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GENERAL INTRODUCTION
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Towards sustainable crop production
Insecticides are applied to improve and secure crop yields globally. This world-wide
application of chemicals to control pests has resulted in adverse effects on non-target
organisms as well as humans and beneficial organisms. Insecticides have been linked to
diseases such as cancer and allergies in humans (Kim et al., 2017). In addition, these chemicals
may cause declines in the number of beneficial organisms. For example, application of several
insecticides results in high mortality of the beneficial insect Orius albidipennis Reuter, a
natural enemy of aphids and thrips (Fernandes et al., 2016). In addition, applications of
neonicotinoids, neuro-active insecticides, have been linked to declines in bee colonies (Dively
et al., 2015; Brandt et al., 2016). Moreover, the frequent applications of insecticides have led
to the development of resistant pest strains that compromise crop yields because insecticides
lose their efficacy (Bass et al., 2015). Insecticides that are still effective are banned from use
due to their negative impact on beneficial insects and humans. Therefore it is essential to
identify novel natural resistance to pest’ species in crops. Moreover, including sustainable
natural resistance in integrated pest management (IPM) strategies will lead to more ecofriendly agricultural practices, which will benefit both human health - especially that of
farmers – and that of our natural environment.
The Green defense Against Pest program (GAP, https://www.nwo.nl/onderzoek-enresultaten/programmas/perspectief/Perspectief-programmas/2013/programma+3) strives to
develop sustainable, environmentally-friendly crop protection agents in collaboration with
researchers form five Dutch universities (the University of Amsterdam, Wageningen
University & Research, Utrecht University, Leiden University and Radboud University
Nijmegen) and ten companies from the agricultural sector. The GAP program is one of the
five 'Perspective Programs' that received funding from the NWO Domain Applied and
Engineering Sciences (AES) and business investors. The work described in this thesis is part
of this perspective program and strives to identify natural, robust resistance to thrips in hot and
sweet pepper.

Capsicum, sweet and spicy
Capsicum is a genus in the nightshade family that originates from South and Middle America
and contains commercially grown hot and sweet peppers. Pepper fruits and components
thereof are used as vegetables, coloring agent, spices, in medicine and in personal protection
aerosols (Palevitch and Craker, 1996; Reilly et al., 2001; Arimboor et al., 2015). The fruits
provide an excellent source of vitamins C (ascorbic acid), E (tocopherol) and provitamin A
(carotenoids – a group of compounds known for their antioxidant activities) (Stahl and Sies,
2003; Wahyuni Y. et al., 2013). In addition, the carotenoids provide a natural food coloring
agent (Arimboor et al., 2015). The presence of capsiacinoids distinguishes peppers from other
vegetables. This group of alkaloids, produced in the placenta of the fruits, is responsible for
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the pungent taste (Iwai et al., 1979). It is the pungent taste of the fruits that makes Capsicum
an excellent spice. In addition to taste, capsaicinoids such as capsiacin have important medical
properties such as anti-inflammatory and anticarcinogenic activity (Kim et al., 2003; Mori et
al., 2006). Capsiacin is also the active ingredient in pepper spray (Reilly et al., 2001). The
broad use of this vegetable has resulted in a 40% increase in global annual production in the
last two decades and reached a total of 38.4 metric tons in 2016 (http://www.fao.org/).
The genus Capsicum includes approximate 30 species of which five are the most economically
important: C. annuum L., C. chinense Jacq, C. baccatum L, C. frutescens L. and C. pubescens
Ruiz & Pav. (Perry et al., 2007). Among these species a vast diversity in morphological
attributes such as fruit shape, size, color, aroma and pungency exists. C. annuum is among the
most domesticated species and is grown in temporal regions for its large and round sweet
peppers. In Asia and Mexico specific varieties of this species are also grown for its hot peppers.
C. chinense is appreciated for its aromatic taste and has been mostly cultivated in Africa and
Asia. It includes the Habanero peppers, well-known for their intense heat in addition to taste
and flavor (Pino et al., 2007). C. frutescens is cultivated in Africa and Asia as a spice and for
oleoresin Capsicum (chili oil) production (Pickersgill, 1997; Li et al., 2009). C. baccatum and
C. pubescens have been domesticated to a lesser extent. C. baccatum fruits tend to be very
pungent and this species is mostly grown in Andean countries (de Witt and Bosland, 1996). C.
pubescens has a distinctly different morphology compared to the other Capsicum species. This
species has purple flowers and black seeds, opposed to the white flowers and straw or tan
colored seeds of other Capsicum species.

Thrips, tiny insects causing severe damage
Hot and sweet peppers have been intensively domesticated and commercial accessions are
now relative susceptible to insects. One of the most important groups of insects that causes
severe damage and crop losses are thrips (Talekar, 1991; Ssemwogerere et al., 2013). Thrips
are tiny (1-2 mm long) wide-spread piercing-sucking insects. Crops infested with thrips show
stunted growth, leaf deformation and scarring of the fruits, leading to reduced yield and
marketing quality (Welter et al., 1990; Tommasini and Maini, 1995; Shipp et al., 1998).
Furthermore, they are an important vector of plant viruses, especially tospovirsuses (Whitfield
et al., 2005; Riley et al., 2011; Rotenberg et al., 2015). Their positive thigmotactic nature, fast
life cycle and parthenogenetic reproduction make thrips difficult to combat. Thrips control is
mostly achieved by integrative pest management (Weintraub, 2007; Mouden et al., 2017),
which combines chemical and biological strategies to protect crops (Ehi-Eromosele et al.,
2013). Pesticides have lost their effectivity due to the emergence of resistant thrips populations
(Bao et al., 2014; Nazemi et al., 2016; Li et al., 2016). Worldwide there are currently 175
documented cases of Frankliniella occidentalis (western flower thrips) populations which are
resistant to insecticides (Arthropod Pesticide Resistance Database, Michigan State University,
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East Lansing, MI, http://www. pesticideresitance.org; January 2018). Pesticides that are still
effective, such as neonicotinoids (Somata et al., 2017), have been banned from use. These
pesticides are linked to bee colony disorder (Dively et al., 2015; Brandt et al., 2016) and
insectivorous bird populations decline (Hallmann et al., 2014). Successful application of IPM
is, amongst others, dependent on the presence of natural resistance in crop plants. Identifying
natural resistance to thrips in Capsicum has therefore become increasingly important. In this
thesis, I aim to identify natural resistance to thrips in Capsicum and elucidate the factors that
underlie differences in thrips resistance.

Common thrips species on Capsicum
The most common thrips species found on Capsicum include F. occidentalis, Thrips palmi
Karny, Scritothrips dorsalis Hood and, to a lesser extent, T. tabaci Lindemand. F. occidentalis,
also known as western flower thrips (WFT) has established itself as a common pest from
America to Europe, Africa, Australia and Asia (Tommasini and Maini, 1995; Kirk and Terry,
2003). Adults are yellow to light brown in color. Male and females can be distinguished based
on size and color; females are large and dark in color while males are small and lighter in
color. On the plant, this thrips causes damage on leaves, flowers and developing fruits by
feeding and egg deposition. In addition, F. occidentalis is capable of transmitting at least five
types of tospoviruses (Riley et al., 2011). Infection with these viruses is characterized by
necrotic spots, wilting and ring spots on leaves and fruits resulting in severe yield losses
(German et al., 1992). T. tabaci was one of the first recognized vectors of the tomato spotted
wilt virus (Pittman, 1927). This thrips species mostly occurs in onion (Diaz-Montano et al.,
2011), but is also found on Capsicum were it causes damage on the foliage (Ramakers, 1978;
De Klerk and Ramakers, 1986; Walsh et al., 2012). T. tabaci adults are smaller (1-1.3 mm)
compared to F. occidentalis adults. In this thesis I initially used F. occidentalis and T. tabaci
to explore variation in constitutive resistance in the Capsicum germplasm.
T. palmi and S. dorsalis are problematic pests in tropical to subtropical regions (Cannon et al.,
2007; Weintraub, 2007; Kumar et al., 2013). In Europe, they are observed only sporadically
and are considered quarantine organisms in the EU (EPPO/CABI, 1997; Vierbergen and van
der Gaag, 2009). T. palmi functions as a vector for economically important tospoviruses such
as groundnut bud necrosis virus (Daimei et al., 2017) and water melon silver mottle tospovirus
(Chen WT et al., 2014). S. dorsalis is an important pest in India (Mound & Palmer, 2009) and
difficult to distinguish from T. palmi. Identification of adults requires several preparation steps
and inspection under a microscope. S. dorsalis can have devastating effects on the plant.
Feeding can results in “Chili leaf curl” (Sanap & Nawale, 1987) and at high infestation rates
plant damage can be similar as that caused by broadmites (Kumar et al. 2012). When
population levels are high, infestation leads to mortality of the plant. I included these two
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tropical thrips species to further explore how robust and general resistance to thrips is using a
subset of Capsicum accessions varying in resistance to F. occidentalis and T. tabaci.
Various studies have already explored sources of thrips resistance within the genus Capsicum
(Fery & Schalk, 1991; Maris et al., 2004; Maharijaya et al., 2011). This resulted in the
identification of several resistant and susceptible accessions. Some of these accessions showed
inconsistent resistance levels throughout the studies. In this thesis I propose that factors such
as plant ontogeny, leaf position, thrips species and environmental factors can modulate
resistance to thrips in Capsicum. As these factors are not always well accounted for, they might
explain inconsistencies in resistance levels of accessions among studies. By explicitly
quantifying if and how these factors modulate resistance to thrips in Capsicum, I aim to
improve approaches for unraveling resistance mechanisms and identifying resistant
accessions. In the following sections I will further elaborate on these hypotheses.

Ontogenetic development and leaf position
Capsicum is a perennial plant, which bears fruits up to at least 5 months after the seedlings are
planted (González-Dugo et al., 2007). An individual plant thus can suffer thrips damage from
the early vegetative stage to the mature, fruit-bearing stage. Constitutive resistance to thrips
over the entire ontogenetic development is thus a highly desired trait in commercial pepper
accessions. However, the ontogenetic development of the plant is accompanied by
physiological changes that can change resistance levels. This has been shown in several plantinsect systems (Broekgaarden et al., 2012; Stout et al., 2013; Hoque and Avila-Sakar, 2015).
For example, field studies on cabbage have shown that T. tabaci prefers plants with developing
cabbage heads over younger plants (Voorrips et al., 2008). On the other hand, resistance
against F. occidentalis in cucumber (Cucumis sativus L.) was independent of plant age (de
Kogel et al., 1997). In Brassica oleracea L. resistance to the cabbage whitefly Aleyrodes
proletella L. increased with the development of the plant (Broekgaarden et al., 2012). In rice,
the water weevil Lissorhoptrus oryzophilus Kuschel, preferred young plants (Stout et al.,
2013). This suggest that ontogenetic patterns in defense traits and herbivory are dependent of
life form and herbivory type. More importantly, these findings implicate that screening for
resistance in young vegetative plants might not reflect resistance levels in the reproductive
stage. In addition to ontogeny, leaf position can affect the level of resistance to a pest (van
Dam et al., 1994; Visker et al., 2003; Alvarez et al., 2006; Gutbrodt et al., 2012). For example,
in cucumber (C. sativus) leaf position significantly affected reproduction of F. occidentalis (de
Kogel et al. 1997). In addition, whole plant assays have shown that within plant distribution
of thrips is dependent on the tested cultivar (Reitz Stuart, 2002; Reay-Jones et al., 2017). In
this thesis I therefore explored the effect of leaf position and ontogeny on resistance to F.
occidentalis and T. tabaci in 40 Capsicum accessions.

15

Abiotic factors and thrips species
Pepper accessions can be grown in various geographic regions with different environmental
conditions. Environmental conditions such as season, temperature and light are known to
modulate plant-insect interactions (Agerbirk et al., 2001; Zavala et al., 2015; Gols et al., 2018).
For example, UV-B radiation reduced herbivory by the stinkbug (Nezara viridula) in soybean
(Zvavala et al. 2015). An accession of Barbarea vulgaris W.T.Aiton was found to be resistant
to the flea beetle Phyllotreta nemorum L. during summer, but gradually lost its resistance with
the onset of fall (Agerbirk et al., 2001). Robust resistance means that it should hold under
varying environmental conditions. It is unclear to what extent environmental conditions can
modulate resistance to thrips in Capsicum. Moreover, farmers in different geographic regions
are confronted with different thrips species. Resistance should thus preferably be effective to
any species. The work by Maharijaya et al. (2011) showed that resistance to F. occidentalis
was positively correlated with resistance to T. parvispinus Karny, but it is unclear whether this
applies to other thrips species such as T. palmi and S. dorsalis. Therefore, I explored the
robustness of previously identified resistance to F. occidentalis in a selection of 11 Capsicum
accessions at several locations in the Netherlands. In addition, I traveled to India and Thailand
where I explored resistance to T. palmi and S. dorsalis in these accessions.

How to quantify resistance
Host-plant resistance to thrips is often determined by estimating the total damaged leaf area.
Thrips damage is characterized by silvery spots that show a high contrast with the intact leaf
area. In addition, thrips feeding causes damage areas ranging from dark green to brown. These
more gradual discolorations of the leaf are difficult to quantify with programs such as ImageJ
or Winfolia. At breeding companies and research groups, thrips damage is therefore scored by
expert individuals. These measurements are subjective, meaning they vary from person to
person, and time consuming. For the experiments conducted in this thesis, the development of
a high-throughput standardized screening method was essential for proper identification of
resistance to thrips in Capsicum. Leaf disc assays are a widely applied experimental set-up in
researching pest resistance, for example with mites (Benedict Soans et al., 1973), thrips (Leiss
et al., 2009; van Rijn et al., 1995), aphids (Sattar et al., 2016), whitefly (Thakur et al., 2014)
and fungi (Fukino et al., 2013). A leaf disc set-up is space-efficient and screening can be
conducted separated from plant production areas, thereby minimizing cross-contamination.
Therefore, I developed and validated a screening assay system based on leaf disc tests as a
widely applicable and cost-effective screening method for identifying resistance to thrips in
Capsicum.
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Flowers are also important
Some thrips species such as F. occidentalis occur both on leaves and flowers of crop plants
(Ssemwogerere et al., 2013). Resistance to thrips in Capsicum has exclusively been identified
based on thrips feeding, reproduction or mortality rates on the leaves (Fery & Schalk, 1991;
Maris et al., 2004; Maharijaya et al., 2011). This neglects the fact that thrips also use flowers
and pollen for feeding. Capsicum plants are flower-bearing during several months of the
production period. As soon as the plants start to flower, larvae and adults of F. occidentalis
are found in high numbers in these flowers (Funderburk et al., 2000; Ramachandran et al.,
2001; Hansen et al., 2003). Several studies have focused on the role of pollen in thrips settling
behavior and reproductive parameters (Chitturi et al., 2006; Riley et al., 2007). For example,
addition of pine pollen can significantly influence host leaf selection and settling behaviour
(Chitturi et al., 2006). Additionally, pine pollen enhanced reproductive output with 58% on
peanut (Arachis hypogaea L.), which is a poor host for F. occidentalis (Riley et al., 2007).
Moreover, differences in population development on flowers among and within plant species
have become evident (Cao et al., 2017; Ben-Mahmoud et al., 2018). These findings underline
the possible role of flowers in modulating plant resistance to thrips and should thus be included
when screening accessions for resistance. In this thesis I therefore screened the flowers of a
selection of Capsicum accessions for resistance to F. occidentalis and elucidate possible
drivers for this resistance.

Thesis outline
The main goal of this thesis is to identify natural, robust resistance to thrips in Capsicum and
elucidate the factors that influence variation in resistance measures. To study this, in Chapter
2 I first developed an objective high-throughput screening method using leaf discs for thrips
damage quantification with the freely available software programs Ilastik and ImageJ. Ilastik
has a wide range of applications ranging from cell biology to biomechanics (Fabrowski et al.,
2013; Bongiorno et al., 2014). It is a self-learning image processing program, which enables
the segmentation and classification of two-dimensional surfaces based on labels that the user
provides. ImageJ is often used to quantify the amount of leaf area damaged by chewing
herbivores, but it is limited in quantifying gradual color differences. This limitation is a
problem when assessing thrips damage because the damage is characterized by gradual color
differences and minimum contrast with the background of the leaf. Therefore, I combined
these two software programs to objectively determine thrips damage on leaves. By addressing
two research questions using commercial and wild Capsicum varieties I illustrated the
successful application of my new screening method in Chapter 3.
In Chapter 3, I used this method to compare thrips feeding damage on the abaxial and adaxial
leaf side. Thrips damage was quantified independently by offering either one of the two leaf
sides of four wild Capsicum accessions to thrips. In addition, I investigated whether thrips
17

resistance changed over the course of plant ontogeny. Thrips damage in 10 commercial
Capsicum accessions was determined while the plants were in the vegetative, flowering and
fruit ripening stage using the leaf disc screening method described in Chapter 2.
In Chapter 3 I found ontogenetic variation in thrips resistance among commercial accessions.
Therefore, I researched in Chapter 4 whether ontogeny and leaf position affect resistance to
F. occidentalis and T. tabaci, in 40 non-commercial Capsicum accessions, comprising five
different species. The screening panel included previously screened and novel C. annuum, C.
baccatum, C. chinense, C. pubescens and C. frutescense accessions. The accessions were
assessed for thrips resistance in the vegetative, flowering and fruit ripening stage. In the
vegetative stage, I only screened middle leaves for resistance, while in the reproductive stage
apical and basal leaves were also included. Because the same accessions were screened for
both F. occidentalis and T, tabaci, resistance levels to these two species could be directly
correlated.
Eleven accessions were selected based on the screening experiments conducted in Chapter 4.
The eleven accessions were selected for being either among the most (5) or least (6) resistant.
In Chapter 5, I used these accessions to research whether previously identified thrips
resistance is robust in different environments with different thrips species/population. In
addition, I investigated whether leaf discs assays reliably reflect resistance at the whole plant
level. Therefore, the accessions were screened for resistance to locally reared F. occidentalis
populations using leaf disc assays and whole plant assays at three different locations in the
Netherlands. In addition, this allowed a direct comparison of whole plant and leaf disc assays
as well as comparisons among test locations. Finally, the accessions were screened for
resistance to T. palmi in Thailand and S. dorsalis in India using whole plant assays.
Consequently, I was able to conduct a unique worldwide analysis of thrips resistance in
Capsicum.
In Chapter 6 I research the role of flowers in modulating plant resistance to thrips. I assessed
whether thrips have a preference for flowers of different Capsicum accessions and whether
thrips produce different numbers of offspring on these flowers. Thrips behavior assays were
performed on flowers to determine settling behavior of adults and their reproductive output on
the same accessions as used in Chapter 5. The behavior assays were also conducted using
flowers without pollen to assess the role of pollen in settling behavior. Pollen quantity and
sugar content in the anthers were determined since these are possible drivers for settling
behavior. Finally, I assessed population development on whole plants of the same accessions
to provide further insight whether identified leaf based resistance translates to reduced
population development.
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Finally, in Chapter 7 I summarize the result of all chapters and discuss how the results in this
thesis changes future approaches in unraveling resistance mechanisms and identifying resistant
accessions.
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Abstract
Quantification of insect damage is an essential measurement for identifying resistance in
plants. In screening for host plant resistance against thrips, the total damaged leaf area is used
as a criterion to determine resistance levels. Here we present an objective novel method for
analyzing thrips damage on leaf disc using the freely available software programs Ilastik and
ImageJ. The protocol was developed in order to screen over 40 Capsicum lines for resistance
against Frankliniella occidentalis (western flower thrips) and Thrips tabaci (onion thrips).

Background
Quantification of insect damage is an essential measurement for identifying resistance in
plants. In screening programs for host-plant resistance against thrips, the total damaged leaf
area is used as a criterion to determine resistance levels. Thrips damage is characterized by
silvery spots that show high contrast with the intact leaf area, but the feeding spots also include
darker areas ranging from dark green to brown. These gradual discolorations of the leaf are
too
subtle
to
precisely
quantify
with
programs
such
as
Winfolia
(http://www.regentinstruments.com/assets/winfolia_software.html) or ImageJ (Rasband,
2016) alone. As a result, thrips damage is commonly scored by individuals that rate the
samples. Samples are classified into categories signifying the amount of damage (Mirnezhad
et al., 2010; Maharijaya et al., 2011; Maharijaya et al., 2012), or damage is estimated to the
nearest 1 mm2 (Leiss et al., 2009; Mirnezhad et al., 2010; Maharijaya et al., 2011; Maharijaya
et al., 2012). These subjective measurements make comparison between studies/screening
programs difficult. Moreover, they are time consuming and thus costly for breeding
companies. Here we present an objective high-throughput standardized screening method to
measure leaf surface damage caused by thrips using the freely available software programs
ImageJ Fiji (Schindelin et al., 2012) and Ilastik (Sommer et al., 2011). Ilastik has a wide range
of applications ranging from cell biology (Fabrowski et al., 2013), where it is used to compute
the amount of surface flattening of epithelial cells, to biomechanics (Bongiorno et al., 2014),
where it is used to identify boundaries of human mesenchymal stem cells. It is an easy-to-use,
self-learning image processing program that allows segmentation and classification of twodimensional surfaces based on labels provided by the user (Sommer et al., 2011). ImageJ is
often used to quantify the amount of removed leaf area by chewing herbivores and the total
leaf surface of intact leaves (Meyer & Hull-Sanders, 2008; Morrison & Lindell, 2012).
However, it is rarely used to quantify feeding damage caused by thrips. Thrips feeding causes
rather subtle discolorations on the leaves. ImageJ is limited in quantifying such color
differences, for which Ilastik provides a more suitable alternative.
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Materials and Reagents
1.
2.
3.
4.
5.

Filtration paper (e.g., filtration paper nr 600, VWR International, catalog number:
516-0309)
Ziploc® like bags (e.g., 18 x 25 cm, 50 µm polyethylene foliezak met druksluiting,
Vink Lisse B.V., catalog number: 174718 49)
Petri Dish diameter 15 cm (e.g., non-treated culture dishes, SIGMA Corning®,
catalog number: CLS430597)
Parafilm® M (e.g. BRAND®, Parafilm®, VWR International, catalog number: 2911213)
Glass jar (Figure 1) (e.g., 555 ml Twist-off pot TO82 with Twist-off deksel RTS82
wit BPA NI lid, www.glazenflessenenpotten.nl, catalog number: V2391WS and
VC305)

A

Figure 1. Glass jar for thrips starvation (height 11.5 cm x diameter 7.5 cm).

6.

Synchronized L1/L2 Frankliniella occidentalis (Pergande) or Thrips tabaci
(Lindeman) (Thysanoptera)
7. Capsicum annuum (Solanaceae) plants (any variety)
8. Agar (e.g., Phyto Agar, Duchefa Biochemie, catalog number: P1003)
9. Water
10. 1.5 % liquid agar solution (see Recipes)

Equipment
1.

Laboratory bottle with cap 500 ml (ALDRICH, Duran® catalog number: Z305197)
23

Beaker 50 ml (e.g., Griffin beakers, ALDRICH, PYREX®, catalog number:
CLS100050)
3. Soft paint brush (e.g., van Eyck paint brush set, brush #1)
4. Plastic tweezers (e.g., Azlon Forceps - Tweezers, Dynalab Corp., Dynalon Labware,
catalog number: 546555-0001)
5. Cork borer, diameter 1.5 cm (e.g., Humboldt Brass Cork Borer Set with Handles,
Thermo Fisher Scientific, Humboldt Mfg. Co., catalog number, 07-865-10B)
6. Climate cabinet set to 25 °C for F. occidentalis or 23 °C for T. tabaci, L16:D8 light
regime (e.g., Economic Delux 432 L with TL lightning, Snijders Labs, catalog
number: ECD01)
7. Handmade grid with 2 cm spacing (Figure 3)
8. Epson 10000XL scanner or any SLR camera (12 mega pixel) with tripod
9. Black paper (for scanner) or black cloth (for SLR camera)
10. Laptop with installed software
11. Microwave (Moulinex, model: Micro-chef FM2515Q)
12. Precision balance (ALDRICH, Sartorius, model: BP310S, catalog number: Z267074)

2.

Software
1.
2.

3.

ImageJ Fiji e.g., version 2.0.0 with Java 1.6.0_24
Ilastik version 1.1.3, for successful application of the protocol it is important to use
this exact version. The software can be found online: files.Ilastik.org/1.1/, ‘ilastik1.1.3-win64.exe’, also available for Linux and OSX.
Epson Scan Utility e.g., version 3.4.9.9 (only necessary if an Epson scanner is used
or equivalent when using another scanner)

Procedure
A. Thrips preparation
Collect synchronized L1/L2 larvae in a glass jar lined with 3 pieces of slightly moist
filtration paper 24 h prior to the experiments. Place the glass jar in a climate cabinet set at
25 °C for F. occidentalis or 23 °C for T. tabaci, with a L16:D8 light regime. This 24 h
period of starvation ensures that thrips will start feeding directly after the no-choice leaf
disc assay is started.
B. No-choice leaf disc assay
1. Prepare 1.5 % liquid agar solution (see recipes step 1)
2. Collect leaves from the plants in the greenhouse and transport to the laboratory in
closed Ziploc-like plastic bags containing 2 ml of water to keep the leaves fresh.
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3.
4.
5.

6.
7.
8.

A

Heat the agar in the microwave until it is liquefied.
Use a cork borer to punch leaf discs while avoiding the mid-vein. Midveins often
have light color patches that might result in inaccurate thrips damage quantification.
Pour part of the agar solution in the beaker and pour a small drop (approximate 2 cm
Ø) of liquid agar in the middle of the Petri dish (Figure 2A). Place the leaf disc on the
agar with the adaxial side in full contact with the agar. This ensures that the thrips can
only feed on the abaxial side (‘underside’) of the leaf. Place the leaf disc on the agar
just before the agar becomes solid (gelling temperature between 34-36 °C, Duchefa
Biochemie Safety Data Sheet P1003 version 2.0).
Place five thrips on each leaf disc with a small paintbrush (Figure 2B). Make sure
that the agar is fully solid before placing the thrips on the leaf disc.
Close the Petri dishes with Parafilm® M and place them in a climate cabinet for 48 h
(Figure 2C).
After 48 h, the thrips can be removed with a small paint brush and digital images of
the leaf discs can be acquired.

B

C

Figure 2. Experimental setup of leaf disc assay. Placing the leaf disc on agar (A), inoculation with thrips
(B) and placing the closed Petri dishes in a tray in the climate cabinet (C).

C. Acquiring the images
1. Place the leaf discs with plastic tweezers on a scanner (or on black cloth in the case a
SLR camera is used).
a. For easy processing of the acquired image, all leaf discs should be equally
distributed, so that leaf discs can be easily ‘cut out’ using a single macro run in
ImageJ Fiji. Equal distribution of the leaf discs can be achieved using a grid
(Figure 3).
b. The total number of objects (leaf discs and labels) placed on the horizontal and
vertical axis should be equal (in our case: horizontal axis: 3 leaf disc + 1 label,
vertical axis: 4 leaf discs).
c. When you use the protocol it is advisable to include leaf discs that have not been
exposed to thrips damage (control leaf discs) and analyze these in the same way
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as the leaf discs exposed to thrips. Ilastik sometimes overestimates the amount
of damage, for example due to the presence of leaf veins. The undamaged leaf
disc images can be used to correct for these errors.

A

B

Figure 3. Placement of leaf discs. Example of TIFF image using a scanner set to 1,200 dpi (A).
Horizontal and vertial axis are marked for illustration with white dashed lines in this example. A ruler is
included at the the right side of the image for calibration. Example of a handmade paper grid that can be
used to equally distribute single leaf discs on a scanner (B).

2.

Cover the leaf discs placed on the scanner with black paper and obtain a TIFF image
of the leaf discs with the scanner set to 1,200 dpi. Include a calibration square (1 x 1
cm) or ruler in one of the scans that can be used for calibration (x pixels = x mm).
When a SLR camera is used, take pictures from a given distance (with a calibration
square (1 x 1 cm or a ruler) in JPEG or JPG format.

D. Cutting scan image in ImageJ Fiji
1. Open the scan image acquired in step C2 in ImageJ Fiji. Click ‘File’ and select
‘Open...’ or drag your selected images from one folder directly to ImageJ Fiji.
2. Open a macro, click on ‘plugins’; ‘new’; ‘macro’ (Figure 4).
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Figure 4. Opening a new macro in ImageJ Fiji.

1.

