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General introduction

Main aim of the thesis

A wolf lurks in the bushes. She spotted several of her prey, and now she manoeuvres
herself into a position for a sudden ambush. How shall she proceed? Shall she attempt
to approach the deer from a distance, surprising them with her presence, but permitting
them several seconds to respond? They could run away quickly, or dangerously injure
her with their kicks. Shall she sneak even closer, so she can reach the deer in one leap,
but risking to be noticed beforehand? She could also call on her pack members, so they
can approach the deer from multiple directions. This will increase their chance of suc-
cess, but she will then have to share the bounty with the rest of the pack. Or shall she
scare the deer away, chasing them persistently, until one of them succumbs to exhaus-
tion? She can endure longer distance running than her prey, but the long chase will wear
her out substantially. Soft cracks sound as she progresses slowly. The deer raise their
heads, wary of a potential threat. They have not spotted her yet. She should decide now.
Which strategy will she choose?

Offensive behaviour is ubiquitous in nature. It is ubiquitous not only in predators,
like wolves, but also in herbivores that attack plants. Although the offensive strategies of
herbivores may be very different from those of wolves, the strategies are equally diverse
and effective. Some herbivores, for example, detoxify plant defensive compounds, and
this allows them to feed on otherwise unpalatable hosts (Smith 1955, Heckel 2014).
Other herbivores cut the veins of their host plants to prevent being exposed to their
defensive latex (Dussourd & Eisner 1987, Dussourd 2017), or they sequester defensive
chemicals from their hosts, and use them as protection against predators (Duffey 1980,
Heckel 2014). Why have some herbivores evolved the ability to detoxify host chemicals,
whereas others specialise on cutting veins or sequestering host chemicals (Ali & Agrawal
2012, Blaazer et al. 2018)? Under which circumstances is it beneficial to employ a pat-
ticular offensive strategy, and not another? Should the wolf charge now, or first chase
her prey to exhaust them?

To gain insight into the evolution of offensive strategies, it is important to under-
stand their costs and benefits in relation to the environment in which they are employed.
In this thesis, I investigate costs and benefits of a recently described herbivore offensive



CHAPTER 1

strategy: plant defence suppression. I will introduce this subject with an evolutionary
perspective, and discuss what is known about the costs and benefits of defence suppres-
sion from plant-herbivore research. I will also address defence suppression in parasite-
host systems, because its costs and benefits, as well as its mechanisms, may resemble
those of plant defence suppression by herbivores (Guiget et al. 2016). Subsequently, I
will introduce my study system, the tomato red spider mite Tetranychus evansi, and pres-

ent an outline of my thesis.

Plant defence and evolution of herbivore offense
Plants evolved various mechanisms to defend themselves against herbivores. Lipids in
plant cuticles, for example, reduce herbivore population growth (Way & Murdie 1965,
Eigenbrode & Espelie 1995), and leaf hairs can secrete chemical compounds that are
toxic to herbivores (Thurston & Webster 1962, Glas et al. 2012). Some defences, how-
ever, are costly to maintain (Cipollini et al. 2014), and plants therefore express them only
in response to a threat of herbivory. An example of such an inducible defence response
(Chester 1933, Karban & Baldwin 1997) is the production of proteinase inhibitors and
polyphenol oxidases, i.e., compounds that directly reduce herbivore performance
(Green & Ryan 1979, Felton et al. 1989, Zhu-Salzman et al. 2008). Additionally, plants
can also increase their indirect defences, such as production of volatiles that recruit nat-
ural enemies of the herbivores (Baldwin & Schultz 1983, Heil 2014).

In response to well-defended host plants, herbivores have evolved a great diversity of
mechanisms to overcome these defences. Herbivore offensive traits, as defined by
Karban & Agrawal (2002), are traits that increase the herbivore host use efficiency and
performance. Examples of such traits are detoxification of plant defensive compounds,
suppression of plant defence mechanisms, but also rolling the leaves of host plants to
reduce leaf toughness (Berenbaum 1978, Sagers 1992, Kadioglu et al. 2012), or diluting
defensive compounds by attacking plants in large numbers (Wood 1973, Raffa 2001). As
in plant defence, herbivore offensive adaptations are often expressed only, or with
increased intensity, when the herbivore is exposed to a particular challenge (Després et
al. 2007). Monarch butterfly larvae, for example, cut the latex veins of their milkweed
hosts to prevent exposure to the sticky latex that can glue them to the leaf surface
(Zalucki & Brower 1992). However, they only engage into this behaviour when they
sense compounds present in latex exudates (Helmus & Dussourd 2005).

The variation and plasticity in herbivore offenses suggests that different environ-
ments require different offensive solutions. Therefore, to understand the evolution of
herbivore offensive strategies, it is necessary to have insight into their costs and benefits
in relation to the environment. Why do some herbivores, for example, evolve to detox-
ify a wide range of host chemicals, whereas others specialise on inducing nutritious galls

a single host plant species? The debate over the costs and benefits of wide versus spe-
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cialized host ranges has intrigued biologists for decades (Futuyma & Moreno 1988,
Forister et al. 2012). Herbivores with a wide host range benefit from abundant food
availability, but have to deal with various plant defence mechanisms. Their diet may con-
sist of plants with a variety of defensive secondary metabolites (Schultz 1988, Mithofer
& Boland 2012), and to prevent the toxic or digestive inhibitory effects of these com-
pounds, herbivores metabolize them with detoxifying enzymes (Smith 1955, Heckel
2014). The production of such detoxification enzymes, however, can be costly, thereby
limiting herbivore performance on well-defended hosts (Creswell et al. 1992, Agrawal et
al. 2002, Castafieda et al. 2010).

Alternatively, herbivores can also specialise on one or a limited number of host plant
species, in which they manipulate their hosts to produce high-quality food. However,
specialized diets entail costs of restricted food availability (Castagneyrol et al. 2014), as
well as of searching for suitable host plants (Bell 1990, Kennedy & Gray 1993). Galling
herbivores, for example, employ salivary enzymes to induce growth of nutritious tissues
in their host plants that serve as food for the herbivore and simultaneously provide shel-
ter against their natural enemies (Price et al. 1987, Stone & Schénrogge 2003). Such pre-
ingestive manipulation of hosts increases the predictability and palatability of the
ingested tissues, but can only be effective in a limited number of plant species due to
physiological differences among plants (Inbar et al. 2004, Price 2005).

Costs and benefits of defence suppression

Only less than two decades ago, a previously undescribed herbivore offensive strategy
was reported: by manipulating a plant’s physiological processes, herbivores were found
to prevent expression of inducible plant defences, and thereby increase their own per-
formance (Musser et al. 2002, Kant et al. 2015, Stahl et al. 2018). The first empirical evi-
dence was presented by Musser et al. (2002, 2005), who demonstrated that saliva of the
caterpillar Helicoverpa zea contains glucose oxidase, an enzyme that suppresses the
inducible defence response of tobacco and tomato plants. Subsequently, defence sup-
pression was found to be employed by various herbivores, including thrips, whiteflies,
aphids, leathoppers, beetles, mealybugs and mites (Kant et al. 2015). Often, defence-
suppressing herbivores inject salivary effectors into their host plants to interfere with
plant defence signalling, but some herbivores employ symbiotic viruses or phytoplasma
to do the job for them (Yang et al. 2008, Stahl et al. 2018).

Under what circumstances is it beneficial to suppress the defences of host plants,
compared to, for example, detoxifying their defensive compounds? What are the costs
and benefits of defence suppression in relation to the environment? No hypotheses can
be derived from predator-prey research, because no examples of offensive strategies
analogous to defence suppression are known (but see Losey & Denno [1998] for an

example of positive, trait-mediated predator-predator interactions). However, theoreti-
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cal and experimental work of defence suppression by parasites, where it is often referred
to as immunosuppression or immune evasion, has long been recognized as an impot-
tant offensive strategy of parasites (Ehrlich 1909). Therefore, research into immune eva-
sion has progressed further than in plant-herbivore research (Guiget et al. 20106), and I
will shortly review host defence suppression by parasites before discussing experimen-

tal evidence from plant-herbivore systems.

Costs and benefits of immune evasion by parasites

All major parasitic groups employ immune evasion: viruses (Vossen et al. 2002), bacte-
ria (Hornef et al. 2002), fungi (Marcos et al. 2016), protists (Sacks & Sher 2002),
helminths (Maizels & McSotley 2016) and parasitoids (Schmidt et al. 2001). They evade
or suppress the immune system of their hosts through a variety of mechanisms, which
can be categorized as avoidance of recognition by the host, interference with host inter-
nal signalling, and disabling of host immune effectors (Schmid-Hempel 2005, 2008).
Salmonella typhimurium bacteria, for example, vary the structure of lipopolysaccharides in
their cell envelopes to prevent elicitation of an immune response by their hosts (Guo et
al. 1997). Pox viruses, as another example, produce decoy receptors that bind host sig-
nalling proteins that induce apoptosis (Smith et al. 1990). Because apoptosis prevents
viral replication in infected cells, suppression of apoptosis through these decoy recep-
tors enhances pox virus virulence (Reading et al. 2002).

The most important benefit of immune evasion for parasites is to delay clearance,
i.e, to prevent extermination of the parasite within the host (Frank & Schmid-Hempel
2008). Prolonged infection increases the likelihood of transmission, and therefore par-
asite fitness (Anderson & May 1979, Alizon et al. 2009). At the same time, however, effi-
cient immune evasion is tailored to specific immune systems, and therefore likely entails
the cost of a restricted host range (Schmid-Hempel 2008). Furthermore, immune eva-
sion can be established by one or a few parasite individuals, but may benefit other par-
asites in the same host. In this perspective, immune evasion can be seen as a public good
to which some parasites contribute but not all (Rankin et al. 2007). Within-host compe-
tition with ‘cheaters’ thus poses a considerable cost to pathogens that pay costs to col-
lectively suppress their host’s immune responses (Rundell et al. 2016).

Additionally, within-host competition increases optimal parasite virulence, as parasite
competitive ability is tightly associated with damage to its host (Mideo 2009). A major
cost of virulence, however, is death of the host, and thereby reduced chances for suc-
cessful transmission (Anderson & May 1979, Alizon et al. 2009). Because immune eva-
sion produces favourable hosts also for other parasites, it increases the likelihood of
coinfestation (Cornet & Sorci 2010, Price et al. 2012) as well as competitor population
size (Graham 2008). Therefore, immune evasion may provide further impetus for the

evolution of increased parasite virulence (Kamiya et al. 2018). At the same time, howev-
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er, when virulence increases too much, the costs of eatlier host death may render invest-
ment into immune evasion unprofitable (Kamiya et al. 2018). Consequently, costs and

benefits of immune evasion strongly depend on the presence of competing parasites.

Costs and benefits of defence suppression by herbivores

In line with the parasite-host literature, experimental plant-herbivore studies indicate
that plant defence suppression by herbivores increases herbivore performance (reviewed
by Kant et al. 2015). Additionally, defence suppression also reduces the recruitment of
natural enemies through plant volatiles (Zhang et al. 2009, 2013). Costs appear to derive
mostly from altered ecological interactions. Defence suppressing Aculops hegpersici russet
mites, for example, increased the performance of competing spider mites on their
shared tomato hosts, with detrimental effects on russet mite population growth (Glas et
al. 2014). Similarly, Pieris brassicae butterfly egg extracts suppressed defence of their
Arabidopsis thaliana hosts, which increased the performance of competing Spodoptera lit-
toralis larvae (Bruessow et al. 2010), and Brevicoryne brassicae aphids suppressed inducible
defences in their cabbage hosts, thereby increasing growth and development of compet-
ing P. brassicae butterfly larvae (Soler et al. 2012). Defence suppression can also enhance
competitor performance indirectly: suppression of inducible defences by Bewisia tabaci
whiteflies reduced attraction of natural enemies of Tetranychus urticae spider mites that
coinfested their bean hosts (Zhang et al. 2009). More generally, fitness consequences of
plant-mediated interactions among arthropod herbivores have been demonstrated in
various systems (Denno & Kaplan 2007).

Although it has been established that herbivores suppress plant defence through the
action of salivary enzymes or through vectoring viruses and phytoplasma (Stahl et al.
2018), it is unknown whether the production of these enzymes or maintenance of sym-
bioses imposes metabolic costs. Metabolic costs can limit herbivores in their use of a
particular offensive strategy, e.g., by prohibiting herbivores to detoxify many different
host defensive compounds at the same time (Beccera 1997, Ali & Agrawal 2012).
Metabolic costs of herbivore defence suppression may similarly restrict the range of
hosts in which they can suppress defences, depending on the specificity of their
defence-suppressing effectors.

Additionally, in parasite-host systems metabolic costs of defence suppression make
parasites susceptible to exploitation by ‘cheaters’ that do not invest in defence suppres-
sion but nevertheless reap its benefits (Rundell et al. 2016). Defence-suppressed hosts
are actually more prone to coinfestation than non-suppressed hosts, and also allow larg-
er densities of secondary pathogens (Graham 2008, Cornet & Sorci 2010, Price et al.
2012). Because metabolic costs of defence suppression by herbivores have hitherto not
been investigated, it is not known if defence suppressing herbivores face costly intraspe-

cific competition with non-suppressors. It is also not known if plant defence suppres-
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sion increases the likelihood of herbivore coinfestation. However, variation in defence
suppression among herbivore genotypes indicates that such costs may exist (Kant et al.
2008, Alba et al. 2015).

