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Diptericins are 9 kDa inducible antibacterial peptides
initially isolated from immune haemolymph of Phormia
(Diptera). Following the isolation of a Drosophila cDNA
encoding a diptericin homologue, we have now cloned
a genomic fragment containing the Drosophila diptericin
gene. To dissect the regulation of this gene, we have
transformed flies with a fusion gene in which the reporter
B-galactosidase gene is under the control of 2.2 kb
upstream sequences of the diptericin gene. We show that
such a fusion gene is inducible by injection of live bacteria
or complete Freund’s adjuvant and respects the tissue
specific expression pattern of the resident diptericin gene.
Our analysis reveals at least four distinct phases in the
regulation of this gene: young larvae, late third instar
larvae, pupae and adults. This complexity may be related
to the presence in the upstream sequences of multiple
copies of response elements previously characterized in
genes encoding acute phase response proteins in
mammals (e.g. NK-xB, NF-xB related, NF-IL6 response
elements).
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Introduction

The antibacterial defence reactions in the higher,
endopterygote insect orders, namely the Lepidoptera,
Diptera, Hymenoptera and Coleoptera, are characterized by
the synthesis of a battery of potent bactericidal peptides.
These are mostly small cationic molecules exhibiting a broad
spectrum of activity against Gram-positive and/or Gram-
negative bacteria (Steiner et al., 1981; Hultmark et al.,
1983; Okada and Natori, 1985; Ando and Natori, 1988;
Dimarcq et al., 1988; Casteels et al., 1989; Lambert et al.,
1989; Bulet et al., 1991). The peptides are produced within
a few hours after injury or the injection of bacteria, the main
site of synthesis being the fat body (Faye and Wyatt, 1980;
Dickinson ef al., 1988; Trenczek, 1988; Dimarcq et al.,
1990; Samakovlis et al., 1990), a functional equivalent of
the mammalian liver. Several characteristics of the immune
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response of insects are clearly reminiscent of the mammalian
acute phase response (see Kushner, 1982; Koj, 1985, for
reviews on this response). In mammals, acute phase protein
genes (e.g. C-reactive protein, haptoglobin, haemopexin,
o2-macroglobulin) are induced in the liver during the acute
phase response by transcriptional activation of their
promoters (Morrone et al., 1988; Hattori et al., 1990.
Isshiki et al., 1991). Several distinct activators appear to be
involved in this process which is at present the centre of
intense investigations. Our current interest is the regulation
of expression in Diptera of genes encoding inducible
antibacterial peptides. We have initiated our studies using
the diptericins, a family of 9 kDa, glycine-rich anti-Gram-
negative peptides, which we initially isolated from the fly
Phormia terranovae (Dimarcq et al., 1988). In Drosophila,
cDNA cloning studies showed that larvae and adults injected
with bacteria produce transcripts encoding an 83-residue
diptericin (Wicker et al., 1990).

We report the isolation of a Drosophila genomic fragment
encoding diptericin. Interestingly, analysis of the upstream
sequences reveals the presence of several putative tran-
scription regulatory sequences identical or similar to
consensus motifs present in promoters of genes encoding
acute phase proteins. We have constructed a chimeric gene
in which sequences upstream of the Drosophila diptericin
coding sequence are fused to the bacterial 3-galactosidase
gene. Using P-element mediated germ-line transformation,
we have generated fly lines carrying the chimeric construct.
We have addressed basic questions concerning the tissue
specific and the developmental expression of the transgene
as well as its inducibility. We show that the inducible
response is complex and must involve both stage and stimulus
specific elements.

