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The cecropin locus in Drosophila; a compact gene
cluster involved in the response to infection

Per Kylsten, Christos Samakoviis and Dan
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Communicated by H.G.Boman

Cecropins are antibacterial peptides that are synthesized
in insects as a response to infection. As a first step
towards a molecular study of the induction of this
response, we have isolated genomic clones that cover the
cecropin locus in Drosophila melanogaster. This locus was
found to be unique, and it was mapped cytologically to
the chromosomal location 99E. Sequence analysis showed
it to be unusually compact, with three expressed genes
and two pseudogenes within less than 4 kb of DNA, and
with another homologous region less than 4 kb away. Two
of the genes, Al and A2, encode a product that is iden-
tical to the major cecropin from Sarcophaga peregrina,
while the cecropin encoded by the B gene differs in five
positions. Cecropin transcripts appear within an hour
after bacteria have been injected into the hemocoel, reach
a maximum after 2-6 h, and have almost disappeared
again after 24 h. The B gene is induced in parallel with
the A genes, but on a lower level. The cecropin genes
were also induced when the flies were kept on food with
the Drosophila pathogenic bacterium Serratia marcescens
DblO or its non-pathogenic derivative Dbll4O.
Key words: antibacterial peptides/cecropin/Drosophila/gene
family/insect immunity

peregrina (see Boman and Hultmark, 1987; Okada and
Natori, 1985a), and in some cases cDNA clones were
isolated (von Hofsten et al., 1985; Matsumoto et al., 1986;
Lidholm et al., 1987; Dickinson et al., 1988). Genomic
clones have been described for a cecropin gene from the
moth Hyalophora cecropia (Xanthopoulos et al., 1988).
Recently, a cecropin was also found in pig intestine, showing
that this class of peptides may be of general importance
throughout the animal kingdom (Lee et al., 1989).
We are interested in the events that lead to the activation

of the immune response in the insect, and we believe that
the fruit fly, Drosophila melanogaster, would be uniquely
suited for a molecular approach to this problem. An inducible
immune response was first demonstrated in this species by
Boman et al. (1972), and has been further characterized by
Robertson and Postlethwait (1986) and Flyg et al. (1987).
Here we describe the cloning of a genomic region from
Drosophila that contains at least three cecropin genes, and
demonstrate the induction of these genes by bacterial in-
fection.

Results
Genomic cecropin clones
A cDNA clone corresponding to the major cecropin in Sar-
cophaga, sarcotoxin IA, was recently isolated by Matsumoto
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Introduction
The molecular basis for immune recognition in insects has
long remained an unsolved problem. Early attempts to
demonstrate circulating immunoglobulin-like molecules
failed (Bernheimer et al., 1952). Nevertheless, insects are
fully capable of reacting when they are invaded by microbes.
Hemocytes in the blood have the capacity to identify foreign
objects, and to attack them by phagocytosis or encapsula-
tion (for general reviews, see Gotz and Boman, 1985;
Ratcliffe et al., 1985; Dunn, 1986).
One very striking aspect of the insect's immune response

to a bacterial infection is the induction of a powerful humoral
bactericidal system. This consists of several broad-spectrum
antibacterial peptides which are rapidly synthesized and
released in the hemolymph (reviewed in Boman and
Hultmark, 1987). The most potent of the inducible anti-
bacterial peptides are the cecropins. They are amphiphilic
peptides, 36-40 amino acids long, and they attack the cell
membrane of gram positive as well as gram negative
bacteria. Cecropins have been characterized from several
lepidopterans as well as from a flesh fly, Sarcophaga
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Fig. 1. Organization of the cloned region. The restriction map (top
panel) is combined from the inserts of the genomic clones shown
below (middle panel). The positions of the left (L) and right (R) arms
of the Charon 4 vector arms are indicated on the inserts. Under the
map of the sequenced region (bottom panel) the organization of the
cecropin genes (filled boxes) and pseudogenes (open boxes) is shown.
The sequencing strategy is indicated by thin arrows.
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Wi IIl
SAAGCTTAAAC ATTTGTATTT CTACAGGAAA ACGCAATACA CAATGCTGCT CAAGTGGGAA TTGGCTTTGC TAAGCCCTTT GAAAAATTGA TCAATCCGAA 1O0
GTAATTCTGC ACTGCAATTT AATTAATGTA TCGTTTAACG AAAATAAACA CAAATTTTAA AATCTGAAAA ACAACTAAGT TACTAACGCA AGACTTTTAG 200
TTAAGTTAGT TAATATAGAC CGAGATGTAT GTACATACAT ACCGCTTTCG CTTACAATAA AATGTTAAAT AAGTTTTCAG ATTCGTACGT GCTCAGTAAA 300

CAATTATTTT TTATTGTCAT TTAATGCCTA TTGAATTTTT CAAACTTAAT TTAGTGCCTT TAGTAAAATA TTGTAGTGAT TCCCCTCGAA AAATACCACA 400
AATTGGATGC GTTTATGTAA ATAAATTGCC CTTGAGTGAT AGAGTAAATT TGAATTTGAC TGTCTTAGAA AGATAGAAAG AGATCAATTC AAAATGCCAA SD
AAGGATAGAG TTATTAAAGC TCTAATTCAA ATTGGCCCAG AACCGTTTAA AGGATATTAC AATTTGTAAT TTACATATTT GGATTATAGC ATTGAAATCC SD
CCGATTGTTC CCTAGATGTG CAGATGTGTG CTTGGAATCA GATCGGTTAC CTTCAGTGTA CTTTTCTCTG CAAAAATCCC CGTGCATGCC TTATCTGTCA 70D

