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Drosophila innate immunity is controlled primarily by the activation of IMD (immune deficiency) or Toll
signaling leading to the production of antimicrobial peptides (AMPs). IMD signaling also activates the
JUN N-terminal kinase (JNK) cascade, which is responsible for immune induction of non-antimicrobial
peptide immune gene transcription though the transcription factor AP-1. Transcription of the Dopa
decarboxylase (Ddc) gene is induced in response to gram-negative and gram-positive septic injury, but not
aseptic wounding. Transcription is induced throughout the epidermis and not specifically at the site of
infection. Ddc transcripts are detectible within 2 h and remain high for several hours following infection
with either gram-negative or gram-positive bacteria. Using Ddc-green fluorescent protein (GFP) reporter
gene constructs, we show that a conserved consensus AP-1 binding site upstream of the Ddc transcription
start site is required for induction. However, neither the Toll, IMD, nor JNK pathway is involved. Rather,
Ddc transcription depends on a previously uncharacterized member of the p38 mitogen-activated protein
kinase family, p38c. We propose that the involvement of DDC in a new pathway involved in Drosophila
immunity increases the levels of dopamine, which is metabolized to produce reactive quinones that exert
an antimicrobial effect on invading bacteria.

Most animal species exhibit the ability to ward off infection.
While mammals employ a combination of adaptive and innate
immune responses, the majority of organisms use only innate
immunity to combat infection. The genetic and molecular tech-
niques available for Drosophila melanogaster have made it an
exceptional model for innate immune research (31). Drosophila
immunity combines humoral and cellular responses to effect a
strong resistance to many microorganisms. The three mechanisms
contributing to this resistance are phagocytosis of invading organ-
isms by hemocytes; blood clotting, melanin formation, and opso-
nization; and transient synthesis of antimicrobial peptides
(AMPs) at both the wound site and in the fat body.

Drosophila lives in decaying and fermenting matter and
therefore is exposed to a multitude of bacteria, fungi, and
viruses that it must defend itself against. The ability to combat
natural and septic infections by gram-negative and gram-pos-
itive bacteria has been the focus of much study in the last
several years. The work has centered on the humoral defense
response, involving the synthesis and release of AMPs from the
fat body into the hemolymph. Transcription of different but
overlapping sets of approximately 20 AMPs (32, 43) is elicited
by gram-negative bacteria upon activation of the IMD (im-
mune deficiency) pathway (12, 44, 46) and gram-positive bac-

teria and fungi following induction of the Toll pathway (45,
68). Each pathway acts through its respective NF-�B transcrip-
tion factor(s); the Toll pathway uses Dorsal and DIF (33, 50,
55, 61, 66), while the IMD pathway activates Relish (19, 28).

Immune activation of the IMD pathway also causes the
induction of the mitogen-activated protein kinase (MAPK)
cascade, known as the JUN N-terminal kinase (JNK) pathway,
due to a bifurcation at the transforming growth factor (TGF)-
activated kinase, TAK1 (9, 73, 80). In Drosophila, the MAPK
kinase (MAPKK), Hemipterous (HEP) (23), activates the
JNK, Basket (BSK) (9), which can then phosphorylate the
heterodimeric transcription factor AP-1 (40, 64), which is com-
posed of a FOS subunit and a JUN subunit (59, 87). Phosphor-
ylation activates AP-1 and causes induction of JNK response
genes. JNK signaling is required for proper wound healing in
the adult epidermis (21, 63) and the wing disc (8). JNK signal-
ing also activates the transcription of many proteins involved in
cytoskeleton remodeling (9), consistent with its role in hemo-
cyte activation in the cellular immune response (86). A role for
JNK signaling in AMP gene expression has also been proposed
(18, 35); however, further research is needed since JNK re-
pression of AMP synthesis has also been proposed (38).

In addition to the JNK pathway, two other conserved MAPK
pathways have potential roles in Drosophila immunity and
wound healing. The first, the extracellular signal-regulated ki-
nase (ERK) pathway, has been implicated in the Drosophila
embryonic wound response (49). The second is the p38 MAPK
family, which has two characterized members (p38a and p38b)
that have been implicated in attenuation of the immune re-
sponse (27). p38 MAPKs are activated by dual phosphorylation
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by a MAPKK at a characteristic TGY site (51). This site differs
from the dual-phosphorylation TPY and TEY motifs of JNK
and ERK, respectively.

The primary layer of defense against infection involves the
barrier epithelia of the epidermis, including the hypoderm that
lies beneath the cuticle, and the epithelial tissues of the trachea
and gut. The barrier epithelia are responsible for localized
production of AMPs at the site of septic injury (20, 79). While
formation of a melanin clot at the wound site is not specifically
an immune response, it is essential to prevent hemolymph loss
following septic injury. An additional benefit is that the rapid
production of the melanized clot entraps bacteria and pro-
motes killing. The melanin produced at the clot site is a direct
consequence of the catalytic activation of the zymogen pro-
phenol-oxidase (5), that is stored in the crystal cells (53, 65), to
produce active phenol oxidase (PO). PO uses tyrosine to pro-
duce the quinones that react nonenzymatically to form melanin
(53, 54). Clots form without the action of PO (5, 71); however,
PO is required for clot hardening (5, 36). An additional po-
tential role for melanin production at the wound site involves
the formation of reactive oxygen species and by-products of
melanin production that have cytotoxic antimicrobial proper-
ties (58). Interestingly, the JNK cascade is necessary for crystal
cell rupture following injury, which leads to melanization at the
wound site (4).

In addition to the role of PO in wound healing, two other
genes, pale (ple) and Dopa decarboxylase (Ddc) (83), have been
shown to be essential to wound healing in the Drosophila em-
bryo (49). These genes encode the enzymes tyrosine hydroxy-
lase (TH), which converts tyrosine to dihydroxyphenylalanine
(Dopa), and Dopa decarboxylase (DDC), which converts Dopa
to dopamine (DA). The neural role of DA is well established;
however, DA is also metabolized to produce melanin and scle-
rotin in epidermal tissues (2, 83), which leads to tanning of the
pupal case and adult cuticle and pigmentation of the pharate
adult epidermis (81). The transcription factor Grainy-head is
responsible for Ddc induction in the embryonic wound re-
sponse, and it acts through a binding site just upstream of the
transcription start site (49). However, deletion of three AP-1
sites and a CREB (an ERK-inducible transcription factor)
binding site upstream of Ddc also eliminates expression of Ddc
during the wound response, indicating a potential role for the
JNK or ERK pathways in this induction. Consistent with the
role of a MAPK in Ddc transcriptional induction, injection of
the MAPK inhibitor PD98059 into embryos reduced the in-
duction of a Ddc-GFP reporter after aseptic injury.

