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Expression of the gene encoding the antifungal peptide
Drosomycin in Drosophila adults is controlled by the
Toll signaling pathway. The Rel proteins Dorsal and
DIF (Dorsal-related immunity factor) are possible can-
didates for the transactivating protein in the Toll
pathway that directly regulates the drosomycingene.
We have examined the requirement of Dorsal and DIF
for drosomycinexpression in larval fat body cells, the
predominant immune-responsive tissue, using the yeast
site-specificflp/FRT recombination system to generate
cell clones homozygous for a deficiency uncovering
both the dorsal and the dif genes. Here we show that
in the absence of both genes, the immune-inducibility
of drosomycinis lost but can be rescued by overexpres-
sion of either dorsal or dif under the control of a
heat-shock promoter. This result suggests a functional
redundancy between both Rel proteins in the control of
drosomycingene expression in the larvae dbrosophila
Interestingly, the gene encoding the antibacterial pep-
tide Diptericin remains fully inducible in the absence
of the dorsal and dif genes. Finally, we have used fat
body cell clones homozygous for various mutations
to show that a linear activation cascade Spaetzle
Toll - Cactus- Dorsal/DIF leads to the induction of the
drosomycingene in larval fat body cells.

Keywords Drosophildinnate immunity/mosaic analysis/
Rel proteins/Toll pathway

Introduction
A hallmark of the potent antimicrobial defense @foso-

1993), Attacin (Aslinget al, 1995) and insect Defensin
(Dimarcq et al, 1994) are only active against bacteria,
whereas Drosomycin is only active against fungi
(Fehlbaumet al.,, 1994). The seventh and most recently
discovered molecule, Metchnikowin, is active against both
bacteria and fungi (Levashirgt al., 1995).

The study of the regulatory mechanisms controlling the
rapid synthesis of these antimicrobial peptides after septic
injury is an important challenge in the field (reviewed in
Hoffmann and Reichhart, 1997). Analysis of the anti-
microbial response in different mutant strains demonstrates
that several regulatory pathways control antimicrobial
peptide gene expression. This was first shown by the
characterization ofmmune deficiencyimd), a recessive
mutation that impairs the inducibility of the genes encoding
antibacterial peptides in both larvae and adults, while only
marginally affecting the inducibility of the antifungal
peptide genedrosomycin(Lemaitre et al, 1995a). The
imdgene, which has not yet been cloned, therefore encodes
a component required for the antibacterial response. An
extensive mutagenesis indicates that several other genes
are involved in the control of the antibacterial peptide
gene diptericin (D.Ferrandon, personal communication;
Wu and Anderson, 1998). Recently, Williarasal. (1997)
have shown that mutations in ti8-wheelemgene, which
encodes a Toll-like receptor, specifically alter the induci-
bility in larvae of the two other antibacterial peptide genes
cecropin and attacin This study therefore points to a
complex network regulating the antibacterial response.
Finally, a genetic approach performed in adults has also
shown that the well-characterized Toll pathway controls
the expression of the antifungal peptide geinesomycin
and is also involved in the control of some of the
antibacterial peptide genes (e.gecropin and attacin
Lemaitreet al., 1996).

During embryonic dorsoventral patterning Droso-
phila, the Toll (TI) receptor is thought to be activated by
a processed form of the Spaetzle (Spz) protein. The
activation of Tl subsequently leads, via the cytoplasmic
proteins Tube (Tub) and Pelle (PIl), to the degradation of
the inhibitor protein Cactus (Cact) and the release of the
Relish (Rel) protein Dorsal (DI), which translocates into
the the nucleus and functions as a transcription factor
(reviewed in Belvin and Anderson, 1996). Interestingly,
this signaling pathway shares striking structural and func-
tional similarities with the activation cascade of the Rel
protein NF«B in cytokine-induced immune responses in

phila is the rapid synthesis by the fat body, following mammals (reviewed in Belvin and Anderson, 1996). These
septic injury, of a battery of small-sized cationic peptides similarities also extend to th®rosophila antimicrobial
with a broad spectra of activities. Recent studies indicate response: in adult flies, septic injury leads to the activation
that in Drosophila at least seven distinct peptides and of Tl, presumably by thespz gene product, and sub-
their isoforms participate in this humoral immune response. sequently, via a Pll- and Tub-mediated cascade, to the

Five of these peptides, Cecropins (Kylstenal., 1990),
Diptericin (Wicker et al.,, 1990), Drosocin (Bulett al.,
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degradation of Cact and the induction of tthi@somycin
gene (Lemaitreet al,, 1996; Nicolaset al., 1998).
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Role of dI and dif in drosomycin gene expression

In view of the parallels between the control of dorso- to the induction of thedrosomycingene in larval fat
ventral patterning and the induction of an antimicrobial body cells.
response irDrosophilg it came as a surprise when early
observations noted that idl~ mutants, which lack a
functional Rel protein DI, thelrosomycirngene (and those
of all the other known antimicrobial peptides) remained Expression of antimicrobial peptide genes in
fully inducible by an immune challenge (Lemaite¢ al., larvae mutant for the Tl pathway
1995b). This result indicated that either DI was not the We have analysed the immune-inducibility of the genes
transactivator in this system, in contrast to the regulation encoding Drosomycin, Diptericin, Cecropin and Attacin
of the dorsoventral target genes, or that the control of in larvae carrying mutations in the Tl signaling pathway
antimicrobial peptide genes was redundant and that otherand in theimd gene. Two types of dorsoventral mutations
Rel proteins could substitute for DI idl~ mutants. An were analysed: (i) loss-of-function mutations spz Tl
obvious candidate for such a redundant factor is the anddl that block the Tl pathway in embryos and (ii) a
Rel protein DIF (for Dorsal-related immunity factor) gain-of-function mutation iffl (TIP) and a loss-of-function
characterized by Ipet al (1993), which shares both mutation incact that are strongly ventralizing. For this
sequence similarities and several significant biological analysis, we extracted RNA from pools of unchallenged
features with DI: thell and thedif genes are both expressed and 6 h-bacteria-challenged third instar larvae, and probed
in fat body cells, the major site of synthesis of antimicrobial Northern blots with the corresponding radioactive cDNAs.
peptides, and their expression is upregulated by immuneThe data were analysed by phosphoimaging and the results
challenge; the Dl and the DIF proteins are both translocated are plotted in Figure 1A.
from the cytoplasm into the nucleus after septic injury; A striking observation is that th@rosomycingene
in transfection experiments with immune-responsive cell is strongly expressed iffI® gain-of-function andcact-
lines, bothdl and dif expression vectors lead to the deficient mutants in the absence of immune challenge.
expression of antimicrobial peptide genes; and finally, The level ofdrosomycirexpression is significantly higher
both DI and DIF bind to similar Rel binding sites that are in TI® mutants than that induced by immune challenge in
present in the promoters of all genes encoding antimicro- wild-type larvae. In addition, pricking thell® gain-
bial peptides (Ipet al, 1993; Reichhartet al, 1993; of-function mutants significantly increases the level of
Peterseret al,, 1995; Grosst al., 1996). drosomycirexpression over that of constitutive expression.

