used transmission

electron microscopy to study the cuticular ultrastructure of the cecropin B-knockdown pupae of the three

species. The time point used for ultrastructural observations in Ae. albopictus and Cx. quinquefasciatus

was 48 h after larval-pupal ecdysis, while that used for Ar. subalbatus was 72 h after larval-pupal ecdysis.

As shown in Figure 5A, the cuticles of the uninjected Ae. albopictus pupae consist of a pupal and a pharate

adult cuticle. The pupal cuticle consisted of an envelope, an epicuticle, a seven-laminated exocuticle, and a

fifteen-laminated endocuticle. The pharate adult cuticle consisted of an envelope, an epicuticle, and one

six-laminated exocuticle. The chitin microfibrils within the chitin-protein matrix in the fully formed exocu-

ticle lamellae of the pharate adult cuticle are arranged in an electron-dense helicoidal pattern. However,

although the ultrastructure of the pupal cuticle of the Aalcec B dsRNA-injected mosquitoes remains similar

to that of the GFP dsRNA-injected and uninjected pupae, cuticle formation by the pharate adult of Aalcec B

dsRNA-injected pupae was significantly impaired. For example, only one-laminated exocuticle of the pha-

rate adult cuticle was deposited by the Aalcec B dsRNA-injected pupae, and the helicoidal pattern of the

chitin microfibrils was disorganized; furthermore, there were numerous irregular electron-lucent spaces

present within the chitin-protein matrix. Notwithstanding the above, injection of Aalcec B peptide seems

to rescue the effects of Aalcec B knockdown; specifically, there was a three-laminated exocuticle of the pha-

rate adult cuticle deposited in pupae injected simultaneously with Aalcec B dsRNA and Aalcec B peptide.
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Figure 3. Phylogenetic analysis of various prophenoloxidase (PPO) peptides

Neighbor-Joining distance phylogenetic tree showing the relationship between the PPOs. The amino acid sequences of

fifty PPOs from genomic databases were used for tree construction; these were from ten insect species, including seven

species belonged to Diptera [Ae. aegypti (n = 10); Ae. albopictus (n = 10); An. gambiae (n = 9); Ar. subalbatus (n = 7); Cx.

quinquefasciatus (n = 9), Drosophila erecta (n = 1), Drosophila melanogaster (n = 1)], one to Hemiptera [Laodelphax

striatellus (n = 1)], one to Hymenoptera [Nasonia vitripennis (n = 1)], and one to Lepidoptera [Ostrinia furnacalis (n = 1)].

The amino acid sequences of prophenoloxidase 3 (PPO 3) from a Chilopoda [Scolopendra dehaani (n = 1)], a fungus

[Agaricus bisporus (n = 1)], and a lilium [Lilium hybrid cultivar (n = 1)] were used as outgroups.
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However, the helicoidal pattern of the chitin microfibrils of pupae injected simultaneously with Aalcec B

dsRNA and Aalcec B peptide seems not to be as neat as those of the uninjected pupae of Ae. albopictus.

Similar effects were also observed when the ultrastructures of pupal and pharate adult cuticles of Ar. sub-

albatus and Cx. quinquefasciatus were investigated. As shown in Figures 5B and 5C, knockdown of cecro-

pin B resulted in only one laminated exocuticle of pharate adult cuticle being deposited by Ar. subalbatus

and Cx. quinquefasciatus. The helicoidal patterns of the chitin microfibrils were also disorganized with

numerous irregular electron-lucent spaces being present in both species. This could be contrasted in

Ar. subalbatus and Cx. quinquefasciatus with the three-laminated exocuticle of the pharate adult cuticle

that was present in pupae that had been injected simultaneously with cecropin B dsRNA and cecropin B

peptide. In addition, the chitin microfibrils of these insect were organized almost as neatly as the helicoidal

structures of the uninjected mosquito of Ar. subalbatus and Cx. quinquefasciatus.

Cecropin B is detectable in the cell nuclei of pupae of Ae. albopictus, Ar. subalbatus, and Cx.

quinquefasciatus

Based on the above, the three cecropin Bs might be able to be translocated into nucleus and then bind to spe-

cific DNAmotifs in order to regulate the expression of their respective PPO 3 genes. We usedWestern blotting

to detect the presence of cecropin B in the pupal cells ofAe. albopictus, Ar. subalbatus, andCx. quinquefascia-

tus. As shown in Figures 6A-1, 6B-1, 6C-1, andS2, AscecB2antibodywas able todetect a single bandof synthetic

cecropin B peptide that has an estimated molecular weight of approximately 4 kDa (the theoretical molecular

weight of synthetic Ascec B2 is 3.75 kDa, Aalcec B is 3.76 kDa, and Cqcec B1 is 3.79 kDa). The same antibody

was also able to detect two bands in a total protein extract from pupae. The molecular weights of these two

bands were approximately 11 and 34 kDa, which correspond to trimers and nonamers of Ascec B2, respectively

(Figure 6B-1). Subsequently, we examined the presence of cecropin B in both the cytoplasm and nucleus of pu-

pal cells. As shown in Figures 6B-2 and 6B-3, the trimer and nonamer of Ascec B2 were detected in both the

cytoplasmic fraction and the nuclear fraction of the uninjected control and GFP dsRNA-injected control pupae

at 72 h after larval-pupal ecdysis. Similar protein patterns were observed in Ae. albopictus (Figures 6A-2 and

6A-3) and Cx. quinquefasciatus (Figures 6C-2 and 6C-3) at 48 h after larval-pupal ecdysis. The protein level of

putative cecropin B trimer in the cytoplasmic fraction was higher than that of the putative cecropin B nonamer

(Figures 6A-2, 6B-2, and 6C-2). Similarly, in the nuclear fraction, the putative cecropin B nonamer wasmore abun-

dant than the putative cecropin B trimer (Figures 6A-3, 6B-3, and 6C-3).