Results

Isolation of the Drosophila diptericin gene

Southern hybridization of Drosophila genomic DNA using
the cDNA encoding diptericin revealed one hybridization
band (Wicker et al., 1990). Using this cDNA as a probe
we isolated a 15 kb fragment from an Oregon-R genomic
library. The restriction map of this fragment was determined
and a 6 kb EcoRI—BamHI subfragment, which hybridized
with the cDNA probe, was subcloned into the phagemid pTZ
18R. The 3203 nucleotides between a Clal and a PstI site
were sequenced after subcloning of various restriction
fragments into M 13 phages (Figure 1). This region consists
of 2.2 kb of 5’ sequence upstream of an open reading frame
of 106 codons which is identical to the sequence of the
cDNA. The colinearity of the genomic DNA and cDNA
indicates that the Drosophila diptericin gene is intronless.
The cap site, as determined by primer extension (data not
shown, but see Figure 6), is located 41 nucleotides upstream
of the initiating Met codon. The cap site sequence
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CTGCAGTTGAAAAACATACAAAAATAAGACTAAAGTTTGTTCGCGTGCCGCAAAAACAATCGCATTGATACTTGGAAGCGTGTCAAAGCTGCCACCTTCC
GGGGAAATGGAGAGGTTCCTATTGCGGACCCGAATCGCGGACCATTAATGCCGGC TCCGAAGGGCTAATTCACATTTTATTGAGTGCTCCAGTTACGGCC
AAAGTTTGGCACCAACGCCGCTGCCATTGGCAACCGCCTCGCCCTCGAAGAGGGGGCGTGGCCCTAATGGTCGCAATTAGTTTTTCATCCAGC TGACACG
CACTTGTCGTAAAAGTCCATTGAACCTGACGCTAAATTGATTTCCTTGEGGGCGRGCC TGGAAAAGTTATTCAGCATATTTTACCTACTAAAAAAAAAAA
ATACATTTTTTATGAACAAAAACGCAGGTACACTATGCCAGATCGATCAAATCAACGTTGGTTTGTCATCGCAACTCTGGCTTCGTGGAACTTAATGAGT
GGTTTCGGTTTCTACGCCTACATTCTGGATTGCTATGGTCAGTTAGTACACGT TTTGCCAGCTAATGTTTATATTTTTCCCTCAGTAAATTATCCATTTG
ATCACCAGAGACGTCAGTTCAAATATCACACTTTTGCCGGAACTATTGACAAAGATGTTGTTATGGGAATCACTGTGGIAA[GCTATGTCAGATAGTATC
TTCGATTCTACTATCCTTGCATTAGATGAGGTGAAGTTTAAGAATATAAAATCTGGCGGTATATTAATTAGTTTTCAT TTTAGAAGAAAAGAACATGTCT
TAT]TAGGGAATTTTCATTAGCCTAACTTTTCCGTGTGTCTGTCICCCAGT TTRGCCATTAGCTGGTAAGT TTTTAGAATTTTCAAAAATCTTTTTCGAG
GCATCTAATAGTGTGTTTCAACAGTAACACATGTCAGTCTTGTTTTGGTAGTGCTGAGTTATTACTTTGAGTAGTTTAGAAAATGTTGTAAAAAATTGTA 1000
ATTATTTTGGTCCCTGTATACAAAATATGTTTGGAGGTTCATTCATTTAAAAATGGGAATTATGGGTATTGATATAGAATATATTTATAAAGTAGTAAGA 1100
TATAATTTAATACATGAGTAGAAAGAGTTTACTTTTATATAAAGCCAGT TTTGACAAACAATAGGTGGTTTATATATTATAACTGACTAAATTAAATTAA 1200
GACTAAGTCATACAAGAGCAAGTTATTTTTCTATGGGCCCAAAAGTATAGTATAATTTTGGTTATAACAAGTAACTTTACTGATAAGACTTGGATTCTCT 1300
TTATAATATATTTAACAGAGATGTATATGATGCAATTTATAGAATTTAAAAAATCTTAAGAAACT TAAAATGTTGCTTCAAGATCCTGGTCATCATT GGG 1400
¢ G AT IR TCTTTTCCGGTGGACCTTCACCCCTTGAACCAATTTCAAGC TCTATATAATCGGCAGATGACTGGGCTGTGACGTEICCCAGCTGT 1500
AAAGTAAATATGCATATATATTTTTTTTTATATTTTTTTATTTTCGGATTAATTGTATATTTTTCCTTTGCCGCACTCACCCAGCAGACCAAAAAAACGG 1600
CCAATATTTTCATTAATATCGATTGTAACAACATTTCTCTCGGCTGCCTCGGCACTCAACTGCTGATGGGAAACTGTTTTTACGTTTGCTCAACCTCTGE 1700
TTTTAATCAATTATCACTTATTAAATATTTATATTTGTTTTTTTTTTRTTTGCCTGCATACAAACATACATCGCTCTTTGTCTGTCGCCGCGGAGAGGTT 1800
TTAAAATTAATCCGTGGAACTGGGAAAAGGATGAACTTTCGTTTATTTTCGAAGGGAAATCATTAATGTTTTAATTGTTAATAATAAG GGTTGG 1900
GATATTGTTCTTAAGATACATATTTAAAAACTTCGTGGAATAAGAGGTTACAAATTTTATCATTTAATAAGTATTTAACCTCTTGTTTGTCAAATGAAAA 2000
TAAGGTGTGAGTCCTCGTTAAGAAGATCCCCTGRTGRTATTTGTTTTTOEATCGGGGATTCCITTTI TATGACCGGTAATCAATCTTGGGTTCTAATT 2100
ATGAGACAATAACCGCCGTAGGTATACTTTCTGAGTAGATAAGGTG EGAAAGCGGCCTATAAMAGAGCATCGAAACTGCAGE 2200

8888858888

. —
AAAccrArcAéTCAGCATATTcCAzrrcr$8=ArrsAcAAcAAcrcAcArccAerrcAccArrccccrccccrrAchrccrccccAArcccrrcrAcrr 2300
AAGCTT MO FTTI1AVALLTCTCATIAS ST

TGGCTTATCCGATGCCCGACGACATGACCATGAAGCCCACTCCACCACCGCAGTACCCACTCAATC TTCAGGGAGGCGECAGTCACCAGAGCAGCEATGE 2400
LAYPMHMPDDMTMNEKPTPPPOQYPLNLTGOTG GG GG GGSGOQS G DG
TTTTGGCTTTGCAGTCCAGGGTCACCAGAAGGTGTGGACCAGCGACAATGGACGCCACGAGAT TGGACTGAATGGAGGATATGGACAGCAC TTGRGAGGA 2500

F GF AVY QGH KTV WTSDNGRHETIG GLNTG GG GYGOQHLGE GG
CCATATGGCAACTCAGAACCGAGCTGGAAAGTGGGAAGCACCTACACCTACAGATTTCCGAATTTCTAAGCTTCATAAATATTTTATTGTAAAAAACTTC 2600
P Y GNGSETPSWIKTVYGSTYTYRTFEPNTFEF - — = CONA —>8
ACCAAATATTATCTCGATTGGTATCCGAGTCTAGCTATTATAAAAACCATACCCACTTTGTATATTCAGATAATTGCAAAATATATAACCGAATACAACG 2700
ATATGCATACCTGACCATAATTTCACTATCTCAAATGCCATCAATGTCCTTGGCGTTGTTTGTTTAACCCGGAACAT TGAGGCAGACTTCTAGAGACAGA 2800
GGCTGGTAGGTCACAGATGATCTTGCAGTTTGGCTAATTGTTGATACATCTTGTTTGGCCAACTCCGTTGGTAATAACAAATTACGATGACAGGCGGTCT 2900
TAATGAAACCTGCCAAGACAAAATGTTTTTTGCTAATTGGATTTATTGCGTAAACTGTCGAGAGAACCTTCGATGGAAATTTATCATGCGCAACATCCGE 3000
AGCCTAACCCGAAGATTAAAATATTACGCCATCCCCAACGAAAGCGAATAAGATTCGCTTCGAGTATTTGAAAAATGATTCGTGCAGAGGCTGTATTCTA 3100
AACTCTTTTACAACCAAATTTGGGGATTACCAAAGCTTTTCACATCATTAATTCCAGC TAAGAATGGCCAAATTGAGTTGACC TTGTAAAATGATGAATC 3200

