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Genetic determinism of the cellular immune
reaction in Drosophila melanogaster
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Larvae of Drosophila melanogaster produce a haemocytic reaction against eggs of the parasitoid
Leptopilina boulardi, which leads to the formation of a multicellular capsule surrounding the
foreign object. Melanization resulting from the conversion of phenol to o-quinones frequently
accompanies the cellular reaction. Although various cytological and biochemical aspects of this
reaction have been investigated, very little is known about genetic determinism of the insect
immune response. The heredity of the capacity to encapsulate was analysed by comparing 16
reciprocal crosses made using inbred resistant and susceptible parental strains. We conclude that
differences in the encapsulation capacity of D. melanogaster are inherited autosomally, with the
reactive phenotype showing complete dominance over the non-reactive one. There were neither
sex-linked nor maternal effects. The results of all crosses suggest a single major segregating locus
with two alleles and complete dominance of the resistant allele, with cytoplasmic factors and minor
modifying genes acting on the major locus.
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Introduction

Against parasites and other non-self components that
are too large to be phagocytosed by individual cells,
insects produce a blood cell or haemocytic reaction
that leads to the formation of a multicellular capsule
surrounding the foreign object. Melanization resulting
from the conversion of phenol to o-quinones fre-
quently accompanies the cellular reaction and has long
been considered an important component in the
immune response of insects (Taylor, 1969). The forma-
tion of melanotic capsules is a consistent feature of the
immune response of Drosophila larvae against various
parasitoids (Rizki & Rizki, 1984; Nappi & Carton,
1986), and when attempts are made to inhibit the for-
mation of melanin, the capacity of host larvae to form
melanotic capsules is diminished (Nappi, 1973).
Similar results have been documented in another para-
sitized insect (Brewer & Vinson, 1971).

Because the phenol oxidase enzyme complex is
involved in the initial stages of the biosynthesis of
melanin, considerable interest has been focused on this
enzyme system as a major component of the cellular
immune responses of insects and other arthropods
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(Ratcliffe, et al., 1985; Götz & Boman, 1985). Some
investigators (Söderhall, 1982; Ashida et a!., 1982;
Ratcliffe et a!., 1984; Leonard et al., 1985) have even
proposed that the phenoloxidase system may function
as the non-self recognition system in anthropods.

At present, very little is known about genetic deter-
minism of the insect immune response. The only
investigations, which are incomplete, were made by
Schlegel-Oprecht (1953) and Walker (1959). Cross
experiments between two field populations of D.
melanogaster with opposite defense reactions to eggs of
the parasitic wasp Leptopilina heterotoma, support the
hypothesis of a polygenic system with partial domin-
ance for capsule formation. The genetics of biogenic
amine metabolism, melamzation and sclerotization is
well documented in D. melanogaster (Wright, 1987). In
this species, the phenol oxidase system is comprised of
three pro-enzymes which interact with at least six other
protein components in a cascade of reactions to pro-
duce an active enzyme (Ohnishi, 1954; Mitchell &
Weber, 1965; Seybold et a!., 1975). The three pro-
enzymes are encoded by different genes (Rizki et a!.,
1985).

We have previously demonstrated, using the iso-
female strain method, a high genetic variability of the
encapsulation ability among a wild African population
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of Drosophila against the egg of the parasitic wasp
Leptopilina boulardi (Carton & Bouletreau, 1985;
Carton & Nappi, 1991). This resulted in our obtaining
two inbred lines, a non-reactive or susceptible line, and
a reactive or resistant line. In this work, we used these
two lines to identify the various genetic components
controlling the cellular immune reaction. Our purpose
was to determine the relative contributions of each
component, and to ascertain what genetic determinism
(simple gene model or not) is concerned. The data
obtained from 16 crosses (parental, F1, F2 and back-
crosses) were found to fit a single one-gene Mendelian
model.