Study system

In this thesis, 1 investigate costs and benefits of defence suppression by herbivorous
Tetranychus evansi Baker and Pritchard (Acari: Tetranychidae) spider mites (FIGURE 1.1).
The tomato red spider mite T. evansi originated in South America (Boubou et al. 2011,
2012), where it mainly infests host plants from the Solanaceae family, such as tomato,
potato, and eggplant (Navajas et al. 2013, Migeon & Dorkeld 2018). In its native range,
T. evansi is not considered a pest of agricultural importance (Furtado et al. 2007), and
populations are most likely controlled by the predatory mite Phytoseinlus longipes and the
entomopathogenic fungus Neogygites floridiana (Ribeiro et al. 2009, da Silva et al. 2010).
However, over the last century, 1. evansi has expanded its range to African, European,
Asian and North-American regions with a subtropical or Mediterranean climate
(Migeon et al. 2009, Navajas et al. 2013, Migeon & Dorkeld 2018). In its invasive range,
T. evansi infests a wider range of host plants, replaces local spider mite species, and caus-
es more harm to agriculture (Saunyama and Knapp 2003, Ferragut et al. 2013, Murungi
et al. 2014, Azandéme-Hounmalon et al. 2015). These observations, together with the

FiGUure 1.1. A Tetranychus evansi female among several eggs and web on a leaf surface. Photo by Jan van
Arkel.

12



GENERAL INTRODUCTION

Box 1

Biology of the tomato red spider mite Tetranychus evansi

Spider mites feed on their hosts by injecting their stylets into the plant’s
parenchyma and mesophyll cells, and sucking out the cell contents (Bensoussan
et al. 20106). This generates chlorotic spots on infested plants, typical of spider
mite injury, and plants infested with T. evansi likely suffer reduced fitness (Liu et
al. 2017). Tetranychus evansi can reach rapid population growth due to its short
generation time of ~10 days under benign conditions (Bonato 1999, Gotoh et
al. 2010), and natural populations usually contain a few to thousands of individ-
uals (Rosa et al. 2005). As all members of its family, T. evansi spins silken webs
with which it covers its feeding site to avoid competitors and predators (de
Moraes & Lima 1983, Sarmento et al. 2011b). Spider mites have a haplodiploid
mode of reproduction, where haploid males develop from unfertilized eggs,
and diploid females from fertilized eggs (Schrader 1923, Helle & Sabelis 1985).
Consequently, a single virgin female can colonise a new host plant, mate with
her sons, and establish a new local population. Together with a short generation
time, this mode of reproduction allows for fast local population growth.

absence of natural enemies in its invasive range (Ferragut et al. 2013, Navajas et al. 2013)
and a large potential distribution in newly colonised areas (Migeon et al. 2009), have
made the European and Mediterranean Plant Protection Organization to consider T.
evansi an invasive pest (EPPO 2004).

Interactions between T. evansi and their host plants have predominantly been studied
in cultivated tomato, Solanum hyeopersicum. In general, upon infestation with spider mites,
tomato plants accumulate jasmonic acid (JA) and salicylic acid (SA), two plant hormones
involved in the majority of defensive responses against herbivores (Walling 2000,
Campos et al. 2014). Through a signaling cascade, these hormones induce the produc-
tion of defence-associated compounds such as proteinase inhibitors, polyphenol oxidas-
es and pathogenesis-related proteins (Li et al. 2002a, Kant et al. 2004, Martel et al. 2015).
Tetranychus evansi is likely susceptible to this inducible, direct defence response, as its
oviposition rates correlate negatively with tomato JA levels (Ataide et al. 2016), and are
compromised on plants previously infested with defence-inducing spider mites
(Sarmento et al. 2011a, b, de Oliveira et al. 2016, Godinho et al. 2016). In addition, the
spider mite-induced accumulation of JA and SA leads to the production of a blend of
volatiles (Ament et al. 2001, Kant et al. 2004), which can be used by natural enemies to

13
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locate prey (Dicke et al. 1990, Kant et al. 2004). This indirect plant defence response is
potentially effective against 1. evansi, as infested tomato plants were more attractive to
the predatory mite P. Jongipes than uninfested plants (Sarmento et al. 2011a).

Tetranychus evansi is able to suppress the inducible defence responses of tomato plants
(Sarmento et al. 2011a). Through injecting salivary effector proteins into the plant while
feeding (Jonckheere et al. 2016, Villarroel et al. 2016, Schimmel et al. 2017a), T. evansi
delays or reduces expression of plant genes associated with plant defence, and suppress-
es the production of proteinase inhibitors (Sarmento et al. 2011a, Alba et al. 2015, de
Oliveira et al. 2016, Godinho et al. 2016, Schimmel et al. 2017a, b). This suppression of
tomato JA and SA-dependent plant defence by T. evansi occurs downstream of hormone
accumulation (Alba et al. 2015), and is most effective at local feeding sites (Sarmento et
al. 2011a, Schimmel et al. 2017a, b).

Costs and benefits of defence suppression by Tetranychus evansi
Evidence for benefits of defence suppression for T. evansi comes from a number of
studies. Sarmento et al. (2011a, b) showed that T. evansi had higher fecundity on plants
previously attacked by conspecifics than on unattacked plants. Similar results were
found by Godinho et al. (2016), de Oliveira et al. (2016), and Schimmel et al. (2017b),
although the benefit differed from ~1 egg per day (Godinho et al. 2016) to ~5 eggs
per day (Sarmento et al. 2011a) among these studies. Another benefit of suppression
of inducible plant defence could be reduced attraction of natural enemies through
plant-produced volatiles. In the only study where this has been tested, Sarmento et al.
(2011a) found that the specialist predator P. /ongipes preferred tomato plants infested
with T. evansi over uninfested plants. This means that suppression of indirect tomato
defence by T. evansi is not effective against this natural enemy, but the efficacy of
defence suppression against recruitment of other natural enemies, such as ento-
mopathogenic fungi (Elliot et al. 2000, Hountondji et al. 2005) or generalist predators
remains to be tested.

Costs of defence suppression for T. evansi arise from altered ecological interactions.
Phytoseinlus longipes predatory mites, for example, prefer eggs from 1. evansi that fed from
defence-suppressed tomato plants, compared to eggs from T. evansi that fed from artifi-
cially induced plants (Ataide et al. 2016). Potentially, T. ezansi can sequester plant com-
pounds with defensive properties against natural enemies, and transfer them to their
eggs. Defence suppression would then reduce the amount of these defensive com-
pounds in their diet, and hence reduce the defences in their eggs. Additionally, compet-
ing spider mite species can benefit from the suppressed defences of host plants shared
with T. evansi (Sarmento et al. 2011a, b, Alba et al. 2015, Godinho et al. 2016, de Oliveira
et al. 2016). Whether defence suppression by T. evansi increases the likelihood of coin-

festation is unknown. However, when it does happen, it likely compromises T. evansi fit-
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ness, as 1. evansi are susceptible to the defences induced by other spider mite species
(Sarmento et al. 2011a, b, Godinho et al. 2016, de Oliveira et al. 2016).

However, studies investigating competition between 1. evansi and 1. wrticae have
found mixed results: some confirmed (Sato et al. 2014), but other rejected (Sarmento et
al. 2011b) a negative effect of defence-inducing T. #rticae on T. evansi population growth.
This may be explained by phenotypically plastic T. evansi behaviour in the presence of
competitors. For example, T. urticae cues induce T. evansi to produce more and denser
web, which hinders T. urticae feeding (Sarmento et al. 2011b). Likewise, T. evansi males
interfere with 1. urticae reproduction by preferentially mating T. #rticae females over con-
specific females, potentially reducing T. #rticae population growth (Sato et al. 2014, 2016,
Clemente et al. 2016, 2018). Moreover, when challenged with T. #rticae on the same
leaflet, T. evansi can actually suppress plant defence to even lower levels than before the
introduction of T. wrticae, and simultaneously increase its fecundity (Schimmel et al.
2017a). These effects appear to be restricted to the local T. evansi feeding sites only, and
thus may not benefit competing T. #rticae (Schimmel et al. 2017a, b). By mitigating eco-
logical costs of defence suppression, such traits ‘buffer’ (Frank 2007) herbivores against
negative selection on defence suppression (Blaazer et al. 2018). In this context, buffer-
ing traits may co-evolve with defence suppression, and the existence of such traits thus
suggests a cost of competition for defence-suppressing herbivores like T. evansi.

Lastly, intraspecific competition could theoretically also impose costs on defence
suppression in 1. evansi. Analogous to the costs of immune evasion associated with the
invasion of ‘cheaters’ in parasite-host systems (Rundell et al. 2016), non-suppressing T.
evansi could potentially invade a population of defence suppressors. Although it has
been found that T. ezansi prefer plants infested with conspecifics over uninfested plants
(Sarmento et al. 2011a), metabolic costs associated with defence suppression, which
would be required for such intraspecific public good games (Rankin et al. 2007), have to

date not been investigated.

Thesis outline

To test hypotheses about the costs and benefits of defence suppression it is necessary
to compare populations with different defence suppression phenotypes. Therefore,
much of my work has concentrated on searching for heritable variation in defence sup-
pression in T. evansi. This search was guided by my expectations of evolutionary costs
and benefits of defence suppression outlined above.

How much do T. evansi spider mites benefit through increased fecundity from sup-
pressing the defence response of their tomato hosts? And how much can other spider
mite species benefit from suppressed defences of a host shared with T. evansiz These
questions were answered by a number of studies (Sarmento et al. 2011a, b, Godinho et
al. 2016, de Oliveira et al. 2016, Schimmel et al. 2017a, b), but the absolute and relative
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size of the benefit varied substantially among these studies. Therefore, in CHAPTER 2, 1
quantitatively review past evidence of plant-mediated interactions among T. evansi and
T. urticae on tomato plants, including unpublished studies. Because multiple studies were
performed with the same lab populations, this meta-analysis allowed us to test if
defence suppression changes over generations.

Since identity and density of host plants, competitors, and natural enemies differ
across environments, I expected different T. evansi populations to suppress plant defence
to different degrees. For example, the absence of natural enemies from invasive T. evan-
si populations may decrease need for T. evansi to suppress recruitment of natural ene-
mies by their host plants. In CHAPTER 3 I quantify variation in defence suppression
among cleven T. evansi populations from various locations around the world.

Tetranychus evansi populations are differentiated into two lineages, characterized by
genetic differences at nuclear and mitochondrial loci (Gotoh et al. 2009). These line-
ages co-occur in nature (Boubou et al. 2012), and interlineage crosses suffer from post-
zygotic reproductive incompatibility (Gotoh et al. 2009). A small proportion of
hybrids is nevertheless viable, and natural F1 and F2 hybrids have been reported in the
field that harbour increased genetic variation compared to their parental lineages due
to recombination (Boubou et al. 2012). In CHAPTER 4, I perform reciprocal interlin-
eage crosses, and investigate if viable hybrid offspring indeed have recombined geno-
types. Furthermore, by using a new two-locus genetic statistic, I investigate whether
Bateson-Dobzhansky-Muller incompatibilities underlie post-zygotic incompatibility
between T. evansi lineages, and also whether heterosis contributes to viability of hybrid
offspring.

If recombination among the two T. evansi lineages also affects the genes involved in
defence suppression, then T. evansi populations with different levels of defence suppres-
sion can potentially be selected from a genetically diverse population of interlineage
hybrids. Considering this possibility, in CHAPTER 5, I established a population of inter-
lineage hybrids, and exposed them to host plants manipulated for their expression of
JA-dependent inducible plant defences. Using an experimental evolution approach over
approximately 60 generations, I test the hypothesis that if defence suppression entails
metabolic costs, it will be selected against or erode due to antagonistic pleiotropy
(Cooper & Lenski 2000) or genetic drift (Halligan & Keightley 2009), in cases where
defence suppression is not necessary or possible.