By way of contrast, in both the cytoplasmic and nuclear fractions of cecropin B dsRNA-injected pupae, the

putative cecropin B trimers were significantly decreased in Ae. albopictus (Figures 6A-2 and 6A-3) and Cx.

quinquefasciatus (Figures 6C-2 and 6C-3) at 48 h after larval-pupal ecdysis, and in Ar. subalbatus at 72 h

after larval-pupal ecdysis (Figures 6B-2 and 6B-3). Furthermore, only a small amount of the putative cecro-

pin B nonamer was detected in the cytoplasmic and nuclear fractions of the cecropin B dsRNA-injected pu-

pae in Ae. albopictus (Figures 6A-2 and 6A-3) andCx. quinquefasciatus (Figures 6C-2 and 6C-3) at 48 h after

larval-pupal ecdysis, and inAr. subalbatus (Figures 6B-2 and 6B-3) at 72 h after larval-pupal ecdysis. Overall,

the cecropin B protein patterns of Ae. albopictus, Ar. subalbatus, and Cx. quinquefasciatus in the present

study were very similar to those of Aacec B during the pupal stage of Ae. aegypti.

Figure 4. RT-qPCR analysis of prophenoloxidase 3 expression levels in uninjected control, GFP dsRNA-injected control, and cecropin B dsRNA-

injected pupae of mosquitoes

(A) Aedes albopictus, (B) Armigeres subalbatus, and (C) Culex quinquefasciatus. 0.5–72: <0.5–72 h after injection. The qPCR results are normalized against

the mRNA expression level of Ae. albopictus ribosomal protein L32 (AalRPL32), Ar. subalbatus ribosomal protein S7 (AsS7), and Cx. quinquefasciatus ri-

bosomal protein S7 (CqS7), respectively. Values are means G SD, n = 3. Asterisks indicate significant differences (*p < 0.005; **p < 0.001) compared to the

appropriate mRNA levels of the uninjected control at each time point. (A) Ae. albopictus prophenoloxidase 3 (AalPPO 3).

(B) Ar. subalbatus prophenoloxidase III (As-pro-PO III). (C) Cx. quinquefasciatus prophenoloxidase 3 (CqPPO 3).
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Injection of synthetic cecropin B peptide into pupae ofAe. albopictus,Ar. subalbatus, andCx.

quinquefasciatus elevates the transcription levels of PPO 3

The above findings demonstrate that knockdown of cecropin B in pupae results in a high mortality

(Figures 2D–2F), the emergence of deformed adults, an impairment of pharate adult cuticle formation (Fig-

ure 5), and a reduction in the transcription of PPO 3 (Figure 4). We therefore hypothesize that these three

cecropin B molecules are involved in regulating the expression of the relevant PPO 3 genes in these three

mosquito species. As shown in Figure 7, the expression level of AalPPO 3 in pupae of Ae. albopictus

Figure 5. Ultrastructural observations of the pupal cuticle and pharate adult cuticle of the uninjected control, GFP dsRNA-injected control,

surviving cecropin B dsRNA-injected pupae, and surviving pupae injected simultaneously with cecropin B dsRNA and cecropin B peptide

(A) Aedes albopictus, (B) Armigeres subalbatus, and (C) Culex quinquefasciatus. Env: envelope, epi: epicuticle, exo: exocuticle, endo: endocuticle, edc:

epidermal cell, aenv: pharate adult envelope, aepi: pharate adult epicuticle, aexo: pharate adult exocuticle. The time point of the ultrastructural

observations in (A) Aedes albopictus and (C) Culex quinquefasciatus was 48 h after larval-pupal ecdysis, and (B) in Ar. subalbatus was 72 h after larval-pupal

ecdysis. The boxed figures are higher magnifications of the pharate adult exocuticle showing the helicoidal pattern of the chitin microfibrils. Note that, when

the uninjected control and GFP dsRNA-injected control mosquitoes were examined, the pupal cuticle consisted of an envelope, an epicuticle, a laminated

exocuticle, and a laminated endocuticle. By way of contrast, the pharate adult cuticle consisted of an envelope, an epicuticle, and one laminated exocuticle.

The lamellae of the pharate adult exocuticle of the uninjected control and GFP dsRNA-injected control (A) from Ae. albopictus consisted of six lamellae, (B)

from Ar. subalbatus consisted of four lamellae, and (C) from Culex quinquefasciatus consisted of five lamellae. Furthermore, the chitin microfibrils in the

controls were arranged in a helicoidal pattern giving a fully formed exocuticle lamellae. In contrast, only one-laminated exocuticle is present in the pharate

adult cuticle of the surviving cecropin B dsRNA-injected pupae. The chitin microfibrils are disorganized and do not form a helicoidal pattern. In pupae

injected simultaneously with cecropin B dsRNA and cecropin B peptide, the exocuticle of the pharate adult cuticle consists of three lamellae with an

arranged helicoidal pattern of the chitin microfibrils.
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injected with Aalcec B peptide was elevated at 12, 24, 36, and 48 h (Figure 7A). Similarly, an elevation of the

expression level of As-pro-PO III was observed in the pupae of Ar. subalbatus at 12, 24, 36, 48, and 72 h after

injection with Ascec B2 peptide (Figure 7B). Finally, an elevation of the expression level of CqPPO 3 in the

pupae of Cx. quinquefasciatus was observed at 24, 36, and 48 h after injection with Cqcec B1 peptide

(Figure 7C).

