
1

Vol.:(0123456789)

Scientific Reports |        (2021) 11:10151  | https://doi.org/10.1038/s41598-021-89583-9

www.nature.com/scientificreports

Infection effects of the new 
microsporidian species 
Tubulinosema suzukii on its host 
Drosophila suzukii
Sarah Biganski1, Sabrina Fückel1,2, Johannes A. Jehle1 & Regina G. Kleespies1*

Microsporidian infections of insects are important natural constraints of population growth, often 
reducing lifespan, fecundity and fertility of the infected host. The recently discovered Tubulinosema 
suzukii infects Drosophila suzukii (spotted wing drosophila, SWD), an invasive pest of many fruit 
crops in North America and Europe. In laboratory tests, fitness effects on larval and adult stages were 
explored. High level infection after larval treatment caused up to 70% pupal mortality, a decreased 
lifespan and a 70% reduced oviposition of emerging adults in biparental infection clusters. A shift to 
higher proportion of female offspring compared to controls suggested a potential parthenogenetic 
effect after microsporidian infection. A clear sex-linkage of effects was noted; females were specifically 
impaired, as concluded from fecundity tests with only infected female parents. Additive effects were 
noted when both parental sexes were infected, whereas least effects were found with only infected 
male parents, though survival of males was most negatively affected if they were fed with T. suzukii 
spores in the adult stage. Although most negative effects on fitness parameters were revealed 
after larval treatment, infection of offspring was never higher than 4%, suggesting limited vertical 
transmission. For that reason, a self-reliant spread in natural SWD populations would probably only 
occur by spore release from cadavers or frass.

Microsporidia are spore-forming, obligate intracellular parasites early evolved presumably as a basal linage or a 
sister taxon to  Fungi1–4. They infect a huge range of arthropod species but also vertebrates including  humans5. 
Oral ingestion of spores is the major form of horizontal transmission where spores enter the host cell cytoplasm 
by penetration of midgut cells after everting the polar tube. Other infection routes via vertical transmission are 
either transovarial: inside egg or  embryo6, transovum: on the surface of the egg  chorion7,8, or venereal transmis-
sion:  paternal9. To reproduce and spread within the host tissue, microsporidia undergo several morphological 
changes from meronts (proliferation) to spores (sporogony)8,10. Severe infections located in one or more host 
tissues or organs can lead to highly negative health effects on the host, as it is known for Nosema disease in 
honeybees causing heavy intestine disorders, shortened lifespan and neuronal/behavioural changes leading to 
 disorientation11–15. Though, microsporidia are rarely fast-killing pathogens, they are able to reduce host popu-
lations by weakening the host fitness such as reduction of fertility and offspring, growth rate, and life span. 
Horizontally transmitted microsporidia frequently show higher virulence than vertically transmitted, and is 
commonly favoured by high host population density, e.g. honeybees and gypsy moth  populations16,17. Vertical 
transmission is frequently found with microsporidia with low virulence, depending on host survival, fertility 
and number of infected offspring to ensure their own  reproduction18,19. Vertical transmission has been noted for 
at least fourteen Microsporidia  taxa20 and is known to reduce fecundity and fertility in several insect  hosts21–24. 
Although there are some microsporidian species that increase mortality of their insect host, their usage as pest 
control agent in plant protection has been rarely considered. Paranosema (Nosema) locustae, infecting acridids, 
is an example of efficient but also problematic use of microsporidia in biological control (reviewed by Lockwood 
et al.25).

Due to human activity, travel and worldwide transport of agricultural products, but also climate change, the 
spread of pest insects of cultivated plants has been highly facilitated, resulting in the invasion of new pests and 
diseases to previously unaffected  regions26. In about a decade the spotted wing Drosophila (SWD), Drosophila 
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suzukii27, has become a major pest in commercial soft-skinned fruit orchards in Europe, North and South 
America and  Asia27–29. Naturally occurring antagonists, both  metazoans30,31 and microorganisms, may play an 
important role for biological control of SWD but efficient microbial antagonists have not been  reported31–33. 
Antagonistic fungi and bacteria have been screened but also criticized for inefficiency and/or inappropriate 
 application33–35. In addition, some viruses have been identified from SWD that should be examined for their 
potential as biocontrol  agents36,37.

Recently, a microsporidian infection was discovered in SWD flies originating from Oregon,  USA38 and a new 
species Tubulinosema suzukii (family: Tubulinosematidae) was  described39. Here, we report laboratory experi-
ments to explore the potential effect of T. suzukii infection on fitness parameters of SWD, including eclosion 
and survival rates, egg production and offspring rates, when infections were initiated in larval and adult stages. 
We found that every fitness parameter tested was strongly impacted when infection began in the larval stage.

Results
Median lethal concentration  (LC50). Inoculation of second instar SWD larvae (L2) with suspensions 
of five different spore concentrations of T. suzukii resulted in a  LC50 of approximately 6.9 ×  103 spores/μl (95% 
confidence limits (CL) = 3.4 ×  103–1.7 ×  104 spores/μl, N = 631, slope = 0.915, χ2 = 21.683) (Fig. 1). Mortality rates 
were determined by failure of the emergence of imagines because death of larvae could not be determined within 
the growth medium. Control mortality was 28.2% after 18 days post inoculation (dpi). Maximum mortality was 
80% at the highest spore concentration applied.