dif mutants have not been reported to date. However, This result indicates that in larvae, the activation of the
the dif and dl genes, which map within 7 kb at position Tl pathway inTI® mutant is sufficient to trigger a higher
36C on the left arm of the second chromosome, are bothdrosomycinexpression than in adults (Lemaitet al.,
uncovered by a small deficiency (R.Steward, personal 1996). Figure 1A also shows that the induction of the
communication). To study the roles df anddif genes in drosomycingene is lowered irspzdeficient larvae. The
the regulation of the antimicrobial peptide genes, we have effect of this mutation, however, is less marked in larvae
developed a strategy for producing mitotic cell clones than previously seen in adults (Lemaigtal., 1996). The
lacking both DI and DIF activity using this deficiency and requirement of the Tl pathway falrosomycinexpression
the yeast site-specifitp/FRT recombination system (Xu s further illustrated by the observation that the inducibility
and Rubin, 1993). The induction of the antimicrobial of the drosomycingene is also lowered in hypomorphic
peptide genes can, thus, be analysed in clones carryingmutants of theTl gene compared with wild-type larvae.
the deficiency uncovering both thd# and dif genes. To Again, the effect of this reduction of the level of induci-
determine the individual contributions of DI and DIF to bhility is less marked than in adults (Lemaieal., 1996).

Results

antimicrobial peptide gene expression, we udkdnddif However, this latter result could also be explained by the
transgenes under the control of a heat-shock promoter tofact that the hypomorphic combination which we used,
reintroduce DI or DIF activity into these clones. TISSITIL-RXA is temperature sensitive and that the larvae

Since our mosaic analysis was carried out with fat body are kept only at the restrictive temperature for 2 days,
cells of third instar larvae, and our previous studies had compared with 5 days for adults.
been performed on adult insects (Lemaitteal.,, 1996), To ascertain the difference iml requirement beween
we have also now carried out experiments on the induction larvae and adults, we have corroborated our preceding data
of antimicrobial peptide genes in wild-type and dorso- with a transgenic approach: we measuegalactosidase
ventral mutant larvae. We now show that major similarities activity 6 h after bacterial challenge in larvae and adults
exist between the control of antimicrobial peptide gene carrying adrosomycin—lacZeporter gene combined with
expression in larvae and adults. In particular, tlieso- either theTl or the spz mutations. These quantitative
mycin gene is under the control of the dorsoventral measurements (Figure 1B) clearly parallel our Northern
pathway genes in larvae as well as in adults. Furthermore,blot analysis, indicating that (i) the induction of the
as in the adults, thiend gene product is required in larvae drosomycirgene is lowered iffl- andspzdeficient larvae
for the induction of the antibacterial peptide genes. Our and that (i) the requirement of the Tl pathway for
mosaic analysis in larval fat body shows that the control drosomycininduction is less marked in larvae than in
of drosomycinbut not that ofiptericinin larvae, requires  adults (2-fold reduction irspz larvae versus 4-fold in
the Rel proteins DI and DIF and that the two Rel proteins spz adults).
function redundantlyin vivo to direct the expression of As we had observed earlier for adults (Lematitteal.,
the drosomycingene. Finally, using fat body cell clones 1996), the induction of thdrosomycirgene is not affected
homozygous for various mutants, we also show that a in larvae deficient for thell gene (Figure 1A), indicating
linear activation cascade SpZl- Cact-DI/DIF leads that this Rel protein is either not involved in the transcrip-
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Fig. 1. Analysis of antimicrobial gene expression in wild-type and dorsoventral mutant ladjp@&hg signals on several Northern blots were

quantified using a bio-imager system. In each experiment, the signals of immune gene expression were normalized with the corresponding value of
the rp49 signal. The levels of expression in 6 h-bacteria-challenged wild-type larvae were standardized as 100 and the results are given as relative
activity (percent). Each bar corresponds to an independent experiment comprising 20 individuals. Analyses of Northerndobstnigein

diptericin, cecropinandattacin gene expression are presentesi Induction of thedrosomycin—lacZeporter gene in 6 h-bacteria-challenged

wild-type, TI- andspz larvae and adults. Results are the mean of four measurements with the standard deviation in parentheses. C, unchallenged
larvae; 6 h 6 h after bacterial challeng@rR, Oregon R:dI-, diV/dI; TI-, TIS3TIL-R*A spz, sp2M7/sp2™; imd, imd /imd ; imd spz imd/imd;

spZ™/spz™7; TIP, TI108/+; cact, cact*¥cacPls,

tional control ofdrosomycinor that another Rel protein(s) In contrast to thelrosomycingene, the genes encoding
can substitute for its function. Finally, thérosomycin the antibacterial peptides Diptericin, Cecropin and Attacin
gene retains its inducibility imd mutant larvae. However,  are not constitutively expressed P gain-of-function
when taking into account all the data which we obtained mutant larvae, as seen in Figure 1A. Tdliptericin gene
from various experimental series, we now conclude that is also fully inducible in larvae deficient for trepzand
the level of induction of thelrosomycingene is slightly Tl genes. These data indicate tlagdtericin induction in
reduced (approximately one third) imd larvae (this larvae is not dependent on the Tl pathw®jptericin
study) and inimd adults (unpublished data). This weak induction, however, is clearly dependent on iimel gene,
effect of theimd mutation, which we had not formally  since inimd mutants the level ofliptericin induction by
noticed in our previous studies, suggests thairtiebgene septic injury is dramatically reduced. The expression
product also slightly participates in the regulation of the patterns observed faecropinandattacinwere somewhat
drosomycingene. different from those ofliptericin, as the full induction of
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Fig. 2. Clones ofAct5C>nuc—lacZexpressing cells followindip-
mediated recombinatiomuc—lacZexpression in a wing imaginal

disc (A) and fat body B) were obtained from a late third instar
hsFLP12; Act5C-Draf* >nuc—lacZlarva which had been heat-

shocked for 30 min at 37°C at embryonic stage 4-6 h after egg-laying.
A single patch of several hundred contiguous cells expredaigcan

be seen in the posterior compartment of the wing disc (A). In contrast,
the fat body in (B) is peppered with small patchedaafZ expression
which rarely exceed four cells. Patches of stained cells resulting from
clonal derivatives of single cells were observed in the fat body when
the heat shock was administere® h after egg-laying.

these two genes is affected in bathzand imd mutant
larvae, indicating that they are regulated both by the TI
pathway and themd gene product. A similar situation
was reported in adults (Lemaitet al., 1996).