+1
TTTTGTTTTT CAAGCTGCTG TTCGCCThA A GCTCTCG CCTTTTGTAT CGCAGTCAG &QGCTCAG ACCTCACTGC AATATCAATA TCTTTAGCTT SOD

CcmrpinnAl . M N F Y N I F V F V A L I L A I T I 0 a S E A G
CTCCTAAGAA AAAATCAAGA AAATATCACC ATGAACTTCT ACAACATCTT CGTTTTCGTC GCTCTCATTC TGGCCATCAC CATTGGACAA TCGGAAGCTG 90D

W L K K I 0 K K VE R V 0
GGTGGCTGAA GAAAATTGGC AAGAAAATCG TAAGTTCTTC CATTTGAAAT CTGTTAAGAC GGAAACTAAC TGACTAACTT CTTTTCGAAG GAACGCGTTG 1000

A
0 H T R D A T a 0 L 0 A 0 0 A A N V A A T A R 0 STOP

GTCAGCACAC TCGGGATGCC ACAATCCAGG GACTGGGAAT CGCTCAACAA GCCGCCAATG T CGCCGCAAC TGCCCGAGGT TGACCACGAT GATTATTTAT 1100
An EcoRI

AATTATTTAT TTAAGATCT ATTTATTCTG TTGCTCCCTG TAMTAMAC AATTTTAAAA ATTTAAAGAA TTCTATTCAA ACTTTGTTTT TTAAAGAGTT 1200
GGAGAAAAGC GAACTCTTGA ATTTATACAC ACATTTTAAA TACACTTAAG AGGCATTATT TATACAGGAT ATTACAAATC GCTTCTTTTC CGATTTGGAA 1300

%1 *
AGGCCGAGAT TATGTCTTAT CTGTTGAAAT ATAATTCGTT TCACCTATAA MGGACCAGT CTTTTAGTTT AAATTATCAG IfGCTTGTCA AATACTGAAA 1400

CAATTAGATT AATTTGTGGA TTTTATTTGT CCTCATCCTG ACCACTTATT GGCCACAATT GGAAGCTGGC TTCGACGGGA CATTAGTAAG CTTAGTCATT 1500
TTAAAAGATT TCTTTGCATC TAACTATGAT TCTAAATCCT CAGAAGGACG TTGGTCTATA CACCCTAAAT GCTACCCTGC AAGTTGCTGA AGTCGCTTCG 1600

AAAGCAGCCA ATGTGGCAAT CACTGCCAGG GGATAAACTT AAGTTAGGGT ATTATTTATA AGAAATTAAA TTAATAGATT TTATTTTATA TATTTTTTGT 1700

ATATTGTTAT TCAAACTGAT AATGTAATAT ACGCTTTTCA AACGATCATT CCAAATCAGT TGTGGGCTTA TCGCAAATGA TTTCGTAGTG TTTTTATTTT 1100

GATTGATTCA AAGAAGGGGT TTCCTCTCTG ATTCTTAGTC TCCCGCATTG ACGAGGTAAA AAATCCCTAT GCATATGAAA TATGCAAATT TAAAAATCCC 1900
CCAATCCGAC AGGTTGGTTT TGATCGGTTT GGATTCCTCT CGTGTACTTT TCAGCCATAA AAATCCCCTT TCGAGCCTTA TCAGGCGCTG AACTTAAGCT 00oo

+1
GATTCGCCIA TAM&GCTCT CGGCGTTCCT GGTGCAATCA LTACGATC ACTTTCCATT GCAACAGCAA CATCAGAGCT ATAGCTACTC TTGCAAAATC 100

Cecropin A2 .# M N F Y N F V F V A L L A T 0 0 S E A 0 W L K
TAAAGTCAAA TAAAACCACC ATGAACTTCT ACAACATCTT CGTTTTCGTC GCTCTCATTC TGGCCATCAC CATTGGACAA TCGGAAGCTG GTTGGCTAAA MD

K I 0 K K YE R V Na N T R
GAAAATTGGC AAGAAAATCG TAAGTCCATT CTATTTGAAA TTTGTTAAAC CGGAAACTAA CTAACTCCTT TTCATAGGAA CGTGTTGGTC AGCACACTCG M000

A
D A T 0 0 L 0 I A 0 0 A A N V A A T A R 0 STOP

CGACGCCACA ATCCAGGGAC TGGGAATCGC TCAACAGGCC GCCAATGTTG CAGCCACTGC TCGAGGTTAA CCACGATGAC TATCTAATAA ATA77TA7AC 2400

AAAATCTTAT TTATTTTTTT TGATCTAAGT AAIATAAACA TTGGGAAAAT CAATCTTTTG TCTTCTCTCT AAAGATCTAT TCAGCGAATA GTTGTGAATG Zi00
AAAAGTGTAT TATAAATCCT ATCTATAGTT TTAGGAGCGC ACGTGCGAAA AATATATATA CAACTAATAA TCCACTAATT AATTTTGTTG TATTGTATAG 2800

