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SUMMARY

Epithelial tissues facing the external environment are
essential to combating microbial infection. In addi-
tion to providing a physical barrier, epithelial tissues
mount chemical defenses to prevent invasion of in-
ternal tissues by pathogens. Here, we describe that
the melanization reaction implicated in host defense
is activated in the respiratory system, the trachea, of
Drosophila. Tracheal melanization can be activated
by the presence of microorganisms but is normally
blocked by Spn77Ba, a protease inhibitor in the ser-
pin family. Spn77Ba inhibits a protease cascade in-
volving the MP1 and MP2 proteases that activates
phenol oxidase, a key enzyme in melanin biosynthe-
sis. Unexpectedly, we found that tracheal melaniza-
tion resulting from Spn77Ba disruption induces
systemic expression of the antifungal peptide Droso-
mycin via the Toll pathway. Such signaling between
local and systemic immune responses could repre-
sent an alarm mechanism that prepares the host in
case a pathogen breaches epithelial defenses to in-
vade internal tissues.

INTRODUCTION

Innate immunity is an ancient system of host defense against

pathogens used by a wide range of organisms (Medzhitov and

Janeway, 2000). In humans, innate immunity is the front line of

host defense that acts before the adaptive immune system.

Whereas the adaptive immune system can be programmed to

recognize an almost infinite number of specific antigens, the in-

nate immune system is hardwired to recognize a limited number

of common determinants found in infectious agents. Nonethe-

less, the innate immune system involves a sophisticated reper-

toire of humoral and cellular responses, acting at local as well

as systemic levels, which together provide an effective barrier

to infection by pathogens (Medzhitov, 2007). In recent years,

many fundamental mechanisms and principles of innate immu-

nity have been revealed from studies with the fruit fly Drosophila

(Lemaitre and Hoffmann, 2007).
Develop
A key innate immune mechanism found in both humans and

Drosophila involves signaling by receptors in the Toll family. In

humans, upon microbial infection, Toll-like receptors (TLRs) ac-

tivate the synthesis of cytokines as well as other molecules that

stimulate induction of the adaptive immune system (Akira et al.,

2006). In Drosophila, Toll activates the synthesis of antimicrobial

peptides (AMPs) by the fat body, the functional equivalent of hu-

man liver and adipose tissue (Lemaitre et al., 1996). Since AMPs

synthesized by the fat body are secreted into the blood-like he-

molymph which bathe all internal tissues and organs, they pro-

vide systemic protection against pathogens that may invade

the body cavity. In humans, pathogens are directly sensed by

TLRs, but in Drosophila, they are detected by circulating pattern

recognition receptors (PRRs) that trigger protease cascades,

which lead to cleavage of the Spätzle protein to generate the li-

gand that activates Toll signaling. In Drosophila, the Toll pathway

is mainly responsive to infection by Gram-positive bacteria and

fungi, whereas the Imd pathway activates AMP synthesis in re-

sponse to infection by Gram-negative bacteria. Both pathways,

as well as human TLRs, trigger immune gene expression by ac-

tivating a transcription factor in the NF-kB family (Ferrandon

et al., 2007).

Another major immune response in Drosophila, and more gen-

erally in insects and other arthropods, is the melanization reac-

tion (Cerenius and Soderhall, 2004). Melanization involves the

rapid synthesis of melanin at the site of infection and injury in or-

der to contain a microbial pathogen as well as to facilitate wound

healing. A key enzyme in melanin biosynthesis is phenol oxidase

(PO), which catalyzes the oxidation of phenols to quinones that

then polymerize into melanin. A by-product of PO activity is reac-

tive oxygen species (ROS), a potent antimicrobial agent. PO is

synthesized as an inactive zymogen called proPO (PPO), which

is released by crystal cells that circulate in the hemolymph and

cleaved to generate active PO at the end of a protease cascade

(Cerenius and Soderhall, 2004). The proteases in this cascade

also exist as inactive zymogens in the hemolymph, analogous

to components of the complement pathway found in human

blood and tissues. Thus, like the human complement pathway,

the melanization reaction functions as a component of the hu-

moral immune response to contain pathogens that invade inter-

nal body spaces.

As illustrated by the Toll pathway and the melanization reac-

tion in Drosophila but also by the complement pathway in hu-

mans, a recurring theme in innate immunity is the use of protease
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cascades to activate immune responses. Such protease cas-

cades, because of their potential for enormous signal amplifica-

tion, are advantageous for detecting minute levels of pathogens.

However, tight regulation must exist to prevent their activation

under normal conditions and to localize their action both tempo-

rally and spatially. Indeed, C1 inhibitor, a member of the serpin

family of protease inhibitors, is an essential regulator of the com-

plement pathway (Wagenaar-Bos and Hack, 2006). Moreover,

genetic studies in Drosophila have defined important roles for

serpins in inhibiting the protease cascades that activate Toll

and the melanization reaction (De Gregorio et al., 2002; Leva-

shina et al., 1999; Ligoxygakis et al., 2002b).

Epithelial tissues exposed to microorganisms in the environ-

ment play an important role in innate immunity. In addition to

providing a physical barrier, such epithelia secrete chemical

defenses to prevent pathogen penetration of internal tissues.

Recent studies have shown that epithelia in Drosophila, as in hu-

mans, mount local immune responses. In particular, the respira-

tory and reproductive tracts express the antifungal peptide

Drosomycin (Drs) in response to contact with pathogens, but in-

terestingly, this response depends on the Imd pathway, not the

Toll pathway utilized by the fat body during systemic antimicro-

bial responses (Ferrandon et al., 1998; Tzou et al., 2000). More-

over, reactive oxygen species generated by a dual oxidase are

essential for the antimicrobial activity of the gastrointestinal tract

(Ha et al., 2005).

