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Abstract

Drosophila suzukii (Matsumura) is native to East Asia but has widely established in the Americas and 
Europe, where it is a devastating pest of soft-skinned fruits. It has a wide host range and these non-
crop habitats harbor the fly which then repeatedly reinvades crop fields. Biological control in non-
crop habitats could be the cornerstone for sustainable management at the landscape level. Toward 
this goal, researchers have developed or investigated biological control tactics. We review over 100 
studies, conducted in the Americas, Asia and Europe on natural enemies of D. suzukii. Two previous 
reviews provided an overview of potential natural enemies and detailed accounts on foreign 
explorations. Here, we provide an up-to-date list of known or evaluated parasitoids, predators and 
entomopathogens (pathogenic fungi, bacteria, nematodes, and viruses) and summarize research 
progress to date. We emphasize a systematic approach toward the development of biological 
control strategies that can stand alone or be combined with more conventional control tools. 
Finally, we propose a framework for the integrated use of biological control tools, from classical 
biological control with host-specific Asian parasitoids, to augmentative and conservation biological 
control with indigenous natural enemies, to the use of entomopathogens. This review provides a 
roadmap to foster the use of biological control tools in more sustainable D. suzukii control programs.
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Review Methodology: We searched and reviewed scientific literature on natural enemies and biological controls of Drosophila suzukii 
from major online databases such as CAB Abstracts, Google Scholar, and ISI Web of Science. The literature has been synthesized by 
authors working on D. suzukii biological control over the past decade.

Introduction

Native to East Asia, the spotted-wing drosophila (SWD), 
Drosophila suzukii (Matsumura) (Diptera: Drosophilidae) 
has established widely in the Americas and Europe since it 
was first detected on both continents in 2008 [1, 2]. Unlike 
the majority of frugivorous Drosophila species breeding on 
damaged or rotting fruits, SWD can oviposit into intact 
and ripening fruits with its unique saw-like ovipositor [3], 
resulting in secondary infections and rapid degradation of 
the fruits [4–6]. SWD is highly polyphagous, utilizing 

numerous cultivated and wild fruits with soft and thin skins 
[7–12]. Coupled with its rapid development and high 
reproductive capacity [13–15], SWD can cause devastating 
economic losses [16, 17].

Insecticides are still most commonly used for SWD 
control [18–22], but they present commonly recognized 
negative effects on natural enemies, secondary pest 
outbreaks, pre-harvest intervals restriction, insecticide 
resistance, and increased management costs [23–26]. 
Therefore, researchers have been developing various 
alternative tactics, including cultural controls [27–30], 
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exclusion barriers [31] and behavioral controls [32–34]. 
However, these methods typically target only adult flies at 
local scale (crop field) [31, 35, 36]. Other novel biotech 
approaches are being tested, such as sterile male releases 
[37–40] and gene editing (e.g., RNAi and CRISPR/Cas9) 
[40], but are not yet commercially available and must still 
pass regulatory scrutiny and public acceptance.

Biological control is a viable option for several reasons. 
First, many Asian paraitoids attack SWD larvae inside the 
fruit, where pesticides are less effective [35, 41]. Second, 
natural enemies may suppress fly population in non-crop 
habitats where insecticide use is often restricted, thereby 
reducing the population pressure in the cash crops [42–63].  
Natural enemies may play a unique role in these non-crop 
reservoirs by establishing self-perpetuating (e.g., no cost) 
populations that form the cornerstone for sustainable 
management of this polyphagous pest. Two previous 
reviews provide an overview of potential applications of 
various agents [41] and detailed accounts on exploration 
and evaluation of Asian parasitoids [64]. Our aim here is to 
provide an up-to-date list of known parasitoids, predators 
and entomopathogens (pathogenic fungi, bacteria, nematodes, 
and viruses), and summarize the current progress and 
challenges of various biological control approaches (i.e., 
classical, augmentative and conservation biological control). 
Most importantly, we emphasize a systematic approach 
and provide the framework to integrate biological control 
tools with conventional management strategies.

Biological control with parasitoids

Parasitoids play an important role in regulating some 
Drosophila populations [65, 66]. The parasitoid fauna 
attacking Drosophila species is primarily comprised of larval 
parasitoids in the genera Asobara (Braconidae), Leptopilina 
and Ganaspis (Figitidae), and pupal parasitoids in Trichopria 
(Diapriidae) and Pachycrepoideus and Spalangia (Pteromalidae) 
[67]. Before SWD emerged as a serious pest most research 
focused on three cosmopolitan larval parasitoids, Asobara 
tabida (Nees), Leptopilina boulardi Barbotin et al. and L. 
heterotoma (Thompson) that attack common drosophilids, 
such as Drosophila melanogaster Meigen, and used them as 
model species for studies of host-parasitoid interactions [68]. 
Until recently the parasitoid fauna associated with SWD 
was poorly understood. Since then, widespread efforts 
have collected, identified, and studied promising parasitoids 
both in the fly’s invaded and native ranges for their potential 
use in classical (Asian parasitoids) and/or augmentative 
(resident parasitoids) biological control programs.

Resident parasitoids and augmentative biological 
control

Surveys of parasitoids attacking SWD and related frugivorous 
Drosophila species were made in Europe [69–75], North 

America [76–79], and South America [80] (Table 1). The 
three larval parasitoids commonly recovered (A. tabida, L. 
boulardi, and L. heterotoma) were exclusively reared from 
drosophilids other than SWD. Laboratory tests confirmed 
that SWD has a strong host cellular immune defense [93–96]  
and there was no larval parasitism in the invaded region 
with the exception of L. heterotoma attacking a low 
percentage of SWD in Italy [91, 97] and France [96]. 
However, egg laying by these larval parasitoids could 
reduce the survival of parasitized SWD [41, 64, 98]. Pupal 
parasitoids were recovered from SWD and include the 
common Pachycrepoideus vindemiae (Rondani) and 
Trichopria drosophilae Perkins (Diapriidae) in North 
America and Europe and Trichopria anastrephae Lima in 
Brazil. Other tested pupal parasitoids attacking SWD 
include the pteromalids Vrestovia fidenas (Walker) and 
Spalangia erythromera Förster in Europe [72, 99], Spalangia 
simplex Perkins in Mexico [76], and Muscidifurax raptorellus 
Girault & Sanders in Canada [100] (Table 2). A lack of pupal 
immunity against parasitoids may explain why these pupal 
parasitoids have broad host ranges [94].

