
 

 

 University of Groningen

Seasonal biology of Drosophila suzukii
Panel, Aurore

DOI:
10.33612/diss.183944897

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Panel, A. (2021). Seasonal biology of Drosophila suzukii: Genetic and phenotypic variation in the
Netherlands. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.
https://doi.org/10.33612/diss.183944897

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.183944897
https://research.rug.nl/en/publications/de9b57b4-77b2-4e1a-91d5-3684d3b908be
https://doi.org/10.33612/diss.183944897


Seasonal biology of drosophila suzukii
Genetic and phenotypic variation in the Netherlands

Aurore Panel





This research has been carried out at the University of Groningen in the Evolutio-

nary Genetics, Development & Behaviour (EGDB) group belonging to the Gro-

ningen Institute for Evolutionary Life Sciences (GELIFES) according to the re-

quirements of the Graduate School of Science and Engineering (Faculty of Science 

and Engineering, University of Groningen; Groningen, The Netherlands). Some 

parts of this research have also been conducted at the Laboratory of Genetics and 

at the Laboratory of Entomology of Wageningen University & Research. The re-

search has been done in close collaboration with the biological control company 

Koppert Biological Systems and with the Applied Plant Research Institute WUR-

PPO-Fruit.

This research was financed under the research program Green No. ALWGR.2015.6, 

by the Netherlands Organisation for Scientific Research (NWO), Koppert Bio-

logical Systems, the European Union’s Seventh Framework program for research, 

technological development and demonstration under grant agreement number 

613,678 (DROPSA), and the Dutch Ministry for Economic Affairs, Top Sector 

Horticulture and Starting Materials.

Cover design, illustrations and layout: Nadine Kuipers, Amperzand Tekst & Illus-

tratie, and Sarah Panel

Text editing: Nadine Kuipers, Amperzand Tekst & Illustratie

Printed by: Gildeprint





Seasonal biology of Drosophila suzukii

Genetic and phenotypic variation in the Netherlands

PhD Thesis

to obtain the degree of PhD at the
University of Groningen
on the authority of the

Rector Magnificus Prof. C. Wijmenga
and in accordance with

the decision by the College of Deans.

This thesis will be defended in public on

2 November at 11 hours 

by

Aurore Danièle Claudine Panel

born on 30 April 1990
in Rouen, France





Supervisors
Prof. B. Wertheim
Prof. M. Dicke
Prof. L.W. Beukeboom

Co-supervisors
Dr. B. A. Pannebakker

Assessement committee
Prof. B. Helm
Prof. V. M. Walton
Prof. O. Rota-Stabelli





Nadine Kuipers, Amperzand Tekst & Illustratie



10 Seasonal biology of Drosophila suzukii - Genetic and phenotypic variation in the Netherlands 



ي الَجزائر
د ِمن َمْنِطَقِة الَقبائل ف   ِلُمَحمَّ

ُب َوَيْحَفَظك   ُيبارُِكَك الرَّ

Dedication               11

À Papa et Maman,

À Sarah et Jean-Baptiste,

Et à toute ma famille.



12 Seasonal biology of Drosophila suzukii - Genetic and phenotypic variation in the Netherlands 

“What to say to a 20 year old?”

Extract of Toute une vie, Hélie Denoix de Saint Marc

Once you know everything, and the opposite of everything

When you have lived a lot and are at the end of your life

You are tempted to say nothing to him

Knowing that every generation has their fair share of trouble

Knowing, also, that research, doubt, and questioning

Form part of the nobility of existence.

Still, I do not wish to shirk,

And to this young interlocutor, I will answer this,

Remembering what a contemporary author wrote:

“We must not settle in its truth

wanting to strike it as a certainty,

but know how to offer it, trembling like a mystery”

To my young interlocutor,

Thus, I will say that we are living in a difficult time,

Where the basics of what was known as Morality

And what is known today as Ethics,

Are challenged constantly,

Particularly in the domains of the gift of life,

The manipulation of life,

And the interruption of life.
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In those domains, 

Terrible questions lie ahead in the decades to come.

Yes, we are living through a difficult time,

Where systematic individualism,

Profit at any cost,

Materialism,

Outweigh the forces of the mind.

Yes, we are living in a difficult time,

Where it is always a question of right and never of duty

And where the responsibility, which is the ounce of all fate,

Tends to be obscured.

But I will tell my young interlocutor that, despite all this,

He must believe in the greatness of the human adventure,

He must know,

Until the final day,

Until the final hour,

To roll his own rock.

Life is like combat.

Man’s job is a tough job.

Those who live are those who fight.

You have to know 

that nothing is certain,

that nothing is easy,

that nothing is free.
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Everything is conquered, everything is earned.

If nothing is sacrificed, nothing is obtained.

I will tell my young interlocutor,

That for my very modest part,

I believe that life is a gift from God,

And that one must know how to look

beyond that what appears to be the absurdity of the world,

and discover a meaning to our existence.

I will tell him

That he has to understand how to find, through difficulties and trials,

This generosity,

This nobility,

This miraculous and mysterious beauty scattered around the world,

He has to know how to discover these stars,

Which guide us when we are plunged

Deep into the night

And the sacred trembling of invisible things.

I will tell him

That every person is an exception,

That each has their own dignity,

And that we must know how to respect this dignity.

I will tell him

That against all odds

You have to believe in your country and its future.
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Finally, I will tell him

That the most important

of all virtues,

because it is the driving force of all the others

and because it is necessary for the exercise of the others,

of all the virtues,

the most important seems to me courage, acts of courage,

and especially the one we do not talk about

and which consists in being faithful to your childhood dreams.

And practicing this courage, those acts of courage,

Maybe that’s it

“The Honor of Living”
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Summary

Drosophila suzukii is an agricultural pest originating from South-East Asia that re-

cently invaded Europe and the Americas and threatens the worldwide fruit indus-

try. This highly polyphagous insect can produce 5–15 generations per year, and it 

infests a wide range of fruit crops as well as many wild host plants. The females use 

their serrated ovipositor to insert eggs in the flesh of ripening fruits. By feeding on 

the pulp, the larvae damage the fruits that then become unmarketable. In addi-

tion, D. suzukii is characterized by a high phenotypic plasticity which allows it to 

tolerate thermal fluctuations associated with seasonal changes. When the develop-

ment of juvenile stages takes place in autumn, the adult flies emerge with a winter 

morphotype (WM) characterized by a strong abdominal pigmentation and a large 

body size. In contrast, when the development takes place in summer, the flies are 

smaller and emerge with a lighter summer morphotype (SM). These morphological 

differences are accompanied by complex physiological and behavioural differences 

that allow D. suzukii to optimize its reproduction and/or survival according to its 

environment.

Most current control strategies are based on the application of synthetic broad-spec-

trum insecticides to eliminate D. suzukii adults. This chemical protection is often 

supplemented by cultural measures including sanitation, mass-trapping of the pest 

and reduction of harvest intervals. The repeated application of pesticides not only 

disrupts existing Integrated Pest Management (IPM) programs, it also endangers 

the health of consumers and growers and causes the development of resistance of 

the pest to some active classes of pesticide ingredients. Moreover, chemical control 

is limited to the cultivated environment and does not encompass the wild habi-

tats which serve as refugia for the pest. The practical implementation of biocontrol 

strategies is still at a very early stage. Therefore, there is a strong need to rapidly in-
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crease our understanding of the factors that influence the population growth, repro-

ductive success, and survival of D. suzukii. With this knowledge, an IPM strategy 

can be developed to protect fruit crops from D. suzukii and to biologically control 

D. suzukii populations. The findings of my PhD project are presented in this disser-

tation and may contribute to designing such an IPM programme. The specific aim 

of my experimental work was to investigate the key life history traits that govern 

the establishment and population dynamics of D. suzukii in north-western Europe. 

I particularly focused on (1) D. suzukii population structure; (2) survival strategies 

and population dynamics in winter and early spring; and (3) life history strategies 

and phenotypic differences between the two seasonal morphotypes. 

My combined results revealed that local winter survival and maintenance of D. su-

zukii populations were widespread in invaded areas from north-western Europe. 

They also showed that the key starting point for annual seasonal population buil-

dup were D. suzukii females that overwintered at sites in which D. suzukii had re-

produced before winter. In fact, it was predominantly the overwintered D. suzukii 

females that infested the earliest ripening cherries, not their offspring from early 

spring hosts. Thus, I showed that these females led to the development of the first 

generation of D. suzukii summer morphs and the population peak recorded in late 

spring. Interestingly, I observed that prevailing environmental conditions affected 

the developmental programme of the insect pest, which led to different life-history 

strategies depending on the time of year. SM flies were characterized by a high re-

productive output and a low mortality, especially during the reproductively active 

period of life. They could capitalize fully on arising breeding opportunities and sus-

tained these for several months, but they were vulnerable to cold stress, especially 

SM males. WM flies, in contrast, showed less fluctuations in age-specific risks of 

mortality, and had a substantially lower total reproductive output. They could cope 
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well with extended periods of cold stress and a lack of mates after cold exposure, 

but at a cost to their reproductive potential. Finally, I found that temperature tole-

rance of D. suzukii was primarily influenced by adult temperature regime in both 

sexes with a minor effect of juvenile thermal conditions for cold tolerance only. 

My findings also showed strong plasticity effects in cuticular hydrocarbon (CHC) 

profiles in both sexes in response to environmental temperatures experienced at the 

adult stage. In contrast, morphological traits such as wing size and tibia length were 

mostly determined by juvenile thermal conditions. Interestingly, in males, abdomi-

nal pigmentation was primarily influenced by the thermal conditions experienced 

during juvenile development whereas in females it was modulated by both develop-

mental and adult temperatures. These results go against the commonly accepted 

view that the SM and WM of D. suzukii are separate entities since I showed that 

the different traits typical of each morph vary independently in their response to 

temperature. For some traits, the critical period for determining the trait value is 

during the juvenile, for some during the adult stage, and a few are affected by both.

These findings have direct implications for current pest management strategies such 

as the Sterile Insect Technique (SIT), the release of natural enemies, the application 

of pesticides or bait sprays, etc. since the success of all these density reduction me-

thods is determined by the timing of the intervention, which is directly influenced 

by the biology and ecology of the pest.
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Samenvatting

Drosophila suzukii is een schadelijke fruitvliegensoort uit Zuid-Oost Azië die zich 

recentelijk in Europa en Amerika heeft gevestigd. Sindsdien vormt deze soort een 

bedreiging voor de wereldwijde fruitindustrie. Dit zeer polyfage insect kan 5 tot 

15 generaties per jaar voortbrengen, en tast een breed scala aan fruitgewassen en 

wilde gastheerplanten aan. De vrouwelijke insecten gebruiken een gekartelde ovi-

positor om eieren in het vruchtvlees van rijpend fruit te leggen. De larven voeden 

zich met het vruchtvlees, hetgeen de vruchten dusdanig aantast dat ze niet langer 

verkoopbaar zijn. Drosophila suzukii wordt tevens gekenmerkt door een hoge fe-

notypische plasticiteit, waardoor de soort goed bestand is tegen temperatuurfluc-

tuaties die samenhangen met de seizoenswisselingen. Wanneer de ontwikkelings-

cyclus van de juveniele insecten plaatsvindt in de herfst, ontwikkelen zij zich tot 

volwassen vliegen met een winter-morfotype (WM), dat wordt gekenmerkt door 

een sterke abdominale pigmentatie en grotere afmeting. Wanneer deze ontwikke-

ling daarentegen plaatsvindt in de zomer, zijn de vliegen lichter van kleur en kleiner, 

overeenkomend met het zomer-morfotype (SM). Deze morfologische aanpassin-

gen gaan gepaard met complexe verschillen in fysiologie en gedrag, waardoor D. 

suzukii in staat is zijn overlevings- en/of reproductiestrategie te optimaliseren in 

verschillende omgevingen.

De meeste strategieën om dit plaagdier te bestrijden zijn gebaseerd op de toepas-

sing van synthetische breed-spectrum bestrijdingsmiddelen om volwassen D. su-

zukii-vliegen te verdelgen. Deze chemische bestrijding wordt vaak gecombineerd 

met maatregelen op het gebied van sanitatie, het massaal wegvangen van de plaa-

ginsecten, en het kort houden van oogst-intervallen. Het herhaaldelijk gebruik van 

pesticiden verstoort echter niet alleen bestaande programma’s op het gebied van 

geïntegreerde gewasbescherming (IPM, voor integrated pest management), vormt 
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een gezondheidsgevaar voor de consument en telers, en kan een resistentie tegen 

bepaalde actieve ingrediënten bij de plaag veroorzaken. Daarnaast beperkt deze 

chemische controle zich tot gecultiveerde gewassen, en bestrijkt niet de natuurlijke 

habitats waar de plaag zich ook huisvest. De praktische toepassing van biologische 

ongediertebestrijdingsstrategieën (biological control) voor deze nieuwe invasieve 

plaagsoort staat nog in haar kinderschoenen. Daarom is het van groot belang om 

onze kennis over de populatiegroei, reproductief succes, en overlevingsmecha-

nismen van D. suzukii in rap tempo te verbreden. Deze kennis kan leiden tot de 

ontwikkeling van een IPM-strategie om fruitgewassen tegen D. suzukii te bescher-

men, waarbij door middel van biologische bestrijding grip wordt gehouden op de 

populaties. De bevindingen van mijn promotieonderzoek, die in dit proefschrift 

worden gepresenteerd, kunnen bijdragen aan de ontwikkeling van een dergelijk 

IPM-programma. Mijn experimentele onderzoek had als specifiek doel om meer 

inzicht te vergaren in de belangrijkste levensgeschiedenis eigenschappen (life his-

tory traits) die de vestigings- en populatiedynamiek van D. suzukii in noord-west 

Europa beïnvloeden. De drie kernpunten in mijn onderzoek zijn (1) de populaties-

tructuur van D. suzukii; (2) de overlevingsstrategieën en populatiedynamiek in de 

winter en het vroege voorjaar; en (3) levensgeschiedenis eigenschappen en fenoty-

pische verschillen tussen de twee seizoens-morfotypen.

Mijn onderzoeksresultaten wijzen uit dat D. suzukii populaties grootschalig kon-

den overwinteren in geïnfesteerde delen van noord-west Europa. Bovendien laten 

ze zien dat het belangrijkste startpunt voor verdere populatieopbouw waarschi-

jnlijk wordt gevormd door de vrouwelijke vliegen die overwinterden op locaties 

waar ze zich hadden voortgeplant voor de start van de winter. Het zijn voorna-

melijk deze overwinterende vrouwtjes zelf die de eerste kersenoogst aantasten, en 

niet hun nakomelingen die in het vroege voorjaar op wilde planten opgroeiden. 
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Deze overwinterende vrouwtjes kunnen overleven tot het einde van de lente, ze 

produceren een nieuwe generatie met het zomer-morfotype wat leidt tot een piek 

in de populatiegroei. De heersende milieuomstandigheden beïnvloeden de ontwik-

keling van de plaag, wat leid tot verschillende levensgeschiedenis eigenschappen 

afhankelijk van het jaargetijde. Vliegen met het zomer-morfotype (SM) werden 

gekenmerkt door een hoog reproductiegetal en een lage mortaliteit, met name ti-

jdens de periode waarin ze kunnen reproduceren. Ze konden volledig profiteren 

van de opkomende broedmogelijkheden, maar zijn wel kwetsbaar voor koudestress 

tijdens de wintermaanden, vooral de mannetjes. Vliegen met het winter-morfotype 

(WM) vertonen daarentegen minder fluctuaties in het leeftijdsgebonden risico 

op sterfte, maar hadden een lagere reproductie. Zij konden goed langere perioden 

van koudestress overleven, alhoewel een tekort aan voortplantingspartners na een 

koudeperiode ten koste ging van hun reproductiepotentieel. Tenslotte vond ik 

dat het vermogen van beide seksen om extreme temperaturen te verdragen voor-

namelijk bepaald werd door de temperatuur die ze ervaren hadden als volwassen 

vliegen, en dat de temperatuur waarbij ze waren opgegroeid (als larve) slechts een 

kleine rol speelde en alleen een effect had op de koudetolerantie. Mijn resultaten 

toonde ook een hoge mate van fenotypische plasticiteit in de chemische samenstel-

ling van de koolwaterstoffen op de cuticula (cuticular hydrocarbons) van mannet-

jes en vrouwtjes D. suzukii vliegen onder invloed van de temperatuur tijdens het 

volwassen stadium. Daarentegen werden morfologische kenmerken zoals vleugel-

grootte en tibialengte bepaald door de temperatuur tijdens het juveniele stadium. 

In mannetjes werd de mate van pigmentatie op het achterlijf ook vooral bepaald 

door de temperatuur tijdens de juveniele ontwikkeling, maar bij vrouwtjes was dat 

ook deels afhankelijk van de temperatuur tijdens het volwassen stadium. Deze re-

sultaten zijn in tegenstelling tot de algemeen aanvaardde veronderstelling dat de 

WM- en SM-vliegen twee discrete verschijningsvormen zijn, omdat ik aantoon 
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dat de verschillende eigenschappen van beide morfotypen onafhankelijk van elkaar 

reageren op omgevingstemperatuur. Voor sommige eigenschappen lag de kritische 

periode waarin het uiterlijke kenmerk bepaald werd tijdens het juveniele stadium, 

voor sommige tijdens het volwassen stadium en een paar eigenschappen waren ge-

voelig voor temperatuur in zowel het juveniele als volwassen stadium. Het onder-

scheid tussen de WM- en SM-vliegen is dus minder rigide dan tot nu toe werd 

aangenomen. 

Deze bevindingen hebben directe implicaties voor de huidige bestrijdingsstrate-

gieën voor deze plaaginsecten, zoals de steriele-insecten-techniek (SIT), het 

uitzetten van natuurlijke vijanden, het gebruik van pesticiden of loksprays, etc., 

omdat het succes van deze methoden wordt bepaald door het moment van de in-

terventie, wat direct samenhangt met de biologie en ecologie van de plaag.
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Figure 1: Detail of the Zliten mosaic showing the circus games (about 2nd century AD). As-Saraya-al-Hamra 

museum in Tripoli, Libya (https://en.wikipedia.org/wiki/Zliten_mosaic#/media/File:Bestiarii.jpg)
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Chapter I: General Introduction

Aurore D.C. Panel

 Groningen Institute for Evolutionary Life Sciences, University of Groningen, Nijenborgh 7, 9700 CC, Gro-

ningen, The Netherlands

Globalization greatly increased the circulation of people and goods across the wor-

ld. As a consequence, animals, plants and diseases were transported as well. This 

practice of moving animals or plants from their native habitats to new areas is not 

recent (Hill, 2017; Hulme, 2009). In fact, the Romans used to bring exotic ani-

mals back to Italy. These served a military purpose or aimed to entertain thousands 

of spectators in the Roman arenas (Coley, 2000; Epplett, 2001)(Figure 1). In the 

Middle Ages, most European kings wanted to possess rare and spectacular animals 

from distant lands as they were a symbol of their wealth and power (Hill, 2017). 

The Tower of London is symbolic of such royal ambitions: in 1252, it housed a po-

lar bear offered by King Haakon of Norway to Henry III (Stuart, 2010). From the 

16th century onwards, many explorers brought back new specimen to their home 

countries to please their monarchs, raise funds for future expeditions and improve 

their zoological knowledge. At that time, animal collections were often kept in me-

nageries which were among the major attractions of the royal courts.

Despite the many historical attempts to familiarize foreign animals with a new ha-

bitat, in most cases, imported wildlife could not cope with their new environment 

due to unsuitable climates and the lack of appropriate food (Hill, 2017). However, 

some species have proven to cope with, and even adapt to their new living condi-

tions. They can then reproduce and spread across their new geographical area. Such 

alien or exotic species do not always have negative impacts on their new habitat but 

when they do, they become known as invasive species. They may have detrimental 
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effects on environment, economy and human health (Biondi et al., 2016; Stigall, 

2012). Their invasiveness generally stems from the fact that their new environment 

is deprived of the usual predators and parasites that limit their population growth 

(Keane & Crawley, 2002; Torchin et al., 2001). In general, species that inhabit the 

same area share an evolutionary history. When these species are involved in antago-

nistic interactions, such as predators and preys or parasites and hosts, they can reci-

procally evolve strategies to better survive despite the counterdefenses of the other. 

This phenomenon is known as a “co-evolutionary arms race”(Dawkins & Krebs, 

1979). When plant or animal species are introduced in a new environment, they 

are often freed from the enemies that co-evolved with them. In addition, potential 

enemies that are present in the newly invaded area may be unable to cope with 

or counter the evolved defenses of the invasive species. This mechanism, known 

as “enemy release hypothesis (ERH)”, can lead to uncontrolled population growth 

of the invasive species, which may render them into a pest (Chabert et al., 2012; 

Middleton, 2019). This uncontrolled population growth can also have repercus-

sions for competitive interactions in the new area with other organisms that are 

exploiting the same resources as the invasive species. In fact, the latter have an ad-

vantage over the native species as they are essentially living in an enemy-free space 

(Hill, 2017; Rota-Stabelli et al., 2013). 

The tremendous growth of international trade over the last decades has engendered 

unintentional introductions of exotic species through many routes (Hulme, 2009). 

A great number of invasive species have been transported incidentally through ship-

ping of goods. For example, the Asian tiger mosquito (Aedes albopictus) entered the 

United States in tires shipped from Asia (Walton & Hoddle, 2016). Both road and 

sea transport facilitated the spread of many exotic species. Currently, nearly 900 

species are listed in the Global Invasive Species Database, including animals, plants, 
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fungi, micro-organisms, algae and viruses (http://www.issg.org/database). Many 

strategies have been developed to prevent future invasions and limit the damage 

caused by already established alien species. They include regulations, monitoring 

and trapping species, as well as the development of research programs (Hill, 2017). 

The latter aim to better understand invasion mechanisms, both how exotic species 

get introduced and how they establish and spread in the new areas. This knowledge 

can then be invested in pest prevention and plans to manage and fight new inva-

ders.

In 2008/2009, the Spotted Wing Drosophila (SWD) or Drosophila suzukii, was ac-

cidentally introduced in Europe and in North America. This vinegar fly originates 

from South East Asia and is currently almost globally established as an invasive 

and destructive crop pest (Asplen et al., 2015; Cini et al., 2012; Hauser, 2011). It 

was first reported in Japan, in June 1916, when a heavy infestation of dipteran lar-

vae was observed on pre-harvest cherries (Prunus avium L.) in Yamacho, Higashi 

Yamanashi County. Infested fruits were collected and the adult flies that emerged 

were identified as a species of Drosophila. Later on, this unknown Diptera was des-

cribed by the famous Japanese entomologists Shounen Matsumura and Kanzawa 

who classified it as Drosophila suzukii Matsumura (Diptera Drosophilidae). The 

insect is known as cherry Drosophila or cherry fruit fly in Japan and has also recent-

ly been named SWD due to the black spots displayed on the wings of the male flies 

(Calabria et al., 2012; Cini et al., 2012; Walsh et al., 2011) (Figure 2). 

Over the past decade, the Asian D. suzukii has invaded most western countries and 

is threatening both European and American fruit industries (Asplen et al., 2015; 

Cini et al., 2012; Rota-Stabelli et al., 2013). The females are able to penetrate the 

skin of healthy ripening fruits to lay their eggs within the fruit pulp. This singular 

ability among other Drosophila species is due to an evolutionary innovation: a large 
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Figure 2: Key characteristics of D. suzukii used for identification. Photos credit to Martin Hauser. Scheme 

credit to Cornell University’s Department of Entomology ( https://fruit.cornell.edu/spottedwing/identifi-

cation/)

Figure 3: Damage caused by D. suzukii oviposition 

on cherry and secondary infections of secondary in-

sects and pathogens. Photos credit to Martin Hau-

ser, California Department of Food and Agricultu-

re, Sacramento (US) (https://bugguide.net/node/

view/336304)
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serrated ovipositor (Asplen et al., 2015; Cini et al., 2012; Rota-Stabelli et al., 2013) 

(Figure 2). 

Whereas other Drosophila species have small thorn bristles on this external egg-

laying organ and can intrude their ovipositor into soft, often decomposing tissues, 

the ovipositor of D. suzukii is strongly sclerotized and enlarged, enabling it to pu-

ncture the skin of fruits. The ovipositor consists of two plates, each of them bearing 

30–36 teeth, whereby those in the distal half of each plate are much stronger and 

darker than proximal ones (European and Mediterranean Plant Protection Orga-

nization, 2013). 

Fruit damage is mostly caused by the larvae feeding on fruit pulp (Figure 3). The in-

sertion of the prominent ovipositor into the skin can also increase physical damage 

to the fruit, as it provides access to both secondary insects (e.g., sap beetles, other 

Drosophila species) and infections of pathogens (e.g., fungi, bacteria, yeasts) (Cini 

et al., 2012). Drosophila suzukii is highly polyphagous and infests a wide range of 

market-ready fruits. In early spring, when D. suzukii have access to a limited num-

ber of crop hosts with fruits for food and reproduction, they also use wild plants 

and ornamental species in parks and gardens as hosts. These early spring host plants 

are often referred to as “non-crop hosts”, “non-cultivated hosts”, “alternative hosts”, 

or “wild hosts”, to differentiate them from crops (Arnó et al., 2016; Briem et al., 

2016; Kenis et al., 2016; Poyet et al., 2015).

Drosophila suzukii completes four stages of development (egg, larva, pupa and 

adult) and has an extremely high fecundity (Figure 4). A female lays 400 eggs on 

average during her lifetime and up to 15 generations of flies have been recorded per 

year (Cini et al., 2012).  The pest populations buildup seasonally from low densi-

ties in winter and spring until massive numbers over summer and autumn (Arnó et 
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Figure 4 : Drosophila suzukii life cycle. Diagram credit to Amy Dreves, Oregon State University (https://cata-

log.extension.oregonstate.edu/sites/catalog/files/project/pdf/em9096.pdf )
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al., 2016; Panel et al., 2018; Wang et al., 2016). In Europe, a strong decline of D. 

suzukii populations is observed from winter onwards. This decline continues until 

late spring, when the pest is recorded again in massive numbers in cherry crops 

which are generally the first commercial fruit hosts available to D. suzukii (Grassi et 

al., 2018; Rossi-Stacconi et al., 2016). The mechanisms allowing the pest to survive 

from early spring until the availability of the first fruit crops are of high scientific 

and applied interest. When populations need to re-establish annually from low nu-

mbers of winter survivors, the opportunity for controlling the pest outbreaks may 

be critically dependent on understanding these mechanisms and the vulnerabilities 

of the pest during this period of the year. In addition, it is important to understand 

the contribution of the early spring hosts to the infestation of the first fruit crops of 

the season, as these may contribute to the seasonal start of the outbreak.

In temperate climates, D. suzukii exhibits a striking seasonal polyphenism in mor-

phological, physiological and behavioural traits, which enhances its survival under 

a range of stressful conditions (Enriquez et al., 2018; Shearer et al., 2016; Walling-

ford et al., 2016). This particular kind of phenotypic plasticity manifests itself in 

two discrete morphotypes in the adult flies and is therefore essentially a type of bi-

phenism. Juveniles developing in autumn at relatively low temperatures (10–15°C) 

and short photoperiod emerge from the pupae as winter morph (WM) adults. This 

specific morphotype is characterized by a darker pigmentation and longer wings 

compared to the ‘summer morphs’ (SM) that emerge during the summer (Ever-

man et al., 2018; Fraimout et al., 2018; Shearer et al., 2016; Stephens et al., 2015; 

Toxopeus et al., 2016; Wallingford et al., 2016) (Figure 5). The development into 

a specific seasonal form (WM or SM) is thought to be irreversible, and the mor-

photypes differ in gene expression and metabolic profiles, reflecting their different 

propensities for cold tolerance versus reproduction (Shearer et al., 2016). They may 
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Figure 5: Phenotypic variation of laboratory-reared D. suzukii expressed by different photoperiod and tempe-

rature regimes. Summer morph adults are reared at 20 °C and 16:8 light:dark photoperiod (top panels); winter 

morph adults are reared at 12°C and 12:12 light:dark photoperiod (bottom panels). Photos credit to Aurore 

Panel.
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also differ in diet since fluctuations in resources between seasons likely instigate 

different nutritional requirements and resource preferences (Rendon et al., 2018, 

2019; Stockton et al., 2019). Finally, other phenotypic traits associated with each 

morphotype may vary depending on the environmental fluctuations. During the 

coldest months, D. suzukii adults undergo a state of reversible reproductive dor-

mancy (Mitsui et al., 2010; Chapter III, Panel et al., 2018; Shearer et al., 2016; 

Toxopeus et al., 2016; Wallingford et al., 2016; Zerulla et al., 2015). As tempera-

tures increase, the females resume egg maturation and oviposition (Grassi et al., 

2018; Chapter III, Panel et al., 2018; Wallingford et al., 2016; Zerulla et al., 2015). 

The striking phenotypic differences between SM and WM of D. suzukii affect their 

individual performances under prevailing conditions, and they may also have an 

impact on their seasonal population dynamics. In fact, individuals of both seasonal 

morphotypes are expected to have different life history strategies, in particular re-

garding their investment in reproduction and survival.

Currently, the outbreak of D. suzukii is still expanding and new countries report 

the presence of the pest species every year (Cini et al., 2012; Deprá et al., 2014; 

Rota-Stabelli et al., 2013)(Figure 6). The first records in Europe and North Ame-

rica date from 2008, and within a few years the flies had spread across both entire 

continents (Cini et al., 2014; Fraimout et al., 2017; Rota-Stabelli et al., 2013). The 

high dispersal potential of this pest is partly due to global trade, since infested fruits 

appear intact and healthy and are consequently shipped worldwide (Cini et al., 

2012). In addition, recent mark and recapture experiments indicate that once es-

tablished, D. suzukii shows an exceptional dispersal ability by flying over relatively 

long distances (up to 9 kilometers within a few weeks) (Tait et al., 2018). Calabria 

et al. (2012) approximates that D. suzukii would spread 1400 km a year either pas-

sively or actively by comparing collections of drosophilids from different European 
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Figure 6: Distribution map of D. suzukii in 2020, based on CABI records (https://www.cabi.org/isc/datasheet/ 

109283 - toDistributionMaps



Chapter I: General Introduction               39

populations distributed along a latitudinal cline.

Drosophila suzukii is now recorded in more than 34 countries, infesting a wide range 

of commercial fruit crops (CABI, 2020). To date, the insect has already caused huge 

economic losses. Assuming 30% damage levels, D. suzukii can potentially cause up 

to 500 million dollars in annual losses in the Western United States, and 207 mil-

lion dollars in the Eastern United States (De Ros et al., 2013, 2015; Farnsworth 

et al., 2017; Goodhue et al., 2011). In the Netherlands, D. suzukii (EPPO A2 list) 

was first recorded in October 2012 (Helsen et al., 2013; NPPO, 2012). However, 

the harmfulness of this new insect remained unnoticed at that time because no da-

mage to fruit or plants was observed. In view of the already wide distribution of the 

pest in Europe, no phytosanitary measures were considered in the Netherlands and 

the pest status of D. suzukii was officially declared as: “Present, at low prevalence”. 

However, in the years after they were first detected, the number of D. suzukii fruit 

flies in the Netherlands exploded and threatened the soft and stone fruit industry 

(blueberries, red and black currants, strawberries, cherries among others) (Helsen 

et al., 2013; Chapter III, Panel et al., 2018). The origin of the introduction of D. su-

zukii in the Netherlands is unknown but it is presumed that both the natural spread 

from neighboring infested countries and import of contaminated fruits from other 

parts of the world are the most probable pathways. 

Most current control strategies rely heavily on the use of broad-spectrum insecti-

cides, such as organophosphates, pyrethroids and spinosyns, which mainly kill D. 

suzukii adults (Bruck et al., 2011; Cini et al., 2012; van Timmeren & Isaacs, 2013). 

However, repeated pesticide application could disrupt established Integrated Pest 

Management (IPM) programs, increase chemical residues and insect resistance, 

and negatively affect pollinators and other beneficial species. In addition, chemical 

control is limited to the cultivated environment, leaving unmanaged habitats to act 
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as reservoirs for the fly’s reinvasion into treated commercial orchards (Briem et al., 

2016; Kenis et al., 2016; Klick et al., 2016; Lee et al., 2015; Chapter III, Panel et 

al., 2018; Poyet et al., 2015). Biological control, especially by means of parasitoids, 

may help suppress source populations even in the habitats surrounding crop fields. 

However, information on parasitoid species associated with D. suzukii is limited, 

particularly in its native range, and the few studies available consist mainly of sur-

veys reporting the more common parasitoid species (Daane et al., 2016; Girod et 

al., 2018a; Kruitwagen et al., 2018; Miller et al., 2015; Rossi-Stacconi et al., 2015, 

2017, 2018). The practical implementation of all biocontrol strategies against D. 

suzukii (parasitoids, predators, entomopathogens, cytoplasmic incompatibility, 

etc.) is still at a very early stage.

The best prospects for controlling infestations of this invasive pest may come from 

IPM, which combines cultural and technical methods, chemical, biotechnical, 

and biocontrol approaches (Cini et al., 2012; Stephens et al., 2015). IPM strate-

gies are most likely to succeed when they can build on fundamental knowledge of 

the pest species. Specifically, knowledge of D. suzukii’s seasonal biology could help 

to identify periods of vulnerability in its life cycle. Such information is of crucial 

importance for all stakeholders of the soft-fruit sector (Grassi et al., 2018), and 

also to make informed decisions on control measures to reduce further population 

buildup (Briem et al., 2016; Cianci et al., 2013; Grassi et al., 2018; Jones & Wiman, 

2012).

Research goals

To date, there has been a surge in research on D. suzukii in both Europe and the 

Americas but relatively little is known about its biology in the climatic conditions 

of the Netherlands. Knowledge on related Drosophila species may be of limited use 
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for understanding the pest species D. suzukii due to its different niche occupancy 

and its seasonal polyphenism. Therefore, there is a strong need to rapidly increase 

our understanding of the factors that control the population growth, reproductive 

success and survival of D. suzukii in the Netherlands. With this knowledge, an IPM 

strategy can be developed to protect fruit crops from D. suzukii and to biological-

ly control D. suzukii populations. These interrelated and complementary research 

goals have been addressed in a research program designed by a consortium of ex-

perts involving partners from academia, private and public sector. The project, na-

med “Biological control of the new invasive pest species Spotted Wing Drosophi-

la”, was funded by the Netherlands Organisation for Scientific Research – Green 

– research programme for sustainable production and supply chains in agriculture 

and horticulture (NWO - Green). The aim of the consortium was to provide an 

all-inclusive solution to the emerging pest D. suzukii and was subdivided into three 

objectives, each corresponding to a PhD project:  (1) gain knowledge on the fun-

damentals of D. suzukii biology in the Netherlands; (2) combine this knowledge 

with behavioural and sensory research to identify chemical components that can 

be applied in lures, traps and deterrents for a “push-pull” crop protection strategy; 

and (3) supplement this strategy with selectively breeding biological control agents 

that can be released and applied in an IPM strategy to control infestations of D. 

suzukii (Figure 7). 

The specific aim of my PhD project (PhD 1) was specifically to investigate the key 

life history traits that govern the establishment and population dynamics of D. su-

zukii in the Netherlands. My research particularly focused on (1) D. suzukii popu-

lation structure; (2) survival strategies and population dynamics in winter and early 

spring; and (3) life history strategies and phenotypic differences between the two 

seasonal morphotypes. 
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Figure 7: Overview of the NWO-Green consortium and complementarity of the 3 PhD projects
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Structure of the dissertation

After introducing the agricultural pest D. suzukii and the aim of my research in this 

opening chapter (Chapter I), I present my findings in the four following chapters.