Cecropin B peptide binds in vivo to TTGGCA and to TTGGAAmotifs within the PPO 3 DNA of

Ae. albopictus, Ar. subalbatus, and Cx. quinquefasciatus

The above findings indicated that synthetic cecropin B induced expression of PPO 3 in pupae of Ae. albo-

pictus, Ar. subalbatus, and Cx. quinquefasciatus (Figure 7). Liu et al. (2017) demonstrated that the Aacec B

peptide binds directly in vivo to a TTGG(A/C)A motif that is present in AaPPO 3 DNA. As shown in Fig-

ure 8A, the exon-intron gene structures of both AalPPO 3 and As-pro-PO III are composed of five exons

separated by four short introns, which is similar to that of AaPPO 3 (Liu et al., 2017). Two highly conserved

copper-binding sites, Cu A and Cu B, are situated in exons II and III, respectively. On the other hand,

CqPPO 3 is composed of only four exons, which are separated by three short introns; in this case, Cu A

and Cu B are situated in exons I and II, respectively. Sequence analysis found that eight TTGG(A/C)Amotifs

were present in AalPPO 3, seven in As-pro-PO III, and four in CqPPO 3. Next, we used chromatin immuno-

precipitation (ChIP) assays to determine whether the cecropin B peptides are able to bind to the Ae. albo-

pictus, Ar. subalbatus, and Cx. quinquefasciatus PPO 3 DNA fragments containing the TTGG(A/C)A puta-

tive binding motifs. As shown in Figure 8B, as compared with controls, the 50 end-2, the 50 end-3, the
copper-binding site A (Cu A), Exon II (E II), and the copper-binding site B (Cu B) fragments from AalPPO

3 DNA were significantly enriched in the ChIP fractions. Furthermore, the 50 end-2 and the Cu B of As-

pro-PO III DNA fragments and Exon III (E III)-1 and E III-2 of CqPPO 3 DNA fragments, all of which contain

a TTGGCAmotif, were also significantly enriched (Figure 8B). Subsequently, qPCR was used to analyze the

interaction of cecropin B with the PPO 3 DNA fragments containing either a TTGGAA motif or a TTGGCA

motif. As shown in Figure 8C, the signals from the TTGG(C/A)Amotif in the 50 end-2, 50 end-3, Cu A, E II, and

Cu B DNA fragments of AalPPO 3 could be detected at 12 h after larval-pupal ecdysis, then this signal was

slightly decreased at 24 h after ecdysis; following this, the signals of the 50 end-2, Cu A, E II, and Cu B DNA

fragments significantly increased at 48 h after ecdysis. Somewhat differently, the signal from the TTGGCA

motif in the 50 end-3 DNA fragment was significantly increased at 36 h after larval-pupal ecdysis and then

Figure 6. Western blot analysis reveals the presence of cecropin B peptides in the pupal cells

(A) Aedes albopictus cecropin B (Aalcec B), (B) Armigeres subalbatus cecropin B2 (Ascec B2), and (C) Culex quinquefasciatus cecropin B1 (Cqcec B1) in (1)

total protein samples, (2) cytoplasmic fractions, and (3) nuclear fractions from the pupal cells of Ae. albopictus, Ar. subalbatus, and Cx. quinquefasciatus,

respectively. b-actin and histone H2B were used as loading controls for the cytoplasmic and nuclear fractions, respectively. < 0.5–72: <0.5–72 h after

injection. +: 1 ng synthetic peptide of Aalcec B, Ascec B2, or Cqcec B1.
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was found to have decreased at 48 h after ecdysis. Using As-pro-PO-III, the signals from the TTGGCAmotif

in the 50 end-2 and Cu B DNA fragments were detected immediately after larval-pupal ecdysis, and were

increased at 12 h after larval-pupal ecdysis, which was then followed by a decrease to a low level at 24 h after

larval-pupal ecdysis; thereafter, this was followed by a gradual increase from 36 to 72 h after larval-pupal

ecdysis. Furthermore, the increase in the signal related to the Cu B DNA fragment was higher than the

signal related to the 50 end-2 DNA fragment at both <0.5 and 48 h after larval-pupal ecdysis. Using

CqPPO 3, the signals from the TTGGCA motif within the E III-1 and E III-2 DNA fragments were detected

at 12 h after ecdysis, and these were increased significantly at 24 h after ecdysis and then decreased to low

levels at 36–48 h after ecdysis. The signal related to the E III-2 DNA fragment was higher than the signal

related to the E III-1 fragment (Figure 8C).

Cecropin B peptide binds in vitro to the Ae. albopictus, Ar. subalbatus, and Cx.

quinquefasciatus PPO 3 DNA fragments containing the TTGG(A/C)A putative binding motifs

Subsequently, direct binding of the three cecropin B peptide to the AalPPO 3, As-pro-PO-III, and CqPPO 3

DNA fragments in vitro was investigated by DNA pull-down assay. PPO 3 DNA fragments containing the

TTGG(A/C)A putative binding motifs were generated by cloning of the relevant DNA fragments followed

by PCR amplification. As shown in Figure 9, Aalcec B directly binds the 50 end-2, 50 end-3, Cu A, E II, and Cu

B DNA fragments of AalPPO 3 in vitro. Furthermore, Ascec B2 directly binds the 50 end-2 and Cu B DNA

fragments of As-pro-PO III. Finally, Cqcec B1 directly binds the E III-1 and E III-2 DNA fragments of

CqPPO 3.