Here, we show that the melanization reaction can be activated

in the trachea, the respiratory system, of Drosophila. In an RNAi

screen to investigate the function of serpins in Drosophila, we

discovered that the serpin Spn77Ba is a trachea-specific inhibi-

tor of melanization. As in other tissues, melanization of the tra-

chea is strongly enhanced by the presence of microorganisms.

Surprisingly, however, tracheal melanization induces a systemic

response (Drs expression in the fat body) via the Toll pathway,

which may represent a mechanism for alerting and preparing

the host for possible infection of internal tissues. Our data sug-

Figure 1. Serpin Spn77Ba Is Required to Prevent Tracheal

Melanization

(A) Melanization of larval trachea resulted when Spn77Ba RNAi was broadly

activated with the act-Gal4 driver and a UAS construct encoding an inverted

repeat of Spn77Ba sequence.

(B–D) Spn77Ba RNAi with tracheal-specific btl-Gal4 driver resulted in tracheal

melanization in larvae (B), pupae (C), and adults (D).

(E) Embryonic lethality caused by a spn77Ba null mutation was rescued by

Spn77Ba expression resulting from leaky activity of the hs-Gal4 driver at

18�C. The larval survivors showed tracheal melanization.
618 Developmental Cell 15, 617–626, October 14, 2008 ª2008 Else
gest that melanization is an intrinsic immune response of respi-

ratory epithelium under tight negative control by a serpin.

RESULTS

Serpin Spn77Ba Inhibits Tracheal Melanization
and Is Essential for Organism Viability
As part of an RNAi screen to investigate the biological function of

serpins in Drosophila, we generated transgenic flies bearing an

inverted repeat construct of serpin Spn77Ba under control of

the UAS element recognized by the Gal4 transcriptional activator

(UAS-Spn77Ba-IR). These flies were crossed to Gal4 ‘‘driver’’

flies in order to activate RNAi of Spn77Ba in the progeny (Duffy,

2002). When the act-Gal4 driver was used to activate Spn77Ba

RNAi in virtually all tissues during development, the result was

a striking phenotype in larva: melanization of the tracheal sys-

tem, the respiratory organ (Figure 1A). Tracheal melanization

was first visible during the second or third instar larval stage

and increased in intensity until the affected larva died within

a few days before reaching the pupal stage. This phenotype

was observed in experiments with two different inverted repeat

constructs targeting different regions of the Spn77Ba gene and

with multiple independently generated transgenic lines for each

construct. By quantitative RT-PCR analysis, we estimated that

RNAi was able to knock down Spn77Ba expression to

20%–30% of the wild-type level (data not shown). These results

suggest that Spn77Ba is required for inhibiting melanization in

the tracheal system and for larval viability.

We identified a spn77Ba null mutation, l(3)77ABi[W7], that

causes early lethality (Lukinova et al., 1999), which was rescued

by overexpression of the Spn77Ba protein using the act-Gal4

driver (see Supplemental Data available online). To bypass this

early essential requirement for Spn77Ba function, we overex-

pressed Spn77Ba in the l(3)77ABi[W7] mutant background, us-

ing the hs-Gal4 driver. At 18�C, leaky expression of Spn77Ba

was sufficient for some larvae to grow to the second instar stage,

and these survivors had melanized trachea and in most cases

died before reaching the third instar stage (Figure 1E). At

22�C–25�C, some larvae survived to third instar and even grew

to pupae. These larvae and pupae also had melanized trachea,

which was similar to that induced by Spn77Ba RNAi (data not

shown). These results confirm that l(3)77ABi[W7] is a mutation

of the spn77Ba gene and that the phenotype induced by RNAi

is due to specific knockdown of the spn77Ba gene. They also

suggest that low level of Spn77Ba activity, such as left by

RNAi, was sufficient to fulfill Spn77Ba’s essential function during

early development, but not its role in inhibiting tracheal melaniza-

tion during the larval stage.

Inhibition of Tracheal Melanization Involves Spn77Ba
Expressed by Tracheal Cells
To determine if Spn77Ba gene function is required in tracheal

cells to prevent tracheal melanization, we used the tracheal-spe-

cific btl-Gal4 driver to activate Spn77Ba RNAi. In btl-Gal4/UAS-

Spn77Ba-IR larvae, we observed tracheal melanization, albeit at

a weaker level than seen in act-Gal4/UAS-Spn77Ba-IR larvae

(Figure 1B). All of the btl-Gal4/UAS-Spn77Ba-IR larvae were

able to develop to the prepupal stage. Around 35% of

btl-Gal4/UAS-Spn77Ba-IR prepupae or pupae showed severe
vier Inc.
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melanization, defined as intense melanization of a significant

portion of the tracheal system (Figure 1C). The remaining 65%

of btl-Gal4/UAS-Spn77Ba-IR pupae were able to develop to

adults, of which 96% showed tracheal melanization

Figure 2. Spn77Ba Is Expressed by Tracheal Cells and Is Localized

at Apical Surface of Tracheal Epithelium Where Melanization Is

Initiated

(A) A Gal4 driver containing 2.2 kbp of DNA from 50end of Spn77Ba gene was

used to activate GFP expression from a UAS-GFP construct. GFP signal is

seen in trachea and at lower levels in gut and epidermis.

(B) When expressed by transfected S2 cells, HA-tagged Spn77Ba protein was

detected mainly in the culture medium by western blot using anti-HA antibody.

(C–D) When Spn77Ba-GFP fusion protein was expressed under control of the

da-Gal4 driver, GFP signal [(C and D), green] was seen on apical surface of tra-

cheal epithelium, toward luminal side of apical F-actin and colocalized with

chitin. F-actin of tracheal cells was stained with Alexa Fluor 633–phalloidin

[(C0 ), red] and chitin was visualized with a rhodamine-conjugated chitin-bind-

ing probe [(D0), red]. N, nucleus.

