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Abstract

Drosophila suzukii (the spotted-wing Drosophila) appears to be unsuitable for the develop-
ment of most Drosophila larval endoparasitoids, be they sympatric or not. Here, we ques-
tioned the physiological bases of this widespread failure by characterizing the interactions
between D. suzukii and various parasitoid species (Asobara japonica, Leptopilina boulardi,
Leptopilina heterotoma and Leptopilina victoriae) and comparing them with those observed
with D. melanogaster, a rather appropriate host. All parasitoids were able to oviposit in L1
and L2 larval stages of both hosts but their propensity to parasitize was higher on D. melano-
gaster. A. japonica and, to a much lesser extent, L. heterotoma, were the two species able
to successfully develop in D. suzukii, the failure of the parasitism resulting either in the para-
sitoid encapsulation (notably with L. heterofoma) or the host and parasitoid deaths (espe-
cially with L. boulardiand L. victoriae). Compared to D. melanogaster, encapsulation in

D. suzukiiwas strongly delayed and led, if successful, to the production of much larger cap-
sules in surviving flies and, in the event of failure, to the death of both partners because of
an uncontrolled melanization. The results thus revealed a different timing of the immune
response to parasitoids in D. suzukii compared to D. melanogaster with a lose-lose outcome
for parasitoids (generally unsuccessful development) and hosts (high mortality and possible
reduction of the fitness of survivors). Finally, these results might suggest that some Euro-
pean endoparasitoids of Drosophila interact with this pest in the field in an unmeasurable
way, since they kill their host without reproductive success.

Introduction

The spotted-wing Drosophila, Drosophila suzukii Matsumura (Diptera: Drosophilidae), is a
Southeast Asian species of the melanogaster subgroup that has expanded rapidly in North-
America and Europe since its first record in 2008 [1-3]. Unlike most fruit flies, D. suzukii has a
modified ovipositor that allows egg laying through the skin of ripening fruits [4,5]. Damages
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are mainly due to larval feeding on the fruit pulp and pathogenic infections developing at the
prick. D. suzukii is highly polyphagous, larvae developing in a wide range of fruit crops—
mainly red fruits (raspberry, strawberry) and stone fruits (cherry, apricot, plum)—as well as
wild fruits which act as reservoirs [6-8]. The control of this pest mainly relies on the use of
chemical insecticides that increases production costs, results in the presence of residues in har-
vested fruits, and threaten biodiversity. The development of biological control methods is thus
highly desirable in newly invaded countries. However, the use of natural enemies, such as par-
asitoid wasps, requires a thorough knowledge of their behavioral and physiological interac-
tions with the fly.

Hymenopteran parasitic wasps lay eggs on (ectoparasitoids) or inside (endoparasitoids)
arthropod hosts’ larvae or pupae that will be consumed by the developing parasitoid larva. Sev-
eral endoparasitoid species are well known to use drosophila as hosts, including D. melanoga-
ster, regulating their field populations [9,10]. The main fly immune response to endoparasitoids
is encapsulation i.e. the deposit of several layers of specialized immune cells (plasmatocytes and
lamellocytes) around the parasitoid egg, together with the activation of the phenoloxidase cas-
cade, leading to the formation of a melanized capsule [11,12]. Most Drosophila parasitoid spe-
cies nevertheless prevent encapsulation and regulate the host physiology by injecting venom
along with the eggs [13-17]. Therefore, the outcome of parasitism is mainly determined by the
interaction between the fly immune defense and the wasp venom virulence factors.

D. suzukii interaction with parasitoid wasps has recently received increased interest with a
view of developing the biological control for this pest. Identified species reported to be associ-
ated with the fly in Asia include Asobara japonica (Braconidae), Ganaspis species (Figitidae),
Leptopilina japonica (Figitidae) and pupal parasitoids from the Trichopria genus (Diapriidae)
[18-26]. These parasitoids have a wide host range except the Asian Ganaspis species. In Europe
and USA, the only species reported to successfully parasitize D. suzukii are pupal parasitoids,
Trichopria drosophilae and Pachycrepoideus vindemmiae (Pteromalidae) [27-32]. Larval endo-
parasitoids of drosophilids, such as Leptopilina boulardi and L. heterotoma, were reported to be
unsuccessful to reproduce on D. suzukii in laboratory conditions, despite a high infestation
rate [27]. This strong D. suzukii resistance was proposed to result from the high hemocyte load
in this species [28,29] since this trait was previously correlated with the percentage of success-
ful encapsulation in species of the melanogaster subgroup [33]. Yet, the time-course and fea-
tures of encapsulation of the different parasitoid strains (the term “strains” encompassing here
and below both inter- and intra-specific variation) by D. suzukii have never been analyzed.

