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ARTICLE INFO ABSTRACT
Keywords: The larval parasitoid Ganaspis kimorum Buffington (Hymenoptera: Figitidae) is a classical biological control agent
Ganaspis kimorum of Drosophila suzukii (Matsumura) (Diptera: Drosophilidae). This study investigated the overwintering strategy of

Drosophila suzukii

G. kimorum under field conditions in Switzerland and Northern Italy. Field experiments conducted from 2021 to
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2024 involved exposing G. kimorum to naturally variable temperatures in seven sites with different climates.
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pause Results indicate that diapause induction may be mediated by temperature, with exposures after late September
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Thermal threshold successfully triggering diapause. Dissections revealed that diapause occurs in the early larval instar (L1) residing
Degree days within early pupal stages of D. suzukii. In four out of seven sites, G. kimorum was able to survive winter conditions

and emerged as adult. Survival rates varied significantly across sites (0.4-17.6 %). The analysis revealed sig-
nificant negative associations between insect survival and the count of days with temperatures below 0°C and
above 30°C. Analysing the variation of Degree Days needed until adult emergence confirmed that G. kimorum
arrests its development as a first-instar larva and suggests a lower thermal threshold of 9°C, with 329 + 6 post-
diapause Degree Days needed to develop to the adult stage. The study provides valuable insights into the biology
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of the parasitoid that may be helpful for optimizing field releases and enhancing the effectiveness of G. kimorum
as a biological control agent of D. suzukii.

1. Introduction

As poikilothermic organisms, the development and fitness of insects
are strongly influenced by temperature, which shapes their distribution
and abundance ((Angilletta, 2009; Nedved, 2009; Vieira et al., 2020).
For insect predators and parasitoids, understanding the environmental
limitations that influence their potential geographic distribution and
their overwintering capacity is crucial for their successful application as
biological control agents (BCAs) (Hondo et al., 2006; Hughes et al.,
2010; Wang et al., 2018b).

Insects often enter dormancy to cope with abiotic stress, such as cold
temperatures. Dormancy may involve quiescence, an immediate
response to climatic thresholds, or diapause, a hormonally mediated,
genetically programmed state characterized by metabolic suppression,
developmental arrest, and reproductive inactivity (Denlinger, 2002;
Kostal, 2006). Environmental triggers like photoperiod and temperature
often influence diapause initiation, but their effects vary among species.
For example, diapause in Anastatus japonicus Ashmead (Hymenoptera:
Eupelmidae) is regulated by photoperiod and temperature (Zhao et al.,
2021), whereas photoperiod primarily triggers diapause in Colpoclypeus
florus (Walker) (Hymenoptera: Eulophidae), and temperature plays a
dominant role for Microplitis mediator (Haliday) (Hymenoptera: Braco-
nidae) (Li et al., 2008; Milonas and Savopoulou-Soultani, 2000).

This study investigates the overwintering capacity and diapause of
the larval parasitoid Ganaspis kimorum Buffington (Hymenoptera: Figi-
tidae), a biological control agent targeting the invasive spotted-wing
drosophila, Drosophila suzukii (Matsumura) (Diptera: Drosophilidae).
Native to East Asia, D. suzukii has become a global pest since the early
2000 s, spreading across the Americas, Europe, and Africa (Andreazza
et al., 2017; Asplen et al., 2015). Its serrated ovipositor (Atallah et al.,
2014), broad host range (Burrack et al., 2013; Kenis et al., 2016), rapid
development cycle (Hamby et al., 2016) and high dispersal ability (Tait
et al., 2020), enabled this pest to quickly exploit new ecological niches,
resulting in significant agricultural losses worldwide (De Ros et al.,
2021; Farnsworth et al., 2017; Tait et al., 2021).

Monitoring in the native area and specificity tests (Biondi et al.,
2021; Daane et al., 2021; Girod, 2017; Seehausen et al., 2020; Wang
et al., 2018a, 2020), strongly suggest that the ecological host range of
G. kimorum is limited to D. suzukii residing in ripening fruit (Stahl et al.,
2024), and for this reason was selected as BCA in both Europe and the U.
S. (Fellin et al., 2023; Gariepy et al., 2024; Lisi et al., 2022). Initial re-
ports suggest that G. kimorum can overwinter in introduced regions
(Fellin et al., 2023), but exact overwintering strategies and potential
diapause remain unknown.

The thermal performance and cold tolerance of D. suzukii have been
extensively studied. Flies overwinter as adults (Dalton et al., 2011;
Enriquez and Colinet, 2017; Shearer et al., 2016; Zerulla et al., 2015),
especially when expressing the winter-acclimated phenotype (Colinet
and Kustre, 2024; Leach et al., 2019; Sario et al., 2023; Stephens et al.,
2015). Adults undergo a reproductive diapause in response to shorter
day lengths and cooler temperatures (Grassi et al., 2018). On the other
hand, D. suzukii larvae are freeze intolerant and die quickly after short-
term exposure to relatively mild temperatures (Jakobs et al., 2017;
Stockton et al., 2019).

