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General introduction

Karen J. Kloth



Chapter 1

Aphid pests

Aphids (Hemiptera: Aphididae) are worldwide pest insects in many crops. They are
phloem-feeding insects that retard plant growth and development and can transmit
multiple plant viruses (Dixon, 1998; Girousse ¢/ al., 2003; Minks and Harrewijn, 1989).
Aphids have the highest economic importance in temperate regions, where 26% of
the major pest insects on the main food crops (maize, wheat, potatoes, sugar beet,
barley and tomatoes) belong to the Aphididae family (Hill, 1987). Aphids remove
photoassimilates from the host plant, excrete honeydew droplets which are a substrate
for fungal growth, and, most importantly, have been described as a vector of almost
300 plant viruses (Dedryver ez al., 2010; Nault, 1997). As a consequence, aphid-infested
crops suffer from yield loss and unmarketable products. The economic impact of
aphids reaches up to 150 million US dollars per year for soybean and more than 10
million US dollars per year for conifer plantations (FAO, 2015; Kim e a/, 2008a).
Between 1989 and 2002, aphid-transmitted viruses resulted in a mean yield loss of
20% in barley (Dedryver ez al., 2010). The most common pest control strategy against
aphids is the application of insecticides, such as neonicotinoids, synthetic pyrethroids or
carbamates, often combined with mineral oils (Asjes, 2000; Asjes and Blom-Barnhoorn,
2001; Martin-Lopez ef al., 2006). These chemicals prevent aphids to feed and settle on
a host plant, lower the transmission of viruses, and can reduce aphid reproduction
rate and longevity. In 2012, approximately 80,000 kg of active insecticidal compounds
were applied in the Netherlands on an estimated surface of 3000 km?* (Centraal Bureau
voor de Statistiek, 2015). The downside of these practices is the accumulation of
harmful chemicals in the environment (Beketov ¢7 a/, 2013). There are several options
to reduce the excessive application of insecticides. Growing crops in polycultures
instead of monocultures and the use of biological control agents, such as ladybirds
(Coccinellidae) and entomopathogenic fungi, can reduce the occurrence and impact
of pest outbreaks (Obrycki ez af., 2009; Schoonhoven ez al., 2005; Shah and Pell, 2003).
One of the cheapest and most effective pest management strategies is to use resistant
crops (Russell, 1978). After generations of domestication, many cultivated plants
have lost important resistance traits (Kollner ez a/, 2008; Wink, 1988), making them
vulnerable targets for herbivorous insects. Wild crop relatives are, therefore, a valuable
resource for plant breeding programmes that aim to improve crop innate immunity to
pests and pathogens. Essential in these programmes is the identification of resistant
plant lines and development of genetic markers for resistance. Robust assessment of
plant resistance to piercing-sucking insects is, however, a major bottleneck. Large-scale
screening of hundreds of plants usually precludes to have controlled conditions and
delicate scoring of insect performance. As a consequence, natural host-plant resistance
mechanisms to aphids are largely elusive and hardly exploited in crops.
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Figure 1. Schematic overview of a probing aphid. a. The aphid penetrates the plant intercellularly via
a multibranched pathway (red). The majority of the cells is punctured (double red lines), in particular the
companion cells (cc), until they reach a sieve element (se) where the aphids can ingest phloem sap. b. An
aphid stylet tip in a sieve element. The hollow, needle-like structure of the aphid stylet bundle is shaped by
mandibular stylets (md) and maxillary stylets (mx). The stylet bundle has a separate food channel (fc) and
salivary channel (sc). After penetration of a sieve element (sp= sieve plate), watery saliva is secreted in the
entrance of the food channel, and disperses most likely both into the sieve element and partially inwards

into the food channel (dimensions are not drawn to scale).

Aphid feeding behaviour

Aphids are highly specialised herbivorous insects that feed almost exclusively on the
phloem. Although they are attracted to plant volatiles and visual plant cues, there is
discussion on whether aphids can fly and navigate well enough to locate host plants
from a long distance (Dixon, 1998; Kennedy ez al., 1961; Pickett ez al., 1992; Verheggen ef
al., 2013). Their piercing-sucking mouthparts, or “stylet bundle”, consists of specialised
mandibles that form a hollow, needle-like structure containing a salivary channel and
a food channel (Dixon, 1998). The outside of the stylet tip is covered with tactile- and
chemoreceptive sensilla (Tjallingii, 1978). After exploration of the host plant surface with
their proboscis, aphids manoeuvre their flexible stylet bundle intercellularly through the
epidermis and mesophyll (Figure 1). While probing through the apoplast, they secrete
gelling saliva. From microscopic studies it has been inferred that almost all cells along
the trajectory are punctured (Tjallingii and Hogen Esch, 1993). In some cases these
punctures only involve the cell wall, but often also the plasma membrane is punctured
and small amounts of cell content are ingested without disrupting cell organelles. The
companion cells surrounding the phloem sieve elements are usually punctured multiple
times (Tjallingii and Hogen Esch, 1993). This behaviour is considered to play a role
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in gustatory assessment of host plant quality and localisation of the phloem vessels
(Powell ¢z al., 2006). Aphids require between 15 and 45 minutes of probing to reach the
vascular bundle (Prado and Tjallingii, 2007; Tjallingii, 1994; van Helden and Tjallingii,
1993). Once the stylet bundle arrives at a sieve element, aphids inject watery saliva into
the vessel before they ingest phloem (Prado and Tijallingii, 1994). Aphids can feed for
hours or even days from a single sieve element (Tjallingii, 1995). In general, they feed
passively. Phloem in intact plants has considerable turgor pressure, and aphids regulate
the ingestion rate with an adjustable piston valve in the food channel (Dixon, 1998).

Frequently, aphids ingest xylem sap, which has a putative function in osmoregulation
(Pompon et al., 2010).

Aphid life-history characteristics

Phloem primarily consists of sugars. It is, therefore, not surprising that nitrogen and
amino acids are growth-limiting factors for aphids. The aphid life cycle seems to be
perfectly adjusted to this diet. Aphids spend most of their life feeding and process large
quantities of phloem sap. Adults ingest at least their own weight of sap each day, and
even more when nitrogen content of the phloem sap is low (Dixon, 1998). The excess
of sugars is excreted via honeydew droplets. Aphids are characterised by polyphenism,
i.e. the occurrence of multiple discrete phenotypes in genetically identical individuals.
Among the several thousand aphid species, the vast majority is known to appear in
both sexual and asexual morphs, and the latter occur with and without wings (Moran,

1992). Sexual morphs occur generally in autumn. During the largest part of the year,

Figure 2. Aphid population development assays. a. Myzus persicae adult with offspring on an Arabidopsis
plant. b. Aphid-infested Arabidopsis thaliana plants with a soap-diluted water barrier to prevent aphids from
moving between plants.
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however, parthenogenesis takes place and no time and energy is spent on finding a
partner. Asexual morphs do usually not produce protein-rich eggs, but are viviparous.
They have telescoping generations, implying that embryo development already starts
before the mother is born. Aphid population size can therefore increase exponentially
(Dixon, 1998). For example, one neonate M. persicae aphid on an Arabidopsis plant
can establish a population of more than 40 individuals within two weeks (Kloth e 4/,
2015), and an infestation with 5 neonate Brevicoryne brassicae aphids on a cabbage plant
can result in more than 300 aphids within 30 days (Brockgaarden ez 4/, 2008). Since
one aphid is enough for the (re-)establishment of a large aphid population, aphid pest
management is a challenge.

Host-plant resistance

Host-plant resistance to an herbivorous insect species can be defined as a heritable
plant trait which reduces the degree of damage imposed by that insect species. Plants
can defend themselves via several strategies. Antixenosis involves the repellence or
deterrence of insects with, for example, volatiles or trichomes (Panda and Khush,
1995). After settlement of the insect on the host, antibiosis mechanisms can reduce
insect population growth via detrimental proteins, such as protease inhibitors, or toxic
metabolites, such as glucosinolates. Alternatively, some plants tolerate insect herbivory
without any fitness effects. Finally, constitutive and induced resistance mechanisms are
discriminated. The first occur irrespective of infestation, such as an epicutilar wax layer,
while the latter are activated upon infestation, such as herbivore-induced plant volatiles
(Dicke and Baldwin, 2010; Schoonhoven ¢z al., 2005).

Plant resistance to aphids

With respect to aphids, there are few examples of absolute plant resistance. One of
the most extreme resistance effects has been found in lettuce, where Nasonovia ribisnigri
aphids could reach sieve elements but were unable to ingest phloem (Eenink ¢# a/,
1982; ten Broeke ez al, 2013a). This Nr-gene-mediated resistance has been postulated
to involve phloem proteins or other compounds that plug the aphid’s food channel
and block phloem ingestion (Martin ez 4/, 2003; ten Broeke e# al., 2013a). An alternative
hypothesis presumes that protein aggregation and callose deposition in phloem sieve
elements inhibit food ingestion by reduced phloem flow (Will ez a/, 2013). Empirical
data to test these hypotheses are however still lacking. Two other cases of near-complete
resistance involve coiled-coil-nucleotide-binding-site-leucine-rich repeat (CC-NBS-
LRR) proteins, which play a crucial role in the recognition of aphid infestation and
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the induction of defence responses. In tomato, the CC-NBS-LRR protein Mi-1
severely affected the survival of the potato aphid Macrosiphum enphorbiae via a salicylic
acid-dependent signalling pathway (Kaloshian, 2004; Li ¢# al., 2006; Rossi ¢# al., 1998).
In melon, the CC-NBS-LRR protein Vat mediates resistance to Aphis gossypii and the
viruses transmitted by this aphid (Dogimont ¢# al., 2014). The undetlying mechanism
that makes these plants more resistant to aphids remains, however, unclear. In contrast
to the above mentioned examples of near-complete resistance, most studies reveal
that plant resistance to aphids is a complex trait, involving multiple mechanisms, each
with a small or moderate effect on aphid behaviour or population development. These
quantitative resistance mechanisms include glucosinolates (Levy ez al, 2005; Mewis
et al., 2005; Pfalz et al., 2009), camalexin (Kettles ez a/, 2013), premature senescence
(Pegadaraju et al., 2005), lectins (War ez al., 2012), glandular trichomes (Alvarez et al.,
2000), cell wall modifications (Divol ¢f al., 2007; Dreyer and Campbell, 1984), and
epicuticular wax components (Eigenbrode and Espelie, 1995). Key players in aphid-
induced plant responses are the phytohormones jasmonic acid (JA), ethylene (ET) and
salicylic acid (SA) (De Vos et al., 2005; Kusnierczyk ef al., 2008; Kusnierczyk ez al., 2007,
Thompson and Goggin, 2000). JA and ET are mainly associated with plant responses to
necrotrophic pathogens and herbivores that cause substantial injury to the plant, such
as caterpillars and thrips, and to a lesser extent also aphids (De Vos e al., 2005). JA and
ET influence the accumulation of secondary metabolites, such as glucosinolates, and
digestibility reducers, such as proteinase inhibitors (Howe and Jander, 2008). In contrast
to most other insects, aphids also induce SA, which is furthermore induced by e.g
biotrophic pathogens and insect eggs, and has antimicrobial properties associated with
the accumulation of reactive oxygen species (De Vos e# al., 2005; Hilfiker e al., 2014;
Vot ¢ al., 2009). SA and JA mainly act antagonistically, but both induce effective plant
defence mechanisms against aphids.

Genome-wide association mapping

To identify genes involved in plant resistance of aphids, quantitative trait locus (QTL)
mapping and genome-wide association (GWA) mapping can be performed. Both
methods employ natural genetic variation within plant populations, to find genomic
regions and ultimately genes that are correlated to plant resistance. QTL mapping is
most commonly applied in plant resistance studies (Young, 1996) and in general uses
segregating generations derived from a biparental cross (Jansen, 1993). GWA mapping
is, however, new in the field of plant-insect studies, and employs genetic variation
in natural populations (Hirschhorn and Daly, 2005). By testing single nucleotide
polymorphisms (SNPs) for their association with the phenotype, for example plant
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resistance to aphids, genomic regions can be identified which are putatively involved in
the regulation of the trait. One of the advantages of GWA mapping is, that it uses a
large gene pool of several hundred genotypes harbouring ancient recombination events
that may have been subjected to natural selection (Bergelson and Roux, 2010; Mitchell-
Olds, 2010). In comparison to a QTL mapping population, GWA mapping populations
contain more recombination events and have consequently smaller genomic regions
linked to independent mutations. Therefore, fine mapping is usually not required to
identify the gene of interest (Bergelson and Roux, 2010). Since GWA mapping only

(b)
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cell punctures salivation ingestion

Figure 3. Electrical Penetration Graph (EPG) setup. a. The aphid and the plant are made part of an
electrical circuit by an electrode in the potting soil and a golden wire glued to the aphid’s abdomen. Electrical
waveforms are recorded with EPG software (R=electrical resistor, V= voltage source, Ampl= signal
amplifier connected to a computer, picture adjusted from www.epgsystems.eu). b. Electrical waveforms
during 1.5 minutes of probing by a M. persicae aphid on an Arabidopsis plant. The aphid starts probing
the epidermis/mesophyll cell wall, punctures the membrane of an epidermal/mesophyll cell during three
seconds (potential drop), continues probing through the cell wall, and subsequently reaches a sieve element
(again potential drop), where it salivates for approximately 25 seconds before it starts ingesting phloem.
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delivers correlative information, a causal relationship between a candidate gene and the
trait still needs to be validated in follow-up experiments. A common approach is to use
knockout mutants or overexpression lines. In addition, allelic complementation and
QTL mapping on recombinant inbred, near-isogenic, or double haploid lines can be
employed to test for haplotype effects and epistatic interactions (Keurentjes ez a/., 2007).

Phenotyping techniques

There are several approaches to measure plant resistance to aphids. Since aphids do
usually not inflict visual plant damage, not the plant but the aphids themselves are
the benchmark for quantitative differences in plant resistance. Aphid population
development is a robust estimate of plant resistance, and involves the assessment of
the pre-reproductive period of aphids and the number of offspring within a time frame
of several weeks (Wyatt and White, 1977) (Figure 2). The slower aphid development
and the fewer offspring, the more resistant a host plant is. To elucidate the underlying
mechanisms of plant resistance in more detail, characterisation of aphid behaviour is
required. Choice assays can reveal differences in host plant preference due to e.g. plant
volatiles, visual or gustatory cues (Powell ¢z a/, 20006). For further in-depth profiling of
feeding behaviour of piercing-sucking insects, a delicate technique has been developed,
called Electrical Penetration Graph (EPG) recording (McLean and Kinsey, 1964;
Tjallingii, 1988). In the EPG setup, the plant and the aphid are connected via an electrical
circuit by inserting an electrode in the potting soil and gently attaching a golden wire
to the aphid’s abdomen (Figure 3). As soon as the aphid penetrates the plant cuticle,
the electrical circuit is completed. Potential fluctuations in this circuit are generated
by electrical resistance and electromotive force. Electrical resistance is affected by the
valve in the aphid’s food channel and the stylet tip and its location in the plant. The
clectromotive force fluctuates as a consequence of membrane potentials in plant cells
and streaming potentials in the aphid’s food channel (Tjallingii, 1988). These signals are
amplified and recorded with EPG software (www.epgsystems.eu). Microscopic studies
have characterised correlations between changes in the electrical signal (voltage level,
amplitude and frequency), and the aphid stylet activity and position, such as penetration
of epidermis/mesophyll tissue, salivation in the phloem, phloem ingestion, xylem
ingestion and penetration difficulties (Tjallingii, 1985). EPG recording thus delivers
detailed information on the duration and frequency of stylet activities in the plant. To
assess the volumetric amount of food uptake by aphids, other approaches are required.
Stylectomy is a technique that involves the collection of phloem sap exudates from
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Figure 4. Honeydew droplet collection with a honeydew clock. a. Honeydew clock setup. b. Honeydew
droplet collection from Myzus persicae aphids during EPG recording on Arabidopsis thaliana. c¢. TLC
paper strip with honeydew droplets. Droplets were visualised with ninhydrin, a stain for amino acids. d. An
adult M. persicae aphid was attached to the EPG electrode with a thin golden wire.

severed aphid stylets (Fisher and Frame, 1984; Kennedy and Mittler, 1953). In addition,
food ingestion can indirectly be determined by quantification of honeydew excretion.
This can simply be achieved by collecting honeydew droplets on a paper sheet underneath
an infested plant. To assess the excretion rate, however, honeydew clocks are required
(Figure 4). By collecting honeydew droplets on a rotating disc, the interval between
droplet excretions can be determined, and with simultaneous EPG recording, this can
be linked to the duration of phloem ingestion (Tjallingii, 1995). Although the above
described techniques are indispensable for studying plant-aphid interactions, they are
time- and labour-consuming, For large assays, such as the screening of GWA mapping
populations consisting of several hundred plant lines, the availability of more efficient

phenotyping techniques would be an asset.
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Figure 5. Geographical distribution of the 350 natural accessions of Arabidopsis thaliana that were
tested for resistance to Myzus persicae aphids. Left bottom corner: A 4-week-old Arabidopsis plant
(accession PHW-14, London, UK) in its vegetative state.

Study system

In this thesis I study the genetic and physiological mechanisms undetlying Arabidopsis
thaliana (1..) Heynh. resistance to the green peach aphid, Myzus persicae (Sulzer). Among
the several thousand species of Aphididae, M. persicae is considered to be the most
polyphagous of all, occurring on plants from more than 40 plant families in the northern
hemisphere, including the Brassicaceae (Blackman and Eastop, 2000). In addition, it is
a common pest in greenhouses and is renowned as a vector of many plant viruses.
To identify novel aphid-resistance genes, GWA mapping is performed on a natural
population of 350 Arabidopsis accessions (Figure 5). Arabidopsis (Brassicaceae) is
native to Eurasia and occurs in a variety of habitats throughout the northern hemisphere
(Price et al., 1994). Arabidopsis has been shown to display natural variation in abiotic
stress responses and developmental traits (Alonso-Blanco ez al, 2009; Alonso-Blanco
and Koornneef, 2000), as well as in defence mechanisms against insects (Kliebenstein,
2014). Although Arabidopsis is not a major host for aphids, aphid infestation of
Arabidopsis in the field has been described (Arany, 2006; Mauricio and Rausher, 1997).

18
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Arabidopsis was the first plant species to be sequenced (Arabidopsis Genome Initiative,
2000), and has widely been used as a model plant for a multitude of biological processes
(Koornneef and Meinke, 2010). Some of the advantages of Arabidopsis are that it has
a short generation cycle, a small diploid genome of five chromosomes, and is mainly a
self-pollinating species with a high level of homozygosity (Abbott and Gomes, 1989).
The availability of dense genetic maps for hundreds of accessions and transfer (T)-
DNA insertion mutants for virtually every gene is unique to Arabidopsis, and gives the
opportunity for unravelling the genetic architecture of plant resistance mechanisms.
For GWA mapping one of the assets of Arabidopsis is, that the populations are highly
segregated and that SNPs are generally in linkage with genomic regions of less than 50
kb (Nordborg ¢t al., 2005; Nordborg and Weigel, 2008).

Scope of this thesis

This thesis is supported by The Netherlands Organisation for Scientific Research
(NWO) through the Technology Foundation Perspective Programme ‘Learning from
Nature’ (STW10989). The project objectives that I address are: (1) the development of
a video-tracking platform to screen plants for resistance to M. persicae aphids, (2) the
identification and characterisation of novel aphid-resistance genes and mechanisms in
Arabidopsis, and (3) the utilisation of the first two deliverables to screen lily lines for
resistance to M. persicae aphids. This thesis presents the results of the first two objectives.

Chapter 2 is a literature review of the application of GWA mapping in plant-insect
studies. GWA mapping has so far hardly been used to find genes involved in plant
resistance to herbivorous insects. In this review the potentials and pitfalls of GWA
mapping are discussed, including the challenges for phenotyping different aspects of
plant resistance to herbivorous insects in several hundred plant lines.

In Chapter 3, a novel high-throughput methodology is presented to screen large
plant populations for resistance to aphids. With an automated video-tracking platform
detailed body movements of aphids are recorded and correlated to feeding behaviour.
The efficiency and accuracy of the platform is tested with Arabidopsis and lettuce
plants and two different aphid species, M. persicae and N. ribisnigri.

19
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Chapter 4 presents a multivariate GWA mapping analysis of 30 abiotic and biotic stress
responses in 350 natural Arabidopsis accessions. To explore the common genetic basis
of different plant resistance mechanisms, the phenotypic data of all projects in the
‘Learning from Nature’ programme are combined. This results in one of the first multi-
trait GWA mapping studies that integrate such a broad variety of plant stress responses.

Chapters 5 and 6 describe two novel aphid-resistance genes. 350 Natural Arabidopsis
accessions are screened with the video-tracking platform, described in Chapter 3.
Subsequently GWA mapping is performed on different aspects of M. persicae feeding
behaviour to unravel the genetic architecture underlying plant resistance. Chapter 5
presents the identification of PHI.O, a small heat-shock-like gene with a previously
unknown function. Characterisation of near-isogenic lines and T-DNA insertion
mutants shows that PHI.O is involved in the restriction of phloem ingestion by aphids
and phloem responses to moderate heat stress. Chapter 6 describes the role of the
transcription factor WRKY22 in Arabidopsis resistance to aphids and its involvement
in the modulation of the phytohormones SA and JA.

Finally, Chapter 7 comprises a general discussion about the relationship between plants
and aphids and the challenges in elucidating the genetic and physiological mechanisms
underlying their interactions.

Acknowledgements
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Abstract

Association mapping is rapidly becoming an important method to explore the genetic
architecture of complex traits in plants, and offers unique opportunities for studying
resistance to insect herbivores. Recent studies indicate that there is a trade-off between
resistance against generalist and specialist insects. Most studies, however, use a targeted
approach that will easily miss important components of insect resistance. Genome-wide
association mapping provides a comprehensive approach to explore the whole array
of plant defense mechanisms in the context of the generalist-specialist paradigm. As
association mapping involves the screening of large numbers of plant lines, specific and
accurate High-Throughput Phenotyping (HTP) methods are needed. Here, we discuss
the prospects of association mapping for insect resistance and HTP requirements.

Enhancing host-plant resistance against generalist and specialist insects

Host-plant resistance is one of the cornerstones of environmentally benign pest
management systems (Panda and Khush, 1995; Schoonhoven e¢7 /., 2005). Devastating
pests and diseases only rarely occur in nature, which is due to the tremendous degree
of natural variation in plant defense mechanisms (Alonso-Blanco and Koornneef, 2000;
Anderson and Mitchell-Olds, 2011). Only a relatively small degree of such variation is
contained in cultivated crop populations (Gols ez a/., 2008), but wild populations provide
ample opportunities for discovering novel mechanisms responsible for resistance to
insects. A wide range of resistance mechanisms against herbivorous insects has been
described (Panda and Khush, 1995; Schoonhoven e a4/, 2005), and the impact of
mechanisms depends on the characteristics of the herbivore, such as insect diet breadth
(Mewis et al., 20006; Rohr e al., 2011). Although specialist insects, feeding on one or a
few plant species within one family, are considered to be resistant to toxic compounds
of their host (Karban and Agrawal, 2002), generalist insects are thought to thrive
on a wider range of hosts with relatively low levels of allelochemicals (Loxdale ez a/,
2011; Price ez al., 2011). Toxins, however, affect the performance of specialists as well
(Vandenbortre ef al., 2010), and generalists can cope with variable levels of secondary
metabolites (Loxdale ¢z 4/, 2011), implying a more complex relationship between insect
host range and plant defense. More insight into plant defenses against specialist and
generalist insects is needed to understand how plants deal with herbivorous insects
that differ in the degree of specialization and to improve host-plant resistance of
economically important crops against insect pests. Most studies have addressed this
topic with a targeted approach, focusing on only one or a few types of secondary
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Glossary box

e  Association mapping: a population based method of mapping quantitative trait loci (QTLs)
that takes advantage of historic linkage disequilibrium to link phenotypes to genotypes
(also known as “linkage disequilibrium mapping”).

e Candidate gene: a gene, located in a chromosome region suspected of being involved in
the expression of a trait of interest.

e  Confounding effect: an extraneous variable in a statistical model that correlates (positively
or negatively) with both the dependent and independent variable.

e  Genome-wide association (GWA) mapping: comprehensive approach to systematically
search the genome for causal genetic variation, using a large number of markers, by
association between genotypes at each locus and a given phenotype.

e  High-Throughput Phenotyping (HTP): experimental set-up in which large amounts of
specimens can be phenotypically screened, preferably automatic, fast, accurate, and with
low costs.

e Llinkage disequilibrium: two loci that are in linkage disequilibrium (LD) are inherited
together more often or less often than would be expected by chance.

e  QTL: Quantitative Trait Locus; a region in the genome that is responsible for variation in the
guantitative trait of interest.

e QTL mapping: a family based mapping method using well known pedigrees to generate
F2 crosses in which the genetic architecture of traits can be explored (also known as
traditional linkage mapping).

e Quantitative genetics: the study of the heritability of quantitative traits, which are the
products of two or more genes.

metabolites and a restricted amount of natural variation therein. In order to unravel
the paradigm about resistance against specialists and generalists and to identify new
plant defense mechanisms, comprehensive technologies are needed that can explore
the apparent natural variation in multiple resistance mechanisms at the level of the
genotype and phenotype.

Association mapping (see glossary) allows to screen many different wild and
cultivated populations for genes involved in complex plant traits. Although association
mapping has hardly been used in plant—insect studies thus far, it has the potential to
allow new developments in eco-genomic studies of plant—insect interactions. One of
the major prospects is the possibility to do genome-wide association (GWA) mapping in
order to retrieve functional genetic loci involved in plant defenses against herbivorous
insects in an untargeted way. GWA mapping involves the screening of large numbers of
plant lines, which is currently a bottleneck because of the costs involved in this time- and
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labor-intensive methodology. The large number of plant lines to be screened in insect
resistance studies will require High-Throughput Phenotyping (HTP) techniques that
succeed in accurately identitying different resistance traits. Particularly in view of the
high diversity in insect-resistance mechanisms and their degree of specificity towards
their enemies, this will pose some challenges. In this review, we discuss the perspectives
of GWA mapping and HTP techniques in the context of insect resistance, with special
reference to strategies against specialist and generalist insects.

Association studies and linkage mapping

Understanding the genetic basis of phenotypic variation is one of the key goals in
evolutionary biology. Family based QTL mapping (which uses well-characterized
pedigrees (Balasubramanian ef a/., 2009; Brotman e7 al., 2011; Dobon et al., 2011)) and
association mapping (which uses linkage disequilibrium among numerous individuals
of different populations (Atwell ¢f a/., 2010; Ingvarsson and Street, 2011)) are the most
commonly used tools for dissecting the genetic basis of phenotypic trait variation.
In QTL mapping only a limited number of recombination events that have occurred
within families and pedigrees can be studied, whereas with association mapping the
recombination events that have accumulated over thousands of generations can
be exploited (Zhu ez al, 2008). Since the 1980, QTL mapping has been used most
frequently, but association mapping is a promising alternative method for dissecting
complex traits (Chan ezal., 2011; Chan ez al., 2010). Increased mapping resolution, reduced
research time, and larger allele numbers have been put forward as main advantages over
traditional QTL mapping (Yu and Buckler, 2006; Zhu e al., 2008). Association studies
can be divided into two broad categories: (i) candidate-gene association mapping, in
which variation in a gene of interest is tested for correlation with the phenotypic trait of
interest, and (ii) Genome-Wide Association (GWA) mapping, where genetic variation
is explored within the whole genome, aiming to find signals of association with the
complex trait (Zhu ez al., 2008) (see Table 1 for an overview). Because GWA mapping
is less dependent on prior information about candidate genes than QTL mapping
and candidate-gene association mapping, this is a promising method to identify novel
loci involved in complex phenotypic traits. However, GWA mapping should not be
regarded as a replacement of traditional QTL mapping. In fact, GWA mapping and
QTL mapping have complementary advantages and disadvantages, that can lead to
a better understanding of causal genetic polymorphism when these approaches are
combined (Chan et al., 2010; Mitchell-Olds, 2010).
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Table 1. Comparison of family based (QTL) and population based (association mapping) methods that aim

to untavel the genetic basis of complex traits in plants.

QTL mapping

Candidate gene
association mapping

Genome wide
association mapping

Main
advantages

Main
disadvantages

General
requirements

Recent
case study in
Arabidopsis

- No population
structure effects

- Identification of rare
alleles

- Few genetic markers
required

- Limited genetic
diversity

- Not always possible to
create crosses

- Cannot distinguish
between pleiotropic and
physically close genes

- Small ‘original
population size’, low
number of genetic
markers, many
replicates needed

- Generated mapping
material (eg. F2
population, (Al-)RILs,
MAGIC lines, NILs, HIFs
etc.)

QTL mapping with Al-
RILs on flowering time
(Balasubramanian et al.,
2009)

- 2 AI-RIL populationS
(approximately 280
individuals each)

- 181 and 224 markers

- 12 to 70 replicates

- Allows fine mapping
- Relatively low costs

- Detailed functional
knowledge of trait is
required

- No novel traits will be
found

- Large population size,
small number of genetic
markers, the bigger the
population size, the less
replicates needed

- Prior genetic and
biochemical knowledge
on trait of interest

- Prior knowledge on LD,
nucleotide-
polymorphism, breeding
system and population
structure

Candidate gene
approach on flowering
time (Ehrenreich et al.,
2009)

- 251 accessions

- 51 SNPs

- 10 replicates per
accession

- Allows untargeted fine
mapping (blind
approach)

- Detection of common
alleles

- Confounding effects
due to population
structure

- Will miss rare and
weak effect alleles

- Large population size,
many genetic markers,
the bigger the
population size, the
fewer replicates needed
- Prior knowledge on LD,
nucleotide-
polymorphism, breeding
system and population
structure

Whole genome
approach on multiple
phenotypic traits (Atwell
et al., 2010)

- 199 accessions in total
-216.150 SNPs

- 4 replicates in general

Abbreviations: QTL; Quantitative Trait Locus, RIL, Al-RIL, Advanced Intercross-Recombinant Inbred Line; MAGIC,
Multiparent Advanced Generation InterCross; NIL, Near-Isogenic Line; HIFs, Heterogeneous Inbred Family; LD,
Linkage Disequilibrium; SNPs, Single Nucleotide Polymorphisms.
Combinations of these three approaches can allow the identification of false positives and negatives, but is much
more laborious: a recent dual QTL mapping-GWA study (Brachi et al., 2010) involved phenotyping nearly 20,000
individual plants, including 184 worldwide natural accessions genotyped for 216,509 SNPs and 4,366 RILs derived
from 13 independent crosses. See Bergelson and Roux (2010) for an overview of different linkage mapping
populations mentioned in this table.
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Association mapping in plant sciences

In the last decade, GWA mapping has emerged as a tool for studying the genetics
of natural variation and economically important traits in plants (Atwell ¢z a/, 2010).
Flowering time, chemical composition, disease resistance, taste and many other
economically and evolutionarily important traits have been studied in crop species (see
(Zhu et al., 2008) for an overview). Apart from agriculturally relevant crops, the model
plant Arabidopsis (Arabidopsis thaliana) is of great value for understanding complex
traits using GWA mapping (Box 1).

The presence of recombination events that have accumulated in plants over
thousands of generations, is both an advantage as well as a potential pitfall of GWA
mapping, because functional QTLs that are correlated with population structure can
result in many false positives (Mitchell-Olds, 2010). Several statistical methods have
been developed that use neutral genotypic information to account for confounding
effects of population structure in GWA studies (Price ez al., 2006; Yu et al., 2006; Zhao
et al., 2007). However, inadequate use of these models can lead to over-correction,
resulting in false negatives which are equally problematic (Mitchell-Olds, 2010). Studies
that have combined GWA- and QTL mapping strategies (dual linkage-association
mapping) pointed out a false-positive rate of 40% and a false-negative rate of 24%
in assays that solely involved GWA mapping (Bergelson and Roux, 2010). A major
drawback of such a dual linkage-association mapping, however, is that it requires
phenotyping of several thousands of individual plants, and the genesis of numerous
linkage mapping populations (Brachi ez a/., 2010). GWA mapping in regional mapping
populations (instead of GWA mapping at the species scale) is an alternative approach to
reduce confounding due to population structure (Bergelson and Roux, 2010).

Another major impediment in GWA studies is the phenomenon of missing
heritability. Often, the associated QTLs can explain very little of the phenotypic variation,
even after accounting for the effects of population structure. This phenomenon is
attributed to several factors, including a scattered signal across numerous QTLs, each
contributing to only a marginal proportion of the phenotype. Complex traits, such as
insect resistance, are likely to encounter this problem (Myles ez /., 2009; Visscher, 2008).
Integrating association mapping with transcriptional network analysis can decrease
high false-positive rates and increase the resolution in scattered associations (Chan e#
al., 2011). The scattering of genotype—phenotype associations can also be reduced by
phenotyping multiple component traits instead of one multifactorial trait, as will be
further discussed in the paragraph ‘Requirements for phenotyping’.
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Box 1. Arabidopsis-insect interactions as a model for GWA studies

The model species, Arabidopsis (Arabidopsis thaliana), is often used in plant-insect studies
for obvious reasons, such as the availability of extensive information about genetic variation
and physiology, and numerous mutants. Even though Arabidopsis is not a crop, there are
numerous devastating crop pest insects (such as the generalist insect herbivores Frankliniella
occidentalis and Myzus persicae and the specialist insect herbivores Pieris rapae, Plutella
xylostella and Brevicoryne brassicae) that readily feed on Arabidopsis (Abe et al., 2008; Bidart-
Bouzat and Kliebenstein, 2011; Bruessow et al., 2010; De Vos and Jander, 2009; De Vos et al.,
2005). However, one disadvantage in the light of insect-plant biology is that many accessions of
Arabidopsis are winter annuals, so the life cycle of Arabidopsis does not temporally overlap with
the life cycle of many herbivorous insects. It is known that herbivore performance (quantified in
terms of mortality and developmental time) is commonly better on plants with such a ‘pausing’
strategy, indicating that such plants may invest less in defense traits (Van Poecke, 2007). This
has likely influenced the evolution of signaling pathways in Arabidopsis, because the main biotic
stresses likely comprise pathogens such as oomycetes, bacteria and fungi. Still, Arabidopsis is
of great interest for studying insect resistance, since many insect defense mechanisms have
been evolved within the Brassicaceae family, such as glucosinolates (Mewis et al., 2005;
Mewis et al., 2006; Rohr et al., 2011), and, many defense mechanisms against pathogens are
also effective against herbivorous insects. Leaf toughness is for example effective against both
microbial pathogens and insects (Schoonhoven et al., 2005), and salicylic acid-, jasmonic acid-
and ethylene-regulated defenses are involved in defenses against both pathogen and insect
infestations (De Vos et al., 2005; Mewis et al., 2006; Pieterse et al., 2009; Verhage et al., 2011).

Association mapping of plant-insect interactions

The complexity in the orchestration of insect resistance and its evolution in plants,
makes it a difficult trait to study in a genomic context (Anderson and Mitchell-Olds,
2011). So far, only few GWA studies have been reported that deal explicitly with plant-
defense mechanisms against herbivorous insects (see (Atwell ez 2/, 2010) for an example
on aphids). One such study on glucosinolates (GSL) - secondary defense metabolites
within the Brassicaceae family involved in resistance against herbivorous insects (Mewis
¢t al., 2005; Mewis ¢t al., 2006; Rohr ¢ al., 2011) - was conducted using 96 Arabidopsis
accessions exhibiting 43 distinct GSL phenotypes and 230.000 SNPs (Chan ez 4/,
2010). In this study, GWA analysis successfully identified two major polymorphic loci
controlling GSL variation in natural populations, but variation in resistance to specialist
and generalist insects remains to be investigated for these accessions. This would
require an experimental setup in which GWA mapping and HTP of insect resistance are
integrated (Figure 1). GWA mapping of insect resistance will likely encounter similar
obstacles as recognized in other GWA studies. Because insect resistance is generally
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Figure 1. Screening plants for insect resistance
through GWA mapping. This simplified overview
shows how the genetic architecture underlying insect
resistance can be determined in five steps, using GWA
mapping. (a) Genotype SNPs for numerous accessions
of the plant of interest; (b) Develop HTP choice and

no-choice experiments to screen for insect preference

and performance (using leaf discs in this example); (c) (b) Preference

Performance

Screen for relevant insect-resistance patameters; (d)

Find the genetic basis of phenotypic differences, using

Sobs-
GWA mapping; (e) Validate candidate genes with reverse . ‘
genetic tools, like overexpression and gene-silencing,

(c) .
Feeding -
#EQ9S  damage Mobility,

® ¢ O

under strong positive selection pressure, GWA  (d) @‘

mapping of insect resistance might, however,

unlike GWA studies of human diseases ‘ T
(Ingvarsson and Street, 2011; Myles ez al., 2009),

(e)
Pe less affected by rare alleles that are not Overexpression Gene silencing
included in the haplotype map. Nevertheless,
a good representation of all (sub)populations . E

is indispensable for detecting variation in

host-plant resistance and preventing them

from having a too low allele frequency in the experimental set up. Particularly, the
confounding effects of population structure can have a large effect on the success
of GWA studies of host-plant resistance, because resistance against specific insects
could have evolved independently and be based on different mechanisms in different
populations and habitats (Poelman ez a/, 2008b). Moreover, confounding effects due to
strong population differences can be severe, when an intense evolutionary arms race
between plant and herbivore has occurred as may be the case for specialist herbivorous
insects and their host plants (Becerra, 2007; Poelman e al., 2008b; Thompson, 2005;
Vermeer e al., 2011). This will require statistical correction of population structure,
which can enhance the chance of false negatives due to over-correction. This problem
is expected to be less evident with generalists, because they lack a reciprocal evolutionary
interaction with specific plants (Price ez a/., 2011).
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Resistance against specialist versus generalist insect herbivores

Specialist and generalist insect herbivores have different ways to deal with the defensive
mechanisms of their host plants, and this is expected to result in different associations.
Besides morphological and structural aspects, chemical defenses involving secondary
metabolites play a major role in plant defense against insects (Schoonhoven ez al., 2005).
Secondary metabolites can be divided into two broad functional categories, based on
their modes of actions: qualitative compounds, which can be interpreted as toxins, and
quantitative defensive compounds, with a dose-dependent effect, such as digestibility
reducers (Price ¢f al., 2011). Recent studies show that qualitative compounds (e.g. GSL
and alkaloids) often fail to affect specialist insects, because specialist insects evolved
ways to detoxify or tolerate these compounds (Price ¢z al, 2011). In other words, if
secondary metabolites play a role in defense against specialist insects, predominantly
quantitative defensive compounds that reduce the digestibility are expected to be
functional, whereas defense against polyphagous insects is mainly achieved by qualitative
compounds. Toxins are even used by specialist insects to locate their host plants, or
sequester these toxins for their own defense (Panda and Khush, 1995; Schoonhoven e7
al., 2005). Thus, plants have to ‘choose’ between investing in substantial concentrations
of qualitative compounds to deter polyphagous insects, or marginal concentrations of
the same compounds to decrease preference by specialist insects (Poelman ez a/., 2010;
Van der Meijden, 1996). The evolution of defensive traits against generalists could,
therefore, lead to an increased host-plant preference by specialists and vice versa. This
trade-off between resistance to specialists and generalists is expected to be reflected in
genotype-phenotype associations of the host plant. There are, however, many examples
that do not support the qualitative-quantitative dichotomy. The generalist aphid Myzus
persicae feeds on herbaceous plants in over 40 plant families, including families such as
the Solanaceae that are well-known producers of toxic alkaloids (Blackman and Eastop,
2006; Loxdale e al, 2011). Moreover, specific toxins do affect specialist herbivores.
For instance, silencing nicotine production in tobacco (Nicotiana tabacum) results
in improved performance of the specialist herbivore Manduca sexta (Steppuhn ez al.,
2004) and overexpression of the lectin agglutinin in tobacco negatively affected the
larval performance of M. sexta (Vandenborre ez al., 2010). Isothiocyanates, breakdown
products of GLS, negatively affect the performance of the specialist herbivore Preris
rapae (Agrawal and Kurashige, 2003). The performance of P. rapae on the co/7 mutants of
Arabidopsis, that is compromised in the JA signal-transduction pathway, is significantly
improved in comparison to wild-type plants, showing that even a specialist is affected by
inducible plant defenses (Reymond ef a/., 2004). Interestingly, the effects of quantitative
and qualitative defenses may interact: nicotine prevents a compensatory response of the
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generalist herbivore Spodoptera exigna to proteinase inhibitors and thus counters an insect
adaptation to a qualitative defense (Steppuhn and Baldwin, 2007).

The main deficiency in addressing the defense mechanisms of plants against
specialist and generalist insect herbivores, is that most studies have used a targeted
approach, focusing on only one or a few types of secondary metabolites in a limited
number of plant lines. Because resistance and tolerance are likely to be phenotypic traits
that are composed of multiple factors, a targeted approach will easily miss important
components. This is true for resistance to both generalists and specialists, but comparing
the components and their relative strength of resistance to specialists and generalists
may reveal how these traits are balanced.

A more comprehensive approach is, for example, taken in transcript profiling
studies, where gene-expression signatures of infested plants and/or herbivorous insects
are analyzed in different treatments (Bidart-Bouzat and Kliebenstein, 2011; Reymond ez
al.,2004). Although several studies did not find a different plant response to specialist and
generalist insects (Bidart-Bouzat and Kliebenstein, 2011; Govind e# 4/, 2010; Reymond
et al., 2004), one study (Agrawal and Kurashige, 2003) found a differential response in
the insects that foraged on wild-type and mutant Nicotiana attenuata. The specialist M.
sexta showed diet-specific alterations in gene expression, whereas the generalist Heliothis
virescens regulated similar transcripts over different diets, indicating that the specialist is
better adapted to both qualitative (nicotine), and quantitative (trypsin protease inhibitor)
compounds of the host (Govind ez al., 2010). Another explorative approach is taken in a
recent study, where metabolite fingerprints of Plantago lanceolataleaves differed after they
were attacked by specialist or generalist herbivores, and by insects belonging to different
taxa (Sutter and Muller, 2011). These examples show that untargeted approaches, such
as transcript profiling, metabolic fingerprinting, and GWA mapping, allow to explore a
large array of plant defense mechanisms in many plant lines.

Requirements for phenotyping

Phenotyping is a prime factor in GWA mapping of host plant resistance. Among vast
numbers of genome-wide markers, the aim is to achieve significant statistical power
for only those molecular markers that are located close to the genes that influence the
phenotypic trait of interest. In reality, functional associations between phenotype and
molecular markers are often confounded, both in association and QTL mapping studies
(Aranzana e/ al., 2005; Chan ef al., 2010; Nemri ¢/ al., 2010).

In the discussion about missing heritability of associations, where the identified
genetic loci explain only little of the phenotypic variation, little attention has been paid
to the role of phenotypes and phenotyping techniques. Some association studies of
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Figure 2. Dissecting insect resistance into component traits. Association mapping of a complex trait
such as insect resistance can result in numerous associations with low statistical power. This is illustrated
in (a) where the life history parameter r_ of the insect is associated with many genetic loci. One approach
to improve resolution in genotype-phenotype associations, is to dissect the complex phenotype into
component traits (b), e.g. insect preference (detection of repellent VOCs), time before the insect starts
feeding (screening for the influence of leaf toughness and deterrent structures on the plant surface), and
larval development (detection of e.g. feeding deterrents, toxins and nutrient content). Whereas the genetic
architecture can overlap to some degree due to similar underlying processes, mapping these component
traits will result in fewer genotype-phenotype associations with larger statistical power, and a higher
proportion of functional associations. Genotype-phenotype associations can be further elucidated with,
for example, metabolite fingerprints of VOCs, plant tissues or epicuticular waxes.

crop yield, for example, resulted in the characterization of numerous minor functional
genes (Schon ez al., 2004). This confirms the infinitesimal model of Fischer (Fischer,
1918), which assumes a very large number of loci to be involved in quantitative genetics,
each with a marginal effect on the phenotype. It is to be expected, however, that the
number of functional (low-effect) QTLs involved is trait-specific. A complex trait is
generally the result of numerous processes, which will result in a scattered association
across multiple genetic loci: numerous QTLs are involved, that have a reduced statistical
significance and each contribute to only a marginal proportion of the effect size of
the phenotypic variation (Figure 2). Although a multifactorial character is inherent to
complex traits, the efficiency of association mapping can be optimized by dissecting
the phenotype into quantitative components with a minimum expected number of
responsible mechanisms (Li e a/, 2011). A genome-wide screening within the scope of
only a few mechanisms attributing to the trait of interest will increase the success of
finding novel functional genes. A drawback is that it narrows the scope of a genome-wide
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Box 2. Plant resistance to herbivorous insects

Host-plant resistance against herbivorous insects is generally defined as “the relative amount
of heritable qualities possessed by the plant which influence the ultimate degree of damage
done by the insect in the field” (Panda and Khush, 1995). Herbivorous insects use host plants
for oviposition, feeding and shelter. Plants can achieve protection against herbivorous insects
by both indirect defense, i.e. the attraction and facilitation of natural enemies of the insect
herbivore, and direct defense against the pest insect (Dicke, 1999; Dicke and Baldwin, 2010;
Heil, 2008). Three main categories of resistance against insect herbivores are (i) antixenosis, (ii)
antibiosis, and (iii) tolerance (Panda and Khush, 1995).

Antixenosis mechanisms deter the insect, or, after the insect has arrived on the plant, prevent
it from settling. Generally, the insect ‘decides’ not to colonize the plant due to the absence
or low availability of an attractant, or the presence or quantity of a deterrent. A wide range
of components can act as attractants or deterrents: Volatile Organic Compounds (VOCs),
color, topology of the plant, chemicals and morphology of the plant surface (e.g. trichomes,
epicuticular waxes, substrate texture), and physical and chemical characteristics of internal plant
tissues (e.g. secondary metabolites, nutrient content, toughness of the cell wall) (Schoonhoven
et al., 2005). Herbivorous insects use olfactory and visual cues in the pre-alighting stage, and
assess olfactory, visual, tactile, and gustatory traits after arriving on the host plant. Plants that
exhibit antixenosis have a reduced number of initial colonizers and a relatively small population
of herbivorous insects.

After the insect has ‘decided’ to utilize the host, antibiosis mechanisms of the host can affect
insect performance (e.g. growth, development, reproduction, and survival) by toxins released
after tissue damaging, feeding deterrents (e.g. protease inhibitors), nutritional imbalance or
tissue toughness. Antibiosis causes a decrease in the insect population size (Panda and Khush,
1995). Plants can display antixenosis and antibiosis mechanisms constitutively, or after induction
by e.g. herbivory or egg deposition (Dicke, 1999; Hilker and Meiners, 2006).

Finally, tolerance represents the plant’s ability to compensate insect damage by increased
growth, reproduction or repair of the damage. In contrast to antixenosis and antibiosis, tolerance
does not severely affect the insect herbivore, but rather minimizes the impact of herbivory on
the performance of the plant itself (Panda and Khush, 1995; Schoonhoven et al., 2005).

survey. Complex traits are generally based on gene networks; therefore the assessment
of individual components will likely overlook interactions between components, and
the network as a whole and its environment (Benfey and Mitchell-Olds, 2008; Hammer
et al., 2000).

Ininsect resistance studies, typically multiple traits are phenotyped and reduced to
one resistance variable, R. Most often, the total of life-history parameters of the insect
are summarized in the variable r_, the intrinsic rate of population increase (Awmack
and Leather, 2002; Krips e al, 1998). This summary statistic is an accurate parameter
of the effect of resistance mechanisms on the herbivorous insects. However, insect
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performance is typically dependent on multiple plant traits (e.g. nutritional components
of the host plant and multiple resistance mechanisms of the plant (Awmack and Leather,
2002)). Hence, r_ may lack resolution in association studies and using this parameter
may result in a high proportion of missing heritability due to scattered signals (Figure
2). We expect that dissecting the complex parameter in multiple specific phenotypic
components, e.g. host preference, time interval before the insect starts feeding,
reproduction, larval development time, and mortality, will contribute to solving the
problem of missing heritability and will help to identify multiple underlying mechanisms
(Figure 2). The combination of these individual mechanisms will ultimately allow plant
breeding to achieve sustainable host-plant resistance in crops. Indeed, multiparameter
approaches, using a combination of phenotypic traits, for example both concentration
of secondary metabolites and insect performance, have been postulated to deliver
more significant relations to functional genetic data (Benfey and Mitchell-Olds, 2008;
Eberius and Lima-Guerra, 2009). Apart from the parameterization of the phenotype(s),
increasing the number of plant lines is of major importance for the statistical support
of relevant associations (Ingvarsson and Street, 2011; Myles ¢z al., 2009). So far, most
studies have used sample sizes of approximately 100 to 500 plant lines, but more genetic
lines will increase the number and frequency of functional alleles and thereby improve
the statistical power to detect them (Aranzana ez a/., 2005; Chan ez al.,, 2010; Kang ez al.,
2008; Li ez al., 2010; Zhao et al., 2007). Secondly, a larger number of replicates within
plant lines will increase the accuracy of the phenotype and the statistical support of
genotype-phenotype associations. Particularly phenotyping insect resistance, involving
the interaction among two or more organisms and species, is sensitive to stochastic
errors and could result in relatively high levels of missing heritability. Although there is
an example of successful GWA mapping by assessing aphid offspring in four replicates
on 96 Arabidopsis lines (Atwell ¢ al, 2010), more replicates will reduce confounding
effects. Moreover, the quality of phenotypic data can be improved by eliminating noise
induced by the environment (Benfey and Mitchell-Olds, 2008; Hall ¢# a/, 2010). Many
studies have shown that insect resistance is an adaptive response to several biotic and
abiotic factors (Box 2) (Ballaré, 2009; Chan ¢z /., 2011; Holopainen and Gershenzon,
2010; Poelman ez a/., 2010). For example, it has been shown that the developmental stage
of the plant altered the outcome of the GWA analysis, resulting in the identification
of different functional genetic loci in different developmental stages (Chan e a/., 2011).
This underlines the need for an experimental setup with uniform conditions among
the genetic lines (Figure 1). Some noise will be inevitable for plant species harbouring
a high diversity of ecotypes that differ in optimal growth conditions and development
time. On the other hand, ‘uniform’ laboratory assays can deliver functional associations
different from field conditions (Atwell ¢z @/, 2010) due to genotype-by-environment
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interactions (Hammer e a/., 20006). Including several (a)biotic treatments or an additional

field assay could yield more field-predictive outcomes.

High-throughput phenotyping

For quantitative traits such as insect resistance, reliable phenotyping requires a substantial
amount of space, time and manpower, and this will be increasingly so in the context
of association studies that require large sample sizes. There is, thus, a need for HTP
methods that are accurate and yet predictive of field performance. Particulatly, in view
of the differential impact of mechanisms to specialist and generalist insects as discussed
eatlier, insect and plant performance are not necessarily correlated with each other, as
high levels of deterrent compounds do not always negatively affect the performance
of herbivorous insects (Poelman ez al, 2010; Van der Meijden, 1996), and good insect
performance does not always result in reduced plant performance (Box 2). Therefore,
both plant and insect traits are relevant for assessing the undetlying mechanisms of
insect resistance. Because association mapping requires at least hundreds of plant
lines to be screened, it poses some challenges to the phenotyping efforts. Below some
potential HTP techniques for assessing insect resistance are discussed.