Quantification of infection process. To study the infection process, SWD L2 larvae were inoculated 
with 4 ×  104 spores, followed by DNA extraction from larvae, pupae and adults for quantitative real-time PCR 
(qPCR) (Fig. 2a) and examination by microscopy (Fig. 2b). In third instars (L3) at 3–5 dpi, DNA copies equiva-
lent to 1.33 ± 1.22 ×  106 (mean ± SE) extracted spores were recorded (Fig. 2a). In early pupal stage microsporidian 
DNA increased to 8.54 ± 7.12 ×  106 copies and was stable until late pupal stage (8–13 dpi) with 6.8 ± 2.97 ×  106 
copies per SWD pupa. After the transition between late pupal stage to adulthood (13–20 dpi), the DNA amount 
increased by the factor of 20 in early adult stage with 13.3 ± 7.91 ×  107 copies per individual and was significantly 
increased compared to DNA copies at 3–5 dpi (GLM analysis for gamma distribution with log-link function: 
χ2 = 14.014, DF = 3, P = 0.003, Tukey test: 3–5 dpi–13–20 dpi: P < 0.001). Correspondingly, Giemsa-stained tis-
sues of early larvae (6 dpi) revealed just a few free developmental stages consisting of meronts and sporonts 
(Fig. 2b-1). Early pupal stage (8 dpi) showed meronts containing two nuclei, diplokaryotic sporonts and sporonts 
close to division/ separation of nuclei (Fig. 2b-2). Later in pupal stage (10 dpi), few spores and predominantly 
(dividing) sporonts were observed (Fig. 2b-3. In late pupal stage (13 dpi), mainly spores could be found, but also 
sporoblasts (Fig. 2b-4). Adult stages (15–17 dpi) contained (Fig. 2b-5) mostly binucleate sporoblasts and single 
spores (Fig. 2b-6).

Eclosion of inoculated SWD larvae. L2 larvae exposed to 5 ×  104 T. suzukii spores showed 71.2% reduced 
eclosion at 19 dpi (mean ± SE = 19.84 ± 8.41%) compared to the control (69.1 ± 4.14) (Fig. 3a). Eclosion at lower 
spore dosages did not statistically differ from the control group, though an intermediate mortality between those 
of the control and 5 ×  103 spores was observed for the treatment with 5 ×  102 spores GLM analysis for quasi-

Figure 1.  Spore concentration-mortality response of D. suzukii second instar larvae, 18 days after exposure to 
T. suzukii spores. Independent replicates/number of tested individuals (R/N): untreated control: R/N = 9/252, 
 101 spores: R/N = 2/96,  102 spores: R/N = 5/120,  103 spores: R/N = 6/180,  104 spores: R/N = 7/211,  105 spores: 
R/N = 2/24). Logarithm Log(x) of concentrations and number of organisms entered the probit analysis 
using linear maximum likelihood regression. Slope function was calculated after Litchfield and Wilcoxon. 
Concentration–response: F = 76.966, DF = 3, P(F) = 0.003. Dots = observed mortality, solid line = calculated 
concentration, dashed lines = upper and lower 95% confidence limits.
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binomial model with over-dispersion: F = 8.91, DF = 3, P(F) < 0.001, Tukey test: Control—5 ×  102: P = 0.889, Con-
trol—5 ×  103: P = 0.226, Control—5 ×  104: P < 0.0001), (Fig. 3a).

For host range testing of cosmopolitan and exotic drosophilids, L2 larvae of D. melanogaster (DM, cosmo-
politan) and D. willistoni (DW, exotic) were exposed to 5 ×  104 of T. suzukii spores/well. This spore concentration 
did not significantly reduce eclosion in DM and DW compared to their corresponding controls (GLM analy-
sis for quasi-binomial model with over-dispersion: DM, F = 1.361, DF = 1, P(F) = 0.261; DW, F = 1.987, DF = 1, 
P(F) = 0.232), (Fig. 3b).

Survival rates of inoculated SWD larvae and adults. Kaplan–Meier survival analyses were performed 
with individuals from the same experiment, which survived to the adult stage (Fig. 4a). Eclosion occurred from 
day 13 to day 19 as a result to some age differences among inoculated L2 larvae. Survival analysis was performed 
using log rank test with Bonferroni adjustment and revealed significant differences in the life span of SWD 
adults for every treatment compared to the control (Survival formula: χ2 = 534, DF = 3, P < 0.001) (Fig. 4a). It was 
striking that the survival curves of the control group and the group treated with 5 ×  102 spores were similar until 
day 35, then mortality increased in the treated group, indicating a delayed effect on the survival of adults when 
inoculated with very low spore concentration as larvae.