Studies on D. suzukii pupal parasitoids such as Pachycrepoideus vin-
demiae (Rondani) (Hymenoptera: Pteromalidae) and Trichopria droso-
philae (Perkins) (Hymenoptera: Diapriidae) showed their ability to
survive up to three months at constant 12°C under laboratory conditions
(Wang et al., 2018b). and under extended natural winter conditions as
immature stages (Amiresmaeili et al., 2020; Haner et al., 2022).
Research on larval parasitoids focused on Leptopilina spp. and Ganaspis

lupini (previously Ganaspis cf. brasiliensis G3 according to Sosa-Calvo
et al. (2024)) and found population-specific cold tolerance associated
with geographic origin (Gibert et al., 2001). Both species showed a
prepupal diapause, with G. lupini having a low thermal threshold (Ty)
ranging between 5 and 9°C, and Leptopilina japonica Novkovi¢ & Kimura
initiating diapause at 15 or 18°C (Hougardy et al., 2019; Murata et al.,
2013).

However, most studies on parasitoid diapause and overwintering are
conducted under laboratory conditions or rely on temporary field ex-
posures (Amiresmaeili et al., 2020; Haner et al., 2022; Hougardy et al.,
2019; Li et al., 2008; Vieira et al., 2020; Wang et al., 2018b) limiting
their ecological relevance. Fluctuating temperatures in natural settings
can cause physiological and ecological effects that differ from those
predicted under constant temperatures (Colinet et al., 2015), and for this
reason should be better investigated.

Here, we present findings from two experiments, conducted in
winter 2021/2022 and 2023/2024 in Switzerland and Northern Italy,
respectively. We exposed G. kimorum-parasitized D. suzukii larvae to
natural conditions at seven sites across different altitudes, monitoring
emergence, survival, overwintering stages, and Degree Day (DD) accu-
mulation. DD analysis is a reliable tool for predicting insect development
and emergence (Sridhar and Reddy, 2013), and it is particularly valu-
able in the context of pest control programs (Herms, 2004). By
leveraging this approach, our findings provide critical insights into the
capacity of G. kimorum to establish in release sites (Dietschler et al.,
2023; Jenner et al., 2010) and contribute to modelling host-parasitoid
interactions.

2. Material and methods
2.1. Insect colonies

Ganaspis kimorum specimens originated from a population collected
in 2016 near Tokyo, Japan (Girod et al., 2018a). Parasitoids were reared
at CABI in Delémont, Switzerland for experiment 1 and at Edmund Mach
Foundation (FEM) in S. Michele all’Adige, Italy for experiment 2.
Rearing followed the protocol described by Girod et al. (2018b) and
Rossi-Stacconi et al. (2022), under controlled conditions (16:8 light:dark
(L:D) photoperiod, 22 + 2°C and 70 + 10 % relative humidity (RH)).

Drosophila suzukii colonies were established from locally collected
adults and maintained in climatic chambers with a photoperiod of 16:8
L:D at 23 £+ 2°C and 60 + 10 % RH.

2.2. Experiment 1

A first experiment was conducted in 2021 in field cages in
Switzerland to do preliminary investigations into diapause induction
and the overwintering stage of G. kimorum under near/natural condi-
tions. This study was part of the large-arena field cage experiment to
assess the host-specificity of G. kimorum (Seehausen et al., 2022) and

Table 1
Sites description.

Full name Site Coordinates Altitude (m a.s.L.)
Cadenazzo CAD 46.1616 N; 8.9325 E 225

Delémont DEL 47.3732 N; 7.3256 E 515

Faedo FAE 46.1950 N; 11.1670 E 660

Laimburg LAI 46.3848 N; 11.2865 E 294

Novale di Fié NOV 46.5312 N; 11.4985 E 655

S. Genesio GEN 46.5615 N; 11.3244 E 1233

S. Michele A/A SMA 46.1894 N; 11.1365 E 216
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was conducted in two locations, Delémont (DEL) and Cadenazzo (CAD)
(Table 1) (Supplementary Fig. S1). In Delémont, a small insect rearing
cage (47.5 x 47.5 x 47.5 cm, MegaView Science Co., Taiwan) was
installed within a larger polyester netting cage (200 x 200 x 160 cm).
From August 20 to September 30, 2021, about twenty freshly emerged
G. kimorum adults (males and females) were released weekly into the
smaller cage. Blueberries infested with one-day old D. suzukii larvae
were exposed to the parasitoids every week for 3 days. Thus, a total of
five parasitoid releases and exposures of blueberries were conducted for
the experiment. Following exposure, blueberries were transferred to
ventilated plastic containers (10 x 5 cm), closed with a foam lids, and
kept in the cages. Because of a shortage of parasitoids, in one case,
D. sugukii larvae were exposed to parasitoids under laboratory condi-
tions (August 27-30) before being placed in the field cages (E1). A
second exposure occurred directly in field between September 10 and 13
(E2). Parasitoid emergence was monitored weekly to determine devel-
opment time and the onset of winter diapause.

On December 13, 2021, the containers with the blueberries and
potentially parasitized D. sugukii were equally divided, placed in two
plastic boxes with a mesh window (to allow exposure to natural tem-
peratures), and moved in the ground at the two locations so that the lid
was at ground level. Holes in the bottom of the box prevented rain or
melting snow from flooding the overwintering individuals. Temperature
inside the overwintering boxes was recorded every hour using data
loggers (HOBO® Pendant MX, Onset®, USA).

Between February 25 and March 11, 2022, ten D. suzukii puparia
were removed from the overwintering container in Delémont and
dissected under a microscope to determine the overwintering stage of
G. kimorum according to morphology and size (Wang et al., 2019). The
remaining overwintering individuals were transferred on February 25
and March 11 to a growth chamber and reared at 20°C until parasitoid
emergence.