Last, in CHAPTER 0, I discuss the results obtained in this thesis, and their implica-
tions for our understanding of the evolution of plant defence suppression by herbi-
vores. Furthermore, I make several suggestions for further research on herbivore
defence suppression, as well as for how to meaningfully categorize herbivore offensive

strategies.
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Abstract

Theory predicts that plant-mediated interactions among herbivores drive diffuse
coevolution of plants and herbivores. A coevolutionary response in herbivores
requires intraspecific variation for induction or suppression of plant responses
that affect other community members. However, research on the extent of such
variation in plant-herbivore systems is lacking. We investigated variation in plant-
mediated interactions between two species of herbivorous spider mites on toma-
to plants, through a meta-analysis of 134 published and unpublished datasets.
The two spider mite species differ profoundly in the way they interact with their
tomato host: whereas generalist Tetranychus urticae induces plant defence respons-
es that hamper its performance, specialist Tetranychus evansi suppresses these,
thereby maintaining a high performance. Considering that both species can occur
on the same host, we asked (i) to what extent modulation of plant defence
responses by spider mites affect spider mite performance, (i) how variable these
effects are, and (iif) what factors affect this variation. On average, feeding by T.
evansi enhanced the performance of conspecific and heterospecific mites, where-
as feeding by 1. urticae decreased it. These plant-mediated interactions varied
largely among studies and 18-29% of the variation was explained by the length of
time that populations had been cultured in lab environments. Longer lab cultur-
ing produced weaker interactions. We found no significant effect of several char-
acteristics of the experimental procedure, such as the proportion of leaves that
were infested or the duration of fecundity assays, nor whether performance of 1.
evansi or 1. urticae was measured. Our results demonstrate that plant-mediated
interactions affect spider mite fitness, and that T. urticae and T. evansi harbour
intraspecific variation for these interactions. This variation enables selection for
phenotypic changes over generations of lab culturing, and suggests that spider
mites have the potential to adapt to plant-mediated ecological interactions.
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Introduction
Plants are often attacked by multiple herbivore species. Fach herbivore species causes
plants to respond, characterized by changes in plant morphology and physiology (Chester
1933, Karban & Baldwin 1997). For example, some plants develop more trichomes after
herbivore infestation (Agrawal 1998), whereas others adjust their nutrient content (Cook
et al. 1978) or produce anti-nutritive compounds (Green & Ryan 1972). These changes
play a large role in the interactions between plants and herbivores (Kant et al. 2015), but
are also relevant for other community members, such as predators and parasitoids of her-
bivores (Faeth 1980), or other herbivores that feed on the same plant. Root feeding by
scarabaeid beetle larvae, for example, can induce a change in aboveground nitrogen con-
tent in their hosts that benefits phloem-feeding aphids (Gange & Brown 1989). Such
indirect, plant-mediated interactions among herbivores (Benz 1974, Denno & Kaplan
2007) play a role in competition among herbivores (Kaplan & Denno 2007), and set in
motion a cascade of effects with important consequences for community dynamics
(Ohgushi 2005, Kessler & Halitschke 2007, Poelman et al. 2008, Stam et al. 2014).

Herbivore-induced plant responses and associated changes in community dynamics
also play an important role in evolutionary processes, in particular in diffuse (co)evolu-
tion and eco-evolutionary dynamics. In diffuse coevolution, reciprocal selection
between two species is shaped by the presence of a third (Janzen 1980, Fox 1981,
Strauss et al. 2005). Plant-mediated interactions among herbivores may drive diffuse
coevolution, because herbivores can affect reciprocal selection between plants and other
herbivores by inducing a change in plant traits (Inouye & Stinchcombe 2001, Strauss &
Irwin 2004). Indeed, Wise & Rausher (2013) demonstrated diffuse evolution of plant
resistance to herbivory, such that the presence of multiple herbivores constrained the
evolution of increased plant resistance against specific species. Additionally, recent
reviews suggest that induced plant responses make plant-herbivore communities suit-
able study systems for eco-evolutionary dynamics (Utsumi 2011, Ohgushi 2016). Eco-
evolutionary dynamics describe the evolutionary response of a community member to
ecological interactions and its concurrent feedback on community properties (Schoener
2011). Plant-mediated herbivore interactions can impose selection on induced trait
change in plants, because they can affect plant fitness (Agrawal 1998) when the induced
trait change in plants is heritable (Zangerl & Berenbaum 1990). In turn, evolutionary
change in induced plant response will affect plant-mediated interactions among herbi-
vores, because their strength depends on the degree of phenotypic plasticity in the plant
(Ohgushi 2005). Plant-mediated herbivore interactions thus form an eco-evolutionary
feedback loop with plant phenotypic plasticity at its core (Ohgushi 2016).

Although the above considerations indicate that plant-mediated herbivore interac-
tions may shape the evolution of plant phenotypic plasticity, few studies have investigat-
ed evolutionary responses to indirect, plant-mediated interactions in herbivores. An evo-
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lutionary response in herbivores requires heritable intraspecific variation for their induc-
tion of plant defence or for their susceptibility to it. Such variation could arise through
differential selection among herbivore populations in different environments such as
different host plants (Gould 1979, Siepielski et al. 2013), through mutation, or through
fluctuating selection within populations (Kalisz 1986, Siepielski et al. 2009). For exam-
ple, the evolution of feeding preference in leaf beetles varied depending on the degree
to which a community of other herbivores induced leaf regrowth in willows (Utsumi et
al. 2013). Subsequently, the leaf beetle genotypes with different feeding preference
induced different responses in their willow hosts which affected community composi-
tion (Utsumi 2015). More generally, numerous studies have demonstrated genetic varia-
tion for ecologically relevant traits in herbivores (reviewed by Via 1990, Gloss et al.
2016), and the relevance of plant-mediated interactions for herbivore fitness is support-
ed by a substantial amount of evidence from various systems (reviewed by Denno &
Kaplan 2007, Kant et al. 2015). Yet, there is limited experimental evidence for intraspe-
cific variation in induction of plant responses and its effects on other herbivores.
Notably, intraspecific variation in pairwise plant-herbivore interactions cannot be
extrapolated to tripartite plant-mediated herbivore interactions, because this variation
may or may not be relevant, depending on how other herbivores respond to differences
in plant induction, on what response these other herbivores induce in a plant them-
selves, and on interactive effects on plant defence (Strauss et al. 2005).

Given the importance of intraspecific variation in plant-mediated herbivore interac-
tions for diffuse coevolution and eco-evolutionary dynamics, and the paucity of exper-
imental evidence, the purpose of the present study was to quantify such variation in one
well-studied plant-herbivore system. Using meta-analysis, we investigated plant-mediat-
ed interactions between two spider mite species, T. #rticae and T. evansi, on tomato plants
(Solanum lycopersicum). Meta-analysis has been used to compare plant-mediated herbivore
interactions across systems (Denno et al. 1995, Nykinen & Koricheva 2004, Leimu &
Koricheva 2006, Kaplan & Denno 2007, Johnson et al. 2012), but here we synthesize
studies investigating interactions between the same three species only. We chose plant-
mediated interactions between these spider mites on tomato as our study system for
three reasons. First, the two spider mite species differ profoundly in the way they inter-
act with their tomato host: whereas T. #rticae induces plant defence responses that ham-
per its performance (Li et al. 2002, 2004; Kant et al. 2008), T. evansi suppresses these,
thereby maintaining a high performance (Sarmento et al. 2011a, Alba et al. 2015). This
allowed us to assess if intraspecific variation differs among species with negative or pos-
itive plant-mediated effects on herbivore performance. Second, experimental evidence
suggests that intraspecific variation for plant-mediated interactions is present in these
species, because Kant et al. (2008) and Alba et al. (2015) found that different genotypes

of T. urticae and T. evansi induced different responses in tomato plants, with conse-
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quences for the performance of other T. urticae mites. Additionally, Kant et al. (2008)
showed that T. wrticae strains differ in their susceptibility to herbivore-induced tomato
responses. Third, a substantial number of studies investigating plant-mediated interac-
tions among spider mites on tomato is available, enabling meta-analysis as a tool for
assessments of intraspecific variation.

We performed three meta-analyses, comparing spider mite performance assessed
through oviposition rates (Sabelis 1991) on (i) T. evansi-infested tomato plants vs. unin-
fested plants, (ii) 1. wrticae-infested plants vs. uninfested plants, and (iii) 1. evansi-infest-
ed plants vs. T. urticac-infested plants. Specifically, we ask to what extent spider mite-
induced plant responses affect performance of both species, how variable these effects
are, and what factors contribute to this variation. Our aim is to provide a detailed assess-
ment of variation in plant-mediated interactions among herbivores, and assess the role

of intraspecific variation in these interactions.

Materials and methods

Study system

Spider mites (Acari: Tetranychidae) are small (<0.5 mm) herbivorous arthropods that
pierce plant parenchyma cells and feed on their contents (Bensoussan et al. 2016). The
two-spotted spider mite T. wrticae is a generalist herbivore reported on >1100 plant
species (Migeon & Dorkeld 2017), and has a cosmopolitan distribution. In contrast, the
tomato red spider mite T. evansi is considered a specialist on solanaceous plants such as
tomato, originates from South America, and has recently become invasive in many areas
with a Mediterranean climate (Navajas et al. 2013). In invaded areas, T. evansi has dis-

placed native tetranychid mites, including T. wrticae (Ferragut et al. 2013, Azandéme-
Hounmalon et al. 2015).

Data collection and inclusion criteria

We searched for published literature using the queries “Tetranychus evans? [AND] ‘toma-

to” or “Tetranychus nrticae |[AND] ‘tomato’ in the electronic database Web of Science, result-

ing in 273 papers (accessed May 26, 2017). We also collected unpublished datasets from
colleagues. Datasets (published and unpublished) were only included if they met the fol-
lowing criteria:

(1) The experiment included a treatment where intact tomato plants (8. yeopersicunz)
of any variety were infested with defence-suppressing 1. evansi spider mites, and a
treatment where plants were infested with defence-inducing 1. #rticae spider mites.

(2) The experiment included measurements of 1. evansi and/ot I. urticae oviposition
rates on these infested plants.

(3) The treatments and oviposition rate measurements were performed using the

same leaflet(s), but were separated in space or time.
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Applying these criteria resulted in the inclusion of seven published studies in this meta-
analysis: Sarmento et al. (2011a, b), Alba et al. (2015), de Oliveira et al. (2016), Godinho
et al. (2016) and Schimmel et al. (2017a, b), and unpublished studies from nine groups
of authors. Most studies provided more than one dataset. The final collection consist-
ed of 134 datasets (TABLE S2.1).

Experimental procedure of the included studies

The experimental procedure of most included studies adhered to the following design.
One or several leaflets of tomato plants with 3-6 fully expanded leaves were infested
with T. urticae or T. evansi for 1-7 days (hereafter ‘treatments’). Subsequently, the infest-
ed leaflets were cleaned with a fine brush, removing all mites, eggs and web, and the
damaged leaf area was subsequently reinfested with adult 1. evansi or T. urticae females
of standardized age (hereafter ‘secondary infestation’), of which oviposition rate was
measured over 2-5 days. Some studies followed a different design, in which treatments
and oviposition rate measurements were conducted simultaneously by confining the
treatment mites and the mites of which oviposition rate was measured to separate areas
on the leaflet. This difference in procedure is accounted for in the analysis by including

separation method as a covariate.

Effect size calculation

For all datasets, we obtained either the raw data on oviposition rates per female or a
summary specifying the mean, standard deviation and sample size per treatment. When
multiple females oviposited on the same plant, we treated the plant as the biological unit
and averaged their oviposition rates into one value per plant. We used Hedges’ g as the
effect size metric (TABLE 2.1), which is a standardized mean difference between treat-
ments corrected for small sample bias (Hedges 1981).

Many datasets contained dependency structures, complicating the computation of
effect sizes. For example, some experiments were performed in blocks in time, and oth-
ers compared several experimental treatments to the same control treatment. We
accounted for such complex data structures following the recommendations of
Borenstein et al. (2009, pp. 214-245), explained in SUPPLEMENTARY NOTE S1.

Covariates
To identify potential sources of variation in effect size, we listed the following covari-

ates for each dataset:

[A] Research group characteristics:

(1) Research group: the research group in which the experiments were conducted.
Categorical variable, levels: University of Amsterdam, Federal University of
Vigosa, University of Lisbon.
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TaBLE 2.1. Effect size calculation.

Comparison Abbreviation used Formula for effect size
in figures
T. evansi-infested plants vs. T. evansi — control Effect size = mean oviposition rate on
uninfested control plants T. evansi-infested plants — mean oviposition
rate on uninfested control plants
T. urticae-infested plants vs. T. urticae — control Effect size = mean oviposition rate on
uninfested control plants T. urticae-infested plants — mean oviposition
rate on uninfested control plants
T. evansi-infested plants vs. T. evansi — 1. urticae Effect size = mean oviposition rate on
T. urticae-infested plants T. evansi-infested plants — mean oviposition

rate on T. urticae-infested plants

@

First author: the first author of the publication, or, in the case of unpublished
data, the experimenter that organized the data collection. Categorical variable, lev-
els: RA Sarmento, EF de Oliveira, DP Godinho, JM Alba, CR Dias, D Li, LMS
Ataide, B Knegt, BCJ Schimmel, LMS Ataide, M Solis-Vargas, IF Lemos, FR
Ribeiro.

[B] Characteristics of the experimental procedure:

€)
)

®)

©)

U

®)

©)

Environment: the type of environment in which the experiment was conducted.
Categorical variable, levels: greenhouse, climate room.

Proportion leaves infested: the number of treated leaves per plant divided by the
total number of fully expanded leaves. Numerical variable, range: 0.22-1.
Infestation level: the estimated infestation level by mites during treatments. This
variable is calculated as the density of mites per leaflet multiplied by the duration
of the treatment in days. Numerical variable, range: 6-480 mite days.

Separation method: the method by which the mites that were used during treat-
ments were separated from the mites of which the oviposition rate was measured.
Categorical variable, levels: in time, in space, in time and space.

Arena: in some experiments damaged leaf tissue was cut from the treated leaflets
(e.g., leaf discs) and placed on wet cotton wool before the start of oviposition
rate measurements, but in others the plant was kept intact. This variable specifies
the status of the leaflet during the oviposition rate measurements. Categorical
variable, levels: intact, excised.

Number of females tested: the number of adult females that were placed together
on the same leaflet for oviposition rate measurements. Numerical variable, range:
1-25 adult females.

Oviposition duration: the number of days over which oviposition rates were

measured. Numerical variable, range: 2-5 days.
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[C] Characteristics of plants and mites:

(10) Plant variety: the variety of cultivated tomato used. Categorical variable, levels:
Castlemart, Santa Clara, Aguamiel, Moneymaker, UC32.