Copy the following script (only black text) in the macro.ijm.ijm window (Figure 5).
Text highlighted in green are comments from the authors and should not be included
in the macro. Text in red should be completed by the user.

n = getNumber(X,X);
//fill in the number of cuts that has to be made on the spots of the
red ‘X’. In case of our acquired scan image: n = getNumber(4,4).
id = getImageID();
title = getTitle();
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getLocationAndSize(locX, locY, sizeW, sizeH);
width = getWidth();
height = getHeight();
tileWidth = width / n;
tileHeight = height / n;
for (y = 0; y < n; y++) {
offsetY = y * height / n;
for (x = 0; x < n; x++) {
offsetX = x * width / n;
selectImage(id);
call("ij.gui.ImageWindow.setNextLocation",
offsetY);

locX

+

offsetX,

locY

+

tileTitle = title + " [" + x + "," + y + "]";
run("Duplicate...", "title=" + tileTitle);
makeRectangle(offsetX, offsetY, tileWidth, tileHeight);
run("Crop");
}
}
//The images have been cut, but each obtained slice should have a unique
name
imageCount = nImages
for (image = 1; image <= imageCount; image++) {
selectImage(image);
// Changes the title of the active image to a string name
rename("test" + image);
}
//Saves all the slices in the directory you want (marked in red below),
make sure to use two backslashes between the folder names.
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n =nImages;
for(i=0,1; i<n; i++){
title=getTitle;
saveAs("TIFF", "X:\\...\\.....\\" + title);
close();
}

Figure 5. Running the macro. The macro cuts the scan image in ImageJ Fiji to obtain images (slices)
with single leaf discs.
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2.

3.

Run the macro by clicking ‘Run’. ImageJ Fiji now automatically cuts out and saves
the single leaf discs as TIFF files in the directory that you have chosen. The single
leaf discs are labeled with the title of the scan and a number (Titelscanimage_1,
Titelscanimage_2, etc.). ImageJ Fiji starts to cut out leaf discs from the top left corner
of the first row, continues to the right and then starts with the next row.
Images produced from the macro (Figure 6) can be further analyzed in Ilastik.

Figure 6. Single leaf disc after cutting scan image with ImageJ Fiji.

E. Training Ilastik to recognize thrips damage
1. Open Ilastik and create a new project by selecting ‘Pixel classification’ and give your
project a name.
2. Now import the scans with the single leaf discs by clicking ‘Add New’ and select
‘Add separate image(s)…’ (Figure 7). You can now select the images on your
computer that should be imported in Ilastik. Image import takes 3.26 MB / sec with
an Intel® coreTM i7-4910MQ CPU @ 2.90 GHz, RAM 16 GB (as a reference 50
images of each 3.08 MB take 48 sec to be imported).
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Figure 7. Importing images to Ilastik.

3.

You can now select features to use for your analysis. Click on the tab ‘Select Features’
and select features. We recommend to select color/intensity/texture on ơ = 1.0 px
(Figure 8).

Figure 8. Setting parameters for image analysis in Ilastik.

4.

Go to the tab ‘Training’, select ‘Add label’ and add 3 labels. One will be for the
background, one for the leaf disc and one for the actual thrips damage. The colors
will be assigned automatically by the program. Name your labels as shown in the
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Figure 9. Make sure that you keep the same order as shown in the screenshot (Figure
9); this is of importance for later analysis.

Figure 9. Adding segmentation labels.

5. Now you can start with the training of the program. Select one of the labels and mark
the areas that correspond with the labels. It is important to use red to mark areas that
are typical thrips damage, with green undamaged leaf areas and with yellow the dark
background (Figure 10A). Make sure that you use several leaf discs for the training
of the program. You can switch to other leaf discs by choosing the picture number or
name from the drop down list next to ‘Current view:’ (Figure 10B). Training is an
import step, since the program depends on sufficient training to accurately recognize
the different components in the image. Training can take up to half an hour, with a
training image processing speed of approximately 0.9 MB / sec (Intel® coreTM i74910MQ CPU @ 2.90 GHz, RAM 16 GB). As a reference, approximate 10 cm (with
the pencil tool set to 3 pixels) of thrips damaged area marking is necessary for
accurate learning.
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B

A

Figure 10. Training phase in Ilastik. (A) marking of thrips damage (red), the leaf disc (green) and the
background (yellow). (B) switching between imported images in Ilastik.

6.

To check whether the training has been sufficient, click on ‘Life update’. The areas
are now colored corresponding to what the program sees as thrips damage (red/pink),
the leaf disc (green) and the background (yellow) (Figure 11). If the program does
not sufficiently distinguish between thrips damage, leaf disc and background, click
again on ‘Life update’ and uncheck ‘Probability’ (marked with black circle, Figure
11). Add more markers in the picture as specified above and activate ‘Life update’
again. It is advisable to train the program separately for dark and light green leaves,
e.g., different leaf ages, accessions or species, to ensure optimal results. In Figure 12
an example of sufficient and insufficient training of Ilastik is provided.
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Figure 11. Live view of image segmentation in the training stage in Ilastik (A).

A

B

C

Figure 12. Illustration of training in Ilastik. The original leaf disc (A) after insufficient training (B). In
B, thrips damage is overestimated e.g. leaf veins are incorrectly marked as thrips damage and the area
right from the leaf vein is also seen as incorrect thrips damage. Sufficient training of the leaf disc (C)
after marking more area with the correct labels in Ilastik.

F. Converting images into simple segmentations
After the training is complete, all imported images can be converted to JPEG files that are
simple segmentations (black, grey and white image) of the original pictures.
1.

Go to the tab ‘Prediction Export’, select by ‘Export sources’ ‘Simple segmentation’.
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2.

Now go the ‘Export Settings’ and click on ‘Choose settings’. Make sure the settings
are the same as in Figure 13. Datatype should be set to ‘signed 8-bit’ and the output
file format ‘JPEG’. Make sure you select the location that you want to save your
output files in. After you make sure the settings are correct, click ‘OK’.

Figure 13. Image export settings after training has been completed in Ilastik.

G. Exporting images after training
1. Click on ‘Export All’, the program will start with exporting the images. This can take
several minutes depending on the processor and RAM module of the computer (0.9
MB / sec with an Intel® coreTM i7-4910MQ CPU @ 2.90 GHz, RAM 16 GB, for
reference 50 images of each 3.08 MB take 171 sec to analyze). Exported images will
contain thrips damage (red) in black and the leaf disc (green) in grey (Figure 14).
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Figure 14. Exported simple segmentation of original image. Black = thrips damage and grey = leaf disc.

2.

Do not forget to save your project. If at a later time point you want to process
additional scans of single leaf discs with the same settings proceed to Procedure H.
If you are done with processing, close the program and continue with Procedure I.

H. Processing additional images in Ilastik with the same settings
1. If you want to process additional scans of single leaf discs using the same settings,
make a copy of your project in the same way that you would make a copy of any
Office file.
2. Open the copy of your project and go to the tap ‘Batch Prediction Input Selections’.
Click on ‘Add new’ and import the additional images that you want to analyse.
3. Go to the tab ‘Batch Prediction Output Locations’ and make sure you use the same
settings for output as described in Step F2. If you keep importing images in the
original project, the project becomes very large and demands heavy processing of the
computer, making your computer slow. So make sure that you delete the pictures that
you have imported in ‘Batch Predicition Input Selection’ before countinuing with a
new set of images.
I.

Processing of simple segmentation images in ImageJ Fiji
In the next step we want to extract the grey area and create images that only contain the
thrips damage in black.
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3.

4.

Open ImageJ Fiji and open the images that you want to further analyze. Click ‘File’
and select ‘Open...’ or drag your selected images from one folder directly to ImageJ
Fiji.
Open a new macro as described in Step D1, copy the following script and run the
macro (only black text).
imageCount = nImages
n =nImages;
for(i=0,1; i<n; i++){
setAutoThreshold("Default");
run("Threshold...");
setThreshold(0, 70);
setOption("BlackBackground", false);
run("Convert to Mask");
title=getTitle;

//Give the correct directory where you want to save the output images
(marked red)
saveAs("TIFF", "X:\\...\\.....\\" + title);
close();
}

5.

The output images will contain the thrips damage in black (Figure 15) and are labeled
the same as the original image, so make sure to save them in a separate folder.
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Figure 15. Image containing only thrips damage after extraction of leaf disc in ImageJ Fiji.

J.

Calibration
Before calculating the amount of damaged surface area we determine how many pixels
equal 10 mm.
1.
2.

Open the image that contains the calibration square or ruler in ImageJ Fiji.
Select the strait line option and draw a line of recognizable size in your image (e.g.,
10 mm on the ruler) (Figure 16).

B

A

Figure 16. Calibration in ImageJ Fiji. Selecting the straight line tool in ImageJ Fiji (A) and drawing a
line (in yellow) that represents 10mm in a scan image with ruler (B).
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3.

Go to ‘Analyze’ and select ‘Set scale’. ImageJ Fiji produces a window that shows
how many pixels equal the length of the drawn line (Figure 17, label ‘Distance in
pixels:’). In this example 206.9034 pixels equal 10 mm.

Figure 17. Window in ImageJ Fiji that shows how many pixels equal 10 mm from Figure 15B.

K. Determining the amount of damaged surface area in mm2
1. The damaged area can now be quantified in ImageJ Fiji. Go to ‘Process’, select
‘Batch’ and click on ‘Macro’.
2. Copy the following script into the opened window. Make sure that you fill in the
correct scale (marked in red text) that you obtained in Step J3.
setAutoThreshold("Default");
run("Threshold...");
setThreshold(129, 255);
run("Convert to Mask");
run("Set Scale...", "distance=#pixels known =distance in mm pixel=1
unit=mm");
run("Analyze Particles...", "show=Nothing clear include summarize")

3.

Select the folder that contains the black and white images that where obtained in Step
I3, select a different map for the output (Figure 18). ImageJ Fiji will produce copies
of your analyzed images that are saved in the output folder.

39

Figure 18. Batch processing in ImageJ Fiji

4.

ImageJ Fiji will produce a summary of the measurements that you can copy to an
excel file. It will contain 5 columns: ‘Slice’ (the name of the image), ‘Count’, ‘Total
area’ (total thrips damage in mm2), ‘Average Size’ and ‘% Area’ (Figure 19). Copy
the produced data in an excel file.

Figure 19. Output summery in ImageJ Fiji. The output shows the name of the analysed image in the
column ‘Slice’ and the total thrips damage (mm2) in the column ‘Total Area’.
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Data analysis
Before reporting the thrips damage of your leaf discs, you should correct for the average
error that Ilastik makes. This average error is determined by calculating the average thrips
damage on the leaf discs with no thrips (control discs).

Numerical example of obtained data
Name single leaf disc image

Treatment

Damaged area
(mm2)

Image_1_T

With thrips

20

Image_2_T

With thrips

15

Image_3_T

With thrips

17

Image_4_C

No thrips (control disc)

2

Image_5_C

No thrips (control disc)

1

Image_6_C

No thrips (control disc)

3

 ℎ

̅ =

  
= ℎ
         − ̅     

∑     


 =      
Corrected data
̅      =

(2 + 1 + 3)
=2
3

Corrected thrips damage per leaf disc:
Image_1_T = 20 – 2 = 18
Image_1_T = 15 – 2 = 13
Image_1_T = 17 – 2 = 15
The corrected thrips damage can be used for further statistical analysis.
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Recipes
1.

1.5% liquid agar solution
Ad 7.5 g agar to 500 ml water in a 500 ml laboratory bottle.
Heat the bottle in a microwave until the agar is completely dissolved.
Note: keep the cap lose on the bottle so air can escape. Otherwise the cap might blow
off in the microwave due to air pressure buildup in the bottle.

Acknowledgments
This work was supported by the Stichting voor de Technische Wetenschappen (STW) and is
part of the Green defense Against Pest (GAP) program, project 13552. Nicole M. van Dam
gratefully acknowledges the support of the German Centre for Integrative Biodiversity
Research (iDiv) Halle-Jena-Leipzig funded by the German Research Foundation (FZT 118).
This protocol has been used in Entomologia Experimentalis et Applicata (Visschers et al.,
2018a). The authors have declared no conflict of interest.

42

AN OBJECTIVE HIGH-THROUGHPUT SCREENING
METHOD FOR THRIPS DAMAGE QUANTIFICATION
USING ILASTIK AND IMAGEJ

Isabella GS Visschers, Nicole M van Dam and Janny L Peters

Published in Entomologia Experimentalis et Applicata
(2018), 166, 508-515

3

43

Introduction
Quantification of insect damage is an essential measurement for identifying resistance
mechanisms in plants. For chewing insects such as caterpillars and beetles, feeding damage is
commonly determined by measuring the amount of removed leaf area, using freely available
software such as ImageJ Fiji, https://fiji.sc (Neves et al., 2014; Nguyen et al., 2016; Schindelin
et
al.,
2012)
or
commercial
programs
such
as
Winfolia,
http://regent.qc.ca/assets/winfolia_about.html (Joshi & Tielbörger, 2012). However, cell
sucking insects such as thrips, do not remove sections of the leaf lamina, but rather cause
localized discoloration of the leaf surface. It is very challenging to quantify this type of damage
in an objective manner using these software programs.
Thrips are wide-spread sucking-piercing insects that are responsible for severe yield reduction
in several vegetable crops such as cucumber, strawberry, melon and pepper. Crops infested
with thrips show stunted growth, deformation of the plant and scarring of the fruits, resulting
in reduced yield and marketing quality (Shipp et al., 1998; Tommasini & Maini, 1995; Welter
et al., 1990). In addition, thrips are an important vector of plant viruses, especially tospoviruses
(Rotenberg et al., 2015; Whitfield et al., 2005). In screening programs for host-plant resistance
to thrips, the total damaged leaf area is used as a criterion to determine resistance levels.
Damage is often characterized by silvery spots that show a high contrast with the intact leaf
area, though thrips feeding can also include darker areas ranging from dark green to brown.
These more gradual discolorations of the leaf are too subtle to precisely quantify with ImageJ
or Winfolia alone. As a result, thrips damage is commonly scored by individuals that rate the
samples. Samples are classified into categories signifying the amount of damage (Maharijaya
et al., 2011; Maharijaya et al., 2012; Mirnezhad et al., 2010), or damage is estimated to the
nearest 1 mm2 (Leiss et al., 2009; Maharijaya et al., 2011; Maharijaya et al., 2012; Mirnezhad
et al., 2010). These subjective measurements make comparison between studies/screening
programs difficult. Moreover, they are time consuming and thus costly for breeding
companies.
Here we present an objective, automated protocol for the screening of thrips damage on leaves.
We developed a high-throughput standardized screening method to measure leaf surface
damage caused by thrips using two types of freeware, ImageJ (Schindelin et al., 2012) and
Ilastik (Sommer et al., 2011). Ilastik has a wide range of applications ranging from cell biology
(Fabrowski et al., 2013), where it is used to compute the amount of surface flattening of
epithelial cells, to biomechanics (Bongiorno et al., 2014), where it is used to identify
boundaries of human mesenchymal stem cells. It is an easy-to-use, self-learning image
processing program that allows segmentation and classification of two-dimensional surfaces
based on labels provided by the user (Sommer et al., 2011). ImageJ is often used to quantify
the amount of removed leaf area by chewing herbivores and the total leaf surface of intact
leaves (Meyer & Hull-Sanders, 2008; Morrison & Lindell, 2012). However, it is rarely used
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to quantify feeding damage caused by thrips, since the program is limited in quantifying more
gradual color differences, for which Ilastik provides a more suitable alternative.
Analyzing thrips damage in a high-throughput manner requires a fast and reliable screening
protocol. We chose to screen damage on leaf discs, since this is a widely applied experimental
approach in pest resistance screening, for example with mites (Adesanya et al., 2018), thrips
(van Rijn et al., 1995), aphids (Sattar et al., 2016), whitefly (Thakur et al., 2014) and even
fungi (Fukino et al., 2013). The downside of working with leaf discs is the relative high amount
of damage that is inflicted to the leaf prior to the assay. This might induce resistance to the
herbivore that is tested. However, several studies showed that there was no difference in
resistance scores between detached/attached leaves and leaf disc assays (Chaerle et al., 2007;
Eshraghi et al., 2014; Maharijaya et al., 2011). Moreover, leaf discs are easily kept fresh for
several days on a drop of water-agar, which also allows for standardization of the leaf side that
is exposed to thrips feeding. A set-up with leaf discs is space-efficient because the screening
assays can be conducted in fridge-size climate cabinets. Additionally, the screening can be
physically separated from plant production, and therefore the risk of thrips contamination in
the greenhouse can be minimized.
We developed the leaf disc screening method using Capsicum as the host plant. Capsicum,
commonly known as hot or sweet pepper, suffers greatly from damage caused by different
thrips species, especially in the seedling stage (Fery & Schalk, 1991). In Capsicum, thrips
feeding causes deformation of the leaves, short internodes, chlorosis (Fery & Schalk, 1991),
reduced photosynthesis and yield losses (Shipp et al., 1998). The genus Capsicum contains a
broad range of accessions with a wide range of resistance levels, providing a good model to
develop an optimal thrips resistance screening system.
We illustrate the successful application of our screening method by addressing two research
questions. Based on observations in the field (Culliney, 1990; Daniel et al., 1983; Feller et al.,
2002; Tree & Walter, 2009), it is widely accepted that thrips feeding occurs mostly on the
abaxial leaf side. However, we are not aware of a direct quantitative comparison of feeding
damage between the two leaf sides. In the present study, we therefore test our method by
comparing thrips feeding damage on the abaxial and adaxial leaf side. Furthermore, we
investigate whether thrips resistance changes over the course of plant ontogeny. Thrips
resistance is mostly studied in young, vegetative plants. It is unclear whether resistance levels
in early, vegetative stages can be extrapolated to the mature, reproductive stage, which also
suffers severely from thrips damage. Resistance to thrips may change due to ontogenetic
changes that result in alterations in the plant’s metabolism and the allocation of defense
metabolites towards younger leaves and flowers (van Dam et al., 1996; van Dam et al., 2001).
We applied our novel high-throughput screening method to assess whether and how the plant’s
ontogenetic stage affects the level of thrips resistance.
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Materials and methods
Plant material
We used five Capsicum species, C. annuum, C. chinense, C. baccatum, C. pubescens and C.
eximium (Table 1). Seeds of four accessions (A4750316, A14750547, 944750228 and DS)
were obtained from the Solanaceae Collection at the Radboud University, Nijmegen, The
Netherlands
(http://www.ru.nl/bgard/solanaceae-collection/databases/solanaceae,
discontinued in 2019) (Table 1). These accessions were used in experiment 1 to compare thrips
damage on the abaxial and adiaxial leaf side. In addition, nine commercially available
accessions were obtained from www.peperzaden.nl and accession Shanshu-2001 was acquired
from the Academy of Agricultural Sciences, Vegetable Research Institute of Shanxi, China
(Anjum et al., 2012) (Table 1). These accessions were used in experiment 2, assessing the
ontogenetic effects on thrips damage.

Experiment 1: Comparing thrips damage on the abaxial and adaxial leaf side
Seeds of accessions A04750316, A14750547, 944750228 and DS were germinated on potting
soil (Potting soil 4, Horticoop, Bleiswijk, The Netherlands) in trays (20 cm x 10 cm x 5.5 cm)
in a climate cabinet (Snijders Labs, Tilburg, The Netherlands) at 16 h photoperiod and
temperature set to 30 °C / 20 °C (day/night). When the first two true leaves had developed, the
seedlings were transplanted to pots (11 cm x 11 cm x 12 cm) containing the same potting soil.
The pots were placed on tables in a greenhouse, inside an insect-free net cage (Rovero 0.30
mm gauze, 7.50 m x 3 m x 2.75 m) at 16 h photoperiod and minimum temperatures set to 20
°C / 17° C (day/night). Natural light was supplemented with Greenpower lights (400 V / 1000
W, Phillips, Amsterdam, the Netherlands) when below 200Watt m-2. Leaves for thrips assays
were sampled four weeks after transplanting.

Experiment 2: Ontogenetic effects on thrips damage
Seeds were germinated in plastic cups (Ø 7 cm) on sterile glass beads (Ø 1 mm) and placed in
the same cabinet used in experiment 1. When the cotyledons had fully developed, seedlings
were transferred to single pots as in experiment 1 and placed on tables in the greenhouse, inside
the insect-free net cage. Leaves for thrips assays were harvested 3 weeks after transplantation
to test resistance in the vegetative plant stage. For the flowering stage, leaves were collected
after fully opened flowers had emerged on all plants. For the fruit ripening stage, leaves were
collected when fruit ripening reached the breaker stage. Thrips colony rearing conditions and
testing conditions were kept constant over time.
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Table 1. Overview of Capsicum accessions used in this investigation.
Source

Accession

Code

Species

SC

A14750547

547

C. baccatum

Experiment
1

SC

A04750316

316

C. chinense

1

SC

944750228

228

C. eximium

1

SC

DS

DS

C. pubescens x C. sp.

1

PZ

Cayenne Long Slim

CLS

C. annuum

PZ

Golden California Wonder

GCW

C. annuum

2

PZ

Serrano

SR

C. annuum

2

PZ

Thai Hot Culinary

THC

C. annuum

2

PZ

Yolo Wonder

YW

C. annuum

2

PZ

Aji Crystal

AC

C. baccatum

2

PZ

Fatalii Red

FR

C. chinense

2

PZ

Habanero Red

HR

C. chinense

2

PZ

Rocoto Red

RR

C. pubescens

2

VRI

ShanShu-2001

SS

C. annuum

2

PZ = peperzaden.nl
SC = Solanaceae collection Radboud University, Nijmegen, the Netherlands
VRI = Vegetable Research Institute of Shanxi, China
1 = used in experiment 1 (comparing thrips damage on abaxial and adaxial leaf side)
2 = used in experiment 2 (ontogenetic effects on thrips damage)

Insect culture
To establish a colony, Frankliniella occidentalis stock was obtained from Wageningen
University, The Netherlands. Cultures were kept in glass jars (11 cm x Ø 7.5 cm) with lids (Ø
8.3 cm) containing a fine mesh gauze (45 µM polyester, Ø 6 cm) for aeration. Three layers of
filtration paper were placed on the bottom to absorb excess moist and to prevent the beans
from fouling. Each glass jar contained five fresh green beans (Phaseolus vulgaris L.) and a 1.5
ml Eppendorf tube with a small amount of pollen grains (Organic pollen grains, De Traay
imkerij, Lelystad, the Netherlands) to increase oviposition rates (Anjum et al., 2012; Kirk,
1985). Thrips were transferred to clean jars weekly; beans that were still looking fresh were
also transferred. The jars with thrips were kept in a climate cabinet (Economic Delux 432 L
with TL lightning, Snijders Labs, Tilburg, the Netherlands) at 25 °C under a L16:D8 light
regime. All experiments were performed using synchronized L1/L2 larvae that were starved
for 24 h.
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No-choice leaf disc assay
Leave samples, between the 4th leaf node from the bottom of the plant and below the 4th leaf
node from the top of the plant (avoiding old and very young leaves), were collected in the
greenhouse of the Radboud University by cutting them off at the petiole with a sharp razor.
Leaves were placed in a 180 mm x 250 mm Ziploc®-like bag (50 µm polyethylene Foliezak
met Druksluiting, Vink Lisse B.V., Lisse, The Netherlands) containing 2 ml of water, and
transported to the laboratory. Using a cork borer, leaf discs (Ø 1.5 cm) were punched from the
leaves, avoiding the mid-vein. One leaf disc per Petri dish was placed on a drop of 1.5 %
slightly liquid agar (Sigma Aldrich, USA) in the center of the Petri dish. For experiment 1,
leaf discs were placed either with the abaxial or adaxial side up (n = 5 Petri dishes per leaf side
per accession), whereas for experiment 2, leaf discs were placed only with the abaxial side up
(n = 3 Petri dishes per accession, per ontogenetic stage). Five thrips larvae were placed on each
leaf disc using a small painting brush. The Petri dish was sealed with Parafilm® M and placed
in the same climate cabinet as used for insect rearing. After 48 h, the thrips were removed and
digital images of the leaf discs were acquired at 1200 dpi using an Epson Expression 11000XL
scanner and Epson Scan Utility v3.4.9.9 software. Leaf discs were placed on the scanner using
a grid to ensure equal distribution of the leaf discs, which is important for processing of the
acquired image. Before scanning, the leaf discs were covered with black paper to obtain a dark
background providing sufficient contrast and to prevent over exposure. Scan files were stored
as TIFF files until further image processing.

Image analysis
Image processing and quantification of feeding damage was performed using ImageJ Fiji
(version 2.0.0 with Java 1.6.0_24) and Ilastik (version 1.1.3) (Sommer et al., 2011). Scanned
images were automatically ‘cut’ in scans of individual leaf discs using ImageJ Fiji (Figure
1A). Before further processing in Ilastik, the program was trained to recognize damage based
on color/intensity, edge (based on brightness and color gradient) and texture at the level of 1
pixel. Three labels were assigned to the different color spectra that were identified; one for
thrips damage, one for the undamaged leaf area and one for the background. The program was
trained to recognize the three different segments (thrips damage, leaf disc and background)
using four leaf discs per accession with sufficient damage until the program could precisely
identify the different segments in the scanned images. Whether training had been sufficient
was checked by making use of the “life update” function that allows the user to switch between
the scan image and an overlay image that shows the three segments based on the learning
process up until that point (Figure 1B). After proper training, images were converted to JPEG
files that are simple segmentations of the original image in black (thrips damage), grey (leaf
disc) and white (background) (Figure 1C). In ImageJ Fiji, thrips damage was extracted
resulting in a TIFF image which shows thrips damage in black (Figure 1D). Total thrips
damage area was easily determined by using the ‘analyze particles’ command that counts and
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measures objects in threshold images after setting the correct scale (number of pixels: length
in mm) in ImageJ Fiji. A step by step protocol can be found at Bio-protocol (http://www.bioprotocol.org/, Visschers et al. 2018).

Figure 1. Example of image analyses using Illastik and ImageJ Fiji, illustrating the progression from the
scanned image (A) and the learning phase in Ilastik (B), to a simple segmentation image produced in
Ilastik (C) and eventually an image that is used for calculating the thrips damage in ImageJ Fiji (D).

Statistical analysis
All data were analyzed using SPSS v. 21.0. Prior to analysis, the distribution of the feeding
damage values was normalized by performing log transformation. Transformed data were
analyzed by one way ANOVA and if significant differences were detected, a multiple
comparisons analysis was performed using Tukey’s test.
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Results and discussion
An effective screening method
Our protocol based on the freewares Ilastik and ImageJ resulted in an effective screening
method for identification of thrips damage. On average, it takes approximately 4 h to process
50 images (containing a single leaf disc) of 3.08 Mb each (from scan image to a data graph in
Excel on a PC with an Intel® core™ i7-4910MQ CPU @ 2.90 GHz, RAM 16 GB).
Training is an important step, since the program depends on sufficient training to accurately
recognize the different components in the image. Training can take up to half an hour, with a
training image processing speed of approximately 0.9 MB / sec (Intel® core™ i7-4910MQ
CPU @ 2.90 GHz, RAM 16 GB). The number of leaf discs necessary for training depends on
the amount of thrips damage that has been inflicted. As a reference, approximate 10 cm (with
the pencil tool set to 3 pixels) of thrips damage area marking is necessary for accurate learning.
Once Ilastik is properly trained for one accession of a model plant, image analysis can proceed
in batch mode, allowing fast analysis of leaf disc images with the same settings.

Comparing thrips damage on the abaxial and adaxial leaf side
To validate our standardized digital damage processing method we first analyzed whether
there was a difference in thrips feeding between the abaxial and adaxial leaf side. We
quantified thrips damage independently by offering either one of the two leaf sides of four
different pepper accessions to thrips. In general, we observed more thrips damage on the
abaxial than on the adaxial side of the leaf discs in all four accessions (P < 0.001, F(1, 31) =
62.091) (Figure 2). This difference between leaf sides was not equally strong for each
accession (interaction effect, P < 0.001, F(3, 31) = 7.081). Although slightly more feeding on the
abaxial leaf side was observed in DS, the amount of thrips damage on both leaf sides did not
significantly differ (t (8) = 2.124, P = 0.066).
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Figure 2. Mean (± SE) feeding damage (mm2) by Frankliniella occidentalis on the abaxial and adaxial
leaf side of leaf discs (Ø 1.5 cm; n = 5) of four Capsicum accessions. Overall, feeding damage was the
highest on the abaxial side (P < 0.000 (***), P < 0.01 (**), P < 0.05 (*) except for accession DS (ns)).
Full names and corresponding abbreviations of the accessions can be found in Table 1.