Here, we have investigated in more detail the behavioral and physiological interactions
between D. suzukii and several larval parasitoid strains, either allopatric (European origin) or
sympatric (Asiatic origin) to the fly. We first evaluated the acceptance and suitability of the fly
larval stages for each parasitoid wasp and characterized the outcome of each interaction. Then,
we analyzed the time-course of the host immune response to the parasitoid. Results identify
precisely when parasitism fails and raise the question of the underlying processes. In addition
to the variety of physiological interactions between larval endoparasitoids and D. suzukii, we
highlight striking differences between D. suzukii and D. melanogaster in the establishment and
time-course of the immune response to parasitoids, with a “delay” in the encapsulation
response in the invasive Asian fly.

Materials and methods
Insect strains and rearing

The D. suzukii strain, obtained from a population collected in Sainte-Foy-les-Lyon (Rhone,
France), was kindly provided by Dr. R. Allemand (LBBE, University Lyon 1, France). The D.
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melanogaster strains Nasrallah (Gif stock no. 1333) and YR (Gif stock no. 1088) are respec-
tively susceptible and resistant to the ISy strain of Leptopilina boulardi [34]. All flies laid eggs
on standard Drosophila corn meal-yeast-agar-nipagin medium at 25 °C, and the vials were
then transferred to 20 °C (12:12 L: D photoperiod).

The L. boulardi 1Sy (Lby, Gif stock no. 486) and ISm (Lbm, Gif stock no. 431) isofemale
lines were previously described [35]. Briefly, Lby and Lbm were obtained from populations of
Brazzaville (Congo) and Nasrallah (Tunisia), respectively. The L. boulardi strain Lb;¢ was
founded in February 2014 from a field population collected in Dordogne (France). The Euro-
pean strain of L. heterotoma (Lhgow, Gif stock no. 548) was obtained from Gotheron (France).
The Japanese strains of L. heterotoma (Lhy,pan) and L. victoriae (Lv) (described in [22]), were
provided by Pr. M. T. Kimura (Hokkaido University, Japan). The thelytokous Japanese strain
of Asobara japonica (Aj) [20] was kindly provided by the BIPE laboratory (University of Picar-
die-Jules Verne, France). All strains, except Lb;4, had been maintained under laboratory con-
ditions for several years at the time of the experiments. Parasitoids were reared on the
susceptible D. melanogaster Nasrallah strain at 25 °C (12:12 L: D), 50-60% humidity. Emerged
adult wasps were kept at 20 *C on agar medium with water and honey. Experiments were per-
formed using 3 to 10 days-old females.

Oviposition behavior

D. suzukii females start laying eggs 72-96 hours after emergence and lay less than 10 eggs per
day at 20-21 °C. For parasitism experiments, larvae were thus produced by transferring ten to
twenty 5 days-old mated females into new vials for 96h (L1) or 120h (L2), respectively. L1 or
L2 larvae were then collected manually. D. melanogaster mated adult flies (72-96h old) could
lay eggs for 4h, and larvae were collected 48h (L1) and 72h (L2) later, respectively. The dura-
tion of the development stages was roughly similar for D. suzukii and D. melanogaster under
our rearing conditions, as reported previously [36].

Host parasitism assays were performed in 24 mm (@) plastic dishes containing a 3-4 mm
layer of standard medium at 25 °C. In each experiment, 20 D. suzukii or D. melanogaster L1 or
L2 were exposed to a single naive mated female wasp during 4h. Fly larvae were dissected 48h
later to evaluate the wasp propensity to parasitize (PP: proportion of female wasps having ovi-
posited at least one egg) and the infestation rate (IR: percentage of successfully infested hosts
whatever their status, dead or alive, or the wasp status, free floating or encapsulated egg, free,
partially or completely encapsulated larva). The super-parasitism rate was consistently low
(0-6%; mean of 2%) and did not significantly differ between host species. Super-parasitized
larvae were thus considered to estimate the infestation rate but not to evaluate the parasitoid
encapsulation rate.

Host suitability

Three criteria of host suitability—acceptability for oviposition, development success of the par-
asite larvae and encapsulation rate—were evaluated as follows. Three pools of 20 to 30 larvae
(n;) were independently offered in a vial to batch of 3 female wasps of a given strain during
24 hours at 25 "C. The parasitoid offspring number (n,,) and the number of emerged flies (n,)
were counted for each replicate. Emerged flies were then dissected to evaluate the number of
hosts containing an encapsulated parasitoid (capsule) (n.). Five control vials were used in par-
allel to estimate the median survival rate (s) of D. suzukii in the absence of parasitoids.

Two parameters were then calculated for each assay:
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o The success of parasitism (SP) defined as the ratio between the number of emerged adult
wasps and the estimated number of infested hosts [37]:

SP = 4

m = (%)

o The encapsulation rate (ER) defined as the ratio between the number of hosts containing a
capsule and the estimated number of infested hosts:

These two estimates are valid under the assumption that encapsulation is the sole mechanism
of host resistance to parasitoids.