The objective of the study presented in the second chapter (Chapter II) was to 

determine whether a population of D. suzukii was permanently established in the 

Betuwe, one of the main fruit-growing regions of the Netherlands, and maintained 

itself year-round, or whether it was re-introduced annually through fruit trade or 

migration. Therefore, I assessed the genetic diversity of field-sampled D. suzukii 

over three consecutive years and three locations. I assessed whether we could de-

tect changes in the genetic makeup of populations across temporal and geographic 

parameters. To perform this analysis, I used a set of nine previously developed mi-

crosatellite markers. I also assessed to which extent three laboratory strains that I 

set-up and used in the frame of the research consortium resembled the wild popu-

lation in the Netherlands.  

In the third chapter (Chapter III), I investigated the seasonal reproductive biology 

of D. suzukii to identify the factors that regulate their population ecology in early 

spring. My objective was to determine to what extent D. suzukii emerging from 

wild host plants in early spring contribute to the populations that infest the first 

fruit crops of the season, i.e., commercial cherry crops. I specifically identified hosts 

available to D. suzukii in early spring and assessed their suitability for pest ovipo-

sition and reproductive success under field and laboratory conditions. For one of 

their most preferred early spring hosts, Aucuba japonica, I evaluated the natural in-

festation rate over the course of spring and scored the seasonal morphotypes of the 

flies that emerged from infested A. japonica fruits under field conditions. Then, I 

combined these findings with long-term monitoring data on seasonal reproductive 
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biology with a temperature-related population model optimized for D. suzukii by 

Tochen et al. (2014). I thus assessed to what extent each of the two seasonal mor-

photypes contribute to the early spring population buildup.

The fourth chapter (Chapter IV) provides detailed information on key life history 

traits of the two seasonal morphotypes of D. suzukii under spring-like conditions, 

in order to parameterise future predictive models that serve to estimate the relative 

contributions of the morphotypes to population growth. To compare how key life 

history traits differ between both seasonal morphotypes, I studied their mortality 

and reproduction during and after a prolonged period of cold exposure. In a labo-

ratory experiment, I simulated an overwintering dormancy phase followed by early 

spring conditions. Realistic temperature settings were used to approximate envi-

ronmental conditions and physiological states experienced by the pest in temperate 

regions. This approach served to aid my understanding of the differences in life 

history parameters between the morphotypes, and their impact on the population 

dynamics of D. suzukii in early spring, a crucial period for population buildup and 

initial host infestation.

In the fifth chapter (Chapter V), I used a full factorial design experiment in order 

to disentangle developmental temperature effects from adult temperature effects 

on thermotolerance, cuticular chemistry and morphology of the pest species. My 

objective was to better understand the effects of developmental and adult tempe-

ratures on phenotypically plastic traits associated with the seasonal polymorphism 

of D. suzukii. In fact, seasonal variations in D. suzukii performances are often at-

tributed to a specific morphotype (Panel et al., 2020; Shearer et al., 2016), while 

the distinct contributions of developmental and adult environment to the plastic 

responses may be overlooked.
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In the sixth and final chapter (Chapter VI), I provide a synthesis of all of our re-

search and discuss our findings in the context of possible pest control strategies.
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nce upon a time there were two lovely little flies who lived in the province 

of Yamagata in Japan. They descended from the Drosophila dynasty of 

Asia and belonged to the house of SUZUKII. They were deeply in love 

with each other and decided to get married. A few days since their marriage, the new bride 

announced to her husband she had laid an egg in a beautiful raspberry, and the couple was 

overwhelmed with joy. For ten days they kept waiting impatiently for “Yoko” to arrive, sensing 

that their firstborn would be a girl. 

However, on an early morning, the raspberry was stolen from them and carried away on a 

truck full of fruits. The poor parents were desperate to see their most cherished egg again. Little 

Yoko did not know what was happening to her. Within a few days, she travelled a lot, protected 

by the flesh of the raspberry that surrounded the shell of her egg. The trucks, the boats and the 

planes which transported her from Japan to the States and from the States to Europe all seemed 

the same to her. She was in the dark, slowly developing into a larva and a pupa. When she 

opened her eyes for the first time after emerging from her cocoon, the landscape seemed strange 

to her slanting eyes. She was in a refrigerated warehouse in which all kinds of fruits were stored. 

She was upset not to see her parents around and remembered with melancholia the lullabies 

her mom used to sing to her when she was still an egg. Very soon, she saw another fly looking 

like her. She noticed it was a well-built and handsome boy.

- “Hi, I am Yoko and I am from Japan… I have just emerged from my cocoon and I don’t see my 

parents… Who are you? Where are we?”
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- “Hey, I am Joe from the States! Nice to meet you! I boarded a plane in New York and I 

travelled in this strawberry… I emerged a few days ago… I was told that we are in the Nether-

lands, a flat country where people wear wooden clogs and talk with a weird accent especially 

when pronouncing the letter G (Grrrr). We are locked down in this warehouse and we need to 

escape before we freeze to death!”

- “Oh my God!” said Yoko who was starting to cry. “I will never see my parents and my country 

again!”

- “Calm down baby, you have me now! And I noticed there was a hole in the wall… Follow me, 

I will show you the way.”

Yoko obeyed him and they managed to escape the warehouse. While flying, they admired the 

landscapes and decided to make their home in a lovely cherry orchard full of ripening fruits 

located next to a city called Wageningen. They both knew they would never go back to their ho-

melands and decided to adopt the customs and traditions of their new country. Together, they 

started a family and established themselves permanently in the locality. If you walk around 

Wageningen, I am sure you will meet Yoko and Joe’s great-grandchildren. You will immedia-

tely recognize them by their wooden clogs and by the fact that, each year, they are the first to 

sample the nicest fruits of the region!

Aurore Panel, Texts
Nadine Kuipers, Amperzand Tekst & Illustratie
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Abstract

The agricultural pest species Drosophila suzukii was first recorded in 2012 in the 

Netherlands. Since then, it has spread throughout the country and caused subs-

tantial damage to the soft-fruit industry. However, the extent of genetic diversity 

within this population is unknown and it had thus far been undetermined whether 

the pest has permanently established itself or whether it is reintroduced annually 

through fruit trade or migration. To answer these questions, we assessed the genetic 

diversity and the population structure of field-sampled D. suzukii over three conse-

cutive years and three locations to determine changes in the populations’ genetic 

makeup. The flies were captured in one of the main fruit-growing regions of the 

Netherlands. Additionally, we examined the genetic diversity of three laboratory 

strains of D. suzukii that we set up from field collections. These strains were com-



50 Seasonal biology of Drosophila suzukii - Genetic and phenotypic variation in the Netherlands 

pared to the most recently field-sampled flies in order to determine to what extent 

they were representative of a population in the wild. A set of nine microsatellite 

markers was used to perform these analyses. For each investigated year, the field 

samples showed high allelic diversity and correspondingly high heterozygosity. 

Fixation index (FIS) values per sampling year were generally low, indicating little 

to no inbreeding. Pairwise comparison of the annual groups revealed little to no 

genetic differentiation and no clustering pattern was detected for sampling years or 

sampling locations. By contrast, the program STRUCTURE identified two gene-

tic clusters. The alignment of these clusters, however, did not separate the samples 

into different subpopulations; it only indicated gene flow between the years and 

locations. This low year-to-year variation in terms of population genetic composi-

tion, as well as other studies on yearly D. suzukii monitoring and overwintering be-

haviour, suggests that a local population has likely established permanently in this 

region of the Netherlands. All laboratory strains of D. suzukii showed a decrease in 

genetic diversity when compared to the field samples, and substantial levels of ge-

netic differentiation. This divergence between laboratory strains and field samples 

needs to be taken into consideration when developing management tools against 

populations of D. suzukii. We therefore discuss our findings in the context of pos-

sible pest control strategies.

Key words: Drosophila suzukii; microsatellites; temporal genetic variability; gene-

tic diversity; genetic differentiation; population structure; laboratory strains.
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Introduction

Invasive species can pose a threat to natural ecosystems, agriculture and human 

health (Pimentel et al., 2005; Pyšek & Richardson, 2010). One recent example 

of an invasive species threatening food production is the global invasion of the 

Spotted Wing Drosophila, Drosophila suzukii (Asplen et al., 2015; Cini et al., 

2012). This agricultural pest species originates from South-Eastern Asian countries 

and was first described in Japan in 1939 (Hauser, 2011). In the 1980s the species 

was recorded in Hawaii (Hauser, 2011) but it was not until the late 2000s that 

simultaneous D. suzukii invasions were reported both in Europe and North Ame-

rica (Cini et al., 2012; Rota-Stabelli et al., 2013). Subsequently, D. suzukii rapidly 

spread globally to become an established pest targeting fruit crops (Asplen et al., 

2015; Burrack et al., 2012; Cini et al., 2012; Deprá et al., 2014; Goodhue et al., 

2011; Orhan et al., 2016; Walsh et al., 2011). This fast dispersal rate likely results 

from the international trade of infested fruits (Cini et al., 2012, 2014; Fraimout 

et al., 2017). In the Netherlands, the pest was first recorded in 2012 (Helsen et al., 

2013; NPPO, 2012). Since then, D. suzukii has spread throughout the country and 

caused substantial damage to the soft fruit industry. Even though numerous studies 

have been conducted to control this pest (Asplen et al., 2015; Cini et al., 2012), 

current management techniques are not sufficient. Consequently, most control ef-

forts rely on the use of broad-acting pesticides (Haye et al., 2016). In order to opti-

mize existing control strategies, more research into the fundamental biology of D. 

suzukii is required. In this regard, molecular and genomic technologies will likely 

play a key role in improving our understanding of important aspects of the species’ 

biology including insecticide resistance, invasion biology, and population structure 

(Murphy et al., 2016) .  

Knowledge of the population genetics of pest species is essential in finding appro-
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priate long-term pest management solutions (Suarez & Tsutsui, 2008). Population 

genetics approaches allow a better understanding of the mechanisms that lead to 

successful pest invasions. They are generally used to identify the origin of invasive 

populations, describe their invasion history, characterize their dispersal ability and 

population demographics (Rollins et al., 2006). Population genetic analysis is also 

increasingly being used to assess the feasibility of particular control strategies and 

determine at what scale they should be implemented (Abdelkrim et al., 2005; Ro-

bertson & Gemmell, 2004). For instance, a recent study shows that South African 

populations of the invasive Mediterranean fruit fly Ceratitis capitata are characte-

rized by limited population differentiation and high levels of gene flow on a large 

geographical scale (Karsten et al., 2013). This finding has important implications 

for ongoing pest management practices which mostly rely on the Sterile Insect 

Technique (SIT). Indeed, the results of the study suggest that SIT should be un-

dertaken at a broad geographic scale, rather than at a fine scale (i.e.,  farm or valley 

basis), as is currently the case (Karsten et al., 2013). 

A better understanding of how the genetic makeup of newly established pest popu-

lations changes over time is also crucial for optimizing control strategies (Pineda et 

al., 2016). Especially because genetic information collected at a single point in time 

often yields an incomplete picture of the ongoing biological processes influencing 

a species (Goldstien et al., 2013; Gomaa et al., 2011; Habel et al., 2014). Tempo-

ral analyses exploring genetic trends over time allow for better prediction of the 

likelihood of long-term survival of an introduced population in a new habitat and 

its invasiveness potential (Pineda et al., 2016). Furthermore, analysing the tempo-

ral genetic variability of some pest populations also allows for assessment of the 

stability of these populations and whether they can survive year-round or rely on 

re-introductions each year (Bahder et al., 2015).
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Finally, understanding intraspecific genetic variability in pest species is crucial 

to identifying management practices that are efficient across populations (Ro-

ta-Stabelli et al., 2020). Genetic differences may occur between pest populations 

from distinct invaded areas and lead to differences in the effectiveness of control 

strategies. For instance, if the genes involved in the production of detoxification 

enzymes that degrade or sequester insecticides are expressed differently between 

two populations of a species, we could expect a different probability or rate of de-

veloping insecticide resistance between the two populations. Consequently, the 

application of results from laboratory strains to the field should also take these 

intraspecific differences into account. This is particularly true when management 

practices developed on one laboratory strain are applied to diverse wild popula-

tions or to other strains from different geographical locations (Rota-Stabelli et al., 

2020). Therefore, for research on any type of invasive insect pest, it is highly rele-

vant to identify which laboratory strains are genetically most representative of the 

analysed wild populations (Gloria-Soria et al., 2019).  

In D. suzukii, molecular techniques have already been used to better understand 

the evolutionary history of the species and to infer its invasion pathways (Fraimout 

et al., 2017; Ometto et al., 2013). Microsatellite markers have recently been de-

veloped and applied to better understand the genetic structure of European and 

North-American D. suzukii populations (Adrion et al., 2014; Bahder et al., 2015; 

Fraimout et al., 2015; Tait et al., 2017). Most D. suzukii populations in southern 

Europe (Italy, Spain and southern France) likely result from a single introduction 

from Asia, the native region of the pest, whereas northern European populations 

(Germany, Northern France) seem to derive from an admixture between Asian and 

eastern North American populations (Fraimout et al., 2017). In Italy, the analy-

sis of the genetic population structure of D. suzukii showed extensive genetic ho-
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mogeneity among specimens collected across the country (Tait et al., 2017). By 

contrast, in North America the genetic diversity differed between populations of 

D. suzukii captured in Washington and California, suggesting the presence of po-

pulation structure (Bahder et al., 2015). Most of these studies focussed on genetic 

differences between D. suzukii populations on a large geographical scale (Adrion et 

al., 2014; Choi et al., 2018; Fraimout et al., 2015, 2017; Tait et al., 2017). However, 

for most regional populations it is unknown how the genetic makeup changes over 

time. 

In this study, we assessed the genetic diversity of field-sampled D. suzukii over three 

consecutive years and three locations in order to determine changes in their gene-

tic makeup across temporal and geographic parameters. To perform this analysis, 

a set of nine previously developed microsatellite markers was used. The flies were 

captured in one of the main fruit-growing regions of the Netherlands, the Betuwe. 

Our objective was to determine whether D. suzukii was permanently established in 

this region of the Netherlands and maintained year-round or whether it was re-in-

troduced annually through fruit trade or migration. In the first case, we expected 

to find limited differentiation between sampling years and locations as well as a 

relatively high level of genetic variation. In the second case, we expected to detect 

founder effects (i.e., , relatively high levels of genetic differentiation between sam-

pling years, and possibly between sampling locations), as well as relatively low levels 

of genetic variation within sampling years and between sampling locations. 

In addition, we examined the genetic diversity of three laboratory strains of D. 

suzukii that we set up from field collections. These strains were compared to the 

most recently captured field samples in order to determine whether they were re-

presentative of a population in the wild. The reason for this investigation is a recent 

study, which showed that D. suzukii strains from different geographical locations 
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(e.g., continents or European countries) could strongly diverge both phenotypi-

cally and genetically (Rota-Stabelli et al., 2020). Research into effective pest ma-

nagement practices should thus centre more on population level than on species 

level (Rota-Stabelli et al., 2020). Therefore, we wanted to determine to what extent 

our laboratory strains would be representative of the field and appropriate to the 

development of future management tools against the establishment of a Dutch po-

pulation of D. suzukii.

Materials and methods

Drosophila suzukii collection and identification

Field samples

We collected a total of 267 D. suzukii flies from one of the main fruit-growing 

regions of the Netherlands in 2016, 2017 and 2018. The flies were collected from 

three main sampling sites in cherry orchards and a vineyard, all located within a 

ten-kilometre radius around Wageningen (Table 1). At least two traps per loca-

tion were used to avoid trapping individuals coming from the same clutch of eggs. 

Each year, 83 to 90 females were trapped in August and September, using commer-

cially available Droso-Traps (Biobest, Westerlo, Belgium) baited with around 200 

mL of Dros’Attract (Biobest, Westerlo, Belgium) and left exposed for seven days. 

Drosophila suzukii females were then identified in the laboratory, using a stereo-

microscope. Caught individuals were stored at -20°C in 70% ethanol until DNA 

extraction.
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Table 2. Sampling locations of the three laboratory strains

Table 1. Locations and sampling sites of D. suzukii females in the Netherlands from 2016 to 2018, The Nether-

lands
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Laboratory strains

We analysed three laboratory strains of D. suzukii maintained in our laboratory 

at the University of Groningen. These strains were originally derived from field 

collected individuals captured in the Netherlands and southern France (Table 

2). We wanted to determine to what extent these strains were representative of a 

field population in the Netherlands. The first Dutch strain (hereafter referred to as 

Randwijk strain) was captured at the Wageningen Plant Research station in Rand-

wijk (N 51.936883; E 5.705474). Around 300 flies were collected from infested 

raspberry fruits in October 2017. The second Dutch strain (hereafter referred to as 

Westland strain) was sampled in Westland (N 51.99671; E 4.22729) in the autumn 

of 2016. The number of founding individuals of this strain was much smaller com-

pared to the Randwijk strain, with an initial population size of ten individuals. Fi-

nally, the last strain (hereafter referred to as French strain) was captured in southern 

France between Nîmes and Arles in 2013 (N 43.754059; E 4.4595). The founding 

population of approximately 100 individuals was first set up in Belgium, by Kop-

pert Biological Systems before a sub-sample (N=10-20) was sent to our labora-

tory in 2016 (see Table 2). Each laboratory strain was maintained under similar 

conditions: the flies were reared in plastic bottles (ca. 140 mL volume each) filled 

with a 30 mL food medium containing agar (10 g/L), glucose (30 g/L), sucrose (15 

g/L), heat-inactivated yeast (35 g/L, Mauripan), cornmeal (15 g/L), wheat germ 

(10 g/L), soya flour (10 g/L), molasses (30 g/L, Sweet Harvest Foods), propio-

nic acid (5 mL/L), and Tegosept (2 g/L, Apex). The offspring of each generation 

was mixed and distributed over new bottles. Larval densities were standardized to 

approximately 100–150 larvae per bottle to avoid competition through overcrow-

ding and to maintain the genetic diversity. The three strains were maintained in a 

climate-controlled growth chamber set to 20°C, with a 16:8 L/D photoperiod.
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DNA extraction and microsatellite analysis

For the field samples, between 24 and 30 female flies were selected for DNA extrac-

tion per sampling location per year: they were sourced evenly among traps (per year 

and per sampling location). For each laboratory strain, 29 or 30 female flies were 

selected for DNA extraction. Genomic DNA was extracted from each individual 

separately using a standard high salt protocol adapted from Maniatis et al. (1982) 

(Maniatis et al., 1982). The extracted DNA was subsequently amplified in five PCR 

reactions using the QIAGEN multiplex PCR kit (Qiagen). An initial set of sixteen 

microsatellite markers obtained from previous studies (Fraimout et al., 2015; Tait 

et al., 2017) was used for the PCR.  Forward primers were 5’-labelled with one of 

four fluorophores (VIC, PET, NED or FAM) and the microsatellite markers were 

pooled into five multiplex mixes based on their size range combinations using the 

software AutoDimer (Vallone & Butler, 2004) (Table 3). For each well of a 96-

well plate, the reaction contained: 1µL of template DNA (50 ng/µL), 0.5µL of pri-

mer mix (10µM), 2.5µL of multiplex mix and 1 µL of purified Milli-Q® water. The 

PCR program was set with an initial period of denaturation at 94°C (15 minutes) 

followed by 30 cycles of additional denaturation at 94°C (30 seconds), annealing 

phase at 57°C (90 seconds), elongation phase at 72°C (60 seconds), and a final 

extension phase at 72°C (45 minutes). PCR products were diluted 40 times with 

Milli-Q® water and then analysed on an ABI-3730 automated sequencer alongside 

a Gs500 Liz ladder (GeneScan, Thermo Fischer Scientific). Allele calling was done 

with Geneious software v.11.1.5 (Biomatters Limited, New Zealand) and allele 

scoring was recorded in Excel, based on the length of the microsatellite fragments, 

shown as peaks on the trace in Geneious. We used a standard scoring protocol for 

microsatellites (Luckau, 2013).
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Statistical analysis

Both the field-collected individuals and the laboratory strains were tested for de-

viations from Hardy-Weinberg equilibrium (HWE) and rare alleles were identi-

fied with GenAlEx software v.6.503 (Peakall & Smouse, 2006). The Jackknife re-

sampling technique was used in order to determine if particular individuals were 

more influential than average on HWE (Morin et al., 2009). In addition, the field 

dataset was analysed for Linkage Disequilibrium (LD) between the loci with GE-

NEPOP software v.1.2 (Raymond & Rousset, 1995; Rousset, 2008). Lastly, both 

datasets were checked for the presence of null alleles with FreeNA (Chapuis & 

Estoup, 2004). The mean frequency of null alleles was estimated for each locus 

and sampling group or strain by the Expectation Maximization (EM) algorithm 

(Dempster et al., 1977). All loci that showed significant LD were removed (Kim 

& Sappington, 2013) as well as all loci with a null allele frequency above 0.15. 

Samples that contained rare alleles (Minor Allele Frequency<0.06) were removed 

from the datasets, as those samples were likely to be genotyping errors and might 

have affected the HWE negatively (Morin et al., 2009). Of the 16 microsatellite 

markers initially selected for the analysis, seven were discarded due to amplification 

difficulties or because they either showed significant results for LD or were not in 

Hardy-Weinberg equilibrium (HWE). Consequently, the population-genetic ana-

lysis was based on nine neutral and independent microsatellite markers (Table 3 

and Table S1), 159 samples for the field dataset (2016 N=46; 2017 N=59; 2018 

N=54), and 66 samples for the laboratory dataset (French strain N=26; Randwijk 

strain N=18; Westerland strain N=22).

Genetic diversity of field samples and laboratory strains of D. suzukii

To determine the genetic diversity of the field samples and laboratory strains in-
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Table 3. Microsatellite markers used in multiplex (MP) mixes along with their associated dye-labelled and 

unlabelled primers. Presence in final microsatellite analysis is indicated. Chrom. = chromosomal arm. Micro-

satellite markers information obtained from Fraimout et al. (2015).
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cluded in this study, microsatellite allele data were analysed with GenAlEx software 

v.6.503 (Peakall & Smouse, 2006). For each dataset, the following statistics were 

used: mean number of alleles (NA), effective number of alleles (NE), expected he-

terozygosity (HE), observed heterozygosity (HO), number of private alleles (NP), 

frequency of private alleles (PP), frequency of null alleles (Pn) and inbreeding coef-

ficient (FIS).

Genetic differentiation

To examine the level of genetic differentiation between field samples over the 

course of three years and three locations, and to assess to what extent the labora-

tory strains were representative of a wild population, we used different statistics. 

A pairwise population comparison was performed with an Analysis of Molecular 

Variance (AMOVA) for codominant microsatellite data with GenAlEx software 

v.6.503 (Peakall & Smouse, 2006). Genetic distances were calculated by the Eucli-

dean distance model of the genetic distance function of GenAlEx, and the genetic 

distance matrices were then imported into MEGA7 software v.7.026 (Kumar et al., 

2016) to construct UPGMA Dendrograms. In addition, FST values were estimated 

using FreeNA with the ENA correction for null alleles implemented in the pro-

gram (Chapuis & Estoup, 2004). A thousand permutations for the computation of 

the bootstrap 95% confidence intervals of the FST values were used. An FST value in 

the range of 0–0.05 was considered as little genetic differentiation; a value between 

0.05 and 0.15 as moderate; a value between 0.15 and 0.25 as large; and values above 

0.25, as very large genetic differentiation (Wright 1978; Hartl & Clark 1997).

Genetic structure of the field samples over time and space

Genetic structure of the field samples was analysed using a Bayesian method in 

the program STRUCTURE v.2.3.4 (Falush et al., 2003, 2007; Hubisz et al., 2009; 
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Pritchard et al., 2000). This program was used to estimate the number of clusters 

present in the dataset (sampling locations and sampling years) based on allele fre-

quency clustering (K). Structure analysis was run twice. For the first run the cluster 

was assumed to be between K= 1 to 9 (reflecting three locations x three years). 

The first round was run with a length of a burn-in period of 10 000 and a number 

of Markov Chain Monte Carlo (MCMC) repetitions of 50 000 with a repetition 

of 20 per genetic cluster (K). Subsequently, the Evanno maximum likelihood me-

thod was used in the STRUCTURE HARVERSTER software (Earl & vonHoldt, 

2011), to roughly infer where the true genetic cluster lied based on the highest 

DeltaK value. The second run was done with a length of a 500 000 burn-in period 

and 750 000 for MCMC with 20 repetitions at each K, which was assumed to lie 

between one and five. Results were subsequently imported into Structure Harves-

ter, using the highest DeltaK value of the Evanno method to infer the most likely K. 

The clustering patterns were then visualized with Pophelper software v.2.3.0 (Fran-

cis, 2016).

Results

Genetic differentiation across sampling locations

For each investigated year (2016, 2017 and 2018), FST results showed no to little 

genetic differentiation between sampling locations (Table 4). The greatest level of 

differentiation was found between the samples from Wageningen in 2016 and all 

other sampling locations and years (pairwise FST values ranging from 0.032-0.070). 

As these values are still considered as little to moderate differentiation, and all other 

pairwise FST values were even lower, these results suggest that the flies sampled from 

Kesteren, Wageningen and Randwijk belong to the same population of D. suzukii.
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Table 5. Summary of genetic variability parameters across all three sampling years (N=83 flies in 2016 and 

N=90 flies in 2017 and 2018).

Standard error is shown as ± SE; NA: allelic richness (mean number of alleles); NE: mean number of effective 

alleles; NP: total number of private alleles; PP:  mean frequency of private alleles; HO: observed heterozygosity; 

HE: expected heterozygosity; Pn: frequency of null alleles; FIS: mean inbreeding coefficient

Table 6. Summary of the AMOVA results for the annual comparison of field-sampled D. suzukii

DF: degrees of freedom; SS: Sum of Squares; Est. Var.: Estimated Variance; %: genetic variance in percent

Table 7. FST values for the pairwise comparison of annual field samples calculated with FreeNA using ENA (1 

000 permutations) are shown in bold below the diagonal. Values above the diagonal in italic are the upper and 

lower bounds of the 95% confidence interval of the corresponding FST values
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Genetic diversity of the field samples from 2016 to 2018

Across examined loci of the annual sampling groups, the number of alleles per locus 

ranged from nine (DS17) to 17 (DS9) with a mean (± standard error) of 13.44 ± 

0.93 (9 loci) alleles per microsatellite (Table 5). None of the nine examined loci de-

viated significantly from the Hardy-Weinberg Equilibrium when calculated across 

all annual sampling groups, although five loci (DS14, DS17, DS26, DS34) from 

the samples of 2016 and one locus (DS22) from the 2018 sampling showed signi-

ficant deviations from HWE (Table S2). The mean observed heterozygosity (HO) 

for all loci ranged from 0.53 (DS22) to 0.89 (DS07) whereas the mean expected 

heterozygosity (HE) ranged from 0.68 (DS34) to 0.87 (DS07) (Table S3), indica-

ting no excessive heterozygosity.

Allelic richness NA (mean number of alleles ± standard error) ranged from 10 ± 

0.55 in the samples collected in 2016 (N=46 flies) to 9.56 ± 0.88 and 9.44 ± 0.71 

in the samples collected in 2017 (N=59 flies) and 2018 (N=54 flies) respectively 

(Table 5). The mean number of effective alleles (NE) per sampling year and locus 

ranged from 5.10 ± 0.51 in 2018 to 4.30 ± 0.59 in 2016. This indicates differences 

in allele frequencies per sampling group, meaning that some alleles occur very fre-

quently and a considerable number occurs at low frequencies. All three annual 

groups had private alleles (Tables S4). Mean observed heterozygosity (HO) across 

annual groups ranged from 0.73 ± 0.03 (2017) to 0.67 ± 0.06 (2016). Expected he-

terozygosity (HE) ranged from 0.79 ± 0.02 (2018) to 0.74 ±0.03 (2016). All yearly 

samples contained null alleles. Fixation index (FIS) values ranged from 0.01 ± 0.06 

in 2016 to 0.09 ± 0.05 in 2018, indicating at most little inbreeding.
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Figure 1. UPGMA Dendrogram of all annual field D. suzukii samples (N=159), computed with MEGA7 

using the Euclidean distance model. Samples of 2016 are coloured in blue, 2017 in orange and 2018 in green. 

Different symbols represent the sampling locations; samples from Randwijk (R) are marked with a rectangle 

(☐), samples from Wageningen (W) are marked with a diamond shape (◊) and samples from Kesteren (K) 

with a triangle (Δ)
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Genetic differentiation of the annual sampling groups and population structure 

over time and space

The AMOVA revealed that the highest genetic variance was found between indivi-

duals (95%) whereas only 4% genetic variance was found between annual sampling 

groups (Table 6). 

The pairwise FST comparison analysis using ENA in FreeNA showed a significant 

genetic differentiation between the annual sampling groups with all FST values si-

gnificantly differing from zero. However, the level of differentiation was minor as 

FST values were smaller than 0.05 and their confidence intervals overlapped (Table 

7).

The genetic divergence between the annual sampling groups was visualized by the 

genetic distances computed with a Euclidean distance model in MEGA7, per an-

nual sampling group and per individual sample (Figure 1). The genetic distance 

between 2018 and 2017 was smaller than the genetic distance of both years com-

pared to 2016 based on the UPGMA Dendrogram for the populations (Figure 2). 

The neighbour joining tree per sample revealed no conclusive clustering pattern, 

neither per annual sampling group nor per sampling location (Figure 1).

Population structure analysis led to the identification of two clusters (K=2) among 

the different sampling years and locations, as it scored the highest deltaK value 

(33.728) based on the Evanno method in STRUCTURE (Table S5). However, the 

clusters (K) did not separate the samples into different years or locations (Figure 

3). Instead, the clustering pattern indicated that the investigated Dutch population 

likely derives from an admixture population, with high rates of gene flow among 

subpopulations (i.e., , years and locations). A figure containing the output for the 

clusters (K) one to five is depicted in Figure S1.
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Figure 2. UPGMA Dendrogram of the three annual sampling groups of D. suzukii, computed with MEGA7. 

Values along the branches correspond to (Euclidean) genetic distance values, calculated in GenAlEx.

Figure 3. Genetic structure of the field samples, collected in 2016, 2017 and 2018 (N=159), estimated by 

STRUCTURE analysis. Samples are aligned according to the year of collection (top panel) and within collec-

tion location per year (bottom panel)
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Genetic diversity of D. suzukii laboratory strains

Across all examined loci for the laboratory strains, the number of alleles per lo-

cus ranged from a maximum of 12 (DS07) to a minimum of five (DS22), with a 

mean of 8.67 ± 0.67 (nine loci) (Table S6). When examined for Hardy-Weinberg 

Equilibrium (HWE) three loci deviated significantly when averaged across strains 

(DS05, DS09, DS26). When HWE was examined per strain, the results showed 

that the Randwijk strain had the highest number of loci in HWE (N=6), followed 

by the Westland strain with four loci in HWE, whereas none of the loci were in 

HWE for the French strain, meaning this strain deviated most strongly from the 

Hardy-Weinberg assumptions (Table S7). The observed heterozygosity (HO) across 

loci of the three laboratory strains ranged from 0.21 (DS14) to 0.68 (DS26), whe-

reas the expected heterozygosity (HE) per locus ranged from 0.26 (DS22) to 0.71 

(DS07) (Table S6).

Allelic richness (NA) (± standard error) ranged from 6.67 ± 0.53 in the samples of 

the Randwijk strain (N=18 flies) to 3.11 ± 0.51 and 3.56 ± 0.34 in the samples of 

the French strain (N=26 flies) and the Westland strain (N=22 flies) respectively. 

The mean number of effective alleles (NE) per laboratory strain and locus ranged 

from 4.58 ± 0.43 in the Randwijk strain to 2.05 ± 0.32 in the French strain (Table 

8). Even though there were discrepancies between NA and NE values for all labora-

tory strains, the differences were not as strong as for the annual sampling groups, 

indicating less variation in allele frequencies. All laboratory strains had unique 

alleles (Tables S8). Mean observed heterozygosity (HO) across strains ranged from 

0.65 ± 0.03 (Randwijk strain) to 0.22 ± 0.09 (French strain), whereas expected 

heterozygosity (HE) ranged from 0.76 ± 0.04 (Randwijk strain) to 0.40 ± 0.09 

(French strain). All three strains contained null alleles. Fixation index (FIS) values 

ranged from 0.12 ± 0.07 for the Randwijk strain to 0.63 ± 0.13 for the French 
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Table 8. Summary of genetic variability statistics across three laboratory strains of D. suzukii

Standard error is shown as (± SE); NA: allelic richness (mean number of alleles); NE: mean number of effective 

alleles; NP: total number of private alleles; PP:  mean frequency of private alleles; HO: observed heterozygosity; 

HE: expected heterozygosity; Pn: frequency of null alleles; FIS: mean inbreeding coefficient

Table 9. Summary of the AMOVA results for the comparison between laboratory strains and the 2018 field 

samples of D. suzukii.  DF = degree of freedom; SS = sum of squares; Est. Var. = Estimated variance; % = 

genetic variance in percent

Table 10. FST values for the pairwise comparison of field and laboratory groups calculated with FreeNA using 

ENA (1 000 permutations) are shown in bold below the diagonal. Values above the diagonal in italic are the 

upper and lower bounds of the 95% confidence interval of the corresponding FST values



Chapter II: High genetic diversity and low spatial and temporal genetic differentiation of 

Drosophila suzukii in a fruit-growing region of the Netherlands               71

strain (Table 8), indicating increased levels of inbreeding in the laboratory strains.

Comparison of the laboratory strains to the Dutch field samples of D. suzukii 

captured in 2018

When the field samples of 2018 were added to the analysis in GenAlEx, the num-

ber of private alleles in the laboratory strains decreased drastically in number and 

frequency. The French strain went from nine to four private alleles with a mean 

frequency of 0.07, and the Westland strain went from seven to three private alleles 

with a mean frequency of 0.07. The most drastic change appeared in the Randwijk 

strain, where it went down from 28 to five private alleles with a mean frequency of 

0.12 across three loci (DS09, DS15, DS17). The field samples showed 26 private 

alleles across eight loci (Table S8). Results of the performed AMOVA showed that 

the highest genetic variance was found between individuals (84%) whereas 15% 

genetic variance was found between comparison groups (Table 9).

FST results showed moderate genetic differentiation between the field samples and 

the Randwijk strain (FST = 0.066) to great differentiation between the field samples 

and both the Westland strain (FST = 0.193) and the French strain (FST = 0.225) 

(Table 10). The greatest level of differentiation was found between the French 

strain and the Westland strain (FST = 0.420). This pattern was supported by the 

UPGMA Dendrogram (Figure 4).

The UPGMA Dendrogram (Figure 4) shows the genetic distance between the 

three laboratory strains and the field samples of 2018. As indicated by the FST re-

sults, the smallest genetic distance was found between the field samples and the 

Randwijk strain, followed by the Westland strain, whereas the French strain was 

most diverged from the other strains (Figure 4). This is also visible in the Dendro-

gram per sample, where the French and the Westland strains appeared clustered 
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with own groups while samples of the Randwijk strain were mixed in clusters of the 

field samples (Figure 5).