Our results show that standardizing the exposed leaf side when screening for host plant
resistance is important for ranking the accessions for resistance. For example, based on the
amount of thrips damage on the adaxial sides, accession 944750228 is the most resistant.
However, based on feeding damage on the abaxial side the same accession would be the second
most susceptible (Figure 2).
Overall, our results are in concordance with field observations, where it was found that thrips
damage occurs more on the abaxial leaf side (Culliney, 1990; Daniel et al., 1983; Feller et al.,
2002; Tree & Walter, 2009). Morphological resistance traits such as trichomes might be key
players, although the relationship to thrips resistance was found to be equivocal (Maharijaya
et al., 2013; Yadwad et al., 2008). In addition to morphology, biochemical differences between
leaf sides might play an important role. For example, glucosinolate concentrations on the
abaxial leaf surface of Arabidopsis thaliana (L.) Heynh. were found to be up to 30 times higher
than on the adaxial leaf side which was linked to higher oviposition rates of the specialist
Pieris rapae L. on the abaxial leaf side (Shroff et al., 2015). Whether similar differences in
defense distribution play a role in Capsicum remains unknown. More in-depth research into
the chemical and morphological differences between leaf sides may provide important clues
for the better understanding of thrips resistance mechanisms.
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Ontogenetic effects on thrips damage
We further tested whether thrips resistance changes with ontogeny. We quantified thrips
damage in 10 commercial Capsicum accessions while the plants were in the vegetative,
flowering and fruit ripening stage using our leaf disc screening method (Table 2).
Overall, we observed a significant effect of developmental stage (P < 0.001, F(2, 60) = 14.844)
and accession (P < 0.001, F(9, 60) = 20.162) on thrips damage. Not all accessions showed a
similar pattern (interaction effect, P < 0.001, F(17, 60) = 6.097); Yolo Wonder, Aji Crystal,
Serrano and Cayenne Long Slim were damaged by thrips more in the vegetative stage than in
later stages (Table 2). Discs taken from Fatalii Red plants in the fruit ripening stage showed
significantly less thrips damage compared to those taken from the same plants in the flowering
stage. Shanshu-2001 showed an opposite response, with higher feeding damage observed in
the fruit ripening stage.
Consequently, ranking resistance is dependent on the ontogenetic stage and these patterns
differ between accessions. For example, Rocoto Red when tested in the vegetative stage,
would be rated as moderately susceptible (rank 6, Figure 3, vertical axis). However, in the
reproductive stages it would be rated as resistant (rank 2). In contrast, Yolo Wonder is resistant
in the vegetative stage (rank 2) but becomes more susceptible in the reproductive stages (rank
7). In addition, we observed consistency in resistance/susceptibility levels over the whole
plant’s ontogenetic development in Habanero Red and Aij Crystal. Especially accessions, with
stable constitutive thrips resistance over the whole plant’s ontogenetic development may
provide interesting leads for breeding programs.
Overall our results indicate that thrips resistance is dependent on the plant’s developmental
stage and its genetic background. Studies on other plant species have also indicated the
importance of ontogenetic stage when screening for resistance. For example, in rice, the water
weevil, Lissorhoptrus oryzophilus, preferred the pre-tillering stage (the stage before plants
start to produce tillers for vegetative propagation) (Stout et al., 2013). However, resistance
against F. occidentalis in cucumber (Cucumis sativus) was not dependent on plant age (de
Kogel et al., 1997). Although the plants tested in the latter study were of different ages, it was
not specified whether these plants were also in different ontogenetic stages. Our finding that
resistance levels in leaves are not consistent over the plant’s ontogenetic development
indicates that breeding for resistance in crops should not rely on screening for resistance in
one ontogenetic stage only, as it might lead to selection of accessions with unstable constitutive
thrips resistance.
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Table 2. Mean (± SE) feeding damage (mm2) by Frankliniella occidentalis on leaf discs (Ø 1.5 cm; n =
3 per stage and accession) of 10 commercial Capsicum accessions in three life stages.
Reproductive stage
Accession

Species

Vegetative

Cayenne Long Slim

C. annuum

46.9 ± 11.9

Golden California Wonder

C. annuum

4.4 ± 2.2
a

Flowering
a

Fruit ripening

b

2.8 ± 0.4

5.5 ± 1.7b

1.3 ± 0.3

6.6 ± 3.2

b

7.3 ± 2.2

8.1 ± 1.0b
16.4 ± 3.5b

Serrano

C. annuum

29.3 ± 3.8

ShanShu-2001

C. annuum

4.5 ± 1.7a

7.6 ± 2.2a,b

Thai Hot Culinary

C. annuum

96.8 ± 2.5

84.4 ± 6.3

n.a.

Yolo Wonder

C. annuum

21.2 ± 8.8a

2.8 ± 0.2b

2.1 ± 1.0b

Aji Crystal

C. baccatum

17.7 ± 2.1a

7.5 ± 0.7b

6.6 ± 2.1b

Fatalii Red

C. chinense

5.8 ± 0.4a

9.0 ± 0.1b

2.7 ± 0.4c

Habanero Red

C. chinense

2.0 ± 0.3

3.7 ± 1.2

2.7 ± 0.5

Rocoto Red
C. pubescens
11.2 ± 5.6
13.2 ± 1.0
12.2 ± 0.4
Means within a row followed by different letters differed significantly (Tukey's test: P < 0.02)
n.a. = not assessed

Figure 3. Three dimensional resistance ranking of 10 commercial Capsicum accessions based on thrips
damage using no-choice assays of leaf discs from the same plants in the vegetative, flowering and fruit
ripening stages. Rank 1 = high damage levels, susceptible; 10 = low damage levels, resistant. Full names
and corresponding abbreviations of the accessions can be found in Table 1.
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In addition to identifying constitutive resistance in leaves, it is also important to assess thrips
resistance on whole plants, especially when they are flowering. Flower thrips, such as F.
occidentalis, can use the pistil, calyx, petals and filaments for oviposition (Childers & Achor,
1991; Cockfield et al., 2007), and pollen as a high quality food source (Kirk 1984). Screening
whole plants, however, requires a great investment in time, greenhouse space and person
hours. Our screening method may help to reduce the number of accessions to screen as whole
flowering plants, and thus contribute to a more effective selection of Capsicum accessions
highly resistant over the entire ontogenetic development.

Conclusion
We demonstrated the successful application of our screening method in thrips damage
quantification and the importance of standardizing resistance screening methods. The handling
of leaf discs and the use of a scanner makes it a straightforward and easy method that can be
applied by different experimenters without compromising subjectivity. Especially, while
screening for resistance in large scale experiments our method provides an accurate tool, since
it has been observed that researchers scoring plant resistance often change their ranking
estimates when they gain experience in due time (personal communication, East-West Seed).
The application of our objective screening method will provide solid objective data which will
allow for better comparison among different test series and studies on thrips resistance. In
addition, the method can be easily adapted to other plant-insect research systems such as leaf
miners or any other leaf surface damaging insect. Ultimately, our method thus provides an
efficient tool for screening for resistance to insects in applied research and commercial
breeding.
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Abstract
Capsicum is a genus containing important crop species, many of which severely suffer from
thrips infestation. Thrips feeding damages leaves and fruits, and often results in virus
infections. Only few insecticides are still effective against thrips, underlining the importance
of finding natural resistance in crops. Capsicum is a perennial plant which is usually cultivated
for several months during which the fruits are harvested. From the young vegetative stage to
the mature fruit bearing stage, the plants risk thrips infestation. Constitutive resistance to thrips
over the entire ontogenetic development is therefore a key trait for more sustainable and
successful cultivation of hot and sweet pepper. In addition to ontogeny, leaf position can affect
the level of thrips resistance. Pest resistance levels are known to differ between young and old
leaves. To our knowledge, no studies have explicitly considered ontogeny and leaf position
when screening for constitutive resistance to thrips in Capsicum. In this study we analyze
whether ontogeny and leaf position affect leaf-based resistance to F. occidentalis and T. tabaci,
in 40 Capsicum accessions, comprising five different species. Our results show that resistance
to both thrips species in Capsicum varies with ontogenetic stage. This variation in resistance
among ontogenetic stages was not consistent among the accessions. However, accessions with
constitutive resistance in both the flowering and fruit ripening stage could be identified. In
addition, we found that thrips resistance is overall similar at different leaf positions within
ontogenetic stage. This implies that resistance mechanisms, such as defense compounds, are
constitutively present at sufficient levels on all leaf positions. Finally, we found that resistance
to F. occidentalis and resistance to T. tabaci were not correlated. This indicates that leaf-based
resistance in Capsicum is thrips species-specific. Because of the variation in resistance over
ontogeny, identifying Capsicum accessions with resistance over their entire lifespan is
challenging. For resistance screening, accounting for leaf position may be less of a concern.
To identify the defense mechanisms responsible for thrips resistance, it is important to further
analyze and compare resistant and susceptible accessions.

Introduction
Thrips are wide-spread piercing-sucking insects which are responsible for severe yield
reduction in vegetable crops such as cucumber, strawberry, melon and pepper (Park et al. 2007;
Peng et al. 2011; Sampson & Kirk 2013; Shipp et al. 2000). Crops infected with thrips show
stunted growth, leaf deformation and scarring of the fruits, leading to reduced yield and
marketing quality (Welter et al., 1990; Tommasini and Maini, 1995; Shipp et al., 1998). In
addition, they are an important vector of plant viruses, especially tospovirsuses (Whitfield et
al., 2005; Riley et al., 2011; Rotenberg et al., 2015). Their positive thigmotactic nature, fast
life cycle and parthenogenetic reproduction makes thrips difficult to combat. Thrips control is
mostly achieved by integrated pest management (IPM) (Weintraub, 2007; Mouden et al.,
2017), which combines chemical and biological strategies to grow healthy crops (EhiEromosele et al., 2013). Pesticides have lost their effectiveness due to the emergence of
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resistant thrips populations (Bao et al., 2014; Nazemi et al., 2015; Li et al., 2016). Worldwide
there are currently 175 documented cases of F. occidentalis populations and 112 cases of T.
tabaci populations, which are resistant to insecticides (Arthropod Pesticide Resistance
Database, Michigan State University, East Lansing, MI, http://www. pesticideresitance.org;
January 2018). In addition, the use of pesticides has been linked to bee colony disorder (Dively
et al. 2015; Brandt et al. 2016), decline in insectivorous bird populations (Hallmann et al.
2014), and human health hazards (Kim et al. 2017). The successful application of IPM to
minimize pesticide use is dependent on the presence of natural resistance in crop plants.
Capsicum, a genus in the nightshade family that includes hot and sweet pepper, can be severely
damaged by thrips. Commonly grown species are C. annuum (chili and sweet pepper) and C.
chinense (aromatic hot pepper). Nowadays, hot and sweet peppers are among the most
produced crops, with an estimated production of 34.5 million tons worldwide (FAOSTAT;
Data Productions Crops 2016; http://www.fao.org/faostat/en/#data/QC). Due to
domestication, commercially grown hot and sweet pepper have lost their resistance to thrips
and as a result Capsicum is infested by several thrips species (Talekar, 1991; Capinera, 2001;
Ssemwogerere et al., 2013). Thrips species commonly found on Capsicum include
Frankliniella occidentalis (western flower thrips), Thrips palmi (melon thrips), Scritothrips
dorsalis (chilli thrips) and, to a lesser extent, T. tabaci (onion thrips) (Ssemwogerere et al.,
2013; Walsh et al. 2012; Cannon et al. 2007; Weintraub, 2007). F. occidentalis, also known
as western flower thrips, is one of the most wide spread thrips species. It has successfully
spread from America to Europe, Africa, Australia and Asia where it has established as a
common pest (Tommasini and Maini, 1995; Kirk and Terry, 2003). It causes damage on leaves,
flowers and developing fruits by feeding and egg deposition. Moreover, it can transmit at least
five types of Tospoviruses (Riley et al., 2011). T. palmi and S. dorsalis are more problematic
in tropical to subtropical regions (Cannon et al., 2007; Weintraub, 2007; Kumar et al., 2013).
In Europe, they are observed only occasionally. Consequently, these thrips species are
quarantine organisms in the EU (EPPO/CABI, 1997; Vierbergen & van der Gaag, 2009). T.
tabaci was one of the first recognized vectors of the Tomato Spotted Wilt Virus (Pittman,
1927) and is the most serious pest in onion (Diaz-Montano et al., 2011). It is known to occur
on a broad range of hosts, including Capsicum, and causes damage on the foliage (Ramakers,
1978; De Klerk & Ramakers, 1986; Walsh et al., 2012). Controlling thrips on Capsicum with
pesticides is difficult and the identification of resistant accessions is necessary for successful
and sustainable production of pepper in the future.
Various studies have explored sources of thrips resistance within the genus Capsicum (Fery &
Schalk, 1991; Maris et al., 2003a; Maharijaya et al., 2011). Accessions resistant to thrips were
characterized based on reduced preference, feeding or reproduction rates, or increased thrips
mortality (Fery & Schalk, 1991; Maris et al., 2003b; Maris et al., 2004; Maharijaya et al.,
2011). However, the various accessions tested do not always show consistent results
throughout these studies. For example, the sweet pepper accession “Yolo Wonder” was
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reported to be resistant to F. occidentalis by Fery & Schalk (1991), but later identified as
susceptible to the same thrips species by Maharijaya et al. (2011). These inconsistencies
among studies might be explained by the fact that the accessions were screened at different
ontogenetic stages. Because plant development is accompanied by physiological changes,
resistance levels assessed in one ontogenetic stage cannot simply be extrapolated to other
ontogenetic stages (Broekgaarden et al., 2012; Stout et al., 2013; Visschers et al., 2018a).
Capsicum is a perennial plant, which bears fruits up to at least 160 days after the seedlings are
planted (González-Dugo et al., 2007). An individual plant can suffer thrips damage from the
early vegetative stage to the mature, fruit-bearing stage. Constitutive leaf-based resistance to
thrips over the entire plant’s ontogenetic development is therefore a key trait for a more
sustainable and successful cultivation of pepper. In addition to ontogeny, leaf position can
affect the level of thrips resistance. Resistance to a given pest is known to differ between young
and old leaves (van Dam et al., 1995; Visker et al., 2003; Alvarez et al., 2006; Gutbrodt et al.,
2012). Moreover, whole plant assays have shown that within plant distribution of thrips is
plant species- and cultivar- dependent (Reitz, 2002; Reay-Jones et al., 2017). Leaf position
and ontogeny have, to our knowledge, not been included when screening for constitutive leaf
leaf-based resistance to thrips in Capsium.
In this study we analyze whether ontogeny and leaf position affect leaf-based resistance to two
different thrips species, F. occidentalis and T. tabaci, in Capsicum. Feeding damage was used
as a parameter to determine leaf-based resistance levels, because this is a widely applied
method for identifying resistant accessions (Koschier et al 2002; Leiss et al 2009; Maharijaya
et al. 2011; Maris et al. 2002). Moreover, feeding damage is positively correlated with thrips
performance (Maharijaya et al. 2012), which makes it a good predictor for overall resistance.
Our screening panel consisted of 40 accessions, including previously screened and novel C.
annuum, C. baccatum, C. chinense, C. pubescens and C. frutescens accessions. Using a high
throughput leaf-disc based screening approach (Visschers et al. 2018a, 2018b), the accessions
were assessed for thrips resistance based on damage inflicted on leaf discs in three ontogenetic
stages of the plant: the vegetative, flowering and fruiting stages. In the vegetative stage, only
middle leaves were used for resistance screening, while in the reproductive stages apical and
basal leaves were also included. Because the same accessions were screened for both F.
occidentalis and T. tabaci, we could also directly correlate the resistance levels to these two
species. A positive correlation might be indicative for a general resistance factor effective to
multiple thrips species.
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Material & methods
Plant material
We used five Capsicum species, C. annuum, C. chinense, C. baccatum, C. pubescens, C.
frutescens and a total of 40 accessions (Table 1). Several of these accessions have already been
tested in Fery & Schalk, 1991; Maris et al., 2003a; Maharijaya et al., 2011 as being resistant
or susceptible to thrips (Table 1). Seeds were obtained from the Centre for Genetic Resources
(CGN),
Wageningen
University
and
Research
Centre,
the
Netherlands
(http://cgngenis.wur.nl/). Accession “Hot fatalii” was obtained from East West Seed (Chiang
Mai, Thailand).

Table 1. Overview of the forty Capsicum accessions used in this research. Ru-codes are used for
presentation in figures and tables.
Species

Accession code

Ru-code

C. annuum

CGN22151

1

CGN22830

I

2

CGN22120

S

3

C. annuum

CGN21543

R

4

C. annuum

CGN21534

C. annuum
C. annuum

5
R

6

C. annuum

CGN23765

C. annuum

CGN16913

7

C. annuum

CGN21550

8

C. annuum

CGN19226 I

9

C. annuum

CGN19240

10

C. annuum

CGN20503 R

11

CGN16922

I

12

CGN19189

I

13

C. annuum

CGN23222

RS

14

C. annuum

CGN23098 IS

15

C. annuum

CGN19239 R

16

C. annuum

CGN23289 S

17

C. annuum
C. annuum

18
C. annuum
CGN16835
Letters following accession codes indicate previously identified resistance
levels (R, resistant, I, intermediate resistant and S, susceptible) to thrips
according to Fery & Schalk, 1991; Maris et al., 2003a; Maharijaya et al.,
2011. Unkown in wich ontogenetic stage thrips resistance was determined.
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Table 1. Continued (2/2).
Ru-code

Species

Accession code

C. annuum

CGN22151

19

C. annuum

CGN17202

20

C. annuum

CGN17227

21
R

22

C. annuum

CGN16975

C. chinense

CGN17220

23

C. chinense

CGN22829 SR

24

C. chinense

CGN22862 I

25
26

C. chinense

Hot fatalii

C. chinense

CGN16994 I

27

C. chinense

CGN17004

S

28

C. chinense

CGN21557 S

29

C. chinense

CGN17222

30

C. chinense

CGN17219 S

31

C. chinense

CGN16995

S

32

C. chinense

CGN21469

R

33

C. frutescens

CGN22839

34

C. pubescens

CGN22108

35

Unkown

VERGASA

36

Unkown

ROXY

37

Unkown

SNOOKER

38

39
C. chinense
CGN22798
40
C. baccatum
CGN21513
Letters following accession codes indicate previously identified resistance
levels (R, resistant, I, intermediate resistant and S, susceptible) to thrips
according to Fery & Schalk, 1991; Maris et al., 2003a; Maharijaya et al.,
2011. Unkown in wich ontogenetic stage thrips resistance was determined.

Seeds were germinated in closed plastic cups (Ø 7cm) on sterile glass beads (Ø 1mm) in a
climate cabinet (Snijders Labs, Tilburg, the Netherlands) at L16:D8 light: dark regime and
temperature set to 30 °C / 20 °C (day/night). When the first two true leaves had developed, the
seedlings were transplanted to pots (11 cm x 11 m x 12 cm) containing potting soil (Potting
soil 4, Horticoop, Bleiswijk, the Netherlands). The pots were randomly placed on tables in a
greenhouse, inside two insect-free net cages (Rovero 0.30 mm gauze, 7.50 m x 3 m x 2.75 m)
at 1 6h photoperiod and minimum temperatures set to 20 °C / 17° C (day/night). Natural light
was supplemented with Greenpower lights (400V/1000W, Phillips, Amsterdam, the
Netherlands) when below 200Watt / m2. Plants were inoculated with biological control agent,
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Amblyseius swirskii Athias-Henriot (Koppert Biological Systems, Berkel en Rodenrijs, the
Netherlands) every 4 to 6 weeks to minimize infection with thrips, whitefly and broad mite.
Three to four individual plants per accession were maintained throughout the experiments.
Sampling of leaves in the vegetative stage started 5 weeks after germination. After plants were
sampled in the vegetative stage, they were transferred to larger containers (18 cm x Ø 13 cm)
containing potting soil and 4 g / L Osmocote® Exact Standard 3-4M (Everris, Waardenburg,
the Netherlands). Plants were watered with additional nutrient solution as necessary (1.8 %
Kristalon Label Blue, Yara, Grimsby, UK). For the flowering stage, leaves were collected after
the first fully opened flowers had emerged on the plant. For the fruit ripening stage, leaves
were collected when the first fruit started ripening and reached the breaker stage (fruit color
changes from green to red). Experiments were conducted in two blocks, February 2015
through July 2015 for screening against T. tabaci, August 2015 through January 2016 for
screening against F. occidentalis. Several accessions suffered from low levels of mite and
aphid infestation in the reproductive stages (Table 5). Plants were not sampled when
yellow/white spots caused by spider mite feeding had occurred on leaves or when more than
10 aphids were observed on the plant.

Insect culture
To establish a colony, Frankliniella occidentalis and Thrips tabaci stock was obtained from
Wageningen University, The Netherlands. Cultures were kept in glass jars (11 cm x Ø 7.5 cm)
with lids containing fine mesh gauze (45 µM polyester, Ø 6 cm) for aeration. F. occidentalis
culture was kept on five fresh green beans (Phaseolus vulgaris) per jar and a 1.5 ml Eppendorf
tube with a small amount of pollen grains (De Traay imkerij, Lelystad, the Netherlands) to
increase oviposition rates (Anjum et al., 2012; Kirk, 1985). T. tabaci was reared on two pieces
of ± 2 cm, Ø 3 cm Allium porrum L. var. porrum (L.) G. Gay. Three layers of filtration paper
were placed on the bottom to absorb excess moisture and to prevent the beans and leek from
fouling. Thrips were transferred to clean jars weekly; beans and pieces of leek that were still
looking fresh were transferred. The jars with thrips cultures were kept in separate climate
cabinets (Economic Delux 432 L with TL lightning, Snijders Labs, Tilburg, The Netherlands)
at 25 °C for F. occidentalis and 23 °C for T. tabaci under a L16:D8 light regime. All
experiments were performed using synchronized L1/L2 larvae that were starved for 24 h prior
to experiments. Thrips colony rearing conditions and testing conditions were kept constant
over time.

No-choice leaf disc assay
Leaf samples were collected in the greenhouse of the Radboud University as described by
(Visschers et al., 2018a). In the vegetative stage, leaf samples were selected in the middle of
the plant’s vertical axis (Figure 1A). In the flowering and fruit ripening stage, apical (avoiding
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young, not fully developed leaves) and basal leaf samples (avoiding old discolored leaves)
were taken in addition to middle leaf samples. For each plant, one leaf per position on the plant
was collected for the no-choice assay (Figure 1B). Using a cork borer, four leaf discs (Ø 1.5
cm) were punched from the leaves, thereby avoiding the mid-vein for optimal image analysis
(n = 4 leaf discs per leaf and leaf position on the plant). Each leaf disc was placed in a separate
Petri dish on a drop of 1.5 % slightly liquid agar (Sigma Aldrich, USA) with the abaxial side
up in the center of the Petri dish. For each sampled leaf, two of the four Petri dishes were
inoculated with thrips. Thrips larvae were used for these experiments, since this stage is known
to damage leaves the most. For inoculation, five synchronized L1/L2 thrips larvae were placed
on the leaf disc using a small painting brush. The Petri dish was sealed with Parafilm and
placed in the same climate cabinet as used for insect rearing. Petri dishes without thrips were
directly sealed with Parafilm and used for correction during image analysis. After 48h, the
thrips were removed and digital images of treated and untreated leaf discs were acquired as
describe by Visschers et al. (2018b). Leaf disc assays were conducted separately for each thrips
species.
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Figure 1. Schematic view of leaf sampling along the vertical axis of the plant (A) and overview of the
experimental design (B). Three plants per accession and life stage were sampled. Of each sampled plant
two leaf discs per leaf position were tested for thrips damage (n = 6-12 leaf discs per accession and leaf
position).

Determination of feeding damage
Feeding damage included all discolorations of the leaf disc caused by thrips feeding, e.g.
necrosis, dark green freshly damaged area and the typical silver leaf damage (Figure 2). Image
processing and quantification of feeding damage in mm2 was performed using ImageJ Fiji
(version 2.0.0 with Java 1.6.0_24) (Schindelin et al., 2012) and Ilastik (version 1.1.3) (Sommer
et al., 2011) according to the protocol described by (Visschers et al., 2018b). Ilastik was trained
using four to six leaf discs per accession and life stage.

Figure 2. Example of severely damaged (A) and very little damaged (B) leaf disc by Frankliniella
occidentalis in the flowering stage. Leaf samples were taken in the middle of the vertical axis of the
plant.
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Statistical analysis
All statistical analyses were performed using R Version 1.0.153 (R Core Team; 2016).
Statistical analyses were performed using non-parametric tests, since our data did not meet the
requirements for parametric tests. Statistical analyses were preformed separately for each
thrips species. Biological replicates were treated as independent replicates. Thrips damage
(mm2) was transformed to ranks separately for each thrips species and ontogenetic stage in
order to allow comparisons. This was necessary because the accessions differed in their
ontogenetic development. Therefore, they were sampled at different time points, which caused
random (temporal) variation in the amount of thrips damage. Accessions with equal scores
were each assigned the same, average rank. For the F. occidentalis experiment, plants were
ranked from 1 to 275 for both the vegetative and flowering stage; for the fruiting stage from 1
to 156, because some accessions became infested with greenhouse pests (see above) or did not
set fruit. For the T. tabaci experiment, plants were ranked from 1 to 274 in the vegetative stage,
in the flowering stage from 1 to 258 and in the fruit ripening stage from 1 to 209. Differences
in resistance ranks among accessions within each ontogenetic stage were analyzed using the
non-parametric Kruskal-Wallis H test. Differences among ontogenetic stage per accession
were also analyzed using Kruskal-Wallis H test. Finally, effects of leaf position on thrips
damage (in mm2) were assessed within each ontogenetic stage using Kruskal-Wallis H test.
Significant effects were reported with alpha adjusted to 0.015 to correct for multiple
comparisons.
Pairwise linear regression correlations of thrips damage between the ontogenetic stages and
the leaf positions were performed using the ‘lm()’ function from the Stats package in R.
Correlation analyses among ontogenetic stages were based on the accession mean damage
rank. Correlation analyses among leaf positions were based on accession-mean of mm2 damage
per leaf position within ontogenetic stage. Correlation analyses among thrips species were
based on accession mean of mm2 damage of middle leaves for each ontogenetic stage
separately. Significant effects were reported with alpha set to 0.05.

Results
In this study, forty Capsicum accessions, comprising five species, were screened for resistance
to two common thrips species. Using an objective leaf disc test, we analyzed whether ontogeny
and leaf position affect resistance. Therefore, plants were screened over three ontogenetic
stages and at three different leaf positions within the flowering and fruiting stages.

Effects of ontogeny on thrips damage
Within each ontogenetic stage we analyzed whether thrips damage differed among the forty
Capsicum accessions. In each ontogenetic stage, accessions significantly differed in thrips
damage rank (P < 0.001 for each ontogenetic stage, Figure 3). This effect was observed for
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both thrips species (Figure 3). As a result, highly resistant and susceptible accessions could be
identified in each ontogenetic stage. For example, in the flowering stage, accession CGN22839
(34) was only slightly damaged whereas accession CGN17227 (21) was severely damaged by
F. occidentalis (mean thrips damage rank, 22.6 and 260 respectively, Figure 3B).
Next, we analyzed, within each accession, whether ontogeny significantly influenced thrips
damage. For 55 % of the accessions, based on the results of both thrips species, damage ranks
were not consistent in the vegetative, flowering and fruit ripening stage (Figure 3 accessions
marked by •, Table 6). In 46 % (F. occidentalis) and 25 % (T. tabaci) of the accessions there
was a significant effect of ontogenetic stage on thrips damage rank. For example, in accessions
CGN17220 (23) and CGN17227 (21) we found a significant effect of ontogeny (χ2(2) = 13.363,
P = 0.001 and χ2(2) = 12.877, P = 0.002, respectively) for resistance to F. occidentalis.
Accession CGN17227 (21) was highly damaged in the flowering stage, but became less
susceptible in the fruit ripening stage (mean thrips damage rank 260 and 80, respectively,
Figure 3B and C). Accession CGN17220 (23) on the other hand, was one of the most resistant
accession in the flowering stage, but among the most susceptible in the vegetative and fruit
ripening stages (mean thrips damage rank 246.8, 32.2 and 98.4, respectively, in the vegetative,
flowering and fruit ripening stage, Figure 3A, B and C).
To carefully explore this effect of ontogeny on thrips damage, we correlated mean damage
ranks between ontogenetic stages. No significant correlation in damage rank was observed
between most of the ontogenetic stages (Table 2). Only for T. tabaci we observed a positive
correlation between damage ranks in the vegetative and flowering stage (P = 0.008, Table 2).
Thrips damage, and thus resistance ranking, among the accessions is therefore dependent on
ontogenetic stage.
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Figure 3. Mean (± SE) thrips damage rank of middle leave samples in the vegetative (A and D), flowering
(B and E) and fruit ripening stage (C and F) of 40 Capsicum accessions. Leaf discs were either exposed
to Frankliniella occidentalis (A, B and C) or Thrips tabaci (D, E and F) (n = 4 – 12). Significant effect
of accessions was observed for each life stage and thrips species (P-values of overal Kruskall-Wallis on
effect of accession within ontogenetic stage). Accessions labeled with a • on the X-axis showed a
significant effect of ontogeny on resistance rank (P < 0.015, see Table 6 for details). Accession codes
and corresponding CGN numbers can be found in Table 1. Different formatting of bars represents
different Capscium species. n.a. = not assessed due to mite and aphid infection.

