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Thrips (a.k.a. thunderflies) are minute slender piercing-sucking insects
represented by over 5000 species in the order Thysanoptera. The west-
ern flower thrips, Frankliniella occidentalis, is a devastating pest insect
on numerous crop species worldwide. Besides the direct damage inflict-
ed by feeding on cell contents, they transmit pathogenic viruses lead-
ing to significant yield losses. Exploring and understanding the genet-
ic basis of plant resistance mechanisms to thrips can greatly benefit the
development of thrips-resistant crops. However, for the most part
resistance mechanisms at the molecular level are still unclear.
Screening plants for resistance to insects is generally a costly exercise
in terms of space, time and labor. The need for efficient large-scale phe-
notyping systems is increasing now that next-generation sequencing
has rendered a wealth of genomic information. Combining quantita-
tive genetics with high-throughput phenotyping systems could reveal
new genetic markers and genes that underlie thrips resistance in plants.
Breeding for host plant resistance with the help of these markers may
lead to a durable solution to F. occidentalis. This review will focus on the
mechanisms that plants can use to chemically defend themselves
against thrips, current methods of phenotyping for host plant resist-
ance against thrips and the role of quantitative genetics in elucidating
novel resistance mechanisms in natural plant populations.
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Rise of Frankliniella occidentalis
Thrips are minute, slender insects that belong to the Paraneoptera. The scientif-
ic name Thysanoptera derives from the Greek words thysanos (fringed) and pteron
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(wing), referring to their typical wing structure, although they are sometimes
alternatively called ‘thunderflies’, due to the observed swarming behavior of
these tiny insects, triggered by thunderstorms in hot summers. The Paraneoptera
lineage (also including the orders Hemiptera, Psocoptera and Phthiraptera) is
characterized by the progressive development of haustellate mouthparts, adapted
in different orders within the Paraneoptera branch for different feeding strategies
(Buckman et al. 2013). Thrips are unique in this branch (and among all insects
species for this matter) in having an asymmetrical feeding apparatus, consisting
of three haustellate stylets derived from the two maxillae and the left mandible
(depending on the species, the right mandible is reduced or completely lost dur-
ing embrogenesis). These stylets are housed in a conical mouth opening and can
pierce epidermal cells and pollen of plants to suck up their contents with the help
from the cibarial pump (Lewis 1984, Kindt et al. 2003). The empty cells fill with
air and become reflective, making them recognizable as ‘silver scars’. The west-
ern flower thrips (WFT), Frankliniella occidentalis (Pergande) (Thysanoptera:
Thripidae), has established itself as a world-wide pest in the last decades. This
highly polyphagous thrips species causes direct feeding damage on many differ-
ent important crop species, and also indirect feeding damage by transmitting
pathogens like tospoviruses (Hunter & Ullman 1989). Starting from North
America, it spread to all other continents from the 1970s onwards (Kirk & Terry
2003). Western flower thrips are difficult to manage with pesticides, partly due to
their small size and thigmotactic behavior, which causes them to hide deep in the
flowers out of reach of most sprayed chemicals. In addition, their rapid life cycle
in combination with high pesticide pressures has led to the emergence of pesti-
cide resistance in the last two decades. The haplo-diploid mode of reproduction
of F. occidentalis may also enhance this process, wherein genes associated with
pesticide resistance are fully expressed in the haploid males (Cloyd & Bethke
2011). Countering thrips solely on the basis of pesticide applications is, therefore,
no longer an option. A more refined and holistic solution is needed, combining
different strategies in an Integrated Pest Management (IPM) approach. 

Key in the successful application of IPM is the use of non-insecticidal tactics
like biological control and host plant resistance. Other additional tactics can for
instance be found in insecticide resistance management (IRM) programs, like
the rotation of different insecticide use (with different modes of action), the
monitoring of thrips resistance and population sampling to determine proper
implementation of insecticide applications (instead of spraying pesticides in a
proactive manner) (Gao et al. 2012). Over the past few decades, much work has
been done in the development of efficient biological control agents. Several
effective 'natural enemies' of F. occidentalis, like predatory mites, have proven
their effectiveness in greenhouses, although the success rate of biological control
agents is dependent on the plant species (Ramakers 1988, Messelink et al. 2006).
In addition to biological control, host plant resistance is a cornerstone in IPM,
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yet the molecular mechanisms underlying host plant resistance to thrips are for
the large part still unknown, hampering the development of host plant resistant
crop varieties. This review will focus on ways in which plants can chemically
defend themselves against F. occidentalis, the different methods currently applied
to assess host plant resistance towards thrips and the role of quantitative genet-
ics in elucidating novel resistance mechanisms occurring in natural plant popu-
lations. Elucidating the molecular architecture behind host plant resistance to
thrips, will pave the way for breeding programs that can develop cultivars resist-
ant to F. occidentalis.

