-

P
brought to you by i CORE

View metadata, citation and similar papers at core.ac.uk

provided by Infoscience - Ecole polytechnique fédérale de Lausanne

J. Mol. Biol. (1998) 278, 515-527

JMB

Two Distinct Pathways can Control Expression of the
Gene Encoding the Drosophila Antimicrobial
Peptide Metchnikowin
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Metchnikowin is a recently discovered proline-rich peptide from
Drosophila with antibacterial and antifungal properties. Like most other
antimicrobial peptides from insects, its expression is immune-inducible.
Here we present evidence that induction of metchnikowin gene
expression can be mediated either by the TOLL pathway or by the imd
gene product. We show that the gene remains inducible in Toll-deficient
mutants, in which the antifungal response is blocked, as well as in imd
mutants, which fail to mount an antibacterial response. However, in Toll-
deficient;imd double mutants, metchnikowin gene expression can no
longer be detected after immune challenge. Our results suggest that
expression of this peptide with dual activity can be triggered by signals
generated by either bacterial or fungal infection. Cloning of the metchni-
kowin gene revealed the presence in the 5 flanking region of several
putative cis-regulatory motifs characterized in the promoters of insect
immune genes: namely, Rel sites, GATA motifs, interferon consensus
response elements and NF-IL6 response elements. Establishment of
transgenic fly lines in which the GFP reporter gene was placed under the
control of 1.5 kb of metchnikowin gene upstream sequences indicates
that this fragment is able to confer full immune inducibility and tissue
specificity of expression on the transgene.

© 1998 Academic Press Limited

Keywords: Drosophila immunity; antimicrobial peptides; metchnikowin;
Rel; TOLL pathway

*Corresponding author

Introduction

Insects have long been known to be particularly
resistant to microbial infections. This resistance is
due to an efficient host defense system that com-
prises the proteolytic cascades leading to coagu-
lation and melanization of the hemolymph, the
phagocytosis and encapsulation of invading micro-
organisms by blood cells, and the secretion into the
blood of a battery of potent antimicrobial peptides
(for a recent review see Hoffmann & Reichhart,
1997). Infection leads to the rapid and transient
synthesis of these peptides, mainly by the fat body,
a functional equivalent of the mammalian liver.
Recent studies indicate that in Drosophila at least

Abbreviations used: ORF, open reading frame; GFP,
green fluorescent protein from Aequonea victoria; DIF,
DORSAL-related immunity factor; IRF-1, interferon
regulatory factor 1.
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seven distinct peptides, and their isoforms, partici-
pate in the humoral immune response. Five of
these peptides, cecropins (Kylsten ef al., 1990), dip-
tericin (Wicker et al., 1990), drosocin (Bulet et al.,
1993), attacin (Asling et al., 1995) and insect defen-
sin (Dimarcq et al., 1994), are selectively active
against bacteria, whereas drosomycin, is solely
active against fungi (Fehlbaum et al., 1994). The
seventh and most recently discovered molecule,
metchnikowin, is unique among the antimicrobial
peptides of Drosophila in that it is active against
both bacteria and fungi (Levashina et al., 1995).

The study of the regulatory mechanisms control-
ling the rapid synthesis of the antimicrobial pep-
tides after immunological challenge has become a
field of intense research. Analysis of the humoral
immune response in different mutant strains of
Drosophila has led to the definition of two distinct
pathways regulating antimicrobial peptide gene
expression. Lemaitre ef al. (1995) have recently
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described a recessive mutation, immune deficiency
(imd), which impairs the inducibility of the genes
encoding antibacterial peptides, while only mar-
ginally affecting the inducibility of drosomycin.
This gene has not yet been cloned. On the other
hand, these authors have shown that the
well characterized TOLL pathway (Morisato &
Anderson, 1995) controls drosomycin gene
expression. During embryonic dorsoventral pat-
terning in Drosophila, the TOLL receptor is acti-
vated by a processed form of the product of the
gene spaetzle (spz). A cascade of proteolytic clea-
vages involving the products of the genes gastrula-
tion defective (gd), snake (sn) and easter (ea), which
all code for secreted serine proteases, results in the
release of active SPAETZLE in the perivitelline
fluid on the ventral side of the embryo (Morisato &
Anderson, 1995). Activation of TOLL results in the
release of the Rel protein DORSAL from the inhibi-
tor CACTUS. The cytoplasmic proteins TUBE and
PELLE intercalate between TOLL and CACTUS in
this pathway. Interestingly, this signaling cascade
bears striking structural and functional similarity
to the activation cascade of the Rel protein NF-xB
in mammals: CACTUS is a structural homologue
of IkB, which retains NF-xB in the cytoplasm of
mammalian cells (Siebenlist ef al., 1994). The intra-
cytoplasmic domain of TOLL shows sequence
homology with the corresponding domain in the
type I interleukin-1 (IL-1) receptor (Gay & Keith,
1991); and the kinase PELLE is related to the
kinase IRAK, which interacts with the IL-1 receptor
(Cao et al., 1996). In mutants deficient for spz, Toll
(T1), tube (tub) or pelle (pll), drosomycin inducibility
is severely reduced, while the induction of dipteri-
cin and drosocin is not affected. Furthermore, in TI
gain-of-function mutants (T/”), as well as in
mutants deficient for the inhibitor CACTUS, droso-
mycin is expressed in the absence of immune chal-
lenge (Lemaitre et al., 1996). The TOLL pathway
therefore appears necessary and sufficient for the
control of drosomycin expression. It also appears
necessary for inducibility of cecropin, defensin and
attacin, since expression of these genes is reduced
after immune challenge in loss-of-function mutants
of spz, Tl, pll or tub. However, none of these three
peptides is expressed in the absence of immune
stimulation in TIP or cactus (cact)-deficient mutants,
indicating that the TOLL pathway is not sufficient
for the control of their expression (Lemaitre et al.,
1996).