Evidence suggests that Ddc plays a role in the Drosophila
innate immune response in larvae and adults. Defense against
the parasitic wasp Leptopilina boulardii requires the production
of a melanized capsule that envelops the egg and eventually
kills it. Melanotic encapsulation requires the actions of spe-
cialized blood cells called lamellocytes (53, 54). Nappi et al.
(57) showed that the melanization response was severely com-
promised in Ddcts2 flies, demonstrating the need for functional
DDC in the encapsulation response. Ddc transcription was
induced in larvae of Tenebrio molitor infected with Escherichia
coli (39), and this corresponded to increased DDC protein and
activity levels. In addition, N-�-alanine (NBAD) synthase, an
enzyme that converts DA to the sclerotin precursor, NBAD, is
induced in the epidermis of T. molitor and Ceratitis capitata

following E. coli infection (70). NBAD has potent antimicro-
bial effects, which can be eliminated by the addition of anti-
oxidants, suggesting that NBAD elicits its killing effects be-
cause of spontaneous conversion to cytotoxic quinones.
Together, these results suggest a role for DA metabolism in
the insect innate immune response. Consistent with this pre-
diction, microarrays performed on flies and SL2 cell culture
have identified Ddc as one of the genes induced after both
gram-positive and gram-negative bacterial infection, but not
fungal infection (9, 17, 34).

In this paper, we investigate the role of Ddc in the Drosoph-
ila innate immune response to bacterial infection. We find that
Ddc is induced upon septic injury, but not aseptic wounding of
larvae and adults, and this response is dependent on a con-
served AP-1 consensus binding site upstream of the Ddc tran-
scription start site. However, JNK signaling is not responsible
for induction of Ddc transcription; rather, an uncharacterized
p38 MAPK, p38c, is responsible. Induction of Ddc occurs
throughout the epidermis and is not restricted to the wound
site. We propose that DDC activity is required in the epidermis
for the synthesis of DA that is metabolized to produce reactive
quinones that exert killing effects on invading bacteria.

MATERIALS AND METHODS

Fly stocks, crosses, and infection of organisms. The stocks used in this study,
their sources, and their purposes are shown in Table S1 in the supplemental
material (47). All stocks were maintained on a standard cornmeal/molasses
medium at room temperature. To obtain Ddcts2 cn/rdo hk Ddcn7 pr cn and
Ddcts2cn/Df(2L)130 pr cn flies, Ddcts2 cn/CyO female virgins were crossed to rdo
hk Ddcn7 pr cn/CyO or Df(2L)130 pr cn/CyO males, respectively. The progeny
were raised at the 18°C permissive temperature. Mutants were identified by their
wild-type wings, separated from their curly-winged wild-type siblings, and trans-
ferred to the 25°C restrictive temperature for 4 days prior to infection.

The following P-element excision scheme was undertaken to obtain mutants
and revertants of p38cKG05834, a strain carrying a P-element marked with a
mini-w� gene: (i) w; p38cKG05834/TM3, Sb �s � w/Y; Sb e �2-3/TM6, Ubx e �s3
(ii) yw; PSal89D, Sb/TM6, Ubx e �s � w/Y; p38cKG05834/Sb e �2-3 �s (red
eyed) 3 (iii) yw; PSal89D, Sb/TM6, Ubx e �s � yw/Y; p38c*/TM6, Ubx e �s (*
indicates a P-element excision, identified by the presence of white eyes) 3 (iv)
yw; p38c*/TM6, Ubx e �s � yw/Y; p38c*/TM6, Ubx e �s 3 (v) homozygous or
balanced stock.

The region of p38c spanning the P-element excision, from the homozygous
P-element excision flies, was PCR amplified, cloned into pGEM-T Easy (Pro-
mega), and sequenced.

All larvae that were infected were in the mid-third instar, during which time no
epidermal Ddc transcription is detectible (M. M. Davis, unpublished observa-
tion). Adults that were infected were between 4 and 6 days old, a time when
epidermal Ddc transcripts are at minimal levels (14). At least 10 adults and 30
larvae of each genotype were septically injured with a sharpened tungsten needle
that was dipped into the pellet obtained from a saturated culture of E. coli DH5�
or Staphylococcus aureus ATCC 6538-P. For heat shock experiments, organisms
were heat shocked for 1 h at 37°C and allowed to recover at room temperature
for 1 h before being septically injured. Adults were injured by being poked in the
thorax immediately below the wing, and larvae were wounded in the posterior
end. Adults were allowed to recover in a vial containing standard Drosophila
medium, and larvae recovered on a piece of sterile water-soaked Whatman paper
in a petri dish to prevent desiccation after injury. With the exception of the time
course shown in Fig. 5, organisms were allowed to recover for 4 to 6 h following
infection. Only the organisms that were alive at harvesting were frozen for
subsequent use.

Plasmid construction and the creation of transgenic lines. The P-element
plasmids P[Ddc-GFP]PH, P[Ddc-GFP]SH, P[Ddc-GFP]BH, and P[Ddc-GFP]EH
(Fig. 1) have been described elsewhere (15). The P[Ddc]PH�BE, P[Ddc]PH�BE1,
P[Ddc]PH�BE2, P[Ddc]PH�BE3, P[Ddc]PHmutNF�B, and P[Ddc]PHmutAP-1
constructs in pBluescript SK(�) were all created by inverse PCR using phosphory-
lated primer pairs (see Table S2 in the supplemental material, which lists the PCR
primers and oligonucleotides used in this study) �BE3-F and �BE1-R, �BE1-F and
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�BE1-R, �BE2-F and �BE2-R, �BE3-F and �BE3-R, NF�B-F and NF�B-R, and
AP1-F and AP1-R, respectively, on PH in pBluescriptSK(�). The resulting products
were gel purified and ligated intramolecularly to create the respective plasmids. The
breakpoints of the deletions and site specific mutations were all confirmed by se-
quencing. The Ddc region contained within each plasmid was then liberated by
digestion with BamHI and KpnI and cloned into similarly digested pGreen Pelican
(3) to create P[Ddc-GFP]PH�BE, P[Ddc-GFP]BE-1, P[Ddc-GFP]BE-2, P[Ddc-
GFP]BE-3, P[Ddc-GFP]mutNF�B, and P[Ddc-GFP]mutAP-1 (Fig. 1).

To create the P[Ddc-RNAi]pSymp and P[Ddc-RNAi]pWIZ constructs, a
490-bp region of the Ddc coding sequence within the 4th exon was amplified with
the DDC-NotIF and DDC-NotIR and DDC-XbaIF and DDC-XbaIR primer
pairs. The DDC-NotI primers add NotI sites to facilitate cloning into pSymp
(22), and the DDC-XbaI primers add XbaI sites to facilitate cloning into pWIZ
(42). Both pSymp and pWIZ express the cloned region under the control of a
UAS promoter, facilitating Gal4 induction of the transgene. The PCR fragments
were gel purified and cloned into pGEM-T Easy (Promega) to create Ddc-NotI
in pGEM-T Easy and Ddc-XbaI in pGEM-T Easy. The Ddc fragment was then
liberated from Ddc-NotI in pGEM-T Easy by NotI digestion and cloned into
similarly digested pSymp to create P[Ddc-RNAi]pSymp. To create P[Ddc-
RNAi]pWIZ, the XbaI fragment from Ddc-XbaI in pGEM-T Easy was first
cloned into the AvrII site of pWIZ and then cloned again into the NdeI site of
the resulting plasmid. Both plasmids were sequenced to confirm the orientation
of the Ddc fragment inserted into each site.