2.3. Experiment 2

Following the preliminary findings of Experiment 1, a second
experiment was conducted in 2023 to further evaluate the overwintering
strategy of G. kimorum under natural conditions. This experiment took
place in Trentino-Alto Adige in Northern Italy, the first region in Europe
where the BCA was released (Fellin et al., 2023). Five sites were selected
in forest areas bordering cultivated land at different altitudes: Faedo
(FAE), San Genesio (GEN), Laimburg (LAI), Novale di Fié (NOV) and San
Michele all’ Adige (SMA) (Table 1) (Supplementary Fig. S1). Before
taking them into the field, fruit samples were prepared according to the
following method: blueberries from the same batch were soaked in a 2 %
bleach solution for five minutes, rinsed three times, dried, and placed in
sterilized 9 cm petri dishes. Blueberries were transferred to D. suzukii
rearing cages for oviposition (4 h), followed by exposure to G. kimorum
parasitization for 48 h under laboratory conditions as described above
for both species. Blueberries were portioned (150 + 1 g) in plastic
containers (11 x 14 cm), covered with a mesh and transferred to over-
wintering sites. Control containers were maintained under the same
laboratory conditions (16:8 L:D photoperiod, 22 + 2°C and 70 + 10 %
RH).

At each site, samples were kept in large metal cages (5 mm mesh) to
prevent external interference (e.g., predation) and monitored for
weather parameters using climatic loggers (HOBO® Pendant MX,
Onset®, USA). Over nine weeks (September 27 to November 22, 2023),
one container per site was exposed weekly, resulting in nine replicates,
referred to as exposures (E1-E9). Exposed fruit samples were retrieved
between May 1 and 14, 2024, and placed in controlled conditions (16:8
L:D photoperiod, 23.5 + 1.5°C and 70 + 10 % RH) for 30 days to
monitor insect emergence. Every container was monitored weekly to
check insects’ emergence.

At 63 and 112 days after exposure (DAE), field samplings were
conducted to assess insect development stages. Drosophila suzukii
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juveniles (larvae or puparia) were collected from the fruit samples and
taken to the laboratory. The number of sampled juveniles varied
depending on availability, ensuring some remained for natural spring
emergence. Half of the samples were dissected under a stereomicroscope
(LEICA Microsystems, Wetzlar, Germany) to identify developmental
stages and vital status. Insects were considered alive if they presented
mobility, or if their body shape was intact and coloration clear. Con-
trary, dead insects did not show mobility and had sign of postmortem
discoloration (browning). The categorization of G. kimorum develop-
ment stages were based on the morphology of closely related species
(Melk and Govind, 1999). As only parasitoid larval stages were observed
throughout the experiment, they were categorized into: first larval instar
(L1), second larval instar (L2) and third larval instar (L3). Drosohila
suzukii juvenile stages were grouped into larvae, early pupae and late
pupae based on Chyb & Gompel (2013). Remaining samples were
acclimated (12:12 L:D photoperiod, 15 + 2°C and 70 + 10 % RH) for a
week and transferred to rearing conditions (16:8 L:D photoperiod, 22 +
2°C and 70 + 10 % RH) to assess successful emergence and survival rate
(emergence tests).

Overwintering G. kimorum adults emerging from the second sam-
pling (112 DAE) were used in parasitization and longevity bioassays
conducted at rearing conditions (16:8 L:D photoperiod, 22 + 2°C and 70
=+ 10 % RH). Both overwintering and control adult wasps were isolated
into Dutscher rearing tubes (2.85 x 9.5 cm) containing a cellulose plug
hydrated with 2 mL distilled water and honey applied to the inner lid.
Mated females that were 6 + 1 day old were exposed to 10 + 0.5 g of
blueberries infested with D. suzukii larvae (6 blueberries with 5-15 eggs
per berry) for 72 h in a cylindrical plastic container (6 x 8 cm). After
parasitization, wasps were returned to rearing tubes for assessing their
longevity. Mortality was recorded every two days, water and honey
were replenished weekly.

2.4. Data analysis

The analysis focused on the first five exposures (E1-E5) because no
successful development to the adult stage was observed from E6 onward.
From each site, daily parameters of maximum temperature (Tpax),
minimum temperature (Tpi,), and average temperature (T,ye) Were
extracted. As the data did not meet the assumption of normality (as
assessed by Shapiro-Wilk test), Taye from different sites were statistically
compared with a non-parametric Kruskall-Wallis rank sum test followed
by a Dunn’s post-hoc pairwise test. Tests were performed in R (4.3.0) (R
Core Team, 2020) using the “dunn.test” package (Dinno, 2024). Cu-
mulative time below freezing (Ct.o) was calculated as the number of
consecutive days where daily Toye was < 0°C. Extreme climatic events
were calculated as the count of days where Tyjn < 0°C (Dr<g) or Tpax
exceeded 30°C (Drs30). To evaluate the temperatures conducive to
diapause induction, the weekly average temperature for each exposure
and site was calculated as the mean of the daily temperatures during the
first seven days of exposure.