'P2*
ATTGAAATTC TAATGATAAT ATTTTCGACT GGGAAAATCC ACAAAAATAT GCGTTATCTC CAAAAGTAGA AGATAGTTCG CCIATAAAA GATCTAAGTC 2700

TAAGCTGTGA GCTTCAGTCC AAAAAATAAC ATTAGCAAAC AAACATTTGC TGCTTTTTCC AGTCTGTAAT TATATATTAC TTAATATGAA CTTTAGCCAT 2100
ATTTTTTTGT TTGCTTTCAT CATCCTGACA ATTAACTTGC AACACTCGCA TGCCGGTTGG CTGACGGATA TAGTAATCTA AGACCGATCT AACTTAACTT 2900
CCCCTTCACA GAAGAAGAAA TCTGAGGAGA CTTTTAAATA CTTAAAAAAC GCAGCATTGG AGGTCATTGA CGTCGGCCAA AAAGCCGCGG ATTTTGCTGC 3000
CATTGCCAGG GGACAGAAAA AGTAGATCTC TACCAGATTT TTCTTGATGA GCTACAATTG CTGCAAATAT TTAATAAAAT CAAAAAGTAT AAAATAATAA 3100
GAACCTCCAA AATTCTATTT TAATTTAACC AGTAACCAGC TTGTGCGATT ACATCTTGAT AAGCCTACAG GGGAATATAT TTTCACCATT TCTTATTGTT 3200
GTATATAGTG TCTTAATTTG TTTTIATIAA TATCTGCTTG CTTATATTTT AATAATTTGA CATTGGCATT GAGTATCTAT TTTCATTATG TTAXTCTTCC 3300
TAATGCATTA ATATAAATA AGAGAAATGA GCGGGTCGAG GATCTTCGAG ACTTGATTTC AACCTCGAGC GGTGGCTGCA ACATTGGCGG CCTGTTGGGC 3400

STOP a R A T A A V N A A 0 0 A

GATTCCGAGG ACCTGGATTG AGGCATCCCT GGTATGCTGA CCAATGCGTT CCTAAAAGGA AAATCGAAAT TAATAATTCA TTTTGTTTAG TTTTGAAGGG 3500
I a L V a I S A D R T H 0a I R E

AATCCATACG ATTTTTTTTC CCAGCTTCCT AAGCCAACCA GCCTCTGAGT TTCCCAGGCT GATGGCCAGG ATGAGTGCCA CAAAGACGAA GATCTTGTTG 3600
I KK 0 L K R L W C A E S N a L S I A L I L A V F V F I K N

xl III +1
AAGTTCATGA CGAGATTGTT GGCTTACGAT CGGATTGAAA GAAAaCTTAA GCTGTTGCAG TGAGAACTGT GCGACTGATG ATTGGACATC GAAGAGATTG 3700
F N M *.Cimo B

AGCTTATATA GCGATACCAA CAGATGCTAC GGCTGCACAG ACGGGAATTT TTTGCTGCGG GACAAAAGTT CACCAGCAGA TGGACTCAGT TCGGAACCGC 3800
CATGAAAGTG ACTTACTCAA GTGATATTTC AGAGTAACTG GTTGGTTGCA AGCTATGATT TGATTAATCT ATTGAATTAT GATGATTTAA ACTAGCTTAA 390D
AAATAACGTA AAACTACAAT TAAAAACAAA GTAATTATAA TGAAACATTA CTTTTTAAAC TTTTAGGGGA ACATACACTA AAGTGTAGTG TGTTTTTCCC 400D
TATATAGTAT TCCCGTAAGA CAAGCCTCCC GTAATTTTTA TTATTATTTT AATTTTTATT ATTTTTTTTA CAGACAAAAT CCCATTTGTC ATCGTTTTAC 4100
AGTCACAGAT GCTGTATTCT TTTTTTTAGA ATTTATAAGA CTATCAGTCA CTTAGTTCGC AATGGAACTG AATTATCAGC AGAGTTAATA AGTCGGAGAT 4200
TGAAGCAAAT GCAAATAAAT ACTCCAAGAA AAATGTTATT TTATACACTA ATATATTTAT T TTCTATAGC CCAGAAATAA AAGGTAACAA CAACTTTACA 4300