To study the effect of late infection initiation, newly eclosed SWD adults were treated with 3 ×  105 spores in 
100 µl. In Kaplan–Meier analyses (Fig. 4b), survival rates of control males was significantly higher than infected 
males (P = 0.027), infected females (P = 0.001) and control females (P = 0.004), whereas control females had 
similar survival curves as infection treatments for both males and females (χ2 = 13.1, DF = 3, P = 0.004).

Fecundity and fertility of SWD treated with T. suzukii. When SWD larvae were infected, the mean 
number (± SEM) of eggs oviposited per female was 135.97 ± 8.81 for the untreated control pairs (Table 1). Pairs 
with infected parental females deposited 51% less eggs compared to control. For pairs with infected parental 
males the reduction was 48% and approximately 71% reduction in oviposition when both parents were infected 
(Table 1). For pairs with at least one infected parent, oviposition differed significantly from the untreated con-
trol, indicating a strong effect of microsporidium infection on the fecundity of SWD (χ2 = 48.84, DF = 3, P < 0.05, 
Dunn’s test: F–C: P = 0.006, M-C: P = 0.019, MF-C: P < 0.001). The mean lifetime (Table 1) of pairs did not differ 
from each other (χ2 = 2.683, DF = 3, P = 0.44), indicating parental longevity was not a factor in the differences in 
fecundity and fertility among infected and control SWD.

Comparing the number of eggs and resulting offspring within each treatment, no reduced hatching rates were 
observed (Table 1). Indeed, the number of viable offspring was very similar to number of eggs, thus the primary 

Figure 2.  (a) Copy numbers of small subunit ribosomal DNA (SSU rDNA) (mean = red dot) of T. suzukii in 
single D. suzukii (SWD) larvae (orange), pupae (blue) and adults (green). The course of infection for second 
instar larvae (L2) inoculated with 4 ×  104 spores. Replicates/numbers (R/N): larvae 3–5: R/N = 2/4, pupae 5–8: 
R/N = 2/4, pupae 8–13: R/N = 3/5, adult 13–20: R/N = 3/6. GLM analysis for gamma distribution with log-
link: χ2 = 14.014, DF = 3, P = 0.003, Tukey test: 3–5 and 13–20: P < 0.001, 5–8 and 13–20: P = 0.252, 8–13 and 
13–20: P = 0.305. Different letters indicate statistical difference. Boxplot indicates the median logarithmic DNA 
quantity per individual (horizontal bar), mean (red dot), error bars (black hinge), asymptotic upper and lower 
confidence limits (red hinge) outliers (white dot). (b) Bright-field light microscopy of Giemsa-stained smears. 
Developmental stages of T. suzukii isolated from SWD larvae, pupae and adults at different time points post 
inoculation. SWD were inoculated in L2 larval stage with 4 ×  104 T. suzukii spores. (1) Larval stage (6 dpi). 
(2) Early pupal stage (8 dpi). (3) Pupal stages (10 dpi). (4) Late pupal stage (13 dpi). (5) Early adult stage (15 
dpi). (6) Adult stage (17 dpi). Abbreviations: (M) meront containing two nuclei, (St) sporont, (Sp) spore, (dSt) 
dividing sporont, (Sb) sporoblast. Scale bar = 5 µm.
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effect was on fecundity and not on fertility (χ2 = 41.336, DF = 3, P < 0.05, Dunn’s test (Bonferroni adjustment): 
F–C: P = 0.037, M-C: P = 0.073, MF-C: P < 0.001).

For control females, 45% of total eggs oviposited were laid in the first 10 days after eclosion (Table 1). Treat-
ments of pairs including infected females differed significantly from the untreated control, but not pairs with 
only males infected (F = 13.96, DF = 3, P(F) < 0.001, Tukey HSD: F–C: P < 0.05, M-C: P > 0.05, MF-C: P < 0.001).

The sex ratio of the offspring was not affected in female treatments (χ2 = 0.45, DF = 1, P = 0.50) and trials with 
biparental (χ2 = 0.057, DF = 1, P = 0.81) infection compared to controls (χ2 = 0.37, DF = 1, P = 0.54); male to female 
ratio was close to 1:1 (Table 1). Male-only infection treatments revealed a sex-biased effect with significant more 
female offspring (χ2 = 9, DF = 1, P = 0.003) (Table 1). Microscopic inspection of 227 F1 individuals from trans-
mission experiments with both infected parents (R/N = 2/18) revealed eight adult flies with a microsporidian 
infection (3.52%) 3 weeks after eggs laid.

When SWD adults were inoculated with T. suzukii, mean oviposition was approximately 30% less in micro-
sporidian-treated groups (MF) compared to the control groups (C) (Table 2), but no significant difference 
between both treatments was noted. Also, the number of eclosed offspring recorded 18 days after oviposition 
did not differ among treatments (Table 2). In both treatments, fertility was about 15–20% lower than fecundity 
but this difference was not significant (Table 2).