(E) Melanization (arrow) resulting from Spn77Ba RNAi can be initially detected

between tracheal cuticle and epithelial cells. Cells of tracheal epithelium were

visualized by expression of cytoplasmic GFP under control of the btl-Gal4

driver (E0 ). N, nucleus.

(F) Nonmelanized and melanized sections of trachea in btl > Spn77Ba-IR larva

were compared for integrity of the basement membrane, which was visualized

with a vkg-GFP reporter (Morin et al., 2001). F-actin staining with Alexa Fluor

633–phalloidin was used to visualize the epithelial cells.
Develop
(Figure 1D). Moreover, l(3)77ABi[W7], the spn77Ba null mutation,

enhanced the phenotype seen with Spn77Ba RNAi. At 18�C,

where 81% of btl-Gal4/UAS-Spn77Ba-IR flies were viable, all

btl-Gal4/UAS-Spn77Ba-IR; l(3)77ABi[W7]/+ flies died before

the adult stage. These results suggest that Spn77Ba gene func-

tion is required in tracheal cells to prevent melanization of the tra-

cheal system.

To confirm that Spn77Ba is expressed in tracheal cells, we

made transgenic flies in which the 50 transcriptional control re-

gion of the spn77Ba gene is used to express the Gal4 protein.

Combining this Spn77Ba-Gal4 driver with a UAS-GFP construct

resulted in strong GFP expression in tracheal cells throughout

the larval tracheal system (Figure 2A). Weak GFP expression

was also visible in other tissues, including the gut and the epider-

mis. When the Spn77Ba-Gal4 driver was used to activate

Spn77Ba RNAi, the result was tracheal melanization (data not

shown). These results demonstrate that Spn77Ba is expressed

in tracheal cells.

Having a potential N-terminal signal peptide, Spn77Ba protein

is likely secreted by tracheal cells. Indeed, Spn77Ba protein was

mainly detected in the culture medium when expressed by trans-

fected S2 cells (Figure 2B). To investigate the subcellular locali-

zation of the Spn77Ba protein in vivo, we made transgenic flies

that can express a fusion protein of Spn77Ba and a C-terminal

GFP under Gal4/UAS control. When da-Gal4 was used to drive

the expression of the fusion protein, GFP signal was detected

on the apical surface of tracheal cells facing the airway lumen

(Figure 2C). The GFP signal was predominantly associated

with the chitinous cuticle lining the tracheal epithelium

(Figure 2D). These results suggest that Spn77Ba is localized in

the extracellular space facing the airway lumen.

Consistent with the localization of the Spn77Ba-GFP fusion

protein, the melanin resulting from Spn77Ba RNAi was first de-

tected at a low level between tracheal cells and the overlying

cuticle (Figure 2E). As the amount of melanin generated by the

melanization reaction increased, it spread to encompass the ep-

ithelial layer occupied by the tracheal cells. Surprisingly, despite

such massive melanization of the tracheal epithelium, the under-

lying basement membrane appeared to remain intact (Figure 2F).

Spn77Ba Inhibits Phenol Oxidase Activity Required
for Melanin Biosynthesis
A key enzyme in the melanin biosynthetic pathway is phenol

oxidase (PO), which catalyzes the oxidation of phenols to qui-

nones that then polymerize into melanin. To test if the melaniza-

tion resulting from Spn77Ba RNAi is due to an increase in PO

activity, we developed an ex vivo assay for tracheal PO activity.

We dissected dorsal tracheal trunks from btl-Gal4/UAS-

Spn77Ba-IR larvae and incubated them on filter paper pre-

soaked in L-DOPA, a PO substrate. After 1 hr of incubation, tra-

chea from Spn77Ba RNAi larvae, but not control larvae, were

strongly melanized, indicating a higher than normal level of PO

activity (Figures 3A and 3B). These results suggest that Spn77Ba

is required to inhibit PO activity in trachea.

We wondered if the PO involved in tracheal melanization is en-

dogenously made by tracheal cells like Spn77Ba or is imported.

The Bc1 mutation in the Black cells gene, encoding a phenol

oxidase stored in hemolymph crystal cells, suppresses hemo-

lymph melanization and lethality caused by loss of serpin
mental Cell 15, 617–626, October 14, 2008 ª2008 Elsevier Inc. 619
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Spn27A (De Gregorio et al., 2002). To check if Bc is also involved

in tracheal melanization controlled by Spn77Ba, we activated

Spn77Ba RNAi with the tracheal-specific btl-Gal4 driver in

Figure 3. Spn77Ba Inhibits the MP1/MP2 Protease Cascade that

Activates Phenol Oxidase

(A–D) Phenol oxidase (PO) activity was assayed ex vivo using dissected larval

trachea incubated in L-DOPA solution. Trachea from wild-type (wt) larva

showed no detectable melanization (A), but trachea from btl > Spn77Ba-IR

larva showed significant melanization, indicating a high level of PO activity

(B). Trachea in which MP1 protease was overexpressed showed weak melani-

zation (C), which was suppressed by simultaneously overexpressing

Spn77Ba (D).

(E) Spn77Ba regulates tracheal melanization by inhibiting the MP1/MP2 prote-

ase cascade. The percentage of adults of various genotypes showing tracheal

melanization was measured.

(F) Suppression of tracheal melanization rescues semilethality caused by

Spn77Ba RNAi in trachea. Adult flies of various genotypes were counted within

one day of eclosion. Siblings carrying the CyO balancer were regarded as

100% viable. Data represent the average of at least three independent exper-

iments ± SDV.
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a Bc1 mutant background. We found that Bc1 did not suppress

melanization or lethality caused by Spn77Ba RNAi (Figures 3E

and 3F), which suggests that the PO involved in tracheal melani-

zation is not from crystal cells.