The importance of the TOLL and IMD pathways
in the Drosophila host defense system has been
illustrated by experiments in which mutant flies
were challenged with fungi or bacteria. TI-deficient
flies rapidly succumb to fungal, but not bacterial,
infection, whereas imd mutants resist fungi but are
markedly susceptible to bacteria (Lemaitre et al.,
1995, 1996). These results are consistent with our
present knowledge of the functions of the antimi-
crobial peptides in Drosophila, since Tl controls
expression of the antifungal peptide gene droso-
mycin, while imd appears to control, or to partici-

pate in the control of, the antibacterial peptides.
Here, we have investigated the regulation of
expression of the newly discovered peptide metch-
nikowin, which has both antibacterial and antifun-
gal activity (Levashina et al., 1995). We report that
the regulation of this peptide is unique compared
to the other peptides, in that it appears to be regu-
lated independently by the TOLL and the IMD
pathways. We also report cloning of the metchni-
kowin gene and sequencing of 1.5 kb of upstream
non-transcribed sequences. We show by functional
studies using transgenic fly lines that this fragment
contains the metchnikowin promoter.

Results

Transcription of the metchnikowin gene

We have previously shown that metchnikowin
expression is induced upon immune challenge in
Drosophila adults, and reaches a maximum level 14
hours after septic injury (Levashina et al., 1995). As
stated in the Introduction, two pathways have
been shown to participate in the regulation of the
humoral immune response in Drosophila. The first
pathway is defined to date only by the imd gene
product, which controls antibacterial peptide gene
expression (Lemaitre et al., 1995), whereas the
TOLL pathway regulates the expression of the anti-
fungal peptide drosomycin (Lemaitre et al., 1996).
In order to determine if these pathways regulate
metchnikowin expression, we performed Northern
blots with RNA prepared from wild-type or
mutant flies. Two types of mutants affecting the
TOLL pathway were analyzed: first, strains carry-
ing strong loss-of-function mutations of gd, snk, ea,
spz, Tl, tub, pll and dorsal (dl), which are known to
block the dorsoventral signaling pathway resulting
in dorsalized embryos; and second, gain-of-func-
tion mutations in T! (TI”) and loss-of-function
mutations in cact that are strongly ventralizing in
embryos. Mutants of the first type, as well as the
imd mutant flies in which induction of the genes
encoding antibacterial peptides is impaired, were
challenged by an injection of bacteria before RNA
extraction six hours later, whereas ventralizing
mutants were analyzed in the absence of challenge.

As shown in Figure 1, metchnikowin remained
significantly inducible by septic injury in Drosophila
adults carrying a loss-of-function allele of the TI
gene. The variability from experiment to exper-
iment, which can be observed in all mutant back-
grounds, was also observed for all other peptides,
and most probably reflects the complexity of this
in vivo system (Lemaitre et al., 1996). Nonetheless,
only in one out of seven experiments performed
was metchnikowin inducibility reduced to 50% of
the wild-type inducibility (Figure 1, compare lanes
2 and 9). In all other experiments, the inducibility
of metchnikowin gene expression in Tl-deficient
mutants was similar or superior to the level of
inducibility in wild-type flies. These experiments
were extended to other mutations affecting the
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Figure 1. Quantification of
metchnikowin expression in wild-
type and mutant adults. Total RNA
prepared from control (unchal-
lenged: uc) or bacteria-challenged
(six hours) wild-type (wt) or
mutant adult flies were analyzed
by Northern blot using a metchni-
kowin cDNA probe. The signals on
several Northern blots were quanti-
fied with a Bio-Imager system. In
each experiment the blot was also
probed with the ribosomal protein
rp49 cDNA and the signals for
metchnikowin were normalized
with the corresponding value of
the rp49 signal. The levels of
expression in wild-type adults six
hours after bacterial challenge were
taken arbitrarily as 100 and the
results are presented as relative
activities. Each bar corresponds to
an independent experiment. Lanes
are as follows: 1 and 2, Or%; 3, dI*/
di'; 4, di*/Df(dl); 5, tub**/tub"®; 6,
tub®/tubs; 7, pllo’8 /pli*t; 8, pll”/
pllrnzS; 9’ TlrESZ/TII»RXA (290(:); 10/
Tlr444/T19QRE; 11’ Sp2197/sp2197,. 12,
szrm7/spzrm7l. 13/ eal/eal; 14/ easlS/
ea®'8; 15, snk"3/snk3; 16, gd’/gd’;
17, g¢d®/gd% 18, TI'RXA/ +; 19,
imd/imd; 20, cact’?/cact??;, 21,

imd
1

cact” TIP
1

uc 6h after challenge

TOLL pathway. Mutants deficient in the gd, snk
and ea genes, which code for serine proteases act-
ing upstream in the pathway during embryonic
development, and which are not essential for the
control of drosomycin expression (Lemaitre et al.,
1996), showed a wild-type response to bacterial
challenge (Figure 1, compare lanes 13 to 17 to lane
2). In addition, loss-of-function mutations in tub, pll
or spz, which affect drosomycin expression
(Lemaitre et al., 1996), clearly did not result in
decreased inducibility of metchnikowin (Figure 1,
compare lanes 5 to 12 to lane 2). On the contrary,
metchnikowin RNA expression level in these
induced mutants flies was often higher than in
wild-type. Similar results were obtained with dI-
deficient mutant flies (Figure 1, compare lanes 3
and 4 to lane 2). Although we do not have any
explanation to date for these variations, we note
that similar upregulation of diptericin mRNA in
these mutants has been observed (Lemaitre ef al.,
1996). Altogether, these data indicate that metchni-
kowin gene expression can be turned on by bac-
terial challenge in the absence of a functional
TOLL pathway.