DNA solutions (0.4 �g/�l DNA in 0.5� phosphate-buffered saline and 10%
glycerol) containing transgenic constructs were injected into embryos of the
genotype w; Sb e �2–3/TM6, Ubx e. Surviving adults were crossed to yw flies, and
progeny with the w� phenotype were collected and mated to produce homozy-
gous or balanced stocks.

RNA extraction and RT-PCR. RNA was extracted from pools of organisms
using TRIzol, treated with amplification-grade DNase I (Invitrogen) according
to manufacturer’s instructions, and then extracted with phenol-chloroform and
then chloroform. Semiquantitative Ddc and Ddc-GFP reverse transcription
PCRs (RT-PCRs) were performed as detailed elsewhere (14, 15). Synthesis of
p38c-specific cDNA was initiated using p38c-1 (see Table S2 in the supplemental
material) on 150 ng of isolated RNA. The first-strand reaction was co-reverse
transcribed with RPL-32-1, a primer specific for the ribosomal gene RpL32,
which served as a loading control. A 3-�l aliquot of the resulting cDNA mixture
was combined with p38c forward and reverse primers (p38c-2F and p38c-2R) and
amplified for six cycles. The program was then stopped, RpL32 gene-specific
primers (RPL32-F and RPL32-R) were added, and the program was allowed to
continue for 23 more cycles. After an initial denaturing step of 2 min, the final
PCR conditions for p38c consisted of 29 cycles of 95°C for 1 min, 60°C for 1 min,
and 73°C for 1 min.

Under these conditions, the amount of each product was proportional to input
RNA concentration (see Fig. S1 in the supplemental material). The band inten-
sity was quantified using Image J (1). Using 150 ng of input RNA, the amount of

Ddc and Ddc-GFP product was proportional to the number of cycles for 24 to 27
cycles, the amount of RpL32 product was proportional to the number of cycles
for 22 to 25 cycles, and the amount of p38c product was proportional to the
number of cycles for 27 to 30 cycles.

For the nonquantitative RT-PCR on the p38a and p38c transcripts (see Fig. 9B
and C), greater than 1 �g of total RNA was reversed transcribed using Super-
script II reverse transcriptase (Invitrogen) using the primers p38a-R and p38c-1,
respectively. The cDNA was then used as a template for a PCR using the p38a-F
and p38a-R primer pair for p38a and the p38c-2F and p38c-2R primer pair for
p38c. The final PCR was 30 cycles of 95°C for 1 min, 60°C for 1 min, and 73°C
for 1 min.

Quantitative real-time PCR. RNA (2 �g) was reverse transcribed with random
primers (Applied Biosystems). The cDNA mixture was diluted 1:20, and a 2.5-�l
aliquot was used as a template for quantitative real-time PCR using Ddc (DDC-
RT1 and DDC-RT2)- or RpL32 (RPL32-RT1 and RPL32-RT2)-specific primer
pairs and ABI Power Sybr green PCR master mix according to the manufactur-
er’s instructions (Applied Biosystems). Applied Biosystems StepOne software
was used for quantifying the transcripts.

Production of recombinant proteins. The constructs made up of dFRA (Dro-
sophila fos) and dJRA (Drosophila jun) in pBluescript KS(�) were a generous
gift from Robert Tjian. These plasmids were used as templates for in vitro
transcription and translation using the TNT T3 coupled reticulocyte lysate sys-
tem (Promega) according to the manufacturer’s instructions.

Electrophoretic mobility shift assays. Mobility shift assays were carried out
using a 26-bp double-stranded oligonucleotide probe with a 2-bp extension. The
28-base single-stranded oligonucleotides were individually end labeled with
[�-32P]ATP using T4 kinase (Invitrogen) according to the manufacturer’s in-
structions and annealed. The wild-type probe was obtained by annealing the
oligonucleotide pair AP1-A and AP1-B (see Table S2 in the supplemental ma-
terial), and the probe containing the mutated AP-1 site was obtained by anneal-
ing AP1M-A and AP1M-B.

The recombinant proteins or reticulocyte lysate mix was incubated in binding
buffer (20 mM HEPES-KOH [pH 7.9], 50 mM KCl, 4 mM MgCl2, 4 mM
spermidine, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.05% NP-40 and 20%
glycerol) in the presence of 2 �g of the nonspecific competitor poly(dI-dC)
(Amersham) and specific cold competitor, where applicable, for 5 min at room
temperature. Two nanograms of radiolabeled probe was added to the reaction
mixture and allowed to bind at room temperature for 15 min. Binding mixtures
were fractionated on a 6% polyacrylamide gel in 0.5� Tris-borate-EDTA run-
ning buffer, and the products were visualized by autoradiography.

RESULTS

Ddc transcription is induced in the Drosophila innate im-
mune response. Microarray studies of Drosophila immunity

FIG. 1. Schematic diagram of the P[Ddc-GFP] reporter constructs used in this study. The epidermis-specific splice pattern shown above the line
is situated on the 7.6-kb PstI restriction fragment that is sufficient for proper developmental expression of Ddc. The second exon is nerve specific.
The sequence that drives GFP expression is depicted in the lines above and below the diagram of the Ddc genomic region. Relevant restriction
enzyme sites, used to create the larger deletions, are shown. The black and white stars represent the conserved AP-1 and NF-�B sites, respectively;
X indicates an induced mutation. The P[Ddc-GFP]PHmutNF�B construct contains a 5-bp mutation in the putative NF-�B binding site, and the
P[Ddc-GFP]PHmutAP-1 construct contains a 5-bp mutation in the putative AP-1 site.
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have identified Ddc as an immune-inducible gene (9, 17, 34).
To confirm that Ddc transcription is induced by bacterial in-
fection, we performed semiquantitative RT-PCR on uninjured,
aseptically injured, and septically injured mid-third-instar lar-
vae and adult flies, harvested 4 h after treatment (Fig. 2A). The
Ddc forward and reverse PCR primers are anchored in the first
and third exons of Ddc, respectively, and the PCR conditions
are such that we never amplify the larger product that contains
the nerve-specific second exon (Fig. 1). Transcription of Ddc is
induced when larvae or adults are infected with E. coli (gram
negative) or S. aureus (gram positive) and when organisms are
aseptically injured with a large needle (data not shown); how-
ever, little Ddc transcript is detectible when organisms are
aseptically injured with a small needle or left untreated (Fig.
2A). We find that if organisms are septically injured with a
small needle, Ddc transcription is induced, whereas if that
needle is used for aseptic injury, Ddc transcription is absent.
We attribute Ddc induction following aseptic injury with a
large needle to infection with natural flora on the Drosophila
cuticle.

To confirm that our method of semiquantitative RT-PCR
was valid, we used real-time PCR to amplify the same samples
examined in Fig. 2A. Similarly, we found that Ddc transcription
was induced following septic injury with either E. coli or S.
aureus, but Ddc transcript was not detected following aseptic
injury or in control organisms (Fig. 2B). This confirms the
validity of our semiquantitative RT-PCR analyses, which are
presented in the remainder of this article.