Degree days (DD) were calculated using the single sine method
described by Zalom et al. (1983) according to the following formula:

DD :1{(Tmax+Tmin _
b2 2

mf5-a))

T T
o :sin’lKTLfM) +a}

TL) (62 — 61) + afcos(61) — cos(82) | + (Tu

2

T, Toni
Oy = sin”! KTU — 7"“”; mm) =+ a} s

where Tpax and T are daily maximum and minimum temperatures, Ty
is the upper thermal threshold, and Ty, is the lower thermal threshold. A
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Ty of 29.3°C was selected, based on data for the closely related species
Ganaspis lupini (Hougardy et al., 2019). The lower thermal threshold
(Ty) was estimated by doing a sensitivity analysis of the Coefficient of
Variation (CV = o/p, where ¢ is the standard deviation and u the mean
(Lovie, 2005)) as follows: First, DDs were calculated at Ty, values ranging
from 0°C to 15°C for two overwintering scenarios: 1) Ganaspis kimorum
does not have a true diapause but only a quiescence. Therefore, DD
accumulation starts at the time of exposure in autumn and ends at adult
emergence in the following spring, assuming that the parasitoid con-
tinues accumulating DD throughout the entire exposure period. 2)
Ganaspis kimorum has a true diapause. Thus, an arrestment of develop-
ment is induced in autumn and terminates after certain time of exposure
to cold temperatures, after which DD begin to accumulate. This analysis
was conducted with three starting dates of DD accumulation: December
1, January 1 and February 1.

For each scenario, the T, with the lowest CV was accepted as the
developmental threshold in the above-described calculation of DDs
(Chmiel and Wilson, 1979), which was conducted using the “degday”
package (Lyons, 2022) in software R (R Core Team, 2020). The DD re-
quirements until adult emergence were statistically compared sepa-
rately for scenario 1) control vs. overwintering parasitoids at Ty, of non-
diapausing parasitoids, scenario 2) control vs. overwintering parasitoids
at Ty, of diapausing parasitoids, and a scenario 3), which is as scenario 2
but with an addition of DDs required for the parasitoid to reach the L1
stage. This third analysis was to confirm the diapausing instar that was
observed through the above-described dissections. The number of DDs
to reach the L1 stage was estimated based on developmental parameters
established for G. lupini by Wang et al. (2019). At 22°C, G. lupini’s L1
larval stage emerges from the egg case at 122 h and transitions to the L2
stage at approximately 142 h (+6 days). Thus, the resulting number of
DDs to reach the L1 stage was estimated to 78. Because the residuals of
the ANOVAs did not follow the assumptions of normality (as assessed by
Shapiro-Wilk test) and homogeneity of variance (as assessed by Levene’s
test), the statistical analysis was conducted with a non-parametric
Mann-Whitney U test in the software R (4.3.0) (R Core Team, 2020).

Parasitoid overwintering survival was calculated for each site and
exposure as the total number of adults emerged either after over-
wintering exposure or from samples collected during winter (emergence
tests). The survival rate (SR) was expressed as the absolute emergence
corrected by control group, using the formula: SR (%) = (Aow/Ac) X
100, where Aow is the number of overwintering adults and Ac is the
number of adults that emerged under control conditions without over-
wintering exposure (Haner et al., 2022).

A logistic regression was used with the “glm” function of the stats
package in R (4.3.0) (R Core Team, 2020) to analyse the influence of
Dt and Dr-3¢ as independent variables on the survival of G. kimorum
assessed through the dissections conducted during samplings. Survival
as the binary dependent variable indicated whether parasitoid larvae
examined during dissections (n = 102) were alive or dead.

The longevity of post-diapausing G. kimorum adults were statistically
compared separately for sexes (control vs. male and control vs. females)
with a Mann-Whitney U test on R software (4.3.0) (R Core Team, 2020),
as the data did not meet the assumptions of normality and homogeneity
of variances.

Parasitization bioassays measured parasitism using the Apparent
Parasitism Rate (APR), defined as the proportion of parasitoid offspring
among all emerged insects. APR was calculated for each female using the
formula: APR = n,,/n;, where n, is the number of parasitoid offspring and
n; is the total number of flies and parasitoids emerging (Girod et al.,
2018b).

3. Results
Overall average temperatures varied significantly across sites (% =

61.1, df = 6, P < 0.05) (Supplementary Fig. S2-S3), with highest tem-
perature of 8.5°C recorded in LAI and lowest temperature of 4.9°C in
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GEN (Table 2). The highest Ty« of 36.6°C occurred in NOV on May 9,
2024, while LAI recorded the second highest (34.2°C) on September 30,
2023. The lowest Tmin, values were observed in GEN (—11.9°C on
January 20, 2024) and CAD (—8°C on January 12, 2024) (Table 2).
Analysis of extreme climatic events revealed notable site-specific trends
(Supplementary Fig. S4). LAl and NOV had the highest number of Dt~ 3¢
where Tpax exceeded 30°C (21 and 22 days, respectively). Meanwhile,
CAD and GEN recorded the highest Dt values, with 106 and 118 days,
respectively (Table 2).

Weekly average temperatures following the first exposure (E1)
ranged from 19.9 + 0.4°C in LAI to 15.9 £+ 0.5°C in DEL. Apart from
DEL, where the second exposure (E2) had a higher average temperature
of 18.3 & 0.3°C, other sites exhibited a steady decline across subsequent
exposures, reaching a minimum of 8.4 + 0.5 °C in GEN (Table 3).