We next examined metchnikowin gene
expression in imd mutants, in which the antibacter-
ial response is affected. We observed that metchni-
kowin gene expression was slightly reduced in imd
mutants. In one out of four experiments, the indu-
cibility of metchnikowin in imd mutants was

uc T/ 4.

reduced by fivefold, in another experiment it was
equivalent to wild-type inducibility, whereas in the
remaining two experiments, induction level was
roughly half of wild-type (Figure 1, compare lanes
19 and 2). Therefore, we conclude that metchniko-
win expression remains significantly inducible by
bacterial challenge in the absence of a functional
imd gene product.

These data suggest either that in immune-chal-
lenged flies metchnikowin expression is not regu-
lated by the IMD or TOLL pathway, or that both
pathways can control metchnikowin gene
expression. To discriminate between these two pos-
sibilities, we examined the inducibility of metchni-
kowin gene expression six hours after septic injury
in double mutants for Toll and imd, and observed
that in this context the induction of metchnikowin
is completely abolished (Figure 2). These results
sustain the hypothesis that both pathways partici-
pate in the regulation of metchnikowin expression.

In order to study further the role of the TOLL
pathway in metchnikowin gene regulation, we
then analyzed metchnikowin gene expression in
the absence of immune challenge in TI” gain-of-
function and cact-deficient adults. Previous studies
had shown that drosomycin is constitutively
expressed in these mutants (Lemaitre et al., 1996),
thus suggesting that the TOLL pathway is suffi-
cient for regulation of drosomycin expression.
Strikingly, a significant expression of metchniko-
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Figure 2. Transcriptional profile of metchnikowin in
wild-type or imd;Tl-deficient double mutant Drosophila
adults. A representative Northern blot of total RNA
extracted from control (0 hour; lanes 1 and 5) or bac-
teria-challenged (1, 6 or 24 hours after challenge) wild-
type (wt) or mutant adult Drosophila is shown. The blot
was first probed with the metchnikowin c¢cDNA, and
after dehybridization, with the ribosomal protein rp49
cDNA. Lanes 1 to 4, wild-type Drosophila (OregonR
strain); lanes 5 to 8, imd;TIl-deficient double mutant.

win RNA was observed in the absence of
immune challenge in cact-deficient mutants
(Figure 1, compare lanes 20 to lane 1) and TI”
mutants (Figure 1, compare lanes 21 to 22 to lane
1). In all four experiments performed with cact-
deficient flies, the metchnikowin expression level
was between 25% and 40% of that in immune-
challenged wild-type flies. Similar results were
obtained in TI” mutant flies, with the exception
of two out of seven experiments in which metch-
nikowin RNA expression level only reached 15%
of that in immune-challenged wild-type flies. We
conclude from these data that activation of the
TOLL pathway is sufficient to induce a signifi-
cant level of metchnikowin expression.

These results indicate that metchnikowin regu-
lation differs from that of the other antimicrobial
peptides of Drosophila characterized to date, in
that it remains inducible in Toll-deficient and in
imd mutant flies. We have therefore compared
expression of metchnikowin in different mutant
backgrounds with that of the antibacterial pep-
tides diptericin and cecropin Al, and with that of
the antifungal peptide drosomycin. For that pur-
pose, Northern blots representing the populations
of mRNAs from wild-type, Tl-deficient, imd, cact-
deficient and TI/° mutant flies were repeatedly
dehybridized and successively probed with metch-
nikowin, drosomycin, diptericin and cecropin Al
probes. Figure 3 shows that regulation of metchni-
kowin gene expression in immune challenged TI-
deficient mutants is similar to that of diptericin,
whereas in imd mutants it is similar to that of dro-
somycin. On the contrary, the regulation of cecro-
pin Al gene expression upon immune challenge is
similar to that of drosomycin in TI-deficient
mutants, and to that of diptericin in imd mutants.
In addition, metchnikowin is expressed at a higher
level than diptericin and cecropin A in unchal-

lenged cact-deficient and TI® mutants, albeit at a
lower level than drosomycin (Figure 3).

To summarize these results, we propose that the
metchnikowin gene is unique in that it can be
regulated by the IMD pathway in the absence of a
functional TOLL pathway, and by the TOLL path-
way in imd mutants. Thus, the particularity of
metchnikowin, which has both antibacterial and
antifungal activity, extends to regulation of its
expression. The rest of the paper describes the iso-
lation and organization of the promoter of the
gene encoding this peptide.