GAT

Fig. 1. The 3203 bp genomic fragment containing the Drosophila diptericin gene. The extent of the previously published cDNA sequence (Wicker
et al., 1990) is shown together with the prediptericin protein sequence (single letter amino acid code). The startsite (arrow, +1) and TATA box
(underlined) are indicated. The synthetic HindIII site is shown under the genomic sequence that has been replaced. In the 2.2 kb upstream sequences,
potential binding sites (on either strand) for regulatory factors are highlighted as follows: i, NF-IL6 (dots); ii, NF-xB (shaded box); iii, NF-xB-
related (open box); iv, hexameric acute phase gene promoter motif (underlined). See Figure 7 and Discussion for further details.

(ATCAGT) corresponds to a Drosophila consensus cap site
sequence described by Hultmark ez al. (1986). Upstream of
the cap site, the genomic sequence contains a TATA box
(TATAAAA, -31 to —25). No polyadenylation consensus
signal was found in the 600 nucleotides following the stop
codon. A computer-aided search of the 5’ sequences revealed
homologies (indicated in Figure 1) to a number of established
transcription regulatory sequences associated with genes
encoding immune response proteins in mammals (see
Discussion).

Construction of a diptericin —lacZ reporter gene

For the dissection of tissue and stage specific expression of
promoters, lacZ reporter constructs offer the advantage that
they facilitate large scale studies on individual animals.
However, they present the disadvantage that the 3-galactosi-
dase product is extremely stable and this must be borne in
mind when interpreting developmental profiles of expression
(see below).

The reporter transposon is shown in Figure 2. It consists
of the 2.2 kb diptericin promoter fragment fused in the leader
sequence to a bacterial lacZ gene which is followed by
Drosophila hsp70 termination sequences (see Materials and
methods for details of construction). Whereas diptericin gene
products are secreted into the haemolymph following
cleavage of the signal peptide (see Dimarcq er al., 1988;
Wicker et al., 1990), the reporter gene product will remain
localized in the cells where it is synthesized. This transposon
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Fig. 2. The elements of the Carnegie 20 diptericin—lacZ fusion
construct C20 Dipt2.2 —lacZ that are inserted in transformed lines.
Source of DNA fragments: P-element sequences (solid box segments),
diptericin DNA (open box) from —2.2 kb from the starsite to the
synthetic HindIIl site at +12 in the leader sequence, bacterial lacZ
(dotted box) and hsp70 3' termination sequences (open box) (see
Simon et al., 1985) and the Xdh™ (ry*) fragment (broken box) that
serves as a marker gene in Carnegie 20 (Rubin and Spradling, 1983).
Fragment sizes below are in kilobase pairs.

was injected into ry’® C.S. embryos and five independent
insertions were obtained: Dipt2.2 —lacZ:1 to 5. For detailed
developmental studies, one of these, Dipt2.2 —lacZ:1, was
grown in mass culture, and all critical results were confirmed
by experiments using the other four insertions.

Fusion gene activity following injection

In pilot experiments, we investigated the effect of injection
of live bacteria (Escherichia coli) or complete Freund’s
adjuvant (CFA) into late third instar larvae. Recent
experiments in this laboratory with various insect species
have shown that CFA is a potent inducer of diptericins and
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Fig. 3. Histochemical staining of 3-galactosidase activity in Dipt2.2—lacZ:1 transformants. (A) Whole fat body dissected from a wandering stage
third instar larva injected for 3 h with E.coli. sg, salivary glands; (B) detail from animal similar to that shown in (A) g, gut; (C) mosaic expression
in fat body of a 96 h larva injected for 6 h with CFA; (D) spontaneous expression in a restricted number of fat body cells of a late third instar larva
(non-injected) id, imaginal discs; (E) 4-day-old adult injected for 6 h with E.coli: fat body cells are stained in the head, thorax and abdomen. Note
that following extended staining periods (>2 h) there is a tendency for coloration by contact of tissues in the proximity of intensely stained fat body
cells.
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Fig. 4. The response to injection of embyros and larvae of the
Dipt2.2—lacZ:1 line as a function of developmental stage in hours
after egg laying. Animals were staged and injected with LPS
(embryos) or CFA (larvae) as described in Materials and methods and
dissected and stained 6 h after injection. Solid columns represent the
percentage of larvae showing a response of all fat body cells; open
columns represent those showing a mosaic response (see Figure 3 and
text). Sample sizes (n) are given above each column. Developmental
stages are marked below: E, embryos; L1, L2 and L3, first, second
and third instar larval instars; W, beginning of wandering stage

(110 h) and P, pupariation.
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Fig. 5. The response to injection of late third instar (110—120 h)
larvae of the Dipt2.2—lacZ:1 line. Larvae were pierced with a

needle dipped in CFA at #; and dissected 1—6 hours afterwards into
B-galactosidase staining solution. The response is expressed as a
percentage of animals responding and the size of each sample is given
above the corresponding column.

defensins (J.-L.Dimarcq, unpublished). We observed an
intense coloration in all cells of the fat body of animals
dissected 3—6 h after inoculation (Figure 3A and B). This
reflects the distribution of induced endogenous diptericin
transcripts as detected by in situ hybridization (data not
shown). Note that some control animals dissected directly
into staining solution show a weak spontaneous expression
of the fusion gene (see below).