CAGCATCAGT AGAAATATGA TATTTCCTGG ACATAAGAAA TCCCCTCAAT CAACATGGCA TTATCCATTT ATTGTACACT CATTTATCCC ATTTATCCAC 4400
EwoRI

TCCCAGCATA ATaAATTC 3' 4418

Fig. 2. Sequence of the cecropin locus. Restriction enzyme sites are given above their respective target sequences. Proposed intron splice sites are
indicated as A for donor and V for acceptor sites. TATA, CAP, and polyadenylation signal sequences are underlined. The transcription units are
indicated by +1 for the starting nucleotides and An for the polyadenylation sites, respectively. Cecropins Al and A2 are translated above their
respectivefexons, whereas cecropin B is translated low and in the opposite direction to indicate its position on the opposite strand. The AT2-3A
motif is indicated by a dashed line above the sequence.
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et al. (1986). We used the insert from this clone (a kind gift
from Professor Natori) as a probe to screen a Drosophila
genomic library at low stringency. Of 14 positive lambda clones
from the primary screen, five apparently contained A-rich
stretches, and they no longer hybridized when the poly(A) tail
was removed from the probe. Restriction mapping showed that
the remaining nine clones fall into three classes, all deriving
from a single genomic locus. One clone of each class is
represented in Figure 1.
Two restriction fragments in the cloned genomic DNA

hybridized strongly to the Sarcophaga cecropin probe, a 1.2 kb
HindHI -EcoRI, and a 2.2 kb HindIH fragment. We sequenced
a 4.4 kb region (Figure 2) that covers the cross-hybridizing
fragments, and found sequence homology to cecropin in five
places. Two of these contain stop codons and deletions, and
they probably represent pseudogenes, while the remaining
regions of homology apparently form three complete genes. In
each gene, the coding sequence is interrupted by a single short
intron, with consensus splice sites (Shapiro and Senapathy,
1987) at the borders. Two of the genes, Al and A2, are very
similar to each other, and they encode the same peptide,
Drosophila cecropin A. Furthermore, the predicted amino acid
sequence of this cecropin is identical to that of the major
cecropin of S.peregrina, sarcotoxin IA, except for five amino
acid replacements in the signal sequence (Figure 3). However,
the similarity to the Sarcophaga sequence is less striking on
the DNA level. Of the positions where replacements would not
affect the amino acid sequence, only 41 % are conserved. This
figure is not significantly different from the 37% that would
be expected from a random assignment of degenerate codons.
Outside the coding sequence there is little similarity to the
Sarcophaga sequence. The B gene is similar to the A genes,
with amino acid replacements in ten positions, five of them in
the signal sequence (Figure 3). For each of the three genes,
a promoter-like sequence with a TATA box (Breathnach and
Chambon, 1981) and a cap site (Hultmark et al., 1986) is found
upstream of the coding region, and an AATAAA polyadenyla-
tion signal (Proudfoot and Brownlee, 1976) can be identified
downstream, as indicated in Figure 2.

cDNA clones and transcription units
Preliminary Northern blot analysis, probing RNA from
immunized animals with the 7.8 kb BamHI fragment that
contains the cecropin homology, demonstrated mRNA with
a size of approximately 400 nucleotides. In order to better
define what genes are actually transcribed in this region, a
cDNA library was constructed from immunized flies, and
probed with the 7.8 kb BamHI fragment (Figure 1). Of the
18 positive clones that were analyzed by sequencing, nine
corresponded to cecropin A1, seven to A2 and one to a
cecropin B transcript. Finally, one clone corresponded to
a different gene that was mapped to the region upstream of
cecropin Al, and will be described in a later communica-
tion. The isolation of the cDNA clones confirms that the
Al, A2 and B genes are actively transcribed. For the Al
and A2 genes they also confirm the predicted splicing
pattern, and poly(A) tracts define the probable 3' ends of
the mature transcripts, 23 and 21 nucleotides downstream
of the AATAAA signal, respectively (Figures 2 and 5). The
single B clone isolated contains sequence from the predicted
exon 1 only, but extends - 0.8 kb upstream of the coding
sequence, long past the promoter-like region. We therefore
determined the 5' ends of the transcripts by extension of

Signal peptides Proposed processing sites:

D.m.A MNFYNIFVFVALILAIT IGQSvEA. Signal peptidase
B MNFNKIFVFVALILAISLGNSvEA.

Sp. IAMNFQNIFIFVALILAVFAGQSQA'
Hc. A MNFSR IF FFVFACLTA LAMV NA'A P.EP. .Dipeptidyl peptidase

Mature cecropin Cleavage and amidationv
D.m.A GWLKKIGKKIERVGQHTRDATIQGLGIAQQAANVAATAR G

B GWLRKLGKKIERIGQHTRDASIQVLGIAQOAANVAATAR G
Sp. IAGWLKKIGKKIERVGQHTRDATIQGLGIAQQAANVAATAR G
H.c. A KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGOATOIAK G

A
Intron

Fig. 3. Deduced amino acid sequences of the D.melanogaster (D.m.)
cecropins, compared to cecropins from Sarcophaga peregrina (S.p.)
and H.cecropia (H.c.). Identical residues are shown in bold typeface.
Formation of the amino terminal by cleavage at the consensus signal
peptidase site, and additional processing of amino-terminal dipeptides
has been demonstrated in Hyalophora. Processing of the carboxy-
terminal glycine residue to an amide group is known to occur both in
Sarcophaga and Hyalophora. The position of the intron is known for
Drosophila and Hyalophora only.