DISCUSSION

AMPs play a pivotal role in the innate immune responses of vertebrates (Zhang andGallo, 2016; Riera Romo

et al., 2016) and invertebrates (Bulet et al., 2004; Otero-González et al., 2010). Initially, AMPs were known as

bactericidal peptides (Hultmark et al., 1980; Stotz et al., 2009; Klüver et al., 2006; Ganz, 2003; Schmitt et al.,

2010), but recently certain AMPs have been found to be multi-functional. For example, b-defensin partic-

ipates in sperm maturation and fertility in rats, mice, and humans (Semple and Dorin, 2012; Hu et al., 2014),

while human cathelicidin LL-37/hCAP-18 directly activates angiogenesis by increasing the proliferation of

endothelial cells (Koczulla et al., 2003; Wang et al., 2016); in addition, mouse orexin B enhances phagocy-

tosis via activation of calcium-dependent potassium channels in peritoneal macrophages (Ichinose et al.,

1998; Ohta et al., 2011). In insects, cecropins are the major family of inducible antibacterial peptides and

have been shown to have a broad spectrum of antimicrobial activity (Hillyer, 2010). Liu et al. (2017) have

demonstrated that Aacec B plays a crucial role in pharate adult cuticle formation by Ae. aegypti pupae

via its regulation of AaPPO 3 gene expression. The results of the present study demonstrate that three

other mosquito cecropin B molecules, namely Aalcec B, Ascec B2, and Cqcec B1, play similar roles in

the cecropin-prophenoloxidase regulatory mechanisms present in Ae. albopictus, Ar. subalbatus, and

Cx. quinquefasciatus, respectively. We found that five of the characteristics of the above three cecropin

B molecules are remarkably similar to those of Aacec B from Ae. aegypti. These are: (1) the expression level

Figure 7. Synthetic cecropin B peptide is able to enhance the transcription levels of PPO 3 in pupae

qPCR results were normalized against the mRNA expression of Ae. albopictus ribosomal protein L32 (AalRPL32), Ar. subalbatus ribosomal protein S7 (AsS7),

and Cx. quinquefasciatus ribosomal protein S7 (CqS7), respectively. Values are meansG SD, n = 3. Asterisks indicate significant differences (*p < 0.005; **p

< 0.001) compared to the relative mRNA levels of the uninjected control at each time point.

(A) The transcription levels of AalPPO 3 in the uninjected control pupae, the H2O-injected control pupae, and the Aalcec B peptide-injected pupae of Ae.

albopictus.

(B) The transcription levels of As-pro-PO III in the uninjected control pupae, the H2O-injected control pupae, and the Ascec B2 peptide-injected pupae of Ar.

subalbatus.

(C) The transcription levels of CqPPO 3 in the uninjected control pupae, the H2O-injected control pupae, and the Cqcec B1 peptide-injected pupae of Cx.

quinquefasciatus.
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fluctuation of Aalcec B, Ascec B2, and Cqcec B1 in pupae (Figures 2A–2C); (2) the effects of knockdown on

Aalcec B, Ascec B2, and Cqcec B1 in pupae of Ae. albopictus, Ar. subalbatus, and Cx. quinquefasciatus are

similar to Aacec B-knockdown in Ae. aegypti pupae, namely a high pupal mortality (Figures 2D–2F and S3),

a reduction in the transcription of PPO 3 (Figure 4), and an impairment of pharate adult cuticle formation

(Figures 5 and S4); (3) multimeric forms of cecropin B are detectable in the cell nuclei of the pupae of the

various species (Figure 6); (4) cecropin B is able to elevate directly or indirectly the transcription of PPO 3 in

the three species (Figure 7); and (5) cecropin B binds in vivo to the putative TTGG(A/C)A binding motifs,

which are present in multiple copies in PPO 3 DNA (Figure 8).

Although the roles of Aacec B, Aalcec B, Ascec B2, and Cqcec B1 seem to be similar during pharate adult

cuticle formation, the time and intensity of cecropin B binding to the TTGG(A/C)A motif differs when Ae.

albopictus, Ar. subalbatus, Cx. quinquefasciatus (Figure 8C), and Ae. aegypti are compared (Liu et al.,

2017). These results suggest that each mosquito species requires a different response time when initiating

the process of pharate adult cuticle formation. Liu et al. (2017) demonstrated that Aacec B binds to four

putative motif TTGG(A/C)A within the DNA fragments that make up AaPPO 3. In the present study, we

found that both Ascec B2 and Cqcec B1 bind to two putative binding motifs, while Aalcec B binds to

five putative binding motif (Figure 8B). One possible explanation for this is the absence of the TTGGAA

putative binding motif from the Cu B DNA fragments of both As-pro-PO III and CqPPO 3 (Figure S5B).

Although the TTGGCA binding motif is presented within the Cu A DNA fragment of As-pro-PO III (Fig-

ure S5A), it would seem that Ascec B2 is unable to bind to this motif.

The nucleotide sequence of the putative binding motif TTGG(A/C)A is nearly identical to that of the

consensus motif TTGGAA in the promoter region of the b-D-glucosidase I gene of Bifidobacterium breve

203 (Nunoura et al., 1997) and that of the consensus motif TTGGCA of the eukaryotic nuclear factor I (NFI)

Figure 8. The ChIP assays reveal that cecropin B peptide in vivo binds to the TTGG(A/C)A putative bindingmotifs within the PPO 3DNA fragments

of the mosquito pupae

(A) Schematic representation of the ChIP and control primers. Open boxes with Roman numerals indicate exons. Numbers indicate the position of the PPO 3

DNA fragments containing the TTGG(A/C)A putative binding motifs. The green box represents the positions of copper-binding site A and B.