The sex ratio of offspring from T. suzukii inoculated parents was shifted to female offspring (χ2 = 9.09, DF = 1, 
P = 0.003), control treatments showed a sex ratio close to 1:1 (χ2 = 0.46, DF = 1, P = 0.50) (Table 2). Inspection 
of 223 F1 adults derived from T. suzukii treatment did not show any infected offspring, indicating that the 
microsporidium is not vertically transmitted if infection occurs in adult stage. Microscopic inspection of 31 
Microsporidia-treated pairs resulted in one male fly with an established T. suzukii-infection.

Discussion
A novel microsporidium T. suzukii was discovered in 2015 in laboratory-reared SWD 39. In this study, the poten-
tial impact of T. suzukii infection on SWD larvae and adults has been investigated and significant concentration-
dependent effects on the mortality as well as the eclosion, survival, lifetime fecundity and effects on offspring 
were analysed when L2 larvae were inoculated with the microsporidium.

We succeeded in measuring the infection progress in individual SWD inoculated in larval stage by qPCR, 
which allowed us following the replication cycle of T. suzukii upon emergence of flies. Within the first 13 days 
post inoculation, DNA copies of microsporidian SSU rDNA increased up to 1000-fold, indicating strong micro-
sporidian proliferation and explaining low pupal survival and adult eclosion after exposure to a high number 

Figure 3.  (a) D. suzukii adult eclosion (proportion, mean = red dot) at 19 dpi after exposure to different T. 
suzukii spore dosages (5 ×  102, 5 ×  103, 5 ×  104 spores/10 μl) in second instar (L2) larval stage and controls. 
Replicate/number (R/N): C = 11/408, 5 ×  102 = 4/180, 5 ×  103 = 4/204, 5 ×  104 = 7/264, F = 8.91, DF = 3, P(F) < 0.001. 
(b) Eclosion (proportion) of D. melanogaster (DM T) and D. willistoni (DW T) exposed to 5 ×  104 T. suzukii 
spores and corresponding controls (DM C, DW C) in L2 larval stage (replicates/total individuals (R/N), DM 
C: R/N = 9/287, DM T: R/N = 9/276, F = 1.361, DF = 1, P(F) = 0.261; DW control: R/N = 3/48, DW T: R/N = 3/48, 
F = 1.987, DF = 1, P(F) = 0.232). Different letters indicate statistical difference (see Fig. 2 for boxplot indication).
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of spores. Although we counted a maximum of  106 spores when dissecting flies, quantification of DNA copies 
suggested even up to  108 spores per fly in late infection stages. We found high larval mortality, whereas eclo-
sion declined dramatically (up to 70%) with increasing inoculated spore concentration. It has to be emphasized 
that the used amount of spores was experimentally motivated, but no data are available if such doses would be 
achieved in natural transmission scenarios when spores are released from dead individuals. SWD larvae surviv-
ing the T. suzukii infection would die during pupal or in early adult stages compared to controls. At high spore 
concentration, only 30% of flies survived the adult stage and these died within 40 days compared to 65 days in 

Figure 4.  (a) Kaplan–Meier survival curves of D. suzukii (SWD), shown as complete lifespan from larval 
stage (day 0–6, orange field) to pupal stage (day 7–19, blue field) up to eclosion and death in adult stage (green 
field). Second instar larvae were either exposed to 5 ×  102 spores (red line, replicates/number (R/N) = 4/180), 
5 ×  103 spores (green line, R/N = 4/204), 5 ×  104 spores (turquoise line, R/N = 7/264) or sterile water as control 
(purple line, R/N = 11/408). Log rank test: χ2 = 534, DF = 3, P < 0.001. (b) Kaplan–Meier survival curves of adult 
SWD inoculated with T. suzukii 3 days after emergence. Separated male and female SWD could either feed on 
sterile water as control (CF = control female, red, replicates/number (R/N) = 4/27; CM = control male, green, 
R/N = 4/25) or a spore suspension of 3 ×  105 T. suzukii spores (IF = inoculated female, turquoise, R/N = 4/45; 
IM = inoculated male, purple, R/N = 4/43). Log rank test: χ2 = 13.1 DF = 3, P = 0.004.

Table 1.  Lifetime, fecundity (oviposition) and fertility (offspring) of SWD pairs inoculated with T. suzukii 
spores at larval stage. Sex ratio of resulting offspring was determined after eclosion of progeny. ID = treatment 
(C = untreated control, F = female infected, M = male infected, MF = both infected), treatment: ♀ = female, 
♂ = male, u = uninfected, i = infected, R/N = number of replicates and total pairs, (§) = significance letter 
(< 0.05), SEM = standard error of mean, N (sex ratio) = total number of offspring analysed for sex. Lifetime, 
eggs/pair/lifetime, eggs/pair/10 days, offspring are shown as means.