Systemic Ddc transcription is localized to the epidermis.
Having confirmed that Ddc is induced in the immune response,
we next set out to identify which tissues express Ddc. To do
this, we aseptically and septically injured adult flies and 4 h
later separated their heads, thoraxes, and abdomens for RNA
isolations. We find that Ddc transcription is induced strongly in
the head and thorax and less so in the abdomen of the flies that
were septically injured with either E. coli or S. aureus (Fig. 3A).
This induction was absent in flies that were uninjured or asep-
tically injured. This suggests that Ddc transcription is induced
throughout the organism and is not restricted to the site of
infection.

Since Ddc transcription is induced throughout the adult or-
ganism, the three most likely locations of transcriptional in-
duction are in the hemocytes, the fat body, or the epidermis. In
order to determine if Ddc transcription is induced in the he-
molymph, we examined the induction of Ddc transcription in
larvae of domino mutants that fail to develop functional he-
mocytes (10). We were unable to assess Ddc induction in adult
domK08108 flies, as these mutants die at pupariation when large
numbers of hemocytes are necessary for phagocytosis at the
onset of metamorphosis. However, we find that Ddc transcrip-
tion is induced normally in domK08108 larvae (Fig. 3B, lanes 3
and 4) and that these mutants appear to have a high basal level
of Ddc transcription (lane 2), likely due to chronic infection
caused by the lack of hemocyte-derived cellular defenses.

To eliminate the possibility that the fat body cells could
adhere to the epidermis preparations, we obtained epidermal
tissue from larvae. At this stage, the fat bodies are much more
defined than in adults (41) and were easily separated from the
epidermis. Tissues were isolated by dissection from mid-third-
instar larvae 4 h after septic injury, and semiquantitative RT-
PCR was performed on the RNA obtained from these samples.
The result clearly shows that Ddc transcription is induced in
the epidermal tissues and not the fat body (Fig. 3C).

Reduction of DDC activity has no effect on adult survival
following infection. To determine if DDC activity within the

FIG. 2. Immune induction of Ddc transcription following septic
injury. (A) Semiquantitative RT-PCR was carried out on RNA ob-
tained from adult flies and mid-third-instar larvae. Gene-specific tran-
scripts in this and subsequent figures were separated on a 2% agarose
gel and are shown with a co-reverse-transcribed and PCR-amplified
RpL32 loading control. Transcripts from organisms septically injured
with E. coli (lane 4) or S. aureus (lane 5) are compared to aseptically
injured (lane 3) or uninjured (lane 2) organisms. In this and subse-
quent figures, the 1-kb Plus DNA ladder (Invitrogen) was used as a
size standard. (B) Quantitative real-time PCR of Ddc transcripts in the
same samples confirms that Ddc is induced following septic injury with
E. coli and S. aureus, but not following aseptic injury.

FIG. 3. Ddc transcription is induced in the epidermis. (A) Semi-
quantitative RT-PCR from RNA isolated from heads, thoraxes, and
abdomens of uninjured, aseptically injured, and septically injured adult
flies. (B) RT-PCR of RNA isolated from mid-third-instar domK08108

larvae infected with E. coli or S. aureus. (C) RT-PCR on RNA isolated
from fat body and epidermal tissues dissected from mid-third-instar
larvae infected with E. coli or S. aureus.
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epidermis is required for survival in the Drosophila immune
response, we infected Ddcts2/Ddcn7 and Ddcts2/Df(2L)130 mu-
tants with E. coli and S. aureus and tracked their survival for 3
days (Fig. 4). The Ddcn7 allele is a null mutation, and
Df(2L)130 is a deficiency of the locus; both are embryonic
lethal. The Ddcts2 mutation is a temperature-sensitive muta-
tion, and Ddcts2/Df(2L)130 flies have 2 to 3% of the DDC
activity detectible in wild-type flies (85). We find that there is
no difference in the survival rates of Ddcts2/Ddcn7 (Fig. 4A) and
Ddcts2/Df(2L)130 flies (Fig. 4B) compared to their wild-type
siblings. Thus, we conclude that Ddc induction at 2 to 3% of
normal has no effect on 3-day adult survival following infection
with E. coli and S. aureus.

In an attempt to eliminate DDC activity completely, we
employed RNA interference (RNAi) to degrade Ddc tran-
scripts. To confirm that our Ddc-RNAi constructs were func-
tional, we expressed the UAS-driven RNAi constructs under
the control of an Act5C-Gal4 driver. We found that all of the
Act5C-Gal4; P[Ddc-RNAi]pWIZ flies died at pupariation, a
stage when a high level of DDC activity is required for the
rapid tanning of the pupal case. However, it is unlikely that
there is a complete loss of DDC activity in these flies, since Ddc
null mutants are embryonic lethal (84). Act5C-Gal4; P[Ddc-
RNAi]pSymp flies developed normally, suggesting that expres-
sion of this construct did not destroy all of the Ddc transcripts,
so we eliminated these flies from further analysis. We infected
flies of the genotype hs-Gal4; P[Ddc-RNAi]pWIZ with or with-
out heat shock and found that there was no difference in
lethalities between heat-shocked and control flies following
infection (Fig. 4C). Degradation of Ddc transcripts following
heat shock was confirmed by semiquantitative RT-PCR (Fig.
4D). It appears that reduction in DDC activity in these flies
does not affect adult survival.

The time courses of Ddc transcription are different following
gram-negative and gram-positive infections. While reducing
DDC activity did not decrease the survival of infected flies, our
results do show that Ddc transcription is induced in the im-
mune response. We set out to determine the transcriptional
profile of Ddc expression following infection with E. coli or S.
aureus. Since Ddc transcript levels are high at the second to
third moults and at pupariation during normal development
(M. M. Davis, unpublished observation), we were unable to
determine the time course of Ddc transcription following sep-
tic injury of third-instar larvae and chose, therefore, to analyze
adults. Flies were septically injured with live (Fig. 5A) or heat-
killed (Fig. 5B) bacteria and harvested at various time points.
RT-PCR on RNA isolated from pools of adults collected at the
indicated time points reveals that Ddc transcripts are first de-
tectible about 1 h after infection with live (Fig. 5A, top gel) or
heat-killed (Fig. 5B, top gel) E. coli. Levels peak within 3 h,
remain high until 6 h after infection, and drop thereafter. The
profile of Ddc transcription is different in response to septic
injury with S. aureus (Fig. 5A, bottom gel). In this case, Ddc
transcripts are first detected 2 h after infection; levels peak by
9 h and drop slowly thereafter. Similar to infection with live S.
aureus, flies septically injured with heat-killed S. aureus (Fig.
5B, bottom gel) induce Ddc transcription, and transcripts are
detectible 3 and 6 h after infection. However, Ddc transcripts
are not detectible 9 and 12 h after infection with heat-killed S.
aureus. Thus, a sustained response to S. aureus requires con-
tinued infection by live bacteria.