Figure 4. UPGMA Dendrogram of the three laboratory strains and the field caught samples of D. suzukii in 2018, com-

puted with MEGA7. Values along the branches correspond to (Euclidean) genetic distance values, calculated in GenAlEx.
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Figure 5. UPGMA Dendrogram of individual field (2018) and laboratory D. suzukii samples (N= 120), com-

puted with MEGA7 using the Euclidean distance model. Samples of the French strain (F) were coloured in 

blue, Westland strain (W) in orange, Randwijk strain (R) in purple and field samples of 2018 in green.
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Discussion

In this study we characterized the genetic makeup of D. suzukii captured in a fruit 

growing region of the Netherlands over three consecutive years and three locations, 

using nine microsatellite markers. In addition, three laboratory strains of D. su-

zukii were examined in regard to their genetic diversity and compared to the field 

samples in order to assess to what extent they were representative of a population 

in the wild. We determined the laboratory strain that was the most representative 

and appropriate for developing management tools against a Dutch population of 

D. suzukii. 

Genetic diversity

The three annual sampling groups (2016, 2017 and 2018) show a high level of ge-

netic variation. The high number of alleles per locus detected indicate the discri-

minatory power of the selected microsatellite markers. Considering the obtained 

values for NE, HE and HO, it is clear that the level of genetic differentiation of the 

field sampling groups was low and very similar between years. The results of this 

study regarding the diversity of the nine loci examined were generally consistent 

with previous studies by Tait et al., (2017) and Fraimout et al., (2015). The allelic 

size ranges of the loci roughly match those described for other European popula-

tions and the average number of alleles per locus was close to the results of Tait et 

al. (2017). However, these comparisons should be considered with caution since 

differences between studies could be caused by the subjective nature of allele cal-

ling, as protocols and software packages differed between projects (Presson et al., 

2006). To draw clear conclusions, it would be necessary to analyse all datasets using 

the same software and protocols (Presson et al., 2006). Finally, the high level of ge-

netic diversity of the field samples of D. suzukii across all loci might be explained by 
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a large founder population which spread, established, and expanded in the Nether-

lands. This expansion might be a consequence of the pest species’ good ability to 

cope well with the Dutch climate conditions, their high reproduction rate and the 

absence or limited presence of natural competitors, predators or parasitoids (Cha-

bert et al., 2012; Miller et al., 2015; Chapter III, Panel et al., 2018; Rossi-Stacconi 

et al., 2017). 

Genetic structure over time and space

Our results indicate that over the period 2016-2018, there was a genetically stable 

population of D. suzukii in the region studied. This was supported by the AMOVA 

in combination with the pairwise comparisons and the analysis of the population 

genetic structure. The estimated FST values indicated little to no genetic differen-

tiation between the sampling groups. Even though population genetic structure 

analysis revealed two genetic clusters, the way that the clusters were assigned to 

the samples indicated gene flow throughout all three annual sampling groups and 

locations. These findings support previous studies showing that D. suzukii is able 

to survive harsh winter conditions to a level that allows the maintenance of popu-

lations in invaded areas and the establishment of a new generation of flies each year 

(Arnó et al., 2016; Mazzetto et al., 2015; Chapter III, Panel et al., 2018; Wang et 

al., 2016). Although we cannot fully exclude yearly import of D. suzukii from other 

regions through fruit trade, it is likely that we have one stable population of the 

pest species in this region of the Netherlands, given the limited genetic differentia-

tion between sampling years and locations, and the relatively high level of genetic 

variation. 

Another aspect that would deserve further investigation concerns the position of 

the Dutch D. suzukii populations in Europe. As previously described, the results 
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of the present study are largely consistent with the results available from Fraimout 

et al., (2015) and Tait et al., (2017) regarding genetic diversity of European popu-

lations of D. suzukii. However, it remains unknown how the Dutch populations 

relate to other European populations, regarding source populations and gene-

tic influence of migrants. Fraimout et al. (2017) inferred the invasion history of 

D. suzukii on a global scale. Amongst others, the study included samples of five 

western-European countries (Spain, France, Italy, Switzerland and Germany) for 

which they determined the source population. The results of the study indicated 

that, depending on the country, either a single invasion from Asia (in southern 

Europe) or an admixture between Asia and the eastern United States (in northern 

Europe) were the most likely source of D. suzukii invasions in the European coun-

tries (Fraimout et al., 2017). The pattern of genetic clustering within the Dutch 

flies would be consistent with a scenario where the Dutch populations also derive 

from an admixture population. Further studies should focus on how the Dutch 

populations would fit into this European invasion pattern.

Comparison of the laboratory strains to the field population

All three laboratory strains showed a decrease in genetic diversity compared to the 

field sampling groups. In fact, the laboratory strains were characterized by lower 

mean allele numbers per locus, lower observed and expected heterozygosity and 

higher FIS values. The French strain had the lowest genetic diversity of all three 

strains and scored the highest value for the fixation index (FIS= 0.633), which indi-

cates a substantial level of inbreeding. These results are not surprising considering 

the history of the French strain: it was initially set up in the autumn of 2013 with 

a founding population of approximately 100 individuals. In addition, this labora-

tory strain went through an additional bottleneck, when 10 to 20 individuals were 

sent to our laboratory in Groningen in 2016. The genetic diversity of the Westland 
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strain seemed to be only slightly higher than the French strain. Just like the French 

strain, the founding population of the Westland strain was very small (ca. 10 in-

dividuals), which strongly affected the genetic diversity of the population despite 

the measures taken to prevent loss of genetic diversity within the laboratory strains 

(i.e., , several hundreds of flies and homogenization of larval densities to avoid 

strong competition for each new generation). The genetic diversity of this strain 

was not as low as the French strain, which is likely because the Westland strain was 

set up more recently (2016 vs 2013). The Randwijk strain was set up most recent-

ly, in the autumn of 2017. It had the greatest founding population (N=200-300) 

and as such, this strain showed the highest genetic diversity of all three laboratory 

strains, resulting in the lowest inbreeding value (FIS =0.117).

The analysis for the level of genetic differentiation between the laboratory strains 

revealed high levels of differentiation. The highest value (FST =0.420) was found 

comparing the French strain to the one from Westland, again most likely reflecting 

the impact of the loss of genetic diversity within both strains in combination with 

the effect of geographic differences. Indeed, based on previous studies, the French 

and Dutch strains likely derive from different source populations, originating either 

from a single introduction from Asia (i.e., , southern France) or from an admixture 

between Asia and eastern United States (i.e., , northern Europe). Pairwise compa-

rison of both strains with the Randwijk strain indicated moderate genetic differen-

tiation. By fixing different alleles within each laboratory strain, genetic drift could 

also explain these observations. In addition, Drosophila populations maintained 

under laboratory conditions may genetically adapt to captivity and/or suffer from 

inbreeding depression. These joint processes often lead to changes in fitness traits 

that could be deleterious if the populations were returned to the “wild” (Woodwor-

th et al., 2002).
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All three laboratory strains scored their lowest values for genetic differentiation 

in pairwise comparisons with other strains when compared to the field samples of 

2018. The FST results ranged from moderate to little genetic differentiation. The 

number of private alleles decreased drastically, showing that the genetic diversity of 

the local field population of D. suzukii encompasses most of the genetic variation 

in the separate strains. This most likely reflects the original genetic diversity of the 

field population but could also point towards genetic influences from France and 

Westland in the current Dutch field population. This is supported by the decrease 

in private alleles found in all comparison groups after addition of the field samples 

to the dataset. All three laboratory strains initially showed a substantial number 

of private alleles when compared to each other. Nonetheless, when the field data-

set was added these values decreased drastically, especially for the Randwijk strain, 

again indicating that the Randwijk strain still shared most of the genetic diversity 

with the field samples.

Both the pairwise comparison (FST) and the visualization of the Euclidean gene-

tic distance in UPGMA dendrograms, indicated that the Randwijk strain was the 

most representative for the current (2018) field-sampled D. suzukii. This is not sur-

prising, considering that this strain originated from the sampling area of the flies 

used in this study and that it was the most recently captured laboratory strain with 

the largest genetic diversity. Nevertheless, it should be noted that, even though the 

level of genetic differentiation between the Randwijk strain and the field samples 

indicated little differentiation, the genetic differentiation still exceeded that of the 

comparison between the annual field samples. The same accounts for the inbree-

ding coefficient (FIS) which was considerably higher for the Randwijk strain than it 

was for any of the annual field groups. This might suggest substantial drift, inbree-

ding and/or adaptation of these strains since their introduction to the laboratory 
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(Woodworth et al., 2002). Each strain seems to have diverged to some extent from 

the field population, and differs genetically from other strains. Nonetheless, each 

laboratory strain has maintained reasonably high genetic diversity, and the alleles 

that are found within each strain are subsets of those that can be found in the field 

population.

Implications for D. suzukii management

Our results indicate that effective management of D. suzukii in the Netherlands will 

likely require an approach involving area-wide control, given the homogeneous ge-

netic structure of the pest population in space and time. For instance, it is unlikely 

that site-specific pesticide resistance will occur in the Netherlands. Moreover, gene 

flow within the main fruit-growing region of the Netherlands seems to be high. 

Therefore, control management practices involving sterile and incompatible insect 

techniques might prove to be effective against D. suzukii if applied on a broad geo-

graphical scale (Nikolouli et al., 2020). Similarly, releases of transgenic D. suzukii 

“male-only” strains over vast territories might be successful in eliminating the pest 

(Li & Scott, 2016). 

Conclusion

This research represents the first study of the genetic makeup of D. suzukii over a 

temporal and spatial scale in a fruit-growing region of the Netherlands. Our results 

indicate that the genetic diversity of the field population of D. suzukii is largely 

consistent with other European populations (France and Italy). The level of genetic 

differentiation between years and locations can be considered as very low to non-

existent. This low year-to-year variation in terms of population genetic composi-

tion, as well as other studies on yearly D. suzukii monitoring and overwintering 

behaviour, suggests that a population may have permanently established in this part 
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of Netherlands. All three laboratory strains of D. suzukii showed a decrease in ge-

netic diversity when compared to the field population, while the Randwijk strain 

had the lowest level of genetic differentiation. This divergence between laboratory 

strains and field samples needs to be taken into consideration for developing mana-

gement tools against the investigated Dutch population of D. suzukii as well as for 

the transfer of knowledge from the laboratory to the field. 
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Table S1. Summary of all loci that were removed from the dataset during the preliminary analysis

Table S2. Results for the Hardy-Weinberg Equilibrium analyses per loci per annual field sampling group

Key: ns=not significant, * P<0.05, ** P<0.01, *** P<0.001

Table S3. Summary of the genetic variability values collected for all 9 microsatellite loci in the field collected individuals

Repeat: nucleotide repeat profile of the locus; N: total number of different alleles found for this locus across all 

annual sampling groups; Pn: frequency of null-alleles; HO: observed heterozygosity; HE: expected heterozygo-

sity; HWE: results for the Hardy-Weinberg Equilibrium
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Tables S4. Private alleles found in all three annual field sampling groups. Alleles are sorted per locus and the 

frequency of occurrence is included in the tables as well.

Table S5. Population genetic structure table
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Figure S1. STRUCTURE results for all five genetic clusters
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Table S6. Summary of the genetic variability values collected for all 9 microsatellite loci in the laboratory 

strains

Repeat: nucleotide repeat profile of the locus; N: total number of different alleles found for this locus across all 

annual sampling groups; Pn: frequency of null-alleles; HO: observed heterozygosity; HE: expected heterozygo-

sity; HWE: results for the Hardy-Weinberg Equilibrium

Table S7. Results for the Hardy-Weinberg Equilibrium analyses per loci per laboratory strain

Key: ns=not significant, * P<0.05, ** P<0.01, *** P<0.001
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Tables S8. Private alleles found per laboratory strain. Alleles are sorted per locus and their frequency of oc-

currence is included in the table. All loci and alleles that are highlighted in blue, disappeared when the field 

population of 2018 was included in the initial data set.
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Figure S2. Allele frequency histograms for annual field sampling groups
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Table S9. Results of the genetic diversity analysis for the laboratory strains per locus. N refers to the number 

of individuals, A refers to the total number of alleles found within the strain for the particular locus. NE refers 

to the effective number of alleles, HO = observed heterozygosity, HE = expected heterozygosity, FIS is the in-

breeding coefficient
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Abstract

The mechanisms allowing the widespread invasive pest Drosophila suzukii to sur-

vive from early spring until the availability of the first fruit crops are still unclear. 

Seasonal biology and population dynamics of D. suzukii were investigated in order 

to better understand the contribution of the early spring hosts to the infestation 

of the first fruit crops of the season. We identified hosts available to D. suzukii in 

early spring and assessed their suitability for the pest oviposition and reproductive 

success under field and laboratory conditions. The natural infestation rate of one of 

these hosts, Aucuba japonica, was assessed over springtime and the morphology of 

the flies that emerged from infested A. japonica fruits was characterized under field 



92 Seasonal biology of Drosophila suzukii - Genetic and phenotypic variation in the Netherlands 

conditions. Then, these findings were correlated with long-term monitoring data 

on seasonal reproductive biology and morphology of the pest, using a cumulative 

degree-days (DD) analysis. Field sampling revealed that overwintered D. suzukii 

females were physiologically able to lay eggs at 87 DD which coincided with the 

detection of the first infested early spring hosts. The latter were continuously and 

increasingly infested by D. suzukii eggs in nature from early spring until the end of 

May, in particular Aucuba japonica. Individuals that emerged from most of these 

hosts were characterized by a poor fitness and a rather low success of emergence. 

In the field, only few summer morphs emerged from naturally infested A. japoni-

ca fruits around the end of May-beginning of June. However, field monitoring in 

orchards revealed that the D. suzukii population consisted solely of winter morphs 

until mid-June. These observations informed our conclusion that overwintered D. 

suzukii females are the predominant source for the infestations in the first available 

fruit crops of the season. We discuss these findings in the context of possible pest 

control strategies.

Key words: Drosophila suzukii; alternative host; seasonal biology; phenotypic plas-

ticity; integrated pest management
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Introduction

In the late 2000s, the Asian Drosophila suzukii (Matsumura; Diptera: Drosophili-

dae), invaded Europe and North America, infesting a wide range of ripening fruits 

and causing significant economic losses (Asplen et al., 2015; Cini et al., 2012; De 

Ros et al., 2013, 2015; Farnsworth et al., 2017; Goodhue et al., 2011; Hauser, 

2011). In the Netherlands, D. suzukii was first recorded in 2012 (NPPO, 2012). 

Since then, the number of D. suzukii fruit flies has increased and caused substantial 

damage to the Dutch soft fruit industry (H. H. M. Helsen & B. J. van der Sluis, 

unpublished data). Most existing pest management tools are inadequate against D. 

suzukii and current control efforts rely mainly on the use of broad-acting pesticides 

(Bruck et al., 2011; Cini et al., 2012; Rogers et al., 2016; van Timmeren & Isaacs, 

2013).

The best prospects for controlling infestations of this invasive pest may come from 

integrated pest management (IPM) including cultural and technical methods, 

chemical, biotechnical, and biocontrol approaches (Asplen et al., 2015; Cini et al., 

2012). IPM strategies are most likely to succeed when they can build on fundamen-

tal knowledge of the pest species. Specifically, knowledge of D. suzukii’s seasonal 

biology could help to identify periods of vulnerability in its life cycle. Such infor-

mation is of crucial importance for all stakeholders of the soft-fruit sector (Grassi 

et al., 2018; Ioriatti et al., 2015; Kenis et al., 2016), and also to make informed 

decisions on control measures to reduce further population buildup (Briem et al., 

2016; Cianci et al., 2013; Grassi et al., 2018; Jones & Wiman, 2012).

In temperate climates, several long-term monitoring studies have shown a sharp 

decline in the number of D. suzukii captures from winter onwards (Rossi-Stacconi 

et al., 2016; Wang et al., 2016). In Europe, this population decline lasts until late 
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spring, when the pest is recorded in massive numbers in cherry crops, which are 

generally the first commercial fruits available to D. suzukii (Grassi et al., 2018; Ros-

si-Stacconi et al., 2016). This field monitoring pattern can be explained by the fact 

that D. suzukii populations undergo two bottleneck periods (Grassi et al., 2018). 

The first bottleneck period relates to winter time when the pest encounters harsh 

environmental conditions. Drosophila suzukii can respond to this seasonal change 

through a range of physiological and morphological adaptations that enhance its 

survival rate to some extent (Shearer et al., 2016). Adult D. suzukii individuals en-

ter a state of reproductive dormancy during winter months; most females captured 

in the field during this period have undeveloped ovaries (Mitsui et al., 2010; Shea-

rer et al., 2016; Wallingford et al., 2016; Zerulla et al., 2015). Males are generally 

scarce at this time of the year and produce very few sperm cells (Grassi et al., 2018). 

In addition, D. suzukii is able to develop a specific morphology. As summer pro-

gresses towards winter, flies develop darker pigmentation and longer wings (Asplen 

et al., 2015; Fraimout et al., 2018; Shearer et al., 2016). Such flies are characterized 

as winter morphs, as opposed to summer morphs that are present during summer-

time, and have a higher cold tolerance (Shearer et al., 2016; Stockton et al., 2018). 

Seasonal morphologies are irreversible whereas reproductive diapause can be ended 

when climatic conditions become more favourable to the pest reproduction (Wal-

lingford et al., 2016). Thus, adult winter morph females that had mated in autumn 

and overwintered, start bearing mature eggs in early spring.

The second bottleneck period occurs in early spring, when winter D. suzukii sur-

vivors form small populations and can access only a limited number of host plants 

with fruits that can be used for food and reproduction (Grassi et al., 2018). These 

early spring host plants, often referred to as “non-crop hosts”, “non-cultivated hosts”, 

“alternative hosts”, or “wild hosts”, to differentiate them from crops, include plants 
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found in nature and ornamental species in parks and gardens (Arnó et al., 2016; 

Briem et al., 2016; Kenis et al., 2016; Poyet et al., 2015). Whilst D. suzukii is ex-

tremely polyphagous, i.e., , it can develop in many fruit species and switch between 

these depending on the fruit seasonality (Poyet et al., 2015), the contribution of 

the early spring hosts to the seasonal buildup of the population remains unclear. 

As these non-crop host plants might constitute the starting point of the next gene-

rations of fruit flies, many regional surveys have been conducted to identify them. 

In Europe and North America, extensive field surveys have reported more than a 

hundred host species in which the pest can develop (Arnó et al., 2016; Briem et al., 

2016; Kenis et al., 2016; Lee et al., 2015; Poyet et al., 2015). In Germany, mistle-

toe is thought to be one of the first reproductive hosts of D. suzukii in early spring 

(Briem et al., 2016). In Italy, ivy berries are continuously infested by the pest from 

the beginning of April until the end of May. Although the fruit flies emerging from 

these berries have poor fitness, they hatch in the early season and could potentially 

attack the first available commercial crops (Grassi et al., 2018).

In this study we investigated the seasonal biology of D. suzukii to identify the fac-

tors that regulate their population ecology in early spring. Our objective was to 

determine to what extent D. suzukii emerging from wild host plants in early spring 

contribute to the populations that infest the first fruit crops of the season, in our 

case, commercial cherry crops. We specifically (1) identified hosts available to D. 

suzukii in early spring and assessed their suitability for pest oviposition and repro-

ductive success under field and laboratory conditions; (2) evaluated the natural 

infestation rate of one of these hosts, Aucuba japonica, over springtime and scored 

the morphology of the flies that emerged from infested A. japonica fruits under 

field conditions; (3) then, these findings were correlated with long-term monito-

ring data on seasonal reproductive biology and morphology of the pest by using a 
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temperature-related population model optimized for D. suzukii by Tochen et al. 

(2014).

Materials and methods

The study took place in the central Netherlands (51.7460077–52.0333300 N, 

4.7083300–5.6763900 E; elevation above sea level: 0.11–20 m). All laboratory 

experiments were performed in a climate chamber set at 20.8 ± 0.6 °C, 16:8 light:-

dark photoperiod, 70% RH. Plastic containers (Ø52 mm, 125 mL) used for all 

trials were furnished with a 2 cm layer of humid oasis floral foam, covered with a 

fine mesh netting and sealed with a screwcap lid with a 4 cm² opening for ventila-

tion.

Identification and natural infestation of early spring hosts

Potential host plants were surveyed in the field in early spring for D. suzukii infesta-

tion. Six plant species were examined in 2016: Aucuba japonica, Skimmia japonica, 

Cotoneaster spp., Elaeagnus x ebbingei, Hedera helix, and Viscum album (Table S1). 

The selection was based on a field survey performed in the same region by Kenis 

et al. (2016) and on the results of other studies (Briem et al., 2016; Poyet et al., 

2015). For all fruit species an estimation of the emergence rate of D. suzukii adults 

was performed. All field-collected fruits were ripe. Fruits were kept in containers in 

the laboratory for several weeks and emerging D. suzukii adults were collected and 

counted, following the methodology developed by Kenis et al. (2016).

Based on the results obtained in 2016, five host plant species were monitored in 

detail in 2017, i.e., A. japonica, E. x ebbingei, S. japonica, H. helix, and V. album. 

The presence and phenology of these fruit species in the field were recorded every 

month to determine the temporal availability of host plants with respect to popu-
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lation dynamics of the pest (Table 1). In order to determine the infestation rate of 

the above-mentioned fruit species by D. suzukii eggs, over 200 fruits of each species 

were randomly collected. This procedure was performed at two time points and at 

different sites (Table S2). After collection, the fruits were examined for D. suzukii 

egg presence with a stereomicroscope. The number of eggs laid on each fruit was 

determined by checking for egg filaments. In order to monitor fly emergence and 

estimate egg-to-adult survival, infested fruits were placed in plastic containers and 

stored in a climate chamber. The containers were regularly inspected and emerging 

D. suzukii adults collected and recorded.

Natural infestation of A. japonica by D. suzukii over time and phenotype of 

emerged adults

A field trial was conducted to assess the natural infestation rate of A. japonica by 

D. suzukii eggs from early to late spring. The phenotype of the flies that emerged 

from infested A. japonica fruits under natural conditions during this experimental 

period was scored.

Aucuba japonica was used as early spring host, because this plant produces fruits 

from winter onwards and is very common in the study area. Furthermore, D. su-

zukii readily accepted this host for egg-laying in 2016: out of 16 locations investi-

gated, 15 hosted infested plants. In a preliminary laboratory experiment, the egg-

to-adult survival of D. suzukii in A. japonica fruits was 23% (H. H. M. Helsen & B. 

J. van der Sluis, unpublished data).

Fruits of A. japonica were collected weekly from 15 March until 30 May 2017. 

Fruits were sampled from three municipalities: Wageningen, Gouda, and Zederik, 

from one or several collection sites per municipality (Table S3). Each site was se-

parated by a minimum distance of 100 m. Each week, the fruits were picked from 
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Table 1. Fruit seasonality of early spring hosts of D. suzukii and commercial crops in the study area during 2016 

and 2017

Figure 1. Characteristic D. suzukii females of the two phenotypes: (A) winter morph female and (B) summer 

morph female. Arrow points toward the fourth abdominal segment which is completely melanized in adult 

females displaying a winter phenotype. In males, this difference occurs on the third abdominal segment. Photo 

credit to Aurore Panel.
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three to eight sites and stored in paper bags. On average, between 40 and 70 fruits 

per site were randomly collected weekly, to have around 300 fruits in total.

After collection, the fruits were examined for D. suzukii egg presence with a stereo-

microscope, checking for egg filaments. Approximately half of the infested fruits 

were incubated in plastic containers outdoors, under natural conditions, whereas 

the other half were stored in plastic containers in the climate chamber of the labo-

ratory. The containers were checked regularly and emerging D. suzukii adults were 

recorded. The offspring obtained from the fruits that had been incubated outside 

were stored at 4 °C in ethanol 70% and assessed 3–4 weeks later under a stereomi-

croscope to determine their phenotype. A D. suzukii fruit fly can be classified into 

summer, winter or intermediate morph based on the degree of abdominal melani-

zation. Summer morph females have only a thin dark stripe at the end of the fourth 

tergite whereas the 4th and 5th tergites of winter morph females are dark brown 

to black (Figure 1). In males, this difference occurs on the 3rd tergite which is me-

lanized in winter morphs and yellow with a thin black stripe in summer morphs. 

Winter morph males and females have also a darker thorax compared with summer 

morph individuals. Intermediate morphs have an in-between phenotype (Vonlan-

then & Kehrli, 2015).

Performance of D. suzukii on early spring hosts in controlled conditions

No-choice trials were performed in the laboratory in order to assess oviposition pre-

ference and egg-to-adult survival of D. suzukii on the identified early spring hosts. 

Adult D. suzukii were obtained from the laboratory-reared colony that had been 

started in 2013 from about 100 individuals, collected in France (GPS coordinates: 

43.754059 N, 4.4595 E). All flies had a summer phenotype and were provided with 

an artificial diet (DTS070 Drosophila Quick Mix Medium, Blades Biological Ltd., 
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Edenbridge, UK) that served as both a food source and an oviposition medium.

Fruits of A. japonica, E. x ebbingei, S. japonica, H. helix, and V. album were collec-

ted from different sites on 8 May 2017 (Table S2). Vaccinium spp. organic fruits 

(blueberries) originating from Spain (Huelva) were bought from a supermarket in 

the Netherlands as a control. All fruits were checked under a stereomicroscope in 

order to make sure they had not been damaged or naturally infested by D. suzukii. 

The experimental unit was a plastic container fitted with a 5% honey-water solu-

tion (Melvita organic honey). In order to minimize desiccation of the fruit species, 

the containers were maintained in relatively high humidity conditions (70% RH) 

and furnished with a layer of humid oasis floral foam throughout the assay. The 

number of fruits per container varied per fruit species in order to account for the 

differences in fruit size and to offer the flies the same amount of surface area avai-

lable for oviposition. Species of A. japonica and Vaccinium spp. had six fruits each 

per container, E. x ebbingei species had 12 fruits per container and S. japonica, H. 

helix and V. album had 14 fruits per container. Seven replicates per fruit species 

were set up in the climate chamber of the laboratory. In each container, seven two-

week-old D. suzukii females and three two-week-old D. suzukii males were released. 

After 48 h, the flies and the honey-water solution were removed and the number 

of eggs laid was counted by checking for egg filaments using a stereomicroscope. 

The fruits were then transferred back to their original container and maintained 

under rearing conditions (20.8 ± 0.6 °C, 16:8 light:dark photoperiod, 70% RH) 

until the flies emerged. The containers were checked for fly emergence for approxi-

mately 3 weeks. The developmental time of flies was also recorded. The size of D. 

suzukii individuals that emerged from the various fruit species was estimated by 

measuring their wing length according to the methodology developed by (Robert-

son & Reeve, 1952), using a Dino-Lite digital microscope and the DinoCapture 
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2.0 software (Dino-Lite Europe, Naarden, The Netherlands).

Field Monitoring Program

Individuals of D. suzukii were captured in an area-wide monitoring program, from 

2016 to 2017, using nine traps in three sites all located within a 10 km radius 

around Wageningen. Each of these three sites corresponds to a distinct habitat. The 

first habitat is characterized by commercial cherry orchards and private gardens 

located along a busy trunk road. The second habitat is made of a vineyard enclosed 

by woods and shrubs of varying species and the third one is situated in the applied 

research station of Randwijk, surrounded by berry and cherry orchards (Table 

S4). Traps were commercially available Droso-Traps (Biobest, Westerlo, Belgium) 

baited with around 200 mL of Dros’Attract (Biobest, Westerlo, Belgium). The trap 

catches were collected weekly or biweekly during 2016 and 2017. Caught fruit flies 

were stored at 4 °C in 70% ethanol until further processing.

Ovary Dissection

From the samples that were collected during the whole year of 2017, at least 35 

captured D. suzukii females were dissected for each month in a phosphate-buffered 

saline solution during the whole year of 2017 in order to determine the period of 

reproductive diapause and the resumption of oogenesis. They were sampled from 

across all monitoring locations (Table S4) and categorized based on their ovarian 

development (Figure 2) (Briem et al., 2016; Cummings & King, 1970; Zerulla et 

al., 2015) in four categories: indiscernible ovarioles; unripe ovarioles; maturing 

eggs; and mature eggs. Some females’ ovaries were classified as “damaged” due to 

dissection issues.
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Figure 2. Ovarian development of D. suzukii female: (A) unripe ovarioles, (B) maturing eggs, (C) mature eggs 

(magnification: ×40). Photos credit to Aurore Panel.
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Phenotype Assessment

For each month, from May 2016 until December 2017, the phenotype of at least 36 

captured D. suzukii males and females (i.e., summer or winter morph) was scored 

in order to identify the switch point from winter morph to summer morph po-

pulations for two consecutive years. These individuals were equally sampled from 

across all monitoring locations. The fruit flies were classified into summer, winter, 

or intermediate morphs based on the degree of abdominal melanization, using a 

stereomicroscope.

Temperature Model

The “single sine method” of Degree-Days (DD) calculation (Baskerville & Emin, 

1969) was used to estimate DD accumulation for D. suzukii during 2016 and 2017. 

Calculations of heat accumulation started on 1 January. This model was based on 

a temperature-related population model optimized for D. suzukii by Tochen et al. 

(2014). We only used the lower threshold of 7.2 °C, because the upper threshold of 

30 °C was not relevant for the spring climate in the Netherlands.

The thermal constant for developmental time from egg-to-adult was also taken 

from this study and was 208 DD (Tochen et al., 2014). This parameter was used 

to predict the expected switch point from winter morph to summer morph popu-

lations based on the first collection of infested early host fruits. It was also used to 

determine the oviposition date of the actual first generation of summer morph flies 

captured in the field. The temperatures were obtained from the Wageningen Uni-

versity and Research weather station “Veenkampen” in Wageningen (51.981216 

N, 5.620416 E).
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Data Analysis

R (R development Core Team 2017) was used for statistical analyses. A p-value 

of <0.05 was interpreted as statistically significant. The suitability of alternative 

host plants for D. suzukii oviposition in the field was examined with a generalized 

linear model (GLM). For each plant species, the collected fruits from all sites were 

aggregated per collection date and the percentage of infested fruits was represented 

as a fraction of the whole collected sample. In this model, the infestation rate of the 

fruits by D. suzukii eggs was the response variable.

In the no-choice laboratory trials, the effect of fruit species on the number of D. 

suzukii eggs laid and adults emerging from fruits were analysed with GLMs. In 

the “egg-model”, the number of D. suzukii eggs was the response variable. In the 

“adult-model”, the response variable was the egg-to-adult survival of D. suzukii, cal-

culated as the ratio between the total number of eggs laid on the incubated fruits 

and the number of flies that emerged from these fruits. The combined effect of fruit 

species and number of eggs on the developmental time was also examined, using a 

linear model (LM). In this “development-model”, the median developmental time 

(in number of days) per replicate was the response variable. The assumptions of 

normality were validated and the significance of terms was tested with F-tests and 

the function drop1. Wing length data were analysed with a two-way ANOVA. 

All models were simplified by removing non-significant interactions and post-hoc 

comparisons of means were performed with Tukey tests.

The weekly collected A. japonica fruits from all sites were aggregated per collec-

tion date and the percentage of infested fruits was represented as a fraction of the 

whole collected sample for each week. The reproductive status and phenotype of 

the field-collected D. suzukii individuals from all sites were respectively grouped 
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per week and the percentage of each maturation category or phenotype was repre-

sented as a fraction of the whole analysed population for that corresponding week. 

The reproductive biology is presented together with the minimum and maximum 

daily temperatures in the area.
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Table 2. Number (No.) of D. suzukii adults emerged from early host plants collected between March and June 

2016 in the study area

Table 3. Natural infestation of field-collected early spring fruits and successful D. suzukii adult emergence 

under laboratory conditions. Results are presented as the percentage of collected fruits naturally infested by 

D. suzukii eggs at two time points in spring 2017. The egg-to-adult survival is assessed by calculating the ratio 

between the total number of eggs laid on the incubated fruits and the number of flies emerged from these 

fruits.

1 For each host species, all infested fruits were incubated in the laboratory except for Aucuba japonica where 

approximately half of the infested fruits was incubated under field conditions.
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Results

A. japonica is highly infested by D. suzukii in nature, but with a low and variable 

egg-to-adult survival

Four non-crop plants were identified as early spring host plants of D. suzukii in 

spring 2016. Indeed, the pest could complete its lifecycle on S. japonica, E. x eb-

bingei, A. japonica, and V. album. In contrast, no D. suzukii adults emerged from 

Cotoneaster spp. and H. helix (Table 2). Although collected from March onwards, 

V. album started to yield D. suzukii adults only when fruits were collected after mid-

May (Table S5). Hedera helix was not identified as a host for D. suzukii in 2016 but 

we decided to include it in the second part of the study because this plant species 

had been shown to be an early spring host in Italy (Grassi et al., 2018) and was very 

common in the study area.

Both fruit species and collection date significantly affected the infestation rate of 

the fruits in 2017 (GLM, binomial distribution: χ² (4) = 5239, p < 2 × 10−16 for 

fruit species and χ² (1) = 28.2, p = 1 × 10−7 for collection date), but the interaction 

term between the fruit species and the collection date was not significant (GLM, 

binomial distribution: χ² (3) = 4.7, p = 0.19). Each plant species was significantly 

different from the others with respect to the infestation rate. Fruits of A. japonica 

were the most heavily infested (Table 3). Fruits of V. album were not infested by 

the pest. From the fruits collected on 17 April, emergence of adult flies was only 

obtained in A. japonica species and the egg-to-adult survival was very low. On 8 

May, D. suzukii adults emerged from A. japonica and E. x ebbingei with a higher 

egg-to-adult survival (Table 3).
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Figure 3. Infestation rate of collected A. japonica fruits by D. suzukii eggs under natural conditions from early 

to late spring 2017. Results are presented as the percentage of collected fruits naturally infested by D. suzukii 

eggs at each collection date. For each collection date, over 200 fruits were randomly sampled.

Table 4. Successful D. suzukii adult emergence on naturally infested A. japonica fruits incubated either in the 

field or under laboratory conditions during 2017.

1 All naturally infested A. japonica fruits collected between 10 April and 29 May were divided in approximately 

two halves and incubated either in the field or in the laboratory. The percentage of collected fruits naturally 

infested by D. suzukii eggs at each collection date is presented in Figure 3.
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D. suzukii infest A. japonica from early to late spring and a few summer morph 

flies emerge from this host

From the beginning of April (104–106 DD) until 30 May (393 DD), A. japonica 

fruits were infested by D. suzukii (Figure 3). The infestation rate increased over 

time and peaked at 257 DD (16 May) with more than 55% of infested berries. From 

the fruits that had been incubated outdoors under natural conditions between 10 

April and 29 May, a few flies emerged between 27 May (358 DD) and 13 June (516 

DD) (Table 4). Of these emerged flies, 97% were summer morph individuals. The 

others had an intermediate phenotype.

Laboratory assays confirm the field observations

In no-choice laboratory trials, there was a significant difference among the host 

species for the number of D. suzukii eggs that were found in the fruits (Figure 4A) 

(GLM, negative binomial distribution: χ² (5) = 81.25, p = 4 × 10−16). Compared 

with other early alternative hosts, A. japonica was infested by a significantly higher 

number of eggs per fruit. Skimmia japonica and H. helix had the lowest number of 

eggs per fruit (Figure 4A). The number of D. suzukii adults emerging from fruits 

was also significantly different between fruit species (GLM, quasibinomial distri-

bution: F (5, 36) = 15.27, p = 4 × 10−8). In Vaccinium spp. and E. x ebbingei species, 

about 30% of the eggs developed into adults, whereas the other species had a very 

low egg-to-adult survival (between 0 and 12%), including A. japonica with 5.7% 

emergence of D. suzukii adults (Figure 4B). The developmental time was signifi-

cantly influenced by the fruit species (ANCOVA, normal distribution: F (4, 21) = 

26.80, p = 5 × 10−8): D. suzukii developing on Vaccinium spp. and E. x ebbingei 

had the shortest developmental time whereas those developing on A. japonica took 

longest (Figure 4C). 
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Figure 4. Performance of D. suzukii on various early spring hosts and on blueberries in no-choice laboratory 

experiments. Blueberries (Vaccinium spp.) are included to serve as a reference point for the pest performance 

on a preferred and suitable commercial crop. Boxplots provide the data for seven biological replicates per fruit 

species, each containing six to 14 berries depending on host species size: (A) Number of eggs laid on intact 

field-collected early spring host fruits; (B) Egg-to-adult survival; (C) Developmental time of D. suzukii adults 

emerged from the same fruits. Letters indicate statistical differences (p < 0.05) after Tukey’s multiple compa-

rison test.
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There was no significant interaction of fruit species and number of eggs on the 

developmental time (ANCOVA, normal distribution: F (4, 21) = 1.38, p = 0.27). 