High-throughput phenotyping of plant defense

In the last decades, plant phenotyping techniques have gone through major developments
(Fernie and Schauer, 2009; Montes ¢7 al., 2007). Several of these methods can be applied
to detect antixenosis, antibiosis or tolerance against insects and the benefits and costs
involved for the plant (Box 2). Metabolite profiling techniques, like mass spectrometry
and nuclear magnetic resonance, are the most obvious methods for screening primary
and secondary proteins and metabolites in large-scale experiments (Fernie and Schauer,
2009). However, image processing techniques are also highly suitable for HTP platforms
(Fernie and Schauer, 2009; Kokorian ez a/., 2010; Montes e/ al., 2007). These techniques
translate changes in the spectral signature of a plant to quantify characteristics
concerning plant growth, yield and (a)biotic stress. In the visible spectrum it is possible
to detect damage caused by leaf chewing insects or for example silver damage due to
thrips feeding (Abe ez a/, 2008). Multi-colour fluorescence imaging has been used to
assess feeding damage of mites and stylet penetrations of whiteflies (Buschmann and
Lichtenthaler, 1998). In the near-infrared spectrum, stress-related changes in plants and
changes in organic compounds can be detected (Chaerle and Van der Straeten, 2000,
Cozzolino, 2009; Kramer ef al., 2000; Rutherford and vanStaden, 1996).
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High-throughput phenotyping of insect performance and preference

Assessing insect performance rather than that of the host plant, delivers the opportunity
to study the direct and indirect impacts of plant nutritional quality and defense
mechanisms on the dynamics of the herbivore population (Awmack and Leather, 2002).
Although a wide variety of insect phenotyping techniques is available, only a marginal
portion of these techniques is translated into high-throughput devices. This field in
particular faces some challenges in developing methodologies that have low demands in
terms of space, time and labor but are yet accurate and predictive of field performance.
Most insect studies have focused on insect performance; e.g. population density, insect
growth, development rate, fecundity, survival and the intrinsic rate of population increase
(r.) (Awmack and Leather, 2002). These parameters are correlated to both antixenosis
and antibiosis. Assessing insect performance can be time consuming, depending on
the generation time and life cycle of the insect, and is usually done in a non-automated
way (Krips e al., 1998; Poelman ez al., 2008a). Image analysis of photographs or videos
represents potential for automated indexing of insect performance parameters (e.g. the
number of eggs, larvae and surviving adults).

A behavioral assay can, in contrast to just monitoring insect performance or
plant traits, result in a detailed chronological dataset of the process of host selection
and food uptake. An additional advantage is that a behavioral assay can potentially be
much shorter than an end-point measurement of reproduction and survival (Foster ez
al., 2005; Hardie ¢ al., 1992). Food uptake is an important aspect of insect behavior,
related to insect performance and host—plant resistance (Awmack and Leather, 2002).
Electronic monitoring of probing behavior in piercing-sucking insects has proven to
be successful in finding feeding deterrents (Backus and Bennett, 2009; Tjallingii and
Hogen Esch, 1993), but is hardly feasible in large-scale experiments necessary for
association mapping. Alternatively, automated tracking of insect behavior allows to
measure multiple factors involved in host selection: e.g. host preference, mobility of
the insect, and the timing and duration of food uptake. An additional advantage is
that it allows to screen the behavior of multiple individual insects and multiple arenas
simultaneously (Allemand ez a/, 1994; Beeuwkes e al., 2008; Lacey and Carde, 2011;
Noldus ez al., 2002; Pistori e al., 2010; Reynolds and Riley, 2002). The major challenge
of high-throughput video-monitoring of insect behavior is to realize two- or three-
dimensional arenas predictive of field performance (Prasifka ez 4/, 2010). In large field
trials a mark-release-recapture technique can be a cost-effective method to assess host
preference and population growth of insects (Hagler and Jackson, 2001). Ultimately, the
choice of a phenotyping technique will largely depend on the study system and research
focus.
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Future perspectives

The development of accurate and field-predictive HTP will allow GWA mapping to
increase insight into the genetic architecture of plant resistance to generalist versus
specialist insects that will contribute to the development of host-plant resistance in
crops. ‘Blind’ screening, unbiased by parental phenotypes and candidate genes, is the
basis of this method and opens the opportunity to analyze the full scope of existing
natural variation in resistance mechanisms. Although current studies mainly focus on
one or a few candidate mechanisms, the untargeted nature of GWA mapping will
include multiple factors that contribute to resistance against generalist and specialist
herbivores. We expect that the current assumptions about differential resistance
mechanisms against specialists and generalists can be addressed more comprehensively
using such an unbiased approach. A further step forward will be the integration of
association mapping with transcriptomics, proteomics and metabolomics, to assess
insect resistance at the levels of the genotype, gene expression, and metabolite and
protein networks (Chan e a/,, 2011; DellaPenna and Last, 2008; Ingvarsson and Street,
2011; Keurentjes ez al., 2011; Keurentjes ez al., 2006; Macel ez al., 2010; Myles ez al., 2009).
However, a major determinant of finding phenotype—genotype associations is imposed
by the plant species itself. At present, Next Generation Sequencing technologies result
in an increasing amount of sequenced plant species and lines within a species, so that
the scope of plant-insect association studies will be expanded to additional biological
systems with a wider array of plant—insect interactions and resistance mechanisms.
In the near future, also the genomes and genetic variation of an increasing number
of insect herbivores will become available (Whiteman and Jander, 2010). Comparing
functional mechanisms in insect and plant populations at the genomic level, will allow
the development of ecological insights in the evolution of plant-herbivore interactions
and will take host-plant resistance studies to a next level.
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Abstract

Piercing-sucking insects are major vectors of plant viruses causing significant yield
losses in crops. Functional genomics of plant resistance to these insects would greatly
benefit from the availability of high-throughput, quantitative phenotyping methods.
We have developed an automated video tracking platform that quantifies aphid feeding
behaviour on leaf discs to assess the level of plant resistance. Through the analysis
of aphid movement, the start and duration of plant penetrations by aphids were
estimated. As a case study, video tracking confirmed the near-complete resistance of
lettuce cultivar ‘Corbana’ against Nasonovia ribisnigri (Mosely), biotype Nr:0, and revealed
quantitative resistance in Arabidopsis accession Co-2 against Myzus persicae (Sulzer). The
video tracking platform was benchmarked against Electrical Penetration Graph (EPG)
recordings and aphid population development assays. The use of leaf discs instead
of intact plants reduced the intensity of the resistance effect in video tracking, but
sufficiently replicated experiments resulted in similar conclusions as EPG recordings
and aphid population assays. One video tracking platform could screen 100 samples
in parallel. Automated video tracking can be used to screen large plant populations for

resistance to aphids and other piercing-sucking insects.

Background

More than 100 aphid species (Aphididae) are economically significant pest insects and
most crops are host to at least one species (Blackman and Eastop, 2000). Aphids feed
on phloem sap, and to reach the phloem they move their stylets between plant cells
towards a sieve element, making short punctures in cells along the way. Most probes
are prematurely interrupted in the epidermis and mesophyll. When, however, a phloem
vessel is reached, aphids can ingest phloem sap continuously for many hours or even
days (Tjallingii, 1995). Although aphids inflict little tissue damage, they transmit plant
viruses and deplete host plants of photoassimilates and free amino acids (De Vos ¢f al.,
2005; Minks and Harrewijn, 1989). In wild plant populations aphids ratrely constitute
pests due to effective natural defence strategies, such as epicuticular waxes, protease
inhibitors, and induced production of secondary metabolites (Ceci ez al., 2003; De Vos
et al., 2005; Du et al., 1998; Eigenbrode and Espelie, 1995; Mewis ef al., 2005; Pegadaraju
et al., 2007; Smith and Boyko, 2007; Wang ez a/., 2001; Will and van Bel, 2000). After
generations of domestication many of these defence traits have been diminished or lost
in cultivated plants, making them vulnerable targets of herbivorous insects (Kollner ez
al., 2008; Wink, 1988). The genetic backgrounds of resistance mechanisms still remain
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largely elusive and genomics studies strongly depend on the capacity for phenotyping
large panels of plants. Few high-throughput methods have been established for assessing
plant resistance to insect herbivores, such as aphids or other piercing-sucking insects
(Chen ef al., 2012; Eenink and Dieleman, 1977; Kloth ¢# al., 2012; Smith ef al., 1994;
Smyrnioudis e# al., 2002; Stelinski and Tiwari, 2013). Generally, two approaches are
used to quantify the level of plant defence against aphids; either assessment of aphid
population development or investigation of aphid feeding behaviour. Aphid population
assays are generally the most demanding in terms of time and space, since they require
the availability of a climate-controlled compartment for 1 or 2 weeks and extensive
manual work (Broekgaarden ez al., 2008; Mewis ¢z al., 2006; Moran and Thompson, 2001).
On the contrary, aphid feeding behaviour can be measured within a couple of hours
via the Electrical Penetration Graph (EPG) technique. EPG recording delivers electrical
waveforms comprising information on the plant tissue that is penetrated (phloem vessel,
xylem vessel or other cells) and the stylet penetration activity (cell puncture, salivation,
ingestion, penetration difficulties) (McLean and Kinsey, 1964; Tjallingii, 1988). EPG
studies have shown that aphids prolong phloem ingestion on suitable host plants and
delay and reduce feeding on resistant or non-host plants (Alvarez ez al., 2006; Boquel e#
al., 2011; Nalam ez al., 2012b; ten Broeke 7 al., 2013b; Tjallingii, 2006; van Emden and
Harrington, 2007; van Helden and Tjallingii, 1993; Will ez a/., 2007). The high specificity
of the information about plant tissue and key components of aphid behaviour, makes
this methodology appealing for exploring defence mechanisms. A drawback of EPG is,
however, the restricted capacity, generally 8 plants per setup (ten Broeke ez al., 2013a),
and the labour-intensive nature of wiring aphids and annotating electrical signals.
Here, we present the methodology and validation of image-based tracking of
aphid feeding behaviour. Automated video tracking was introduced in the early 1990s
and has since been used in many animal behaviour studies (Bakchine ez @/, 1990; Dell
et al., 2014; Motreno-Delafuente ef al., 2013; Noldus ez al., 2002; Pinkiewicz ez al., 2011;
Shcherbakov ez al., 2010; Spitzen ez al., 2013). Video tracking involves software-engineered
pattern analysis of grids of pixels in order to quantify the location and movement of
subjects over time. In this study, we used movement patterns of the central body point
of aphids to estimate the duration of plant penetrations made by the aphid’s mouth
parts. Previous EPG studies showed that probes shorter than approximately 3 minutes
represent penetrations in the epidermis and/or mesophyll (van Emden and Harrington,
2007), and that probes involving phloem uptake last on average at least 25 min (Prado
and Tjallingii, 2007; Tjallingii, 1994; van Helden and Tjallingii, 1993). This allowed us to
discriminate test probes from putative phloem uptake events in video observations in
order to identify plants that are resistant to aphids. We benchmarked the performance
of the high- throughput video tracking platform against EPG recordings and aphid
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population development assays, using natural accessions of Arabidopsis thaliana, and
lettuce cultivars, Lactuca sativa, in combination with the green peach aphid, Myzus persicae
(Sulzer), and the black-currant lettuce aphid, Nasonovia ribisnigri (Mosely) (Hemiptera:
Aphididae), respectively.

Results

Tracking aphid feeding behaviour

Automated video tracking of aphid feeding behaviour was performed using video
tracking software and a stationary camera mounted above 20 no-choice arenas. We
introduced one aphid onto each arena, consisting of an agar substrate almost completely
covered by a leaf disc, and recorded 20 arenas simultaneously with a frame rate of 25
frames s (Figure 1, Figure S1). Because the aphid’s mouthparts were not visible in
the multi-arena setup, we made the assumption that when the aphid’s centre point was
located on the leaf disc and did not move, the aphid was penetrating the leaf tissue with
its stylets. By assessing video images by eye, we defined velocity thresholds for the start
and end of probing events of two aphid species, M. persicae and N. ribisnigri (Figure
2, Figure S2). According to our observations, the software was more vulnerable to
premature probe endings of N. ribisnigri due to body movements during probing (such
as event y in Figure 2). As this aphid species is somewhat larger (£ 1.9 mm body length,
versus £ 1.7 mm for M. persicae), movements around the fixated mouth resulted in a
higher tangential velocity, and therefore required a higher velocity threshold.

Accuracy

To test the accuracy of the platform, we performed automated video tracking and
human observations simultaneously. A camera was attached to a stereo microscope
to deliver a side-view on the arena for manual scoring of probes (Additional file 2).
Among a total of 139 probes of 16 different M. persicae aphids scored by hand, 88% was
detected with video tracking (Figure 3a). Undetected and false positive probes involved
only short events (< 3 min). Of the detected probes, 19% was either underrated
(multiple ‘true’ probes were considered as one probe), or overrated (one ‘true’ probe
was translated into multiple probes by the software). Underrated samples were caused
by undetected probe stops due to slow movements below the velocity threshold.
Overrated samples were caused by false probe stops when, for example, the aphid was
immobile on the edge of the leaf disc and the assigned position continuously switched
between an “on the leaf disc” and “off the leaf disc” status (Figure 3b). Three times
this incident occurred, leading to 17 redundant probes of which 10 were filtered out
automatically (see Materials and methods, section Software settings). Other reasons
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|
W

p & @&

Figure 1. Video tracking platform. A stationary camera is mounted above a microtitre plate which is
placed on top of a backlight unit with ventilation at the left. Wells in the microtitre plate contained a leaf
disc and an aphid (A). Cling film was wrapped around the plate to prevent aphids from escaping, The
camera was connected to a computer with EthoVision XT video tracking software (B). Movements of
the aphid’s centre point were automatically tracked (red track shows movements across 30 seconds). With
this information the software calculated aphid velocity (line graph) and estimated probing (purple bar) and

non-probing events (green bar).

Velocity (mm/s)
A

Start 0.3

Stop 0.1

Stop 0.02|
Time (s)

moving moving

non-probe non-probe

Figure 2. Velocity thresholds for registration of probes. An example of how aphid feeding behaviour
was measured using a resolution of 275 pixels per mm? Subject states can be defined as ‘moving’ or
‘not moving’ by means of two thresholds: the start velocity at which the subject begins to move, and the
stop velocity at which the state changes from moving to not moving. Probe starts were recorded if the
velocity of the aphid’s centre point dropped below 0.02 mm/s for at least 10 seconds («). Probe stops were
recorded if the velocity of M. persicae aphids exceeded 0. 3 mm/s for at least 2 seconds (8), or 0.35 mm/s
for at least 2 seconds in the case of winged N. 7ibisnigri aphids. To avoid premature probe endings due to
short movements during probing (event y), probe stops were only recorded when velocity increased above
0.1 mm/s for mote than 2 seconds. Figure adjusted from the EthoVision XT Reference Manual (version
8) (Gtieco et al., 2010).
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for premature probe stops were abdominal movements during probing related to e.g.
reproduction or honeydew excretion. The longer probes lasted, the higher the risk was
of encountering such incidents. Indeed automatically tracked probes were in general
biased to end 73 to 12 seconds too eatly (Figure 3c), and the total duration of probing
was underestimated (on average 46 min * 2.5 min standard error, versus 50 min + 1.9,
P=0.01, Mann-Whitney U test, total observation duration: 55min). Nevertheless, the
recorded number and duration of probes were highly correlated to human observations
(Figure 4, average t*=0.7 with 275 pixels per mm?). Other parameters, such as distance
moved, were also highly correlated with feeding behaviour in general, but were less
informative with regard to long probes (Figure 41). Although automated video tracking
did not achieve a precision as high as manual scoring, it enabled observing multiple
arenas simultaneously. In the above described tests, we used 275 pixels per mm?, equal
to a coverage of 20 arenas with our 768 x 576 pixels camera. To determine whether
the capacity could be increased, we repeated the experiment with only 155 pixels per
mm?, equal to a coverage of 35 arenas, but found that reduced resolution resulted in
decreased correlations with human observations (average £°<0.5).

Benchmarking against EPG recording with Arabidopsis

To validate whether automated video tracking delivered a reliable proxy for plant
resistance, feeding behaviour of M. persicae was measured during 8 hours continuous
recording on two natural accessions of Arabidopsis, Co-2 and Sanna-2 (Additional file
3). These accessions were selected from a population of hundreds of accessions based
on preliminary video tracking data. Automated video tracking showed that M. persicae
aphids walked larger distances on Co-2 and reduced the duration of long probes (Table
1). EPG recordings on intact plants confirmed shorter durations of (sustained) phloem
ingestion, and additionally revealed more short probes, non-probing behaviour and a
delayed phloem uptake on Co-2 (Table 1). This behaviour is an indication of both
epidermis/mesophyll-located and phloem-located resistance in Co-2 against M. persicae.
All aphids ingested phloem, but quantitative differences in feeding behaviour between
aphids on Co-2 and on Sanna-2 were already apparent in the first hour (Figure 5). A
reproduction assay on intact plants confirmed that Co-2 was indeed more resistant
than Sanna-2, although the resistance was not absolute. Depending on plant age, aphids
either started reproduction later or produced fewer offspring (Figure 6). Although we
had been able to correctly identity a quantitative difference in resistance with automated
video tracking, the effects were smaller than in EPG recordings on intact plants. To verify
whether the plant line effects in the video tracking assay were attenuated due to the use
of excised plant tissue, the EPG experiment was repeated with leaf discs. Particularly
for the resistant accession, aphid feeding behaviour was different and involved more
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phloem uptake and fewer short probes on leaf discs compared to intact plants (Table
$2). The only significant difference between the accessions that remained was a reduced
duration of phloem uptake events on Co-2 (Table 1). In addition, contribution of
salivation to the phloem phase, required to suppress (callose-mediated) sieve-plate
occlusion (Will e al., 2009), was equal on leaf discs but higher on intact plants of Co-2
(Figure 7). This indicates that the resistance mechanisms in intact plants were partially
lost in leaf discs.

() categories of incidents 20 345 sec
Missed probes: Detected probes: Underrated counts: £100
()
Human [N Human N Human Il B E B 3
Software none Software I Software I §
» 60
(7]
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40
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Figure 3. Accuracy of automated tracking in comparison to human observations. M. persicae feeding
behaviour was measured on Arabidopsis leaf discs by automated video tracking and human observations
simultaneously. (a) Out of 139 probes of 16 aphids scored by hand, 88% was detected by automated
video tracking, Probes were considered a match when their duration overlapped at least partially. Some
of the detected probes were matched by too few (underrated) or too many (overrated) probes. For these
situations, the amount of missed or redundant probes is shown. 17 Probes went undetected and 20 false
probes were recorded. Mean duration per probe is shown above the bars. (b) Screenshots of the top-view
video used for automated tracking, The lower image (o) shows an aphid positioned on the edge of the leaf
disc for more than 20 min, causing overrated probe counts by the software due to continuous switching
between an “on the leaf disc” and “off the leaf disc” status. (c) Differences between software and human
observations per matched probe. 95% Confidence Intervals are shown above the histograms. Negative
values correspond to too early probe starts, too eartly probe endings, resp. too short duration of probes
compared to the human observations. In case of overrated probe counts, the probe with the most similar
duration as the manually scored probe was included. The outlier caused by the example in (b) is annotated

with o.
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Figure 4. Correlation between automated video tracking and human observations. M. persicae
behaviour was measured by automated video tracking (x-axes) and human observations simultaneously
(y-axes). Three categories of probes were distinguished: All probes, Long probes (> 15 min), and Short
probes (< 3 min). The duration (min) and number of probes measured by human observations were
compared to: (a,d,g,j,m) the duration (min) and number of probes (all, long, and short probes) measured
by video tracking, (b,e,h,k,n) the total time not moving (min), and (c,fi,l,0) the distance moved by the
aphids (cm) (*P<0.05; **P<0.01; #***P<0.001, Pe = Pearson correlation test, Pl = Pearson correlation test
on log transformed data, S = Spearman correlation test, dashed lines represent a hypothetical =1, n=16
recordings of 1 aphid for 55 min, 275 pixels per mm?).
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Table 1. Feeding behaviour of M. persicac on two Arabidopsis accessions and N. r7bisnigri on two lettuce
cultivars. Within each EPG and video tracking experiment it was tested whether aphid behaviour differed
between the two plant lines. The mean duration and latency were only calculated if the corresponding
events did occur (all samples of M. persicae; N. ribsinigri: EPG n=2 Corbana and n=20 Terlana, video
tracking n=21 Corbana and n=206 Terlana).

Arabidopsis — M. persicae Lettuce — N. ribisnigri
Co-2 (R) Sanna-2 (S) Corbana (R) Terlana (S)
Total duration non-penetration 139+ 15 60.2 + 8.1 Ts*** 121+ 16 29.2 + 5.8 TI***
Total duration phloem feeding 110+ 13 296 + 31 M*** 2.34+1.68 399 + 17 M***
" Total duration phloem feeding (> 10 min) 27.7+7.9 259 + 32 M*** 0.00 +0.00 399 £ 17 M***
E Total duration other penetration activities 231+15.8 124 £ 28 M** 357 +16 51.5+ 14 T***
,g Number of non-penetrations 57.7+6.2  22.4+3.1M*** 27.8+7.58 7.58 +1.33 T***
‘E Number of short probes (< 3 min) 49.8£5.8 18.4+2.4 M*** 13.7+2.0 4.53 +1.17 M***
2 Number of phloem feeding events 6.37+0.55 4.28+0.70T* 0.11+£0.07 1.16 £ 0.12 M***
“ Mean duration of phloem feeding events 176+1.4 117 £ 26 M*** 22.2+6.16 379 £ 26 M*
Latency to first phloem feeding event 188 +25 111+ 26 M* 228 +94 106 +17 M
Contribution salivation to phloem phase (%) 13.3+£2.2 245+ 1.3 M*** 98.7+1.0 1.15 £ 0.3 M***
Total duration non-penetration 164 + 48 17359 M - -
Total duration phloem feeding 220+42 201+48T - -
Total duration phloem feeding (> 10 min) 158 + 46 177 +47T - -
g Total duration other penetration activities 95.3+25.7 106 +17T - -
;-E_’ Number of non-penetrations 19.1+5.7 144+3.0Ts - -
E Number of short probes (< 3 min) 16.6+4.8 8.63+2.0Ts - -
g Number of phloem feeding events 8.11+1.53 2.63+0.84 M* - -
Mean duration of phloem feeding events 34.2+10.8 99.2+31.7Ts* - -
Latency to first phloem feeding event 144 +51 250+53T - -

Contribution salivation to phloem phase (%) 3.03+0.6 3.63+x22M - -

Total duration non-probing 61.5+9.7 426+9.4T 243 +27 148 + 25 T*
Total duration long probes (> 25 min) 338+20 377177 153+ 26 283 £ 25 T***
Total duration sust. probes (> 35 min) 276 £27 353 +19 M* 132+24 260 + 25 T***
Total duration other probes (<= 25 min) 80.6+12.4 60.5+99T 84.1+7.0 48.4 £9.3 M***
g Number of non-penetrations 33.2+39 22.1+38T 31.1+31 23.0+26T
; Number of short probes (< 3 min) 20.3+3.1 12.4+34T 224+31 156+23M
% Number of long probes (>= 25 min) 5.95+0.36 4.71+0.36 M* 2.19+0.33 3.25+0.30T*
é Mean duration of long probes (>= 25 min) 62.8+7.0 90.0£9.8 M* 72495 99.8 +11.2 M*
Latency to first long probe (>= 25 min) 18.5+5.8 27.1+7.1M 142 +27 65.1+14.2 M*
Total duration not moving (min) 445+7.3 465+3.5M 257 £27 350+ 25T*
Total distance moved (cm) 46.9+4.6 34.0+4.6T* 204 + 47 103+23T
Max velocity (mm/s) 0.72+0.12 0.53+0.05T 2.78£0.54 1.88+0.20M
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Figure 5. Behavioural parameters of M. persicae on two natural Arabidopsis accessions, Co-2

(resistant) and Sanna-2 (susceptible). (a) Percentage of the time spent on long probes (> 25 min), and

(b) distance moved (cm) were measured by automated video tracking, Percentage of the time spent on

phloem feeding (waveform 5) were measured by (c) EPGs on intact plants, and (d) EPGs on leaf discs
(Mann-Whitney U test, *P<0.05; **P<0.01; #**P<0.001, video tracking: Co-2 n=20, Sanna-2 n=17, EPG
recording intact plants: n=19, EPG recording leaf discs: Co-2 n=9, Sanna-2 n=8, error bars represent

standard error).
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Figure 6. Reproduction of M. persicac on two Arabidopsis accessions. One neonate aphid was

introduced to a 2.5-week-old plant (assay 1) or a 3.5-week-old plant (assay 2). (a) Total number of aphids

per plant 2 weeks after infestation. (b) Days until the first nymph was produced by the aphid (Mann-
Whitney U test, ¥*P<0.05, **P<0.001, assay 1: Co-2 n=19, Sanna-2 n=15, assay 2: Co-2 n=14, Sanna-2
n=13, error bars represent standard error).
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Figure 7. Contribution of salivation to
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10
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Co-2 (resistant) and Sanna-2 (susceptible)
(Mann-Whitney U test, *P<0.05; *¥P<0.01;
#4P<(.001, left bars: EPG recording intact
plants: n=19, right bars: EPG recording leaf

Percentage

5

discs: Co-2 n=9, Sanna-2 n=8, error bars

represent standard error).

Benchmarking against EPG recording with lettuce

Apart from a study system with partial resistance, an example of near-complete
resistance was tested with the video tracking platform. The behaviour of black-currant
lettuce aphids, N. 7bisnigri, biotype Nr:0 was recorded on two near-isogenic lettuce
cultivars, the resistant ‘Corbana’ and susceptible “Terlana’. Previous studies showed
that the Nr gene is responsible for near-complete resistance in Corbana against this
biotype of aphids, mainly due to a phloem-located mechanism (Reinink and Dieleman,
1989; ten Brocke et al, 2013a). Our video tracking observations on leaf discs were
compared to EPG recording data by ten Broeke et al. (2013). Seven out of nine video
tracking variables confirmed that cultivar Corbana was more resistant than cultivar
Terlana (Table 1). Aphids on Corbana spent less time on long probes and more time on
shorter probes and other activities. In addition, aphids increased their walking activity
over time on both cultivars, but generally covered larger distances on Corbana leaf
discs (mixed linear model: time effect: P=0.00, cultivar effect: P=0.03, time x cultivar
interaction: P=0.77, Figure 8). Yet, the resistance effect was less pronounced in video
tracking compared to EPG recording on intact plants: only 11% of the aphids in EPG
recordings showed phloem ingestion on Corbana plants, while 78% of the aphids in
the video assay performed long probes on Corbana. These long probing events could
include other activities, such as water ingestion from xylem vessels, since EPGs showed
that on Corbana plants more aphids penetrated xylem sieve elements (12 aphids on

Corbana versus 2 aphids on Terlana).
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Figure 8. Behavioural parameters of N. rbisnigri on two lettuce cultivars, Corbana (resistant) and

Terlana (susceptible). (a) Percentage of the time spent on long probes (> 25 min), and (b) distance

moved (cm) were measured by automated video tracking on leaf discs. (c) Percentage of the time spent

on phloem feeding (waveform 5), and (d) percentage of time spent on other probes (pathway, phloem

salivation and xylem feeding) were measured by EPGs on intact plants (Mann-Whitney U test per time bin,
*P<0.05; #*P<0.01; #*P<0.001, video tracking: Corbana n=27, Terlana n=28, EPG recording: n=19).

Table 2. Required video duration and number of replicates for identifying a significant effect.

Student’s t-tests have been applied to subsamples of two simulated data sets with a similar mean and

standard deviation as two response variables from the video tracking assays. The percentage of tests with

a significant outcome in at least one of the two variables is represented as the detection rate (Bonferroni

correction: P<0.025).

Plant-aphid system Duration Replicates Detection rate
Arabidopsis - M. persicae 8h 20 >80%

6h 25 >80%
Lettuce — N. ribisnigri 8h 20 >80%

4h 15 >80%
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Table 3. Comparison of automated video tracking and EPG recording characteristics. Minimum
duration of observations and minimum sample sizes were estimated with simulations. Preparation time per
replicate reflects a rough estimation of time required for an experienced person to prepare one arena, resp.

plant-aphid individual, for a recording,

EPG Video
Plant material intact plants leaf discs
Min. observation duration 4-8 h 4-8h
Min. number of replicates (identification rate + 80%) 3-5 15-20
Maximum sample size per set up +8 +100
Preparation time per sample +5 min 2 min
Annotation of electrical patterns/video images + 15 min automated

Throughput

Using simulated data with a similar plant line effect as the data sets from the plant-aphid
assays described here, we assessed the required sample size and recording duration
for automated video tracking (Table 2). With 20 replicates of 8-hour observations,
significant resistance was detected in more than 80% of the cases for the Arabidopsis
plant line effect on M. persicae (2 response variables tested per simulated data set,
Bonferroni correction: P<0.025). The near-complete resistance of Corbana lettuce
against N. ribisnigri biotype Nr:0 was detected in more than 80% of the cases with
15 replicates of 4 hours of video observations. Subtle differences in resistance in
Arabidopsis were more difficult to detect when video observations were shorter than
8 hours (Table 2). On the other hand, reducing the video duration to the first 4 hours
improved the detection of near-complete resistance, as with IN. 7ibisnigri biotype Nr:0
on the Corbana lettuce cultivar. Apparently, in this case, the precision of video tracking
decreased over time. While the EPG recording with lettuce did not reveal an increase in
aphid activities in the xylem or mesophyll over time (Figure 8), the last stretch of the
video observation was likely confounded by sessile behaviour other than probing, The
risk of falsely rejecting the null hypothesis was limited to 1% (M. persicae on Arabidopsis
accession Col-0). Overall, video tracking required similar observation durations as EPG
recording, but a larger sample size to detect significant plant effects (Table 3). The
required amount of replicates was, however, compensated by screening many samples

simultaneously and automated data annotation.
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Discussion

Leaf discs

The effect sizes measured in video tracking with leaf discs were substantially smaller
compared to EPG recording on intact plants. EPG recording on leaf discs confirmed
that the application of excised plant tissue partially impaired plant resistance (Liu and
McCreight, 20006; ten Broeke, 2013), possibly due to the interrupted supply of ions and
metabolites in the phloem, or due to the interference by jasmonic acid and ethylene
mediated wound responses (Leon ¢ al, 2001). Furthermore, aphids can be disturbed
by the decrease in pressure in the sieve elements of excised plant tissue, although they
are well capable of active uptake of sap (Mittler, 1988; Will ¢7 4/, 2008). The increase of
coagulating proteins and cellular debris in the phloem after plant wounding may plug
sieve plates and the aphid’s food canal in the stylets (Martin ez a/., 2003; Tjallingii, 2000,
Turgeon, 2010). To prevent such potential clogging of sieve elements, aphids might
increase the injection of watery saliva into the phloem or shorten their feeding events,
but neither of these effects were observed consistently. To maintain turgor better the
use of leaves still connected to intact plants would be favourable, but this is currently
not feasible in view of poor detection of aphids in more complex environments.
Arenas designed to hold entire detached leaves or seedlings on agar could, however, be
a feasible alternative to leaf discs.

Application

High-throughput phenotyping techniques of sucking insect species are urgently needed
in view of functional genomics studies aiming to find subtle allelic differences in plant
populations measuring many hundreds of plants. Conventional methods, like EPG and
population studies, are less scalable for this purpose and carry much higher investments
in terms of time (labour, duration) and costs (equipment, greenhouses). In this study,
automated video tracking was used to study aphid feeding behaviour, but it could as well
be applied to track the behaviour of other piercing-sucking insects. We recommend to
validate the velocity thresholds for each species first, by checking several video files by
hand. As shown here with two aphid species, size and velocity can differ and will affect
the accuracy of probe estimations. When studying plants with thick or dark leaves,
increased resolution, better (macro) lenses, and lateral light sources instead of backlight
can help to improve the detection of insects. We worked with EthoVision XT video
tracking and analysis software, but other programs or programming environments, such
as MatlLab and Image], could as well serve as robust video tracking tools (Dell ez al,
2014; Husson ¢t al., September 10, 2012; Pinkiewicz ez al., 2011).
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Conclusions

The aim of this study was to develop a high-throughput method to screen large plant
populations for resistance to aphids and other piercing-sucking insects. For the first
time it is shown that automated video tracking of aphid body movement can be used
to estimate how often the insects are penetrating plant tissue and are reaching the
vascular bundle. The use of leaf discs instead of intact plants enhanced the throughput
of the video tracking platform, but EPG recording illustrated that resistance effects
were partially lost in leaf discs. Nevertheless, we could identify both intermediate
and extreme levels of resistance with video tracking, In Arabidopsis accession Co-2,
we found a quantitative resistance level. This was confirmed in additional bioassays,
suggesting the involvement of constitutive or rapidly activated resistance mechanisms
in both epidermis/mesophyll and phloem, resulting in a small detrimental effect on
the aphid population. The video tracking platform also confirmed the near-complete
resistance of the lettuce cultivar Corbana to IN. ribisnigri biotype Nr:0. Although video
tracking requires more replicates to identify resistant plants than the conventional
EPG technique, it can screen many samples simultaneously in a confined space. In
addition, computerized data acquisition reduces laborious exercises, such as annotation
of electrical patterns or counting of aphid populations, and only little plant material
is required which can be advantageous when studying segregating populations with
only one plant per genotype. These features make automated video tracking a valuable
phenotyping method for screening large plant populations for resistance to piercing-
sucking insects that are serious pests in our crops.

Materials and methods

Plants and insects

Arabidopsis, Arabidopsis thaliana (L.) Heynh., plants were grown for 4-5 weeks in pots
(5 cm diameter) with pasteutized potting soil (4 h at 80°C; Lentse potgrond, Lent,
The Netherlands) in a climate room at 21£1 °C, 50-70% relative humidity, an 8/16
h day/night cycle, and a light intensity of 200 umol m™s™. Four natural accessions of
Arabidopsis were used throughout this study: Col-0 (CS76113), Van-0 (CS76297), Co-2
(CS28163) and Sanna-2 (CS76223). Seeds were acquired from the European Arabidopsis
Stock Centre and propagated by the Laboratory of Genetics, Wageningen University.
Lettuce, Lactuca sativa (L.), cultivars Corbana (resistant) and Terlana (susceptible) were
grown for 3 to 4 wecks in a greenhouse compartment at a temperature of 20£3°C
during the day and 18%3°C dutring the night, 50-70% relative humidity and a 14/10 h
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day/night cycle using artificial lighting. Seeds were acquired from Enza Zaden bv. Myzus
persicae (Sulzer) aphids were reared in a climate room on radish plants at 19°C, 50-70%
relative humidity and a 16/8 h day/night cycle. Nasonovia ribisnigri (Mosely) biotype
Nr:0 aphids were reared on the susceptible lettuce cultivar Terlana in a greenhouse
compartment at a temperatute of 2023°C during the day and 181+3°C during the night,
50-70% relative humidity, and a 14/10 h day/night cycle.

Video tracking platform

Aphid behaviour was recorded with an analogue, monochrome camera (Ikegami, model:
1 CD-49E, type: REV, 768 x 5706 pixels) with a varifocal lens (Computar H3Z4512 CS-
IR, 4.5-12.5 mm F1.2) mounted above the arenas (Figure 1). An arena consisted of a
well in a 96-well microtitre plate, having a 6.5 mm inner diameter (Sarstedt, sterile flat
bottom suspension cells. No. 831835500), containing a leaf disc with the abaxial side
up on a substrate of 1% agar (technical agar no.3, Oxoid). One aphid was introduced
per arena and cling film was tightly wrapped around the plate to prevent aphids from
escaping. The microtitre plate was placed on a platform, 1 cm above a backlight unit (FL.
tubes, 5000 K). A fan was attached between the platform and backlight unit to prevent
water condensation inside the arenas. Room temperature was controlled at 21-22°C.

Software settings

EthoVision® XT 8.5 video tracking and analysis software (Noldus Information
Technology bv, Wageningen, The Netherlands) was used for automated video tracking
of aphid feeding behaviour in multiple arenas simultancously (Noldus ez 4/, 2001;
Noldus ez al., 2002). Subject detection was achieved with grey scaling (Additional file 1,
Table S1). Arenas contained two zones: the leaf disc (zone 1) and the space surrounding
the leaf disc (zone 2) (Figure S1). Zone 1 had a diameter of approximately 5 mm,
excluding the outer edges of the leaf disc to prevent aphids on the arena wall to be
falsely assigned to the leaf disc. Because zone 1 and zone 2 required different grey scale
thresholds, optimal thresholds for zone 1, the leaf disc, were chosen. Consequently,
only behavioural data acquired in zone 1 were used throughout this study. Velocity
and time thresholds appropriate to starting and ending a probe were fine-tuned using
simultaneous observations of the top-view camera (275 pixels per mm?) and a side-
view camera attached to a stereo microscope (20-40x magnification), capturing close-up
recording of proboscis and antennae movements of M. persicae aphids (Additional file
2). A probe start was automatically recorded when the aphid was positioned on the leaf
disc and its velocity dropped below 0.02 mm/s and did not exceed 0.3 mm/s for at
least 10 seconds (Figure 2, Figure S2). A probe stop was recorded when aphid velocity
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exceeded 0.3 mm/s for the relatively small wingless M. persicae or 0.35 mm/s for the
larger winged N. rzbisnigri and did not decrease below 0.1 mm/s for at least 2 seconds.
Confounding movements during probing were generally characterized by a repetitive
pattern of short movements. The 2 seconds time delay prevented that these movements
resulted in false probe stops. Zone-transition problems, which occurred when aphids
were positioned exactly on the edge of zone 1 and zone 2, were filtered from the
data set after acquisition in EthoVision XT, with the statistical computing program
R (Additional file 4). These incidences, characterized by a train of consecutive short
probes in the output, were filtered out by excluding probes with a duration of less than
3 seconds that were preceded by a very short non-probe bout of maximally 15 seconds.
These thresholds were selected by hand using some examples of zone transition
problems in this study.

Video recording versus human observations

To validate automated tracking of probes with manual scoring, we used a camera
mounted on a stereo microscope (20-40x) with a side-view on a single arena (n=10)
(Additional file 2). Each replicate consisted of a 55 min continuous recording of one
arena with a single adult M. persicae aphid and an Arabidopsis leaf disc, by both the
mounted and side-view camera. Aphids were starved between 30 minutes and three
hours before the experiment. Recordings with the mounted camera were performed
at two distances: capturing 20 arenas with 275 pixels per mm?, and capturing 35 arenas
with 155 pixels per mm?®. Leaf discs of 6 mm in diameter were cut just below the leaf
apex of 4-5 week old Col-0 and Van-0 plants. The Observer® XT 10 software (Noldus
Information Technology bv, Wageningen, The Netherlands) was used for manual
scoring of probes. Probe starts were manually recorded when body movement stopped,
the proboscis was touching the leaf and antennae moved backwards. If the aphid’s
proboscis was obscured, body arrestment on the leaf disc with subsequent backward
movement of antennae was defined as a probe start according to Hardie ¢f a/. (1992)
and Hardie and Powell (2000). Probe endings were manually recorded when antennae
moved upward and the aphid removed its proboscis from the leaf, or, when the latter
was not visible, when the antennae moved upwards followed by locomotion. Apart
from probe estimations, we also tracked the “total time not moving” across the whole
observation, using a start velocity of 0.3 mm/s and a stop velocity of 0.02 mm/s.
Velocities were averaged across 5 frames, using a sample rate of 5 frames per second.
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Video tracking assays

In each recording twenty arenas were tracked simultaneously for 8 hours, with a frame
rate of 25 s, and a resolution of 275 pixels per mm* (Additional file 3). All arenas
consisted of a different plant and aphid individual and within each recording the 2
involved plant lines were equally represented. For Arabidopsis accessions Co-2 and
Sanna-2, automated video tracking was performed with 7 to 8 day old wingless M.
persicae aphids (Co-2 n=20, Sanna-2 n=17). Leaf discs of 6 mm in diameter were made
just below the apex of intermediately aged leaves. Aphid survival was checked the day
after recording. Subject detection was checked after data acquisition on 6 time points
across the video. Three samples with no or low quality detection were excluded from
the analysis. Video tracking of winged IN. ribisnigri biotype Nr:0 on lettuce cultivars
Terlana and Corbana was performed with 4 mm leaf discs (Corbana n=27, Terlana
n=28). In view of the large contour of winged IN. ribisnigri aphids, we used arenas with
leaf discs of 4 mm diameter and a 3-4 mm leaf edge-to-wall distance in order to have
a clear distinction between aphids on the leaf disc and aphids on agar or the arena
wall. Leaf discs were made near the leaf base of the third oldest leaf, next to the mid
vein. None of the aphids had died the day after recording, Five samples with no or low
quality detection were excluded from the analysis. The response variable “duration not
moving” was measured using a start velocity of 0.3 mm/s and a stop velocity of 0.02
mm/s. Velocities were averaged across 5 frames, using a sample rate of 5 frames per
second.

EPG recording

Feeding behaviour of the green peach aphid, M. persicae, was analysed with EPG
recording on two natural accessions of Arabidopsis, Co-2 and Sanna-2, during 8-hour
observations. EPG recording was made on both intact plants (Co-2 n=19, Sanna-2
n=18) and leaf discs (Co-2 n=9, Sanna-2 n=8), using direct currents (DC) according
to the methodology of ten Broeke et al. (ten Broeke ef al., 2013a). An electrode was
inserted in the potting soil or agar respectively, and a thin gold wire (1.5 cm length
for intact plants, 1 cm length for leaf discs) was gently attached to the dorsum of 8 to
11 day old wingless aphids with silver glue. The electrical circuit was completed when
the aphid’s piercing-sucking mouthparts penetrated the plant cuticle and the electrical
signals, correlated to stylet activities, were recorded instantly (Tjallingii, 1988). Each
replicate consisted of a different aphid and plant individual, employing one leaf disc
per plant. Leaf discs of 9 mm in diameter were processed just below the apex of
intermediately aged Arabidopsis leaves and placed abaxial side up in a Petri dish on a
1% agar substrate. A transparent plastic sheet covered the agar surrounding the leaf
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disc to prevent aphids to get stuck or make probes in the agar. Aphids that did not start
probing within the first 3 hours of the observation were excluded from the analysis.
EPG recording of winged IN. ribisnigri biotype Nr:0 on lettuce cultivars Corbana and
Terlana has been made in a previous study by ten Broeke et al. (ten Broeke, 2013)
(8-hour recording, n=19).

Aphid population development

One M. persicae neonate (0 to 24 h old) was transferred to each Arabidopsis plant in a
climate chamber (21£1°C, 50-70% relative humidity, an 8/16h day/night cycle, light
intensity of 200 pmol m™s™). In the first assay 2.5-week-old plants were infested, in the
second assay 3.5-week-old plants. A soap-diluted water barrier prevented aphids from
moving between plants. Six, seven, and eight days after introduction the presence of
the aphid and its offspring was checked. None of the aphids developed wings. 14 Days
after infestation the number of aphids was counted per plant. Plants without an adult
aphid 8 days after introduction, and plants without any adults or neonates 14 days after
introduction were excluded from the analysis (assay 1: Co-2 n=19, Sanna-2 n=15; assay
2: Co-2 n=14, Sanna-2 n=13).

Simulations

In simulations, 10* random draws were taken from a normal distribution with the
mean and standard deviation of a response variable of the Arabidopsis-M. persicac and
lettuce-IN. ribisnigri data sets (Table S3). For video observations data was simulated
with two probing variables: the mean duration of long probes and the total duration
of sustained probes. For EPGs the total duration of phloem ingestion was simulated.
Random draws were excluded when values were below zero, below the minimum duration
of the probe category, or above the maximum recording duration. The generated data
sets were subsampled with 1000 iterations without replacement for several replicate
levels (n=10, 15, 20, 25, 30, 35, 40). Student’s t-tests were executed for each iteration
and the percentage of significant p-values per replicate level was calculated. Video
tracking simulation tests were defined significant if they had a P-value below «=0.025
for at least one of the two probing vatiables (Bonferroni correction: =0.05/2). For
EPG simulations one variable and P-values below «=0.05 already delivered maximum
detection rates. This process was performed on complete data sets of EPG and video
recording (8 h observations) and on data sets rescaled to shorter durations (6 and 4 hour
observations). The proportion of tests where the null hypothesis is incorrectly rejected,
was calculated with simulations based on a data set of 8-hour video recording of M.
persicae on Arabidopsis accession Col-0 (data set n=53, replicate levels n=15 and n=20,
two variables, P<0.025, Table S3).

59




Chapter 3

Statistical analysis

An R script was written to calculate response variables of video tracking, such as the
total number and total duration of short and long probes in each observation and
for each hour (Additional file 4). For EPG recording, the start time and duration
of waveforms were analysed with the EPG PROBE 3.0 software (EPG-Systems,
Wageningen, The Netherlands). Further calculations and analyses of EPG data were
performed with the statistical computing program R. The duration of phloem ingestion
events in EPG recording were calculated as the sum of three subsequent waveforms: (a)
inter- and intracellular penetrations followed by (b) phloem salivation and (c) phloem
ingestion. Bar graphs were produced with the R package sciplot version 1.1-0 (Morales
2012) (R-Core-Team, 2013). Data distributions and homogeneity of variances were
tested with a Shapiro test and a Levene’s test. In case data transformations (square root,
log, logit, arcsine) did not result in a distribution that approaches a normal distribution,
non-parametric tests were applied. Human observations were compared to video
tracking parameters with a paired t-test or, when data were not normally distributed
with a Wilcoxon signed ranks matched pairs test. Correlations were tested with a
Pearson correlation test or, when data were not normally distributed, with a Spearman
correlation test. For benchmarking of video tracking against EPGs with susceptible and
resistant Arabidopsis and lettuce lines and for the reproduction assay, response variables
were tested with a Student’s t-test, or when the data were not normally distributed with
a Mann-Whitney U test. Walking activity of aphids was tested across 8 time bins of 1
hour. The distance moved was not normally distributed and, therefore, transformed to
ranks ranging from the lowest to highest value within the complete data set. A mixed
linear model was applied on the ranks, using plant line, time bin, and plant line x time
bin interaction as fixed effects and plant/aphid individual as a random effect.
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Supporting Information

Number of probes =
Probes+ 1

State of
probing= 12

Figure S2. Trial Control Settings in EthoVision XT for measuring the start time and duration of probes.
Zone 1 is the leaf disc. ‘Not moving’ and ‘Moving (1)’ were defined by a start velocity of 0.3 mm/s and a
stop velocity of 0.02 mm/s, averaged over 5 samples (0.2 seconds). The condition “Moving (2)’ was defined
by a start velocity of 0.3 mm/s for M. persicae, resp. 0.35 mm/s for N. ribsinigri, a stop velocity of 0.1 mm/s,
and a minimum duration of 2 seconds. This procedure was repeated indefinitely during data acquisition.
Velocities were calculated by taking the average velocity of 5 frames, with a frame rate of 5 frames per

second.

61




Chapter 3

Table S1. Subject detection settings in EthoVision XT for M. persicae.

Parameters Settings

Detection method Grey scaling, centre point detection
Grey scale range 6-200

Subject size 85-600 pixels

Contour erosion (first) 2 pixels

Contour dilation 2 pixels

Sample rate 5 samples per second

Pixel smoothing Medium

Track noise reduction Off

Track smoothing profile Lowess, 10 samples before and after

Online files (file 2 - 4)
http://plantmethods.biomedcentral.com/articles/10.1186/s13007-015-0044-z#Sec22

- Additional file 2: (.mp4)

Movie of aphid feeding behaviour measured by manual annotations and automated
video tracking simultaneously. Events were estimated where the M. persicae aphid
penetrated the Arabidopsis leaf disc with its piercing-sucking mouth parts. Manual
scoring of probes was achieved with a side-view camera mounted on a stereo microscope
and The Observer XT software. Automated video tracking was performed with a top
view on the arena (275 pixels/mm) and EthoVision XT software (Noldus Information
Technology bv, Wageningen, The Netherlands). EthoVision XT recorded a probe when
the aphid’s centre point was located on the leaf disc and did not move. Other motion
parameters, such as the distance moved (cm) and velocity (cm/s), wete also acquired
with automated tracking. The movie is displayed at double speed.

- Additional file 3: (.mp4)

Movie of automated video tracking of 20 aphids simultaneously. M. persicae aphids were
tracked on Arabidopsis leaf discs using EthoVision XT video tracking software (Noldus
Information Technology bv, Wageningen, The Netherlands). The aphid’s centre point
(red) was automatically detected and tracks of the previous 30 seconds are visualised in
red. Arenas are numbered from 1 (top left) to 20 (bottom right). The movie is displayed
at 16x speed.

- Additional file 4: (.txt)

R script for feature extraction from EthoVision XT output.
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Abstract

Plants are exposed to combinations of various biotic and abiotic stresses, but stress
responses are usually investigated for single stresses only. Here we investigated the
genetic architecture underlying plant responses to 11 single stresses and several of their
combinations by phenotyping 350 Arabidopsis thaliana accessions. A set of 214k SNPs
was screened for marker-trait associations in Genome-Wide Association analyses using
tailored multi-trait mixed models. Stress responses that share phytohormonal signaling
pathways also share genetic architecture underlying these responses. For the 30 most
significant SNPs, average QTL-effect-sizes were stronger for dual stresses than single
stresses. Plants appear to deploy broad-spectrum defensive mechanisms influencing
multiple traits in response to combined stresses. Association analyses identified QTLs
with contrasting and with similar responses to (a) biotic versus abiotic stresses and (b)
belowground versus aboveground stresses. Our approach allowed for an unprecedented
comprehensive genetic analysis of how plants deal with a wide spectrum of stress
conditions.

Background

In nature, plants face variable environments that impose a wide range of biotic and abiotic
stresses. These include e.g. belowground and aboveground stresses, stresses imposed
by unicellular and multicellular organisms, short and long-lasting stresses. Thus, plants
are under strong selection to adapt to local conditions and have evolved sophisticated
mechanisms to withstand multiple adverse environmental conditions (Brachi ez a/., 2015;
Howe and Jander, 2008; Julkowska and Testerink, 2015; Kerwin ez al, 2015; Pieterse ez
al., 2012; Stam et al., 2014). Yet, investigating this experimentally is a major challenge
due to the complexity of multiple stress exposure. To gain insight into the adaptation
of plants to the wide variety of stress-inducing conditions they face, genetic vatiation
and mechanisms underlying stress resistance should be studied (Alonso-Blanco 7 al,
2009; Brachi ez al., 2015; Kerwin et al., 2015). The responses of plants to stresses have
traditionally been investigated for individual stresses (Howe and Jander, 2008), but
research focus is currently shifting towards plant responses to combinations of stresses
(Holopainen and Gershenzon, 2010; Kissoudis e¢# a/,, 2015; Pierik and Testerink, 2014;
Stam ez al., 2014; Suzuki ez al., 2014). The emerging picture is that responses to stress
combinations cannot be predicted reliably from the responses to individual stresses
(Makumburage ez al, 2013). For instance, the majority of transcriptional responses
of Arabidopsis to combinations of two abiotic stresses could not be predicted from
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responses to the individual stresses (Rasmussen ez a/, 2013). Moreover, phenotype
expression in response to two biotic stresses could not be predicted on the basis of
existing information on interactions between underlying signaling pathways (De Vos ef
al., 20006). Phytohormones are major players in a signaling network, mediating responses
to both biotic and abiotic stresses (Pieterse e a/, 2009). For instance, chewing insect
herbivores elicit especially the jasmonic acid (JA), abscisic acid (ABA) and ethylene
(ET) signaling pathways, phloem-sucking insects and biotrophic microbial pathogens
elicit especially the salicylic acid (SA) pathway, and drought elicits the abscisic acid
(ABA) pathway (Pieterse e al., 2009). The phytohormonal responses exhibit extensive
crosstalk, resulting in specific changes in plant phenotype in response to individual
stresses (De Vos e7 al., 2005; Pieterse ez al., 2012).