When theimd and spz mutations were combined, the
effect on the level of induction of each antimicrobial

Role of dI and dif in drosomycin gene expression

¥ FRT musation/Bal X PR hs-fip; Bal

(ff hs-fip/¥; FRT mutation/Bal X ?? dipt-lacZ, drom-GFP; FRT PZ
1) Heat shock for 1 hour at l

38°C on 0-6 hours aged
embryos

2) Select females third instar larvae with the following genotype
hs-fipidipt-lacZ, drom-GFP; FRT muiation/FRT FZ

3) Analysis of reporter gene expression 16 hours after bacterial challenge

Mosaic far body

’ g
® Homozygous cells for mutation
® Homozygous cells for PZ

Fig. 3. General genetic scheme of crosses for producing somatic
clones in larval fat body using the yeast site-spedIitFRT
recombination system. Larval mosaic clones were generated using the
yeast site-specifilp/FRTrecombination system (Xu and Rubin,
1993).hs-flpfemales (herdns-fiprefers to eithehsFLP12or hsFLPY)
carrying appropriate balancers with larval marker were cross&tRi
mutation/Balancemales. Males carrying both thes-flptransgene and
FRT mutationwere then mated in mass tiipt—lacZ drom-GFP; FRT
PZ females PZ refers to eithet(2)062700r I(3)j5C2 and is used as
cell marker]. The induction of mitotic recombination and the analysis
of reporter gene expression occurred in three steps as follows: (1),
0-6 h embryos were subjected to a heat shock at 37fQ foto
induceflp/FRFmediated mitotic recombination; (2), resulting female

peptide gene was stronger than in single mutants (Figurelarvae of the appropriate phenotyges{flp/dipt-lacZ drom-GFP; FRT

1A). The absence of both pathways impaired all antimicro-

bial peptide gene expression, suggesting that the imd and’

Tl pathways together are essential for full antimicrobial
resistance ilDrosophilalarvae. However, some expression

mutation/FRT PYXwere selected; (3), these larvae were either directly
bserved (unchallenged larvae) or bacteria-challenged. Larvae were
collected 16 h after bacterial challenge and analysed for reporter gene
expression (in some experiments, when indicated dniyn—GFPis

used as reporter gene). Male larvae of the same genotype as female

of these genes remains detectable, suggesting that argxcept for thehs-fiptransgene were used as internal controls.

additional pathway(s) may participate in the control of
antimicrobial peptide gene expressions.

Mosaic analysis in larval fat body of Tl and cact
gene function in antimicrobial peptide gene
expression

every 2 h) to a single heat shock (37°C for 30 min). The
surviving individuals were dissected at the third larval
instar and analysed for nuclegigalactosidase activity in
the fat body. Under these conditions, we observed nuclear
staining in isolated cells regardless of the time of the heat

Strong loss-of-function mutations in several genes of the shock. However, clusters of stained cells representing
Tl pathway decrease larval viability; this is particularly clonal derivatives of a single cell were only observed
the case for null mutations in th&l and cact genes when the heat shock was administere@ h after egg-
(Gertullaet al,, 1988; Rothet al, 1991). To analyse the laying. The number of patches generated was directly
regulation of the immune-induced expression of antimicro- dependent on the intensity and the duration of the heat
bial peptides in the fat body carrying null alleles of these shock. Figure 2 shows thauc—lacZ staining pattern
genes, we generated mosaic animals in which somatic cellobserved in fat body and wing imaginal disc from a larva

clones lack functional copies of either ti¢ or the cact
genes using the yeast site-specific recombinatiipf-RT
system.

obtained after embryonic heat shock at 4—-6 h after egg-
laying. In contrast to imaginal discs (Figure 2A), the
number of cells of the clusters expressingc—lacZis

To our knowledge, this method had not previously been small in the fat body and does not exceed four cells
applied to the larval fat body, and we first determined the (Figure 2B). We also observed that, in contrast to imaginal
parameters for clonal analysis in this tissue. For this, we disc cells, fat body cells can disperse throughout this
used the FLP-out technique to heritably activate, in any tissue during morphogenesis.
cell, the coding sequence of nuclear localieglalactosid- Using theflp/FRT methodology (see Figure 3 for the
ase (Struhl and Basler, 1993). This method generates celldescription of the general genetic scheme), we next
clones which constitutively express a nuclearly localized generated homozygous larval fat body cell clones carrying
B-galactosidasenic—lacZ under the control of a constitu-  null alleles for thecact or Tl genes in a heterozygous
tive actinsCpromoter only after a heat shock has induced background. A number of experiments were performed
FLP-mediated recombination betweeis-acting FRTSs. on fly lines carrying botldiptericin—lacZanddrosomycin—
We subjected embryos aged 0-12 h (eggs were collectedgreen fluorescent proteifGFP) reporter genes on the
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X chromosome (referred to aipt—lacZand drom—-GFR

respectively). The use of these two reporter genes which

reproducibly mimic the expression of the endogenous
genes (Reichharet al., 1992; Ferrandoret al., 1998)
allows a direct comparison of the expression of both the
diptericin and the drosomycingenes in the same fat
body cell.

Figure 4A illustrates the expression of tHeom—GFP

reporter gene in mosaic unchallenged larvae homozygous

for the cact null allele, cac3, Groups of cells with

marked GFP fluorescence are apparent in the fat body of

the live animal through the integument. In contrast, as

control we never observed a fluorescent signal in males

of the same genotype but lacking the-flpchromosome,

or in females heterozygous for aRRT chromosome.
Figure 4B further illustrates the dissected fat body of a
mosaic larva with clusters of strongly positive cells. In
these experiments, the cells expressiigm—GFPwere
mostly rounded (Figure 4C or D) and exhibited a tendency
to dissociate from the fat body (data not shown), which
is typical for fat body cells offI° larvae (Lemaitreet al.,

1995b). In the course of these studies, we never observed

constitutive expression of GFP in any tissue other than
the fat body. We have ascertained that the cells which
strongly express therosomycinreporter gene in un-
challenged larvae correspond to homozygaact®3
clones by using an additional cell marker. For this, we
constructed a fly strain carrying aRRT chromosome
containing aPZ enhancer trap insertiof{(2)0627Q which
directslacZ gene expression in fat body cells. Mosaic
clones were induced in larvae with the genotypeflp/
dipt-lacZ drom-GFP; FRT ca®¥FRT 1(2)06270 In
these larvae, all cells exprelsgZ due to thePZ insertion,
except for those homozygous foact which lack thePZ
insertion as a result of tHp/FRFmediated recombination.
Figure 4C and D show a typical result with two groups
of two cells that strongly express tldleom—GFPreporter
and do not stain forB-galactosidase either from the
PZ insertion or from thedipt—lacZ reporter gene. This
demonstrates that these cells indeed corresponddB!3
homozygous cells derived from FRT-induced mitotic
recombination and that the absence aafct leads to a
constitutive expression of thérosomycingene in larval
fat body cells. Additionally, the mosaic cells deficient for
cact do not express theliptericin reporter gene in the

Fig. 4. Analysis ofdrosomycinanddiptericin reporter gene expression
in larvae mosaic focactand Tl null mutations. (A-D) Mosaics for a
cactnull allele, cacPl3. Mitotic recombination was induced in
hsFLP12/dipt-lacZdrom-GFP; FRT ca&!¥/FRT 1(2)06270larvae.

(A) In the absence of immune challenge, strong fluorescence signals
indicating constitutivedrom—GFPexpression are apparent only in the
fat body through the integumenB) A fat body fragment dissected

absence of immune challenge (red dotted lines in Figure from the larva shown in (A). Fluorescence is seen in cell patches in a

4D).