Wing length of the emerged D. suzukii adults significantly differed between fruits 

(ANOVA: F (4,226) = 73.96, p < 2 × 10−16) and insect sex (ANOVA: F (1,226) = 

313.43, p < 2 × 10−16). Adults emerged from A. japonica fruits were the smallest 

by far, followed by adults emerged from H. helix. Males were significantly smaller 

than females (Figure 5). The interaction between host fruit species and sex was not 

significant (ANOVA: F (4,226) = 1.38, p = 0.24).

Figure 5. Wing length of D. suzukii adults emerged from the same above-mentioned fruits. Letters indicate 

statistical differences (p < 0.05) after Tukey’s multiple comparison test.
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Figure 6. Seasonal reproductive status of dissected D. suzukii females captured in the field from January to 
December 2017. Reproductive biology is represented together with the minimum (blue dotted line) and maxi-
mum (red dotted line) daily temperatures in °C in the study area, The Netherlands. The red dotted rectangle 
around the dates refers to the period during which field-captured D. suzukii individuals were also assessed for 
their phenotype (see Figure 7).

Figure 7. Ratio of phenotypes (summer, winter or intermediate morphs) of field-captured D. suzukii indivi-
duals during the sampling period May 2016–December 2017. The red dotted rectangle around some of the 
dates represents the period during which seasonal reproductive status of D. suzukii females captured in the field 
was assessed (see Figure 6).
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Detection of D. suzukii gravid females and collection of the first infested early 

spring host fruits are concomitant

The assessment of D. suzukii seasonal reproductive biology revealed a continuous 

period of reproductive activity from late March until late December (Figure 6). 

More than 50% of females captured between mid-April and September were gra-

vid. From September onwards, a substantial fraction of females entered reproduc-

tive diapause. This coincided with the transition from trapping predominantly 

summer morphs to capturing substantial numbers of winter morphs (Figure 7).

While we continuously captured flies, even in very high numbers until the end 

of November, the percentage of reproductively active females gradually declined 

from 50% in mid-September to 3.5% by the end of December. From mid-October 

onwards, almost all captured flies were winter morphs. From January until March, 

no females bearing mature eggs were recorded. At all collection sites, the first ma-

ture females were detected at the end of March (87 DD) (Figure 6) and resumed 

oviposition as early as 1 April (104 DD) on early spring hosts, in particular A. japo-

nica. Indeed, 4.2% of the sampled A. japonica fruits that had been collected at this 

date were infested by the pest (Figure 3). All of the 320 A. japonica fruits picked on 

15 and 26 March were free from D. suzukii eggs.

Overwintered D. suzukii females are likely the main contributors of the infesta-

tion in the first commercial fruits

According to our temperature model, D. suzukii eggs that had been laid in any 

early host fruit from 1 April onwards were predicted to emerge as adults from 24 

May (318 DD) onwards. When the early host plants would be the starting point of 

the seasonal buildup of flies, we expected the switch point from the overwintered 

winter morphs to the first generation of summer morphs to occur around the end 
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of May–beginning of June.

The actual occurrence of the first D. suzukii summer morph offspring was obser-

ved in mid-June for both 2016 and 2017 (Figure 7). The switch point from winter 

morph to summer morph individuals was recorded between the 15 and 22 June in 

2016 (516–581 DD) and between the 14 and 21 June in 2017 (528–617 DD). 

According to the temperature model, these first summer morph flies had probably 

emerged from eggs laid between 26 May and 1 June in 2016 (307–371 DD) and 

between 24 May and 31 May in 2017 (318–401 DD). In the study area, the first 

susceptible commercial cherry crops were available to the pest from the end of May 

onwards (varieties: Earlise and Burlat). Indeed, the first D. suzukii eggs were identi-

fied on 1 June in 2016 (371 DD) and 27 May in 2017 (358 DD).

Potentially the first generation of D. suzukii summer morphs could have emerged 

in time from early host plants to infest the first cherries. However, in practice, 

these (summer morph) flies were not detected by our monitoring program, as we 

only collected winter morphs during this period. Moreover, the flies that emerged 

from early host plants were characterized by poor fitness and a rather low success 

of emergence. Taken together, these findings suggest that the first generation of D. 

suzukii summer morph individuals mostly emerged from summer fruits, i.e., wild 

cherries, cultivated cherries and any other highly suitable wild hosts occurring at 

the same time as cherry crops. These summer morph flies originated from eggs that 

had been laid by overwintered winter morph females.
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Discussion

This study aims to better understand the seasonal biology and population dyna-

mics of D. suzukii from early to late spring. It addresses important questions about 

the contribution of the early spring hosts to the seasonal buildup of the population 

and brings to light the crucial role of D. suzukii winter survivors in the infestation 

of the first cherry crops in the early season. Indeed, our results reveal that, as soon as 

the overwintered females break reproductive dormancy, they continuously lay eggs 

in a range of early spring host plants. Few summer morph adults emerge from these 

unfavourable early spring hosts characterized by a low egg-to-adult survival. Fur-

thermore, the few fruit flies that emerge tend to do so rather late in spring and are 

not detected by the monitoring programs, indicating that they are probably not the 

main contributors to the first infestation of commercial cherry fruits. Instead, our 

field monitoring data show that it is predominantly the overwintered D. suzukii fe-

males that infest the earliest ripening cherries, not their offspring from early spring 

hosts. These overwintered females live long enough to infest these cherry crops and 

any other suitable wild fruits occurring at the same time, leading to the develop-

ment of the first generation of D. suzukii summer morphs and the population peak 

recorded in late spring. This scenario is supported by all findings presented in this 

study.

The seasonal reproductive biology of D. suzukii in the Netherlands supports pre-

vious studies showing that D. suzukii females are reproductively active from early 

spring until late autumn, and the most stringent bottleneck for D. suzukii popula-

tions is from January to March in temperate climates (Dalton et al., 2011; Grassi 

et al., 2018; Shearer et al., 2016; Stephens et al., 2015; Wiman et al., 2016). In 

our research areas in the Netherlands, females were found to resume oogenesis la-

ter than in Italy and North America where overwintered D. suzukii females start 
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reproduction as early as 50 DD (Grassi et al., 2018; Wiman et al., 2016). These 

variations might be explained by factors including differences in winter conditions 

over years, microclimate, various agricultural and geographical contexts, genetic va-

riability and trapping techniques. Though correlated with physiological time, the 

reproductive potential of D. suzukii females in early spring is probably not only 

influenced by temperature. The contribution of other parameters such as humidity 

and resource availability needs further investigation (Tochen et al., 2016a; Tochen 

et al., 2016b; Wiman et al., 2016).

Our field assays show that all plant species monitored in 2017 were used by D. 

suzukii for oviposition, confirming the wide range of potential host plants that the 

flies can infest (Arnó et al., 2016; Briem et al., 2016; Kenis et al., 2016; Lee et al., 

2015; Poyet et al., 2015). The first gravid females were trapped in late March, which 

closely corresponded with finding the first eggs on early spring hosts. Fruits of A. 

japonica had a high infestation rate compared with other studied species and were 

increasingly infested by the pest from early to late spring. This early spring host 

was reported several times as a suitable host in the field in Japan (Lee et al., 2015; 

Mitsui et al., 2010). Based on the various collection sites and the great number of 

fruits that were sampled over time we consider our study representative of early 

spring hosts’ availability for D. suzukii oviposition in the Netherlands. Important-

ly, though, while several of the early host plants served as oviposition sites during 

spring, only few allowed for the complete development of the pest. In early spring, 

in 2017, only A. japonica and E. x ebbingei yielded some offspring. In 2016, a few 

more plant species were found to support the development of the pest from egg to 

adult but later in spring. This indicates some variations in the suitability of alterna-

tive hosts over the season and over years. However, for all plant species, the egg-to-

adult survival was relatively low and variable.



Chapter III: Overwintered Drosophila suzukii are the main source for infestations of the first 

fruit crops of the season               117

The laboratory assays were in line with these observations. A few more host species 

were able to support the pest during its development from egg to the adult stage un-

der controlled conditions, in accordance with previous research (Briem et al., 2016; 

Grassi et al., 2018; Kenis et al., 2016; Poyet et al., 2015). The few D. suzukii adults 

that emerged from the early hosts had a poor fitness as indicated by their slower 

development and smaller size compared with D. suzukii emerging from blueberries. 

Elaeagnus x ebbingei was an exception and, in laboratory trials, this natural host was 

quite similar to blueberries for all tested parameters. However, fruits of E. x ebbingei 

are not very common in the study area as this species is mostly used as a hedge plant 

and is frequently pruned. Although all collected fruit species used for the laborato-

ry trials were kept in containers at a high humidity, it should be acknowledged that 

some might not have been representative of their natural capacity to host the pest 

from egg to adult stage due to their sensitivity to desiccation and the fact that they 

can become less suitable to the pest after picking. This is especially the case for H. 

helix (M. Kenis, personal communication).

Interestingly, field observations over time suggest that early host plants become 

more suitable to the pest later during spring. Infested A. japonica fruits collected 

on 17 April 2017 were the only early spring hosts from which flies emerged, but at 

a later collection date, on 8 May, the pest also completed its life cycle on an addi-

tional species, E. x ebbingei. In 2016, similar patterns were observed for V. album. 

This wild host was collected regularly from March until June and the first emer-

gence of D. suzukii adults was recorded from fruits that had been collected on 12 

May, while field-monitoring data showed that D. suzukii was present and trapped 

on-site from March onwards (H. H. M. Helsen & B. J. van der Sluis, unpublished 

data). These observations suggest that in early spring, alternative hosts may be used 

for the pest oviposition but are unsuitable for the pest development before mid 
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to late spring. This phenomenon could be explained by physiological changes that 

characterize fruit development such as sugar content increase and/or penetration 

force decrease with fruit ripening, favouring the pest oviposition and larval deve-

lopment (Burrack et al., 2012; Lee et al., 2011, 2016). Thus, the higher D. suzukii 

adults’ emergence from non-crop hosts observed later in spring could result from 

an improved quality of early host plants. It could also relate to a higher viability of 

the eggs/zygote due to potential remating of overwintered females.

Overall, the contribution of the early spring host plants to the seasonal buildup 

of D. suzukii seemed to be relatively minor since the first generation of summer 

morphs came mostly from eggs laid by overwintered (winter morph) females on 

summer fruits, i.e., any cultivated and wild fruits available at the same time as 

cherry crops. The absence of summer morphs emerged from early spring hosts in 

the monitoring program could be due to a lack of monitoring traps located in pri-

vate gardens, parks etc. characterized by the presence of natural hosts. It could also 

relate to the fact that bait attraction depends on the physiological state of D. su-

zukii and on the attractant used in the traps (Wong et al., 2018). In that respect, 

the fermentation-based traps used in this study might have been little attractive 

to newly-emerged summer morph adults. Alternatively, their absence of the moni-

toring program may be due to the small number of these flies, compared with the 

winter survivors, and their poor fitness. Our findings are in support of the latter 

since the traps used in our monitoring program were located in orchards in close 

vicinity to urban areas and forested environments. Considering the high dispersal 

rates of D. suzukii over long distances, it seems improbable that the traps’ location 

has been a limiting factor (Klick et al., 2014, 2015, 2016; Tait et al., 2018). Moreo-

ver, the traps attracted D. suzukii throughout the year, and both summer and win-

ter morphs. Thus, the late emergence of summer morphs in the season reinforces 
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the proposed scenario that the main source for infestation of the early commercial 

crops is in fact the winter survivors.

Overwintered D. suzukii females are thought to store sperm from autumn matings 

to counteract the winter bottleneck that may result in a scarcity of mature males in 

early spring. This strategy would allow them to resume oviposition when they exit 

reproductive diapause in early spring, without needing to mate again (Arnó et al., 

2016; Grassi et al., 2018; Rossi-Stacconi et al., 2016; Ryan et al., 2016). In Italy, 

during the winter bottleneck at least 30% of the females contained sperm, indica-

ting that they would be able to produce fertilized eggs right after the reproductive 

diapause (Grassi et al., 2018). Our study confirms that overwintered D. suzukii 

females are able to live very long (Shearer et al., 2016; Thistlewood et al., 2018) 

and supports earlier research on Drosophila, showing that flies have a much longer 

lifespan when raised at low temperature (Partridge et al., 1995). Together with pre-

vious observations, our findings call for further investigation to get a better insight 

into how long the overwintered females can survive after a cold treatment and over 

which period they can produce viable offspring, relying on matings performed be-

fore the cold exposure.

Previous studies have advised to target the pest in early spring, for example in ap-

plying bait sprays and releasing sterile males and/or biological control agents, to 

take advantage of low population levels and low reproductive potential during this 

bottleneck period (Grassi et al., 2018; Nikolouli et al., 2018; Rossi-Stacconi et al., 

2016). Our results highlight other aspects that should be taken into account to ef-

ficiently target the pest. Indeed, they imply that the Sterile Insect Technique (SIT) 

in spring might not be as promising as we would like. They also show that the key 

starting point for further seasonal buildup are overwintered D. suzukii females pro-

bably coming from sites in which D. suzukii reproduced before winter. Considering 
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that a major part of the late reproduction season occurs in habitats that cannot be 

sprayed with insecticides, sanitation on a large scale may not be efficient to suppress 

the future winter survivors (Kenis et al., 2016). Instead, classical biological control 

through the release of natural enemies might provide a more reliable solution for 

an area-wide control approach (Daane et al., 2016; Girod et al., 2018a; Girod et 

al., 2018b).

Conclusion

In conclusion, the role of early spring oviposition host plants has probably been 

overestimated with respect to the infestation of the first fruit crops of the season. 

However, up to a certain extent they may still contribute to the population increase, 

especially from mid-spring onwards. One early spring host species, A. japonica, was 

characterized by very high oviposition rates and low egg-to-adult survival. The va-

riable success of adult emergence observed in preliminary assays suggests that A. 

japonica does not serve as a “dead-end” host plant that stimulates the pest oviposi-

tion but does not allow full larval development. However, this plant species might 

be useful for monitoring purposes. Trap or monitoring plants could be valuable in 

the frame of an IPM plan since they could be planted around orchards; especially 

when these plants are more attractive than the (early stages of ) commercial crops, 

this could limit the number of pesticides sprays (Poyet et al., 2015). Our analy-

sis provides useful information about the seasonal biology of D. suzukii that can 

help develop an integrative management strategy for this new invasive pest species. 

The data presented could be implemented into population models in order to help 

better forecast the pest population dynamics in spring and to design effective and 

efficient IPM techniques. There is probably no stand-alone control solution for this 

new pest species and it is, thus, crucial to further study the interaction and comple-

mentarity of existing management tools.
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Supplementary material

Table S1. Characteristics of the non-crop host species tested in the study in 2016 and 2017

Table S2. Collection date, location, habitat and number of fruits sampled for each non-crop host species in 

2017, The Netherlands

April, 17
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April, 17

May, 8
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May, 8

a Single asterisk indicates the sites from which non-crop fruits used for the no-choice laboratory trials were 

sampled.
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Table S5. Number (No.) of D. suzukii 

adults emerged from Viscum album 

fruits collected in the study area, Hedel, 

The Netherlands during 2016

Table S3. Additional locations and habitats of weekly sampled Aucuba japonica fruits in the study area, The 

Netherlands, during 2017

Table S4. Locations and monitoring sites of D. suzukii adults in the study area from 2016 to 2017, The Nether-

lands
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 Once upon a time, there was a vast kingdom in which little flies 

lived happily. Half of them looked very pretty. They were slim and elegant by nature and wore 

a swimsuit most of the time to benefit from the sun. They were called the “sunnies”. The others 

suffered from their ugly appearance; they were hairy and fatty. They tried to hide their body by 

covering it with a heavy black coat and enjoyed a relatively cold weather. They were named the 

“darkies”. Despite occasional tensions, the flies had lots of fun and lived on good terms with one 

another in their peaceful kingdom.

 However, one day, Ullr, the god of Winter decided to cover the land with snow to 

punish the flies for having so much fun. Taken by surprise, many of the little flies froze to death, 

especially the “sunnies” who were not well prepared for this cold wave. The flies kept praying 

and asking Ullr to put an end to his fury. Some “sunnies” and “darkies”, decided to make a vow 

of virginity to the god, hoping it would soften his anger. The married ladies became widowed 

after the cruel god decided to kill their husbands. Most of them were expecting babies and were 

extremely worried for the future. They swore that, if the situation improved, they would give 

birth to their babies and never remarry by respect for their late husbands.
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 Thirty-one days after this terrible storm, Persephone, the 

goddess of Spring took pity on the flies. She charmed Ullr and 

convinced him to be merciful. Step by step, temperatures rose 

and the sun could shine again. What a relief for the little flies!

 The widows remained single and delivered a few babies. 

To rebuild their kingdom the “sunnies” and the “darkies” agreed 

that they should call their neighbours, the “luckies” for help. The 

latter lived in a nearby kingdom where it was eternal 

summer and fruit was in abundance all year long. The “lucky” kingdom was also protected by 

see-through walls all around so no weather god could unleash their wrath upon its subjects. 

The “luckies” felt happy to provide assistance to their poor friends. Very soon, and although 

inter-caste marriages were forbidden, some “sunnies” and “darkies” broke their vow of virginity 

and wed “luckies” who looked irresistible.

 The newly married “sunny” ladies and their “lucky” husbands had a lot of babies and 

thrived under this fine weather whereas the “darky” ladies suffered from the warm tempera-

tures and had way less offspring despite the encouragement of their “lucky” spouses. Tragically, 

“darky” gentlemen figured out soon enough that they had been rendered sterile by Ullr and 

their “lucky” wives never got babies… Fortunately, this sterility 

curse did not hit the “sunny” gentlemen because the Winter god's 

plans had been thwarted just in time by the goddess of Spring. 

They fathered many babies to the delight of their “lucky” partners! In 

the end, all the flies were very grateful for having survived all these adven-

tures. They lived long enough to taste the first cherries of the season and their 

offspring lived happily ever after!

Aurore Panel, Texts
Nadine Kuipers, Amperzand Tekst & Illustratie
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Abstract

Seasonal polyphenism in Drosophila suzukii manifests itself in two discrete adult 

morphotypes: the winter morph (WM) and the summer morph (SM). These mor-

photypes co-occur during parts of the year, yet are known to differ in thermal stress 

tolerance. In this study, we aimed to estimate morph-specific survival and fecun-

dity in laboratory settings simulating field conditions. We specifically analysed how 

WM and SM D. suzukii differed in mortality and reproduction during and after 

a period of cold exposure resembling winter and spring conditions in temperate 

climates. The median lifespan of D. suzukii varied around 5 months for the WM 

flies and around 7 months for the SM flies. WM flies showed higher survival du-

ring the cold-exposure period compared to SM flies; especially SM males suffered 
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high mortality under these conditions. In contrast, SM flies had lower mortality 

rates than WM flies under spring-like conditions. Intriguingly, reproductive status 

(virgin or mated) did not impact the fly survival, neither during the cold exposure 

nor during spring-like conditions. Even though the reproductive potential of WM 

flies was greatly reduced compared to SM flies, both WM and SM females that had 

mated before the cold exposure were able to continuously produce viable offspring 

for 5 months under spring-like conditions. In the end, the fertility of the overwin-

tered WM males was almost zero, while the surviving SM males did not suffer re-

duced fertility. The high mortality of SM males and the low fertility of WM males 

after prolonged cold exposure demands the necessity for females to store sperm 

over winter to be able to start reproducing early in the following spring. Combined 

with other studies on D. suzukii monitoring and overwintering behaviour, these 

results suggest that overwintered flies of both morphotypes could live long enough 

to infest the first commercial crops of the season. 

Key words: Drosophila suzukii, seasonal polyphenism, reproduction, life history, 

survival, fertility, overwintering, Spotted Wing Drosophila (SWD)
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Introduction

Phenotypic plasticity can be defined as the ability of a given genotype to produce 

different phenotypes in response to environmental stimuli (Gibert et al., 2007; Da-

vidson et al., 2011). It is considered an important mechanism by which organisms 

can cope with variable environmental conditions, where fitness-maximizing traits 

differ among these conditions. A continuous range of variation in phenotypes for 

a given genotype is called a reaction norm; when more discrete or clustered phe-

notypes are produced, the phenomenon is known as polyphenism (Kivelä et al., 

2013). 

Polyphenism has been documented in many organisms, particularly in insects, 

where it is often highly adaptive. Indeed, the ability of insects to drastically al-

ter their phenotype allows them to better cope with seasonal changes (seasonal 

polyphenism, e.g., dry or wet season forms in Bicyclus anyana), temporally hete-

rogeneous environments (dispersal polyphenism, e.g., winged or wingless aphids), 

and varying population densities (density dependent polyphenism, e.g., solitary or 

gregarious locusts). It also enables them to partition labour among social groups 

(caste polyphenism, e.g., social insects) (Simpson et al., 2011). Very often, polyphe-

nism is characterized by conspicuous morphological differences. In addition, the 

developmental programme of polyphenic insects is fundamentally affected by 

the prevailing environmental conditions, which frequently leads to different life 

history strategies depending on the time of the year (Flatt et al., 2013). These life 

history strategies contribute differently to population growth and persistence. For 

instance, in some vinegar fly species, females can undergo a state of reproductive 

dormancy during cold months. This dormancy is associated with ovarian arrest and 

improved survival, which allows vinegar fly populations to persist during winter. 

On the other hand, non-dormant flies invest more in reproduction at the expense 
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of survival, thus strongly contributing to population buildup (Flatt et al., 2013). To 

better understand the population dynamics of polyphenic species, key life history 

traits need to be characterized for each different phenotype.

Here, we focus on seasonal polyphenism of Drosophila suzukii, a multivoltine spe-

cies that recently invaded Europe. This agricultural pest originates from South-East 

Asia and threatens the worldwide fruit industry since it is highly polyphagous and 

infests a wide range of fruit crops as well as many wild host plants (Lee et al., 2015; 

Poyet et al., 2015; Arnó et al., 2016; Briem et al., 2016; Kenis et al., 2016; Chapter 

III, Panel et al., 2018). The females use their serrated ovipositors to insert eggs in 

the flesh of ripening fruits. By feeding on the pulp, the larvae damage the fruits that 

then become unmarketable, causing significant economic losses to the fruit sector 

(Goodhue et al., 2011; De Ros et al., 2013; De Ros et al., 2015; Farnsworth et 

al., 2017). The flies can produce 5–15 generations per year, and their populations 

buildup seasonally from low densities in winter and spring until massive numbers 

over summer and autumn (Arnó et al., 2016; Wang et al., 2016; Chapter III, Panel 

et al., 2018).

In temperate climates, D. suzukii exhibits seasonal polyphenism in morphological, 

physiological and behavioural traits, which enhances its survival under a range of 

stressful conditions (Shearer et al., 2016; Wallingford & Loeb, 2016; Enriquez et 

al., 2018). This polyphenism manifests itself in two discrete morphotypes in the 

adult flies, and is therefore essentially a type of biphenism. Juveniles developing in 

autumn at relatively low temperatures (10–15°C) and short photoperiod emerge 

from the pupae as winter morph (WM) adults. This specific morphotype is cha-

racterized by a darker pigmentation and longer wings compared to the ‘summer 

morphs’ (SM) that emerge during the summertime (Stephens et al., 2015; Shearer 

et al., 2016; Toxopeus et al., 2016; Wallingford et al., 2016; Everman et al., 2018; 
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Fraimout et al., 2018). The development into a specific seasonal form (WM or SM) 

is irreversible, and the morphotypes differ in gene expression and metabolic pro-

files, reflecting their different propensities for cold tolerance versus reproduction 

(Shearer et al., 2016). They may also differ in diet since fluctuations in resources 

between seasons likely instigate different nutritional requirements and resource 

preferences (Rendon et al., 2018; Rendon et al., 2019; Stockton et al., 2019). Du-

ring the coldest months, D. suzukii adults, which are mostly WM, undergo a state 

of reversible reproductive dormancy (Mitsui et al., 2010; Zerulla et al., 2015; Shea-

rer et al., 2016; Toxopeus et al., 2016; Wallingford et al., 2016; Chapter III, Panel 

et al., 2018). As temperatures increase, the females resume egg maturation and ovi-

position (Zerulla et al., 2015; Wallingford et al., 2016; Grassi et al., 2018; Chapter 

III, Panel et al., 2018). Extensive monitoring programmes in Europe indicate that 

WM flies arise from September onwards and can be found in substantial numbers 

until mid-June whereas SM are caught from the end of May onwards and can per-

sist until October (Vonlanthen & Kehrli, 2015; Chapter III, Panel et al., 2018).

Although the striking phenotypic differences between SM and WM of D. suzukii 

affect their individual performances under prevailing conditions, they may also 

have an impact on their seasonal population dynamics. Individuals of both seasonal 

morphotypes co-occur in autumn and in spring (Shearer et al., 2016; Chapter III, 

Panel et al., 2018; Leach et al., 2019a), but they are expected to have different life 

history strategies, in particular regarding their investment in reproduction and sur-

vival. For instance, WM flies can better survive prolonged cold exposure and lower 

temperatures than SM flies (Stephens et al., 2015; Shearer et al., 2016; Toxopeus et 

al., 2016; Stockton et al., 2018). Furthermore, males are generally less cold-tolerant 

than females, which results in a low availability of males to overwintering females 

in early spring (Zerulla et al., 2015; Shearer et al., 2016). Finally, cold exposure 
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may cause reduced fertility in the few surviving overwintered males (Dalton et al., 

2011; Grassi et al., 2018). To counteract the lack of males and their low fertility, 

overwintering females are thought to store sperm from autumn matings in their 

spermathecae during reproductive dormancy. As climatic conditions become more 

favourable for reproduction, they can resume oviposition without needing to mate 

again (Arnó et al., 2016; Rossi-Stacconi et al., 2016; Ryan et al., 2016; Grassi et 

al., 2018). This reproductive strategy might affect the survival and the fecundity 

of the flies. For instance, pre-winter matings could provide a nutritional advan-

tage to overwintered protein-deprived females through seminal fluids, leading to 

an increase in lifespan (Fricke et al., 2010; Goenaga et al., 2012; Papanastasiou et 

al., 2013). On the other hand, sperm storage over long cold periods might have 

detrimental effects on the overwintering females’ fecundity due to a decrease in 

sperm quality and/or quantity (Novitski & Rush, 1949; Singh et al., 2015). Mo-

reover, reproduction can negatively affect survival of both males and females (Bou-

létreau-Merle & Fouillet, 2002). In this respect, virgin D. suzukii adults might have 

a higher chance of successfully overwintering. Thus, the morphotypes and the sexes 

differ substantially from one another, both in the expression of various traits and in 

the challenges they encounter under natural conditions. This may also have led to 

the evolution of different life history strategies, such as the investment in current 

versus future reproduction, or in stress-tolerance versus high reproductive perfor-

mance.

Seasonal polyphenism in D. suzukii appears to predominantly affect their ability to 

overwinter and to cope with post-overwintering conditions. However, the extent 

to which the two morphotypes differ in key life history traits during winter and 

spring is not well understood. These life history traits largely determine the popula-

tion dynamics of this pest species, as natural enemies are essentially absent in newly 
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invaded areas (Asplen et al., 2015; Miller et al., 2015), and its polyphagy ensures a 

near-continuous availability of feeding and breeding resources (Poyet et al., 2015; 

Kenis et al., 2016; Chapter III, Panel et al., 2018; Stockton et al., 2019). Moni-

toring programmes conducted in temperate countries show that overwintered fe-

males, which are mostly WM, resume reproduction as early as March. However, 

the explosive increase in population sizes usually occurs later, and is observed from 

mid-June onwards. This is also when SM males and females are rapidly increasing 

in abundance (Chapter III, Panel et al., 2018). Thus, implementing Integrated Pest 

Management (IPM) strategies at the start of the yearly infestation cycle seems to be 

the best way to curb population growth. In order to do this, we would first need to 

accurately predict population dynamics by estimating morph-specific survival and 

reproduction, and their variations over time. Although a few population models 

were already developed for D. suzukii, none of them takes these parameters into ac-

count (Wiman et al., 2014; Wiman et al., 2016). This study aims to obtain detailed 

information on key life history traits of the two morphotypes under spring-like 

conditions in order to parameterise future predictive models that serve to estimate 

the relative contributions of the morphotypes to population growth. 

To compare how key life history traits in D. suzukii differ between both seasonal 

morphotypes, we studied their mortality and reproduction during and after a pro-

longed period of cold exposure. We experimentally explored the combined effects 

of 1) morphotype (SM versus WM), 2) reproductive status (mated versus virgin 

and pre-cold mated versus post-cold mated) and 3) sex (female versus male) on D. 

suzukii mortality and reproduction. In our experiment, we simulated an overwin-

tering dormancy phase followed by early spring conditions. Realistic temperature 

settings were used to approximate environmental conditions and physiological 

states experienced by the pest in temperate regions. This approach served to aid our 
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understanding of the population dynamics of D. suzukii in early spring, a crucial 

period for population buildup and initial host infestation.

Materials and methods

Fly stocks and culture

Adult D. suzukii were obtained from the laboratory-reared population that origi-

nally consisted of ca. 100 individuals that were collected in the Gard region in sou-

th-east France in 2013 (GPS coordinates: 43.754059 N, 4.4595 E). The flies were 

reared in plastic bottles (ca. 140 mL volume each) filled with a 30 mL rich cornmeal 

diet containing agar (10 g/L), glucose (30 g/L), sucrose (15 g/L), heat-inactivated 

yeast (35 g/L, Mauripan), cornmeal (15 g/L), wheat germ (10 g/L), soya flour (10 

g/L), molasses (30 g/L, Sweet Harvest Foods), propionic acid (5 mL/L), and Tego-

sept (2 g/L, Apex). The offspring of each generation was mixed and distributed over 

new bottles. Larval densities were standardized to approximately 100–150 larvae 

per bottle to avoid competition through overcrowding and to maintain the genetic 

diversity. The population was maintained in a climate-controlled growth chamber 

set to 20°C, with a 16:8 light:dark photoperiod to simulate summer conditions. 

Relative humidity in the incubators was not strictly controlled, but kept around 70 

± 10%. All laboratory-reared flies thus had a summer morphotype (SM). 

Experimental design and measurements

Firstly, SM and WM flies were induced by rearing larvae at different temperatures 

(SM and WM induction). Then, the experimental groups of emerged adults were 

pre-acclimated to cold conditions and subjected to a prolonged period of low tem-

perature (31 days at 5°C) and suboptimal diet to simulate winter conditions and 

induce reproductive dormancy (cold-exposure treatment). Survivors were subse-
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quently gradually exposed to higher temperatures, and eventually maintained in 

spring-like conditions (15°C) with an optimal diet until all of them had died (post-

cold exposure treatment) (Figure 1). The following treatment groups were com-

pared: ‘pre-cold mated females’, ‘post-cold mated females’, ‘virgin females’, ‘post-

cold mated males’ and ‘virgin males’. For each group, there were 20 vials containing 

5 individuals each, thus amounting to a total of 100 individuals per treatment. This 

was done both for WM and SM flies (Table 1).

Table 1. The ten experimental groups (N=100 per group) subjected to 31 days of cold exposure (5°C) and sub-

sequently maintained in spring-like conditions (15°C) until death. For each group, life history trait assessment 

is indicated by a cross (X). Some experimental groups of flies were mated before (pre-cold) or after (post-cold) 

the cold period, while the others were kept virgin. The assay was performed on D. suzukii having either a winter 

morphotype (WM) or a summer morphotype (SM).
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From emergence until death, all flies were checked for survival every 3–4 days while 

being transferred into new vials. We measured mortality during the prolonged pe-

riod of cold exposure, and the lifespan of survivors when maintained in spring-like 

conditions. We also compared the reproductive output of WM and SM females that 

were maintained in spring-like conditions after the cold exposure and had mated 

either before or after this cold treatment (Figure 1). The females were all mated 

within a single four-day period with standardized males that had not experienced 

cold exposure. The females had no further opportunities for mating during the en-

tirety of the experiment. All vials that contained mated females were incubated 

at 15°C and we collected their offspring until all the females had died (offspring 

collection). Finally, we tested the effect of the prolonged cold-exposure period on 

the ability of SM and WM males to sire offspring. Following the prolonged cold 

treatment and the progressive acclimation to spring-like conditions, SM and WM 

males were provided with virgin laboratory-reared females, which had not been 

cold-exposed, for four days. The reproductive output of these females was mea-

sured under spring-like conditions every 3-4 days until they had died (Figure 1).

SM and WM induction

To generate flies for the experiment, groups of approximately 50 mature (10 days 

old) laboratory-reared males and females were placed in 140 mL bottles containing 

a rich cornmeal diet and a scoop of yeast paste, and females were allowed to lay 

eggs during 24 h at 20°C, 16:8 light:dark photoperiod. Flies were then removed 

and bottles with eggs were randomly assigned to either 20°C, 16:8 light:dark pho-

toperiod or to 10°C, 12:12 light:dark photoperiod to induce development of SM 

and WM individuals, respectively. The fly development from egg to adult emer-

gence took approximatively 15 days at 20°C, and 60 days at 10°C. Within 2 hours 

upon emergence, virgin adults from both developmental conditions were collected, 



140 Seasonal biology of Drosophila suzukii - Genetic and phenotypic variation in the Netherlands 

anaesthetized on ice for a maximum of 1 or 2 minutes and distributed in same-sex 

groups of 5 individuals per vial. These vials contained a sugar/yeast diet that is su-

boptimal for rearing D. suzukii (personal observation) and simulates food resource 

scarcity during the dormant period. It consisted of agar (17 g/L), sucrose (54 g/L), 

heat-inactivated yeast (26 g/L, Mauripan) and nipagin (13 mL/L).

Cold-exposure treatment

Newly emerged SM and WM flies were maintained in their respective incubators 

for 4 days. During this four-day period, 20 female vials of each morphotype were 

provided with fresh laboratory-reared males (2 males per vial of 5 females) to ge-

nerate the ‘pre-cold mated females’ groups. The laboratory-reared males were re-

placed in case they died to make sure the females had the opportunity to mate. The 

males were then retrieved and discarded. All other individuals were kept as virgins 

at this stage of the assay (80 vials with 5 females and 80 vials with 5 males for each 

morphotype). Then, all SM flies were subjected to a step-wise acclimation process 

before the cold exposure treatment as follows: 15°C, 12:12 light:dark photope-

riod for 4 days followed by 10°C, 12:12 light:dark photoperiod for 4 days. In the 

meantime, all WM flies were maintained at 10°C, 12:12 L/D photoperiod. All flies 

were then transferred to 5°C, 12:12 light:dark photoperiod for 31 days. This tem-

perature was selected because it allowed us to initiate reproductive dormancy in 

both SM and WM without strongly reducing survival (Rendon et al., 2018, 2019; 

Shearer et al., 2016; Tochen et al., 2014). 

Post-cold exposure treatment

After 31 days of cold exposure, surviving flies were progressively acclimated to war-

mer conditions. They were incubated at 10°C, 12:12 light:dark photoperiod for 

4 days. Then, they were transferred to vials containing a rich cornmeal diet and 
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incubated at 15°C, 16:8 light:dark photoperiod for the remainder of their lives. 

The rich cornmeal diet mimicked the switch to alternative nutrient sources, such 

as pollen, nectar and fruits, occurring in spring. The temperature increase simulates 

the climatic conditions which flies experience after dormancy in temperate regions. 

To generate ‘post-cold mated females’ for each morphotype, 20 vials containing 

virgin females were provided with fresh laboratory-reared males for 4 days from 

their first day at 15°C. Two males were added per vial, except when there was only 

one surviving female. In this case, one single male was added. If a male had died, it 

was replaced with a new fly to make sure the females had the opportunity to mate. 