(11) Tetranychus evansi population: the population of T. evansi that was used for treat-
ments and/or oviposition rate measurements. Categorical vatiable, levels: “Vigosa-
1’ (Sarmento et al. 2011a), ‘Algarrobo-1" (Alba et al. 2015).

(12) Tetranychus urticae population: the population of T. urticae that was used for treat-
ments and/or oviposition rate measurements. Categorical variable, levels: ‘Brazil’
(Sarmento et al. 2011a), ‘Santpoort-2’ (Alba et al. 2015), ‘Ricinus communis’
(Godinho et al. 20106).

(13) Tetranychus evansi host vatiety: the variety of cultivated tomato on which T. evansi
was reared. Categorical variable, levels: Castlemart, Santa Clara, Agua Miel,
Moneymaker.

(14) Tetranychus nrticae host species: the host plant species on which T. #rticae was
reared. Categorical variable, levels: Solanun: lycopersicum, Phaseolus vulgaris.

(15) Time in culture (1. evansi): the duration that the T. evansi population had been cul-
tured in the lab. We expressed this variable in estimated number of generations,
assuming a generation time of 14 days at 25 °C on tomato (Bonato 1999).
Numerical variable, range: 2-363 generations.

(16) Time in culture (1. urticae): the duration that the T. wrticae population had been
cultured in the lab. We expressed this variable in estimated number of genera-
tions, assuming a generation time of 14 days at 25 °C on bean (Watson 1964) and
tomato (Egas & Sabelis 2001). Numerical variable, range: 54-389 generations.

(17) Species of secondary infestation: the species used for oviposition rate measure-

ments. Categorical variable, levels: T. evansi, T. unrticae.

The leaf area (cm?) on which oviposition rate measurements were performed could not
be included as a covatiate, because this was not standardized in many datasets. The age
of the leaflets on which the experiments were performed was also not included, because
not enough datasets reported on which leaves the experiments were performed. The
females used for oviposition rate measurements came from age-standardized cohorts,
such that they were 2-10 days old. At this age both spider mite species have a constant
oviposition rate (Watson 1964, Bonato 1999), and the age of females used for oviposi-

tion rate measurements was therefore not included.

Collinearity analysis

If values of one covariate correlate with values in another covariate, the variables are
collinear and their influence on the effect size cannot be assessed independently.
Collinearity also confounds statistical tests, which can be avoided by removing collinear

variables from a statistical model. Removed variables are not meaningless, but the effect
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of a remaining variable can be attributed to any variable in the set of variables that are
collinear. We assessed collinearity among covariates using a procedure explained in SUP-
PLEMENTARY NOTE S2. Briefly, we calculated pairwise correlations among all vatiables, as
well as variance inflation factors to investigate multicollinearity, and considered variables
to be collinear when their pairwise correlation was larger than 0.5 or when they had a
variance inflation factor larger than 2 (Zuur et al. 2010). When we found a pair of vari-
ables to be collinear, we removed the variable that explained variation in the dependent

variable the least, i.e., with the lowest statistical power, from our model.

Model selection

After the collinearity analysis, we removed covariates with a non-significant effect from
the final model with a backward model simplification procedure explained in SUPPLE-
MENTARY NOTE S3. We did not include interaction effects among covariates because the

number of datasets was too small to properly investigate interactions.

Pooling of datasets to avoid pseudoreplication

Most studies provided more than one dataset. These datasets often differed by only one
or a few of the covariates. For example, datasets 06-09 are all part of the publication by
de Oliveira et al. (2016), and the only difference between them is the infestation level
inflicted during treatments (TABLE S2.1). However, this covariate was removed from the
statistical models due to collinearity (TABLE 2.2), rendering datasets 06-09 identical for
all remaining covariates. Because these datasets were collected at the same time and by
the same experimenters, retaining each dataset as independent would incur pseudorepli-
cation. After removing a covariate from the statistical model due to collinearity or non-
significance, we therefore pooled datasets that became identical by all remaining covari-
ates. We only pooled datasets from the same study.

The initial, complete collection of datasets with their effect size, variance, sample size
and covariates is given in TABLE S2.1. For each meta-analysis, the final set of covariates
as well as the variables that were excluded, is given in TABLE 2.2. The final effect sizes,
variances, sample sizes and covariates, after datasets were pooled, are given in TABLES
S2.2-82.4.

Meta-analysis

Meta-analysis can be used to calculate the weighted average effect size across studies,
and also to assess the influence of covariates. The weighted average effect size is called
the ‘summary effect size’, and is estimated with random-effects meta-analyses, assuming
random differences in effect size among studies without including any covariates. The
summary effect size is assumed to be normally distributed, and shows the difference
between the effects of treatments on oviposition rate across all datasets. Because

Hedges’ g values are only informative on a relative scale, we facilitated their interpreta-
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tion by converting the estimated summary effects to Cohen’s d values (see SUPPLEMEN-
TARY NOTE S2). Because the majority (92%) of oviposition rate measurements were pet-
formed with T. evansi mites, these Cohen’s d values can be interpreted on the scale of T.
evansi oviposition rates. Gotoh et al. (2010) showed that adult T. evansi females lay on
average 47.1 (sd = 6.94) eggs at 25 °C in the first five days of their oviposition petiod,
which are the age and approximate temperature used for oviposition rate measurements
in most included studies and most relevant for fitness (Sabelis 1991). Therefore, we mul-
tiplied the Cohen’s d values with the standard deviation of the oviposition rate of T.
evansi during the first five days of their oviposition period, obtaining an estimate of the
summary effect size on an interpretable scale.

In accordance with the recommendations of Senior et al. (2016), we quantified the
variation in effect size relative to the mean by calculating the standard deviation. In addi-
tion, the 12 statistic (Higgins 2003) estimates which part of the observed variation in
effect size can be attributed to differences among studies, rather than within-study sam-
pling error, and thus gives an indication of the proportion of variation that can be
explained by covariates. We confirmed the validity of the normality assumption for the
summary effect size by performing approximate permutation tests (1000 iterations), and
considered the assumption valid if the average permuted summary effect size and stan-
dard deviation were identical by four decimals to the parameters estimated by the meta-
analytic model.

To assess the influence of covariates on effect size, we performed mixed-effects
meta-analyses, assuming that differences in effect size are lineatly affected by the select-
ed set of covariates plus random variation among studies. In all cases, the among-study
variance was estimated using restricted maximum likelihood estimation, coefficient esti-
mates were adjusted with the Knapp & Hartung method, and calculations were per-
formed using R package metafor (Viechtbauer 2010).

Influential case diagnostics

To investigate the sensitivity of our results to small changes in the dataset, we tried to
identify influential datasets in both the random-effects meta-analyses that calculated the
summary effects, as well as in the mixed-effects meta-analyses that assessed the influ-
ence of covariates. In meta-analysis, influential case diagnostics specify the change in
model predictions after excluding a dataset from the analysis. Specifically, we calculated
DFFITS values (Belsley et al. 1980), Cook’s distances (Cook & Weisberg 1982), hat val-
ues (Viechtbauer & Cheung 2010) and DFBETAS (Belsley et al. 1980) for each dataset,
and considered a dataset influential if any of these measures exceeded its cut-off as
specified in the description of the metafor package (Viechtbauer 2010). We indicate influ-
ential datasets in figures, and report the change in model predictions following their

exclusion.
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Bias analysis

An integral part of meta-analysis is the investigation of bias (Borenstein et al. 2009, pp.
271-292). A meta-analysis can be considered ‘biased’ if the included studies differ sys-
tematically from all studies that should have been included based on the inclusion crite-
ria but were left out due to an imperfect literature search (Borenstein et al. 2009, p. 291).
Several processes can produce a biased collection of datasets, such as publication bias,
language bias, citation bias and database bias (Egger & Smith 1998). We assessed if the
effect sizes reported by the datasets included in our meta-analyses were biased by a pro-
cedure explained in SUPPLEMENTARY NOTE S4. All calculations were performed using R
v.3.2.4 (R Core Team 2016).

Results

Summary effects

Oviposition rates of both T. urticae and T. evansi were higher on plants previously infest-
ed by T. evansi than on uninfested control plants, with an estimated summary effect size
of 0.655 Hedges’ g, which was significantly different from zero (FIGURE 2.1a, TABLE
2.3). Translated to the oviposition rates measured by Gotoh et al. (2010), this value
would correspond to a difference in oviposition rate of 4.64 (£3.93 Clys) eggs per 5
days. Oviposition rates on plants previously infested by T. #rticae were lower than on
uninfested control plants, with an estimated summary effect size of -0.614 Hedges’ g
(FIGURE 2.1b, TABLE 2.3), which corresponds to a difference in oviposition rate of 4.35
(£3.50 Clgs) eggs per 5 days. Overall, experiments in which these two treatments were
compared directly confirm these results: oviposition rates were higher on plants previ-
ously infested by T. evansi than by T. wurticae, with an estimated summary effect size of
0.781 Hedges’ g (FIGURE 2.1c, TABLE 2.3), corresponding to a difference in oviposition
rate of 5.52 (£3.47 Clys) eggs per 5 days.

Variation in effect size and effects of covariates
All three comparisons revealed a large and significant amount of variation in effect size
among studies (TABLE 2.3). This contributed for ~90% to the total variability in effect
size, which shows that variation in effect size was mostly caused by differences among
studies, and not by sampling error within studies. Covariates potentially explain some of
this variation. Power analyses indicated that two of the three meta-analyses were suffi-
ciently powered (power > 80%) to detect a minimally substantial effect in any of the sets
of covariates selected after the collinearity analyses (TABLE 2.3).

After model simplification, the time that populations had been in culture significant-
ly affected effect size in all three meta-analyses (TABLE 2.2). In comparisons between T.
evansi-infested plants and control plants, effect sizes decreased with the time that 1. evan-
sz populations had been cultured (T 53 = -2.30, p = 0.031; FIGURE 2.2a), explaining
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TaBLE 2.3. Summary effects, variation among studies, and power to detect effects of covariates for each meta-
analysis. Confidence intervals (95%) for M, T and |2 are given between brackets.

Statistic T. evansi — control  T. urticae— control  T. evansi — T. urticae
Summary effect M (Hedges’ g) 0.655 (* 0.55) -0.614 (£ 0.50) 0.781 (£ 0.49)
Test of M # 0 T (df=24) = 2.45 -2.55 3.28

p= 0.022 0.018 0.003
Variation in effect size among 1.050 (£ 0.95) 0.960 (+ 0.77) 0.925 (+ 0.82)
studies: st. dev. T (Hedges’ g)
Testof T #0 Q (df=24) = 124.27 122.00 118.85

p= < 0.001 < 0.001 < 0.001
Total variation (%) explained by 89.90 (£ 7.09) 87.96 (£ 7.98) 89.39 (£ 7.37)
differences among studies: 12
Power to detect a minimally 85.71 69.45 98.00

substantial effect in any of
the (sets of) covariates (%0)

24.49% of the heterogeneity among studies. For T. urticae-infested plants vs. controls, a
collinear set consisting of the time in culture of 1. evansi and T. urticae populations
explained 28.45% of the heterogeneity among studies, and here too, effect size
decreased with time in culture (T 5, = 2.69, p = 0.013; FIGURE 2.2b). Direct compat-
isons of oviposition rates on plants infested with T. evansi and T. urticae reflected these
patterns: effect size also decreased with time in culture (T 53 = -2.44, p = 0.023; FIGURE
2.2¢, 17.59% heterogeneity explained). Because directional selection towards smaller
effect size in cultures would predict a concurrent decrease in effect size variance, we also
assessed changes in variance over the time populations had been cultured, and found
slightly decreasing but non-significant patterns (FIGURE S2.1).

In the comparison of T. urticae-infested plants vs. controls, effect size was also affect-
ed by the environment in which the experiments were performed (greenhouse or climate
room) (T 55 = -2.75, p = 0.012; FIGURE §2.2), which was part of a collinear set of vari-
ables with T. urticae host species, 1. urticae population and Research group. This collinear

FiGuRE 2.1. Average effect sizes (and 95% Cls) of meta-analyses comparing spider mite oviposition rates on
(@) T evansi-infested plants vs. controls, (b) T. urticae-infested plants vs. controls, and (¢) T. evansi-infested plants
vs. T. urticae-infested plants. Datasets are ordered by their effect size from most negative (bottom) to most pos-
itive (top), where positive effect sizes indicate that spider mites oviposited more on the first treatment in the com-
parison, and negative effect sizes vice versa. The size of a square corresponds to the weight of this dataset in the
meta-analysis. The estimated summary effect is represented by a diamond, with the vertical extremes indicating
the summary effect size and the horizontal extremes the 95% confidence interval. The estimated distribution of
effect sizes due to heterogeneity among studies is shown in the normal curve below each plot. See TasLE 2.3 for
statistical details. Asterisks indicate datasets with strong influence on model predictions. Detailed information
about individual datasets is given in TaBLES S2.1-S2.4.
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set explained 32.73% of the heterogeneity among studies. The remaining sets of covari-
ates were not significant and therefore not included in the final model (TABLE 2.2).