Most studies that examined plant responses to multiple stresses included only
one or a few genotypes (Holopainen and Gershenzon, 2010; Kissoudis e a/., 2015;
Pierik and Testerink, 2014; Rasmussen ¢7 al, 2013; Stam e/ al., 2014; Suzuki ez al., 2014).
To obtain a further understanding of the genetic architecture of complex traits such
as plant adaptation to a diversity of stresses, extensive study of the natural genetic
variation within a species is instrumental. Genome-wide association (GWA) analysis is
an important tool for this, requiring a large number of well-genotyped plant accessions.
Yet, although the interest in natural variation and GWA mapping is rapidly increasing
(Ogura and Busch, 2015; Wijnen and Keurentjes, 2014), a large-scale evaluation of
natural genetic variation for resistance of plants to the diversity of stresses that they are
exposed to, including pathogens, herbivores and abiotic stresses and their interactions,
has not been made to date. To elucidate the genetic architecture of plant stress resistance,
an integrated approach is needed that models the genetics of responses to a range
of single and combined stresses, including the interaction between those responses.
Here, we have taken a comprehensive and integrated approach to investigate the
genetics underlying plant responses to 15 single stresses or stress combinations (Table
1), making use of a global population of 350 Arabidopsis accessions that have been
genotyped for 214k SNPs (Baxter ¢f al, 2010; Li ez al., 2010). We developed a tailored
multi-trait GWA analysis that allowed the identification of candidate genes associated
with adaptive plant responses to multiple stresses that were validated by gene expression
and mutant analyses.

Results

The phenotypic response of a population of 350 Arabidopsis accessions to an
extensive set of stress-inducing conditions was quantified relative to the respective
control treatments. Thirty traits, including e.g. root length, number of damaged leaves,
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or number of pathogen-inflicted spreading lesions (Table 1) were quantified when
the plants were exposed to 15 different stresses, i.e. four abiotic stresses (drought, salt
stress, osmotic stress and heat), seven biotic stresses (parasitic plant, phloem-feeding
aphid, phloem-feeding whitefly, cell-content feeding thrips, leaf-chewing caterpillar,
root-feeding nematode, and necrotrophic fungus) and four stress combinations (fungus
and caterpillar, drought and fungus, drought and caterpillar, caterpillar and osmotic
stress). For detailed information on the stress treatments and the trait definitions see
Supplementary Materials and methods (Sections 2 and 3)."

Heritability of responses to biotic and abiotic stresses

The phenotypic analysis resulted in a wide range of marker-based narrow sense
heritability (Kruijer ¢7 al, 2015) estimates with 15 traits of low (h*<0.2), 10 of moderate
(0.2<h?<0.5) and 5 of high (h*>0.5) heritability (Figure S1). The number of abiotic
stress traits per heritability category was similar, while the number of traits related to
biotic and combined stresses decreased with increasing heritability class. The most
heritable traits were responses to feeding damage by thrips (Thrips_1; h*=0.8), and
nematodes (h*=0.7), and responses to salt (Salt_1 and Salt_3; resp. h*=0.6 and h*=0.7)
and heat (Heat; h*=0.6) (Table S1). The traits related to combined stresses have
predominantly low heritabilities.

Genetic commonality underlying responses to different stresses

To analyze the phenotypic variation between Arabidopsis accessions as a function
of molecular marker variation, we used various mixed model approaches (see
Supplementary Materials and methods, section 4). We estimated marker-based genetic
correlations, i.e. correlations based on the genome-wide commonality of SNP effects
underlying pairs of traits (see Materials and methods), to investigate the magnitude of
genetic commonality underlying resistance mechanisms in response to a range of biotic
and abiotic stresses. For brevity, we will refer to these marker-based genetic correlations
as genetic correlations. Such genetic correlations can be interpreted as upper boundaries
to the joint determination of pairs of traits by genetic factors. Genetic correlation

Table 1. Phenotypes assessed. The dataset contains three plant stress categories; abiotic stress, biotic
stress and combinations of both abiotic and biotic stress. Phenotype assessments that were performed
under similar environmental conditions have similar background shading (light and dark grey). Phenotype’
refers to different phenotypic assessments (in some cases the first principal component of a group of
phenotypes). ‘Treatment’ refers to the sort of stress that was applied. Additional information on traits can
be found in Supplementary methods (section 3). P
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ic_1

Caterpillar and osmot-
ic_2

Biomass

Stress Trait name Trait phenotype Treatment
Salt_1 Main root Iength, number of lateral 75 mM Nacl
roots and straightness
Salt_2 Main root length 125 mM NacCl
§ Salt Salt_3 Number of lateral roots 125 mM NacCl
w
g Salt_4 Main root angle 125 mM NaCl
%)
'E Salt_5 Biomass 25 mM NacCl
o
‘S Drought_1 Biomass Drought
< Drought
Drought_2 Biomass Drought
Osmotic Osmotic Biomass PEG8000
Heat Heat Number of siliques 35°C
z?;;\tsmc Parasitic plant Attachments Phelipanche ramosa
Nematode Nematode Offspring, eggmass Meloidogyne incognita
Whitefly_1 Survival, whiteflies Aleyrodes proletella
Whitefly
Whitefly_2 Reproduction, eggs A. proletella
Aphid_1 Behavior T1, probing Myzus persicae
¥ Aphid Aphid_2 Behavior T2, probing M. persicae
(7]
§ Aphid_3 Offspring, aphids M. persicae
=]
= Thrips_1 Feeding damage Franlln/ella I
Jg talis
@ Thrips Thrips_2 Behavior T1 F. occidentalis
Thrips_3 Behavior T2 F. occidentalis
Caterpillar_1 Leaf area consumed Pieris rapae
Caterpillar Caterpillar_2 Biomass P. rapae
Caterpillar_3 L\Ii:lensﬂber of damaged leaves and feeding P. rapae
Fungus Fungus Number of spreading lesions Botrytis cinerea
Fungus and caterpil- B B. cinerea and P.
lar_1 rapae
o Double Fungus and caterpil- Number of damaged leaves and feeding
& stress lar 2 S B. cinerea and P. rapae
s -
(]
£ Caterpillar and fungus ~ Number of spreading lesions P. rapae and B. cinerea
[
° Drought and fungus Number of spreading lesions Drought and B. cinerea
°
c _ .
S Sm:;t:ght and cater: g:en;ber of damaged leaves and feeding Drought and P. rapae
‘8 Double i
'2 stress Caterpillar and osmot- Projected leaf area P. rapae and PEGS000

P. rapae and PEG8000
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Figure 1. Mean genetic correlations between responses to abiotic (red) and biotic (dark blue)
plant stresses. Thickness of lines represents the strength of mean genome-wide correlations, annotated
with r values (orange=positive, blue=negative correlation). The more shared genetic associations between
stresses, the higher the absolute genetic correlation. Correlations are negative when alleles have opposite
effects, i.e. resulting in increased resistance to one stress, but decreased resistance to the other stress. Values
in balloons represent mean within-group correlation (not shown for groups consisting of a single trait).
Mean between-group correlations are not shown if they are below an absolute value of r=0.2. Two clusters
can be distinguished: (1) parasitic plants and aphids and (2) the other stresses, except whiteflies.

analysis revealed a strong connection between the responses to parasitic plants and
to aphids (+=0.8), which were both negatively associated with other stress responses
(Figure 1). Parasitic plants and aphids have in common that they target phloem and
xylem tissue (Dorr and Kollmann, 1995; Tjallingii and Hogen Esch, 1993), and induce
the SA phytohormonal pathway (De Vos e# al., 2005; Runyon ¢ al., 2008). In contrast,
the biotic stress responses that were negatively associated with the responses to parasitic
plants and aphids, i.e. responses to necrotrophic fungi, caterpillars, and thrips, represent
JA-inducing stresses (De Vos e al, 2005; Pieterse et al., 2009; Pieterse e al., 2012).
Because the SA and JA pathways predominantly interact through negative crosstalk
(Pieterse ez al., 2009), the two main clusters resulting from the genetic correlation
analysis represent different phytohormonal signaling response mechanisms. We also

observed a strong genetic correlation between plant responses to osmotic stress and
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root-feeding nematodes. This supports the notion that root-knot nematodes trigger
a differentiation of root cells to multinucleate giant cells with severely altered water
potential and osmotic pressure (Baldacci-Cresp e¢# al, 2015). While the correlations
between traits at the phenotypic level were generally rather low, the genetic correlation
analysis revealed a common genetic architecture underlying the responses to sets of
single and combined stresses (Figure S2).

Candidate genes underlying responses to stresses

To identify individual candidate genes that contributed most to the pattern of genetic
correlations, we fitted multi-trait QTL. mixed models (MTMMs) to the total set of 30 traits,
using a 214k SNP set that is commonly used for GWA studies in Arabidopsis (Atwell ez
al., 2010; Bac-Molenaar e7 al., 2015a; Horton et al., 2012; Kim e/ al., 2007; Li et al., 2010).
Our multi-trait GWA approach closely follows the modeling framework developed by
Zhou and Stephens (2014) and generalizes the use of MTMM:s as described previously
(Alimi ez al., 2013; Boer ez al., 2007; Malosetti ez al., 2008) for classical biparental offspring
populations to association panels. This GWA analysis identified 30 chromosome regions
with multiple, significant SNP-trait associations. From each of those regions, the most
significant SNP was chosen to represent the locus (Figure 2; Table S2). Clustering
of stresses by estimated SNP-effect profiles (Figure 2) revealed that multiple SNPs
were associated with response to more than one stress. Stress combinations induced
large QTL allele substitution effects in the MTMM mapping (Figure 2 and Table S2),
indicating that combinations of stresses trigger broad-spectrum defensive mechanisms.
A total of 125 genes were in linkage disequilibrium (ILD) with the 30 most significant
SNPs from the GWA analysis. Twenty of these genes were stress-related according
to gene ontology (GO) annotation data (Table S3). Of these 20 genes, six have been
functionally characterized by at least one study (Table 2a). For these six genes, we
explored expression data to evaluate the biological relevance of these genes in stress-
responsive mechanisms of Arabidopsis (Figure S3). Of special interest were SNPs
chr5.7493620, chr5.22041081 and chr4.6805259, that were in LD with WRKY38
(encoding a WRKY transcription factor involved in SA-dependent disease resistance)
(Kim ez al., 2008¢), ACNGC#4 (involved in pathogen resistance) (Chin e7 a/., 2013) and
RMGT (coding for disease resistance protein) (Yu ez al., 2013) respectively.

Phytohormonal signaling underlying contrasts in stress responses

The MTMM framework allowed imposing constraints on the values of the estimated
QTL effects (see Materials and methods). In this way specific hypotheses can be tested
about stresses sharing a common QTL effect or having opposite QTL effects. We
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Figure 2. Multi-trait mixed-model (MTMM) GWA mapping with 30 different stress responses of
Arabidopsis. The top panel shows the 214k SNPs with their corresponding -log, (P) values for the five
chromosomes. The lower panel depicts the trait-specific effect size of the rate allele for SNPs with a LOD
score higher than 4 (effects were estimated from the full MTMM). When several SNPs were located within
a 20 kb half-window of each other, only the SNP with the highest absolute cumulative effect size was
included (red-flagged in the Manhattan plot). SNPs are named by chromosome number and position on
the chromosome. Negative effect sizes (blue) correspond to reduced plant resistance due to the rare allele,
positive effect sizes (yellow) to increased resistance due to the rare allele. Stress responses were clustered
hierarchically according to their effect size, using Ward’s minimum variance method. The key shows the
frequency distribution of SNPs across effect sizes.
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Table 2. Candidate genes resulting from a. MTMM analysis of all 30 stress responses as presented in

Figure 2 and b. contrast-specific analysis with MTMM for contrasting effects of biotic and abiotic stresses

as presented in Figure 3.

Table 2a
Marker* Gene in LD Name Gene description** References
chr2. AT2G27250 CLV3 One of the three CLAVATA genes (Clark et al., 1996;
11659416 controlling the size of the shoot apical ~ Fletcher et al.,
meristem (SAM) in Arabidopsis 1999; Shinohara
and Matsubayashi,
2010)
chr3. AT3G53420  PIP2 A member of the plasma membrane (Martiniere et
19804402 intrinsic protein subfamily PIP2. al., 2012; Peret
etal., 2012; San-
chez-Romera et
al., 2014)
chra. AT4G11170 RMG1 Encodes RMG1 (Resistance Methylated  (Yu et al., 2013)
6805259 Gene 1), an NB-LRR disease resistance
protein with a Toll/interleukin-1 recep-
tor (TIR) domain at its N terminus.
chrs. AT5G22570  WRKY38 Member of WRKY Transcription Factor;  (Kim et al., 2008c;
7493620 Group Ill Mare et al., 2004)
chrs. AT5G54250 CNGC4 Member of Cyclic Nucleotide Gated (Chin et al., 2013;
22041081 Channel family, a downstream com- Jurkowski et al.,
ponent of the signaling pathways 2004; Keisa et al.,
leading to hypersensitive response (HR) 2011)
resistance. Mutant plants exhibit gene-
for-gene disease resistance against avir-
ulent Pseudomonas syringae despite
the near-complete absence of the HR.
Salicylic acid accumulation in dnd2 mu-
tants is completely PAD4-independent.
chr5. AT5G57560 TCH4 Encodes a cell wall modifying enzyme,  (Braam and Davis,
23302987 rapidly upregulated in response to 1990; lliev et al.,

environmental stimuli

2002; Purugganan
etal., 1997; Xu et
al., 1996)

* markers derived from MTMM analysis (see Figure 2), ** based on information on http://www.arabidopsis.org/
tools/bulk/go/index.jsp
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Table 2b See legend previous page.

Marker GeneinlLD Name Gene description* Reference
chrl. AT1G80820 CCR2 CINNAMOYL COA REDUCTASE. Encodes  (Lauvergeat et al.,
30381439 a cinnamoyl CoA reductase isoform. 2001; Luderitz and
Involved in lignin biosynthesis. Grisebach, 1981;
Zhou et al., 2010)
chrl. AT1G80840 WRKY40 Pathogen-induced transcription factor.  (Chen et al., 2010a;
30381439 Binds W-box sequences in vitro. Forms  Liu et al., 2012; Pan-
protein complexes with itself and with ~ dey et al., 2010)
WRKY60. Co-expression with WRKY18
or WRKY60 made plants more suscep-
tible to both P. syringae and Botrytis.
chrl. AT1G17610 CHS1 CHILLING SENSITIVE 1, mutant accumu- (Wangetal., 2013;
6038270 lates steryl-esters at low temperature.  Zbierzakeet al.,
2013)
chr5. AT5G17640 ASG1 ABIOTIC STRESS GENE 1; Expression of  (Batelli et al., 2012;
171177 this gene is induced by abscisic acid Coste et al., 2008)
and salt stress.
chrs. AT5G57380 VIN3 Encodes a plant homeodomain protein  (Bond et al., 2009;
23247572 VERNALIZATION INSENSITIVE 3 (VIN3).  Finneganetal.,
In planta VIN3 and VRN2, VERNAL- 2011; Sungetal.,
IZATION 2, are part of a large protein 2007)
complex that can include the polycomb
group (PcG) proteins FERTILIZATION
INDEPENDENT ENDOSPERM (FIE),
CURLY LEAF (CLF), and SWINGER (SWN
or EZA1). The complex has a role in
establishing FLC (FLOWERING LOCUS C)
repression during vernalization.
chrs. AT5G57560 TCH4 Encodes a cell wall-modifying enzyme ~ (Braam and Davis,
23293119 1990; lliev et al.,
2002; Purugganan
etal., 1997; Xu et
al., 1996)
chr5. AT5G57490 VDAC4 Encodes a voltage-dependent anion (Lee et al., 2009;
23293870 channel (VDAC: AT3G01280/VDAC1) Tateda et al., 2011)
chrs. AT5G57685 GDU3 Encodes a member of the GDU (gluta-  (Chen et al., 2010b)
23366252 mine dumper) family proteins involved

in amino acid export: At4g31730
(GbU1)

* based on information on http://www.arabidopsis.org/tools/bulk/go/index.jsp._
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investigated whether polymorphisms for genes involved in SA and JA biosynthesis or
genes responsive to signals from these pathways were the cause of the negative genetic
correlations between the groups of traits sharing one or the other phytohormonal
signaling pathway. To this end, we performed a multi-trait GWA mapping to test the
contrast between: (1) parasitic plant and aphid response, versus (2) the most negatively
correlated traits, i.e. fungus, caterpillar, thrips and drought response (Figure 1). Fifteen
SNPs were significantly associated with contrasting effects between the two trait
clusters (Figure S4). Seven of these SNPs, were in LD with one or more genes known
to be involved in JA-, SA- or resistance-related signal transduction (Table S4). Among
these genes are .LOX5, whose product is involved in facilitating aphid feeding, MYB707
encoding a transcription factor responsive to SA, the JA-inducible genes TPS02 and
TPS03 encoding terpene synthases and MES76, encoding a methyl jasmonate esterase.
In addition to screening for SNPs with contrasting effects, we screened for SNPs with a
similar effect across the above-mentioned trait clusters (Figure S5) and found candidate
genes involved in oxidative stress and plant responses to salinity and pathogens (Table

S5).

QTLs underlying contrasts in responses to biotic and abiotic stresses

We expected a negative correlation between the responses to biotic and abiotic stresses.
Testing for this contrast within the GWA analysis using our MTMM approach significantly
identified 43 SNPs with a QTL effect size that changed sign between biotic and abiotic
conditions. Traits were then ordered by a cluster analysis on estimated SNP effects
across significant SNPs, while SNPs were ordered by clustering their effects across
traits. Figure 3 shows the SNPs with the strongest overall effects, identified in 18 LD
intervals. The minor alleles of nine of these SNPs displayed a positive effect on biotic
stress response traits and a negative effect on abiotic response traits. The remaining nine
SNPs displayed the opposite effect (Figure 3). Several candidate genes were identified
in LD with the SNPs that are specific for plant responses to either abiotic or biotic
stresses (Table 2b), such as TCH4 (encoding a cell-wall modifying enzyme), ~A/CCR2
(involvement in lignin biosynthesis) and ASG7 (a gene induced by ABA and salt stress),
were identified. Transcription data (Figure S6) support the notion that these genes play
a contrasting role in responses to abiotic and biotic stresses. A screen for QTLs with
similar effects on resistance to biotic and abiotic stress (Figure S7) identified three
genes annotated to be responsive to stress stimuli. Transcriptional data show that these
genes respond differentially to different (a)biotic stresses and phytohormones (Figure
S8). Genes like ARGAH?2 (involved in JA-mediated resistance to necrotrophic fungus)
and PKS7 (involved in light responses) are promising candidates for consistent effects
across biotic and abiotic stresses (Table S6).
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Figure 3. Genetic associations specific for contrasting plant responses to either abiotic or biotic
stress. Genetic associations were estimated with a contrast-specific analysis using MTMM. SNPs with a
significance above LOD score 4 (P < 10 for the biotic-abiotic contrast are clustered according to trait-
specific effect size estimated from the full MTMM. If there was another SNP in LD that had a higher effect
size, this SNP was used a representative for the LD block. Negative effect sizes (blue) were cases where the
rare allele was associated with a detrimental effect on the plants, positive effect sizes (yellow) were cases
where the rare allele was associated with increased resistance to the stress. The rare alleles of the top 9
SNPs are associated with enhanced resistance to abiotic stresses and reduced resistance to biotic stresses;
the bottom 9 SNPs show the inverse. Stresses are clustered according to effect size, using Ward’s minimum
variance method. If SNPs were located within a 20 kb half-window of each other, only the SNP with the
highest absolute cumulative effect size was included. The key shows the frequency distribution of SNPs
across effect sizes.
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QTLs underlying contrasts in responses to below- and aboveground stresses

We expected a negative correlation between responses to below- and aboveground
stresses. A strong QTL signal was found on chromosome 1 for this contrasting response
(Figure S9). The associated marker (chrl. 13729757) had 12 genes in LD with it, of
which 11 are annotated as pseudogenes. Transcriptional data on abiotic stresses for
the only protein coding gene (AT7G36570) shows an upregulation in above tissues,
yet a downregulation in the root tissues. Marker chr5.16012837 showed the strongest
signal for similar effects on responses to below- and aboveground stresses (Figure S10)
tor which the pathogenesis-related thanmatin superfamily protein (AT5G40020) is the most
promising candidate gene.

Validation of identified QTLs
To obtain experimental support for the most interesting QTLs resulting from the
MTMM, we tested homozygous T-DNA insertion lines for candidate genes RMG7 and
IWRKY 38 (both resulting from the MTMM analysis), and TCH4 (from MTMM analysis
on biotic versus abiotic contrast) for several of the stresses addressed in this study.
Two independent 7zg7 T-DNA insertion lines showed a phenotype that was different
from the wild type (Col-0) for some of the stress conditions (Figure 4, Supplementary
Materials and methods section 3.11), being more resistant to caterpillar feeding and
osmotic stress (Figure 4). RMGT (AT4G11170) encodes an NB-LRR disease resistance
protein, and transcription is highly induced by the bacterial peptide flg22 (Yu ez al.,
2013). The rare allele of the corresponding marker chr4.6805259 is associated with
enhanced resistance to salt stress and the combined stresses ‘caterpillar and drought’
and ‘caterpillar and fungus’ and with enhanced susceptibility to drought and thrips
stress. Gene expression data show that RMGT is upregulated by several abiotic and
biotic stresses (Figure 4). T-DNA insertion lines for TCH4 and WRKY3§ did not show
a phenotype different from the wild type (Col-0) for any of the tested stress conditions.
Whether this is dependent on the genetic background used, remains to be investigated.
Summarizing, our multi-trait GWA methodology facilitated a detailed analysis
of the genetic architecture of resistance in Arabidopsis to a wide diversity of biotic
and abiotic stresses. Application of this methodology revealed novel candidate genes
associated with multiple stress responses, where specific contrasts were identified with
some genes positively associated with the resistance to one set of stresses while being
negatively associated with another set of stresses. In plant breeding (Ballesteros e al.,
2015; Brady ez al., 2005), such genes are classified as adaptive. Alternatively, other genes
were identified with consistent effects across a wide spectrum of stress conditions.
Such genes are labelled as constitutive in the plant breeding literature (Ballesteros ez a/,
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Figure 4. Phenotypes of RVMG7 T-DNA mutant screenings. Phenotypes are given for two T-DNA
lines in the RMGT gene and for Col-0 as control. a. Number of thrips feeding spots on a detached leaf, 6
days post infestation (n=24); b. Leaf area consumed by P. rapae caterpillars (n=06); c. Number of nematode
egg masses (n1=23); d. Number of M. persicae aphid offspring (n=10-17); e. Percent survival of adult
whiteflies (A. proletella) (n=10); f. Plant fresh weight after osmotic treatment in compatison to control
(% relative to control) (n=4); g. Plant dry weight after 75mM salt treatment in comparison to control
(ratio)(n=7-10) (mean * SE, +: P < 0.10, *: P < 0.05, **: P < 0.01, difference in comparison to Col-0);
h. Relative expression fold change for RMG7 compared to untreated control plants in aboveground and;
i. Belowground tissue. Expression data from Arabidopsis ¢FP browser (http://bbc.botany.utoronto.ca).
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2015; Brady ez al., 2005). Both adaptive and constitutive QTLs are important factors

to contribute to improved stress resistance and tolerance in commercial crop species
(Ballesteros ef al., 2015; Brady e7 al., 2005).

Discussion

Using a novel mixed-model approach to multi-trait GWA mapping, the genetic
architecture of Arabidopsis underlying a total of 30 stress response traits was analyzed.
A special feature of our statistical approach is that the GWA analysis accounted
simultaneously for dependencies between genotypes and between traits. Through
this approach, candidate genes for adaptive stress responses were identified that are
involved in contrasting responses when comparing biotic and abiotic stresses, above-
and belowground stresses, and attack by phloem feeders compared with other biotic
stresses. Among these genes many are involved in phytohormone-mediated processes,
supporting the notion that the phytohormonal regulatory network plays an important
role in plant stress responses (Pieterse ¢#al., 2012). The MTMM approach further showed
that certain SNPs were associated to multiple stress responses and that transcriptional
patterns of genes to which the SNPs were linked, as well as the phenotype expressed
upon knocking out one of these genes, matched with the observed stress responses
of the plants. The RMGT7 gene that was identified through this procedure has relevant
effects on plant phenotype in the context of responses to individual stresses. RMGT is
a bacterium-inducible resistance gene whose activity is modulated by the plant through
RNA-directed DNA methylation (RADM) (Yu 7 a/, 2013). RMGT expression activates
the SA pathway (Yu e a/., 2013). Thus, the increased resistance against caterpillars in
rmgl mutants may be the result of elimination of SA-mediated interference with JA-
induced resistance to caterpillars (Pieterse ez al., 2012). RMGT appears to be inducible
by several stresses and deserves further in-depth analysis for its role in plant response
to multiple stresses.

Our data show that for the 30 most significant SNPs resulting from the MTMM
analysis, the average absolute effect size for double stresses is on average higher than
that for single stresses (P < 0.007, Table S2). This indicates that resistance mechanisms
involved in countering dual stresses are of a more general nature, in contrast to the
rather specific resistance mechanisms involved in single stress responses.

The MTMM framework that we used for GWA mapping provides unbiased
estimates for QTL allele substitution effects together with correct standard errors
for these effects. Within the same framework we developed unique facilities to test
hypotheses on QTL-by-stress interactions in multi-trait models, which are not available
in competing meta-analysis approaches (Zhu et al, 2015). The variance-covariance
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structure that we used for the polygenic term protects against inflated type I error,
i.e. too many false positive SNP-trait associations, as a consequence of population
structure and kinship on the genotypic side and genetic correlations between traits
on the trait side. The inclusion of trait correlations will, for most QTLs, improve
the power of detection in comparison to single-trait GWA mapping, Our choice for
the variance-covariance structure of the polygenic term as a Kronecker product of a
compressed kinship on the genotypes with an approximated unstructured variance-
covariance model on the environments is sometimes used in plant breeding for genomic
prediction models (Burgueno ¢7 af., 2012). However, implementation of such models
in GWA mapping and especially on the scale that we present here, with 30 traits, is
unprecedented and is practically far from straightforward. It required substantial work
on preparatory phenotypic analyses as well as fine-tuning of the genotypic and trait
variance-covariance structures to achieve convergence of the mixed models.

The MTMM analyses identified candidate genes associated with contrasting
responses to biotic and abiotic stresses. Stress combinations appeared to have a strong
influence on the MTMM outcome, indicative for significant interactions between
different stresses when occurring simultaneously, and underlining the importance of
studying the resistance of plants to combinations of stress. Transcriptional data and
phenotyping of mutants provide initial support for the role of several of the candidate
genes identified Studies of plant responses to a diverse set of biotic stresses show that
the transcriptional pattern is stress-specific and that phytohormonal signaling pathways
can explain up to 70% of the induced gene regulation (De Vos ¢# al., 2005). Taking the
outcome of the MTMM analyses to investigate the involvement of identified candidate
genes in the resistance of plants to several stresses, not only in Arabidopsis but also in
related crop species such as e.g. Brassica species will be valuable in the breeding by design
of future crops to protect them against combinations of stresses, including biotic and
abiotic stresses. This will be of great value for next generation crops.
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Materials and methods

1. Arabidopsis thaliana population

In this study we included 350 Arabidopsis thaliana (1..) Heynh. accessions from the Hapmap
population (http://naturalvariation.org/hapmap). The Hapmap population has been genotyped
for 250K bi-allelic SNPs (Baxter ¢z al., 2010; Chao ez al., 2012; Platt e/ al., 2010) and after quality
control and imputation this SNP-set was reduced to a set of 214,051 SNPs.

2. Definition of the target traits

For every experiment, the target traits were derived from the individual plant data using the
following strategy. First, when traits followed a non-normal distribution, a logarithmic, arcsine
or square root transformation was applied to the original observations. Second, genotypic
(accession) means for each treatment were calculated using a mixed model to account for design
effects. Different mixed models were used in the experiments, reflecting the different designs. In
all cases, accession effects were modelled as fixed, and the accession means were the best linear
unbiased estimator (BLUE) of these effects. Third, for traits measured in treatment and control
conditions, differences or residuals (when regressing treatment on control values) were defined,
in order to obtain a measure of stress tolerance independent of the trait under control conditions.
Finally, within each experiment, the traits were replaced by the first principal component if the
latter explained more than half of the variation in all traits in this experiment; in all other cases
the original traits were retained. An overview of final traits and their corresponding sections in
this supplementary methods file can be found in Methods Table M1. In case of replacement
by the first principal component, original traits and the variance explained by the first principal
component are listed (Methods Tables M2-M6). In total, phenotypic data for 73 individual
traits were obtained by 10 different groups. All calculation were performed in R, unless stated
otherwise. Mixed model analysis was performed with the R-package asreml (Butler ez a/., 2009).
In all equations the term E denotes residual error. All other terms represent fixed effects unless

stated otherwise. A colon () is used to define interactions between terms.
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Methods Table M1. Trait list of tested phenotypes and section.

osmotic_2

Stress Trait name Section Trait phenotype Treatment
Main root length, number of
Salt_1 2 lateral roots and straightness 75 mM Nacl
Salt_2 3.1 Main root length 125 mM NacCl
§ Salt Salt_3 3.1 Number of lateral roots 125 mM NaCl
%]
g Salt_4 3.1 Main root angle 125 mM NacCl
w
2 Salt_5 3.2 Biomass 25 mM NaCl
-_% Drought_1 3.2 Biomass Drought
< Drought
Drought_2 3.9 Biomass Drought
Osmotic Osmotic 82 Biomass PEG8000
Heat Heat 3.2 Number of siliques 35°C
zlaarsfmc Parasitic plant 3.4 Attachments Phelipanche ramosa
. Meloidogyne
Nematode Nematode 3.3 Offspring, eggmass incognita
Whitefly_1 3.5 Survival, whiteflies Aleyrodes proletella
Whitefly
Whitefly_2 3.5 Reproduction, eggs A. proletella
Aphid_1 3.6 Behavior T1, probing Myzus persicae
§ Aphid Aphid_2 3.6 Behavior T2, probing M. persicae
(%]
g Aphid_3 3.6 Offspring, aphids M. persicae
%)
© . . Frankliniella
5 Thrips_1 3.7 Feeding damage v s’
@ .
Thrips Thrips_2 3.7 Behavior T1 F. occidentalis
Thrips_3 3.7 Behavior T2 F. occidentalis
Caterpillar_1 3.8 Leaf area consumed Pieris rapae
Caterpillar Caterpillar_2 3.9 Biomass P. rapae
Caterpillar_3 3.9 N“Wber '.)f damaged leaves and P. rapae
feeding sites
Fungus Fungus 3.10 Number of spreading lesions Botrytis cinerea
Fungus and caterpil- 3.9 Biomass B. cinerea and
lar_1 P. rapae
” gﬁgfsle Fungus and caterpil- 3.9 Number of damaged leaves and N T yn——
§ lar_2 : feeding sites : -rap
S
E Caterpillar and fungus ~ 3.10 Number of spreading lesions P. rapae and B. cinerea
o . . Drought and
ﬁ Drought and fungus 3.10  Number of spreading lesions B. cinerea
c
[¢] 5
S D.rought and cater- 3.9 Number qf damaged leaves and Drought and P. rapae
.g Double pillar feeding sites
g stress ;
Caterpillar and .
<
osmotic_1 3.8 Projected leaf area P. rapae and PEG8000
Caterpillar and 3.8 Biomass P. rapae and PEG8000
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3. Phenotyping the HapMap population

3.1Salt

Traits

Salt_1: root response to mild salt stress (75 mM NaCl), in terms of a combination of main root
vector length (MRVL), number of lateral roots per main root (noLR) and straightness (main root
length divided by MRVL)

Salt_2: root response to severe salt stress (125 mM NaCl), in terms of MRVL

Salt_3: root response to severe salt stress (125 mM NaCl), in terms of nolLR

Salt_4: root response to severe salt stress (125 mM NaCl), in terms of straightness.

Methods Table M2. Salt trait reduction overview.

Original traits* Variance Trait
explained
Main root vector length at 75 mM NaCl 0.585977 Salt_1

Number of lateral roots per main root at 75 mM NaCl
Straightness at 75 mM NacCl

Main root vector length 125 mM NaCl 1 Salt_2
Number of lateral roots per main root at 125 mM NaCl 1 Salt_3
Straightness at 125 1 Salt_4

*Residuals from control are taken for all original traits.

Growing conditions

Seeds were stratified at 4°C for 3 days. Seeds germinated on square agar plates positioned under
an angle of 70 degrees containing half strength Murashi-Skoog medium (MS), 1% Dashin agar,
0.5% sucrose, 0.1% M.E.S. buffer, pH5.8 (KOH). 4-Day-old seedlings were transferred into agar
plates containing different salt concentrations (0, 75 and 125mM). After transfer, plants were
grown for 8 days at the same conditions as those to which they were exposed when they were
germinated, and scanned every second day. The Root System Architecture was determined of
8-day-old plants in control conditions and 12-day-old plants in both salt stress conditions.
Four-day-old seedlings were transferred to plates containing 0, 75 or 125 mM NaCl (control
condition, mild stress, severe stress, respectively). Phenotypes were measured on 8—day-old
plants in control conditions and 12-day-old plants in both salt stress conditions. Of each plant
Root System Architecture was determined using EZ-Rhizo software (Armengaud ez a/., 2009).

Experimental design

Plants were screened in 7 rounds (experiments), each containing a maximum of 106 accessions.
Most of the accessions (198) were present in only one round; Col-0 was present in all rounds.
In each round, at least four plants were included per accession-treatment combination. All three
treatments (0, 75 or 125 mM NaCl) were screened simultaneously. Plants were allocated to plates,
each plate containing 2 plants of 2 accessions. The within-plate average of each accession was
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the basis for subsequent analysis. The position of every plate in the racks was recorded. The
growth chamber contained 6 racks, each holding 64 plates. Positions of racks were also recorded.

Genotypic means

For each of the traits genotypic means were calculated. We obtained BLUEs (best linear unbiased

estimator) for all genotype-treatment combinations using the following model:

Y = uw+ EXP+TRT+ GEN + GENTRT + EXPTRT + EXP:RCK + EXP:DIST
+ GEN:EXP + EXP:RCK:PLT + GEN:EXPTRT + E,

where EXP is experiment, TRT is treatment, GEN is genotype, RCK is rack, PLT is plate and

DIST is distance to the wall. The terms EXP, TRT, GEN, GEN:TRT and EXP:TRT were

modeled as fixed effects and all other terms as random.

Definition of target traits

Stress response was defined as the residual obtained from the regression of the genotypic means
for salt stress (either mild or severe) on the values for control conditions. Salt_1 was defined as
the first principal component of the response to mild stress of MRVL, nolLR and straightness.
Salt_2, Salt_3 and Salt_4 were defined as the severe stress of MRVL, noLR and straightness
individually.

3.2 Abiotic

Traits

Salt_5: plant response to mild salt stress (25 mM NaCl), in terms of plant fresh weight, dry
weight and water content

Drought_1: plant response to drought stress (0.22 g H,O/ g soil at day 14), in terms of plant
fresh weight and water content

Osmotic: plant response to osmotic stress (10% of PEG8000 from day 8 until 18), in terms of
fresh weight, dry weight, water content and rosette area

Heat: plant response to heat stress (1 day, 35 °C), in terms of number and length of siliques

Growing conditions

Four types of stress were studied in four different experiments. Seeds were sown in Petri dishes on
wet filter paper. After 4 days of cold treatment, they were placed in the light at room temperature
for 1.5 day to germinate. Germinated seeds were placed on rockwool blocks saturated with
nutrient solution (Hyponex, ImM N, 1.1 mM P, 5.9 mM K). For the stress treatments control
plants received nutrient solution only. Salt treatment contained Hyponex + 25 mM NaCl. The
plants of the salt experiments were automatically watered by a flooding system three times a week.
For the osmotic treatment, the plants received nutrient solution containing 0.1 g/ml PEG8000
on day 8, 11, 13 and 15. For the other experiments plants automatically watered by a flooding
system for approximately 5 minutes, three times a week. All experiments were performed under
125 pmol m-? s light, 16h/8h light/dark schedule, 20/18°C and 70% humidity.
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Methods Table M3. Abiotic trait reduction overview.

Original traits Variance Trait
explained
Fresh Weight of the Rosette at day 28 0.789968 Salt_5

Dry Weight of Rosette at day 28
Water Content of Rosette at day 28
Dry weight of largest leaf at day 24

Fresh Weight of Rosette at day 28 0.541105 Drought_1
Fresh Weight of largest leaf at day 24

Rehydrated Weight of largest leaf at day 24

Water Content of the largest leaf at day 24

Dry Weight of Rosette at day 282 0.679514 Osmotic
Fresh Weight of Rosette at day 282

Water Content of Rosette at day 282

Rosette Area at day 282

Rosette Area at day 28 without bolting plants.?

Number of aborted siliques along the inflorescence 0.647069 Heat
Number of silique (<5mm) along the inflorescence

Number of silique (<5mm) in the region -10 until 20.*

Average of the length of all siliques along the inflorescence

Average of the length of siliques 0 until 10*

Average of the length of siliques 0 until 20?

Average of the length of siliques 10 until 20!

Average of the length of siliques 20 until 30!

Average of the length of siliques -10 until 0!

*Silique zero belongs to the flower that opened first on the day of the treatment. Stress did not disappear when
watering with PEG-containing nutrient solution stopped, because PEG is not evaporating.

Experimental design

In the salt experiment 3 blocks received control treatment and 3 blocks received treatment
conditions. For the drought experiments the Phenopsis phenotyping platform was used,
preventing position related differences in plant growth within the climate chamber (Bac-
Molenaar ez al., 2015b; Granier ef al., 2006). The plants were grown in 4 rounds of 84 accessions.
Four of these 84 were used for reference accessions, which were grown in each round. Each
round contained 3 blocks and all 84 accessions were present in each block. Plants for the
PEG experiment were grown in 6 blocks. Each accession was present in each block. Within the
block the plants were grown in 9 trays each containing 40 plants. Within a tray the plants had a
fixed position. The 9 trays were positioned randomly within the block. 3 blocks received PEG
treatment and 3 blocks received control treatment.

For the heat experiment, 8 plants of each accession were grown in controlled conditions
(Bac-Molenaar e/ al., 2015b). Five replicates received a heat treatment and 3 replicates served
as controls. One to 2 weeks after the first replicate of each accession started to flower, the
heat treatment was applied. A small number of accessions received the treatment outside this
window. The first flower that opened first on the day of the treatment was tagged with a thread.
Three replicates per accession were kept in the climate room as controls. Five replicates per
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accession were transferred to a climate cabinet where they received heat treatment. At the start
of the day, the temperature was raised from 20°C to 35°C within two hours. The temperature
was kept at 35°C for 13.5 hours. At the end of the light period, the temperature was decreased
again to 20°C in two hours. The day after the treatment the plants returned to the climate room.

Genotypic means and definition of target traits

All data in Drought_1 are log-transformed. In the Salt and PEG experiments, genotypic means
were calculated using a mixed model containing random block effects and genotypic fixed
effects. For the Heat experiment, the model included fixed effects for treatment, genotype and
genotype X treatment interaction. For the Drought experiment, we fitted the mixed model used
in (Bac-Molenaar ¢ al., 2015b). Next, for all traits in the four experiments, the impact of the
stress was quantified using the residuals from the regression of genotypic means under stress
on those under control conditions, except for the heat traits ‘Rosette Area at day 28°, where no
control was available. Finally, the four target traits were defined as the first principal component

of all traits (residuals) from the corresponding experiments.

3.3 Nematodes

Trait

Nematode: Plant response to nematodes (Melodoigyne incognita, 180 stage-2 juveniles), in terms of
number of M. incognita egg masses per plant.

Growing conditions

Seeds were vapor-sterilized for 5 hours and transferred to a 6-well plate with MS20 (5% gelrite).
After 4 nights in the datk at 4°C the plates were transferred to 24°C in 12 h light. At the age of
1 week the seedlings were transferred individually to a well of a 6-wells plate. Melodoigyne incognita
infection was induced with 180 juveniles stage-2 added to 2-week-old seedlings. 6-Well plates
with nematodes and seedlings were incubated in the datk at 24°C for 6 weeks. Plants wete grown
for 2 weeks : 24°C, 12 h. light,/12 h. dark , then 6 weeks 24°C, datk. Egg masses were quantified
manually.

Experimental design
Plants were screened in rounds of 20 accessions. Each round included a 6-well plate with 1 Col-0
plant as reference.

Genotypic means

‘Nematode’” was defined as the number of egg masses, after arcsine-square root transformation.
Genotypic means were calculated using the following mixed model:

Y =u+ GEN +RND + E,

where GEN is genotype (accession) and RND is a random effect for round.
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3.4 Parasitic plants

Trait

Parasitic plant: Plant response to parasitic plant (Phellipanche ramose), in terms of the total number
of parasitic plant organ attachments onto the host root.

Growing conditions

Arabidopsis seeds were put on filter paper in the dark at 4°C for 2 days. Then, Arabidopsis
seeds were sown on river sand (with a thin layer of soil on the top of river sand). Arabidopsis
plants were grown for 2 weeks on river sand at 21°C, 60% RH, 100 umol m? s light intensity,
12h:12h L:D photoperiod. After 2 weeks, Arabidopsis seedlings were surface-sterilized with 70%
ethanol for 5 seconds and washed with sterile demi-water. The rhizotron system was prepared
by cutting a hole at the side of 14.5 cm diameter round Petri dish, putting successively a piece
of round rock wool slice (14.5 cm diameter, 1.5 cm in thickness) at the bottom of Petri dish, a
piece of 12 cm diameter glass-fibre filter discs and a piece of 14.5 cm diameter nylon mesh on
top. The rhizotron system was supplied with sterile /2 Hoagland liquid medium. Sterile seedlings
were then moved to prepared rhizotron system by fitting the plant in the hole of the Petri dish.
Leaves and shoots of the seedlings were kept outside of Petri dishes. The roots were carefully
separated and organized on the top of nylon mesh by forceps. Arabidopsis seedling were grown
in rhizotron system at 21°C, 60% RH, 100 pmol m? s! light intensity, 12h:12h L:D photopetiod
for another 2weeks.

Sterile Phellipanche ramosa seeds were spread on 5 cm diameter glass-fiber filter discs (Whatman
GF/A paper) which were wetted with 0.8 ml sterilized demi-water and placed in 9 cm diameter
Petri dishes. The Petri dishes were sealed with parafilm and then kept in dark in a growth chamber
at 20°C for a 12 days precondition period. Preconditioned seeds on a glass-fiber filter disc were
dried and treated with 0.8 ml strigolactone analog GR24 at the concentration of 3.3x10°uM for
1 day under dark at 25°C. GR24 treatment triggered the initial germination of P. ramosa. After 1
day, GR24 was immediately washed off the P. ramosa seeds by sterile demi-water.
Pre-germinated P. ramosa seeds were spread along 4-week-old Arabidopsis seedlings in the
rhizotron system with painting brushes. The rhizotron petri dish were sealed with tape and
covered by aluminium foil. Plant were grown at the same condition for the following 4 weeks.
Pictures of P. ramosa-infested roots in the rhizotron system were taken 4 weeks after infection
with Canon camera EOS 60D DSIR (with EF-S 18-135mm IS Lens).

Experimental design

The 359 accessions were screened in 2 rounds (the first 200 accessions, the second with 160
accessions, 2 accessions were used for control in both rounds). Rhizotron petri dishes were
randomly arranged in trays. Positions of trays and Petri dishes were rearranged randomly every 3
days. Pictures of rhizotrons were taken after 4 weeks. Image analysis was done with the Image]
software (Schneider ef a/, 2012). The number of attachment organs was counted. The total

number of pre-germinated P. ramosa seeds was recorded as a co-variable.
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Genotypic means and definition of target traits

Values for diameter of attachment organs, number of attachment organs and number of pre-
germinated seeds were log-transformed for normality and were averaged over technical replicates
where present. Since there was significant correlation between the two variables of interest and
the number of pre-germinated P.7amwosa seeds, we used the residuals from the regression on the

number of pre-germinated seeds for further analysis.

3.5 Whiteflies

Traits

Whitefly_1: Plant response to whitefly (Aleyrodes proletella, 5 females), in terms of whitefly survival
Whitefly_2: Plant response to whitefly (Aleyrodes proletella, 5 females), in terms of number of

€gas

Growing conditions

Plants wete grown for 5 weeks at 20°C, 70% RH, 100 umol m™? s light intensity and 10h:14h
L:D photoperiod. One leaf of each accession was infested with 5 female whiteflies (placed in
clip cages) that were allowed to feed and oviposit. Seven days after infestation, the number of
living and dead females was counted as well as the number of eggs. From this, we calculated the
survival (number of living flies divided by the total number of flies) and oviposition rate (eggs
laid per female per day).

Experimental design
Accessions were screened in 3 blocks of 120 accessions with 5 reference accessions (Col-0,
Ler-1, WS-0, Cvi-0, Kin-0) in each block. The whole experiment was repeated 5 times.

Genotypic means

Genotypic means were calculated with Genstat 15th edition (Payne, 2009), using the following
mixed model:

Y = p+REP+GEN + REP:BLOCK+ E,

where GEN is genotype (accession), REP denotes complete replicates (experiments with 3
blocks) and REP:BLOCK is a random effect for incomplete blocks within replicates.

3.6 Aphids

Traits

Aphid_1: Plant response to aphids (Myzus persicae), in terms of behavior at tl
Aphid_2: Plant response to aphids (M. persicae), in terms of behavior at t2
Aphid_3: Plant response to aphids (M. persicae), in terms of aphid reproduction
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Methods Table M4. Aphid trait reduction overview.

Original traits Variance Trait
explained
Total duration probing (logit) * 0.74997 Aphid_1

Total duration of short probes (< 3 min, arcsine) !
Total duration of intermediate probes (< 15 min, arcsine) *

Total duration probing (logit) 2 0.655366  Aphid_2
% of aphids making long probes (>= 15 min) 2
Total duration of intermediate probes (< 15 min, arcsine)?

Number of aphids per plant 3 1 Aphid_3

10h after inoculation
24.5h after inoculation
32 weeks after inoculation

Growing conditions

Plants were grown for 4 to 5 weeks at 23°C, 70% RH, 200 pmol m™ s! light intensity and 8h:16h
L:D photoperiod. Green peach aphids, M. persicae, were reared on radish, Raphanus sativus, at
19°C, 50-70% relative humidity and a 16h day and 8h night cycle. Behaviour of the green peach
aphid was screened by automated video-tracking. One leaf disc was collected per plant from
an intermediately aged leaf and placed abaxial side up on a 1% agar substrate in a well of a
96-well microtitre plate. One 7- to 8-day-old wingless aphid was released on the leaf disc and
cling film was used to cover the arena. 20 Arenas were recorded simultaneously with a mounted
camera. Aphids were observed for 85 minutes on 2 time points: (1) immediately after introducing
the aphids into the arenas, and (2) 4.5 hours after the start of the first observation. Motion
analysis was performed with EthoVision XT® 8.5 software (Noldus Information Technology
bv, Wageningen, The Netherlands). Aphids are phloem-feeding insects and probe with their
piercing mouthparts between plant cells to feed from the plant sap. Start time and duration
of probes were registered with automated video-tracking (Kloth e a/, 2015). Aphid survival
was checked 24 hours after recording, Subject detection was checked on 4 time points within
each movie. Samples with no survival, low subject detection or with less than 5 replicates were
excluded from analysis. Probes were categorized into short (< 3 min) probes and intermediate (<
15 min) probes, both associated with penetration of the plant epidermis or mesophyll, and long
(>=15 min) probes, putatively associated with phloem uptake. Response variables expressed in
seconds were arcsin or logit transformed to approach a normal distribution.

Aphid reproduction was measured in a whole-plant assay. Each 2-to-3-week-old plant was
inoculated with one 0-to-24-hour-old nymph. Two weeks after infestation, aphid population size
was measured per plant. Plants were placed in a Petri dish in trays with a water barrier to prevent
aphids to move between plants. Each tray contained 20 plants, none of the aphids developed

wings.
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Experimental design

Automated video tracking of aphid behavior was performed in an incomplete block design with
each complete replicate consisting of 18 incomplete blocks of 20 accessions. One replicate of
the complete Hapmap collection was acquired in 6 days, 60 plants were screened each day across
3 batches. An alpha design was generated with Gendex (http://designcomputing.net/gendex/)
to assign accessions to blocks. For each accession 5 to 6 replicates were acquired.

Phenotyping of aphid reproduction was performed in an incomplete block design with 7
incomplete blocks. Blocks were defined according to the position in the climate cell. Each
replicate consisted of 3 to 4 blocks and plant genotypes were randomized across blocks between
replicates. For each genotype 2 to 3 replicates were acquired.

Genotypic means and definition of target traits

Genotypic means were calculated using the following linear mixed model:

Y = p+ REP + GEN + REP:BLOCK + E,

where REP denotes complete replicate and REP:BLOCK is a random term for block nested
within replicate.

3.7 Thrips

Traits

Thrips_1: Plant response to thrips (Frankliniella occidentalis, 3 juveniles, 6 days), in terms of
feeding damage on detached leaf.

Thrips_2: Plant response to thrips (I occidentalis 1 adult), in terms of behavior/ preference at t1
(0 hpi) in two choice leaf disc assay

Thrips_3: Plant response to thrips (F occidentalis, 1 adult), in terms of behavior/ preference at t2
(4 hpi) in two choice leaf disc assay

Growing conditions

Plants wete grown for 5 weeks at 23°C, 70% RH, 200 umol m? s™ light intensity and a 8h:16h
L:D photoperiod.

For trait “Thrips_1’, feeding damage on detached leaves was scored. Leaves were cut from plants,
and kept turgid in Petri dishes with a diameter of 5 cm (BD falcon, Product Number: 3510006)
containing a film of 1% technical agar. The amount of feeding damage on one leaf was manually
scored after 6 days of exposure to 3 juvenile thrips.

For traits “Thrips_2’ and “Thrips_3’, thrips preference was phenotyped with an automated video
tracking setup. Thrips behavior was tracked in 2-choice arenas using 96-well plates, consisting
of halved leaf discs from Col-0 and one of the HapMap accessions. Position bias was corrected
for, by alternating the Col-0 leaf disc position (left or right) every row. 20 plants were screened
in one recording. Thrips position was automatically monitored for 40 minutes (Thrips_2), and
once more for 40 minutes after 4 hours (Thrips_3). The ratio of time spent on Col-0 was used
for Thrips_2 and Thrips_3. Video tracking was performed with EthoVision XT 8.5 software
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(Noldus Information Technology bv, Wageningen, The Netherlands).

Experimental design

Plants were screened in 5 rounds (complete replicates) of 360 accessions, using an incomplete
block (alpha) design. Within each round plants were randomly allocated to 18 blocks of 20
accessions, the blocks representing plants being screened in one recording, One sampling day
consisted of 5 blocks (100 accessions), with the exception of the last day (3 blocks, 60 accessions).

Genotypic means

Genotypic means were calculated using the following linear mixed model:

Y = p+ REP + GEN + REP:BLOCK + E,

where REP denotes complete replicate and REP:BLOCK is a random term for blocks nested
within replicate.

3.8 Drought — combinatory stress

Traits

Caterpillar_1: Plant response to Pieris rapae change in terms of rosette area

Caterpillar and osmotic_1: Plant response to P. rapae and osmotic stress (PEG8000), in terms of
terms of rosette area

Caterpillar and osmotic_2: Plant response to P. rapae and osmotic stress (PEG8000), in terms
of plant biomass

Methods Table M5. Drought — combinatory stress trait reduction overview.