We further analysed the expression of ti@somycin
and thediptericin genes in fat bodies of larvae containing
cells homozygous foil null allele (TI°QRB. Similarly
with the use of theFRT 1(3)j5C2fat body cell marker,
we observed that the cells which failed to express the
drosomycirreporter gene in challenged larvae (Figure 4E)
correspond to homozygods clones.TI homozygous cells
characterized by loss tdcZ expression of th@Zinsertion
(Figure 4F), clearly display lower levels of thdrom—
GFP reporter gene (Figure 4E). This demonstrates un-
ambiguously the requirement &fl for the drosomycin
gene inducibility. We analysed the expression of the
drosomycinand thediptericin genes in the same fat body
sample of a larvae containing cells homozygous fal a
null allele. In contrast todrom—GFP (Figure 4G), we
observed that thedipt-lacZ reporter gene remained
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pattern similar to that observed in Figure 2Brom-GFP(C) andlacZ
(D) expression were examined in the same fat body fragment.
HomozygouscactP? cells do not carry théZ element and do not
stain forlacZ expression (D, red dotted lines). These cells
constitutively express therom—GFPreporter gene (C, red dotted
lines) but do not express thiipt—lacZreporter gene (D, red dotted
lines; lacZ staining fromdipt—lacZis expected to be cytoplasmic). The
twin-spot cells which carry two copies of tH&Z exhibit a higher level
of lacZ staining (D, black dotted lines)E(andF) Mosaics for aTl

null mutation, TI°@RE Mitotic recombination was induced insFLP12/
drom-GFP; FRT TQREFRT |(3)j5C2larvae. Reporter gene
expression was analysed 16 h after immune challenge. Cells that
express a lower level of thérosomycinreporter gene in challenged
larvae (E, red dotted lines) correspond to homozygbusiones
ascertained by the lack ¢dcZ expression (F, red dotted lines). Black
dotted lines in (F) show wild-type twin spot cell$s @ndH) Mitotic
recombination was induced imsFLP12/dipt-lacZdrom-GFP; FRT
TIQRRFERT larvae. The mosaic cells failed to express them—-GFP
reporter gene (G, red dotted lines) but still expressedithe-lacZ
gene after immune challenge (H, red dotted lines).



inducible in theseTl null homozygous cells as in wild-
type cells (Figure 4H).

Altogether, this mosaic analysis confirms our results
obtained by Northern blot analysis which showed that
the TI signaling pathway controls the expression of the
drosomycirgene in larvae. Furthermore, these experiments

show for the first time that theactand Tl genes act in a

cell-autonomous manner in the fat body, demonstrating that
the Tl signaling pathway directly controls the expression of

the drosomycingene in this tissue.

The Rel proteins DIF and/or DI control the
expression of the drosomycin gene but not that of
diptericin

We have extended the mosaic approach to the function of

the Rel proteins DIF and DI in the control of antimicrobial
gene expression in larva®if and dl are located within

7 kb of each other at position 36C on the left arm of the

second chromosom@®f(2L)TW119is a small deficiency
(hereafter referred to 83NV119 that was shown to uncover
both thedif and thedl genes, together with several other

lethal genes (Steward and Nusslein-Volhard, 1986). We

have confirmed by PCR studies that neitltr nor dl

Role of dI and dif in drosomycin gene expression

S'.‘.?l

-

.l‘,on"

l""\, 4
‘f. ae *
| AAPR,

E

»®

hs-dif

Fig. 5. Analysis ofdrosomycinanddiptericin reporter gene expression
in fat body mosaic for th@W119deficiency. (A and B) Mosaics for
TW119deficiency and(2)06270insertion that was used as cell

sequences are present in this deficiency (data not shown)marker. Mitotic recombination was induced fisFLP12/drom-GFP;

The TW119deficiency is embryonic lethal and we first

determined if it would be possible to generate viable
TW11%homozygous cells (which, consequently, are devoid

of dif anddl) in the fat body. We used the cell marker
approach as described above withct and compared the
expression of thelacZ gene of thePZ insertion in
female larvae of genotyplesFLP124; FRT TW119/FRT
[(2)06270with that in male larvae of genotype/Y, FRT
TW119/FRT [(2)06270which differ by the absence of a
heat-shock inducibldlp recombinase gene. Whereas all
fat body cells of males expressed theZ gene, fat body

FRT TW119/FRT I(2)0627@arvae. A) The absence dacZ staining
(A, red dotted lines) reveals the presencel®f119homozygous cells.
(B) TW119homozygous cells do not express tfrem-GFPreporter
gene after bacterial challenge (B, red dotted lineS)afd D) TW119
clone andcact®!? twin-spot clone. Mitotic recombination was induced
as described imsFLP12/dipt-lacZdrom—GFP; FRT TW119/FRT
cact1? larvae. LiveTW119mosaic larvae were bacteria-challenged
and reporter gene expression was analysed 16 h after immune
challenge. The same fat body fragment was observed using
epifluorescence microscopy (C) and then staineddor activity (D).
The expression of thdrom—GFPgene was not induced in
homozygousT'W119cells (C, red dotted lines) whereas ttiigtericin
reporter gene remains inducible (D, red dotted lines). Note tltaica
twin-spot clone displayed an higher level dlom—GFPreporter gene

from females contained cell Clon_es devoidatZ activity expression after immune challenge compared with the rest of the
(data not shown, see also Figure 5A). These clonestissue (C, black dotted lines) and also expresseditpe-lacZreporter
were homozygous for th&W119deletion. We did note,  gene (D, black dotted lines). (E and éom-GFPexpression in
however, that th@W119cells were often smaller than the =~ TW119mosaic fat body derived from bacteria-challenged larvae
cells expressing-galactosidase and that their number was S eihet 41(6)or e ltnsoenel). Miote recomnaton
lower than expected, suggesting that this deletion SOmehoWcac 13, hs-dif or hs-dii. Live mosaic larvae were then heat-shocked
affects cell growth or cell viability. and challenged with bacteri3 h laterDrom—-GFPreporter gene

Figure 5B illustrates induction by bacterial challenge expression was analysed 16 h after bacterial challeng@Wa19
of the drom—GFP reporter gene in the fat body of a clones obtained from heat-shocked larvae lackinghthelif and hs-dl

