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Strasbourg Cedex, France; †Laboratoire de Spectrométrie de Masse Bio-Organique, Centre National de la Recherche Scientifique, Unité de Recherche Associée
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ABSTRACT We have developed an approach based on a
differential mass spectrometric analysis to detect molecules
induced during the immune response of Drosophila, regardless
of their biological activities. For this, we have applied directly
matrix-assisted laser desorption/ionization MS to hemolymph
samples from individual f lies before and after an immune
challenge. This method provided precise information on the
molecular masses of immune-induced molecules and allowed
the detection, in the molecular range of 1.5–11 kDa, of 24
Drosophila immune-induced molecules (DIMs). These mole-
cules are all peptides, and four correspond to already char-
acterized antimicrobial peptides. We have further analyzed
the induction of the various peptides by immune challenge in
wild-type f lies and in mutants with a compromised antimi-
crobial response. We also describe a methodology combining
matrix-assisted laser desorption ionization time-of-f light MS,
HPLC, and Edman degradation, which yielded the peptide
sequence of three of the DIMs. Finally, molecular cloning and
Northern blot analyses revealed that one of the DIMs is
produced as a prepropeptide and is inducible on a bacterial
challenge.

Drosophila, similar to other insects, has the capacity to mount
an efficient host defense against microorganisms that induce
both cellular and humoral reactions (for review, see ref. 1). The
cellular response is marked by phagocytosis and capsule
formation. The humoral immunity consists of proteolytic
cascades in the hemolymph, which lead to localized melaniza-
tion and coagulation, and of the induction of antimicrobial
peptides that are synthesized by the fat body and secreted into
the body fluid (1). How a starting infection is signaled to the
fat body is not fully understood. It has been proposed that
proteolytic cascades are triggered by cell wall components of
the microorganisms, leading to the cleavage of circulating
cytokine-like proteins into active ligands that interact with
transmembrane receptors of fat body cells (2). Other signaling
mechanisms leading from the site of infection to the fat body
have been proposed, but to date no molecule has been
identified in the hemolymph of infected larvae or adults of
Drosophila that could be related clearly to infection, with the
exception of the antimicrobial peptides. In the latter case, it
must be stressed that these molecules were either extracted
from tens of thousands of immune-challenged whole flies and
detected by their antimicrobial activity, or their presence was
inferred by molecular cloning techniques based on homologies

with peptides isolated from larger insects (for review, see ref.
1).

To detect molecules involved in the immune response of
Drosophila regardless of their biological activities, we devel-
oped an approach based on a differential analysis by MS of the
components present in the hemolymph of single control and
bacteria-challenged flies. Matrix-assisted laser desorption/
ionization time-of-f light (MALDI-TOF) MS is the most ap-
propriate MS technique for this kind of study, since it usually
produces monoprotonated molecular ions leading to spectra
without multiple charging or significant fragmentations (3).
MALDI-TOF MS allows the easy and rapid detection of
molecules at subfemtomolar to attomolar concentrations with
an accuracy up to one part per million (4). This MS method is
also more tolerant to impurities such as buffers, salts, additives,
and detergents than are the other MS techniques (5). Alto-
gether, these characteristics make MALDI-TOF MS very
suitable for the direct analysis of biological tissues or fluids (6,
7).

The MALDI-TOF MS differential display methodology that
we have applied in this study on individual immune-challenged
vs. nonchallenged flies has provided, in a first step, the
molecular masses of induced substances. Subsequently, we
have used this information on the molecular masses of the
induced molecules to screen HPLC fractions from hemolymph
batches (pools of 20 individuals) by MALDI-TOF MS to
isolate sufficient material for structural characterization. We
demonstrate the validity of this approach and report the
detection of a surprisingly high number of peptides induced by
an experimental challenge. Some of these peptides correspond
to already characterized antimicrobial peptides, whereas the
majority appear to be novel. We also illustrate the validity of
this methodology by structurally characterizing three of the
induced peptides from a very low number (140) of challenged
flies. Molecular cloning experiments based on one of these
molecules indicate that the molecule is induced by bacterial
challenge, thus confirming its involvement in the immune
response of Drosophila.