Monitoring host-parasitoid immune interaction

A qualitative analysis was first performed to describe the time-course of the immune interac-
tion of all the wasp strains with D. suzukii. To do so, we dissected D. suzukii L1 and L2 larvae
24, 48,72, 96, 168 and 240 h after parasitism. As a control, we parasitized the D. melanogaster
YR strain by the L. boulardi ISy line since the outcome of this interaction is the encapsulation
of the parasitoid [38]. Based on this analysis, we identified three main types of interaction out-
come: survival of the parasitoid with no encapsulation, death of both partners, and encapsula-
tion. For a more detailed analysis of the interaction outcome, pools of 20 D. suzukii L1 or L2
were exposed to parasitism and dissected 48h (L1 and L2) or 72h later (only L1 since L2 larva
were at the pre-pupal stage at that time). The percentages of alive or dead fly larvae containing
free floating egg, free parasitoid larva, wasp egg or larva only surrounded by a thin coat of
lightly-colored cells or with a few black spots (partial melanization), encapsulated eggs, and
completely encapsulated parasitoid larva (fully melanized) were calculated.

Statistical analysis

Data on oviposition behavior and host suitability were analyzed using GLM with a binomial
distribution of response variables (proportions). In all cases, a full model was used, including
all possible explanatory variables (Parasitoid strain, Female experience, Host species and/or
Host stage) and, when possible, their interactions (S1 File). A backward procedure was applied
to select the most relevant model according to the Akaike Information Criterion (AIC), the
distribution of the residuals being checked visually. An analysis of deviance was then per-
formed to test for the influence of the selected explanatory variables and their interactions.
Finally, post-hoc tests were performed in some cases using the Tukey HSD test. All the proce-
dure was performed with the R software (http://www.R-project.org), its graphical interface

“R commander” and related packages (in particular “MASS” and “multcomp”).

Results
Host acceptance

Propensity to parasitize (PP). First, we evaluated the propensity of naive or trained
female wasps to oviposit on L1 or L2 larvae of D. suzukii and D. melanogaster (propensity to
parasitize, PP; Table 1 and S1 File). Data were analyzed using a full statistical model including
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Table 1. Parasitoid propensity to parasitize (PP) and infestation rate (IR).

HOST STAGE

PARASITOID
Aj
naive
trained
Lv
naive
trained
LhGoth
naive
trained
LhJapan
naive
trained
Lbm
naive
trained
Lby
naive
trained
Lbl6
naive

trained

3
3

PP

0.50

0.00

1.00
1.00

0.67
1.00

1.00
1.00

1.00
1.00

0.75
1.00

1.00
1.00

L1

mean

0.62

0.80

0.96

0.92
0.92

0.54
0.19

0.84
0.87

0.79
0.83

0.49
0.90

IR

D. melanogaster D. suzukii
L2 L1 L2
n PP IR n PP IR n PP IR

sd mean sd mean sd mean sd
0.16 9 | 022 0.95 0.00 11 0.36 0.40 0.20 23 | 0.39 0.66 0.24

_ 2 1.00 0.13 0.13 3 0.00 _ _ 3 0.00 _ _
0.29 4 | 075 0.76 0.21 10 | 0.50 0.56 0.36 8 0.25 0.80 0.05
0.01 3 1.00 0.95 0.07 8 0.25 0.95 0.05 3 1.00 0.94 0.09
0.05 4 1.00 0.65 0.06 10 0.90 0.81 0.07 4 1.00 0.91 0.09
0.02 3 1.00 0.95 0.04 3 1.00 0.95 0.00 3 1.00 0.62 0.27
0.26 4 0.75 0.48 0.09 18 0.67 0.47 0.21 5 0.60 0.41 0.18
0.01 2 1.00 0.71 0.13 4 1.00 0.64 0.13 3 1.00 0.30 0.21
0.13 4 1.00 0.76 0.22 10 | 0.80 0.41 0.27 4 1.00 0.55 0.16
0.12 3 1.00 0.98 0.02 3 1.00 0.75 0.08 3 0.67 0.19 0.10
0.08 4 | 075 0.60 0.28 10 | 0.60 0.51 0.33 4 0.75 0.22 0.18
0.09 3 1.00 0.87 0.10 4 1.00 0.71 0.07 2 1.00 0.23 0.07
0.07 2 1.00 0.85 0.05 6 1.00 0.58 0.16 5 0.80 0.51 0.29
0.06 3 1.00 0.98 0.03 2 1.00 0.92 0.03 2 1.00 0.97 0.03

Aj, Asobara japonica; Lv, Leptopilina victoriae; LhGoth, L. heterotoma Gotheron; LhJapan, L. heterotoma Japanese strain; Lbm, L. boulardi ISm strain; Lby, L. boulardi

ISy strain; L16, L. boulardi strain 16. sd, standard deviation.