Cec B

Fig. 4. Determination of transcription start sites by primer extension
analysis. The sequence surrounding the first nucleotide is indicated. It
was deduced from sequencing ladders primed with the same primers.

synthetic primers with reverse transcriptase (Figure 4). In
each case, including the B gene, the major product was
extended to a point close to the cap site predicted from the
sequence (Figure 2). Thus, each gene is predicted to give
rise to a major transcript of about 350 nucleotides, excluding
the poly(A) tail, in good agreement with a final size of 400
nucleotides as seen by Northern analysis. The long B gene
cDNA clone must originate from a transcript which had been
initiated at an alternative upstream promoter. However, this
type of transcript is probably rare, and could not be detected
in primer extension (Figure 4) or in RNase protection
experiments (see below).

Microheterogeneity in the cecropin sequence
The sequences of the individual cecropin cDNA clones
showed a considerable microheterogeneity (Figure 5) which
we could trace to a heterogeneity in the Canton S stock used
to make the cDNA library. We digested genomic DNA from
this stock and from a thoroughly inbred Canton S stock
(Lining and Lake, 1985), with two enzymes, HhaI and
MboII, whose restriction patterns should be affected by the
heterogeneity. Southern blots of the digested DNA were
probed with inserts of Al, A2 or B cDNA clones at high
stringency. DNA from the inbred Canton S stock gave rise
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Fig. 5. Variation in the cecropin cDNA sequences. For each gene, the
top shows a diagram of the genomic sequence of the Canton S strain,
with the residues in the variable positions. The effect of the variability
on the predicted amino acid sequence is also indicated. Below, the
sequences of the cDNA clones are shown. Solid lines indicate identity
to the genomic sequence. The position of an inserted C in Al is
marked. Some inserts were not fully sequenced, as indicated by dashed
lines. Additional inserts were seen in clones k-1, 8, 14 and 16. Except
in k-8, they were separated from the cecropin insert by EcoRI linkers
or poly(A) tails, and we consider them to be cloning artifacts. The
cecropin B clone k-5 is aberrant, and contains 0.7 kb of genomic
sequence upstream of the major transcript start site (see text). At the
3' end, after exon 1, it contains five additional residues with perfect
match to the intron or. with two mismatches, to exon 2.

only to the bands predicted from the genomic sequence. In
contrast, the stock used to make the library produced a more
complex pattern (data not shown). From this we conclude
that our fly stock, though it came originally from the same
source, contains a mixture of different alleles.

A single cecropin locus at 99E
We further tested for the possible existence of additional
cecropin genes in the genome by probing Southern blots of
EcoRI-HindIII digested genomic DNA with cecropin Al
or B cDNA probes at reduced stringency (Figure 6). Under
these conditions, one new 3.2 kb band appeared in addition
to the expected bands at 2.2, 1.2 and 0.8 kb, which are the
only bands seen at high stringency. However, the figure
shows that a band with the same size also lights up when
a digest of the genomic clone 9M12 is probed with Al at
low stringency, indicating that the cross-hybridizing region
is within the cloned DNA. By probing further restriction
digests of the clones 9M12 and 9M 15 (data not shown), we
mapped this region to the 1.4 kb BamHI-EcoRI fragment
indicated with an open box in the top panel of Figure 1.

In conclusion, the cloned cecropin locus appears to be
unique, but may contain one or more cecropin genes in

Fig. 6. Genomic fragments with sequence homology to cecropin
cDNA. Cloned DNA (0.3 lLg), or genomic DNA (4 lAg) was digested
to completion with EcoRI plus HindIII, separated on 0.4 and 0.6%
agarose gels, respectively, blotted, and probed at low stringency with
cecropin probes as indicated. The probe for cecropin Al was the insert
of cDNA clone k-7, and for cecropin B that of k-5. Molecular weight
markers were run in parallel, and the calculated size of the hybridizing
bands is indicated (in kb).

addition to the ones we have sequenced. These additional
genes may not be closely related to the cecropin A or B
genes, since they do not cross-hybridize at high stringency.
We mapped the chromosomal position of the cecropin locus
by hybridization to salivary gland polytene chromosomes.
A single band was seen at position 99E, possibly 99E4-5,
in chromosome 3 (Figure 7).

Induction of cecropin mRNA in infected flies
We followed the expression of cecropin mRNA by Northern
blotting (Figure 8A). The untreated flies contained
undetectable levels of cecropin transcripts. However, soon
after the injection of a bacterial suspension, a 0.4 kb cecropin
A transcript appears, reaches a maximum after 2-6 h, and
then declines. A very faint cecropin B transcript of similar
size could also be detected on a Northern blot at the time
when cecropin A reached maximum levels (data not shown).
As a more sensitive and specific assay, we followed the
cecropin B mRNA by RNase protection analysis (Figure 8B).
The experiment shows that the cecropin B gene is induced
in parallel with the A genes, following similar kinetics.
Although the probe used in the cecropin A Northern blot
does not distinguish between Al and A2 (their coding regions
have 94% sequence identity), the fact that similar numbers
of cDNA clones were isolated for the two genes suggests
that they are expressed at comparable levels. Preliminary
RNase protection experiments also confirmed that the
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Fig. 7. Mapping of the cecropin locus to cytological position 99E on the right arm of chromosome 3. Squashes of salivary gland chromosomes were
probed with a biotinylated cecropin probe as described in Materials and methods. The tip morphology is somewhat atypical (cf. Figure 15 in
Lefevre, 1976), but by tracing the chromosome down to the base the identification of 3R is clear (Michael Ashburner, personal communication).

induction of Al and A2 follow similar kinetics (data not
shown).