A conserved AP-1 binding site is necessary to induce Ddc
transcription. To determine which regulatory sequence was
responsible for Ddc induction in the immune response, we
created Ddc-GFP reporter constructs containing various
amounts of the Ddc 5	 regulatory region (Fig. 1). Cuticular

FIG. 4. Reduction of DDC activity does not affect survival following septic injury. Survival of Ddc mutant flies and Ddc-RNAi-expressing flies
after infection with E. coli or S. aureus was tracked for 3 days. (A and B) Survival of the straight-winged heteroallelic Ddc mutant combinations
was compared to curly-winged wild-type sibling survival following septic injury with E. coli or S. aureus. (C) Survival of hs-Gal4; P[Ddc-RNAi]pWIZ
flies following heat shock (1 h at 37°C, 1 h of recovery) and no heat shock (control) after septic injury with E. coli or S. aureus. (D) Semiquantitative
RT-PCR shows that Ddc transcripts are degraded in flies following heat shock induction of the Ddc-RNAi construct, but Ddc transcripts are
detected in control (no heat shock) flies infected with E. coli and S. aureus.
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autofluorescence made confocal images of our epidermal
preparations nearly impossible to analyze, so we employed
semiquantitative RT-PCR to examine the expression of the
reporter constructs. First, we infected flies bearing the con-
structs that contain the large deletions, P[Ddc-GFP]SH,
P[Ddc-GFP]BH, and P[Ddc-GFP]EH, and compared reporter
gene induction in these flies to expression in P[Ddc-GFP]PH-
bearing flies (Fig. 6A, top gel). For all Ddc-GFP constructs, we
examined expression following infection in a minimum of three
independent transgenic lines. We find that the reporter gene is
induced normally following both E. coli and S. aureus infection
in flies bearing the P[Ddc-GFP]PH, P[Ddc-GFP]SH, and
P[Ddc-GFP]BH constructs. However, GFP transcription is not
induced in flies bearing the P[Ddc-GFP]EH construct. This
suggests that the sequence necessary for Ddc induction is lo-
cated between the BsmI and EcoRI restriction sites (Fig. 1).
To confirm this, we infected a transgenic line bearing a con-
struct, P[Ddc-GFP]PH�BE, that deleted only this region (Fig.
1), and found that the reporter gene could not be induced
following septic injury with E. coli or S. aureus. For each con-
struct-bearing line, the wild-type copy of the endogenous Ddc
gene was induced (Fig. 6A, bottom gel), showing that the
immune response was triggered normally. To further narrow
down the region responsible for Ddc induction, we created
transgenic flies bearing reporter constructs that contained a
deletion of part of the region between the BsmI and EcoRI
sites. These were called P[Ddc-GFP]�BE-1, P[Ddc-GFP]�BE-
2, and P[Ddc-GFP]�BE-3 (Fig. 1). We find that reporter gene
transcription is immune inducible in flies bearing P[Ddc-
GFP]�BE-1 and P[Ddc-GFP]�BE-2, but not in flies carrying
P[Ddc-GFP]PH�BE-3 (Fig. 6B, top gel). We conclude that a
sequence contained within the 302-bp region, missing in

P[Ddc-GFP]PH�BE-3, is necessary for the induction of Ddc
transcription in the innate immune response.

We aligned this 302-bp region (using the BLAT program;
http://genome.ucsc.edu/) (37) with nine other sequenced Dro-
sophila genomes. The sequence was also scanned for the pres-
ence of binding sites for known transcription factors found in
the database TESS (72). This analysis revealed two conserved
binding sites that could be involved in the Drosophila innate
immune response (Fig. 7). These sites include a 7-bp AP-1
binding site and an 8-bp NF-�B binding site. The NF-�B bind-
ing site most closely resembles the recently defined Rel-spe-
cific binding site, not the Dorsal/DIF-specific sequence (11).

To determine if either of these sites was necessary for Ddc
transcriptional induction in the innate immune response, we
used site-directed mutagenesis (see Materials and Methods
and see Table S2 in the supplemental material) to mutate 5
bases within each site to create P[Ddc-GFP]PHmutNF�B and
P[Ddc-GFP]PHmutAP-1 (Fig. 1). When transgenic flies bear-
ing the P[Ddc-GFP]PHmutNF�B construct were infected with
either E. coli or S. aureus, reporter gene transcription was
induced (Fig. 6B, top gel). This suggests that the NF-�B site
plays no role in Ddc immune induction. The importance of an
intact AP-1 site is apparent from the lack of reporter gene
transcription in P[Ddc-GFP]PHmutAP-1 flies following infec-
tion with either bacterium. In both cases, septic injury induced
transcription of the endogenous Ddc gene normally in report-
er-bearing flies (Fig. 6B, bottom gel). An intact AP-1 site was
also necessary for larval transcriptional induction (data not
shown).

AP-1 can bind its putative site in vitro. Loss of reporter gene
induction in P[Ddc-GFP]PHmutAP-1 suggests that the JNK-
activated transcription factor complex, AP-1, may be involved
in the activation of Ddc transcription in the innate immune
response. To determine if AP-1 could bind its putative binding
site upstream of Ddc, we employed an electrophoretic mobility
shift assay (see Fig. S2 in the supplemental material). We find
that the JUN/FOS heterodimer can bind the consensus AP-1
binding site, while neither subunit can independently bind the
site. Retardation of the probe is eliminated by addition of a
cold competitor and is absent when the probe is mutated,
demonstrating the specificity of the binding reaction.

Neither Toll, IMD, nor JNK signaling is involved in Ddc
immune induction. To determine if the AP-1 binding site was a
target of JNK signaling, in vivo, we employed the bipartite GAL4/
UAS system to express wild-type and dominant-negative forms of
Drosophila MAPKK, HEP, and the JNK BSK, as well as JUN and
FOS under the control of a heat shock promoter. In each case, we
infected organisms that had been heat shocked for 1 h and then
allowed to recover for 1 h prior to infection. Control organisms
were not heat shocked. Expression of hep (UAS-hep), bsk (UAS-
bsk), fos (UAS-fra), or jun (UAS-jra) did not precociously induce
Ddc transcription in the absence of infection, although Ddc was
immune inducible in these flies (see Fig. S3 in the supplemental
material). Furthermore, expression of a constitutively active HEP
(UAS-hepAct) did not precociously induce Ddc transcription (see
Fig. S3A in the supplemental material). Finally, expression of
dominant-negative forms of bsk (UAS-bskDN), jun (UAS-
junDN), or fos (UAS-fraDN) did not eliminate immune induction
of Ddc transcription (see Fig. S3B, C, and D in the supplemental
material).

FIG. 5. Induction of Ddc transcription in adults occurs shortly after
septic injury with live (A) or heat-killed (B) E. coli or S. aureus.
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Ectopic expression of these JNK pathway components failed
to indicate a role for JNK signaling in the Ddc immune re-
sponse. Consistent with this observation, Ddc was shown not to
be a JNK-inducible gene (9). However, since a conserved AP-1
binding site is necessary for Ddc immune induction, we thought
it advisable to assess the effects of a JNK loss-of-function
mutant on Ddc inducibility. Tak1 mutant flies, in which the

mutation eliminates both IMD and JNK signaling (73, 80),
activate immune transcription of Ddc normally (Fig. 8A). This
experiment provides strong evidence that the JNK pathway
and its transcription factor complex, AP-1, are not involved in
the induction of Ddc in the innate immune response. The
identity of the transcription factor that acts through the AP-1
consensus site to effect Ddc induction remains unknown.