MATERIALS AND METHODS

Drosophila Strains, Immunization, and Hemolymph Collec-
tion. Oregon R flies were used as a standard wild-type strain. imd
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is a line homozygous for the imd mutation, which alters the
expression of the genes encoding Drosophila antibacterial pep-
tides (8). Toll10b is a dominant gain-of-function allele of Toll that
induces a constitutive expression of the antifungal peptide droso-
mycin (2). Drosophila flies with a Tollr632/Tolll-RXA genotype
exhibit a strong Toll2 phenotype that significantly reduces the
inducibility of drosomycin (2).

Adult f lies were individually pricked under CO2 with a
needle dipped into a combined bacterial pellet of Escherichia
coli 1106 and Micrococcus luteus obtained after centrifugation
of 37°C overnight cultures in Luria–Bertani medium. For each
strain, unchallenged adults (naive Drosophila) were kept as
controls.

Hemolymph of Drosophila adults was collected with the help
of a nanoinjector (Nanoject, Drummond Scientific, Broomall,
PA) used as a glass capillary holder. Hemolymph was collected
by capillarity, retrieved by mechanical pressure ejection, and
was either directly deposited on the mass sample target for MS
analysis or diluted with 0.1% trif luoroacetic acid (TFA) for
HPLC analysis.

MALDI-TOF MS Analysis. Hemolymph samples were pre-
pared as previously described (6): 0.5 ml of a 1:1 mixture of
a-cyano-4-hydroxycinnamic acid (4HCCA, 40 mg/ml in ace-
tone) and nitrocellulose (NC, 40 mg/ml in acetone) diluted 1:1
with isopropyl alcohol was deposited on the probe tip. The
hemolymph samples were directly loaded onto this NC/
4HCCA bed and were covered by 0.5 ml of a second matrix
solution, which consisted of 4HCCA at 7 mg/ml in 0.1%
TFA/acetonitrile (1:1, vol/vol). After air drying, this prepara-
tion was rinsed with 1 ml of 0.1% TFA, which was flushed away
after a few seconds (9). For HPLC analysis, 0.5 ml of the
fractions was deposited on a thin layer of 4HCCA crystals
made by fast evaporation of 0.5 ml of a saturated solution in
acetone (10). After solvent evaporation under mild vacuum,
samples were washed with 1 ml of 0.1% TFA.

MALDI mass spectra were acquired on a Bruker (Bremen,
Germany) BIFLEX MALDI-TOF mass spectrometer. This
instrument has a maximum acceleration potential of 30 kV and
may be operated in either linear or reflector mode. Ionization
was accomplished with the 337-nm beam from a nitrogen laser
with a repetition rate of 3 Hz. A camera mounted on a
microscope allowed the inspection of the sample crystalliza-
tion homogeneity before measurement.

The MALDI mass spectra of hemolymph from naive Dro-
sophila were externally calibrated with a mixture of standard
peptides [angiotensin II, corticotropin-(18–39), and bovine
insulin with [M1H]1 at m/z 1,047.2, 2,466.1, and 5,734.6,
respectively]. The MALDI mass spectra of hemolymph from
immune-challenged insects were first externally calibrated
with the same standard peptides. To obtain a more accurate
mass assignment of the peptides, an internal calibration was
achieved subsequently by using the natural identified antimi-
crobial peptides (monoglycosylated drosocin, metchnikowin,
and drosomycin with respective [M1H]1 at m/z 2,402.9,
3,046.4, and 4,890.5). For the mass analysis of the HPLC
fractions, an external calibration was performed with recom-
binant drosomycin, synthetic nonglycosylated drosocin
([M1H]1 at m/z 2,199.5), and synthetic metchnikowin.

Analysis by HPLC of Drosophila Hemolymph. Hemolymph
was collected from two distinct batches of 20 control and 20
bacteria-challenged flies (24 h post-challenge). The samples
were subjected separately to RP-HPLC on an Aquapore RP
300 C8 column (1 3 100 mm, Brownlee Lab) protected by a
guard filter (Ultra-Low Dead-Volume Precolumn Filter, Up-
church Scientific, Oak Harbor, WA) and were equilibrated in
acidified water (0.05% TFA). Separation of the hemolymph
components was performed with a linear gradient of 0–80%
acetonitrile in 0.05% TFA over 80 min at a flow rate of 80
ml/min. Fractions were hand-collected in low protein-binding
Eppendorf tubes, dried under vacuum, and reconstituted in

MilliQ water (Millipore) before being subjected to MALDI-
TOF measurements. Final purifications of peptides were per-
formed in appropriate linear biphasic gradients. HPLC puri-
fications were carried out under controlled temperature at
35°C on a Waters HPLC system (Waters 626 pump) attached
to a tunable-absorbance detector (Waters 486). Column ef-
f luent was monitored by its UV absorption at 214 nm.