https://doi.org/10.1371/journal.pone.0201573.t001

» o« »  «

all explanatory variables: “Host species”, “Host stage”, “Parasitoid strain”, and “Female train-
ing” (i.e. female parasitoids were individually allowed to previously parasitized the same num-
ber of hosts) but the “Host stage” variable was not kept in the model. Two variables, “Host
species” (x*1ar = 6.9; p = 0.008) and “Parasitoid strain” () °gar = 69.9; p<10~>) had a significant
effect. On average, the parasitoids PP was higher on D. melanogaster (87%) than D. suzukii
(75%). Asobara japonica was the least “motivated” parasitoid with a lower PP than all other
species/strains except Leptopilina victoriae. L. heterotoma Gotheron (Lhgom) and L. boulardi
Lbm had a higher PP but it only significantly differed from that of L. victoriae. Finally, the
“Female training” variable had no effect (S1 File; %,4¢ = 2.6; p = 0.108). Surprisingly, trained
A. japonica females were reluctant to parasitize (PP = 0) in three out of the four Host species x
Host stage combinations (Table 1).

Infestation rate (IR). Parasitoid infestation rates were calculated from all females that ini-
tiated oviposition (Table 1 and S1 File). The statistical analysis was performed using naive par-
asitoid females only, due to the reluctance of trained A. japonica to parasitize. The selection of
the model and the analysis of deviance evidenced a complex situation with, notably, a signifi-
cant triple interaction between the “Parasitoid strain”, the “Host species” and the “Host stage”
(X ear = 48.1; p< 1073). This interaction was also significant when considering only the three
parasitoids that were sympatric to D. suzukii in the native area (A. japonica, L. victoriae, L. het-
erotoma Japan). This suggests that each parasitoid species has its own specificity with regard to
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Table 2. Suitability of D. suzukii L1 and L2 larval stages for the parasitoid species/strains.

HOST STAGE L1 L2
PARASITOID Ability | Offspring Success | Sensitivity | Encapsulation Ability |  Offspring Success | Sensitivity | Encapsulation
mean (sd) mean (sd) mean (sd) mean (sd) mean (sd) mean (sd)
Aj 4/4 6.8 (3.0) 0.41 (0.07) 0/4 0.00 (0.00) 4/4 10.3 (2.4) 0.55 (0.10) 0/4 0.00 (0.00)
Lv 0/3 0.0 (0.0) 0.00 (0.00) 3/3 0.29 (0.16) 0/3 0.0 (0.0) 0.00 (0.00) 3/3 0.16 (0.19)
LhGoth 1/3 0.3 (0.6) 0.01 (0.02) 3/3 0.42 (0.25) 1/3 1.0 (1.7) 0.04 (0.06) 3/3 0.70 (0.15)
LhJapan 3/3 1.3(0.6) 0.07 (0.04) 3/3 0.36 (0.18) 2/3 1.7 (2.9) 0.06 (0.10 3/3 0.41 (0.23)
Lbm 0/3 0.0 (0.0) 0.00 (0.00) 3/3 0.09 (0.02) 0/3 0.0 (0.0) 0.00 (0.00) 3/3 0.06 (0.02)
Lby 0/4 0.0 (0.0) 0.00 (0.00) 4/4 0.24 (0.20) 0/3 0.0 (0.0) 0.00 (0.00) 3/3 0.30 (0.20)
Lbl6 0/3 0.0 (0.0) 0.00 (0.00) 3/3 0.08 (0.05) 0/3 0.0 (0.0) 0.00 (0.00) 3/3 0.30 (0.05)

Aj: Asobara japonica; Lv, Leptopilina victoriae; LhGoth, L. heterotoma Gotheron; LhJapan, L. heterotoma Japanese strain; Lbm, L. boulardi ISm strain; Lby, L. boulardi
ISy strain; Lb16, L. boulardi strain 16. Ability: ability to develop in D. suzukii (number of successful females/number of tested females); Offspring: mean offspring
number per female; Success: mean parasitism success per female; Sensitivity: sensitivity to encapsulation by D. suzukii (number of females with encapsulated offspring/

number of tested females); Encapsulation: mean encapsulation rate. sd; standard deviation.

https://doi.org/10.1371/journal.pone.0201573.1002

the host species and/or stage ()24r = 9.4; p = 0.009). Interestingly, A. japonica and L. victoriae,
the two species with the lowest propensity to parasitize, had fairly high infestation rates on D.
suzukii, similar to other parasitoid species.

D. suzukii suitability as a host

Opverall parasitism success. A. japonica, and to a lesser extent, L. heterotoma (Lhgow, and
Lhy,pan) were the only species that produced offspring from D. suzukii (Table 2; S1 Fig).
Accordingly, the “Parasitoid strain” variable was highly significant () sq¢ = 40.5; p<<10~>) while
the “Host stage” (L1 vs L2 larvae) was not kept in the final model (S1 File). We estimated that
41% and 55% of A. japonica eggs successfully developed in mono-parasitized D. suzukii L1 and
L2 larvae, respectively, the alternate outcome being the death of both partners.