Spn77Ba Inhibits a Protease Cascade Involving the MP1
and MP2 Proteases that Activates Phenol Oxidase
MP1 and MP2 were previously identified as two proteases that

function in a melanization cascade, with MP1 acting down-

stream of MP2, to activate PO in the hemolymph (Castillejo-Lo-

pez and Hacker, 2005; Leclerc et al., 2006; Tang et al., 2006). To

check if these two proteases are also involved in activating tra-

cheal melanization, we generated flies in which both Spn77Ba

RNAi and MP1 or MP2 RNAi were activated with the act-Gal4

driver. RNAi of MP1 or MP2 completely suppressed tracheal

melanization and larval lethality caused by Spn77Ba RNAi

(data not shown). These data suggest that Spn77Ba inhibits

the MP1/MP2 melanization cascade and that melanization is

the cause of lethality, perhaps by compromising the respiratory

function of the trachea.

We then checked if tracheal melanization involves the MP1

protease expressed by tracheal cells. If so, then disrupting

MP1 specifically in tracheal cells should suppress melanization

induced by Spn77Ba RNAi. Indeed, using the btl-Gal4 driver,

we found that MP1 RNAi rescued the adult lethality and melani-

zation caused by Spn77Ba RNAi. The adult survival rate in-

creased from 65% to 96%, and the adult melanization rate de-

creased from 95% to 0% (Figures 3E and 3F). These results

suggest that MP1 gene activity is required in tracheal cells in or-

der to activate tracheal melanization.

Since MP1 is required to activate tracheal melanization, over-

expression of this protease would be predicted to result in similar

phenotypes as caused by Spn77Ba RNAi. Surprisingly, overex-

pressing preactivated MP1 using the btl-Gal4 driver did not

result in significant tracheal melanization or larval lethality. How-

ever, PO activity was detected in dissected trachea from these

larvae using the ex vivo assay, and this PO activity resulting

from MP1 overexpression was suppressed by simultaneously

overexpressing Spn77Ba (Figures 3C and 3D). We therefore

wondered if endogenous Spn77Ba is repressing the activity of

overexpressed MP1 protease such that melanization was not

observed in trachea in situ. To check this possibility, we overex-

pressed MP1 in the background of Spn77Ba RNAi using the btl-

Gal4 driver. In this case, overexpression of preactivated MP1en-

hanced the lethality, from 35% to 85%, caused by Spn77Ba

RNAi (Figure 3F). Similar results were obtained with preactivated

MP2 (data not shown). All together, these results suggest that

Spn77Ba regulates the melanization cascade involving the

MP1 and MP2 proteases in the tracheal system.

The MP1/MP2 melanization cascade is inhibited by the serpin

Spn27A in the hemolymph (Tang et al., 2006). To check if

Spn27A can replace Spn77Ba in the tracheal system, we overex-

pressed Spn27A in the background of Spn77Ba RNAi using the

btl-Gal4 driver. We found that Spn27A overexpression sup-

pressed the lethality and melanization resulting from Spn77Ba

RNAi, with 96% of the flies being viable and only 4% of the adults

showing melanization (Figures 3E and 3F). As a control, overex-

pression of another serpin Spn47C did not significantly suppress

the phenotypes resulting from Spn77Ba RNAi (data not shown).
vier Inc.
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Figure 4. Tracheal Melanization Induces Drs Expression
(A–F) Flies carrying a Drs-GFP construct, in which GFP is expressed under the Drs transcriptional control region, were used to assay Drs expression in larvae,

pupae, and adults with designated genotypes. Note the darkened regions in the two dorsal tracheal trunks where intense melanization excluded GFP signal (B).

(G and G0) Drs expression was detected on the trachea that had melanization (arrow) but not on the other trachea lacking visible melanization.

(H) Quantitative RT-PCR was used to monitor the expression level of Drs in 1- to 2-day-old adult males of various genotypes. Drs expression level in control flies

having btl-Gal4 driver alone was defined as 1.

(I) Quantitative RT-PCR was used to monitor the expression level of Drs in late third instar larvae of various genotypes. Drs expression level in wild-type larvae was

defined as 1. Data represent average of at least three independent experiments ± SDV.
Tracheal Melanization Induces Drosomycin Expression
Both Locally and Systemically
We found that in act-Gal4/UAS-Spn77Ba-IR larvae, the antifun-

gal peptide Drosomycin (Drs) was strongly induced in trachea

and fat body, as assessed with a GFP reporter driven by the

Drs promoter (Figure 4B). Quantitative RT-PCR revealed that

the observed Drs expression level was comparable to the level

in larvae infected with M. luteus (data not shown). Loss of

Spn77Ba function in trachea was sufficient to induce Drs, as

RNAi knockdown of Spn77Ba with btl-Gal4 resulted in Drs-GFP

expression in trachea as well as fat body of larvae, pupae, and

adults (Figures 4C–4E). The Drs level in Spn77Ba RNAi larvae

and adults was about 50-fold and 6- to 7-fold higher, respectively,

than in the control (Figures 4H and 4I). As assessed with GFP re-

porters for other AMPs, no Metchnikowin, Diptericin (Dpt), and

Drosocin, and only a very low level of Attacin A and Cecropin

A1, was detected in btl-Gal4/Spn77Ba-IR flies. Knockdown of

Spn77Ba using the c564-Gal4 driver active in the fat body and he-

mocytes, two major cell types involved in the systemic immune

response, did not result in a high expression level of Drs or Dpt

(data not shown). In addition, the c564-Gal4/UAS-Spn77Ba-IR

flies had a survival rate similar to that of wild-type flies after micro-

bial infection, and overexpression of Spn77Ba with the da-Gal4

driver did not affect the expression level of Drs or Dpt after infec-

tion. Altogether, these results indicate that, while Spn77Ba does

not seem to play a major role in the fat body or hemocytes to con-

trol systemic expression of AMPs, loss of Spn77Ba function in

trachea induces both local and systemic Drs expression.