Original traits* Variance Trait
explained
Rosette perimeter after Caterpillar treatment 0.841488 Caterpillar_1

Rosette area after Caterpillar treatment
Rosette ferret after Caterpillar treatment

Rosette perimeter after Caterpillar/Osmotic treatment 0.823736  Caterpillar & osmotic_1
Rosette area after Caterpillar/Osmotic treatment
Rosette ferret after Caterpillar/Osmotic treatment

Plant Fresh weight after Caterpillar/Osmotic treatment 1 Caterpillar & osmotic_2

*Residuals obtained from regressing treatment means on control means.

Growing conditions

Plants were grown for 4 weeks at 21°C (day temperature) and 19°C (night temperature), 70%
RH, 200 umol m? s light intensity, and 10h:14h SD photopetiod. Projected leaf area, rosette
feret and rosette perimeter were measured using Image] software in the P. rapae and PEG8000
combined treatment group (Schneider ¢/ a/, 2012). Data were recorded at 3 time points: TT)
before applying P. rapae; T2) before applying PEG8000 treatment; T3) after 7 days PEG8000

treatment. Rosette fresh weight was measured from both control and combinatorial stress
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treatment groups at T3. We used 332 Arabidopsis accessions, grown on rock wool blocks in
a climate controlled growth chamber. Plants were first treated with P. rgpae 1.1 larvae for 24
hours, and then irrigated with nutrient solution that containing PEG8000 for 7 days (P. rapae
and PEG8000 combined stress treatment). In additional, plants were grown without any stress

treatment (control).

Experimental design
All traits were measured in a randomized complete block design with 2 complete blocks

(replicates) under treatment conditions and 2 complete blocks under control conditions.

Genotypic means
The square root transformation was first applied to the area traits. For each treatment, genotypic
means were calculated, using a linear model with a fixed effect for block.

Definition of target traits

We regressed the genotypic means of fresh weight at T3 after P. rapae and PEG8000 treatment
on the means of fresh weight at T3 under control conditions; these residuals represent the effect
of P. rapae and PEG8000 treatment on fresh weight (Caterpillar_&_osmotic_2). Similarly, we
regressed cach of the rosette area related traits (projected leaf area, rosette feret, and rosette
perimeter) observed at T2 (only P. 7apae treatment) on the corresponding means of these traits
measured at T'1 (Caterpillar_1). The resulting residuals represent the effect of P. 7apae treatment
on rosette area related traits. Finally we performed the regression of rosette area related traits at
T3 on the values measured at T'1 as well as T2, whose residuals represent the combined effect
of P. rapae and PEG8000 treatment on rosette area related traits (Caterpillar_&_osmotic_1). In
both the Caterpillar_1 and Caterpillar_&_osmotic_1 group, the 3 traits were replaced by the first
principal component.

3.9 Caterpillar — combinatory stress

Traits

Drought_2: Plant response to drought (7 days), in terms of plant biomass after drought recovery
Caterpillar_2: Plant response to P. rapae, in terms of plant biomass

Fungus and caterpillar_1: Plant response to Bozrytis cinerea and P. rapae, in terms of plant biomass
Caterpillar_3: Plant response to P. 7apae, in terms of damaged leaves and feeding sites

Drought and caterpillar: Plant response to drought stress and P. rapae, in terms of damaged
leaves and feeding sites

Fungus and caterpillar_2: Plant response to B. cnerea and P. rapae, in terms of damaged leaves

and feeding sites
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Methods Table M6. Caterpillar — combinatory stress trait reduction overview.

Original traits Variance Trait
explained

Biomass reduction (with respect to control conditions) upon drought 1 Drought2

stress following a recovery period.

Biomass reduction (with respect to control conditions) upon P. rapae 1 Caterpillar_2

herbivory

Biomass reduction (with respect to control conditions) upon P. rapae  0.910749 Fungus &

herbivory preceded by B.cinerea caterpillar_1

Biomass reduction (with respect to P. rapae single stress) upon P.
rapae herbivory preceded by B.cinerea

Number of leaves damaged upon P. rapae herbivory 0.792034  Caterpillar_3
Number of feeding sites upon P. rapae herbivory

Number of leaves damaged upon P. rapae herbivory preceded by 0.792354 Drought &
drought caterpillar
Number of feeding sites upon P. rapae herbivory preceded by

drought

Number of leaves damaged upon P. rapae herbivory preceded by 0.788294 Fungus &
B.cinerea caterpillar_2
Number of feeding sites upon P. rapae herbivory preceded by B.cine-

rea

Growing conditions

Plants were grown for 4 weeks at 23°C, 70% RH, 100 pmol m? s light intensity and 8h:16h
L:D photoperiod. Plants were grown under similar conditions during the first 3 weeks. Drought
stress was imposed by withholding water for 7 days while the rest of plants were watered every
2 days with 1 liter of water per tray. Bofrytis inoculation was carried out 24 h prior to Pieris
inoculation. Plants were 4 weeks old when they were exposed to stress by P. rapae as single or
combined stress. Plants were inoculated with 2 newly hatched L1 and the larvae were allowed
to feed for 5 days until harvesting, Phenotypic measurements were taken 24 h and 5 days after
inoculation with P. 7apae as a single and combined stress. After 24 h, the number of leaves
damaged and number of feeding sites was counted in plants exposed to P. rapae , drought and
P. rapae, and Botrytis and P. rapae. After 5 days, fresh weight was measured for the 5 treatments.

Experimental design

Plants were screened in rounds of 37 accessions. Three control accessions were present in all

rounds (Col-0, Tsu-0, Fei-0). In each round, 6 replicates were included per accession-treatment

combination. Treatments were screened simultaneously. Plants were randomly allocated in trays

(28 accessions per tray). Plant positions within a tray were recorded (X and'Y ). The chamber
pos pos

where the experiment were conducted consist of 6 racks, and each rack contained 4 shelves.

Positions of trays within shelves within racks were also recorded.
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Genotypic means

For each of the 3 traits (shoot fresh weight, number of leaves damaged and number of feeding
sites) we fitted the following mixed model:

Y = p+ ROUND + RACK + SHELF + TRT + GEN + GEN/TRT
+ ROUNDRACK:SHELF + ROUND.RACK:SHELF-TRAY +
ROUND:RACK:SHELFTRAY X, . + ROUNDRACKSSHELF.TRAY:Y, ( + E,

where TRT is the treatment factor (Control and 4 treatment levels), GEN is genotype (accession)
and GEN:TRT is the genotype by environment interaction. The terms GEN, TRT AND
GEN/TRT were fitted as a fixed effect and all others as random. For each of the 3 traits,
significance of each model term was assessed and only significant terms were retained for the
estimations of genotypic means. Genotypic means (BLLUEs) were calculated for shoot fresh
weight, number of leaves damaged and number of feeding sites, for each accession-treatment

combination.

Definition of target traits

Target traits were defined based on the genotypic means for shoot fresh weight, number of
leaves damaged and number of feeding sites. The traits Caterpillar_3, Drought & caterpillar and
Fungus & caterpillar_2 were defined as the first principal component of the number of damaged
leaves and number of feeding sites under the respective types of stress. For shoot fresh weight,
stress response was defined by the residuals obtained from the regression of genotypic means
under each stress condition on those for the non-stress condition (Drought2, Caterpillar_2 and
Fungus & caterpillar_1). In case of Fungus & caterpillar_1, also the regression of the double
stress (P, rapae and B. cinerea) on the single stress (P. rapae) was performed, and the trait was
defined as the first principal component of the 2 residuals.

3.10 Fungus — combinatory stress

Traits

Fungus: Plant response to B. anerea infection (1x10° spores/ml), in terms of percentage of
spreading lesions

Drought and fungus: Plant response to drought (7 days) followed by B. cinerea infection, in terms
of percentage of spreading lesions

Caterpillar and fungus: Plant response to P. rapae feeding (one L1 caterpillar/ plant, 24 houts)

followed by B. cinerea infection, in terms of percentage of spreading lesions

Growing conditions

Seeds were sown and vernalized for two days at 4°C on river sand supplied with half strength
Hoagland medium with sequestreen. Ten-day-old seedlings were transplanted to pots containing
half volume river sand and half volume sowing soil supplemented with Hoagland solution (with
sequestreen). Plants were kept at ~21°C, 70% relative humidity, 8h:16h light:dark period. At day

0 of the experiment 27-day-old plants were exposed to a period of drought stress or a normal
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watering regime. At day 7 of the experiment, drought stress was stopped by re-watering the
drought stressed plants. At that day 7 one first instar (L1) P. rgpae caterpillar was put on each
plant for the dual stress combination with herbivory. At day 8, P. rapae was taken off the plants
and all the plants from the different treatments were simultaneously inoculated with B. cnerea. Six
leaves per plant were each drop inoculated with 5 ul of 1X10° spores/ml, in half strength potato
dextrose broth. Plants were kept under ~100% humidity for three days, after which the disease
severity was measured on day eleven of the experiment. Severity was measured as percentage of
leaves with spreading lesions caused by B. cinerea. In total 6 leaves per plant were scored. Lesions
that did not exceed the size of the droplet, (5 pl) were scored as zero, whereas a spreading lesion

was scored as a one.

Experimental design
Plants were screened in rounds of 35 accessions. Col-0 was present in all rounds as a control.

The 3 treatments were screened simultaneously.

Genotypic means and definition of target traits

An arcsine transformation was applied to the proportion of leaves with spreading lesions, i.e. for
each observed countk=0, 1, 2, 3, 4, 5, 6, the transformed phenotype was defined as arcsin(square
root(k)/6). Prior to transformation, counts equal to zero ot 6 wete replaced by respectively 1/4
and 5.75=6-1/4. The transformed phenotypic obsetvations wete cortected for round effects by
subtracting from each observation the mean of the round it was contained in, and genotypic
means were calculated based on the round corrected phenotypes. Differential sensitivity of each
double stress was calculated as the residuals obtained from the linear regression of the double

stress on the single stress phenotype.

3.11 Screening of T-DNA lines

T-DNA lines were ordered and screened for homozygosity, using primers described in Methods
Table M7. Seeds from homozygous mutants were harvested and grown and screened individually
by consortium partners (Methods Table M8).

Methods Table M7. T-DNA lines and primers.

Mutant line LP ™ RP ™ Product
size

WiscDsLox489-492C21 ATTTGGTAAACCCAAATTGGC 59.94 CGATGAAGGAGGATAAGAGCC 60.18 1178

SAIL_158 A07 AACAAAAACCGCGTGATTTC 59.98 CAAGAAGACTTGCCGTTTGAC 59.91 1010
SAIL_422_D11 AACAAAAACCGCGTGATTTC 59.98 CAAGAAGACTTGCCGTTTGAC 59.91 1010
SALK_023944.54.15.x TGGTCTAATGGGCTCAATGAG 60.08 CATAGCCGTTGTCAATTCCAG 60.51 1009

SALK_007034.41.00.x  TTTAGCGGTCAACACGAAAAC 60.16 CCAAAATTGAAAATAGAGAACCC 58.14 1196
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Methods Table M8. Methodology screening of T-DNA mutants.

Trait Number of Method
replicates
Thrips 24 See section 3.7, Thrips_1
Aphids 10-17 See section 3.6, Aphid_3
Whitefly 10 See section 3.5, Whitefly_1
Caterpillar 6 For the caterpillar treatment, each plant was exposed to 1 Pieris rapae

1st instar larvae for 24h, thereafter, the caterpillar was removed from
the plant. Damage was assessed using ImagJ software.

Nematodes 23 See section 3.3, Nematode
Salt 10 See section 3.2, Salt_5. 75 mM Salt instead
Drought 4 Plants were irrigated with Hyponex solution containing 7.7% polyeth-

ylene glycol (PEG8000) of osmotic potential about 0.1MPa for 7 days.

4. Statistics

4.1 Statistics: Genetic correlation networks

Pairwise genetic correlations between traits were estimated using a multi-trait mixed model
(MTMM) (Korte ef al., 2012). Residuals were assumed uncorrelated for traits that were measured
on different plants. For some pairs of traits the likelihood was monotone, which can also
occur in single-trait mixed models (Kruijer ¢z a/., 2015). In this case, the genetic correlation was
estimated by the (Pearson) correlation between the univariate G-BLUPs (De los Campos e 4/,
2013) estimated for these traits. A network between predefined groups of traits was constructed

by connecting groups whose average genetic correlation across pairs of traits was above 0.2.

4.2 Statistics: Multi-trait mixed models

Following (Zhou and Stephens, 2014), we assume the MTMM, Y=XB+G+E, with Y being the
genotypes by traits (n X p) matrix of phenotypic observations. The terms, XB, G and E stand for
respectively the fixed effects (including trait specific intercepts and SNP-effects) and the random
genetic and environmental effects. G follows a zero mean matrix-variate normal distribution
with row-covariance (marker-based kinship) matrix K and column (trait) covariance matrix V.V,
is a p X p matrix modeling the genetic correlations between traits. This is equivalent Wlth o=
vec(G) (the vector containing the columns of G being multivariate normal with a covariance
matrix defined by the Kronecker product V, x K (Zhou and Stephens, 2014)). Similarly, vec(E)
follows a zero mean normal distribution with covariance V_x I, where V_accounts for the

non-genetic correlations between traits.

4.3 Statistics: Factor-analytic models
Since V, and V_ contain a total of p(p + 1) parameters, the MTMM above becomes difficult to fit
for more than 10 traits (Zhou and Stephens, 2014). For V, we therefore assumed a factor analytic
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model, which is well known in the context of QTL-mapping for experimental populations
with limited numbers of markers (Boer et al., 2007), but has not been used in the context of
multivariate GWAS. As almost all traits were derived from measurements on different plants,
a diagonal model , V = diag(oe,lz,..., GC)PZ), was chosen for the environmental covariances. For
V, a first order factor analytic structure was chosen Vg:c;g2 (M‘-i-diag(rlz,...,rpz )), where ng
represents a scale parameter, the magnitude of genetic effects, the vector A=(),.. A" contains
the trait specific scores belonging to the factor analytic part of the model that provides a rank
one variance-covariance structure between traits, and diag(ﬂ:lz,...,‘cp2 ) provides trait specific
residual genetic variances (Meijer, 2009; Piepho, 1997). The model was fitted with the R-package
ASRreml (Butler e/ al., 2009).

4.4 Statistics: Compressed kinship

Factor analytic models have been successfully applied to experimental populations with a simple
genetic relatedness structure (Alimi ez al, 2013; Boer ez al., 2007; Malosetti ez al., 2008), but
currently available software could not perform REMIL-estimation for the hapmap-population.
The kinship matrix was therefore replaced by a compressed kinship matrix (Bradbury ez al,
2007; Zhang et al., 2010), modelling the genetic relatedness between a number of internally
homogeneous groups. Assuming there are m such groups, containing n,, ..., n_ accessions each,
the original kinship matrix K is replaced by ZK . Zf, where K_is the kinship matrix for the
groups, and Z is the n X m incidence matrix assigning each of the n accessions to one of the
m groups. The groups were created by a procedure that restricted the marker data to be linear
combinations of environmental covariates representing the conditions at the place of origin of
the accessions, as explained below.

Although our factor analytic model has been successfully applied to experimental populations
with a simple genetic relatedness structure (Boer e7 al., 2007; Malosetti e al., 2007; Malosetti e
al., 2011), currently available software could not perform REML-estimation for the hapmap-
population. The kinship matrix was therefore replaced by a compressed kinship matrix
(Bradbury ez al, 2007), modeling the genetic relatedness between a number of genetically
homogencous groups. Compressed kinship was calculated as the average kinship within genetic
groups. Genotypes were assigned to k genetic groups by performing Ward clustering based on
the squared Euclidean distance along the first k — 1 principal components calculated from a
matrix of standardized SNP scores, followed by cutting the resulting dendrogram into k distinct
clusters (Odong e7 al., 2013; van Heerwaarden ef al., 2012; van Heerwaarden e/ al., 2013).
Choosing the number of groups. The use of a compressed kinship matrix requires a choice
of the level of compression, as determined by the number of genetic groups over which the
individual kinship is averaged. This choice needs to balance the gain in computational efficiency
with model fit (Zhang ez al., 2010) and the ability of the compressed matrix to capture the
correlation between genetic dissimilarity and phenotypic differences, which is ultimately the
reason for including a kinship matrix in the association model. There are currently no standard
methods to determine the optimum level of compression. We determined the appropriate level
of compression for each association model based on the model likelihood, convergence and
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correspondence between kinship and phenotypic and geographical similarity. The latter was
quantified as the Frobenius norm of the difference between the complement of the compressed
kinship matrix, expanded to a block matrix of full rank, and the Euclidean distance matrix
of phenotypic traits or geographic coordinates. We considered a range of 4 to 100 groups.
Correspondence with phenotypic and geographical dissimilarity increased steeply from 4 to
around 35 groups, after which correspondence with geographic distance increased more slowly
and the correspondence with phenotypic distance showing a local decrease until 58 groups.
Model Likelihood was relatively stable above 4 groups but convergence was erratic depending
on the modelled contrasts. For each model the number of groups was therefore chosen to be the
minimum number of groups needed to achieve a level of correspondence approximating that
found at 35 groups, under condition of model convergence.

4.5 Statistics: Multi-trait GWAS

Traits (columns of Y) were standardized. Along the genome, MTMMs of the type Y= XB+G+E
were fitted with initially for each marker trait-specific QTL effects §,,.. B, (contained in B).
To identify general QTLs with trait-specific effects, for individual markers, the null hypothesis
B,=B,=.B,=0 was tested by a Wald test against the alternative hypothesis that at least one of the
trait specific effects was nonzero (Zhou and Stephens, 2014). To identify consistent QTLs, the
null hypothesis Blzﬁzzn.ﬁPZB#O was tested. To identify adaptive QTLs, contrasts defined on
the trait specific QTL effects were tested. For example, suppose the first p1 of the full set of p
traits represent responses measured under abiotic stresses, while the second p2 traits represent
responses under biotic stresses. A contrast can now be defined to test the hypothesis whether
the QTL effect for abiotic stresses differs from that for biotic stresses: §,= B,= .. = «

pl_ abiotic;
B(p]Jrl): B(p]+2)z Bp: o(bmtlc and H[): 0(abiotic: o(bmtlc Versus Ha: o(abmtlcgﬁ (Xhl(]tlc. FOf the Wald test fOr
the hypothesis §, = ... = § we first fit the MIMM Y = XB + G + E with XB only containing
trait specific means w,, ..., M and next test hypotheses on the matker effects. The contrast is
defined through a partitioning of the traits in two groups (e.g. resistance against biotic or abiotic
stress). Using the R-package asreml (Butler et al., 2009) we perform Wald tests for the following
hypotheses:
H,: B =0, in the constrained model B, = ... = ﬁp =B.
H,: o, =, in the constrained model where « is the effect on all traits in the first group, and «,

for traits in the second group.

Selecting candidate genes

A significance threshold of P< 0.0001 was chosen after implementation of genomic control (see
below). For MTMM this resulted in 43 SNPs meeting this criterion. The surrounding region
of interest was set to a maximum of 100kb window (50kb on both sides), where the final
boundaries were determined by SNPs in LD (threshold 0.4) the furthest away of the significant
SNP. This resulted in 30 genome regions, for which in each region the SNP with the lowest P
value was selected as representative for the LD block. For Figures 3, S4, S5, §7, S9 and S10,

however, we selected the SNP with the highest absolute effect size to maximize visual contrasts
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in the figures. Contrast analyses followed the same selection procedure as MTMM.

Correcting for genomic inflation. The Wald test is known to suffer from some inflation (Zhou
and Stephens, 2014), which we correct for using genomic control (GC) (Devlin and Roeder,
1999; Devlin ez al.,, 2001), which divides the observed test statistics T, ..., Tp by the genomic
inflation factor. For both the unconstrained MTMM and the MTMM for contrasts described
above, we observed inflation for small as well as large p-values (i.e. also more p-values close to
one than expected). Consequently, the usual genomic control procedures based on the observed
versus expected median of test statistics gave too optimistic inflation factors. We therefore
applied an alternative genomic control procedure, in which we regress the observed —log, (p)
values on the expected ones, and correct the observed —log, (p) values for the slope.
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Supplementary Tables
Table S1. Data overview on phenotyping the 350 Arabidopsis thaliana accessions of the HapMap collection.
Trait Section®> Min. Mean Max. Variance h*® L95% R95% NA°
Clh? Clh?
Salt_1 3.1 -3.62 0.00 3.06 1.31 0.60 0.22 0.89 328
Salt_2 3.1 -1.34 0.00 1.29 0.20 0.43 0.15 0.77 323
Salt_3 3.1 -7.70 -0.01 9.73 8.91 0.64 0.27 0.89 323
Salt_4 3.1 -0.14 0.00 0.09 0.00 0.30 0.08 0.68 322
Fungus 3.10 -0.58 0.01 0.58 0.05 0.40 0.13 0.74 336
Drought&fungus 3.10 -0.62 0.01 0.50 0.05 0.31 0.08 0.68 336
Caterpillar&fungus 3.10 -0.72 0.00 0.45 0.04 0.17 0.03 0.55 336
Heat 3.2 -6.98 0.00 5.44 6.31 0.62 0.25 0.89 275
Osmotic 3.2 -4.35 0.00 10.69 3.62 0.10 0.004 0.75 346
Drought_1 3.2 -7.05 0.00 4.64 2.69 0.39 0.12 0.75 323
Salt_5 3.2 -4.47 0.00 6.37 2.38 0.15 0.01 0.76 334
Whitefly_1 3.5 -1.60 -1.31 -0.13 0.09 0.01 0.00 1.00 339
Whitefly_2 3.5 -0.71 -0.24 1.29 0.05 0.01 0.00 1.00 339
Aphid_1 3.6 -5.11 0.00 4.14 2.38 0.10 0.004 0.76 341
Aphid_2 3.6 -4.74 0.00 4.73 1.94 0.36 0.08 0.79 341
Aphid_3 3.6 -46.28 -27.97 -13.12 31.63 0.19 0.03 0.66 337
Thrips_1 3.7 -56.51  -22.29 -2.95 97.60 0.80 0.37 0.96 346
Thrips_2 3.7 0.14 0.49 0.83 0.01 0.14 0.01 0.66 347
Thrips_3 3.7 0.03 0.47 1.00 0.03 0.29 0.06 0.73 436
Caterpillar_1 3.8 -4.75 0.00 6.60 2.53 0.15 0.01 0.78 328
Caterpillar&osmotic_1 3.8 -3.36 0.00 6.71 2.37 0.08 0.003 0.72 326
Caterpillar&osmotic_2 3.8 -0.15 0.00 0.45 0.01 0.08 0.002 0.82 324
Drought_2 3.9 -0.12 0.00 0.21 0.00 0.06 0.002 0.66 346
Caterpillar_2 3.9 -0.15 0.00 0.16 0.00 0.23 0.04 0.68 346
Fungus&caterpillar_1 3.9 -0.16 0.00 0.19 0.00 0.20 0.03 0.64 346
Caterpillar_3 3.9 -3.92 0.00 3.69 1.43 0.27 0.06 0.69 346
Drought&caterpillar 3.9 -5.07 0.00 3.99 1.45 0.28 0.07 0.67 346
Fungus&caterpillar_2 3.9 -4.06 0.00 3.99 1.30 0.10 0.005 0.72 346
Nematode 3.3 -0.50 -0.30 -0.15 0.00 0.72 0.35 0.93 313
Parasitic_plant 3.4 -1.65 0.01 3.23 0.56 0.03 0.00 1.00 238

aSection in Supplementary methods where additional information on phenotyping can be found
®Narrow sense heritability estimated using the ‘heritability’ R package
¢Number of accessions included in the analyses
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Table S2. Summed effect sizes of 30 most significant SNPs in MTMM per trait.

Trait Stress Summed absolute
effect size
Caterpillar_2 Single 3.42
Drought_1 Single 3.59
Caterpillar_1 Single 3.81
Aphid_2 Single 3.99
Salt_1 Single 4.13
Drought_2 Single 4.25
Whitefly_2 Single 4.29
Heat Single 4.37
Thrips_3 Single 4.42
Whitefly_1 Single 4.51
Aphid_1 Single 4.54
Fungus and Caterpillar_1 Double 4.67
Salt_5 Single 4.99
Nematode Single 5.09
Parasitic plant Single 5.11
Salt_2 Single 5.11
Thrips_2 Single 5.19
Fungus and Caterpillar_2 Double 5.21
Osmotic Single 5.30
Aphid_3 Single 5.33
Caterpillar_3 Single 5.44
Caterpillar and osmotic_2 Double 5.69
Thrips_1 Single 6.03
Salt_4 Single 6.06
Caterpillar and osmotic_1 Double 6.17
Salt_3 Single 6.77
Drought and Caterpillar Double 7.42
Drought and fungus Double 10.06
Fungus Single 10.09
Caterpillar and fungus Double 11.93
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Table S3. 125 candidate genes derived from the Multitrait Mixed Model analysis. Stress-responsive
genes are highlighted in gray.

Significant Associated Gene Gene name Gene description

SNP or gene  marker

inLD

Significant Ch1: 25500708 AT1G68030 RING/FYVE/PHD zinc finger superfamily
SNP protein

Significant Ch1: 26798534 AT1G71040 Low Phosphate Root2 Encodes LPR2. Function together with

SNP (LPR2) LPR1 (AT1G23010) and a P5-type ATPase
(At5g23630/PDR2) in a common pathway that
adjusts root meristem activity to inorganic
phosphate availability

Significant Ch1: 29518622 AT1G78460 SOUL heme-binding family protein

SNP

Significant Ch1: 3294935 AT1G10090 Early-responsive to dehydration stress protein
SNP (ERD4)

Significant Ch1: 7207918 AT1G20750 RAD3-like DNA-binding helicase protein

SNP

Significant Ch2: 11531255 AT2G27020 20S proteasome alpha Encodes 20S proteasome alpha 7 subunit
SNP subunit G1 (PAG1) PAG1

Significant Ch2: 11659416 AT2G27240 Aluminium-activated malate transporter

SNP family protein

Significant Ch2: 391904 AT2G01880 Purple acid phosphatase 7 (PAP7)

SNP

Significant Ch3: 1077306 AT3G04110 glutamate receptor 1.1 Putative glutamate receptor (GLR1.1). Con-
SNP (GLR1.1) tains a functional cation - permeable pore do-

main. Involved in cellular cation homeostasis.

Significant Ch3: 18615891 AT3G50210 2-oxoglutarate (20G) and Fe(ll)-dependent

SNP oxygenase superfamily protein

Significant Ch3: 19804402 AT3G53420 plasma membrane Member of the plasma membrane intrinsic

SNP intrinsic protein 2A protein subfamily PIP2. Localizes to the plasma
(PIP2A) membrane and exhibits water transport activ-

ity in Xenopus oocyte. Expressed specifically in
the vascular bundles and protein level increas-
es slightly during leaf development. When
expressed in yeast cells can conduct hydrogen
peroxide into those cells

Significant Ch3:21625003 AT3G58460 RHOMBOID-like protein 15 (RBL15)

SNP

Significant Ch3: 2231603 AT3G07050 GTP-binding family protein

SNP

Significant Ch3: 6968031 AT3G20000 translocase of the outer ~ Encodes a component of the TOM receptor

SNP mitochondrial mem- complex responsible for the recognition and
brane 40 (TOM40) translocation of cytosolically synthesized mito-

chondrial preproteins. With TOM22, functions
as the transit peptide receptor at the surface
of the mitochondrial outer membrane and
facilitates the movement of preproteins into
the translocation pore.
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Table S3. (continued)

Significant Associated Gene Gene name Gene description

SNP or gene  marker

inlD

Significant Ch3: 8014458 AT3G22640 PAP85

SNP

Significant Ch4: 5180340 AT4G08200 Similar to unknown protein [Arabidopsis

SNP thaliana] (TAIR:AT1G43722.1)

Significant Ch4: 6805259 AT4G11160 Translation initiation factor 2, small GTP-bind-

SNP ing protein

Significant Ch4: 8654778 AT4G15180 SET domain protein 2 (SDG2)

SNP

Significant Ch4: 9350941 AT4G16600 Nucleotide-diphospho-sugar transferases

SNP superfamily protein

Significant Ch4:13265656 AT4G26190 Haloacid dehalogenase-like hydrolase (HAD)

SNP superfamily protein

Significant Ch4:13955847 AT4G28080 Tetratricopeptide repeat (TPR)-like superfamily

SNP protein

Significant Ch4:16420532 AT4G34320 Protein of unknown function (DUF677)

SNP

Significant Ch5: 22041081 AT5G54280 myosin 2 (ATM2) Type VIl myosin gene

SNP

Significant Ch5: 22677563 AT5G56000 HEAT SHOCK PROTEIN 81.4 (Hsp81.4)

SNP

Significant Ch5: 22842831 AT5G56390 F-box/RNI-like/FBD-like domains-containing

SNP protein

Significant Ch5: 23302987 AT5G57535 unknown protein

SNP

Significant Ch5: 414050 AT5G02100 Unfertilized embryo sac  Encodes a protein that binds to beta-sitosterol

SNP 18 (UNE18) and localizes to the ER. The WFDE motif in
ORP3a appears to be important for a direct
interaction with PVA12 [Plant VAMP-Associat-
ed protein 12]. Mutation of this motif causes
ORP3a to relocalize to the Golgi and cytosol.
The interaction between PVA12 and ORP3a
does not appear to be sterol-dependent

Significant Ch5: 7493620 AT5G22560 Plant protein of unknown function (DUF247)

SNP

Significant Ch5: 7493623 AT5G23480 SWIB/MDM?2 domain

SNP

Significant Ch5: 9154579 AT5G26190 Cysteine/Histidine-rich C1 domain family

SNP protein

in_LD_with Ch1: 25500708 AT1G67990 TSM1 Encodes a tapetum-specific O-methyltransfer-

ase. In vitro enzyme assay indicated activity
with caffeoyl-CoA, caffeoyl glucose, chloro-
genic acid and polyamine conjugates. RNAi
mutants had impaired silique development
and seed setting.
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Table S3. (continued)
Significant Associated Gene Gene name Gene description
SNP or gene  marker
inlD
in_LD_with Ch1: 25500708 AT1G68010 hydroxypyruvate reduc-  Encodes hydroxypyruvate reductase.
tase (HPR)
in_LD_with Ch1: 25500708 AT1G67980 caffeoyl-CoA 3-O- meth-  Encodes S-adenosyl-L-methionine: tran-
yltransferase (CCOAMT)  scaffeoyl Coenzyme A 3-O-methyltransferase.
in_LD_with Ch1: 25500708 AT1G67960 CONTAINS InterPro DOMAIN/s: Mem-
brane protein,Tapt1/CMV receptor (Inter-
Pro:IPR008010)
in_LD_with Ch1: 25500708 AT1G68000 phosphatidylinositol phosphatidylinositol synthase 1
synthase 1 (PIS1)
in_LD_with Ch1: 25500708 AT1G68020 ATTPS6 Encodes an enzyme putatively involved in
trehalose biosynthesis. The protein has a
trehalose synthase (TPS)-like domain and a
trehalose phosphatase (TPP)-like domain. It
can complement a yeast mutant lacking both
of these activities suggesting that this is a
bifunctional enzyme.
in_LD_with ~ Ch1: 25500708 AT1G67970 heat shock transcription  member of Heat Stress Transcription Factor
factor A8 (HSFA8) (Hsf) family
in_ID_with Ch1: 29518622 AT1G78440 Arabidopsis thaliana Encodes a gibberellin 2-oxidase that acts on
gibberellin 2-oxidase 1 C19 gibberellins.
(ATGA20X1)
in_ID_with Ch1:29518622 AT1G78430 ROP interactive partner 2 (RIP2)
in_ID_with Ch1: 29518622 AT1G78450 SOUL heme-binding family protein
in_ID_with Ch1: 29518622 AT1G78470 BEST Arabidopsis thaliana protein match is:
F-box family protein (TAIR:AT1G67390.1)
in_LD_with Ch1:7207918 AT1G20740 Protein of unknown function (DUF833)
in_LD_with Ch1: 7207918 AT1G20760 Calcium-binding EF hand family protein
in_LD_with Ch1: 7207918 AT1G20780 senescence-associated Encodes a protein containing a U-box and an
E3 ubiquitin ligase 1 ARM domain.
(SAULI)
in_LD_with Ch1: 7207918 AT1G20790 F-box family protein
in_LD_with Ch1: 7207918 AT1G20770 Unknown protein
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Table S3. (continued)

Significant Associated Gene Gene description

SNP or gene  marker

inlD

in_LD_with Ch2: 11659416 AT2G27250 One of the three CLAVATA genes controlling
the size of the shoot apical meristem (SAM)
in Arabidopsis. Belongs to a large gene family
called CLE for CLAVATA3/ESR-related. Encodes
a stem cell-specific protein CLV3 presumed to
be a precursor of a secreted peptide hormone.
The deduced ORF encodes a 96-amino acid
protein with an 18-amino acid N-terminal
signal peptide. The functional form of CLV3
(MCLV3) was first reported to be a posttran-
scriptionally modified 12-amino acid peptide,
in which two of the three prolines were
modified to hydroxyproline

in_LD_with Ch3: 19804402 AT3G53400 BEST Arabidopsis thaliana protein match is:
conserved peptide upstream open reading
frame 47 (TAIR:AT5G03190.1)

in_LD_with Ch3:21625003 AT3G53410 RING/U-box superfamily protein

in_LD_with ~ Ch3:21625003 AT3G58490 Phosphatidic acid phosphatase (PAP2) family
protein

in_LD_with Ch3: 21625003 AT3G58450 Adenine nucleotide alpha hydrolases-like
superfamily protein

in_LD_with Ch3: 21625003 AT3G58510 DEA(D/H)-box RNA helicase family protein

in_LD_with Ch3:21625003 AT3G58440 TRAF-like superfamily protein

in_LD_with Ch3:21625003 AT3G58520 Ubiquitin carboxyl-terminal hydrolase family
protein

in_LD_with Ch3: 21625003 AT3G58480 Calmodulin-binding family protein

in_LD_with ~ Ch3:21625003 AT3G58470 Nucleic acid binding

in_LD_with Ch3: 21625003 AT3G58500 Encodes one of the isoforms of the cata-
lytic subunit of protein phosphatase 2A:
AT1G59830/PP2A-1, AT1G10430/PP2A-2,
At2g42500/PP2A-3, At3g58500/PP2A-4 [Plant
Molecular Biology (1993) 21:475-485 and
(1994) 26:523-528

in_LD_with ~ Ch3:6968031 AT3G20010 SNF2 domain-containing protein / helicase
domain-containing protein / zinc finger
protein-related

in_LD_with Ch3: 6968031 AT3G19990 Unknown protein

in_LD_with Ch3: 6968031 AT3G19980 Encodes catalytic subunit of serine/threonine

protein phosphatase 2A. It can associate with
phytochromes A and B in vitro. Mutant plants
display an accelerated flowering phenotype.
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Table S3. (continued)

Significant Associated Gene Gene name Gene description

SNP or gene  marker

inLD

in_LD_with Ch3: 8014458 AT3G22670 Pentatricopeptide repeat (PPR) superfamily
protein

in_LD_with Ch3:8014458 AT3G22680 RNA-directed DNA Encodes RNA-DIRECTED DNA METHYLATION

methylation 1 (RDM1) 1 (RDM1), forming a complex with DMS3

(AT3G49250) and DRD1 (AT2G16390). This
complex is termed DDR. The DDR complex
is required for polymerase V transcripts and
RNA-directed DNA methylation.

in_LD_with Ch3: 8014458 AT3G22650 CEGENDUO (CEG)

in_LD_with Ch3: 8014458 AT3G22690 Involved in: photosystem Il assembly, reg-
ulation of chlorophyll biosynthetic process,
photosystem | assembly, thylakoid membrane
organization, RNA modification

in_LD_with Ch3: 8014458 AT3G22700 F-box and associated interaction domains-con-
taining protein

in_LD_with Ch3: 8014458 AT3G22710 F-box family protein

in_LD_with Ch3: 8014458 AT3G22720 F-box and associated interaction domains-con-
taining protein

in_LD_with Ch3: 8014458 AT3G22730 F-box and associated interaction domains-con-
taining protein

in_LD_with Ch3: 8014458 AT3G22740 homocysteine S- meth- Homocysteine S-methyltransferase (HMT3)

yltransferase 3 (HMT3)

in_LD_with Ch3: 8014458 AT3G22750 Protein kinase superfamily protein

in_LD_with Ch3: 8014458 AT3G22760 SoL1 CXC domain containing TSO1-like protein
1. The gene is expressed in stamens, pollen
mother cells, and immature ovules.

in_LD_with Ch4: 5180340 AT4G08190 P-loop containing nucleoside triphosphate
hydrolases superfamily protein

in_LD_with Ch4: 5180340 AT4G08180 0OSBP(oxysterol binding protein)-related
protein 1C (ORP1C)

in_LD_with Ch4: 5180340 AT4G08230 Glycine-rich protein

in_LD_with Ch4: 5180340 AT4G08210 Pentatricopeptide repeat (PPR-like) superfam-
ily protein

in_LD_with Ch4: 5180340 AT4G08220 Mutator-like transposase family, has a 5.3*10°

57 P-value blast match to Q9SUF8 /145-308
Pfam PF03108 MuDR family transposase
(MuDr-element domain)
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Table S3. (continued)

Significant Associated Gene Gene name Gene description
SNP or gene  marker
inlD
in_LD_with Ch4: 6805259 AT4G11140 cytokinin response Encodes a member of the ERF (ethylene
factor 1 (CRF1) response factor) subfamily B-5 of the ERF/
AP2 transcription factor family. The protein
contains one AP2 domain. There are 7 mem-
bers in this subfamily. Also named as CRF1
(cytokinin response factor 1).
in_LD_with Ch4: 6805259 AT4G11150 vacuolar ATP synthase Encodes a vacuolar H*-ATPase subunit E iso-
subunit E1 (TUF) form 1 which is required for Golgi organization
and vacuole function in embryogenesis.
in_LD_with Ch4: 6805259 AT4G11170 RMG1 Disease resistance protein (TIR-NB-LRR class)
family
in_LD_with Ch4: 8654778 AT4G15210 Arabidopsis thaliana Cytosolic beta-amylase expressed in rosette
BETA-AMYLASE (ATBE- leaves and inducible by sugar. RAM1 mutants
TA-AMY) have reduced beta amylase in leaves and
stems.
in_LD_with Ch4:13265656 AT4G26180 Mitochondrial substrate carrier family protein
in_LD_with Ch4:13265656 AT4G26150 cytokinin-responsive Encodes a member of the GATA factor family
gata factor 1 (CGA1) of zinc finger transcription factors.
in_LD_with Ch4:13265656 AT4G26170 Molecular_function unknown
in_LD_with Ch4:13265656 AT4G26220 S-adenosyl-L-methionine-dependent methyl-
transferases superfamily protein
in_LD_with Ch4:13265656 AT4G26140 beta-galactosidase 12 Putative beta-galactosidase
(BGAL12)
in_LD_with Ch4:13265656 AT4G26160 atypical CYS HIS rich thi-  Encodes a member of the thioredoxin family
oredoxin 1 (ACHT1) protein. Located in the chloroplast. Shows
high activity towards the chloroplast 2-Cys
peroxiredoxin A, and poor activity towards the
chloroplast NADP-malate dehydrogenase
in_LD_with Ch4:13265656 AT4G26210 Mitochondrial ATP synthase subunit G protein
in_LD_with Ch4:13955847 AT4G26200 1-amino-cyclopro- Member of a family of proteins in Arabidopsis
pane-1-carboxylate that encode 1-Amino-cyclopropane-1-car-
synthase 7 (ACS7) boxylate synthase, an enzyme involved in
ethylene biosynthesis. Not expressed in
response to IAA
in_LD_with Ch4:13955847 AT4G28100 Unknown protein
in_LD_with Ch4:13955847 AT4G28060 Cytochrome c oxidase, subunit Vib family
protein
in_LD_with Ch4:13955847 AT4G28070 AFG1-like ATPase family protein
in_LD_with ~ Ch4:13955847 AT4G28090 SKUS similar 10 (sks10)
in_LD_with Ch4:13955847 AT4G28085 Unknown protein
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Table S3. (continued)

Significant Associated Gene Gene name Gene description
SNP or gene  marker
inlD
in_LD_with Ch4:13955847 AT4G28088 Low temperature and salt responsive protein
family
in_LD_with Ch4:13955847 AT4G34310 alpha/beta-Hydrolases superfamily protein
in_LD_with Ch5: 22041081 AT5G54250 cyclic nucleotide-gat- Member of Cyclic nucleotide gated channel
ed cation channel 4 family, downstream component of the signal-
(CNGC4) ing pathways leading to HR resistance. Mutant
plants exhibit gene-for-gene disease resistance
against avirulent Pseudomonas syringae
despite the near-complete absence of the
hypersensitive response (HR). Salicylic acid
accumulation in dnd2 mutants is completely
PAD4-independent.
in_LD_with Ch5: 22041081 AT5G54260 Meiotic recombination DNA repair and meiotic recombination
11 (MRE11) protein, component of MRE11 complex with
RAD50 and NBS1
in_LD_with Ch5: 22041081 AT5G54270 light-harvesting chloro- Lhcb3 protein is a component of the main light
phyll B-binding protein harvesting chlorophyll a/b-protein complex of
3 (LHCB3) Photosystem Il (LHC II).
in_LD_with Ch5: 22041081 AT5G54240 Protein of unknown function (DUF1223)
in_LD_with Ch5: 22677563 AT5G55990 calcineurin B-like pro- Encodes a member of the Arabidopsis CBL
tein 2 (CBL2) (Calcineurin B-like Calcium Sensor) protein
family
in_LD_with Ch5: 22677563 AT5G55980 Serine-rich protein-related
in_LD_with Ch5: 22677563 AT5G55970 RING/U-box superfamily protein
in_LD_with Ch5: 22842831 AT5G56380 F-box/RNI-like/FBD-like domains-containing
protein
in_LD_with Ch5: 22842831 AT5G56370 F-box/RNI-like/FBD-like domains-containing
protein
in_LD_with Ch5: 22842831 AT5G56368 Encodes a defensin-like (DEFL) family protein.
in_LD_with Ch5: 23302987 AT5G57520 zinc finger protein 2 Encodes a zinc finger protein containing only a
(ZFP2) single zinc finger.
in_LD_with Ch5: 23302987 AT5G57560 Touch 4 (TCH4) Encodes a cell wall-modifying enzyme, rapidly

upregulated in response to environmental
stimuli
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Table S3. (continued)

Significant Associated Gene Gene name Gene description
SNP or gene  marker
inlD
in_LD_with Ch5: 23302987 AT5G57490 voltage dependent an- Encodes a voltage-dependent anion channel
ion channel 4 (VDAC4) (VDAC: AT3G01280/VDAC1, AT5G67500/
VDAC2, AT5G15090/VDAC3, AT5G57490/
VDAC4, AT5G15090/VDACS). VDACs are
reported to be porin-type, beta-barrel diffu-
sion pores. They are prominently localized in
the outer mitochondrial membrane and are
involved in metabolite exchange between the
organelle and the cytosol.
in_LD_with Ch5: 23302987 AT5G57565 Protein kinase superfamily protein
in_LD_with Ch5: 23302987 AT5G57540 Encodes a xyloglucan endotransglucosylase/
hydrolase with only only the endotransgluco-
sylase (XET
in_LD_with Ch5: 23302987 AT5G57550 xyloglucan endotrans/ Xyloglucan endotransglycosylase-related
glucosylase/hydrolase protein (XTR3)
25 (XTH25)
in_LD_with Ch5: 23302987 AT5G57500 Galactosyltransferase family protein
in_LD_with Ch5: 23302987 AT5G57530 Xyloglucan endotransglucosylase/hydrolase
12 (XTH12)
in_LD_with Ch5: 23302987 AT5G57510 Unknown protein
in_LD_with Ch5: 23302987 AT5G57570 GCK domain-containing protein
in_LD_with Ch5: 23302987 AT5G57590 biotin auxotroph 1 Mutant complemented by E coli Bio A gene
(BIO1) encoding 7,8-diaminopelargonic acid amino-
transferase.
in_LD_with Ch5: 23302987 AT5G57580 Calmodulin-binding protein
in_LD_with Ch5: 414050 AT5G02110 CYCLIN D7
in_LD_with Ch5: 7493620 AT5G22550 Plant protein of unknown function (DUF247)
in_LD_with Ch5: 7493620 AT5G22570 WRKY38 member of WRKY Transcription Factor
in_LD_with Ch5: 7493620 AT5G22545 Unknown protein
in_LD_with Ch5: 7493620 AT5G22555 Unknown protein
in_LD_with Ch5: 7493623 AT5G23510 Unknown protein
in_LD_with Ch5: 7493623 AT5G23490 Unknown protein
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Table S4. Genes in linkage with SNPs with —log10(P) score above 4 (20 kb half-window size) in the
contrast-specific GWA mapping of parasitic plants and aphids on the one hand versus fungus, caterpillar,

thrips and drought on the other hand.

Marker GeneinlD Gene Gene description Reference
name
chr1.19711816 AT1G52900 - Toll-Interleukin-Resistance (TIR)  (Cartieaux et
domain family protein, signal al., 2008)
transduction, defense response
chr1.24785939 AT1G66410 CAMA4 Calmodulin 4, calcium-binding (zhao et al.,
EF-hand site, calcium-mediated 2013)
signalling
chr3.672138 AT3G02940 MYB107 Transcription factor, responsive (Stracke et
to salicylic acid al., 2001)
chr3.7945317 AT3G22400 LOX5 Oxidoreductase activity (9-LOX (Nalam et al.,
pathway), facilitates M. persicae  2012a; Nalam
aphid feeding etal., 2012b)
chr3.23145919 AT3G62610 MYB11 Transcription factor, involved in (Stracke et
production of flavonol glycosides al., 2007)
chr4.9390514 AT4G16730, TPSO2, Terpene synthases, (E,E)-alpha- (Huang et al.,
AT4G16740, TPSO3 farnesene synthase 2010)
AT4G16690 MES16 Methyl jasmonate esterase (Christ et al.,
2012)
chr5.22829754 AT5G56360 PSL4 Calmodulin binding protein, (Luetal.,
involved in MAMP-triggered 2009)

defense to bacteria

Table S5. Candidate genes in linkage with SNPs with —log, (P) score above 4 (20 kb half-window size)
that have common effects on plant response to parasitic plants and aphids on the one hand versus fungus,

caterpillar, thrips and drought on the other hand.

Marker

Gene
name

Gene

Description

chr2.15762021

in_LD_with_chr2.15762021

in_LD_with_chr3.22345759

chr4.9598560

AT2G37570 SLT1

AT2G37630 MYB91

AT3G60490 -

AT4G17070 -

Encodes a protein that can complement the
salt-sensitive phenotype of a calcineurin
(CaN)-deficient yeast mutant.

Encodes a MYB-domain protein involved in
specification of the leaf proximodistal axis.
Also functions as a regulator of the plant
immune response.

Encodes a member of the DREB subfamily
A-4 of ERF/AP2 transcription factor family.
Pathogenesis-related.

Encodes a peptidyl-prolyl cis-trans isom-
erase. Involved in response to oxidative
stress.
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Table S6. Candidate genes in linkage with SNPs with —log, (P) score above 4 (20 kb half-window size) that

have common effects on biotic and abiotic stress responses.

Marker Gene Gene name Description

in_LD_with_ AT4G08870  ARGAH2 Encodes one of the two arginases in the genome.

chr4.5651749 Gene expression is enhanced by methyl jasmonate
treatment. It is involved in the defence response to
B. cinerea.

chr4. 8057710 AT4G13940  AtSAHH1 Encodes an S-adenosyl-L-homocysteine hydrolase
required for DNA methylation-dependent gene
silencing.

chr2.856085 AT2G02950  PKS1 Encodes a basic soluble protein which can inde-
pendently bind to either PHYA or PHYB, regardless
of whether the phytochromes are in the Pr or Pfr
state. PKS1 can be phosphorylated by oat phyA in
vitro in a light-regulated manner. It is postulated to
be a negative regulator of phyB signalling.
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Supplementary Figures

S1.