Materials and methods

Origin of strains

The isofemale line method (Hoffman & Parsons, 1988)
was used to screen and select the inbred strains of D.
melanogaster with opposite immune capacities with
respect to the parasitoid L. boulardi. Since 1980, 22
isofemale lines established from an African population
of Drosophila melanogaster (Brazzaville, Republic of
Congo) have been kept in separate laboratory cultures
(Carton & Bouletreau, 1985). This method permits us
to maintain, over several years, the capacity of the D.
melanogaster population to encapsulate. Thus, in the
year 1989, we again created a mass culture starting
from five females per line (i.e. 110 females) from the set
of isofemales lines established in 1980. To develop our
biological model, we used this approach to select for a
highly reactive strain (R strain) by crossing for two
successive generations individuals issued from the
mass culture created during 1989, which exhibited an
encapsulation that contained melanized and encap-
sulated parasites in their abdomen after infection
(Carton et al., 1986). The non-reactive strain (S strain)
was obtained from the isofemale line whose progeny
showed the lowest immune capacity (Carton & Boule-
treau, 1985); after 9 years of laboratory culture the
level of encapsulation in this susceptible line was only
about 2 per cent.

The parasitic wasp L. boulardi, used in this study,
was caught in the same locality as the host. To minimize
the genetic variation of the parasite's ability to evade
encapsulation (Carton et al., 1989), all the individuals
used for this investigation were derived from a single
female originating from this locality.

Bioassayprocedure

Bioassays were conducted in a plexiglass box contain-
ing two batches of 20 host larvae deposited each on a

small disc of artificial medium. One batch corresponded
to the strain to test, the other one to the control, i.e. the
reactive strain. Four females of L. boulardi were intro-
duced for 8 h into the box and oviposited in the second
instar larvae (24 h after hatching). Forty hours after the
end of infection, host larvae (early third instar) were
dissected and the status of the parasitoid egg deter-
mined (encapsulated or not). All experiments were
conducted in a constant temperature room held at
2 5°C.

The encapsulation rate (per cent) was calculated by
the ratio of the encapsulated egg number to the
recovered egg number. For each cross, four to 14 repli-
cates (each with 20 larvae submitted to infection) were
done.

Dissection of larvae did not permit us to differen-
tiate the sex. However, by careful dissection and analy-
sis of reproductive organs of very late third instar
larvae of Drosophila, we were able to identify on a few
animals the sex with an error of less than 5 per cent.

For the test with a single gene model, infected larvae
were classified into two classes; the resistant ones (larvae
which encapsulated at least one egg) and the suscep-
tible ones (larvae which did not encapsulate).

Cross procedure

Two generations of reciprocal crosses (Table 1)
between the reactive or resistant (R) and the non-reac-
tive or sensitive (S) strains were performed to yield 16
lines of progeny: two parental strains, two F1 hybrids,
four separate backcrosses to both the S and R strains
and F2 hybrids. Each line was tested for encapsulation
capacity at the larval stage as described above.

Statisticalanalysis

A test of normality of data values was made utilizing
the Shapiro—Wilk statistics (W), a univariate proce-
dure for sample size less than 2,000, using the SAS
general linear model procedure (SAS Institute Inc.,
1988): low values of W lead to rejection of the null
hypothesis (i.e. data values are a random sample from a
normal distribution).

Analyses of variance (ANOVA ) using the SAS general
linear model procedure were performed to determine
the mode of inheritance of the cellular immune capa-
city. Comparisons were made according to the
methods proposed by Wahisten (1979) and de Belle &
Sokolowski (1987) and included the following which
are referenced in Table 1 (crosses contrasted are given in
parentheses. Cross numbers refer to those described in
Table 1):
1 S versus R parental strains (1 vs 2) to test the differ-
ences between the two parental lines.
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Table 1 Encapsulation rate of the third instar larvae of crosses between reactive (R) and sensitive (S) D. melanogaster selected
strains

Cross
Number Mother X Father

Number of
replicates

Number of larvae
tested

Encapsu!ation rate
(Mean S.E.)(%)

Control
(R x R)(%) W"

Parental strains
1 SxS 14 139 2.9±1.9 82.6 0.49
2 RxR 14 188 82.6±3.8 — 0.93

Reciprocal F1 hybrids
3 SxR 8 95 94.2±1.4 87.0 0.91
4 RxS 8 89 84.7±3.6 89.5 0.91