Microsequence Analysis. Peptides were subjected to Edman
degradation on a pulse liquid automatic sequenator (Applied
Biosystems, model 473A).

RESULTS

A Differential Analysis by MALDI-TOF MS of Molecules
Present in the Hemolymph of Immune-Challenged and Naive
Flies. We have collected the hemolymph (0.1 ml) from a single
adult f ly 24 h after a bacterial challenge, and have subjected the
sample to MALDI-TOF MS in the linear mode. The mass
spectrum obtained for m/z values between 1,500 and 11,000 is
presented in Fig. 1 and is compared with that of a control f ly.
This experiment was repeated on individuals from both sexes
up to 50 times, yielding highly reproducible results. However,
the mass signals for the compounds with higher masses exhib-
ited poor intensities and the data were less reproducible. In the
present study, we have therefore restricted our analysis to
compounds with masses below 11 kDa. The discrepancy in
resolution and reproducibility of the mass signals for com-
pounds with masses below and over 11 kDa is probably related
to the observation that the sample preparation as performed
here (NC and 4HCCA) favors the ionization of compounds
with a mass below 10 kDa (6). We are exploring the possibil-
ities of improving the intensities of the mass signals of higher
mass compounds by varying the matrix preparations (e.g.,
dried-droplet and thin-layer methods with 4HCCA or sinap-
inic acid), and by introducing pretreatments of the biological
samples for enrichment of high molecular mass compounds.

The mass spectrum obtained with hemolymph from an
immune-challenged fly is remarkably more complex than that
from a control f ly (Fig. 1), because it contains, in addition to
the peaks present in the control sample, 24 distinct peaks
(numbered from 1 to 24). In the experiments described above,
immune challenge had been performed by pricking the fly with
a needle dipped into bacterial cultures. We were wondering
whether some of the 24 inducible peaks could result from the
introduction of bacterial constituents during this procedure
and/or following bacterial lysis. Therefore, we repeated the
pricking experiments with sterile needles devoid of bacteria.
The spectra obtained under these conditions were similar to
those from bacteria-challenged flies (data not shown), elimi-
nating the possibility of a contamination of the spectra by
bacterial products (see also Discussion).

With an external calibration and at their ionization thresh-
old, where the best resolution and mass accuracies are ob-
tained (11), peaks 9, 11, 17, and 19 were detected at m/z
2,402.9, 2,566.1, 3,046.6, and 4,890.6, respectively. The masses
of these peaks correspond to known antimicrobial peptides
produced by the fat body after immune challenge and secreted
into the hemolymph (1): (i) peaks 9 and 11 at m/z 2,402.9 and
2,566.1 correspond to the anti-Gram-negative O-glycopeptide
drosocin (12, 13) carrying an N-acetylgalactosamine monosac-
charide (drosocin MS) and an N-acetylgalactosamine-
galactose disaccharide (drosocin DS), respectively, on the
threonine residue (calculated masses of 2,401.9 and 2,564.4
Da, respectively); (ii) peak 17 at m/z 3,046.6 corresponds to
metchnikowin (calculated mass of 3,045.4 Da), which exhibits
anti-Gram-positive and antifungal activities (14); (iii) peak 19
at m/z 4,890.6 corresponds to the antifungal peptide drosomy-
cin (15) (calculated mass of 4,889.5 Da). We were unable to
detect other established antimicrobial peptides of Drosophila.
In particular, we did not observe the defensin mass signal at
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4,354 Da (16), possibly as a result of the extremely low
concentration of this peptide in the hemolymph of bacteria-
challenged flies [,2 mM, as compared with 100 mM for
drosomycin, 40 mM for the two glycoforms of drosocin, and 10
mM for metchnikowin (P.B., unpublished work)]. This inter-
pretation was corroborated by experiments in which we added
5 ng of purified Drosophila defensin to the hemolymph of a
bacteria-challenged fly (leading to an estimated final concen-
tration of 10 mM) before mass analysis; a mass signal at m/z
4,356 became apparent under these conditions (data not
shown). We also failed to detect cecropin A (calculated mass
of 4,156 Da), although its concentration is around 20 mM in the
hemolymph of immune flies (P.B., unpublished work). We
believe that the response of cecropin is minimized or even
suppressed during MALDI-TOF measurements of our sam-
ples by the vicinity of the high peak of drosomycin at m/z
4,890.6. To examine this hypothesis, we have tested the pref-
erential ionization of drosomycin by adding synthetic cecropin
A in the presence or absence of recombinant drosomycin to
hemolymph samples collected from naive flies. The concen-
tration of the added peptides mimicked those found in bac-
teria-challenged flies. When cecropin A alone was added, a
clearcut peak was observed with the expected m/z of 4,157.
However, in the presence of drosomycin, the ionization of
cecropin A was clearly suppressed (data not shown).