Table 2. Pairwise linear regression correlation of thrips damage rank between the vegetative (veg),
flowering (flow) and fruit ripening stage (fruit) for Frankliniella occidentalis and Thrips tabaci.
Coefficient of determination (R2) and the significance level (P) is given. Bold P-values (P < 0.05) indicate
a significant positive correlation.
F. occidentalis
2

T. tabaci
2

R

P-value

R

P-value

Veg - flow

<0.001

0.953

0.175

0.008

Veg – fruit

0.032

0.405

<0.001

0.992

Flow – fruit

0.132

0.087

0.005

0.719

Effects of leaf position on thrips damage
We quantified thrips damage on leaf discs of apical, middle and basal leaves in the flowering
and fruit ripening stage. Overall, middle leaves were damaged the most by both thrips species
(mean thrips damage over all accessions for apical, middle and basal leaves were 8.5, 11.8 and
9.8 mm2, respectively). Significant effects of leaf position were only observed in a few
accessions (Figure 4 accessions marked by •, Table 7). Of these accessions only accession
CGN23098 (15) demonstrated a significant effect of leaf position in both reproductive stages
for F. occidentalis damage (flowering stage: χ2(2) = 12.21, P = 0.002, and fruit ripening stage:
χ2(2) = 9.50, P = 0.009, Table 7). Since the effect of leaf position was only observed in a few
accessions, we tested whether feeding damage at a certain leaf position could be correlated to
thrips damage at other leaf positions. Correlation analyses indeed confirmed that feeding
damage was highly correlated between leaf positions. With F. occidentalis, these correlations
were found in both the flowering and fruit ripening stages (Table 3). For T. tabaci a significant
positive correlation was observed between basal and apical leaves and basal and middle leaves
only in the fruit ripening stage. Thus, in most of the accessions thrips resistance scores are
consistent at different leaf positions within an ontogenetic stage.
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Figure 4. Mean (± SE) thrips damage (mm2) on apical (white), middle (grey) and basal (black) leaves in
the flowering (A and C) and fruit ripening stage (B and D) on leaf discs (Ø 1.5 cm) of 40 Capsicum
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accession (n = 4 – 12). Leaf discs were either exposed to Frankliniella occidentalis (A and B) or Thrips
tabaci (C and D). Accession codes labeled with a • on the X-axis showed a significant effect of leaf
position on damage (P < 0.015, Table 7). Accession codes and corresponding CGN numbers can be
found in Table 1. n.a. = not assessed due to mite and aphid infection.

Table 3. Pairwise linear regression correlation of thrips damage between apical, middle and basal leaves
in the flowering and fruit ripening stage for Frankliniella occidentalis and Thrips tabaci. Coefficient of
determination (R2) and the significance level (P) is given. Bold P-values (P < 0.05) indicate a significant
positive correlation.
Flowering stage
F. occidentalis

Fruit ripening stage

T. tabaci

F. occidentalis

T. tabaci

R2

P-value

R2

P-value

R2

P-value

R2

P-value

Apical middle

0.628

< 0.001

0.280

< 0.001

0.487

< 0.001

0.286

0.002

Apical basal

0.608

< 0.001

0.034

0.273

0.398

< 0.001

0.349

<0.001

Middle basal

0.695

< 0.001

0.033

0.278

0.522

< 0.001

0.285

0.003

Correlation between resistance to F. occidentalis and T. tabaci
Finally, we tested whether thrips damage caused by F. occidentalis correlated to damage
caused by T. tabaci in the vegetative, flowering and fruit ripening stage. We observed no
significant correlation in mean damage ranks between these two thrips species. This effect was
consistent for all three ontogenetic stages (Table 4).

Table 4. Pairwise linear regression correlation of damage rank between Frankliniella occidentalis and
Thrips tabaci in the vegetative, flowering and fruit ripening stage. Coefficient of determination (R2) and
the significance level (P) is given. No significant correlations were observed.
R2

P-value

Vegetative

0.025

0.331

Flowering

0.001

0.820

Fruit ripening

<0.001

0.904
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Discussion
In this study we provided evidence that leaf-based resistance to thrips changes over plant
ontogeny. Although there was a strong effect of ontogeny, we identified several C. annuum
and C. chinense accessions with consistent constitutive leaf-based resistance in the flowering
and fruit ripening stage. We further demonstrate that when the plant is in a certain ontogenetic
stage, resistance scores are mostly similar at different leaf positions. In addition, we found no
correlation in damage rank for F. occidentalis and T .tabaci.

Ontogenetic stage affects leaf-based resistance to thrips
Our results provide experimental evidence that leaf-based resistance to thrips in Capsicum
varies with ontogenetic development. This means that it is important to control for ontogenetic
stage when screening for resistance to thrips in Capsicum. Previous studies on other plantinsect systems have indicated the importance of ontogenetic stage when screening for
resistance (Stout et al., 2013; Hoque & Avila-Sakar, 2015). Among crops, there is variation
independent of ontogenetic stage. For example, field studies on cabbage revealed that T. tabaci
preferred plants with developing cabbage heads over younger plants (Voorrips et al., 2008).
Resistance to F. occidentalis in cucumber (Cucumis sativus), on the other hand, was not
dependent on plant age (de Kogel et al., 1997a). However, in this study, it was not specified
whether these differentially aged plants were also in different ontogenetic stages.
Our results show that the magnitude of the ontogenetic effect depends on the accession that is
tested. In other words, we could not identify a general pattern for ontogenetic variation in leafbased thrips resistance among the 40 Capsicum accessions. This is in line with a meta-analysis
on the ontogeny of plant defense and herbivory, which also failed to find common patterns
(Barton & Koricheva, 2010). This meta-analysis comprised 116 published studies reporting
on ontogenetic patterns in defense traits and herbivory. It revealed that ontogenetic patterns
were dependent on life form (woody, herbaceous, grass), type of herbivore (insect, mollusk,
mammal) and defense trait (secondary chemistry, physical defense, tolerance) (Barton &
Koricheva, 2010). Here we show that even within a group of congeneric species no general
pattern in leaf-based resistance between ontogenetic stages to insects could be found. This
means that identifying Capsicum accessions possessing constitutive leaf-based resistance over
their entire lifespan is challenging. In Capsicum the reproductive stages are the most crucial
for fruit set and development and last for several months. It can be argued that these stages are
thus the most important for growers. On the other hand, natural enemies of thrips such as
Amblyseius swirskii and Orius laevigatus Fieber establish when plants start to flower, due to
availability of pollen (Goleva & Zebitz 2013; Wong & Frank 2013). Plants are therefore better
protected by natural enemies in the reproductive stages, which makes leaf-based resistance in
the vegetative stage more important. Natural leaf based resistance in the vegetative stage
combined with the application of natural enemies in the reproductive stage thus can contribute
70

to successful implementation of IPM in Capsicum. As such, accessions such as CGN16994
(27) and CGN17004 (28), provide important leads for resistance breeding programs, because
of their strong resistance in the vegetative stage. Our resistance measures are based on leaf
disc-assays. Arguably, this may not reflect resistance on the whole plant level, where flowers
are available. However, previous studies have shown that thrips damage observed in leaf disc
assays and whole plant assays yield comparable results (Mahayrijaya et al. 2011). Leaf disc
assays, especially when combined with computerized data acquisition, thus may be a costeffective method to quickly identify suitable accessions for breeding thrips resistant crops.
Nevertheless, whole plant screening assays including the monitoring of population
development can provide additional information on the level of antibiosis in these resistant
accessions, especially when plants have entered the generative stage.
Additionally, we have shown that both C. annuum and C. chinense include accessions with
constitutive leaf-based resistance in the flowering and fruit ripening stages such as accession
CGN22151 (1), CGN22830 (2) and CGN23765 (6). These accessions provide interesting
targets for identifying resistance mechanisms to thrips. Each Capsicum species might possess
its own unique set of metabolites that confers resistance to thrips. In the two closely related
Solanum species, S. galapagense S. Darwin & Peralta and S. cheesmaniae (L. Riley) Fosberg,
metabolomics profiles were distinctively different (Vosman et al., 2018). Based on these
studies, we expect metabolomics profiles and consequentially metabolites conferring
resistance to differ between C. annuum and C. chinense as well. As both species can be
hybridized, heritable (chemical) resistance may be combined to create a multilayered thrips
defense which lasts over the plant’s reproductive lifetime (Zewdie & Bosland 2000).

Leaf position does not affect thrips resistance
Our study also shows that thrips resistance within an ontogenetic stage is mostly constant at
different leaf positions. In previous studies on within-plant distribution of insect feeding, leaf
position was found to affect resistance to thrips. In cucumber (Cucumis sativus), leaf position
had a significant effect on reproduction of F. occidentalis and this effect was different among
accessions (de Kogel et al., 1997a; de Kogel et al., 1997b). Similarly, in cotton, thrips
abundance within the plant was affected by leaf position and this effect was dependent on the
tested cultivar (Reay-Jones et al., 2017). We show that in Capsicum leaf position does not
affect resistance to F. occidentalis or T. tabaci. This suggests that resistance mechanisms, such
as defense compounds, are constitutively produced in leaves over the whole plant, independent
of leaf position. In other studies, presence of defense compounds in apical and basal leaves
have shown contrasting patterns. In maize (Zea mays L.), the defense compound 1,4benzoxazin-3-one, an antifeedant and toxic compound to a wide range of herbivores
(Niemeyer, 2009), was found to be the lower in young leaves than in old leaves (Kohler et al.,
2015). However, in Cynoglossum officinale L. (Hound’s Tongue) opposite patterns were
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observed. Young leaves contained up to 190 times higher levels of pyrrolizidine alkaloids,
which are deterrent to generalists herbivores (van Dam et al., 1994). In Capsicum, capsianoside
III-2, a linear diterpene glycoside with a hydroxygeranyllinalool skeleton, has been linked to
resistance to thrips in a cross between a resistant C. annuum and susceptible C. chinense
(Maharijaya et al., 2018). The distribution of this compound over different leaf positions is not
known, though it has been found in the fruits (Lee et al., 2006). In Nicotiana attenuata (Torr.)
ex S. Watson (coyote tobacco), capsianosides provided an effective direct defense against
Manduca sexta L. (tobacco hornworm) (Heiling et al., 2010). Interestingly, the allocation of
this defense compound in N. attenuata changes with leaf position, with the highest
concentrations found in young leaves and reproductive tissues (Heiling et al., 2010). Our
results show that resistance to thrips is not affected by leaf position. Therefore, it is likely that
thrips-related defense compounds, such as capsianosides, are either homogeneously allocated
or, in resistant accessions, present at sufficient levels at each position to reduce thrips feeding.

Resistance in Capsicum is thrips species-specific
We observed no correlation between damage caused by F. occidentalis and T. tabaci. This is
in contrast with the study of Mahayrijaya et al. (2011). They determined resistance to T.
parvispinus and F. occidentalis in 32 Capsicum accessions and found that resistance to these
two thrips species was positively correlated. They used this as evidence to argue that there are
global resistance mechanisms to thrips (Mahayrijaya et al. 2011). Our results, which were
obtained over a broader panel of accessions and at multiple ontogenetic time points, rather
suggest that resistance is thrips species-specific. This makes it less likely that there is a general
resistance factor to all thrips species in Capsicum. However, this does not preclude that a single
accession cannot be resistant to multiple thrips species. A study on resistance to several aphid
species in Medicago truncatula Gaertn (barrel clover) showed that one of the tested accessions
provided resistance to three aphid species, while failing to provide resistance to two other
aphid species (Gao et al., 2007). Their findings indicate some level of aphid species-specificity
in the plants resistance mechanism and a strong influence of the plants genetic background on
this specificity. Similar aspects might play a role in resistance mechanisms to thrips in
Capsicum. Resistance to T. tabaci might be driven by a different genetic mechanism than
resistance to F. occidentalis and T. parvispinus. Such aspects might partially explain the
dissimilarities between our findings and those of Maharijaya et al. (2011).
In order to identify chemical traits conferring resistance to thrips, accessions with contrasting
effects on thrips damage, such as CGN21469 (33), which is susceptible to F. occidentalis and
moderately resistant to T. tabaci, might be interesting models for identifying defense
compounds against different thrips species. This can be achieved, for example, by
fractionation-driven bioassays (Rimando et al., 2001; Tsao et al. 2005; Wahyuni DS et al.
2013). This method integrates the process of separation of bio-active compounds by
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fractionation methods (e.g. liquid or gas chromatography) with results obtained from
biological testing, e.g. thrips performance. In Erythrina crista-galli L. this method was
successfully applied to identify botanical insecticides for cotton aphids (Aphis gossypii Glover)
(Wang et al., 2018). In addition, this method allowed the identification of a novel unsaturated
isobutylamide, providing resistance to F. occidentalis in Chrysanthemum (Tsao et al. 2005).
Altogether, our findings show that identifying accessions with broad scale leaf-based
resistance to thrips is a challenging endeavor, even with plants growing under controlled
greenhouse conditions. More knowledge on thrips species-specific defense mechanisms might
provide important clues for more targeted identification of broad scale thrips resistance.
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Supplementary
Table 5. Overview of Capsicum accessions that were screened in several blocks from February 2015
through July 2015 for screening against Thrips tabaci, August 2015 through January 2016 for screening
against Frankliniella occidentalis in no-choice bio-assay in the vegetative, flowering and fruit ripening
stage.
Sample block F. occidentalis
Ru-code
34

Sample block T. tabaci

Vegetative

Flowering

Fruit
ripening

Vegetative

Flowering

Fruit
ripening

2

8

13

2

7

12

23

1

7

13

1

5

n.a.

24

1

8

13

1

6

9

1

4

7

n.a.

1

4

9

25

4

7

n.a.

2

8

n.a.

2

1

8

12

1

5

12

3

2

7

12

2

5

12

26

4

8

13

3

n.a.

n.a.

36

1

6

n.a.

1

5

9

35

3

8

13

3

5

n.a.

4

1

8

n.a.

1

4

9

5

2

8

13

2

6

n.a.

6

1

7

13

2

4

10

7

2

6

10

2

4

9

37

1

6

10

1

4

9

27

2

8

n.a.

2

6

11

8

1

6

10

1

5

9

28

1

8

n.a.

1

6

n.a.

39

3

8

n.a.

3

5

n.a.

9

2

6

12

2

4

10

10

1

6

n.a.

1

7

11

11

1

8

13

1

8

12

29

1

8

n.a.

1

8

n.a.

12

2

6

n.a.

2

4

10

13

2

7

13

2

6

12

30

2

7

13

2

8

n.a.

14

1

7

12

1

8

12

n.a. = not assessed due to Aphidoidea sp. or Tetranychus urticae (two spotted spider mite) infection
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Table 5. Continued (2/2).
Sample block F. occidentalis

Sample block T. tabaci

Vegetative

Flowering

Fruit
ripening

Vegetative

Flowering

Fruit
ripening

38

1

7

n.a.

1

5

9

15

1

6

12

1

4

10

16

1

6

n.a.

1

4

9

17

2

6

10

2

4

9

18

3

6

11

3

4

10

Ru-code

n.a. = not assessed due to Aphidoidea sp. or Tetranychus urticae (two spotted spider mite) infection

Table 6. Kruskall-Wallis H test on the effect of ontogeny on thrips damage in 40 Capsicum accessions
for Frankliniella occidentalis and Thrips tabaci. Bold P-values (P < 0.015) indicate a significant effect
of ontogenetic stage within an accession.
F. occidentalis
Ru-code

χ

2

T. tabaci
2

df

P-value

χ

34

10.331

2

0.006

df

P-value

11.031

2

0.004

23

13.363

2

0.001

3.415

1

0.065

24

3.618

2

0.164

2.690

2

0.261

1

5.026

1

0.025

2.674

2

0.263

25

0.650

1

0.420

0.006

1

0.936

2

13.168

2

0.001

8.611

2

0.013

3

4.294

2

0.117

4.972

2

0.083

26

1.761

2

0.415

36

0.103

1

0.748

9.840

2

0.007

35

3.199

2

0.202

0.235

1

0.628

4

0.184

1

0.668

3.458

2

0.177

5

10.187

2

0.006

11.799

2

0.003

6

14.429

2

0.001

0.056

2

0.972

7

4.979

2

0.083

3.694

2

0.158

37

8.854

2

0.011

0.977

2

0.614

27

8.308

1

0.004

2.435

2

0.300

8

12.756

2

0.002

4.452

2

0.108

28

8.307

1

0.004

2.084

1

0.149

39

2.084

1

0.149

n.a.

5.398
1
0.020
n.a. = not assessed due to Aphidoidea sp. or Tetranychus urticae (two
spotted spider mite) infection
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Table 7. Kruskall-Wallis H test on the effect of leaf position on thrips damage in the flowering and fruit
ripening stage for Frankliniella occidentalis and Thrips tabaci. Bold P-values (< 0.015) indicate a
significant effect of leaf position within an accession.
T. tabaci

F. occidentalis
Flowering stage

Fruit ripening
stage
Pχ2
df
value

Rucode

χ2

df

Pvalue

34

0.56

2

0.756

2.35

2

23

1.09

2

0.578

3.95

24

2.06

2

0.358

4.67

1

0.72

2

0.697

25

4.44

2

0.109

Flowering stage

Fruit ripening
stage
Pχ2
df
value

χ2

df

Pvalue

0.309

6.49

2

0.039

2

0.138

4.59

2

0.101

n.a.

2

0.097

8.84

2

0.012

n.a.

0.93

2

n.a.

5.04

1

2.33

2

0.312

5.78

2

0.055

0.627

3.69

2

0.158

0.025

n.a.

2

4.89

2

0.087

1.85

2

0.397

4.76

2

0.092

0.95

2

0.621

3

5.51

2

0.063

4.46

2

0.107

1.04

2

0.595

2.98

2

0.225

2

0.005

1.79

2

0.409

11.4

2

0.003

26

1

2

0.605

10.4

36

3.56

2

0.169

n.a.

35

1.98

2

0.372

4.92

n.a.

n.a.

2

0.085

0.14

2

0.93

n.a.

0.47

2

0.791

4.11

2

0.128

2

0.071

11.43

2

0.003

1.92

2

0.382

4

4.09

3

0.252

n.a.

5

2.38

2

0.304

5.29

6

3.68

2

0.159

2.43

2

0.296

0.04

2

0.978

4.97

2

0.083

7

2.47

2

0.291

10.03

2

0.007

5.28

2

0.071

0.19

2

0.909

37

6.89

2

0.032

5.8

2

0.055

0.87

2

0.648

3.736

2

0.155

27

1.72

2

0.423

n.a.

6.54

2

0.038

2.99

2

0.224

8

7.57

2

0.023

0.18

0.16

2

0.922

0.5

2

0.777

28

2.86

2

0.24

n.a.

1.73

2

0.42

n.a.

39

2.36

2

0.307

n.a.

0.62

2

0.732

n.a.

9

13.19

2

0.001

5.57

0.03

2

0.982

4.249

2

0.12

3.59

2

0.166

5.07

2

0.079

2.03

2

0.363

0.59

1

0.441

9.69

2

0.008

n.a.

2

0.912

2

0.062

2

0.587

10

0.85

2

0.652

n.a.

11

8.98

2

0.011

1.06

29

10.46

2

0.005

n.a.

12

0.92

2

0.63

n.a.

0.84

2

0.657

2.84

2

0.241

13

4.85

2

0.088

3.03

2

0.22

5.56

2

0.062

3.4

2

0.182

30

2.84

2

0.241

3.24

2

0.198

1.47

2

0.479

n.a.

14

1.59

2

0.453

9.99

2

0.007

0.21

2

0.901

2.68

2

0.261

38

6.43

2

0.04

n.a.

7.1

2

0.029

2.26

2

0.322

15

12.21

2

0.002

9.5

2

0.009

0.34

2

0.842

5.49

2

0.067

n.a. = not assesseddue to Aphidoidea sp. or Tetranychus urticae (two spotted spider mite) infection
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Table 7. Continued (2/2).
F. occidentalis
Flowering stage

Fruit ripening
stage
Pχ2
df
value

Rucode

χ2

16

1.56

2

0.459

n.a.

17

7.57

2

0.023

11.12

2

0.004

18

6.75

2

0.034

9.46

2

0.009

5.43

2

0.066

df

Pvalue

T. tabaci
Flowering stage
χ2
0.87

df

Pvalue

Fruit ripening
stage
Pχ2
df
value

2

0.646

4.62

2

0.099

12.58

2

0.002

3.68

2

0.158

4.08

2

0.13

5.06

2

0.08

19

0.15

0.256

9.11

2

0.01

31

2.68

2

0.262

n.a.

9.13

2

0.01

2.69

2

0.261

40

3.49

2

0.175

n.a.

5.78

2

0.056

n.a.

2

0.927

2.73

2

32

4.35

2

0.114

5.1

2

0.078

0.5

2

0.778

3.42

2

0.181

33

3.46

2

0.177

8.68

2

0.013

2.6

2

0.056

2.16

2

0.34

20

1.26

2

0.532

n.a.

1.59

2

0.452

0.11

2

0.948

21

1.28

2

0.527

4.06

2

0.131

0.28

2

0.869

4.71

2

0.095

22

n.a.

0

1

1

n.a.

n.a.

n.a. = not assesseddue to Aphidoidea sp. or Tetranychus urticae (two spotted spider mite) infection
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Abstract
Capsicum species are commercially grown for pepper production. This crop suffers severely
from thrips damage and the identification of natural sources of thrips resistance is essential for
the development of resistant cultivars. It is unclear whether resistance to Frankliniella
occidentalis as assessed in a specific environment holds under different conditions.
Additionally, other thrips species may respond differently to the plant genotypes. Screening
for robust and general resistance to thrips encompasses testing different Capsicum accessions
under various conditions and with different thrips species. We screened 11 Capsicum
accessions (C. annuum and C. chinense) for resistance to F. occidentalis at three different
locations in the Netherlands. Next, the same 11 accessions were screened for resistance to
Thrips palmi and Scirtothrips dorsalis at two locations in Asia. This resulted in a unique
analysis of thrips resistance in Capsicum at five different locations around the world. Finally,
all accessions were also screened for resistance to F. occidentalis in the Netherlands using a
leaf disc choice assay, allowing direct comparison of whole plant and leaf disc assays.
Resistance to F. occidentalis was only partially consistent among the three sites in the
Netherlands. The most susceptible accessions were consistently susceptible, but which
accession was the most resistant differed among sites. In Asia, one C. chinense accession was
particularly resistant to S. dorsalis and T. palmi, but this was not the most resistant accession
to F. occidentalis. Overall, resistance to F. occidentalis correlated with S. dorsalis but not with
T. palmi resistance in the C. annuum accessions. Damage inflicted on leaf discs reflected
damage on the whole plant level. Our study showed that identifying broad spectrum resistance
to thrips in Capsicum may prove to be challenging. Breeding programs should focus on
developing cultivars suitable for growing in defined geographic regions with specific thrips
species and abiotic conditions.

Introduction
Capsicum is a genus in the nightshade family (Solanaceae) which contains several species that
are commercially grown as hot and sweet peppers. Commonly cultivated species include C.
annuum, chili and sweet peppers, and C. chinense, aromatic hot peppers. Hot and sweet
peppers are among the most produced crops, with a total annual production of approximately
34.5 million tons worldwide (FAOSTAT; Data Productions Crops 2016). The majority of
chillies and peppers are produced in Europe and Asia, 11.5% and 64.9%, respectively
(FAOSTAT;
Data
Productions
Crops
2016;
http://www.fao.org/faostat/en/?#data/QC/visualize). For several centuries, Capsicum species
have been domesticated, which has inadvertently led to the loss of natural resistance to insects.
Consequently, many insect species, including several thrips species, contribute to yield losses
in this plant genus (Cannon et al., 2007; Weintraub, 2007; Walsh et al., 2012; Ssemwogerere
et al., 2013). Thrips are small sucking piercing insects whose feeding cause stunted plant
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growth, leaf deformation and scarring of fruits (Tommasini & Maini, 1995; Welter et al.,
1990). Indirectly, these small insects cause yield losses due to spread of viruses, most
prominently tospoviruses (Riley et al., 2011; Rotenberg et al., 2015; Whitfield et al., 2005).
Controlling thrips is challenging due to the emergence of thrips populations that are resistant
to insecticides (Wang et al., 2016). In addition, insecticides are not sufficiently effective in
killing all thrips and form a threat to beneficial insects such as biocontrol agents and bees
(Brandt et al. 2016; Dively et al., 2015). Identifying sources of natural resistance to thrips in
Capsicum species has therefore become a necessity.
Preferably, this resistance should be effective under different abiotic conditions and to several
thrips species, so that cultivars can be grown in different geographic regions. Resistance to
thrips in Capsium has been reported (Maharijaya et al., 2011; Visschers et al., 2019a; Fery &
Schalk, 1991; Maris et al., 2004), but it is unclear whether previously identified resistance as
assessed in a specific environment holds under different conditions. Environmental conditions
such as temperature and light are known to modulate plant-insect interactions (Wang et al.,
2016). In addition, biotype (or genotype) of the insect species may also play a role. For
example, variation in performance among thrips populations has been reported on cucumber
(Cucumis sativus) (de Kogel et al., 1997).
Furthermore, resistance to thrips in Capsicum can be thrips species-specific. In our previous
work, we showed that resistance to Frankliniella occidentalis and Thrips tabaci was not
correlated (Visschers et al. 2019a). The work by Maharijaya et al. (2011), with a smaller test
panel of 32 lines, showed that resistance to F. occidentalis was positively correlated with
resistance to Thrips parvispinus. Partial species-specific resistance has also been shown in
barrel clover (Medicago truncatula Gaertn.) in relation to aphid resistance. One of the tested
accessions provided resistance to three aphid species, but was susceptible to two other aphid
species (Gao et al., 2007).
Other thrips species that commonly occur on Capsicum include Thrips palmi and Scirtothrips
dorsalis. These thrips species are common in the tropical to subtropical regions and are
quarantine organisms in the EU (EPPO/CABI; Vierbergen & van der Gaag, 2009). T. palmi is
mostly found on leaves and to a lesser extent on the flowers (Rosenheim et al., 1990). Similar
to F. occidentalis feeding, T. palmi feeding results in scarring and deformation of the leaves.
At high densities it causes retarded plant growth (Kawai, 1986). T. palmi functions as a vector
for economically important tospoviruses, including groundnut bud necrosis virus (Daimei et
al., 2017) and water melon silver mottle tospovirus (Chen WT et al., 2014). S. dorsalis is an
important pest in India (Mound & Palmer, 2009). This thrips species can have devastating
effects on the plant, eventually leading to its death. In pepper, S. dorsalis feeding results in
“Chili leaf curl” (Sanap & Nawale, 1987) and at high infestation rates plant damage can be
similar as that caused by broadmites (Kumar et al., 2013). When screening for general thrips
resistance, it is useful to also take these thrips species in consideration.
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Previously, we screened 40 Capsicum accessions for resistance to two thrips species using leaf
disc assays (Visschers et al., 2019a). This resulted in the identification of 11 accessions that
were either relatively resistant or susceptible to F. occidentalis (Macel et al., 2019). Although
leaf disc screening methods are widely accepted and used for pest resistance screening (Thoen
et al., 2016; van Rijn et al., 1995) and Maharijaya and colleagues (2011) convincingly showed
the correlation between the detached leaf assay, leaf discs and whole plant damage, the
question remains whether screening approaches using leaf discs reliably predicts resistance at
the whole plant level for our set of Capsicum accessions.
Here we tested 1) whether thrips resistance was robust in different environments with different
thrips species/populations, 2) whether resistance in leaf discs assays reflects resistance at the
whole plant level. To achieve these aims, 11 Capsicum accessions selected from a set of 40
accessions (C. annuum and C. chinense, Macel et al. 2019; Visschers et al. 2019a, Figure 1)
were screened for resistance to F. occidentalis at three different greenhouse locations in the
Netherlands. The 11 accessions were also screened for resistance to T. palmi and S. dorsalis
at two locations in Asia. Combined, this resulted in a unique analysis of thrips resistance in
Capsicum at five different locations.