Plant defensive chemistry against Frankliniella occidentalis
The fact that plants are sessile organisms, does by no means imply that they are
helpless victims in relation to their environment. Although they are harassed in
some shape or form by members of all kingdoms of life, it is exactly this harass-
ment that has defined the unique defensive arsenal of plants. Plants have evolved
morphological features that hinder herbivory, like trichomes and leaf waxes
(Panda & Khush 1995, Schoonhoven et al. 2005), but likely even more important
are the diverse chemical defenses (Schoonhoven et al. 2005, Mithöfer & Boland
2012) that have evolved under the selection pressure of herbivores. F. occidentalis
is, for obvious reasons, often studied in relation to economically relevant (orna-
mental) crops, and some studies have brought forward chemical resistance in
plants against thrips herbivory. Protease inhibitors can have negative effects on
a wide range of insects. Using transgenic potatoes, it was observed that specific
cysteine protease inhibitors had a time-dependent deterrent effect on feeding and
oviposition success of F. occidentalis in 2-choice assays (Outchkourov et al. 2004).
In chrysanthemum (Dendranthema grandiflora) using TLC and HPLC, isobuty-
lamide was proposed as a candidate compound involved in thrips resistance
(Tsao et al. 2005). 

A different study, using nuclear magnetic resonance (NMR)-based
metabolomics showed that thrips-resistant chrysanthemum varieties contained
higher amounts of chlorogenic acid and additional bioassays with artificial diets
confirmed the negative effect of this phenylpropanoid on the survival rate of
juveniles (Leiss et al. 2009). Although chlorogenic acid occurs in high levels in
carrot plants (Daucus carota L.), NMR did not show differences in cholorogenic
levels between resistant and susceptible carrots. Instead, the flavonoid luteolin,
the phenylpropanoid sinapic acid and the amino acid beta-alanine were correlat-
ed with thrips resistance in this plant species (Leiss et al. 2013). Using several
wild and cultivated tomato species, the presence of acylsugars was correlated
with lowered thrips feeding damage (Mirnezhad et al. 2010). Using LC/MS on
nine different pepper (Capsicum) cultivars showed a correlation with several
tocopherols, alkanes, a sterol and a terpene in relation to thrips resistance,
although no additional bioassays were done to confirm the function of these
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compounds (Awang 2013). Studies with the model plant Arabidopsis thaliana
using transcriptomics and different knockout mutants, revealed a prominent
role of the phytohormone Jasmonic Acid (JA) in relation to thrips resistance.
Mutant plants hampered in their JA signaling pathway, were not able to trigger
induced defenses leading to higher susceptibility in two-choice assays (de Vos et
al. 2005). The function of JA in thrips resistance is not restricted to Arabidopsis
but is likely a general mechanism underlying resistance of plants to thrips. In
Chinese cabbage (Brassica rapa), JA also played a crucial role in the induced
defenses triggered by F. occidentalis (Abe et al. 2009).

Depending on the plant species and analytic tools used, different candidate
compounds have been brought forward that play a potential role in thrips resist-
ance. Correlations between specific chemical compounds and thrips resistance
are frequently found, but even when these compounds are further tested in in
vitro bioassays, a profound understanding of how these metabolites directly
influence thrips behavior is still lacking for the most part. Testing different
germplasm for chemical profiles will likely bring forward ‘interesting’ com-
pounds, but we should be careful in mixing up ‘correlation’ with ‘causality’,
especially when these compounds are not further investigated for their specific
role in plant resistance.

Current methods to phenotype thrips resistance
There are currently several different methods to determine the resistance of host
plant genotypes to F. occidentalis, based on assessing plant damage, population
size, and mortality or by monitoring insect behavior in various choice assay for-
mats or using Electro Penetration Graphs (EPG). When thrips feed on the epi-
dermal cell layers of various plant tissues, they leave behind typical silvery feed-
ing spots, also referred to as 'silver scars'. Plant damage in terms of the number
or total area of 'silver scars' can be used as a proxy for host acceptance and
growth rate of a juvenile individual or population (Abe et al. 2009, Leiss et al.
2013). Population size and/or mortality rate of thrips can be used as an end-point
measurement of resistance, using whole plants, or in vitro using detached plant
parts (Outchkourov et al. 2004). Extracts from plants can be screened using
micro-titer plates filled with plant extracts covered with parafilm, that thrips
can easily pierce through to feed and oviposit (Leiss et al. 2013).