Cloning of the metchnikowin gene

A genomic library of Drosophila melanogaster was
screened using metchnikowin cDNA as a probe.
Ten hybridization-positive clones were isolated.
A 9 kb Sall fragment, which hybridized to the
metchnikowin ¢cDNA, was subcloned into the vec-
tor pTZ18R for restriction mapping. Subsequently,
a 2.5 kb Sall-Xhol fragment was subcloned in M13
for sequencing (Figure 4(a)). This region consists of
1.5 kb of 5 flanking sequences, followed by a 52-
codon open reading frame (ORF) corresponding to
the metchnikowin precursor peptide. This ORF
comprises a putative signal peptide and the 26
amino acid residue long mature metchnikowin
(Figure 4(b)). No additional sequences were found
in the transcribed region of the metchnikowin
genomic clone in comparison to the cDNA clone
(Levashina ef al.,, 1995), indicating that the gene
encoding metchnikowin is intron-less. The location
of the cap site was determined by primer extension
(data not shown). It is located 29 nucleotides
upstream of the translation initiation codon
(Figure 4(b)). The TATA box (TATAAAAG) is
located between positions —31 and —24 with
regard to the transcription start site (+1), and puta-
tive polyadenylation consensus sequences are
found 45 and 58 nucleotides downstream of the
translation stop codon (Figure 4(b)).

As stated in the Introduction, several studies
aimed at functional characterization of the promo-
ters of the genes coding for Drosophila antimicro-
bial peptides have highlighted the importance of
nucleotide sequence motifs related to NF-xB DNA
binding sites (referred to as Rel sites hereafter)
(reviewed by Hoffmann & Reichhart, 1997). Com-
puter analysis revealed three such nucleotide
sequence motifs in metchnikowin gene upstream
sequences. They are located on either strand of
DNA, at positions —638 (upper strand), —176
(lower strand), and —63 (lower strand)
(Figure 4(b)). The most distal Rel site (at position
—638) resembles two Rel sites found in the promo-
ter of the drosomycin gene (5-GGGTTTTTCA-3
and 5-GGGTTTTTAC-3'; L. Michaut et al., unpub-
lished results). Interestingly, these two drosomycin
Rel sites are located more than 500 base-pairs
upstream from the start site, in contrast to the Rel
sites in the genes encoding antibacterial peptides,
which are usually found close to the coding region,
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Figure 3. Comparison of drosomycin, metchnikowin, diptericin and cecropin A1l expression patterns in wild-type and
mutant Drosophila adults. Northern blot with total RNA extracted from unchallenged (uc) or bacteria-challenged (six
hours after challenge) wild-type (wt) or mutant flies was successively hybridized with probes corresponding to the
following ¢cDNAs: drosomycin, metchnikowin, diptericin, cecropin Al and rp49. The signals were quantified with a
Bio-Imager system. In each experiment the values for the immune peptides were normalized with the corresponding
value of the rp49 signal. The level of expression of each antimicrobial peptide gene in wild-type adults after bacterial

challenge was taken arbitrarily as 100 and the results are presented as relative activities. The data represent the
means =+ standard deviation of four to nine indezpendent Northern blotting experiments. Other indications: wt, Ore-

gon R; TI~, TI®?/TI"RXA: imd, imd/fimd; cact=, cact’

between positions —40 and —200 (Charlet et al.,
1996; Dimarcq et al., 1994; Engstrom et al., 1993).
Our analysis also revealed other consensus nucleo-
tide sequence motifs in the metchnikowin promo-
ter, corresponding to mammalian NF-IL6 response
elements (Hocke ef al., 1992), GATA sites (Orkin,
1992), and interferon consensus response elements
(Georgel et al., 1995) (Figure 4(c)).

In summary, sequencing of 1.5 kb of DNA
located upstream of the start site allowed the
identification of three Rel sites. Additional studies
are needed to establish the functionality of these
sequence motifs and their role in the control of
metchnikowin gene expression. In order to show
in vivo that this 1.5 kb DNA fragment contains the
metchnikowin promoter, we have fused it to a
reporter gene, and have analyzed its function in
transgenic Drosophila.

Analysis of expression of a metchnikowin-GFP
fusion gene

In our first attempt to functionally characterize
the metchnikowin promoter, we have constructed
a reporter gene containing 1.5 kb of metchnikowin
upstream sequences fused to the jellyfish Aequorea
victorin green fluorescent protein (GFP) cDNA;

Jeact??; TIP, TIOB/ 4 .

790 bp of 3’ flanking region of the drosomycin
gene were used to signal transcription termination
and polyadenylation. The advantage of this repor-
ter gene is that it allows direct imaging of the flu-
orescent gene product in living cells without the
need for prolonged and lethal histochemical stain-
ing procedures. Unlike the product of the metchni-
kowin gene, which is targeted by a signal sequence
for secretion in the hemolymph, the GFP expressed
from these constructs remains within the cells
where it is synthesized. The transposon containing
this reporter construct was injected into embryos,
and 19 independent insertions were obtained and
characterized. GFP expression was monitored
qualitatively using a fluorescence stereomicro-
scope, or quantitatively using a fluorimeter.

Third instar larvae were pricked with a bacteria-
soaked needle, and examined 12 hours later under
the fluorescence microscope. A strong fluorescence
could be seen in the fat body of larvae 16 hours
after immune challenge (compare (a) and (b) in
Figure 5). Similar results were obtained with all 19
independent lines. When adults were challenged
by septic injury, a strong fluorescence developed in
the fat body 24 hours later (data not shown). These
data are consistent with in situ hybridization exper-
iments, which detected abundant metchnikowin
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Figure 4 (legend opposite)
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transcripts in the fat body of immune challenged
adults (Levashina et al., 1995). In addition, when
third instar larvae where pricked with a bacteria-
soaked needle, fluorescent hemocytes could be
seen through the cuticle 12 hours later (Figure 5(d)),
but only in some larvae (~10%). This discrepancy
between larvae most probably reflects the intensity
of the immune response, with only the strongest
responding larvae reaching the GFP protein con-
centration threshold required to detect fluorescence
before puparation. Inducible expression of the
genes encoding antimicrobial peptides in larval
hemocytes has been documented for diptericin
(Meister et al., 1994) and cecropin (Samakovlis et al.,
1990).