3.1. Experiment 1

From the weekly exposures between August 20 to September 30,
2021, G. kimorum emerged before overwintering only from D. suzukii
that were exposed under laboratory conditions from August 27 to 30. A
first male parasitoid was found in the vial on October 25, and two
additional males and two females on November 9. In none of the other
samples (which were all parasitized in the field cages) did parasitoids
emerge before winter. Dissections of D. sugukii puparia conducted on
February 25 and on March 11, 2022, revealed the presence of second
instar larvae (about 1 mm in length and without tail) in the pupal cases.
Overwintering survival was confirmed in DEL but not in CAD. Three
G. kimorum males emerged from samples that were exposed in DEL from
September 10-13, 2021. Development from the overwintering stage to
the adult parasitoid took in a growth chamber at 20 °C an average of 25
days (23-28 days).

3.2. Experiment 2

During the 63 DAE sampling, 182 juvenile stages of D. suzukii were
dissected. The highest number of living G. kimorum was observed in FAE
(22), followed by SMA (12) and LAI (11) (Supplementary Table S1).
Among the recorded larval stages of G. kimorum, L1 was the most
abundant (n = 58), followed by L2 (n = 15) and L3 (n = 3). No later
development stages of the parasitoid, such as pupae or adults were
detected. Early pupal stages of D. suzukii contained the largest number of
G. kimorum L1 individuals (n = 32), whereas L2 stages were more
frequently observed in later pupal stages (n = 12) (Fig. 1). The rate of
living G. kimorum L1 within early pupae of D. suzukii was 94 %, the
highest among the groups analysed (limited to those with > 3 samples)
(Fig. 1).

During the 112 DAE sampling, 64 juvenile stages of D. suzukii were
dissected. The highest number of living G. kimorum was observed in FAE
(n = 9), followed by SMA (n = 8) and NOV (n = 3) (Supplementary
Table S2). Out of the 26 G. kimorum that were found, 25 (96 %) were L1,
and one was L2; no L3 larvae were recorded. The rate of living L1
G. kimorum within early pupal stages of D. suzukii was 82 % (Fig. 1).

Emergence data showed a gradual reduction of survival for consec-
utive exposures for both host and parasitoid (Fig. 2). Survival rates of
D. sugukii decreased with advancing exposure dates, with adults
emerging only up to 67 days after exposure (Supplementary Fig. S5) or
from puparia collected at 63 DAE during the first sampling. No emer-
gence occurred from samples collected after 112 DAE or in spring.
Ganaspis kimorum emerged from samples exposed in three sites out of
five and exclusively in spring or from samples taken during the winter
(Supplementary Table S3). Relative to non-overwintering laboratory-
reared controls, the highest survival rate was recorded in FAE (E1: 17.6
%, E2: 6.6 %) and SMA (E1: 6.3 %, E2: 5.5 %, E3: 3.3 %, E4: 1.2 %; E5:
0.4 %), when compared to the other sites (Fig. 2). In FAE, G. kimorum
adults emerged from E2 on April 12, May 8, 10, and 12. From the same
site, adults emerged from E1 on May 8, 10, and 12. In NOV, one adult
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Table 2

Biological Control 206 (2025) 105801

Temperature data recorded for the different sites. T,y refers to the average temperature during the entire winter exposure period. Different letters indicate significance
according to the post-hoc pairwise Dunn’s test (P < 0.05). Cumulative days with average temperatures below 0 (Cr.). Extreme climatic events: number of days with

Tmin below 0 (Dro), and number of days with Ty, above 30 °C (Dr-30).

Site n Tave + SEM Timax Tiax Tmnin Tmin Ci<o (days) Dr<o (days) Dr=30 (days)
(§9) O (date) (§9)] (date)
CAD 196 6.6 + 0.4c 33.8 Sep. 8 -8 Jan. 12 4 106 10
DEL 196 7.1 &+ 0.4bc 33.8 Sep. 8 —6.4 Jan. 27 5 85 10
FAE 217 6.7 + 0.3c 26.1 Apr. 14 —-4.7 Jan. 21 5 36 0
GEN 230 4.9 + 0.3d 28.6 Oct. 9 -11.9 Jan. 20 11 118 0
LAI 230 8.5 + 0.4a 34.2 Sep. 30 —6.5 Jan. 22 6 56 21
NOV 230 7.3 + 0.4bc 36.6 May. 9 -8.1 Jan. 22 8 74 22
SMA 217 8.2 + 0.4ab 30.8 Apr. 7 —-4.4 Jan. 14 4 43 1
0.04781).
Table 3

Weekly average temperature (°C) + Standard Error Mean (SEM) for all the sites,
measured after exposures. Asterisks (*) indicate sites where adults emerged after
winter.

Sites Exposures
El E2 E3 E4 E5
CAD 15.9 + 0.5 18.3 + 0.3 - -
DEL 15.9 + 0.5 18.3 + 0.3* — — -
FAE 16.0 + 0.4* 15.6 + 0.3* 13.2+1.3 11.1 £ 0.7 10.5 + 0.5
GEN 15.8 + 0.6 15.3 + 0.5 11.0 £ 1.5 9.2+ 0.6 8.4+ 0.5
LAI 19.9 + 0.4 19.5+ 0.4 15.7 £ 1.4 12.8 + 0.7 12.0 + 0.5
NOV 18.4 + 0.7* 17.7 £ 0.3 141 +1.4 11.5+ 0.6 10.7 £ 0.6
SMA 17.6 + 0.4* 17.3 + 0.4* 15.2 +1.2* 12.8 £ 0.7* 12.3 + 0.5
L3 ¢ Site
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Fig. 1. Correlation between juvenile stages of Ganaspis kimorum (L1, L2, L3
larval stages) and Drosophila suzukii (larva, early pupa, late pupa) for samples
collected at (upper panel) 63 and (lower panel) 112 days after exposure.
Numbers on the side of groups (with samples size larger than three) indicate the
percentage of alive parasitoids for that specific development stages.