The most promising resident parasitoids are P. vindemiae 
and T. drosophilae in North America and Europe, and  
T. anastrephae in South America. They have been systematically 
evaluated for their temperature range [110–112] and cold 
tolerance [113, 114], host stage preference [91, 115], 
fecundity [91, 109, 115–117], host species preference and 
suitability [115, 118, 119, 125], interspecific competition 
[120], functional response [121], as well as host feeding 
and other factors (food and water) affecting the fecundity 
of P. vindemiae [126, 127]. The key biological traits of  
T. anastrephae were similar to that of T. drosophilae [122–124].  
Both P. vindemiae and T. drosophilae successfully attacked 
SWD pupae in fruit or soil [118, 128]. Under similar 
laboratory conditions, the former species was less efficient 
than the latter species [109, 120, 121]. Field surveys 
showed that P. vindemiae was more widely distributed than 
T. drosophilae in Europe [72] and North America [77], 
although laboratory tests indicated that T. drosophilae 
could adapt to the colder climates [113] or higher 
elevations [114]. Both species are sympatric in many 
regions and interspecific competition may affect their 
impact on fly populations, with T. drosophilae appearing to 
have an advantage over P. vindemiae under laboratory 
conditions [120]. Wolf et al. [118] found that P. vindemiae 
mainly parasitized hosts in the foliage, whereas most  
T. drosophilae attacked pupae on the ground in the field, 
which may relax interspecific competition.

In general, both P. vindemiae and T. drosophilae preferred 
larger (e.g., SWD) over smaller (e.g., D. melanogaster) hosts 
[100, 115, 117, 118, 129]. Wang et al. (unpubl. data) 
demonstrated both parasitoids could successfully develop 
from 25 different Drosophila species tested. Although the 
parasitoids’ efficiency and offspring fitness varied among 
host species, effects on life-history characteristics or 
ecological traits appeared to be unrelated to the phylogenetic 
position of tested host species. Both parasitoids appeared 
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to benefit from attacking larger hosts, as the body size of 
emerging progeny was positively correlated to host size. 
These results show remarkable levels of phenotypic 
plasticity in body growth and development. This study also 
shows that larger hosts are likely to be more suitable for 
rearing these parasitoids for augmentative releases.

Although these pupal parasitoids are effective against 
SWD in the laboratory tests, to date the reported field 
parasitism of SWD has been too low to provide economic 

suppression [41, 64]. This suggests that the natural pupal 
parasitoid populations are not sufficiently large enough to 
suppress SWD populations [52, 63] and augmentative 
release could help enhance their impacts. Indeed, trials in 
Italy showed that T. drosophilae reduced SWD emergence 
within a radius of 10 m of the release within an enclosed 
crop system [130] and release of T. drosophilae in Italy at a 
rate of 0.33 specimens/m2 per week in unmanaged 
vegetation reduced cherry fruit damage by 34% [131]. 

Table 1. Parasitoid complexes and their observed parasitism on SWD in different regions of its native and introduced 
ranges.

Parasitoid species Countries Host species1 Parasitism (%) References

Larval parasitoids
Braconidae
Asobara tabida Japan SWD/Others — [81]
A. brevicauda South Korea SWD <1 [82]
A. japonica Japan, South Korea SWD/Others 0–16.7 [81, 82]
A. leveri China, South Korea SWD/DP/Others <1 [82, 83]
A. mesocauda China, South Korea SWD/DP/DSP — [83, 84]
A. pleuralis China SWD/DP — [84]
A. sp. Japan SWD <7 [85]
A. sp. TS1 Japan SWD 1.2 [86]
A. triangulata South Korea SWD <1 [83, 87]
A. unicolorata China SWD/DP <1 [83]
Areotetes striatiferus China SWD/DP 0.6–6.9 [84]
Tanycarpa chors China SWD/DP 2.1 [84]
Figitidae
Ganaspis brasiliensis 

(G1 and G3) 2
China, Japan, South Korea SWD/DP/DSP 0–75.6 [82–84]

G. brasiliensis (G1) 3 Canada SWD — [134]
G. brasiliensis  

(G4 and G5)2
Japan, Thailand, the Philippines, 

Hawaii, Uganda, Indonesia, 
Malaysia, Benin, the Caribbean 
Sea, Brazil, Mexico

Others — [92, 94, 98 141–144]

G. xanthopoda4 Japan SWD/Others — [81]
L. heterotoma Italy SWD/Others <1 [91]
L. j. formosana South Korea, Japan SWD/Others <1 [82, 139]
L. j. japonica3 China, Japan, South Korea SWD/DP 0–34.5 [82–85, 139]
L. j. japonica Canada, Italy3 SWD/Others — [90, 134]
Leptopilina sp. China SWD/DP 7.2–35.9 [84]
Pupal parasitoids
Diapriidae
Trichopria cf 

drosophilae
Italy, Spain SWD/Others 0–10.7 [70, 71]

T. drosophilae China, France, Italy, Mexico, 
Slovenia, South Korea, Switzer-
land, USA

SWD/Others 0–11.1 [72–74, 76, 77, 82, 83, 
91]

T. anastrephae Brazil SWD — [80]
Pteromalidae
Pachycrepoideus 

vindemiae
China, France, Italy, Mexico, the 

Netherlands, South Korea, Spain, 
Switzerland, Turkey, USA

SWD/Others 0–31.0 [69–73, 75–77, 82]

Spalangia erythromera Italy SWD/Others — [71]
S. simplex Mexico SWD — [76]

1SWD = Drosophila suzukii, DP = D. pulchrella, DSP = D. subpulchrella, and Others = other drosophilids when the species was either not 
known, not provided or not one of the above species.
2This species is likely a complex consisting of different strains (named as G1-G5, see [83, 143]).
3Accidentally introduced and established in British Columbia, Canada and Italy [90, 134].
4This species was later re-assigned as Ganaspis brasiliensis [143].
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Similarly, work in Mexico using a release rate of 4.5  T. 
drosophilae/m2 per week in commercial berries (Rubus 
fruticosus L.) reported a 50% reduction of SWD in the field 
[132]. These results suggest that augmentative release of T. 
drosophilae can lower SWD outbreaks. While no 
augmentative trials have been reported for P. vindemiae, 
this parasitoid and other tested pupal parasitoids such as 
M. raptorellus are commonly sold for release in livestock 
operations, making releases in crops potentially feasible. A 
population model and field observations suggest the 
optimal timing for T. drosophilae release corresponds with 
the early SWD population increases [133] and early 
season release may reduce potential risk on non-target 
species which typically breed on rotting fruits in later 
seasons [128].