Materials and methods
Plant material
We used two Capsicum species, C. annuum and C. chinense (Table S1) comprising 11
accessions that were selected from a thrips resistance screening of 40 accessions (Visschers et
al. 2019a). The eleven accessions were selected for being either among the most (5) or least
(6) resistant (Macel et al. 2019). An overview of the experiments conducted is presented in
Figure 1. Original seeds were obtained from the Centre for Genetic Resources (CGN),
Wageningen University and Research Centre, the Netherlands (http://cgngenis.wur.nl/). Site 1
used seeds directly obtained from the CGN, after which seeds were multiplied from the
original material for use at sites 2 and 3 and in Asia. Seeds of spreader plants C. annuum,
accession ‘Super Hot’, marigold (Tagetes erecta L.), cowpea (Vigna unguiculata (L.) Walp.)
and yard-long bean (Vigna unguiculata subsp. Sesquipedalis (L.) Verdc.), were obtained from
East-West Seed (Chiang Mai, Thailand).
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Screening of 40 Capsicum accessions for resistance to two thrips species over
the plants ontogenetic development using leaf disc assays
Visschers et al. 2019

Selection of 11 consistent resistant and susceptible
accessions

Untargeted metabolomics
screening

Leaf disc assays vs whole plant
screening

Macel et al. 2019

2 locations
Netherlands
Frankliniella
occidentalis

Whole plant
screening

3 locations Netherlands

Frankliniella
occidentalis

2 locations Asia
Thailand

India

Thrips
palmi

Scirtothrips
dorsalis

Figure 1. Schematic overview of previous studies conducted on resistance to thrips in Capsicum
(Visschers et al. 2019a; Macel et al. 2019) that formed the foundation of the experiments reported here
(displayed in bold).

Experiment 1: Whole plant screening experiment at 3 sites in the Netherlands
Experiments were conducted at De Lier and at two different locations in Enkhuizen, The
Netherlands. Experiments were performed from August until October 2017 and from May
until July 2018.

Site 1
For the experiment on site 1, plants were exposed to a natural thrips infestation. The test plants
were grown in soil in an unheated greenhouse, without additional lighting near Enkhuizen
(52°43’25.738” N, 5°16’54.987” E), The Netherlands. Prior to infestation, accessions were
sown and germinated in a clean nursery on rockwool under optimal conditions (Temperature
18/22 °C, 16/8 h light regime, supplementation to 6000 Lux using 600 W Son-T lights). Four83

week old seedlings were transplanted to soil in the trial greenhouse, in a randomized block
design (n = 9 plants per accession). At every fourth position, an additional highly susceptible
Capsicum control plant was planted. Four weeks prior to the start of the trial, F. occidentalis,
reared on runner bean (Phaseolus coccineus L.) under acclimatized conditions in plastic
containers, were used to inoculate flowering yellow mustard (Brassica nigra (L.) W.D.J.
Koch) plants at the test site. Mustard plants were placed throughout the greenhouse
compartment to allow the build-up of a solid thrips population and to ensure an even infection.
At the start of the trial, when the Capsicum seedlings were transplanted, the thrips-infested
mustard plants were cut down. One week after transplanting, thrips damage on the Capsicum
plants was evaluated for the first time, following standard procedures by in-house experts. This
was followed by weekly scoring over a five-week period using a relative scale from 1
(susceptible; feeding damage throughout the plant, heavy damage oldest leaves, leaf drop,
heavy growth deformation of young leaves) increasing to 9 with damage symptoms
diminishing (resistant; no visible symptoms, even on oldest leaves).
Site 2
At site 2, whole plant experiments were conducted in a greenhouse with gauze-sealed roof
windows in Enkhuizen, The Netherlands (52°42’3.676” N, 5°6’12.243” E). Temperatures
were set to 24/24 °C and light was supplemented when below 400 W / m² using 10.000 lux
Son-T lamps. Seeds were germinated in sowing trays with fine peat soil. After two weeks
seedlings were transplanted to pots (7 cm x 7 cm x 8 cm) and placed in the greenhouse (n =
31-48 plants per accession). Plants were randomly placed in two large 4 m x 1 m x 1 m gauze
cages with a susceptible C. annuum accession at the borders. All plants were infected with
10.000 adult F. occidentalis in total, 4 weeks after sowing. Plants were then scored on silvering
damage 5 weeks after infestation using a relative scale from 1 (susceptible, very heavy
silvering, large part of the leaf damaged, leaf drop and heavy growth deformation of young
leaves) increasing to 9 with damage symptoms diminishing (resistant, no silvering damage, no
leaf deformation) following standard procedures by in-house experts. The thrips population
used to infest the test plants was reared on garden beans (Phaseolus vulgaris).
Site 3
Experiments were performed in a greenhouse with gauze-sealed roof windows in De Lier, The
Netherlands (51°58’23.17” N, 4°15’22.301” E). Temperature was set to 23°C and light
intensity was 180-200 µmol / m / s PPFD at the plant growing level. Seeds were germinated
in sowing trays with a 1:1 mixture of sand and potting soil. After two weeks seedlings were
transplanted to pots (0.7 L) and placed in the greenhouse (n = 8-30 plants per accessions). Test
entries were distributed randomly in groups of five plants per accession over three tables.
Plants were infected with F. occidentalis three weeks after sowing, by shaking thrips infected
lettuce leaves over the plants. Two and three weeks after thrips infection, plants were scored
using a scale form 0 (resistant, no visible symptoms of thrips damage, even on oldest leaves)
via 2 (intermediate resistant, showing thrips damage symptoms on old leaves and little damage
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on young leaves) up to 4 (susceptible; very heavy silvering, large part of the leaf damaged,
leaf drop and heavy growth deformation of young leaves) following standard procedures by
in-house experts. Thrips populations used for infestation were maintained on lettuce (Lactuca
sativa L.) plants. RU08 was not screened at this location due to low germination rates.

Experiment 2: Whole plant screening experiments at two sites in Asia
Screening experiment with T. palmi in Thailand
Experiments in Thailand were conducted at an East West Seed station in the Song PeNong
District, Suphanburi, Thailand (14°12’19.047” N, 99°52’18.8” E). Experiments were
performed from the end of December 2016 until mid-April 2017 in a plastic greenhouse (6 x
20 m). The greenhouse contained three tents made with crop cover cloth (N. White, UV stable,
17 g / m2, CTM Agro Textiles, Ahmedabad, Gujarat, India). Average morning and afternoon
temperatures were recorded at 31 °C and 42 °C, respectively. Each tent contained two rows of
test entries and two rows of susceptible hybrid Super Hot C. annuum flanking the test entries.
Insect rearing
T. palmi was reared on okra pods (Abelmoschus esculentus (L.) Moench) and flowers of the
susceptible hybrid “Super Hot” C. annuum, in plastic boxes and kept in an incubation room
with a temperature set to 35-25 °C (day/night). Next, “Super Hot” C. annuum and eggplant
(Solanum melongena L.) seedlings were inoculated with the thrips in a nethouse with day
temperatures between 35-40 °C. Rearing of the thrips was started two weeks after sowing of
the spreader plants.
Plant growth
Seeds were germinated in sowing trays with a mixture of ground, peat moss and coir dust
(3:1:1). Seeds of test entries were sown 3 weeks after sowing of the spreader plants. After the
first two leaves had emerged, the seedlings were transferred to pots (diameter 13.5 cm x 12
cm) filled with the same potting soil as used for germination. Spreader plants were placed in
the greenhouse 6 weeks after sowing and inoculated with T. palmi one day thereafter. Test
entries were placed in the greenhouse 3 weeks later. Germination rates of accessions RU32,
RU27 and RU21 were low and a second batch of seeds was sown 5 weeks after spreader plants
were sown. The plants of this batch were placed in the greenhouse, 5 weeks after sowing and
were randomly placed among the rest of the test entries.
Data collection
Data collection started 2 weeks after test entries were placed in the greenhouse. During a 5week period, test plants were ranked for thrips damage weekly using a scale from 1 (severe
damage, stunted growth, deformed leaves) to 6 (no damage) (Figure S1, n = 21-36 plants per
accession). In the first, third and fifth week of data collection, the abaxial side of a young
apical leaf and middle leaf from each plant was photographed with a Nikon D90 equipped with
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an AF-S NIKKOR 18-105 mm 1:3.5-5.6 G ED lens (n = 7-20 plants per accession). We
selected leaves that were representative for whole plant damage. In the second and fourth week
of data collection, the presence of T. palmi was confirmed and presence of other thrips species
was excluded. Three flowers of one plant per accession, including spreader plants, were
collected. Thrips present in the flowers were placed in a KOH solution (30.8 g / L). After 24
h, the thrips were flushed in water and prepared with mounting medium (100 g chloral hydrate,
60 g glycerine, 60 g gum arabic and 100 mL distilled water). Mitoc BA210E microscopes were
used for determination of the thrips species. The following characteristics of T. palmi were
used for identification: antenna with 7 segments, on the antenna segments III and IV forked
sense cones, the first vein of the forewing with three setae with gaps in distal half and the head
with two pairs of ocellar setae (pair II and III) (https://keys.lucidcentral.org/) (Figure S2). Only
adult individuals were used for the identification. All thrips collected were identified as T.
palmi.

Screening experiment with S. dorsalis in India
Experiments were conducted at East West Seed’s Mulani farm in Taluka-Paithan, Aurangabad,
Maharasthra, India (19°47'2.208'' N, 75°12'59.673'' E), from February 2017 until the end of
May 2017. Experiments were performed in a polyhouse with cooling system and exhaust fan
(Nikhil Agrow Tech, Hyderabad, 6 x 20 m) with temperature set to 30 / 25 °C (day/night). Due
to frequent power failures, temperatures peaked to 51.2 °C. The polyhouse was divided in
three tents build with galvanized iron pipes and covered with crop cover cloth (N. White, UV
stable, 17 g / m2, CTM Agro Textiles, Ahmedabad, Gujarat, India). Each tent contained test
entries alongside the spreader plants C. annuum, accession ‘Super Hot’, marigold (Tagetes
erecta L.), cowpea (Vigna unguiculata) and yard-long bean (Vigna unguiculata subsp.
sesquipedalis).
Insect rearing
S. dorsalis was collected from the field and reared in plastic Tupperware® jars (2 L) on
aubergine (Solanum melongena) and yard-long bean (Vigna unguiculata subsp. sesquipedalis)
fruits. Rearing jars were equipped with a 5 x 6 cm ventilation hole covered with crop cover
cloth (N. White, UV stable, 17 g / m2, CTM Agro Textiles, Ahmedabad, Gujarat, India). The
thrips were reared in jars during a five week period before they were used to inoculate the
spreader plants.
Plant growth
Seeds of spreader plants and test entries were sown in a sowing tray with coco peat soil and
placed in the polyhouse. Seeds of test entries were sown 4 weeks after sowing of spreader
plants. The seedlings were watered daily, and sprayed with acephate (0.5 mg / L2) once a week.
Seedlings were transferred to pots (diameter 22.86 x 27.94 inch) with a soil mixture (loamy
soil 35 %, black soil 20 %, farm yard manure 20 %, coco peat 20 % and sand 5 %), after the
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first two leaves had emerged. The plants were watered when needed and fertilizer was added
once a week (N:19, P:19, K:19; Nitrophoska and calcium nitrate: 1 g with potassium nitrate:
1 g). Spreader plants were divided over the three tents 8 weeks after seed sowing, test entries
were placed 2 weeks later in the tents. Spreader plants were inoculated with S. dorsalis one
day after they were placed in the greenhouse.
Data collection
Data collection was started 2 weeks after placement of the test entries in the polyhouse. During
a 5 week period, plants were ranked for thrips damage weekly, using a scale from 1 (severe
damage, stunted growth, deformed leaves, shed leaves) to 6 (no damage) (Figure S3, n = 425). In the 3rd week of data collection, thrips from each compartment were collected from the
plants in 50 ml plastic tubes. In the lab, thrips were placed for 4 h in a potassium hydroxide
solution (154 g per 50 ml water) and afterwards placed in water. The thrips were prepared on
microscopic slides with Hoyer’s medium (chloral hydrate 100 g, glycerine 60 g, gum Arabic
60 g, distilled water 100 ml). Thrips species were identified under a microscope (Motic
BA210E). Characteristics of S. dorsalis were identified: the yellow colouring, an 8-segmented
antenna with a forked sensorium on segments 3 and 4, forewings with three setae on the distal
half on the first vein and two widely spaced setae on the second vein, three pairs of ocellar
setae, and two pairs of major postocular setae (https://keys.lucidcentral.org/) (Figure S4). All
thrips were identified as S. dorsalis, only one thrips was identified as T. palmi. In the 3rd week
of data collection, the abaxial side of a middle leaf from the vertical axis of the plant was
photographed with a Nikon D90 and AF-S NIKKOR 18-105 mm 1:3.5-5.6 G ED lens (n = 412 plants per accession). A black cloth served as black background to provide sufficient
contrast with the leaves. Selected leaves were representative for whole plant damage.

Image analysis
Image processing and quantification of feeding damage on leaves of the experiments in Asia
was performed using Ilastik version 1.1.3 and ImageJ Fiji version 1.50i / Java 1.6.0_24 (64bit) according to the protocol by Visschers et al. (2018b). Briefly, Ilastik was trained using
four leaves per accession to recognize damage based on color/intensity, color gradient and
texture at the level of 1 pixel. Three segments were identified: thrips damage, undamaged leaf
area and the background. Training of the program was continued until the three segments could
be sufficient identified by the program. After training, images were converted to simple
segmentations of the original image in black (thrips damage), grey (leaf disc) and white
(background). In ImageJ Fiji, thrips damage and leaf area were calculated using the threshold
function and analyze particles function. Calibration step I was not preformed and in step K2,
the “distance” and “known” distance in the macro, were both set to 1. The percentage of thrips
damage was then calculated using the following formula:
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Experiment 3: Leaf-disc assay at 2 sites in the Netherlands
At site 1 and 2, a separate batch of plants was grown for the leaf disc assay. Leaf samples were
taken in the apical part of plants in the vegetative stage after 4 weeks of plant growth. Per
accession 8 - 10 plants were used for this choice experiment. Leaf disc experiments were
performed as described by (Visschers, van Dam, & Peters, 2018a). Using a cork borer, two
leaf discs (1.5 cm Ø) were punched from each leaf, thereby avoiding the mid-vein. A leaf disc
from each accession was placed on a drop of 1.5 % slightly liquid agar with the abaxial side
up in a Petri dish (9 cm Ø). Each Petri dish (n = 24) thus contained 11 leaf discs (placed in a
circle), each representing 1 of the 11 accessions. Twelve Petri dishes were inoculated with
thrips. Per inoculated Petri dish, 22 L1/L2 F. occidentalis larvae, were placed in the middle of
the dish using a small painting brush. For inoculation, the same thrips colonies were used as
for the whole plant assays at each site in experiment 1. All Petri dishes were sealed with
Parafilm and taken to the Radboud University, Nijmegen, The Netherlands, and placed in a
climate cabinet (Economic Delux 432 L with TL lights; Snijders Labs, Tilburg, The
Netherlands) at 25 °C and L16:D8 photoperiod. Petri dishes without thrips were directly sealed
with Parafilm and used for correction during image analysis. After 48 h leaf discs were
analysed and thrips feeding damage was determined using the protocol described by Visschers
et al. (2018b).

Statistical analysis
All statistical analyses were performed using R Version 1.0.153 (R Core Team; 2016).
Damage scores of the whole plant screenings obtained in NL and Asia were standardized in
classes, in such a way that low values uniformly represented low damage rates and high levels
of resistance, and higher numbers represented severe damage and high levels of susceptibility
(1-9 in case of site 1 and site 2, 0-4 in case of site 3 and 1-6 in case of experiments in Asia).
Whole plant screening experiments in the Netherlands
At site 1, the effect of time (week) after infestation on thrips damage scores in the whole plant
experiment was analysed using the non-parametric Kruskal-Wallis rank sum tests. At site 3,
this effect was analysed with a Mann-Whitney U test. At site two resistance levels were only
measured once during the experimental period. To test the overall effect of Capsicum
accession on damage scores, at site 1 and 3 damage scores were averaged over the
experimental period. Thereby an average resistance measure could be obtained over the whole
experimental period. At all three locations, the effect of accession on damage scores was
assessed with a Kruskal-Wallis rank sum test. Post-hoc pairwise differences between
accessions in damage scores were analysed with Mann-Whitney U tests with false discovery
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rate (FDR) correction. To compare the screening results of F. occidentalis at the three sites,
ranks were assigned to each accession for each site separately. The ranks were based on
average whole plant thrips damage scores over the whole experimental period. The most
resistant accessions received a 1, while the most susceptible accession received an 11.
Correlations of resistance ranks between test sites were analysed using Spearman correlations.
Whole plant screening experiments in Asia
The effects of time (week) after infestation on thrips damage scores was analysed using the
non-parametric Kruskal-Wallis rank sum tests. Next, whole plant damage scores were
averaged over the experimental period and the effect of accessions on damage scores was
assessed with a Kruskal-Wallis test. Post-hoc pairwise differences between accessions in thrips
damage scores were analysed with Mann-Whitney U test with (FDR) correction. Significant
effects were reported with alpha set to 0.004. A similar procedure was followed for damage
percentage on selected leaves.
Resistance ranking among thrips species
To compare the screening results of the different thrips species a similar method was used as
described for the comparison among test sites in the Netherlands. For the thrips species
comparison, F. occidentalis ranks were based on overall average damage scores of all three
tested sites. S. dorsalis and T. palmi ranks were based on average plant damage scores in
Thailand and India respectively. This comparison between thrips species was analysed
separately for each Capsicum species, since our data indicated that each Capsicum species
possibly possesses different thrips species-specific resistance mechanisms. Correlations of
resistance ranks between thrips species were analysed using Spearman correlations.
Leaf disc assay in the Netherlands
Thrips leaf disc choice assay data, i.e. percentage of damage per leaf disc relative to the total
amount of damage per Petri dish, were analysed with a Friedman ANOVA for dependent data
for site 1 and 2. Post-hoc pairwise differences in relative damage per leaf disc of the choice
assays were analysed with paired Wilcoxon signed rank test with (FDR) correction. To
compare the screening results the leaf disc assay and the whole plant assay in the Netherlands,
ranks were assigned to each accession for each screening method separately. Ranks were based
on average whole plant thrips damage scores and relative damage fraction on leaf discs per
accession. Ranks were assigned using a similar method as for the comparison between test
sites. Correlations of resistance ranks between test methods were analysed using Spearman
correlations.
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Results
Whole plant screening with F. occidentalis at three locations in the
Netherlands
Resistance to F. occidentalis was determined at three different locations in the Netherlands.
Whole plant damage scores were monitored over a period of several weeks at site 1 and 3. At
site 2, damage scores were determined at one single time point. The damage scores at site 1
changed significantly over the 5 weeks of data collection in most of the accessions, except for
RU06, RU32 which were consistently resistant over time and RU08 which was consistently
susceptible (Table S2). At site 3, the damage scores differed only in accession RU32, this
accession became slightly more susceptible over time (Mann-Whitney, W = 13.5, P < 0.001,
Table S3).
Whole plant thrips damage scores differed significantly among the Capsicum accessions at all
three test locations (Kruskal-Wallis, site 1: χ2(10) = 175.5, P < 0.001, site 2: χ2(10) = 349.9, P <
0.001 and site 3: χ2(10) = 208.9, P < 0.001, Figure 2A, B and C). Resistance ranking of F.
occidentalis among the three sites revealed that screening results differed amongst these
locations (Figure 3A). For example, accession RU32, resistant at both site 1 (rank 1) and site
2 (rank 2), was identified as a very susceptible accession at site 3 (rank 9) (Figure 3A). Despite
these differences among the sites, accession RU27, could be identified as resistant at all three
locations (Rank 4, 1 and 3 at site 1, 2 and 3, respectively). RU08, although not tested at site 3,
was the most susceptible accession at both other locations (rank 11).

Whole plant screening with T. palmi in Thailand
T. palmi screening experiments were conducted at East-West Seed, Thailand. First we
analysed whether T. palmi damage scores and damage percentages of selected leaves changed
over the five weeks of data collection. In all accessions, whole plant damage scores and
damage percentage on leaves remained constant over the experimental period (Table S4 and
S5). Accessions significantly differed in thrips whole plant damage scores and damage
percentages on the leaves (Kruskal-Wallis, damage score: χ2(10) = 447.4, P < 0.001, damage
percentage: χ2(10) = 250.6, P < 0.001, Figure 2D and Figure S5A). Accessions RU29 and RU27
could be identified as highly resistant, while accession RU08 was found to be susceptible
(mean whole plant damage scores: 1.2, 1.2 and 4.3, respectively; mean percentage of leaf
damage: 0.2, 0.2 and 13.3, respectively). Interestingly, the four accessions most resistant to T.
palmi all belonged to the species C. chinense. Correlation analyses of whole plant damage
scores and leaf damage percentage revealed a significant positive correlation between these
two damage measures (Spearman correlation, P = 0.006, ρ (10) = 0.79).
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Figure 2. Resistance screening results of 11 Capsicum accessions with Frankliniella occidentalis (A, B
and C), Thrips palmi (D) and Scirtothrips dorsalis (E). (A, B and C) Mean (± SE) damage scores of
whole plant screening at three sites in the Netherlands (1 = little damage, 9 = severe damage for site 1
and 2, 0 = little damage, 4 = severe damage for site 3), n = 8-9 plants per accession for site 1, n = 31-48
for site 2, and n = 8-31 for site 3. Accession RU08 was not tested at site 3 due to low germination rates
(n.a.). (D and E) Mean (± SE) damage scores of whole plant screening at two sites in Asia (1 = little
damage, 6 = severe damage), n = 7-19 plants per accession for T. palmi and n = 4-25 for S. dorsalis. Pvalues of overall Kruskall-Wallis are given in each panel. Different letters indicate a signiﬁcant
difference between accessions (P < 0.004, Mann-Whitney U tests).

Whole plant screening with S. dorsalis in India
S. dorsalis screening experiments were conducted in India. Thrips pressure was extremely high
during the entire experimental period. Consequently the damage scores increased strongly over
the five weeks of data collection (Table S6), except for accession RU32 where damage was
severe from the beginning. In the fifth week of data collection, damage scores of all the
accessions increased to the maximum of 6 (Table S6). For this reason only the scores obtained
during the first three weeks of data collection were averaged to identify differences among the
accessions. Damage scores differed significantly among accessions (Kruskal-Wallis, χ2(10) =
183.22, P < 0.001, Figure 2E). Similar results were obtained for leaf damage percentage
(Kruskal-Wallis, χ2(10) = 35.1, P < 0.001, Figure S5B). Accession RU29 again could be
identified as one of the most resistant accessions (Figure 2E). Correlation analyses of whole
plant damage scores and damage percentage on leaves, showed a significant positive
correlation between these two damage measures (Spearman correlation, P = 0.007, ρ(10) =
0.78).

Resistance ranking among three thrips species
All 11 Capsicum accessions were screened for resistance to F. occidentalis, T. palmi and S.
dorsalis. Resistance rankings based on whole plant assays revealed that resistance to thrips is
partially thrips species-specific (Figure 3B and C). Resistance ranks of F. occidentalis and S.
dorsalis were significantly correlated for the C. annuum accessions (Spearman correlation, P
= 0.003, ρ(6) = 1, Figure 3B). T. palmi ranks did neither correlate with F. occidentalis nor with
S. dorsalis resistance rankings. For the C. chinense accessions, no significant correlation
between any of the thrips species could be observed (Figure 3C). Accessions RU27 and RU32
were resistant to F. occidentalis and T. palmi (RU27; rank 1 and 2 and RU32; rank 2 and 3
respectively), but susceptible to S. dorsalis (RU27 rank 10 and RU32 rank 11) (Figure 3B).
Interestingly accession RU08 was susceptible to all three thrips species (rank 11, 11 and 9
respectively for F. occidentalis, T. palmi and S. dorsalis, Figure 3B).
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Leaf disc assays vs whole plant screening
At site 1 and 2 in the Netherlands, resistance to F. occidentalis was also determined using leaf
disc assays. The accessions differed significantly in relative damage on leaf discs (Friedman
ANOVA, site 1: χ2(10) = 67.3, P < 0.001, site 2: χ2(10) = 72.1, P < 0.001, Figure 4A and B). Leaf
disc assay results and damage scores obtained by whole plant screening were significantly
correlated at both sites (Spearman correlation, site 1: P = 0.014, ρ(10) = 0.74 and site 2: P =
0.048, ρ(10) = 0.62, Figure 4A and B). The screenings at both sites showed that accession
RU08 was among the most susceptible to F. occidentalis while RU32 was the most resistant.

93

Figure 3. Three-dimensional resistance ranking of 11 Capsicum accessions. (A) Frankliniella
occidentalis resistance ranking based on whole plant damage scores of the same accessions tested at three
different sites in The Netherlands. Accession RU08 was not tested at site 3 due to low germination rates.
(B and C) Resistance ranking based on whole plant thrips damage scores of the C. annuum (B) and C.
chinense (C) accessions tested with F. occidentalis, Scirtothrips dorsalis and Thrips palmi. Rank 1 = low
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damage levels (resistant); rank 11 = high damage levels (susceptible). Different formatting of lines
represents the different Capsicum species. P-values and rho (ρ) of Spearman correlation of thrips ranks
between test sites (A) and thrips species (B and C) are given in the graphs.

Figure 4. Resistance screening results of 11 Capsicum accessions with Frankliniella occidentalis at sites
1 (A and C) and site 2 (B and D) in the Netherlands. (A and B) Mean (± SE) damage percentage of leaf
discs in choice assays, n = 12 Petri dishes per accession. P-values of overall Friedman ANOVA for
dependent data are given in both panels. Different letters indicate signiﬁcant differences between
accessions (P < 0.004, Mann-Whitney U tests). (C and D) Rank correlation of F. occidentalis damage
between whole plants assays (plant damage score) and leaf disc assays (relative damage on leaf discs).
P-values and rho (ρ) of Spearman correlation are given in the graph.
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Discussion
Our analyses of thrips resistance in Capsicum spp at five different locations revealed that
resistance to F. occidentalis was only partially consistent among local test sites in the
Netherlands. Resistance in Capsicum was found to be partly thrips-species specific. The
accession most resistant to T. palmi and S. dorsalis was not the most resistant accession to F.
occidentalis. Resistance to F. occidentalis was significantly correlated to S. dorsalis but not to
T. palmi in the C. annuum accessions. We further showed that damage inflicted to leaf discs
reflects resistance measured on the whole plant level.