- L transgene, norom—-GFPexpression was observed TW119cells

mosaic larva containing cells homozygous for w119 (data not shown). In immune-challenged mosaic larvae carrying the
Importantly, we observed that homozygotig/119cells hs-dif (E) or hs-dI (F) transgenes, nearly all cells expressed the
could not be induced to express (or at very low levels) drosomycinreporter gene after heat shock. Black dotted lines in (E)
thedrosomycirreporter gene after septic injury, indicating and (F) indicate theacttwin-spot clones.
that one or several genes present in the deleted sequence
is (are) required for the induction afrosomycin(Figure FRT cacP® chromosome. Clones were generated by heat
5B). In this experiment, we have ascertained that the cells shock and live mosaic larvae could easily be scored under
that failed to express thdrosomycinreporter gene in  the epifluorescence microscope by the presence of cells
challenged larvae correspond to homozygolid/119 which strongly expressed thdrom—GFPreporter gene,
clones by using the previously describERT [(2)06270 as a result of the absence of Cact protein in these cells
cell marker. In these larvae, all cells exprémssZ, except (see Figure 4A and B). In addition, even after septic
for those homozygous folfW119 which lack thePZ injury, these cells exhibited a strongdrom—-GFP gene
insertion as a result of tHp/FRFmediated recombination  expression than the other wild-type cells (black dotted
(Figure 5A). This mosaic expression of tldeom—-GFP lines in Figure 5C, E and F). Importantly for the following
reporter gene after immune challenge RRT TW119 experiment, we observed a high frequency 1OV119
mosaic was highly reproducible allowing for the un- homozygous cells (detected by the lack aftbom-GFP
ambiguous identification ofW119homozygous cells. expression after immune challenge) in proximity to the

To facilitate the selection of mosaic larvae in subsequent cact’® mosaic cells (a typical picture is shown in
experiments, we replaced tfRT PZchromosome by a  Figure 5C).
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Fig. 6. Tl and cactmediateddrom—GFPreporter gene expression TWW119mosaic cells. (A and B) expression of tHeom—GFPgene inTW119
homozygous fat body cells frofiI1°® unchallenged larvae. Mitotic recombination was inducetisRLP1/dipt-lacZdrom-GFP; FRT TW119/FRT
1(2)0627Q TI*%%/+ larvae. The same fat body fragment was observed under epifluorescence micr@cape then stained fdacZ activity (A).
HomozygousTW119cells which do not carry th®Z element do not stain fdacZ gene expression (A, red dotted lines) and do not express the
drom-GFPreporter gene (B, red dotted lines). (C—F): expression ofitben-GFPgene incacP?®, TW119homozygous cells from unchallenged, (
D) or immune-challengeds, F) larvae. Mitotic recombination was induced lisFLP12/drom—-GFP; FRT ca?t?, TW119/FRT 1(2)06270The same
fat body fragment was observed using epifluorescence microscopy (D, F) and then stailaed &ativity (C, E). No expression of therom—GFP
reporter gene was detecteddact®’3, TW119homozygous cells derived from unchallenged (D) or challenged larvaeGRn@H) drom-GFP
expression in botltac3, TW119homozygous fat body cells from unchallenged larvae carryingsadl transgene. Mitotic recombination was
induced inhsFLP1/dipt-lacZdrom—-GFP; FRT ca&l3, TW119/FRT 1(2)0627ths-dl/+. Five hours after the heat-shock-induced overexpression of
dl gene,cacP3, TW119homozygous fat body cells [which do not stain facZ gene expression, (G), red dotted lines] expressitbsomycin
reporter gene in the absence of challenge (H, red dotted lines). Note that some wild-type cells show a weak expressiasofrty@ngene.

Interestingly, we observed that cells homozygous for lines overexpressingl and those expressingdjf. These
the TW119deletion which fail to express thdrom—GFP results show that overexpression oif or dl in cells
reporter gene still express wild-type levels of ttigpt— lacking DIF and DI activity is sufficient to restore the
lacZ reporter after septic injury (compare Figure 5C with ability to strongly expresslrosomycinafter an immune
D), indicating that neither the DI nor the DIF proteins are challenge. Additionally, under the conditions of these
strictly required for the induction ddiptericin. This also experimentsdif and dl both elicited similar effects on
demonstrates that the lack of inducibility of tlieom— drosomycingene expression.

GFP gene in theTW119clones is not due to lethality
since they can be induced to expressdipericinreporter The TI-dependent induction of the drosomycin

gene in the same experiments (Figure 5C). gene is mediated through the Rel proteins DIF

We next examined whether overexpressiordiodr dif and/or DI
could restore the immune-inducibility afrosomycinin The data presented above demonstrate tliasomycin
the TW119clones. For this, we repeated the same analysis gene expression in the fat body is controlled by e
as above, except that a transgene containing either and cact genes. In addition, they show that the deletion

dif under the control of a heat-shock promoter was used of bothdif anddl prevents the activation of tllsosomycin
(see Materials and methods and legend to Figure 5 for gene by septic injury. We next determined whether the
details). As control, bacterial challenge did not induce TIl-dependent activation of thdrosomycingene in the
reporter gene expression in homozygdW§119clones in larval fat body is mediated via the Rel proteins DI and/or
heat-shocked larvae that did not carry thedif or hs-dl DIF. We therefore generateBW119homozygous clones
transgenes (data not shown). We subsequently observedn larvae carrying &1° gain-of-function allele off| which
that overexpression dlif ordl under a heat-shock promoter  signal-independently activates the Tl pathway. The results
did not significantly induce the expression of tteso- of this experiment were clear: th€wW119 cell clones
mycingene in the absence of an immune challenge (data(identified as above by the absencdaxfZ expression of
not shown and below). Importantly, inimmune-challenged the PZ cell marker) did not display constitutiveTIP-
mosaic larvae carrying thes-difor hs-ditransgenes, nearly  driven) expression of thdrosomycinreporter (Figure 6A

all of the fat body cells expressom—-GFR indicating that and B). This indicates that the control dfosomycingene
overexpression of these Rel proteins can rescue the lackexpression via the Tl receptor requires the products of
of drosomycininducibility in homozygousTW119cells. either thed! and/or thedif genes.

We have compared these mosaic larvae with mosaic clones We next determined if the constitutive activation of the
from sister larvae that lack thies-dif or hs-dltransgenes  drosomycingene observed igact null mutants was also
and display a high percentage of cells which do not mediated by the activity of DIF and/or DI. For this,
express thedrom—GFP reporter gene in proximity to  we used meiotic recombination to construct an FRT
cact twin spot. We estimate that-80% of the TW119 chromosome carrying both theacf?® mutation and the
homozygous clones expressed tiwsomycinreporter TW119deficiency. Thus, mosaic animals exhibited homo-
gene following heat-shock induction of thes-dif or hs- zygouscact TW119double mutant cells in a heterozygous
dl transgenes (Figure 5E and F, respectively). Under thesecontext. As illustrated in Figure 6C and D, tteact,
conditions we did not observe a difference between the TW119homozygous cells fail to express theosomycin
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reporter gene in the absence of a septic injury. Even aftertheir regulation of antimicrobial gene expression in the

septic injury, expression afrosomycincannot be induced
(Figure 6E and F), in contrast tdiptericin (data not
shown). This result establishes that the effect of dhet
null mutation on both the constitutive and the induced
expression of thelrosomycingene is actually mediated
by dI and/ordif.