To dissect overall host plant resistance into component traits, focusing on
insect behavior instead of host plant performance might be more effective
(Kloth et al. 2012). Complex traits are often multi-genic. Exposing these compo-
nent traits could lead to stronger signals in genetic studies, because there could
be less confounding of multiple genetic mechanisms within one phenotype. This
highlights the potential of accurate and high-throughput phenotyping of insect
behavior on host plants. Both for volatile and non-volatile cues two-choice
assays in a single open arena lasting no longer than 24 h have been used regular-
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ly (Outchkourov 2004, Yang et al. 2013). Distributions of insects are scored by
eye at specific time intervals. Volatile cues determine the initial choice, while
non-volatiles influence insect density distributions across both samples that
depend quantitatively on the content of the nonvolatile compounds. For consti-
tutive deterrents it was shown that they induced a stable differential density dis-
tribution within the first 4-6 h of the experiments (Outchkourov 2004, Yang et
al. 2013). To establish the exclusive role of volatiles, Y-tube olfactometer systems
have been the preferred setup (de Kogel et al. 1999; Koschier et al. 2000). Plant
volatiles are passed through a glass Y-shaped tube, and one thrips at a time is
scored for preference of either arm and odor source. As an alternative to Y-tubes,
flight behavior has been measured using wind tunnels (Davidson et al. 2006).
Both methods can accurately determine the initial choice of thrips individuals,
but it is hard to determine what happens after thrips arrive on a host plant.
Manual determination of thrips settlement over time can be used on whole
plants or leaf discs to elucidate thrips behavior after initial host plant selection.
This could elucidate the role of additional aspects like plant structure and sec-
ondary metabolites in relation to thrips behavior (Koschier et al. 2007, Yang et al.
2013). If detailed information on probing behavior is required, Electro
Penetration Graph (EPG) could be applied. This system uses an electric circuit
to ‘visualize’ the probing behavior of piercing/sucking insects. It was originally
designed to monitor probing behavior of aphids. The studies with thrips suggest
it is not a very reliable screening method of host plant acceptance for this order
of insects (Kindt et al. 2003, Kindt et al. 2006). In summary, existing methods to
quantify thrips feeding damage, behavior or life cycle have not yet been auto-
mated in any way or are not suitable for automation. Yet, there is a strong need
for methods allowing parallel-unattended screening of natural variation in
resistance/susceptibility traits.

Exploring natural variation in Arabidopsis for thrips
resistance
The metabolome of most plants is characterized by a huge variety of secondary
chemical compounds that can have negative effects on insect herbivores. It has
been estimated that plants can synthesize more than 200,000 specialized com-
pounds, which have evolved in the response to particular ecological challenges
(Mithöfer & Boland 2012). Morphological and chemical defenses are evolved
traits with a selective advantage against local threats. It is therefore likely, that
specific populations of a species with a worldwide distribution have adapted
their defensive traits to the local herbivores.

The model plant Arabidopsis thaliana is often studied in relation to insect her-
bivory, especially when research questions are centered on gaining insights in
plant defenses at the molecular level (de Vos et al. 2005, Bidart-Bouzat &
Kliebenstein 2011). The popularity of A. thaliana has several reasons, namely the

M.P.M. THOEN

27



vast amounts of molecular tools and mutant lines that are available and its prac-
tical use (small plants, small genomes, short generation time and selfing repro-
duction strategy). However, natural variation in A. thaliana is still an underex-
ploited area in plant science (Alonso-Blanco & Koornneef 2000), despite the
ample opportunity it offers to answer some of our most fundamental and excit-
ing questions concerning how and why key traits in plant defense have evolved.
More and more information on the molecular biology of plants is becoming
available in the current -omics era. Entire populations of model plants like A.
thaliana have been completely genotyped. Phenotyping such a population for the
ability to cope with biotic stresses such as insect herbivory, allows genome-wide
studies in relation to insect resistance. In this way, novel naturally occurring
defensive mechanisms and strategies may be discovered, that can be utilized to
further deepen our understanding of plant defense in relation to insect her-
bivory. Studying the genetic architecture on a genome-wide scale can take place
in a pedigree based QTL mapping or population based association studies
(Mitchell-Olds 2010).

Pedigree based linkage mapping (or QTL mapping) is the classical approach
in finding QTL that relate to the trait of interest. In general, it involves geno-
typing and phenotyping the F2 progeny of two well characterized parents, in
order to associate specific regions of the genome with the trait of interest. The
recombination events of such a population are often limited, resulting in a low-
resolution map wherein significant QTL can still encompass a region of well
over 1000 kb, covering hundreds of potential candidate genes. In addition, the
genetic diversity captured by such a population is very narrow, when compared
with the diversity on the species level. With the dropping costs of genotyping,
Association Mapping with large natural plant population has been put forward
as a promising tool, utilizing the recombination events of millions of years to
find QTLs underlying the trait of interest. Both approaches have complementa-
ry advantages and disadvantages (Mitchell-Olds 2010).