Thrips resistance in different environments with different thrips species
In our study we screened the same accessions for resistance to F. occidentalis at three different
sites in The Netherlands. In most of the accessions, resistance to thrips differed among sites
with the exception of accession RU27 (consistently resistant) and RU08 (consistently
susceptible). These accessions have not been previously reported for being resistant and
susceptible by Maharijaya et al. (2011), Maris et al. (2003) or Fery & Schalk (1991). The
differences in resistance among sites within accessions may be explained by different local
thrips biotypes. Within several thrips species the occurrence of biotypes and genetic
differentiation of local populations has become evident. For example, in cucumber it has been
shown that different F. occidentalis populations, originating from greenhouses in the
Netherlands, Italy and New Zealand, showed significant differences in performance on the
same cucumber (Cucumis sativus) genotype (de Kogel et al., 1997). Even on a smaller
geographic scale, differences in performance among thrips populations have become evident.
Reproductive performance of F. occidentalis populations collected from different greenhouses
in the Netherlands was significantly different (Mirnezhad et al., 2012). Amplified fragment
length polymorphism (AFLP) analyses revealed that these populations showed clear genetic
differentiation (Mirnezhad et al., 2012). Similarly, in T. tabaci there was genetic differentiation
among 22 populations collected from different host plant species (Brunner et al., 2004). Within
this thrips species two biotypes, the “tabaci” and the “communis” type have been described,
that differ in their efficiency of transmitting tomato spotted wilt virus (Chatzivassiliou et al.,
2002; Westmore et al., 2013; Zawirska, 1976). The occurrence of different local F.
occidentalis biotypes may be a possible explanation for our observed differences in resistance
levels within a single accession among sites. Our study underlines the importance of including
different thrips populations or biotypes for identifying sources of broad spectrum resistance.
Another factor that might explain our observed differences in resistance levels among sites
include environmental and seasonal variation in plant resistance to insects. The experiments at
site 1 and 3 were both conducted during the summer, but in different years (2017 and 2018,
respectively), while experiments at site 2 were conducted in the fall of 2017. Although all
experiments were conducted in climate controlled greenhouses, the temperature and light
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conditions are mostly season dependent. These environmental factors are known to modulate
plant-insect interactions (Escobar-Bravo et al. 2019; Wang et al., 2009; Zavala et al., 2015).
Seasonal effects on insect resistance have been shown for example in Barbarea vulgaris ssp.
arcualata accession (Agerbirk et al., 2001). During summer an accession of this plant species
was found to be resistant to the flea beetle Phyllotreta nemorum L., but gradually lost its
resistance with the onset of fall which was related to changes in plant hormone levels (Agerbirk
et al., 2001). In wild cabbage (Brassica oleracea), the concentrations of glucosinolates, which
are secondary metabolites acting as chemical defenses to insects, increased from summer to
winter (Gols et al., 2018). Possibly seasonal variation may play a role in modulating resistance
to thrips in Capsicum. This should be assessed by screening the accessions for resistance to F.
occidentalis in the field throughout the seasons.
In our current study, we showed that in C. annuum resistance to F. occidentalis was strongly
positively correlated with S. dorsalis, but not with T. palmi. This indicates that resistance might
be partially thrips species-specific. Previous studies indicated that resistance to F. occidentalis
was positively correlated with resistance to T. parvispinus, but not with resistance to T. tabaci
(Maharijaya et al., 2011; Visschers et al., 2019). Interestingly, our study further showed that
all C. chinense accessions were resistant to T. palmi. This suggests that within each Capsicum
species resistance to thrips might be driven by different defense mechanisms. This hypothesis
is supported by untargeted metabolomics analyses of the same accessions. Both Capsicum
species possessed a unique set of metabolites that were correlated to resistance to F.
occidentalis (Macel et al. 2019).
Although resistance to T. palmi and S. dorsalis were mostly not correlated, one C. chinense
accession (RU29) could be pinpointed as highly resistant to these two thrips species in Asia,
while susceptible to F. occidentalis. This accession was previously identified as susceptible
by Maharijaya et al. 2011 and is also known for carrying resistance genes to tomato spotted
wilt virus (Boiteux & de Ávila, 1994), a tospovirus that is vectored by thrips (Allen &
Broadbent, 1986; Lemmetty & Lindqvist, 1993). However, this accession is known to be
susceptible to whitefly (Bemisia tabaci) (Firdaus et al., 2011). Since thrips and whitefly have
different feeding strategies, there may be possible trade-offs in resistance mechanisms between
these cell sucking and phloem feeding insects, respectively. Therefore, accession RU29 is an
excellent source of resistance to thrips in Asia. At the same time, it would be an ideal model
plant for studying potential trade-offs in plant defense strategies to insects with contrasting
feeding styles.
Differences in thrips species-specific resistance in Capsicum might also be explained by
diversity in thrips effector proteins among thrips species. Upon feeding, thrips inject saliva
into the plant tissue (Chisholm & Lewis, 1984). The effector proteins found in this saliva can
trigger diverse immune responses or even suppress the immune responses in the plant, as has
been shown in many other insects (Elzinga et al., 2014; Hogenhout & Bos, 2011). Thus far,
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little is known about thrips and their effector proteins. Analysis of salivary glands of F.
occidentalis by transcriptome analysis led to the identification of several genes that might play
a role in detoxification and inhibition of plant defense responses (Stafford-Banks et al., 2014).
Possibly, each thrips species or biotype might possess specific effector proteins that differ in
their effects on plants. This can enable certain thrips species to successfully establish on
cultivars and Capsicum species resistant to other thrips species. Further research on thrips
effector proteins diversity among species and biotypes could therefore provide an important
step in understanding the mechanisms of thrips species-specific resistance in Capsicum.
Preferably, these experiments with different thrips species and biotypes should be conducted
under fully controlled environmental conditions, for example in climate chambers, to further
substantiate the findings in our current study. In addition, this would allow us to test whether
thrips-species specific resistance is modulated by environmental conditions such as
temperature regimes. Unfortunately, these highly controlled test using all four thrips species
were not possible, becauses T. palmi and S. dorsalis are quarantine organisms in Europe.

Whole plant vs leaf disc assays
Our results provide experimental evidence that leaf disc assays are a suitable method for
screening resistance to thrips in Capsicum (Maharijaya et al., 2011; Visschers et al., 2018a).
In longer-term whole plant screening assays, herbivore-induced defenses may play a role when
screening for resistance to insects (Dillon et al., 2018). In leaf discs assays, (volatile)
compounds leaching from wounds may influence thrips damage scores. Nevertheless, our
study showed that the resistance ranking of accessions was comparable between both methods,
regardless of any induced responses that may occur. Leaf disc assays thus provide a reliable
high-throughput method for screening for thrips resistance in Capsicum.

Conclusion
Our study underscores that identifying broad spectrum resistance to thrips in Capsicum may
be challenging. In some other plant species, broad spectrum resistance has been reported (Chen
PJ et al., 2014; Senthilkumar et al., 2010; Vosman et al., 2018). For example, in wild tomato
(Solanum galapagense), the Wf-1 QTL region was linked to resistance to a diverse group of
insects, including thrips (Vosman et al., 2018). In Capsicum, the few QTL mapping studies on
thrips resistance focused only on F. occidentalis (Maharijaya et al., 2018; Maharijaya et al.,
2015). It is unclear whether the one currently identified QTL for F. occidentalis resistance
applies to resistance to other thrips species, but our results suggest this is unlikely. In other
plant-insect combinations, resistance mechanisms were also found to be highly insect speciesspecific, even on the level of the developmental stage of the insect (Hilder & Boulter, 1999;
Lucatti et al., 2014; Soria & Mollema, 1995). Future development of genetic markers for thrips
resistance in Capsicum should thus include additional important thrips species such as T. palmi
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and S. dorsalis, and additional biotypes of F. occidentalis. Due to the specificity of the
resistance to different thrips, breeding programs may have to focus on developing specialized
cultivars suitable for growing in defined geographic regions with specific abiotic conditions
and in the presence of the locally abundant thrips species.
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Supplementary
Table S1. Overview of the eleven Capsicum accessions used in this research. Under embargo until the
22nd of November 2019.
Species

Accession code

RU code

Accession name

C. annuum

EMBARGO

RU07

EMBARGO

C. chinense

EMBARGO

RU27

EMBARGO

C. chinense

EMBARGO

RU32

EMBARGO

C. chinense

EMBARGO

RU28

EMBARGO

C. annuum

EMBARGO

RU21

EMBARGO

C. annuum

EMBARGO

RU08

EMBARGO

C. chinense

EMBARGO

RU29

EMBARGO

C. annuum

EMBARGO

RU01

EMBARGO

C. annuum

EMBARGO

RU14

EMBARGO

C. annuum

EMBARGO

RU17

EMBARGO

C. annuum

EMBARGO

RU06

EMBARGO

Table S2. Mean (± SE) Frankliniella occidentalis damage score (1 no damage, 9 severe damage) and
damage percentages of leaf discs of 11 Capsicum accessions at site 1 (n = 8-9) over a period of five
weeks. Effects of week on damage scores were detected in most of the accessions (P < 0.004).
Whole plant damage score
CGN

Week 1

Week 2

Week 3

Week 4

Krukskall- Wallis
Week 5

χ2

df

P

RU07

2.89 ± 0.93 4.7 ± 1.00 6.2 ± 0.44 7.1 ± 0.93 4.9 ± 1.05

32.8

4 <0.001

RU27

0.63 ± 0.74

8 ± 0.00

35.4

4 <0.001

RU32

1.63 ± 1.30 2.8 ± 1.04 2.5 ± 1.31 2.8 ± 2.31 4.5 ± 2.00

9.689

4

RU28

4.33 ± 0.71 5.6 ± 1.94 5.9 ± 2.37 6.3 ± 0.87 6.9 ± 1.05

34.98

4 <0.001

8 ± 0.00 6.7 ± 1.00

RU21
RU08

2 ± 1.07 1.9 ± 0.35 5.4 ± 1.06

4 ± 0.00 6.7 ± 1.00 7.8 ± 0.44

0.046

32.71

4 <0.001

3.89 ± 0.93 6.7 ± 1.00

8 ± 0.00

8 ± 0.00 7.8 ± 0.67

12.4

4 0.0146

6 ± 0.87 4.9 ± 1.05 6.7 ± 1.00

RU29

4.78 ± 0.97 5.3 ± 1.00

16.01

4

RU01

1.56 ± 0.73 3.6 ± 0.88 3.9 ± 1.45 3.7 ± 1.00

4 ± 0.00

21.23

4 <0.001

RU14

2.33 ± 0.87 4.2 ± 1.56 5.8 ± 1.92 5.8 ± 0.83

4 ± 0.00

25.45

4 <0.001

RU17

2.33 ± 1.41 5.8 ± 0.67 6.2 ± 1.86 6.9 ± 0.93

6 ± 1.00

25.37

4 <0.001

RU06

2.33 ± 0.71 3.6 ± 1.33 3.4 ± 1.33 3.1 ± 1.54 4.7 ± 1.41

12.09

4 0.0167

100

0.003

Figure S3. Mean (± SE) Frankliniella occidentalis damage score (0 severe damage, 4 no damage) of 11
Capsicum accessions at site 3 (n = 8-30), over a period of two weeks. Difference in damage scores
between weeks were only observed in one accession (P < 0.004).
Whole plant damage score

Mann-Whitney U test

CGN

Week 2

Week 3

RU07

3.1 ± 0.09

RU27

4 ± 0.00

W-statistic

P

3.4 ± 0.09

327

0.0256

4 ± 0.00

32

1

RU32

3 ± 0.10

3.9 ± 0.07

13.5

<0.001

RU28

3.7 ± 0.11

3.9 ± 0.06

401

0.2862

RU21

4 ± 0.00

4 ± 0.00

32

1

RU08

0 ± 0.00

0 ± 0.00

n.a.

RU29

4 ± 0.00

4 ± 0.00

32

RU01

3 ± 0.00

3.9 ± 0.05

30

1

RU14

2.7 ± 0.09

2.6 ± 0.09

449.5

0.598

RU17

3.3 ± 0.21

3 ± 0.00

24

0.1739

RU06

3 ± 0.12

2.8 ± 0.10

479

0.2894

1

Table S4. Mean (± SE) Thrips palmi overall damage score (1 no damage, 6 severe damage) of 11
Capsicum accessions (n = 21-36) in Suphanburi, Thailand, over a period of five weeks. No effect of
week on damage scores or percentage in any of the accessions could be detected (P < 0.004).
Whole plant damage score
CGN

Week 1

Week 2

Week 3

Week 4

RU07

3.3 ± 0.24

3.7 ± 0.20 3.1 ± 0.21

RU27

n.a.

n.a.

Kruskall-Wallis
Week 5

χ2

df

P

3 ± 0.15 3.2 ± 0.23

9.601

4

0.048

1.1 ± 0.07 1.3 ± 0.16 1.4 ± 0.18

0.273

1

0.601

RU32

1.6 ± 0.19

1.7 ± 0.19 2.3 ± 0.24 1.5 ± 0.12 1.4 ± 0.12

11.6

4

0.02

RU28

2.6 ± 0.20

2.7 ± 0.21 3.1 ± 0.46 2.2 ± 0.12

2 ± 0.00

10.14

4

0.038

RU21

3.7 ± 0.33

4.4 ± 0.30 2.6 ± 0.40 3.1 ± 0.31 2.9 ± 0.35

8.983

4

0.06

RU08

4 ± 0.22

4.4 ± 0.20 3.9 ± 0.34 4.4 ± 0.20 4.9 ± 0.26

7.627

4

0.106

RU29

1.3 ± 0.11

1.3 ± 0.11 1.2 ± 0.09 1.2 ± 0.09

5.817

4

0.213

RU01

3.5 ± 0.33

4.1 ± 0.25

RU14

3.6 ± 0.15

3.6 ± 0.23 3.3 ± 0.22 3.4 ± 0.15 3.3 ± 0.22

2.505

4

0.644

RU17

3.4 ± 0.21

3.4 ± 0.17 3.9 ± 0.36 3.2 ± 0.15 3.2 ± 0.16

2.513

4

0.642

RU06

2.9 ± 0.18

3.3 ± 0.20 2.9 ± 0.17

2.698

4

0.609

1 ± 0.00

3 ± 0.17 3.3 ± 0.21 3.5 ± 0.21

n.a. = not assessed
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3 ± 0.23 3.1 ± 0.25

10.585 4 0.0316

Table S5. Mean (± SE) Thrips palmi damage percentage on leaves (n = 2 leaves per plant) of 11
Capsicum accessions (n = 7-18) in Suphanburi, Thailand, over a period of five weeks. No effect of week
on damage scores or percentage in any of the accessions could be detected (P < 0.004).
Leaf damage (%)
CGN

Week 1

Week 3

Kruskall-Wallis
Week 5

χ2

df

P

RU07

4.4

± 1.45

4.2

± 0.91

2.48

± 0.67

1.826

2

0.401

RU27

5.73

± 2.74

2.34

± 0.52

2.6

± 0.56

0.013

1

0.908

RU32

n.a.

0.23

± 0.07

0.24

± 0.09

2.701

2

0.259

RU28

0.47

± 0.08

0.68

± 0.12

0.48

± 0.10

1.1

2

0.577

RU21

0.25

± 0.06

0.24

± 0.08

0.14

± 0.04

0.76

2

0.684

RU08

9.07

± 2.20

9.89

± 1.63

10.6

± 2.31

0.823

2

0.662

RU29

12.3

± 4.65

15

± 3.58

12.5

± 2.30

3.857

2

0.145

RU01

0.22

± 0.05

0.25

± 0.04

0.22

± 0.10

0.562

2

0.755

RU14

7.78

± 4.54

4.64

± 1.30

2.83

± 0.44

0.888

2

0.641

RU17

2.36

± 0.72

2.51

± 0.52

3.58

± 1.38

1.121

2

0.571

RU06

3.9

± 0.80

4.26

± 0.66

3.51

± 0.77

0.871

2

0.647

n.a = not assessed
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2 ± 0.10

3.6 ± 0.18

2.5 ± 0.29

3.1 ± 0.16

3.3 ± 0.23

RU29

RU01

RU14

RU17

RU06

3.7 ± 0.20

RU28

4 ± 0.19

5 ± 0.16

RU32

RU08

4.4 ± 0.29

RU27

3.6 ± 0.15

3.7 ± 0.22

RU07

RU21

Week 1

CGN
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3.5 ± 0.23

4 ± 0.25

3.6 ± 0.36

3.9 ± 0.19

2.3 ± 0.12

4.4 ± 0.19

4.2 ± 0.19

4.3 ± 0.15

4.3 ± 0.19

4.9 ± 0.26

4.2 ± 0.26

Week 2

4.2 ± 0.17

4.8 ± 0.18

4.3 ± 0.40

4.6 ± 0.14

3.6 ± 0.21

5.1 ± 0.19

4.9 ± 0.16

4.4 ± 0.15

5.8 ± 0.10

5.3 ± 0.16

4.6 ± 0.16

Week 3

5.9 ± 0.13

6.1 ± 0.06

6 ± 0.10

6 ± 0.00

6 ± 0.06

6 ± 0.00

6.1 ± 0.06

5.8 ± 0.09

5.8 ± 0.10

6 ± 0.04

6 ± 0.05

Week 4

6 ± 0.08

6 ± 0.00

6 ± 0.00

6 ± 0.04

5.5 ± 0.13

6 ± 0.00

6 ± 0.04

5.8 ± 0.07

6 ± 0.00

6.1 ± 0.08

6 ± 0.05

Week 5

Whole plant damage score

± 6.94

± 8.89

30.4

49.3

22.1

31.3

14.6

45.2

53.4

39.6

± 6.73

± 8.48

± 5.08

± 6.68

± 3.96

± 7.04

± 5.79

± 6.83

51.5 ± 17.80

50.2

58.9

Week 3

Leaf
Damage (%)

81.244

92.056

110.3

92.152

106.1

n.a.

83.627

78.359

11.384

45

89.273

χ2
P

0.023

4 < 0.001

4 < 0.001

4 < 0.001

4 < 0.001

4 < 0.001

4 < 0.001

4 < 0.001

4

4 < 0.001

4 < 0.001

df

Kruskall-Wallis

Table S6. Mean (± SE) Scritothrips dorsalis damage score (1 = no damage, 6 = severe damage) and
damage percentage on leaves (n = 2 leaves per plant) of 11 Capsicum accessions (n = 7-20 plants per
accession for damage scores and n = 4-13 for leaf damage) in Aurangabad, India, over a period of five
weeks. Effects of week on damage scores were detected in most of the accessions (P < 0.004).

Figure S1. Reference Capsicum plants for the scoring of Thrips palmi damage of experiments at the East
West Seed station in Song Pe Nong District, Suphanburi, Thailand. Severely damaged plants received a
score of 6, while undamaged plants received a score of 1. The numbers in the picture represent the ranking
score before standardization.
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Figure S2. Characteristics of Thrips palmi. (A) Overall picture of T. palmi (4x). (B) Antenna with 7
segments (10x). (C) Antenna segments III and IV with forked sense cones (40x). (D and E) Head with
two pairs of ocellar setae (40x). (F) On the forewing the first vein has three setae with gaps in distal half
(10x). Pictures were taken with a Canon EOS 700D on a Motic BA210E microscope.
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Figure S3. Reference Capsicum plants for the scoring of Scirtothrips dorsalis damage of experiments at
the East West Seed station in Aurangabad, India. Severely damaged plants received a score of 6, while
undamaged plants received a score of 1. The numbers in the picture represent the ranking score after
standardization.
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Figure S4. Characteristics of Scirtothrips dorsalis. (A) Overall picture of S. dorsalis (2.5x). (B) Antenna
with 8 segments and a forked sensorium on segments 3 and 4 (20x). (C) Three pairs of occellar setae and
two pairs of postocelar setae (20x). (D) Forewing with three setae on the distal half on the first vein and
two widely spaced setae on the second vein (10x). Pictures were taken with a Canon EOS 700D on a
Motic BA210E microscope.
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Figure S5. Thrips palmi (A) and Scirtothirps dorsalis (B) resistance screening results of 11 Capsicum
accessions in Asia. Mean (± SE) damage % on 2 leaves per plant (n = 7-12 plants per accession for T.
palmi and n = 4-13 for S. dorsalis). P-values of overall Kruskal-Wallis are given in both panels. Different
characters indicate a signiﬁcant diﬀerences between accessions (P < 0.004, Mann-Whitney U test).
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Abstract
Capsicum species grown for pepper production suffer severely from thrips damage. The
identification of natural sources of thrips resistance is essential for the development of resistant
cultivars. Up until now research focused only on identifying thrips resistance in leaves.
However, during several months Capsicum plants are flower-bearing and thrips occur in high
numbers on these flowers. Including flowers in identifying resistant to thrips in Capsicum is
thus essential. Here we researched 1) whether Frankliniella occidentalis has a preference for
flowers of 10 different Capsicum accessions and access pollen quantity and sugar content of
anthers as drivers for preference, 2) whether they produce different numbers of offspring on
these flowers, and 3) whether thrips population growth differed among these accessions. In
our study we showed that thrips prefer flowers of certain Capsicum accessions over others.
Three C. chinense accession were least preferred regardless whether anthers were present.
Preference of adult thrips for flowers was correlated to absolute trehalose and fructose content
and to pollen quantity. The percentage of thrips offspring emerging from flowers differed
significantly among accessions when thrips were offered flowers without anthers. This
suggests that additional factors such as nectar and flower metabolites might influence
preference. Three C. chinense accessions could be identified as highly resistant in both leaves
and flowers assays. These accessions also supported low thrips population growth when tested
in a whole plant assay. Altogether, our study showed the importance of unraveling mechanisms
of resistance to thrips in generative plant parts in addition to leaf based resistance.

Introduction
Thrips are wide-spread small insects that cause damage and yield loss in many vegetable crops.
They can cause direct damage due to feeding and oviposition, as well as indirect damage
caused by the transmission of plant viruses, such as Tospoviruses (Rosenheim et al., 1990;
Tommasini & Maini, 1995; Rotenberg et al., 2015). Thrips are polyphagous insects and make
use of diverse food sources that are present on the plant. Both leaves (Van Dijken et al., 1994;
de Kogel et al., 1997ab) and the pistil, calyx, petals and filaments of the flowers can be used
for oviposition and feeding (Childers & Achor, 1991; Cockfield et al., 2007). Pollen provides
an important additional source of nutrients. In addition, the quantity and quality of pollen can
influence thrips behavior and reproductive parameters (Kirk, 1984; Chitturi et al., 2006; Riley
et al., 2007). Thrips population growth thus relies on different plant resources that become
available during the development of the host plant.
Frankliniella occidentalis, also known as western flower thrips, occurs both on leaves and
flowers of crop plants. This species was first described in 1895 in California and is now among
the most wide-spread thrips species (Kirk & Terry, 2003), causing severe yield losses globally.
Controlling this and other thrips species is challenging due to the emergence of populations
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that are resistant to insecticides (Wang et al., 2016). Due to their preference to hide in small
narrow places (thigmotactic behavior) (Morse & Hoddle, 2006), insecticides that are still
efficient do not always reach their target. Thrips control is therefore mostly achieved by
integrated pest management (IPM) (Weintraub, 2007; Mouden et al., 2017). Natural crop
resistance is one of the elements of successful IPM programs. Capsicum, a genus in the
nightshade family which includes hot and sweet pepper varieties. In Dutch greenhouse
production systems, Capsicum plants are severely damaged by F. occidentalis (Ssemwogerere
et al., 2013). Natural resistance to thrips is a highly desired trait and several resistant accessions
have been identified in this genus (Fery & Schalk, 1991; Maris et al., 2003; Maharijaya et al.,
2011; Visschers et al., 2019ab). Resistant Capsicum accessions were identified based on
feeding or reproduction rates, or on thrips mortality, but these parameters were exclusively
assessed on the leaves. This ignores the fact that thrips also use other resources, such as flowers
and pollen. During several months of the production period, Capsicum plants are flowerbearing. The larvae and adults of F. occidentalis are found in high numbers in these flowers
(Funderburk et al., 2000; Ramachandran et al., 2001; Hansen et al., 2003). Most studies using
other food resources than leaves, focus on the role of pollen in thrips settling behavior and
reproductive parameters (Chitturi et al., 2006; Riley et al., 2007). For example, the presence
of pine pollen significantly influences host leaf selection and settling behavior of F.
occidentalis (Chitturi et al., 2006). On a poor host (Arachis hypogaea, peanut), the addition of
pine pollen enhanced reproductive output with 58% (Riley et al., 2007). Two recent studies
were the first to compare differences in thrips population development on flowers among and
within plants species. F. occidentalis population development was found to be faster on Rosa
chinensis Jacq. (China rose) flowers and reached a higher total population size compared to
Gardenia jasminoides J. Ellis (Cao et al., 2017). In tomato, oviposition rates on flowers
differed among interspecific hybrid lines (Ben-Mahmoud et al., 2018). These findings
underline the possible role of flowers in modulating plant resistance to thrips. To our
knowledge, flowers of Capsicum accessions have not yet been screened for resistance to thrips.
Including the screening of flowers and pollen in the search for more resistant varieties is thus
essential.
In a previous study, we screened a panel of 40 Capsicum accessions for resistance to F.
occidentalis and T. tabaci (Visschers et al., 2019a). Resistance was measured by determining
thrips feeding damage on leaf discs. Thrips feeding damage (on leaves) is a widely applied
measure for determining resistance of plants to thrips (Koschier et al., 2002; Leiss et al., 2009;
Escobar-Bravo et al., 2019). This resulted in the selection of 11 Capsicum accessions that were
classified as resistant or susceptible (Macel et al., 2019; Visschers et al., 2019b). However,
resistance mechanisms in these selected accessions not only affect thrips feeding damage, but
possibly also thrips survival, reproductive performance or overall population development as
has been shown in other studies (de Jager et al., 1993; Abe et al., 2009; Maharijaya et al.,
2015). Determining population development on whole plants of these selected Capsicum
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accession will provide further insight whether leaf based resistance leaf translates to reduced
population development.
Seen the importance of flowers and pollen in thrips population growth we researched, 1)
whether thrips have a preference for flowers of 10 different Capsicum accessions, 2) whether
thrips produce different numbers of offspring on these flowers, and 3) whether thrips
population growth differed among these accessions. To achieve these aims, thrips behavior
assays were performed on flowers of 10 selected Capsicum accessions (Macel et al., 2019;
Visschers et al., 2019b) to determine settling behavior of adults and their reproductive output.
To assess the role of pollen as driver for settling behavior, the behavior assays were also
conducted using flowers without pollen. If pollen are indeed the most important driver for
settling behavior, we expect that thrips will lose their preference when offered flowers without
the pollen. Furthermore, pollen quantity in the anthers was determined for each accession. In
addition, we assessed anther sugar content as possible drivers for settling behavior, since
sugars are essential for thrips growth and thus may play a role in thrips susceptibility (Scott
Brown et al., 2002; Nielsen et al., 2010; Macel et al., 2019). Accessions with high pollen
quantities and sugar content were expected to be preferred the most and to yield the highest
thrips reproduction rates. Finally, we assessed population development on the 10 Capsicum
accessions by monitoring the number of larvae and adult thrips on whole plants in no-choice
assays during 5 weeks.

Material and Methods
Plant material
We used two Capsicum species, C. annuum and C. chinense (Table S1). Original seeds were
obtained from the Centre for Genetic Resources (CGN), Wageningen University and Research
Centre, the Netherlands (http://cgngenis.wur.nl/) and Syngenta (Enkhuizen, the Netherlands).
An F2 (self-pollinated) population was produced at the Radboud University (Nijmegen, the
Netherlands).

Plant rearing
Seeds for the flowering and leaf disc assay were germinated in closed plastic cups (Ø 7cm) on
sterile glass beads (Ø 1mm) in a climate cabinet (Snijders Labs, Tilburg, the Netherlands) at
L16:D8 light: dark regime and temperature set to 30 °C / 20 °C (day/night). When the first two
true leaves had developed, the seedlings were transplanted to pots (11 cm x 11 cm x 12 cm)
containing potting soil (Potting soil 4, Horticoop, Bleiswijk, the Netherlands). The pots were
placed on tables in a greenhouse, inside an insect-free net cage (Rovero 0.30 mm gauze, 7.50
m x 3 m x 2.75 m) at 16 h photoperiod and minimum temperatures set to 20 °C / 17 °C
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(day/night). Natural light was supplemented with Greenpower lights (400 V / 1000 W, Phillips,
Amsterdam, the Netherlands) when below 200 Watt / m2. Plants were inoculated with
biological control agent, Amblyseius swirskii (Koppert Biological Systems, Berkel en
Rodenrijs, the Netherlands) every 4 to 6 weeks.
Population development assays on whole plants were conducted in a greenhouse with windows
sealed with gauze in Enkhuizen, The Netherlands (52°42’3.676” N, 5°6’12.243” E).
Temperatures were set to 24 / 24 °C and light was supplemented when below 400 W / m² using
10.000 lux Son-T lamps. Seeds were germinated in sowing trays with fine peat soil and after
two weeks seedlings were transplanted to pots (7 cm x 7 cm x 8 cm) and placed in the
greenhouse.

Insect culture
Frankliniella occidentalis culture conditions were the same as described by (Visschers et al.
2018a). The leaf disc assay was performed using synchronized L1/L2 larvae that were starved
for 24 h prior to experiments. Flower experiments were conducted with adult thrips. Testing
conditions and thrips colony rearing conditions were kept constant during the experimental
period. Thrips used for the population development assay were reared on garden bean plants
(Phaseolus vulgaris).

Full choice settling behavior assay on flowers
Two flower experiments were conducted using: (1) flowers with dehiscent anthers, and (2)
flowers without anthers. For the first experiment, fresh flowers with recently opened anthers
were collected from the plants. Flowers were collected from three to five plants per accession.
Flowers of each accession were pooled together in a 50 ml tube and transported to the
laboratory for further experiments. In the laboratory one flower from each accession was
placed in a Petri dish (Ø 150 mm) with the pedicel in a drop of slightly liquid sterile agar,
thereby forming a circle of flowers. Each Petri dish (n = 10) contained 10 flowers, each
representing one of the ten accessions. All flowers were placed at equally distance from the
center of the Petri dish with the anthers facing the center. Thereafter, 14-16 adult thrips were
randomly chosen from the culture. They were placed in the center of the Petri dish using a
paint brush and the Petri dishes were closed with Parafilm. The number of thrips present on
each flower in the Petri dish was monitored at 10 min, 1 h and 2 h after closing the Petri dishes.
For the second experiment, flowers were collected with the anthers still closed. Anthers were
removed with a tweezer before conducting the experiment to prevent opening of anthers during
the experimental period. The experimental setup was the same as decribed above.
After 48 h, the thrips were removed and the flowers were separated into individual Petri dishes
(Ø 55 mm). A 1 cm piece of green bean (Phaseolus vulgaris) was placed next to the flower in
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the petri dish. A 1 cm2 piece of filtration paper was placed at the bottom to avoid condensation
droplets to form due to excessive humidity building up. The filtration paper was changed after
48 h. The total number of emerging larvae from each flower was determined after 1.5 week.
The number of eggs in the flowers could not be determined, since the females insert them into
the flower tissues. Eggs are thus not visible, not even after staining.