We used a standard CFA stimulus for a developmental
study (Figure 4). Unexpectedly, we observed that, unlike
late third instar wandering larvae, embryos, first, second
and early (72—84 h) third instar larvae did not express the
fusion gene in response to the injection. To determine the
precise time of acquisition of competence for this response,
we staged animals at the second/third instar moult (72 h)
and challenged them at different ages by injection followed
by a 6 h delay before dissection and staining. Up to 90 h,
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Table 1. Induction of the Dipt2.2—/acZ gene in adult flies

CFA E.coli
t(h) n Positive response n  Positive response
Adults (0-24h) 1 7 1
2 5 1 10 10
3 5 2
4 8 2 10 10
S 6 1
6 5 2 12 12
24 21 3 11 11
Adults (>7 days) 2 8 3* 10 10*
4 7 3* 10 10
6 6 2% 5 5
24 9 2% 9 9

Young (0—24 h) or old (>7 days) adults from the Dipt2.2—lacZ:1
line were injected with CFA or E.coli for the number of hours (r)
shown before dissection and staining for 3-galactosidase activity.

n = sample size. A positive response is the staining of some or all of
larval or adult fat body cells. Asterisks denote samples where staining
was noticeably weaker.

all animals remained negative; by 96 h, a few animals gave
a full response (indistinguishable from that of late wandering
stage larvae) while in some only a few fat body cells stained
(Figure 3C); some clearly did not respond. From 110 h
onwards until pupariation at 120 h, all animals were fully
competent, i.e. all fat body cells reacted positively (Figure
3A and B).

We studied this response in detail by dissecting and
staining competent animals 1, 2, 3, 4 or 6 h after injection
(Figure 5). The rapidity of the response varied between
individuals but by 3 h all animals showed a maximal staining.
This staining is rapid, the majority of cells being stained
30 min after addition of the chromophore. With a longer
staining period, all fat body cells showed a positive reaction.
We did not observe any differential zones of reaction
although the response is clearly cell autonomous in that there
was a mosaicism of reactivity throughout the fat body. This
mosaicism was reflected in animals dissected <2 h after
injection where we obtained only a partial response with
positive cells scattered throughout the fat body. We did not
detect the activity of the fusion gene in other tissues,
including haemocytes (see Discussion).

We investigated the stability of the fusion protein in
competent larvae by dissecting animals 24 or 48 h after
injection. In some cases the injury caused a considerable
delay in development so that larvae were present in both
groups. However, all animals, both larvae and pupae,
showed a full response.

From pupariation (120 h), there is a gradual decrease in
the response to challenge and in late pupae (72—96 h after
pupariation), some animals did not respond at all (data not
shown). In contrast to late third instar larvae, young adults
(0—24 h) responded poorly to CFA injection (Table I). At
maximum, 40% responded by an intense staining throughout
the fat body, both with short (1—6 h) or longer (24 h)
periods between inoculation and dissection. In older adults
(after histolysis of the larval fat body), the proportion of
animals which reacted was similar to that seen in young
adults (Table I). The overall staining in adult fat body cells
was markedly lower than in larval cells. The transgene in
lines Dipt2.2 —lacZ:2 to 5 showed the same developmental
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Table II. Spontaneous and induced expression in Dipt2.2—lacZ:1 animals raised axenically

n Fat body staining % spontaneous
>90% 50-5% <5% Negative expression
a. Non-stimulated
Late third instar larvae 24 - 7 - 17 29
Prepupae/pupae 0—24 h 30 1 7 6 16* 47
Pupae 3—-4 days 10 - - 5 5* 50
Adults 0—2 days 9 - - 3 6 33
b. Stimulated late third instar larvae
CFA injection 20 10 6 -
Sterile injection 22 - 4 13 5

See Materials and methods for experimental details. n = sample size. Fat bodies from individuals were assigned to one of the four staining classes
defined by the percentage of cells staining. Asterisks in pupal samples denote the presence of some individuals with high levels of endogenous
galactosidase activity (see text) which may mask low levels of expression of the fusion gene and may lead to an underestimation of the percentage of

individuals showing spontaneous expression (last column).

Table III. Spontaneous expression of the Dipt2.2~lacZ gene in Dipt2.2—lacZ:1 animals at various stages as shown

Stage n Fat body staining % spontaneous
>90% 50-5% <5% Negative expression

Embryo (0—24 h) 200 - - - 200 0

First instar larva 20 - - - 20 0
Second instar larva 21 - - - 21 0

Early third instar larva 20 - - - 20 0

Late third instar larva 64 7 25 - 32 50

White prepupa (0 h) 14 - 5 1 8 43
Prepupa (1—6 h) 54 3 11 13 27 50
Prepupa (9—12 h) 20 3 2 1 14* 30*

Pupa (15—-24 h) 30 - 5 10 15* 50*

Pupa (48 h) 10 2 - 2 6* 40%*

Pupa (72 h) 10 4 - - 6* 40*

Pupa (96 h) 15 1 2 4 8* 46*

Adult (0—24 h) 19 - 5 5 9 53

Adult (>3 days) 45 1 - - 44 2

All symbols are as for Table II.

profile as regards its inducibility as that described here for
Dipt2.2—-lacZ:1.