The males were then retrieved and discarded. Simultaneously, the ‘post-cold mated 

males’ groups were generated. For each morphotype, 20 vials containing virgin 

males were offered fresh virgin laboratory-reared females for 4 days. The number of 

virgin females added to each vial equalled the number of surviving males. 

Offspring collection

The offspring were collected every 3-4 days when they were approximately 2 days 

old (i.e., , when the spots on the male wings were clearly visible). The sex and num-

ber of offspring per vial were determined under a stereomicroscope.

Statistical analysis

All data analyses were conducted using R version 3.6.2 (R Core Team 2019) in RS-

tudio version 1.2.1114 (RStudio team 2018). We used smoothing splines (“smoo-

thers’’) as well as generalized additive mixed models (GAMMs) to fit age-specific 

survival and reproduction, allowing for flexible smooth non-linear relationships 

between age and the demographic parameters of interest. To correct for correla-

tions between measurements obtained from flies in the same vials, vials were ente-

red as a random effect in the models. The pammtools package version 0.1.17 (Ben-
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der et al., 2018) was used to estimate age-specific hazard (mortality) rates, while 

mgcv version 1.8-31 (Wood, 2017; Pedersen et al., 2019) was used to estimate 

age-specific fecundity, assuming a Poisson distribution for the number of offspring 

and a log-link function. To speed up the calculations, with a small penalty in terms 

of accuracy, we used mgcv’s bam() function, which is optimized for large datasets. 

The optimal number of basis functions, or knots for the smoothing splines, which 

determines their “wiggliness”, was determined by the gam.check() function of the 

mgcv package. To judge the significance of age-specific effects of categorical pre-

dictors like morphotype, we estimated separate smoothers for the different levels of 

predictors and computed the differences between the smoothers and approximate 

95% point-wise confidence bands for the differences (Wood 2017, p.294). For age 

ranges where confidence bands do not overlap with zero, we assume a significant 

difference between predictor levels at those age ranges. Models with different sets 

of predictor variables were ranked according to the Akaike information criterion 

(AIC), which compromises between model goodness of fit and model complexity 

and is supposed to optimize out-of-sample predictive ability. Model weights were 

assigned according to the formula:

Here wi refers to the weight of model i, M refers to the set of all models under 

consideration, and ΔAIC is the difference in AIC between the focal model and the 

model with the lowest AIC score.
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Results

Lifespan and mortality

For the females, the median lifespan of the SM of different mating status ranged 

between 196 and 202 days, and between 149 and 153 days for the WM females 

(Figure 2–A). The median lifespan of the males of different mating status ranged 

between 161 and 186 days for the SM, and between 141 and 157 days for the WM 

(Figure 2–A). These observations indicate that, overall, median lifespan of D. su-

zukii varied around 5 months for the WM flies and around 7 months for the SM 

flies. The maximum lifespan we measured in our experiment was 318 days (around 

11 months for a SM virgin male). Our GAMM analysis indicated that fly mortality 

over time was best predicted by including ‘morphotype’, ‘sex’, and their interac-

tions as predictor variables in the model (Table 2). Adding ‘reproductive status’ as 

predictor variable did not improve the model, indicating that the ‘virgin’, ‘pre-cold 

mated’ and ‘post-cold mated’ flies did not differ significantly in mortality under 

our experimental conditions.
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Figure 2. Lifespan and mortality of D. suzukii experimental groups (see Table 1). (A) Boxplots representing 

the lifespan of the flies (N=100 flies per experimental group upon emergence). The flies were monitored 
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throughout the experiment, from emergence (day 0) until death. The cold-exposure period (31 days in total 

from day 12 until day 43) is delimited by the blue dashed lines. Each box represents the interquartile range of 

lifespan for the experimental group: the line in the middle is the median, the whiskers represent extreme values 

within 1.5 times the interquartile range, and the dots are the outliers. (B) Barplots representing the mortality 

of the flies during the acclimation and cold-exposure periods. The percentage of flies dying (of those alive at the 

start of each period) during the 8-day pre-cold acclimation period, the 31-day cold-exposure period, and the 

4-day post-cold acclimation period are shown for each group of flies. The number of living flies upon the first 

day of acclimation is indicated by the letter N.

Table 2. Comparison of GAMM models with different sets of predictor variables to predict age-specific ha-

zard (mortality) rates of D. suzukii experimental groups (see Table 1). Candidate models were ranked from 

best (rank = 1) to worst fit (rank = 7) according to the Akaike information criterion (AIC). Model weights 

(Weight) reflect the probability that model i is the best model, given the data and the set of candidate models. 

ΔAIC is the difference in AIC between the focal model and the model with the lowest AIC score. All can-

didate models included ‘vial’ as random effect. The predictor variables considered for this analysis were the 

morphotype (WM versus SM), the sex (female versus male), the reproductive status (mated versus virgin and 

pre-cold mated versus post-cold mated), and all possible interactions between these variables.

Mortality was generally low during the 31 days of cold exposure, with only 5% of 

the flies dying during the entire period. SM males had the highest mortality com-

pared to the other groups of flies, with 7% of them dying during the 8-day pre-

cold acclimation (when temperature was reduced stepwise from 20°C to 10°C), 
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Figure 3. Age-specific log hazard (mortality) rates of D. suzukii morphotypes. (A) Fitted smoothing splines 

of age-specific log hazard (mortality) rates (solid lines), and 95% confidence bands (shaded regions) for the 

different levels of the selected predictors (here, the morphotype, the sex and their interactions). (B) Difference 

between SM and WM fitted smoothing splines (see (A)) of age-specific hazard (mortality) rates (solid lines), 

and 95% confidence band for each sex. (C) Difference between female and male fitted smoothing splines (see 

(A)) of age-specific hazard (mortality) rates (solid lines), and 95% confidence band for each morphotype. For 

age ranges where the confidence bands do not overlap with zero, we consider that there is a significant diffe-

rence in hazard between SM and WM, or females and males.
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Figure 4. Lifetime reproductive output of D. suzukii females. The boxplots represent the total number of offs-

pring produced per living female and per vial in the experimental groups of interest (see Table 1). Letters 

indicate statistical differences after Tukey’s multiple comparison test (p<0.05).
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and another 9% dying during the 31-day cold exposure at 5°C (Figure 2–B). The 

GAMM analysis confirmed this observation and showed that, during the cold-ex-

posure period, SM males had significantly higher mortality rates than both sexes 

of the WM and than SM females (Figure 3–A, B, C). The mortality rate of SM fe-

males saw an increase during the cold period, and was significantly higher than that 

of the WM females during the latter part of this period (Figure 3–A, B). WM males 

also appeared to have marginally higher mortality rates than WM females during 

the cold period (Figure 2–B), but this difference was not significant in our GAMM 

analysis (Figure 3–C). Under spring-like conditions, WM flies (both males and 

females) had significantly higher mortality rates than SM, especially between days 

50–150 (Figure 3–A). No difference was found between the two sexes of the WM, 

whereas SM males and females slightly differed in mortality: SM males had signi-

ficantly lower mortality rates than SM females between days 125–175, while they 

had higher mortality between days 200–250 (Figure 3–A, C).

Female reproduction

The median lifetime reproductive success (expressed here as the total number of 

offspring produced per female and per vial) of the SM females that had mated prior 

to the cold exposure was 119.2 offspring, and 30.9 offspring for the WM females 

(Figure 4). Females that had mated after the cold exposure had a median lifetime 

reproductive success of 127 offspring for the SM females, compared to 59 for the 

WM females (Figure 4). This indicates that D. suzukii SM females had substantial-

ly higher lifetime reproductive success than WM females. Furthermore, whereas 

pre-cold mating did not seem to diminish the lifetime reproductive success of SM 

females, it reduced the lifetime reproductive success of WM females by almost 50% 

when they were mated before the cold exposure (Figure 4). 
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Table 3. Comparison of GAMM models with different sets of predictor variables to predict age-specific re-

productive success of D. suzukii females subjected to different treatments (see Table 1). Candidate models 

were ranked from best (rank = 1) to worst fit (rank = 7) according to the Akaike information criterion (AIC). 

Model weights (Weight) reflect the probability that model i is the best model, given the data and the set of 

candidate models. ΔAIC is the difference in AIC between the focal model and the model with the lowest AIC 

score. All candidate models included ‘vial’ as random effect. The predictor variables considered for this analysis 

were: the morphotype (WM versus SM), the sex (female versus male), the moment of mating (pre-cold mated 

versus post-cold mated), and all possible interactions between these variables.
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The GAMM analysis confirmed these observations and allowed us to get a better 

insight into the reproduction dynamics over the entire time course. Female repro-

duction was best predicted by including ‘morphotype’, ‘moment of mating’ and 

their interactions as predictor variables in the model (Table 3).

During the cold-exposure period, neither the WM nor the SM females produced 

any offspring. Within a week from being under spring-like conditions, the females 

started producing viable offspring. Irrespective of their moment of mating and 

their morphotype, females had the capacity to produce viable offspring for five 

months after the cold treatment (days 50–200). SM females produced significantly 

more offspring than WM females (an increase of up to 2–3 fold) (Figure 5–A, B). 

Only for WM females, the moment of mating affected their reproductive output: 

females that had mated after the cold-exposure had a significantly higher number 

of offspring than females that had mated before the cold treatment (Figure 5–C).
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Figure 5. Age-specific fecundity of WM and SM D. suzukii females that mated before or after the cold-expo-

sure period. (A) Fitted smoothing splines of age-specific reproductive success of D. suzukii females for each 

morphotype (solid lines), and 95% confidence bands (shaded regions) for the different levels of the selected 

predictors (here, the morphotype, the moment of mating and their interactions). (B) Difference between SM 

and WM fitted smoothing splines of age-specific reproductive success (solid line), and 95% confidence band 

for this difference. For age ranges where the confidence band does not overlap with zero, there is a signifi-

cant difference in reproductive success between SM and WM. (C) Difference between post-cold and pre-cold 

mated female fitted smoothing splines of age-specific reproductive success (solid lines), and 95% confidence 

band for this difference and for each morphotype. For age ranges where the confidence band does not over-

lap with zero, there is a significant difference in reproductive success between post-cold and pre-cold mated 

females. 
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Figure 6. Fertility of D. suzukii males after cold exposure. After the cold-exposure period, the WM and SM 
males were mated with SM females that had not been cold-exposed, and we measured the lifetime reproductive 
output of these females. The boxplots represent the total number of offspring produced per vial and per living 
female. Letters indicate statistical differences (pairwise comparison, p<0.05).

Figure 7. Age-specific fertility of WM and SM D. suzukii males that underwent a period of cold exposure. The 
fitted smoothing splines of age-specific fertility of D. suzukii males (solid lines), and 95% confidence bands 
(shaded regions) for the different levels of the selected predictors (here, the morphotype) are represented here. 
Male fertility is expressed as the reproductive success of the non-cold-exposed laboratory-reared females that 
were mated with the experimental males (see Table 1) after the cold-exposure period.
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Male fertility

The median fertility of the SM males (expressed here as the total number of offs-

pring produced per alive females and per vial) was 175 offspring whereas it was 

1 for the WM (Figure 6). These observations suggest that post-cold mated WM 

males were almost sterile, whereas SM males had regained their fertility to levels 

comparable to non-cold exposed males (not shown). 

The GAMM analysis confirmed this observation and revealed a significant diffe-

rence between the numbers of offspring that females produced when they had 

mated with cold-exposed WM and SM males. Virgin laboratory-reared females 

sired by SM males were able to lay viable eggs over 200 days and produced signifi-

cantly more offspring than the females mated with WM males (up to 20–25 fold) 

(Figure 7).
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Discussion

In this study, we investigated key life history traits of the polyphenic insect pest 

D. suzukii. More specifically, we analysed how D. suzukii seasonal morphotypes 

differed in mortality and reproduction during and after a prolonged period of cold 

exposure resembling winter and spring conditions in temperate climates. Better 

understanding the differences between these morphotypes during these periods is 

crucial to identify vulnerabilities of the pest that could be exploited in Integrated 

Pest Management (IPM) strategies, and for anticipating the seasonal population 

dynamics. Our study reveals that median lifespan of acclimated D. suzukii main-

tained in spring-like conditions after a simulated dormancy period ranged between 

5 and 7 months for WM and SM, respectively. Even though the reproductive po-

tential of WM flies was greatly reduced compared to SM flies, both WM and SM 

females that had mated before the cold exposure were able to continuously produce 

viable offspring for 5 months under spring-like conditions. Mating before or after 

the cold-exposure period substantially impacted the reproductive output of WM 

females, whereas this did not affect the reproductive performance of SM females. 

Interestingly, WM males were rendered almost completely sterile after the pro-

longed cold exposure. This indicates important differences in the key life history 

traits of the two morphotypes under spring-like conditions, which could be further 

analysed to design morph-specific IPM techniques against D. suzukii. 

Our results on lifespan and mortality fit well with the findings of Rendon et al. 

(2019), who showed that overwintered flies that are maintained at 14°C on a car-

bohydrate-only diet have a median lifespan of around 4 months. The present study 

also confirms that D. suzukii females store sperm over winter, which is in agreement 

with previous observations (Rossi-Stacconi et al., 2016; Ryan et al., 2016; Grassi 

et al., 2018). For the first time, to our knowledge, we provide an estimate of the 
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period during which overwintered females can produce viable offspring, relying on 

matings performed before dormancy. Taken together, these findings are consistent 

with the scenario previously proposed by us (Chapter III, Panel et al. 2018), in 

which overwintered females continue to live long enough to infest the first com-

mercial crops of the season and are the main source for the annual infestations. 

They also highlight the remarkable lifespan of these insects, and the vast number 

of offspring they can produce during their life, even when they only have access to 

mates for a single four-day period. 

We found that WM flies had a survival advantage during cold exposure compared 

to SM flies. This corroborates the conclusions of other assays investigating the cold 

tolerance of both morphotypes (Rendon et al., 2018; Stockton et al., 2018; Ren-

don et al., 2019). Indeed, although the SM flies had been gradually acclimated to 

cold conditions, likely enhancing their cold hardiness (Stockton et al., 2018), they 

were still more sensitive to cold exposure than WM flies. From this observation 

we can infer that, even in relatively mild winter conditions, WM flies are better 

adapted than SM flies, which translates into lower mortality rates and a longer li-

fespan. In contrast, under spring-like conditions, the opposite pattern was observed 

with SM having lower mortality rates than WM. This differs from other studies 

which found that overwintered WM had higher survival rates than SM at all tested 

temperatures, both favourable and suboptimal (7°C, 9°C, 12°C, 15°C and 17°C) 

(Rendon et al., 2018; Rendon et al., 2019). This may be due to the use of different 

experimental protocols compared to our colleagues. For instance, in our assay, flies 

of both morphotypes were gradually acclimated to both cold and spring-like condi-

tions, contrary to Rendon et al. who assigned overwintered WM and non-cold 

acclimated SM to different diet and temperature treatments without making use 

of transition temperatures. Furthermore, our WM were reared at 10°C whereas 
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developmental temperatures used to induce the winter morphotype were higher 

(14°C and 15°C) in other studies (Rendon et al., 2018; Stockton et al., 2018; Ren-

don et al., 2019). Thermal responses of acclimated laboratory adult flies to heat and 

cold exposure greatly depend on their developmental temperature (Hoffmann et 

al., 2003; Hoffmann, 2010; Schou et al., 2015). This suggests that a few degrees of 

temperature difference between our assay and other studies during fly development 

may have influenced thermal acclimation responses of WM in D. suzukii. These 

observations highlight the need for using ecologically relevant developmental tem-

peratures during assays, resembling the costs and benefits experienced by natural 

populations undergoing daily and seasonal fluctuations. In that sense, comparing 

cold and heat tolerance of field-captured WM with cold-acclimated laboratory 

WM would be a highly effective way of determining which rearing conditions in-

duce WM flies that best reflect natural populations (Schou et al., 2015). 

Notably, including reproductive status as a predictor of mortality did not improve 

the GAMM models, indicating that this physiological characteristic did not af-

fect fly mortality to a discernible extent. For the cold-exposure period, we perfor-

med an analysis of dynamic mortality patterns in females (see Appendix, Figure 

S1) to test whether mating conferred a survival advantage to females during cold 

stress. Indeed, some Drosophila species can better tolerate desiccation and starva-

tion in stressful environmental conditions when they are mated (Lacey Knowles 

et al., 2005; Goenaga et al., 2012). This higher tolerance is thought to be acquired 

through copulation, when males transfer nutritive substances contained in seminal 

fluids to females. These nuptial gifts may help the females to face periods of food 

and water shortage (Goenaga et al., 2012). In our study, mated WM females had 

the lowest mortality during the cold-exposure period, but compared with the ove-

rall low mortality of females during this period, there is no strong evidence of any 
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such trend during cold stress. On the other hand, our results do not indicate that 

mating exerts negative effects on survival during the cold exposure. These observa-

tions are consistent with the findings of Ryan et al. (2016) who showed that mating 

status did not influence the flies’ survival under cold conditions. Several studies 

highlight that the effects of mating on vital demographic traits of females, such as 

lifespan and fecundity, may fluctuate according to a variety of dynamic factors in-

cluding nutritional status of females, age at mating, strain, etc. (Papanastasiou et al., 

2013). These mechanisms require further investigation in controlled experimental 

setups in order to gain knowledge on the reproductive strategies of D. suzukii. 

Moreover, under spring-like conditions, we did not find evidence for a trade-off 

between reproduction and lifespan. There was no significant influence of repro-

ductive status on female mortality. This may be caused by our experimental design, 

as the flies had ad libitum access to food and breeding sites. Also, virgin females 

may continue to produce and lay eggs, even when these are not fertilized (Nara-

simha et al., 2019; Panel A.D.C., personal observation). Thus, our experimental 

setting could obscure any existing physical or energetic trade-off based on limiting 

resources (Metcalf, 2016). Interestingly, though, we see a difference in the trade-

off between survival and reproduction between the two morphotypes. Whereas 

the age-specific mortalities of females of the two morphotypes are very similar 

during the post-reproductive period (from approximately day 200 onwards), they 

are very different during the reproductive period (from day 50–200). During re-

productive age, WM females had substantially higher mortality than SM females, 

and, throughout life, their mortality rates fluctuated less than those of SM females. 

Indeed, for SM females, the mortality decreased strongly during the reproductive 

period, both compared to the period of cold exposure and to the post-reproductive 

period. This may reflect substantially different investment strategies in survival and 
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reproduction for the two morphotypes. 

Regarding the influence of sex on life history traits, we found that WM males and 

females did not differ in terms of survival, both under cold and spring-like condi-

tions. In contrast, SM males were significantly less cold-tolerant than SM females 

during cold stress, resulting in higher mortality. These results are in agreement with 

previous studies on WM showing that above 1°C, there is no sex effect on survival 

during overwintering dormancy (Shearer et al., 2016). Furthermore, they corro-

borate the findings of Dalton et al. (2011), who found that very few SM males 

survived 84-day exposure to 10°C. Our data, combined with the findings of earlier 

studies, highlight that there are both sex-specific differences in the conditions that 

are harmful to their survival and that the threshold for this differs between both 

morphotypes (1°C cold exposure in WM, 5°C cold exposure in SM).

Our study clearly indicates a different investment in reproduction depending on 

morphotype. We observed that WM females had a significantly lower reproductive 

output than SM, suggesting that cold tolerance might incur costs for reproduction. 

WM flies also typically have larger body sizes (Wallingford & Loeb, 2016). In the 

literature, cold tolerance and starvation resistance are indeed frequently related to 

larger body size and low fecundity in Drosophila (Cohet & David, 1978; Rion & 

Kawecki, 2007). More specifically, low temperature treatments result in altered 

transcript levels in D. suzukii which implies a redirection of energy from reproduc-

tion to winter stress tolerance (Enriquez & Colinet, 2019). 

Intriguingly, we observed that overwintered WM males had almost entirely lost 

their fertility after 31 days of cold exposure. To verify this finding, we set up a 

small-scale repeat experiment (data not shown) in which we regularly provided 

overwintered WM males (having undergone the same 31-day cold treatment) with 
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virgin females for prolonged periods. These laboratory-reared females had not been 

cold-exposed and were kept with the males under spring-like conditions. In total, 

WM males (20 vials each with 5 males) were provided with two batches of 5 virgin 

females per vial, the first batch for one week and the second for three weeks. The re-

productive output of the females was measured: no offspring emerged from a quar-

ter of vials containing the first batch of virgin females, and this increased to half of 

the vials for the second batch of females. Vials from which some offspring emerged 

contained very few flies, approximately 1-10% of the number of individuals emer-

ging from control vials kept in parallel under the same spring conditions, but ha-

ving contained a batch of females mated with males from the standard culture. This 

confirms that WM male fertility after cold exposure was almost null and shows that 

the males did not recover their fertility over time.

These findings highlight the necessity for D. suzukii females to undergo sperm 

storage over winter and confirm the hypotheses of previous studies (Dalton et al., 

2011; Rossi-Stacconi et al., 2016; Ryan et al., 2016; Grassi et al., 2018). Drosophila 

males in general are often rendered sterile after a period of cold (Boulétreau-Merle 

& Fouillet, 2002; Dalton et al., 2011; Giraldo-Perez et al., 2016). However, our 

results show that, contrary to WM, overwintered SM males fully regained their 

fertility after the cold exposure period. This means that the morphotypes also differ 

in this key aspect of their life history. Disentangling the effect of temperature on 

male fertility and morphotype would require further experiments on both sperm 

production and sperm viability. To our knowledge, only one study has investigated 

male fertility of D. suzukii in field-captured individuals, reporting that only few 

males contained sperm during winter (Grassi et al., 2018). However, the sperm via-

bility of these males was not assessed. Investigating sperm viability of D. suzukii 

males of different morphotypes and exposed to various temperature conditions 
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would be highly valuable for better predicting population buildup and seasonal 

dynamics.

Our results highlight striking differences in key life-history traits between WM 

and SM during winter and spring, which implies that these morphotypes contri-

bute differently to the seasonal population dynamics. Population models should 

thus incorporate these differences in order to better forecast the pest population 

dynamics in spring and to design effective and efficient IPM techniques. Our data 

revealed highly dynamic patterns in hazards over time that differed largely between 

periods of cold exposure and post-cold exposure. Therefore, using an original ap-

proach, the GAMM, to analyse the present data, allowed us to better understand 

the dynamics in mortality and reproduction over time for each experimental group. 

This analytical tool has already been used to model other aspects of D. suzukii bio-

logy (Leach et al., 2019b) and we strongly advocate its use in future studies in order 

to take temporal dynamics into account in survival analyses, and to allow a more 

detailed characterization of the differences in mortality or lifespan.

According to our findings, overwintered SM flies performed better than overwin-

tered WM flies in terms of both survival and reproduction. Even if their survival 

performance might have been overestimated due to the experimental settings (mild 

winter conditions, prolonged spring conditions), we cannot exclude the possibi-

lity that, in nature, some SM flies might find refuge in shelters and successfully 

overwinter, as D. melanogaster also does (Boulétreau-Merle & Fouillet, 2002). In 

the context of global warming, we can also expect that the percentage of SM flies 

surviving winter might increase in some geographic areas. Forecasting models com-

bining the specific life-history characteristics of both morphotypes, as described in 

this paper, and relevant climatic data, might be instrumental for predicting the D. 

suzukii populations outbreaks in the future (Langille et al., 2017). 
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Finally, our findings also have direct implications for current pest management 

strategies such as the sterile insect technique (SIT), the release of natural enemies, 

and the application of pesticides or bait sprays. In most cases, the success of all 

these density reduction methods is determined by the timing of the intervention, 

which is directly influenced by the biology and ecology of the pest. For example, 

SIT employs the release of sterilized males to compete with wild males. Conside-

ring D. suzukii females store sperm from autumn matings over winter, applying this 

approach in spring might not be as efficient as we would like. Especially since re-

cent studies show that, when some species of polyandrous Drosophila females are 

exposed to cold conditions for a long period of time, the first male to mate a female 

fathers almost all of her offspring (Giraldo-Perez et al., 2016). If this applies to D. 

suzukii females, releasing sterile males in autumn periods might be more effective. 

Similarly, biological control through the release of natural enemies also needs to 

be carefully timed, based on the pest life history. Furthermore, the efficiency of 

applying any pesticide or bait spray could differ between the two morphotypes, as 

they vary in many key life history traits that affect their (nutritional) requirements 

and behaviour. To quantify this efficiency and its impact on the population growth, 

we have to take these differences into account. This study constitutes a first step 

towards achieving this objective and opens new avenues for research. 

The data collected in this assay demonstrate that the developmental programme of 

polyphenic insects such as D. suzukii can be fundamentally affected by prevailing 

environmental conditions, which leads to different life history strategies depending 

on the time of the year. While the differences in temperature stress tolerance had 

been extensively studied before, our experiments indicate that the morphotypes 

also differ fundamentally in a range of key life history traits. The life history strate-

gies that evolved for each morphotype, and the resulting trade-offs, are likely tai-



164 Seasonal biology of Drosophila suzukii - Genetic and phenotypic variation in the Netherlands 

lored to the ecological conditions that impose challenges during the seasons. SM 

females and males are characterized by high reproductive output and low morta-

lity, especially during the reproductive period. However, the SM flies, especially 

the males, are more susceptible to cold than WM flies. They can capitalize fully on 

arising breeding opportunities and sustain these for several months, but they are 

vulnerable to cold stress. WM flies, in contrast, have a less fluctuating mortality rate 

throughout life, even under prolonged cold exposure, with a substantially lower 

reproductive output, even later on in life when conditions are more advantageous. 

They can cope well with extended periods of cold stress and a lack of mates after 

cold exposure, but at a cost to their reproductive potential. Gaining knowledge of 

these strategies will help making informed management decisions to reduce the 

seasonal population buildup.
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Supplementary material

Figure S1. Age-specific log hazard (mortality) rates of D. suzukii females mated before or after the cold-expo-

sure period, or kept as virgins. Fitted smoothing splines of female age-specific log hazard (mortality) rates (so-

lid lines), and 95% confidence bands (shaded regions) for the different levels of the selected predictors (here, 

the morphotype, the reproductive status and their interactions) are represented here.
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Figure S2. Difference between SM and WM male fitted smoothing splines of age-specific fertility (solid line), 

and 95% confidence band for this difference. For age ranges where the confidence band does not overlap with 

zero, there is a significant difference in fertility between SM and WM.
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Abstract

Drosophila suzukii manifests itself in two discrete adult seasonal phenotypes, the 

winter morph (WM) and the summer morph (SM) which differ in morphology, 

thermal stress tolerance and fecundity. Although these differences in D. suzukii 

adult traits are often interpreted as a consequence or property of a specific morpho-

type (i.e., WM or SM), little is known about the cumulative or interactive effects of 

developmental and adult temperatures on these phenotypically plastic traits. In this 

study we investigated the effects of two temperature regimes during juvenile deve-

lopment (12°C or 20°C) and adult life (12°C or 20°C) on the following adult traits 

of the pest species: high and low temperature tolerance, cuticular hydrocarbon 
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(CHC) profiles, tibia length, wing size and abdominal pigmentation. Our analysis 

revealed that temperature tolerance of D. suzukii is primarily influenced by adult 

temperature regime in both sexes with a minor effect of juvenile thermal conditions 

for cold tolerance only. Our findings also showed strong plasticity effects in CHC 

profiles in both sexes in response to environmental temperatures experienced at the 

adult stage. In contrast, we observed that morphological traits such as wing size 

and tibia length were mostly determined by juvenile thermal conditions. Interes-

tingly, in males, abdominal pigmentation was primarily influenced by the thermal 

conditions experienced during juvenile development whereas in females it was mo-

dulated by both developmental and adult temperatures. These results go against the 

commonly accepted view that the SM and WM of D. suzukii are separate entities 

since we showed that the different traits typical of each morph vary independently 

in their response to temperature. For some traits, the critical period for determi-

ning the trait value is during the juvenile stage (wing size, tibia length, male abdo-

minal pigmentation), for some during the adult stage (high temperature tolerance, 

CHC profiles), and a few are affected by both (low temperature tolerance, female 

abdominal pigmentation). These findings should be taken into consideration for 

designing efficient IPM strategies against the insect pest: when taking the diffe-

rences among the two morphotypes into account, treating the morphotypes as two 

distinct phenotypes may fail to capture the cumulative effects of juvenile and adult 

temperature environment on trait values, or the continuous range of plasticity in 

traits that these flies may exhibit.

Key words: Spotted Wing Drosophila; acclimation; morphotype; CHC profiles; 

thermotolerance; pigmentation; phenotypic plasticity;
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Introduction

Temperature is one of the most important ecological factors affecting almost all 

biological processes, including species distribution and abundance, body size and 

morphology, life-history traits and behaviour (Addo-bediako et al., 2000; Hoff-

mann et al., 2003). Most organisms experience fluctuating thermal environments 

throughout their lives due to daily and seasonal fluctuations, which pose substan-

tial challenges for key elements of fitness such as survival and reproduction (Fischer 

& Karl, 2010; Roenneberg & Merrow, 2003). Small ectotherms such as insects are 

particularly susceptible to thermal variation since they lack central temperature ge-

neration and thus depend on the environmental temperature to determine their 

body temperature (Soto-Padilla et al., 2018; Stevenson, 1984). For these orga-

nisms, the ability to adjust their phenotype (e.g., their physiology, behaviour and 

morphology) may be their only way to cope with both temperature fluctuations 

and thermal extremes. In fact, a diverse set of behavioural, physiological and mole-

cular mechanisms evolved in insects to cope with thermal challenges despite their 

inability to generate their own heat (Abram et al., 2017; Angilletta, 2009; Hoff-

mann et al., 2003; Nicolson & Chown, 2007; van Dooremalen et al., 2013). 

Mechanisms to adjust phenotypic expression are generally categorized into two 

classes which are not strictly exclusive in practice: genetic adaptation and phenoty-

pic plasticity (Bradshaw, 1965; Colinet & Hoffmann, 2012; Fischer & Karl, 2010; 

Mousseau & Fox, 1998). Genetic adaptation through changes in allele frequencies 

occurs over the long term and can result in variation in traits related to fitness along 

spatial or temporal gradients (Castaneda et al., 2005; Collinge et al., 2006; Fischer 

& Karl, 2010). For example, there is strong evidence of clinal patterns in thermal 

resistance traits in populations of Drosophila melanogaster captured along the East 

coast of Australia (Hoffmann & Scott, 2005). Phenotypic plasticity refers to di-
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rect environmental effects on the phenotype occurring within the lifetime of an 

organism (Fischer & Karl, 2010). For instance, most animals can respond to extre-

me temperatures by escaping unfavourable environments (Hoffmann et al., 2003). 

This behavioural thermoregulation allows them to either gain warmth through sun 

basking or avoid overheating by moving into the shade (Clench, 1966). Thermo-

tolerance can also be influenced by a period of exposure to unusual temperature 

conditions, a phenomenon referred to as acclimation (Hoffmann et al., 2003). 

Different forms of acclimation exist, differing in the timing and the length of the 

pre-exposure (Angilletta, 2009; Colinet & Hoffmann, 2012; Nicolson & Chown, 

2007). Hardening is defined as the increased ability to cope with harmful thermal 

conditions after short-term exposure (minutes or a few hours) of an organism to 

sublethal thermal conditions. In turn, acclimation refers to increased thermoto-

lerance after the long-term exposure (days or weeks) of an organism to thermal 

conditions within the normal viable temperature range of this organism (Bowler, 

2005; Hoffmann et al., 2003; Sinclair & Roberts, 2005). Finally, developmental ac-

climation describes the exposure of an organism to thermal cues during its juvenile 

development. Developmental acclimation often results in long-lasting or perma-

nent modifications in the phenotype (e.g., morphology or physiology) of the adult 

due to organizational effects during development (Colinet & Hoffmann, 2012; 

Fischer & Karl, 2010).

Acclimatory responses encompass a wide range of physiological, behavioural and 

morphological phenotypic adjustments (Enriquez et al., 2018; Fischer & Karl, 

2010; P. Gibert et al., 2000; Hoffmann et al., 2003). Developmental acclima-

tion, and more specifically developmental temperature can lead to morphological 

changes in adults, including body size and pigmentation (Atkinson, 1994; Gibert 

et al., 2000; Ziabari & Shingleton, 2017). For instance, insects developing at low 
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temperatures often develop into adults with a larger body size, larger wing size and 

darker cuticle pigmentation (Gibert et al., 2007; Gibert et al., 2000). The latter 

phenomenon favours the insects’ absorption of sunlight and raises their internal 

temperature (Gibert et al., 2000; Ottenheim et al., 1999). Whether increased body 

size also allows insects to better cope with the cold environment is still a debated to-

pic (Angilletta et al., 2004; Fischer & Karl, 2010). Physiological responses to either 

hardening or acclimation include an increased expression of chaperone proteins 

(e.g., heat shock proteins) or proteins involved in cold tolerance (e.g., antifreeze 

proteins) (Fischer & Karl, 2010; Lee et al., 2006; Sejerkilde et al., 2003). This re-

sults either in increased time until heat stress knockdown or reduced chill coma 

recovery time (CCRT) (Enriquez et al., 2018; Fischer & Karl, 2010; Parkash et al., 

2014). It may also induce the shut down or reduction of investment in reproduc-

tive processes (Flatt et al., 2013; Miwa et al., 2018). Other physiological traits such 

as cuticular hydrocarbon (CHC) profiles may also be affected. In fact, all insect 

species use a superficial waxy layer of CHC on the surface of their body for avoi-

ding desiccation and for achieving important biological functions, in particular, 

communication (Billeter et al., 2009; Blomquist & Bagnères, 2010; Sprenger et al., 

2018). In response to temperature, and to maintain waterproofing and other CHC 

functions under different environmental conditions, insects have the capacity to 

modify the composition of their CHC layer and thus increase their thermotole-

rance (Duarte et al., 2019; Sprenger et al., 2018). This layer comprises a complex 

mixture of hydrocarbons, in particular straight-chain alkanes, methyl-branched 

alkanes (methyl alkanes) and alkenes (unsaturated hydrocarbons) (Blomquist & 

Bagnères, 2010; Sprenger et al., 2018). 

Developmental and adult acclimation processes might be additive, or interact in 

different ways, where both can contribute to the ability to cope with thermal stress. 
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Adult acclimatory responses are often considered to be reversible physiological 

responses (Angilletta, 2009; Piersma & Drent, 2003). For instance, during the 

adult stage, some fly species temporarily shut down their reproductive functions 

through diapause during wintertime and resume oviposition in spring when cli-

matic conditions become more favourable (Flatt et al., 2013). In contrast, deve-

lopmental acclimation often leads to irreversible phenotypic adjustments, as is the 

case with body size and pigmentation that generally remain throughout the whole 

life of the insect. However, in practice, the effects of developmental and adult accli-

mation cannot always be distinguished (Angilletta, 2009). Adjustments occurring 

during development are not necessarily permanent during the adult stage, espe-

cially in fluctuating environments (Beaman et al., 2016; Piersma & Drent, 2003). 

Developmentally induced phenotypic adjustments might be partly or fully negated 

during adult thermal acclimation (Fischer et al., 2003), and conversely, develop-

mental conditions can boost or extend the adult acclimation responses (Beaman et 

al., 2016). As raised by Colinet & Hoffman (2012), however, experimental designs 

often focus on one type of acclimation, and fail to separate different acclimation 

forms or confound them. Yet, analysing the specific contributions of distinct forms 

of acclimation might be crucial to better understand their cumulative or interactive 

effect on fitness traits under stressful conditions.  