Native Asian parasitoids and classical biological 
control

Surveys were conducted to discover native SWD 
parasitoids in South Korea [82], China [83, 84] and Japan 
[81, 84]. At least 19 larval parasitoids, including 12 Asobara 
and 7 figitids, as well as two pupal parasitoids (P. vindemiae 
and T. drosophilae), were found (Table 1). Within the SWD’s 
native range, L. heterotoma and L. boulardi have never been 
recorded from SWD [82, 83], while the record of A. tabida, 
collected from SWD in Japan, is a misidentification [88, 
134]. Asobara japonica Belokobylskij, Ganaspis brasiliensis 
Ihering and Leptopilina japonica Novkovic ́ & Kimura are the 
dominant larval Drosophila parasitoids in East Asia [64]. In 
South Korea, these three species accounted for 85.7% of 

Table 2. Frugivorous Drosophila parasitoids species evaluated for their efficacy on SWD in laboratory or field trials.

Parasitoid Parasitoid origin Rate of parasitism1 Emergence1 References
Larval parasitoids
Braconidae
Aphaereta sp. USA Low None [94]
Asobara citri Ivory Coast Low None [94]
A. japonica Japan, South Korea High High [82, 89, 93, 94, 

101–108]
A. pleuralis Indonesia Low None [94]
A. tabida France, Switzerland Low None [72, 93, 94]
Figitidae
Ganaspis brasiliensis China, South Korea High High [83, 102–105, 107]
Ganaspis cf. 

brasiliensis
China, Japan High High [101, 102]

Ganaspis sp. USA Low Low [94]
G. xanthopoda2 Japan, Uganda, USA Low Low [94]
Leptopilina boulardi Congo, France, Italy, Kenya, 

Mexico3, Switzerland, USA
Low None [71, 72, 93, 94, 98]

L. clavipes The Netherlands Low None [94]
L. guineaensis Cameroon, South Africa Low None [94]
L. heterotoma France, Italy, Switzerland, 

USA
Low Low [71, 72, 77, 91, 93–97, 

101, 102]
L. j. japonica China, South Korea High High [101–105, 107]
L. victoriae Philippines, USA Low None [94]
Pupal parasitoids
Diapriidae
Trichopria cf. 

drosophilae
France, Italy, Spain High High [70, 93]

T. drosophilae China, Italy3, Mexico3, South 
Korea, Switzerland, USA

High High [69, 71, 72, 91, 97, 
109–121, 128–132]

T. sp. France, USA High High [94]
T. anastrephae Brazil High High [122–124]
Pteromalidae
Muscidifurax raptorellus Canada High High [100]
Pachycrepoideus sp. USA High High [94]
P. vindemiae Canada, China, France,  

Italy, South Korea, Spain, 
Switzerland, USA

High High [70–72, 77, 91, 93, 94, 
109, 112, 116, 118, 
120, 121, 125–127]

Spalangia erythromera Switzerland High High [72]
Vrestovia fidenas Switzerland High High [72, 99]

1Studies were conducted with SWD larvae or pupae presented either in artificial diet or within fruit.
2This species was later re-assigned as Ganaspis brasiliensis [92].
3Open field release.
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all larval parasitoids collected with percentage parasitism 
that ranged from 0–17.1% and varied by geography, season, 
and collection methods; the two figitids were the major 
parasitoids found in wild fresh Rubus fruits infested by 
SWD in natural vegetation, whereas the braconid was the 
major parasitoid collected from fruit bait traps infested 
predominantly by other drosophilids [82]. In China, 
collected wild fruits (see 82, 83 for information on wild 
fruit plants and their habitats) were often co-infested by  
D. pulchrella Tan, Hsu & Sheng or by D. subpulchrella Takamori 
(which are also characterized by a serrated ovipositor, like 
SWD, and able to attack fresh fruits) in natural vegetation 
[83, 84]. Similarly, 97.1% of emerged parasitoids collected 
from fresh fruits were G. brasiliensis and L. japonica, with 
the highest parasitism in Yunnan by the former and latter 
species being 47.8% and 42.0%, respectively [83]. In Japan, 
G. brasiliensis (referred to as G. cf. brasiliensis in Girod et al. 
[84, 101, 102]) was the most abundant parasitoid collected 
from SWD in wild cherries with the highest parasitism of 
75.6% reported in Nara [84]. Similarly, A. japonica was 
commonly collected in banana traps throughout Japan 
[81]. Populations of A. japonica in Japanese main islands and 
South Korea seem to be parthenogenetic, whereas those 
in the south-western Japanese islands reproduce sexually 
[82, 136]. One unidentified Asobara sp. was recorded from 
SWD in wild fruits [87–89]. These surveys were conducted 
typically during the peaks of occurrence of parasitoids. 
Therefore, information is still lacking on seasonal population 
dynamics of these native parasitoids in their native ranges.