The above results were obtained with animals raised under
standard culture conditions. To investigate the potential
importance of commensal microorganisms in the response,
we raised axenic animals under sterile conditions (see
Materials and methods). The development of these animals
was delayed considerably, larvae taking 12 — 14 days to reach
wandering stage (instead of the normal 5 days). In the axenic
larvae and pupae we observed a similar frequency and level
of spontaneous expression (see below) as in normal animals
(Table II). By CFA injection, we observed that competence
was acquired later, in that, although some larvae showed
a full response, many wandering stage larvae responded
still in a mosaic fashion. Aseptic injury somewhat surpris-
ingly gave little or no response in competent axenic larvae
(Table II).

When we compared expression of the fusion gene with
that of the endogenous diptericin gene (Wicker et al., 1990),
we were surprised to note that the latter was significantly
higher in adult insects. As in the previous study we had used
a bacterial stimulus, we undertook a second series of
experiments using live E.coli. Under these conditions, all
adults showed a full response (Table I and Figure 3E). In
earlier stages, we now detected a low frequency (10—20%)
of second instar larvae showing faint staining in a few fat

body cells. In keeping with this result, the acquisition of
competence to respond to live bacteria in third instar larvae
occurred several hours before that observed with CFA (see
Discussion). The pupal response to the two stimuli was
essentially similar in that many late pupae did not respond
(data not shown).

Fusion gene activity in non-stimulated animals

In certain untreated larvae dissected directly into staining
solution, we observed a low level of spontaneous expression
of the fusion gene, normally in <100 of the >2000 cells
of the fat body (Figure 3D). In a detailed study of this
spontaneous expression using the Dipt2.2—lacZ:1 line
(Table III) we detected no expression in embryos, first,
second and early third instar larvae. In late third instar,
~50% of animals showed activity, the majority in a few
cells, although occasionally individuals were indistinguish-
able from injected larvae (i.e. these scored as >90%, Table
III, see Discussion). This result was confirmed with the other
insertions, the frequency of animals that stain ranging from
25 to 45%. With the exception of those individuals showing
staining throughout the fat body, we estimate that
spontaneous expression rarely exceeds 5% of induced
expression, given the low number of cells involved and the
weakness of the staining reaction in those cells. There were
no obvious differences in the frequency of staining in the
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various regions of the fat body. Similar data were obtained
for early prepupae (0—6 h after pupariation); thereafter a
variable endogenous galactosidase activity (see Materials and
methods) tends to mask the spontaneous expression of the
fusion gene, although coloration in transgenic animals is
clearly more important than in the control line (ry’% C.S.).
The endogenous galactosidase activity in adults is localized
in specific structures (see Materials and methods) which
enables us to distinguish it from the product of the fusion
gene which is specifically expressed in larval and/or adult
fat body cells. In young adults, the expression of the fusion
gene in larval fat body may reflect persistence of activity
during the pupal period.

As the above results show that the diptericin promoter
responds rapidly to the injury stimulus, we asked whether
it might not equally contain elements able to respond to stress
conditions, i.e. heat shock. Competent third instar larvae
were subjected to a 1 h exposure at 36°C followed by a 1
or 2 h recovery period at 25°C, conditions in which larvae
carrying an hsp70—lacZ construct treated in parallel showed
a maximum response [CHBA-89 (19A), Simon et al., 1985].
No staining, other than the low level of spontaneous
expression seen in control animals (see above), was observed
in the Dipt2.2—lacZ:1 animals (data not shown). This
indicates that there are two distinct responses to two different
forms of aggression.

Reverse transcriptase analyses of diptericin and fusion
gene expression
These histochemical analyses detect qualitative aspects of
the expression of the fusion gene. We have extended our
study by using primer extension analysis of transcripts. We
chose oligonucleotide primers complementary to transcripts
of the endogenous diptericin gene and the fusion gene (see
Materials and methods), which, after elongation, give rise
to products of 103 and 96 bases respectively (Figure 6a, lanes
1 and 2); the latter result shows that the fusion gene is indeed
transcribed using the diptericin start site. We then used these
primers together (10° c.p.m. of each) to analyse aliquots of
RNA from injected animals (Figure 6a, lanes 3—7). Bearing
in mind that the efficiency of radio-labelling, hybridization
and elongation may be primer and/or transcript specific, we
can nonetheless conclude that the expression of the fusion
gene in injected Dipt2.2 —lacZ:1 larvae is comparable to that
of the endogenous diptericin gene. Fusion gene expression
in transgenic lines 2, 4 and 5 is similar to that of line 1,
whilst in the heterozygous balanced line 3, the activity is
less than that of the endogenous gene. A similar quantitative
variability in transgene expression due to position effects has
been observed for different insertions of Sgs-3 constructs
(see Giangrande et al., 1987). In histochemical experiments
we detected the same temporal and spatial distribution of
B-galactosidase activity and inducibility of the transgene in
all five lines (data not shown), implying that this promoter
fragment is resistant to enhancer-trap type position effects.
When using this technique to analyse transcripts from
second instar larvae (Figure 6b, lane 1), we were surprised
to observe an induction of the endogenous diptericin gene:
in contrast, the fusion gene was not transcribed, which is
consistent with the results of the staining experiments. As
expected, in late third instar larvae (lanes 2, 2’ and 3) both
genes are similarly expressed after injection of bacteria or
CFA. However, in adults there is again a striking difference
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Fig. 6. Primer extension analyses of diptericin and Dipt2.2 —lacZ
transcripts. (a) 5 ug of total RNA from Dipt2.2—lacZ:1 larvae injected
for 3 h with E.coli were hybridized with the diptericin (R, lane 1), the
Dipt2.2—-lacZ (F, lane 2) or both (lane 3) primers and treated as
described in Materials and methods. In lanes 4—7, 5 ug total RNA
from larvae of the Dipt2.2—lacZ:2 to 5 lines, injected for 3 h with
E.coli, were analysed with both primers. The size (in bases) of the
elongation products for the resident (R) and fusion gene (F) transcripts
are indicated. (b) 5 pug of total RNA from Dipt2.2—lacZ:1 animals
were analysed with both primers (see panel a): second instar larvae
injected for 6 h with E.coli (lane 1); late third instar larvae injected
for 3 h with E.coli (lanes 2 and 2’, two independent experiments) or
CFA (lane 3); 5 day-old adults injected for 6 h with E.coli (lane 4) or
CFA (lane 5); spontaneous expression in late third instar larvae (lane
6) and in early pupae (lane 7).