For 20 of the 24 peaks induced by immune challenge and
collectively referred to as Drosophila immune-induced mole-
cules (DIM) hereafter, no identity could be proposed.

Additionally, we have assigned more accurate m/z to the
unknown DIMs with masses below 5 kDa by measuring them
in the reflector mode with the detected and already known
antimicrobial peptides as internal calibrants. The following
average m/z of the molecular ions of DIMs 1–19 were: 1,
1,667.6; 2, 1,690.0; 3, 1,701.7; 4, 1,723.0; 5, 1,915.0; 6, 1,956.2;

7, 2,308.1; 8, 2,349.2; 9, 2,402.9 (drosocin MS); 10, 2,521.6; 11,
2,565.0 (drosocin DS); 12, 2,574.0; 13, 2,652.0; 14, 2,695.0; 15,
2,768.6; 16, 2,972.1; 17, 3,046.6 (metchnikowin); 18, 4,626.0,
and 19, 4,890.8 (drosomycin). For DIMs 20–24 with a mass
above 5 kDa, the measured m/z values were obtained in the
linear mode with the identified antimicrobial peptides as
internal calibrants: 20, 5,023; 21, 5,939; 22, 5,984; 23, 9,521, and
24, 10,064.

We have scanned the Swiss-Prot and Protein Information
Resource databanks, but have been unable to assign known
Drosophila hemolymph proteins to any of the recorded masses
of the DIMs, except for the antimicrobial peptides discussed
above. We have also made sure that no DIMs corresponded to
potential degradation products of these antimicrobial pep-
tides.

Kinetics of Appearance of the DIMs in the Hemolymph.
Next, we collected, for MS analysis, hemolymph from individ-
ual immune-induced flies at various time intervals after a
bacterial challenge (30 min, 1 h, every 2 h up to one day, and
thereafter every day up to 3 weeks). More than 100 spectra
were recorded, of which several significant results are pre-
sented in Fig. 2. The analysis of these spectra led to the
following observations: (i) as early as 6 h after challenge, most
of the 24 DIMs were detectable; this was the case in particular
for the four above-mentioned antimicrobial peptides; (ii) the
intensities of the various peaks increased markedly between 6 h
and 24 h to maximum values; (iii) over the next 3 weeks, the
intensities of the peaks decreased gradually, with some vari-
ations between individual f lies. Drosomycin remained detect-
able up to 3 weeks after challenge in most flies and the
disaccharide form of drosocin had disappeared after 2 weeks,
whereas the monosaccharide form persisted for up to 3 weeks.
Metchnikowin was not detectable 3 weeks after challenge. The

FIG. 1. Differential MALDI-TOF MS analysis of hemolymph from a control and a 24-h bacteria-challenged adult Drosophila. The hemolymph
was collected from a single fly (0.1 ml) and analyzed by MALDI-TOF MS in the positive linear mode by using NC and 4HCCA in the sample
preparation (see Materials and Methods). The singly charged ions of the molecules induced after bacterial challenge are numbered from 1 to 24.
Among these, four peaks have masses corresponding to already characterized antimicrobial peptides, which are designated by their names. MS and
DS refer to the monosaccharide and the disaccharide glycoforms of drosocin, respectively. ✚ and r are the doubly charged ions of metchnikowin
and drosomycin, respectively.
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20 unknown DIMs became undetectable between 2 and 3
weeks after the beginning of the experiment.