This study and several previous reports (Lemastral.,

larval fat body. Thedif andd| genes are in close proximity
(Ip et al, 1993), suggesting that they result from a
relatively recent duplication event. The Rel domains of
the two proteins present a high level of sequence identity
(48%; Ip et al, 1993). Only thedl gene, however, is
expressed in the early embryo where it regulates dorso-
ventral patterning. Recently, Steiet al (1998) have

1995b, 1996) have established that the expression of theshown that maternal expressiondif can partially rescue

drosomycingene is not altered idl~ mutants. However,

embryos from the consequences offlamutation, sug-

our mosaic analysis clearly indicates that overexpressiongesting that DIF can partially substitute for DI in this

of dl in the absence oflif is sufficient for inducing
drosomycingene expression after immune challenge. In
order to ascertain the potential role df in the control
of this antifungal gene, we also examined whetlér

context. Furthermore, these experiments showed dhat
deficient embryos rescued lif exhibited dorsoventral
polarity, which indicates that in these conditions DIF
remained sensitive to the dorsoventral signaling cascade

overexpression could restore the constitutive expressiontransmitted through TI. Nevertheless, DI and DIF are not

of the drosomycinreporter gene ircact TW119clones.
A transgene carrying thdl gene under the control of a

totally interchangeable in this context, @& embryos
were only partially rescued by expression of tliegene

heat-shock promoter was used to reintroduce the DI (Steinet al, 1998). This observation is consistent with
protein. Figure 6G and H show that in the absence of an in vitro data in the immune system showing that DIF and

immune challenge, the expression df by the hs-di

DI have somewhat different transactivating capabilities

transgene is sufficient to restore the constitutive expressionand do not binkB-motifs present in the upstream regions

of the drom—GFPreporter gene ircact TW119cells. In
contrast, litledrom—GFPexpression was observed after
heat-shock-driven expression df in the other fat body
cells, which are heterozygous foact TW119 This result

of the genes encoding Cecropin and Diptericin with the
same affinities (Peterseat al, 1995; Gros®t al., 1996).

DIF and DI are good examples of two molecules resulting
from the duplication of an ancestral gene which have

demonstrates that, in the absence of the Cact and DIFacquired different functional properties during evolution.

proteins, the presence of the DI protein is able to trans-

activate thedrosomycingene in larval fat body cells.

Discussion

Either Dif or DI control the expression of the
drosomycin gene in the larval fat body

It will certainly be of interest to investigate their roles in
other species. The promoter of thldrosomycingene
reveals a complex pattern of multipt®-sites (L.Michaut,
personal communication) and their functional analysis
should reveal how they contribute to the DIF- and DI-
induced transcription of this gene.

Numerous studies in recent years have suggested thatThe TI pathway controls the expression of the
Rel proteins are involved in the immune response of drosomycin gene in both larvae and adults

Drosophilaas they are in mammals (for a recent review

In a previous study, we had reported that the products of

see Hoffmann and Reichhart, 1997). This idea first the spz TI, tub, pll and cact genes are involved in the
stemmed from the observation that the genes encodingcontrol of drosomycingene expression in adult flies

inducible antimicrobial peptides in insects contain
upstream sequences similar k8 motifs (binding sites
for NF-kB) which are mandatory for their inducibility by
immune challenge (Engstmoet al., 1993; Kapplert al.,
1993). The fat body, which is the predominant immune-
responsive tissue iDrosophila expresses at least three
Rel proteins: DI (Steward, 1987; Reichhaitt al., 1993)
(plus a splice isoform, DI-B; Grosst al., 1999), DIF (Ip

et al, 1993) and Relish (Dushagt al, 1996).In vitro

(Lemaitreet al., 1996). The present analysis extends this
study by showing that the Tl pathway is also functionally
active in the fat body of third instar larvae and controls
drosomycinexpression.

The larval polyploid fat body cells differentiate from
embryonic mesodermal cells whereas the adult fat body
cells are derived from larval histoblasts; presumably
from adepithelial cells associated with the imaginal discs
(Hoshizakiet al, 1995). It was of interest therefore to

studies have shown that DI and DIF can transactivate compare the regulation of antimicrobial genes during an
some of the antimicrobial peptide genes in blood cell lines immune response in these relatively different cell types.
(Peterseret al, 1995; Grosset al, 1996); however, to  Our results, which are mostly based on Northern blot
date, the role of these two Rel proteins in the humoral analysis, point to an overall similar mode of regulation in
immune response obrosophila in vivohad not been larval and adult fat body cells. In essence, the Tl pathway
established. The present study demonstrates that DIF andtontrols drosomycingene expression whereas the genes
DI control the expression of thdrosomycingene in the encoding the antibacterial peptides require the product of
fat body of larvae: we show that cells homozygous for theimd gene (diptericin) or a combination of the imd and
the TW119deletion, which uncovers thdif anddl genes, Tl pathways (cecropin and attacin). These results are in
fail to express thelrosomycingene in response to septic keeping in larvae with a correlation between the impair-
injury, and that the overexpression of eithdif or dI ment of antifungal gene induction and reduced resistance
through a heat-shock promoter restores the inducibility of to fungal infection and, conversely, between the impair-
this gene in the same cells. ment of antibacterial gene induction and reduced resistance
Our study points to the existence of a functional to bacterial infection (P.Manfruelli unpublished data).
redundancy between these two transcription factors in Northern blot analysis, furthermore, indicates that the
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inducibility of thedrosomycirgene in Tl pathway mutants
is less dramatically affected in larvae than in adults. This

the overexpression @l in cact TW119cell clones (which
lack both Cact and DIF) in the absence of a septic injury

suggests that another regulatory cascade might partiallyleads to the transcription of thlrosomycirreporter gene,

substitute for the Tl pathway in controllirdrosomycinin
larval fat body.Drosophilacontains several Tl-like recep-
tors (Mitchamet al., 1996), including 18-Wheeler, which
is reportedly involved in the control ddttacin and, to a
lesser extengecropininduction in larvae (Williamt al.,
1997). However,18-wheelermutations do not seem to
affectdrosomycinexpression (E.Eldon, personal commun-
ication; P.Manfruelli, unpublished data). The possible
contribution of these receptors to the humoral immune
response, and namely to the regulation of dn@somycin
gene, awaits further investigation.

Finally, we have noted that in larvae, as in adults, the
inducibility of the drosomycingene is slightly reduced in
imd mutants. This result, in conjunction with studies on

indicates that Cact is necessary to retain DI in these
conditions. Recently, Wu and Anderson (1998) have shown
by immunolocalization experiments that a septic injury
can induce nuclear translocation of DIF in larvae deficient
for the Tl receptor whereas under the same conditions,
DI remains cytoplasmic. They interpret their results by
suggesting that the signaling pathway that targets Cact for
degradation must discriminate between Cact/DI and Cact/
DIF complexes. An alternative explanation is that a
fraction of DIF, but not DI, could be complexed to another
inhibitor, for instance to the ankyrin repeats of Relish, in
the form of DIF/Relish heterodimers evocative of relA/
pl05 heterodimers in mammals. According to this hypo-
thesis, this fraction of DIF could be translocated to the

metchnikowingene expression, leads us to propose that nucleus inTI~ mutants upon immune challenge.