Influential datasets and bias analysis

We identified datasets with a disproportionally large influence on model predictions by
rerunning the meta-analytic models after removing individual datasets. No datasets were
influential in the random-effects meta-analyses that calculated the summary effects,
except for dataset 04 in the comparison between T. evansi-infested plants and T. urticae-
infested plants (FIGURE 2.1c¢). Its removal would lead to an 18% reduction in the sum-
mary effect size, but only a negligible change in significance (T 53 = 3.26, p = 0.004).
In the mixed-effects meta-analyses that assessed the effect of covariates, influential
datasets largely reflected the time in culture effect: datasets with the shortest culture
times had the largest influence, although the consequence of removing these datasets
differed. In the comparison between T. evansi-infested plants and control plants, remov-
ing datasets 01 and 03 pushed the p-value of the time in culture effect to borderline sig-
nificance (T, = -2.08, p = 0.050) or non-significance (T 5, = -1.53, p = 0.140),
respectively (FIGURE 2.2a), whereas in the comparison between T. evansi-infested plants
and T. urticae-infested plants, removing dataset 04 rendered the effect of time in culture
non-significant (T 5, = -1.67, p = 0.109), but removing datasets 61-64 increased its sig-
nificance (T, = -3.55, p = 0.002, FIGURE 2.2c).

Bias analyses indicated that the impact of bias, if any, is that we slightly underesti-
mated the summary effect size in the comparison of T. evansi-infested plants versus con-
trols, and in the comparison of T. evansi-infested plants versus T. urticae-infested plants
(SUPPLEMENTARY NOTE S4).

a T. evansi - control b T. urticae - control C T. evansi - T. urticae

slope =-0.0079x ° slope = 0.0056x ° 01 gataleton slope = -0.0063x
o4 p=0031 ~4 p=0013 p=0.023

a

dataset 03
o e

2

1o
dataset 01

Effect size (Hedges g)

1 datasets 61-64

0

o °

Sb 160 1;0 260 25‘0 360 3%0 460 5‘0 160 15‘0 260 ZS‘D 360 35‘0 460 Sb 160 1§o 160 zéo 360 3;0 4(;0
Time in culture (# generations) Time in culture (# generations) Time in culture (# generations)
FiGuRE 2.2. Effects of ‘time in culture’ on effect size. Solid lines indicate model fit, shaded areas delineate 95%
confidence intervals, circles indicate observed effect size estimates, and dashed lines indicate zero effect size.
The slope and significance of time in culture are given in the upper corners of each plot. Influential datasets are

indicated with their name.
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Discussion

The estimated summary effects in all three meta-analyses confirm previously published
assertions: feeding on tomato by T. ezansi enhances the performance of spider mites in
subsequent infestations, whereas feeding by T. urticae decreases it (FIGURE 2.1). These
summary effects translate into a difference in oviposition rate of spider mites in second-
ary infestations of around one egg per day, corresponding to an increase or decrease of
9-12% (Gotoh et al. 2010), which is substantial for species with exponential growth
(Sabelis 1991). These effects are very variable, ranging from strongly negative or posi-
tive to none at all or even slightly opposite. Most of this variation was caused by differ-
ences among studies, rather than within-study sampling error, and we found that effect
sizes significantly decreased with the time that spider mite populations had been cul-
tured in the lab (FIGURE 2.2). In line with a diminishing effect over time in culture,
datasets with the shortest culture times had the strongest influence on model predic-
tions. Because the pattern of decreasing effect size was consistently found in all three
comparisons, and because the consequences of removing influential datasets for the sig-
nificance of the time in culture effect differed, we are convinced that the effects of time
in culture are not artefacts of a small sample size at short culture times.

The reduction in effect size was observed over many generations, and therefore like-
ly reflects a heritable phenotypic change of the mites in response to selection in lab cul-
tures. This selection could have been directional because the variance in effect size
decreased slightly, albeit non-significantly (FIGURE S2.1). Although genetic drift in lab
populations may also account for changes in effect size and a concurrent decrease in
variance (Halligan & Keightley 2009), we think this is unlikely because the effect size was
consistent across populations. In lab cultures, reduced suppression of plant defence may
be favourable if suppression is ineffective but nevertheless entails physiological costs,
such as expression of salivary effectors (Jonckheere et al. 2016, Villarroel et al. 2016).
Suppression may be ineffective in lab cultures because mite populations were always cul-
tivated on detached leaves, and tomato leaves then readily turn purple from anthocyanin
accumulation and clearly suffer from water stress and a severe mite infestation. This
constant state of being stressed may cause leaves to be constitutively induced and con-
sequently suppression may no longer be possible, potentially causing the defence sup-
pression trait to erode (cf. Cooper & Lenski 2000).

Reduced induction of plant defence in lab cultures can also be favourable, e.g., if
inducing mites are themselves susceptible to induced plant defences and hence suffer
lower oviposition. This is even more likely, because the advantages that defence induc-
tion would normally provide in nature, namely a decreased performance of competitors,
are absent because competitors are excluded from lab cultures. Literature indicates that
mite-induced plant defence indeed reduces spider mite performance in controlled envi-
ronments (Li et al. 2002, 2004, Ament et al. 2004, Kant et al. 2008, Zhurov et al. 2014,

39



CHAPTER 2

Ataide et al. 2016, Villarroel et al. 2016), and is therefore likely adaptive for plants rather
than herbivores. Another possibility is that the constantly stressed state of detached
leaves in mite cultures may invoke selection for resistance to plant defence, resulting in
smaller differences in mite performance between induced and undamaged leaves. We
found some tentative support for the latter explanation in an analysis of absolute daily
oviposition rates, which increased slightly, but not always significantly, on undamaged
control plants and on T. wrticae-infested plants, but not on T. evansi-infested plants
(FIGURE S2.4).

In the comparison of T. urticae-infested plants with controls, effect size was not only
affected by the time populations had been cultured, but also by a collinear set of vari-
ables consisting of the environment in which experiments were performed (greenhouse
or climate room), the host plant species on which T. #rticae populations were cultured,
and the T. urticae population used (TABLE 2.2, FIGURE S2.2). In the other two compat-
isons, none of these variables had a significant effect on effect size, but roughly three
quarters of the among-study heterogeneity was unexplained. One potential explanation
for large variation in effect size is given by Anderson et al. (2009), who modelled tran-
sient dynamics of interactions between two herbivore populations mediated by plant
quality. They conclude that differences in the extent or rate at which plants respond to
herbivore infestation may cause strong variation in short-term herbivore performance
measurements, such as those in the experiments reviewed here. Consequently, plasticity
in plant defence induction may have been a source of variability in our datasets, e.g,,
depending on small differences in growing conditions such as nitrogen availability or
disturbance (Hoffland et al. 2000). Additionally, because herbivores are often found to
adjust their response to plant defence to the defence levels they experience (Després et
al. 2007), defence suppression and induction by spider mites could also be subject to
phenotypic plasticity. We therefore discuss the possibility that plasticity in defence
response by plants and in defence suppression and induction by mites accounted for
some of the observed variation in effect size.

Although defence induction is often seen as an adaptive response of the plant to
reduce herbivory (Cipollini et al. 2014), plant resource allocation to defence actually
depends on many factors, such as competition for light, the presence of predators or
pathogens, and resource availability (Orrock et al. 2015, Hahn & Maron 2016). In addi-
tion, some herbivores use plant defence induction to their own advantage, e.g., by induc-
ing defence responses that are antagonistic to the defences that would have been effec-
tive against them (Zarate et al. 2007). Therefore, environmental conditions, as well as
defences being exploited by herbivores, can cause plants to adjust their level of defence.
Herbivores, in turn, may also have adaptive potential for plasticity in defence suppres-
sion. For example, suppression of plant defence is often advantageous for herbivores in
laboratory settings (Musser et al. 2002, Ataide et al. 2016), but may also have adverse
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effects if it increases performance of competing herbivores (Sarmento et al. 2011b, Glas
et al. 2014) or exposes offspring to increased predation (Ataide et al. 2016).

Indeed, there is evidence that herbivores monitor their environment, and adjust their
physiology and behaviour accordingly (Dussourd 2017). Tetranychus evansi, for example,
produced more web in the presence of cues associated with competitors, excluding
them from their feeding sites (Sarmento et al. 2011b), interfered with their reproduction
through heterospecific mating (Sato et al. 2014, 2016, Clemente et al. 2016, 2018), and
oviposited more in the web than on the leaf surface in the presence of cues associated
with predators (Lemos et al. 2010). In addition, spider mites can show transcriptional
plasticity of detoxification genes (Dermauw et al. 2013, Wybouw et al. 2015), and sup-
pression of plant defence by T. evansi is at least partly controlled by expression of effec-
tor proteins in their saliva (Jonckheere et al. 2016, Villarroel et al. 2016). Schimmel et al.
(2017a, b) observed that T. evansi increases its expression of some of these putative
defence-suppressing effector genes after exposure to plant-mediated interactions with
defence-inducing 1. urticae, which coincided with increased T. evansi oviposition rates.
Together, these findings suggest that T. evansiis able to collect information from its envi-
ronment, and uses it to adjust the degree to which it suppresses plant defence.

Both in laboratory experiments (Sarmento et al. 2001b) and in areas where T. evansi
is invasive, it rapidly replaces T. wrticae as the most abundant spider mite species
(Ferragut et al. 2013, Azandéme-Hounmalon et al. 2015). This is in contrast with the
results of the experiments reviewed here, which show that T. evansi facilitated T. urticae,
whereas T. urticae had a negative plant-mediated effect on T. ezansi. There are several pos-
sible explanations for this discrepancy. First, direct interactions, exploitative competi-
tion, and apparent competition were not included in the experiments reviewed here.
However, previous research has shown that T. evansi and T. wrticae interact directly
through reproductive interference (Sato et al. 2014, 2016, Clemente et al. 2016, 2018)
and by protecting feeding sites against competitors by depositing web on the leaf sur-
face (Sarmento et al. 2011b). Second, T. evansi and I. urticae occur in diverse communi-
ties (Ferragut et al. 2013), and it is possible that the outcome of their interaction is dif-
ferent on host plants other than tomato, or modified by the presence of other herbi-
vores and predators (Glas et al. 2014, Ataide et al. 20106). Third, we restricted the cur-
rent analyses to studies investigating plant-mediated interactions that occur within toma-
to leaflets. However, induced plant responses differ among tissues (Orians et al. 2000)
and can be further modulated by systemic effects (Biere & Goverse 2016) and timing of
infestation (Alba et al. 2015, Schimmel et al. 2017). Therefore, the relative importance
of plant-mediated, indirect interactions for spider mite performance remains to be
demonstrated.

Our meta-analysis shows that intraspecific variation in T. #rticae and T. evansi causes

variation in the fitness consequences of plant-mediated interactions between these
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species. It also suggests that mite populations evolve towards weaker plant-mediated
interactions in culture conditions, which is an example of inadvertent selection in lab
populations (Harshmann & Hoffman 2000). Previously, Kant et al. (2008) and Alba et
al. (2015) demonstrated that different strains of 1. wrticae and T. evansi induced different
responses in tomato, with consequences for the performance of other T. urticae mites.
Furthermore, Kant et al. (2008) showed that T. urticae strains differ in their susceptibil-
ity to herbivore-induced tomato responses. We complement their findings by showing
that plant-mediated interactions among spider mites are variable, but on average relevant
for fitness, and that the net effect of suppression and induction of, and susceptibility to,
plant defence is subject to phenotypic change over generations. Together, these results
suggest that spider mites have the potential to adapt to plant-mediated ecological inter-
actions, and thus constitute suitable study systems for eco-evolutionary dynamics of
plant-herbivore interactions (Utsumi et al. 2011, Ohgushi 2016). Specifically, given their
short generation time and considering the results of the present study, spider mites are
especially amenable for experimental evolution designs (e.g, Magalhdes et al. 2011,
Wybouw et al. 2015). Future work could make use of these possibilities to select for spi-
der mites that differ in induction and suppression of plant defences, or to investigate
life-history trade-offs of induced plant responses for herbivores, e.g., in the presence or

absence of competitors or under different environmental conditions.
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Supplementary tables and figures

TABLES S$2.1-S2.4: see http://www.bred.nl/bram_knegt_thesis_ch2/Supplementary tables S1-S4.xIsx
[Table_S1_complete_dataset,

Table_S2_Tevansi_control,
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FiGuRe S2.1. Effects of ‘time in culture’ on effect size variance, as assessed using linear models with Gaussian
error distribution. Solid lines indicate model predictions, shaded areas delineate 95% confidence intervals, and
circles indicate observed effect size estimates. The slope and significance of the ‘time in culture’ factor are given
in the upper corner of each plot.
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FiGuReE S2.2. Effects of ‘environment’ (climate room, greenhouse) on effect size. Error bars indicate 95% con-
fidence intervals. Numbers of datasets are given above each bar. The significance of the factor is given in the
upper corner of the plot (* p < 0.05). Because the factor ‘environment’ was collinear with the factors ‘T. urticae
lab host species’, ‘T. urticae population” and ‘research group’ (TABLE 2.2), its effects can be caused by any of
these factors.
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FiGuRe S$2.3. Bias analysis. (a-c) Funnel plots of effect sizes and their standard errors. Vertical lines indicate
the estimated summary effect, circles indicate datasets, and dotted lines delineate 95% pseudo-confidence
intervals (i.e., M = 1.96 (SE2 + T2)). The results of two tests for funnel plot symmetry are given in the upper cor-
ner of each plot. (d-f) Contour-enhanced funnel plots of effect sizes and their standard errors. Vertical lines indi-
cate zero effect size, filled circles indicate observed datasets, open circles indicate estimated ‘missing’ studies
from the trim and fill method to restore funnel plot symmetry, differently shaded areas indicate different levels of
statistical significance for individual studies under the null hypothesis that Hedges’ g = 0.
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FIGURE S2.4. Effects of ‘time in culture’ on mean oviposition rates per day, as assessed using linear models
with a Gaussian error distribution. We could not apply weighted meta-analytic models, because some datasets
provided oviposition rates and variance only per 2, 3 or 4 days, prohibiting the calculation of the variance of ovipo-
sition rate per day. Lines indicate model predictions. Each graph has two lines, one for each of the two treatments
under comparison. The slope and significance of the ‘time in culture’ factor are given with each model prediction.
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Supplementary note S1