Reciprocal backcrosses
5 Sx(SxR) 6 66 53.3±5.7 82.6 0.96
6 Sx(RxS) 5 49 54.3±8.9 78.7 0.86
7 Rx(SxR) 5 57 85.9±3.2 89.4 0.91
8 Rx(RxS) 5 52 90.0±5.1 85.5 0.98
9 (SxR)xS 4 41 59.2±9.6 79.3 0.75

10 (RxS)xS 6 73 50.8±6.3 78.1 0.95
11 (SxR)xR 5 54 88.4±6.9 88.3 0.82
12 (RxS)xR 5 52 76.6±5.7 88.0 0.84

Reciprocal F2 hybrids
13 (SxR)x(SXR) 6 65 72.4±5.8 89.1 0.93
14 (SXR)x(RxS) 7 99 59.9±3.7 78.3 0.93
15 (RxS)x(SxR) 7 66 66.0±7.6 91.0 0.91
16 (RxS)x(RxS) 6 58 80.2±5.6 86.9 0.95

*Wilk_Shapiro statistic (W ) to test for normality of distribution (see text for more details).

2 S + R versus F1 to investigate complete genetic
dominance or additive effect (1 +2 vs. 3 + 4).
3 F1's for deviation from an autosomal mode of
inheritance (3 vs. 4), i.e. non-autosomal inheritance (sex
chromosomes, permanent cytoplasmic factors, trans-
ient maternal factors).
4 F's for significance of permanent cytoplasmic fac-
tors (13 + 14 vs. 15+ 16).
5 Backcrosses to females (5+8 vs. 6+7) to examine
interactions between Y chromosome and/or X
chromosome and all other factors.
6 Backcrosses to males (9+ 12 vs. 10+ 11) to
examine interactions between the permanent cyto-
plasmic factors and all other factors.

Test to evaluate one gene model versus additive
effect model

A more complete statistical investigation than
comparison 2 (see above) can be performed to deter-
mine if experimental results fit better a complete auto-
somal dominance than a strictly additive pattern of
inheritance. The following relationship would be pre-
sent in the case of R totally dominant on S:

S <B5 <F2 <(F1 =BR R).

With a strictly additive pattern and assuming the
effects of resistant and susceptible alleles to be equal
but opposite, I3 should be intermediate between the S
parental strain and the F1 because it comprises 50 per
cent S/S and 50 per cent R/S. The F2 should not be
significantly different from the F1 because it comprises
25 per cent S/S, 50 per cent SIR and 25 per cent R/R.
BR should be intermediate between the F1 and the R/R
parental strain because it comprises 50 per cent R/S
and 50 per cent R/R. We obtained the following rela-
tionship in the case of a polygenic character:

S<B5<(F2 =Fl)<BR<R.

Test with a single gene model

We used Mendelian analysis of reactive/susceptible
larvae ratios to test a single gene model. A reactive
larvae is recognized as an individual that has encap-
sulated at least one egg. In fact, in our laboratory
experimental conditions of infestation (see above),
monoparasitism is common and superparasitism (more
than one egg per host larvae) is rare (<8 per cent).
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Results

Stability of the wasp strain Uti/ited for the tests

A control (R strain) was utilized for each replicate to
explore possible variations in the wasp isofemale line.
No correlations were observed between the experi-
mental data and the control, as indicated below.

For parental strains:
0.02 (r005 0.35, d.f. 27).

For reciprocal F1 hybrids:
r —0.04(r005 = 0.46, d.f. = 15).

For reciprocal backcrosses:
r 0.12 (r005 = 0.30, d.f. 40).

For reciprocal F2 hybrids:
r= —0.02 (r005=0.35, d.f.=25).

Furthermore, an ANOVA test on control values of the
encapsulation rate obtained with the R strain con-
firmed the genetic stability of the parasitoid line from
one series of crosses to another series (F=0.11,
P >0.05). No correction of experimental values was
necessary.

Evaluation of the level of encapsulation in the various
crosses

The 16 crosses were tested: two parental strains, two F1
hybrids, four backcrosses to sitter, four backcrosses to
rover and F2 hybrid lines. The mean encapsulation
rates (per cent) standard error (S.E.) are presented in
Table 1 for all the 16 crosses.