ID Treatment R/N
Life-time 
(days) SEM

Eggs/pair/
lifetime (§) SEM

Eggs/
pair/10 days 
(%) (§) SEM

Offspring 
(§) SEM

P (eggs/
lifetime-
offspring)

Sex ratio 
offspring 
♀/♂

N (sex 
ratio)

P (sex 
ratio)

C u♀ × u♂ 3/40 35.9 2.1 135.9 (A) 8.8 61.3 (45.1) 
(A) 5.4 127.7 (A) 9.2  > 0.05,

T = 1.09 0.49/0.51 3351  > 0.05,
χ2 = 0.37

F i♀ × u♂ 3/8 32.8 3.5 65.4 (B) 22.8 30.4 (46.5) 
(B) 10.6 64.5 (B) 22.9  > 0.05,

T = 0.03 0.47/0.53 179  > 0.05,
χ2 = 0.45

M u♀ × i♂ 3/8 26.8 5.7 70.4 (B) 19.9 40.0 (56.8) 
(AB) 12.3 69.1 (AB) 19.9  > 0.05,

T = 0.04 0.64/0.36 121  < 0.05,
χ2 = 9.00

MF i♀ × i♂ 3/35 29.6 1.5 39.8 (B) 4.5 19.4 (48.7) 
(B) 2.8 32.2 (B) 4.8  > 0.05,

W = 732.5 0.52/0.48 439  > 0.05,
χ2 = 0.06

P, test  > 0.05, 
χ2 = 2.68

 < 0.001,
χ2 = 48.84

 < 0.001,
F = 13.96

 < 0.05,
χ2 = 41.34
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control. At low spore concentration, differences between the inoculated and control groups were not seen until 
day 35, when mortality increased. There was no evidence that T. suzukii has such strong effect on eclosion of other 
drosophilids when L2 larvae were inoculated. Compared to controls, eclosion of D. willistoni was reduced about 
33% when larvae were inoculated with 5 ×  104 spores but D. melanogaster was not affected at all. Virulence of T. 
suzukii to these two drosophilids was low, but transmission efficiency as another important infection  parameter40 
was not determined for both in this study.

When adults of SWD were inoculated, male control flies had a significantly longer lifespan compared to other 
treatments. This effect could be due to the experimental design where one female and one male were kept together. 
As shown for other drosophilids, mating significantly reduces survival of females and the absence of rivals results 
in increased male  lifespan41–43. The high larval and lower adult susceptibility of SWD are in line with findings 
from other microsporidia of drosophilids, such as Tubulinosema ratisbonensis and Tubulinosema kingi23,44–49.

Fecundity and fertility were significantly reduced after larval inoculation resulting in about 70% reduction of 
egg deposits in biparental infections, but not after adult treatment. Females appeared to be the mainly weakened, 
as SWD pairs with only females infected had the second highest reduction of egg deposits. One important fitness 
parameter is the oviposition rate within the first 10 days after adult emergence, when drosophilids are laying the 
majority of eggs compared to the rest of the  lifetime50. SWD pairs inoculated with T. suzukii laid about 46–57% 
of the lifetime-eggs within the first 10 days, whereas untreated controls deposited 45%. Selection studies with 
continuous exposure of D. melanogaster to microsporidia showed increased longevity and higher early-life 
fecundity rates in selection lines when infected with the pathogen. In contrast, longevity of controls challenged 
with microsporidia was significantly shorter compared to the selection line, whereas the lifetime fecundity 
was higher in absence of the  pathogen51. In our study, the sublethal concentrations for this experiment (single 
exposure of 10 μl with 1.5 ×  104 spores/μl) did not reduce adult fly survival. Hence, we observed no significantly 
higher oviposition than in controls within 10 dpi, comparable with results of earlier studies for T. kingi-infected 
D. melanogaster44. We found no change in fertility, all treatments showed only 10% reduced hatching of offspring 
assuming T. suzukii has no effect on fertility. No tissue-pathological evidence for T. suzukii infections in male 
gonads or sperms was found in a recent study, but sample size was  low39. However, the combination of parental 
pairs with male-only infection (M: u♀ × i♂) resulted in reduced oviposition as well. We found a statistically sig-
nificant shift to higher proportions of female offspring (0.64) compared to controls (0.49) in this experimental 
setup, suggesting a parthenogenetic effect due to microsporidian infection. Since this effect was found from 
only three infected pairs more replicates would be useful to further support this finding. To our knowledge, 
pathogen-induced parthenogenesis was never described for SWD, although Wolbachia bacteria are known to 
induce female-biased progeny for approximately 40 drosophilid  species52–56. The number of progeny in male-only 
treatments was comparably low to female-only treatment. Previous studies reported unmated females producing 
unfertilized eggs have a reduced total number of progeny for some drosophilids  species57,58.