from E1 emerged on May 29. In SMA, adult parasitoids emerged on April
10 (E3), 13 (E1-E2), and 18 (E4) (Supplementary Fig. S2). Survival of
parasitoids assessed through dissections was significantly decreased by
both the number of days below 0 °C (D7) (X2 =4.3320; df =1,99; P =
0.03740) and above 30 °C (Dr-30) (Xz = 3.9166; df = 1,99; P =

The sensitivity analysis suggested a lower thermal threshold (Ty) of
7 °C for the accumulation of DDs without a true diapause, with the
lowest coefficient of variation (CV) being 0.129. For the accumulation of
DDs by diapausing parasitoids, the analysis suggested a Ty, of 9 °C, with
the lowest CV being 0.153, regardless of the starting date considered
(Fig. 3). For convenience, January 1 was chosen as the starting date for
the subsequent calculations of DDs.

The comparison of accumulated DDs between control and non-
diapausing overwintering parasitoids at T, = 7°C showed that over-
wintering parasitoids accumulated significantly more DDs compared to
the control, with an increase of 55.2 % (W = 948, df = 484, P < 0.05;
Fig. 4a). In contrast, the comparison between control and diapausing
G. kimorum at Ty, = 9°C showed that the overwintering group accumu-
lated significantly fewer DDs compared to control, with an average
reduction of 19.6 % (W = 23662, df = 484, P < 0.05; Fig. 4b). The DDs
required for the parasitoid to reach the end of the diapausing stage (L1)
was calculated as 78 DDs. Adding these DDs to the ones of diapausing
parasitoids resulted in no significant difference between overwintering
(409 + 4 DD) and control adults (407 & 6 DD) (W = 15183, df = 484, P
> 0.05; Fig. 4c).

The pairwise comparison showed that overwintering males had a 29
% shorter life span compared to laboratory-reared males (W = 53, df =
15, P < 0.05; Fig. 5). The longevity of overwintering females was not
statistically different from laboratory-reared ones (W =11, df =9, P >
0.05; Fig. 5). Parasitisation bioassays conducted on overwintering in-
sects showed that two out of five females (40 %) were able to success-
fully parasitize the host, with an apparent parasitism level of 46 % and 6
%. Only one out of five (20 %) of the control females were able to
parasitize the host, with an apparent parasitism level of 38 %.

4. Discussion

Our study confirms that G. kimorum is able to overwinter under field
conditions in Northern Italy and possibly also in Switzerland. However,
the timing of exposures and environmental conditions in the different
field sites were critical for diapause induction and survival. Early ex-
posures of parasitized D. suzukii conducted in late August in Switzerland
led to emergence of adults in late October and early November, indi-
cating that these parasitoids did not encounter the environmental cues
required for diapause induction. In contrast, exposures from late
September to mid-October resulted in successful overwintering, with
emergence of adult parasitoids occurring only after the winter period.
This suggests that diapause induction is strongly influenced by the
timing of the exposition and associated environmental conditions.

In the second experiment, only the first five of the nine exposures
(E1-E5), occurring between late September and late October, yielded
insects. This period appears crucial for diapause induction and marks the
last activity phase of both host and parasitoid. In Northern Italy,
D. suzukii females with mature eggs are present until late October (Grassi
etal., 2018), and Winkler et al. (2021) estimated that oviposition ceases
at a minimum temperature of 13.2 °C, matching conditions in our study
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Fig. 2. Overwintering survival in Experiment 2, expressed as total emergences of (upper panel) Drosophila suzukii and (lower panel) Ganaspis kimorum for the five
exposure dates (E1-E5). Grey bars represent the emergences recorded from the non-overwintering laboratory-reared controls (C), while coloured bars those recorded
in the field sites. Numbers on top of the bars indicate percentage of survival relative to the controls.
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Fig. 3. Sensitivity analysis to find the lower thermal threshold (Ty) of Ganaspis
kimorum, by using the Coefficient of Variation (CV) for degree day (DD) re-
quirements of the parasitoid to adult emergence. The grey line indicates the
change in CV at different Ty, for a scenario of non-diapausing parasitoids. The
black lines indicate the change for post-diapausing parasitoids, with DD accu-
mulating at three different starting dates. Numbers above the points indicate
the lowest CV values, corresponding to the selected Ti.

area during the same period. According to our 2023 monitoring data (M.
V.R.S., unpublished), G. kimorum was detected in fresh fruit samples
collected in the first week of October, indicating activity at least until
this date (no further collections were made). Thus, the first five expo-
sures (late September-late October) represent a realistic scenario in
which both host and parasitoid coexist and remain ovipositing.

Dissections revealed that the overwintering stage of G. kimorum was
predominantly the early larval instar (L1), residing inside early host
pupae. Our results indicate that G. kimorum employs eudiapause, a
facultative developmental arrest, likely triggered by environmental
factors such as temperature. This dormancy within the endoparasitic
phase appears to exploit the lipid-rich resources of the host’s early pupal
body (Kiihnlein, 2012; Liu and Huang, 2013), providing insulation
during winter and a nutritional reserve for spring emergence (Sinclair
and Marshall, 2018).