Larvae of the selected resistant strain have signifi-
cantly higher encapsulation capacity than larvae of the
sensitive strain (t= 18.58, d.f.=26, P<0.001) as con-
firmed by replicate tests (n =14). The mean encapsula-
tion rate of the reactive strain is 82.6 per cent and for
the sensitive one, 2.9 per cent.

We observed for each of 16 crosses (except for the
parental non-reactive strain) that replicate data, despite
their representation as a percentage, show a normal
distribution (Table 1). As the data do not require arc
sine transformation, we can perform a contrast ANOVA
for all 16 crosses with experimental non-transformed
data values.

Contribution made by autosomes, sex chromosomes
and cytoplasmic factors

Contrast analysis of variance (Table 2) shows a highly
significant difference between resistant and sensitive
parental strains (F257.1, P<0.001). Dominance of
the resistant character(s) is evident by comparison of
parental strains with the F1 hybrid (F= 79.6,
P <0.001). Reciprocal F1 hybrids do not differ from

each other, which indicates that non-autosomal inheri-
tance is not involved (F= 0.2, P >0.05). Confirmations
was obtained from analysis of encapsulation rates
observed on male (76.1 per cent, n=25) and female
(71 per cent, n = 58) larvae. No significant difference
was observed between the two sexes (x2=°.°52
d.f.= 1).

F2 comparisons were not significant (F =2.1,
P>0.05), proving non-influence of permanent cyto-
plasmic factors (Table 2). Comparisons of interactions
between X and/or Y chromosomes and all other
factors were also not significant (r= 3.2, P>0.05). On
the contrary, the test seems to indicate the influence of
the interactions between cytoplasmic factors and all
other factors, especially chromosomes (F =7.9,
P<O.01).

The type of inheritance

The similarity of the encapsulation rate for the resistant
parent cross, B and F2 implies a typical complete
dominant effect (Table 3). This is comfirmed by com-
parison between the encapsulation rate observed in
each reciprocal cross, P1, P2, F1, B, BR and F2 (Table 4)
and suggests a genetic relationship based on a single
gene model.

Testing the fit of a single gene model

The larvae in the different crosses, according to their
cellular response to the parasitoid (reactive or non-
reactive) were distributed in two classes, the resistant
class and the sensitive class (Table 4). Chi-square
analysis of resistant/sensitive ratios prove that these
data fit perfectly a single gene, complete dominance
model of inheritance. Observed ratios do not differ
significantly from the expected Mendelian ratios in all
the reciprocal crosses observed.

Discussion
Selection against the parasitoid L. boulardi resulted in
the production of two D. melanogaster strains, a highly
resistant strain and one highly susceptible to the
parasite. These two strains cannot be considered
as isogenic but rather highly homozygous because
sister—brother crosses over several generations (25
generations for the resistant line, 210 generations for
the susceptible line) have rendered these strains so far
pure.

Crosses between the two selected strains of D.
melanogaster give very useful information on the genetic
determinism of the cellular encapsulation process. The
ability to select rapidly a strain of Drosophila with a
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Table 2 Contrast ANOVA for encapsulation ability from crosses between reactive (R)
and sensitive (S) strains of Drosophila melanogaster

Source d.f. MS F P

Model(betweencrosses) 15 5311.9 30.8 0.001
Contrasts

1 S versus R parental strains 1 44365.1 257.1 0.0001
2 Dominance 1 13743.2 79.6 0.0001
3 Deviation from an autosomal mode 1 43.4 0.2 0.61

of inheritance
4 Permanent cytoplasmic factors 1 366.4 2.1 0.148
5 InteractionsbetweenXorY 1 552.4 3.2 0.077

chromosomes factors and all other
factors

6 Interactions between permanent 1 1357.4 7.9 0.006
cytoplamic factors and all other
factors

Error (within crosses) 95 263.8

Table 3 Mean encapsulation rates for each reciprocal crosses studied and t-test comparison to test if they fit the relationships
observed in a one-gene model with complete dominance

Cross P B F2 F1 BR P2

Mean(%) 2.9 53.9 69.1 89.5 82.9 82.6

t-test comparison 1 1.9** 3.2** 4.6** 1•8NS 14NS

d.f. 33 45 40 34 32

Cross hierarchy P1 < B5 < F2 < (F1
= BR P2)