An insect species that is characterized by a striking phenotypic plasticity in res-

ponse to temperature is the invasive pest Drosophila suzukii. This species, endemic 

to south-eastern Asia and now spreading globally, can survive under a wide range 

of stressful conditions (Enriquez et al., 2018; Shearer et al., 2016; Wallingford & 

Loeb, 2016). In fact, limiting temperatures for D. suzukii reproduction are between 

10 and 32°C for oviposition and up to 30°C for male fertility (Cini et al., 2012). 

Although the peak of activity and development is around 20 to 25°C, survival un-
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der harsh conditions can be increased by altitudinal migration (Tait et al., 2018), 

dynamic acclimation and seasonal polymorphism (Shearer et al., 2016; Stockton 

et al., 2018). A recent study showed for instance that the flies could survive for 72 

hours at -7.5°C (Stockton et al., 2018). Drosophila suzukii manifests itself in two 

discrete adult seasonal phenotypes, the winter morph (WM) and the summer mor-

ph (SM) which differ in morphology, thermal stress tolerance and life history traits 

(Chapter IV, Panel et al., 2020; Shearer et al., 2016; Toxopeus et al., 2016). When 

D. suzukii develops at low temperatures (10-15°C), it results in the emergence of 

the WM. The latter is characterized by a larger body size, larger wing size and dar-

ker cuticle pigmentation compared to the SM, that emerge when they develop at 

higher temperatures (20°C and above) (Everman et al., 2018; Fraimout et al., 2018; 

Shearer et al., 2016; Stephens et al., 2015; Toxopeus et al., 2016; Wallingford et al., 

2016). In temperate regions WM and SM can be found in nature from late summer 

until late spring, and from late spring until autumn respectively (Chapter III, Panel 

et al., 2018). The different predispositions of WM and SM adults for thermotole-

rance and reproduction have a substantial impact on the annual infestation dyna-

mics in crops (Chapter IV, Panel et al., 2020). Their morphological differences are 

thought to be acquired during development and irreversible. In most studies, WM 

typically exhibit higher tolerance to cold stress than SM (Chapter IV, Panel et al., 

2020; Shearer et al., 2016; Stockton et al., 2018). Implicitly, this is considered an 

intrinsic property of the WM that is determined by temperature during juvenile 

development. However, we do not know whether there is a “critical period” during 

juvenile development that determines thermotolerance. Recent studies have shown 

that D. suzukii was also able to acquire cold tolerance via acclimation during the 

adult stage (Enriquez et al., 2018; Jakobs et al., 2015; Stockton et al., 2018). The-

refore, it may be problematic to attribute any difference in thermotolerance to a 

specific morphotype, because we do not know to what extent this difference is due 
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to developmental thermal plasticity and/or to adult thermal acclimation. Additio-

nally, it is unclear whether various traits that exhibit seasonal polyphenism co-vary 

and are determined in unison (during the same critical period in the juvenile stage), 

or whether they are regulated independently. The additive or interactive effects of 

developmental and adult temperatures on various seasonally plastic traits of D. su-

zukii have not yet been studied in great detail. 

Although the differences in D. suzukii adult thermotolerance are often interpreted 

as a consequence or property of a specific morphotype (e.g., SM or WM), this inter-

pretation may be flawed, particularly in fluctuating environments. An experimen-

tal design where individuals are exposed to different temperature regimes during 

juvenile development and adult life would allow to separate developmental tem-

perature effects from adult temperature effects on thermotolerance of D. suzukii 

flies. Suites of phenotypically plastic traits associated with the morphotype, and 

that may participate in thermotolerance, such as cuticular hydrocarbon (CHC) 

profiles, wing size, tibia length (as a proxy for body size) and pigmentation may 

be affected by these two forms of acclimation. To what extent both juvenile and 

adult temperature regimes affect these traits, and to what extent the various traits 

are coupled, needs to be further investigated. This will reveal whether the mor-

photypes indeed form two discrete adult seasonal phenotypes, or whether a more 

continuous - and possibly even expanded - range of seasonal phenotypes exists for 

this species. 

In this study we analyse the effect of temperatures experienced during juvenile de-

velopment and adult life on five traits associated with the seasonal polymorphism 

of D. suzukii adults: (1) thermotolerance for both high temperature and cold stress, 

(2) CHC profiles, (3) wing size, (4) tibia length and (5) abdominal pigmentation. 

We use a full factorial experimental design, with juvenile and adult thermal regimes 
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at either 12°C or 20°C, which are relevant temperatures for natural conditions in 

temperate regions (https://www.weather-atlas.com/en/netherlands-climate). 

Materials and methods

Fly stocks and culture

The D. suzukii population used in this study comes from the Wageningen Plant Re-

search station in Randwijk, the Netherlands (N 51.936883; E 5.705474). Around 

300 flies were collected from infested raspberry fruits in October 2017 and sub-

sequently sent to our laboratory (University of Groningen, The Netherlands). 

The flies were reared in plastic bottles (ca. 140 mL volume each) filled with a 30 

mL food medium containing agar (10 g/L), glucose (30 g/L), sucrose (15 g/L), 

heat-inactivated yeast (35 g/L, Mauripan), cornmeal (15 g/L), wheat germ (10 

g/L), soya flour (10 g/L), molasses (30 g/L, Sweet Harvest Foods), propionic acid 

(5 mL/L), and Tegosept (2 g/L, Apex). The offspring of each generation was mixed 

and distributed over new bottles. Larval densities were standardized to approxima-

tely 100–150 larvae per bottle to avoid competition through overcrowding and to 

maintain the genetic diversity. We used the same food medium in all experiments 

presented in this study. The population was maintained in a climate-controlled 

growth chamber at 20°C, with a 16:8 light:dark photoperiod to simulate summer 

conditions. As a result of this rearing, all laboratory-reared flies in the stock cultures 

have a summer morphotype (SM).

Thermal regimes

To generate flies for the experiment, groups of approximately 50 mature (10 days 

old) laboratory-reared males and females were placed in 140 mL bottles containing 

the food medium and a scoop of yeast paste, and females were allowed to lay eggs 
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Figure 1. Thermal regimes experienced by flies during juvenile development and at adult stage. The four ex-

perimental groups of flies, based on the four combinations of juvenile and adult thermal conditions that were 

generated, are denoted as (juvenile temperature/adult temperature): HH (“Hot/Hot”, 20/20°C), HC (“Hot/

Cold”, 20/12°C), CH (“Cold/Hot”, 12/20°C), CC (“Cold/Cold”, 12/12°C).
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during 24 h at 20°C, 16:8 light:dark photoperiod. Flies were then removed and the 

bottles containing eggs were directly incubated either at 20°C, 16:8 L:D photope-

riod or at 12°C, 12:12 light:dark photoperiod to continue development (Figure 1). 

The fly development from egg to adult emergence took approximatively 12-15 days 

at 20°C, and 30-40 days at 12°C. Within 2 hours after emergence, virgin adults 

from both developmental conditions were collected using CO2 anesthesia, and 

distributed in same-sex groups of 10-15 individuals in vials containing fresh food 

medium. Newly emerged flies were then directly transferred to 20°C (16:8 light:-

dark) or to 12°C (12:12 light:dark) according to the full factorial design described 

in Figure 1. They remained at this temperature until experimentation (7-10 days). 

The 4 experimental groups, based on the four combinations of juvenile and adult 

thermal conditions, are denoted from here onwards as (juvenile temperature/adult 

temperature): 20/20°C (“Hot/Hot”-HH), 20/12°C (“Hot/Cold”-HC), 12/20°C 

(“Cold/Hot”-CH), 12/12°C (“Cold/Cold”-CC) (Figure 1). We performed a nu-

mber of assays on flies of each group and sex to characterize their thermal tolerance, 

CHC profile, tibia length, wing size and level of abdominal pigmentation (see be-

low for further details). All experiments were conducted on 7 to 10 days-old flies, 

separately for male and female flies. Each trial was performed in 2 or 3 batches of 5 

to 12 flies each. Flies were transferred to new vials containing fresh food medium 

every 3 days.

High temperature performance

Flies were tested in an automated temperature-controlled arena made of three 

adjacent copper tiles measuring 2.5 x 2.5 cm mounted on a programmable circuit 

capable of stabilizing the temperature of the tiles between 15°C and 50°C with a 

variation of ±0.5°C as described in Soto-Padilla et al. (2018). In total, 18 flies of 

each sex and thermal regime group were individually tested in the arena, using a 
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mouth aspirator to transfer them. They were allowed to walk freely for 8 minutes at 

a constant temperature of 16°C to eliminate the natural exploratory phase during 

which flies walk faster and to allow them to get accustomed to the arena. After 

these 8 minutes, temperature was stepwise increased by 2°C every 60 seconds until 

42°C in order to determine their heat tolerance at increasing temperatures, as mea-

sured from their locomotory behaviour. Flies were continuously monitored using 

a high-definition webcam (Logitech® c920, Logitech Europe S.A., Lausanne, Swit-

zerland) and their position was tracked using custom-made Python scripts (Python 

Software Foundation Version 2.7.6, http://www.python.org; Soto-Padilla et al., 

2018). Fly centroid data was imported into RStudio (RStudio Team: 2018, Version 

1.2.1114) and a custom script was used to calculate the average fly walking speed in 

cm.s-1 for each time period of 60 seconds. These dynamic speed calculations were 

used for statistical analysis. 

The heat tolerance of individual flies was described using the dynamic measure-

ment of average fly walking speed in cm.s-1, reflected in temperature–performance 

curves. This type of curve has been extensively described by Soto-Padilla et al. 

(2018): fly speed remains approximately constant in the lower temperature range, 

followed by a temperature range where walking speed increases with temperature 

until a maximum speed is reached, after which there is a rapid decline in speed 

with further temperature increments. The switch point from constant to increasing 

speed reflects temperature sensing, as inferred from mutant analysis and individuals 

from which the heat-sensing receptors had been surgically removed (Soto-Padilla 

et al., 2018). The temperature at which maximum walking speed is achieved reflects 

the maximum heat tolerance of the flies before becoming incapacitated (i.e.,  their 

walking speed drops to zero) (Soto-Padilla, 2020).
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Cold tolerance

Following the method described by Enriquez et al. (2018), we subjected 34 flies 

of each sex and each thermal regime group to 0°C for 16h. The flies were collected 

with a mouth aspirator and placed in glass tubes (0.5 cm diameter, 4cm height) in 

groups of six. These tubes were simultaneously put vertically in a cooling rack po-

sitioned in an icebox filled with ice. The box was then incubated in a cold chamber 

(2°C, 0:24 L:D) for 16h. After the 16h at 0°C, adults were removed from the vials 

and individually placed on a workbench in a thermally controlled room (22°C). 

They were positioned supinely, using a fine paintbrush, and the time to regain the 

ability to stand (i.e., Chill Coma Recovery Time-CCRT) was monitored indivi-

dually. The experimentation lasted 60 minutes, and the flies that did not recover by 

that time were marked as not recovered (censored).

Cuticular hydrocarbons extraction and analysis

For hydrocarbon analysis, 20 flies of each sex and each thermal regime group were 

individually placed into a glass microvial (Supelco, Sigma-Aldrich), containing 50 

μL of hexane. The vial was then vortexed for 2 minutes, and each fly was removed 

using a clean metal pin. Vials were placed at -20°C until analysis. At this time, the 

hexane was evaporated under a nitrogen gas flow, leaving the compound as a re-

sidue coating the bottom of the vial. Then, 50 μL of hexane spiked with 10 ng. 

µL-1 of each of the internal standards octadecane (C18) and hexacosane (C26) 

was pipetted into each vial. The resulting hydrocarbon extracts were analysed using 

an Agilent 6890 gas chromatograph with a flame ionization detector, an Agilent 

DB-5ht column (length: 30 m; diameter: 0.25 mm; film 0.10 μm) and a split-split-

less injector set at 250°C with 40 ml/min splitless flow. The injector valve was ope-

ned 1.5 min after injection in splitless mode with helium as the carrier gas (flow: 
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Table 1. Trait descriptions for wing size and tibia length measurements

Figure 2: Location of morphometric measurements for experimental D. suzukii flies. Wing length was measured 

as the full length of the third longitudinal vein L3 (A), and the fourth longitudinal vein L4 (B). Wing width (L5) 

was measured across the medial cubital cross vein (C). Tibia length was measured for the foreleg (D).
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37.2 cm s−1). The oven temperature programme began at 50 °C for 1.5 min, ram-

ping at 10°C min−1 to 150°C, then ramping at 4°C min−1 to 280°C and holding 

for 5 min. ChemStation software (Agilent technologies) was used to quantify com-

pounds based on peak areas relative to the internal standard C26.

Morphometric measurements

Wing size and tibia length

We determined the wing size and tibia length of 60 flies of each sex and each ther-

mal regime group, following the protocol by Tran et al. (2020). We measured the 

foreleg tibia length of each fly because tibia length can be used as a standard proxy 

of body size for drosophilids (Tran et al., 2020). The flies were collected with a 

mouth aspirator and stored at 4°C in 70% ethanol until further processing. The left 

wing and left foreleg of each individual fly were removed from the thorax under a 

stereomicroscope by dissecting the fly on a microscope slide in a phosphate-buffe-

red saline solution (PBS). Dissected contents were left on the microscope slide 

which was photographed using a stereomicroscope (Leica MZ10F) equipped with 

a digital camera (Leica DFC425 C) at 3.2x magnification. We kept the same ma-

gnification for all pictures and used the picture of a microscope scale to convert 

pixels into mm. Wing length, wing width, wing area and foreleg tibia length were 

measured from these pictures, using the software Adobe Photoshop CS3 Extended 

(San Jose, California, USA). In total, five morphological wing size and body size 

traits were analysed (Table 1), including wing length (L3 and L4), wing width (L5), 

wing area and foreleg tibia length.
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Figure 3. Quantification of the abdominal pigmentation of D. suzukii females and males for each thermal 

regime group (CC (“Cold/Cold”, 12/12°C), CH (“Cold/Hot”, 12/20°C), HC (“Hot/Cold”, 20/12°C), and 

HH (“Hot/Hot”, 20/20°C)) on Adobe photoshop CS3 Extended. The third and fourth abdominal tergites of 

CC females (A), CH females (C), HC females (E), HH females (G) and second and third abdominal tergites 

of CC males (B), CH males (D), HC males (F), and HH males (H) were assessed. On these pictures, the 

third abdominal tergite is delineated by a dotted line corresponding to the selection area. In females, the third 

segment shows modest seasonal variation (Seg_a), while in males this is the segment that shows the largest 

seasonal variation (Seg_b). The average mean grey value (± standard deviation) of this segment for each ther-

mal regime group is indicated in bold in the bottom left corner of each picture. Photos credit to Aurore Panel.
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Abdominal pigmentation

We quantified the abdominal pigmentation of 60 flies of each sex and thermal re-

gime group. The flies were collected with a mouth aspirator and stored in the dark 

at 4°C in 70% ethanol until further processing. First, each adult fly was individually 

and non-destructively mounted in 1.25% agarose gel, following the protocol by 

Ziabari et al. (2017). A digital image of the fly dorsal abdomen was taken, using a 

stereomicroscope (Leica MZ10F) equipped with a digital camera (Leica DFC425 

C) at 3.2x magnification. We kept the same magnification for all pictures. Second, 

we assessed the abdominal pigmentation of each fly, using the software Adobe Pho-

toshop CS3 Extended (San Jose, California, USA), by measuring the mean grey 

value of each selected tergite. The mean grey value indicates the total grey value of 

the pixels divided by the total number of pixels in the selection. This mean ranges 

from 0-255, where a value of 0 corresponds to the black colour and a value of 255 

corresponds to the white colour. Thus, the higher the grey value, the lighter the 

colour, indicating less pigmentation. We determined the pigmentation of the third 

and fourth abdominal tergites in females whereas we assessed the second and third 

abdominal tergites in males (Figure 3). These tergites were chosen because the ma-

jor difference between WM and SM individuals occurs on the fourth tergite for 

the females and on the third one for the males (Shearer et al., 2016). In this study, 

we scored pigmentation on the second tergite in males and the third tergite in fe-

males as the segments with modest seasonal variation (Seg_a), and the third tergite 

in males and the fourth tergite in females as the segments with the predominant 

seasonal variation (Seg_b). 
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Data analysis

All data analyses were conducted using R version 3.6.2 (R Core Team 2020) in 

RStudio version 1.2.1114 (RStudio team 2020). 

High temperature performance

The dynamic measurements of walking speed in the temperature arena were ana-

lysed using Bayesian inference with R package brms version 2.14.0 (Bürkner, 2018). 

Since walking speeds are non-negative and the data contained an excess of zeroes, 

walking speeds were modelled as draws from a hurdle-gamma mixture distribution. 

The hurdle part models the probability of observing a zero (single parameter “hu”), 

using a logit link function, and the gamma part models the positive speeds (pa-

rameters “mean” and “shape”), using a log link function. For all three parameters, 

the dependence on temperature was fitted with generalized additive models, i.e., 

smoothing splines, using brms’ default thin plate splines. For the parameter corres-

ponding to the mean of the gamma distribution we fitted separate smoothers for 

each thermal regime by batch combination, and for each individual fly a random 

smoother was added. In addition, for the mean parameter we allowed the intercept 

of the smoothers to vary by sex. For pairwise comparisons between fitted smoo-

thers, we calculated the difference between two focal smoothers and the correspon-

ding 95% credible interval (CI) of the difference; when the CI did not overlap zero 

for a particular range of temperatures, we infer that the curves differ significantly in 

that particular temperature range.  All parameters had the default prior provided 

by the brms package. The model was exported from R (using the brms utilities) 

and run on a high-performance computer cluster using the command line version 

of Stan (Stan Development Team. 2020. Stan Modeling Language Users Guide 

and Reference Manual, 2.17.1. https://mc-stan.org) with 10 parallel chains with 
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2000 iterations each, where the first 1000 were used as warm up and discarded. To 

avoid divergent transitions, we increased the arguments “adapt_delta” to 0.95 and 

“max_treedepth” to 15. Trace plots, effective sample sizes (range of effective sample 

sizes: 1,629-24,459) and R-hat values confirmed proper convergence.

Cold tolerance

Chill Coma Recovery Time (CCRT) data were analysed using a linear mixed mo-

del (LMM, R package lme4, Bates et al., 2015) that included juvenile thermal re-

gime (12°C versus 20°C), adult thermal regime (12°C versus 20°C), sex and all their 

interactions as predictors. The batch was included as random effect in the model. 

The response variable was log-transformed to conform to the assumptions of nor-

mality. The statistical significance of the predictors was assessed with an analysis 

of variance, using the Kenward-Roger’s approach (Halekoh & Højsgaard, 2014). 

Differences among group treatments were analysed by performing pairwise compa-

risons of means with the R package emmeans (Lenth, 2020). 

Cuticular hydrocarbons 

The cuticular hydrocarbons (CHC) resulting from GC-FID analysis were analysed 

using a Bayesian multivariate response model, using the brms package. As we were 

not primarily interested in particular compounds, but in the general CHC compo-

sitions, we used the sum of alkanes, alkenes and methyl-alkanes for each fly as three 

response variables, which we assumed had a multivariate normal density, conditio-

nal on the predictor variables. We standardized each response variable by centring 

around the mean and dividing by the standard deviation. Adult thermal regime, 

juvenile thermal regime and sex were entered as predictors of the conditional 

means for each response variable. In addition, we estimated the three pairwise resi-

dual correlations between response variables.  Weakly informative Gaussian priors 
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(mean = 0, sd = 1) were used for all parameters. Four parallel chains were run with 

3500 iterations each, where the first 1000 were used as warm up and discarded. 

Convergence was checked as indicated above.  Finally, to test hypotheses regarding 

parameters, we used an index called the Probability of Direction or pd (Makowski 

et al., 2019a; Makowski et al., 2019b) to assess the certainty with which an effect 

went in a particular direction (i.e., , is positive or negative). This index ranges from 

50 to 100% and is strongly correlated with the frequentist p-value.

Morphometric measurements

The morphometric measurements were analysed using a Bayesian multivariate res-

ponse model, using the brms package. For each fly we used the wing size traits (wing 

length L3, wing length L4, wing width L5, wing area), foreleg tibia length and ab-

dominal pigmentation parameters (Seg_a, Seg_b) as response variables, which we 

assumed had a multivariate normal density, conditional on the predictor variables. 

We standardized each response variable by centring around the mean and dividing 

by the standard deviation. Adult thermal regime, juvenile thermal regime and sex 

were entered as predictors of the conditional means for each response variable. 

In addition, we estimated the pairwise residual correlations between response va-

riables. Weakly informative Gaussian priors (mean = 0, sd = 1) were used for all 

parameters. Four parallel chains were run with 3500 iterations each, where the first 

1000 were used as warm up and discarded. Convergence was checked as indicated 

above.  Finally, to test hypotheses regarding parameters, we used the aforemen-

tioned Probability of Direction index (pd) to assess the certainty with which an 

effect went in a particular direction (i.e., is positive or negative).
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Results 

High temperature performance

Figure 4: Locomotor speed at increasing temperature of individual adult D. suzukii having experienced diffe-

rent temperature regimes during juvenile development and adult life. Males and females were individually 

placed in an automated temperature-controlled arena with gradually increasing temperature (2°C every 60 

s between 16°C and 42°C). Their movement was continuously recorded to calculate walking speeds as proxy 

for heat tolerance. The speed of male and female flies did not differ at any temperature (see repository file). 

Fitted smoothing splines of speed response to gradually increasing temperature are represented (solid lines), 

and 95% confidence bands (shaded regions) for the different levels of the selected predictors (here, the thermal 
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regime experienced during juvenile development and adult life: CC (“Cold/Cold”, 12/12°C), CH (“Cold/

Hot”, 12/20°C), HC (“Hot/Cold”, 20/12°C), and HH (“Hot/Hot”, 20/20°C). For visual clarity, the batch 

effect and sex are not represented in this figure although it was taken into account in the statistical analysis (see 

supplementary Figure S1).
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Figure 5. Comparison of the effects of the juvenile temperature regime (A), adult temperature regime (B), and 

their interaction (C) on the fitted temperature responses for D. suzukii. The comparison is based on the fitted 

temperature responses, as presented in Figure 4. The ribbons represent 90% highest density interval (HDI) 

of posterior distribution. Blue sections of the lines indicate temperature ranges at which the values were not 

statistically affected by the main effects (i.e., the different levels for juvenile and adult temperature regimes 

and their interaction), and red sections of the lines represent values that were statistically different from zero.
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Figure 6. Pairwise comparisons of the locomotor speed at increasing temperature of adult D. suzukii having 

experienced different temperature regimes during juvenile development and adult life. The comparisons are 

based on the fitted temperature responses, as presented in Figure 4. These pairwise comparisons contrast 

the walking speeds for the four experimental groups of flies (juvenile temperature/adult temperature): CC 

(“Cold/Cold”, 12/12°C), CH (“Cold/Hot”, 12/20°C), HC (“Hot/Cold”, 20/12°C), and HH (“Hot/Hot”, 

20/20°C). For the pairwise comparisons, the difference between two focal smoothers and the corresponding 

95% credible interval (CI) of the difference were calculated. When for a particular range of temperatures the 

CI did not overlap zero (blue sections of the lines), we inferred that the curves differed significantly in that par-

ticular temperature range. On the contrary, when for a particular range of temperatures the CI did overlap zero 

(red sections of the lines), we inferred that the curves did not differ significantly between the two experimental 

groups in that particular temperature range.
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In an automated temperature-controlled arena, we exposed individual adult male 

and female D. suzukii of each thermal regime to gradually increasing tempera-

tures from 16°C to 42°C (stepwise 2°C increase every minute), and continuously 

recorded their movement to calculate walking speeds. The walking speed served 

as proxy for high temperature performance: The switch point from constant to 

increasing walking speed reflects sensing of high temperature (Soto-Padilla et al., 

2018), while the temperature at which maximum walking speed is achieved reflects 

the maximum heat tolerance before becoming incapacitated (Soto-Padilla, 2020). 

Our statistical model on the dynamic measurements of movement indicated that 

average speed was not affected by the sex of the flies (95% Credible Interval ranged 

from -0.19 to 0.10) (repository file). Although there were some minor differences 

among the three experimental batches passing the thresholds for statistical diffe-

rences (“batch effects”), they were only detectable over small stretches of the tested 

temperature range (Figure S2). Therefore, these batch effects were not taken into 

consideration for the further description of our results.

All four thermal regime groups (CC, CH, HC, HH; see Figure 1 for explanation 

of these group labels) showed the typical increase in walking speed for increasing 

temperatures until they became incapacitated, although the shape and position of 

these curves differed among the groups (Figure 4). Thermal conditions experienced 

during juvenile development or during the adult stage both affected the movement 

responses of the flies across a limited range of tested temperatures (Figure 5-A and 

5-B; regions where the Credible Intervals do not overlap with zero are conside-

red as statistically significantly different). Juvenile conditions influenced the mo-

vement response of the flies between 32.9°C and 37.8°C, whereas adult conditions 

had an effect between 32.3°C and 41.0°C. Flies that had been kept at 20°C as adults 

(CH and HH) reached their maximum walking speed (i.e., a proxy for their heat 
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tolerance) at a higher temperature than those that had been kept at 12°C as adults 

(HC and CC), reflected by a shift of the temperature performance curve to higher 

temperatures (along the x-axis) (Figure 4). This is consistent with the hypothesis 

that warm-acclimated adult flies better tolerate heat stress than unacclimated or 

cold-acclimated ones. Flies that had developed as larvae at 20°C (HC and HH) had 

higher movement speed than flies that developed at 12°C (CH and CC), reflected 

by an upwards shift of the temperature performance curve (along the y-axis), but 

they did not sustain movement longer for higher temperatures (Figure 4). There 

was no interaction between juvenile and adult thermal conditions on the move-

ment responses of the flies to increasing temperature (Figure 5- C). 

We performed pairwise comparisons among the four thermal regime groups to 

obtain a more detailed insight into their high temperature performance (Figure 

6). There was no significant difference in heat tolerance (i.e., the temperature at 

which the flies reached maximum walking speed) between warm-acclimated adult 

flies that had experienced different temperature conditions during development 

(CH and HH). In fact, their speed at gradually increasing temperature was not 

influenced by the thermal conditions they had experienced as juveniles (Figure 

6).  In contrast, cold-acclimated adults that had experienced different temperature 

conditions as larvae (CC versus HC) differed in their walking speed between 32 

and 38°C (Figure 6). HC flies moved significantly faster than CC flies over this 

temperature range, but they reached their maximum walking speed at more or less 

the same temperature (Figure 4). This indicates that heat tolerance was not affected 

by juvenile conditions, but that flies that were reared at higher temperatures achie-

ved a higher walking speed.

The combined results suggest that, in D. suzukii, high temperature performance is 

primarily affected by adult acclimation. When the flies experienced warm tempera-
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tures during the adult stage, the temperature that they experienced as juveniles did 

not significantly influence their heat tolerance. When flies were exposed to cold 

conditions at the adult stage, the thermal conditions experienced during juvenile 

development influenced the walking speed, but not the heat tolerance of the flies.

Cold tolerance

We subjected D. suzukii adult flies of each thermal regime group to 0°C for 16 

hours to determine their cold tolerance as expressed by their chill coma recovery 

time (CCRT).  In total, 5.1% of the flies did not recover from this chill coma du-

ring the 60 minutes of recovery monitoring (14 flies out of 272). These flies were 

evenly distributed among the thermal regime groups (3 CC males, 2 CC females, 3 

CH females, 1 HH female, 3 HH males, 1 HC male, 1 HC female). 

Chill coma recovery time was significantly influenced by juvenile thermal condi-

tions (LMM, ANOVA, F (1,248.09) = 6.80, p = 0.001), adult temperature (LMM, 

ANOVA, F (1,248.02) = 150.24, p < 2.20*10-16), and sex (LMM, ANOVA, F (1,248.12) 

= 12.94, p = 3.87*10-4), and there was a significant interaction between juvenile 

temperature and adult temperature (LMM, ANOVA, F (1,248.06) = 4.33, p = 0.04). 

Within each thermal regime group, females recovered faster than males (LMM, 

ANOVA, F (1,248.12) = 12.94, p = 3.87*10-4) and, for both sexes and juvenile tem-

peratures, cold-acclimated adult flies (HC and CC) recovered much faster than 

warm-acclimated adult flies (HH and CH) (Figure 7, Tables 2 and 3). 

The significant interaction between juvenile and adult thermal regime reflects an 

asymmetry in the influence of developmental temperature for warm- and cold-ac-

climated adult flies. Warm-acclimated adult flies, i.e., those that were kept at 20°C 

as adults (CH and HH), significantly differed in their CCRT depending on their 

juvenile conditions (LMM, ANOVA, F (1,248.06) = 4.33, p = 0.04). Flies that were 
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Figure 7. Chill Coma Recovery Time (CCRT) of male and female D. suzukii flies at 22°C after 16 hours at 

0°C, for flies having experienced different temperature regimes during juvenile development and adult life. The 

boxplots represent the distribution of the log transformed data for the following combinations of temperature 

regimes during juvenile development and adult life (juvenile temperature/adult temperature): CC (“Cold/

Cold”, 12/12°C), CH (“Cold/Hot”, 12/20°C), HC (“Hot/Cold”, 20/12°C), and HH (“Hot/Hot”, 20/20°C). 

Each box represents the interquartile range of CCRT for the experimental group: the line in the middle is the 

median, the whiskers represent extreme values within 1.5 times the interquartile range, and the dots are the 

“outliers’’. N = 34 flies per sex and per thermal regime group.
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Table 2. Analysis of chill coma recovery time (CCRT) of male and female D. suzukii from each thermal regime 

group. A three-way ANOVA using the Kenward-Roger method assessed the effects of juvenile acclimation, 

adult acclimation, sex and their interactions on tolerance of the flies to cold stress (0°C for 16 hours).

Table 3. Pairwise comparisons of experimental thermal regime groups of D. suzukii males and females for Chill 

Coma Recovery Time (CCRT) using the package “emmeans”(Lenth, 2020).
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Figure 8.  The quantities of alkanes, alkenes and methyl-alkanes in the Cuticular Hydrocarbons (CHC) of D. 

suzukii males and females that experienced different thermal regimes during juvenile development and adult 

life.  For each fly, the sum of alkanes, alkenes and methyl-alkanes was standardized by centring around the 

mean and dividing by the standard deviation (“standardized response variable”). The boxplots represent the 

interquartile range of the considered response variable for each experimental group ((juvenile temperature/

adult temperature): CC (“Cold/Cold”, 12/12°C), CH (“Cold/Hot”, 12/20°C), HC (“Hot/Cold”, 20/12°C), 

and HH (“Hot/Hot”, 20/20°C)): the line in the middle is the median, the whiskers represent extreme values 

within 1.5 times the interquartile range, and the dots are the “outliers’’. N = 20 flies per sex and per thermal 

regime group.
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reared at 12°C during development (CH) recovered significantly faster than flies 

reared at 20°C (HH) (Table 3). In contrast, the CCRT of cold-acclimated adult 

flies, i.e., those that were kept at 12°C as adults (HC and CC), was not significantly 

affected by the thermal conditions experienced during juvenile development; flies 

reared at 20°C (HC) during juvenile development recovered as fast as flies reared 

at 12°C (CC) (Figure 7 and Table 3).

These findings suggest that, in D. suzukii, cold tolerance differs between sexes, and 

is affected by both juvenile and adult acclimation. In all cases, females were more 

cold-tolerant than males as illustrated by their shorter CCRT. Furthermore, when 

the flies experienced warm temperatures during the adult stage, the temperature 

that they experienced as juveniles significantly influenced their cold tolerance. In 

fact, we observed that warm-acclimated adult flies had a shorter CCRT when they 

had been cold-acclimated during development.  When the flies were exposed to 

cold conditions in the adult stage, the thermal conditions experienced during ju-

venile development did not significantly influence the cold tolerance of the flies.

Cuticular hydrocarbons profiles

We analysed the CHC profiles of 160 flies from individual hexane extractions, 

using gas chromatography with flame-ionization detection (GC-FID). In total, the 

whole bodies of 20 flies were extracted per thermal regime group and sex and we 

focused our analysis on three main families of hydrocarbons characteristic of the 

CHC profiles of the flies: alkanes, alkenes and methyl-alkanes. Full details of the 

individual compounds and their quantities can be found in the supplementary ma-

terial (Supplementary Tables 1 and 2).

The quantities of alkanes, alkenes and methyl-alkanes differed among the four 

thermal regime groups and between the sexes (Figure 8). The temperature expe-
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rienced during the adult stage had a strong effect on the CHC profiles of the flies 

(pd of 100% approximately corresponding to a p-value ≤ 0.001). Warm-acclimated 

adult flies (CH and HH) produced more alkanes and alkenes than cold-acclimated 

ones (CC and HC). In contrast, developmental temperature had no effect on the 

CHC profiles of the flies and there was no interaction between temperatures expe-

rienced at adult stage and temperatures experienced during juvenile development 

(pd <95%, p-value > 0.1). The factor sex had a strong effect on both the alkanes and 

methyl-alkanes (pd = 100%, p-value < 0.001, for both alkanes and methyl-alkanes), 

with males producing less of these compounds than females. Sex did not influence 

the quantity of alkenes (pd = 95%, p-value = 0.10). The interaction between sex 

and temperatures experienced in the adult stage was significant for the methyl-alk-

anes only (pd = 98%, p-value = 0.04). This reflects an asymmetry in the influence of 

adult temperature for male and female flies. For females, cold-acclimated adult flies 

(CC and HC) produced more methyl-alkanes than warm-acclimated ones (CH 

and HH) and there was no difference in the amount of methyl alkanes produced 

within each adult thermal regime group. In contrast, for males, only the flies reared 

in cold conditions during both juvenile development and adult stage (CC) pro-

duced more methyl alkanes than the other thermal regime groups which did not 

differ from each other. Finally, there were strong residual correlations between the 

three main classes of compounds: alkanes, alkenes and methyl-alkanes (pd = 100%, 

p-value < 0.001 for each combination of chemical compounds, Table 4), indica-

ting considerable variation in the absolute amounts of these compounds between 

individual flies, while the relative amounts of compounds were more similar. These 

findings highlight that the CHC profiles of the flies are mostly determined by their 

sex and the thermal conditions experienced in the adult stage.

In our analyses, we refrained from analysing the abundances of, or relationships 
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among, individual compounds, as the abundances of almost all compounds diffe-

red somewhat among the temperature regime groups (Table S1, S2). The excep-

tion to this was C24_1(9), which was remarkably constant across all temperature 

regimes in both sexes. None of the compounds were exclusively found in one of 

the two sexes. However, several compounds were consistently more abundant in fe-

males across all temperature regimes (e.g., C23_1(7) and nC29), or more abundant 

only in females that had experienced a low temperature regime as adults (2MeC24 

and 2MeC26).

Table 4. Residual correlations between alkanes, alkenes and methyl-alkanes.

Morphometric measurements

We analysed five morphological traits related to body size and wing size in D. su-

zukii adults belonging to each thermal regime group. The foreleg tibia length of 360 

flies was assessed. Out of 360 experimental flies, we measured the wing length and 

wing width of 346 and 342 adults respectively. The wing area of 356 flies was also 

calculated. The other flies could not be assessed for these traits due to some wing 

damage. In addition, the abdominal pigmentation of the same 360 experimental 

flies was quantified on the second and third tergite in males and the third and four-

th tergite in females (as the sexes differ in which tergites are discriminatory in the 

WM and SM (Shearer et al., 2016) – see methods for further details.
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Figure 9. Morphometric measurements for D. suzukii males and females that experienced different thermal 

regimes during juvenile development and adult life. For each fly, all measured traits (wing length L3, wing 

length L4, wing width L5, wing area, foreleg tibia length and abdominal pigmentation on two tergites (Seg_a 

and Seg_b)) were standardized. Each box represents the interquartile range of the considered response variable 

for each experimental group ((juvenile temperature/adult temperature): CC (“Cold/Cold”, 12/12°C), CH 

(“Cold/Hot”, 12/20°C), HC (“Hot/Cold”, 20/12°C), and HH (“Hot/Hot”, 20/20°C): the line in the middle 

is the median, the whiskers represent extreme values within 1.5 times the interquartile range, and the dots are 

the “outliers’’. N = 60 flies per sex and per thermal regime group.
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All size parameters (L3, L4, L5, wing area and foreleg tibia length) were affected 

by the thermal conditions experienced during juvenile development and sex (pd 

of 100% for each factor, approximately corresponding to a p-value ≤ 0.001), with 

higher juvenile temperature conditions resulting in smaller size measurements (Fi-

gure 9). None of the interactions between these factors was significant, nor the 

temperature regime experienced during the adult stage (pd <95%, p-value > 0.1). 