Asobara japonica, G. brasiliensis, and L. japonica have been 
systematically evaluated in quarantine laboratories for 
their relative efficiency, host specificity, climatic adaptability 
as well as potential interactions [82, 83, 101–107, 135] 
(Table 2). All three prefer to attack young host larvae [106, 107]. 
Under similar conditions, L. japonica developed faster and 
consequently had a competitive advantage over other two 
species in multi-parasitized hosts [104]. However,  
G. brasiliensis discriminated strongly against hosts parasitized 
by L. japonica and A. japonica discriminated against hosts 
parasitized by L. japonica. The combined impacts on host 
suppression by L. japonica and G. brasiliensis appeared to be 
additive, likely due to the interspecific discrimination by  
G. brasiliensis [104]. Indeed, both parasitoids co-exist in most 
collection sites in China or South Korea [82, 83]. Asobara 
japonica was more efficient than L. japonica or G. brasiliensis 
at attacking flies reared in artificial diet while the two 
figitids performed similarly [103,105]. The intrinsic rate of 
increase for A. japonica on SWD and D. melanogaster [106] 
was higher or similar to that of SWD on artificial diet [13] 
and fruit [137], and higher than that G. brasiliensis and  
L. japonica [107], T. drosophila [115] and P. vindemiae [91]. 
Although these laboratory results suggest that A. japonica 
has a higher potential to suppress SWD populations than 
the other two larval parasitoid species, this parasitoid may 
not play an important role in suppressing SWD populations 
in fresh fruits and will likely attack SWD infesting rotting 
fruit in late fruit seasons.

For classical biological control, imported species must 
have few or no significant non-target impacts. In Switzerland, 
Girod et al. [101, 102] tested six different European non-
target fly species with these three larval parasitoids. They 
found that A. japonica developed from all tested drosophilids, 
L. japonica successfully parasitized D. melanogaster and  
D. subobscura Collin but a Japanese population of G. cf. 
brasiliensis was strictly specific to SWD, as was also 
reported by Kasuya et al. [85], whereas another population 
from China parasitized SWD and D. melanogaster and 
sporadically parasitized D. subobscura. Giorgini et al. [83] 
found similar host specificity of a Chinese G. brasiliensis 
population from Yunnan. Later, Seehausen et al. [86] further 
confirmed that a Chinese population of G. brasiliensis 
seems to be strictly specific to Drosophila spp. in fresh 
fruits whereas other Chinese and Japanese populations 
also attack SWD in diet and, sporadically, D. subobscura. 
The wide host range of A. japonica has also been reported 
from field surveys in Japan [81, 89, 108, 138]. Considering 
possible non-target impacts, this parasitoid is not 
recommended for introduction in North America or 
Europe [106]. Leptopilina japonica may be considered as an 
oligophagous species; it was also observed to parasitize 
SWD and several other Drosophila species from the 
melanogaster species group in Japan [138–140]. Based its 
specificity to SWD and closely related species, G. brasiliensis 
appears to be the most suitable candidate for classical 
biological control in North America and Europe.

However, the existence of differentiated populations of  
G. brasiliensis with varying host specificity appears to be 
the case. This species was redescribed by Buffington and 
Forshage [141] who established the new combination of  
G. brasiliensis. Before the redescription of G. brasiliensis, 
research on SWD parasitoids referred to a “SWD-specific-
strain” of Ganaspis xanthopoda Ashmead in Japan [81, 85, 
88, 138], or used the names G. xanthopoda or Ganaspis sp. 
when referring to specimens reared in Thailand and the 
Philippines [139], Hawaii and Uganda [94], Indonesia [92, 
142], Malaysia [143], Benin and the Caribbean Sea [67], 
Brazil [141], and Mexico [98, 144] (Table 1). Using molecular 
analyses of the mitochondrial cytochrome oxidase I gene 
fragment, Nomano et al. [143] grouped Ganaspis individuals 
from different geographical regions into five lineages 
(named as G1-G5) (Table 1). The G2 included individuals 
only from the subtropical Japanese island of Iriomote-Jima 
reared from Drosophila ficusphila Kikkawa & Peng, the G4 
lineage included individuals only from Indonesia that 
parasitize Drosophila eugracilis Bock and Wheeler, and the 
G5 lineage included individuals from Japan, and all outside 
of Asian regions from unknown host(s) (Table 1). The 
populations collected in South Korea [82], China [83, 84], 
and Japan [84] consisted of G1 and G3. G1 populations 
appeared to be relatively host-specific to SWD [84, 145] 
while G3 can also attack closely related D. melanogaster 
and D. simulans Sturtevant [83]. A petition for release of 
the most host specific G1 strain has been approved by the 
North American Plant Protection Organization and a final 
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regulatory decision by USDA-APHIS is pending as of this 
writing.

The genetic distance based on the COI gene nucleotide 
sequence between the G1 and G3 individuals was large 
enough (5–7%) to suggest reproductive isolation [84, 143]. 
The G1 and G3 are seemingly differentiated by acid-soluble 
insect protein spectra [147], some host-searching 
behaviors, and do not cross successfully [86]. Based on 
these observations, Seehausen et al. [86] suggest that G1 
and G3 are two cryptic species. However, phylogenomic 
reconstruction on a representative group of the G1-G5 
lineages using a large (ca. 1300 loci) ultraconserved 
element (UCE) data set showed differences among G. 
brasiliensis populations, but COI-assigned G1 and G3 
specimens were intermingled and not monophyletic 
(Buffington et al. unpubl. data). When compared to inter-
species genetic difference in Leptopilina, the G. brasiliensis 
would be considered all one species with some population-
level signal. Further detailed molecular analyses (e.g., whole 
genome sequences) among different populations may help 
determine whether these two lineages should be 
considered as cryptic species or biotypes. The G3 and L. 
japonica did not show a significant preference between 
SWD and D. melanogaster in artificial diet [103]. Biondi et 
al. [103] argue that by specializing on SWD in fresh fruit, 
the G1 population could avoid competition from other 
common parasitoids found attacking D. melanogaster in 
decaying fruits [67, 82, 83, 93, 102]. Hence, plasticity in host 
searching would be selected for, and two genotypes (G1 
and G3) could be in sympatry. From a biological control 
point of view, the flexibility of G3 would allow it to use 
alternative hosts such as D. melanogaster and persist when 
SWD is rare in late season fruit. If a species is too restricted 
in its host searching, it could be easily extirpated under the 
right conditions. A CLIMEX model predicts that G. 
brasiliensis (G1 and G3) would likely establish in the 
western, south-eastern, and east coastal states in North 
America and most southern European countries [64]. 