Injecting bacterial suspensions may represent an artificial
way to induce the immune response. As a more natural route
of infection, we also investigated the effect of bacteria in
the food. For this purpose we used the pathogenic strain
Serratia marcescens DblO and its non-pathogenic derivative
Dbl 140 (Flyg and Xanthopoulos, 1983). Figure 8C shows
that 24 h after the administration of DblO, when most of
the flies were still alive, there was a strong induction of
cecropin transcripts. A weaker response was seen with
Db 140, which lacks the proteases and envelope determi-
nants that make DblO resistant to the immune proteins of
insects (Flyg and Xanthopoulos, 1983).
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Discussion
We found that the cecropin gene family in Drosophila is
organized in an unusually tight cluster, with three active
genes and two pseudogenes in less than 4 kb of DNA, and
with another homologous region within another 4 kb. The
genes are also very small, giving rise to transcripts of only
350 nucleotides, each with a single intron of 58-61
nucleotides, near the lower limit for eukaryotic introns
(Hawkins, 1988). This compact configuration is in contrast
to the situation in Hyalophora, where four 12-19 kb lambda
inserts were found to contain a single cecropin gene each
(Xanthopoulos et al., 1988), and where the intron size was
0.5 kb.
Two pseudogenes, I'1 and 42, are interspersed among

the other cecropin genes. They are both organized as two
blocks of sequence, homologous to exons one and two
respectively, separated from each other by a sequence
corresponding to the intron. They have diverged considerably
from the cecropin genes, only about 50% of the residues
are identical. The presence of multiple stop codons and the
absence of consensus splice signals make it unlikely that they
encode functional products, and we did not find any cDNA
clones from these regions. Interestingly, however, both genes
have retained a promoter-like region with a TATA box and
cap site homology (underlined in Figure 2). Whether these
sequences have any functional significance remains to be in-
vestigated.
The sequences of the allelic cDNA clones gave us some

insight into the variability of the cecropin genes at the
nucleotide level. A total of 40 variable positions were found,
corresponding to 4.6% of the transcribed DNA. This is a
high number, even if a few of the rare exchanges could be

Fig. 8. Expression of the cecropin genes after induction. Panel A
shows the induction of cecropin A transcripts in untreated flies (0),
and 1-24 h after the injection of bacteria, assayed by Northern
blotting. The same filter was probed for cecropin A2 with the insert of
the cDNA clone k-15 (upper part), and for actin with a 1.6 kb
fragment from the SC actin locus (Fyrberg et al., 1980) to check for
equal loading of RNA (lower part). Panel B, induction of cecropin B
in the same RNA preparations, assayed by RNase protection. Panel C,
induction of cecropin by bacteria in the food. A Northern blot on total
RNA from flies kept on the indicated bacteria was probed with a 1:1
mixture of cecropin A2 and B specific cDNA inserts.

due to errors in the reverse transcription reaction. For
comparison, in a large study of the Adh locus, 1.5% of the
transcribed positions were found to be variable (Kreitman,
1983). In the cecropin genes, only two of the variants affect
the amino acid sequence (Figure 5). Both of these amino
acid replacements represent minor changes in the signal
peptide. Thus, in spite of the allelic variability, the protein
structure has been conserved.
We were surprised to find that the major cecropins in

Drosophila and in Sarcophaga are identical in sequence.
Furthermore, in both species minor cecropins are found that
differ very little from the main form. The differences
between cecropin A and B in Drosophila are largely
conservative, and it is too early to speculate on their
functional significance at this point. In contrast to the
situation in Diptera, the lepidopteran cecropins constitute a
relatively heterogeneous group of peptides (see Boman and
Hultmark, 1987), rather different from their dipteran
counterparts (Figure 3). The homogeneity among dipteran
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cecropins is seen at the protein sequence level only, and it
appears that there must be strong constraints on the evolution
of cecropins within this group of insects, stronger than in
Lepidoptera.
The amino acid sequences of the primary translation

products from the Drosophila cecropin genes allows us to
predict how they are processed to mature cecropins, by
analogy to the situation in other species. In Hyalophora,
signal peptidase cleaves at a position four amino acids from
the amino terminal of the mature product. The additional
amino acids are then removed in two steps by a dipeptidyl
peptidase (Boman et al., 1989). A similar pathway may be
suggested for the cecropins in Drosophila, which are
preceded by the dipeptide EA, a known substrate for insect
dipeptidyl peptidase-mediated processing (Kreil et al., 1980)
(see Figure 3). Although other alternatives were not
excluded, a signal peptidase cleavage site upstream of the
EA dipeptide would be compatible with the rules of von
Heijne (von Heijne, 1986). The situation may be different
in Sarcophaga, where there is no evidence for this type of
processing intermediate. In addition to the N-terminal
processing, the C-terminal glycine residue is probably also
removed in the formation of an amidated end group, as has
been shown for cecropins in Hyalophora and Sarcophaga
(von Hofsten et al., 1985; Matsumoto et al., 1986).