Induction of the DIMs in Mutants with Alterations in Their
Immune Response. Recent studies based on a genetic analysis

have pointed to the existence of two pathways controlling the
expression of the antimicrobial peptide genes in adult Dro-
sophila (2, 8). The Toll pathway, which comprises the intra-
cellular components of the dorsoventral signaling pathway
(except for dorsal) and the extracellular Toll ligand spaetzle,
controls the expression of the antifungal peptide drosomycin.
Antibacterial genes are induced either by a distinct pathway
involving the immune deficiency gene (imd) or by combined
activation of both the imd and Toll pathways. The studies that
unravelled the existence of these pathways were essentially
based on the analysis of transcriptional profiles of the antimi-
crobial peptide genes in various mutant backgrounds. The
methodology that we are introducing here allows the direct
recording of the peptides in the hemolymph of individual f lies.
Consequently, we have subjected to MALDI-TOF MS analysis
hemolymph samples collected from mutant flies. The results,
which are illustrated in Fig. 3, lead to the following conclu-
sions.

imd mutant background. When the mass spectra of hemo-
lymph from bacteria-challenged imd f lies (Fig. 3A) are com-
pared with those of wild-type flies (Fig. 3B), similar signals are
observed for 20 of the 24 peaks recorded (peaks 21–24 are not
shown in the figure, but were identical for both types of flies).
Only peaks 9 and 11, corresponding to the monosaccharide
and the disaccharide glycoforms of drosocin, respectively, were
considerably lower in imd mutants and peaks 15 and 16 were
undetectable in this background. The strong induction of
drosomycin by immune challenge was not affected in imd
mutants, nor was that of metchnikowin.

Mutations in the Toll pathway. In strains carrying a loss-of-
function mutation for Toll (Toll2), only the peaks correspond-
ing to drosocin and metchnikowin and peaks 15 and 16 were
clearly induced after bacterial challenge (Fig. 3D). In unchal-
lenged Toll gain-of-function mutants (Toll10b), all peaks were
constitutively present (including peaks 21–24, not shown in the
figure), with the exception of drosocin and peaks 15 and 16
(Fig. 3C). In particular, drosomycin, as well as metchnikowin,
were present in the hemolymph. When these mutant flies were

FIG. 2. Kinetics of appearance of DIMs in the hemolymph of
bacteria-challenged and control f lies. MALDI-TOF mass spectra of
hemolymph from a control f ly and from flies 6 h, 24 h, 2 and 3 weeks
after bacterial challenge (BC) were obtained under the conditions
described in Materials and Methods. The singly charged ions of the
DIMs are numbered from 1 to 24 as in Fig. 1.

FIG. 3. Induction of DIMs in mutants with alterations in their immune response. The MALDI-TOF mass spectra of hemolymph from control
and 24-h bacteria-challenged (BC 24 h) Drosophila of the imd (A), wild-type (B), Toll10b (C) and Toll2 (D) strains were obtained in the linear mode
by using NC and 4HCCA in the sample preparation, as reported in Materials and Methods. The DIMs numbered from 1 to 20 are reported and
� represents a molecule at m/z 4,620 induced after a bacterial challenge in the hemolymph of Toll10b and Toll2 mutant flies.
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immune-challenged, drosocin (peaks 9 and 11) and peaks 15
and 16 were induced and the peaks corresponding to metch-
nikowin and drosomycin were stronger than in unchallenged
Toll gain-of-function mutants. A molecule at m/z 4620 (sym-
bolized by � in Fig. 3 C and D) was induced by bacterial
challenge in both types of Toll mutants; we did not detect this
molecule in challenged wild-type or imd f lies.

Structural Characterization of Three Novel Immune-
Induced Molecules from Drosophila. In a pilot experiment, we
then attempted to fully characterize some of the unknown
DIMs. For this, we collected hemolymph from 20 bacteria-
challenged and 20 control f lies in acidified water. The samples
were subjected to RP-HPLC separation with a linear gradient
of 0–80% acetonitrile in 0.05% TFA over 80 min (Fig. 4). We
screened the various HPLC fractions by MALDI-TOF MS to
select those containing the various DIMs. We observed that
DIMs 1–19 with masses below 5 kDa were all present in the
more hydrophilic fractions. During this procedure, we system-
atically compared the samples from challenged flies with
extracts from control f lies to ascertain that the molecules that
we purified were indeed induced by immune challenge. Im-
portantly, a Pronase treatment of the hemolymph from bac-
teria-challenged flies totally removed the DIMs, indicating
their peptidic nature.