Arabidopsis thaliana resistance to abiotic and biotic

Figure Narrow sense heritability ~ for
stresses. Narrow sense heritability values were
estimated using the ‘heritability” R package. Traits
were classified in three biological categories:
resistance to abiotic, biotic and double stresses.
These biological categories were grouped based
on their heritability in low (h?<0.2), moderate

(0.2<h?<0.5) and high (h*>0.5) heritability classes.
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« Figure S2. Genetic and phenotypic correlation matrix. Heatmap displaying phenotypic correlations
below the diagonal and genetic correlations above the diagonal. Phenotypic correlations were calcluated
using Spearman’s correlation coefficient rho, whereas the genome-wide genetic correlations were
estimated bivariately and with correction for population structure (on full kinship matrix). For Whitefly_1
and Whitefly_2 the maximum likelihood estimates were not available so genetic correlations were estimated
using G-BLUP. Traits were clustered according to Ward’s minimum variance method for the genetic

correlation coefficient values.
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Figure S3. Expression data of 6 candidate genes (resulting from MTMM, see Table 2a) in plants exposed
to biotic or abiotic stress factors, relative to control conditions. a. Shoot tissues and b. root tissues (next

page). Exptession data from Arabidopsis eFP browser (http://bbc.botany.utoronto.ca).
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Figure S4. Genetic associations specific for plant responses to the main clusters of the genetic correlation
network (see Figure 1): parasitic plant and aphid versus fungus, caterpillar, thrips and drought. Genetic
associations were estimated with a contrast-specific analysis using MTMM. SNPs with a significance above
LOD score 4 (P < 10 for the contrast are clustered according to trait-specific effect size estimated from
the full MTMM. If there was another SNP in LD that had a higher effect size, this SNP was used as
representative for the LD block. Negative effect sizes (blue) were cases where the rare allele was associated
with a detrimental effect on the plants, positive effect sizes (yellow) were cases where the rare allele was
associated with increased resistance to the stress. The rare alleles of the top 10 SNPs are associated with
enhanced resistance to fungus, caterpillar, thrips and drought stresses and reduced resistance to stresses
inflicted by parasitic plants and aphids; the bottom 5 SNPs show the inverse. Stresses are clustered according
to effect size, using Ward’s minimum variance method. If SNPs were located within a 20 kb half-window
of each other, only the SNP with the highest absolute cumulative effect size was included. The key shows

the frequency distribution of SNPs across effect sizes.
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Figure S5. Genetic associations common for plant response to the main clusters of the genetic correlation
network: parasitic plant and aphid on the one hand versus fungus, caterpillar, thrips and drought on the
other hand. Genetic associations were estimated with a contrast analysis using MTMM. SNPs with a
significance above LOD score 4 (P < 10*) for the common response are clustered according to trait-
specific effect size estimated from the full MTMM. If there was another SNP in LD that had a higher
effect size, this SNP was used as representative for the LD block. Negative effect sizes (blue) were cases
where the rare allele was associated with a detrimental effect on the plants, positive effect sizes (yellow)
were cases where the rare allele was associated with increased resistance to the stress. The rare alleles of
the top 6 SNPs are associated with enhanced resistance to abiotic stresses and reduced resistance to biotic
stresses; the bottom 7 SNPs show the inverse. Stresses are clustered according to effect size, using Ward’s
minimum variance method. If SNPs were located within a 20 kb half-window of each other, only the SNP
with the highest absolute cumulative effect size was included. The key shows the frequency distribution of

SNPs actross effect sizes.
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Figure S6. Expression data of 6 candidate genes (resulting from MTMM analysis, see Table 2b) in
plants exposed to biotic or abiotic stress factors, relative to control conditions. a. Shoot tissues and b.
root tissues. Expression data from Arabidopsis eFP browser (http://bbc.botany.utoronto.ca).
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Figure S7. Genetic associations common for plant responses to abiotic and biotic stresses. Genetic
associations were estimated with a contrast analysis using MTMM. SNPs with a significance above
LOD score 4 (P < 10*) for the common response are clustered according to trait-specific effect size
estimated from the full MTMM. If there was another SNP in LD that had a higher effect size, this SNP
was used as representative for the LD block. Negative effect sizes (blue) were cases where the rare
allele was associated with a detrimental effect on the plants, positive effect sizes (yellow) were cases
where the rare allele was associated with increased resistance to the stress. The rare alleles of the top
9 SNPs are associated with enhanced resistance to abiotic and biotic stresses; the bottom 11 SNPs are
associated with reduced resistance to abiotic and biotic stresses. Stresses are clustered according to
effect size, using Ward’s minimum variance method. If SNPs were located within a 20 kb half-window
of each other, only the SNP with the highest absolute cumulative effect size was included. The key
shows the frequency distribution of SNPs across effect sizes.
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Figure S8. Expression data of 3 candidate genes (resulting from MTMM, see Supplementary Table S5)
in plants exposed to biotic or abiotic stress factors, relative to control conditions. a. Shoot tissues and b.
root tissues. Expression data from Arabidopsis eFP browser (http://bbc.botany.utoronto.ca).
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Figure S9. Genetic associations specific for plant responses to either below- or aboveground stress.
Genetic associations were estimated with a contrast analysis using MTMM. SNPs with a significance above
LOD score 4 (P < 10 for the belowground-aboveground contrast are clustered according to trait-specific
effect size estimated from the full MTMM. If there was another SNP in LD that had a higher effect size,
this SNP was used as representative for the LD block. Negative effect sizes (blue) were cases where the rare
allele was associated with a detrimental effect on the plants, positive effect sizes (yellow) were cases where
the rare allele was associated with increased resistance to the stress. The rare alleles of the top 12 SNPs
are associated with enhanced resistance to aboveground stresses and reduced resistance to belowground
stresses; the bottom 8 SNPs show the inverse. Stresses are clustered according to effect size, using Ward’s
minimum variance method. If SNPs were located within a 20 kb half-window of each other, only the SNP
with the highest absolute cumulative effect size was included. The key shows the frequency distribution of
SNPs across effect sizes.
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Figure S10. Genetic associations common for plant responses to below- and aboveground stresses. Genetic
associations were estimated with a contrast analysis using MTMM. SNPs with a significance above LOD
score 4 (P < 10 for the common response are clustered according to trait-specific effect size estimated
from the full MTMM. If there was another SNP in LD that had a higher effect size, this SNP was used as
representative for the LD block. Negative effect sizes (blue) were cases where the rare allele was associated
with a detrimental effect on the plants, positive effect sizes (yellow) were cases where the rare allele was
associated with increased resistance to the stress. The rare alleles of the top 5 SNPs are associated with
enhanced resistance to above- and belowground stresses; the bottom 11 SNPs are associated with reduced
resistance to above- and belowground stresses. Stresses are clustered according to effect size, using Ward’s
minimum variance method. If SNPs were located within a 20 kb half-window of each other, only the SNP
with the highest absolute cumulative effect size was included. The key shows the frequency distribution of
SNPs across effect sizes.
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Abstract

Plant resistance mechanisms to aphids are still largely elusive and hardly supported
by genetic evidence. By genome-wide association mapping of Myzus persicae feeding
behaviour on 350 natural Arabidopsis thaliana accessions we identified the hsp20-like
PHI.OEM HEAT-RESPONSE LLOCUS (PHIL.O). Aphid behaviour was associated
with polymorphisms in the intron of the PHLO alpha-crystallin domain. On phlo
T-DNA insertion lines, aphids showed a strong increase in the duration of phloem
ingestion, honeydew excretion rate and reproduction compared to the wild type. A
similar difference in phenotype, although with less strong effects, was observed between
the natural accessions Col-0 and C24, and was associated with a quantitative trait locus
around PHIO. The effects in the T-DNA lines were more pronounced when plants
were grown at 26°C than at 20°C. RT-qPCR revealed that PHI.O gene expression was
induced at 26°C. Interestingly, the aphid-resistant PHI.O haplotype occurs particularly
in geographic regions with large annual temperature fluctuations. Apart from the effects
on aphids, we observed a stunted growth of the inflorescence stem at 26°C and reduced
seed dormancy in phlo-1, indicating that PHLO might be relevant for plant fitness during
high ambient temperature. PHI.O’ closest homologue, RESTRICTED TOBACCO
ETCH POTYVIRUS (TEV) MOVEMENT 2 (RTM?2), restricts virus transport
through the vascular bundle via an unknown mechanism. Although co-expression
analysis suggested a link between PHI.O and callose-mediated sieve plate occlusion, we
could not confirm a callose deposition phenotype. Yet, phloem exudation rates were
lower in phlo-1 plants at 26°C. Based on its absence in the Poaceae family, which is
devoid of phloem proteins, and its co-expression with phloem filament proteins, we
postulate that PHLO might be a clamp protein that anchors phloem proteins to the
lateral membrane of sieve elements and thereby obstructs the aphid’s food channel and
increases flow rate during moderate heat stress. Altogether, we found a gene which has
substantial implications for plant resistance to aphids and requires further functional
characterisation.

Background

Aphids impose substantial economic damage to a wide variety of crops (FAO,
2015; Kim ¢# al., 2008a). They are phloem-feeding insects that have evolved a highly
specialised feeding apparatus to get access to the vascular bundle of their host plants.
Aphid mouthparts are called stylets, and consist of specialised mandibles that form a
hollow, needle-like structure (Dixon, 1998). By manoeuvring their stylet bundle through
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the cell wall matrix of the epidermis and mesophyll, they reach phloem sieve elements
without inflicting much damage. Directly after penetrating a sieve element and before
ingesting phloem, aphids inject watery saliva into the sieve element. The salivation
duration and the occurrence of interruptive salivation events during phloem ingestion,
depend on the host plant, aphid species and previous experiences of the aphid (Prado
and Tjallingii, 1999; Tjallingii, 1994, Tjallingii, 2006). Injection of watery saliva has been
suggested to be required for counteracting wound-responses in the phloem (Tjallingii,
2006; Will ez al., 2007). After salivation, aphids can feed for hours or even days from
a single sieve element (Tjallingii, 1995). They are capable of active sap ingestion, but
mainly feed passively. An adjustable piston valve in the stylet’s food channel regulates
the rate of phloem ingestion and prevents damage due to excessive turgor pressure in
the phloem vessels (Dixon, 1998). For plants, a lot is at stake once insects damage or
utilise the vascular network. Not only do aphids remove photoassimilates and transmit
plant viruses to the vascular system, they also affect the systemic signalling network
of the plant by inducing many transcriptional changes (Foyer ¢ a/, 2015). To prevent
deleterious effects on plant fitness, plants harbour several defence mechanisms against
aphids, including the accumulation of secondary metabolites and biosynthesis of cell
wall and epicuticular wax components (De Vos ¢z al., 2007; De Vos et al., 2005; Levy et
al., 2005; Mewis et al., 2005). One of the few examples of near-complete resistance to
aphids occurs in lettuce and is putatively associated with a stylet-blocking mechanism in
the phloem (ten Broeke ez al, 2013a). To further unravel the genetic and physiological
background of plantresistance to aphids, investigating natural variation in plants could be
a valuable approach. Wild plant populations potentially harbour resistance mechanisms
that are subject to natural selection and local adaptation. Genome-wide association
(GWA) mapping is a technique to mine the genomic sequences of large populations
for polymorphisms associated with phenotypic traits (Hirschhorn and Daly, 2005). Due
to the use of dense genotype maps in segregated populations, candidate genes can be
identified with high resolution and without the need for fine-mapping (Bergelson and
Roux, 2010). Nevertheless, GWA mapping has hardly been used to study the genetic
architecture of plant defence mechanisms against herbivorous insects (Atwell ¢f al,
2010; Joukhadar e al, 2013; Samayoa ez al., 2015). One of the reasons is the laborious
nature of phenotyping insect performance on hundreds of plant genotypes (Goggin ez
al., 2015; Kloth et al., 2012). Now that new techniques are available to phenotype large
plant collections (Chen ez a/., 2012; Kloth ez al., 2015), natural resources can be exploited
more efficiently to identify genes underlying plant defence.

In this study, we used a high-throughput video-tracking platform to screen the
feeding behaviour of Myzus persicae (Sulzer) aphids on 350 natural Arabidopsis thaliana
accessions. By GWA mapping we identified .A#3¢70680, a small-heat-shock-like gene
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with so far unknown function. Characterisation of aphid feeding behaviour on transfer
(T)-DNA insertion lines revealed that 4#3¢70680 restricts phloem ingestion and reduces
aphid population size. High ambient temperature induced the expression of .4#3g710680
and resulted in more pronounced effects on phloem ingestion and phloem exudation
rates. We, therefore, named this gene PHIL.OEM HEAT-RESPONSE LOCUS (PHLO).

Results

Identification of PHLO by GWA mapping

Feeding behaviour of M. persicae aphids on 350 natural Arabidopsis accessions was
recorded by automated video tracking. By analysing aphid movements on single leaf
discs we assessed the frequency and duration of tissue penetrations (Kloth ez 4/, 2015).
Particularly the time that aphids spent on short (<3 min) probes showed substantial
variation across the accessions (Figure 1a). Short probes are superficial penetrations of
the epidermis and mesophyll. The more short probes aphids display, the more resistant
plants generally are (van Emden and Harrington, 2007). In the Arabidopsis population,
the total time aphids spent on making short probes during a timeframe of 1.5 hours,
ranged from 19 seconds to 13 min with a median of 3.5 min (Table S1). The trait
heritability was low (7%). Nevertheless, GWA mapping revealed a strong association
with a region on chromosome 3 (Figure 1b). The most significant polymorphism
(-10log(P) value=6.2, chr.3 pos. 3338114) was in linkage with a 24 kb region containing
5 genes (Table S2). This SNP is located in the hsp20-like gene A#3g710680 (PHIL.O)
with unknown function, causing an amino acid change in the conserved alpha-crystallin
domain. A haplotype analysis was performed with 173 re-sequenced accessions of
the GWA mapping population (Cao ¢ al, 2011). In total, PHI.O and its 1000 bp
promoter region contained 82 SNPs, of which 18 were non-synonymous mutations
in the exons (Figure 1c-d). Five polymorphisms, in the intron in the alpha-crystallin
domain, conveyed the largest effect on the phenotype. All of them, except for the first
polymorphism in the intron, were in strong linkage (>0.95) with the most significant
SNP of the GWA mapping;

Temperature-dependent phenotype

To test if PHI.O is indeed involved in resistance to aphids, aphid feeding behaviour
was characterised on two homozygous phlo T-DNA lines in the Col-0 background. The
phlo-1 T-DNA line (SALK_027475) had complete abolishment of PHI.O expression,
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Figure 1. Genome-wide association mapping of aphid feeding behaviour. a. Average total time
aphids were making short probes (< 3 min) on 350 Arabidopsis accessions during a 1.5-h recording (red =
standard error above the mean). b. Genome-wide associations with 214k SNPs. A SNP in gene .4#3¢70680
was most significant (-10log(P)= 6.2). c. All SNPs in .A473¢70680 and its 1000 bp promoter region of 173
resequenced Arabidopsis accessions (green= silent, red= non-synonymous compared to Col-0). Predicted
gene domains are shown in gray, unknown domains in black. Triangles represent T-DNA insertions, the
significant haplotype is annotated with an asterisk. d. For each domain haplotypes were tested for their
effect on the total duration of short probes. There were no significant haplotypes in the promoter and
first unknown domain (not shown). Haplotype frequency is depicted in percentage (*P<0.05, one-way
ANOVA, significant differences are annotated with different letters, NS= not significant).

and the phlo-2 T-DNA line (SAIL_1269_C01) showed a 2-fold reduction in expression
(Figure S1). We followed the behaviour of individual aphids on whole plants for 8
hours by Electrical Penetration Graph (EPG) recording (McLean and Kinsey, 1964;
Tjallingii, 1988). With this technique we assessed which tissue the aphids penetrated
(epidermis/mesophyll or vascular bundle) and what stylet activities they performed (e.g,
salivation, phloem ingestion, xylem ingestion). Because the 350 Arabidopsis accessions
had been grown in climate compartments with the relatively high temperature of 26°C
and PHI_O shares homology with small heat-shock proteins, we investigated a potential
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<« Table 1. Aphid feeding behaviour, measured by 8-h Electrical Penetration Graph recordings on the
natural Arabidopsis accessions Col-0 and C24, a near-isogenic line of Col-0 with a C24 introgression
covering the region around PHIO, and the T-DNA lines phlo-1 and phlo-2 . Experiments were performed
on plants grown at two different temperatures, 20°C and 26°C (time shown in minutes).
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Figure 2. Aphid performance. a. Mean duration of sustained phloem ingestion events (> 10 min) by M.
persicae aphids on the natural Arabidopsis accessions Col-0 and C24, a near-isogenic line of Col-0 with a C24
introgression covering the region around PHI.O, and the T-DNA lines phlo-1 and phlo-2. Plants were grown
at 20°C or 26°C, the duration of the EPG recordings was 8 hours (Kruskal Wallis group-wise comparison
within temperature treatment P<0.001, Mann-Whitney U pairwise comparisons, different letters refer to
significant differences). b. Mean duration of salivation events in the phloem (P<0.05 Kruskal Wallis group-
wise comparison, Mann-Whitney U pairwise comparisons). On wild-type and pblo-1 plants grown at 26°C
the following life history traits were assessed: c. Aphid age when producing their first offspring (P=0.77,
Kaplan-Meier curve of Cox proportional hazards model), d. fresh weight of 7-day-old aphids (P=0.51,
one-way ANOVA), and e. aphid population size after a 2-week infestation with one neonate aphid per plant
(P=0.003, one-way ANOVA).
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temperature effect by including two temperature treatments. When plants were grown
at 20°C, aphids displayed a longer total duration of sustained phloem ingestion on
both phlo T-DNA lines (Table 1), and a longer mean duration of sustained phloem
ingestion events on phlo-2 compared to the wild type (Figure 2a). The effects in phlo-
1 and phlo-2 were, however, more pronounced when plants were grown at 26°C. In
comparison to the wild type, aphids spent less time on penetration of the epidermis
and mesophyll, salivated less before and during feeding (Table 1), and showed a 3-fold
increase in the mean duration of sustained phloem ingestion (Figure 2a). On wild type
plants, aphid feeding behaviour was not affected by temperature. The time required to
reach the phloem did not differ between phlo T-DNA lines and the wild type (Table 1),
indicating that the resistance mechanism was mainly phloem-located and not associated
with epidermal or mesophyll tissue. To assess the effect of the natural haplotype,
aphid behaviour was recorded on accession C24, with the susceptible, non-Col-0 allele
(chr. 3, pos. 3338114, Table S3), and a Col-0 near-isogenic line (NIL) with a 3000 kb
introgression of C24 in the region covering PHI.O. On C24 and the NIL, grown at
26°C, aphids showed less salivation and more phloem ingestion than on Col-0 (Figure
2a-b, Table 1), confirming a phloem-located effect. To assess the long-term impact
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Figure 3. Gene expression of PHIO. a. Expression in Col-0 rosette leaves under different light intensity,
temperature and aphid treatments, measured by RT-qPCR. Fold change expression is shown for plants
grown at high light intensity (120 pmol m-2 s-1) relative to plants grown at low light intensity (70 pmol
m-2 s-1, P=0.74, one-way ANOVA); plants grown at high temperature (26°C) relative to low temperature
(20°C, P=0.042, one-way ANOVA), and plants infested with aphids for 6 h, relative to clean plants (P=0.57,
one-way ANOVA). b. PHI.O expression in different Arabidopsis tissues. Data from 105 anatomical parts
were retrieved from Genevestigator (Zimmermann ez al., 2004), and classified in the above tissue categories
(Kruskal Wallis group-wise comparison P<0.01, Mann-Whitney U pairwise comparisons, different letters

refer to significant differences, bars represent mean * standard error).
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on aphid performance, several aphid life-history traits were quantified at 26°C during
a time course of two weeks on phlo-1 and the wild type. Aphids produced significantly
more offspring on phlo-1, although development time from neonate to adult and aphid
fresh weight were unaffected (Figure 2c-e). RT-qPCR revealed that the expression of
PHI O in Col-0 was higher at 26°C compatred to 20°C, but was not upregulated by high
light intensity or aphid infestation (Figure 3a). These results indicate that although
PHI_O exhibits substantial effects on aphid performance, it is not regulated by aphid

infestation but by ambient temperature.

Effects on callose, phloem exudation and honeydew excretion

Transcriptome repositories showed that PHI.O expression is primarily confined to
phloem tissue of root and shoot (Figure 3b). Its closest homologue, RESTRICTED
TOBACCO ETCH POTYVIRUS (TEV) MOVEMENT 2 (RTM2) is also expressed in
phloem vessels, where it restricts the transport of viruses through the vascular bundle
via an unknown mechanism (Bondino ef a/, 2012; Cayla e al., 2015; Chisholm e al.,
2001; Whitham ez a/., 2000; Whitham ez a/., 1999). Protein similarity between PHLO and
RTM2 is mainly reflected in the alpha-crystallin and transmembrane domain (Table
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Table 2. Genes co-expressed with A473¢70680. The first 22 genes appeated in three independent co-
expression databases: (1) the top 300 genes of Atted-1I version c4.1 (Obayashi ef al., 2014), (2) the top
100 genes of BAR Expression Angler Abiotic Stress, Pathogen, and Extended Tissue Compendium resp.
(Toufighi ez al., 2005), and (3) the top 100 genes of Genevestigator’s Pertubations data set (Zimmermann ef
al., 2004). In total, 597 co-expressed genes were retrieved.

Number of

AGI code Name Description databases

At1g02950 GSTF4 Glutathione transferase belonging to the phi class of GSTs 3

At1g05760 RTM1 RESTRICTED TOBACCO ETCH POTYVIRUS MOVEMENT 1 3

At1g13920 - Remorin family protein 3

At1g63310 - unknown protein 3

At1g68230 - Reticulon family protein 3

At1g73370 SUS6 SUCROSE SYNTHASE 6, involved in callose biosynthesis on 3
sieve plates

At29g27140 - Hsp20-like chaperones superfamily protein, homologue of 3
RTM2 and PHLO

At2g34530 - unknown protein 3

At3g01670 ATSEOR2 SIEVE ELEMENT OCCLUSION-RELATED 2 3

At3g01680 ATSEOR1 SIEVE ELEMENT OCCLUSION-RELATED 1 3

At3g03200 NAC045  NAC domain containing protein 45, DNA binding transcrip- 3
tion factor activity

At3g07420 NS2 Asparaginyl-tRNA synthetase 2 3

At3g18260 - Reticulon family protein 3

At3g20450 - B-cell receptor-associated protein 31-like, intracellular pro- 3
tein transport

At3g58350 RTM3 Restricted Tobacco etch potyvirus Movement 3 3

At4g00890 - Putative glycosyl hydrolase family 10 protein (xylanase) 3

At4g24250 MLO13 Homologous to barley mildew resistance (MLO) protein 3

At4g35970 APX5 Microsomal ascorbate peroxidase 5, involved in hydrogen 3
peroxide scavenging

At4g37445 - Putative member of Calcium-binding EF hand family protein 3

At5g17260 NAC086  NAC domain containing protein 86, DNA binding transcrip- 3
tion factor activity

At5g25370 - Member of C2-PLD subfamily, involved in hyperosmotic 3
response

At5g56720 C-NAD- Lactate/malate dehydrogenase family protein, located in 3

MDH3 membrane

At5g37180 SUS5 SUCROSE SYNTHASE 5, involved in callose biosynthesis on 2
sieve plates

At1g06490 GSL7 GLUCAN SYNTHASE-LIKE 7, involved in callose biosynthesis 2

on sieve plates
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Figure 5. Sugar content of phloem exudates of wild-type and phls-1 leaves. a. Sucrose, b. glucose,
and c. fructose content of phloem exudates, collected at growing conditions of 20°C (P>0.05, one-
way ANOVA). d. Sucrose, e. glucose, and f. fructose content of phloem exudates, collected at growing
conditions of 26°C (*P < 0.05, one-way ANOVA). Phloem was collected from 15 excised leaves per sample
in a 3-hour time course and corrected for leaf fresh weight. Samples were treated with EDTA to prevent
sealing of the vessels. Data represent mean ¥ standard error.

S4). Unlike RTM2, PHLO does, however, not contain a predicted coiled coil region.
PHI.O showed co-expression with several genes related to sieve element occlusion;
the filamentous phloem proteins SIEVE ELEMENT OCCLUSION-RELATED 1
(ATSEORT) and SIEVE ELEMENT OCCLUSION-RELATED 2 (ATSEOR2)
(Ruping ¢z al., 2010), and three genes involved in callose formation on sieve plates
SUCROSE SYNTHASE 5 (S§US5), SUCROSE SYNTHASE 6 (SUS6) and GLUCAN
SYNTHASE-LIKE (GSL7) (Barratt e al., 2009; Barratt et al., 2011) (Table 2). Based on
the latter, we hypothesized that PHI.O might be required for callose-mediated plugging
of sieve plates. In order to assess callose deposition in the phloem bundle, rosette leaves
of phlo-1 and the wild type were stained with aniline blue and fluorescent signals were
semi-quantified along the leaf mid-vein. Since sieve elements differ in developmental
stage along the mid-vein and callose content depends on the age of cell and sieve
plates (Barratt ez al, 2011; Samuels ez al., 1995), callose was separately semi-quantified
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for the basis, middle and top of the leaf. However, in none of these regions, nor in
the complete mid-vein, did the phl T-DNA line show significant differences in callose
presence compated to the wild type (Figure 4). As an independent test for differences
in sieve plate plugging, we assessed whether the phloem flow rate was different in phlo-
1. Hereto, phloem exudates were collected from excised leaves during a 3-hour time
course at both 20°C and 26°C. Assuming that sugar concentrations were the same in
wild type and phlo-1 phloem, we used total sugar content in EDTA-collected phloem
exudates as an estimate of phloem flow rate. At 20°C, no difference in exudation of
sucrose, glucose and fructose was observed between phlo-1 and wild type (Figure 5a-c).
In contrast to our expectations, at 26°C, sucrose levels were lower in phlo-1 than in
the wild type (Figure 5d-f), suggesting that the phloem flow rate was reduced in the
T-DNA line. To assess the impact on the volume of phloem ingestion, we measured the
honeydew excretion rate of aphids, which is highly correlated to the phloem ingestion
rate (Tjallingii, 1995). On plants grown at 26°C, we collected honeydew droplets with
honeydew clocks and simultaneously recorded stylet activities with EPG recording;
Honeydew droplets were only counted during continuous phloem ingestion events with
a duration of approximately 8 hours to exclude any effects of non-feeding intervals
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Figure 6. Honeydew droplet excretion by M. persicac aphids on wild type and phlo-1 plants. a.
Droplets were collected and counted during continuous phloem ingestion. Every line represents an aphid,
each symbol represents a honeydew droplet. Plants were grown at 26°C. b. Mean honeydew excretion rate
(P=0.018, one-way ANOVA, data represent mean * standard error).
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or lower ingestion rates during short feeding periods. Overall, honeydew excretion
occurred in regular intervals on both plant lines, but the rate of excretion was higher on
phlo-1 (Figure 6). Altogether, these results indicate that PHLO is involved in a callose-
independent mechanism that increases the phloem translocation rate but reduces the
phloem ingestion rate of aphids during high ambient temperature.

PHLO’s association with plant performance and natural environmental conditions
To assess whether PHLO affects any aspects of plant performance, several plant growth
and developmental parameters were measured in phlo-1 and the wild type. For these
assays, new seeds were collected from wild type and mutant plants grown at 26°C and
subjected to 2.5 weeks of dry storage after harvest. Germination assays were performed
at standard conditions of 22°C and suboptimal conditions of 25°C, in order to reveal
subtle differences in the performance of not completely after-ripened seeds (Tamura
et al., 20006). Under suboptimal conditions, phlo-1 displayed a significantly higher seed
germination rate and germination percentage compared to the wild type (Figure 7),
suggesting that phlo-1 seeds had reduced dormancy. When seeds were cold stratified to
break dormancy (Bentsink and Koornneef, 2008), the effect was not visible anymore.
T-DNA plants did not display irregularities in rosette development and time to bolting
when grown at 26°C. The growth of the inflorescence stem was, however, stunted in
the first phase after bolting (Table 3). In view of the quantitative effects of PHLO on
seed dormancy and inflorescence development, we tested the geographical distribution
and climate conditions for the most significant SNP of the GWA mapping analysis. The

Table 3. Rosette and inflorescence development of wild type and phlo-1 plants. Seeds were cold stratified
before sowing, and plants were grown at 26°C, 8 h:16 h L:D photoperiod. Leaves were counted when they

were > 1 mm in length.

Variable Col-0 phlo-1
Number of leaves (15 days) 7.8+0.12 7.6 £0.14ns
Number of leaves (35 days) 30.2+0.59 29.4 +£0.37ns
Rosette fresh weight (gram, 35 days) 1.3+0.06 1.2 £0.05ns
Time to bolting (days) 52.8+0 54+ 1ns
Inflorescence stem height (cm, 58 days) 8.9+2 2.3+1*
Inflorescence stem height (cm, 60 days) 16.1+2 7.6+2%
Inflorescence stem height (cm, 63 days) 233+1 14.3 +3ns

Means + standard error, *P<0.05; **P<0.01; ***P<0.001 (one-way ANOVA, leaves at 15 days: n=13,
leaves and fresh weight at 35 days: n=8, other variables: n=4-5).
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Figure 7. Seed germination of the wild type and phl-71 T-DNA line. a. Germination percentage
during incubation at 22°C of stratified (open circles) and unstratified (closed circles) seeds (P>0.05, one-
way ANOVA). b. Germination percentage during incubation at 25°C. For unstratified seeds, maximum

germination percentage and area under the curve were significantly different between Col-0 and phlo-1
(P=0.012, resp. P=0.007, one-way ANOVA).

occurrence of the resistant Col-0 haplotype was biased to Eastern Europe (P=3.2%¥10,
Mann-Whitney U test on longitude, P=0.13, Mann-Whitney U test on latitude, Figure
$2). In addition, twelve out of 52 climate variables (Table S5-S6) had a significant effect
on the occurrence of the haplotype (P<0.001, Mann-Whitney U test with Bonferroni
correction), including nine temperature variables. Overall, the resistant allele occurred
significantly more often in habitats with high temperature fluctuations throughout
the year, relatively low winter temperatures and high wet season temperatures. These
associations suggest that PHLO may play a role in plant responses to temperature which
are relevant for plant fitness.

Discussion

The effect of PHLO on aphids

This is the first study to identify and validate a novel gene involved in plant resistance to
aphids via GWA mapping, We used a video-tracking platform to phenotype M. persicae
feeding behaviour on 350 natural Arabidopsis accessions. The time aphids spent on
short probes showed pronounced variation between accessions. The trait heritability
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was low (7%), possibly due to the use of leaf discs which is known to reduce resistance
effects (ten Broeke, 2013). Nevertheless, GWA mapping revealed a strong association
with a SNP in PHIL.O (A#3¢10680), encoding an hsp20-like gene. Remarkably, PHI.O
was not identified by natural variation in sustained feeding events, which was the major
phenotype of the NIL and T-DNA lines. We presume, however, that the duration of
the video recording was too short (1.5 h) to reveal any variation in long events. Aphid
behaviour was most strongly associated with polymorphisms in the intron, which
might cause alternative splicing of the alpha-crystallin domain. The involvement of
PHLO in plant resistance to aphids was validated with detailed EPG recording of aphid
feeding behaviour on whole plants. Testing of phlo T-DNA lines showed that PHLO
substantially affects aphid feeding behaviour and revealed that the effect of PHLO
is temperature-dependent. On phlo T-DNA plants grown at 26°C, aphids showed a
3-fold increase in the mean duration of phloem ingestion events and an almost 2-fold
higher rate of phloem volume ingestion compared to the wild type. In addition, aphids
were salivating less before and during feeding and spent less time on penetrating the
epidermis and mesophyll on plants of the T-DNA lines, most likely as a consequence
of rapid phloem acceptance and subsequent feeding. When plants were grown at 20°C,
the total duration of phloem ingestion was still 1.5- to 3-fold higher on the T-DNA lines
compared to the wild type, but the majority of the effects were smaller or absent. Phlo-2
displayed a stronger effect at 20°C than phlo-1. phlo-2 Plants had a homozygous insertion
in the last exon, but gene expression was not completely abolished in this T-DNA line
(Figure S1). This may have influenced the phenotype relative to phlo-1 in which PHI.O
expression is completely abolished due to an insertion in the promoter. Differences
between natural haplotypes were small, but also here, the effects were associated with
the phloem. Aphids showed less salivation in the phloem (Figure 2b) and prolonged
phloem ingestion (Table 1) on the natural accession C24 and the NIL compared to Col-
0. Altogether, we have found a gene with an important role in Arabidopsis resistance

to M. persicae aphids.

Links between PHLO and restriction of virus transport

Bondino e al. (2012) showed that PHILO is part of the phylogenetic clade UAPVI of
alpha-crystallin domain genes, together with its closest homologue RTM2. PHI.O and
RTM?2 are considered to have evolved from a gene duplication event (Cosson e al.,
2012). RTM2 proteins are located at the lateral sides of phloem sieve elements as well as
on sieve plates. PHI.O shows co-expression with RESTRICTED TEV MOVEMENT
7 (RIM7), RESTRICTED TEV MOVEMENT 3 (RTM3), and A#2¢27140, a mote
distant homologue of PHI.O and RTM?2 from clade UAPVII (Bondino e# al, 2012).
RTM1, RTM2 and RTM3 are all required for the restriction of TEV transport through
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the phloem vessels (Cayla ez al., 2015; Chisholm ez al., 2001; Cosson ez al., 2010; Mahajan
et al., 1998; Whitham ez a/., 2000). How the RTM genes restrict virus transport is still
unclear, but it involves multiprotein complexes of homo- and heterodimers of RTM1
and RTM3 (Cosson ¢ al., 2010). RTM2 proteins have not been found to interact with
RTM1, RTM3 or itself. The co-expression analysis of PHI.O also revealed a gene
belonging to the remorin family proteins (Table 2), some of which have been shown
to restrict viral movement through plasmodesmata (Raffaele ef a/, 2009). Based on
homology, co-expression and experimental data, it is most likely that PHI.O, RTM2,
and possibly also .172¢27740, have a similar functionality in the phloem, but respond to
different stimuli.

A putative role of PHLO in sieve element occlusion-related processes

The reduced phloem exudation rate of phlo-1 compared to the wild type and increased
phloem ingestion rate by aphids, indicate that PHLO plays a role in the regulation
of phloem transport. Indeed, co-expression analysis of PHIO reveals associations
with sieve element occlusion mechanisms. PHI.O is co-expressed with genes involved
in callose-mediated sieve plate occlusion (SUS5, SUS6, GSL7) (Barratt et al, 2009;
Barratt ¢z al., 2011), and the phloem proteins ATSEORT and ATSEORZ2 (Table 2). To
counteract phloem leakage upon injury, plants are considered to employ phloem protein
aggregations for rapid occlusion within 15 to 45 seconds (Furch ¢z a/, 2007; Knoblauch
and Mullendore, 2013), and the formation of callose collars around sieve plate pores for
slower occlusion within several minutes (Thompson and Van Bel, 2013; Will and van
Bel, 2000). Sieve element occlusion has also been suggested as a resistance mechanism
to aphids (Dreyer and Campbell, 1987; Van Bel, 2003; Will ¢# 4, 2013), and callose
deposition and phloem protein dispersal have both been described during temperature
fluctuations (Furch ez al, 2007; McNairn, 1972; McNairn and Currier, 1968). In addition,
plugging of sieve plate pores and sequestering of viroid RNA by phloem proteins, as
has been observed in cucumber (Gémez and Pallas, 2004; Hipper ez al., 2013), would
both be plausible explanations for constrained long-distance movement of potyviruses
by RTM2. Below, we discuss the putative role of PHLO in callose deposition and
phloem protein dispersal.

No evidence for PHLO-mediated callose deposition in the vascular bundle

Sieve plates interconnect individual sieve elements and play an important role in the
regulation of phloem transport. The pore diameter in sieve plates can be dynamically
altered by the deposition and removal of callose (Barratt ez al., 2009; Barratt ez al., 2011).
Increased callose deposition leads to reduced phloem flow, which has been hypothesized
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to reduce phloem ingestion by aphids (Dreyer and Campbell, 1987; Will and van Bel,
2000). It is, however, doubtful whether a moderate reduction in flow rate will hamper
the passive ingestion of phloem by aphids. Phloem translocation rates depend on
plant species, but have in general been estimated at 200400 um s (Knoblauch and
Oparka, 2012; Windt e a/., 2006). Aphids generally have to reduce the excessive flow
with an adjustable piston valve in the food channel (Dixon, 1998). Therefore, only
large depressions in flow rate, requiring substantial callose depositions, would decrease
phloem ingestion. Nonetheless, we tested the putative involvement of PHLO in
callose deposition in the vascular bundle. Callose synthases are anchored in the plasma
membrane and form complexes with other proteins, such as phragmoplastin and Rho-
proteins, with which they synthesize callose via multiple steps (Verma and Hong, 2001).
PHLO is a chaperone-like protein with a transmembrane domain, and could possibly
participate in these callose-synthesis protein complexes. Due to the increased phloem
ingestion by aphids, we expected a decreased callose content in the vascular bundle and
a higher phloem transport velocity in phlo-1 compared to the wild type. Aniline blue
staining of phlo-1 and wild type leaves did, however, not reveal significant differences.
In addition, phle-1 showed a lower phloem exudation rate compared to the wild type,
in contrast to what would be expected in the absence of callose plugs. In view of these
findings, we consider it unlikely that PHLO is involved in callose deposition on sieve

plates.

Is PHLO involved in phloem-protein-mediated resistance to aphids?

One of the most intriguing characteristics of PHI.O and RTM?2 is, that they do not
seem to occur in the Poaceae family (Bondino ¢7 a/., 2012), which is known to be devoid
of phloem proteins (Dinant ¢7 a/., 2003; Eleftheriou, 1990; Knoblauch and Mullendore,
2013). Phloem protein is a collective term for mostly uncharacterised proteins that
appear in a wide variety of shapes (e.g. amorphous, crystalline, filamentous) both at
the margins and in the lumen of the sieve elements (Ehlers ¢# a/., 2000; Evert, 1990).
Upon injury or temperature fluctuations they disperse into the sap where they can form
aggregations that press against the sieve plate within seconds (Ehlers ¢ a/., 2000; Furch
et al., 2007; Knoblauch and Van Bel, 1998). The exact function of phloem proteins is
still largely unknown, but some studies showed that they reduce phloem loss (Ernst ez
al., 2012; Knoblauch and Van Bel, 1998). Phloem proteins may also block the aphid
stylet. Transverse sections of stylets during phloem ingestion revealed the accumulation
of filamentous and amorphous proteins in the food channel of several aphid species
(Tjallingii and Hogen Esch, 1993). The inhibition of food ingestion was indirectly
illustrated by prolonged phloem exudation from cut aphid stylets in Poaceae plants
compared to dicot plant species (Knoblauch and Mullendore, 2013). Aphids respond to
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sieve element occlusion by the secretion of watery saliva (Furch ¢z a/., 2010; Tjallingii,
2000). This watery saliva contains calcium ion-scavenging proteins that are considered
to inhibit phloem protein aggregations (Will ez a/, 2007). The phenotype of the phlo
T-DNA lines matches the expectations of reduced phloem protein obstruction: aphids
secreted less saliva into sieve elements, showed prolonged phloem feeding and ingested
more volume (Table 1, Figure 6). Its absence in the Poaceae family and its co-expression
with the phloem protein encoding genes, RTM7, RTM3, ATSEORT and ATSEOR2,
make PHI.O a likely candidate for a phloem-protein-related resistance mechanism.
ATSEORT and ATSEOR?2 are both filamentous proteins that form protein meshwork
and dense slime agglomerations at the margins and in the lumen of sieve elements
(Anstead ez al., 2012; Cayla et al., 2015; Froelich ef al., 2011; Ruping ez al., 2010). A
previous study showed that of ATSEOR1 and ATSEOR2 were not detrimental for the
development and reproduction of M. persicae aphids (Anstead ez al., 2012). Whether or
not these phloem proteins have an effect on aphids might, however, depend on their
state, e.g being attached to the margins or dispersed in the sap, and forming monomers
or protein aggregations. Possibly not aphids, but environmental factors such as high
temperature, could determine the state and abundance of proteins such as ATSEOR1
and ATSEOR2. Based on the current insights in phloem biology, we consider two
hypotheses for the functionality of PHLO: (1) it is a clamp protein which anchors
phloem proteins to the lateral sides of sieve elements, and (2) PHLO is a chaperone
facilitating transport of phloem proteins to the sieve elements. Some microscopic
studies describe minute clamp-like structures linking sieve element components to
each other and to the parietal plasma membrane (Cayla e a/, 2015; Ehlers ef al., 2000
Froelich ¢z al., 2011). As a clamp protein, PHLO could be attached to the lateral plasma
membrane, endoplasmic reticulum or plastids with its C-terminal membrane domain,
and anchor phloem proteins with a chaperone domain. Tjallingii and Hoogen Esch
(1993) illustrated that particularly sheets of slimy, filamentous proteins along the margins
of sieve elements encapsulate the stylet tip and occlude the entry of the aphid’s food
channel. Via the anchoring to PHLO and by the formation of homo- and heterodimers,
slimy phloem protein aggregations could develop along the margins of a sieve element.
Membrane-attached protein sheets could be more detrimental for aphid feeding than
dispersed proteins in the sieve element lumen, because they would cover and encapsulate
the stylet tip directly after penetration of the sieve element membrane (Figure 8a). In
the absence of PHLO, phloem proteins would be dispersed in the sap and give room
for passive entry of phloem into the food channel . In addition, this hypothesis would
explain the reduced phloem exudation rate of phl T-DNA plants, because they would
have more proteinaceous obstacles in the sieve element lumen which could decrease
phloem flow rate (Figure 8b). As an alternative hypothesis we consider the possibility
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(a) (b)

aphid stylet bundle

Figure 8. Working model of PHLO as a clamp protein. a. Aphid stylet penetration of a sieve element
(se) in a wild type plant. Clamp proteins (cp) anchor phloem proteins (pp) to the plasma membrane (pm).
When the stylet protrudes through the plasma membrane, sheets of protein aggregations encapsulate the
stylet tip and block the aphid’s food channel (fc). Aphids increase salivation to degrade the phloem proteins
(morte blue bubbles). b. In the phlo T-DNA line, phloem proteins are dispersed in the sieve element lumen
and press against the sieve plate (sp). Phloem transport rate is decreased, but the stylet tip is free of protein
agglomerations, facilitating the passive uptake of phloem sap (p) (md= mandibular stylets, mx= maxillary

stylets, sc= salivary channel, dimensions are not drawn to scale).

that PHLO is a molecular chaperone involved in the transport of phloem proteins from
companion cells to sieve elements (Bel ¢z a/., 2002; Oparka and Turgeon, 1999) (Figure
9). It PHLO is such a chaperone, phlo T-DNA lines would lack phloem proteins in
the sieve elements and allow unobstructed phloem ingestion by aphids. This scenario
would, however, not explain the reduced phloem exudation rate in phlo-1 compared to
the wild type. Protein pull-down assays and imaging of individual sieve elements with
fluorescently labelled PHLO and its target proteins will be instrumental in validating
both hypotheses in follow-up work.

The role PHLO and phloem proteins might play during moderate heat stress

Overall, our study shows that PHILO is temperature responsive and affects plant
performance during moderate heat stress. Interestingly, Arabidopsis accessions with the
resistant PHI.O allele occur more often in regions with large temperature fluctuations
throughout the year (Table S6, Figure S2), suggesting that natural variation in PHI.O
is relevant for plant fitness in these conditions. Seed dormancy was higher in phlo-1.
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Figure 9. Working model of PHLO as a molecular chaperone in the transport of phloem proteins
from companion cells to sieve elements. Molecular chaperones (mc) are attached to the desmotubule
(dt) in plasmodesmata (pd) and transport phloem proteins (pp) to the sieve element, where they are
embedded in the endoplasmatic reticulum (er) or disperse into the phloem sap (p) (picture adjusted from
Oparka ez al. (1999)).

Dormancy is known to reduce when parental plants experience high temperatures during
seed maturation (He ez a/., 2014), suggesting that T-DNA plants were more sensitive to
high temperatures than Col-0. In addition, phlo-1 plants displayed a stunted growth
of the inflorescence stem at 26°C. Carbohydrate allocation is crucial during this stage
of rapid elongation, and the phlo-1 phenotype could, therefore, be caused by impaired
phloem translocation. The question is, however, what type of stress high temperature
imposes on the phloem. Phloem transport is affected by many temperature-sensitive
processes, including photosynthesis and respiration, but most importantly, transpiration
and water availability (HOlttd e a/., 2009; Lemoine ez al., 2013; Wahid e al., 2007). High
temperature will lead to increased transpiration and thus shortage in water availability.
Since phloem translocation is driven by osmotically generated pressure-driven flow
(Munch, 1926, 1927, 1930), reduced water availability will result in a reduced flow
rate (Hall and Milburn, 1973; Hélttd ez al., 2009). Plants somehow need to maintain a
constant phloem translocation rate when temperatures rise, and possibly even upregulate
it due to a temperature-driven increase in metabolic activity. This might explain why we
observed a higher phloem exudation rate in Col-0 at 26°C compared to 20°C (Figure
5). The next question is, what role phloem proteins might play during moderate heat
stress. Previous studies have described that both heat and cooling induced changes
in the state of phloem proteins (Furch ef al, 2007; Lemoine ez al, 2013; Thorpe et
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al., 2010). In an extensive literature review, Knoblauch e 4/ (2014) illustrate that most
studies lack, however, empirical evidence that phloem proteins affect phloem flow rate.
It was even demonstrated that the presence of ATSEOR1 and ATSEOR2 hardly reduce
phloem translocation (Froelich ez a/, 2011). Based on a phloem flow calculation model,
Knoblauch ez a/. (2014) concluded that phloem protein agglomerations do not obstruct
the volumetric flow rate, as long as the hydrostatic pressure increases correspondingly.
Interestingly, the latter assumption is most likely violated during heat stress. In
conditions of decreased water availability, the hydrostatic pressure will decrease and,
according to the model, sieve element occlusion-related agglomerations could play a
more dominant role in the obstruction of phloem translocation. We speculate that, to
facilitate phloem translocation, it would be beneficial for plants to reduce the amount
of phloem proteins in the sap or to retract them to the margins of sieve elements
during heat stress (Figure 8a). If PHLO is anchoring phloem proteins to the margins
of sieve elements, phlo knockout plants would have more dispersed phloem proteins
(Figure 8b), and particularly during heat stress, experience a lower phloem flow rate
than wild-type plants. Our phloem exudation results are not sufficient to validate this
hypothesis, since we used detached leaves and cannot discriminate phloem exudates from
carbohydrate leakage of other cells (Knoblauch ez a/., 2014). Therefore, live tracking of
phloem translocation in whole plants, for example with FRAP (fluorescence recovery
after photo-bleaching) in combination with CFDA (carboxyfluorescein diacetate), is
required to confirm the effect of PHLO and phloem proteins on the phloem flow rate
during moderate heat stress.

Materials and methods

Plants and insects

A collection of 350 natural accessions of Arabidopsis thaliana (1..) Heynh. was obtained
from the ABRC Stock Center (Baxter ez a/., 2010). This set was selected in a previous
study to represent most intraspecific genetic vatriation and minimal redundancy (Platt ez
al., 2010), and was genotyped for approximately 214,000 SNPs with Atsnptilel arrays
(Atwell e al., 2010; Horton ef al., 2012; Li ez al., 2010). The T-DNA lines SALK_027475
(phlo-T) and SAIL_1269_CO01 (phlo-2), both in a Col-0 background, were obtained from
the BEuropean Arabidopsis Stock Centre (NASC). Homozygous T-DNA plants were
selected with PCR (Table S7) and harvested for seeds for subsequent experiments.
The location of the T-DNA inserts was validated via sequencing and .4#3¢70670 and
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A3g10680 expression was measured with RT-qPCR (n=3, Figure S1). The natural
accession C24 and the near-isogenic Col-0 line with a C24 introgression on chromosome
3 between position 276,917 and 3,463,232, were obtained from the Max Planck Institute
of Molecular Plant Physiology in Golm, Germany (T6tjék ef al., 2008). For all plant
lines, seeds were cold stratified for 72 h at 4°C before they were sown into pots (5 cm
diameter) with pasteurized (4 h at 80°C) Arabidopsis potting soil (Lentse potgrond,
Lent, The Netherlands) in a climate room at 26 £ 1°C, 50-70% relative humidity, an 8
h:16 h L:D photopetiod, and a light intensity of 200 umolm™2s™". To assess temperature
effects, plants were also grown in a climate cabinet at 20 £ 1°C, 60-70% relative humidity,
an 8 h:16 h L:D photoperiod, and light intensity of 120 pmol m™* s™". For assessment
of light intensity effects on gene expression, light intensity in the climate cabinet was
changed to 70 pmol m™ s™'. Green peach aphids, Myzus persicae (Sulzer), were reared
on radish, Rapbanus sativus (L.), at 19°C, 50-70% relative humidity and a 8 h:16 h L:D

photoperiod. Only wingless aphids have been used throughout this study.

Automated video tracking

Aphid behaviour was tracked on 350 natural accessions of Arabidopsis (n=3-0)
according to the methodology of Kloth ef a/. (2015). One aphid was introduced into
a well of a 96-well plate containing a leaf disc of 6 mm diameter, abaxial side up, on
1% agar substrate. Wells were covered with cling film, to avoid aphid escape, and 20
aphids were recorded on 20 different accessions simultaneously with a camera mounted
above the plate, in a climate-controlled room at 22 * 1°C. EthoVision® XT 8.5 video
tracking and analysis software (Noldus Information Technology bv, Wageningen,
The Netherlands) was used for automated acquisition of aphid position and velocity.
The number and duration of probes were subsequently calculated with the statistical
computing program R (R-Core-Team, 2013). Leaf discs were made of intermediately
aged leaves of 4- to 5-week-old Arabidopsis plants, one disc per plant. Aphid behaviour
was recorded for 85 min, starting immediately after inoculation of the aphids. The
video-tracking assay was performed in an incomplete block design with each complete
replicate consisting of 18 blocks of 20 accessions. Sixty plants were screened each day
across 3 blocks, and one replicate of the complete Hapmap collection was acquired
in 6 days. An alpha design was generated with Gendex (http://designcomputing.net/
gendex/) to assign accessions to each block.

GWA mapping
GWA mapping was performed on the total time spent on short probes (< 3 min,
data arcsine transformed) with scan_GLS (Kruijer ¢7 al., 2015). Within scan_GLS, the
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program asreml (VSN International Ltd.) was used to apply a mixed model to correct
for population structure, which was estimated with a kinship matrix including all SNPs.
SNPs with a minor allele frequency below 0.05 were excluded from analysis. Blocks
and replicates were included in the model as covariates. Generalized heritability was
calculated according to Oakey ez a/. (2000).

LD, haplotypes and co-expression

Linkage disequilibrium (LD) between A4#3g70680 and other genes was taken into
account for polymorphisms in a 150 kb window around the highest SNP, with an LD of
0.3 as the lower threshold. LD was calculated using the re-sequenced data of more than
500 Arabidopsis accessions from the 1001 Genomes Project (www.1001genomes.org)
(Cao ¢t al., 2011) using the SNP LD tool as described in Bac-Molenaar ¢z a/. (2015a). A
haplotype analysis was based on 173 re-sequenced accessions from the GWA mapping
population. For each domain, haplotypes were defined as unique SNP combinations
with a frequency above 5%. A promoter region of 1000 kb was used and gene domains
were obtained from Interpro (Mitchell ez @/, 2015). In total 597 co-expressed genes
of A3g10680 were identified from 3 independent co-expression databases: (1) top
300 genes of Atted-11 version c4.1 (Obayashi ez al, 2014), (2) top 100 genes of BAR
Expression Angler Abiotic Stress, Pathogen, and Extended Tissue Compendium resp.
(Toufighi et al., 2005), and (3) the top 100 genes of Genevestigator’s Pertubations data
set (Zimmermann et al., 2004).

RT-qPCR

Two intermediately aged leaves per 4- to 5-week-old Arabidopsis plant were harvested
between 12 and 3 pm. Samples were immediately frozen in liquid nitrogen, and stored
at -80°C until processing. RNA was isolated from homogenised leaf material with
an InviTrap® Spin Plant RNA kit, and treated with Ambion® TURBO DNA-free™
according to the manufacturer’s instructions. RNA was quantified with a NanoDrop®
ND-1000 spectrophotometer, and integrity was assessed with gel electrophoresis. DNA-
free RNA was converted into cDNA using the Bio-Rad iScript™ cDNA synthesis kit.
Quantitative reverse transcription PCR was carried out on a Bio-Rad IQ™5 system
using SYBR Green. For each primer combination (Table §7), RT-qPCR products were
sequenced to validate the region of amplification. To test the effects of light intensity,
samples were collected at 70 pmol m? s (20°C ) and 120 pmol m? s (20°C) (n=3).
For temperature effects, samples were collected from plants grown at 20°C and 26°C
(n=8). To test induction by aphids, samples with and without aphids were collected at
26°C (n=4). Fifteen adult M. persicae aphids were contained on each leaf, using a Petri
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dish with indentation for the petiole. Plants without aphids received an empty Petri dish.
Samples were harvested 6 h post infestation.

Electrical Penetration Graph recording

Feeding behaviour of M. persicae aphids was measured with EPG recording on 4- to
5-week-old plants, using direct currents (DC) according to the methodology of ten
Brocke ¢f al. (2013a). To adjust the radish-reared aphids to Arabidopsis, aphids were
transferred to Col-0 Arabidopsis plants 24 h before the experiments. EPG recording
was petformed at 22 + 2 °C and light intensity of 120 pmol m™ s™', using clean plants
and one aphid per plant. An electrode was inserted in the potting soil and a thin gold
wire of 1.5 cm was gently attached to the dorsum of an adult, wingless aphid with
silver glue. The electrical circuit was completed when the aphid’s piercing-sucking stylet
mouthparts penetrated the plant cuticle. Electrical signals associated with stylet activities
were recorded and annotated with EPG Stylet+ software and further processed in R
(R-Cote-Team, 2013; Tjallingii, 1988) (http://www.epgsystems.eu). Between 13 and 20
biological replicates were measured (20°C: Col-0 n=13, phlo-1 n=13, phlo-2 n=16; 26°C:
Col-0 n=20, C24 n=14, Col-0xC24 n=14, phlo-1 n=20, phlo-2 n=106).

Honeydew droplet collection

Aphid excretions were collected with honeydew clocks according to Tjallingii ez al.
(1995). Honeydew clocks consisted of a 12 h quartz clockwork (Hechinger, Villingen-
Schwenningen, Germany) with a rotating plastic disc (20 cm diameter) attached.
Honeydew droplets were collected on a 2-cm-wide TLC chromatography paper strip
that completely covered the rear of the rotating disc. To visualise the droplets via amino
acid staining, TLC paper was treated with ninhydrin (Acros organics ninhydrin spray,
0.5% 1-butanol solvent) and dried before the experiment. To adjust the radish-reared
aphids to Arabidopsis, aphids were transferred to Col-0 Arabidopsis plants 24 h before
the experiments. Adult, wingless aphids were positioned on the abaxial side of the
leaves of clean plants, one aphid per plant. Honeydew clocks were placed 1 = 0.5 cm
underneath the position of the aphids. Honeydew collection and EPG recording were
performed simultaneously during 12 h. Honeydew excretion rates were calculated for
time intervals consisting of 8 h of continuous phloem ingestion (Col-0 n=3, phlo-1
n=>5).