All three cecropin genes are coordinately induced after
the injection of bacteria, although the B gene is expressed
at a much lower level. The response is relatively rapid;
considerable amounts of messenger RNA have accumulated
after 1 h, and the peak is reached within 6 h. In some
experiments the levels continued to rise for 12 h or more,
but in all cases they were back near baseline after 24 h, at
the time when antibacterial activity has reached its maximum
level (Robertson and Postlethwait, 1986). A conserved AT-
rich motif which is believed to mediate selective mRNA
degradation (Shaw and Kamen, 1986) has been found in the
3'-untranslated region of several genes involved in the
inflammatory response (Caput et al., 1986). We find a
similar motif, of the general form AT2-3A, repeated in
cecropin mRNA (Figure 2), and it may play a role in their
rapid turnover.
The induction of an immune response by oral administra-

tion of Serratia is interesting in several respects. Apparently
these successful pathogens have not adopted a strategy in
which they avoid triggering the immune response. Instead
they rely on their resistance to the antibacterial factors
induced. Furthermore, one may ask whether an invasion of
the hemocoel is necessary to trigger the immune response.
These strains produce a chitinase, but their penetration of
the gut is probably slow. Although five cells of strain Dbl 1
(a close relative of DblO) injected into the hemocoel is
enough to kill a fly in less than 24 h (Flyg and Xanthopoulos,
1983), it takes nine days until the flies start to die when the
same strain is administered by feeding (Flyg and Boman,
1988). Thus, it is uncertain whether any bacteria have
penetrated the gut barrier at the time when we observe
cecropin induction. Indeed, we occasionally observe a
significant level of cecropin expression in our controls
(e.g. lane 1 in Figure 8C) that we feel may be related to
the presence of bacterial contamination of the food. Finally,
the oral induction of the immune response may become a
very useful technique, for example in connection with mass-
screening of mutations in the immune response or when large
numbers of induced flies are needed for biochemical study.
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The coordinate induction of the cecropin genes inspired
us to search their flanking regions for conserved sequences
that could be candidate regulatory elements. In Al and A2,
a continuous region of sequence homology extends from the
coding region to a point 120-130 bp upstream of the cap
site, and downstream approximately to the polyadenylation
site, with about 70% identity in these peripheral parts.
However, these similarities could also be due to a recent
duplication or gene conversion event, and do not necessarily
imply any functional constraints on these sequences. In
contrast, we found no obvious sequence homology between
the flanking regions of the B gene and those of the A genes,
except around the TATA box and the conserved cap sites.
This fact raises the question whether there exist independent
regulatory elements for each gene, or if they share common
elements that coordinately regulate the entire locus. The latter
mode of regulation might be facilitated by the very compact
configuration of the genes. With access to the cloned genes,
it should now be possible to address these questions.
We believe that the most likely function of cecropins and

other inducible antibacterial proteins in insects is to act as
effector molecules of the immune system, partly analogous
to the perforins and the complement system in vertebrates.
The major Sarcophaga cecropin, identical to Drosophila
cecropin A, is known to disrupt bacterial cell membranes
(Okada and Natori, 1985b). Using chemically synthesized
peptides we have confirmed this observation (unpublished
data), and are now further investigating the biological activity
of the Drosophila cecropins. Furthermore, the nature of the
primary interactions with bacteria and other foreign bodies
that initially trigger the synthesis of these effector molecules
should now be accessible to analysis, using the powerful
genetic and molecular techniques that are available for
Drosophila.

Materials and methods
Flies, immunization
Drosophila melanogaster Canton S, obtained from K.G.Luning, were from
a stock that had been inbred by brother-sister mating for at least 350
generations (Luning and Lake, 1985). We kept them on autoclaved corn
meal/yeast food at 25°C with a 10/14 hours light/dark cycle.
To induce cecropins, flies were injected in the abdomen with a suspension

of Enterobacter cloacae 1312 in saline (Flyg et al., 1987). The injected flies
were kept in tubes with food. For induction by feeding, a fly tube with
5-10 ml standard fly food was dried for 1-2 h at 37°C. One ml of a
suspension of the relevant bacteria, 3-6 x 108 c.f.u./ml, was allowed to
diffuse into the food for 1 h at 37°C. Non-absorbed suspension was poured
off. Batches of 25-50 flies were kept on the infected food for 24 h.

Isolation of DNA and RNA from flies
DNA was isolated as described (Bender et al., 1983) and reprecipitated.
RNA was extracted from flies frozen in N2(l) as described (Klemenz et
al., 1985) with an additional phenol-chloroform extraction at room
temperature. Poly(A)+ RNA was purified on Hybond-mAP paper
(Amersham).

Probes
DNA fragments were purified from agarose gels using NA45 DEAE
membranes (Schleicher & Schuell Inc.) according to the instructions of the
manufacturer. LiCl was used instead of NaCl in the high salt NET buffer.
Radioactive probes were made by random priming using the Oligolabeling
kit (Pharmacia).