FIG. 6. Mapping the region upstream of Ddc that is required for immune inducibility. Semiquantitative RT-PCR of Ddc-GFP and endogenous
Ddc transcripts was carried out on RNA isolated from adult flies bearing GFP reporter genes. Ddc-GFP or Ddc transcripts were co-reverse
transcribed and PCR amplified with an RpL32 loading control. (A) Deletions localizing the response element to the region from BsmI to EcoRI
(Fig. 1). (B) The region from BsmI to EcoRI contains an AP-1 site that is necessary for immune inducibility of Ddc.

FIG. 7. Conserved AP-1 and NF-�B sites lie within the region deleted in P[Ddc-GFP]BE-3. Alignment of a portion of the Ddc region deleted
in P[Ddc-GFP]BE-3 from 10 different Drosophila species reveals a conserved consensus AP-1 (underlined and bold) and a consensus NF-�B site
(capital letters and bold) embedded in a less-conserved area. Deviations from the D. melanogaster sequence are italicized.
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We also infected mutants in the receptors responsible for
detecting bacterial infection, the peptidoglycan recognition
proteins (PGRPs). PGRP-LC and PGRP-LE are the major
activators of the IMD pathway (25, 78), while PGRP-SA and
PGRP-SD are responsible for induction of the Toll pathway (7,
56). We find that Ddc transcription is induced normally in
PGRP-LC�E, PGRP-LE112, PGRP-SAseml, and PGRP-SD�3

mutants following E. coli and S. aureus infection (Fig. 8C). We
also infected mutants of additional components of the IMD
pathway. These included ird5KG08072 and ird5EY02434, both of
which have a P-element insertion in the first exon of the ird5
gene, which encodes the � subunit of the IKK complex (48, 67,
74). This complex is essential for IMD signaling downstream of
TAK1. In addition, we infected flies bearing a P-element in-
sertion in the gene encoding the IMD-induced NF-�B tran-
scription factor, Relish, RelEY08061. Ddc transcription was im-
mune inducible in these each of these mutants (data not
shown). Genetic data likewise fail to indicate a role for Toll
signaling in Ddc immune induction. The Tl3 gain-of-function
mutant, which constitutively induces AMP expression in the
absence of infection (45), did not precociously induce Ddc
transcription (data not shown). These data provide strong ev-
idence that the NF-�B site, although perfectly conserved, is not
required for Ddc induction following septic injury.

The p38c MAPK pathway is responsible for Ddc induction.
We have provided evidence that the major immune signaling
pathways are dispensable for Ddc immune induction. Two
other MAPK cascades have been implicated in Drosophila
immunity and wound healing. The first, the ERK pathway, was
shown by Mace et al. (49) to be necessary for robust induction
of Ddc in the embryonic wound response. The Drosophila ERK
is encoded by the gene rolled (rl) (6). We infected the hypo-
morphic rl1 mutant with E. coli and S. aureus and found that
Ddc was induced normally (Fig. 8B).

The second, the p38 MAPK pathway, has been implicated in
the attenuation of the immune response (27). There are two

p38 MAPKs that have been described in Drosophila, p38a and
p38b. In addition, there is a third p38 gene, termed p38c
(CG33338), which has been annotated in FlyBase. The p38c
gene is located immediately downstream of p38a and likely
arose by gene duplication (G. Manning, personal communica-
tion). Although p38c shares 61% DNA sequence identity to
p38a, there is some doubt that it, in fact, encodes a functional
p38 MAPK. The p38c gene has a mutation that changes the
TGY domain that is characteristic of p38 MAPKs (51) to a
TDH (C. R. Craig, personal communication), thereby prevent-
ing this motif from serving as a substrate for dual phosphory-
lation. Secondly, it has 2 amino acid (aa) substitutions within
the 8-aa catalytic domain that could prevent the active site
from functioning. However, 4 expressed sequence tags (ESTs)
have been identified in a cDNA library obtained from the
larval fat body of infected organisms (J. Carlson, personal
communication). Furthermore, the p38c MAPK protein cod-
ing sequence is conserved, suggesting that p38c is not a pseudo-
gene, and may, in fact, be functional (G. Manning, personal
communication).

The Mpk21 null allele of p38a (13), along with P-element
insertions upstream of p38b (p38bKG01337 and p38bKG02737)
and within p38c (p38cKG05834), was obtained, and flies were
infected with E. coli or S. aureus (Fig. 9A). We find that Ddc
transcription is induced normally in Mpk21, p38bKG01337 (Fig.
9A), and p38bKG02737 (data not shown) flies, but is not induced
in p38cKG05834 flies (Fig. 9A). The p38c KG05834 allele contains
an insertion of a P-element, in the center of the coding se-
quence, which most likely disrupts p38c function. However,
this insertion is annotated in FlyBase as affecting p38a func-
tion. We performed RT-PCR for both p38a and p38c tran-
scripts on RNA obtained from Mpk21 and p38c KG05834 mu-
tants to determine the nature of the p38cKG05834 mutation. We
find that p38a is transcribed in p38cKG05834 flies but not Mpk21

flies (Fig. 9B), and the p38c transcript is detectible in Mpk21

mutants, but not in p38cKG05834 flies (Fig. 9C). Thus, we con-
clude that the insertion in p38cKG05834 affects the expression of
p38c and not p38a in these flies.

To confirm a role for p38c MAPK in the induction of Ddc
transcription in the immune response, we undertook a P-ele-
ment excision scheme to recover additional mutants of this
gene. The P-element is inserted into the coding sequence of
p38c, and we expected that most excisions would generate new
mutants of p38c, since P-element excisions often leave rem-
nants following transposition (24, 76, 77). Homozygous
p38cKG05834 female flies (but not males) are sterile (M. Davis,
unpublished observation). Since P{SUPor-P} contains a mini-
white� gene, we were able to detect P-element excisions by
appearance of a white-eyed phenotype. We obtained 91 P-
element excisions. In an attempt to create homozygous stocks,
we found that 6 were homozygous lethal, 12 were homozygous
viable and fertile, and 73 were homozygous viable but infertile.
We assumed that the six lines with mutations that were ho-
mozygous lethal contained larger deletions that resulted in the
loss of nearby essential genes and eliminated these lines from
further analysis. Cloning and sequencing of the P-element ex-
cision region of p38c from several lines that yielded homozy-
gous progeny revealed that those lines that were female fertile
contained precise P-element excisions, which restored the cor-
rect reading frame of p38c. In contrast, those lines that dis-

FIG. 8. Immune inducibility of Ddc is unaffected in JNK, ERK, and
PGRP loss-of-function mutants. Ddc RT-PCR on RNA obtained from
uninjured and septically injured Tak1 (A), rl1 (B), or PGRP (C) mutant
flies.
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played female infertility contained a mutation within p38c.
Three revertant lines, p38c2A, p38c4C, and p38c8A, were kept
for further analysis. Three mutant lines (p38c1A1, p38c7B1, and
p38c19B1) were confirmed by sequencing to contain insertions
that caused frameshift mutations that led to premature stop
codons and truncated proteins. The full-length p38c MAPK is
356 aa long. The p38c1A1 allele contained a 36-bp insertion that
resulted in a 234-aa protein, the p38c7B1 allele contained a
20-bp insertion that resulted in a 232-aa protein, and the
p38c19B1 allele contained a 71-bp insertion that resulted in a
239-aa protein. All three p38c mutants were female sterile, but
the homozygous males were fertile.

p38c1A1, p38c7B1, and p38c19B1 all failed to induce Ddc fol-
lowing infection with E. coli or S. aureus (data not shown).