each antimicrobial peptide gene is regulated by the relative

dosage of inputs from several signaling cascades that areDiptericin remains inducible in the absence of DIF

each triggered by distinct stimuli (e.g. distinct microbial
patterns; Lemaitreet al, 1997). Current programs of

and DI
Our data demonstrate that the gene encoding the anti-

mutagenesis (D.Ferrandon, personal communication; Wubacterial peptide Diptericin remains inducible in fat body

and Anderson, 1998) will contribute to the identification

cells homozygous for th€W119deficiency. This indicates

of new components of these cascades and help understanthat in contrast tarosomycin diptericin expression does

the cross-talk between distinct pathways.

not require the Rel proteins DIF or DI. These results are

The Tl signaling cascade regulates numerous functionsin agreement with our earlier observations, based on a
in various tissues at several developmental stages: dorsogenetic analysis in adults (Lemaitet al., 1996), that

ventral axis formation (reviewed in Belvin and Anderson,
1996), proliferation of blood cells (Qiwet al, 1998),
muscle cell attachment (Half@t al., 1995), axon guidance
(Roseet al., 1997) and larval size (Letscet al, 1991).
Through ourflp/FRT approach, we have shown here that
the Tl and cact genes function cell-autonomously to
regulate the antifungal response in the larval fat body.
This result definitively proves that thérosomycingene
expression is directly regulated by the Tl pathway in the
fat body cells.

The TI pathway controls the expression of the
drosomycin gene in larvae via the DIF and DI

proteins

An interesting result of this study is the observation that
the constitutive expression of tligosomycingene inTIP
gain-of-function mutants is abolished in fat body cells
deficient for thedif anddl genes. This result clearly shows

diptericin expression is controlled by mechanisms largely
different from those that regulatfrosomycinexpression.
The promoter of theliptericin gene contains two identical
KB-sites which are mandatory for the expression of this
gene (Kapplert al, 1993; Meisteret al., 1994). Earlier
studies from this laboratory have shown that the over-
expression ofdl in cultured cell lines can transactivate a
reporter gene placed under the control of eidiptericin
kB-sites (Reichharet al., 1993). This result suggested
that DI can play a role in the regulation dfptericin, at
least in the malignant blood neoplasm-2 blood cell line.
Our current observations, however, strongly suggest that
another Rel protein is involved in the controldiptericin
expression: Relish is obviously an excellent candidate.
Altogether, we propose that the genes encoding the various
antimicrobial peptides are controlled by different combina-
tions of Rel-transactivating proteins that, in turn, are
activated via distinct signaling cascades elicited by specific

that the Tl function in the immune response is mediated microbial populations (Lemaitret al., 1997).

by DI and DIF. Similarly, the absence of constitutive
expression of thelrosomycingene incact TW119clones

A clonal analysis of the humoral antimicrobial

demonstrates that DIF and DI are actually the Rel proteins response

sequestered by Cact that contdsbsomycingene expres-
sion upon release from the inhibitor. This result is in

The present report is the first study making use offipe
FRT approach in larval fat body cells @rosophila As

agreement with a variety of previous studies that have noted above, the larval fat body is a uniform tissue

shown that DI and DIF bind to Caat vitro (Kidd, 1992;
Lehming et al, 1995; Tatei and Levine, 1995; Govind
et al, 1996). Undeiin vitro conditions, DI and DIF can
form heterodimers (Grosst al., 1996). However, our
rescue experiments clearly show that DIF can function in
the absence of DI to regulatkosomycingene expression
and the same holds true for DI in the absence of DIF.
Finally, our data do not rule out the possibility that a
fraction of the DIF or DI proteins are associated with
other inhibitor proteins. The observation, however, that
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consisting of polyploid cells derived from embryonic
mesoderm. The use of a cell marker expressinglahg
gene has allowed us to visualize the clones generated after
recombination. This clonal analysis indicates that the
precursor cells of the larval fat body undergo only a
limited number of divisions, in contrast to imaginal disc
cells. According to the expression aferpent during
embryogenesis (Riechmarmat al., 1998), ~52 progenitor
cells of the fat body which are present in parasegment 4—
13, undergo two rounds of cell division. Furthermore, the



cells derived from a given clone show a variable spatial
distribution, suggesting the existence of extensive cell
movements within the fat body.

Role of dI and dif in drosomycin gene expression

described by Xu and Rubin (1993). All the chromosomes bearing the
FRT element and a mutation were produced by standard meiotic
recombination crosses, and recombinants were selected by their resistance
to G418 (Geneticin, Gibco-BRL). The following FRT chromosomes

The use of appropriate transgenes has allowed us tOwere constructed:

compare the expression of tltgosomycinand thedip-
tericin genes in the same cells. This mosaic approach is
not quantitative but gives a qualitative indication of the
expression, within the same fat body, of a given gene in
cells that are homozygous or heterozygous for a regulatory
mutation. This approach is, therefore, particularly well
suited for the study of early lethal genes. In addition,
mutations that affect larval viability frequently result in
varying delays in larval development. It should be kept
in mind that the inducibility of thediptericin gene, for
instance, increases markedly in the course of the third
larval instar stage (Meister and Richards, 1996), which is
a major drawback for accurate comparisons between
different individuals.

The existence of reporter genes for all antimicrobial
peptides ofDrosophila (J.L.Imler, personal communic-
ation) will enable the extension of the present studies to
all these genes. A major application of ti@FRTmethod
is the possibility of performing £ genetic screens to
identify lethal mutations leading to constitutive anti-

P{ry+t7.2:
P{r +t7.2—
P{r +t7.2
P{ry+t7.2=

I +t7.2—
P{ry+t7.2:

neoFRT}40Ab, cact?® (FRT cacP1d)
neoFRT}40ATW119 (FRT TW119)

neoFRT}82B TIIR*A(FRT TIRXA

neoFRT}82B TI9QRE(FRT TFPQRE

neoFRT}40Ab, cac!® TW119 (FRT ca&!® TW119)
neoFRT}40AI(2)06270 (FRT PZ)

P{ry"72= neoFRT}82BI(3)j5C2 (FRT PZ)

The FRT cacP'® TW119 chromosome was obtained by meiotic
recombination between BRT cacP!3 and aFRT TW11%hromosome.
We examinedcact’d, TW119/cad®’® mutants and found that the
lethality associated with theact null allele cacP®® is rescued by the
loss of one copy of both thel anddif genes (P.Manfruelli, unpublished
data). Two reporter transgenes were recombined oy, tweX chromo-
some allowing the analysis of their expression in the same fat body
fragment: drom—GFP (Ferrandonet al, 1998) for the gene encoding
Drosomycin,dipt-lacZ (Reichhartet al., 1992) for the gene encoding
Diptericin. In experiments shown in Figures 4E and F, 5A and B,
6C-F, a singlarom—GFPreporter gene inserted on the X chromosome
(devoided ofdipt-lac? is used.hs-dif and hs-dl lines were transgenic
strains carrying the cDNA odlif or dl under the control of either the
hsp70o0r hsp83promoter.hsp70-difand hsp70-diwere gifts from Dr
R.Steward (Rutgers University, Piscataway, M¥p83-difandhsp83-dl
are described in Grosst al. (1998). The act5C>Draf*>nuc-lacZ
transgene is described by Struhl and Basler (1993). For complete

micrObiall pept_ide gene expression. Such screens h?-VQiescriptions of the marker genes and balancer chromosomes used, see
already identified important genes that escaped detectionLindsley and Zimm (1992).

in traditional screens (Xu and Rubin, 1993). THEFRT
approach to the fat body is a welcome addition to the
battery of genetic tools that makosophilaa particularly
attractive model for the molecular analysis of primordial
innate immunity.