Complex data structures and effect size computation

Many datasets contained dependency structures that required addressing before effect
sizes could be computed. We encountered three types of complex data structure: (1)
experiments that were performed in multiple blocks in time, (2) experiments that com-
pared multiple experimental treatments to the same control treatment, and (3) expeti-
ments that measured oviposition rates on multiple leaves of the same plant. In our
effect size calculations we accounted for data dependency following the recommenda-
tions of Borenstein et al. (2009, pp. 214-245). Specifically, when experiments were per-
formed in blocks, we first calculated the effect size and variance per block, and then
aggregated these by performing a fixed effects meta-analysis across blocks, obtaining an
overall effect size and variance. When multiple treatments were compared to the same
control, or when measurements were performed on different leaves of the same plant,
we obtained the overall effect size by taking the average of the effect sizes of each treat-
ment comparison or leaf, and the overall variance by applying the formula

1 1Y (&
arl 235 (2] [ S04 T (o7

7 =1 a i=1 i%)
(Borenstein et al. 2009, p. 228), where ‘var’ stands for variance, Y; and V; are the effect
size and variance of treatment comparison or leaf i, m is the total number of treatment
comparisons or leaves, and i is the correlation between the effect sizes of treatment
comparison or leaf i and j. In the case of multiple comparisons to the same control
treatment, rj; equals 0.5, but when measurements were performed on different leaves of
the same plant, ;
measurements among leaves of the same plant (ICC[2,£] sensu Shrout & Fleiss 1979, cal-

was estimated by taking the intraclass correlation of oviposition rate

culated using R package 777 [Gamer et al. 2012]), averaged across all datasets weighted
by the number of plants per dataset.
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Supplementary note S2

Collinearity analysis

When covariates correlate, the variables are collinear, and their influence on the effect
size cannot be assessed independently. Collinearity also confounds statistical tests, which
can be avoided by removing collinear variables from a statistical model (Legendre &
Legendre 1998). Removed variables are not meaningless, but an effect of a remaining
variable can be attributed to any variable in the collinear set. Further dissemination of
the independent contributions of each variable in a collinear set requires new experi-
mentation. We assessed collinearity among covariates by calculating pairwise correla-
tions among all variables, using R package pofycor (Fox 2010). We considered covariates
to be collinear when their pairwise correlation was larger than 0.5, or when they had a
variance inflation factor larger than 2 (Zuur et al. 2010). Because calculation of variance
inflation factors requires fitting regression models with the covariates from the main
analysis as response variables, variance inflation factors can only be calculated for
numerical covariates. For simplicity we calculated unweighted correlations, ignoring dif-
ferences in precision (1 / std. etror of effect size) among studies.

When we found a pair of covariates to be collinear, we removed the variable with the
lowest statistical power from our statistical model. To calculate statistical power of indi-
vidual variables we conducted a power analysis, making assumptions about the minimal-
ly substantial influence on the summary effect size and the among-study heterogeneity.
We considered the effect of a covariate on the summary effect size to be substantial if the
range of the variable (for continuous variables) or the differences between its levels (for
categorical variables) upheld a variation of at least 0.5 standard deviation in effect size,

i.e., a Cohen’s d of 0.5. We converted this into a Hedges’ g value using the formula
3
4df —1

with df = 2 X average sample size — 2 (Borenstein et al. 2009, p. 27). For numerical vari-

Hedges' g = Coben's d x| 1—

ables, we calculated the minimally substantial coefficient, B, as Hedges’ g / (max — min),
where max and min are the maximum and minimum of the observed range of the
covariate. For categorical variables, we used Hedges’ g as the minimally substantial dif-
ference between levels. Because we could not find earlier meta-analyses investigating
plant-mediated herbivore interactions within one system, we applied the convention
described in Hedges & Pigott (2001), and assumed a moderate degree of heterogeneity
among studies, equal to two thirds of the average within-study variance. We calculated
o', the variance of coefficient B, using the matrix approach described by Hedges &
Pigott (2004). For numerical variables, the statistical power for detecting a minimally
substantial coefficient, assuming two-sided tests, is then given by
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B B
ower =1—®| C — o -C -
? ( rj ( : Jo_*)

(Hedges & Pigott 2004), where ®(x) is the standard normal cumulative distribution
function, and C_ is the critical value for the significance test, given significance level o
= 0.05, thus C, = ®(1 — 0.5 X a) = 1.96. For categorical variables, power is given by

pau/er=1—d)[Ca —MJHD(—C“ —MJ.

Vo Jor
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Supplementary note S3

Model selection

After the collinearity analysis, we removed covariates from the final model with a back-
ward model simplification procedure. We first specified full models that contained all
covariates that remained after the collinearity analysis, and performed a mixed-effects
meta-analysis using R package wetafor (Viechtbauer 2010). We did not include interaction
effects among covariates because the number of datasets was too small for interactions
to be propetly investigated. In a step-by-step process we omitted non-significant vari-
ables one by one until only significant variables remained. To avoid omitting variables
because of alack of power, we calculated the power for detecting a non-zero coefficient
in any of the variables. To do so, we estimated minimally substantial effect sizes and het-
erogeneity among studies as explained in SUPPLEMENTARY NOTE S2, but because more

than one variable is involved, power is given by
power =1 —H(Ca|q;k),

where H is the cumulative distribution function of the non-central chi-square distribu-
tion with q degrees of freedom and non-centrality parameter A (Hedges & Pigott 2004).

We considered a power of 80% or more to be sufficient.
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Supplementary note S4

Bias analysis

To investigate if the effect sizes reported by the datasets were biased, we constructed
funnel plots (Egger et al. 1997). Funnel plots show the relation between effect size and
standard error of each dataset. In the absence of bias, the data points in a funnel plot
form a symmetrical funnel around the summary effect, whereas biased datasets produce
asymmetrical funnels where the most precise studies, with the smallest standard error,
have effect sizes that are either consistently smaller or larger than the summary effect
(Egger et al. 1997, Egger & Smith 1998). We tested for funnel plot symmetry using Eg-
ger’s regression tests (Egger et al. 1997) and rank correlation tests (Begg & Mazumdar
1994). When we found significant funnel plot asymmetry, we investigated the impact of
this bias using the trim and fill approach (Duval & Tweedie 2000). With this method,
‘missing’ studies are estimated with effect size and standard error chosen such that fun-
nel plot symmetry is restored. We then repeated the meta-analysis including the estimat-
ed ‘missing’ studies, and assessed how the new summary effect differed from the origi-
nal estimation.

Funnel plots displayed some asymmetry in all three comparisons (FIGURES S2.3a-c).
Restoring funnel symmetry with the trim and fill method led to the inclusion of extra
‘missing’ studies in the comparison of 1. evansi-infested plants versus controls, and in
the comparison of T. evansi-infested plants versus T. urticae-infested plants. Including the
missing studies raised the estimated summary effect sizes by 25 and 10%, respectively,
showing that the impact of bias, if any, is that we slightly underestimated the summary
effect size in these two comparisons.

We minimized the potential effects of publication bias by including unpublished
datasets into our analyses. To investigate if this was effective, we constructed contour-
enhanced funnel plots (Peters et al. 2008) and assessed if the results of the ‘missing’
studies from the trim and fill method would have been significantly different from a nil
effect size. If so, then any observed bias in our final collection of datasets (published
and unpublished) is not likely caused by publication bias. We found that the effect sizes
of ‘missing’ studies would have been significantly different from zero (FIGURES S2.3d-f),
indicating that publication bias is not a likely cause of bias in our collection of datasets.
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Abstract

Plant defence suppression is an offensive strategy of herbivores, in which they
manipulate plant physiological processes to increase their performance.
Paradoxically, defence suppression does not always benefit the defence-suppress-
ing herbivores, because lowered plant defences can also enhance the performance
of competing herbivores and can expose herbivores to increased predation.
Suppression of plant defence may therefore entail considerable ecological costs
depending on the presence of competitors and natural enemies in a community.
Hence, we hypothesize that local differences in community composition select
for different optimal magnitudes of suppression. To investigate this, we studied
defence suppression across populations of Tetranychus evansi spider mites, a herbi-
vore from South America that is an invasive pest of solanaceous plants including
cultivated tomato, Solanum lycopersicum, in other parts of the world. We measured
the level of expression of defence marker genes in tomato plants after infestation
with mites from eleven different T. evansi populations. These populations were
chosen across a range of native (South American) and non-native (other conti-
nents) environments and from different host plant species. We found significant
variation at three out of four defence marker genes, demonstrating that T evansi
populations suppress jasmonic acid- and salicylic acid-dependent plant signalling
pathways to varying degrees. While we found no indication that this variation in
defence suppression was explained by differences in host plant species, invasive
populations tended to suppress plant defence to a smaller extent than native pop-
ulations. We speculate that this may reflect the absence of specialized natural ene-
mies in invasive 1. evansi populations.

A revised version is accepted for publication in Ecology & Evolution.
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Introduction

Plants and herbivores share a 420 million year history of antagonistic coevolution
(Labandeira 1998). Over this time, these adversaries have been in an arms race of adap-
tations and counter-adaptations. This has resulted in the evolution of elaborate plant
defence mechanisms, such as two-component toxins (Matile 1980) and recruitment of
natural enemies with plant volatiles (Baldwin & Schultz 1983, Heil 2014). In response,
herbivores have evolved offensive traits that enable them to consume plant tissues more
efficiently, such as mechanisms to detoxify defensive plant compounds (Smith 1955,
Heckel 2014). Over the last decade, herbivores were also found to suppress plant
defence by manipulating plant physiological processes, thereby promoting herbivore
performance (Musser et al. 2002, Kant et al. 2015). Whiteflies, for example, normally
induce a defence response in their host plants that is regulated by the plant hormone
jasmonic acid (JA) (van de Ven et al. 2000, Walling 2000). Bewzisia tabaci silverleaf white-
flies, however, hijack defence regulation of their Arabidopsis thaliana hosts by inducing
salicylic acid (SA) dependent defence signalling (Zarate et al. 2007). Induced SA levels
suppress JA levels through hormonal cross-talk (Thaler et al. 2012), and hence protect
silverleaf whiteflies from JA-dependent defences. More than twenty arthropod herbi-
vore species suppress plant defences (Kant et al. 2015), and a majority are crop pest
species, such as the corn earworm (Helicoverpa gea) (Musser et al. 2002), the Colorado
potato beetle (Ieptinotarsa decemlineata)y (Lawrence et al. 2007) and the two-spotted spider
mite (Tetranychus nrticae) (Kant et al. 2008).

Understanding why defence suppression is a successful herbivore offense strategy
requires insight into its evolutionary costs and benefits (Blaazer et al. 2018). A benefit
of defence suppression for herbivores is that it prevents expression of plant defence,
which would otherwise have reduced herbivore performance (Musser et al. 2002, Kant
et al. 2015). At the same time, however, defence suppression creates a hospitable, nutri-
tious plant (i.e., a public good, Rankin et al. 2007) from which competitors and natural
enemies can also benefit (Alba et al. 2011, Kant et al. 2015). This introduces new costs.
A prime example of such costs can be found in Tetranychus evansi spider mites (Blaazer
et al. 2018). By suppressing tomato defence, 1. evansi increase not only their own per-
formance but also that of competing Tesranychus spp. spider mites (Sarmento et al 2011a,
b, Alba et al. 2015, Godinho et al. 2016). In addition, defence suppression by T. evansi
exposes their offspring to increased predation by Phytoseinlus longipes predatory mites,
possibly due to reduced transfer of defensive compounds from plants through spider
mites into their eggs (Ataide et al. 2016). Defence suppression may therefore entail con-
siderable costs depending on the biotic environment in which it is employed (Glas et al.
2014, Schimmel et al. 2017a, b).

To assess the role of biotic interactions in the evolution of defence suppression, it is

pivotal to quantify variation in defence suppression across different biotic environments.
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In Leptopilina boulardi parasitoid wasps, for example, genotypes from different localities
were found to suppress the immune system of their Drosophila hosts to varying degrees,
depending on the abundance of specific host species (Dupas & Boscaro 1999). Yet, in
herbivores, variation in defence suppression has hitherto been investigated only scarcely
(Alba et al. 2015). Here, we aim to quantify variation in the magnitude of suppression of
plant defence among populations of the defence-suppressing spider mite T. evansi, and
secondarily to explore whether differences relate to characteristics of their biotic envi-
ronments. Specifically, we assessed if variation was explained by the host plant from
which populations were sampled, and by the presence or absence of natural enemies.