The here discussed high larval and low adult infection effects were similar to previous results of Vijendra-
varma et al. on stage-specific susceptibility of D. melanogaster treated with T. kingi47. For invertebrate hosts, 
several resistance mechanisms after microsporidian exposure were reported, showing induced cellular immune 
response like encapsulation, melanisation, hemocyte production, and  phagocytosis65,66. In Diptera (i.e. drosophi-
lids and mosquitoes), microsporidia infection induced up-regulation of lysozym genes and AMP  production65. 
In selection experiments with D. melanogaster challenged with the microsporidium T. kingi or the fungus Beau-
veria bassiana, similar effects were observed: Flies selected on the pathogens had increased fitness and higher 
intra-specific competitiveness under pathogen pressure compared to non-selected control lines in presence 
of  pathogens51,67. Due to the relatedness of T. kingi and T. suzukii39, similar outcomes may hold for SWD. 
Hence, combined effects of potential resistance to T. suzukii as well as over-represented fitness costs with low 
adult susceptibility implicate that this microsporidium might be a difficult tool for SWD pest management. 
Above that, commercial field application of microsporidia for insect biocontrol is still a matter of debate. In the 
1970s, Antonospora (Paranosema) locustae (formerly: Nosema locustae) was used for locust and grasshopper 
 management25 but low and slow mortality, inefficiency for some target species, and insignificant efficacy resulted 
in an economic failure of this agent.

Table 2.  Lifetime, fecundity (oviposition) and fertility (offspring) of SWD pairs inoculated with T. suzukii 
spores at adult stage. Sex ratio of resulting offspring was determined after eclosion of progeny. ID = treatment 
abbreviation (C = untreated control, MF = both infected), treatment: ♀ = female, ♂ = male, u = uninfected, 
i = infected, R/N = number of replicates and total pairs, (§) = significance letter (< 0.05), SEM = standard error of 
mean, N (sex ratio) = total number of offspring analysed for sex. Lifetime, eggs/pair/lifetime, eggs/pair/10 days, 
offspring are shown as mean.

ID Treatment R/N
Eggs/pair/lifetime in 
days (§) SEM Offspring (§) SEM P (eggs-offspring)

Sex ratio offspring 
♀/♂ N (sex ratio)

P (sex 
ratio)

C u♀ × u♂ 4/17 152.9 (A) 19.43 132.2 (A) 19.3  > 0.05,
T = 0.75 0.51/0.49 1139  > 0.05,

χ2 = 0.46

MF i♀ × i♂ 4/31 107.6 (A) 12.43 88.0 (A) 10.6  > 0.05,
W = 573.5 0.54/0.46 1405  < 0.05,

χ2 = 9.08

P, test 0.059,
T =  − 1.96

0.055,
T =  − 2.01
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Furthermore, we conclude T. suzukii is not transmitted transovarially as offspring infection was rarely 
observed, but is horizontally transmitted via cadavers or frass. Transovum transmission is also possible. In former 
studies of the authors, T. suzukii spores were found inside maturing SWD ovaries of early adult stage females, 
possibly influencing egg  development39. Spores were not found inside mature ovaries but infecting adipose tis-
sue surrounding the ovaries, which can be transferred via egg  deposition39. Other studies revealed transmission 
rates of 1–11% in Drosophila showing a similar transmission pattern for Tubulinosema microsporidia infecting 
closely related  drosophilids23,45. In experiments where adults were inoculated, no oviposition reduction or vertical 
transmission was observed, suggesting a delayed infection  process59,60.

In our experiments, T. suzukii had a very strong impact on longevity and fecundity of SWD in the lab when 
early larval stages were infected. Based on the negative effects, SWD infection could have a population reducing 
effect but adult flies are no suitable targets of T. suzukii. As this microsporidium was only found in a laboratory 
population so far, further field populations of SWD should be screened for natural occurrence of T. suzukii and 
other potential pathogens for biological control of this fruit damaging fly.

Material and methods
Insect host rearing. Microsporidia-free D. suzukii (SWD) flies were maintained in 30 × 30 × 30 cm cages 
(BUGDORM, MEGAVIEW SCIENCE CO., Taiwan) with water, a diet for adult flies (1 g brewer’s yeast and 1 g 
sucrose) and an artificial oviposition medium as described elsewhere (39, modified from Chabert, et al.30). The 
oviposition medium was replaced weekly. If larvae with synchronous development were needed, the medium 
was replaced every 4 h. Insect rearing and subsequent biotests were performed under the following conditions: 
22 ± 1 °C, 50% relative humidity (r.H.), 16:8 h light:dark photoperiod. Microsporidia-free D. melanogaster (DM) 
and D. willistoni (DW) were maintained under same conditions as described for SWD.

Preparation of T. suzukii spores for SWD inoculation. T. suzukii was first isolated from a D. suzukii 
rearing originating from flies collected in Oregon,  USA38. Adult D. suzukii were homogenized with a micro pes-
tle, dissolved in distilled sterile water and filtered through four layers of gauze, then additionally filtered through 
a cotton filter disc with 12–15 μm particle retention (Grade 1288, Ø 90 mm, SARTORIUS AG, Göttingen, Ger-
many). Spores were precipitated by centrifugation at 10,000×g (Centrifuge 5424 R, EPPENDORF, Hamburg, 
Germany) and resuspended in 500 μl sterile tap water. Spore concentration and purity was determined with a 
Thoma hemocytometer under phase contrast microscopy (DMRB, LEICA, Wetzlar, Germany), followed by dilu-
tion in sterile tap water to final concentrations as required for subsequent biotests.