Ganaspis brasiliensis entered a facultative diapause below 
17.2°C and the South Korean population was slightly more 
cold-tolerant than the Chinese population [146]. We 
suggest the introduction of both G1 and G3 or different 
geographical populations of both lineages, which could 
result in better SWD control than G1 or G3 alone. It is 
worth mentioning that a recent survey in British Columbia, 
Canada found that both the G1 population of G. brasiliensis 
and L. japonica have established in the Vancouver area, 
possibly through accidental introduction [134]. Also, L. 
japonica was found established in multiple locations in 
Trento, Italy [90], although it is unknown how the parasitoid 
was introduced. The establishment of these two parasitoids 
will likely play an important role for the control of SWD in 
Europe and North America.

Biological control with predators

Predators of SWD have been tested at various scales:  
(1) basic consumption of exposed (naked) SWD life stages, 
(2) predation inside fruit by confining infested fruit with 
and without predators in arenas, (3) direct observation or 
PCR detection of field predation, and (4) predation levels 
in the field using predator inclusion and exclusion 
treatments (Figure 1). Predators are discussed below by 
group and listed in Table 3.

Among arachnids, web building and hunting spiders in 
the field have fed on SWD, with up to 21% testing positive 
in PCR tests [58, 149]. The commercially available 
Stratiolaelaps scimitus (Womersley) mite did not feed on 
exposed SWD larvae or pupae [148]. Among coleopterans, 
the rove beetle Dalotia coriaria Kraatz varied in predation 
success depending on the ease of finding SWD larvae 
inside fruits. Infested raspberry exposed to rove beetles 
had up to a 50% reduction in SWD [151]. Perhaps because 
raspberries are softer than blueberries, there was no 
predation impact on intact infested blueberries, but a 35% 

Figure 1. Various scales of experimental testing for biological control of spotted-wing drosophila (SWD) Drosophila suzukii.
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reduction of SWD in damaged infested blueberries with 
rove beetles present [152]. Two carabid beetle species 
have thus far been confirmed to consume SWD pupae in 
the laboratory [150].

Among hemipterans, Anthocoris nemoralis (F.), Orius 
insidious (Say), O. laevigatus (Fieber), and O. majusculus 
(Reuter) have shown promise, with a 66%–67% reduction 
of SWD developing in strawberries or blueberries [153]. 
Moreover, Orius can feed on the egg stage of SWD [70, 100]. 
About 16% of field-collected nabids, mostly Himacerus 
mirmicoides (Costa), tested positive for SWD feeding [149]. 
The commercially available mirid, Dicyphus hesperus (Knight), 
and pentatomid, Podisus maculiventris (Say), can consume 
exposed SWD but showed little impact when confined 
with infested raspberries [100]. Among neuropterans, green 
lacewing larvae, Chrysoperla carnea (Stephens), can feed on 
SWD eggs, larvae, and pupae. When SWD infest cherry or 

raspberry, the presence of this larva resulted in a 32% 
reduction in SWD infestation [100, 154]. This species is 
commercially available. Among other groups, about 43% of 
field-collected earwigs, mostly Forficula auricularia L., have 
tested positive for SWD DNA [149], and their presence 
among infested cherries in box arenas led to a 40–45% 
reduction of SWD [155]. Ants have been directly observed 
to dig up sentinel pupae [157]. Mantids and crickets have 
been consumed in the laboratory and field [58, 150].

More field trials are needed to provide growers with 
applications. Predators that are commercially available and 
promising include D. coriaria, Orius spp., and C. carnea, but 
they have not been tested in the field. Currently, we have 
observed that predators reduced by 19%–49% SWD 
emerging from fruit in predator inclusion/exclusion studies 
[157] and removed as little as 1%–4% and as much as 61%–
100% of sentinel pupae placed in crop fields [79, 150, 157].

Table 3. Predators tested for predation on SWD and general outcomes (NS = non-significant).

Predator Testing description Outcomes References

Acari, Laelapidae, Strateolaelaps 
scimitus

Lab: exposed (naked) SWD 
larvae or pupae

No predation [148]

Aranae web-builders, Agelendiae, 
Araneidae, Linyphididae, 
Theridiidae

Field-collected specimens Tested positive for SWD feeding, 
up to 21%

[58, 149]

Aranae hunters, Clubionidae, 
Lycosidae, Oxypodidae, 
 Philodromidae, Pisauridae, 
Salticidae, Thomisidae

Field-collected specimens Tested positive for SWD feeding, 
up to 8%

[58, 149]

Coleoptera, Carabidae,  
Bembidion quadrimaculatum, 
Pterostichus mutus

Lab: exposed SWD pupae Confirmed consumption [150]

Coleoptera, Staphylinidae, 
Dalotia coriaria

Lab: infested blueberry,  
strawberry, or SWD on agar

NS to 50% reduction in SWD [151–153]

Dermpatera, Forcifulidae, 
Forficula auricularia

Lab: exposed SWD life stages, 
infested cherry; field-collected 
specimens

NS to 45% reduction in SWD; 
43% tested positive in field

[149, 154, 155]

Dermpatera, Labiduridae, 
Labidura riparia

Lab: exposed SWD larvae or 
pupae

Confirmed consumption [70]

Heimptera, Anthocoridae, 
Anthocoris nemoralis

Lab: exposed SWD adults 14% reduction [149]

Hemiptera, Anthocoridae, 
Orius insidiosus

Lab: exposed SWD, infested 
blueberry, raspberry, straw-
berry, caged blueberry plants

NS to 67% reduction [100, 152, 153]

Hemiptera, Anthocoridae, 
Orius laevigatus

Lab: exposed SWD larvae or 
adults, infested blueberry, 
strawberry

NS to 10% reduction, egg 
predation confirmed

[70, 149, 156]

Hemiptera, Anthocoridae, 
Orius majusculus

Lab: exposed life stages, infested 
blueberry, cherry

Confirmed consumption of eggs 
and larvae, but not pupae

[149, 154, 156]

Hemiptera, Miridae, Dicyphus 
hesperus

Lab: exposed life stages, infested 
raspberry

Consumption of exposed eggs, 
NS with infested fruit

[100]