(B) The ChIP assays of the PPO 3 DNA fragments containing the TTGG(A/C)A putative binding motifs and one control fragment without the TTGG(A/C)A

putative binding motif. Anti-Ascec B2 antibody was used for the ChIP assay. Normal rabbit IgG and control DNA fragment were used in this experiment as

negative controls. Input DNA samples and ChIP fractions at < 0.5–72 h after larval-pupal ecdysis were mixed together to examine the specific binding of

cecropin B peptide to the PPO 3 DNA fragments. Three independent experiments were carried out and gave similar results. The results from one experiment

are shown.

(C) qPCR of the ChIP assay. Three independent experiments were done and gave similar results, each with triple biological repeats. The results shown are

from one experiment with three technical replicates. Values are means G SD, n = 3.
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family transcription factors (Osada et al., 1996), which are essential for mammalian development (Gronos-

tajski, 2000; Whittle et al., 2009). Therefore, it is reasonable to assume that the TTGG(A/C)A motifs in PPO 3

are functional and are involved in the regulating the expression of this development-related gene during

pupal development in mosquitoes. In the last decade, PPO 3 has been suggested to be a critical enzyme

in the melanization reaction in Ae. aegypti (Wang et al., 2017) and Drosophila melanogaster (Dudzic et al.,

2015), as well as in the cuticle formation ofAr. subalbatus (Tsao et al., 2010) andAe. aegypti (Liu et al., 2017).

Although the exon-intron gene structure of CqPPO 3 is different from that of AaPPO 3 (Liu et al., 2017),

AalPPO 3, and As-pro-PO III (Figure 4A), all of the gene expression and the physiological functions of

the four PPO 3 genes are similar during the pupal metamorphosis of Ae. aegypti, Ae. albopictus, Ar. sub-

albatus, andCx. quinquefasciatus. Thus, it would be interesting to further elucidate in more detail how PPO

3 is activated during pupal development in mosquitoes.

The molting process and metamorphosis of insects are coordinately regulated by two major hormones,

these are the sesquiterpenoid juvenile hormone (JH) and the steroid 20-hydroxyecdysone (20E) (Dubrov-

sky, 2005). JH determines the nature of the molt, while 20E initiates and orchestrates larval-larval molting

and larval-pupal-adult metamorphosis (Tian et al., 2010; Liu et al., 2018). During the onset of metamor-

phosis, 20E initiates various early gene expression cascades and induces the formation of the pupal cuticle

in order to regulate the insect’s developmental transitions (Dong et al., 2003; King-Jones et al., 2005; Ya-

manaka et al., 2013). Previous studies have demonstrated that 20E modulates the cellular and humoral

innate immunity of insects (Flatt et al., 2008; Tian et al., 2010; Sun et al., 2016) by priming the production

of various effector genes, including cecropins (Reynolds et al., 2020; Nunes et al., 2020) and PPOs (Han

et al., 2020; Reynolds et al., 2020). The results of Liu et al. (2017) and of the present study demonstrate

that, in Ae. aegypti, Ae. albopictus, Ar. subalbatus, and Cx. quinquefasciatus, cecropin B is expressed

constitutively and regulates the transcription of PPO 3 in wild-type pupae. The precise regulatory mecha-

nism controlling cecropin B-PPO 3 in mosquitoes still remains unclear, and therefore further experiments

are necessary to test whether 20E orchestrate cuticle formation via the cecropin-prophenoloxidase regu-

latory mechanism during metamorphosis in insects. Zufelato et al. (2004) have shown that 20E activates the

transcription of PPO inApis mellifera (Hymenoptera: Apidae). Because no homolog of Aacec B is present in

hymenopteran and hemipteran insects, it would also be interesting to study how 20E regulates the PPO

cascade in hymenopteran and hemipteran insects.

Double-stranded RNA-mediated interference (RNAi) is a widely used tool for the artificially manipulating

gene expression in many organisms (Liu et al., 2010; Zhao et al., 2016). However, it may produce off-target

effects. In order to validate precisely RNAi-induced phenotypes, the ideal method is through rescue of the

RNAi phenotype by the targeted gene itself (Schulz et al., 2009) or via cross-species rescue by expressing

an orthologous gene from a closely related species (Kondo et al., 2009). Results of the present study

demonstrated that all of the knockdowns of cecropin B were cross-species rescued by synthetic

Figure 9. DNA pull-down assay showing that cecropin B peptide binds directly to the PPO 3 DNA fragments of the mosquito pupae

The figures show the PCR analyses of the PPO 3 DNA fragments that bind to cecropin B-conjugated beads. Hccec B-conjugated beads were used as

controls. Three independent experiments were done and gave similar results, each with triple biological repeats. The results shown are from one experiment

with three technical replicates.
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sequence-similar cecropin B peptides from other mosquito species, indicating that RNAi rescue with a ho-

mologous synthetic peptide in Ae. aegypti, Ae. albopictus, Ar. subalbatus, and Cx. quinquefasciatus is

achieved using a cross-species approach.