Genomic cloning
105 plaque (10 genome equivalents) of a Drosophila melanogaster Canton
S genomic library (Maniatis et al., 1978) were plated as described by Kaiser
and Murray (1985) using Colony/Plaque Screen membranes (New England
Nuclear). The filters were probed with the 0.46 kb PvuH-PstI fragment,
containing the entire insert of the Sarcotoxin IA cDNA clone pTO19



Drosophila immune response genes

(Matsumoto et al., 1986). Hybridizations were as described by McGinnis
et al. (1984), but with 35% formamide, resulting in a very low stringency.
All positive clones were rescreened with an internal 276 bp SpeI-AsuII
fragment, lacking the poly(A) tail.

cDNA library construction and screening
Five /Ag of poly(A)+ RNA from vaccinated flies was used for cDNA
synthesis according to (Gubler, 1988). The blunt-ended cDNA was
methylated and ligated to EcoRI linkers overnight. Excess of unligated linkers
were separated on a Qiagen-tip 5 column (DIAGEN GmbH). The eluted
cDNA was ligated to 1.5 ,ug EcoRI-cleaved X ZAP II arms (Short et al.,
1988) and packaged using the Gigapack kit (Stratagene). The yield was
6.8 x 105 recombinant phage. We screened 1.2 x 105 plaques with the
7.8 kb BamHI genomic fragment and 12 clones were isolated with standard
procedures. The rest of the library was amplified on Escherichia coli BB4
(Stratagene) to a titer of 8 x 101u p.f.u./ml. After amplifcation 2.5 x 105
plaques were screened with the same probe and 6 positive clones found.

Sequencing
Sequencing was done by the chain termination method using the Sequenase
kit (USB).
We sequenced the 1.5 and 2.2 kb HindU fragments, subcloned in pTZ18R

(Mead et al., 1986). Random size deletions (Barnes, 1987) were made from
the SacI site of the vector into the genomic sequence. The following
modifications were introduced; KGB buffer (McClelland et al., 1988) was
used from the SacI cleavage step and onward and instead of linker tailing
the deletion constructs were blunt-end ligated (0.5 Weiss units T4-DNA
ligase/4g DNA, 17 h, room temperature). Prior to transformation, unwanted
constructs were linearized by PstI cleavage. The 0.8 kb HindllI-EcoRI
fragment was sequenced from each end. Most of the genomic sequence
was determined on at least two independent templates. Difficult regions were
resolved with Taq-polymerase at elevated temperature (Taq-track, Promega),
or by sequencing the opposite strand. Sequences 5' to each gene were also
confirmed by sequencing from synthetic primers (see primer extension
below).
For the cDNAs, Bluescript plasmids were excised from all positive clones

following the protocol of Stratagene. The inserts of k-6, 7, 15 and 21 were
sequenced on both strands, other inserts largely on one strand only.
DNA sequence analysis was done on a Macintosh computer using the

MacGene Plus software (Applied Genetic Technology, Inc.), and on a
microVAX computer with the GCG package from the University of
Wisconsin (Devereux et al., 1984).

DNA and RNA analysis
Crude restriction maps of X9M1 and 12 were obtained by an end-labeling
technique. Partially digested DNA was separated on 0.4% agarose gels,
blotted, and probed with a 1.49 kb BamHI fragment from the tip of the
right arm of the Charon 4 vector. More accurate sizes of the restriction
fragments were determined from complete digests, with the enzymes used
single or pairwise. The map of X9M15 was deduced from complete digests
only, omitting KpnI.
Low stringency Southern blots were made on Hybond-N membranes

(Amersham), and hybridized as described for the screening of the genomic
library.
RNA (10 jig) was electrophoresed in a denaturing formaldehyde gel system

(Maniatis et al., 1982), blotted overnight on Hybond-N membranes and
hybridized overnight according to the manufacturer.

RNase protection. The Bluescript plasmid k-5 with the cDNA insert for
the cecropin B gene was linearized with XhoI. Transcription from the T3
promoter was done as described by Gilman (1987) resulting in a probe of
approximately 900 nucleotides, that protects a 187 nucleotide fragment.
Hybridization was at 44°C overnight and RNase digestion at 300C for 45 min
(Gilman, 1987). A DNA sequence ladder was used as marker.

Primer extension. T4 kinase labeled synthetic primers, for Al: GTTCAT-
GGTGATATlTI-CTTG, for A2: GAAGTTCATGGTGGTTTTATTT and
for B: GACGAGATTGTTGGCTTACG (all synthesized by SYMBICOM
AB, Umea, Sweden), were annealed at 25°C to 3 Ag poly(A)+ RNA
overnight. Extension was done with 50 U M-MuLV reverse transcriptase
(Kingston, 1987). Markers were DNA sequencing reactions primed with
the same primers.

In situ hybridization to chromosomes
Salivary glands were dissected from late third instar larvae, reared at 180C.
The chromosomes were spread and treated as described by Pardue (1986).
The 1.4 kb HindIu genomic fragment was labeled with biotin-7-dATP using
the Nick translation system (both from BRL) and used as probe in a 45%

formamide hybridization mix at 37°C. The hybridizing band was visualized
with the BluGENE detection kit (BRL), and its position determined by
comparison to the maps of Lefevre (1976).
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Note added in proof
The sequence data will appear in the EMBL/GenBank/DDBJ Nucleotide
Sequence DataBases under the accession number X16972.
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