We also examined whether melanization is required for the in-

duction of Drs expression by Spn77Ba RNAi. When we inacti-
Developm
vated the MP1/MP2 melanization cascade in trachea, by knock-

ing down MP1 or overexpressing Spn27A with btl-Gal4,

Spn77Ba RNAi did not induce Drs-GFP expression (Figure 4H).

Bc1, which suppresses hemolymph but not tracheal melaniza-

tion (see above), did not block Drs-GFP expression resulting

from Spn77Ba RNAi (Figure 4H). Thus, activation of melanization

in the trachea induces Drs expression.

Consistent with a role for tracheal melanization in inducing Drs

expression, the overall Drs expression level correlated with the

degree of tracheal melanization, as flies in which Spn77Ba

RNAi and MP1 overexpression were simultaneously activated

in tracheal cells showed a higher level of Drs expression and

more severe melanization than Spn77Ba RNAi flies (Figure 4H).

Moreover, in larvae in which only one of the two dorsal tracheal

trunks was visibly melanized, 75% of the larvae showed Drs ex-

pression only on the melanized tracheal trunk (Figures 4G and

4G0). The remaining 25% showed Drs expression on both tra-

cheal trunks, probably due to the nonmelanized tracheal trunk

having a very low level of melanization that is not visible. How-

ever, we never saw a larva that showed Drs expression only on

the apparently nonmelanized tracheal trunk. These results sup-

port the idea that tracheal melanization induces Drs expression.

A Product of the Melanization Reaction Induces Fat
Body Drosomycin Expression through the Toll Signaling
Pathway
To investigate if the melanization reaction itself or a final product

of the reaction induces Drs expression, we controlled the timing

of Spn77Ba RNAi using a temperature-sensitive form of the

Gal80 protein that inhibits Gal4. We generated flies of the
ental Cell 15, 617–626, October 14, 2008 ª2008 Elsevier Inc. 621
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Figure 5. A Product of the Melanization Reaction Induces

Drs Expression through the Toll Signaling Pathway

(AandB) Larvaeand prepupae with the genotype ofT80-Gal4, tubP-

Gal80ts, UAS-Spn77Ba-IR, UAS-GFP were used to control the ac-

tivation of Spn77Ba RNAi at different developmental times. At 18�C,

the temperature-sensitive Gal80 prevents Gal4 from activating

Spn77Ba RNAi, whereas at 29�C, Gal80 is inactivated, thereby al-

lowing activation of Spn77Ba RNAi. Quantitative RT-PCR was

used to monitor Spn77Ba (A) and Drs (B) expression levels. The

gene expression levels of wild-type larvae or prepupae at the corre-

sponding developmental stages were used as controls to define

100% and 1 for Spn77Ba and Drs, respectively, in samples 1 to 4.

(C and C0) Melanized trachea from act-Gal4/Spn77Ba-IR larva or

nonmelanized trachea from wild-type larva was transplanted to

a recipient fly carrying a Drs-GFP reporter. GFP signal was ob-

served in most flies after transplantation, but the signal persisted

for at least 120 hr in flies receiving Spn77Ba RNAi trachea while it

began fading away 48 hr later in flies receiving wild-type trachea.

Recipient flies are shown at 96 hr after transplantation, when

75% and 15% of flies (n > 20) receiving Spn77 RNAi and wild-

type trachea, respectively, were GFP positive. Wild-type trachea

became melanized after transplantation.

(D) Quantitative RT-PCR was used to monitor the expression level

of Drs in 1- to 2-day-old adult males. Drs expression level in male

flies carrying the btl-Gal4 driver alone was defined as 1. The higher

than control level of Drs seen in the experiment with the seml mu-

tation may be largely due to the associated yellow (y) mutation,

which results in an accumulation of dopachrome intermediates

of the melanization reaction (Wittkopp et al., 2003). Data represent

average of at least three independent experiments ± SDV.
genotype T80-Gal4, tubP-Gal80ts, UAS-GFP, UAS-Spn77Ba-IR

in which the broadly expressed T80-Gal4 driver can activate ex-

pression of both GFP and Spn77Ba RNAi only when the Gal80

inhibitor is inactivated at 29�C but not at 18�C (McGuire et al.,

2003). As expected, when larvae of this genotype were raised

at 18�C for 48 hr after egg hatching, they showed no detectable

GFP expression (data not shown) or melanization and had wild-

type levels of Spn77Ba RNA as well as Drs. If the larvae were

then transferred to 29�C for 48 hr, they showed strong GFP ex-

pression and had a reduced level of Spn77Ba RNA, about

40% of the wild-type level. Most of these larvae showed melani-

zation and their Drs expression level was 17-fold higher than the

wild-type level. After an additional 48 hr at 29�C, melanization

had increased in intensity, Spn77Ba RNA was further lowered

to less than 30% of the wild-type level, and the Drs level had in-

creased to 60-fold higher than the control. However, if the larvae

were transferred back to 18�C after 48 hr at 29�C, melanization

only increased slightly in intensity over the next 24 hr but not be-

yond that time (data not shown). Moreover, even though

Spn77Ba RNA had returned to almost the wild-type level such

that tracheal melanization should not be triggered, Drs expres-

sion had increased to about 60 times the wild-type level, similar

to the case in which the larvae were kept at 29�C during the entire

96 hr period (Figures 5A and 5B). These results suggest that

a product of the melanization reaction, rather than the reaction

itself, induces Drs expression.

As a further test of the idea that a tracheal melanization prod-

uct induces Drs, we transplanted melanized trachea from

Spn77Ba RNAi larva to 1–2 day old virgin female adults carrying

the Drs-GFP reporter. Melanized trachea from Spn77Ba RNAi

larva, but not nonmelanized trachea from wild-type larva, re-

sulted in persistent Drs expression in the recipient flies (Figures
622 Developmental Cell 15, 617–626, October 14, 2008 ª2008 Elsev
5C and 5C0). These results argue that a tracheal melanization

product induces Drs expression.