In order to compare regulation of GFP
expression with that of the resident metchnikowin
gene, we performed quantitative measurements.
First we compared the kinetics of RNA synthesis
induction on the resident metchnikowin gene and
the GFP reporter gene by Northern blot analysis.
RNA was extracted from transgenic flies before or
at various time points after pricking with a bac-
teria-soaked needle, and analyzed by Northern
blotting using metchnikowin and GFP probes. As
shown in Figure 6(a), GFP was induced upon
immune challenge with kinetics similar to metchni-

Figure 5. Inducible GFP ex-
pression in transgenic larvae con-
taining the GFP cDNA wunder
the control of 1.5 kb of metchni-
kowin gene upstream sequences.
(@ Non-immunized transgenic
larva. (b) Transgenic larva 16 hours
after immune challenge with bac-
teria. (c) Constitutive fluorescence
in the fat body of an unchallenged
transgenic larva carrying one copy
of the TI'" gain-of-function Toll
allele. (d) Fluorescent circulating
hemocytes (arrows) in a transgenic
larva 16 hours after bacterial chal-
lenge. Larvae were illuminated
with a wavelength of 495 nm, and
visualized wusing a fluorescence
stereomicroscope.

kowin: RNA transcripts could be detected three
hours after stimulation, and reached a plateau after
14 hours. Expression levels started to slowly
decrease after 24 hours. We also examined GFP
expression at the protein level by Western blotting,
and found that the protein started to be detectable
six hours after stimulation, and accumulated until
72 hours after stimulation, before levelling off
(Figure 6(b)). This accumulation reflects the high
stability of the GFP (Cubitt et al., 1995). We next
measured the intensity of fluorescence in immune-
challenged flies. Fluorescence could be detected as
early as six hours after induction, and reached a
maximum at 72 hours, in good agreement with the
Western blot data (Figure 7(a)). These experiments
were performed on a representative transgenic
strain. Quantification of fluorescence intensity for
four other independent lines is presented in
Figure 7(a), and shows only moderate variability
from line to line, corresponding to positional
effects. These data indicate that 1.5 kb of metchni-
kowin gene 5 flanking sequences contain all the
elements necessary to confer full inducibility on a
reporter gene upon bacterial challenge in trans-
genic flies.

As discussed above, metchnikowin is expressed
in the absence of immune stimulus in Toll gain-of-

Figure 4. Organization of the metchnikowin gene. (a) Schematic representation and restriction map of a 2.5 kb Sall-
Xhol genomic fragment comprising the metchnikowin cDNA. The coding region is marked by a hatched box (ORF),
the arrow indicates the 5 to 3’ orientation of the transcribed sequence. The size of the genomic fragment in base-pairs
(bp) is shown below. (b) Sequence of the metchnikowin gene. The extent of the longest cDNA (Levashina et al., 1995)
is shown (cDNA) together with the amino acid sequence (one letter code). The mature peptide sequence is marked in
bold type. Asterisks indicate the putative sites of cleavage of a signal peptide. Broken lines correspond to the putative
polyadenylation sites. The start site (arrow) and the putative TATA box (boxed) are marked as well as the three puta-
tive Rel sites (underlined) located on either strand. (c) Schematic organization of the metchnikowin promoter. The
open reading frame is represented by a hatched box, the arrow indicates the transcriptional start point. The location
of sequence motifs identical to Interferon Consensus Response Elements (ICRE), Rel sites (Rel), NF-IL6 response

elements (NF-IL6 RE), or GATA sites (GATA) are shown.
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Figure 6. Inducibility of GFP expression in transgenic
Drosophila upon immune challenge. (a) Northern blot
analysis: total RNA was extracted from transgenic Dro-
sophila either untreated (0 hour) or at various time
points post-immunization with a mixture of Gram-posi-
tive and Gram-negative bacteria, and analyzed by
Northern blot. The blot was first probed with the metch-
nikowin ¢cDNA, and after dehybridization successively
with the GFP and rp49 cDNAs. (b) Western blot anal-
ysis: protein extracts were prepared from transgenic
Drosophila (line 1) untreated (0 hour) or at various times
post-immune challenge and analyzed by Western blot-
ting using an anti-GFP antibody.

function mutants. In order to check whether the
1.5 kb of upstream sequences from the metchniko-
win gene fused to the GFP ¢cDNA are sufficient to
mimick regulation of the endogenous metchniko-
win gene by the TOLL pathway, we crossed two
independent transgenic lines containing the metch-
nikowin-GFP reporter construct with a strain car-
rying a gain-of-function TI allele. As shown in
Figure 5(c), the resulting larvae exhibited fluor-
escence in the fat body in the absence of immune
challenge. The fact that our reporter construct con-
tains 3’ flanking sequences from the drosomycin
gene raises the possibility that TOLL might induce
GFP expression through these sequences. To rule
this out, similar experiments were performed with
transgenic flies in which the diptericin or drosocin
promoter was placed upstream of the GFP reporter
cassette containing the same drosomycin termin-
ator sequences. When these reporter genes were
put in TI® context, no fluorescence could be
detected in the larval fat body (S. Ohresser et al.,
unpublished results), thus implying that the target
sequences for TOLL signaling are in the metchni-
kowin upstream regulatory sequences and not in
the drosomycin terminator.