For the two pigmentation parameters (Seg_a and Seg_b), both adult and juvenile 

temperatures had an influence (pd of 100% for each factor, approximately cor-

responding to a p-value ≤ 0.001), as well as their interaction (pd of 98.30% and 

97.94% for Seg_a and Seg_b respectively). The interactions between sex and juve-

nile thermal conditions (pd of 100% corresponding to a p-value ≤ 0.001) for Seg_a 

and between sex and adult thermal conditions (pd of 98.19%) for Seg_b affected 

the pigmentation scores. Low juvenile and adult temperatures both led to more 

pigmentation (i.e., lower standardized pigmentation scores) (Figure 9). For males, 

cold-acclimated flies during development (CC and CH) had lower pigmentation 

scores than warm-acclimated ones (HC and HH) for Seg_a and there was little 

difference in the pigmentation scores recorded for each juvenile thermal regime 

group. In contrast, for females, CH and HC flies had the same pigmentation scores 

for Seg_a. For both males and females, low juvenile and adult temperatures led to 

more pigmentation of Seg_b. However, this was more pronounced in males for 

which pigmentation scores were influenced by juvenile temperature conditions 

whereas females were also affected by adult temperature conditions resulting in 

more spread-out measurement results.

The morphometric traits showed strong covariance, with the five different size 

measurements being strongly correlated, and the abdominal pigmentation on the 

two tergites also showing strong correlations (Figure 10).
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Figure 10. Correlation matrix showing the correlations between the different morphometric measurements: 

abdominal pigmentation on two tergites (Seg_a and Seg_b), foreleg tibia length, wing length L4, wing length 

L3, wing width L5 and wing area. The correlation coefficient is indicated in the matrix for each combination 

of measurements (variables). 0 indicates no linear relationship between the variables; values between 0.7 and 

1.0 (−0.7 and −1.0) indicate a strong positive (negative) linear relationship through a firm linear rule; values 

between 0.3 and 0.7 (0.3 and −0.7) indicate a moderate positive (negative) linear relationship through a fuz-

zy-firm linear rule; values between 0 and 0.3 (0 and −0.3) indicate a weak positive (negative) linear relationship 

through a shaky linear rule.



Chapter V: Juvenile and adult temperatures differentially affect thermotolerance, cuticular 

chemistry and morphology in the insect pest Drosophila suzukii               205

Discussion

Seasonal variation in D. suzukii performances is often attributed to a specific mor-

photype (Chapter IV, Panel et al., 2020; Shearer et al., 2016), while the distinct 

contributions of developmental and adult environment to the plastic responses 

may be overlooked. In this study, we used a full factorial experimental design to 

disentangle temperature effects during juvenile development (12°C or 20°C) from 

temperature effects during adult life (12°C or 20°C) on high and low temperature 

tolerance, cuticular chemistry and morphology of the pest species. Our analysis 

revealed that thermotolerance of D. suzukii for both high temperature and cold 

stress is primarily influenced by adult temperature. A small effect of developmen-

tal temperature was observed for cold tolerance when warm-acclimated adults had 

experienced cold conditions during development. Our findings also show strong 

plasticity effects in CHC profiles in response to environmental temperatures expe-

rienced at the adult stage. In contrast, we observed that morphological traits such 

as wing size and tibia length were mostly determined by developmental thermal 

regime. Interestingly, in males, abdominal pigmentation was primarily influenced 

by developmental temperature conditions whereas in females it was modulated by 

both developmental and adult temperatures. Whereas D. suzukii summer morphs 

and winter morphs are often considered as two different entities, we suggest that 

they do not represent such a strong dichotomy and that some traits are even more 

plastic than expected. These findings should be taken into consideration for desi-

gning efficient IPM strategies against the insect pest: when taking the differences 

among the two morphotypes into account, treating the morphotypes as two dis-

tinct phenotypes may fail to capture the cumulative effects of juvenile and adult 

temperature environment on trait values, or the continuous range of plasticity in 

traits that these flies may exhibit.
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Thermotolerance for both high temperatures and cold stress

Our results suggest that, in D. suzukii, high temperature performance is primarily 

affected by adult thermal regime. In fact, we did not observe any cumulative effects 

between developmental and adult temperatures for this trait. When the flies expe-

rienced high temperatures (20°C) during the adult stage, the temperature that they 

experienced during development did not significantly influence their temperature 

performance. This finding would suggest that (newly eclosed) WM flies might in 

principle acquire the same level of heat tolerance as SM adult flies. When flies were 

exposed to cold conditions at the adult stage, the thermal conditions experienced 

during development influenced the walking speed, but not the heat tolerance of the 

flies. Since walking speed is often used as an index of overall physiological perfor-

mance and is directly correlated with mating success in D. melanogaster, it would 

be relevant to further investigate the interactions between developmental tempe-

rature, locomotor performance and mating behaviour in D. suzukii (Gibert et al., 

2001). Warm-acclimated adult flies had a higher tolerance for high temperatures 

than cold-acclimated ones which is consistent with previous observations on D. 

melanogaster showing that flies from the same population reared at warm tempera-

ture conditions were more resistant to heat shock, while flies reared at cold tempe-

ratures performed better in cold environments and had higher survival rates when 

exposed to a cold shock (Colinet et al., 2013; Hoffmann et al., 2003). Interestingly, 

males and females did not differ with respect to heat tolerance in agreement with 

the observations in other Drosophila species (Soto-Padilla et al., 2018).  

Likewise, for cold stress tolerance the combination of cold developmental tempe-

rature and cold adult temperature did not result in cumulative effects, although 

here we did observe some potential for amelioration by developmental acclimation. 

Cold adult acclimation alone was sufficient to lead to the highest cold tolerance 
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of flies, based on CCRT measurements, but adults that were acclimated to warm 

conditions did experience improved cold tolerance from developmental cold ac-

climation. These results are not fully in line with previous observations (Enriquez 

et al., 2018; Shearer et al., 2016; Stephens et al., 2015; Toxopeus et al., 2016), who 

showed that combining both forms of cold acclimation resulted in cumulative 

effects and generated the most cold-tolerant D. suzukii flies. In our study, deve-

lopmental temperature influenced cold tolerance of the flies only when the latter 

were warm-acclimated at the adult stage. However, we found that the influence of 

this developmental acclimation had a smaller effect than adult acclimation. Our 

data also confirmed that D. suzukii females are more cold-tolerant than males, as is 

clear from their shorter CCRT. These observations are in line with previous studies 

highlighting sex-specific differences in the conditions that are harmful to male and 

female’s survival, and that females tend to better tolerate harsh winter conditions 

(Chapter IV, Panel et al., 2020; Rossi-Stacconi et al., 2016; Shearer et al., 2016).

It is widely assumed that the thermal conditions experienced immediately before 

a thermal stress mainly determine the tolerance during the thermal stress event 

(Colinet & Hoffmann, 2012; Enriquez et al., 2018; Fischer et al., 2010; Geister 

& Fischer, 2007). Consequently, the bigger effect of adult temperature conditions 

on heat and cold tolerance could be due to their temporal proximity with the ther-

mal stress event (Enriquez et al., 2018). Our findings support some observations of 

Fischer et al. (2010), who reported that thermal environment experienced during 

the last 24 hours prior to testing strongly impacted recovery time, while the effects 

of previous thermal experience were more subtle. It is also possible that flies from 

developmental thermal conditions “deacclimate” during the adult period (Angil-

letta, 2009). It would thus be interesting to study the time course of acclimation for 

high and low temperature tolerance across various time spans by assessing the effect 
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of a heat/cold shock from eclosion to a few weeks of age, given that D. suzukii flies 

are characterized by quite long lifespans (Chapter IV, Panel et al., 2020; Slotsbo et 

al., 2016). 

CHC profiles

CHCs are components of insect cuticle involved in desiccation resistance and che-

mical communication (Chung & Carroll, 2015; Gibbs & Rajpurohit, 2010). We 

examined CHC profiles of D. suzukii flies obtained from the four temperature re-

gimes. Flies exposed to higher temperature (20°C) as adults were characterized by 

higher amounts of alkanes and alkenes than adults exposed to colder temperature 

(12°C). Any modification to CHCs is thought to lead to changes in cuticle per-

meability and body water storage (Blomquist & Bagnères, 2010; Gibbs, 1998). In 

fact, insects lose more than 70% of their body water through the cuticle (Chown 

et al., 2006). Part of the harmfulness of heat stress lies in the fact that it can lead 

to desiccation, which may rapidly induce mortality in insects (Holmstrup et al., 

2002). It is known that the CHC are composed of long chain alkanes and alkenes 

that have a high melting point (Gibbs & Pomonis, 1995) and are potentially effec-

tive in waterproofing (Rourke & Gibbs, 1999). In contrast, the branched alkanes 

(methyl-alkanes) which present some branching structures, are associated with a 

lower melting point but greater information content for chemical communication 

(Blomquist & Bagnères, 2010). In fact, it has been suggested that melting tempera-

tures of CHCs are directly correlated with waterproofing properties but inversely 

correlated with information content (Chung & Carroll, 2015; Rajpurohit et al., 

2021). 

Even though thermal behaviour of individual CHCs is complicated and difficult 

to interpret (Gibbs, 2011; Gibbs & Rajpurohit, 2010), we observed that warm-ac-
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climated D. suzukii adult flies produced more alkanes and alkenes than cold-accli-

mated adult flies. We can hypothesize that this renders their cuticle less permeable 

and minimizes water losses at high temperatures. Populations of D. suzukii that 

are exposed to warm and dry environmental conditions during summertime would 

then be more tolerant to desiccation stress (Rajpurohit et al., 2021). In contrast, 

cold-acclimated D. suzukii adult flies produced more branched alkanes (methyl-alk-

anes) on their cuticle. This might prevent the waxy layer of CHCs from solidifying 

at low temperatures that may be encountered during winter. Although further 

experiments should be conducted to test our hypotheses on the role of amount 

and composition of the CHCs for desiccation resistance and temperature perfor-

mance under different thermal regimes, our results are in line with previous studies 

showing that CHC profiles respond to environmental variation in natural habitats 

and change seasonally, allowing insects to better cope with the prevailing condi-

tions they encounter (Rajpurohit et al., 2017, 2021; Vander Meer et al., 1989).

We also observed that alkane and methyl-alkanes were more abundant in females 

than in males, and that some compounds increased in abundance in response to 

adult temperature regime more strongly in females. Whether these differences 

among the sexes in CHC composition corresponds to differences in their thermo-

tolerance is unknown. It is worth noting that for heat tolerance, we found no diffe-

rences between males and females, but for cold tolerance, females showed a higher 

tolerance than males. However, as females are also larger in body size, it is at this 

stage difficult to disentangle, which (if any) of these factors contributed to the sex 

differences in cold temperature resilience.

In Diptera many factors impact CHC composition, including age, sex, mating sta-

tus interaction with the opposite sex, temperature, diet and hormones (Billeter & 

Levine, 2013; Chiang et al., 2016; Everaerts et al., 2010; Fedina et al., 2012; Krupp 
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et al., 2020; Kuo et al., 2012; Rajpurohit et al., 2017). Our study focuses on three of 

these factors (sex, juvenile and adult temperature) and confirms that CHC profiles 

exhibit pronounced plasticity in response to temperature conditions (Otte et al., 

2018; Rajpurohit et al., 2021). This plasticity seems to be mostly due to the thermal 

conditions experienced at the adult stage.

Morphological traits

Low temperatures during juvenile development (12°C) led to a larger body size 

and darker abdominal pigmentation, confirming the findings from earlier studies 

(Leach et al., 2019a; Shearer et al., 2016; Wallingford & Loeb, 2016). It is well 

known that many insects are larger in size and display a darker cuticular pigmen-

tation when they are reared at cold temperatures, although the mechanisms un-

derlying this phenomenon are not fully understood (Kingsolver & Huey, 2008; 

Nijhout et al., 2014). Insulin and ecdysone are the principal genetic regulators of 

growth rate and duration which are also controlled by many environmental factors 

including thermal conditions (Nijhout et al., 2014). Lower rearing temperatures 

slow down the growth rate of Drosophila juveniles, which leads to larger imaginal 

tissues and therefore larger adults (Mirth & Shingleton, 2012; Shearer et al., 2016; 

Stockton et al., 2020; Wallingford & Loeb, 2016). Our results show that, for both 

male and female D. suzukii, tibia length and wing size are primarily determined by 

developmental temperature, with tibias and wings being significantly larger when 

the flies had experienced a cold developmental temperature. Our results are cohe-

rent with the biology of metamorphic insects whose growth only occurs in the 

immature stages so adult body size is mostly determined by the size the larva has 

reached when it stops feeding and begins metamorphosis. 

An increase in body size and wing size may also aid in thermoregulation: larger 
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bodies could allow for an increased storage of sugars and fats (Shearer et al., 2016), 

and larger wings are more effective at heat absorption (Kingslover & Koehl, 1985; 

Stockton et al., 2020), which both might be advantageous in cold environments. 

However, the dominance of juvenile developmental temperatures in shaping these 

morphological traits may create a mismatch between the phenotypic responses and 

the prevailing environmental conditions e.g., if warm-reared newly-eclosed flies ex-

perience harsh winter conditions (Schou et al., 2015). It is worth noting, though, 

that both heat tolerance and cold tolerance in our assays were primarily driven by 

adult temperature regime, not by the temperatures that the flies experienced during 

juvenile development. This might suggest that the change in body size is not of 

overriding importance in thermoregulation in this species.

We also noticed that the tibia of males was significantly longer than in females in all 

thermal regimes. This was already known for D. suzukii flies (Tran et al., 2020), and 

while its biological relevance remains unknown, it could play a role in courtship 

and copulation behaviour. In contrast, both wing length and wing width were si-

gnificantly larger in females. These differences reflect the sexual dimorphism in 

body size proportions that characterize D. suzukii (Stockton et al., 2020; Tran et 

al., 2020).

Interestingly, while abdominal pigmentation strongly depended on developmen-

tal temperatures in D. suzukii males, D. suzukii females seemed to modulate their 

pigmentation in response to the prevailing environmental conditions to a certain 

extent, as shown by their high plasticity in this trait. This difference of plasticity 

might play a role in the differences of survival observed between males and females 

during wintertime. A high plasticity in pigmentation might facilitate thermoregu-

lation of females by favouring either UV absorption or UV photoprotection (Shea-

rer et al., 2016), thus contributing to higher winter survival compared to males. 
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In this study, the light cycles for warm and cold temperature regimes were not iden-

tical with short day-length for the cold regime and long day-length for the warm 

regime. Photoperiod is known to also affect plasticity of various traits, albeit pre-

dominantly when offered in combination with appropriate temperature cues (van 

Houten et al., 1987, 1988). Therefore, it is unlikely that the variation in the various 

traits we investigated can be attributed to photoperiod (Stockton et al., 2020). In 

fact, morphological (wing and body size) and various stress resistance traits (cold, 

heat, starvation and desiccation resistance) do not appear to be significantly affec-

ted by short versus long day length independent of temperature (Bauerfeind et al., 

2014; Enriquez et al., 2018; Leach et al., 2019a). However, photoperiod may have 

had some effects on pigmentation (Leach et al., 2019a; Shearer et al., 2016). In 

fact, Shearer et al. (2016) found that photoperiod and temperature affected pig-

mentation in opposite ways. When flies were maintained under warm conditions 

(>20°C), melanization decreased for flies exposed to a short “winter” photope-

riod compared to those exposed to a long “summer” photoperiod. This means that 

mechanisms underlying pigmentation are more complex than temperature alone 

since melanin might have a role in UV photoprotection under warm climates and 

a role in UV absorption during winter  (Shearer et al., 2016; Stockton et al., 2020). 

Conclusion

Rearing D. suzukii at cold or warm temperature regimes generates two extreme 

forms of this insect pest, traditionally referred to as winter- and summer morphs 

(Shearer et al., 2016). These two extreme morphotypes have been reported to differ 

in a wide range of characteristics such as thermal tolerance, starvation resistance, 

wing size, body size, abdominal pigmentation, gene expression, metabolic profiles, 

longevity and fecundity (Leach et al., 2019a; Chapter IV, Panel et al., 2020; Shea-

rer et al., 2016; Stockton et al., 2019, 2020; Tran et al., 2020). Treating these mor-
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photypes as discrete entities, however, may underestimate the extent of plasticity 

that this pest species exhibits. Various combinations of developmental and adult 

temperatures may give rise to a continuum of intermediary phenotypes (Leach et 

al., 2019a). This is exactly what we showed in several, but not all, of our measure-

ments. This indicates that these traits are not coupled, but respond independently 

to temperature, and that the critical periods for determining the traits are not all 

restricted to the juvenile period. Although our study might neglect the ageing ef-

fects of thermal acclimation and might not fully capture the dynamics underlying 

this mechanism, it gives clear evidence that winter- and summer morphs do not 

represent a strong dichotomy in changing thermal conditions.

Our findings reveal that only a few “structural” traits (wing and body size, abdomi-

nal pigmentation in males) are entirely controlled by developmental acclimation. 

Stress resistance traits such as thermotolerance and CHC profiles (contributing 

to desiccation resistance) are predominantly affected by adult thermal conditions. 

This highlights the high levels of phenotypic plasticity of the insect pest D. suzukii 

and may explain the success of this invasive species in fluctuating environmental 

conditions. This plasticity might give an advantage to the pest species in a context 

of global climate change (Bock et al., 2015; Chown et al., 2007). Furthermore, our 

findings highlight that designing morph-specific population models might not 

be as accurate as we previously thought to forecast the pest population dynamics 

(Chapter IV, Panel et al., 2020). It might be more accurate to design predictive 

models that take into account the extensive range of conditions that both WM and 

SM can cope with. 
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Supplementary material

Figure S1. Locomotor speed at increasing temperature of individual adult D. suzukii having experienced diffe-

rent temperature regimes during juvenile development and adult life.  Male and female flies were individually 

placed in an automated temperature-controlled arena with a gradually increasing temperature (by 2°C every 60 

s) between 16°C and 42°C. Their movement was continuously recorded to calculate walking speeds as proxy 

for heat tolerance. The speed of male and female flies did not differ at any temperature (see repository file), but 

walking speed was affected by thermal regime (CC (“Cold/Cold”, 12/12°C), CH (“Cold/Hot”, 12/20°C), 

HC (“Hot/Cold”, 20/12°C), and HH (“Hot/Hot”, 20/20°C)). Fitted smoothing splines of speed response to 

gradually increasing temperature are represented for the 3 different batches (lines), and 95% confidence bands 

(shaded regions) for the different levels of the selected predictors (here, the thermal regime experienced during 

juvenile development and adult life, the sex, the batch and their interactions).
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Figure S2.  Pairwise comparisons of the locomotor speed at increasing temperature of adult D. suzukii having 

experienced different temperature regimes during juvenile development and adult life and coming from three 

different experimental batches (1, 2 or 3). For pairwise comparisons between fitted smoothers, the difference 

between two focal smoothers (here, batch number) and the corresponding 95% credible interval (CI) of the 

difference were calculated. When for a particular range of temperatures the CI did not overlap zero (blue 

sections of the lines), we inferred that the curves differed significantly in that particular temperature range. On 

the contrary, when for a particular range of temperatures the CI did overlap zero (red sections of the lines), we 

inferred that the curves did not differ significantly in that particular temperature range.  
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Table S1. Amounts of individual compounds of the cuticular hydrocarbons (CHC) from the whole bodies 

of D. suzukii male flies, having experienced different combinations of temperature regimes during juvenile 

development and adult life (CC (“Cold/Cold”, 12/12°C), CH (“Cold/Hot”, 12/20°C), HC (“Hot/Cold”, 

20/12°C), and HH (“Hot/Hot”, 20/20°C)). The CHCs of each individual fly (N = 20 per temperature re-

gime) was extracted in hexane, and compounds were identified using GC-FID analysis. Mean absolute nano-

grams ± standard errors of the mean (±SEM) is shown for individual compounds, for the different chemical 

classes. Internal standards are indicated with an asterisk (*).
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Table S2. Amounts of individual compounds of the cuticular hydrocarbons (CHC) from the whole bodies 

of D. suzukii female flies, having experienced different combinations of temperature regimes during juvenile 

development and adult life (CC (“Cold/Cold”, 12/12°C), CH (“Cold/Hot”, 12/20°C), HC (“Hot/Cold”, 

20/12°C), and HH (“Hot/Hot”, 20/20°C)). The CHCs of each individual fly (N = 20 per temperature re-

gime) was extracted in hexane, and compounds were identified using GC-FID analysis. Mean absolute nano-

grams ± standard errors of the mean (±SEM) is shown for individual compounds, for the different chemical 

classes. Internal standards are indicated with an asterisk (*).
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Chapter VI: General Discussion

Aurore D.C. Panel

Groningen Institute for Evolutionary Life Sciences, University of Groningen, Nijenborgh 7, 9700 CC, Gro-

ningen, The Netherlands

The ecological and economic impacts of invasive alien species in Europe: fo-

cus on the agricultural sector

When species are introduced outside their natural ranges, we call them non-native 

or alien species. Most of these alien species do not cause problems in their new 

habitat whereas others, called invasive alien species (IAS) establish themselves, pro-

liferate and become highly destructive to their environments. IAS are essentially 

an ecological danger that jeopardizes biodiversity and threatens key economic sec-

tors such as agriculture. For example, IAS can devastate certain crops, cause yield 

losses, spread diseases to livestock and degrade stocks of agricultural raw materials 

(Bradshaw et al., 2016; Fougier, 2016; Oerke, 2006). In Europe, more than 14,000 

alien species are now established and around 10% of them are considered as IAS 

(Katsanevakis et al., 2015; Williamson & Fitter, 1996). The direct and indirect 

economic impact of these species is difficult to assess and remains poorly docu-

mented since it encompasses (among other things) drops in yields, monetary costs 

of control measures, and impacts on services provided by the ecosystems (Bradshaw 

et al., 2016). It is estimated that, every year, damage and management interventions 

associated to IAS represent a cost comprised between 12 and 20 billion euros for 

the combined member states of the European Union (IEEP, 2016; Kettunen et al., 

2008). 

Insects often figure prominently among IAS that are of most concern to the agri-
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cultural sector. Globally, according to current estimates, insect pests reduce agri-

cultural production by 20 to 30% (Bradshaw et al., 2016; Fougier, 2016; Oerke, 

2006). The intensification of international trade, the expansion of agriculture to 

feed a growing human population and global warming are favouring the increase of 

biological invasions by alien insect species (Bebber et al., 2013; Porter et al., 1991).  

For control of such organisms, insecticides still serve as first line of defence. In most 

cases, chemical control remains, at least in the short to medium term, an important 

strategy, allowing the growers to continue producing a high-quality crop. However, 

the intensive use of insecticides often comes at a cost for the environment: it may eli-

minate beneficial insects such as pollinators, natural enemies, and other non-target 

species and pose risks for the consumers’ health (Schulz et al., 2021). Furthermore, 

it increases the risk of insecticide resistance over time (Rossi-Stacconi et al., 2020). 

Therefore, there is an urgent need to develop tailored Integrated Pest Management 

(IPM) strategies including cultural and technical methods, chemical, biotechnical, 

and biocontrol approaches to minimize harmful side effects while maximizing effi-

cacy of control. To design these tailored strategies, it is crucial to better understand 

the biology and ecology of invasive insect pests in order to identify vulnerabilities 

during different periods in their life cycles.

The recent worldwide invasion of the Asian Drosophila suzukii Matsumura (Dip-

tera: Drosophilidae) to Europe and the Americas is emblematic of the increased 

risk of introduction and establishment of IAS. Ten years after the first detection 

of this economically important pest of soft fruits and small stone fruits, pesticides 

are mainly used to control this pest and an effective IPM program has yet to be de-

veloped. Considering the vast ecological niche occupied by D. suzukii and its high 

population density, there is a consensus that there is no simple “one-size-fits-all” 

solution to limit the pest’s impact on the crops. The opportunity for controlling D. 
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suzukii outbreaks may be critically dependent on understanding the pest’s seasonal 

biology. Such information is of crucial importance to make informed decisions on 

control measures and thus reduce further population buildup. To develop tailored 

management strategies, the aim of my PhD project is to provide pivotal knowledge 

on the fundamental ecology and biology of this pest species in temperate regions of 

north-western Europe. After a short introduction on the pest species, I will provide 

an overview of my findings and address specific recommendations to develop an 

IPM program strategy against the invasive pest D. suzukii. 

The insect pest Drosophila suzukii: a global problem with dramatic economic 

consequences 

Drosophila suzukii is an agricultural pest originating from South-East Asia that in-

vaded Europe and the Americas in 2008 and threatens the worldwide fruit industry 

(Figure 1). This highly polyphagous insect can produce 5–15 generations per year, 

and it infests a wide range of fruit crops as well as many wild host plants. The fe-

males use their serrated ovipositor to insert eggs in the flesh of ripening fruits. By 

feeding on the pulp, the larvae damage the fruits that then become unmarketable 

(Asplen et al., 2015; Cini et al., 2012). In addition, D. suzukii is characterized by 

a high phenotypic plasticity which allows it to tolerate thermal fluctuations asso-

ciated with seasonal changes. When the development cycle of juvenile stages takes 

place in autumn, the adult flies emerge with a winter morphotype (WM) characte-

rized by a strong abdominal pigmentation and a large body size. In contrast, when 

the development takes place in summer, the flies are smaller and emerge with a 

lighter summer morphotype (SM). These morphological differences are accompa-

nied by complex physiological and behavioural differences that allow D. suzukii to 

optimize its reproduction and/or survival according to its environment.
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The global spread of D. suzukii has been primarily passive through the international 

fruit trade (Cini et al., 2012; Fraimout et al., 2017; Rota-Stabelli et al., 2013). In 

fact, in the early stages of infestation, the fruits appear intact to the naked eye even 

though they become dissemination vectors of the pest’s eggs and larvae. To date, 

very few studies accurately assess the economic impact of D. suzukii (Farnsworth 

et al., 2017; Goodhue et al., 2011). For the year 2010, De Ros et al. (2013, 2015) 

estimated the damage caused by this pest to strawberries, raspberries, blueberries, 

blackberries and cherries in the Italian province of Trento (400 hectares) at more 

than 3 million euros. Depending on the crops, producers would have suffered a loss 

of 25 to 35% of the value of their produce. In addition to these losses, the costs as-

sociated to pest control, infrastructure, labour force, sanitary and surveillance mea-

sures, etc. have to be taken into account. These charges were estimated at one mil-

lion euros per year. Furthermore, the sorting of harvested fruits in storage facilities 

and the shorter shelf-life of contaminated fruits result in additional costs estimated 

at 500,000 euros for 2010. Thus, the overall economic impact of Drosophila suzukii 

in 2010 was between 3 and 4.5 million euros in the province of Trento alone (De 

Ros et al., 2013, 2015).

Figure 1: Drosophila suzukii male (right) and female (left) on a raspberry fruit. Photo credit: Herman Helsen.
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Current control strategies

Most current control strategies are based on the application of synthetic broad-spec-

trum insecticides or bio-insecticides  to eliminate D. suzukii adults (Bruck et al., 

2011; Rogers et al., 2016; van Timmeren & Isaacs, 2013). Between one and eight 

applications are necessary to provide effective protection of ripening fruits, depen-

ding on the crop and its sensitivity, pest pressure and weather conditions (Asplen 

et al., 2015; Shawer et al., 2018). This chemical protection is often supplemented 

by cultural measures including sanitation (elimination of leaves surrounding the 

fruits, selective elimination of overripe or contaminated fruits from plots, covering 

of crops with a fine mesh net, etc.), mass-trapping of the pest and reduction of 

harvest intervals (Asplen et al., 2015; Dam et al., 2019; Haye et al., 2016). The fine 

mesh netting of the crops can lead to the development of diseases such as moni-

liosis due to poor ventilation. Likewise, problems with the management of insect 

herbivores (e.g., aphids, whiteflies, etc) can occur with the elimination of predation 

and parasitism within the netted crops (Ballion et al., 2021).

The repeated application of pesticides disrupts existing integrated pest manage-

ment programs, endangers the health of consumers and causes the development 

of resistances of the pest to some active classes of ingredients. Moreover, chemical 

control is limited to the cultivated environment and does not protect the wild habi-

tats which serve as refugia for the pest (Briem et al., 2016; Kenis et al., 2016; Klick 

et al., 2016; Lee et al., 2015; Chapter III, Panel et al., 2018; Poyet et al., 2015). The 

practical implementation of biocontrol strategies (parasitoids, predators, entomo-

pathogens, cytoplasmic incompatibility, etc.) is still at a very early stage.

Regulatory aspects

The invasive nature and the extensive damage caused by D. suzukii on a large nu-
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mber of fruit species renders it a pest that concerns European level policy-making. 

As early as 2011 the European and Mediterranean Plant Protection Organization 

(EPPO) included D. suzukii on the A2 list of pests recommended for regulation as 

quarantine pests (EPPO, 2021). However, the insect has not been listed in the Di-

rective 2000/29/EC on protective measures against the introduction and spread of 

organisms harmful to plants or plant products within the European Community. 

In most European countries, the control measures against this pest have not been 

made compulsory due to the permanent establishment of the insect in invaded 

territories as well as the absence of effective eradication strategies. In most cases, 

surveillance of the insect is carried out by national epidemiological surveillance 

networks.

Research contribution to the development of control strategies of the in-

sect pest D. suzukii in north-western Europe

There is a strong need to rapidly increase our understanding of the factors that in-

fluence the population growth, reproductive success, and survival of D. suzukii. 

With this knowledge, an IPM strategy can be developed to protect fruit crops from 

D. suzukii and to biologically control D. suzukii populations. Here, I summarize 

the findings of my PhD project, as these findings may contribute to designing such 

an IPM programme. The specific aim of my experimental work was to investigate 

the key life history traits that govern the establishment and population dynamics 

of D. suzukii in north-western Europe. I particularly focused on (1) D. suzukii po-

pulation structure; (2) survival strategies and population dynamics in winter and 

early spring; and (3) life history strategies and phenotypic differences between the 

two seasonal morphotypes.
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Population structure

To determine whether D. suzukii had permanently established itself year-round in 

one of the main fruit-growing regions of the Netherlands (the Betuwe) or whether 

it was re-introduced annually through fruit trade or migration, I conducted a po-

pulation genetics analysis (Chapter II). I assessed the genetic diversity of field-sam-

pled D. suzukii over three consecutive years (2016-2018) and three locations to 

determine changes in their genetic makeup across temporal and geographic pa-

rameters. To perform this analysis, a set of nine previously developed microsatellite 

markers was used (Fraimout et al., 2015). This research represents the first study 

of the genetic makeup of D. suzukii over a temporal and spatial scale in a fruit-

growing region of north-western Europe. My results indicate that the genetic di-

versity of the field population was very stable across years and collection sites. The 

level of genetic differentiation between years and locations was considered as very 

low to non-existent. This low year-to-year variation in terms of population genetic 

composition, as well as other studies on yearly D. suzukii monitoring and overwin-

tering behaviour (Chapter III, Panel et al., 2018), suggests that a local population 

has permanently established in this part of the Netherlands. The level of genetic 

diversity within the field population of D. suzukii was also largely consistent with 

that of other European populations (Fraimout et al., 2017; Tait et al., 2017). Al-

though I cannot exclude possible imports of contaminated fruits from neighbou-

ring countries, the impact of these fluxes on population genetics and dynamics is 

probably minor. The relatively stable composition of the allele frequencies in the 

local population over the course of three successive years indicates that local winter 

survival and maintenance of populations is very high in invaded areas in north-wes-

tern Europe.

To date, it remains unknown how the Dutch populations relate to other European 
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populations regarding source populations and genetic influence of migrants. Frai-

mout et al., (2017) inferred the invasion history of D. suzukii on a global scale. 

Amongst others, the study included samples of five western-European countries 

(Spain, France, Italy, Switzerland and Germany) for which they tried to determine 

the source population. The results of the study indicated that, depending on the 

country, either a single invasion from Asia (in southern Europe) or an admixture 

between Asia and the eastern United States (in northern Europe) were the most 

likely source of D. suzukii (Fraimout et al., 2017). The pattern of genetic clustering 

within the Dutch flies would be consistent with a scenario where the Dutch po-

pulations also derive from an admixture population (Chapter II). Further studies 

should focus on how the Dutch populations would fit into this European invasion 

picture. Unravelling the invasion pathways of D. suzukii in the Netherlands would 

help identify high risk pathways and potential entry points for the introduction of 

other exotic pests.

Survival strategies and population dynamics in winter and early spring

Despite the genetic stability of the investigated population of D. suzukii, field 

monitoring programmes that ran from 2015 to 2018 in the same region of the 

Netherlands (the Betuwe) indicated sharp annual declines in the number of D. 

suzukii captures in baited traps from winter onwards (Figure 2) (H.H.M. Helsen 

& A.D.C. Panel, unpublished data). These small population sizes lasted until late 

spring ( June), and from that point onwards the pest was recorded in massive nu-

mbers in cherry crops, which are the first commercial fruits available to D. suzukii 

in most north-western European countries (H.H.M. Helsen & A.D.C. Panel, 

unpublished data). This field monitoring pattern relates to two bottleneck periods 

that occur in winter and in early spring, when the pest faces harsh environmental 

conditions, and has restricted availability of host plants with fruits for food and 
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reproduction (Grassi et al., 2018; Rossi-Stacconi et al., 2016). I do not know to 

what extent D. suzukii flies actually die during these bottleneck periods or do not 

respond to the lures in capture traps. My focus was on better understanding how D. 

suzukii populations re-established annually from low numbers of winter survivors. 

In fact, understanding D. suzukii survival strategies during winter and early spring 

is crucial since these bottleneck periods are known to determine the population 

dynamics of next generations of the pest (Rossi-Stacconi et al., 2016).

To identify the factors that regulate the population ecology of D. suzukii from ear-

ly to late spring, I investigated its seasonal reproductive biology and population 

dynamics (Chapter III). My objective was to better understand the mechanisms 

allowing the pest to survive from early spring until the availability of the first fruit 

crops. In addition, I aimed to determine the contribution of wild and ornamental 

host plants during early spring to the infestation of the first cherry crops of the 

season, as these “early spring hosts” may contribute to the seasonal start of the out-

break. I specifically identified hosts available to D. suzukii in early spring and as-

sessed their suitability for pest oviposition and reproductive success under field and 

laboratory conditions (Figure 3). For one of their most preferred early spring hosts, 

Aucuba japonica, I evaluated the natural infestation rate over the course of spring 

and scored the seasonal morphotypes of the flies that emerged from infested A. 

japonica fruits under field conditions. Then, I combined these findings with long-

term monitoring data on seasonal reproductive biology with a temperature-related 

population model optimized for D. suzukii by Tochen et al. (2014). I thus assessed 

to what extent each of the two seasonal morphotypes contributed to the buildup of 

the early spring population, in both early spring hosts and in fruit crops (Chapter 

III, Panel et al., 2018).
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Figure 2. Population dynamics of Drosophila suzukii captured in baited traps in the Betuwe. The pest capture 

trend during the whole trapping period (2015-2018) indicates sharp annual declines in the number of cap-

tured flies from winter until late spring (~June) when the pest is recorded in massive numbers in cherry crops. 