Pollen counting
Flowers with closed anthers were collected from each accession for determining pollen
quantities (n = 14-21 flowers per accession). Flowers were collected from three to five plants
per accession and pooled. Pollen number per flower measures were based on impedance flow
cytometry (AMPHA Z30, Amphasys AG, Lucerne, Switzerland; Heidmann and Di Berardino
(2017)). The anthers from each flower were cut into four transversal sections and vortexed in
an Eppendorf to release the pollen. One ml of AmphaFluid6 was added and poured over a
filter (50 µm). An aliquot of 500 µL solution was then measured at 12 MHz using the following
settings: level = 0.04, modulation = 4, Amplification = 6, Demodulation = 2 and Pump = 60
to determine the number of pollen.

Soluble carbohydrates in anthers
Anthers were collected from 3 plants per accession and frozen in liquid nitrogen before freeze
drying overnight. Soluble carbohydrates were determined according to Ribeiro et al. (2014),
with some modifications. Six milligrams of freeze-dried and ground anthers were transferred
to a 2 mL Eppendorf tube and homogenized in 1 mL of methanol (80 % v/v) with the addition
of melezitose (400 mg / L) as internal standard. Samples were incubated in a water bath for 15
minutes at 76 °C. After extraction, samples were evaporated during 2-2.5 h till dryness under
vacuum (SpeedVac Concentrator, Savant SC210A and refrigerated vapour trap, Savant
RVT5105, Thermo, US). The extract was suspended in 0.5 ml of milliQ water, thoroughly
vortexed and centrifuged for 5 min at 17000 g in an Eppendorf centrifuge. The supernatant
was diluted 5-fold in milliQ water and injected into a Dionex HPLC system (Dionex,
Sunnyvale, CA) to analyze soluble carbohydrates, using a CarboPacTM PA1, 4 × 250 mm
analytical column (Dionex) preceded by a CarboPacTM PA1, 4 × 50 mm guard column, a
gradient pump module (ICS-5000+ DP, Dionex) and an ED40-pulsed electrochemical detector
(Dionex). Mono-, di-, and trisaccharides were separated by elution in an increasing
concentration of NaOH (20–85 mM) with a flow rate of 1 mL per minute. Peaks were
identified by co-elution of standards. Sugar quantity was corrected by means of the internal
standard and expressed in micrograms of sugar per milligram of dry material.
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Leaf disc assay
Leaf samples of the same plants as used for harvesting the flowers were obtained in the apical
part of the plants in the flowering stage. The leaf disc choice assay was conducted using the
methods described by (Visschers et al., 2019a). Leaf discs were analysed using the protocol
described by (Visschers et al., 2018a).

Population development on whole plants
Plants of each accession (n = 3-4 plants per accession and time point) were placed in an
individual thrips proof gauze cage and inoculated with 50 adult thrips (female and males), 26
days after sowing. Cages were closed using plastic binding strips. The thrips population on
each individual plant was collected 2, 3 and 5 weeks later. Thrips collection was done by
opening the cage and carefully lifting the plants out of the cage. Plants were rated for damage
on a scale from 9 (severe damage) to 1 (no damage) and thereafter immediately emerged in 70
% ethanol. Plants were thoroughly mixed in the solution to remove the thrips. The ethanol
containing the thrips was filtered and the total number of adult and larvae were then counted
using a binoculair.

Statistical analysis
All statistical analyses were performed using R Version 1.0.153 (R Core Team; 2016).

Choice assay flowers
Thrips preference for each flower was calculated as the relative number of thrips per flower in
a Petri dish (i.e. number of thrips per flower / total number of thrips per petri dish x 100). Data
were analysed using the non-parametric Kruskall Wallis, to test the effect of time point within
an accession. Differences among accessions of data 2 h after inoculation of the Petri dish were
analysed using the Friedman ANOVA for dependent data and when a significant effect was
detected, a post-hoc Wilcoxon signed-rank test with FDR correction was conducted. Larvae
preference for each flower was calculated as the relative number of larvae per flower in a Petri
dish (e.g. % of larvae per flower / total amount of larvae per petri dish x 100). Data were
analysed using the same methods as described for the thrips preference data.

Choice assay leaf discs
Thrips choice assay data were standardized as relative amount eaten per leaf disc of the total
amount eaten in a petri dish. Data were then analysed with a Friedman ANOVA for dependent
data. Post-hoc pairwise differences in thrips damage between accessions were analysed with
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Wilcoxon signed-rank test with FDR correction for multiple comparisons. Significant effects
were always reported with alpha set to 0.05.

Population development
Data of thrips population size were analysed using ANOVA to assess the effect of time point
and accessions on damage scores and the number of larvae and adult thrips. Post-hoc pair-wise
differences between accessions were analysed with Tukey HSD, with data obtained 5 weeks
after plants were inoculated with thrips. All of the accessions contained at least one plant that
was flowering at that moment except for accessions RU28 and RU29.

Pollen and anther data
Pollen number and absolute sugar content data were analysed using ANOVA for independent
data and post-hoc pairwise differences between accessions were analysed with Tukey HSD.
All correlation analysis between parameters and experiments were performed using Spearman
rank correlations.

Results
Flower choice assay
In both flower assays the preference of adult thrips was monitored at three different time
points. For most of the accessions we observed no significant effect of census time point on
thrips preference (Figure S6A and B). Differences among accessions were further analysed
using thrips preference after 2 h. Both flower assays showed that thrips prefered to settle on
certain accessions over others (Friedman ANOVA, with anthers: χ2(9) = 25.02, P = 0.003,
without anthers: χ2(9) = 42.66, P < 0.001, Figure 1A and B). Regardles whether anthers were
present, flowers of three C. chinense accessions (RU27, RU32 and RU28) were least preferred
(Figure 1A and B, white bars). When anthers were present on the flower, thrips prefered to
settle on flowers of accession RU21, RU14 and RU01 (15.4 %, 14.6 % and 11.8 % respectivly,
Figure 1A). When anthers were absent, most thrips were found on accessions RU07, RU21
and RU01 (17.5 %, 15.3 % and 22.1 % respectively, Figure 1B). We observed no significant
differences in the percentage of larvae emerging from the flowers of different accessions when
flowers had anthers (Friedman ANOVA, χ2(9) = 5.8, P = 0.759, Figure 1C). However, when
anthers were removed at the time the flowers were exposed to adults, the percentage of
emerged larvae differed among the accessions (Friedman ANOVA, χ2(9) = 32.17, P < 0.001,
Figure 1D). In flowers without anthers, most larvae emerged from flowers of accessions RU07,
RU21 and RU14 (14.5 %, 14.5 % and 19.8 % respecitvely) while the lowest percentage of
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larvae emerged from flowers of accession RU27 (2.5 %, Figure 1D). Reproductive output was
not correlated with settling behaviour in either flower assay (Spearman rank correlation, with
anthers: P = 0.448, ρ(9) = 0.27; without anthers: P = 0.178, ρ(9) = 0.47, Table S2).

Figure 1. Frankliniella occidentalis full choice settling behavior of adults and offspring on flowers with
and without anthers of 6 Capsicum annuum accessions (grey bars) and 4 C. chinense accessions (white
bars). (A, B) Mean (± SE) percentage of adult thrips (n = 14-16 per assay) present on flowers with and
without anthers after 2h (n = 10 per accession). (C, D) Mean (± SE) percentage of larvae emerging on
each flower with and without anthers after adult thrips were allowed to oviposit for 48 h. Dotted line at
10 % in each panel is the expected value when thrips have no preference for any of the accessions. Pvalues of overall Friedman ANOVA for dependent data are given in each panel. Different characters
indicate a signiﬁcant diﬀerences between accessions (P < 0.05, post-hoc Wilcoxon signed-rank tests).
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Pollen quantity per anther did significant differ among the accessions (ANOVA, F(1,167) =
22.01, P < 0.001, Figure 2). The lowest number of pollen grains per anther were observed in
the C. chinense accessions RU27 and RU32 (Figure 2). Next, we tested whether differences in
preference of adults for flowers in the assay with intact flowers could be linked to pollen
quantity. Correlation analysis showed that there was a significant positive correlation between
preference and number of pollen grains (Spearman correlation, P = 0.035, ρ(9) = 0.685, Figure
2B); adult thrips were more likely to settle on plants with more pollen grains. Finally, the major
carbohydrate in the anthers was sucrose (47 % of total carbohydrates detected), followed by
fructose (32 %), glucose (19 %) and trehalose (0.7 %) (Figure 3). Absolute content of all four
carbohydrates differed significantly among the accessions (Sucrose: F(9,18) = 4.20, P = 0.005,
Fructose: F(9,18) = 17.31, P < 0.001, Glucose: F(9,18) = 22.41, P < 0.001, and Trehalose: F(9,18) =
15.23, P < 0.001, Figure 3). Accessions RU29 contained the highest absolute content of
glucose, fructose and sucrose (45.7, 66.9 and 89 µg / mg DW respectively, Figure 3). No
significant correlation between absolute sugar content and percentage of thrips on flowers with
anthers could be detected for glucose and sucrose (glucose: ρ = 0.503, P = 0.143 and sucrose:
ρ = -1.11, P = 0.759). A positive significant correlation between these two parameters could
be detected for fructose and trehalose (ρ = 0.624, P = 0.06 and ρ = 0.77, P = 0.014
respectively).

Figure 2. (A) Mean (± SE) number of pollen grains per anther of 6 Capsicum annuum accessions (grey
bars) and 4 C. chinense accessions (white bars) (n = 14-21 per accession). P-value of overall ANOVA
for independent data is given in the panel. Different characters indicate a signiﬁcant diﬀerence between
accessions (P < 0.05, post-hoc Tukey HSD). (B) Rank correlation between the number of pollen grains
per anther and number of adult thrips observed on the flowers. P-values and rho (ρ) of Spearman
correlation are given in the graph. Black dots represent C. annuum accessions; white dots represent C.
chinense accessions.
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Figure 3. Mean (± SE) concentration of four different carbohydrates: sucrose (A), fructose (B), glucose
(C) and trehalose (D) in anthers of 6 Capsicum annuum accessions (grey bars) and 4 Capsicum chinense
accessions (white bars) (n = 2-3). P-value of overall ANOVA for independent data is given in each panel.
Different characters indicate a signiﬁcant diﬀerence between accessions (P < 0.05, post-hoc Tukey
HSD).

Leaf disc choice assay
A leaf disc choice assay was conducted on the same plants as used for the flower assays. There
was a significant difference in damage on leaf discs among accessions (Friedman ANOVA,
χ2(9) = 39.23, P < 0.001, Figure 4). Leaf discs of accession RU21 were damaged the most and
leaf discs of accession RU32 the least (25.9 % and 2.3 % respectively, Figure 4). Damage on
leaf discs was not correlated with preference for flowers with or without anthers (Spearman
rank correlation, with anthers: P = 0.427, ρ(9) = 0.28; without anthers: P = 0.973, ρ(9) = 0.018, Table S2).
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Figure 4. Frankliniella occidentalis choice assay on leaf discs of 6 Capsicum annuum accessions (grey
bars) and 4 C. chinense accessions (white bars). Mean (± SE) damage percentage of leaf discs (n = 9 per
accession). P-values of overall main effects of accession on damage percentage (Friedman ANOVA for
dependent data), are given in the graph. Different letters indicate significant differences between
accessions (P < 0.05, post-hoc Wilcoxon signed-rank tests).

Thrips population development
Thrips population development was monitored on the same 10 Capsicum accessions over a
period of 5 weeks. We observed a significant effect of accession and time point on damage
scores, number of adults and number of larvae (ANOVA, damage score: accession effect F(9,61)
= 51.918, P < 0.001 and time point effect F(2,61) = 6.22, P < 0.001; number of adults: accession
effect F(9,62) = 6.29, P < 0.001, number of larvae: accession effect F(9,62) = 9, P < 0.001 and time
point effect F(2,62) = 5.31, P < 0.007; Figure S7). This effect of time point was not significant
for the number of adults (ANOVA, F(9,62) = 1.65, P = 0.200, Figure S7). Next we assessed
differences in population size among the accessions 5 weeks after inocculation. Accessions
RU21 which had the greatest thrips damage also supproted the highest numbers of adults and
larvae (Figure 5A, B and C). All C. chinense accessions (RU27, RU32, RU29 and RU28)
showed the least thrips damage and supported low numbers of both larvae and adult thrips
(e.g. damage score: 2.0, 1.8, 2.1 respectively, Figure 5A, B and C). Correlation analysis
confirmed a strong correlation between thrips damage observed and the total number of thrips
present on these same plants (Spearman correlation, P < 0.001, ρ (9) = 0.95, Figure 5D).
Correlations between relative damage on leaf discs and the total thrips population were
significantly correlated (Spearman correlation, P = 0.039, ρ (9) = 0.67, Table S2). The results
of the flower assays were not significantly correlated with any of the thrips population
development parameters (Table S2).
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Figure 5. Frankliniella occidentalis population development on 6 Capsicum annuum accessions (grey
bars) and 4 C. chinense accessions (white bars), 5 weeks after plants were inoculated with 50 thrips. (A)
Mean (± SE) F. occidentalis damage scores, (B) number of larvae and (C) number of adults (n = 3-4 per
accession). Different characters indicate a signiﬁcant diﬀerences between accessions (P < 0.05, post-hoc
Tukey HSD). (D) Rank correlation between damage score and total number of thrips. P-values and rho
(ρ) of Spearman correlation are given in the graph. Black dots represent C. annuum accessions; white
dots represent C. chinense accessions.
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Discussion
In our study we showed that thrips prefer flowers of certain Capsicum accessions over others.
Three C. chinense accessions were preferred the least regardless whether anthers were present
on the flowers. Preference of adult thrips for flowers with anthers was correlated to absolute
trehalose and fructose content and to pollen quantity. Thrips did not lose their preference when
offered flowers without the pollen. Instead, some accessions (e.g. RU07) became more
preferred, whereas the C. chinense accessions became less preferred overall. This suggests that
factors in addition to pollen drive preference. The percentage of thrips offspring emerging
from flowers differed significantly among accessions when thrips were offered flowers
without anthers. The three C. chinense accessions, RU27, RU32 and RU28 could be identified
as highly resistant in both leaves and flowers in the bioassays. These accessions also supported
the lowest thrips population growth when tested in a whole plant assay.
In our study we screened flowers of 10 Capsicum accessions for thrips preference and analysed
possible drivers. Our data suggest that pollen quantity is a possible driver for preference in
intact flowers. High numbers of pollen grains per anther were positively correlated with the
presence of adult thrips. Our results compliment previous studies on the role of pollen in
settling behavior of F. occidentalis (Chitturi et al., 2006; Riley et al., 2007). To further
demonstrate the importance of anthers and pollen as driver for preference, a choice assays was
conducted with flowers without anthers. Settling behavior was still significantly different
among the flowers and changed compared to the results of the choice assay with anthers. This
suggests that additional factors than anthers and pollen play a role in preference of thrips for
Capsicum flowers. Possibly, this preference is additionally influenced by difference in
composition of the floral nectar among the Capsicum accessions. Nectar contains primary
metabolites such as sugars and amino acids that provides a reward for pollinators. On the other
hand, the floral nectar can contain toxic or repellent secondary metabolites, which has been
demonstrated for example for honeybees, sunbirds and several floral visitors of Nicotiana
attenuate (Tadmor‐Melamed et al., 2004; Kessler & Baldwin, 2007; Stevenson et al., 2017).
Finally, volatiles emitted from the floral tissues can attract or repel floral visitors. For example,
chemical analysis of the floral scent compounds of Ligustrum japonicum Thunb. resulted in
the identification of e.g. phenylacetaldehyde that stimulates flower visiting by Pieris rapae
(Honda et al., 1998), while decalactone in Osmanthus fragrans (Thunb.) Lour. discourages
foraging behavior of P. rapae (Ômura et al., 2000). Considering the importance of nectar
composition and floral volatiles in floral visiting insects, metabolomics analyses of nectar
composition and volatiles of preferred and non-preferred Capsicum flowers might provide a
better understanding of the interaction between flowers and thrips.
Preference of adult thrips for flowers of certain accessions was positively correlated to the
absolute content of trehalose and fructose in anthers, but not to sucrose and glucose content.
Sugars are an important feeding stimulant for thrips and other insects (Boyce & Persing, 1939;
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Morse, 1995; Parella, 1995). Differences in sugar concentrations in leaves were related to
susceptibility in several plants species. For example, high levels of sugars were linked to high
levels of thrips feeding damage of Peumus boldus leaves (Brown, 2002). Resistant and
susceptible genotypes of onions (Allium cepa L.) and leek (Allium porrum L. var. porrum) to
Thrips tabaci contained low and high levels of sugars in the leaves, respectively (Akhtari et
al., 2014; Njau et al., 2017). In Capsicum leaves, high levels of sucrose were related to
susceptibility to F. occidentals (Macel et al., 2019). In addition to the above studies on leaf
sugar contents, our data shows that high levels of fructose and trehalose, but not sucrose in the
anthers are linked to thrips susceptibility in flowers. Trehalose is a disaccharide that is known
among others as the “insects blood-sugar” (Elbein et al., 2003). In plants it is involved in the
response to a range of abiotic and biotic stresses, where it provides direct resistance to insects
or functions as a signaling molecule (Singh et al., 2011; Kosar et al., 2019). In Arabidopsis
and tomato trehalose negatively affects the survival of the of green peach aphid (Myzus
persicae Sulzer) nymphs, thereby reducing the severity of infestation (Mittler et al., 1970;
Singh et al., 2011; Singh & Shah, 2012). Our results suggest a possible role of trehalose and
fructose in anthers as a positive regulator of thrips infestation on Capsicum flowers.
We further showed that reproductive output on flowers differed among the accessions.
Interesting, this effect was only observed when anthers were absent. It is unclear whether this
reproductive output is the result of difference in oviposition or egg mortality rates among the
accessions. In tomato, differences in oviposition rates among flowers of interspecific hybrid
lines were linked to acylsugar content (Ben-Mahmoud et al., 2018). Similar, secondary
metabolites such as monomer and dimer acyclic diterpene glycosides (capsianosides) that have
been linked to thrips feeding resistance in Capsicum leaves (Macel et al., 2019; Maharijaya et
al., 2019), might also drive differences in oviposition rates among flowers. If flowers show
similar differences in chemical profiles as the leaves, this may explain why the C. chinense
flowers were much less preferred by thrips. The presence of anthers and pollen as extra food
source may have alleviate the negative effect of the capsianosides; in flowers without anthers
C. chinense flowers were even less preferred than in the assay with intact flowers. Altogether,
this underlines the importance of unraveling mechanisms of resistance to F. occidentalis in
generative plant parts such as flowers in addition to leaf based resistance.
To obtain a complete overview of resistance to thrips in these Capsicum accessions, leaf-based
resistance and whole plant population development were assessed as well. Substantial
differences in thrips damage and population size were observed between the different
accessions in both the leaf assays and the whole plant assays. Accession RU32 was identified
as consistently resistant, evidenced by low damage levels and small thrips populations. These
findings complement our previous work on thrips resistance in this accession. RU32 was also
identified as resistant in leaf disc assays of plants in the reproductive stage by Macel et al.
(2019). Finally, our data showed a strong positive correlation between leaf damage, on both
whole plants and leaf discs taken from plants in the reproductive stage, and thrips population
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size. Measuring thrips leaf damage in Capsicum using a high-throughput leaf disc assay thus
provides as a good indication of thrips population size and whole plant resistance.
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Supplementary tables
Table S1. Overview of the eleven Capsicum accessions used in this research. Under embargo until the
1st of February 2020.

Species

Accession code

Ru code

Accession name

C. annuum
C. chinense
C. chinense
C. chinense
C. annuum
C. chinense
C. annuum
C. annuum
C. annuum

EMBARGO
EMBARGO
EMBARGO
EMBARGO
EMBARGO
EMBARGO
EMBARGO
EMBARGO
EMBARGO

RU07
RU27
RU32
RU28
RU21
RU29
RU10
RU14
RU17

EMBARGO
EMBARGO
EMBARGO
EMBARGO
EMBARGO
EMBARGO
EMBARGO
EMBARGO
EMBARGO

C. annuum

EMBARGO

RU06

EMBARGO
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ρ

Flower
assay

126

Population
development

Larvae

Adults

0.673

0.479

Damage
score

# thrips

0.091

0.467

-0.018

0.284

Anthers -

Anthers +

Anthers -

Anthers +

Leaf disc
assay

Leaf disc
assay

0.515

0.539

0.806

0.273

0.503

0.427

Anthers +

0.467

0.551

0.467

0.163

0.143

0.973

Anthers -

Adults

0.284

0.261

0.345

0.657

0.448

0.178

0.479

0.551

0.33

0.178

0.008

0.811

Anthers -

Larvae
Anthers +

Flower assays

P-values

0.951

0.104

0.47

0.104

0.113

0.166

Damage
score

<0.001

0.166

0.427

0.178

0.133

0.039

# thrips

Population
development

Table S2. Spearman rank correlation matrix between parameters of the leaf disc assay, the flower assay
and the population development experiment. Bold represent significant correlations (P < 0.05).

Supplementary figures

Figure S1. Frankliniella occidentalis full choice behavior assay on flowers with and without anthers
after 10 minutes (white bars), 1h (grey bars) and 2h (black bars) of 10 Capsicum accessions. (A) Mean
(± SE) percentage of adult thrips present on flowers with anthers (n = 10 per accession). (B) Mean (±
SE) percentage of adult thrips present on flowers without anthers (n = 10 per accession). An asterisk
indicates a significant difference within an accession among time points (P < 0.05, Friedman ANOVA).
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Figure S2. Frankliniella occidentalis population development on 10 Capsicum accessions 2 (white bars),
3 (grey bars) and 5 weeks (black bars) after inoculation. (A) Mean (± SE) damage scores of whole plant
screening (1 little damage, 9 severe damage, n = 3-4 per accession). (B and C) Mean (± SE) number of
adults and larvae, respectively (n = 3-4 per accession). P-values of overall main effects of accession and
scoring data on thrips parameters (ANOVA for independent data), are given in each graph.
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Natural resistance to thrips in Capsicum and factors of
variation therein
The intensive use of insecticides in agriculture has resulted in adverse effects on humans and
beneficial organisms as well as to the emergence of resistant pest strains (Bass et al., 2015;
Kim et al., 2017; Fernandes et al., 2016; Dively et al., 2015; Brandt et al., 2016). The
identification of novel natural resistance to insects has become a necessity for more sustainable
and environmental agriculture. Hot and sweet peppers are among the most produced crops.
Severe yield losses are caused by thrips, tiny insects that cause feeding damage of the foliar
and spread viruses (Welter et al., 1990; Tommasini & Maini, 1995; Shipp et al., 1998;
Whitfield et al., 2005; Riley et al., 2011; Rotenberg et al., 2015). Thrips are difficult to combat
due to their positive thigmotactic nature and the emergence of populations that are resistant to
several pesticides (Bao et al., 2014; Nazemi et al., 2016; Li et al., 2016). Identifying sources
of natural, robust resistance to thrips in hot and sweet pepper has therefore become
increasingly important. Several factors such as plant ontogeny, leaf position, thrips species and
environmental factors can possibly modulate resistance to thrips. In this thesis I researched if
and how these factors modulate resistance to thrips in Capsicum. Thereby, I aimed to improve
approaches for unraveling resistance mechanisms and identifying resistant accessions. In the
following sections I will summarize the most important findings and main conclusions of this
thesis.

High through-put screening method
To research the factors that can modulate resistance to thrips in Capsicum, in Chapter 2 I first
developed an objective high-throughput screening method for thrips damage quantification
using leaf discs and the freely available software programs Ilastik and ImageJ. I chose to screen
damage on leaf discs, since this is a widely applied experimental approach in resistance
screening experiments (Adesanya et al., 2017; van Rijn et al., 1995; Sattar et al., 2016; Thakur
et al., 2014; Fukino et al., 2013). In addition, leaf discs are easily kept fresh for several days
on a drop of agar and this allows standardization of the leaf side that is exposed to thrips
feeding. Moreover, this screening method can be conducted physically separated from plant
production. In the next section, I provide a small summary of the imaging part of the screening
protocol.
Digital images of the leaf discs were obtained using a scanner. Several leaf discs were placed
on the scanner and images containing 12 leaf discs were produced. These images were
automatically cut in single leaf discs in ImageJ Fiji using a macro. Further analyses of the
single leaf disc images were conducted in Ilastik. Ilastik was found to be suitable for
identifying thrips damage that is characterized by gradual color differences that have a low
contrast with the intact leaf disc. Once Ilastik was properly trained, image analyses could be
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processed in batch mode, allowing fast analysis of leaf disc images with the same settings.
Ilastik produces a simple segmentation of the original image with feeding damage in black,
the leaf disc in grey and the background in white. I used ImageJ Fiji to extract the thrips
damage from these images and calculate the corresponding surface area. A small macro in
ImageJ Fiji enabled analyses of the simple segmentation images in a single folder in one run.
The use of a scanner and leaf discs makes it a straightforward and easy screening method that
can be applied by different experimenters without compromising subjectivity. Especially for
large scale screening experiments, this method provides an accurate tool, since researches
often lose their focus in due time, thereby compromising results. This newly developed method
can be easily adapted to other plant-insect research systems such as leaf miners or any other
leaf surface damaging insect. Altogether, I developed a fast, reliable and efficient tool for
screening for resistance to insects in applied research and commercial breeding.

Screening approaches for identifying resistance
In Chapter 3, I used the new method to address two research questions. First, I quantified
differences in Frankliniella occidentalis feeding damage between the abaxial (lower) and
adiaxial (upper) leaf sides of four wild Capsicum accessions. Based on field observations, it is
widely accepted that thrips feeding occurs mostly on the abaxial leaf side (Culliney, 1990;
Daniel et al., 1983; Feller et al., 2002; Tree & Walter, 2009). However, a direct quantitative
comparison of feeding damage between these two leaf sides has not been made. In general, I
observed more thrips damage on the abaxial side compared to the adaxial leaf side. Therefore,
in further experiments I always exposed the abaxial side of the leaf to thrips feeding. Next, I
investigated whether thrips resistance changes over the course of plant ontogeny in 10
commercial Capsicum accessions. Other studies have indicated the importance of ontogenetic
stage when screening for resistance (van Dam et al., 1995; Stout et al. 2013; Broekgaarden et
al. 2012), but it was unclear whether this also applied to Capsicum. I found significant
differences in resistance levels among ontogenetic stages and these patterns were dependent
on the tested accessions. Therefore, identifying resistance in Capsicum should not rely on
screening for resistance in one ontogenetic stage only, as this might lead to selection of
accessions with unstable constitutive thrips resistance.

Role of plant ontogeny and leaf position in resistance
In Chapter 3 I concluded that screening over the whole plants ontogenetic development is
essential for identifying constitutive resistance to thrips in Capsicum. Therefore, in Chapter
4, I screened a panel of 40 non-commercial Capsicum accessions, comprising five different
species, for resistance to F. occidentalis and Thrips tabaci over the plants ontogenetic
development. In addition, I researched whether leaf position affects leaf-based resistance,
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since resistance to a given pest is known to differ between young and old leaves (van Dam et
al., 1995; Visker et al., 2003; Alvarez et al., 2006; Gutbrodt et al., 2012). Finally, since the
same accessions were screened for both F. occidentalis and T. tabaci, I could directly correlate
resistance levels of the two thrips species. Consistent with the findings in Chapter 3, I found
ontogenetic variation in thrips resistance among the accessions. No general pattern for
ontogenetic variance in leaf-based resistance to thrips among these 40 non-commercial
Capsicum accessions could be identified. These findings are in line with a meta-analysis,
which showed that ontogenetic patterns were dependent on plant life form (herbaceous, woody
or grass), type of herbivore and defense trait (Barton & Koricheva, 2010). Nevertheless,
constitutive resistance was observed in the flowering and fruit ripening stages of several C.
annuum and C. chinense accessions. These accessions provide interesting targets for
identifying Capsicum species-specific metabolites that confer resistance to thrips. Seven C.
annuum and four C. chinense were selected for being the most resistant or most susceptible
and used by Macel et al. (2019) to detect secondary metabolites that relate to F. occidentalis
resistance in the vegetative and flowering stage of the plant. These untargeted metabolomics
analyses showed that plant metabolomes indeed differ among plant species, within species and
among ontogenetic stages (Macel et al. 2019). Thereby, we provided the first evidence for
differences in resistance mechanisms between ontogenetic stages in Capsicum. In addition, we
related dimer capsianosides to thrips resistance in Capsicum.
Furthermore, I found that thrips resistance is overall similar at different leaf positions within
an ontogenetic stage. This indicates that resistance mechanisms are constitutively presents at
similar levels at all leaf positions in Capsicum. Defense metabolites such as capsianosides
might thus be evenly distributed in the plant. Defense compounds can be distributed unevenly
along the vertical axis of the plant in other plants species (Heiling et al. 2010; Kohler et al.,
2015; van Dam et al. 1994). Accounting for leaf position is thus less of a concern for
identifying resistance mechanisms in Capsicum, but might still be essential in other crops.