Aphid performance
To assess aphid developmental rate and population size, 3.5-weck-old Arabidopsis plants
were infested with 1 M. persicae neonate of 0- to 24-hour-old and placed in a climate
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room at 26 £ 1°C, 50-70% relative humidity, an 8h:16 h L:D photopetiod, 200 pmol m™
s~! light intensity. A soap-diluted water bartier prevented aphids from moving between
plants. None of the aphids developed wings. From day 7 onwards, occurrence of the
first offspring was checked twice per day using 5x magnification glasses (Col-0 n=17,
phlo-1 n1=20). The number of aphids per plant was counted 14 days after infestation.
Plants without an adult aphid 8 days after introduction, and plants without any adults or
neonates 14 days after introduction were excluded from the analysis. Aphid fresh weight
was measured in a separate experiment. Five plants per plant line were infested with
cach 12 neonate aphids of 0- to 24-hour-old in a climate room at 26 = 1°C, 50-70%
relative humidity, an 8h:16 h L:D photoperiod, 200 pmol m™? s™" light intensity. After
8 days of infestation and before the onset of reproduction, aphids were weighed per
plant, and the average fresh weight per aphid individual was calculated per plant.

Callose measurements

Callose depositions were stained with aniline blue (Zhou, 2012). One leaf of intermediate
age per 4.5-week-old plant was placed in 96% ethanol overnight, incubated in sodium
phosphate buffer (70 mM, pH=9) for 1 hour and impregnated in 0.05% aniline blue
(VWR Chemicals) solution of sodium phosphate buffer (70 mM, pH=9) for 2 days.
Per plant line, the complete mid-vein was imaged with a fluorescent microscope, based
on approximately 30 images (Nikon Instruments Europe BV, 100x, DM400 filter), for
six biological replicates. Fluorescent areas were semi-quantified with Image] (Schneider
et al., 2012), counting all particles > 5 pixels using the threshold adjustment method
“Triangle”.

Phloem exudation

Phloem exudates were collected according to Tetyuk ez al. (Tetyuk ez al., 2013). For
each sample, 15 leaves were collected from three 5.5-week-old plants grown at 20°C
or 26°C. In order to chelate free calcium ions and prevent the sealing of the phloem,
the fifteen leaves were stacked and the petioles were submerged in one reaction tube
containing 1.4 ml 20 mM K -EDTA solution. The tubes were placed at 20 £ 2°C or
26 £ 2°C in a closed, transparent container, which was lined with wet filter paper to
prevent excessive transpiration. After 1 h of incubation in the EDTA, the petioles were
washed with distilled, deionized Millipore water to remove the EDTA. Immediately,
the fifteen leaves were transferred into a tube with the petioles submerged in 1.4 ml
autoclaved distilled, deionized Millipore water to collect phloem exudates. The tubes
were placed back in the closed, transparent container at 20 = 2°C or 26  2°C. Exudates
were collected for the first, second and third hour separately, by transferring the fifteen
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leaves each hour into a fresh tube of water (20°C: Col-0 n=4, phlo-1: n=4. 26°C first and
second hour: Col-0 n=4, phlo-1: n=4. 26°C third hour: Col-0 n=2, phlo-1: n=2). Samples
were immediately frozen in liquid nitrogen, and stored at -80°C. Sucrose, glucose and
fructose content were measured by analysing 200 ul exudate with HPLC (Dionex™
ICS5000, Thermo Scientific™), using a Carbopac® PAl-column and guard column at
a compartment temperature of 30°C, and a 20-150 mM NaOH eluent gradient over
30 min and a 150 mM NaOH eluent for 10 min. The column was rinsed between runs
for 5 min with 500 mM NaAc, followed by 10 min equilibration with 20 mM NaOH.
Carbohydrate content was quantified with Chromeleon® 7.

Seed germination

Seed germination values were measured with the Germinator package (Joosen ef al,
2010). Seeds were sown in trays containing two layers of blue germination paper
(Anchor paper Co) with 50 ml of deionized water and depending on the treatment,
were cold stratified at 4°C for 72 hours prior to incubation or incubated immediately.
For germination, the trays were placed under constant light at either 22°C + 0.5 or 25°C
1 0.5. Three biological replicates were measured, each consisting of approximately 50
seeds collected from a different mother plant. Plants were all grown simultaneously at
26 = 1°C, 50-70% relative humidity, 4 weeks under 8 h:16 h and an additional 6 weeks
under 16 h:8 h L:D photopetiod, with a light intensity of 200 umol m™* s™". At the start
of the experiments, seeds had experienced 2.5 weeks of dry storage.

Statistics and data processing

Data were tested for normality and homogeneity of variances using the Shapiro test and
Levene’s test. In case of significant departure from normality, data were assessed with
the Mann-Whitney U test (2 groups), or the Kruskall Wallis test (> 2 groups) otherwise.
Normal distributed data were analysed using a one-way ANOVA. Aphid development
was analysed with a Cox proportional hazards model. Honeydew droplet excretion rate
was calculated as the slope of the linear model between cumulative number of droplets
and time. Climate data were used to test for a haplotype effect using two approaches:
(1) a Mann-Whitney U test, and (2) a mixed model correcting for population structure.
For the latter, haplotype was defined as fixed effect and the first 8 principal components
of the marker-based kinship matrix were included as random effects. Only European
Arabidopsis accessions were tested for geographical distribution patterns and climate
variables (latitude: 36°00°N to 63°00°N, longitude: 26°00°E to 40°00°W), due to the
dense sampling compared to other regions. Statistical tests and graphs were constructed
with R, using the packages “survival”, “sciplot”, “lawstat” and “asreml” (Butler ¢ al,
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2009; Morales, 2011; R-Core-Team, 2013; Therneau, 2015).
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Supplementary information

Table S1. The total time M. persicae aphids spent on short probes (< 3 min) on 350 natural Arabidopsis
accessions. Aphid behaviour was measured with automated video tracking during a 1.5-h observation. For
cach accession the mean value and standard error are shown (n=3-06), as well as the allele for the most
significant SNP from the GWA mapping (A#3¢70680, pos. 3338114). The Col-0 allele (59%) was associated
with an increased total time spent on short probes (Acc= accession, Lat= latitude, Long= longitude,

Mean= mean total minutes, Se= standard error, H= haplotype (Y= Col-0 haplotype)).

Acc Line Lat Long Mean  Se Acc Line Lat Long Mean  Se
CS76100 Bor-4 494 1623 032 0.1 CS76101  Br-0 492 1662 199 043
CS76195 Na-1 475 15 0.58 0.24 €S28550 NFC-20  51.41 -0.64 201 0.9
€$28210 Do-0 5072 8.24 0.83 0.23 Cs76167  Lills-1 56.15 1578 2.08  0.63
CS76133  Ga-0 503 8 098 038 €S28564  No-0 51.06 13.3 211 035
€$28758  Tha-1 52.08 4.3 1.03 038 CS28800 Ven-1 52.03 5.55 213 046
CS76165  LI- 4078 -7291 105 0.1 CS76221 ROM-1 4553 4.85 218 027
OF-095

CS76280 UKSEO6- 513 0.5 219 028
CS28395  Kn-0 549 2389 107 0.28 062
CS22689 RRS-10 4156 -86.43 122 0.2 €S28809 Wag-4 51.97 5.67 219 048
€S28651  Pr-0 50.14 8.61 1.28  0.26 CS28018  Ang-0 503 53 222 051
CS76210  Per-1 58 56.32 145  0.29 CS76160 LDV-14 4852 -407 226 0.5
528282  Go-0 51.53 9.94 146  0.36 C576241  T690 55.84 1331 227 0.66
CS76094  Bay-0 49 1 15 0.52 CS76230  Sg-8 51.41 -0.64 229 034
CS76267 TOU-K-3  46.67 4.12 151 018 €S28364  Je-0 5093 11.59 233 0.5
CS76142 Hov4-1 561 1374 174 057 CS76147  In-0 475 115 234 033
CS76102 Brél-6 563 16 1.75  0.39 CS28097  Bs-2 475 7.5 234 049
CS76132  Fjal-5 56.06 14.29 179 026 CS28729  Sei-0 46.54 1156 237 0.53
CS76104  BUI 48.37 0.93 179 057 528743 Sp-0 5253 13.18 237  0.59
€S28822  WI-0 47.93 10.81 179 037 €S28007  Aa-0 50.92 9.57 238 04
CS28622 PHW-22 5142 -172 18 0.3 €576201  Or-1 56.45 1611 239 031
CS76153  Kin-0 44.46 -8537 181 029 €S76245  TDr-1 5577 14.14 2.4 0.42
CS76189 MOG-37 4867 -407 183 036 C$28133  Cha-0 46.03 7.2 245 048
€S28193  Com-1 49.42 2.82 183 034 €S28202 Db-0 5031 8.32 248 038
CS76117 Dra3-1 5576 1412 183 0.9 CS76170  Lis-2 56 14.7 248 035
CS76125 Eden-2  62.88 18.18 1.84 0.22 CS76183 MIB-28  47.38 5.32 248 033
€S28236  Ep-0 50.17 8.39 1.89  0.47 CS76137  Gr-1 47 15.5 2.5 0.3
CS76203  Oy-0 60.23  6.13 19 0.27 CS76089  ALL1-2 4527 1.48 251 046
CS76239  T540 558 13.1 1.97 034 CS28713  RRS-7 4156 -86.43 251 045
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Table S1. (continued)

Acc Line Lat Long Mean  Se Acc Line Lat Long Mean  Se H
CS76278  UKNW- 54.7 -3.4 2.52 0.42 CS76136  Got-7 51.53 9.94 3.05 075 N
06436
CS76086  627ME- 42.09 -86.36 3.1 072 Y
CS28063 Be-1 49.68 8.62 2.54 0.38 4v1
CS76095 Belmon- 42,12 12.48 2.56 0.51 CS76283  UKSEO6- 51.3 0.4 3.11 0.39 N
te 278
-4-94
CS76085 328PNA  42.09 -86.33 3.11 054 Y
CS76244  Tamm-2 60 235 2.57 0.44 054
CS28786  Ty-0 56.43 -5.23 258  0.29 CS76135  Ge-0 46.5 6.08 312 076 N
CS76300 VOU-2 46.65 0.17 261 042 CS28181  CSHL-5 40.86 -73.47 314 0.7 Y
CS76247 TDr-18 5577 1412 263  0.55 (576144 HR-5 5141 -064 32 053 N
CS76275 UKNW- 544 -3 264 0.66 CS28280  Gie-0 50.58 8.68 322 063 Y
06059
CS28274 Ga-2 50.3 8 3.23 0.5 Y
CS76161  LDV-25 48.52 -4.07 2.65 0.54
CS28142  CIBC-5 51.41 -0.64 3.23 037 Y
CS76289  UKSEO6- 51.2 0.6 2.68 0.61
482 CS76110 Cen-0 49 0.5 3.24 064 Y
CS28663  Pu2-24 49.42 16.36 2.69 0.37 CS76206 PAR-4 46.65 -0.25 3.25 058 N
CS28787  Uk-1 48.03 7.77 2.7 0.35 CS76123  DralV 49.41 16.28 3.26 046 Y
CS76150 Kas-1 35 77 2.72 0.34 CS28810 Wag-5 51.97 5.67 3.26 038 Y
CS28724  Sappo- 43.06 14135 2.72 0.36 CS76292  UKSW- 50.4 -4.9 3.26 063 N
ro-0 06202
CS76291 UKSEO6- 51.1 0.4 2.74 0.35 CS76114 Ct-1 373 15 3.28 079 N
628
i CS76090  ALL1-3 45.27 1.48 33 046 N
CS28760  Tiv-1 4196 12.8 2.79 0.43
CS76287  UKSEO6- 51.3 0.4 33 061 N
CS76124  Duk 49.1 16.2 2.8 0.47 429
CS76231  St-0 59 18 2.8 0.27 CS28739  Si-0 50.87 8.02 3.33 051 N
CS76253 TOU- 46.67 4.12 2.85 0.61 CS76279  UKNW- 54.7 -3.4 3.33 0.3 N
Al-116 06460
CS28158  Cit-0 43.38 2.54 2.87 0.29 CS28344  Hey-1 51.25 5.9 3.34 0.6 Y
CS76226  Se-0 38.33 -3.53 2.95 0.75 CS76172  LL-0 41.59 249 3.34 052 N
CS76285 UKSEO6- 51.3 0.4 2.96 0.49 CS76139  Gy-0 49 2 3.36 083 Y
351
CS28252  Fi-1 50.5 8.02 3.37 052 Y
CS76266 TOU-J-3 46.67 4.12 3 0.55
. CS28017 An-2 51.22 4.4 3.37 036 Y
CS76129  Fei-0 40.5 -8.32 3.01 0.64
CS76299 VOU-1 46.65 0.17 3.39 058 N
CS28461  Li-7 50.38 8.07 3.02 0.26
CS76209  Pent-1 43.76 -86.39 342 055 Y
CS76242 Ta-0 49.5 14.5 3.02 0.61
CS76217  Rak-2 49 16 3.42 097 Y
CS76257 TOU- 46.67 4.12 3.02 0.5
Al-67 CS76151  KBS- 4241 -85.4 3.42 0.51 N
528573 Nw-0 505 85 3.02 083 Mac-8
N CS76084  11PNA4. 42.09 -86.33 343 091 N
CS76298  Var2-1 55.58 14.33 3.02 0.49 101
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Table S1. (continued)

Acc Line Lat Long Mean  Se Acc Line Lat Long Mean  Se
CS28628 PHW-28 50.35 -3.58  3.46 0.33 CS28407 KNO-11  41.28 -86.62 3.82 0.47
CS76252 TOU- 46.67 4.12 349 061 €S28804 Wa-1 523 21 3.85 0.67
A1-115
€S28650  Pog-0 4927 -12321 386 032
CS28633 PHW-33 5225 4.57 35  0.69
€S76193  Mz-0 503 83 39 08
CS76187  MNF- 4359 -86.27 3.5  0.48
Pot-48 CS76156  Nord- 557  13.2 3.9 061
C576207 PAR-5S 4665 -0.25 3.53 0.82 borg
€S28163  Co-2 4012 -825 391 046
CS28575  Nw-2 505 85 353 114
CS28636 PHW-36 48.61 231 3.92 057
€S76191  Mrk-0 49 9.3 356 0.64
CS76240  T620 557  13.2 394 074
CS76276 UKNW- 544 -3 359  0.46
06060 CS76218  Ren-1 485 -141 395 0.49
(576105 Bur-0 541 62 3.59  0.67 CS76200 Omé2-1 5614 1578 396 073
CS76288 2::506' 512 04 3.6 066 €S76295  UlI3-4 56.06 13.97 4.02 0.79
CS76162  LDV-34 4852 407 362 088 CS28614 PHW-14 51.29 0.06 402 079
576097  Bla-1 4168 28 362 079 CS76148  JEA 4368 7.33 403 057
Cs76254  TOU- 1667 412 363 062 CS76099  Bor-1 494 1623 409 0.9
Al-12 CS76234 T1060  55.65 1322 409 0.33
CS76220  Rmx- 4204 -8651 364 062
A180 CS76251 Tottarp-2 55.95 13.85 412  0.64
CS76107 CAM-16 48.27 -4.58 3.67 0.81 CS76255 TOU- 46.67 4.12 4.13 0.65
A1-43
CS76281 UKSEO6- 513 0.5 368 05 )
192 €S28459  Li-6 50.38 8.07 418 057
CS76113 Col-0 38.3 923 3.68 0.74 CS76235 T1080 55.66 13.22 4.2 0.47
CS28631 PHW-31 51.47 -3.2 3.68 0.48 CS76215  Pu2-23 49.42 16.36 4.22 0.83
CS76274 UKIDSO 54.7 2.9 3.71 0.88 CS76261 TOU- 46.67 4.12 4.24 0.63
H-12
€S28640  Pla-0 415 225 371 08
€S28090  Blh-2 48 19 426 058
CS28140 CIBC-2 5141 -0.64 372 064 !
€S76302  Wil-1 54.68 2532 427 115
CS76141  Hod 488 17.1 373 0.69 )
CS76166 Liarum 5595 13.85 43  0.67
CS76098  Blh-1 48 19 373 051
CS76111 CIBC-17 5141 -0.64 434 06
CS76146  HSm 4933 1576 374 0.9
€S28725  Sav-0 49.18 15.88 436  0.67
CS76121  DralVv 49.41 1628 374 071
CS76202  Ost-0 60.25 18.37 437 099
CS76213 Pna-17 4209 -86.33 3.74 0.3
€S28595  Pa-2 38.07 13.22 437 074
CS76176  Lp2-2 4938 16.81 377 047
CS28635 PHW-35  48.61 231 438 036
CS76308  Zzdrl 4939 1625 377 1.09
CS76256 TOU- 46.67 4.12 44 081
CS28051 Arby-1  59.43 16.8 379 0.52 Al1-62
CS76199 NFA-8 5141 -0.64 381 065 (576245 TDr8 5577 1413 44 037
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Table S1. (continued)

Acc Line Lat Long Mean  Se Acc Line Lat Long Mean  Se H
CS28823  Ws 523 30 441 065 €S28053  Ba-1 56.55 -4.8 487 095 N
€528492 Mh-0 50.95 7.5 441 056 CS76127  Est-1 583 253 487 072 Y
528848  Ors-1 4472 224 443 054 CS76108 CAM-61 4827 -458 487 056 N
528510 N4 61.36 34.15 4.44 1.05 CS76179  Lz-0 46 33 49 097 N
CS76173  Lm-2 48 0.5 447 065 CS76185  MNF- 4353 -86.18 492 052 Y
Che-2
CS76265 TOU--6  46.67 4.12 448 0.7
€576269  Udul 4928 1663 495 09 Y
CS28165 Co-4 4012 825 448 06
CS76286 UKSEO6- 513 0.4 495 071 N
CS28626 PHW-26 50.67 -3.84 455 073 414
576096  Bg-2 47.65 12231 455 068 €s76284 ;JrgEos- 51.3 0.4 497 072 N
CS28135 Chat-l 4807 134 457 057 576260 TOU- 1667 412 497 048 Y
CS76194  N13 6136 34.15 457 0.79 B
CS76115 CUR-3 45 175 498 032 N
CS76305  Yo-0 3745 -11935 4.6 024
CS76112  CLE-6 4892 048 499 069 Y
CS76119  DralV 49.41 1628 46 081
CS28141 CIBC-4 5141 -0.64 501 046 Y
€S28692  Rou-0 49.44 1.1 463 094
) Cs76164  Ler-1 4798 1087 502 096 Y
CS76169  Lis-1 56 147 463 064
CS76216  Ra-0 46 3.3 503 071 N
€S76197  Nd-1 50 10 464 097
CS76128  Fab-4 63.02 1832 506 081 Y
(576205 PAR-3 46.65 -025 466 0.89
CS76219  Rev-2 557 134 506 123 Y
CS76143 Hovda- 561 13.74 467 084
la-2 €S28423  Krot-2 4963 1157 506 092 N
€576155  Koln 7 471 065 CS76149  Ka-0 a7 14 506 056 Y
CS28685 Rhen-1  51.97 557 475 08 576263 TOU-17 4667 412 508 062 N
Cs28457 Lis2 5038 807 476 097 C528779 Tscha-l 4707 99 51 041 N
€S76236  T1110 556 132 476  0.88 Cs76188  MINE- 4350 8627 515 045 Y
CS28578 Nzl -37.79 175.28 4.78 0.45 Pot-68
€S28160  Cnt-1 513 1.1 515 067 Y
CS76158  LAC-S 477 682 478 047
Cs28513 N7 61.36 3415 516 095 N
€S28849  Ors-2 4472 224 48 06
€528200 Da-0 49.87 8.65 516 069 Y
CS28610 PHW-10 5129 006 481 076
CS76154 Kno-18 4128 -86.62 5.18 11 Y
CS28201 Da(1)}-12 NA  NA 482 064
€S76228 SLSP-30  43.66 -86.5 5.18 057 Y
528814  Wc-2 526 1007 4.83 074
) CS28613 PHW-13 5129 006 522 075 N
CS76168  Lip-0 50 193 484 062
CS76116  Cvi-0 1511 -23.62 523 086 Y
CS76290 UKSEO6- 513 1.1 484 114
520 CS28382  Kelster-  50.07 8.53 524 09 Y
CS28812  WAR 4173 -71.28 4.86 1.05 bach-2
CS76273 UKID48 547  -2.7 527 051 Y
Cs76174 Lloml-1  56.09 139 486 0.63

w

(SN}
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Table S1. (continued)

Acc Line Lat Long Mean  Se Acc Line Lat Long Mean  Se
528780  Tsu-0 3443 13631 527 056 C576120 DralV  49.41 1628 581 0.67
CS76222 Rsch-4 563 34 527 055 CS76157 LAC-3 477 682 58 129
CS76109 Can0 2921 -13.48 53  0.66 C528099 Bsch-0  40.02 867 58 1.8
576214 Pro-0 4325 -6 531 0.69 528420  Kro-0 5007 897 583 078
528369  JI-3 492 1662 533 077 CS76180 Map-42 4217 -86.41 587 0.8
CS76083 11ME- 4209 -8636 534 041 CS76145  Hs-0 5224 944 589 089

3 CS76223 Sanna-2 6269 18 59 089
528108 Bu-8 505 9.5 536 085

CS76296 Uod-7 483 1445 591 153

528373 Jm-1 49 15 538 127
CS76227 Shah- 3835 6848 54  0.87 528350 0 P13 829 L 058

dara CS28064 Benk-l 52 567 592 076
(528415 Kr-0 5133 656 54 08 CS76301 Wei-0  47.25 826 592 098
576192 Mt-0 3234 2246 541 097 0576093 B31-2 564 129 594 065
(576196 NC-6 35 7918 542 047 528637 PHW-37 4861 231 594 086
CS76270 UKID101 532 -14 543  1.06 76248 TDr-3 5577 1414 594 094
(528750  Ste-0 5261 1186 544 071 €S76122  DralV 49.41 1628 595 0.89
576106 C24 4125 845 544 09 (576002 Appl-16 5633 1597 596 1.1
Cs28128  Ca-0 503 827 546 074 528049 Ann-l 459 613 599 046
576225  Sav-0 49.18 1588 547 0.4 528833 Wt-3 523 93 599 053
528336 Ha-0 5237 974 549 077 28527  Ne-d 48.67 625 605 076
576103 Bu-0 505 9.5 549 096 C$28243  Est-0 583 253 605 084
CS76175  Lév-5 62.8 1808 558 046 CS76140  Hi-0 © 5 61 092
CS76152  Kelster-  50.07 853 559 137 576232 Ste-3 1203 -8651 613  0.69

bach-4
528645 Pn-0 1807 297 562 083 576088  Alc-0 4031 322 615 068
528720 S96 NA NA sed 083 576238 T510 5579 1312 616 083
CS76293 U3 5606 1397 569 093 576304 wes 523 93 617 084
CS76182 MIB22  47.38 532 57  0.88 (528208 D1 as 617075
528583 Old-1 5317 82 571 089 CS76181 MIB-15  47.38 532 618 077
C528277  Ge-1 465 608 572 064 €s28847  Zu-l 4737 855 619 062
(576198 NFA-10 5141 -0.64 573 094 ey L e 3L el
(528587 Or-0 5038 801 577 083 528268  Fr-4 5011 868 621  0.89
(528241 Es-0 60.2 2457 578 186 CS76212 PHW-34 4861 231 628 078
C576208 Paw-3 4215 -86.43 578 0.63 576138 Gull2 563 16 628 045
CS76211  Petergof 59 29 58 1.09
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Table S1. (continued)

Acc Line Lat Long Mean  Se Acc Line Lat Long Mean  Se H
576262 TOU- 4667 412 634 152 528326  Gr5 47 155 767 09 Y
H-13
576229 Sparta-l 5571 1305 7.69 102 Y
528214 Dra-2 4942 1627 635 133
CS76224 Sap-0  49.49 1424 77 095 N
576268  Ts-1 4172 293 636 108
528759 Tingl 565 149  7.87 217 N
528732 Sg-l 47.67 95 636 11
528495 MnzO 50 827 797 108 N
€s28394 KI5 5095 697 638 0.8
576087  Ag-0 45 13 804 127 N
528332 Gu-l 503 8 642 121
576159 Lc-0 57 4 816 032 Y
CS76233 T1040  55.65 1321 6.51  0.88
576306  Zdr-6 4939 1625 818 224 Y
576190  Mr-0 4415 965 651 158
CS76282 UKSEOG- 513 0.4 821 117 Y
576126  Edi-0 6 -3 652 085 272
528568 Nok-l ~ 5224 445 652 0.4 CS76264 TOU-l-2 4667 412 827 054 Y
528620 PHW-20 5129 006  6.64 0.1 528279  Gel-1 51.02 587 83 076 Y
576258  TOU- 4667 412 671 12 528345  Hh-0 5442 989 83 082 Y
A1-96
Cs76243  TAD 62.87 1834 842 12 Y
CS76131 Fjal-2 5606 1429 672 14
528217 Ede-l 5203 567 854 098 Y
528795 Utrecht 5209 511 676 091
576307  zdrl 4939 1625 949 101 Y
CS28054 Baa-l 5133 6.1 6.85 0.75
576091  An-1 51.22 4.4 985 162 Y
576250  To- 557 132 694 1
megap-2 CS28091 Boot-l 544 -3.27 1023 106 N
528734 sh-0 51.68 1021 696  0.92 528580  Ob-1 502 858 1034 129 Y
576134 Gd-1 535 105 696 151 CS76184 MIB-84  47.38 532 1038 158 Y
76272 UKID37 513 1.1 97 072
76 kb3 513 097 0 CS76171  Lisse 5225 457 1292 118 Y
528788  Uk-2 4803 777 698 08
CS76163 LDV-58 4852 -407 7.09 075
528014 Amel-l 5345 573 715 111
CS76297 Van0 493 -123 717 154
528454 Li-3 5038 807  7.22 061
CS28808 Wag-3 5197 567  7.23  1.07
576259 TOU-C-3 4667 412 729 077
CS28013 Alstl 548 243 7.33 179
CS76177 Lp2-6 4938 1681 7.36  0.47
576303  Ws-0 523 30 747 1.03
CS76186 MNF- 4352 -86.17 7.5  0.85
Jac-32
528490  Mc-0 5462 23 762 102
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Table S2. Genes in linkage with SNP chr.3, position 3338114. Linkage Disequilibrium (D) was taken
into account for polymorphisms in a 150 kb window around the SNP, taking an LD of 0.3 as the lower
threshold.

AGI code Name Full gene name and description Max. Minor allele SNPs in exons
LD frequency
At3G10650 NUP1 Nucleoporin involved in mRNA export from 0.55 49% non-synonymous
the nucleus
At3G10670 ABCI®6, Plastidic SufC-like ATP-binding cassette/ 1.00 41% non-synonymous
NAP7 ATPase essential for Arabidopsis embryo-
genesis
At3G10680* - HSP20-like chaperones superfamily protein * 41% non-synonymous
At3G10690 GYRA DNA GYRASE A, involved in DNA topoisom- 1.00 41% silent

erase activity

At3G10700 GALAK GHMP kinase family protein that acts as a 0.55 50% non-synonymous
galacturonic acid-1-phosphate kinase

* Gene with most significant SNP (chr.3 pos.3338114). Gene names and descriptions are according to The Arabidopsis Information
Resource (Lamesch et al., 2011).

Table S3. PHILO DNA alignment of Col-0 and C24 (www.1001genomes.org) (Cao e al., 2011; Sievers e al.,
2011). Exons are annotated in capital letters (*= conserved base pair). Non-synonymous polymorphisms
are annotated in grey, the polymorphism in black may create an extra splice site in the Col-0 intron in the
alpha-crystallin domain without disrupting the open reading frame.

Accession Position
Col-0 ATGGCGGCGATTTTCAAGAGACCAAGGCCGGGAGGTGGCCGTCATCCGCCACCGCTGGCT — 3337773~
c24 ATGGCGGCGATTTTCAAGAGGCCAAGGCCGGGAGGTGGCCGTCATCCGCCACCGCTGGCT — 3337832

R

Col-0 CCGACAGTGAGTAGTTTCAAGCCGAGAGCTCAATGGACTAACTCCGGATCTTCCATTTTC — 3337833~

c24 CCGACAGTGAGTAGTTTCAAGCCGAGAGCCCAATGGACTAACTCCGGATCTTCCATTTTC 3337892

B

Col-0 CTCTACGTTAATCTTCCTGgtcttttttettetetetttetttetttttgtttettgaga 3337893~

c24 CTCTACGTTAATCTTCCTGgtcttttctettctetetttetttetttttgtttecttga@@a 3337952

R TR U TR T

Col-0 tcaaactttaattgataacaaactttatgaatttctcgtttattgtgtggaaccggcagG 3337953~

c24 tcgaactttaattgataacatactttatgaatttctegtttattgtgtggaaccgacagG 3338012

hk khkkhkkhkhkkhkhhhkhk Khkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkk* *k*k

Col-0 GTTTTATAGGGATCAAATAGAAATAAAAAAGGATGAGAGGACAAGGACTGTCCAGATTCA 3338013~

c24 GTTTTATAGGGATCAAATAGAAATAAAAAAGGATGAGAGGACAAGGACTGTCCAGATTCA 3338072

hkkkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkhkkhkkkkkkkk**

Col-0 AGGCCAGCGACCGCTCTCTGCTCAGACTAAGGCTCGTTTCAGTGAAGCTTACCGTGTCCC 3338073~

c24 AGGCCAGCGACCGCTCTCTGCTCAGACTAAGGCTCGTTTCAATGAAGCTTACCGTGTCCC — 3338132

Kok kkkkhkkhkkhkkhkkhkhkhkhkhkhkhkhkkhkkhkkhkhkkhkk *khkkhkkhkkhkkhkkkkkkxk
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Table S3. (continued)

Col-0

C24

Col-0

C24

Col-0

Cc24

Col-0

c24

Col-0

c24

Col-0

c24

Col-0

C24

Col-0

C24

Col-0

C24

Col-0

C24

TGATACCTGTGACATGACCAAATTGAGCACCTCCTTCTCACATGGACTCTTGACCATCGA

TGATACCTGTGACATGACCAAATTGAGCACCTCCTTCTCACATGGACTCTTGACCATCGA

hkkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkhkhkkhkkhkkhkk k& *k

GTTTCCAGCAATCGTGGAAGCTAACAAACAGGAGAAAGCAGTCCAAGATCAGGAGAAGAT

GTTTCCAGCAATCGTGGAAGATAAAAAACAGGAGAAAGCAGTCCAAGATCAGGGGAAGAT

hkkkhkkhkkhkhkhkhkhkhk Khk Khkhkhkhkhkhkhkhkhkhkhkkhkkhkkx *kkkxk

TGGACAGAGGTCTAATCAGGAGAAAAGTGGAGGGCCTGGTCCTAATGGGAGTACCTTGGG

TGGACAGAGGTCTAATCAGGAGAAAAGTGGAGGGTICTGITCCTAATGGGAGTACCTTGGG

R

ACGAAAGAAAGCTTTGGAGGAGGAGAAACAAGTGGGAACAAGTCAAGAGAAAACCACTCC

ACGAAAGAAAGCTTTGGAGGAGGAGAAACAAGTGGGAACAAGTCAAGAGAAAACCACTCC

R R

AACGTTGAATGAAGAAGCACCCAAAACGTATAAATCAGTGGTTGAGGGTAAAAGAGCAGT

AACGTTGAATGAAGAAGCACCCAAAACGTATAAATCAGTGGTTGAGGGTAAAAGAGCTGT

R S

GCCAACGGGCAGTCAAGAGAAGTCTGAAGCGAAAGTTAAAGCGCGAGAGGCAATCCCTAG

GCCAACTGGCATTCAAGAGAAGTCTGAACCGAAAGTAAAAGCGCGAGAAGCGATCCCGAG

KKKKKK KAKK KAKKKKAKKRKKRKKRKKAKAE KAKKKAKE KAAKAKARAKE K% *A*k* *FK

CTTAGGGGGAAGAGAACGTGCGAAAGAAGAGAAGGTGGTTGAGAGAAAGGAGGCTGCTCA

CTTAGGGGGAAGAGAACGTGCGAAAGAAGAGAAGGTAGTTGAGAGAAAGGAGGCTGCTCA

R I

CATAGTTCAGCAAAAGATAGGAGATAAATTGAAGGAGGAAGAGGCTAAAAGTACACCAAC

AATAGGTCAGCAAAAGATAGGACARAAATTGAAGGAGGAAGAGGCTAAAAGTACATCAAC

Khkkk KhkAKAKAKAKAKAKRAK K KAhkAhAhAhhhhhhhhhhhhhhhhhkhkkh*x HhkxK

CCTTGGTGGTAGCTTAAAACCTAAGGTACAGGCAAAAGAAGAGAAAGTAATTGAGAGAAA

CCTTGGTGGTAGCTTAAAACCTAAGGTACAGGCAAAAGAAGAGAAAGTAATTGAGAGAAA

hkkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkhkkhkkhkkkkkk* &

GAAAGATGATGATATAAGTCAGCTTAAGACTGGACAGAAGGTGAAGGAAAAAGAGATTAG

GAAAGATGATGATATAAGTCAGCTTAAGACTGGACAGAAGGTGAAGGAAAAGGAGATTAG

hkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkhkhkhkkhkkhkkhkk* *kkkkkxk

3338133~

3338192

3338193-

3338252

3338253-

3338312

3338313-

3338372

3338373-

3338432

3338433~

3338492

3338493~

3338552

3338553-

3338612

3338613-

3338672

3338673-

3338732

157




Chapter 5

Table S3. (continued)

Col-0

C24

Col-0

c24

Col-0

c24

Col-0

c24

Col-0

c24

Col-0

cz4

Col-0

C24

Col-0

C24

Col-0

C24

Col-0

C24

Col-0

c24

158

CAGAACGCCGACCATAGATGCTAGAGTGGAATCCAAGGAACATGCCAAAGTTGTTGAGAA

CAGAACGCCGACCATAGATGCTAGAGTGGAATCCAAGGAACATGCCAAAGTTGTTGAGAA

hkkkhkkhkhkhkhkhkhkhkhkkhkhkhkhkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkkkkkkkkkk*

AAAGGAAGATGGTGAAATAGGTCAGAAGCTGGAGGGAGGAAGGATTAACTTGGGACCAAA

AAAGGAAGATGGTGAAATAGGTCAGAAGCTGGAGGGAGGAAGGATTAACTTGGGACCAAA

hkkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkhkkhkkkkhkkhkkhkkhkkhkkhkkhkkhkkhkkkkkkkkkkkkk*

GAAAGAAGATAAATTTACAAAACCAGTTGTTGGTGATGAGGCAAGAAGAATAGAGAAGAA

GAAAGAAGATAAATTTACAAAACCAGTTGTTGGTGATGAGGCAAGAAGAATAGAGAAGAA

R

TGTTGCTCAGAGAAACCAAGCAGAGCCTAAGCTAAAAACGAAAGAGGGAGATGAAAGAAT

TGTTGCTCAGAGAAACCAAGCAGAGCCTAAGCTAAAAACGAAAGAGGGAGATGAAAGAAT

Kok kkkkhhkhhkhhkhhkhhkhhkhhkhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhkhkhkhk k&K

CAAACTGGATGTTGATGATGGCGTGAGAAACAAGCAGGATGAGAATAATGAGATGGTTGG

CAAACTGGATGTTGATGATGGCGTGAGAAACAAGCAGGATGAAAATAATGAGATGGTTGG

Kok Kk kA hkkhkh kA kA kA kA kA kA kA hhhhhhhhhhhhhhhhhhh hhhkhkhkhkhkhkh kK

AGACATGGTTAGTGAAGGAGAGATTCAAGACAGAGTGGAGCAGAAGAAGATAGACGAAGC

AGACATGGTTAGTGAAGGAGAGATTCAAGACAGAGTGGAGCAGAAGAAGATAGACGAAGC

Kok Kk kA kA kA kA kA kA kA kA hkkhkkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkh Kk h Kk kK

TGGTTTAGCCAAAGATAGAGGCGATCTAAAGGATAATGCTGAAGTCGTGGAACCAGAAAC

TGGTTTAGCCAAAGATAGAGGCGATCTAAAGGATAATGCTGAAGTCGTGGAACCAGAAAC

B s

CGGTCCATTACTAGTCAAAGAAGGACAGAAGAAGAGCGACATGGATCCTCCTCTTGCAGT

CGGTCCATTACTAGTCAAAGAAGGACAGAAGAAGAGCGACATGGATCCTCCTCTTGCAGT

Kk kkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkhkhkhkhkhkhkhkhkkhkkhkkhkkhkk k&

AGGAGGAAGAGGAATGGGTGAAGAAGAGAGTCGGACATATGACATACCTTTGGTGAATGT

AGGAGGAAGAGGAATGGGTGAAGAAGAGAGTCGGACATATGACATACCTTTGGTGAATGT

hkkkhkkhkhkhkhkhkhkhkhkhkhkkhkhkhkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkkkkkkkk*

TGGTGTAGCTGCTCTTGTGATTATGGGGTTTGGTGCTTACGTCTTTGTACCACTAGTAAA

TGGTGTAGCTGCTCTTGTGATTATGGGGTTTGGTGCTTACGTCTTTGTACCACTTGTAAA

hkkkhkkhkkhkkhkhkkhkkhkkhkkhkkhkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkkk Kk kkk

ATATTTCTCCTGA

ATATTTCTCCTGA

Kk KKk Kk Kk kKK kK

3338733-

3338792

3338793-

3338852

3338853-

3338912

3338913-

3338972

3338973-

3339032

3339033~

3339092

3339093~

3339152

3339153~

3339212

3339213~

3339272

3339273~

3339332

3339333~

3339345



PHLO

Table S4. Protein alignment of PHLO (At3g10680) and RTM2 (At5g04890) in Col-0. The alignment
was performed with Clustal Omega (Sievers e/ al., 2011), protein domain predictions were retrieved from
Interpro (Mitchell e al., 2015).

At3910680

At5g04890

At3910680

At5g04890

At3910680

At5g04890

At3910680

At5g04890

At3910680

At5g04890

At3g10680

At5g04890

At3g10680

At5g04890

At3910680

At5g04890

At3910680

At5g04890

MAAIFKRPRPGGGRHPPPLAPTVSSFKPRAQWINSGSSIFLYVNLPGFYRDQIEIKKDER

MAARQQ-—----—- QOKGTGFGVQYEDFVPKSEWKDQPEATILNIDLTGFAKEQMKVTYVHS

* KKk . . . K oke e ek . sek ek KK e ek s

TRTVQIQGOQRPLSAQTKARFSEAYRVPDTCDMTKLSTSEFSHGLLTIEFPAIVEANKQEKA

SKMIRVTGERPLANRKWSRENEVETVPONCLVDKIHGSFKNNVLTITMPKETITKVAYLP

KoekKkKk e . skKk K . Kke K . K * K sk KK ek

VODQEKIGQRSNQEKSGGPGPNGSTLGRKKALEEEKQVGTSQEKTTPTLNEEAPKTYKSV

———————— ETSRT--------EAAALEKAAKLEEKRLLEESRRKE--KEEEEAKQMKKQL

* s ek . Kkk e *e K skKkKk . * .

VEGKRAVPTGSQEKSEAKVKAREAIPSLGGRERAKEEKVVERKEAAHIVQQKIGDKLKEE

LEEKEALIRKLQEEAKA--KEEAEMRKLOQEEAKAKEEA---——-— AAKKLQEET-——-————

sk ok k. Kok e e sk * . * .k kok oK kk e koK

EAKSTPTLGGSLKPKVQAKEEKVIERKK-DDDISQLKTGQKVKEKEISRTPTIDARVESK

ke ek ke kk. . T ] PRSI

* .k * ke cek e Kkk Kk * kK

TKEGDERIKLDVDDGVRNKQDENNEMVGDMVSEGEIQDRVEQKKIDEAGLAKDRGDLKDN

———————————————————————————————————————————— ESGSGLKSGFGGVGEV
:‘k* . *

AEVVEPETGPLLVKEGQKKSDMDPPLAVGGRGMG--~~~ EEESRTYDIPLVNVGVAALVI

VKSAEEKLGNLVEKEKK-—-——-----— MGKGIMEKIRRKEITSEEKKLMMNVGVAALVI

Ko Kk ke KKk . *oe k. ek . s ek kkkk Kk KKk

MGFGAYVEVPLVKYFS—=———=——————————-

FALGAYVSYTFCSSSSSSSSSSPSSSSSSTKPE

IR . *

alpha-crystal-
lin domain

coiled coil
domain
(At5g04890)

Trans-mem-
brane domain

*= conserved amino acid (AA), := AA with highly similar properties (>0.5 Gonnet PAM 250 matrix), .= AA with
weak similarity (<0.5 Gonnet PAM 250 matrix), underlined= AA belonging to predicted domain.
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Table S5. Climate vatiables tested for the 473¢70680 haplotype distribution.

Number of
Description variables Source Resolution Link
Monthly vegetation index
(average MOD13C2, 2000- http://modis.gsfc.nasa.gov/data/dataprod/
2010, month 3-6) 4 MODIS 0.5 km mod13.php
Evapotranspiration month
3-6, annual aridity 5 CGIAR* 1km http://www.cgiar-csi.org
Cloud cover, diurnal temp.
range, mean seasonal
temp., solar radiation,
frost days, wet days, pre-
cipitation, humidity, soil
pH and carbon proportion 19 CRU? 50 km http://www.cgiar-csi.org
Elevation 1 NOAA3 10 km http://nelson.wisc.edu/sage/

IGBP-

Soil pH, carbon proportion 2 DIs* 50 km http://nelson.wisc.edu/sage/
Bioclim BIO1-BIO19 tem- World-
perature and precipitation 19 clim® 1km http://www.worldclim.org
Net primary production http://www.fao.org/geonetwork/srv/en/main.
biomass, growing period 2 FAO 10 km home

Trabucco, A., and Zomer, R.J. 2009. Global Aridity Index (Global-Aridity) and Global Potential Evapo-Transpiration
(Global-PET) Geospatial Database. CGIAR Consortium for Spatial Information. Published online, available from the
CGIAR-CSI GeoPortal at: http://www.csi.cgiar.org.

2Mitchell, T.D., Jones, P.D. (2005) An improved method of constructing a database of monthly climate
observations and associated high-resolution grids. International Journal of Climatology. 25: 693-712.

3National Oceanic and Atmospheric Administration (NOAA) and U.S. National Geophysical Data Center,
TerrainBase, release 1.0 (CD-ROM), Boulder, Colo.

4IGBP-DIS (1998) SoilData(V.0) A program for creating global soil-property databases, IGBP Global Soils Data Task,

France.
Hijmans, R.J., S.E. Cameron, J.L. Parra, P.G. Jones and A. Jarvis (2005) Very high resolution interpolated climate

surfaces for global land areas. International Journal of Climatology. 25: 1965-1978.
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Table S6. Climate variables with a significant haplotype effect for the SNP on chromosome 3, pos. 3338114

in the alpha-crystallin domain of At3g10680.

Climate Variable Source Col-0 allele Rare allele
(59%) (41%)
Temp. seasonality (standard devia- worldclim.org 6.1+0.1 5.5 £0.2%**
tion) (°C)
Temp. annual range (°C) worldclim.org 245+0.4 22.6 £ 0.6***
Isothermality (diurnal/annual range)  worldclim.org 3.0+0 3.2 £0.1%**
Mean temp. wettest quarter (°C) worldclim.org 13.5+04 10.8 £ 0.5%**
Mean temp. coldest quarter (°C) worldclim.org 0.6+0.2 2.3 £ 0.3%**/*
Mean temp. driest quarter (°C) worldclim.org 3.6+0.4 7.3 £ 0.6***/**
Min temp. coldest month (°C) worldclim.org -2.7+0.3 -1+ 0.3%**
Mean monthly temp. Nov-Feb (°C) nelson.wisc.edu/sage 1.4+0.2 3+ (0.3%**/*
Number of frost days 1980-2010 cgiar-csi.org 2409 * 46 2113 + 72%**
Precipitation warmest quarter (mm)  worldclim.org 209.9+5 183.6 + 6***/*
Relative humidity in May (%) cru.uea.ac.uk/cru/data 72.6+£0.3 74.6 £ 0.4%%*
Vegetation index MOD13C2 in March  modis.gsfc.nasa.gov 7.0e” £ 2e® 8.0e7 + 2e8***

Means + standard error, asterisks before slash: ***P<0.001 (Mann-Whitney U test, Bonferroni threshold=0.001),

asterisks after slash: /* P<0.05, /** P<0.01 (mixed model with correction for kinship).
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3ua8 U3} ‘O<UU._(_.<OWM_U..W._%.V_.WMW 1V9OIVILVILOVYIOHDIVOIID - 08/8Tbel cv
CUEEERIEIEIEY DVYVIIL19I5DVVYOLIVOVIVI DI1195VVI132120VVISL - 09/5T651Y vX3d
uoxs pug-1st 10VO1VI22011011930VVOL DOVLIOVVYOL1ID1193001V r-ojyd  0/90tbery  9108gY
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Abstract

Aphids induce many transcriptional perturbations in their host plants, but the
responsible signalling cascades and effects on plant resistance are largely unknown.
Through a genome-wide association (GWA) mapping study in Arabidopsis thaliana, we
identified WRKY?22 as a candidate gene associated with feeding behaviour of the green
peach aphid, Myzus persicae. The transcription factor WRKY22 is known to be involved
in pathogen-triggered immunity and WRKY22 gene expression has been shown to
be induced by aphids. Assessment of aphid population development and feeding
behaviour on knockout mutants and overexpression lines, showed that WRKY22
increases susceptibility to M. persicae via a mesophyll-located mechanism. mRNA
sequencing analysis of aphid-infested wr&y22 knockout plants revealed the upregulation
of genes involved in salicylic acid (SA) signalling and downregulation of genes involved
in plant growth and cell-wall loosening. In addition, mechanostimulation of knockout
plants by clip cages upregulated jasmonic-acid (JA)-responsive genes, resulting in
substantial negative JA-SA crosstalk. Together with previous studies, our data indicate
that WRKY22 modulates the interplay between SA and JA in response to a wide range
of biotic and abiotic stimuli. Its induction by aphids, and its role in suppressing SA
and JA signalling, make WRKY22 a potential target for aphids to manipulate host plant
defences.

Background

As plants are sessile organisms in often dynamically changing environments, plasticity is
fundamental to survival. Via transcriptional regulation, plants increase the possibilities
to cope with environmental stimuli. In Arabidopsis approximately 50 transcription
factor families have been identified, accounting for approximately 2000 genes (Guo
et al., 2005; Mitsuda and Ohme-Takagi, 2009). Together with signal perception and
transduction elements, these transcription factors participate in complex and dynamic
networks that regulate developmental processes and responses to (a)biotic stress. Insect
infestations are typical situations that require quick transcriptional reprogramming in
order to mount an effective defence response. Aphids are phloem-feeding insects, that
manocuvre their piercing-sucking mouthparts between cells and reach the vascular
bundle without inflicting major physical damage (Minks and Harrewijn, 1989). They
are vectors of many plant viruses and deprive the plant of photoassimilates. Aphids
cause strong transcriptional perturbations in plants, inducing or repressing up to several
thousand genes, whereas other insects such as caterpillars and cell-content feeders alter
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the expression of only up to several hundreds of genes (Appel et al, 2014; Barah ef
al., 2013; De Vos ¢t al., 2005; Dubey e# al., 2013; Foyer ¢t al., 2015; Kerchev ez al., 2013;
Kusnierczyk ez al., 2007). An open question is, however, whether these transcriptional
changes lead to enhanced resistance to aphids or whether they are unsuccessful or even
counter-effective modulations. Aphids are known to secrete effectors via their saliva
into the apoplast and the vascular bundle (Rodriguez and Bos, 2012), and might be
able to manipulate the host plant physiology for their own benefit. In this study, GWA
mapping revealed WRKY22 (A#g071250) as one of the candidate genes for affecting
feeding behaviour of the generalist aphid Myzus persicae (Sulzer) on Arabidopsis thaliana.
WRKY22 is member of the WRKY transcription factor family, which was discovered in
the 1990’ and named after its binding affinity to the W-box promoter motif (Eulgem ez
al., 2000). WRKY22 and its homologue WRKY29 are part of group Ile WRKY's and are
both established markers for pathogen-triggered immunity (PTI). Pathogen-associated
molecular patterns (PAMPs) such as flagellin, chitin and cellulysin are recognised
elicitors of the MAPK cascade that induce WRKY22 and WRKY29 within 30 min
post inoculation (Asai ez al, 2002; Dong et al., 2003; Gonzalez-Lamothe ef al., 2012;
Mészaros et al., 2000; Navarro ef al., 2004; Schikora ez al., 2011; Shi ez al., 2015; Thilmony
et al., 2000). In general, PTI results in the accumulation of reactive oxygen species and
callose deposition and involves SA, JA and ethylene (ET) signalling (Yi et al, 2014).
Although the exact role of WRKY22 and WRKY29 in PTI is unknown, WRKY22 has
been shown to be required for resistance to the hemibiotrophic pathogen Psexdomonas
syringae (Hsu et al., 2013) and WRKY29 has been described to confer resistance to P.
syringae, as well as the necrotrophic pathogen Botrytis cinerea (Asai et al., 2002). In this
study, we assessed the involvement of WRIKY?22 in plant resistance to M. persicae and its

downstream transcriptional effects.

Results

GWA mapping

To identify genes involved in resistance to the green peach aphid, M. persicae, GWA
mapping was performed on 344 natural accessions of Arabidopsis, using a selection
of approximately 214k single nucleotide polymorphisms (SNPs) (Atwell ef a/., 2010;
Li et al, 2010). The behaviour of aphids was screened on these accessions with an
automated video-tracking platform (Kloth e 4/, 2015). The number and duration of
plant penetrations was estimated by analysing the location and movement of aphids
on single leaf discs. It is known that aphids need on average 25 minutes to penetrate
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through the epidermis and mesophyll before they reach the vascular bundle (Prado and
Tjallingii, 2007; Tjallingii, 1994; van Helden and Tjallingii, 1993). Therefore, we used the
proportion of aphids making long probes (> 25 min) as a proxy for the success rate of
phloem ingestion. The majority of the Arabidopsis accessions did not show indications
of resistance to aphids, but on 10% of the accessions at least half of the aphids were
unsuccessful in feeding after 4.5 hours of infestation (Figure 1a, Table S1). GWA
mapping of aphid feeding behaviour revealed seven genomic regions with a -10log(P)
value above 4 and a heritability of 10% (Figure 1b, Table 1). WRKY22 (A#g07250)
was identified as a candidate gene in a 40 kb region around a polymorphism with a

(a) (b)
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Figure 1. Genome-wide association mapping of aphid feeding behaviour. a. Phenotypic distribution
of the proportion of aphids making long probes (> 25 min) during a 1.5 hour recording on plants from
344 natural Arabidopsis accessions 4.5 hours post inoculation. On accessions below the dashed line, at
least half of the aphids was unsuccessful in feeding. b. Genome-wide associations with approximately
214k SNPs. SNPs in red are positioned in a 40 kb region around WRKY22 (highest -10log(P)= 4.7). c. All
SNPs in WRKY22 and its 1000 kb promoter region according to 173 resequenced Arabidopsis accessions
(green= silent, red= non-synonymous). Predicted gene domains are shown in gray, unknown domains in
black. Triangles represent T-DNA insertions. d. One synonymous SNP in the last exon and two SNPs in
the promoter had an effect on aphid feeding behaviour (*P<0.05, **P<0.01, Student’s t-test, chr.4, pos.
523037, 524726 and 525079).
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-10log(P) value of 4.7 (chr.4 pos.543516). Other candidates in the region included a
gene with unknown function (A#g07290), a methyltransferase and a gene (A4g07240)
with a MYB-like domain (A#4g07280). Re-sequenced data of 173 accessions (Cao ¢f al.,
2011) showed that IWRKY22 contained one non-synonymous SNP in its coding region,
and that most of the polymorphisms were confined to the introns and the promoter
region (Figure 1c). A silent SNP in the last exon and two SNPs in the promoter were
correlated with aphid feeding behaviour (Figure 1d). Both polymorphisms in the
promoter coincided with an AT-hook DNA-binding motif of AHI20, a transcription
factor involved in plant defence to bacteria (Lu et al, 2010). Because WRKY22 is
involved in PAMP-triggered immune responses (Asai ez al., 2002; Navarro ez al., 2004)
and its expression is induced by M. persicac and Brevicoryne brassicae aphids (Barah ef
al., 2013; De Vos et al., 2005), we conducted further experiments to assess whether
WRKY22 is involved in resistance to aphids.