Hemiptera, Nabidae, Himacerus 
mirmicoides

Field-collected specimens 16% tested positive for SWD [149]

Hemiptera, Pentatomidae, 
Podisus maculiventris

Lab: exposed life stages, infested 
raspberry

Consumption of exposed larvae, 
NS with infested fruit

[100]

Hymenoptera, Formicidae Field observations Removed sentinel pupae [157]
Mantodea, Mantidae Field-collected specimens Tested positive for SWD [58]
Neuroptera, Chrysopidae, 

Chrysoperla carnea
Lab: exposed SWD, infested 

raspberry or cherry
NS to 32% reduction of SWD [100, 154]

Orthoptera, Gryllidae, Gryllus 
pennsylvanicus

Lab: exposed pupae Confirmed consumption [150]
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Biological control with entomopathogens

Pathogens have largely been tested in the laboratory, and 
methods have varied depending on whether the pathogen 
targets SWD on foliage or in the soil. Seven viruses have 
caused mortality when injected into the thorax of adult 
SWD (Table 4).

Bacterial pathogens are often tested by feeding larvae 
with bacteria-infused diet, feeding adults with infected 
sugar solutions, spraying adults or spraying/dipping infested 
fruit. Twenty-two variants of Bacillus thuringiensis Berliner 
have been tested. Bacillus thuringiensis israelensis had little 
effect with increased mortality in just one of 15 trials 
(Table 4). Bacillus thuringiensis kurstaki increased mortality 
in 5 out of 12, but counterproductively increased oviposition 
among exposed flies [159]. Bacillus thuringiensis thuringiensis 
increased larval, pupal or adult mortality in all 4 of 4 trials 
[160]. Recently, bacteria isolated from moribund larvae 
were tested, and Leuconostoc pseudomesenteroides Farrow 
et al. increased mortality of adults and reduced food uptake 
in larvae [158].

One fungal pathogen, Entomophthora muscae (Cohn) 
Fresen., has been observed in an outbreak among field 
SWD [161], but the pathogen is difficult to culture and 
unlikely to be commercialized. Fungal pathogens are often 
tested by applying to vials or small surfaces and exposing 
to adult flies, directly spraying adults, or by dipping infested 
fruit. Beauveria bassiana (Bals.) Vuill., Isaria fumosorosea 
Wise, Metarhizium anisopliae (Metch.) Sorok, and M. 
brunneum Petch have had varying results depending on 
application and stage of SWD tested (Table 4). Besides 
causing direct mortality, some of these pathogens can 
reduce egg maturation [163], reduce reproductive output [164],  

and deter oviposition [97]. However, some fungal pathogens 
can increase oviposition [159], have limited residual 
impacts [152], and have limited spore viability in the field 
[163].

Nematodes are tested by applying directly to SWD 
larvae or pupae, or by applying to infested fruit, diet or soil 
since these stages would be concealed if field applications 
were made [175,176]. All tested species except one have 
been pathogenic (Table 4). Heterorhabditis bacteriophora 
(Poinar) was pathogenic in 11 of 18 trials, Steinernema 
carpocapsae (Weiser) in 20 of 23, S. feltiae (Filipjev) in 18 of 
21, and S. kraussei (Steiner) in 2 of 3 (Table 4). Interestingly, 
S. carpocapsae can infect newly emerging adults; 89% of 
emerging adults were infected when they pupated in soil 
treated with nematodes [176].

Additional field studies are needed since SWD life 
stages may be exposed to lower doses under field 
treatment conditions. Given the cost of pathogens, a “lure-
and-infect” strategy is being examined where adults are 
attracted to a baited auto-inoculator and exit with 
inoculum (Figure 2). This would reduce the amount of 
inoculum used and protect the pathogen from UV, cold 
weather or water. This novel technology could also infect 
flies to serve as “entomovectors” for spreading other 
entomopathogens [183]. Notably, M. brunneum can infect 
adult SWD that walk through a container with a spore 
carpet, and inoculated males can cross-infect females in 
small cages or cups, and vice-a-versa [149,174]. Recently, 
21% of adult SWD infected with S. carpocapsae as they 
emerged from the soil were able to fly in the laboratory 
[176]. The authors suggested that dispersion of infected 
adults could help disperse nematodes through the field 
and non-crop areas that are a source of infestation.

Figure 2. Conceptual diagram of biocontrol strategies and principal biocontrol agents targeting different stages of spotted-
wing drosophila (SWD) Drosophila suzukii.
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Table 4. Pathogens tested on SWD and general outcomes (NS = non-significant).

Pathogen Testing description Outcomes References

Bacteria
Bacillus altitudinis Fed adult SWD female 100% mortality [158]
B. safensis Fed adult female Increased survival [158]
B. simplex Fed adult female 100% mortality [158]
B. thuringiensis var. aizawai 

(multiple serotypes, strains)
Fed larva or adult, spray fruit, 

vial or fly, test oviposition
NS on mortality, increased oviposition [159, 160]

B. thuringiensis var. bolivia Fed larva or adult Increased larval mortality, NS for adults [160]
B. thuringiensis var. 

dendrolimus
Fed larva NS on mortality [160]

B. thuringiensis var. 
entomocidus

Fed larva or adult NS on mortality [160]

B. thuringiensis var. galleriae Fed larva or adult NS on mortality [160]
B. thuringiensis var. higo Fed larva or adult Larval mortality with high dose,  

NS for adults
[160]

B. thuringiensis var.  
israelensis (multiple 
serotypes, sources)

Fed larva or adult, spray fly  
or dip fruit, test oviposition

Mostly NS, higher adult mortality from 
direct spray, increased oviposition

[159, 160, 162]

B. thuringiensis var. 
jegathesan

Fed larva or adult NS mortality [160]

B. thuringiensis var. kenyae Fed larva or adult NS on mortality [160]
B. thuringiensis var. kurstaki 

(multiple serotypes, strains)
Fed larva or adult, spray fruit, 

vial or fly, test oviposition
NS to 100% larval mortality, higher 

adult mortality from direct spray, 
increased oviposition

[159, 160]

B. thuringiensis var. 
kyushenunsis

Fed larva or adult NS on mortality [160]