Preparation of standards in real-time quantitative PCR (qPCR). T. suzukii spores were extracted 
from adult SWD carrying an infection with spores (about 3 weeks after initial inoculation of L2 larvae with 10 μl 
spore suspension containing 1.5 ×  104 T. suzukii spores). To produce standard curves, ten flies were homoge-
nized with a micro pestle. About 1 ×  107 spores were purified with one filtration step through four layers of gauze 
mesh and a final purification with Percoll. For this purpose, 400 μl spore suspension was overlaid on 1.6 ml 75% 
Percoll (MERCK, Darmstadt, Germany) dissolved in 1 × PBS in a 2-ml reaction tube and spun down for 20 min 
at 12,900×g and 15 °C in an EPPENDORF centrifuge (5424R, EPPENDORF, Hamburg, Germany). The spores 
formed a band close to the bottom of the reaction tube. The spore band was washed twice in 1 × PBS at 15,000×g 
for 5 min, and the resulting pellet was resuspended in distilled water. Afterwards, spores were inspected for 
purity under phase contrast microscopy (DMRB, LEICA, Wetzlar, Germany). For preparation of a qPCR stand-
ard, serial dilutions of purified spores were prepared with  101–106 spores in 100 μl distilled water.

SWD inoculation and DNA extraction for qPCR. L2 larvae of SWD were exposed to 10 μl spore sus-
pension with 4 ×  104 spores in a microtiter plate overlaid on 440 μl pureed apple. Every 2–3 days three larvae and 
later pupae or adults were removed and euthanized with ethyl-acetate and surface sterilized with 0.05% sodium 
hypochlorite. One individual was examined visually for infection by light microscopy with 400 × magnification 
(DMRB, LEICA, Wetzlar, Germany) and a smear was stained with modified Giemsa-stain according to Eberle 
et al.61. Two larvae per replicate were used for genomic DNA extraction as described above and then qPCR. This 
was repeated for adult SWD which were starved for 3 h followed by bulk feeding for 18 h with a spore suspen-
sion containing in total 5 ×  105 T. suzukii spores mixed with blue food colour (modified droplet feeding method 
from Hughes and  Wood62). To each group of ten flies, 10 μl spore suspension were provided. The time frame for 
euthanizing four flies per replicate (day 3, 5, 10, 18, 28, 38) was longer than for larval inoculation, as infection 
was sometimes delayed in adults. Two flies were prepared for microscopy and Giemsa-staining and two other 
were used for genomic DNA extraction after surface sterilization with sodium hypochlorite.

Sample and standard spore preparations (see “Preparation of standards in real-time quantitative PCR 
(qPCR)”) were centrifuged at 15,000×g for 10 min. The spore pellet was dissolved in 200 μl CTAB lysis buffer 
(APPLICHEM, Darmstadt, Germany). Following addition of 200 mg of glass beads (0.25–0.5 mm diameter, 
ROTH, Karlsruhe, Germany) spores were broken by bead beating in a tissue disrupter at 24 MHz for 1 min (MP 
FASTPREP-24 Tissue and Cell Homogenizer, MP BIOMEDICALS, Eschwege, Germany). Lysis was performed 
by adding 2 μl proteinase K (200 ng/μl, BIORON GMBH, Römerberg, Germany) and incubating samples at 
56 °C on a thermo shaker at 250 rpm for 18 h. DNA was extracted with a two-step phenol–chloroform extrac-
tion with 25:24:1 phenol:chloroform:isoamyl alcohol. DNA preparations were washed twice in chloroform and 
finally subjected to ethanol precipitation (96% ethanol). DNA pellets were dissolved in 30 μl distilled water. 
Quantitative PCR reactions to amplify small ribosomal subunit DNA (SSU rDNA) were carried out with 2 μl of 
DNA dissolved in distilled water and Maxima SYBR Green qPCR Master Mix (THERMO FISHER SCIENTIFIC 
GMBH, Darmstadt, Germany) using 12.5 μl Master Mix, 1 μl 10 mM forward primer Tn37F (5′-CGA AGA TTT 
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AGC CAT GCA TGCT-3′) and 1 μl 10 mM reverse primer Tn562R (5′´-CCG CTT CGA ATA TAA GCA TTGA-3′) 
39 and 8.5 μl Nuclease-free water per reaction with following reaction conditions: 94 °C for 3 min initial dena-
turation, followed by 35 cycles of 94 °C for 45 s, 50 °C for 30 s, 72 °C for 90 s and stepwise temperature increase 
from 50 °C to 94 °C in 0.5 °C every 5 s (CFX96 TOUCH Real Time PCR Systems, BIO-RAD LABORATORIES 
GMBH, Feldkirchen, Germany).

Larval inoculation for lethal concentration  (LC50), survival and fecundity tests. The cavities of a 
96-well microtiter plate (GREINER BIO-ONE GMBH, Frickenhausen, Germany) were filled with 440 μl pureed 
apple overlaid with 10 μl spore suspension (concentrations for each experiment are listed below). A single L2 
larva (3 days-old) was placed in each well the microtiter plate. Four experimental set ups were conducted:

(a) LC50 determination: application of five different spore concentrations in logarithmic scale  (101 to  105 spores 
per μl) to L2 larvae in a single microtiter plate. For each concentration one microtiter plate was prepared 
to avoid contamination and spill-over of larvae to another treatment. Two to nine independent replicates 
were performed.