Materials and methods

Drosophila stocks

Fly cultures and crosses were grown on standard fly medium at 25°C,
unless otherwise indicated. The wild-type stock was Oregon R. We
constructed a transgenic straidrgm-lacd carrying a drosomycin
reporter gene on w X chromosome. The fusion gene contains 1.88 kb
Xha—-Nhd fragment of drosomycinupstream sequences fused to the
bacterialacZ coding region and was inserted into the pCasper transform-
ation vector. The inducible expression of tHeom-lacZtransgene is
roughly identical to that of the residedrosomycingene at the adult
stage (data not showrgl?, cact*?, cactP13, TI632 T|1-RXA T|9QRE T|108
sp2™ andimd mutant lines have been described elsewhere (Anderson
and Nusslein-Volhard, 1984; Andersat al, 1985; Lemaitreet al.,
1995a,b). Mutants iifl have been reported to exhibit significant lethality
during the larval stage (Gertullet al., 1988). To obtainll larvae and
adults, we used two thermosensitive allelesTof(TI632 and TI"44)
which exhibit a strong phenotype only when raised at 29°C (Gertulla
et al, 1988). Tl-deficient mutants were reared at 18°C and shifted to
29°C at the second instaFI?@REjs a null embryonic lethal allele ofl.
cacP3 is a null lethal allele ofcact that contains a premature stop
codon at amino acid 188 of theact gene (Bergmanret al, 1996).
Df(2R)TW119 (TW119)is a small embryonic lethal deficiency which
uncovers theall locus and at least seven other genes includingdihe
gene (Steward and Nusslein-Volhard, 1988)PZ}I(2)06270 (mapped

in 23F5-6) andP{lacW}I(3)j5C2 (mapped in 63B7-8) are enhancer trap
lines (referred to a$2) which exhibit a strondacZ expression in the
larval fat body (personal communication from BerkelByosophila
Genome Project). In order to distinguish homozygous larvae from their

Bacterial challenge

Bacterial challenge (also referred to as a septic injury in the text) is
obtained by pricking third instar larvae with a thin needle previously
dipped into a concentrated bacterial cultureEstherichia coli(GranT)
andMicrococcus luteugGram®).

RNA preparation and analysis

Total RNA extraction and Northern blotting experiments were performed
as in Lemaitreet al. (1995a). The following probes were usedtacin
cDNA (Asling et al., 1995);cecropinAl cDNA (Kylstenet al., 1990);
diptericin cDNA (Wicker et al, 1990); drosomycincDNA (Fehlbaum

et al, 1994) and rp49 cDNA (a PCR fragment of ~400 bp generated
between two oligonucleotides designed after the rp49 coding sequence;
O’Connell and Rosbach, 1984).

Mosaic analysis
The method of heritably activating nuclekcZ expression (FLP-out
technique) using thact5C>Draf* >nuc—lacZtransgene was performed
as described by Struhl and Basler (1993). For this procedure, staged
embryos carrying both thesFLP12and theact5C>Draf*>nuc—lacZ
insertions were subjected to a single heat shock for 30 min at 37°C at
varying times during embryonic development. The emerging larvae were
subsequently X-Gal stained (as described in Lemastral, 1995a) to
monitor thenuc—lacZstaining pattern in fat body and imaginal discs.
Larval mosaic clones were generated as described in Figure 3. In
rescue experiments, third instar larvae carnfisedifor hs-dltransgenes
were submitted to two heat shocks for 20 min (with a 20 min interval)
at 37°C. Bacterial challenge was performed 3 h after heat-shock treatment.
Western blots analysis showed that the DIF or DI proteins were induced
in the fat body under these conditions (data not shown). The appropriate
use of balancer chromosome allowed the isolation in the offsprings of
two genotypes in which the effects of heat-shock and septic injury could
be analysed under strictly the same conditiohsFLP12/dipt—-lacZ
drom-GFP; FRT TW119/FRT c&; hs-dif or hs-dI+ and hsFLP12/
dipt-lacZ drom-GFP; FRT TW119/FRT cabt3 +/TM6C (used as a
control since these larvae latis-dif or hs-d).

heterozygous siblings, second chromosome mutations were balanced

either by aCyOy" balancer in ay, w context or by aCyO, P{w*mC
GFPACCPRL (Reichhart and Ferrandon, 1998) and third chromosome
mutations were balanced by tHéV6C, Sh Th balancer which carries
the larval markerTubby P{ry™?= hsFLP}12 (hsFLP12Chou and
Perrimon, 1992) an®{ry*"“= hsFLP}1 (hsFLPZ Golic, 1991) were
used as flp-producing strains. FRT strains bearing E{gy*7-2=
neoFRT}element (hereafter referred to as FRT in the text) were as

Analysis of reporter gene expression

Third instar larvae were immobilized on ice and viewed under epi-
fluorescent illumination (excitation filter 480/40 nm; dichroic filter 505
nm LP; emission filter 510 nm LP) with a Leica MZ12 dissecting scope.
Larval fat bodies were dissected in phosphate-buffered saline under the
dissecting scope and fluorescence from tlhem—GFP reporter gene
was analysed. The fat body fragment was subsequently stained for
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B-galactosidase activity (X-Gal staining). Theipt—lacZ transgene Gross,l., Georgel,P., Kappler,C., Reichhart,J.M. and Hoffmann,J.A.

showed a cytoplasmilacZ expression whereas tf insertion used as (1996) Drosophila immunity: a comparative analysis of the Rel
a cell marker expressed the enzyme in the nucleus. However, in bacteria- proteins Dorsal and Dif in the induction of the genes encoding
challenged third instar larvae, the high expression level ofithe-lacZ diptericin and cecropinNucleic Acids Res24, 1238-1245.

reporter gene did not allow the observationR# marker. GFP images Gross,l., Georgel,P., Oertel-Buchheit,P., Schnarr,M. and Reichhart,J.-M.
were taken on a 400 ASA Fujicolor film. Images in Figures 2, 3, 4 (1999) Dorsal-B, a splice variant of tHerosophilafactor Dorsal, is
and 5 were digitized and assembled using Photoshop 4.0 (Adobe). a novel Rel/NF-kB transcriptional activatdgeng 288 233-242.
B-galactosidase measurements were performed as in Lemaitre andHalfon,M.S., Hashimoto,C. and Keshishian,H. (1995) Thesophila
Coen (1991). Toll gene functions zygotically and is necessary for proper motoneuron
and muscle developmeriDev Biol., 169, 151-167.
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