Mesophyll-located susceptibility to aphids

To validate the previously reported induction of WRKY22 by aphid infestation (Barah ez
al., 2013; De Vos et al., 2005), RT-qPCR was performed on wild-type plants with aphids
and without aphids. WRKY22 expression was unaffected at 6 hours post infestation
(hpi), and showed a non-significant increase at 48 hpi (Figure 2a). Two wrky22 transfer

Table 1. SNPs and corresponding genes associated with the proportion of aphids making long probes (>
25 min, -10log(P) value> 4). Only the highest scoring SNP is shown per gene. Genes were grouped in one
linkage disequilibrium (LLD) region, if they were located within 20 kb from each other.

Ir-ggicm Chrom. Position -10log(P) AGI code Description

1 1 28995670 6.6 At1g77160  Protein of unknown function (DUF506)

2 2 10866313 4.3 At2g25530  AFG1-like ATPase family protein

3 3 20709836 4.2 At3g55800  Chloroplast enzyme sedoheptulose-1,7-bisphosphatase (SBPase)
S-adenosyl-L-methionine-dependent methyltransferase super-

4 4 519513 4.1 At4g01240  family protein
Homeodomain-like superfamily protein, SANT DNA-binding MYB-

4 4 536493 4.1 At4g01280  like domain

4 4 543516 4.7 At4g01290  unknown protein

5 4 6641192 4.5 At4910790 UBX domain-containing protein

5 4 6644022 49 At4g10800 BTB/POZ domain-containing protein

6 5 15927540 4.9 At5g39770  Pseudogene homologous to AtMSU81, restriction endonuclease

7 5 19854700 4.1 At5g48965 Mutator-like transposase family

7 5 19858466 4.1 At5g48970  Mitochondrial substrate carrier family protein
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Figure 2. WRKY22 expression. a. WRKY22 expression in the wild type without aphids (control) and
after 6 and 48 hours of aphid infestation. b. Expression in the wild type (Col-0), wrky22-3 and wrky22-4
knockout lines, and IWRKY22 inducible overexpression lines OE.c and OE.e. Overexpression lines were
induced with estradiol 24 h before sampling (one-way ANOVA and Student’s t-tests, different letters refer
to significant differences).

(T)-DNA insertion lines and two IWRKY22 inducible overexpression lines (Coego ¢z al.,
2014) were selected for further experiments. RT-qPCR confirmed that both T-DNA
lines were true knockouts, and that the overexpression lines showed a 3- to 5-fold
upregulation of WRKY22 at 24 hours after induction with estradiol (Figure 2b). For
a detailed insight in aphid feeding behaviour on knockout and overexpression lines,
we used Electrical Penetration Graph (EPG) recordings (Mclean and Kinsey, 1964;
Tjallingii, 1988). Aphid feeding behaviour was affected on both wr£&y22 knockout lines;
on wrky22-3 aphids spent almost 20% more time on penetrating the epidermis and
mesophyll, and on wrky22-4 aphids showed an hour delay in reaching the vascular bundle
compared to the wild type (Col-0) (Figure 3a-c, Table S2). One of the WRKY22
inducible overexpression lines showed the opposite trend, with aphids arriving almost
an hour eatlier at the vascular bundle compared to the wild type (Figure 3d-f, Table
S3). The other WRKY22 overexpression line did not show any differences compared
to the wild type. The total time of phloem ingestion was not affected in any of the
(mutant) lines, suggesting that in the first 8 hours of infestation, the overall effects
are small and confined to activities in the epidermis and/or mesophyll. An aphid
population development assay on wrky22-3 and wrky22-4 showed that after two weeks
of infestation, aphid populations were approximately 20% smaller on the knockouts
compared to the wild type (Figure 4). Both behavioural experiments and population
assays indicate that WRKY22 increases susceptibility to M. persicae aphids.
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Figure 3. Aphid behaviour on »r£)22 knockout lines (upper panels) and WRKY22 overexpression
lines (lower panels). a. The total time aphids were penetrating the epidermis and mesophyll during 8-hour
recordings on knockout lines wrky22-3 and wrky22-4, d. and overexpression lines OE.c and OE.e. b. Time
between the start of the recording and the first contact with either a phloem or xylem bundle measured on
knockout, and e. overexpression lines. c. The total time aphids were ingesting phloem on knockout, and
f. overexpression lines (knockout and overexpression lines were compared with the wild type with Mann
Whitney U tests, *P<0.05; *¥P<0.01). To test the effect of overexpression, all plants were induced with
estradiol 24 h before the assay.
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;E; knockout plants. The total number of aphids per plant was
Zz o counted 2 weeks after infestation with 1 neonate aphid. Mutant
lines were compared with the wild type with Student’s t-tests
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Figure 5. Differentially expressed (DE) genes between treatments with and without aphids in the
wild type and »r£y22-3. a. The number of DE genes between control and infested treatments (green bars:
upregulated, red bars: downregulated). b. Biplot of the two first principal components of differentially
expressed genes between control and infested treatments (DE genes >= 2 fold). c. Overlap in upregulated
genes, and d. downregulated genes.

Transcriptomic signature of wrky22-3

To study the role of WRKY22 in resistance to aphids, mRNA sequencing (RNA-seq)
analysis was performed on wrky22-3 and wild-type plants that had received one of three
treatments: (1) an empty clip cage for 48 hours, (2) a clip cage for 48 hours with addition
of aphids in the last 6 hours, (3) a clip cage with aphids for 48 hours. For each treatment
three biological replicates were sampled, each consisting of a pool of five leaves from
different plants. Samples were sequenced for single end 50-bp reads and for each sample
at least 9.5 million reads mapped to unique loci on the Arabidopsis reference genome.
The total number of differentially expressed (DE) genes increased with the duration of
infestation, from 700 DE genes at 6 hpi to 1000 DE genes at 48 hpi in the wild type.
In both treatments, wrky22-3 contained twice as many up- and downregulated genes as
the wild type (Figure 5a). Principal component analysis showed that the duration of
infestation was the major factor explaining differential expression (Figure 5b), and the
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Figure 6. Gene transcripts of aphid-
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majority of the DE genes were unique to either the early or late stage of infestation
(Figure 5c-d). Highly abundant transcripts that were upregulated in wrky22-3 compared
to the wild type included the JA reporter SP7 (6 hpi) and pathogenesis-related genes
such as PR2 and PR5 (48 hpi) (Figure 6). Photosynthesis- and water-transport-related
genes were abundant in the wild type, but downregulated in wrky22-3 at 48 hpi (Figure
6). Gene ontology (GO) enrichment analysis of the total set of DE genes revealed an
overrepresentation of upregulated JA-, SA- and abscisic acid (ABA)-responsive genes in
wrky22-3 both at 6 and 48 hpi (Figure 7a). The JA pathway was mainly characterised by
upregulation of genes of the ethylene response factor (ERF)-branch (Vos ¢z al, 2015),
e.g. the AP2/ERF transcription factor RAP2.6, and PDF1.2 (Table 2). The majority
of the DE genes associated with JA and ABA showed a peak at 6 hpi in wrky22-3,
whereas most SA-responsive genes reached their highest level at 48 hpi (Figure 7b).
The induction of SA-responsive genes in the T-DNA line at 48 hpi coincided with a
suppression of genes associated with auxin (AUX) responsiveness, plant growth and
cell wall loosening (Figure 7a-b).

Enhanced negative JA-SA crosstalk in wrky22-3

Upon aphid infestation, the wrky22-3 transcriptome showed evidence of initial
suppression, but eventual upregulation of SA signalling. The expression of PR7, a
robust SA-reporter gene (Pieterse ¢ al., 2012), was 2-fold downregulated at 6 hpi, but
3.5-fold upregulated at 48 hpi in wr&y22-3 compared to the wild type. Transcript levels
of JA-reporter genes PDF1.2 and 1”SP7 were consistently more abundant in wrky22-3
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Figure 7. Enriched biological processes in wrky22-3. a. Overrepresentation of biological processes
in the knockout relative to the wild type. Balloons refer to a process, or to the biosynthesis of, or
responsiveness to the respective compound (SA=salicylic acid, JA=jasmonic acid, ABA=abscisic acid,
AUX=auxin, ET=ethylene, CK=cytokinin, clock=circadian clock). Balloon colour indicates enrichment in
the knockout (green=upregulated, red=downregulated, green/red=both up- and downregulated, the total
number of DE genes is depicted below the charts). b. Relative expression patterns between treatments
within each plant line. Only the dominant pattern (>=50% of the genes) of significant perturbations (>=
2 fold, g-value < 0.05) between treatments with and without aphids is shown (Wall= cell wall loosening,

n=number of genes associated with the biological process, e= empty clip cage, 6= 6 hpi).

(Table 3), suggesting a possible role of negative JA-SA crosstalk (Pieterse ez al., 2012;
Spoel and Dong, 2008). A potential antagonising candidate is NIMIN-2, encoding an
SA-suppressing protein (Weigel ez al., 2005), which was upregulated in wrky22-3 at 6
hpi (Table 3). Apart from SA antagonism, there were also signs of JA antagonism.
Several upregulated genes in wrky22-3, i.e. GRX480, WRKY51, and WRKY62 (Table
3), have previously been implicated as potential suppressors of JA signalling (Gao ¢t al.,
2011; Mao et al., 2007; Ndamukong ef al., 2007). Altogether, the aphid-induced wrky22-3
transcriptome showed evidence of more elaborate negative crosstalk between the JA
and SA pathways than the aphid-induced wild-type transcriptome.
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Table 2. Differentially expressed genes (>= 2 fold) of overrepresented biological processes in wrky22-3
relative to the wild type. GO enrichment and gene classification are according to the BINGO Cytoscape
app (SA = Salicylic Acid, JA = Jasmonic Acid, ABA = Abscisic acid, AUX = Auxin, ET = Ethylene, CK =
Cytokinin) (Cline ¢# al., 2007; Maete e al., 2005).

Process Treatment Direction  Name AGI codes Description
empty cage, 6 hpi up ANNAT4 At2938750 Annexin, Golgi-mediated secretion
6 hpi up HAI1 At5g59220 HIGHLY ABA-INDUCED PP2C gene 1
6 hpi up HD-Zip-1 At3g61890 Homeodomain leucine zipper class |
48 hpi up ACR8 At1g12420 ACT DOMAIN REPEAT 8
ABA 48 hpi up AMY1 At4925000 ALPHA-AMYLASE-LIKE 1, starch mobilisation
. . At3g50970,
48 hpi up Dehydrins At1g20440 Membrane located, freeze tolerance
48 hpi up ERF48 At2g40340 ABA responsive AP2/ERF transcription factor
48 hpi up LTI78 At5g52310 LOW-TEMPERATURE-INDUCED 78
48 hpi up WRKY63 At1966600 ABA responsive WRKY transcription factor
6, 48 hpi down CCA1 At2g46830 Negative regulator of circadian rhythm
48 hpi down AXR3 At1g04250 AUXIN RESISTANT 3
" At2g47750, " . .
48 hpi down GH3s At5g13360 GH3 auxin responsive gene family
At1g20470,
At1g29500,
AUX At1g29510,
At3g03820,
At4g22620,
48 hpi down SAURs At4g38840, SAUR(-like) auxin-responsive proteins
At4g38850,
At4g38860,
At5g18020,
At5g18030,
At5g18050
At1g19050,
. At1g74890, ’ ’ )
CK 48 hpi down ARRs At3¢57040, Arabidopsis response regulator (ARR) family
At5g62920
At2g34600,
. At5g13220, JAZ7, JAZ10, JAZ5, JAZ1, Jasmonate-Zim-do-
empty cage, 6, 48 hpi  up Azs At1g17380, main proteins
At1g19180
empty cage, 6, 48 hpi  up MDHAR4 At3g09940 Monodehydroascorbate reductase
empty cage, 6, 48 hpi  up MYB47 At1g18710 JA-responsive MYB transcription factor
JA
empty cage, 6, 48 hpi  up TAT3 At2g24850 Tyrosine aminotransferase, JA responsive
empty cage up VSP2 At5g24770 VEGETATIVE STORAGE PROTEIN 2
empty cage, 6, 48 hpi  up VSP1 At5924780 VEGETATIVE STORAGE PROTEIN 1
’ At3g25760, . . . .
empty cage, 6 hpi up AOCs At3g25780 Allene Oxide Cyclase family, JA biosynthesis
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Table 2. (continued)

Process Treatment Direction  Name AGlI codes Description
. OXOPHYTODIENOATE-REDUC-
empty cage, 6 hpi  up OPR3 At2g06050 TASE 3, JA biosynthesis
empty cage up EXT4 Atlg76930 Extensin
empty cage up JRI At3g16470  JASMONAE RESPONSIVE 1
6, 48 hpi up PDF1.2  At5g44420  PLANT DEFENSIN 1.2
JA
. DEFECTIVE ANTHER DEHISCENCE
6 hpi up DADI1 At2g44810 1, JA biosynthesis
6 hpi up JARI At2g46370 Jasmonate-amido synthetase
6 hpi up LOX3 Atlgl7420  LIPOXYGENASE 3
6 hpi up RAP2.6  Atlg43160  AP2/ERF transcription factor
6, 48 hpi up GRX480  AtIg28480 Glutaredoxin family, suppresses
PDF1.2
6, 48 hpi up LURPI A1214560 Resmtgpee to Hyaloperonospora
parasitica
SA 6, 48 hpi up WRKY18  At4g31800 WRKY18
. At5g01900,
48 hpi up WRKYs At5g22570 WRKY38, WRKY62
48 hpi up MYB77 At3g50060  MYB77
48 hpi up WAK1 Atig21250  CELL WALL-ASSOCIAtED KINASE 1
6 hpi up CIRI At5g37260  MYB transcription factor
Atig06180,
. Atlg57560,
JASA, 48 hpi up MYBs At5g67300, MYBI13, MYB50, MYB44, MYB7
ABA At2g16720
48 hpi up MPK11 Atlg01560  MAP KINASE 11
48 hpi up PDRI2 Atigl5520 ABC transporter family, MAPK
cascade
. PHYTOALEXIN DEFICIENT 3, cama-
P empty cage, 48 hpi up PAD3 At3g26830 lexin biosynthesis
lexin Cytochrome P450, indo-3-acetaldox-
. ytochrome , indo-3-acetaldox
48 hpi up P450 At4239930 ime (IAOx) biosynthesis
empty cage, 6,
Ter- 48 hpi up TSP4 Atlg61120 TERPENE SYNTHASE 4
penoids
empty cage up TPS10 At2g24210 TERPENE SYNTHASE 10
Atlg20190,
Atlg26770, . . .
Cell wall 48 hpi down Ei’r‘lpa“' At1g69530, f{fgi‘ﬂgﬁ;ﬂ?’fﬁglwaﬁ 1‘;°Sefhlng
sins A1220750, u ensional cell grow
At2g40610
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Table 3. JA- and SA-signalling-related gene expression in wrky22-3 plants compared to wild-type plants

with and without aphids. Differential expressed genes with at least 2-fold absolute change are shown

(emp.= empty clip cage, signa= signalling, suppr= supptression of signalling, ns= not significant).

Fold change
Gene Name Role Emp. 6hpi 48hpi  Reference
(Anderson et al., 2004; Lorenzo et
vsP1 VEGETATIVE STORAGE PROTEIN 1 JAsigna 130 2.5 2.8 al., 2004)
(Anderson et al., 2004; Lorenzo et
vsP2 VEGETATIVE STORAGE PROTEIN 2 JAsigna 7.5  ns ns al., 2004)
PDF1.2, (Lorenzo et al., 2003; Penninckx et
1.2¢ PLANT DEFENSIN 1.2A, 1.2C JAsigna  ns 2.3 35 al., 1998)
PR1 PATHOGENESIS-RELATED GENE1 ~ SAsigna  ns 0.4 35 (Loon et al., 2006)
(Weigel et al., 2001; Weigel et al.,
NIMIN-1 ~ NIM1-INTERACTING 1 SAsuppr  ns ns 2.5 2005)
(Weigel et al., 2001; Weigel et al.,
NIMIN-2  NIMI-INTERACTING 2 SAsuppr  ns 2.0 2.5 2005)
GRX480 Glutaredoxin JAsuppr  ns 2.8 2.8 (Ndamukong et al., 2007)
WRKY51  WRKY DNA-BINDING PROTEIN 51  JAsuppr  ns ns 43 (Gao et al., 2011)2011
WRKY62  WRKY DNA-BINDING PROTEIN 62 JAsuppr  ns ns 2.8 (Mao et al., 2007)
(a) VSP2 (b) PDF1.2 (c) PR1
?— | ns g |
o~ H Col-0
o - ab O wrky22-3
2 o | be
o | o
c c c
ke S a ke
(7] 0 9 | (7]
(7] »w o (%]
9 o o o
3 3 o
o D | ab 0 S
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Figure 8. The effect of aphid infestation without clip cage on the expression of JA- and SA-

reporter genes. RT-qPCR measurements of expression of the JA reporters a. 1/SP2, and b. PDF1.2,

and c. the SA reporter PR7 in wild-type and wr£y22-3 plants (Student’s t-tests and Mann-Whitney U tests,

different letters annotate significant differences). Aphids were contained on the leaves without inflicting

major mechanical stimulation (see Materials and methods).
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JA induction by mechanostimulation in wrky22-3

Remarkably, the treatment with empty clip cages changed the expression of almost
150 genes in the knockout relative to the wild type. Most of them were upregulated in
wrky22-3 and showed a significant overrepresentation of JA-responsive genes, including
IVSP2 of the wound-responsive MYC-branch of the JA signalling pathway (Vos ¢t 4/,
2015) (Figure 7, Table 2), even though we did not see obvious signs of wounding.
In order to see if mechanostimulation had affected the plant’s response to aphids,
RT-qPCR was conducted on aphid-infested leaves without clip cages (see Materials
and methods). We found that in clean wrgy22-3 plants PDF7.2 expression was lower
compared to wild-type plants (Figure 8). After six hours of aphid infestation, PR7 was
upregulated in wrky22-3 while PDF7.2 only showed a non-significant increase (Figure
8). These results suggest that, in the RNA-seq analysis, the overrepresented JA response
may have been clip cage-induced and was likely involved in the suppression of the SA
response to aphids at 6 hpi.

Cell wall

Count
02468

Number of DE genes

pectin acetylesterases
cellulose biosynthesis
extensins

pectin methylesterase inhibitors

callose binding proteins

e

hemicellulose biosynthesis

expansins

arabinogalactan proteins
pectin lyases
xylosyltransferases

xyloglucan endotransglucosylase/hydrolases

2 Q.
Q. -
S ©
o

Figure 9. Empty clip cage- and aphid-induced changes in expression of cell-wall related genes in

48 hpi

wrky22-3. Genes and treatments are clustered according to the number of differentially expressed genes
(>= 2 fold change), using Ward’s minimum variance method (red = downregulated, green = upregulated in
wrky22-3 compared to the wild type).
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Differential expression of cell wall-related genes

After 48 hours of aphid infestation, the wrgy22-3 transcriptome was characterised by
downregulation of genes associated with cell wall loosening (Figure 7, Table 2). To
assess all cell wall-related processes, DE genes with cell wall annotation were selected
and grouped into categories based on their name and function (Figure 9). Although
JA was upregulated in all treatments and is required for responses to touch and
mechanostimulation (Benikhlef ¢z a/., 2013; Lange and Lange, 2015; Lee ez al., 2004), we
did not obsetve an upregulation of touch-responsive xyloglucan endotransglucosylases/
hydrolases (XTHs) by the empty clip cage. The empty clip cage did, however, cause
a 3- to 5-fold upregulation of the cellulose synthase-like genes CSI.A7, CSI.A70,
and CSL.AT75, involved in hemicellulose biosynthesis (Liepman ez a/., 2005). Aphids
upregulated XTHs and downregulated e.g. expansins, involved in cell wall loosening, and
pectin lyases, involved in pectin breakdown. While cell wall loosening is a prerequisite
for cell elongation, a process mainly regulated by CK and AUX (Albersheim e al., 2011,
Taiz, 1984; Yadav e/ al., 2009), the transcriptomic patterns indicate an aphid-induced
arrestment of symplastic cell growth in wrky22-3.

Discussion

The effect of WRKY22 on M. persicae aphids

Plant responses to aphids are known to involve many transcriptional perturbations
including multiple phytohormonal pathways (De Vos ez al., 2007; De Vos et al., 2005;
Foyer ¢t al., 2015; Smith and Boyko, 2007). It is, therefore, a challenge to unravel the
genetic basis of effective defence mechanisms against aphids. In this study, we explored
natural variation in Arabidopsis to find genes related to impaired feeding behaviour of
M. persicae. Natural variation in the occurrence of long probes, a proxy for the success rate
of phloem ingestion, was associated to several genomic regions, including the WRKY22
locus. Polymorphisms in the WRKY22 promoter and in the last exon most strongly
correlated with variation in aphid feeding behaviour. Even though the associations had
low statistical power and heritability, knockout lines confirmed an effect of WRKY22
on aphid performance. Without a functional WRKY22 protein, it was more difficult for
aphids to penetrate the epidermis and mesophyll and they arrived later at the vascular
bundle. One WRKY22 overexpression line showed the opposite trend, although the
impact was smaller than in the w22 knockouts, most likely due to the moderate
extent and short time frame of the overexpression (3- to 5-fold change, induced 24

179




Chapter 6

hours before the experiments). The effects of WRKY22 on aphid performance were
marginal in the first eight hours, but more substantial after an infestation period of
two weeks; wrky22 knockout lines eventually showed a reduction in aphid population
size of 20% compared to the wild type. Overall, these assays indicate that WRKY22
promotes susceptibility to M. persicae aphids. Our RNA-seq and RT-qPCR analyses
showed that aphid infestation of wrky22-3 plants resulted in faster and potentially
stronger upregulation of the SA pathway than in wild-type plants. Even though it has
been described that JA-induced defences are most effective against aphids (De Vos ez al,
2007; Walling, 2008), SA-induced mechanisms have been shown to impose detrimental
impacts on aphids as well (Li ez 2/, 2006; Moloi and Westhuizen, 2006).

Involvement of WRKY22 in biotic and abiotic stress responses

Apart from WRKY22’s responsiveness to aphids, we observed a strong activation of the
JA pathway in wrky22-3 as a result of the use of clip cages. JA accumulation is known to
be induced by mechanical stimuli (Chehab ez a/., 2012; Ichimura ez a/., 2000), wounding,
and damage-associated molecular patterns (DAMPs) (Denoux et al, 2008; Doares ef
al., 1995; Vidhyasekaran, 2014). Since there were no obvious signs of plant damage,
the upregulation of the JA pathway was most likely triggered by touch-induced surface
stimulation of our samples. WRKY22 has been shown to be induced in response to
touch and wounding (Kilian ¢7 al., 2007; Lee et al., 2004). Our data suggest that WRKY?22
acts as a suppressor of JA signalling in response to these stimuli. Many other abiotic
stimuli have been described to induce WRKY22 as well, such as prolonged darkness,
submergence, cold acclimation, light perception, salinity, potassium starvation, and
exposure to ozone (Chawade 7 al., 2007; Folta ef al., 2003; Gohre ef al., 2012; Hampton
et al., 2004; Hsu et al., 2013; Kilian ¢/ a/., 2007; Kim et al., 2013; Lee ¢t al., 2005; Monte
et al., 2004; Sugimoto ez al., 2014; Tosti ¢t al., 2006; Zhou et al., 2011). Hsu ez al. (2013)
identified several potential downstream targets of WRKY22, including genes involved
in drought resistance and phosphate starvation. The accumulating evidence for its
involvement in abiotic stress responses, warrants a change of view, i.e. that WRKY22
is not solely involved in PTI. A parallel can be drawn to WRKY40, previously known
as a repressor of PTI, but recently also recognised as a central player in ABA inhibition
during abiotic stress (Chen e# al, 2010a; Friedel e# al, 2012). It is tempting to look
for common patterns among the stimuli that induce WRKY22. A shared feature of
plant responses to touch, submergence, darkness and temperature, is that they involve
adjustments of plant growth and development (Albersheim ez a/, 2011; Chehab ef al,
2009; Jafte, 1973; Lee ¢t al., 2004). Apart from being defence hormones, SA and JA also
contribute to the hormonal modulation of plant growth and development. Specifically,
SA is known to be involved in the regulation of photosynthesis, stomatal closure,
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cell wall

MAPK cascades
MAPK cascades @ MEKK1, MKK4/MKK5
MPK3/MPK6

JA-signalling SA-signalling
RAP2.6, VSP1, VSP2, PR1, GRX480
PDF1.2 ! |

Figure 10. Hypothetical model of WRKY22’s role in plant response to abiotic (left) and biotic
(right) stresses. Changes in, for example, light, temperature and touch, are perceived via sensors and
ion channels; plant invasion by organisms, such as bacteria and aphids is mainly perceived via pattern-
recognition (PR) receptors. These stimuli induce WRKY22 directly via MAPK cascades (Asai ez al., 2002;
Ichimura e# al, 2000), or indirectly via SA accumulation (Miao e al, 2004; Miao and Zentgraf, 2007).
Alternatively, aphid effectors secreted via the saliva could directly induce WRKY22 via PR-receptor-
independent routes. WRKY22 subsequently integrates signalling of the JA and SA pathway, by inhibiting

or activating specific transcription factors (TFs) and other regulatory genes.

respiration, vegetative growth and flowering (Rivas-San Vicente and Plasencia, 2011),
and JA particularly in root and inflorescence development (Wasternack and Kombrink,
2010). Although abiotic and biotic stimuli are most likely perceived via stress-specific
mechanisms and require differential plant responses, signal-transduction pathways
might converge via common regulators, such as WRKY22, in order to fine-tune the
interplay between phytohormones.

SA-JA signal integration

One of the major questions is if WRKY22 is an activator or repressor of SA and
JA signalling. Our transcriptome analysis of wrky22-3 revealed upregulation of JA
signalling upon mechanostimulation and upregulation of SA signalling upon aphid
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infestation. This would suggest that in wild-type plants, WRKY22 is a suppressor of
JA and SA signalling. From previous studies we know, however, that WRKY22 and
WRKY29 confer resistance to (hemi)biotrophic and necrotrophic pathogens (Asai
et al., 2002; Hsu e al, 2013), and that they are induced by PAMP-triggered MAPK
cascades which result in the activation of SA, JA and ET signalling (Zipfel ¢f al., 2004).
There is no direct evidence that WRKY22 and its homologue WRKY29 induce SA, JA
and ET signalling, and the possibility exists that they are involved in MAPK-triggered
processes independent of SA and JA signalling. Nevertheless, their requirement for PTI
makes them unlikely candidates for consistent suppression of plant defence hormones.
Rather, WRKY22 could be an integrator of SA and JA signals, inhibiting or enforcing
both pathways, depending on their interaction with other transcription factors and
signalling pathways (Figure 10). Since most SA and JA interactions in Arabidopsis
are characterised by antagonism (Koornneef ¢z al, 2008; Pieterse ¢t al., 2012), it is
remarkable that both pathways can be repressed and induced by the same transcription
factor, but not uncommon. WRIKCY70 has been proposed to be capable of inducing and
inhibiting both SA and JA, depending on the strength of the induction (Li ez al, 2004).
wrky70 T-DNA lines also showed upregulation of both the SA and the JA pathway
(Ulker e al., 2007), comparable to our observations in the wr&y22 T-DNA line. Although
many questions remain with regard to the underlying mechanism, our study shows that
WRKY22 plays a role in both SA and JA signalling and is involved in transcriptional
reprogramming in response to mechanostimulation and aphid infestation. To understand
the function of WRKY22, its transcriptional network needs to be further unravelled
under multiple biotic and abiotic stress conditions. With respect to aphids, WRKY22
plays a controversial role. Its responsiveness to aphid infestation and its potential to
suppress JA and SA signalling, would make IWRKY22 an excellent target for aphids to
manipulate JA- and SA-dependent host plant defences for their own benefit.

Materials and methods

Plants and insects

A collection of 344 natural accessions of _Arabidopsis thaliana was obtained from the
ABRC Stock Center (Baxter ¢f 4/, 2010). This set was selected in a previous study to
represent most intraspecific genetic variation and minimal redundancy (Platt ez 2/, 2010),
and was genotyped for 214k SNPs with AtSNPtilel arrays (Atwell ¢f a/, 2010; Horton
et al., 2012; Li et al., 2010). T-DNA lines SALK_094892 (wrky22-3) and SALK_098205
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(wrky22-4), and TRANSPLANTA inducible overexpression lines, TPT_4.01250.1C
and TPT_4.01250.1E, were obtained from NASC (Coego ¢t al., 2014). Seeds were cold
stratified for 72 h at 4°C before they were sown into pots (5 cm diameter) with pasteurized
(4 h at 80°C) Arabidopsis potting soil (Lentse potgrond, Lent, The Netherlands) in a
climate room at 24 £ 1°C, 50-70% relative humidity, 8h:16 h I:D photoperiod, and a

*s7'. Homozygous T-DNA plants were selected based on

light intensity of 200 umol m™
PCR and harvested for seeds for subsequent experiments. The location of the T-DNA
insertion was confirmed via sequencing, and abolishment of WRKY22 expression
was confirmed with RT-qPCR (Figure 5, Table S4). Expression of WRKY22 in the
TRANSPLANTA inducible overexpression lines (Coego ¢t al., 2014) was measured with
RT-qPCR 24 h after application of 10 pM estradiol in water to the plant trays (Figure
5, Table S4). Green peach aphids, Myzus persicae, were reared on radish, Raphanus sativus

(L.), at 19°C, 50-70% relative humidity and an 16h:8h L:D photoperiod.

Automated video tracking

Aphid behaviour was tracked on 344 natural accessions of Arabidopsis (n=5-6 per
accession) according to the methodology of Kloth ez a/ (2015). One aphid was
introduced into a well of a 96-well plate containing a leaf disc of 6 mm diameter,
abaxial side up, on 1% agar substrate. Wells were covered with cling film, to avoid aphid
escape, and 20 aphids were recorded on 20 different accessions simultaneously with
a camera mounted above the plate, at 22°C. EthoVision® XT 8.5 video tracking and
analysis software (Noldus Information Technology bv, Wageningen, The Netherlands)
was used for automated acquisition of aphid position and velocity. The number and
duration of probes were subsequently calculated with the statistical computing program
R (R-Core-Team, 2013). Leaf discs were made of intermediately aged leaves of 4- to
5-week-old Arabidopsis plants, one disc per plant. Aphid behaviour was recorded for
85 min, starting at 4.5 hours after inoculation of the aphids. The video-tracking assay
was performed in an incomplete block design with each complete replicate consisting
of 18 blocks of 20 accessions. Sixty plants were screened each day across 3 blocks,
and one replicate of the complete Hapmap collection was acquired in 6 days. An alpha
design was generated with Gendex (http://designcomputing.net/gendex/) to assign
accessions to each block. Accessions with less than 5 replicates were excluded from the

analysis.

GWA mapping and haplotype analysis
GWA mapping was performed on the proportion of aphids making long probes (>
25 min) with scan_GLS (Kruijer ¢z 4/, 2015). Within scan_GLS, the statistical program

183




Chapter 6

ASReml (Butler ¢7 a/., 2009) was used to apply a mixed model to correct for population
structure, which was estimated with a kinship matrix including all SNPs. SNPs with a
minor allele frequency <0.05 were excluded from analysis. Block and replicate were
included in the model as covariates. Generalized heritability was calculated by scan_
GLS according to Oakey ez al. (2006). For haplotype analysis, SNPs with a minor allele
frequency above 5% were retrieved from the Arabidopsis 1,001 genomes browser for
173 accessions (Cao e al., 2011). For each domain, haplotypes were defined as unique
SNP combinations with a frequency above 5%. For exons, only non-synonymous
SNPs were included. A promoter region of 1000 kb was used and gene domains were
obtained from Interpro (Mitchell ¢z a/, 2015). Promoter motifs were retrieved from
Athamap (Hehl and Bilow, 2014).

RT-qPCR

For each sample, two intermediately aged leaves per 4- to 5-week-old Arabidopsis
plant were harvested between 12 and 3 pm. Samples were immediately frozen in liquid
nitrogen, and stored at -80°C until processing. RNA was isolated from homogenised
leaf material with an InviTrap® Spin Plant RNA kit, and treated with Ambion® TURBO
DNA-free™ according to the manufacturer’s instructions. RNA was quantified with
a NanoDrop® ND-1000 spectrophotometer, and integrity was assessed with gel
electrophoresis. DNA-free RNA was converted into cDNA using the Bio-Rad iSctipt™
cDNA synthesis kit. Quantitative reverse transcription PCR was carried out on a
Bio-Rad 1Q™5 system using SYBR Green. For each primer combination (Table S4),
RT-qPCR products were sequenced to validate the region of amplification. To test aphid
induction of WRKY22, PR1, I”SP2, and PDF1.2, plants were treated with and without
aphids (n=4). For infested samples, a Petri dish with indentation for the petiole was used
to contain 15 adult M. persicae aphids on the leaf, to inflict as little mechanostimulation
as possible. Four biological replicates were collected for three treatments: (1) an empty
Petri dish for 48 h, (2) a Petri dish for 48 h with addition of aphids in the last 6 h, (3) a
Petri dish with aphids for 48 h.

Electrical Penetration Graph (EPG) recording

Feeding behaviour of M. persicae aphids was investigated with EPG recording on 4- to
5-week-old Arabidopsis plants, using direct current (DC) according to the methodology
of Ten Broeke et al. (2013a). To adjust the radish-reared aphids to Arabidopsis, aphids
were transferred to Col-0 Arabidopsis plants 24 h before the experiments. EPG

2

recording was performed at 22 + 2°C and light intensity of 120 pmol m™ s, using

clean plants and one aphid per plant. An electrode was inserted in the potting soil and
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a thin gold wire of 1.5 cm was gently attached to the dorsum of an adult, wingless
aphid with silver glue. The electrical circuit was completed when the aphid’s piercing-
sucking stylet mouthparts penetrated the plant cuticle. Electrical signals associated
with stylet activities were recorded and annotated with EPG Stylet+ software and
further processed in R (R-Core-Team, 2013; Tjallingii, 1988) (http://www.epgsystems.
cu). Between 20 and 24 biological replicates were measured on T-DNA lines (Col-0:
0=24, wrky22-3: n=22, wrky22-4: n=20) and between 15 and 19 on overexpression lines
(Col-0: n=15, OE.c: n=19, OE.e: n=19). WRKY22 overexpression was induced by
supplying estradiol solution to the plants 24 hours before the experiment. To correct
for potential side-effects of estradiol, the wild-type plants received the same treatment
as the overexpression lines.

Aphid population development

To assess aphid developmental rate and population size, 2.5-week-old Arabidopsis
plants were infested with one M. persicae neonate of 0 to 24 hour old and placed in a
climate room at 24 + 1°C, 50-70% relative humidity, an 8h:16 h L:D photoperiod, 200
umol m™2 s7! light intensity. A soap-diluted water bartier prevented aphids from moving
between plants. None of the aphids developed wings. From day 7 onwards, occurrence
of the first offspring was checked twice per day using 5x magnification glasses (Col-0:
n=18, wrky22-3: n=19, wrky22-4: n=22). The number of aphids per plant was counted
at 14 days after infestation. Plants without an adult aphid eight days after introduction,
and plants without any adults or neonates 14 days after introduction were excluded
from the analysis.

Statistics

Data were tested for a normal distribution and homogeneity of variances using the
Shapiro test and Levene’s test. Non-parametric data sets were assessed with Mann-
Whitney U tests (2 groups), or Kruskall Wallis tests (> 2 groups). Data sets with a
normal distribution were tested with a Student’s t-test (2 groups) or a one-way ANOVA
(>2 groups).

RNA-seq analysis

RNA-seq analysis was conducted on leaves of Col-0 and wrky22-3 with three biological
replicates per treatment. Five leaves of five different 4- to 5-week-old plants were pooled
per sample. Plants had been exposed to one of three treatments: (1) an empty clip cage
for 48 h, (2) a clip cage for 48 h with addition of 15 aphids in the last 6 h, (3) a clip cage
with 15 aphids for 48 h. Only 4" instar nymphs and adult M. persicae aphids were used.
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Experiments were conducted simultaneously in a climate chamber (24 £ 1°C, 50-70%
relative humidity, 8h:16h L:D photopetiod, and a light intensity of 120 pmol m™ s™),
but in a separate cages with an air circulation system that prevented contamination
of plant volatiles between treatments (Menzel ¢7 al., 2014). Samples were harvested in
two batches between 1 and 4 pm, immediately frozen in liquid nitrogen, and stored at
-80°C until processing. RNA was isolated and checked according to the description
above (260/280 OD range: 2.0-2.2, 260/230 OD range: 1.9-2.3). Library preparation
was performed with a TruSeq™ RNA Sample Prep Kit (Illumina®) and between 11 to
24 million single-end 50-bp reads were sequenced per sample with Illumina® HiSeq™
2000 in 3 lanes, multiplexed with 12 samples per lane. Reads were cleaned from
adaptors and trimmed to 51 bp using the program Trimmomatic version 0.32 (Bolger
¢t al., 2014). Quality control was performed with FastQC (http://www.bioinformatics.
bbstc.ac.uk/projects/fastqc). Reads were mapped to the TAIR10 Arabidopsis reference
genome (https://www.arabidopsis.org/) with Tophat version 2.0.13, intron length 20-
2000 (Trapnell ez al., 2013; Trapnell ez al., 2012). An index file was built with Bowtie
2 (Langmead et al, 2009). Transcript assembly, quantification, normalisation and
differential expression analysis were performed with Cufflinks, using the bias detection
and correction algorithm, multi-read correction for reads mapping to multiple locations,
and a minimum alignment count of 10. Treatments were both compared between plant
lines (Col-0 versus mutant) and within plant line (empty clip cage versus 6 hpi, empty
clip cage versus 48 hpi, and 6 hpi versus 48 hpi). Only differentially expressed genes
(False Discovery Rate Q-value<0.05) with an absolute fold change = 2 (log, 21) were
taken into account. Differentially expressed genes were tested for overrepresentation of
biological processes against a reference set including all transcripts in the complete data
set with at least 1 count, using the application BINGO in Cytoscape (Cline ¢z al., 2007,
Maere et al., 2005). Genes associated with cell-wall processes were selected and classified
based upon their TAIR description, the heatmap was constructed with the R package
‘gplots’ (Warnes ez al., 2009).
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Supplementary information

Table S1. Percentage of aphids making long probes (> 25 min) 4.5 hour after inoculation on 344 natural
Arabidopsis accessions.

Accession  Line % Accession  Line % Accession  Line %
CS76214 Pro-0 20 CS76208 Paw-3 50 CS28734 Sh-0 67
CS28163 Co-2 33 CS76221 ROM-1 50 CS28739 Si-0 67
CS28808 Wag-3 33 CS76276 UKNWO06-060 50 CS28787 Uk-1 67
CS76107 CAM-16 33 CS76281 UKSE06-192 50 CS28795 Utrecht 67
CS76127 Est-1 33 CS76108 CAM-61 60 €S28800 Ven-1 67
CS76287 UKSE06-429 33 CS76109 Can-0 60 CS28804 Wa-1 67
Cs28214 Dra-2 40 CS76129 Fei-0 60 CS28812 WAR 67
CS28091 Boot-1 50 CS76131 Fja1-2 60 CS76088 Alc-0 67
CS28097 Bs-2 50 CS76137 Gr-1 60 CS76090 ALL1-3 67
CS28160 Cnt-1 50 CS76177 Lp2-6 60 CS76093 Bal-2 67
Cs28217 Ede-1 50 CS76252 TOU-A1-115 60 CS76094 Bay-0 67
CS28345 Hh-0 50 CS76291 UKSE06-628 60 CS76097 Bla-1 67
CS28419 Kr-0 50 CS28049 Ann-1 67 CS76101 Br-0 67
CS28492 Mh-0 50 CS28053 Ba-1 67 CS76104 BUI 67
CS28633 PHW-33 50 CS28135 Chat-1 67 CS76105 Bur-0 67
CS28635 PHW-35 50 CS28140 CIBC-2 67 CS76124 Duk 67
CS28645 Pn-0 50 CS28141 CIBC-4 67 CS76128 Fab-4 67
CS28725 Sav-0 50 CS28252 Fi-1 67 CS76149 Ka-0 67
CS28758 Tha-1 50 CS28344 Hey-1 67 CS76159 Lc-0 67
CS28823 Ws 50 CS28350 Hn-0 67 CS76164 Ler-1 67
CS76098 Blh-1 50 CS28373 Jm-1 67 CS76169 Lis-1 67
CS76106 Cc24 50 CS28423 Krot-2 67 CS76171 Lisse 67
CS76150 Kas-1 50 CS28459 Li-6 67 CS76174 Lom1-1 67
CS76152 Kelsterbach-4 50 CS28614 PHW-14 67 CS76181 MIB-15 67
CS76165 LI-OF-095 50 CS28628 PHW-28 67 CS76195 Na-1 67
CS76172 LL-0 50 CS28631 PHW-31 67 CS76200 Omé2-1 67
CS76190 Mr-0 50 CS28685 Rhen-1 67 CS76202 Ost-0 67
CS76196 NC-6 50 CS28692 Rou-0 67 CS76203 Oy-0 67
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Table S1. (continued)

Accession  Line % Accession  Line % Accession  Line %
CS76207 PAR-5 67 CS76293 uli2-3 80 CS28750 Ste-0 83
CS76226 Se-0 67 CS76298 Var2-1 80 CS28779 Tscha-1 83
CS76227 Shahdara 67 CS28014 Amel-1 83 CS28788 Uk-2 83
CS76228 SLSP-30 67 CS28017 An-2 83 CS28810 Wag-5 83
CS76231 St-0 67 CS28051 Arby-1 83 CS28814 Wec-2 83
CS76232 Ste-3 67 CS28064 Benk-1 83 CS28822 WI-0 83
CS76233 T1040 67 €S28090 Blh-2 83 €S28833 Wt-3 83
CS76234 T1060 67 CS28099 Bsch-0 83 CS28848 Ors-1 83
CS76236 T1110 67 CS28165 Co-4 83 528849 Ors-2 83
CS76244 Tamm-2 67 CS28193 Com-1 83 CS76083 11ME1.32 83
CS76254 TOU-A1-12 67 528200 Da-0 83 CS76084 11PNA4.101 83
CS76257 TOU-A1-67 67 CS28243 Est-0 83 CS76091 An-1 83
CS76262 TOU-H-13 67 (528268 Fr-4 83 CS76095 Belmonte-4-94 83
CS76263 TOU-1-17 67 CS28277 Ge-1 83 CS76096 Bg-2 83
CS76280 UKSE06-062 67 CS28279 Gel-1 83 CS76099 Bor-1 83
CS76282 UKSE06-272 67 CS28364 Je-0 83 CS76103 Bu-0 83
CS76288 UKSE06-466 67 CS28369 JI-3 83 CS76110 Cen-0 83
CS76306 Zdr-6 67 CS28394 KI-5 83 CS76113 Col-0 83
CS28108 Bu-8 80 CS28457 Li-5:2 83 CS76122 DralV 83
CS28241 Es-0 80 C€S28490 Mc-0 83 CS76125 Eden-2 83
CS28420 Kro-0 80 CS28495 Mnz-0 83 CS76126 Edi-0 83
CS28583 Old-1 80 CS28510 N4 83 CS76132 Fjal-5 83
CS28729 Sei-0 80 CS28513 N7 83 CS76134 Gd-1 83
CS76086 627ME-4Y1 80 CS28580 Ob-1 83 CS76138 Gull-2 83
CS76114 Ct-1 80 CS28610 PHW-10 83 CS76139 Gy-0 83
CS76115 CUR-3 80 CS28613 PHW-13 83 CS76140 Hi-0 83
CS76157 LAC-3 80 CS28620 PHW-20 83 CS76141 Hod 83
CS76184 MIB-84 80 CS28622 PHW-22 83 CS76144 HR-5 83
CS76191 Mrk-0 80 CS28636 PHW-36 83 CS76145 Hs-0 83
CS76224 Sap-0 80 CS28637 PHW-37 83 CS76148 JEA 83
CS76230 Sg-8 80 CS28640 Pla-0 83 CS76151 KBS-Mac-8 83
CS76251 Tottarp-2 80 CS28650 Pog-0 83 CS76155 Koln 83
CS76259 TOU-C-3 80 CS28743 Sp-0 83 CS76161 LDV-25 83
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Table S1. (continued)

Accession  Line % Accession  Line % Accession  Line %
CS76163 LDV-58 83 CS76278 UKNWO06-436 83 CS28326 Gr-5 100
CS76168 Lip-0 83 CS76279 UKNWO06-460 83 CS28332 Gu-1 100
CS76170 Lis-2 83 CS76283 UKSE06-278 83 CS28336 Ha-0 100
CS76176 Lp2-2 83 CS76284 UKSE06-349 83 CS28382 Kelsterbach-2 100
CS76180 Map-42 83 CS76286 UKSE06-414 83 CS28395 Kn-0 100
CS76185 MNF-Che-2 83 CS76289 UKSE06-482 83 CS28407 KNO-11 100
CS76186 MNF-Jac-32 83 CS76292 UKSWO06-202 83 CS28454 Li-3 100
CS76187 MNF-Pot-48 83 CS76297 Van-0 83 CS28461 Li-7 100
CS76188 MNF-Pot-68 83 CS76299 VOU-1 83 CS28527 Nc-1 100
CS76192 Mt-0 83 CS76300 VOu-2 83 CS28550 NFC-20 100
CS76193 Mz-0 83 CS76302 Wil-1 83 CS28564 No-0 100
CS76197 Nd-1 83 CS76304 Wt-5 83 CS28568 Nok-1 100
CS76205 PAR-3 83 CS76305 Yo-0 83 CS28573 Nw-0 100
CS76209 Pent-1 83 CS76308 Zdrl 83 CS28575 Nw-2 100
CS76210 Per-1 83 CS76213 Pna-17 86 CS28578 Nz1 100
CS76211 Petergof 83 CS22689 RRS-10 100 CS28587 Or-0 100
CS76215 Pu2-23 83 CS28007 Aa-0 100 CS28626 PHW-26 100
CS76216 Ra-0 83 CS28013 Alst-1 100 CS28651 Pr-0 100
CS76217 Rak-2 83 CS28018 Ang-0 100 CS28663 Pu2-24 100
CS76220 Rmx-A180 83 CS28054 Baa-1 100 CS28713 RRS-7 100
CS76222 Rsch-4 83 CS28063 Be-1 100 CS28720 S96 100
CS76225 Sav-0 83 CS28128 Ca-0 100 CS28724 Sapporo-0 100
C576229 Sparta-1 83 €S28133 Cha-0 100 €S28732 Sg-1 100
CS76235 T1080 83 CS28142 CIBC-5 100 CS28760 Tiv-1 100
CS76239 T540 83 CS28158 Cit-0 100 CS28780 Tsu-0 100
CS76247 TDr-18 83 CS28181 CSHL-5 100 CS28786 Ty-0 100
CS76248 TDr-3 83 CS28201 Da(1)-12 100 CS28809 Wag-4 100
CS76253 TOU-A1-116 83 CS28202 Db-0 100 CS28847 Zu-1 100
CS76256 TOU-A1-62 83 CS28208 Di-1 100 CS76085 328PNA054 100
CS76264 TOU-I-2 83 CS28210 Do-0 100 CS76087 Ag-0 100
CS76265 TOU-I-6 83 CS28236 Ep-0 100 CS76089 ALL1-2 100
CS76272 UKID37 83 CS28280 Gie-0 100 CS76092 Appl-16 100
CS76273 UKID48 83 CS28282 Go-0 100 CS76100 Bor-4 100
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Table S1. (continued)

Accession  Line % Accession  Line %
CS76102 Br61-6 100 CS76218 Ren-1 100
CS76111 CIBC-17 100 CS76219 Rev-2 100
CS76116 Cvi-0 100 CS76223 Sanna-2 100
CS76119 DralV 100 CS76238 T510 100
CS76120 DralV 100 CS76240 T620 100
CS76121 DralV 100 CS76242 Ta-0 100
CS76123 DralV 100 CS76243 TAD 100
CS76135 Ge-0 100 CS76245 TDr-1 100
CS76136 Got-7 100 CS76249 TDr-8 100
CS76142 Hov4-1 100 CS76250 Tomegap-2 100
CS76143 Hovdala-2 100 CS76255 TOU-A1-43 100
CS76146 HSm 100 CS76258 TOU-A1-96 100
CS76147 In-0 100 CS76260 TOU-E-11 100
CS76153 Kin-0 100 CS76261 TOU-H-12 100
CS76154 Kno-18 100 CS76266 TOU-J-3 100
CS76156 Nordborg 100 CS76267 TOU-K-3 100
CS76158 LAC-5 100 CS76268 Ts-1 100
CS76160 LDV-14 100 CS76269 Udul 100
CS76162 LDV-34 100 CS76270 UKID101 100
CS76166 Liarum 100 CS76274 UKID80 100
CS76167 Lille-1 100 CS76275 UKNWO06-059 100
CS76173 Lm-2 100 CS76277 UKNWO06-386 100
CS76175 Lov-5 100 CS76285 UKSE06-351 100
CS76179 Lz-0 100 CS76290 UKSE06-520 100
CS76182 MIB-22 100 CS76295 uli3-4 100
CS76183 MIB-28 100 CS76296 Uod-7 100
CS76189 MOG-37 100 CS76301 Wei-0 100
CS76194 N13 100 CS76303 Ws-0 100
CS76198 NFA-10 100 CS76307 Zdrl 100
CS76199 NFA-8 100

€S76201 Or-1 100

CS76206 PAR-4 100

CS76212 PHW-34 100
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Table S2. Aphid feeding behaviour, measured by 8-hour EPG recordings on wild type (Col-0) and wrky22
T-DNA lines (wrky22-3 and wrky22-4).