In conclusion, the present study has demonstrated that three mosquito cecropins, Aalcec B, Ascec B2,

and Cqcec B1, all play a significant role in the pharate adult cuticle formation in pupae of Ae. albopictus,

Ar. subalbatus, and Cx. quinquefasciatus via the regulation of AalPPO 3, As-pro-PO III, and CqPPO 3,

respectively. The results of this study support the idea that the cecropin-prophenoloxidase regulatory

mechanisms are active during cuticle formation is a cross-species manner in these three species of

mosquitoes. Further studies in the future should be carried out to determine whether the cecropin-

prophenoloxidase regulatory mechanism during cuticle formation is a conserved mechanism in other

insects.

Limitations of study

Our findings show that the three cecropin B genes studied here are homologes of Aacec B and that they

play a similar crucial role in the cecropin-prophenoloxidase regulation mechanism during pupal develop-

ment. It would be of great interest to explore whether cecropins that have a more distant evolutionary rela-

tionship than the above three genes also participate in cecropin-prophenoloxidase regulation.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-b-actin antibody Santa Cruz Biotechnology Inc., USA Cat# sc-47778 HRP, RRID:AB_271418

Secondary anti-mouse immunoglobulin-

horseradish peroxidase

PerkinElmer, Inc., USA NEF822

Anti-histone H2B (D2H6) antibody Cell Signaling Technology, USA Cat# 12364, RRID:AB_2714167

Secondary anti-rabbit immunoglobulin-

horseradish peroxidase

KPL, USA 474-1516

anti-Ascec B2 antibody Yao-Hong Biotechnology Inc., Taiwan N/A

Chemicals, peptides, and recombinant proteins

goose liver powder NTN Fishing Bait LTD., Taiwan N/A

yeast powder Taiwan Sugar Corp., Taiwan N/A

TRI Reagent� Merck, USA T9424

1-Bromo-3-chloropropane Sigma-Aldrich, USA B9673-200ML

2-propanol Sigma-Aldrich, USA 278475

synthetic cecropin B peptides Genemed Synthesis Inc., USA N/A

5% b-mercaptoethanol Sigma-Aldrich, USA 63689-25ML-F

Glutaraldehyde Electron Microscopy Science, USA cat. #16220

Cacodylate Merck, USA C0250

uranyl acetate Bio-Rad, USA a2312/3

lead citrate Electron Microscopy Science, USA cat. #17800

Formaldehyde Sigma-Aldrich, USA 252549

Glycine Sigma-Aldrich, USA G-7126

Luminata� Classico Western Chemiluminescent

HRP Substrates

Merck, USA WBLUC0500

MEGAscriptTM T3 transcription kit Thermo Scientific, USA AM1338

MEGAscriptTM T7 transcription kit Thermo Scientific, USA AMB1334

RevertAidTM First Strand cDNA Synthesis Kit Thermo Scientific, USA K1622

2x ChamQ Universal SYBR qPCR Master Mix Vazyme Biotech, China Q711

Epon 812 resin Electron Microscopy Science, USA EMS #14120

RevertAidTM First Strand cDNA Synthesis Kit Thermo Scientific, USA K1622

Pierce� Magnetic ChIP Kit Thermo Scientific, USA 26157

Experimental models: Organisms/strains

Mouse: ICR National Taiwan University College of

Medicine Laboratory Animal Center

N/A

Oligonucleotides

PCR primers Mission Biotech Co. Ltd., Taiwan See Table S1 for a list of oligonucleotides

Software and algorithms

Clustal Omega EMBL-EBI https://www.ebi.ac.uk/Tools/msa/clustalo/

Adobe Photoshop Photoshop Software https://www.adobe.com

MEGA-X Mega software https://www.megasoftware.net/

The MEME Suite MEME https://meme-suite.org/meme/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Wu-Chun Tu (wctu@dragon.nchu.edu.tw).

Materials availability

This study did not generate new unique reagents.

Data and code availability

This paper analyzes existing publicly available data, with information in the key resources table. This paper

does not report any original code. Any additional information required to reanalyze the data reported in

this paper is available from the lead contact on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mosquito rearing

The source and maintenance of the mosquitoes has been described previously (Liu et al., 2020). Ae. albo-

pictuswere collected from Kaohsiung in 2003. TheAr. subalbatus colony was obtain from theNational Insti-

tute of Preventive Medicine, Taipei, Taiwan, in 1992 and has been kept in our insectary since 2002.Cx. quin-

quefasciatus were collected from Yunling in 2007. The mosquitoes are reared at 26 G 1�C and 70-80%

relative humidity on a 14 hrs light: 10 hrs dark photoperiod under standard laboratory conditions. All adult

mosquitoes are fed with a 10% sugar solution. Female mosquitoes are blood-fed on anesthetized mice

once every two weeks. Larvae are fed a mixture of goose liver powder (NTN Fishing Bait LTD., Taiwan)

and yeast powder (Taiwan Sugar Corp., Taiwan) (1:1).

Double-stranded RNA synthesis and injection

All dsRNA synthesis was carried out as previously described (Liu et al., 2017). The double-stranded RNA

(dsRNA) of the target genes were synthesized using a MEGAscriptTM T3/T7 transcription kit (Thermo Sci-

entific, USA). In brief, 1 mg linearized plasmid template was used as template in a 20 mL in vitro transcription

reaction. The reaction was incubated for 4 hrs at 37�C, followed by adding 1 mL DNase and treating for

15 min. Equal amounts of single-stranded RNA were added together, then annealed by heating at

100�C for 10 min followed by cooling to room temperature overnight. A total of 1 mg of the dsRNA, was

dissolved in 0.5 mL DEPC-treated water, and then this was intrathoracically injected into the pupae using

a glass injector linked to a glass capillary needle. Control mosquitoes were injected with 0.5 mL DEPC-

treated water containing 1 mg GFP dsRNA. All pupae were injected within 0.5 hr after larval-pupal ecdysis,

and total RNA from whole mosquitoes was then collected at several different time intervals after dsRNA

injection. RT-qPCR was used to detect the effects of dsRNA-based gene silencing on the target genes.