The tomato red spider mite Tetranychus evansi Baker and Pritchard (Acari: Tetranychi-
dae) is a herbivorous spider mite from South America, feeding mainly from solanaceous
host plants such as tomato, potato and eggplant (Navajas et al. 2013, Migeon and
Dorkeld 2018). Spider mites are cell content-feeders, piercing plant parenchyma cells
with their stylets, sucking up the contents and leaving behind empty cells that are visi-
ble as white feeding scars (Bensoussan et al. 2016). Tetranychus evansi occurs mostly in
tropical, subtropical and Mediterranean climates, and can reach fast intrinsic rates of
population increase due to short generation times (<15 days), especially at high temper-
atures (Bonato 1999, Gotoh et al. 2010). Over the last twenty years, T. evansi has become
invasive in many areas with subtropical and Mediterranean climates, such as sub-Sahara
Africa, the Mediterranean region and East-Asia (Navajas et al. 2013). In its invasive
range T. evansi replaces 1. urticae and other indigenous spider mite species as the domi-
nant species in spider mite communities and colonizes new host plant species (Ferragut
et al. 2013, Azandéme-Hounmalon et al. 2015).

The mechanism of defence suppression by T. evansi has mostly been studied on culti-
vated tomato plants, Solanun: lycgpersicum. In tomato, the induced defence response against
spider mites is orchestrated by the plant hormones JA and SA (Li et al. 2002, Ament et
al. 2004, Kant et al. 2004). These hormones set in motion internal signalling cascades
leading to the production of defence-associated compounds such as proteinase inhibitors
(PIs) and polyphenol oxidases (PPOs) (Kant et al. 2004, Martel et al. 2015, Arnaiz et al.
2018). Tetranychus evansi suppress tomato defence downstream of plant hormone accumu-
lation, such that the plant’s expression of defence-associated genes is downregulated to
the benefit of the herbivore (Sarmento et al. 2011a, Alba et al. 2015, Ataide et al. 2010).
Defence suppression by spider mites is most likely exerted by salivary effectors injected
into the host plant (Jonckheere et al. 2016, Villarroel et al. 2016, Schimmel et al. 2017a),
independent of herbivore-associated bacteria (Staudacher et al. 2017).

Host plants are a major determinant of herbivore biotic environments. Arthropod
communities, for example, differ among locations due to variation in secondary metabo-
lites of their host plants (Bangert et al. 2006, Poelman et al. 2008, Randlkofer et al. 2010,
Richards et al. 2015, Balint et al. 2016, Glassmire et al. 2016). Plant identity and diversi-
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ty therefore affect interactions between plants and herbivores (Agrawal et al. 2006). The
host range of T. evansi includes more than a hundred plant species, mainly from the
Solanaceae family (Migeon and Dorkeld 2018), with considerable variation in secondary
metabolites and resistance to herbivory (Wink 2003, Fridman et al. 2005, Spooner et al.
2005). The T. evansi populations investigated in this study were sampled from four host
plant species, all belonging to the Solanum genus (TABLE 3.1). Solanum species produce
different levels of glycoalkaloids and proteinase inhibitors that differentially affect her-
bivore performance, are therefore likely to harbour different arthropod communities
(Tingey 1984, Cipollini and Levey 1997, Girard et al. 2007, Nohara et al. 2007, Hartl et
al. 2010, Jared et al. 2016), and may expose defence-suppressing herbivores to different
levels of competition and predation. Consequently, we explored if the level of defence
suppression by T. evansi varied among populations collected from these host plants.

We also explored if the level of defence suppression differed between native (South-
American) and invasive (other continents) T. evansi populations. The predatory mite
Phytoseinlus longipes and the entomopathogenic fungus Neogygites floridiana are able to
severely reduce T. evansi populations in their native range (Ribeiro et al. 2009, da Silva et
al. 2010), but are absent in areas where T. evansi is invasive (Ferragut et al. 2013). Defence
suppression by T. evansi entails costs in the presence of natural enemies, such as
increased egg predation by P. longipes (Ataide et al. 2016). The lack of natural enemies in
areas where T. evansi is invasive may therefore reduce such ecological costs, allowing T.
evansi to suppress plant defence more strongly.

We sampled T. evansi mites from eleven locations across its native and invasive range
(FIGURE 3.1), and measured their magnitude of defence suppression with two approach-
es. First, we measured the expression of a reporter gene for defence induction in pI.AP-
A1:GUS tomato plants. In these plants, the promoter of the p-glucuronidase (GUS)
reporter gene is fused to the JA-dependent promoter of the plant defence-associated
gene Jeucine aminopeptidase A1 (LAP-AT) (Chao et al. 1999). When plant defence is
induced, I.A4P-AT7 is activated, and thereby also the GUS reporter, of which its activity
can be determined in a fluorimetric assay (Jefferson et al 1987). Because these assays
were more variable than expected, we also measured the level of gene expression of
four defence-associated tomato genes through quantitative reverse transcription poly-
merase chain reaction (QRT-PCR). Tetranychus evansi suppresses these genes in tomato
(Sarmento et al. 2011a, Alba et al. 2015, Schimmel et al. 2017a). In all experiments, we
included a treatment where tomato plants were infested with a defence-inducing T.
urticae genotype as a benchmark for defence induction. For those genes where we
observed different levels of expression among populations, we investigated if this vari-
ation was affected by host plant species or geographical range (invasive or native). We
also verified that variation was not due to the identity of their host plants in the labora-

tory, or the time that populations had been maintained there. Last, we investigated
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genetic differentiation among the T. evansi populations by determining to which genetic
lineage (Gotoh et al. 2009, Boubou et al. 2012) each population belonged through
sequencing a part of the mitochondrial ¢ytochrome oxidase subunit 1 gene (CO1).

Materials and methods

Spider mite populations and culture conditions

We obtained eleven T. evansi populations that had been collected by other research
groups from several locations across South America, Europe, Africa and Asia (FIGURE
3.1, TABLE 3.1). Because a change in host plant can have drastic consequences for genet-
ic and phenotypic variation within a population (Magalhies et al. 2009, Dermauw et al.
2013, Wybouw et al. 2015), we maintained them on the same host plant as they had been
on in the research group from which we obtained these populations, i.e., ached S. nigrum
leaves or S. heopersicum leaflets. We placed leaves and leaflets with their abaxial side fac-
ing upwards on wet cotton wool in open plastic trays in a controlled environment (25
°C; 16: 8 h light: dark photoperiod; 60% relative humidity). We grew plants in a green-
house (25: 18 °C; 16: 8 h light: dark photoperiod; 50-60% telative humidity) for 4-5

weeks before leaves were used to feed the mite cultures.

Infestation treatments and sampling

We obtained pIlLAP-A7:GUS seeds from Linda Walling (University of California,
Riverside, CA, USA) and grew these and untransformed UC82 tomato plants in a green-
house (25: 18 °C; 16: 8 h light: dark photopetiod; 50-60% telative humidity) for 11-14
days, and then transferred them to a climate room (25 °C; 16: 8 h light: dark photope-
riod; 60% relative humidity) to acclimatize for 7-10 days, such that plants were exactly
21 days old at the start of the experiments. We only used plants with three or four

Algarrobo-1 ..SV

SCe Sde Eliy.ahu-1

Chiyoda-1
Kagoshima-1@ JT
oTW

Vi5°5"1.carangola-1

Ficure 3.1. Sampling locations of Tetranychus evansi populations used in this study.
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expanded leaves, and included this difference as a variable in our analyses. We infested
PLAP-A1:GUS plants with 45 age-synchronized (14 days after oviposition and thus 2-4
days old) T. evansi females for 1 day, by manually transferring individual mites with a fine
brush to three leaflets of three different leaves per plant, such that each leaflet received
15 mites. We prepared a lanolin barrier around the petiole at the base of each infested
leaflet to confine mites to the infested leaflets. We included a benchmark treatment for
defence induction by infesting pI.AP-A7:GUS plants with mites from a defence-induc-
ing T. urticae genotype (previously called KMB’ in Kant et al. 2008, renamed to
‘Santpoort-2’ by Alba et al. 2015), as well as uninfested pL.AP-A7:GUS plants and unin-
fested, untransformed UCS82 plants as negative controls. Uninfested pI.AP-47:GUS and
UCS82 control plants also received lanolin, as well as a mock infestation through gently
touching leaflets with a clean brush.

Because a pilot experiment indicated that differences among suppression and induc-
tion benchmarks for GUS activity were most pronounced after 1 day of infestation, we
harvested infested leaflets after 1 day. We digitally scanned them (HP Scanjet G3110,
Hewlett-Packard, Palo Alto, USA) to determine leaf damage (see next section) and
flash-froze them within 2 minutes after harvest in 15 mL tubes in liquid nitrogen for
storage at -80 °C. We performed the experiments in five blocks in time, such that all 14
treatments, 11 T. evansi populations, the induction benchmark treatment, plus 2 controls,
had a sample size of 10 to 15 plants evenly distributed across blocks (TABLE 3.2).

Leaf damage quantification

We quantified the damaged area of cach infested leaflet using Image] v.1.49 (Rasband
2016). We transformed RGB-coloured scans of damaged leaflets to black and white
images using the Type tool, and distinguished damaged from non-damaged leaf area by
applying a colour threshold typical for spider mite leaf damage using the Adjust
Threshold tool. After this step, leaf damage appears as black spots while undamaged
leaf surface was white. The background was automatically transformed to dark and
ignored during the measurements. We then selected the damaged area within the leaf
with the Selection tool, and measured damaged leaf area in mm? by using the Analyze
Particles tool. We averaged leaf areas across the three damaged leaflets into one value
per plant. Each scan included a piece of millimetre paper to ensure accurate scaling of
leaf size and damaged surface area.

Plants usually respond in a dose-dependent manner to spider mite damage (Gols et al.
2003, Horiuchi et al. 2003) and herbivory in general (Agrawal 2004, Niinemets et al. 2013).
Therefore, we normalised our measurements of tomato gene expression (GUS assays and
qRT-PCR measurements) to the absolute amount of leaf damage, to correct for variation
due to differences in damaged tissue. We also present non-normalised averages to allow

compatison to the uninfested control treatments which have no feeding damage.

62



T. EVANSI SUPPRESS TOMATO DEFENCES TO VARYING DEGREES

TaBLE 3.2. Treatment details and sample size (number of plants per treatment in this study).

Treatment Mite species Mite population Plant genotype Sample size
Algarrobo-1 Tetranychus evansi Algarrobo-1 PLAP-A1:GUS 10
Carangola-1 Tetranychus evansi Carangola-1 pLAP-A1:GUS 11
Chiyoda-1 Tetranychus evansi Chiyoda-1 PLAP-A1.GUS 12
JT Tetranychus evansi JT PLAP-A1.GUS 12
Kagoshima-1 Tetranychus evansi Kagoshima-1 pLAP-A1:GUS 12
KM Tetranychus evansi KM PLAP-A1.GUS 10
SC Tetranychus evansi SC PLAP-A1.GUS 10
Sde Eliyahu-1 Tetranychus evansi Sde Eliyahu-1 pLAP-A1:GUS 12
NY Tetranychus evansi NY% PLAP-A1.GUS 11
™ Tetranychus evansi W PLAP-A1:GUS 12
Vigosa-1 Tetranychus evansi Vigosa-1 pLAP-A1:GUS 11
T. urticae Tetranychus urticae Santpoort-2 PLAP-A1.GUS 12
Control - - PLAP-AT1:GUS 11
ucs2 - - ucs2 15

Protein extraction and total protein quantification

We ground frozen leaf material in 15 mL tubes by vortexing for 15 s while using two
slim metal rods to crush the leaflets. We repeated this step four times. We then trans-
ferred leaf material to 2 mlL Eppendorf tubes and manually ground it to fine powder
using a sterile pestle for 15 s, and repeated manual grinding three times. During both
grinding methods, we kept our samples frozen, and afterwards stored them at -80 °C.
We extracted total protein by adding 300 uL extraction buffer (50 mM NaPO, (pH 7.2),
1 mM EDTA, 0.1% v/v Ttiton x-100 and 0.1% v/v Satcosyl) to each tube, mixed the
samples with a sterile pestle for 10-15 s and then centrifuged them at 4 °C and 13,000
rpm for 2 min. We transferred 200 ul. of the protein-rich supernatant to new
Eppendorf tubes and stored these at -80 °C. To assess the total amount of protein
extracted from each plant tissue sample, we transferred 199 pL. miliQQ water to a 96 wells
plate, after which we added 1 ul protein extract. We then added 50 pl. BIO RAD pro-
tein dye concentrate (BIO RAD, Miinchen, Germany) and mixed samples carefully in
the tip of a pipette. We added calibration curves samples, containing 0, 0.1, 0.3, 0.5 and
0.7 mg/mlL bovine serum albumin (Sigma-Aldrich, St. Louis, USA), and then incubated
the plate for 2 minutes at room temperature after which we measured absorbance at 595

nm using a plate reader (Tecan infinite F50, Tecan Group, Minnedorf, Switzerland).