Interestingly, differences between our findings and those of Hou-
gardy et al. (2019) might reflect divergence in biology between
G. kimorum and its closely related species G. lupini, which appears to
enter diapause at the prepupal stage. This divergence would further

support the recent redescription of G. kimorum as a distinct species
(Sosa-Calvo et al., 2024), or could be related to the experimental pro-
tocol adopted. In our study, later larval instars (L2 and L3) were
observed to be present in host larvae and puparia 63 days after exposure
to autumn and winter temperatures in the field, particularly in warmer
sites and early exposures; however, these stages failed to survive pro-
longed exposure. After 112 days of exposure, first-instar larvae domi-
nated across all sites, further supporting the hypothesis that diapause
occurs in the L1 stage within early stages of host puparia. Also, the
presence of L2 stages during samplings conducted in Switzerland in late
February and March support our findings, as can be explained by the
parasitoids having resumed their development at this time of the year.
Since G. kimorum diapauses as early larval instar, it needs to arrest host
development. This process may be regulated by injected venom proteins,
a common mechanism among Drosophila parasiotids to suppress the host
immune response and manipulate its development (Poirié et al., 2014).
This has been observed in both pupal and larval parasitoids. For
instance, T. drosophilae uses venom to arrest pupal development for
nutrient utilization (Pang et al., 2024), while Leptopilina spp. use venom
to suppress host immune response (Huang et al., 2021). Among the
various components of parasitoid venoms, those produced by Ganaspis
spp. contain metalloprotease enzymes, which are believed to play a role
in host development manipulation (Poirié et al., 2014). We hypothesize
that G. kimorum also manipulates its host through venom, extending the
pupal stage to align with its own developmental needs. Supporting this
hypothesis, our dissections predominantly revealed D. suzukii in the
early pupal stage when parasitized by living G. kimorum. This suggests
that G. kimorum may suppress further host development, maintaining it
in this phase, its preferred stage for diapause.

Diapause induction in insects is regulated by token stimuli such as
photoperiod and temperature (Gill et al., 2017; Kostal, 2006). Other
drosophilid parasitoids like G. lupini, L. japonica, and Asobara tabida
(Nees) (Hymenoptera: Braconidae) exhibit temperature-mediated
diapause regardless of photoperiod (Hougardy et al., 2019; Kraaije-
veld and van Alphen, 1995; Murata et al., 2013). In our field study,
photoperiods longer than 14:10 (L:D) in late August failed to induce
diapause, while exposures from September onward (13:11 to 11:13 L:D)
did not result in premature emergence. This result does not exclude a
possible role of photoperiod in diapause induction, but should be further
investigated at constant temperatures to uncouple these two factors.

The temperatures triggering diapause appear to range between 13 °C
and 18 °C (see Table 3). In LAI, where average temperatures during the
first two exposures exceeded 19 °C, diapause was not induced, and
dissections revealed the presence of later larval stages (L2 and L3). These
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Fig. 5. Longevity of laboratory-reared control and overwintering Ganaspis
kimorum adults. Boxplots represent the distribution of lifespan for both sexes
showing median (line), interquartile range (box) and mean (x). Whiskers extend
to the smallest and largest values within 1.5 x IQR. Outliers are indicated as
individual points. Number in parenthesis are adults tested, asterisk indicate
significant difference at P < 0.05 and ns that there is no significant difference
according to Mann-Whitney U test.

findings align with earlier studies, indicating that Japanese strains of
L. japonica cease development between 15 °C and 18 °C (Murata et al.,
2013). Similarly, G. lupini and L. japonica have been reported to enter
diapause at 11.8 °C and 17.2 °C, but not at temperatures above 19 °C
(Hougardy et al., 2019).

Survival of G. kimorum was influenced by extreme climatic events,
with both low and high-temperature negatively impacting insect’s sur-
vival. This association was also observed across different sites. Sites with
milder winter temperatures, such as SMA, NOV, and FAE, exhibited
higher survival rates, whereas cold temperatures in CAD and GEN
resulted in no successful overwintering. For example, in GEN, even
though insects were exposed at permissive temperatures (15.8 °C and
15.3 °C for E1 and E2 respectively) the cumulative days of average
temperatures below 0 °C (11 days) and the days where Tp,;, was below
0 °C (118 days) likely exceeded the cold tolerance of G. kimorum. By
comparison, sites with shorter periods of sub-zero temperatures (e.g.,

SMA and FAE) supported higher survival rates. These findings align with
studies conducted on larval parasitoids, such as Leptopilina spp., which
can only withstand a limited period at 0 °C (Murata et al., 2013),
compared to more cold-tolerant pupal parasitoids (Haner et al., 2022).
Also, high temperatures and reduced humidity could have compromised
overwintering survival (Colinet and Boivin, 2011; Danks, 1987; Gill
et al., 2017; Kostal, 2006). In fact, D. sugukii immatures cannot survive
constant temperatures of 29.3 °C, but can withstand short exposures at
temperature above 30.6 °C (Hougardy et al., 2019). The hot days
recorded in LAI, where maximum temperatures reached 34.2 °C could
have posed a threat for both hosts and parasitoids residing in the fruit
samples and could explain the recorded low survival rates. In LAI and
CAD, dry conditions likely contributed to the reduced survival of both
hosts and parasitoids. Low humidity has been shown to decrease sur-
vival rates in other parasitoids (Murata et al., 2013), and desiccation
during overwintering may have further exacerbated mortality in these
sites.