**Highly significant (P <0.01); NS = not significant.

Table 4 Chi-square analysis of reactive (R) and sensitive (5) larval individual ratios
of D. melanogaster submitted to infection. Expected ratios are derived by assuming
a 6.4 per cent probability of misclassification (obtained from observed ratios in
parental P1 and P2 crosses)

Crosses n R: S Expected Observed x2 P

Parental crosses
P1
SxS 139 0:1 0:139 9:130

'2
RXR 1134(*) 1:0 1134:0 989:145

Recriprocal crosses

F1
SxR 184 1:0 166:18 163:21 0.25 NS

B5
F1XS 229 1:1 114.5:114.5 115:114 0.002 NS

BR
F1XR 215 1:0 194:21 176:39 6.27 NS

F2

F1XF1 228 3:1 216:72 190:98 5.6 NS

*Data for the R x R cross were obtained from all the R x R controls. (x2= 6.63,
d.f. = 1). NS = not significant at P =0.01.
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high immune capacity suggests a partial genetic inheri-
tance of this trait with a low number of genes. Based on
the results obtained by the reciprocal crosses, we con-
clude that differences in encapsulation capacity of D.
melanogaster are inherited autosomally, with the reac-
tive phenotype showing complete dominance over the
non-reactive one. There were neither sex linkage nor
maternal effects. However, we observed that resistance
in the F1 hybrids is higher than the two parental strains.
This phenomenon, which also has been observed by
other investigators (Bauer & Sokolowski, 1985) for a
behavioural larval trait, may be explained by a classical
heterosis effect. Contrast ANOVA comparisons also
reveal the influence of interactions between permanent
cytoplasmic factors and all other factors (i.e. the
chromosomal components). The results of all the
crosses suggest a single major segregating locus with
two alleles and complete dominance of the resistant
allele, with cytoplasmic factors and minor modifying
genes acting on the major locus. The problem is now to
discover what this major gene codes for? Such a single
gene control was observed in mosquitoes selected for
their refractoriness to malaria (Collins et al., 1986) or
to blue tongue virus (Tabachnick, 1991).

Our present knowledge of the mechanisms regulat-
ing the cellular and biochemical changes associated
with insect immunity is less than adequate to allow us
to do more than speculate on the nature of the genetic
control of this process. Most authors recognize the role
played by certain biogenic amines and their derivates
in the formation of melanotic capsules around para-
sites (see Gotz & Boman, 1985) but little is understood
about how the genetically encoded enzymes involved
in catecholamine metabolism are activated in
response to parasite infection. Phenol oxidases have
long been considered to play a key role in the effector
response of immune activated haemocytes against non-
self (Christensen & Tracy, 1989; Söderhall et al., 1990;
Ashida, 1990), particularly in Drosophila (Nappi et al.,
1991). These observations have led some investigators
to link opsonic properties of the proenzyme-activating
cascade with an immune recognition function (Söder-
hall, 1982; Ratcliffe eta!., 1984; Leonard et al., 1985;
Ashida & Yoshida, 1988). It remains to be ascertained
that activation of the phenol oxidase system is a result
of a recognition response rather than its cause. Genetic-
ally selected strains, such as these studied here, could
certainly help us to investigate this crucial step in
invertebrate immunology.

In addition, haemolymph components other than
catechols may also be involved in the immune response
of Drosophila. Recognition-specific proteins have been
found in some other insects (Söderhall et al., 1988;
Ochiai & Ashida, 1988; Richards et al., 1989; Jomori

et al., 1990) and one species of crayfish (Duvic &
Söderhall, 1990).

One of our immediate concerns is to determine if
our selection was specific for the parasitoid species L.
boulardi and to ascertain if the selection process
operates at the initial events of immune recognition of
non-self, or at subsequent stages involving effector
mechanisms (i.e. those associated with the cellular and
biochemical killing responses) potentiated by the
recognition process. In the work citied above (Collins
et a!., 1989) an interesting result was that the selected
refractory line of Anopheles with Plasmodium
cynomolgi was ineffective with some strains of P.
inalariae. The physiological process, totally unknown,
coded by the refractory gene, appears to be specific.
Working with Drosophila, it is possible that we could
locate the resistant gene with known genetic markers,
and perhaps later dissect its structure and function
more precisely.
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