B. thuringiensis var. leesis Fed larva or adult NS on mortality [160]
B. thuringiensis var. 

malaysiensis
Fed larva or adult NS on mortality [160]

B. thuringiensis var. medillin Fed larva or adult NS on mortality [160]
B. thuringiensis var. 

navarrensis
Fed larva or adult NS on mortality [160]

B. thuringiensis var. 
packistani

Fed larva or adult Larval mortality with high dose, NS for 
adults

[160]

B. thuringiensis var. sotto Fed larva or adult NS on mortality [160]
B. thuringiensis var. 

sumiyoshiensis
Fed larva or adult NS on mortality [160]

B. thuringiensis var. 
thompsoni

Fed larva or adult Larval mortality with high dose, NS for 
adults

[160]

B. thuringiensis var. 
thuringiensis

Fed larva or adult Increased larval, pupal and adult 
mortality

[160]

B. thuringiensis var. vazensis Fed larva or adult NS on mortality [160]
B. thuringiensis var. 

wuhaensis
Fed larva or adult NS on mortality [160]

Brevibacterium frigoritolerans Fed larva and adult Quicker adult mortality, no change in 
larval consumption

[158]

Curtobacterium plantarum Fed adult NS on mortality [158]
Kocuria rhizophila Fed adult Increased survival [158]
Leuconostoc 

pseudomesenteroides
Fed adult Quicker adult mortality, reduce larval 

consumption
[158]

Micrococcus yunnanensis Fed adult Increased survival [158]
Paenibacillus dongdonensis Fed adult Quicker adult mortality [158]
P. odorifer Fed adult Quicker adult mortality [158]
Tatumella ptyseos Fed adult NS on mortality [158]
T. terrea Fed adult Quicker adult mortality [158]
Fungi
Beauveria bassiana  

(multiple strains)
Spray fly, vial, or leaf; dip fruit 

and expose to adult; dip 
infested fruit;

NS to 96% mortality of various stages, 
some oviposition deterrence on 
treated fruit, higher oviposition 
among affected females

[97, 152, 159, 160, 
163–168]

B. bassiana (multiple strains) Spray foliage in field cage NS in infestation or adults trapped [163]
(Continued)



10 CAB Reviews

http://www.cabi.org/cabreviews

Future research is needed to assess compatibility of 
pathogens with predators and parasitoids, especially if 
predator/parasitoid releases are planned. Thus far, some 
trials show that multiple biological control tactics may be 
compatible. When SWD pupae were exposed to 
treatments of B. bassiana, M. anisopliae, H. bacteriophora or 
S. feltiae, emergence by the parasitoid T. drosophilae was 
unaffected in the laboratory [97]. Likewise, adults of T. 
drosophilae and rove beetle, D. coriaria, were unaffected by 
applications of H. bacteriophora, S. feltiae, and S. carpocapsae 
in Petri dish assays [176]. However, the predator O. 
laevigatus died from exposure to S. carpocapsae in Petri 
dish assays but not when nematodes were applied to a 

plant. This suggests that O. laevigatus would escape harmful 
effects in a field situation.

Conservation biological control

The aim of conservation biological control is to create 
environmentally friendly habitats for natural enemies [23–
25, 184], which requires an understanding of the 
agroecosystem. SWD occurs earlier in crops adjacent to 
forests [45, 47] and its density in crop fields was positively 
related to the surrounding forest cover [49, 52, 54, 61]. 
Non-crop habitats provide SWD overwintering sites and 

Table 4. Continued

Pathogen Testing description Outcomes References

Entomophthora muscae Natural occurrence, expose 
to adult

Observed outbreaks, ~25% mortality  
in lab

[161, 169]

Isaria fumosorosea (multiple 
strains)

Spray/apply to adult, vial or 
fruit, dip fruit and expose  
to adult, dip infested fruit

NS to 93% mortality, higher  
oviposition

[152, 159, 160, 163, 
164, 170–173]

I. javanica Spray adult 100% mortality [173]
Lecanicillium lecanii Spray adult or paper NS to 72% mortality [160,167]
L. muscarium Dip infested berry, spray fly NS from dip, ~18% adult mortality [165]
Metarhizium anisopliae 

(multiple strains)
Spray/apply to adult, pupae 

or fruit, dip fruit and expose 
to adult, dip infested fruit

NS to 82% mortality, oviposition 
deterrence

[97, 167, 168, 170, 
171]

M. brunneum (multiple 
strains)

Spray/apply to adult, paper, 
leaf or fruit; expose fly to 
autoinnoculator

NS to 100% mortality; transmission 
between adults

[152, 160, 163, 174]

M. robertsii Apply to adult ~16% mortality [163]
Verticillium lecanii Spray adult or fruit; apply to 

vial
NS on mortality, increased  

oviposition
[159]

Nematodes
Heterorhabditis  

bacteriophora
Direct application or in sand 

with exposed (naked) 
SWD, or infested fruit, all 
life stages

NS to 94% mortality [97, 152, 154, 170, 
175–179]

H. georgiana Apply to exposed larvae NS larval mortality [178]
H. indica Apply to exposed pupa 33% pupal mortality, 47% by  

adult stage
[179]

Oscheius oniric Apply to exposed larva or 
infested fruit

90% larval mortality, 82% with  
infested fruit

[178]

Steinernema carpocapsae Apply to exposed or SWD in 
sand or diet, dip or apply  
to infested diet, dip  
infested fruit; all life stages

NS to 90% mortality; infection reduced 
adult flight; no encapsulation of 
S. carpocapsae

[152,165,170, 
175-177,179]

S. feltiae Apply to exposed or SWD in 
sand or diet, dip or apply  
to infested diet, dip  
infested fruit; all life stages

NS to 94% mortality [97, 152, 165, 168, 
170, 175–177, 
179]

S. kraussei Apply to larva or pupa on 
sand, dip infested fruit

~38–50% mortality assessed at pupal 
stage, NS with fruit dip

[165, 170]

Virus
Drosophila C virus (DCV) Intrathoracic injection Total mortality [180]
Cricket paralysis virus (CrPV) Intrathoracic injection Total mortality [180]
Flock house virus (FHV) Intrathoracic injection Total mortality [180]
Drosophila A virus (DAV) Intrathoracic injection 50% mortality [181]
La Jolla virus (LJV) Intrathoracic injection 50% mortality [181]
Drosophila C virus (DCV) Intrathoracic injection Survival enhanced by Wolbachia [182]
Flock house virus (FHV) Intrathoracic injection Survival enhanced by Wolbachia [182]
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shelter and so could either positively or negatively impact 
SWD and natural enemy densities [58], depending on the 
availability of associated host plants and drosophilid 
communities [61, 63]. If there are no effective natural 
enemies in the habitats for the target pest or the natural 
habitat is insufficient to provide large enough enemy 
populations needed for the pest, the habitats may fail to 
support conservation biological control [185]. This subject 
is still poorly understood yet is fundamentally important 
for the success of biological control of this polyphagous pest.