Recent studies in our laboratory have shown
that natural infection of adult Drosophila with the
entomopathogenic fungus Beauveria bassiana results
in the selective induction of the genes encoding the
peptides with antifungal activity: drosomycin and
metchnikowin (Lemaitre et al., 1997). Transgenic

flies containing the metchnikowin promoter-GFP
fusion gene, as well as transgenic flies containing a
drosomycin promoter-GFP (Ferrandon et al., 1998)
or a drosocin-GFP (S. Ohresser et al., unpublished
results) fusion gene, were covered with B. bassiana
spores, and placed at 29°C. Fluorescence intensity
was measured 72 hours later. A strong fluor-
escence could be detected in challenged transgenic
flies containing the drosomycin or metchnikowin
promoter fused to the GFP coding sequences. In
contrast, no induction of fluorescence following
fungal infection could be observed in transgenic
flies expressing GFP under the control of the dro-
socin promoter (Figure 7(b)).

Altogether, these data strongly suggest that
1.5 kb of upstream sequences from the metchniko-
win gene are sufficient to confer proper inducibility
on a reporter gene in transgenic Drosophila upon
immune challenge, or in TIP context. Further anal-
ysis of these sequences in vivo and in vitro should
help us to understand how the immune response
is triggered by the TOLL pathway and the imd
gene product.

Discussion

Metchnikowin gene expression can be
regulated by either the imd gene product or
the TOLL pathway

Here we describe the regulation of metchniko-
win gene expression in wild-type and mutant Dro-
sophila, and provide evidence that this gene can be
regulated independently by the TOLL or the IMD
pathway. Analysis of the expression pattern of
antimicrobial peptide genes in mutants defective
either for the TOLL pathway or the imd gene
enables us to divide them into four groups. The
first category of genes is exemplified by the gene
for drosomycin, which appears to be regulated
mainly by the TOLL pathway. The second category
of genes, to which the genes encoding diptericin
and drosocin belong, appears to be regulated
mainly by the imd gene product. The third category
of genes encompasses the cecropin A, attacin and
defensin genes, which require both the TOLL path-
way and IMD for full inducibility upon immune
challenge (Lemaitre et al., 1996). The fourth cat-
egory, which we describe here, is represented to
date only by the gene encoding metchnikowin.
Inducibility of this gene by immune challenge is
not affected in spz-, TI-, tub- or pll-deficient
mutants, and is only slightly reduced in imd
mutants. However, this gene is no longer immune-
inducible in strains in which both pathways are
inactivated. Thus, the TOLL pathway is to some
extent sufficient for the induction of metchnikowin
expression in imd mutants, while the IMD pathway
appears sufficient to achieve this goal in TI-
deficient mutants. In keeping with this interpret-
ation, we observed that the mutations causing con-
stitutive activation of the TOLL pathway (TI” and
cact™) reproducibly resulted in low but significant
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expression of metchnikowin in the absence of any
immune challenge (see Figures 1 and 3). As for
the genes of the third category, both the TOLL
and the IMD pathways participate in metchniko-
win regulation, but in this case the two pathways
regulate gene expression independently of one
another.

The existence of two distinct regulatory path-
ways controlling the expression of antimicrobial
genes points to the existence of distinct recognition
mechanisms. Recent data indicate that the Droso-
phila immune system can discriminate among var-
ious classes of microorganisms (Lemaitre et al.,
1997). When different categories of microorganisms
were injected into flies, Gram-negative bacteria
were found to preferentially induce antibacterial
genes, while drosomycin was strongly induced by
fungi and to a lesser extent by Gram-positive
bacteria. Most interestingly, metchnikowin gene
expression was found to be strongly inducible by
both bacteria and fungi (Lemaitre et al., 1997). In
addition, when flies are naturally infected with the
entomopathogenic fungus B. bassiana, in the
absence of pricking and the non-specific effects of
injury, only drosomycin and, to a lesser extent,
metchnikowin are induced, while the genes encod-
ing antibacterial peptides remain silent (Lemaitre
et al., 1997; and Figure 7(b)). It is therefore now
established that Drosophila can discriminate
between microorganisms of fungal or bacterial ori-
gin, and, at least in the case of fungal pathogens,
mount an appropriate response by selectively turn-
ing on the genes encoding peptides with antifungal

activity (e.g. drosomycin, metchnikowin). These
data suggest that the two pathways that participate
in the regulation of metchnikowin expression can
be turned on independently, by the recognition of
specific microorganisms, and agree well with what
we know from the function of metchnikowin, since
this peptide is active against both bacteria and
fungi.

Altogether, these experiments indicate that the
complex interplay between two pathways allows
for the selective induction of subsets of genes
during the immune response in Drosophila, and
suggest that this specificity results from differences
in the organization of the promoters of the genes
encoding the antimicrobial peptides.

Organization of the metchnikowin promoter

We have cloned and sequenced 1.5 kb of
upstream sequences from the metchnikowin gene.
In order to determine if these sequences are necess-
ary and sufficient for metchnikowin gene
expression, transgenic strains were constructed, in
which the reporter gene encoding GFP was placed
under the control of this DNA fragment. Analysis
of the resulting flies and larvae indicates that we
have cloned the metchnikowin promoter: first, the
1.5 kb fragment confers inducibility to the GFP
gene upon immune challenge; second, the kinetics
of inducibility of GFP expression parallel those of
metchnikowin mRNA expression with a peak of
expression at 14 hours; third, in larvae carrying the
gain-of-function mutation TI'%, which constitu-
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tively activates the TOLL pathway, the GFP is
expressed in the fat body in the absence of immune
challenge; fourth, natural infection by B. bassiana
induces GFP expression in the fat body of trans-
genic flies. We therefore conclude that this DNA
fragment contains the regulatory elements necess-
ary for the control of metchnikowin expression in
response to immune challenge or stimulation by
the TOLL pathway.