The cumulative mortality rates (%) of uninjected control and the dsRNA-injected mosquitoes were

compared using one-way ANOVA and Tukey’s test (p < 0.01).

Ethics approval and consent to participate

Both female andmale of mice were 2-3months old, when used. All mice that were used as a source of blood

for mosquitoes were treated in an accordance with the institutional Animal Care and Use Committee

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GraphPad Prism Software GraphPad https://www.graphpad.com/scientific

software/prism/

Other

NCBI NIH http://www.ncbi.nlm.nih.gov/

Triatoma Transcriptomes N/A http://201.131.57.23:8080/data/triatoma

Ensembl Genomes EMBL-EBI http://ensemblgenomes.org/

AphidCyc Université de Lyon http://acypicyc.cycadsys.org/

Hymenoptera Genome Database University of Missouri https://hymenoptera.elsiklab.missouri.edu/
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(IACUC) of NCHU, Taiwan. The study protocols were reviewed and approved by the Committee on Animal

Research and Care in NCHU (No. 102-76, 23 October 2013 to 17 October 2018). All efforts were made to

minimize suffering of the mice.

METHOD DETAILS

Sequence alignment and phylogenetic analysis

The multiple sequence alignment of cecropin from insects, nematodes and tunicates (retrieved at http://

www.ncbi.nlm.nih.gov/, http://201.131.57.23:8080/data/triatoma, http://ensemblgenomes.org/, http://

acypicyc.cycadsys.org/ and https://hymenoptera.elsiklab.missouri.edu/) were performed using Clustal

Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). The aligned sequences were used to construct

Neighbor-Joining phylogenetic trees using MEGA-X. The bootstrap method was used for testing the phy-

logeny results. The confidence limits of the branch points were estimated using 1,000 bootstrap replica-

tions. Amino acid substitution model: p-distance; gaps were treated by pairwise deletion. Numbers at

the nodes indicated the bootstrap proportions (only over 50% are showed).

RNA extraction

Twenty whole mosquito bodies were homogenized on ice in 1 mL TRI Reagent� (Merck, USA). After adding

200 mL 1-Bromo-3-chloropropane (Sigma-Aldrich, USA), the mixtures were then incubated on ice for

10 min, which was followed by centrifugation for 15 min at 14,000 g at 4�C. The resultant clear upper

aqueous phase was then transferred to a new tube, mixed with an equal volume of ice-cold 2-propanol

(Sigma-Aldrich, USA) and incubated on ice for 15 min. This was followed by centrifugation at 14,000 g

for 15 min at 4�C. The supernatant was removed, and the RNA pellet was washed twice with 1 mL cold

75% EtOH. The RNA pellet was dried at 65�C for 2 min and then was re-suspended in RNase-free water.

The concentration of the RNA samples were then assessed using a NanoDROPTM 2000 spectrophotometer

(Thermo Scientific, USA). All RNA samples were stored at �80�C.

Reverse transcription-quantitative PCR (RT-qPCR) analysis

The relative expression of a gene was analyzed by RT-qPCR. RT was performed using a RevertAidTM First

Strand cDNA Synthesis Kit (Thermo Scientific, USA) according to the manufacturer’s protocol. The specific

primer pairs used for the RT-qPCR are shown in Table S1. The sequences of the above PCR products, as

amplified by the specific primer pairs, were confirmed by sequencing. All of qPCR reactions were conduct-

ed using an ABI StepOnePlus� detection system (Applied Biosystems, USA) and MicroAmp� Optical

8-Tube Strips (Applied Biosystems, USA). Each reaction tube contained 10 mL of 2x ChamQ Universal

SYBR qPCR Master Mix (Vazyme Biotech, China), 2.5 mL of 1.6 mM of each gene-specific primer, and 5 mL

of 10x diluted cDNA in the total volume of 20 mL. The thermal cycling conditions were initiated by heating

to 95�C for 3 min, followed by 40 cycles of 95�C for 15 s and 56�C for 30 s. The data was obtained using

triplicate RT-PCR reactions and these were then analyzed to identify any significant differences

(p < 0.005, one-way ANOVA by Tukey’s test).

Protein synthesis

The four synthetic cecropin B peptides used in this study were synthesized by Genemed Synthesis Inc.

(USA). The amino acid sequence of Aacec B peptide used in this study is N-GRLKKLGKKIERAGKRVFN

AAQKGLPVAAGIKGLGR-C as previously described (Liu et al., 2017). The Ascec B2 peptide sequence is

N-GRLKKLGKKIERAGKRVVNAAQKGLPVAAGIQALGR-C. The Aalcec B peptide sequence is N-GRLKKLGK

KIEKAGKRVFNAAQKGLPVAAGVKALGR-C. The Cqcec B1 peptide sequence is N-GRLKKLGKKIEKAGKR

VFNAVQKGLPVAAGVQALGR-C. The cecropia moth (Hyalophora cecropia) cecropin B (Hccec B) peptide,

was used as the controls in RNAi phenotype rescue experiments and DNA pull-down assay, sequence was

N-KWKVFKKIEKMGRNIRNGIVKAGPAIAVLGEAKAL-C. The Ar. subalbatus cecropin B1 (Ascec B1) peptide,

was used to test the specificity of Ascec B2 antibody, sequence is N-GFLKKLGKKVEGVGKRVFKASEKALPV

VAGYKAVGK-C.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting

SDS-PAGE and Western blotting were carried out as previously described by Liu et al.’s protocol (2017).