Excessive melanization may cause cell death. To test whether

indirect effects of cell death are sufficient to account for the abil-

ity of tracheal melanization to induce Drs expression, we exam-

ined Drs expression in third instar larvae overexpressing the

proapoptotic gene reaper. Larvae of the genotype btl-Gal4,

tubP-Gal80ts, UAS-GFP, UAS-Reaper or T80-Gal4, tubP-

Gal80ts, UAS-GFP, UAS-Reaper were raised at 22�C until early

third instar stage and then transferred to 29�C for 48 hr in order to

induce Reaper and thus cell death in the tracheal system or in

multiple tissues. In either case, no significant Drs expression

was detected by quantitative RT-PCR, suggesting that apoptotic

cell death is not sufficient to induce Drs expression (Figure 4I).

The Toll pathway is the major signaling pathway that regulates

Drs synthesis in response to infection in Drosophila. We there-

fore checked if it is required for tracheal melanization to induce

fat body Drs expression. The spzrm7 mutation, which disrupts

the ligand Spätzle that activates Toll, strongly suppressed overall

Drs expression (Figure 5D) but not tracheal-specific Drs expres-

sion (Figure 4F) or melanization (Figure 3E) resulting from

Spn77Ba RNAi. Suppression of Drs expression but not melani-

zation was also observed with psh5 (Ligoxygakis et al., 2002a),

a mutation inactivating the Persephone (Psh) protease involved

in activating Spätzle (Figure 5D). However, the seml mutation

that disrupts PGRP-SA, a pattern recognition receptor for

Gram-positive bacteria acting upstream of Toll, did not suppress

Drs expression (Figure 5D) or melanization (Figure 3E) resulting

from Spn77Ba RNAi. In addition, overexpression of Spn77Ba

with the da-Gal4 driver did not block constitutive Drs-GFP ex-

pression in flies caused by overexpressing either Persephone

or PGRP-SA/GNBP1 (data not shown). These results argue
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Figure 6. Tracheal Melanization Can Be Induced by Microorganisms

(A) Larvae in which Spn77Ba RNAi was activated with btl-Gal4 were raised under 3 different conditions: sterile, normal, or + bacteria. The percentage of larvae and

pupae showing no, mild, or severe melanization as seen in (B) was visually recorded. At least 200 larvae and pupae were counted for each condition.

(B) Representative examples of pupae with no melanization, mild melanization, and severe melanization. Arrow indicates melanization.

(C) Quantitative RT-PCR was used to monitor Drs expression level of prepupae showing either mild or severe melanization when cultured under sterile or non-

sterile conditions. Data represent the average of at least three independent experiments ± SDV.

(D–G) Tracheal PO activity was assayed ex vivo in the presence or absence of bacteria (see Experimental Procedures). A mixture of E. coli and M. luteus induced

in wild-type trachea a high level of PO activity, which was suppressed by either Spn77Ba overexpression or MP1 RNAi.

(H and H0) Exposure of wild-type larvae to B. bassiana spores induced melanization on cuticle (arrows) and Drs expression in both trachea and fat body.

(I) Cuticle melanization induced by B. bassiana was partially suppressed by Spn77Ba overexpression or MP1 RNAi. The percentage of larvae that showed mel-

anization 24 hr after infection was counted.

(J) Drs expression induced by B. bassiana was partially suppressed by Spn77Ba overexpression or MP1 RNAi. The percentage of larvae that showed Drs-GFP

expression 24 hr after infection was counted. *, p < 0.05 (paired t test).
that Spn77Ba does not directly regulate the activation of Toll and

that tracheal melanization resulting from Spn77Ba RNAi acti-

vates the Toll pathway through a serine protease cascade that

involves Psh.

Tracheal Melanization Can Be Induced by the Presence
of Microorganisms
An important question is what role microorganisms play in induc-

ing tracheal melanization. To address this question, we first ex-

amined whether microorganisms present in the culture medium

are responsible for the tracheal melanization in Spn77Ba RNAi

flies. We therefore raised btl-Gal4/UAS-Spn77Ba-IR larvae un-

der sterile or normal conditions or in the presence of exogenous

bacteria (a mixture of E. coli and M. luteus) and then examined

the flies for melanization at the larval and pupal stages. In all

three conditions, nearly all flies showed melanization, either

mild or severe; however, the percentage of flies showing severe
Develop
melanization increased with greater microbial exposure, from

16% to 35% to 53% (Figures 6A and 6B). The Drs level in these

flies correlated better with severity of melanization than with de-

gree of microbial exposure (Figure 6C), consistent with Drs being

largely induced by tracheal melanization rather than directly by

microbial infection. These results suggest that, in the absence

of normal levels of Spn77Ba, tracheal melanization is at least

partially caused by microorganisms.

To test directly whether microorganisms can induce tracheal

melanization, we used the ex vivo tracheal PO assay to expose

larval trachea to a mixture of E. coli and M. luteus. Trachea

from wild-type larva was strongly melanized after 2 hr of incuba-

tion with bacteria, which was blocked by either Spn77Ba overex-

pression or MP1 RNAi (Figures 6E–6G). While E. coli and

M. luteus are not natural pathogens of Drosophila, they could in-

duce tracheal melanization by mimicking the ability of a natural

pathogen to penetrate the tracheal cuticle or by exploiting an
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opening made by spontaneous injury to the trachea. These re-

sults indicate that microorganisms can trigger in the trachea

the activation of PO and the melanization reaction under control

of Spn77Ba.