Second reversed-phase chromatographies of the fractions
containing DIMs 1, 2, and 4 obtained after a first purification
on hemolymph collected from 140 flies were analyzed in the
same conditions as above, but with a shallower gradient of
acetonitrile. This procedure yielded pure material of DIMs 1,
2, and 4, as confirmed by MALDI-TOF MS measurements, in
sufficient quantities for Edman degradation. For DIM 4, the
following sequence was obtained: GTVLIQTDNTQYIRT.
The monoisotopic mass calculated from this sequence (1,721.9
Da) is higher by 1 Da than that of the monoisotopic mass
measured by MALDI-TOF MS (1,720.9 Da). This difference
can be explained by a carboxyl-terminal (C-terminal) amida-
tion of the peptide. The peptide sequences obtained for DIM
1, GNVIINGDCRVCNVHG, and DIM 2, GNVVINGDCKY-
CNVHG, revealed that these peptides are isoforms. The
difference of 3 Da obtained between the calculated (1,690.7

Da) and the measured (1,687.7 Da) monoisotopic molecular
masses for DIMs 1 and 2 suggests that both peptides are
C-terminally amidated and that both contain an intramolec-
ular disulfide bridge. From the peptide sequence established
for DIM 2, we designed degenerate oligonucleotide primer
pools to perform 39 and 59 rapid amplification of cDNA ends
PCR with RNA prepared from immune-challenged adults.
The combined information from the 39 and 59 rapid amplifi-
cation of cDNA ends fragments yielded a 360-bp sequence that
contained an ORF of 46 codons, starting with an M codon and
ending with a stop codon:

1 10 20 30 40
MKFFSVVTVFVLRSAGSGQTAVPLSPDPGNVVINGDCKYCNVHGGK

The 16 residues underlined in this sequence (G-29–G-44)
match perfectly the sequence of DIM 2. In the deduced
sequences, the DIM 2 peptide is preceded N-terminally by a
putative hydrophobic signal peptide (residues M-1–A-21, in
italics). Assuming that residue A-21 could correspond to a
cleavage site for a signal peptidase, additional maturation steps
by dipeptidyl aminopeptidases would be required to yield the
sequence of DIM 2. Maturation of propeptides by removal of
P-containing dipeptidyl groups has been reported for other
immune-induced peptides in insects (17). The deduced amino-
acid sequence shows G-45 and K-46 residues that were not
found by Edman degradation. Assuming that the K-46 residue
is cleaved by a carboxypeptidase, G-45 could serve for the
C-terminal amidation of DIM 2, which is in agreement with the
MALDI-TOF MS data. Finally, a Northern blot analysis
performed with a radioactive cDNA probe showed that the
messenger encoding the DIM 2 sequence has a size of approx-
imately 480 bp. The level of preproDIM mRNA is low in
normal adults, but noticeably increases 24 h after immune
challenge, as is the case for the mRNAs encoding other
immune-induced peptides, e.g., drosomycin (Fig. 5).

DISCUSSION

The data presented in this study demonstrate that MALDI-
TOF MS is a powerful tool to analyze the consequences of an
immune challenge in the hemolymph of a single fly. The way
this technique was used here corresponds to a differential
analysis, which allows the detection of inducible molecules
without discriminating for a biological function, such as anti-
microbial activity. In that respect, our approach is, conceptu-

FIG. 4. RP-HPLC of acidic extracts obtained from the hemolymph
of control and 24-h bacteria-challenged Drosophila. Hemolymph of 20
control and 20 bacteria-challenged flies (BC 24 h) were diluted in 0.1%
TFA and were analyzed separately on an Aquapore RP300 C8 column
(see Materials and Methods). Absorbance was monitored at 214 nm.
The DIMs numbered from 1 to 19, revealed by differential MS analysis
in Fig. 1, were detected by MALDI-TOF MS in the HPLC fractions
of the hemolymph from bacteria-challenged flies. Four of the already
characterized Drosophila antimicrobial peptides [drosocin monosac-
charide (MS) and disaccharide (DS), metchnikowin, and drosomycin]
are reported on the figure according to their names.