Each protein sample was mixed with sample buffer containing SDS, DTT and 5% b-mercaptoethanol

(b-ME) and then boiled at 100�C for 10 min; then each sample was separated by 10% SDS-PAGE (Toolsbio-

tech, Taiwan) under reducing conditions. Next the proteins were transferred to a polyvinylidene difluoride
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membrane (Millipore, USA) using a transfer apparatus. Anti-b-actin antibody (Santa Cruz Biotechnology

Inc., USA), secondary anti-mouse immunoglobulin-horseradish peroxidase (PerkinElmer, Inc., USA), anti-

histone H2B antibody (Cell Signaling Technology, USA) and secondary anti-rabbit immunoglobulin-horse-

radish peroxidase (KPL, USA) were used for the Western blot analysis. For the production of anti-Ascec B2

antibody, the most variable regions of the peptide sequence across the five Ascecs and Ae. aegypti cecro-

pin B (Aacec B) were identified by BLAST and antigen prediction. Specifically, the peptide sequence region

near the C-terminal end (amino acid sequence N-VNAAQKGLPVAAGIQALGR-C) was identified and used

to generate an appropriate antigenic peptide, which was then used for rabbit polyclonal anti-Ascec B2 anti-

body generation by Yao-Hong Biotechnology Inc. (Taiwan).

Transmission electron microscopy (TEM)

Sample preparation for TEMwas carried out as described by Liu et al.’s protocol (2017). In brief, at least five

surviving pupae were randomly selected at 48 hrs (Ae. albopictus and Cx. quinquefasciatus) or at 72 hrs (Ar.

subalbatus) after injection and dissected in cold PBS. The third and fourth abdominal fragments were

excised and fixed with 3% glutaraldehyde (Electron Microscopy Science, USA) in cacodylate buffer (0.1

M, pH 7.4) (Merck, USA) for 3 hrs at 4�C and then post-fixed in 1% osmium tetroxide in cacodylate buffer

(0.1 M, pH 7.4) for 6 hrs at 4�C. After washing three times in cold PBS for 10 min each, the fixed specimens

were dehydrated in increasing ethanol concentrations and then embedded in Epon 812 resin (Electron Mi-

croscopy Science, USA). The blocks were sectioned using an ultramicrotome (Ultracut; Leica Microsystems,

Germany). The ultrathin sections were placed on formvar-coated copper grids (SPI Supplies, Inc., USA),

post-stained with 2% uranyl acetate (Merck, USA) and 1% lead citrate (Electron Microscopy Science,

USA), and then visualized/photographed using a 100-kV transmission electron microscope (JEOL

2000EX II) (Japanese Electron Optic Laboratory, Japan).

Standard and quantitative chromatin immunoprecipitation (standard ChIP and qChIP)

The standard ChIP assays were carried out as previously described (Liu et al., 2017). Briefly, pupae were homog-

enized in PBS (150 mMNaCl, 1 mM CaCl2, 2 mM KCl, and 1 mMNaHCO3, pH 7.0) on ice and any DNA-protein

complexes present were cross-linked by the addition of 1% formaldehyde (Sigma-Aldrich, USA) to the samples.

The samples were incubated at 37�C for 10 min, and the reaction was then stopped by the addition of glycine

(Sigma-Aldrich, USA) to a final concentration of 125 mM at room temperature for 5 min. The ChIP assay was per-

formedusing a Pierce�Magnetic ChIP Kit (Thermo Scientific, USA) according to themanufacturer’s instructions.

Three biological replicates were carried out for the qChIP assay and the amount of precipitated DNAwas quan-

tified using quantitative polymerase chain reaction as the percentage precipitated relative to each input sample.

The primers used in the ChIP and qChIP assays are listed in Table S1.

DNA pull-down assay

The DNA pull-down assay was carried out as previously described (Liu et al., 2017). Synthetic cecropin B

peptide (cec B) was covalently crosslinked with TANBead USPIO-101 (Taiwan Advanced Nanotech Inc.,

Taiwan) through a 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (Sigma-Aldrich, USA)

by coupling reaction in the coupling buffer (100 mM 2-(N-morpholino)-ethanesulfonic acid, 150 mM So-

dium chloride, pH 6.0) and then stored at 4�C until use. The cec B peptide-conjugated magnetic beads

were incubated with each PPO 3 DNA fragment for 30 min at 25�C under gentle rotation. The bead-cec

B peptide-DNA fragment complexes were then collected with a magnet and was washed three times

with 13 cold PBS containing 0.1% Tween-20, followed by two times with 1x cold PBS. Each bead-cec B pep-

tide-DNA fragment complex fraction was then collected again with a magnet and suspended in 50 mL

distilled water for subsequent qPCR analysis. The specific primer pairs used to detect the PPO 3 DNA frag-

ments are shown in Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism andMicrosoft Excel software were used for statistical analysis. Unless otherwise indicated,

a one-way ANOVA by Tukey’s test was used to determine differences between treatments. All experiments

were performed in triplicate. All data were considered statistically significant at p < 0.005 for qPCR or

p < 0.01 for cumulative mortality rates, and the results are presented as means G SD. Statistical details

of experiments can be found in the figure legends, figures, and results. *p < 0.005; **p < 0.001.
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