Sequence analysis of the metchnikowin promoter
revealed several features in common with the pro-
moters of insect genes coding for other antimicro-
bial peptides, and of mammalian genes expressed
during the acute phase response (Hoffmann &
Reichhart, 1997). The most striking feature is the
presence of sequence motifs recognized by Rel
family members (Rel sites). These sites are present
in most mammalian genes involved in inflamma-
tory responses, and bind the inducible transactiva-
tor NF-kB (Siebenlist et al., 1994). These sites have
also been described in all the promoters of anti-
microbial peptide genes characterized to date in
Drosophila. Three Rel sites are present in the
metchnikowin promoter at positions —63, —176
and —638. Interestingly, one of these sites is
located relatively far upstream from the cap site,
whereas for most antimicrobial peptide genes Rel
sites are located in the near upstream region. It is
worth noting here that, in the case of the droso-
mycin promoter, the Rel sites that are likely to be
functionally important are located between —500
and —800 (L. Michaut et al., unpublished results).
To date, the strongest evidence that Rel proteins
are involved in the control of antimicrobial gene
expression in Drosophila comes from the results
obtained with cact-deficient mutants. Indeed,
CACTUS/IkB proteins retain Rel family members
in the cytoplasm (Siebenlist et al., 1994); hence the
expression of drosomycin (Lemaitre et al., 1996)
and metchnikowin (this paper) in the absence of
immune challenge in cactus-deficient mutants
suggests that a Rel protein (possibly the DOR-
SAL-related factor DIF (Ip et al., 1993), or DIF in
association with DORSAL, both of which are
expressed in the fat body) translocates to the
nucleus to activate the genes encoding these two
peptides. The fact that the antibacterial peptides
(e.g. diptericin, drosocin, attacin, cecropin Al or
defensin) are not expressed in such cact-deficient
mutants (Lemaitre et al., 1996) suggests a role for
a Rel protein that does not interact with CACTUS,
such as RELISH (Dushay et al., 1996). Alterna-
tively, DORSAL or DIF might need an additional
challenge-dependent ~modification to become
active on these promoters.

In addition to Rel sites, the metchnikowin pro-
moter contains sequence motifs homologous to cis-
acting regulatory elements binding the mammalian
transcription factors GATA (Orkin, 1992), NF-IL6
(Hocke et al., 1992), as well as several GGAAANN
sequence motifs present in the interferon consensus
response elements of mammalian interferon-
induced genes (Georgel et al., 1995). In mammals,

cooperative interaction of NF-xB with multiple
transcription factors is well documented (Siebenlist
et al., 1994). The few studies that have dissected
the organization of immune-inducible promoters in
Drosophila reveal similar features. Footprinting and
gel-shift experiments performed on the diptericin
promoter have shown that the proximal upstream
region of the gene contains multiple functional
regulatory sequence elements (Georgel et al., 1993;
Kappler et al., 1993). The functional importance of
these elements was demonstrated by analysis of
transgenic strains of Drosophila bearing mutations
in these sequence motifs (Meister et al., 1994). Inter-
estingly, the most proximal of the regulatory
region was shown to contain two motifs overlap-
ping with the Rel sites, and similar in sequence to
NF-IL6 response elements and a core motif recog-
nized by interferon regulatory factor 1 (IRF-1). The
cecropin Al gene promoter, which has also been
studied in detail, similarly contains conserved
sequence motifs adjacent to the Rel site (Engstrom
et al., 1993; Tryselius et al., 1992). Gel shift exper-
iments and analysis of mutations in transient
transfection assays have recently shown that one
of these motifs, AGATAA, is functionally import-
ant; this motif is identical to the consensus
sequence WGATAR, recognized in mammalian
promoters by transcriptional activators of the
GATA family (Kadalayil et al., 1997). In the
metchnikowin promoter, the most distal Rel site
overlaps with a GGAAANN motif, and is adja-
cent to an NF-IL6 response element, a situation
reminiscent of the organization of the proximal
element in the diptericin promoter (Georgel et al.,
1993; Meister et al., 1994). Another Rel site, at
position —176, is located 11 bp downstream of a
GATA site, a situation reminiscent of the cecropin
promoter (Kadalayil et al., 1997). A GATA site is
also present 8 bp upstream of a Rel site in the
drosocin gene promoter (Charlet et al., 1996).
Finally, the third, most proximal, Rel site is not
in the vicinity of any of the response elements
discussed above. Functional characterization of
these sequence motifs, and purification of the
proteins that recognize them, should enable us to
understand how the antimicrobial genes promo-
ters are regulated.

The picture that is emerging from the study of
the organization of the promoters of immune-
inducible peptides in Drosophila therefore suggests
a situation in which Rel proteins combine with
other DNA binding factors, the nature of which
determines the selection of specific Rel sites. Acti-
vation of different subsets of Rel proteins and
different accessory factors by specific microorgan-
isms might explain the selective induction of
some genes during the immune response in Dro-
sophila. It will be of interest to determine whether
different Rel sites are responsible for induction of
metchnikowin expression by the TOLL and IMD
pathways, or if both pathways converge on a
single Rel site, and activate different accessory
factors.
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Materials and Methods

Drosophila stocks

The lines used in this study have been described
(Lemaitre et al., 1995, 1996). In order to demonstrate the
inducibility of the metchnikowin promoter by the TOLL
pathway, transgenic females containing the GFP gene
under the control of the metchnikowin promoter were
crossed with males heterozygous for the TI'" allele.
Crosses were performed at 25°C, and third instar larvae
were collected. w™ flies were used as wild-type flies, and
were also used as recipients for transformation.