Encapsulation rate. The sensitivity to encapsulation was significantly influenced by the
parasitoid strain (°eq¢ = 44.6; p<10~>; see S1 File), A. japonica being the only one not to be
encapsulated at all (Table 2). When this species was discarded, the encapsulation rate (ER) still
differed among parasitoid strains (S1 File; x*sq¢ = 114.5, p<107>). To a lesser extent, ER was
also influenced by the host stage (%°,4¢ = 5.7, p = 0.02), this parameter being globally higher for
L2 host larva compared to L1 (S1 File; see also S1 Fig). This allowed identifying three different
parasitoid groups: (i) L. boulardi strains Lbm and Lb, ¢ with a low encapsulation rate (<30%)
and no emergence; (ii) L boulardi Lby strain and L. victoriae with an intermediate encapsula-
tion rate and no emergence (iii) L. heterotoma strains Lhy,pa, and Lhge, with a high encapsu-
lation rate (36-70%) and sporadic emergence of adult offspring (< 10%).

Parasitized D. suzukii experienced mortality in all interactions although with variation
between replicates. We observed a high mortality rate when flies were parasitized by L. bou-
lardi and L. victoriae (mean of 80%) compared to those attacked by L. heterotoma or A. japon-
ica (mean of 45%) (S1 Fig).

Time-course of the encapsulation response. The qualitative time-course of the interac-
tion (parasitism of L1/early L2 D. suzukii hosts) evidenced clear differences between parasitoid
strains (Fig 1). The establishment of the immune response also differed from what was
observed in the resistant D. melanogaster YR control (L1 or L2 flies parasitized by Lby), i.e. the
formation of a complete melanized capsule as earlier as 48h post-parasitism [38] (Fig 2).
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L1/early 1.2 L2 L3 L3 pre-pupae  pupae adults
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Fly development (hours)

Aj E FL FL FL FL W
Lv E FL FL-LC DL EL EL
= LhJapan E FL FL-LC-DL DL EL EL
=
s
é LhGoth E FL LC-DL DL EL EL
Lbm E FL DL DL EL EL
Lby E FL DL EL EL EL
Lb16 E FL LC-DL DL EL EL
~
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Fig 1. Time-course of the wasp-host interaction in parasitized D. suzukii larvae. Live larvae of D. suzukii parasitized
by the different parasitoid strains or D. melanogaster YR (YR) parasitized by L. boulardi ISy were dissected at different
time (0h-240h) and the main observed steps of the encapsulation response are reported. E, free parasitoid egg; EE,
encapsulated parasitoid egg; FL, free parasitoid larva; LC, free parasitoid larva with a thin coat of light-colored cells;
DL, dead parasitoid larva; EL, encapsulated parasitoid larva; W, developing wasp. Aj, Asobara japonica; Lv, Leptopilina
victoriae; LhGoth, L. heterotoma Gotheron; LhJapan, L. heterotoma Japanese strain; Lbm, L. boulardi ISm strain; Lby, L.
boulardi 1Sy strain; Lb16, L. boulardi strain 16.

https://doi.org/10.1371/journal.pone.0201573.9001

Lby / D. melanogaster YR

48h

Fig 2. Encapsulation of L. boulardi ISy (Lby) eggs by the D. melanogaster YR strain. D. melanogaster flies were observed
and/or dissected at different times after parasitism: (A) after two hours, only free parasitoid eggs were recovered; (B) after
48h, almost all larvae contained an encapsulated egg. The capsules can be observed in the pupae 7 day (7d) post-parasitism
(C) and in newborn flies (D) (arrows).

https://doi.org/10.1371/journal.pone.0201573.9002
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In D. suzukii, the immune response was only noticeable 72h post-parasitism (Fig 1). Three
different outcomes were observed depending on the parasitoid species:

1. the absence of any visible host reaction leading to either the death of both partners or the
successful development of A. japonica;

2. the hatching of most L. heterotoma eggs and surrounding of larvae by a thin coat of lightly
colored cells starting 72h post-oviposition (Fig 3). Most parasitoid larvae were dead 96h
post-oviposition and complete melanized capsules were observed at 168h. A small percent-
age of larvae (<10%) avoided encapsulation and successfully developed;

48h 2h

Lbm / D. suzukii

LhGot / D. suzukii

Fig 3. Timing of encapsulation of L. boulardi Ism (Lbm) and L. heterotoma Gotheron eggs in D. suzukii larvae. Host larvae were observed and/or dissected at
different times following parasitism by L. boulardi ISm (Lbm) (A-D) or L. heterotoma Gotheron (E-I). 48h post-parasitism, free-living larvae were mainly observed
for the two parasitoids (A and E). At 72h, Lbm larvae were entangled in a thin layer of cells, and a few melanization spots (arrows) were observed (B, C), whereas
only a few cells were found on L. heterotoma larvae, without melanization (F, G). Most larvae parasitized by Lbm showed an over-melanization response, and the fly
was unable to pupate and died (D). Surviving larvae parasitized by L. heterotoma continued to develop and pupae (H) and emerged adult flies contained a capsule
(I). The size of the capsule formed by D. suzukii against L. heterotoma (J) and by D. melanogaster YR against L. boulardi ISy (Lby) (K) are compared. Bar is 0.2 mm.