However, Ddc transcription was induced in p38c2A, p38c4C

(data not shown), and p38c8A (Fig. 9D) flies following septic
injury with E. coli and S. aureus. To eliminate the possibility of
second-site effects, we also examined five heteroallelic combi-
nations of p38c, each of which failed to induce Ddc transcrip-
tion following infection with E. coli or S. aureus (Fig. 9D and
data not shown). The p38c1A1/p38c19B flies shown in Fig. 9D
demonstrate a typical heteroallelic result.

To analyze p38c expression, we used semiquantitative RT-
PCR to detect p38c transcripts in uninjured and septically
injured adult flies (Fig. 9E). We find that p38c transcription is
not immune inducible; rather, levels of p38c transcripts are
similar in infected and uninfected organisms.

Finally, to determine whether p38c is required for survival of

FIG. 9. p38c MAPK is required for immune induction of Ddc. (A) Ddc RT-PCR on RNA obtained from uninjured and infected Mpk21,
p38bKG01337, and p38cKG05834 adult flies. (B) p38a transcript analysis in Mpk21 and p38cKG05834 mutant flies. (C) p38c transcript analysis in Mpk21

and p38cKG05834 mutant flies. (D) Ddc RT-PCR on RNA obtained from uninjured and infected p38cKG05834, p38c8A (revertant of p38cKG05834), and
p38c1A1/p38c19B. (E) p38c transcription is not immune inducible. (F) Survival of p38cKG05834homozygous flies and their p38cKG05834/TM3, Sb
wild-type siblings following septic injury with E. coli and S. aureus.
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bacterial infection, we assessed the survival of p38cKG05834 flies
following infection with E. coli or S. aureus. We find that there
is no difference in the survival of p38cKG05834 flies compared
with p38cKG05834/TM3, Sb control flies following E. coli or S.
aureus infection (Fig. 9F).

DISCUSSION

Microarray analysis has shown that Ddc transcription is in-
duced by infection with gram-negative and gram-positive bac-
teria (9, 17, 34). We have confirmed that Ddc (Fig. 2), but not
ple (data not shown), transcription is induced following gram-
negative (E. coli) or gram-positive (S. aureus) septic injury with
a small needle. The lack of ple transcriptional induction is not
surprising, since PO activity can provide Dopa for DDC,
thereby making TH redundant. In addition, transcripts for the
genes encoding dihydropteridine reductase and GTP cyclohy-
drolase I, which are responsible for production of the essential
TH cofactor, tetrahydrobiopterin, are significantly upregulated
following septic injury (9, 17, 34). This induction is likely suf-
ficient to increase basal TH activity levels.

Aseptic wounding of larvae or adults does not lead to Ddc
transcriptional induction (Fig. 2), unlike in embryos where
DDC activity at the edge of the wound contributes to the
formation of a melanin clot (49). Our data show that robust
induction of Ddc transcription is not apparent until 2 h after
infection (Fig. 5), long after the melanin clot has already
formed at the wound site. The profile of Ddc transcription
differs in response to E. coli and S. aureus infection (Fig. 5).
This discrepancy can be attributed to the virulence of S. aureus,
since infection with heat-killed S. aureus recapitulates the pro-
file of Ddc transcriptional induction with live E. coli (Fig. 5B).

Induction of Ddc transcription following septic injury appar-
ently occurs within the epidermis (Fig. 3). Although we do not
see a change in infection-induced Ddc transcription in
domK08108 larvae (Fig. 3B), we cannot eliminate the possibility
that the hemocytes also express Ddc. There is a possibility that
our dissected epidermal tissues are contaminated with small
amounts of these cells; however, we view the likelihood of their
contributing to the Ddc response as slight. Induction of Ddc
transcription in the epidermal tissues following infection (Fig.
3C), but not wounding (Fig. 2 and 3A), suggests a role for Ddc
in the destruction of invading microorganisms. We find that
mutations in Ddc or knockdown of Ddc expression by RNAi
does not affect the ability of Drosophila to survive infection
(Fig. 4). This suggests that the low level of DDC activity in
these flies is sufficient for survival. However, the actions of
enzymes such as PO in the epidermis may be able to compen-
sate for the loss of DDC activity in the immune response. Since
all null alleles of Ddc are embryonic lethal (84), it is impossible
to determine whether DDC activity is essential for survival
following infection.

In an effort to determine which Ddc promoter element is
responsible for transcriptional induction during the innate im-
mune response, we infected larvae and adults of fly stocks
bearing various Ddc-GFP reporter constructs (Fig. 1 and 6).
We confirmed that the immune response was mounted in these
flies by showing that transcription from the endogenous Ddc
gene was induced (Fig. 6A, bottom gels). Infection of flies
bearing constructs revealed that a 302-bp sequence that was

deleted in P[Ddc-GFP]PH�BE-3 was necessary for Ddc induc-
tion (Fig. 6B). Alignment of the sequences from 10 Drosophila
species for this 302-bp region (Fig. 7) revealed conserved bind-
ing sites for NF-�B and AP-1 transcription factors. Although
the NF-�B site is highly conserved in the 10 Drosophila species
(Fig. 7), this site is dispensable for immune induction of Ddc
transcription (Fig. 6B).

The Toll and IMD pathways both activate the immune re-
sponse through NF-�B transcription factors. Mutations in Toll
(PGRP-SAseml, PGRP-SD�3, and Tl3) and IMD (PGRP-LC�E,
PGRP-LE112, ird5KG08072, ird5EY02434, and RelEY08061) pathway
components had no effect on Ddc immune induction following
E. coli or S. aureus infection (Fig. 8C and data not shown). This
confirms that the NF-�B site is not necessary for Ddc immune
induction in larvae and adults following bacterial infection.
However, Ddc could be developmentally regulated by Toll
signaling, particularly during embryogenesis when Toll signal-
ing is very important for embryonic patterning (75) and the
role of Ddc is not well understood.