(b) Eclosion and survival experiments: application of either 5 ×  102, 5 ×  103 or 5 ×  104/10 μl T. suzukii spores 
to each larva in one single microtiter plate. For each concentration one microtiter plate was prepared to 
avoid contamination. Four to eleven replicates were performed. For each independent replicate, a new 
spore suspension was prepared.

(c) Fecundity tests: application of 1.5 ×  104/10 μl T. suzukii spores to each larva in a single microtiter plate.
(d) Host range testing with D. melanogaster and D. willistoni: application of 5 ×  104/10 μl T. suzukii spores to 

each one L2 larva of one species in a single microtiter plate. Three to nine replicates were prepared.

Untreated controls were prepared in separate microtiter plates and contained the equivalent amount (10 μl) 
of sterile tap water overlaid on 440 μl pureed apple. All implemented microtiter plates of one replicate for infec-
tion treatment and controls were prepared identically using the same batch of L2 larvae and kept under same 
rearing conditions.

Experimental design for  LC50, eclosion and survival tests. Microtiter plates containing inoculated 
larvae were transferred into cylindrical cages (30 cm height, 25 cm diameter, closed with a nylon membrane) 
containing a water source, adult diet and oviposition medium (see 2.1) were changed twice a week. Mortality 
in  LC50 tests until 18 days post inoculation (dpi), eclosion until 19 dpi and survival of adults until 63 dpi were 
recorded daily until all SWD died. The  LC50 at 18 dpi was calculated using probit analysis. Mortality data were 
corrected for control mortality by Abbott  formula63.

Experimental design for fecundity tests. For fecundity experiments, inoculated larvae pupated and 
eclosed and the adults were separated into male and female groups directly after eclosion for 3 days to avoid 
premature mating. One 3-day-old naive male and female adult were then placed together for mating and ovipo-
sition They were held in boxes (6 cm height, 10 cm diameter) containing a Petri dish (3 cm diameter) with ovi-
position medium prepared as described in 2.1. After 48 h, the Petri dish with oviposition medium was replaced 
and eggs were counted from the oviposition medium. The oviposition medium was then placed in a separate 
box and eggs were maintained until hatch. This procedure was repeated every 2 days until the last SWD pair 
inoculated with T. suzukii died. Number of hatched offspring was determined 18 days after oviposition and sex 
ratios were recorded. Treated flies were post-hoc inspected for established infections and assigned to different 
groups in the analyses: MF: i♀ × i♂ = female and male infected, F: i♀ × u♂ = female infected/male uninfected, 
M: u♀ × i♂ = female uninfected/male infected. Transmission was examined in two separate trials (18 pairs) with 
both infected parents. Oviposition medium was changed every 2 days as described above and the oviposition 
rate was recorded. Eggs were transferred to fresh medium for development. Eggs were not surface sterilized to 
avoid manipulation of the respiratory filaments resulting in higher mortality. Experiments were carried out in an 
incubator (RUMED 3501, RUBARTH, Laatzen, Germany) under rearing conditions: 22 ± 1 °C, 60% rH, 16:8 h 
light–dark photoperiod.

Inoculation of adults and design of survival and fecundity experiments. SWD adults at 3 days 
post-eclosion (survival experiment) or one day post-eclosion (fecundity experiment) were placed together in 
groups of four (survival experiment) or separated into groups of male-only and female-only groups (fecundity 
experiment) into a plastic box where they were starved for 3 h followed by bulk feeding with 100 μl tap water 
droplets containing in total 3 ×  105 T. suzukii spores mixed with blue food colour over night (about 18 h) (modi-
fied droplet feeding method from Hughes and  Wood62). Flies with a blue abdomen were selected for the experi-
ments, whereby one male and one female were placed together in a cage (containing diet and water). For each 
independent replicate, a new spore suspension was prepared. Four replicates were prepared in total. In survival 
experiments, daily survival was recorded until all adults died. For fecundity experiments, egg deposition was 
recorded every 2 days and number of hatched offspring was determined 18 days post oviposition. Treated flies 
were post-hoc microscopically inspected to determine infection status.

Statistical analyses. Estimation of the median lethal concentration  (LC50) and slope of the concentration–
mortality curve were calculated by probit analysis using TOXRAT  software64. All other statistical analyses were 
conducted with R version 3.5.1 (2018–07–02). For test of normal distribution, Shapiro Wilk test was chosen with 
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α = 0.05 level of significance. For qPCR DNA expression data and adult eclosion assays general linear models 
(GLM) were for gamma and quasi-binomial distributed data were used respectively. Numbers of independent 
replicates (R) and sample size (N) are given in the Results part. For all statistical tests a level of significance of 
α = 0.05 was applied if not indicated otherwise.
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