FIG. 5. Northern blot analysis of DIM 2 and drosomycin. 5 mg of
poly(A) RNA from control (C) and bacteria-challenged (BC) adults
were fractionated by denaturing electrophoresis in 1% agarose-
formaldehyde gel with Mops buffer. After transfer to nylon mem-
brane, the RNA was hybridized with a nick-translated cDNA probe
[a-32P]dCTP, 3,000 Ci/mmol). Hybridization and washing of the blot
were performed at high stringency. The membrane was hybridized first
with the cDNA encoding the precursor DIM 2 peptide, then with a
drosomycin cDNA probe (15), and finally with a ribosomal protein
rp49 cDNA probe as control.

11346 Immunology: Uttenweiler-Joseph et al. Proc. Natl. Acad. Sci. USA 95 (1998)



ally at least, evocative of differential display PCR, a method
that has yielded valuable results in the context of the immune
response of Drosophila over the last 2 years (18). MALDI-TOF
MS is not yet routinely applicable with high accuracy to
molecules with masses above 11 kDa on samples of the
complexity of hemolymph from a single fly, but we can
anticipate that the present technical problems will be over-
come in the foreseeable future.

The data obtained from hemolymph samples from control
and immune-challenged wild-type or mutant flies call for the
following comments.

Three inducible antimicrobial peptides could clearly be iden-
tified in the range of the masses that were analyzed in this study:
drosomycin, metchnikowin, and drosocin. The nondetection of
cecropin A is related to problems inherent in the methodology,
as explained in Results. The concentration of defensin in
Drosophila is lower by one or two orders of magnitude than
those of the other antimicrobial peptides, and was therefore
not detected in the present study. Altogether, our results
indicate that drosomycin, drosocin, and metchnikowin appear
in the hemolymph 6 h after challenge, that their concentrations
increase up to 24 h, and that they persist for unexpectedly long
periods. Drosocin and metchnikowin remain detectable in the
blood for 2 weeks and drosomycin remains for 3 weeks,
whereas previous studies with Northern blots showed a de-
crease in transcriptional activities after 24–36 h (14, 15, 19).
These relatively long periods of persistence of the antimicro-
bial peptides after their transcription has subsided indicates
that they are particularly resistant to protease cleavage under
in vivo conditions. This can be explained for drosomycin by its
extremely compact three-dimensional structure (20). The
changes in the relative ratios of the disaccharide and monosac-
charide glycoforms of drosocin suggest that a circulating
glycosidase first cleaves the distal sugar moiety before proteo-
lytic cleavage.

The analysis of the induction of the identifiable antimicrobial
peptides in various mutant backgrounds is in complete agreement
with studies from this laboratory based on transcriptional profiles
of the corresponding genes (2, 8, 21). The new data confirm at
the peptide level the paramount role of the Toll signaling
pathway in the induction of the antifungal peptide drosomycin
and that of the imd pathway for drosocin. They also confirm
that metchnikowin can be induced both in Toll2 and in imd
mutants, in contrast to the other antimicrobial peptides whose
induction is severely impaired in either of these mutants.

Our study revealed an unexpectedly large number of immune-
induced peptides that have the same kinetics of appearance as the
antimicrobial peptides. Of particular interest is the observation
that the induction of these molecules is dependent on either
the Toll or the imd pathway, as is the case for the antimicrobial
peptides. Significantly, 18 of these peptides are constitutively
expressed in a Toll gain-of-function mutant background, as is
the case for drosomycin. Such insects were not immune-
challenged, which eliminates the possibility that any of the
DIMs could be related to bacteria or to byproducts from
injury. Only two DIMs are undetectable in immune-challenged
imd mutants. The function of the unknown DIMs remains to
be established. A requisite for this will be their full structural
characterization, which can be achieved either by the meth-

odology illustrated for DIMs 1, 2, and 4 in this study, or by
tandem MS. As regards the latter strategy, either MALDI/
postsource decay or nanoelectrospray MS/MS appear as pos-
sibilities. Finally, the molecular cloning experiments confirm
that DIM 2 is synthesized by flies in response to a bacterial
challenge, and they indicate that it is processed from a
46-amino acid precursor.
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