To examine whether a more natural mode of infection could

induce tracheal melanization, we exposed larvae to the entomo-

pathogenic fungus B. bassiana, whose spores can penetrate the

host cuticle (Braun et al., 1998). Such treatment resulted in

about 60% and 65% of wild-type larvae showing, respectively,

melanization on the cuticle and Drs expression in the tracheal

system and fat body (Figures 6H and 6H0). A significant level

of tracheal melanization or ex vivo tracheal PO activity was not

detected, perhaps because the spores do not efficiently access

the tracheal system under our experimental conditions. None-

theless, ubiquitous overexpression of Spn77Ba or knockdown

of MP1 reduced the percentage of larvae showing cuticle mela-

nization and Drs expression to about 30% and 15%, respec-

tively (Figures 6I and 6J). Thus, although we did not observe

tracheal melanization being induced by B. bassiana, the results

suggest that Spn77Ba-regulated melanization plays an interme-

diary role in inducing Drs expression after natural fungal

infection.

Figure 7. Epithelial Melanization and the Induction of a Systemic

Immune Response

Spn77Ba inhibits a protease cascade involving the MP1 and MP2 proteases

that activates phenol oxidase (PO), a key enzyme in melanin biosynthesis. Mel-

anization is activated in extracellular space between cuticle lining the tracheal

lumen and the apical surface of tracheal cells. The MP1/MP2 cascade also ac-

tivates melanization in the hemolymph where Spn27A inhibits it. Tracheal mel-

anization induces Drs expression in tracheal epithelium as well as in the fat

body. The mechanism for signaling from trachea to fat body involves a yet-

to-be-identified product of tracheal melanization that passes through

basement membrane to hemolymph, where it activates the Persephone (Psh)

protease involved in cleaving Spätzle to generate the ligand for the receptor

Toll, which in turn initiates signaling leading to induction of Drs expression.
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DISCUSSION

We have identified serpin Spn77Ba as a negative regulator of me-

lanization in the respiratory system, the trachea, of Drosophila.

We showed that Spn77Ba inhibits a protease cascade involving

the MP1 and MP2 proteases, previously implicated in activating

melanization in the hemolymph. Our data suggest that tracheal

melanization regulated by Spn77Ba is a local immune response,

which in turn induces systemic expression of the antifungal pep-

tide Drosomycin via the Toll pathway.

Spn77Ba regulates tracheal melanization by inhibiting a prote-

ase cascade that activates PO, a key enzyme in melanin biosyn-

thesis (Figure 7). This protease cascade involves the proteases

MP1 and MP2, which previously were shown to regulate the mel-

anization reaction in the hemolymph where it is inhibited by the

serpin Spn27A (Tang et al., 2006). While hemolymph melaniza-

tion involves MP1 and MP2 made by fat body cells and/or hemo-

cytes, tracheal melanization involves the same proteases locally

synthesized by tracheal cells. We also showed that Spn77Ba is

required, as well as expressed, in tracheal cells to prevent tra-

cheal melanization. A previous study showed that the cuticular

PO involved in host defense and wound healing in the silkworm

is transported from the hemolymph (Ashida and Brey, 1995). In

contrast, our results obtained with the Bc1 mutation indicate

that tracheal melanization is not mediated by hemolymph PO.

In preliminary experiments, tracheal-specific RNAi of each of

several PO genes (CG2952, CG5779, CG8193, CG10484) did

not suppress tracheal melanization resulting from Spn77Ba

RNAi (unpublished data), perhaps indicating that multiple PO

genes are responsible for tracheal melanization. Interestingly,

the RelE20 mutation in Relish, a transcription factor in the Imd

pathway, partially suppressed tracheal melanization and overall

Drs expression resulting from Spn77Ba RNAi (unpublished data),

which suggests that Rel could be important for the expression of

a component required for tracheal melanization.

We showed that tracheal melanization is inducible by microor-

ganisms. Thus, tracheal melanization may be a local immune

response analogous to the local synthesis of reactive oxygen

species and antimicrobial peptides by epithelia facing the exter-

nal environment. Such a role is consistent with our observation

that Spn77Ba is localized in the extracellular space facing the

tracheal lumen. Melanization could be used to encapsulate path-

ogens killed by these other local immune responses, and reac-

tive oxygen species generated during the melanization reaction

may aid in killing pathogens as well. Melanization could also cre-

ate a physical barrier to impede pathogen penetration of the tra-

cheal epithelium, as in the case where melanin is deposited at

the site of entry in defense against entomopathogenic fungi

that infect by crossing the insect cuticle (Vey and Gotz, 1986).

We found that Spn77Ba overexpression or MP1 RNAi did not

make larvae more susceptible to natural B. bassiana infection

(unpublished data). However, testing of more pathogens will be

needed to determine the importance of melanization in combat-

ing infection.

An issue that remains to be addressed is the mechanism by

which microorganisms activate the melanization cascade in

the tracheal system. Overexpression of PGRP-LE, a PRR ex-

pressed in tracheal epithelia, does not lead to constitutive tra-

cheal melanization (Takehana et al., 2002, 2004), suggesting
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that this PRR is not a tracheal-specific activator of melanization.

Interestingly, under axenic conditions, Spn77Ba RNAi flies still

showed tracheal melanization, although at a lower strength

than seen under normal conditions or in the presence of bacteria.

This low level of melanization could reflect activation of the mel-

anization cascade by dead microorganisms present in the cul-

ture food medium. Alternatively, even in the absence of microbial

infection, the target protease of Spn77Ba could exist in the tra-

cheal system already activated rather than entirely as inactive zy-

mogen, but is prevented from activating the whole cascade and

thus melanization by the presence of Spn77Ba. In this case, mi-

crobial infection could trigger tracheal melanization by either

reducing the level of Spn77Ba or increasing the amount of acti-

vated target protease. Defining the actual mechanism may

require identifying a natural pathogen that strongly induces tra-

cheal melanization.