between the activity of the two genes, which is even more
pronounced when the stimulus is CFA (lanes 4 and 5). Note
that these analyses show that both genes present low levels
of spontaneous expression (see above) in non-injected larvae
and pupae (lanes 6 and 7).

Discussion

The diptericin gene, which is present in a single copy per
haploid genome (mapping at 56A, see Wicker er al., 1990)
is devoid of intronic sequences. This relatively simple
situation contrasts with that of cecropins, the only other
inducible antibacterial peptides so far cloned in Drosophila.
Three cecropin genes, each containing a single intron of
58—61 nucleotides, and two pseudogenes, are clustered
within <4 kb of DNA (mapping at 99E, see Kylsten et al.,
1990). To dissect the regulation of the diptericin gene, we
have transformed flies with a fusion gene in which the
reporter B-galactosidase is under the control of 2.2 kb



upstream sequences of the diptericin gene. Our results
demonstrate that such a fusion gene is inducible and respects
the tissue specific pattern of the resident diptericin gene.
Indeed, the responsiveness of the reporter gene during
immune challenge has provided us with an efficient experi-
mental tool for a detailed analysis at the level of individual
insects and cells.

As regards the tissue specific pattern, the examination of
several hundred transgenic animals showed that the
expression of the fusion gene is restricted to the cells of the
fat body. In late third instar larvae, all cells of the fat body
are responsive and we did not detect differences between
the various regions of the fat body. However, the reaction
is cell autonomous as illustrated by the mosaicism of
reactivity throughout the fat body. In situ hybridization
studies in another dipteran insect, Phormia terranovae,
revealed expression of the diptericin genes in fat body and
in one of the circulating blood cell types, the thrombocytoid
(Dimarcq et al., 1990). This cell type is absent in Drosophila
(Brehélin and Zachary, 1983). In Drosophila, the cecropin
genes are expressed in the fat body cells and in 5—10% of
the haemocytes (Samakovlis er al., 1990). We did not detect
activity either of the endogenous diptericin gene in blood
cells by in situ hybridization or of the fusion gene by staining
or by using an anti-3-galactosidase antibody (not shown) and
although we cannot exclude the possibility that Drosophila
blood cells express the fusion gene or the endogenous
diptericin gene, their contribution to the overall synthesis
of diptericin, if it exists, is certainly minimal.

Before considering the complexity of the inducibility of
the fusion gene by an injection, we wish to discuss briefly
the perplexing problem of spontaneous expression. Wicker
et al. (1990) noted that untreated pupae as well as young
adults of Drosophila contained low levels of diptericin
transcripts. Samakovlis ez al. (1990) did not detect cecropin
transcripts in untreated Drosophila except for a small but
marked mRNA peak in early pupae, and sometimes a
variable and usually very low expression in adults.
Constitutive expression of two other inducible antibacterial
peptides, insect defensin and a cecropin-related peptide, have
also been detected in pupae of Sarcophaga (Matsuyama and
Natori, 1988; Nanbu et al., 1988). These observations were
mainly based on Northern blot analyses of RNAs extracted
from pools of insects. Our primer extension analyses confirm
the presence of low levels of expression in larvae and pupae
which are similar for the endogenous gene and our fusion
gene (Figure 6b). However, by following the expression of
the fusion gene in individual insects, we were able to refine
the image of spontaneous expression which is not a general
phenomenon among a given group of insects, but usually
affects less than half of the animals, with expression limited
to a few cells. This is in contrast to the expression pattern
induced by injection of bacteria in which all the fat body
cells of all the treated insects are reactive.

The spontaneous reaction which we observe in normal
rearing conditions occurs only in late larvae, pupae and
young adults. As at least half of the insects within a
population do not express the diptericin fusion gene
spontaneously, it is difficult to believe that the endogenous
diptericin plays a specific role in normal development, as
has been proposed earlier (see e.g. Wicker et al., 1990).
It should be kept in mind that the period of development
when spontaneous expression is observed, is centred around
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Fig. 7. The distribution of sequences homologous to vertebrate
immune gene response elements in the 2.2 kb diptericin promoter
fragment. M, the NF-IL6 motif TT/GNNGNAAT/G; ®, the NF-xB
motif GGGRNNYYCC; O, an NF-xB-related heptadecameric motif
CATCGGGGATTCCTTTT; and [J, a hexameric motif, CTGGGA,
present in acute phase protein gene promoters (see Locker and Buzard,
1990, for references).

the process of metamorphosis. It is possible that erratically
occurring lesions both in those control larvae in which we
detect intense staining and in some of the insects undergoing
metamorphosis induce the expression of immune genes. At
least as far as diptericin gene expression is concerned, this
phenomenon is independent of the presence of bacteria, as
it is also observed in axenically raised animals.