The Aradidopsis HapMap population consists of 349 wild A. thaliana acces-
sions that have been collected worldwide (Baxter et al. 2010). These accessions
have been genotyped, (initially for 250.000 SNPs, but the majority of these acces-
sions have by now been fully resequenced) bringing with it a promising tool for
-omics research at the population level. Since all these accessions and the asso-
ciated genetic information are freely available for all to explore, many different
laboratories in plant science contribute and collaborate while working on this
population. In the last few years, the first studies were published that used this
population. For example, this population was used to identify ATPase3 as the
primary determinant of natural variation in leaf cadmium (Chao et al. 2012). A
more recent study was conducted on drought response in this population, reveal-
ing novel effector genes involved in proline accumulation (Verslues et al. 2014).
Using the Arabidopsis HapMap, the worldwide genetic diversity in these traits
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was explored with GWAs mapping on the publically available SNP datasets.
Both studies show the benefits of working with Arabidopsis in a GWAs context,
as reverse transgenic approaches can be relatively easily applied to validate the
functional genes underlying significant SNPs. However, complex biotic interac-
tions are often multi-genic, and robust and multiple phenotyping tools should be
used to find clear association signals and validate the function of the potentially
many candidate genes that will be identified through GWAs (Kloth et al. 2012).
It is becoming more and more clear that phenotyping large panels of plants is the
bottleneck in understanding genotype-phenotype relationships in quantitative
genetic studies (Cobb et al. 2013). Robust phenotyping is a necessity for charac-
terizing the genetic factors that contribute to quantitative phenotypic variation
still hidden in natural populations. In this regard, phenotyping host plant resist-
ance for herbivorous insects will require collaborations across many different
disciplines (biology, engineering, statistics, software development, etc.), in order
to enable high-throughput phenotyping of large plant populations. The develop-
ment of such high-throughput phenotyping platforms to screen for thrips resist-
ance will stimulate progress in exploring the natural variation still undiscovered
in the Arabidopsis HapMap population.

Fall of the thunderflies
The chemical basis of resistance in several plant species has been clarified to
some extent in the recent years (Mithöfer & Boland 2012), but there is still much
work to be done in this field. Here, I bring forward the idea of exploiting natu-
ral variation in thrips resistance in the Arabidopsis HapMap population, by ways
of genome wide association (GWAs) mapping. The basis of this natural varia-
tion will likely not be a consequence of an enduring co-evolutionary arms-race
between thrips and Arabidopsis, since their life-cycles and geographical origin do
not match. This does, however, not imply that all Arabidopsis accessions are sim-
ilarly vulnerable to thrips, since other naturally occurring herbivores could have
triggered defensive mechanisms that are also effective against F. occidentalis.
Screening the Arabidopsis HapMap for thrips resistance, could lead to the discov-
ery of naturally occurring resistance mechanisms in an unbiased blind approach. 

Using A. thaliana as a model species to study thrips resistance means that we
can use all the molecular tools, cutting edge technology and thousands of readi-
ly available mutants from the Arabidopsis community. It will give relevant
insights in the genetic architecture behind insect resistance. Homologs of prom-
ising candidate genes could be screened for in crop plants. Furthermore, the tech-
niques developed by screening the Arabidopsis HapMap population, could be
implemented in GWAs studies on relevant crop species that have been geno-
typed. Techniques include the statistical and computational models used for
GWAs, and the techniques developed to accurately screen a population of this
size in a quick and reliable manner. Phenotyping large plant panels for thrips
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resistance is considered a major bottleneck that limits the power of genetic
analyses and genomic prediction. A major challenge in unraveling the quantita-
tive genetics of host plant resistance for the coming years, is not only to under-
stand the genetic basis of this complex trait, but also translate this knowledge
into breeding programs that can synthesize new crop varieties (Cobb et al. 2013). 

Finding new natural ways in which plants defend themselves against pest
insects, and understanding these ways on the molecular level, could pave the
way for breeding new varieties of resistant crop varieties. This will in its turn
diminish the amount of pesticides that are currently used to protect crops, and
make way for a more environmentally friendly and sustainable practice of agri-
culture (Broekgaarden et al. 2011). Perhaps one of the most important aspects of
a successful management is recognizing that the complete control of F. occiden-
talis is impossible. However, breeding for host plant resistance towards this pest
insect can be an essential step to manage thrips within acceptable limits. A true
‘Fall of the Thunderflies’ is not attainable, but managing thrips in such a way
that there are no significant economic losses in the near future, is possible when
IPM is successfully applied. The effective use of biological control is important,
but in the coming years there is still much potential in breeding for host plant
resistance as an important pillar in IPM. There is a diverse and vast arsenal of
naturally occurring defense mechanisms in plants, for plant scientist and breed-
ers to explore. Utilizing these natural resources of host plant resistance, by
exploring natural variation in a GWAs approach, has great potential for finding
new effective plant defenses against F. occidentalis.
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