The survival of G. kimorum ranged from 0.4 to 17.6 %, with
decreasing probabilities recorded with later exposure dates. The SMA
site offers some evidence for this trend, showing survival of 6.3 %, 5.5 %,
3.3 %, 1.2 % and 0.4 % for E1, E2, E3, E4 and E5 respectively. This
probability of survival is in accordance with the 4 % recorded for
L. japonica strain collected in Sapporo (Northern Japan) and exposed to
0 °C for 90 days (Murata et al., 2013). Similarly, larval stages of the
pupal parasitoid T. drosophilae had a survival of 2 % when exposed to
semi-field conditions for 101 days (Amiresmaeili et al., 2020). While the
survival calculated in the present study is in accordance with the liter-
ature and the recorded climatic data, it may be an overestimation,
because it was calculated including the emergence of adults from the
samples taken 63 and 112 days after exposure (emergence tests). On the
other hand, including solely the emergence occurring in spring would
underestimate survival, as a significant number of puparia were
removed from the fruit samples to conduct both emergence tests and
dissections. Juveniles removed for dissections had the potential to
emerge as adults, and their removal possibly compensated the over-
estimation resulting from the addition of adults from emergence tests.
For additional information we suggest to refer to the supplementary
material provided (Table S1, S2 and S3).

The sensitivity analysis to find the lower thermal threshold (Ty) using
the Coefficient of Variation and the analysis of the DD accumulation
provided insights into the overwintering strategy of G. kimorum. Under
the non-diapausing scenario (T, = 7°C), the overwintering group
exhibited an unrealistically excessive accumulation of DDs. In contrast,
the diapausing scenario (T, = 9°C) presented a realistic outcome, with
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post-overwintering development accounting for 80.5 % of the DDs
required for the laboratory-reared control. Incorporating the DDs
needed to reach the diapausing stage, the overwintering group achieved
99.6 % of the DDs observed in the laboratory-reared control group,
confirming the lower thermal threshold found through the sensitivity
analysis, and that G. kimorum arrests its development at the late L1 larval
stage and therefore undergoes a winter diapause.

Overall, the variance observed in development time (and resulting
DD) in the overwintering group was comparable to that of the control
group and can be attributed to the plasticity in temperature-dependent
development that occurs among individuals of the same species
(Colinet and Boivin, 2011). The greater variability noted in FAE, where
the first natural emergence and subsequent emergence under laboratory
conditions occurred 26 days apart, may be attributed to the effect of
fluctuating temperatures within a permissive range. Such fluctuations
are known to enhance performance compared to constant temperatures
(Colinet et al., 2015) and could have accelerated the timing of the initial
emergence.

Cold exposure often imposes significant fitness costs due to chilling
effects, starvation, or their combination (Colinet and Boivin, 2011;
Ellers and Van Alphen, 2002; Hance et al., 2007). The most notable
impacts are typically observed on survival and reproduction. Parasitoids
capable of overwintering often experience a reduced lifespan, as fat
reserves become a limiting factor. For example, in several Aphidius spp.,
adult survival declines linearly with duration of cold exposure (Colinet
et al., 2006; Ismail et al., 2010). In our study, overwintering males of
G. kimorum exhibited a reduced lifespan, similarly to what was observed
in G. kimorum larvae in cold storage (Lisi et al., 2024). On the other
hand, females were unaffected, successfully parasitizing hosts and pro-
ducing viable offspring. This sexual difference might be related to sexual
allocation. Species like G. kimorum, which use haplodiploidy for sex
determination (Boulton et al., 2015; Small et al., 2012) can manipulate
sex ratio based on host size, favouring females (King, 1993; Seidl and
King, 1993). According to this theory, females likely have had access to
more nutritional resources hence a longer lifespan compared to males.
Another plausible explanation is that females are generally larger in size
(Hurlbutt, 1987), possess greater fat reserves, and have the capacity to
resorb eggs for additional energy when required (Papaj, 2000; Rose-
nheim et al., 2000). Consequently, following resource-intensive periods
such as winter, females may exhibit a physiological advantage over
males. However, this bioassay was conducted on a limited number of
parasitoids, as survival rate after overwintering exposures was relatively
low. Further studies should be conducted to confirm this theory and
support our preliminary results.

To the authors’ knowledge, this is the first study to examine the
overwintering behaviour of G. kimorum under natural conditions,
providing important insights that support classical biological control
programmes. Specifically, the study establishes a lower thermal
threshold and identifies climatic conditions that can guide the selection
of optimal release sites to ensure successful establishment. Additionally,
it provides a starting point to make predictions of parasitoid emergence
in spring under field conditions and to model host-parasitoid population
dynamics. In Northern Italy, D. suzukii terminates its reproductive
diapause in March and shows high egg maturation by mid-April (Grassi
et al., 2018). Our findings indicate that G. kimorum emergence coincides
with this period, highlighting the tight coevolution that has shaped the
host-parasitoid interactions.

In conclusion, our findings provide important insights into the
overwintering biology of G. kimorum, confirming its ability to success-
fully overwinter in introduced area as early larval instars within the
early pupal stages of D. suzukii. The study underscores the pivotal role of
environmental conditions, particularly temperature, in diapause in-
duction and survival. By establishing a lower thermal threshold for
development and revealing the parasitoid’s diapause strategies, this
research lays a strong foundation for the effective use of G. kimorum in
classical biological control programmes.
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