Generalized additive model was used to fit monitoring data using the mgcv:gam function in R with Restricted 

Maximum Likelihood (REML) estimation. We used tensor product interactions between a global long-term 

trend and a cyclical cubic spline with a period of one year, with habitat-specific and trap-specific deviations. 

Details on the location of each trap can be found in Table S4, Chapter III.
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My results revealed that, as soon as the overwintered females broke reproductive 

dormancy, they continuously laid eggs in a range of early spring host plants. Few 

SM adults emerged from these unfavourable early spring hosts characterized by a 

low egg-to-adult survival. Furthermore, the few fruit flies that emerged tended to 

do so rather late in spring and were not detected by the monitoring programs, in-

dicating that they were probably not the main contributors to the first infestation 

of commercial cherry fruits. Instead, the field monitoring data showed that it was 

predominantly the overwintered WM D. suzukii females that infested the earliest 

ripening cherries, not their offspring from early spring hosts. These overwintered 

females lived long enough to infest these cherry crops and any other suitable wild 

fruits occurring at the same time, leading to the development of the first genera-

tion of D. suzukii summer morphs and the population peak recorded in late spring 

Figure 3. Early spring hosts investigated in the Netherlands (from left to right: Aucuba japonica, Skimmia ja-

ponica, Elaeagnus x ebbingei, Cotoneaster spp., Hedera helix, Viscum album). During spring, Drosophila suzukii 

readily oviposits in all these fruits, even in very high numbers in some of them (e.g., in A. japonica). Nonethe-

less, the contribution of these early spring hosts to the pest’s population growth is likely small, as only a very 

small fraction of these eggs develops successfully to adulthood. Photos credit from left to right: David Fenwick, 

Meneerke Bloem, unknown, unknown, Giuseppe Mazza, Agnieszka Kwiecień. https://www.aphotoflora.com/

images/garryaceae/aucuba_japonica_spotted_laurel_berries_12-05-06.jpg, https://commons.wikimedia.

org/wiki/File:Skimmia_japonica_fruits.jpg, https://www.befr.ebay.be/itm/EVERGREEN-SILVERBERRY-

Elaeagnus-x-ebbingei-shrub-plant-fragrant-edible-fruit-/172790625473,https://fr.m.wikipedia.org/wiki/

Fichier:Cotoneaster_horizontalis,_fruit_02.jpg, https://www.monaconatureencyclopedia.com/hedera-he-

lix/?lang=en, https://commons.wikimedia.org/wiki/File:Viscum_album_fruit.jpg. 
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(Chapter III, Panel et al., 2018). 

My study showed that, in north-western Europe, the role of early spring oviposition 

host plants has probably been overestimated with respect to the infestation of the 

first fruit crops of the season. However, they may still contribute to a certain extent 

to the population increase, especially from mid-spring onwards. One early spring 

host species, A. japonica, was characterized by very high oviposition rates and low 

egg-to-adult survival. It might suggest that this species can be used as a trap plant 

for the biocontrol of D. suzukii. Such “dead-end” trap plants are attractive plant 

species that divert the pest away from infesting the main crop while being lethal for 

its offspring. However, the variable success of adult emergence observed in prelimi-

nary assays suggests that A. japonica is not a suitable candidate species. Indeed, the 

egg-to-adult survival varied between 0 and 23% in my trials.

Life history strategies and phenotypic plasticity of D. suzukii morphotypes

Life history strategies of D. suzukii summer morphs (SM) and winter morphs (WM)

Since the key starting point for annual population buildup was shown to be the 

overwintered D. suzukii females (Chapter III), these WM that overwintered are 

likely to become the target of wide control management approaches. I therefore 

investigated the life history traits of both pest morphotypes to assess their vulne-

rabilities and to forecast their contribution to population growth. In the literature, 

overwintered D. suzukii females are reported to store sperm from autumn matings 

to counteract the winter bottleneck that may result in a scarcity of mature males 

in early spring. This strategy would allow them to resume oviposition when they 

exit reproductive diapause in early spring, without needing to mate again (Arnó 

et al., 2016; Grassi et al., 2018; Rossi-Stacconi et al., 2016; Ryan et al., 2016). To 

get a better insight into how long the overwintered females could survive after a 
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cold treatment and over which period they could produce viable offspring relying 

on matings performed before the cold exposure, I conducted a laboratory study in 

which I investigated key life history traits of the two seasonal morphotypes of D. 

suzukii under spring-like conditions (Chapter IV). Even though these morpho-

types are known to differ in thermal stress tolerance, they do co-occur in autumn 

and spring (Chapter III, Panel et al., 2018; Shearer et al., 2016; Vonlanthen et al., 

2015; Vonlanthen & Kehrli, 2015).

The study was conducted to estimate morph-specific survival and fecundity rates 

to parameterize future predictive models that might serve to estimate the relative 

contributions of the morphotypes to population growth. To compare how key life 

history traits differed between both seasonal morphotypes, I studied their morta-

lity and reproduction during and after a prolonged period of cold exposure. In a 

laboratory experiment, I simulated an overwintering dormancy phase followed by 

early spring conditions. Realistic temperature settings were used to approximate 

environmental conditions and physiological states experienced by the pest in tem-

perate regions. This approach was designed to aid our understanding of the diffe-

rences in life history parameters between the morphotypes, and their impact on 

the population dynamics of D. suzukii in early spring, a crucial period for popula-

tion buildup and initial crop infestation (Chapter IV, Panel et al., 2020).

I obtained evidence that the median lifespan of D. suzukii ranged between 5 and 7 

months for WM and SM, respectively. WM flies showed higher survival during the 

cold-exposure period compared to SM flies, with SM males suffering particularly 

high mortality under these conditions. In contrast, SM flies had lower mortality 

rates than WM flies under spring-like conditions. Intriguingly, reproductive status 

(virgin or mated) did not impact the flies’ survival, neither during the cold expo-

sure nor during spring-like conditions. Even though the reproductive potential of 
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Figure 4. Sex ratio dynamics of Drosophila suzukii captured in the Betuwe. Sex ratio of the pest shows the preva-

lence of females from winter until late spring (~June) in most of the habitats. Generalized additive model was 

used to fit monitoring data using the mgcv::gam function in R with Restricted Maximum Likelihood (REML) 

estimation. We used tensor product interactions between a global long-term trend and a cyclical cubic spline 

with a period of one year, with habitat-specific and trap-specific deviations. Details on the location of each trap 

can be found in Table S4, Chapter III.
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WM flies was greatly reduced when compared to SM flies, both WM and SM fe-

males that had mated before the cold exposure were able to continuously produce 

viable offspring for 5 months under spring-like conditions. Finally, the fertility of 

the overwintered WM males was almost zero, while the surviving SM males did not 

suffer reduced fertility (Chapter IV, Panel et al., 2020). Disentangling the effect of 

temperature on male fertility and morphotype would require further experiments 

on both sperm production and sperm viability. To my knowledge, only one study 

has investigated male fertility of D. suzukii in field-captured individuals, reporting 

that only few males produced sperm during winter (Grassi et al., 2018). However, 

the sperm viability of these males was not assessed. Investigating sperm viability 

of D. suzukii males of different morphotypes and exposed to various temperature 

conditions would be highly valuable for better predicting population buildup and 

seasonal dynamics.

In line with my previous study, my results suggested that overwintered flies of both 

morphotypes could live long enough to infest the first commercial crops of the 

season. The high mortality of SM males and the low fertility of WM males after 

prolonged cold exposure also highlighted the necessity for females to store sperm 

over winter to be able to start reproducing early in the following spring (Chapters 

III and IV, Panel et al., 2018, 2020).

My field monitoring data support the hypothesis of a low mortality of D. suzukii 

females contrasting with a more substantial mortality of males during winter. In-

deed, I observed a striking sex ratio variation in captures during the year. In win-

ter and early spring, when the populations of D. suzukii were small, females were 

consistently more abundant than males in the trap catches (Figure 2 and Figure 

4) (H.H.M. Helsen & A.D.C. Panel, unpublished data). This sex ratio bias was 

followed by a more equal sex ratio during late spring and summer. In autumn, the 
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sex ratio bias switched in favour of the males which were repeatedly more abundant 

than females in the trap catches (Figure 4). Although I could not exclude that the 

bait was more attractive to one sex than the other at certain periods of the year, my 

data do suggest that females were more cold-tolerant than males, in line with my 

findings and previous studies showing that males were generally scarce at this time 

of the year and produced very little sperm (Grassi et al., 2018; Rossi-Stacconi et al., 

2016). 

Effects of temperatures during juvenile and adult life stages on phenotypically plastic 

traits associated with the seasonal polymorphism of D. suzukii

So far, I knew that rearing D. suzukii at cold or warm temperature regimes, both in 

the field and in laboratory conditions, generated two extreme forms of the insect 

pest, traditionally referred to as WM and SM (Shearer et al., 2016). These two ex-

treme morphotypes have been reported to differ in a wide range of characteristics 

such as thermal tolerance, starvation resistance, wing size, body size, abdominal 

pigmentation, gene expression, metabolic profiles, longevity and fecundity (Leach 

et al., 2019a; Chapter IV, Panel et al., 2020; Shearer et al., 2016; Stockton et al., 

2019, 2020; Tran et al., 2020). Treating these morphotypes as discrete entities, 

however, may underestimate the extent of plasticity that this pest species exhibits. 

Various combinations of developmental and adult temperatures may give rise to a 

continuum of intermediary phenotypes (Leach et al., 2019a). Thus, I used a full 

factorial design experiment to disentangle developmental temperature effects from 

adult temperature effects on thermotolerance, cuticular chemistry and morpholo-

gy of the pest, which are phenotypically plastic traits associated with the morpho-

type (Chapter V).

My findings revealed that only a few “structural” traits (wing and body size, ab-
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dominal pigmentation in males) were entirely controlled by juvenile acclimation. 

Both cold and heat stress resistance and/or thermotolerance were predominantly 

affected by thermal conditions experienced at adult stage. Similarly, the cuticular 

hydrocarbon profiles, which may be related to desiccation resistance, were largely 

determined by adult thermal conditions. Also, the abdominal pigmentation in fe-

males showed plasticity in response to thermal regimes experienced at adult stage. 

Although my study might have neglected the ageing effects of thermal acclimation 

and might not fully capture the dynamics underlying this mechanism, it gives evi-

dence that winter- and summer morphs do not represent a strong dichotomy as a 

result of different thermal conditions. 

Implications for D. suzukii management 

My combined findings revealed that local winter survival and maintenance of D. 

suzukii populations were widespread in invaded areas from north-western Europe 

(Chapter II). They also showed that the key starting point for further seasonal 

population buildup were D. suzukii females that probably overwintered at sites in 

which D. suzukii had reproduced before winter (Chapter III). Interestingly, I ob-

served that prevailing environmental conditions affected the developmental pro-

gramme of the insect pest, which led to different life-history strategies depending 

on the time of year. SM flies were characterized by a high reproductive output and 

a low mortality (Chapter IV). However, they were more susceptible to cold than 

WM flies, especially SM males (Chapter IV). They could capitalize fully on ari-

sing breeding opportunities and sustained these for several months, but they were 

vulnerable to cold stress. WM flies, in contrast, had a less fluctuating mortality rate 

throughout life (Chapter IV). They could cope well with extended periods of cold 

stress and a lack of mates after cold exposure, but at a cost to their reproductive po-

tential. Finally, I highlighted the high levels of phenotypic plasticity of the insect 
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pest D. suzukii and provided evidence that WM and SM did not represent a strong 

dichotomy in changing thermal laboratory conditions (Chapter V).

My findings have direct implications for current pest management strategies such 

as the Sterile Insect Technique (SIT), the release of natural enemies, the application 

of pesticides or bait sprays, etc. In most cases, the success of all these density reduc-

tion methods is determined by the timing of the intervention, which is directly 

influenced by the biology and ecology of the pest. For example, the SIT consists of 

introducing massive populations of males rendered sterile by irradiation, transge-

nesis (introduction of a sterility gene) or induction of cytoplasmic incompatibility 

(contamination by endosymbiotic bacteria of the genus Wolbachia) into the natu-

ral environment (Li & Scott, 2016; Nikolouli et al., 2018). By the phenomenon 

of competition, the released sterile males limit the fertilization of females by na-

tural fertile males, while their own matings will not yield any offspring (Dyck et 

al., 2005). Considering D. suzukii females store sperm from autumn matings over 

winter, applying this approach in spring might not be as efficient as we would like. 

Especially since recent studies show that, when some species of polyandrous Droso-

phila females are exposed to cold conditions for a long period of time, the first male 

to mate a female fathers almost all of her offspring (Giraldo-Perez et al., 2016). If 

this applies to D. suzukii females as well, releasing sterile males in autumn periods 

might be more effective. However, the high number of wild D. suzukii males with 

respect to females in autumn (Figure 4) needs to be taken into account in the calcu-

lation of the ratio between sterile released males and wild males. Additionally, the 

competitiveness of sterile individuals over wild ones is also a crucial factor for the 

likelihood for success of SIT. 

Similarly, biological control through the release of natural enemies also needs to 

be carefully timed, based on the pest life history. Considering that a major part of 
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the late reproduction season of D. suzukii occurs in habitats that cannot be sprayed 

with insecticides, sanitation (elimination of leaves surrounding the fruits, selective 

elimination of overripe or contaminated fruits from plots, etc.) on a large scale may 

not be efficient to suppress the future winter survivors (Kenis et al., 2016). Instead, 

biological control through the release of natural enemies in autumn might provi-

de a more reliable solution for an area-wide control approach. However, imple-

menting this kind of strategy necessitates finding suitable natural enemies that can 

cope with the strong immune defenses of the pest (Chabert et al., 2012; Kacsoh & 

Schlenke, 2012; Kruitwagen et al., 2018). It also requires accurately defining the 

context (scale of release) and location (given environment) in which they are to be 

used. 

Furthermore, the high plasticity of the pest species may affect the efficacy of any 

density control measure. When applying pesticide or bait spray, the efficiency of 

this method could differ depending on the seasonal morphotypes, as they vary in 

many key life-history traits that affect their (nutritional) requirements and beha-

viour. For example, if the WM and SM feed at different intervals or display diffe-

rent mobility and activity patterns, their chances of getting exposed to pesticides 

may also differ. Moreover, I showed that the intrinsic growth rate of WM and SM 

populations differed substantially (Chapter IV). Such differences need to be taken 

into account to quantify or predict the efficiency of density control measures and 

their impact on the population growth.

Finally, the high levels of phenotypic plasticity to the adult environmental condi-

tions of D. suzukii highlight that treating the WM and SM as two distinct insect 

pest populations may be a too simplistic approach (Chapter V). Therefore, desi-

gning morph-specific population models to forecast the pest population dynamics 

might not be as accurate as I previously thought (Chapter IV, Panel et al., 2020). 
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It might be more accurate to design predictive models that take into account the 

extensive range of conditions that both WM and SM can cope with. These models 

could potentially guide management strategies and help predict the effects of insec-

ticide applications or biocontrol agents releases on population dynamics (Wiman 

et al., 2014). Contrary to what I hoped, the early spring host species, A. japonica, 

was not a suitable “dead-end” trap plant for D. suzukii. For this, the plant would 

need to prevent the hosted eggs and larvae to emerge into adult flies. This plant spe-

cies might still be useful for monitoring or modelling purposes (especially for De-

gree-Day models) since the first D. suzukii eggs of the season were detected on that 

plant. A recent study investigated the efficiency of another candidate plant species, 

the firethorn Pyracantha coccinea which seems much more promising (Figure 5). 

The presence of Pyracantha coccinea in greenhouses reduced the rate of strawberry 

infestation by 40%. Furthermore, the larvae growing in P. coccinea showed a deve-

lopmental delay and a 100% mortality rate (Ulmer et al., 2020). 

Figure 5: Fruits of a promising “dead-end” trap 

plant for D. suzukii, Pyracantha coccinea, cha-

racterized by very high oviposition rates and low 

egg-to-adult survival. https://phototheque-fl.ctifl.

fr/photo/5019/pyracantha-coccinea--plante-pie-

ges-pour-la-gestion-de-Drosophila-suzukii. Photo 

credit: Benjamin Gard



Chapter VI: General Discussion               241

Conclusion: Rethinking agriculture to prevent future biological invasions

Today, it seems practically impossible to eradicate D. suzukii from newly invaded 

countries. Increased control of fruit imports will not lead to effective control of the 

pest because its populations have established themselves locally all across Europe 

and have the capacity to persist from year to year (Arnó et al., 2016; Mazzetto et 

al., 2015; Chapter III, Panel et al., 2018). The best prospects for controlling D. 

suzukii converge on an IPM strategy combining cultural and technical methods 

(sanitary measures, protective nets), chemical (rotation of active ingredients), bio-

technical and biological approaches. Among the latter, push-pull strategies relying 

on infochemicals (e.g., pheromones or allelochemicals) are investigated as a tactic 

that would repel the pest species from a crop, while attracting it toward an external 

location (Alkema et al., 2019). Breeding and selecting cultivars with increased fruit 

skin resistance could also help limit the probability of oviposition (Entling et al., 

2019). All these measures have implications on the economy, agricultural practices, 

landscapes, and ecosystems. This underlines the urgency of preventing invasions of 

invasive alien species. In this sense, the adoption of a European regulation on the 

prevention and management of the introduction and spread of invasive alien spe-

cies by the European Union in 2015 is a first step. However, this regulation, which 

revolves mainly around the creation of a list of invasive alien flora and fauna of 

concern within the European Union, seems in vain given the scale of the problem.

As part of an ambitious national agricultural policy, relocating the fruit production 

on national territories, educating consumers about fruit seasonality and limiting 

fruit imports from third countries would help reduce the risks of introduction of 

(other) exotic pests. Moreover, while import controls are crucial, they are only ef-

fective when they can target and identify pests. The confusion of D. suzukii with 

other harmless Drosophila species in the early 2000s underscores the need for scien-
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tific monitoring to identify potentially harmful species and to anticipate biological 

invasions (Hauser, 2011). 

To fight effectively against the increase of biological invasions, it is unrealistic to 

think that the coordination of research on a global scale will be the solution and 

that the adoption of European and international regulations will be sufficient. In 

reality, existing legal arrangements are often poorly applied and/or misused due 

to a lack of control over their application. In a context of globalized progressivism 

and very often in the urgency of unforeseen situations, science sometimes develops 

solutions that can potentially generate new problems. This is the case with the im-

portation of exotic auxiliary species and the use of transgenic techniques for which 

long-term risk assessment is given little consideration or even neglected. However, 

«to govern is to foresee»: the return to a policy of wisdom and the real application 

of the precautionary principle would help rethink agriculture at national and local 

levels and thus fight against globalized biological invasions.
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Appendix

“Que dire à un jeune de vingt ans?”

Extrait de Toute une vie, Hélie Denoix de Saint Marc

Quand on a connu tout et le contraire de tout,

quand on a beaucoup vécu et qu’on est au soir de sa vie,

on est tenté de ne rien lui dire,

sachant qu’à chaque génération suffit sa peine,

sachant aussi que la recherche, le doute, les remises en cause

font partie de la noblesse de l’existence.

Pourtant, je ne veux pas me dérober,

et à ce jeune interlocuteur, je répondrai ceci,

en me souvenant de ce qu’écrivait un auteur contemporain :

«Il ne faut pas s’installer dans sa vérité

et vouloir l’asséner comme une certitude,

mais savoir l’offrir en tremblant comme un mystère».

A mon jeune interlocuteur,

je dirai donc que nous vivons une période difficile

où les bases de ce qu’on appelait la Morale

et qu’on appelle aujourd’hui l’Ethique,

sont remises constamment en cause,

en particulier dans les domaines du don de la vie,

de la manipulation de la vie,

de l’interruption de la vie.
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Dans ces domaines,

de terribles questions nous attendent dans les décennies à venir.

Oui, nous vivons une période difficile

où l’individualisme systématique,

le profit à n’importe quel prix,

le matérialisme,

l’emportent sur les forces de l’esprit.

Oui, nous vivons une période difficile

où il est toujours question de droit et jamais de devoir

et où la responsabilité qui est l’once de tout destin,

tend à être occultée.

Mais je dirai à mon jeune interlocuteur que malgré tout cela,

il faut croire à la grandeur de l’aventure humaine.

Il faut savoir,

jusqu’au dernier jour,

jusqu’à la dernière heure,

rouler son propre rocher.

La vie est un combat

le métier d’homme est un rude métier.

Ceux qui vivent sont ceux qui se battent.

Il faut savoir

que rien n’est sûr,

que rien n’est facile,

que rien n’est donné,

que rien n’est gratuit.
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Tout se conquiert, tout se mérite.

Si rien n’est sacrifié, rien n’est obtenu.

Je dirai à mon jeune interlocuteur

que pour ma très modeste part,

je crois que la vie est un don de Dieu

et qu’il faut savoir découvrir au-delà de ce qui apparaît comme l’absurdité du 

monde,

une signification à notre existence.

Je lui dirai

qu’il faut savoir trouver à travers les difficultés et les épreuves,

cette générosité,

cette noblesse,

cette miraculeuse et mystérieuse beauté éparse à travers le monde,

qu’il faut savoir découvrir ces étoiles,

qui nous guident où nous sommes plongés

au plus profond de la nuit

et le tremblement sacré des choses invisibles.

Je lui dirai

que tout homme est une exception,

qu’il a sa propre dignité

et qu’il faut savoir respecter cette dignité.

Je lui dirai

qu’envers et contre tous

il faut croire à son pays et en son avenir.
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Enfin, je lui dirai

que de toutes les vertus,

la plus importante, parce qu’elle est la motrice de toutes les autres

et qu’elle est nécessaire à l’exercice des autres,

de toutes les vertus,

la plus importante me paraît être le courage, les courages,

et surtout celui dont on ne parle pas

et qui consiste à être fidèle à ses rêves de jeunesse.

Et pratiquer ce courage, ces courages,

c’est peut-être cela

«L’Honneur de Vivre»
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Résumé

Drosophila suzukii est un ravageur invasif des cultures fruitières originaire d'Asie du 

Sud-Est.  Introduite accidentellement en Europe et en Amérique du Nord, cette pe-

tite mouche colonise aujourd’hui la plupart des pays du monde et menace l'indus-

trie fruitière. Hautement polyphage, cet insecte peut produire 5 à 15 générations 

par an et infeste un grand nombre de cultures ainsi que diverses plantes hôtes sau-

vages. Les femelles utilisent leur ovipositeur sclérifié pour insérer leurs œufs dans la 

chair des fruits en cours de maturation. En se nourrissant de la pulpe, les larves en-

dommagent les fruits qui deviennent alors invendables. Drosophila suzukii se carac-

térise également par un niveau de plasticité phénotypique élevé qui lui permet de 

tolérer les fluctuations thermiques associées aux changements saisonniers. Lorsque 

le développement des stades juvéniles a lieu en automne, les mouches adultes émer-

gent avec un morphotype hivernal caractérisé par une forte pigmentation abdomi-

nale et un accroissement de la taille. En revanche, lorsque le développement a lieu 

en été, les mouches sont plus petites et émergent avec un morphotype estival de 

couleur plus claire. Ces différences morphologiques s'accompagnent de différences 

physiologiques et comportementales complexes qui permettent à D. suzukii d'opti-

miser sa reproduction et/ou sa survie en fonction de son environnement.

La plupart des stratégies de lutte actuelles reposent sur l'application d'insecticides 

de synthèse à large spectre afin d’éliminer les D. suzukii adultes. Cette protection 

chimique est souvent complétée par des mesures culturales comprenant l'assainis-

sement, le piégeage massif et la réduction des intervalles de récolte. L'application 

répétée de pesticides perturbe les programmes de lutte intégrée contre les ravageurs 

existants, met en danger la santé des consommateurs et provoque le développement 

de résistances de la D. suzukii aux différents principes actifs utilisés. De plus, la 

lutte chimique se limite à l’environnement cultivé et n'englobe pas les habitats sau-



Appendix               293

vages qui servent de refuge à l’insecte. La mise en œuvre pratique des stratégies de 

lutte biologique n'en est qu'à ses débuts. Par conséquent, il est absolument néces-

saire d'améliorer rapidement notre compréhension des facteurs qui influencent la 

croissance de la population, le succès de reproduction et la survie des D. suzukii. 

Avec cette connaissance, une stratégie de lutte intégrée pourra être développée et 

permettra de protéger les cultures fruitières contre la D. suzukii. 

Les résultats de mon projet de doctorat sont présentés dans cette thèse et peuvent 

contribuer à la conception d'un tel programme de lutte intégrée. J’ai étudié les prin-

cipaux traits démographiques et biologiques qui régissent l'établissement et la dy-

namique des populations de D. suzukii dans le nord-ouest de l'Europe. Je me suis 

focalisée sur trois axes d’étude : (1) la structure génétique d’une population locale 

de D. suzukii ; (2) les stratégies de survie et les dynamiques des populations de D. 

suzukii en hiver et au début du printemps ; (3) les caractéristiques démographiques 

des deux morphotypes saisonniers du ravageur et les différences phénotypiques qui 

leur sont associées.

Mon étude prouve que les populations de D. suzukii survivent localement durant 

l’hiver dans le nord-ouest de l'Europe. Les femelles hivernantes assurent le main-

tien des populations d’une année sur l’autre. En effet, ce sont principalement les 

femelles D. suzukii qui, après hivernation, infestent les premières cerises de la sai-

son. Elles conduisent au développement de la première génération de l’insecte et 

au pic de population enregistré à la fin du printemps. Contrairement à ce que nous 

imaginions, la progéniture des femelles hivernantes issue de pontes précoces sur des 

plantes hôtes de début de printemps contribue peu à l’infestation des premières 

cerises commerciales de la saison.  

Les conditions environnementales dominantes affectent le programme de déve-
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loppement de l'insecte. Ainsi, selon la période de l’année, différentes stratégies 

biologiques sont mises en place. Les morphotypes d’été sont caractérisés par une 

performance de reproduction élevée et de faibles taux de mortalité pendant la pé-

riode reproductive. Ils sont capables de maintenir des niveaux de reproduction éle-

vés pendant plusieurs mois mais sont vulnérables au froid, en particulier les mâles. 

Les morphotypes d’hiver ont des taux de mortalité relativement stables au cours 

du temps et présentent des performances de reproduction très inférieures à celles 

des morphotypes d’été. Ils sont capables de survivre dans des conditions froides 

pendant de longues périodes. Les femelles accouplées des deux morphotypes ont la 

capacité de pondre des œufs viables pendant plusieurs mois suite à une exposition 

de plusieurs semaines au froid.

Enfin, pour les mâles et les femelles, la tolérance thermique de la D. suzukii est prin-

cipalement influencée par la température expérimentée à l’âge adulte. On constate 

un très léger effet des conditions thermiques expérimentées au stade juvénile pour 

la tolérance de l’insecte aux températures froides. De même, on constate une forte 

plasticité des profils d’hydrocarbones cuticulaires en réponse aux températures en-

vironnementales ressenties au stade adulte. En revanche, les traits morphologiques 

tels que la taille des ailes et la longueur du tibia sont principalement déterminés 

par les conditions thermiques ressenties au stade juvénile. Fait intéressant, chez les 

mâles, la pigmentation abdominale est principalement influencée par les condi-

tions thermiques rencontrées pendant le développement des juvéniles alors que 

chez les femelles, elle est modulée par les températures ressenties à la fois pendant le 

développement et à l’âge adulte. 

Ces résultats vont à l'encontre de l'opinion communément admise selon laquelle 

les morphotypes d’été et les morphotypes d’hiver de la D. suzukii sont des entités 

distinctes. En effet, les traits caractéristiques de chaque morphotype varient indé-
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pendamment dans leur réponse à la température. Pour certains traits, la période 

critique déterminant leur valeur se situe au stade juvénile, pour d’autres au stade 

adulte, et quelques-uns sont affectés à la fois par le stade juvénile et le stade adulte.

Ces résultats ont des implications directes pour les stratégies actuelles de lutte contre 

la D. suzukii telles que la technique de l’insecte stérile (TIS), les lâchers d'ennemis 

naturels, l'application de pesticides, etc. En effet, le succès de toutes ces méthodes de 

réduction de la densité des populations est déterminé par le moment de l'interven-

tion, qui est directement influencé par la biologie et l'écologie du ravageur.
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Il était une fois deux adorables petites mouches qui vivaient dans la pro-

vince de Yamagata au Japon. Elles descendaient de la dynastie des droso-

philes d'Asie et appartenaient à la maison de SUZUKII. Elles étaient profondément amou-

reuses l'une de l'autre et décidèrent de se marier. 

 Quelques jours après leur mariage, la jeune mariée annonça à son mari qu'elle avait 

pondu un œuf dans une belle framboise, et le couple fut submergé de joie. Pendant dix jours, ils 

attendirent avec impatience l'arrivée de « Yoko », pressentant que leur premier-né serait une 

mouchette.

 Cependant, un matin, la framboise leur fut volée et emportée dans un camion rempli 

de fruits. Les pauvres parents étaient désespérés de ne plus revoir leur œuf bien aimé. La petite 

Yoko ne savait pas ce qui lui arrivait. En quelques jours, elle voyagea beaucoup, protégée par la 

chair de la framboise qui entourait la coquille de son œuf. Les camions, les bateaux et les avions 

qui la transportèrent du Japon aux États-Unis et des États-Unis à l'Europe lui semblèrent tous 

pareils. Elle était dans le noir, se développant lentement en une larve puis une pupe. Lorsqu'elle 

ouvrit les yeux pour la première fois après être sortie de son cocon, le paysage parut étrange à 

ses yeux bridés. Elle était dans un entrepôt réfrigéré dans lequel étaient stockés toutes sortes de 

fruits. Elle était bouleversée de ne pas voir ses parents et se souvenait avec mélancolie des ber-

ceuses que sa mère lui chantait quand elle n'était encore qu'un œuf. Très vite, elle vit une autre 

mouche lui ressemblant. Elle remarqua que c'était un moucheron bien bâti et beau.

- « Bonjour, je m'appelle Yoko et je suis Japonaise… Je viens de sortir de mon cocon et je ne vois 

pas mes parents… Qui es-tu ? Où sommes-nous ? » 
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- « Hey, salut, je suis Joe des États-Unis ! Ravi de te rencontrer ! J'ai pris l'avion à New York et 

j'ai voyagé dans cette fraise… J'ai émergé il y a quelques jours… On m'a dit que nous étions aux 

Pays-Bas, un pays plat où les gens portent des sabots de bois et parlent avec un accent bizarre 

surtout lorsqu’ils prononcent la lettre G (Grrrr). Nous sommes enfermés dans cet entrepôt et 

nous devons nous échapper sinon nous mourrons de froid !

- « Oh, mon Dieu ! » dit Yoko qui commençait à pleurer. « Je ne reverrai plus jamais mes 

parents et mon pays ! »

- « Calme-toi bébé, je suis là maintenant ! Et j'ai remarqué qu'il y avait un trou dans le mur… 

Suis-moi, je vais te montrer le chemin ».

 Yoko lui obéit et ils réussirent à s'échapper de l'entrepôt. En volant, ils admirèrent les 

paysages et décidèrent de s'installer dans une jolie cerisaie pleine de fruits mûrissants située à 

côté d'une ville appelée Wageningen. Ils savaient tous les deux qu'ils ne retourneraient jamais 

dans leurs pays d'origine et décidèrent d'adopter les coutumes et les traditions de leur nouveau 

pays. Ensemble, ils fondèrent une famille et s'installèrent définitivement dans la localité. 

 Si vous vous promenez dans Wageningen, je suis sûre que vous rencontrerez les ar-

rière-petits-enfants de Yoko et Joe. Vous les reconnaîtrez immédiatement à leurs sabots de bois 

et au fait que, chaque année, ils sont les premiers à déguster les plus beaux fruits de la région !

Aurore Panel, Textes
Nadine Kuipers, Amperzand Tekst & Illustratie
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 Il était une fois un vaste royaume dans lequel de petites mouches 

vivaient heureuses. La moitié d'entre elles étaient très jolies. Elles étaient minces et élégantes 

par nature et portaient la plupart du temps un maillot de bain pour profiter du soleil. On les 

appelait les « sunnies ». Les autres souffraient de leur laideur ; elles étaient poilues et grasses. 

Elles essayaient de cacher leur corps en le recouvrant d'un épais manteau noir et appréciaient 

un temps plutôt frais. On les appelait les « darkies ». Malgré des tensions occasionnelles, les 

mouches s'amusaient beaucoup et vi- vaient en bons termes les unes avec les 

autres dans leur paisible royaume.

 Cependant, un jour, Ullr, le dieu de l'Hiver décida 

de recouvrir le royaume d’une épaisse couche de glace afin de 

punir les mouches qui s’amusaient bien trop à son goût. Surprises, 

de nombreuses petites mouches mou- rurent de froid, en particulier les « 

sunnies » qui n'étaient pas bien préparées à ces terribles conditions. Les mouches se mirent à 

prier sans relâche et implorèrent Ullr de mettre fin à sa fureur. Quelques « sunnies » et « dar-

kies », décidèrent même de faire vœu de virginité, espérant que cela adoucirait la colère de ce 

dieu sans pitié. Les mouchettes mariées devinrent veuves après qu’Ullr eut décidé de tuer leurs 

maris. La plupart attendaient des bébés et étaient extrêmement inquiètes pour l'avenir. Elles 

jurèrent que, si la situation s'améliorait, elles donneraient naissance à leurs petits et ne se rema-

rieraient plus jamais par respect pour 

leurs défunts maris. Trente et un jours 

après cette terrible tempête de glace, 

Perséphone, la déesse du Printemps eut 

pitié des mouches. Elle charma Ullr 
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et le supplia d'être miséricordieux. Petit à petit, les températures 

augmentèrent et le soleil put à nouveau briller. Quel soulage-

ment pour les petites mouches !

 Les veuves restèrent célibataires et accouchèrent de 

quelques bébés. Pour reconstruire leur royaume, les « sunnies 

» et les « darkies » décidèrent d'appeler leurs voisins, les « luc-

kies » à l'aide. Ces derniers vivaient dans un royaume où l'été 

était éternel et où les fruits abondaient toute l'année. Le 

royaume des « luckies » était également protégé par des 

murs transparents afin qu’aucun dieu ne puisse déchaîner sa colère sur ses sujets. Les « luckies 

» se sentirent heureux de venir en aide à leurs pauvres amis. Très vite, et bien que les mariages 

entre castes soient interdits, certaines mouches « sunnies » et « darkies » rompirent leur vœu 

de virginité et épousèrent des « luckies » qui leur semblaient irrésistibles.

 Les mouchettes « sunnies » nouvellement mariées et leurs maris « luckies » eurent 

beaucoup de bébés et prospérèrent sous le soleil retrouvé tandis que les mouchettes « darkies 

» souffrirent des températures chaudes et eurent beaucoup moins de progéniture malgré les 

encouragements de leurs époux « luckies ». Tragiquement, les moucherons « darkies » com-

prirent assez vite qu'ils avaient été rendus stériles par Ullr et leurs épouses « luckies » n’eurent 

jamais de bébés… Heureusement, cette malédiction de stérilité ne toucha pas les moucherons 

« sunnies » car les plans machiavéliques du dieu de l'Hiver avaient été contrecar-

rés juste à temps par la déesse du Printemps. Ils engendrèrent de 

nombreux bébés pour le plus grand plaisir de leurs bien-aimées « 

luckies » !

 Au final, les mouches étaient très reconnaissantes d'avoir survécu à toutes ces aven-

tures. Elles vécurent assez longtemps pour goûter les premières cerises de la saison et leurs des-

cendants vécurent heureux pour toujours !
Aurore Panel, Textes

Nadine Kuipers, Amperzand Tekst & Illustratie