Tissue Variable Col-0 wrky22-3 wrky22-4
Total duration NP (min) 111.6+11.8 105.5 + 13.6ns 153.1+17.2ns
Latency to 1st C (min) 6+1.2 7.5+1.8ns 12.4 £ 2.5ns
E. Total duration C (min) 167.5+11.2 197.6 + 12.8* 192 + 14.1ns
% Number of C 43.1+4.4 41.4+4.9ns 51.6 £5.5ns
g Number of C < 3 min 29.3+4.1 25.5+4.2ns 38+4.9ns
% Number of C < 20 sec 12.1+25 8+2.1ns 17.6 +2.9ns
% Mean duration C (min) 46104 6.7 £ 1* 4.4 +0.4ns
"'n-'- Potential drops in C (min) 12+0 1.2+0ns 1.2+0.1ns
Total duration F (min) 28128 0+0ns 6.2 +4.4ns
Number of F 0.1+0.1 0.1£0.1ns 0.4 +£0.2ns
Latency to 1st E1 after C (min) 67.8+7.3 74.9 £ 8.1ns 119.8 £ 23.7ns
Mean latency E1 after C (min) 10.5+0.7 12.7+1.3ns 14.2 £ 1.6ns
Total duration E1 (min) 104+13 13.3+1.7ns 7.1+0.6ns
Number of E1 11.3+1.4 12.5+1.3ns 8.1+0.9ns
Mean duration E1 (min) 1.1+0.2 1.2+0.2ns 1+0.1ns
Number of single E1 1.2+03 1.4+0.3ns 1.4+0.3ns
K] Elin E (%) 84+15 10.8+1.7ns 12.7 £3.6ns
-§ Latency to 1st E2 (min) 96.5+12.5 107.3+17.8ns 144.1 + 24.6ns
E Total duration E2 (min) 168.3+19.9 154 +21.3ns 117.9+24.1ns
g Number of E2 82+1 9+0.9ns 5.8+0.8ns
N Mean duration E2 (min) 3257 41.8 +21ns 24.1+6.9ns
Total duration E2s (min) 148.8 +20.9 129.1+22.9ns 103.5+24.1ns
Aphids with E2 (%) 1000 100 + Ons 100 * Ons
E2/C ratio 1.3+03 1.6+0.8ns 1+0.4*
Latency to vascular bundle (min) 69.3+6.5 78.7 £ 8.6ns 130.2 £ 22.5**
Total duration G (min) 19.4+6.3 9.5+3.8ns 3.6+1.8*
Number of G 0.6+0.2 0.4+0.1ns 0.2+0.1ns

Means + standard error, *P<0.05; **P<0.01; ***P<0.001 (Mann-Whitney U pairwise comparisons: wrky22-3
versus Col-0 and wrky22-4 versus Col-0). NP = non-penetration, C = pathway, , F = penetration difficulties, E1
= phloem salivation, E2 = phloem ingestion, E2s = sustained phloem ingestion (> 10 min), G = xylem ingestion.
Single E1s were phloem salivations that were not directly followed or preceded by phloem uptake. Latency to
the vascular bundle was calculated as the time from the start of the recording to the first contact with either a
phloem or xylem vessel.
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Table S3. Aphid feeding behaviour, measured by 8-hour EPG recordings on wild type (Col-0) and wrky22
inducible overexpression lines (OE.c and OE.e). WRKY22 overexpression was induced by supplying
estradiol solution to all plants 24 hours before the experiment.

Tissue  Variable Col-0 OE.c OE.e
Total duration NP (min) 171.6 £ 20.5 178.5 £ 20ns 160.6 + 16.4ns
_ Latency to 1st C (min) 16.3+3.4 12.6 £ 2.6ns 17 £ 4.7ns
;: Total duration C (min) 179.9+9.6 164.6 + 8.2ns 158.1 + 8.4ns
§ Number of C 43.2+4.7 39.5+3.8ns 39.4£3.3ns
% Number of C < 3 min 30345 27.5+3.9ns 27.7+3ns
g Number of C < 20 sec 13.1+25 11.7 £2.5ns 12.1+1.7ns
:§_ Mean duration C (min) 5+0.6 4.7 £0.4ns 4.3+0.3ns
Total duration F (min) 14.2+88 8.31+4.8ns 0.7 £0.6ns
Number of F 05%0.3 0.6 +0.2ns 0.2+0.1ns
Latency to 1st E1 after C (min) 139.5+21 94.9 + 19ns 104.6 + 13.2ns
Mean latency E1 after C (min) 13.2+1.2 11.5+0.7ns 13.6 £ 1.4ns
Total duration E1 (min) 6.6+0.7 8.3+ 1.2ns 8.5+ 1.2ns
Number of E1 89+13 11.6+1.2ns 9.6 £1ns
Mean duration E1 (min) 0.8+0.1 0.7 £ Ons 0.9+0.1ns
Number of single E1 1+0.2 0.8 +0.3ns 1+£0.3ns
o Elin E (%) 11.3+£29 9.3+ 1.6ns 7.4+ 1.4ns
-g Latency to 1st E2 (min) 170.3£24 108.8 £ 18.7* 130.9 £ 16.9ns
-; Total duration E2 (min) 107.7+23.4 120.3+17.1ns 150.1+17.8ns
2 Number of E2 68+1.1 9.4+ 1ns 7.6+ 1ns
= Mean duration E2 (min) 19.2+5.2 12.5+1.7ns 25.4 +4.5ns
Total duration E2s (min) 91.7+24.3 89.6 £ 15.5ns 131+17.9ns
Aphids with E2 (%) 1000 100 + Ons 100 * Ons
E2/C ratio 0.7+0.2 0.8 +0.1ns 1+0.2ns
Latency to vascular bundle (min) 155.7+21.2 107.5 + 18.8* 118.6 + 14.7ns
Total duration G (min) 0+0 0x0ns 2.1+2ns
Number of G 00 0+ 0ns 0.1£0.1ns

Means + standard error, *P<0.05; **P<0.01; ***P<0.001 (Mann-Whitney U pairwise comparisons: OE.c versus
Col-0 and OE.e versus Col-0). NP = non-penetration, C = pathway, , F = penetration difficulties, E1 = phloem

salivation, E2 = phloem ingestion, E2s = sustained phloem ingestion (> 10 min), G = xylem ingestion. Single Els
were phloem salivations that were not directly followed or preceded by phloem uptake. Latency to the vascular
bundle was calculated as the time from the start of the recording to the first contact with either a phloem or

xylem vessel.
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Table S4. Primers used for PCR and RT-qPCR.

PCR

Mutant/insertion SALK code Direction Primer

T-DNA insertion LBb1.3 ATTTTGCCGATTTCGGAAC

wrky22-3 SALK_094892 Fw AAACCCTATATTCACCGTCGG

Rev ATATTCCTCCGGTGGTAGTGG
wrky22-4 SALK_098205 Fw CACAGAACCAGAAACGTCCTC
Rev ATATTCCTCCGGTGGTAGTGG

RT-qPCR

Gene name AGI code Direction Primer

PEX4 At59g25760 Fw TGCAACCTCCTCAAGTTCG
At5925760 Rev CACAGACTGAAGCGTCCAAG

ACT2 At3g18780 Fw CCCGATGGGCAAGTCATCACGAT
At3g18780 Rev GTCTCGTGGAtTCCAGCAGCTTCC

WRKY22 At4g01250 Fw CATGGCGAAAGTACGGACAG
At4901250 Rev GAATTACGGTGTGTCGGAGC

PDF1.2 At5G44420 Fw TTGCTGCTTTCGACGCA
At5G44420 Rev TGTCCCACTTGGCTTCTCG

VSP2 At5G24770 Fw CATAGACTTCGACACGGTGC
At5G24770 Rev TTTGCACACGGTTTTGGAGT

PR1 At2G14610 Fw GTTGCAGCCTATGCTCGGAG
At2G14610 Rev CCGCTACCCCAGGCTAAGTT
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Introduction

To unravel plant-aphid interactions, one needs to understand the biology of both.
Particularly, when exploring links between the plant genome and aphid behaviour,
small details in insect and plant performance can be of major importance. Plant
resistance is often a complex trait with variation in individual genes which play a minor
role in a polygenic framework. The step from one plant gene, to the behaviour of
a herbivorous insect is huge. Transcriptional and translational regulation, tissue- and
developmental-specificity, protein-protein interactions, and metabolic effects are just
a few processes connecting the DNA code with a plant phenotype. In addition, the
aphid’s behavioural and reproductive response is affected by intrinsic traits of the
aphid, such as its developmental stage, and plant characteristics including smell, taste,
accessibility of the phloem, and the digestibility, toxicity and nutritional value of the
phloem sap. This complexity makes the identification of resistance genes challenging,
particularly when studying natural genetic variation with often only subtle effects on
gene efficacy. Taking a ‘blind” approach, and exploring whole genomes consisting of
several thousand polymorphisms to identify a single base pair change that affects aphid
performance, is like finding a needle in a haystack. Gene discovery and functional
characterisation, therefore, require both specificity and pragmatism. Here, I will discuss
how to reduce missing heritability and exploit phenotypes. First, I will elaborate on the
biology of plant-aphid interactions and address some exciting aspects which deserve
more attention in future studies.

The parasite-like nature of aphids

Aphids, and phloem-feeding insects in general, are distinctly different from many
herbivorous insects from other feeding guilds by their intimate relation with the host
plant. With their delicate feeding apparatus they feed from one single plant cell, i.e. a
sieve element, for hours or even days (Tjallingii, 1995). This is beyond comparison to
other piercing-sucking insects, such as thrips, which damage and feed on several hundred
or thousand epidermal and mesophyll cells throughout their live (de Kogel 7 al., 1998;
Lewis, 1973). For aphids, maintaining a sieve element functional is essential for long-
term harvesting of nutrients. The interest of aphids in the vitality of the host extends
even beyond its own lifetime, since colonies stay on a suitable host plant for several
generations. Overall, the resemblance between plant-aphid interactions and parasitism
can hardly escape. Parasitism has been defined in several ways, but is generally regarded
as a non-mutualistic symbiotic relationship, where one organism benefits at the expense
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of another organism, whilst living in or on its host for extended time without directly
killing it (Crofton, 1970; Loker and Hofkin, 2015). However, in most plant-insect
studies, aphids are not referred to as parasites. Herbivorous insects are most commonly
categorised by their feeding guild (biting-chewing, leaf-mining, piercing-sucking) or host
specificity (specialist, oligophagous or generalist insects) (Ali and Agrawal, 2012; Panda
and Khush, 1995; Schoonhoven ¢ a/., 2005), and not by the degree of intimacy with a
host plant in terms of duration of the infestation and dependency on the physiological
vitality of the host. The latter point of view would, however, help in acquiring new
insights in plant-insect interactions. Having a closer look, there are more parasitic
aspects to aphids (Table 1). High reproduction rates and sexual and asexual morphs are
typical characteristics of parasites, since they often have a low survival rate due to their
dependency on many biotic and abiotic factors (Loker and Hofkin, 2015). In addition,
parasites are often specialised in reaching and feeding from a specific tissue within their
host. Parasitic weeds, such as S#iga spp., for example, invade the vascular bundle of
the host from where they retrieve photoassimilates, water and nutrients (Bouwmeester
et al., 2007). Striga spp. are even obligate parasites, since they have lost photosynthetic
capacity and completely rely on the retrieval of photoassimilates from their host. In
comparison, aphids, have developed a highly specialised feeding apparatus to reach the
phloem vessels, and some aphids, such as Myzus persicae, have lost the ability to convert
glucuronic acid to ascorbic acid, (Mittler e a/, 1970), which is highly abundant in the
phloem of many plant species (Franceschi and Tatlyn, 2002).

Host plant manipulation and aphid saliva

Many parasites manipulate the physiology of their host plant for their own benefit. An
impressive example is the formation of pseudoflowers in Boechera stricta, induced by
the plant parasitic rust fungus Puccinia monoica (Cano et al., 2013). These pseudoflowers
have no obvious function, other than attracting pollinating insects to facilitate dispersal
and sexual reproduction of the fungus. Another type of host plant manipulation by
parasites, is the secretion of effectors by bacteria, which often engage in a long-term
relationship with their host and suppress plant defence mechanisms (Dean, 2011). In
return, plants have evolved effector-triggered immunity, resulting in an evolutionary
arms race between plants and pathogenic parasites (Jones and Dangl, 20006). In
plant-insect studies, host plant manipulation is often referred to as induced plant
susceptibility (Karban and Baldwin, 1997). Rhoades (1985) proposed two strategies for
host manipulation by herbivores: stealth and opportunism. Stealthy host manipulation
involves the suppression or avoidance of plant defences. Larvae of the Alder sawfly,
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Eriocampa ovata, for example, cut all the main veins in a leaf before feeding (Mackay and
Wellington, 1977), most likely to prevent systemic defence signalling and the allocation
of defence compounds to the feeding site. Opportunistic host manipulation is the
induction and utilisation of processes in the host plant for the benefit of the herbivore
itself. This strategy could be considered as a more evolved form of manipulation
because it changes host-plant physiology at a local or even systemic level (Figure 1).
An example is the wood wasp, Sirex noctilio, which injects effectors in its host plant
during oviposition, which suppress the carbohydrate efflux from the leaf and change
local secondary metabolism to the advantage of the wasp’s offspring (Madden, 1977).
But what is known about host plant manipulation by aphids? The most outstanding
example of opportunistic host exploitation by Aphididae is found in gall-forming
aphids. They induce the formation of abnormal outgrowths on leaf veins that provide
shelter for aphid colonies and function as a nutrient sink (Aoki ez a/, 1977; Larson
and Whitham, 1991). Also free-living aphids, which represent the vast majority of the
Aphididae family, engage in host manipulation. In recent years, proteomic studies have
revealed that aphid saliva, secreted in the cell wall matrix and in the phloem, contains
proteins, some of which elicit plant defence responses (Bos ¢ al., 2010; De Vos and
Jander, 2009), and some of which increase aphid performance via yet unknown
mechanisms (Bos ¢# al., 2010; Hogenhout and Bos, 2011; Mutti ez a/., 2008; Pitino and
Hogenhout, 2012; Rodriguez and Bos, 2012). The salivary effector C002, for example,
increased the duration of phloem ingestion, and is most likely involved in a phloem-
located suppression of host-plant defence (Mutti ¢z a/., 2008). Pectinases in aphid saliva
have been shown to impact host plants both on a local and a systemic scale. Detailed
microscopy showed that during intercellular probing, the stylet bundle pushes the cell
walls aside and thereby slightly compresses the surrounding cells (Tjallingii and Hogen
Hsch, 1993). Pectin depolymerisation most likely increases the elasticity of the middle
lamellae and cell wall and thereby facilitate stylet penetration while keeping the cells
intact (Dreyer and Campbell, 1987). It can therefore be considered as local suppression
of host plant resistance. Liu ¢7 a/. (2009) showed that aphid pectinase also is an elicitor of
systemic resistance. It induces the release of plant volatiles that attract aphid parasitoids
and eventually decrease performance of Sizobion avenae aphids.

The vascular network: the highway between local and systemic plant
responses

It is not surprising that aphids induce effects at the whole plant level, considering the
fact that they feed on, and secrete watery saliva in the vascular signalling network of the
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host plant. Saliva components secreted in one sieve element, and small enough to pass
through the sieve plate pores, could in theory be transported by the sap to (other) sink
organs, and elicit a response in uninfested plant parts. As far as known, the transport
capacity of aphid saliva through the phloem has never been studied. Nevertheless,
the access to the vascular signalling network, provides aphids with the possibility to
manipulate the physiology at a systemic scale, in virtually all organs both below and
above ground. The other side of the coin is, that the host can take advantage of a
phloem-located infection. The vascular infrastructure facilitates the plant in building
a quick systemic defence response. Local defence signals, such as messenger RNAs,
jasmonic acid (JA), methyljasmonate and electrical signals and free calcium, have been
described to disperse via the phloem and to activate defence responses in distal plant
parts (Gaupels and Vlot, 2013; Salvador-Recatala ez a/, 2014; van Bel ¢z al,, 2014). In
return, defence compounds can be produced systemically and allocated to the infested
sieve element. Although the phloem-mobility of several secondary metabolites is still
debatable, glucosinolates, terpenoids, and alkaloids have been described to travel via
the phloem sap (Gowan ez al., 1995; Hagel ¢z al., 2013; Jorgensen et al., 2015; Ober and
Kaltenegger, 2009). The fast systemic signalling and allocation of compounds to the
feeding site must have consequences for phloem-feeding insects. An important asset of
phloem feeders is, however, that they ingest pure sap containing stable compounds of
secondary metabolites. Glucosinolates, for example, only become toxic after hydrolysis
by myrosinases, which are stored in separate cells in the plant (Fahey ez a/, 2001). Since
aphids do not disrupt cells, unlike chewing insects, they ingest glucosinolates in their
intact, non-toxic state (Bones and Rossiter, 1996). Yet, some degree of hydrolysis
still takes place during digestion and excretion, as has been illustrated with indole-
glucosinolate breakdown products in the honeydew of M. persicae (Kim et al., 2008Db).
It would be interesting to assess whether other phloem-mobile secondary metabolites,
such as terpenoids and alkaloids, also have reduced impact on phloem feeders when
they are ingested in their intact form.

Systemic acquired resistance or susceptibility?

Suppose that aphids secrete effectors in the vascular network which could modulate
virtually any physiological process in the host plant, what would then be the ultimate
target? Particularly for generalist aphids, such as M. persicae, it might be most advantageous
to hijack a fundamental regulator of plant defence responses occurring in a wide array
of plant families. Indeed, there is a candidate target that meets this requirement: SA.
While most herbivorous insects elicit mainly the defence-related hormones JA and
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Suppression of host plant immunity Utilisation of signalling pathways
Avoidance of defence mechanisms Improvement of nutrient availability
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Figure 1. Degree of host-pant manipulation by herbivorous insects, determined by stealth or opportunism

(Rhoades, 1985), and whether the insects manipulate host-plant physiology at a local or systemic scale.

ethylene (ET), aphids induce apart from JA and ET also the SA pathway (De Vos e? al.,
2005; Moran et al., 2002; Thompson and Goggin, 2006). SA influences a wide array of
processes in the plant, including cell growth and respiration, but also activates systemic
acquired resistance (SAR), involving a hypersensitive response and the accumulation
of reactive oxygen species (Pieterse e/ al., 2012; Vlot et al., 2009). It is not surprising
that aphids elicit SA, since SAR is triggered by pathogen-associated molecular patterns
and effectors. Due to the secretion of saliva and the penetration by the stylet bundle,
the plant is exposed to numerous non-self molecules which could potentially elicit
SAR. Interestingly, however, it remains unclear whether activation of the SA pathway is
beneficial or detrimental to aphids. Studies with Arabidopsis SA- and JA- biosynthesis
and signalling mutants show that JA-mediated defences, involving the accumulation
of glucosinolates and terpenoids, are generally more effective against aphids than SA-
induced responses (Ellis ez /., 2002; Mewis ¢z al., 2005; Moran and Thompson, 2001;
Pegadaraju ezal., 2005; Thompson and Goggin, 2000). Since SA and JA actantagonistically
in many plant species (Bostock, 2005), it has been postulated that aphids induce SA to
interfere with JA-mediated defences (De Vos ez al., 2007; Walling, 2008). This would be a
major form of opportunistic host-plant manipulation. Unfortunately, this theory is not
unambiguous. First of all, because SA and JA exert pleiotropic effects on many stress
responses. The beneficial impacts of SA-JA antagonism on aphids could merely be an
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evolutionary by-product of an overall effective defence strategy against other biotic
stresses. Several studies indicate that negative SA-JA crosstalk improves plant fitness by
prioritising costly defence responses when plants are attacked by multiple herbivores
and pathogens (Pieterse e al., 2012; Vos et al., 2015). For many plant species, aphids
might simply not have imposed a substantial selection pressure to evolve an alternative
defence mechanism. A second reason why SA induction is not a straightforward
example of host manipulation is, that SA also confers detrimental effects on aphids.
The Mi-1-mediated resistance to the potato aphid, Macrosiphum enphorbiae, is an example
of a successful SA-mediated defence (Kaloshian, 2004; Li ez al., 2006; Rossi ¢t al., 1998).
Furthermore, the WRKY22 transcription factor has been shown to suppress effective
SA-mediated defences against M. persicae in Arabidopsis (Chapter 6). These observations
show that SA signalling plays a dualistic role in plant resistance to aphids. It possibly
reflects the ongoing arms race between plants and aphids, resulting in a continuous
development of new or improved mechanisms in both plants and aphids. Nevertheless,
the induction of WRKY22 by aphids (Barah ef al, 2013; De Vos et al., 2005) with
subsequent beneficial effects on aphid population development (Chapter 6), might in
itself be an example of opportunistic host plant manipulation. Accumulating evidence
indicates that WRKY22 is an integrator of SA-JA crosstalk in response to a plethora
of abiotic and biotic stimuli (Chapter 6). WRIKY22’s function in suppressing two major
plant defence hormones and the occurrence of WRKY orthologues throughout the
plant kingdom, makes it an interesting target for a generalist aphid to manipulate. If it
comes to influencing phytohormones, it would be naive to think that only one gene is
the ultimate target. Phytohormonal modulation involves numerous regulatory pathways
for the biosynthesis, metabolism, transport, perception and signal transduction, each
regulated by a complex genetic network (Seyfferth and Tsuda, 2014; Tran and Pal,
2014). Instead of hijacking a single gene, it would be more realistic to expect host plant
manipulation at the level of one or more signalling cascades. WRKY22 is possibly a
small hub in a larger signalling network, which could be manipulated by aphids. To
draw further conclusions about host manipulation, it would be necessary to study if and
which aphid effectors induce WRKY22 and its upstream regulators.

Reprogramming of the host-plant transcriptome

In comparison to other herbivorous insects, aphids induce a tremendous amount of
transcriptional perturbations in host plants. They cause, depending on the duration
of infestation, differential expression of thousands of genes, whereas chewing insects
and cell-content feeders alter expression of only several hundreds of genes (Appel ez
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al., 2014; Barah et al., 2013; De Vos et al., 2005; Dubey e al., 2013; Foyer et al., 2015;
Kerchev et al., 2013; Kusnierczyk et al., 2007) (Chapter 6). It is, however, arguable
whether this strong aphid-induced transcriptional reprogramming of the host plant
concerns a large-scale induction of plant defences or rather modulations that benefit
the aphid. There is, unfortunately, still a lack of understanding of the meaning and
consequences of the plethora of aphid-induced transcriptomic perturbations. Maybe
partially, because most transcriptomic studies search for plant defence mechanisms and
not for host-manipulation processes. As a consequence, the focus is on a small subset
of characterised defence genes while the majority of the data are ignored. Nevertheless,
some studies show that, depending on the aphid-plant combination, the transcriptional
changes involve several defence mechanisms with quantitative detrimental effects on
aphids, including cell-wall modifications (Divol ez a/., 2007; Dreyer and Campbell, 1984),
and the accumulation of glucosinolates (Levy ¢ al., 2005; Mewis ¢ al., 2012), camalexin
(Kettles ezal., 2013; Mewis ¢t al., 2012), and proteinase inhibitors (Casaretto and Corcuera,
1998). Although there are still many unknown resistance mechanisms to be discovered,
the overall impression remains that the scale of aphid-induced transcriptional changes
in host plants generally outnumbers the amount and effectiveness of plant defence

responses.

Reprogramming of host-plant primary metabolism

Interestingly, the most impressive aphid-induced changes in host-plant physiology are
not related to secondary, but primary metabolism. This was initially discovered due
to the large biomass losses in plants during infestation. In woody plants, such as lime
and sycamore trees, at least 50% reduction in wood formation was observed in aphid-
infested trees compared to uninfested trees (Dixon, 1971a,b). In a small experiment with
Arabidopsis, I also found a 3-fold reduction in rosette fresh weight when plants were
infested with 5 neonate M. persicae tor 5 days (Figure 2). Based on calculations of dry
matter weight, nitrogen content and aphid metabolism, Dixon (1971a) concluded that
the extent of biomass loss could not be explained by the removal of photoassimilates via
aphid feeding alone. Subsequent studies revealed that aphid-infested plants displayed
a different phloem translocation than uninfested plants (Hawkins ez af, 1987; Veen,
1985). Recent studies show that aphids induce sink strength and redirect nutrients to
infested leaves at the expense of their meristems (Girousse ¢7 a/., 2003; Girousse e/ al.,
2005; Wilson ez al., 2011). Aphid-infested leaves indeed contained increased levels of
sucrose and starch, indicative of increased carbohydrate allocation (Singh ez a/., 2011).
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Sink strength is also known to be induced by mites, pathogens and parasitic plants
(Lemoine e7 al., 2013; Storms, 1971). It has been postulated that the increased supply of
phloem-mobile compounds to infested tissues, supports the host plant in mounting a
costly defence response (Roitsch, 1999). In addition, some sugars act as a priming agent
for plant defences (Herbers ez al, 1996; Morkunas and Ratajczak, 2014). For aphids,
little is known about the role of sugars in inducing plant defence, although there are
indications that the sugars trehalose and trehalose-6-phosphate enforce plant resistance
to aphids (Singh ez a/, 2011). The function of aphid-induced sink strength remains,
however, controversial. By changing infested tissue into sinks, aphids are guaranteed
of a large food supply for a prolonged time. Further studies could shed more light on
the possible effect of aphid-induced sink strength on plant resistance, for example, by
studying aphid performance on plants with an impaired source-sink regulation.

Phloem-located obstructions: elusive success stories

Two main antibiosis strategies against aphid infestation can be distinguished: the
production or release of detrimental compounds, such as secondary metabolites, or,
the reduction of nutrient availability and accessibility. The latter strategy might be a
very successful one, in view of the fact that aphids need to process large quantities
of phloem to acquire enough nitrogen. Most likely, the Nr-mediated near-complete
resistance in lettuce (ten Broeke, 2013) and the PHLOEM HEAT-RESPONSE
LOCUS (PHLO)-mechanism in Arabidopsis (Chapter 5) are both strategies to reduce
food ingestion by aphids. The Nr-based resistance is probably the most effective plant
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resistance mechanism that has been reported so far. Ten Broeke ¢z a/. (2013a) showed
that IN. rzbisnigri biotype Nr:0 aphids were virtually unable to ingest phloem on resistant
lettuce cultivars. Within three days all aphids died on the resistant cultivar. The aphids
could reach the phloem vessels, but were either unable to ingest phloem at all, or
could ingest phloem only for several minutes. The possibility that toxic compounds
are involved cannot be excluded, but in view of the fast and irreversible interruption
of phloem feeding, a physical obstruction of the aphid food channel or the respective
sieve element would be the most likely explanation. Although the effects are definitely
not that strong, the PHLO-mediated resistance to M. persicae in Arabidopsis shows
remarkable similarities to the Nr-mechanism. On plants with a functional PHILO gene,
aphids could reach the phloem vessels, but interrupted feeding more than three times
more often and showed a 2- to 3-fold reduction in the duration of phloem ingestion
compared to aphids on knockout plants (Chapter 5). Further characterisation revealed
that not only the total time spent on phloem feeding was lower on wild type plants,
but also the rate of ingestion. Based on its co-expression with phloem proteins and
its absence in the Poaceae family, which is devoid of phloem proteins, the phenotype
strongly supports the idea of a physical, protein-related occlusion of the aphid’s food
channel. Interestingly, the closest homologue of PHI.O, RESTRICTED TOBACCO
ETCH POTYVIRUS (TEV) MOVEMENT 2 (RTM2), restricts long-distance virus
transport through the vascular bundle (Bondino ez a/., 2012; Cayla ez al., 2015; Chisholm
et al., 2001; Whitham ez a/, 2000). Assuming a similar functionality as RTM2, PHLO
may not only reduce aphid infestation and potentially transmission of persistent viruses,
but possibly also the systemic transport of viruses post transmission. This multifaceted
character would make it a useful target for plant breeding programmes. PHI.O and
RTM2 homologues are present in other dicots (Bondino ef al, 2012) and selective
breeding for effective haplotypes could potentially improve resistance to aphids and
viruses. The Nrgene in lettuce and PHILO in Arabidopsis reveal most likely the weakest
spot of the aphid: occlusion of its food channel. But even for this aspect, the aphid has
a weapon which can change a threat into an opportunity. The secretion of watery saliva
in the phloem is postulated to counteract proteinaceous aggregations in phloem vessels
(Furch ez al., 2010; Tjallingii, 2006; Will ez a/., 2007). Interestingly, when sieve-element-
occluding proteins are not successful in obstructing aphid feeding, they increase the
nutritional value of the phloem and boost aphid performance. Anstead ez al (2012)
showed that aphid populations developed faster on Arabidopsis plants with the phloem
filament proteins AtSEOR1 and AtSEOR2 compared to a#seor! and afseor? mutants.
This last example nicely illustrates the intimate, dualistic interactions between a host

and a parasite.
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What shapes natural variation in plant resistance?

Overall, aphids have a negative impact on plant fitness due to the removal of
photoassimilates, modification of source-sink relationships, and transmission of plant
viruses (Dixon, 1998; Girousse ¢f al, 2003; Minks and Harrewijn, 1989). Plants can
evolve effective resistance strategies, as long as the costs of these strategies do not
approach the losses due to the herbivory. To what extent aphids constitute a selection
pressure on the development of plant resistance mechanisms, depends on the local
abundance of aphids, their host-plant specificity, and the synchrony of plant and aphid
phenology. In an evolutionary ecological context, it is tempting to consider these factors
as the mostimportant in shaping natural variation in plant resistance to aphids. However,
from a plant-physiological point of view, this is only the tip of the iceberg. Although
plants can mount a stress-specific response, the underlying genetic and physiological
basis can have pleiotropic effects on other abiotic and biotic stress responses. Many
studies have revealed that plant defences to aphids, pathogens and other biotic stresses
share common or sometimes antagonistic phytohormonal pathways (Appel ¢z al., 2014;
De Vos ¢t al., 2005; Moran et al., 2002; Thompson and Goggin, 2000). The genetic
implications of these shared pathways are nicely illustrated by the positive correlation
between the genetic architecture of Arabidopsis responses to aphids and parasitic plants,
both SA-inducing organisms (Chapter 4). Interestingly, both aphids and parasitic plants
displayed negative genetic correlation with plant responses to caterpillars, thrips and
a necrotrophic fungus, which mainly induce the antagonistic JA pathway. Adaptation
to one biotic factor will, therefore, most likely also affect plant resistance to other
organisms. The same accounts for abiotic factors. Arabidopsis response to moderate
heat stress, for example, involves PHLO, which is required for fast development of
the inflorescence during moderate heat stress and for resistance to aphids (Chapter 5).
PHIO expression is temperature inducible and the geographic haplotype distribution
is correlated with temperature fluctuations. Heat stress, and not aphid abundance, may
possibly have been the major selection pressure in shaping natural variation in PHLO.
Apart from pleiotropy, neutrality is another underestimated source of natural variation.
Resistance traits that have lost their relevance for fitness by a change in e.g climate or
plant or insect phenology, will accumulate substantial genetic variation over time due
to the fixation of random mutations with (nearly) neutral effects (Drake e al., 1998;
Kimura, 1983). Eventually this will lead to the decay of a trait, unless there is still some
degree of positive selection. From that perspective, plant resistance to low abundant
stresses is expected to display higher levels of natural variation, than resistance traits
which are conserved through strong directional selection. Considering these different
sources of natural variation, it would thus be a misunderstanding to think that a species
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with limited natural exposure to aphids, such as Arabidopsis, does not display natural

genetic variation in relevant resistance mechanisms to aphids.

Finding new leads for plant resistance with genome-wide association
(GWA) mapping

Natural genetic variation is a major resource for the identification of gene functionalities.
Quantitative trait locus (QTL) mapping on biparental populations is so far the most
commonly used approach to find genomic regions that are associated with plant resistance
to biotic stresses (Young, 1996). The emergence of Next Generation Sequencing (NGS)
techniques, gave access to more plant genomes with more dense genotype maps (Lister
et al., 2009). This technological development was essential for GWA mapping. The
concept of GWA mappingis a huge step forward compared to QTL mapping: instead of
a biparental gene pool and a maximum of several hundred recombinations, now several
hundred plant lines with thousands of markers can be explored. For plant resistance to
aphids, there are many more mechanisms to be discovered in a large plant population
which has been subjected to millions of years of natural selection (Bergelson and Roux,
2010; Mitchell-Olds, 2010). In practice, however, GWA mapping often suffers from
“missing” or “hidden” heritability. In those cases, the observed phenotypic variation
cannot be explained by genetic polymorphisms. Most studies claim missing heritability
either due to a low statistical power of genotype-phenotype associations, or, due to a
low proportion of phenotypic variation that can be explained by genomic regions with
a significant association (Ingvarsson and Street, 2011; Myles ¢z a/., 2009). With regard
to the missing heritability in resistance to (a)biotic stress in Arabidopsis, four main
causes can be considered: (1) biased genotypic maps, (2) statistical overcorrection, (3) a
polygenic character of the trait, and (4) environmental noise. The first two are related
to the genotype and mapping method, while the two latter are more related to the
phenotype. In the next two subparagraphs their implications are discussed.

The genotype and the model

Genotypic maps are often biased due to their dependency on the reference accession and
lack of allelic information. The genomes of the selected 350 Arabidopsis accessions of
the Hapmap collection (Platt ¢z a/., 2010), for example, have been mapped to the reference
genome of Col-0 (Atwell ez al., 2010; Horton ez al., 2012). They will consequently miss
regions that have been lost in the reference line (Gan ¢f a/, 2011). In addition, multi-
allelic information is missing due to the use of a binary SNP-tiling array. Instead of
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base-pair mutations for each locus in the GWA model (A, T, G, C, deletion or insertion),
only the presence or absence of a mutation is known from the atSNPtile1 array (Atwell
et al., 2010). Re-sequencing of Arabidopsis accessions has in the meantime resolved
these issues by using multiple reference accessions and more in depth sequencing (Cao
et al., 2011; Gan ef al., 2011). It is only a matter of time before these sequences will
find their way into GWA mapping studies. A second impediment of GWA mapping
studies is the necessity of statistical corrections, with sometimes disputable thresholds.
The most renowned one, is the correction for population structure. This procedure
is required to exclude false positive genotype-phenotype associations caused by the
relatedness between lines (Hirschhorn and Daly, 2005). Plant adaptation to local biotic
or abiotic stress, however, does often show a geographical distribution pattern and
may thus be closely related with population structure. Correcting for kinship, will in
those cases, also remove relevant associations (Kloth ez @/, 2012; Myles ez al., 2009;
Yu and Buckler, 2000). Even though the amount of false positive candidate genes
will increase, it would be justifiable to perform GWA mapping without correcting for
kinship if traits show a strong geographical cline. Another impediment is the multiple
testing correction. Because GWA mapping involves several thousand statistical tests, it
is obvious that there is a high chance of false positive outcomes when using an alpha
threshold of 0.05. The question is, however, what to consider a suitable correction. The
Bonferroni threshold is commonly used as a multiple-testing correction, and divides
alpha by the total number of independent hypotheses (Hochberg, 1988). In most GWA
mapping studies, alpha is divided by the total number of SNPs (Atwell e a/, 2010; Chao
et al., 2012), which in the case of the Hapmap population with 214k SNPs, results in
a conservative alpha of 2.5%107 (-10log(P) value= 6.6). None of the candidate genes
that are discussed in Chapter 4, 5 and 6 of this thesis, contained associations with a
-10log(P)value above this threshold. It is, however, disputable whether every single locus
should be considered as an independent hypothesis. In many cases, polymorphisms
have not evolved via point mutations, but via recombination of larger genomic regions
(Webster and Hurst, 2012). From that point of view, a less conservative threshold could
be determined, using the decay of linkage disequilibrium to estimate the number of
independent polymorphisms.

The specificity of the phenotype

Last but not least, GWA mapping suffers from the complexity of traits. In contrast to
qualitative traits, where a phenotypic effect is either present or absent and in general
caused by a single gene, quantitative traits show a continuous scale of phenotypic
variation, in most cases determined by many genes and epistatic interactions (Keurentjes
et al., 2008). Plant resistance to insects comes both in qualitative and quantitative
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Figure 3. Manhattan plots of two traits: (1) aphid feeding behaviour, measured as the total time that aphids
spent on making short probes (<3 min) in the first 1.5 h after infestation (n=3-6, highest -10log(P’)=6.2)
(Chapter 5), and (2) aphid population size on Arabidopsis plants after two weeks of infestation with one
neonate M. persicae per plant (n=3, highest -10log(P)=5.3). Feeding behaviour is considered as a trait with
high specificity, due to the short time frame and its restriction to a specific aspect of plant resistance, i.c.
short probes which are correlated to penetrations of the epidermis and mesophyll. In contrast, aphid
population size is the outcome of multiple aspects of plant resistance during a longer time frame (GWA
mapping was performed on 350 Arabidopsis accessions with a mixed model, correcting for population

structure, experimental blocks and replicates were included as covariates (minor allele frequency > 5%)).

mechanisms, but the latter is most common (Kliebenstein, 2014; Rhoades, 1985). GWA
mapping is originally designed to identify genes based on their individual effect on
the phenotype, and thus often fails in finding the underlying QTLs of highly complex
polygenic traits with numerous small effect genes and epistatic interactions (Gibson,
2010; Ingvarsson and Street, 2011; Kooke, 2014; Myles ez al., 2009). Multi-locus GWA
models have emerged, but it is computational challenging to assess the vast amount of
potential genetic interactions within a mixed model (Segura ¢z a/., 2012). An alternative
solution is to disentangle complex traits into smaller and specific components (Kloth
et al., 2012). For example, GWA mapping of a highly specific trait such as aphid
feeding behaviour in the mesophyll in the first 1.5 hour after infestation, resulted
in associations with higher statistical power than when aphid population size after a
two-week infestation was mapped (Figure 3). Even though the most significant SNP
(-10log(P) value=6.2) of aphid probing behaviour explained only 7% of the phenotype,
it was located in a gene, PHILO, that negatively affected phloem ingestion and aphid
population development (Chapter 5). This is just one case study, but it illustrates, that
(1) phenotypic specificity can improve the statistical power of genotype-phenotype
associations, and that (2) low trait heritability is not necessarily problematic for traits
that are associated with one major QTL. If, however, a large set of genes would have
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been causal for only 7% of the phenotypic variation, the individual contribution of
each individual SNP would be marginal and most likely of low statistical significance.
For complex traits it remains, therefore, important to improve heritability. Rosette dry
or fresh weight, for example, could be considered as a complex trait, since it involves
several processes such as germination rate, root-shoot ratio, growth rate during a time
window of several weeks, resistance to potential stress conditions, water content of
leaves, and anatomical features such as petiole length and leaf blade surface area. The
heritability of rosette fresh weight varied from low to high (24-85%), depending on
the environmental conditions (Bac-Molenaar, 2015). In this case, a multi-environment
GWA model was used as a solution to retrieve robust QTLs, shared across different
environmental conditions. In most cases, when it is not feasible to screen large plant
populations under multiple conditions, it is essential to reduce unintended fluctuations
in the environment and measurement errors. When exploring whole genomes, highly
controlled experimental conditions with many replicates are, therefore, favourable
over more natural, but dynamic field conditions with a low number of replicates. To
minimize missing heritability, GWA mapping thus requires highly specific and accurate
phenotypic data for several hundred plant lines. These high demands are the reason
that GWA mapping studies face a phenotyping bottleneck. Particularly, for plant-insect
studies it is challenging in terms of time, space and labour to screen 350 plant lines
in multiple replicates. It would, for example, involve manual counting of thousands
of insects or observing insects one by one for host plant preference in choice tests.
Therefore, more pragmatic and high-throughput solutions are required, such as the
automated video-tracking platform to screen aphid feeding behaviour as described in
Chapter 3 (Kloth e al, 2015). Another asset of such a technique is the dense data
acquisition in terms of time points and variables, which increases the number of
parameters for different phenotypic aspects.

Future perspectives

Although GWA mapping is still under development, it is a promising tool for unravelling
the genetic basis of natural plant resistance mechanisms to herbivorous insects. In
the next years, improved multi-locus, -trait and -environment GWA models will most
probably arise that will facilitate in unravelling the genetic architecture of these complex
traits. Nevertheless, on the short term I expect the highest impact from the phenomics
field. The current bottleneck is not the GWA algorithm, but rather the input of the
model. This thesis illustrates that the specificity of the phenotype is crucial; not the
eventual aphid population size, but small aspects of aphid behaviour were required

210



General discussion

to pinpoint novel resistance genes (Chapter 5 & 06). By screening traits with a close
association to only one or a few plant physiological processes, the model space can be
reduced from several thousand to a handful of genes. This is an achievement that is not
easily paralleled by a multi-locus model. The roadmap to GWA-proof phenotypes relies
on the pragmatic utilisation of existing biological knowledge in combination with novel
high-throughput techniques. Currently, many high-throughput and high-specificity
phenotyping methods are under development in the plant science community, including
imaging techniques for the evaluation of root architecture and chlorophyll content
(Goggin et al., 2015; Hartmann ez al., 2011; Julkowska ez a/., 2014; Montes ez al., 2007).
Although computerised phenotyping of plant-insect interactions is still lagging behind,
the technical advances in the field of digital image acquisition and analysis will open
up many opportunities. Furthermore, it would be interesting to take a step above the
level of individual plant stresses and perform GWA mapping on fundamental and
cellular processes underlying plant resistance, such as the occurrence and magnitude
of oxidative bursts and hypersensitive responses (Olukolu ¢f a/., 2014). GWA mapping
of these specific physiological processes has a high chance of finding causal genes
and would have a broad relevance for many different plant stresses and plant species.
Together with the growing availability of plant genomes, these approaches will be
instrumental in the discovery of novel resistance genes. Eventually, this information
can be implemented in marker-assisted plant breeding programmes to improve crop
resistance and reduce the excessive application of environment-malign insecticides.
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Summary

Aphids are pest insects in a wide variety of crops. They penetrate the host plant with
their piercing-sucking mouthparts and feed from the sugar-rich phloem sap. Apart from
the removal of nutrients from the host, in many instances they also transmit plant
viruses. To control aphid populations and virus transmission in agriculture, insecticides
are applied on a large scale with often negative effects on biodiversity. Improvement of
crop resistance to aphids would be a more sustainable pest management strategy. Plants
harbour many natural compounds, proteins and morphological structures that protect
them against herbivorous insects. By exploiting these natural resistance mechanisms in
crops, the incidence of virus transmission and pest outbreaks, as well as the application
frequency of insecticides, could potentially be reduced. The genetic and physiological
mechanisms underlying resistance mechanisms to aphids are, however, largely elusive,
and the identification of resistant genotypes is costly in terms of time, space and labour.

In the last years, genome-wide association (GWA) mapping has evolved as a new
statistical method to study the genetic architecture of plant traits. The concept of
GWA mapping is to use genetically diverse populations to evaluate the association
between genetic polymorphisms and a phenotype. A phenotype can, for example,
consist of plant resistance to aphids, expressed as aphid population size. A significant
association between aphid population size and a single nucleotide polymorphism (SNP)
is an indication that the genes with, or in linkage with, the SNP are affecting aphid
population development. Despite its potential, GWA mapping has so far hardly been
used to find genes involved in plant resistance to herbivorous insects. In a literature
review in Chapter 2, two major challenges of GWA mapping in plant-insect studies are
discussed: (1) phenotyping large plant populations, and (2) reducing trait complexity.
Robust assessment of plant resistance to insects requires highly controlled conditions
and time-consuming measurements of multiple replicates per plant line. Phenotyping
hundreds of plant lines, which is required for GWA mapping, is therefore a bottleneck.
Secondly, plant resistance to herbivorous insects is often a quantitative trait, depending
on many genes that each have a minor effect on the phenotype. As a consequence, GWA
mapping has alow chance of detecting causal loci. A solution for both problems would
be to improve the efficiency and the specificity of phenotyping. Instead of assessing
the increase in aphid population size - which in principle is the result of the integration
of multiple plant resistance mechanisms over time - assessing different parameters of
aphid behaviour could result in a higher chance to discover genes, since it disentangles
plant resistance into specific aspects, each controlled by a smaller subset of genes.



Summary

One of the objectives of this thesis, therefore, was to develop a high-throughput
phenotyping method to efficiently measure differentaspects of plant resistance to aphids
(Chapter 3). With a video-tracking platform the behaviour of aphids was recorded
on multiple leaf discs simultaneously. Comparison between automated recording and
manual observations showed that non-moving aphids were generally probing the plant
tissue with their piercing-sucking mouthparts. By utilising this correlation, several
clements of aphid feeding behaviour could be assessed with automated video-tracking
software, such as the total time spent on short probes (< 3 min) related to penetration
of the epidermis and mesophyll, and the time aphids spent on long probes (>15 min),
which are putatively related to phloem ingestion. Benchmarking to the established
electrical penetration graph (EPG) technique with two plant and aphid species, showed
that video tracking was more efficient in identifying quantitative differences in plant
resistance, although less accurate than EPG recording.

The video-tracking platform was subsequently used to screen feeding behaviour of Myzus
persicae, the green peach aphid, on a population of 350 natural Arabidopsis accessions
which had been genotyped for 214,000 SNPs. In addition, M. persicae population
development was assessed on the same Arabidopsis accessions. In Chapter 4 these data
sets were integrated in a multi-trait GWA mapping analysis of 30 different abiotic and
biotic stresses, including salinity, drought, heat, the necrotrophic fungus Bozrytis cinerea,
the generalist thrips Frankliniella occidentalis, the specialist caterpilar Pieris rapae, and some
combinations of these stresses. Interestingly, the genome-wide associations with plant
resistance to aphids were positively correlated with associations involving resistance
to the parasitic plant Phelipanche ramosa. A common genetic architecture of these stress
responses could be explained by the fact that both species retrieve resources from the
host vascular bundle and are known to induce the phytohormone salicylic acid (SA). In
addition, aphids and parasitic plants showed a negative genetic correlation with stresses
that are known to induce the antagonistic phytohormone jasmonic acid (JA), such as
B. cinerea and P. rapae. By combining all 30 traits into one multivariate GWA mapping
analysis, several candidate genes were identified which might play a role in multiple plant
stress responses. Furthermore, SNPs were found with common or antagonistic effects
between biotic and abiotic, and below- and aboveground stresses.
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In Chapter 5 the identification of the gene PHIL.OEM HEAT-RESPONSE LOCUS
(PHI.O) is described. GWA mapping of the time M. persicae aphids spent on short
probes (< 3 min), revealed a strong association with a SNP in PHI.O, a small heat-
shock-like gene with unknown function. PHI.O’s closest homologue is RESTRICTED
TOBACCO ETCH POTYVIRUS (TEV) MOVEMENT 2 (RTM2). RTM2 restricts virus
transport through the phloem via an as yet unknown mechanism. EPG recording on
phlo knockout mutants and near-isogenic lines revealed several effects on aphid feeding
behaviour. Most importantly, PHLO reduced the duration of phloem ingestion and
increased the duration of salivation in the phloem. The effects were most pronounced
when plants were grown under moderate heat stress (26°C). At this temperature PHI.O
expression was upregulated. PHLO also affected plant performance. When exposed
to moderate heat stress, knockout plants had a stunted growth of the inflorescence
and produced seeds with reduced seed dormancy compared to the wild type. Natural
Arabidopsis accessions with the resistant haplotype occurred significantly more often in
geographical regions with high temperature fluctuations. Overall, these findings suggest
that PHLO is required for plant resistance to both aphids and temperature stress.
Further characterisation of phl knockout mutants indicated that PHLO increased the
phloem flow rate during moderate heat stress via a callose-independent mechanism.
Based on the predicted protein structure, co-expression network, and its absence in
Poaceae plants which lack phloem proteins, it is postulated that PHLO is a protein
clamp. With its membrane anchor and chaperone-like domain PHLO could possibly
attach phloem proteins to the lateral side of sieve elements. Membrane-attached protein
aggregations would encapsulate the stylet tip and obstruct the aphid’s food channel. In
addition, protein recruitment to the sieve element margins would reduce proteinaceous
obstacles in the lumen and increase phloem flow, particularly during heat stress when

water availability and hydrostatic pressure is reduced.

A second gene identified with GWA mapping of aphid behaviour was WRKY22
(Chapter 6). WRKY22 is a transcription factor known to be involved in pathogen-
triggered immunity. EPG recording and aphid population assays on knockout mutants
and overexpression lines showed that WRKY22 increased plant susceptibility to M.
persicae aphids via a mesophyll-located mechanism. mRNA sequencing analysis of the
knockout transcriptome revealed that upon aphid infestation, WRKY22 suppressed
genes involved in salicylic acid (SA) signalling and induced genes involved in cell wall
loosening. In addition, WRKY22 inhibited JA responses to mechanostimulation by
empty clip cages. Based on these and previous findings, it is proposed that WRIKY22

252



Summary

integrates SA and JA signalling in response to a wide variety of biotic and abiotic plant
stresses. By inducing WRKY22 expression, aphids could potentially manipulate host
plant defences for their own benefit.

In the general discussion of this thesis (Chapter 7) the parasite-like nature of aphids
is addressed. Unlike many other insects, aphids engage in an intimate relation with
their host plants for several generations. Consequently, aphids have a high interest in
optimising host plant vitality and nutrient availability. While most aphid-plant studies
have focused on plant defence mechanisms, it would be worthwhile to further investigate
if and how aphids manipulate host plant physiology. Finally, the findings of this thesis
are integrated to show that, for gene discovery, it is indeed valuable to disentangle
complex traits into specific phenotypic aspects.
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Learning from Nature to protect crops

This thesis is part of the STW Learning from Nature programme.

Background of the programme

Plants are under the constant threat of biotic and abiotic stresses. Yet, devastating pests
and diseases only rarely occur in nature and plants have managed to sustain for millions
of years in this hostile environment. This is due to and has resulted in a tremendous
degree of natural variation in mechanisms that plants exploit to defend themselves
against pathogens and insects and to deal with abiotic stresses. In agriculture, however,
we have exploited only very little of this diversity of defenses and as a consequence
environment-malignant pesticides remain a dominant method to control pests and
diseases. The current threat of climatic changes and limiting resources for agriculture

(water, fertilizer) require improved resistance to abiotic stresses.

Ambition and goal

With this multidisciplinary and innovative STW programme we want to mine the natural
reservoir of plant defence mechanisms. This will be done by using state-of-the-art high-
throughput technologies to explore the natural potential and exploit mechanisms, genes
and markers to develop novel resistance mechanisms against biotic and abiotic stresses
for plant breeding. In nature plants have co-evolved with a large variety of attackers.
Therefore, wild species, such as Arabidopsis thaliana, harbour a fantastic reservoir of
natural adaptive mechanisms to respond to (a)biotic stresses that to date have not been
systematically explored. In the past decade, Arabidopsis has been adopted world-wide as
the ideal model for plant science and an impressive molecular genetic toolbox has since
been developed (e.g. the full genome sequence, the availability of well-characterized
Arabidopsis populations, full-genome microarrays and metabolomics protocols).
Hence, exploring natural variation in the defense responses of Arabidopsis to a large
variety of (a)biotic stresses will yield important new insights into how plants selectively
adapt to stresses, and provide novel concepts for sustainable agriculture and resistance

breeding,



Learning from Nature

Objectives
1. To explore natural variation in resistance to abiotic and biotic stresses in
Arabidopsis populations through an integrated multidisciplinary approach

2. To identify mechanisms underlying natural resistance to abiotic and biotic
stresses in Arabidopsis

3. To develop methods to analyze complex datasets on different types of

resistance

4. To exploit information gained on natural variation in Arabidopsis to
identify molecular markers that can assist in breeding for resistance to abiotic

and biotic stresses in crop plants.

Focus and results at the end of the programme

To this end Arabidopsis ecotype and RIL populations can be exploited to analyze the
degree of resistance to a diversity of microbial pathogens, herbivorous insects and
abiotic stresses and their interaction. Using large-scale bioinformatics this information
can be integrated with transcriptomics and metabolomics, to select genotypes and lines
that can be used for in-depth analysis of the resistance mechanisms. The information
gained from this comprehensive approach will lead to the identification of genes and
molecular markers for different resistance mechanisms. These mechanisms will be
characterized at the molecular, biochemical and physiological level and can subsequently
be used to screen large numbers of lines of various crop species for orthologous genes

involved in similar resistance mechanismes.

Innovation

Never before has the natural variation in plant defenses against different biotic and
abiotic stresses and their interaction been investigated in such a comprehensive,
multidisciplinary programme. To date, solutions to individual (a)biotic stresses have
been sought. However, this has not resulted in a systems approach that results in durable

solutions for a range of stresses.
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