Immunization procedures

Bacterial challenge was performed by pricking adults
(3 to 5-day-old) with a thin needle previously dipped
into a concentrated bacterial culture of Escherichia coli
and Micrococcus luteus. Flies were then kept at 25°C, and
were snap frozen in liquid nitrogen after different time
intervals. For fungal infection, flies were anesthetized
and covered with spores of B. bassiana (strain 80.2). They
were then placed at 29°C, and collected for fluorescence
quantification 48 hours later.

RNA analysis

Total RNA extraction and Northern blotting exper-
iments were performed as described (Lemaitre et al.,
1995). The following probes were used: cecropin Al
cDNA (Kylsten et al., 1990); diptericin cDNA (Wicker
et al., 1990); drosomycin cDNA (Fehlbaum et al., 1994);
metchnikowin ¢cDNA (Levashina et al., 1995); and rp49
cDNA (O’Connell & Rosbach, 1984). Hybridization sig-
nals were quantified using a Bio-Imager system, and the
signals obtained for immune genes RNA were normal-
ized with the corresponding value of the ubiquitously
expressed ribosomal protein rp49 RNA signal.

Isolation and sequencing of the metchnikowin gene

A total of 100,000 plaque-forming units of an ampli-
fied Drosophila Oregon R genomic library constructed in
A DASH 1I vector (gift from Dr J.-A. Lepesant) were
screened with a **P-labeled 280 bp ¢cDNA probe (insert
A1l; Levashina et al., 1995). Hybridization of nitrocellu-
lose filters and washing were performed as described
(Dimarcq et al., 1994). Nine hybridization-positive pla-
ques were obtained and shown by restriction mapping
to correspond to four overlapping genomic fragments.
A 9 kb Sall fragment was cloned in the pTZ18R phage-
mid by standard methods (Sambrook et al., 1989). After
restriction mapping a 2.5 kb Sall-Xhol fragment was
subcloned into a M13mpl8 vector. Sequencing was
performed by the dideoxy method of Sanger et al. (1977)
using a Pharmacia Sequencing kit. The products were
separated on a polyacrylamide gel (6% acrylamide, 8 M
urea). Routine computer analysis of the sequencing data
was facilitated by DNASTAR™ software for a Macin-
tosh microcomputer. The putative cis-regulatory motifs
were determined using the Matlnspector V2.1 program
(Copyright’1997Transfac-Team).

Construction of the metchnikowin reporter gene and
isolation of transformed fly lines

The F64L mutation (replacement of the phenylalanine
residue in position 65 by a leucine) in GFP was intro-
duced by PCR-directed mutagenesis (Higuchi et al.,
1988) using the high fidelity Vent polymerase (New Eng-
land Biolabs). The plasmid pJM705 (Ferrandon et al.,
1998), which contains the S65 T version of GFP, served
as a template. The PCR fragment was sequenced to con-
trol the fidelity of the reaction. The modified GFP cDNA
was fused to a 790 bp fragment of drosomycin gene 3’
flanking region (Ferrandon et al., 1998). A fragment con-
taining metchnikowin gene sequences from position
—1497 (Sall restriction site) to position +32 was sub-
sequently fused upstream of the GFP sequences. The
complete metchnikowin 5 sequences—GFP-drosomycin
3’ flanking region cassette was then subcloned into the
transformation vector pCasper, before injection into
embryos. The helper plasmid pnq2-3 was co-injected
with the pCasper vector containing the fusion gene into
w~ embryos, and transformants were recovered as G1
w? flies. Crosses with flies carrying appropriate bal-
ancers were performed to establish stable heterozygous
or homozygous lines, as well as to determine the
chromosome carrying the insertion. Nine insertions were
found on the second chromosome, and ten on the third
chromosome. The established lines were maintained at
25°C on a standard cornmeal medium.

Quantification of GFP expression

For Western blot analysis, 20 pg of protein extract pre-
pared from transgenic female flies at various time points
after immunization were resuspended in Laemmli buffer,
and analyzed by SDS-PAGE on a 10% acrylamide gel
(Laemmli, 1970). After migration, the proteins were elec-
troblotted onto a nitrocellulose filter, which was probed
(overnight, 4°C) with a polyclonal rabbit anti-GFP anti-
body (Clontech), at a 1:2000 dilution in Tris-buffered
saline (TBS) supplemented with 0.3% low fat dry milk
and 0.05% Tween 20. A horseradish peroxidase—anti-
rabbit conjugate (Amersham Life Science) was used as a
second antibody at a dilution of 1:10,000, and was
incubated with the filter for one hour at 37°C. The GFP
was detected using the enhanced chemiluminescence
technique (Amersham Life Science).

Fluorescent GFP in live flies was visualized using a
photoautomat (wild MPS48/52, Leica) equiped for fluor-
escence microscopy. For quantitative measurements of
GFP activity, ten female adults were homogenized in
Chalfie buffer (Chalfie et al., 1994), and extracts were
centrifuged for ten minutes at 10,000 g to remove debris.
Fluorescence in the supernatant was measured with a
spectrofluorimeter (Jobin Yvon fluoromax-2). The emis-
sion spectra were measured from 495 mm to 560 nm,
with a fixed excitation wavelength of 495 nm. The peak
of emission was observed at 507 nm.
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