Judicious pesticide use is also a component of 
conservation biological control. Schlesener et al. [186] 
showed that organophosphates, pyrethroids, and 
neonicotinoids caused high parasitoid mortality. Similarly, 
spinosad was highly toxic to P. vindemiae immatures and 
adults [187]. Several bio-insecticides appear to have lower 
toxicity. De Souza et al. [188] reported that the essential 
oils of several piper plants repelled SWD oviposition and 
negatively affected egg viability, but the lethal concentration 
on SWD had a low toxicity to the parasitoid T. anastrephae. 
Similarly, a formulation based on Annona mucosa seed-
extract caused >85% mortality of SWD, yet the same 
dosage caused little mortality of T. anastrephae [189]. 
Gowton et al. [190] showed that peppermint essential oil 
used as VOC fumigation could repel SWD oviposition but 
also reduced the survival and parasitism of adult  
P. vindemiae. However, it did not affect developing P. vindemiae.

A variety of organic insecticides were tested on two 
generalist predators of SWD; the green lacewing 
Chrysoperla rufilabris (Burmeister) was susceptible to 
spinosad, and the minute pirate bug Orius insidiosus was 
susceptible to fresh and aged residues of spinosad and 
sabadilla alkaloids [191]. Moreover, sublethal effects of 
insecticide exposure resulted in reduced egg hatch of O. 
insidiosus. The lethality of insecticides to predators may 
explain why secondary outbreaks of aphids and scales have 
been observed more frequently by growers when they 
treat fields for SWD [41].

Mulching and floor management have been examined as 
cultural practices to control SWD [29, 30], specifically 
targeting SWD as they often wander from fruit to pupate 
in the soil [157]. Such ground practices to make the soil 
less hospitable to SWD may however be incompatible 
with soil drench treatments with nematodes where a 
moist soil environment is necessary for infective juveniles 
to survive and find hosts.

To preserve and increase parasitism, Rossi-Stacconi  
et al. [192] suggested to use a tent-like augmentorium 
design constructed of a fine mesh (optimal 1–0.8  mm 
holes) (Figure 2). The mesh is enough to prevent the escape 
of adult SWD yet allows in and out of smaller parasitoids. 
The method has been used for the sanitation of pest 
tephritid fruit flies [193]. Dropped or damaged fruits can 
be collected and deposited inside the augmentorium 
container where parasitoids can reproduce (or overwinter) 
on SWD in a protected environment and disperse to the 
field. This method may become important especially when 

effective Asian larval parasitoids such as G. brasiliensis are 
introduced.

Concluding remarks and guides for future 
research

Based on current research progress, we propose a framework 
for optimal use of various available biological control 
approaches as either stand-alone or supplemental methods 
to other IPM tactics as illustrated in Figure 2:

(1) Classical biological control by introducing the host-
specific larval parasitoid G. brasiliensis (G1 and G3 strains 
of different geographical populations that are adapted to 
different climate zones within invaded regions) and if 
necessary, additional host-specific Asian larval parasitoids.
(2) Augmentative biological control using locally occurring 
pupal parasitoids (e.g., P. vindemiae, T. drosophilae, and  
T. anastrephae).
(3) Conservation biological control by using reduced-risk 
organically certified (e.g., OMRI-listed) insecticides to 
reduce non-target impacts on parasitoids and predators, 
and other compatible cultural practices (e.g., augmentorium 
technique) to preserve parasitoids and increase SWD 
parasitism while conducting field sanitation.
(4) Use of entomopathogens (e.g., fungal pathogens could 
be applied using the autoinoculation lure-and-infect trap 
and nematodes can be sprayed on soil to infect SWD 
pupae or teneral SWD).

There is still a dearth of information pertaining to the 
field ecology of these natural enemies and potential effect 
of non-crop habitat on biological control. Also, most 
studies thus far were done in the laboratory and the 
efficacy of many natural enemies needs to be further 
demonstrated in the field. Almost all known SWD 
parasitoid species can attack D. melanogaster (which is a 
promising competitor of SWD [194, 195]). It is important 
to understand how different entomophagous insects and 
entomopathogens might interact antagonistically to reduce 
overall impacts on SWD, or synergistically to enhance 
SWD suppression, and how these interactions might be 
modulated via shared hosts or prey and by the landscape 
context [63, 73, 103, 104, 118, 120, 196, 197]. Thus, future 
studies may include:

(1) improving knowledge of field ecology of key natural 
enemies including multi-trophic interactions, apparent 
competition, field dispersal patterns as well as the effect of 
landscape content on the efficacy of the natural enemies;
(2) studying the ecology, parasitism, and host specificity of 
these accidentally introduced larval parasitoids in Canada 
and Italy;
(3) developing optimal rearing techniques for promising 
natural enemies, including possible genetic improvement of 
natural enemies by selecting biological traits among 
different populations for selection or breeding [198];

https://catalog.extension.oregonstate.edu/author/marco-rossi-stacconi
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(4) developing optimal release strategies for promising 
natural enemies;
(5) developing conservation strategies to reduce non-target 
impacts of other control measures on natural enemies;
(6) conducting field trials to develop recommendations 
for the use of entomopathogens;
(7) integrating various biological control tactics into 
ecologically based IPM for SWD.
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