Regardless of how it is activated, tracheal melanization ap-

pears to play a key intermediary role in inducing systemic ex-

pression of the antifungal peptide gene Drosomycin (Drs). It

had previously been reported that melanotic ‘‘tumors’’ resulting

from melanization of aberrant host tissue are associated with

systemic Drs expression, but the mechanism linking melaniza-

tion and Drs expression has been obscure (Ligoxygakis et al.,

2002b; Scherfer et al., 2006). Our data suggest that melanization

induces Drs expression, rather than the two immune responses

being triggered in parallel, and that a product of the melanization

reaction is involved in inducing Drs expression. However, as mel-

anization does not necessarily activate Drs expression in all

other contexts, this product may not be melanin itself but rather

a melanin metabolite or a secondary signal induced when mela-

nization is activated in the trachea. Indeed, the mechanical and

ROS-related insults resulting from tracheal melanization may

themselves induce a stress response that contributes to the

systemic induction of Drs. In any case, it appears that hemocytes

are not involved in transmitting signals that connect tracheal

melanization to fat body Drs expression, as l(3)hem larvae

lacking hemocytes retain the systemic response (unpublished

data).

Whatever the molecular nature of this product, it is presumably

a diffusible molecule that can pass through the tracheal system

basement membrane into the hemolymph, where it activates the

Toll pathway to induce Drs synthesis by the fat body (Figure 7).

Moreover, it apparently acts upstream or at the level of the Per-

sephone (Psh) protease involved in cleaving Spätzle to generate

the Toll ligand. Interestingly, it was recently shown that Psh,

which specifically functions to activate Toll in response to fungal

infection, is proteolytically activated by a secreted fungal prote-

ase and thus acts as a direct sensor of this virulence factor

(Gottar et al., 2006). Our data suggest that local melanization is

involved in inducing Drs expression after fungal infection and

that Psh can be activated by an alternative mechanism in which

a host factor arising from melanization triggers Psh activation,

which could be analogous to a danger signal from damaged tis-

sue that activates the immune system (Matzinger, 2002). We

therefore speculate that induction of Drs synthesis by tracheal

melanization represents signaling between local and systemic

immune responses that alerts and prepares the host for potential

invasion of internal tissues by pathogens such as entomopatho-

genic fungi. Such an alarm system could be advantageous for
Developm
organisms in which pathogens are naturally first encountered

at epithelial surfaces.

EXPERIMENTAL PROCEDURES

Information about fly stocks and RNA analysis used in this study can be found

in Supplemental Experimental Procedures.

DNA Constructs

We used two different UAS-Spn77Ba-IR constructs. One contained two

inverted copies of a 551 bp fragment (nucleotides 200–750) of the Spn77Ba

mRNA in the pWIZ vector (Lee and Carthew, 2003). The other construct, con-

taining two inverted copies of a different region of the Spn77Ba transcript in the

pUAST-R57 vector, was obtained from R. Ueda (National Institute of Genetics,

Mishima, Japan). The UAS-Spn77Ba construct contains the full-length

Spn77Ba open reading frame with a C-terminal HA tag in the pUASP vector

(Rorth, 1998). The UAS-Spn77Ba-eGFP fusion protein construct was made

in the pPWG vector (Drosophila Genomics Resource Center, Bloomington,

IN). The Spn77Ba-Gal4 driver was made by cloning 2.2 kbp genomic DNA im-

mediately upstream of the Spn77Ba gene into the pG4PN vector (Dobritsa

et al., 2003). Results from all experiments with transgenic flies in this study

were representative of at least two independently generated lines.

Ex Vivo Trachea Assay for PO Activity

Dorsal tracheae of third instar larvae were dissected and, after washing in PBS,

placed on a piece of filter paper presoaked in a saturated solution of L-DOPA in

PBS. The tracheae were submerged in a thin layer of L-DOPA solution by this

procedure and thus kept in the dark at room temperature for 1–2 hours before

observation. In the experiments involving bacteria, trachea were incubated

with a concentrated mixture of E. coli and M. luteus, prepared from an over-

night culture of each bacterium in LB medium that was harvested, washed

in PBS, and resuspended in PBS with saturated L-DOPA at a final OD600 of

about 10 for each bacterium.

Culturing Larvae under Sterile and Nonsterile Conditions

Larvae were raised under axenic conditions as described previously (Tzou

et al., 2001). Briefly, embryos were collected from apple juice plates and effec-

tively sterilized by incubation in 50% bleach for 5 min to remove the chorion

and then washing in 60% ethanol for 3 min. These embryos were then trans-

ferred to 50 mm plates containing autoclaved apple juice medium, and the lar-

vae that developed from these embryos were fed with autoclaved yeast paste.

For larvae grown under normal conditions, the apple juice medium and yeast

paste were not autoclaved. To culture larvae with exogenous bacteria, E. coli

and M. luteus were each grown in LB medium overnight to an O.D. of �2 and

then concentrated by centrifugation to an O.D. of �100. Each concentrated

culture (0.5 ml) was spread on an apple juice plate to which was added about

100 early third instar larvae. The severity of melanization was visually recorded

at the prepupal-to-pupal stage. B. bassiana natural infection was performed as

described (Braun et al., 1998).

Chitin and F-Actin Imaging

Third instar larvae were dissected in PBS and fixed in 4% paraformaldehyde in

PBS plus 0.1% Tween-20 (PBTw). Isolated trachea from these fixed larvae was

then incubated in PBTw with 1:500 rhodamine-conjugated chitin-binding

probe (New England Biolabs) or 1:500 Alexa Fluor 633–phalloidin (Invitrogen)

at room temperature for overnight or 2 hr, respectively, before microscopic ex-

amination.

Trachea Transplantation

A small piece of trachea was dissected in PBS from third instar wild-type or

act-Gal4/Spn77Ba-IR larvae and transplanted into recipient 1- to 2-day-old

virgin adult females under anesthesia. The transplant was placed just under

the abdominal cuticle with minimal disturbance of internal organs through an

incision made with MicroPoint scissors. Recipient flies were allowed to recover

at room temperature.
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Procedures, and Supplemental References and can be found with this
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