https://doi.org/10.1371/journal.pone.0201573.9g003
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3. the hatching of most L. boulardi and L. victoriae eggs followed by the rapid death of the par-
asitoid larvae and their encapsulation 96h post-parasitism (Lby) or later (Lbm, Lby¢) (see
example for Lbm in Fig 3), leading to a high mortality rate at pupation.

A more detailed and quantitative analysis was performed by dissecting parasitized L1 larvae
48h and 72h post-parasitism, and parasitized L2 larvae 48h post-parasitism. We focus here on
the D. suzukii encapsulation response against Lhgom, and Lbyg (Fig 4) as examples (see results
for the other interactions in S2 Fig). In D. suzukii L1, 90% of the wasp larvae were free 48h post-
parasitism, a small percentage being surrounded by a thin coat of lightly colored cells. 72h post-
parasitism, a lightly colored cellular coat surrounded almost all larvae, with only 2% of Lhgo,
and 5% of Lb,¢ larvae being completely encapsulated. Interestingly, a small percent of Lhg,,
infested hosts still hosted free wasp larvae, which roughly corresponds to the success rate when
parasitizing D. suzukii L1. A more rapid immune response occurred in parasitized L2 larvae as
most Lhgou, eggs/larvae were surrounded by a cellular coat 48h post-parasitism, but only 7% of
larvae contained encapsulated eggs. The percentage of free wasp larvae was also congruent with
Lhgoum, success rate on D. suzukii L2. Results were more complex with Lb4: 48h post-parasitism,
about 70% of L2 hosts contained wasp larvae enclosed in a thin coat of lightly colored cells, 22%
showing black melanized spots, while other L2 contained almost equally unhatched parasitoid
eggs (typically considered as dead) and free larvae that will be encapsulated later.

Discussion

Previous investigations on D. suzukii—parasitoids interactions were obtained mainly by quan-
tifying the final outcome (numbers of emerged non-parasitized adult flies, adult flies with cap-
sules or parasitoids [23-25,27-29]), without monitoring in details the physiological
interactions. Here, we sought to better understand the success or failure of parasitism of sym-
patric and allopatric endoparasitoid wasps on the larval stages of D. suzukii and D. melanoga-
ster through qualitative and quantitative analyses of the time course of the parasitoid
development and the immune response of the fly larvae. Although the dissection of large num-
bers of parasitized D. suzukii larvae is time-consuming due to the low fertility of this species
under laboratory conditions [39,40], the data obtained have brought new information com-
pared to the emergence counting approach.

As expected, all parasitoid strains tested oviposited in L1 and L2 larvae of both host species
and developed successfully on D. melanogaster Nasrallah, without being encapsulated or
inducing mortality. A more contrasting situation was observed on D. suzukii. Although the
parasitism of A. japonica induced a 35%-50% host mortality, its development was otherwise
successful, consistent with previous laboratory data [28, 29]. However, under our conditions,
females had a low propensity to parasitize (about 30%) which surprisingly fell to close to 0%
for experienced individuals, suggesting a possible inhibition of the oviposition behavior due to
wasp handling. Neither the increase in the duration of parasitism exposure (from 4h to 24h,
with a day/night period) nor the use of larger boxes (more space) improved the PP, indicating
a possible need for other stimuli, possibly associated with the host-plant interaction, for opti-
mal egg-laying in D. suzukii. The parasitism of L. heterotoma (both French and Japanese
strains) either induced host mortality or led to the emergence of flies carrying a capsule. How-
ever, although infrequent, successful development in D. suzukii was observed more often than
reported by Chabert et al. [27] and at a level of 10-20% similar to that recently described for a
European L. heterotoma field strain. On the other hand, it has been reported that strains Lh;4
and Lhy,, (from California and Sweden) have consistently failed on this species [28]. The suc-
cess of L. heterotoma on D. suzukii thus seems to depend on the parasitoid strain but also
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Dissection time (hours after

Parasitized infection)
stage
48 h 72 h

L1

96

LhGoth *
L2

2,5

L1

Lb16

B Freelarvae [ Free eggs

B cellular coat with black spots (eggs or larvae)