The complexity of the response to injection is such that
we will discuss it in relation to development, both in terms
of endogenous and fusion gene expression and the nature
of the stimulus. In young larvae (L2 and early L3), the
endogenous gene is clearly induced, in contrast to the fusion
gene which remains silent. This suggests that during early
development, induction requires remote regulatory sequences
(5’ and/or 3') other than those contained in the 2.2 kb
diptericin promoter fragment. During the third larval instar,
the fusion gene promoter becomes increasingly responsive
and in the wandering stage the level of fusion gene transcripts
is similar to those of the endogenous gene, suggesting that
the more remote sequences are no longer necessary.The
responsiveness to the injection of live bacteria occurs a few
hours earlier in the instar than that to CFA. In wandering
larvae the response of both genes to the two stimuli appear
similar both in rapidity and intensity. While the response
of early pupae to both stimuli resembles that of late larvae,
it decreases by 3 —4 days of pupal development and indeed
many animals fail to respond.

Following adult emergence, a new pattern of response is
evident: whereas the endogenous diptericin gene is strongly
induced by both stimuli, the fusion gene only weakly
responds to CFA. While the response to bacteria is stronger,
it remains inferior to that of the endogenous gene. As is the
case in young larvae, this result suggests that the regulatory
sequences in the 2.2 kb construct are insufficient to support
a maximal response in adults. Thus, the analysis of this first
fusion gene construct has revealed at least four distinct phases
in diptericin gene regulation, i.e. young larvae, late third
instar larvae, pupae and adults.

At present the transcriptional activators which regulate the
expression of the immune genes have not been characterized
in insects. To direct our dissection of the complexity of the
response in future experiments, we have used a computer-
assisted analysis of the 2.2 kb upstream sequences. This
analysis reveals several putative transcription control
sequences associated with the mammalian immune response
(Figure 7, see also Figure 1). (i) The binding motif for
NF-IL6. The diptericin promoter contains several copies of
the consensus motif for the binding site of a mammalian
nuclear factor conferring IL-6 inducibility (Isshiki er al.,
1991) to several acute phase protein genes in the liver
(Oliviero and Cortese, 1989; Poli and Cortese, 1989). (ii)
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A hexameric sequence CTGGGA which has been identified
as an interleukin response element (IL-6RE) by functional
assays in the acute phase gene «2-macroglobulin
(Northemann et al., 1988; Hattori et al., 1990). Similar
sequences have been found in other acute phase genes
(Fowlkes et al., 1984; Isshiki et al., 1991). The 2.2 kb
diptericin upstream sequences contain four copies of this
motif. (iii) A binding motif identical to the consensus binding
sequence of NF-xB. Nuclear factor xB (NF-xB) inducibly
initiates the transcription of a wide variety of genes by
binding to decameric sequence motifs in enhancer and
promoter elements (see Baeuerle and Baltimore, 1991;
Baeuerle, 1991, for reviews). Most of its target genes fall
into three classes encoding immuno-modulatory cytokines,
immunologically important cell surface receptors and acute
phase response proteins (Urban et al., 1991). The 2.2 kb
diptericin upstream sequences contain a single NF-xB motif
but in addition harbour two identical NF-xB related
decameric sequences which diverge from the NF-xB
consensus sequence only by the replacement of the 3' C by
a T (see Figures 1 and 7). Single decameric nucleotide
sequences identical or similar to those present within the two
heptadecamers of the diptericin promoter have been noted
upstream of several immune genes of Hyalophora cecropia
(cecropin B, lysozyme, acidic and basic attacins), as well
as in one of the cecropin genes of Drosophila (see Sun et al.,
1991). As for the diptericin decameric consensus sequence,
they also diverge from the mammalian NF-xB binding motif
by the replacement of the 3' C by a T. A functional analysis
of these and other putative regulatory sequences in the
diptericin promoter is in progress.

Our results give a first insight into the complexity of the
regulation of the immune response in insects and suggest
that it may not be significantly simpler than that of
vertebrates. The experimental advantage of insect systems
is clearly demonstrated by our transgenic approach and we
are constructing transposons to investigate the different
phases of regulation we have defined here. One particularly
intriguing aspect is the mechanism by which our 2.2 kb
promoter becomes fully inducible during the third instar.
This follows a time course resembling those recently reported
for ecdysone regulated changes in larval gene activity
(Murtha and Cavener, 1989; Georgel et al., 1991) and we
are currently investigating the possibility that the hormone
is involved directly or indirectly in the maturation of the
diptericin promoter or a signal transduction pathway.

Materials and methods

Isolation and sequencing of the diptericin genomic fragment
We screened 100 000 p.f.u. of an amplified Drosophila Oregon-R genomic
library constructed in \ EMBLA (gift of Dr V.Pirrotta) with a nick-translated
diptericin cDNA probe (Wicker et al., 1990) and obtained four positive
plaques shown by restriction mapping to be identical. DNA sequences were
determined on both strands by the dideoxyoligonucleotide chain termination
method, after subcloning appropriate restriction fragments into M13 phages
by standard methods (Sambrook er al., 1989). Computer analysis of
transcription control sequences was performed using Laser gene
DNAstar™ software.