Resistance is partially thrips-species specific
Finally, in Chapter 4 I found no correlation between damage caused by F. occidentalis and
T. tabaci on the same accession. Maharijha et al. (2011) found that resistance to Thrips
parvispinus and resistance to F. occidentalis were positively correlated. Resistance to T. tabaci
might be driven by different genetic mechanisms than resistance to F. occidentalis and T.
parvispinus, meaning that resistance in Capsicum is partially thrips-species specific. Similar
findings have been found for aphid resistance in barrel clover (Gao et al. 2007). In this case,
resistance was aphid-species specific and the plants genetic background influenced this
specificity.
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Robustness of identified resistance
Thrips resistance should preferably be effective under different abiotic conditions and to
several thrips species, so that accessions can be grown in different geographic regions.
However, it is unclear whether identified resistance in Chapter 4 as assessed in greenhouse
grown plants, holds under different conditions. Therefore, in Chapter 5 I researched whether
previously identified resistance was robust in different environments with different thrips
species and populations. I used the same 11 accessions as those used for the metabolomics
analyses by Macel et al. (2019). I assessed resistance to F. occidentalis at three locations in
the Netherlands using locally reared thrips populations. In most of the accessions, resistance
differed among sites, with exception of one resistant and one susceptible accession. Genetic
differentiation among thrips populations in the Netherlands has been observed (Mirnezhad et
al. 2012) and might explain my findings. The experiments were conducted during different
years and seasons. Therefore, environmental and seasonal variation can have contributed to
differences in resistance levels within an accession, because these factors are known to
modulate plant-insect interactions (Escobar-Bravo et al. 2019; Wang et al., 2009; Zavala et al.,
2015). In addition, in an unpublished pilot experiment, I showed that high temperatures can
modulate resistance to thrips in Capsicum and that this effect is dependent on the genetic
background (Figure 1). Including different thrips populations/biotypes when screening on one
location and screening under different abiotic conditions seems essential for identifying
sources of broad spectrum resistance to thrips.
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Figure 1. Frankliniella occidentalis feeding damage on 9 Capsicum accessions (n = 10) grown under
control greenhouse conditions (25/21 °C, light grey bars) or exposed to heat shock (2 h at 38 °C, dark
grey bars). Asterisks indicate significant differences in feeding damage between treatments within an
accession (* = P < 0.05, ** = P < 0.01, T-test). Hoogveld RHM, Rieu I & Visschers IGS, Unpublished.
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Next, I assessed resistance to Thrips palmi and Scirtothrips dorsalis in Asia. I found mostly
no correlation in resistance to T. palmi and S. dorsalis, although one C. chinense accession
could be pinpointed as highly resistant to both thrips species. Unfortunately, this accession
was susceptible to F. occidentalis. Resistance to F. occidentalis and S. dorsalis was strongly
positively correlated in the C. annuum accessions. Together with the findings in Chapter 4,
this shows that resistance to thrips in Capsicum is indeed partially thrips species-specific and
dependent on the tested accession. Due to the specificity of resistance to different thrips species
and biotypes, breeders may have to focus on developing specialized cultivars suitable for
growing in defined geographic regions with specific abiotic conditions and in the presence of
the local thrips species/population.
Finally, I researched whether screening approaches using leaf discs reliably predicts resistance
at the whole plant level. Although leaf disc screening methods are widely accepted and are
commonly used for pest resistance screening (van Rijn et al., Chaerle et al., 2007; Eshraghi et
al., 2014; Maharijaya et al., 2011), I frequently received the question whether leaf discs assays
predict resistance at the whole plant level for the set of Capsicum accessions used in my
studies. Therefore, I assessed resistance to F. occidentalis using leaf discs assays and whole
plant assays at two locations in the Netherlands. I found that resistance ranking of the
accessions was comparable between both methods. Leaf discs assay are thus indeed a reliable
high-throughput screening method for identifying thrips resistance in Capsicum.

Resistance in flowers and thrips population development on
whole plants
Thrips such as F. occidentalis occur both on leaves and flowers of hot and sweet peppers
(Funderburk et al., 2000; Ramachandran et al., 2001; Hansen et al., 2003). However, in the
previous chapters I exclusively identified resistance based on thrips feeding on the leaves.
Therefore, in Chapter 6 I researched the role of flowers in modulating plant resistance to
thrips in the same accessions as used in Chapter 5. I first assessed whether F. occidentalis
had preference for flowers of the different Capsicum accessions and assessed pollen quantity
and sugar content of anthers as drivers for their preference. In addition, I assessed whether
thrips produced different numbers of offspring on these flowers. Thrips preference differed
among flowers of the Capsicum accessions. I found that pollen quantify as well as threhalose
and fructose content in anthers served as a positive indicator of thrips infestation on Capsicum
flowers. These findings support previous findings on the role of pollen in settling behavior of
thrips (Chitturi et al., 2006; Riley et al., 2007). Thrips did not lose their preference when
offered flowers without pollen and this suggest that addition factors drive preference, for
instance floral nectar or volatiles. For example, floral nectar influences floral visiting behavior
of insects in Nicotiana attenuata (Tadmor‐Melamed et al., 2004; Kessler & Baldwin, 2007;
Stevenson et al., 2017). In addition, volatiles can modulate insect visiting in several plant
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species (Honda et al. 1998; Ômura et al. 2000). In Capsicum similar mechanisms might play
a role in the settling behavior of F. occidentalis. Furthermore, I found that reproductive output
on flowers differed among the accessions only when the anthers were removed. It remained
unclear whether this effect resulted from differences in oviposition or egg mortality rates. This
chapter provides the first experimental evidence that resistance to thrips differs among
Capsicum flowers and provides several drivers that explain differences in resistance among
accessions. The exact nature of the interaction between thrips and flowers remains unclear and
further research on mechanisms of resistance to thrips in generative plant parts is necessary to
completely understand the underlying mechanisms.
Finally, I researched whether leaf based resistance translates to reduced population
development. I found a strong positive correlation between damage on leaf discs and thrips
population size on whole plants. Measuring thrips leaf damage in Capsicum using leaf discs
thus provides a good prediction of thrips population development on whole plants.

Towards sustainable crop production
Interactions between plants and insect can be tremendously diverse and complicated. The
findings in this thesis substantiate this statement. I showed that various factors, such as plant
ontogeny, insect species and environmental factors change the interaction between plant and
insect. These findings change future approaches for identifying robust resistance to insects in
crops. Factors such as ontogeny have been found to influence resistance to insects in rice,
cabbage and Arabidopsis (Stout et al. 2013; Voorrips et al. 2008; Hoque & Avila-Sakar, 2015)
and I could show that this also applies to Capsicum. It is thus essential to include plant
ontogeny in identifying robust broad-spectrum resistance to insects in other crops. In addition,
identifying the “holy grail” accession that provides robust resistance in any condition (insect
species/population or abiotic factor) may be impossible. Developing specialized cultivars
suitable for growing in defined geographic regions might be costly, but is essential for the
sustainable production of peppers and other crops in the future.
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Natuurlijke resistentie tegen trips in Capsicum
Het intensieve gebruik van insecticiden in de landbouw heeft geleid tot nadelige effecten op
de mens, maar ook op nuttige organismen en het ontstaan van resistente insectenpopulaties
(Bass et al., 2015; Kim et al., 2017; Fernandes et al., 2016; Dively et al., 2015; Brandt et al.,
2016). Het identificeren van natuurlijke resistentie van planten tegen insecten is dan ook een
noodzaak voor verduurzaming van de landbouw. Paprika’s en pepers (Capsicum spp.) behoren
wereldwijd tot de meest geproduceerde gewassen. Tripsen, kleine insecten die zich met de
plant voeden en daarbij mogelijk plantvirussen verspreiden, zorgen voor ernstige
opbrengstverliezen in deze gewassen (Welter et al., 1990; Tommasini & Maini, 1995; Shipp
et al., 1998; Whitfield et al., 2005; Riley et al., 2011; Rotenberg et al., 2015). Tripsen zijn
moeilijk te bestrijden, doordat zij zich goed kunnen verschuilen en door de opkomst van
populaties die resistent zijn tegen verschillende pesticiden (Bao et al., 2014; Nazemi et al.,
2016; Li et al., 2016). Het identificeren van natuurlijke en robuuste bronnen van resistentie
tegen trips in paprika en peper is dan ook essentieel. Echter, verschillende factoren zoals
plantontogenie (verschillende ontwikkelings stadia van de plant), bladpositie, tripssoort en
omgevingscondities, hebben mogelijk invloed op deze natuurlijke resistentiebronnen. In dit
proefschrift heb ik onderzocht of en hoe deze factoren resistentie tegen trips beïnvloeden in
Capsicum. Daarbij heb ik ernaar gestreefd om patronen in resistentiemechanismen te
ontrafelen en de identificatie van resistente accessies te verbeteren. In de volgende paragrafen
zal ik de belangrijkste bevindingen en conclusies van dit proefschrift samenvatten.

Een snelle en efficiënte screeningmethode
Om de factoren te onderzoeken die resistentie tegen trips in Capsicum kunnen beïnvloeden,
heb ik in hoofdstuk 2 eerst een objectieve screeningmethode ontwikkeld voor het
kwantificeren van tripsschade met behulp van bladponsen en de softwareprogramma's Ilastik
en ImageJ Fiji. Ik heb ervoor gekozen om schade op bladponsen te screenen, omdat dit een
breed toegepaste experimentele methode is voor het screenen van resistentie (Adesanya et al.,
2017; van Rijn et al., 1995; Sattar et al., 2001; Thakur et al., 2014; Fukino et al., 2013).
Bladponsen zijn immers makkelijk vers te houden op een druppel agar en deze methode maakt
het mogelijk om één enkele zijde van het blad bloot te stellen aan tripsen. Verder kan de
screening fysiek gescheiden worden uitgevoerd van de locatie waar de planten worden geteeld.
De methode werkt als volgt:
Digitale afbeeldingen van de bladponsen worden verkregen met behulp van een scanner.
Twaalf bladponsen kunnen per keer worden ingescand en de verkregen afbeelding wordt
vervolgens automatisch verdeeld in individuele weergaven van bladponsen met behulp van
een macro in ImageJ Fiji. Verdere analyse van de beelden van de individuele bladponsen vindt
plaats met behulp van Ilastik. De schade wordt gekenmerkt door geleidelijke kleurverschillen
in laag contrast met het intacte gedeelte van het blad. Na voldoende “training” kan Ilastik deze
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kleurverschillen echter herkennen en kunnen beeldanalyses worden uitgevoerd in batchmodus.
Dit maakt een snelle verwerking van meerdere bladponsen met dezelfde instellingen mogelijk.
Ilastik produceert zo een vereenvoudigde weergave van de originele afbeelding met daarin
tripsschade in het zwart, de bladschijf in het grijs en de achtergrond in het wit. Vervolgens kan
ImageJ Fiji worden gebruikt om tripsschade uit deze afbeeldingen te selecteren en het
overeenkomstige oppervlak te berekenen. Een kleine macro in ImageJ Fiji maakt gelijktijdige
analyses van de vereenvoudigde afbeeldingen mogelijk.
Het gebruik van een scanner en bladponsen maakt dat deze screeningsmethode eenvoudig door
verschillende onderzoekers kan worden toegepast zonder verlies van objectiviteit. Vooral voor
grootschalige screeningsexperimenten biedt deze methode een nauwkeurig hulpmiddel, omdat
onderzoekers vaak hun focus verliezen als ze lange tijd planten moeten beoordelen. Deze
nieuwe methode kan tevens eenvoudig worden aangepast in onderzoek aan andere plant-insect
combinaties, zoals mineervliegen en andere insecten die het bladoppervlak beschadigen.
Samenvattend heb ik een snel, betrouwbaar en efficiënt hulpmiddel ontwikkelt voor het
screenen van resistentie tegen insecten in toegepast onderzoek en commerciële veredeling.

Screeningsmethoden voor het identificeren van resistentie
In hoofdstuk 3 heb ik de nieuw ontwikkelde methode gebruikt om twee onderzoeksvragen te
beantwoorden. Op basis van veldwaarnemingen wordt in algemeen aangenomen dat
tripsschade het meest optreedt op de onderkant van het blad (Culliney, 1990; Daniel et al.,
1983; Feller et al., 2002; Tree & Walter, 2009). Een directe kwantitatieve vergelijking van
tripsschade tussen de twee zijden van het blad is echter nooit gemaakt. Daarom heb ik de
verschillen in schade door de tripsensoort Frankliniella occidentalis gekwantificeerd op de
onder en bovenkant van bladeren van vier wilde Capsicum-accessies. Uit mijn onderzoek
bleek dat er in het algemeen meer tripsschade ontstond op de onderkant van het blad. Daarom
heb ik in verdere experimenten altijd de onderzijde van het blad blootgesteld aan tripsen.
Vervolgens heb ik onderzocht of tripsresistentie verandert gedurende de ontogentische
ontwikkeling van de plant, de ontwikkeling vanaf jonge vegetatief stadium tot volwassen
generatief stadium, van 10 commerciële Capsicum-accessies. Verschillende studies hebben
het belang aangetoond van het ontogenetische stadium van de plant in het screenen van
resistentie (van Dam et al., 1995; Stout et al., 2013; Broekgaarden et al., 2012), maar het was
onduidelijk of dit ook Capsicum betrof. Ik vond significante verschillen in resistentieniveaus
van ontogenetische stadia van de plant en deze patronen waren afhankelijk van de geteste
accessies. Waar de schade bij de ene accessie sterk verschilde tussen stadia, was dat bij andere
accessies niet het geval. Hieruit blijkt dat het identificeren van resistentie in Capsicum niet
alleen afhankelijk mag zijn van screening van resistentie in één ontogenetisch stadium. Dit kan
immers leiden tot selectie van accessies met instabiele tripsresistentie.
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De rol van plantontogenie, bladpositie en trips soort in
resistentie
In hoofdstuk 3 concludeerde ik dat de screening van de diverse ontogenetische stadia van de
plant essentieel is voor het identificeren van constitutieve resistentie tegen trips in Capsicum.
Daarom heb ik in hoofdstuk 4, een set van 40 niet-commerciële Capsicum accessies,
bestaande uit vijf verschillende soorten, gescreend op resistentie tegen F. occidentalis en
Thrips tabaci over de ontogenetische ontwikkeling van de plant. Daarnaast heb ik onderzocht
of bladpositie tripsresistentie beïnvloedt, omdat bekend is dat resistentie tegen bepaalde
plaagorganismen verschilt tussen jonge en oude bladeren (van Dam et al., 1995; Visker et al.,
2003; Alvarez et al., 2006; Gutbrodt et al., 2012). Omdat ik dezelfde accessies heb gescreend
voor zowel F. occidentalis als T. tabaci, kon ik de resistentieniveaus van de twee tripssoorten
direct vergelijken. In overeenstemming met mijn bevindingen in hoofdstuk 3 vond ik
ontogenetische variatie in tripsresistentie binnen de accessies. Een algemeen patroon voor
ontogenetische variatie in resistentie tegen trips in deze 40 niet-commerciële Capsicumaccessies kon echter niet worden geïdentificeerd. Deze bevindingen vullen een meta-analyse
van Barton & Koricheva (2010) aan, die aantoonde dat ontogenetische patronen afhankelijk
zijn van de levensvorm van de plant (kruidachtig, houtachtig of gras), het type herbivoor en
de wijze van afweer. Ik heb constitutieve resistentie waargenomen in de bloei- en
vruchtontwikkelingsfase van verschillende C. annuum en C. chinense accessies. Deze
accessies vormen dan ook interessant uitgangsmateriaal voor het identificeren van Capsicumsoortspecifieke afweermethoden die betrokken zijn bij resistentie tegen trips. Ik heb zeven C.
annuum en vier C. chinense-accessies geselecteerd als meest resistent of meest gevoelig, deze
zijn vervolgens gebruikt door Macel et al. (2019) om secundaire metabolieten aan te duiden
die gerelateerd zijn aan resistentie tegen F. occidentalis in de vegetatieve en generatieve
levensfasen van de plant. Deze metabolietenanalyse toonde aan dat plantmetabolomen
inderdaad verschillen tussen de Capsicum-soorten, binnen soorten en tussen ontogenetische
stadia (Macel et al., 2019). Deze resultaten vormen het eerste bewijs voor verschillen in
resistentiemechanismen tussen ontogenetische stadia in Capsicum. Bovendien konden dimeer
capsianosiden worden gerelateerd aan tripsresistentie in Capsicum.
In dit hoofdstuk heb ik verder ontdekt dat tripsresistentie over het algemeen vergelijkbaar is
tussen verschillende bladposities in één ontogenetisch stadium. Dit geeft aan dat
resistentiemechanismen tegen trips in Capsicum constitutief aanwezig zijn op vergelijkbare
niveaus op alle bladposities. Afweermechanismen, zoals capsianosiden, lijken dus gelijkmatig
over de plant te zijn verdeeld. In andere plantensoorten zijn afweerstoffen vaak ongelijk
verdeeld over de verticale as van de plant (Heiling et al., 2010; Kohler et al., 2015; van Dam
et al., 1994). Rekening houden met de bladpositie lijkt dan ook minder belangrijk voor het
identificeren van resistentiemechanismen in Capsicum, maar kan nog steeds van essentieel
belang zijn in andere gewassen.
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Opvallend genoeg vond ik geen verband tussen schade veroorzaakt door F. occidentalis en T.
tabaci. Maharijha et al. (2011) vond echter dat resistentie tegen T. parvispinus en resistentie
tegen F. occidentalis positief was gecorreleerd. Het is dan ook waarschijnlijk dat resistentie
tegen T. tabaci wordt veroorzaakt door andere mechanismen dan resistentie tegen F.
occidentalis en T. parvispinus, wat betekent dat tripsresistentie in Capsicum gedeeltelijk
specifiek is voor de tripssoort. Soortgelijke bevindingen zijn bijvoorbeeld ook gedaan voor
bladluisresistentie in klaver (Gao et al., 2007). In dit voorbeeld was resistentie tegen bladluis
soortspecifiek en de genetische achtergrond van de planten beïnvloedde deze specificiteit.

Robuustheid van geïdentificeerde resistentie
Tripsresistentie is bij voorkeur effectief onder verschillende abiotische omstandigheden en
tegen verschillende tripssoorten, zodat accessies kunnen worden geteeld in verschillende
geografische regio's. Het was echter onduidelijk of de geïdentificeerde resistentie in
kasgeteelde planten in hoofdstuk 4, onder verschillende omstandigheden effectief bleef. Dit
heb ik dan ook onderzocht in hoofdstuk 5 in aanwezigheid van verschillende tripssoorten en
populaties. Ik gebruikte dezelfde 11 accessies die zijn gebruikt in de metabolietenanalyses
door Macel et al. (2019). Resistentie tegen F. occidentalis heb ik op drie locaties in Nederland
onderzocht met lokaal gekweekte tripspopulaties. Voor de meeste accessies verschilde
resistentie tussen de locaties, met uitzondering van één resistente en één gevoelige accessie.
Genetische differentiatie tussen tripspopulaties in Nederland is eerder waargenomen
(Mirnezhad et al., 2012) en zou de bevindingen in mijn onderzoek kunnen verklaren.
Daarnaast heb ik de experimenten uitgevoerd in verschillende jaren en seizoenen. Variatie in
seizoen en tijd hebben mogelijk bijgedragen aan de verschillen in resistentieniveaus binnen
accessies. Van deze factoren is immers bekend dat ze plant-insect interacties kunnen
beïnvloeden (Escobar-Bravo et al., 2019; Wang et al., 2009; Zavala et al., 2015). Bovendien
vond ik in een niet-gepubliceerd voorexperiment dat bijvoorbeeld hittestress resistentie tegen
trips in Capsicum kan beïnvloeden en dat dit effect afhankelijk is van de genetische
achtergrond (Figuur 1). Het gelijktijdig meenemen van verschillende tripspopulaties / biotypen
in een screeningexperiment op één locatie en screening onder verschillende abiotische
omstandigheden lijkt dan ook essentieel voor het identificeren van accessies met brede
resistentie tegen trips.
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Figuur 1. Frankliniella occidentalis schade op 9 Capsicum-accessies (n = 10) geteeld in controle
omstandigheden (25/21 °C, lichtgrijze staven) of blootgesteld aan hittestress (2 uur bij 38 °C,
donkergrijze staven). Sterretjes duiden significante verschillen in voedingsschade aan tussen
behandelingen binnen een accessie (* = P < 0,05, ** = P < 0,01, T-test). Hoogveld RHM, Rieu I &
Visschers IGS, niet gepubliceerd.

Na de screening in Nederland heb ik resistentie tegen T. palmi en Scirtothrips dorsalis in Azië
(India en Thailand) onderzocht. Ik vond in de meeste gevallen geen correlatie tussen resistentie
tegen T. palmi en S. dorsalis, hoewel één C. chinense accessie zeer resistent bleek tegen beide
tripssoorten. Helaas was deze accessie wel vatbaar voor F. occidentalis. Resistentie tegen F.
occidentalis en S. dorsalis was sterk positief gecorreleerd tussen de C. annuum accessies.
Samen met de bevindingen in hoofdstuk 4 laat dit zien dat resistentie tegen trips in Capsicum
inderdaad deels specifiek is voor de tripssoort en afhankelijk van de gescreende accessie.
Vanwege de specificiteit van resistentie tegen verschillende tripssoorten en biotypes, zullen
veredelaars zich moeten richten op de ontwikkeling van speciale cultivars die geschikt zijn
voor het telen in verschillende geografische regio's met specifieke abiotische omstandigheden
en in aanwezigheid van de lokale tripssoorten / populaties.
Tot slot heb ik onderzocht of resistentiescreenings met behulp van bladponsen representatief
is voor resistentie van volledige planten. Hoewel het screenen van resistentie met behulp van
bladponsen algemeen wordt aanvaard als goede methode (van Rijn et al., Chaerle et al., 2007;
Eshraghi et al., 2014; Maharijaya et al., 2011), kreeg ik vaak de vraag of dit betrouwbaar is
voor resistentie op het gehele plantniveau voor de set van Capsicum-accessies die ik in mijn
onderzoek heb gebruikt. Daarom heb ik resistentie tegen F. occidentalis bepaald met behulp
van zowel een bladponsenscreening als screenings met hele planten op twee locaties in
Nederland. Ik vond dat geïdentificeerde resistentieniveaus bepaald met beide methoden
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vergelijkbaar was. De bladponsenscreening is dus inderdaad een
screeningmethode voor het identificeren van tripsresistentie in Capsicum.

betrouwbare

Resistentie in bloemen en tripspopulatie ontwikkeling op de
gehele plant
Tripssoorten zoals F. occidentalis komen zowel voor op bladeren als bloemen van paprika’s
en pepers (Funderburk et al., 2000; Ramachandran et al., 2001; Hansen et al., 2003). In de
vorige hoofdstukken identificeerde ik echter uitsluitend resistentie op basis van tripsschade op
het blad. Daarom heb ik in hoofdstuk 6 de resistentie van bloemen tegen trips onderzocht in
dezelfde accessies als in hoofdstuk 5. Eerst heb ik gekeken of F. occidentalis een voorkeur
vertoonde voor bloemen van de bepaalde Capsicum-accessies en vervolgens onderzocht of de
hoeveelheid stuifmeel en het suikergehalte in de helmknoppen daar een rol in speelde.
Daarnaast heb ik onderzocht of tripsen op deze bloemen verschillende aantallen nakomelingen
produceerden. De voorkeur van tripsen verschilde inderdaad tussen de bloemen van de
Capsicum-accessies. Ik vond dat de hoeveelheid stuifmeel en het trehalose- en fructosegehalte
in helmknoppen als positieve indicator diende voor het foerageergedrag van de trips. Deze
bevindingen ondersteunen eerdere bevindingen betreffende de rol van stuifmeel in
foerageergedrag van tripsen (Chitturi et al., 2006; Riley et al., 2007). Tripsen verloren hun
voorkeur niet wanneer ze bloemen zonder stuifmeel kregen aanboden en dit suggereert dan
ook dat aanvullende factoren deze voorkeur beïnvloeden. Nectar in de bloemen heeft
bijvoorbeeld invloed op het foerageergedrag van insecten op Nicotiana attenuata (Tadmor‐
Melamed et al., 2004; Kessler & Baldwin, 2007; Stevenson et al., 2017). Bovendien kunnen
vluchtige stoffen het foerageergedrag van insecten in verschillende plantensoorten moduleren
(Honda et al., 1998; Ômura et al., 2000). Waarschijnlijk spelen in Capsicum vergelijkbare
mechanismen een rol in het foerageergedrag van F. occidentalis. Verder vond ik dat het aantal
nakomelingen op bloemen alleen verschilde tussen de accessies wanneer de helmknoppen
werden verwijderd. Het is echter onduidelijk of dit effect het gevolg was van verschillen in het
aantal gelegde eieren of van het aantal eieren dat daadwerkelijk ontwikkelde tot een larve. Dit
hoofdstuk leverde het eerste experimentele bewijs dat resistentie tegen trips verschilt tussen
Capsicum-bloemen en presenteert diverse factoren die de verschillen tussen accessies kunnen
verklaren. De exacte aard van de interactie tussen trips en bloemen blijft onduidelijk en verder
onderzoek naar mechanismen van resistentie tegen trips in generatieve plantendelen is dan ook
noodzakelijk om dit volledig te begrijpen en eventueel toe te passen in
veredelingsprogramma’s.
Tot slot heb ik onderzocht of resistentie, bepaald op basis van bladschade, een goede indicatie
is voor populatieontwikkeling van de trips op de gehele plant. Ik vond een sterke positieve
correlatie tussen schade aan bladponsen en de grootte van de tripspopulatie op de gehele plant.
Het meten van tripsschade op het blad in Capsicum met behulp van bladponsen geeft dus een
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goede voorspelling van de ontwikkeling van tripspopulaties in de gehele plant en de
uiteindelijke schade die hierdoor mogelijk optreedt.

Opweg naar duurzame gewasproductie
Interacties tussen planten en insecten kunnen enorm divers en ingewikkeld zijn. De
bevindingen in dit proefschrift onderbouwen deze stelling. Ik heb laten zien dat verschillende
factoren, zoals plantontogenie, insectensoorten en omgevingsfactoren de interactie tussen
plant en insect kunnen beïnvloeden. Deze bevindingen veranderen de toekomstige
benaderingen van onderzoekers voor het identificeren van robuuste resistentie tegen insecten
in gewassen. Er is vastgesteld dat factoren zoals ontogenie de resistentie tegen insecten in rijst,
kool en Arabidopsis beïnvloeden (Stout et al., 2013; Voorrips et al., 2008; Hoque & AvilaSakar, 2015) en ik kon aantonen dat dit ook voor Capsicum geldt. Het is dus essentieel om
plantontogenie mee te nemen in het identificeren van robuuste breed werkende resistentie
tegen insecten in gewassen. Bovendien lijkt het onmogelijk om de "heilige graal" accessie te
identificeren die in elke situatie (insectensoort / -populatie of abiotische factor) robuuste
resistentie biedt. Het ontwikkelen van speciale cultivars die geschikt zijn voor het telen in
specifieke geografische regio's, kan kostbaar zijn, maar is essentieel voor de duurzame
productie van paprika's, pepers en andere gewassen in de toekomst.
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Hot and sweet peppers are among the most
produced crops. Severe yield losses are caused by
thrips, tiny insects that cause feeding damage on
the
leaves
and
spread
viruses.
Frequent
applications of insecticides have led to the
development of resistant thrips strains that
compromise crop yields. Identifying sources of
natural resistance to thrips in hot and sweet
pepper is thus essential for the sustainable
production of peppers. In this thesis, I studied the
factors that can affect resistance to thrips in
Capsicum. By explicitly quantifying if and how
these factors affect resistance to thrips, I aimed to
improve approaches for identifying resistant
accessions and unravelling resistance mechanisms.
First, I developed an high-throughput screening
method to objectively quantify thrips damage.
Next, I carried out several experiments to analyse
the effects of plant ontogeny, leaf position, thrips
species/biotype and environmental factors on
resistance to thrips. My results showed that plant
ontogeny can indeed affect resistance to thrips.
Including plants in different ontogenetic stages
when identifying robust broad-spectrum resistance
is thus essential. In addition, I found that
resistance was partially thrips species-specific and
that environmental factors can alter resistance
rankings. This indicates that identifying accessions
with robust resistance in any condition and
independent of insect species/population or
abiotic factors may be impossible. For the
sustainable production of peppers in the future, it
is therefore necessary to develop specialized
cultivars suitable for defined geographic regions,
with specific environmental conditions and thrips
species/biotypes. Finally, I researched the role of
flowers in modulating plant resistance to thrips.
My study provides the first experimental evidence
that resistance to thrips differs among Capsicum
flowers. In addition, I showed that pollen quantity
and sugar content of anthers served as a positive
indicator of thrips infestation on flowers.
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