Cellular coat (eggs or larvae)

| Completely encapsulated larvae

| Encapsulated eggs

Fig 4. Analysis of D. suzukii physiological interaction with L. heterotoma and L. boulardi parasitoids. D. suzukii L1
and L2 larvae parasitized by the French strain of L. heterotoma (Lhge) or the field strain of L. boulardi (Lb,) were
dissected 48h (L1 and L2) or 72h (L1) post-parasitism to evaluate the state of the immune response, as described in Fig
3. Pie charts give the percentage of alive or dead fly larvae containing free parasitoid larvae, free floating eggs, wasp eggs
or parasitoid larvae only surrounded by a thin coat of lightly-colored cells, wasp eggs or larvae partially melanized (coat
of lightly-colored cells with a few black spots), completely encapsulated parasitoid larvae (fully melanized) and

completely encapsulated eggs.

https://doi.org/10.1371/journal.pone.0201573.g004
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possibly on the origin of D. suzukii and the laboratory conditions. Interestingly, the allopatric
vs sympatric origin of the parasitoid was not relevant, showing the potential for local L. hetero-
toma to develop on a host never encountered. We did not observe an emergence of L. victoriae
on D. suzukii despite a high infestation rate, especially in the L1 stage, in agreement with the
results obtained with two other strains tested [28]. Finally, none of the L. boulardi strains was
able to develop in D. suzukii, as previously reported [27,28], but they induced a high host mor-
tality. Altogether, under laboratory conditions, Leptopilina strains parasitized the invasive
Asian fly regardless of their origin and probability of success.

The outcome of the interaction of D. suzukii with larval parasitoids depends mainly on the
physiological adequacy of the parasitoid and its effectiveness to overcome the immune
response. All endoparasitoid species encapsulated by D. suzukii in this study belong to the Lep-
topilina genus. To be successful in their host, these species rely on active immunosuppressive
strategies based on the rapid effect of virulence factors present in the venom they inject at ovi-
position [11,14,17]. However, despite their close relatedness, they differ widely in their virulence
properties, venom components and host physiological targets [17,38,41]. It is therefore unlikely
that “late” encapsulation in D. suzukii is mainly related to the effects associated with parasitoid
venom. In addition, the medium to high mortality rates of parasitized D. suzukii larvae suggest
that none of the parasitoids tested are truly adapted to this fly. A. japonica and L. heterotoma,
both considered “generalists” [9,20,42], can produce offspring in D. suzukii but L. heterotoma is
mainly unable to overcome the encapsulation response, with little variation between strains. Of
the Leptopilina species, L. boulardi only develops in a few species of the D. melanogaster sub-
group [43]. Parasitism consistently failed on D. suzukii, and the late L3 and pupal stages of the
parasitized host experienced a high mortality rate. The dead host larvae do not contain capsules,
but the parasitoid larvae that have died inside showed important signs of melanization, suggest-
ing a strong incompatibility and an uncontrolled systemic immune response after parasitoid
death. Interestingly, the Lbm and Lby strains, which differ in their virulence against D. melano-
gaster and D. yakuba and in their host range [44-45] also behave differently in D. suzukii. Lbm
induces higher host mortality (> 90%) than Lby (70%-75% mortality and 25%-30% of emer-
gence of flies with a capsule), in agreement with its narrower host range.

An intriguing question arose from the observation of the time-course of the interaction:
why is the encapsulation of parasitoids systematically "delayed" in D. suzukii? Indeed, when
parasitoid egg encapsulation occurs in D. melanogaster and in closely-related species, it is com-
pleted within 48h of parasitism [11,46-48] (see also Results). The parasitoid egg is killed
quickly, usually before the capsule is completely melanized [14]. In contrast, in D. suzukii,
hatched wasp eggs and wasp larvae continue to develop for 72 to 96 hours before dying, and
encapsulation/melanisation occurs later. The first premise of encapsulation—the presence of
immune cells on the parasitoid—is only detected 72h after parasitism.

In D. melanogaster, the recognition of a large foreign body such as the wasp egg is followed
by a rapid increase in the number of circulating hemocytes, mainly phagocytic plasmatocytes
and lamellocytes. Plasmatocytes first attach to the egg chorion, followed by the deposition of
several layers of lamellocytes, the main cells involved in the capsule formation [11,12,49].
Lamellocytes differentiate after parasitism and their presence in the hemolymph has two possi-
ble origins: sessile hemocyte islets present under the larval cuticle or the lymph gland which is
the larval hematopoietic organ [50-53]. In the hemolymph of D. suzukii, plasmatocyte- and
lamellocyte-like cells, as well as larger plasmatocyte type cells called podocytes have been
described, and the presence of crystal cells mainly involved in wound healing has been demon-
strated [28,29]. The origin of these cells has not yet been studied in D. suzukii. Although vari-
able, the much higher basal number of these hemocytes in this species than in D. melanogaster
and other Drosophila species has been proposed as an explanation for the high resistance of
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this species to larval endoparasitoid wasps [28,29]. According, only lamellocytes appeared to
increase in number in response to an immune challenge in D. suzukii [28]. Yet, Poyet et al.
[29] reported that parasitism of A. japonica does not cause such an increase in D. suzukii,
unlike that of L. heterotoma, which could be related to the success of the first species.