Mutation of the consensus AP-1 site eliminated the immune
induction of the Ddc-GFP reporter construct (Fig. 6B), sug-
gesting that a transcription factor must bind this site to induce
Ddc transcription. Drosophila AP-1 is a heterodimer composed
of one JUN subunit and one FOS subunit (60). We demon-
strated that AP-1 could bind its putative site within the Ddc
promoter, but not a mutated site, and that binding could be
eliminated by the addition of a specific competitor (see Fig. S2
in the supplemental material). AP-1 is activated by phosphor-
ylation carried out by JNK (16). Using a hs-Gal4 driver, we
induced ectopic expression of two kinases in the JNK pathway,
HEP and BSK. Neither these nor a constitutively active HEP
(UAS-hepAct) caused precocious induction of Ddc transcrip-
tion in the absence of infection (see Fig. S3A and B in the
supplemental material). In addition, induction of dominant-
negative forms of HEP and BSK did not prevent induction of
Ddc transcription following infection (see Fig. S3A and B in
the supplemental material). Furthermore, heat shock induc-
tion of JUN and FOS expression did not activate Ddc tran-
scription, and expression of a dominant-negative form of JUN
or FOS did not eliminate Ddc immune induction (see Fig. S3C
and D in the supplemental material). Most importantly, a
mutant in Tak1, which lies at the branch point common to
IMD and JNK signaling, fails to eliminate Ddc immune induc-
tion (Fig. 8A). Taken together, these results suggest that the
JNK pathway is not responsible for Ddc transcriptional induc-
tion. Although AP-1 can bind the consensus binding site up-
stream of Ddc in vitro, our genetic data suggest that AP-1 does
not induce Ddc transcription in vivo. Therefore, we conclude
that a transcription factor other than AP-1 binds to this site to
activate Ddc transcription.

We have provided extensive evidence that the JNK pathway
and its transcription factor, AP-1, are not involved in the im-
mune induction of Ddc transcription. The ERK pathway has
been implicated in the induction of Ddc in the embryonic
wound response, and treatment with a universal MAPK inhib-
itor reduces Ddc induction (49), suggesting that a MAPK is
important for Ddc transcription. Ddc was immune inducible in
the hypomorphic mutant of Drosophila ERK, rl1 (Fig. 8B),
suggesting that the ERK pathway is not responsible for Ddc
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immune induction. However, analysis of a null rl mutant would
be necessary to confirm this observation.

The p38 MAPK pathway has been implicated in attenuation
of the Drosophila immune response (27). A null allele of p38a,
Mpk21, did not affect immune induction of Ddc transcription.
No mutant for p38b has been identified, but Ddc transcription
is induced normally in two lines bearing P-element insertions
immediately upstream of the p38b gene. However, the inser-
tions likely do not eliminate p38b MAPK function, and the
creation of a null allele of p38b would be useful. Interestingly,
the only mutant we identified that affected Ddc transcriptional
induction was p38cKG05834, which carries a P-element insertion
in the coding sequence of an uncharacterized member of the
p38 MAPK family, p38c (Fig. 9A). Furthermore, excision of
this P-element restores immune inducibility of Ddc (Fig. 9D).
We recovered three additional mutants in p38c, and Ddc im-
mune induction is absent in these mutants, both as homozy-
gotes (data not shown) or in heteroallelic combinations (Fig.
9D). The p38c gene is located immediately downstream of
p38a and likely arose by gene duplication (G. Manning, per-
sonal communication). Four ESTs for p38c were detected in
infected larval fat body cells (J. Carlson, personal communi-
cation). We have shown that this gene is expressed within
epidermal tissues (data not shown), although its transcript is
not induced in the immune response (Fig. 9E). Transcription
of p38c is lost in p38cKG05834 (Fig. 9B), and the lack of p38c
expression correlates with the loss of Ddc immune induction
(Fig. 9A and D). The recovery of additional p38c mutants that
fail to induce Ddc following infection (Fig. 9D) and the resto-
ration of Ddc immune induction in flies bearing precise P-
element excisions further confirm that p38c MAPK is respon-
sible for Ddc transcriptional induction.

Although we demonstrated that p38c MAPK is not required
for survival of E. coli or S. aureus infection (Fig. 9F), this does
not eliminate the possibility that it is required for survival of
infection with E. coli and S. aureus under different conditions
or infection with other bacterial species. A large repertoire of
genes is induced following bacterial infection of Drosophila,
primarily due to the activation of the Toll, IMD, and JNK
pathways. This implies that a number of parallel defense re-
sponses are mounted simultaneously. Induction of the p38c
MAPK pathway may only be critical to the survival of organ-
isms under very specific circumstances, as was shown for the
role of NF-�B-induced immunity in the gut epithelia (69). In
this case, the NF-�B-induced immunity is only critical for sur-
vival of infections with reactive oxygen species-resistant bacte-
ria that cannot be killed by the reactive oxygen species-depen-
dent immunity that destroys the majority of gut-infecting
organisms.

The identification of yet another signaling pathway that par-
ticipates in the immune induction of gene transcription points
to the evolutionary significance of innate immunity. The p38c
MAPK pathway elicits its response through the activation of an
unknown transcription factor, which acts through the con-
served consensus AP-1 site upstream of the Ddc transcription
start site. It has been suggested that p38c MAPK cannot be
activated by phosphorylation by a MAPKK due to the muta-
tion that converts the TGY dual-phosphorylation motif to
TDH (C. R. Craig, personal communication). However, a clear
role for p38c MAPK in Ddc immune induction has been dem-

onstrated, although the mechanism of p38c activation is still to
be elucidated. It is clear that p38c MAPK is not activated by
signaling through PGRP-LC, -LE, -SA, or -SD, since Ddc is
induced normally following infection of these mutants (Fig.
8C). However, the possibility exists that another PGRP is re-
sponsible for the detection of invading bacteria and signaling
to p38c MAPK.

It has been suggested that the amino acid substitutions
within the catalytic domain may render p38c MAPK nonfunc-
tional as a kinase (C. R. Craig, personal communication). A
clear role for another putative kinase, Tribbles, in regulating
the Drosophila Cdc25 homolog, String, during morphogenesis
has been shown, although researchers have failed to demon-
strate any kinase activity of this protein or any of its homologs
(26, 29, 52). Further work is required to ascertain the catalytic
activity of p38c MAPK, although it is possible that this protein
has a regulatory role in the absence of kinase activity.

Delineation of the other components of the p38c MAPK
signaling pathway will aide in our understanding of this system.
The MAPKKK, MEKK1, has been shown to be the major
activator of peptidoglycan-induced p38 MAPK activation in
Drosophila (88), although future research will determine if it is
responsible for p38c MAPK activation in the immune re-
sponse.

The importance of DDC to neuronal production of DA is
well established. During development, DDC produces the DA
that is required for melanin and sclerotin production (2, 83).
Tanning of the pupal case at pupariation and the hardening
and darkening of the adult cuticle following eclosion are the
most obvious manifestations of DA metabolism. Ddc transcrip-
tion is also induced in the Drosophila embryonic wound re-
sponse, at the wound site, to produce a melanin plug (49).
Melanotic encapsulation of the parasitic wasp egg also requires
DDC (57). In addition to these well-established roles for DDC,
here, we demonstrate a role for the activation of transcription
of this gene in the Drosophila innate immune response to
bacterial infection. The appearance of DDC in the epidermis
will increase the production of DA. The DA is most likely
metabolized to produce reactive quinones that are toxic to
invading bacteria. Presumably, DA is metabolized by the en-
zymes responsible for the production of sclerotin since no
melanin deposits are evident within the epidermis. Consistent
with this prediction, the gene black, whose protein product is
an enzyme involved in NBAD synthesis (30, 62, 82), is also
upregulated in the Drosophila immune response (34). Future
research will reveal the extent of the antimicrobial role of
quinone production in the innate immune response.
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