Construction of the diptericin —lacZ reporter gene fusion and
isolation of transformed strains

The hsp70—lacZ fusion construct p8970ZT (kindly provided by John Lis,
see Simon et al., 1985) was modified (C.Gerst and G.Richards, unpublished)
by the creation of a HindIII site by oligonucleotide directed mutagenesis
at position 306, which is at +214 in the Asp70 leader, some 25 bp before
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the ATG which initiates protein synthesis and the insertion of a Xhol linker
in the Bg/ll site at 3678. The resulting 3.4 kb HindIIl — Xhol fragment which
contains the entire lacZ coding sequence and Asp70 transcription termination
sequences was fused to the 2.2 kb diptericin promoter fragment which had
been modified by the insertion of a HindIll site at + 12 in its leader sequence
(see Figure 1). The fusion was inserted in the Sall site of the Carnegie 20
transformation vector in the orientation shown in Figure 2.

The resulting transposon, C20 Dipt2.2 —lacZ (300 pg/ml), was co-injected
with an integration defective helper plasmid into r”°° C.S. embryos.
Transformants were recovered as G1 ry* flies. The chromosome carrying
the insertion and stable homozygous (insertions 1, 2 and 4) or heterozygous
(3 and 5) lines were established by crosses to appropriate balancers. All
lines were examined by Southern analysis to verify the presence of a single
non-rearranged insertion of the transposon (data not shown). Chromosome
locations were: line 1 (X chromosome), 2 (3), 3 (3), 4 (2) and 5 (2).

Culture conditions and inoculations

The control (ry°? C.S.) and transformed lines were maintained at 25°C
on a standard cornmeal medium. In these conditions, the first embryos hatch
~22 h after egg laying, the second to third larval moult is at 72 h,
pupariation occurs at 120 h and adults emerge at 240 h. Control and injected
embryos were mixed populations recovered from overnight (0— 16 h) egg
collections. First and second instar larvae were from 24—48 and 48—72 h
after egg laying respectively. For the third instar, larvae were reselected
at the second to third moult by size and anterior spiracle morphology, placed
in 1.5 cm diameter tubes ( ~ 30 larvae per tube) and returned to 25°C until
they reached the desired age. Larvae synchronized in this way leave the
food at ~ 110 h and pupariate in a 4—8 h period at ~ 120 h. For later
stages animals were selected as white prepupae, a stage which lasts ~ 15 min,
and then aged at 25°C in fresh food tubes.

Embryos were injected using our standard transformation injection
apparatus with glass needles, containing a 0.25% lipopolysaccharide solution;
LPS is an established inducer of the immune response in insects (e.g.
Dimarcq er al., 1990) and was preferred because of the narrow gauge of
the needles. Embryos from CHBA-89(19A), an hsp70—lacZ transformed
line (kindly supplied by John Lis), were heat shocked and treated in parallel
as a control for galactosidase staining. For later stages, animals were pierced
with a sodium nitrite sharpened tungsten needle dipped in a saturated culture
of E.coli or in complete Freund’s adjuvant (Sigma). Routine survival rates
(3, 6, 24 or 48 h after injury) were at least 90%.

Axenic animals were produced by treating an overnight egg collection
for 3 min with Chlorox and transferring the dechorionated embryos onto
standard medium which had been sterilized by reautoclaving. Under these
conditions development was slower, with pupariation occurring on day
12—15 rather than at the end of day 5. All sterile manipulations used a
laminar flow hood and all samples were held between inoculation and
dissection on sterile Petri dishes containing LB agar medium. These were
placed at 37°C overnight at the end of the experiment to verify that no
bacteria or yeast were present.

The (-galactosidase histochemical assay

Animals were rinsed in distilled water and dissected in individual droplets
(50 ul) of staining solution (0.3% X-gal, 2 mM potassium ferricyanide,
2 mM potassium ferrocyanide, 50 mM sodium phosphate pH 8.0, 25%
Ficoll-400; see Vijay Raghavan et al., 1986). Animals were scored in the
period 15 min to 2 h after dissection and again after overnight incubation.
Staining of a number of tissues, notably regions of the gut, pupal and adult
Malpighian tubules, adult pericardial cells, the male sperm pump as well
as a generalized coloration of variable intensity in mid-pupae was observed
in the control line as described by Glaser er al. (1986). However, in
agreement with their findings, this endogenous Drosophila galactosidase
activity is weaker than that of the transgene and, with the exception of the
gut, is only seen after overnight staining.

RNA analysis

For primer extension assays, 5 ug of total RNA [extracted from 5—20
animals using a LiCl—urea based protocol (Richards et al., 1983)] were
co-precipitated with 10° c.p.m. of the appropriate 3?P-labelled oligo-
nucleotide. The pellet was resuspended in 10 ul of hybridization buffer
(250 mM NaCl, 40 mM PIPES pH 6.4, | mM EDTA, 0.2% SDS and
10 mM ribonucleoside —vanadyl complex) and placed in a 65°C water bath
which was allowed to cool to 33°C overnight. After sodium acetate —ethanol
precipitation, the pellet was resuspended in 30 ul reverse transcriptase buffer
(200 mM Tris HCI, pH 8.3, 200 mM KCl, 20 mM MgCI2, 20 mM DTT,
0.5 mM of each deoxynucleotide) with 5 U AMV RTase (Pharmacia). The
reaction was incubated for 45 min in a water bath at 42°C and then
reprecipitated as above. The pellet was resuspended in 2 ul TE (10:1, pH 8),



3 ul of formamide loading buffer were added and. after heating for 4 min
at 90°C, the products were analysed on a denaturing 8% polyacrylamide
gel, in parallel with the diptericin DNA sequence as size marker. Primers
were as follows: Dipt. 5'-GATAAGCCAAAGTAGAA-3' (+103 to +87);
and Dipt—lacZ, 5'-GTTTTCCCAGTCACGAC-3' (+96 to +80).
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