Here, we did not measure the lamellocytes number after parasitization. However, interest-
ingly, we did not observe any important accumulation of hemocytes on the surface of parasit-
oid eggs during the first 48 hours. This suggests that although many plasmatocytes circulate,
they may have a poor ability to recognize the egg and adhere to its surface, or that "activated"
plasmatocytes with these properties are not yet present in circulation. It is also possible
that the eggs of the different species of parasitoids studied, recognized as non-self in D. mela-
nogaster, are not recognized in D. suzukii contrary to the larva once hatched. The masking of
the egg against host immune cells is used by some species of parasitoids to avoid encapsulation
[54] but this strategy has not been reported for the species used here. After hatching, the para-
sitoid larva would move sufficiently to prevent or further slow adhesion of host hemocytes.
Accordingly, we observed a slow and late increase in the number of cells attached to the devel-
oping parasitoid, and it was mostly dying or dead larvae that were surrounded by cells.

The lag-time is even more noticeable on the melanization process. In D. melanogaster, the
main source of the phenoloxidase involved in the melanization of the capsule (PPO3) are the
lamellocytes [55,56]. In D. suzukii, the delayed adhesion of plasmatocytes could alter that of
the lamellocytes and the subsequent release and activation of the PO. One recognized PO gene
(proPO-A; DS10_00003111) and several potential others are present in the D. suzukii genome
[57] (http://spottedwingflybase.org). However, there has been no study to assess whether they
are equivalent to the three described D. melanogaster POs and what role(s) they may play in
the melanization cascade. The late melanization response may also explain the high level of
parasitoid-induced mortality we have recorded, particularly with L. boulardi and L. japonica
strains, or the occasional parasitic success of L. heterotoma. It has indeed been reported that
when the melanic encapsulation response is not fast or strong enough, the developing wasp
can escape the capsule or kill the host [58,59]. At last, the presence of large capsules in adult D.
suzukii flies due to delayed encapsulation could impact their fitness, as reported for D. melano-
gaster [60-62], a possible cost that is thus worth to explore.

Our results also question whether local parasitoids could somehow participate in control-
ling D. suzukii populations in the newly invaded areas. L. heterotoma and L. boulardi, among
the most common parasitoid species of Drosophila larvae in Europe [63], show a high accep-
tance level of D. suzukii. Although L. boulardi never emerges from D. suzukii, it could have a
significant impact on its populations since it kills 60 to 90% of the larval hosts. However, this
effect will be difficult to assess in the field. L. heterotoma kills about 40% of D. suzukii larvae
and is successful at a low rate in laboratory, which probably accounts for the undetected emer-
gence of this parasitoid from field exposed larvae or sampled pupae in fruits [19,25,64,65]. In
semi-natural conditions, we observed that L. heterotoma could parasitize D. suzukii within
fruits since a low number of flies emerged with a capsule (unpublished observation) and some
D. suzukii flies trapped in the field also harbored a capsule. This suggests that L. heterotoma
may parasitize this fly in natura at a low level. Altogether, data suggest that local endoparasi-
toids may be involved in controlling this new pest by inducing non-reproductive host mortal-
ity and reducing fitness if they are able to adapt to its specific niche.

Supporting information

S1 Fig. Outcomes of the interaction between D. suzukii and parasitoid species/strains. Pro-
portions of death of both partners, emerged wasps, emerged flies with a capsule or without
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capsule (supposedly non-parasitized) following parasitism of L1 or L2 host larvae by Asobara
japonica (Aj), Leptopilina heterotoma strains from Japan (LhJapan) and South France
(Gotheron, LhGoth), the Leptopilina boulardi strains ISm (Lbm), ISy (Lby), and Lb16 (field
strain)), and a Leptopilina victoriae Japanese strain (Lv). CNT: D. suzukii non-parasitized con-
trol flies.

(PDF)

S2 Fig. Detailed analysis of the D. suzukii interaction with the parasitoid species/strains.
Pools of 20 D. suzukii L1 or L2 larvae parasitized either by Asobara japonica (Aj), a Leptopilina
heterotoma Japanese strain (LhJapan), the Leptopilina boulardi strains ISm (Lbm) and ISy
(Lby), or a Leptopilina victoriae Japanese strain (Lv) were dissected 48h (L1 and L2) or 72h
(L1) post-parasitism. Pie charts provide the percentage of alive or dead fly larvae containing
free parasitoid larvae, free floating eggs, wasp eggs or larvae only surrounded by a thin coat of
lightly-colored cells, wasp eggs or larvae partially melanized (coat of lightly-colored cells with a
few black spots), and completely encapsulated parasitoid eggs or larvae (fully melanized).
(PDF)

S1 File. Summary and results of the selected statistical models.
(PDF)
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