GUS activity assay

PLAP-A1:GUS tomato plants have the GUS gene fused to a copy of the promoter (and
part of the 5 untranslated region) of the endogenous I.4P-A7 gene, such that when the
endogenous I.1P-A7 is expressed, GUS enzyme is produced in parallel (Chao et al. 1999).
Because (young) tomato plants have no intrinsic GUS activity (Hu et al. 1990), the amount
of GUS activity in pI.AP-A1:GUS plants is proportional to the expression of the endoge-
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nous [.AP-AT7 gene. As a glycosidase, GUS catalyzes the breakdown of carbohydrates.
GUS activity can therefore be determined in a fluorimetric assay where non-fluorescent
4-methylumbelliferyl-3-D-glucuronide (MUG) is transformed by GUS into fluorescent 4-
methylumbelliferone (MU) (Jefferson et al 1987). We transferred 25 ul. protein-rich plant
extract to 96 wells microtiter plates, after which we added 25 pl. reaction buffer (1 mM
MUG, 20 mM B-mercaptoethanol) and mixed the samples in the tip of a pipette. We cov-
ered the microtiter plate with saran wrap and incubated it at 37 °C for 90 min. We then
added 50 pL stop buffer (0.2 M Na,CO3.10H,0) to stop the reaction and added our cali-
bration curve samples (0.0, 0.05, 0.1, 0.15, 0.2 and 0.3 mM MU) to the plate. We measured
fluorescence with a plate reader (Biotek synergy MX, Biotek Instruments, Winooski, VT,
USA) at wavelengths of 360 nm (excitation) and 460 nm (emission).

RNA extraction and cDNA synthesis

Of all treatments (TABLE 3.2) we extracted total plant RNA from ground, frozen leaf
tissue using the hot phenol method of Verwoerd et al. (1989). We diluted RNA samples
such that they reached the concentration of the lowest, and then performed a DNAse
treatment using an Ambion TURBO DNAse kit (Thermo Fisher Scientific, Waltham,
MA, USA). Briefly, we added DNAse mastermix (2.0 L. 10x DNAse buffer and 0.5 pL.
DNAse) to 17.5 pL. RNA solution, incubated the tubes at 37 °C for 40 min, added 2 pLL
DNAse inactivation reagent, mixed the samples gently at room temperature for 5 min,
centrifuged them at 13,000 rpm for 5 min, and then transferred 12.5 uL. of the super-
natant to new tubes. Next, we synthesized cDNA using a RevertAid First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific). We first added 1 pL oligo (dT)g primer and
incubated samples at 70 °C for 5 min. Then, we added 6.5 pL reverse transcriptase (RT)
mastermix (4.0 pL 5x RT buffer, 2.0 uL dNTPs, 0.5 pLL RT), synthesized cDNA at 42
°C for 60 min and inactivated the RT enzyme at 70 °C for 10 min. We diluted the result-
ing cDNA solutions 5 times.

Gene expression assays (QRT-PCR)

To investigate the degtree to which the T. evansi populations suppressed tomato defence, we
measured expression of the defence-associated tomato genes [.AP-A7, pohphenol oxidase-D
(PPO-D), proteinase inhibitor 1Ic (PI-1l¢) and pathogenesis-related protein 1a (PR-1a) in all treat-
ments (TABLE 3.2). We used the tomato actin gene as a housekeeping reference (Lovdal &
Lillo 2009). Expression of I.-1P-A7 was demonstrated to depend on JA defence signalling
(Chao et al. 1999), and JA-dependent regulation is likely for PPO-D and PI-II, since toma-
to JA accumulation mutants have no polyphenol oxidase-I" or any PI-II expression (Li et al.
2004). PR-1a is associated with SA signalling, because tomato PR7a expression increases
upon exogenous application of SA (van Kan et al. 1995), and tomato PR-7a is highly sim-
ilar to PR-7a in tobacco (van Kan et al. 1992), which is regulated by SA (Niki et al. 1998).
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We performed qRT-PCR on an ABI 7500 Real-Time PCR system (Applied Biosys-
tems, Foster City, CA, USA), and prepared samples such that all genes for the same sam-
ples were run on the same plate, in duplo. The PCR program, quality control, and cal-
culation of relative expression are explained in APPENDIX NOTE S3.1. We normalized
relative expression to absolute feeding damage through dividing it by the damaged area
in mm?2,

Statistics
We used R v.3.2.4 (R Core Team 2010) for all statistical analyses. First, to investigate vari-
ation among 1. evansi populations for feeding damage, GUS activity and relative tran-
script abundance of tomato genes, we defined statistical models with T. evansi popula-
tion (categorical, 11 levels) and plant stage (categorical, 2 levels) as fixed factors, and
experimental block (categorical, 5 levels) as a random factor. Because the response vari-
ables are on a continuous scale, we assumed Gaussian error distributions and imple-
mented these models using package /ze4 (Bates et al. 2015). We square root-transformed
GUS activity and relative transcript abundance to meet assumptions of normality,
homogeneity of variance, independence and absence of negative fitted values. We
assessed the significance of the T. evansi population factor using approximate F tests
with a Kenward-Roger approximation as implemented in the package pbkrrest (Halekoh
and Hojsgaard 2014). This approximation estimates the denominator degrees of free-
dom in the F test, producing decimal values. We calculated pairwise post-hoc contrasts
between treatments using the package wultconsp (Hothorn et al. 2008) and corrected for
multiple testing with Holm’s method.

Because our main purpose was to investigate variation in defence suppression among
T. evansi populations, in all figures we report the results of tests from which the treat-
ment with the defence-inducing T. wrticae had been excluded. However, to assess if
tomato responses were more induced in the T. wrticae treatment than in the T. evansi
treatments, as a verification of defence suppression, we separately analysed models
where T. urticae was included as a treatment, and report their outcomes in the text of the
Results section. In addition, as explained above, we normalised GUS activity and qRT-
PCR results to differences in feeding damage among samples, precluding comparisons
with uninfested control treatments. However, to assess if tomato defence expression
differed between infested and uninfested treatments, we also analysed models where
GUS activity and relative transcript abundance of defence-associated tomato genes had
not been normalised, and report their outcomes in APPENDIX FIGURES S3.2 and S3.3.

Next, to explore which factors correlate with variation in tomato defence expression,
we defined models with damage-corrected relative transcript abundance as a response
variable (continuous), experimental block (categorical, 5 levels) and T. evansi population

(categorical, 11 levels) as crossed random factors, and either range (categorical, 2 levels),
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lab host plant (categorical, 2 levels), field host plant (categorical, 3 levels) or time in cul-
ture (continuous) as a fixed factor, as well as plant stage (categorical, 2 levels). We
expressed the time that populations had been cultured in lab environments in an esti-
mated number of generations, assuming a generation time of 14 days at 25 °C (Bonato
1999). We square root-transformed relative transcript abundance to meet model
assumptions, and assessed the significance of terms using approximate F tests with a

Kenward-Roger approximation.

CO1 sequencing

To determine the genetic lineage (Gotoh et al. 2009, Boubou et al. 2012) to which the
T. evansi populations used in this study belong, we sequenced a part of the mitochondr-
ial CO1 gene (APPENDIX NOTE 83.2). CO1 sequences were deposited in GenBank
under accession numbers (to be submitted upon acceptance).

Phylogeny construction

We edited, assembled and aligned DNA sequences (900 bp) in Codoncode Aligner
(v.5.0.2, Codoncode Corporation, Dedham, MA, USA). We removed primers and low
quality reads and verified our contigs by using nucleotide blasts (National Centre of
Biotechnology Information, USA, http://blast.ncbi.nlm.nih.gov/Blast.cgi) after which
we clipped them to remove gaps at terminal sites and realigned them in MEGA v.7.0.25
(Kumar et al. 2015) using MUSCLE (Edgar 2004). This alignment consisted of 127
sequences (868 bp), plus 7 reference sequences from GenBank: a CO7 sequence of T.
urticae (accession number: NC_010526, Van Leeuwen et al. 2008) as an outgroup and six
T. evansi COT sequences (accession numbers: FJ440675, FJ440676, FJ440677 and
FJ440678 [Gotoh et al. 2009] and KF447575 and KF447576 [Alba et al. 2015]). We then
used jModelTest v.2.1.10 (Darriba et al. 2012) to select the General Time Reversible
model (Tavaré 1986) with substitution rate variation among sites (GTR + G, gamma
shape = 0.2376) as the optimal nucleotide substitution model, and constructed a maxi-
mum likelihood phylogenetic tree with 5000 bootstraps using MEGA (Hall 2013).

Results

To investigate variation in defence suppression among the 1. evansi populations, we first
quantified differences in feeding damage, and assessed the magnitude of the JA-
responses via measuring GUS activity in pl.AP-7.4:GUS plants. We found significantly
different amounts of damage (7 to 28 mm? of leaf tissue per leaflet) among populations
Fio112 = 399, p < 0.001, FIGURE S3.1). When normalised for feeding damage, GUS
activity was highly variable but not significantly different among populations (Fy 11, =
0.78, p = 0.644, FIGURE §3.2). We also observed low levels of fluorescence in some of
the control treatments (FIGURE S3.2B), which could be an indication of enzymatic activ-
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ity in the absence of GUS. Possibly, the activity of tomato glycosidases other than GUS
introduced some background variability in our measurements (Gu et al. 1996).

To obtain more specific insight into the activation of tomato defences due to feed-
ing by our different T. evansi populations, we used qRT-PCR analysis to investigate
expression of the JA-responsive defence-marker genes I.AP-A47, PPO-D and PI-II;, and
the SA-dependent gene PR-7a. Except for PI-II;, we found significantly different expres-
sion of all three marker genes among tomatoes infested with the different T. evansi pop-
ulations (FIGURE 3.2). Populations T and Vigosa-1 suppressed [.4P-A47, PPO-D and
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FiGuRE 3.2. Expression of the plant defence-associated marker genes LAP-AT (A), PPO-D (B), Pl-llc (C) and
PR-1a (D) in LAP:GUS tomato plants after 1 day of infestation with adult Tetranychus evansi or T. urticae females
from different populations. Gene expression was measured using gRT-PCR and expressed in transcript abun-
dance relative to that of actin, corrected for differences in feeding damage, and normalized to the lowest treat-
ment mean. Details of statistical tests for differences among 7. evansi populations are given in the upper left cor-
ners of each graph. Gene expression of plants infested by a defence-inducing T. urticae population is shown on
the right end of each graph, but was not included in statistical tests. Thick lines indicate treatment median, boxes
encompass data from first to third quartile, whiskers indicate fences (nearest observed value > first or < third quar-
tile + 1.5 box height), circles indicate outliers, and different letters indicate significant differences between treat-
ments as assessed through Holm-adjusted post hoc contrasts.
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PR-1a the strongest, whereas population SC allowed the strongest induction in tomato.
These patterns did not correlate with differences in feeding damage, because Pearson
correlations between damaged area and corrected relative transcript abundances were
below 0.2 and non-significant (p > 0.1) for all defence marker genes.

The T. urticae genotype Santpoort-2, our benchmark treatment for defence induction,
induced higher expression than any of the T. evansi populations for all marker genes (all
pairwise comparisons p < 0.05), except for [.AP-A7 expression, which was similar
between tomatoes infested with SC and Santpoort-2 (p = 1.00). Although T. evansi was pre-
viously found to sometimes suppress tomato defence expression significantly below con-
trol levels (Sarmento et al. 2011a, de Oliveira et al. 2016, Godinho et al. 2016), we found
expression levels to be similar to the levels in control plants or to be slightly higher for
PPO-D, PI-Il¢ and PR-7a, and to be significantly higher for I.4P-7 (FIGURE S3.3).

To further explore the observed variation in defence suppression among T. evansi
populations, we assessed the correlation between marker gene expression levels and
either geographical range, host plant, or time in culture. We found that invasive popula-
tions tended to suppress tomato defence less strongly than native populations, and this
pattern was significant for the level of PR-74 expression (FIGURE 3.3A). Expression lev-
els did not correlate with the host plant species from which the T. evansi populations had
been collected (FIGURE 3.3B). Likewise, expression levels were similar among plants
infested with 1. evansi populations cultured on S. Heopersicum or S. nigrum (FIGURE 3.3C),
and did not correlate with the time that populations had been maintained in lab envi-
ronments (FIGURE 3.3D).

To determine to which of the two genetically differentiated T. evansi lineages (Gotoh
et al. 2009, Boubou et al. 2012) our populations belonged, we sequenced a part of the
mitochondrial CO7 gene, and found that all invasive populations belonged to lineage I
and all native populations to lineage II (FIGURE 3.4). Geographical range and genetic lin-
eage are therefore completely collinear variables in our dataset, which precludes disentan-
gling their effects on variation in defence suppression among 1. evansi populations. Within
lineage IT we found further differentiation within the Carangola-1 population, and our
samples from the Vigosa-1 population belonged to a different haplotype than previously
archived CO7 sequences from the same population (KF447575, Alba et al. 2015).

Discussion

Multiple arthropod herbivore species suppress the defences of their hosts plants to pre-
vent exposure to harmful plant defence and enhance herbivore performance (Musser et
al. 2002, Kant et al. 2015). Lowered plant defences, however, may also increase the per-
formance of competing herbivores and promote predation (Kant et al. 2008, Sarmento
et al. 2011a, Glas et al. 2014, Ataide et al. 2016, Schimmel et al. 2017a, b). Biotic intet-
actions among defence-suppressing herbivores and competitors or predators may there-
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Ficure 3.3. Variation in expression of defence-associated tomato genes compared between native and inva-
sive populations (A), among field host plant species (B), lab host plant species (C), and depending on the time the
populations have been cultured in the laboratory (D). Gene expression of LAP-A1, PPO-D, Pl-llc and PR-71a was
measured using gRT-PCR and expressed in transcript abundance relative to that of actin, and corrected for dif-
ferences in feeding damage. Details of statistical tests for differences in relative transcript abundance are given in
the upper corners of each graph. In panels A-C values were normalised to the lowest treatment median. Thick
lines indicate treatment median, boxes encompass data from first to third quartile, whiskers indicate fences
(nearest observed value > first or < third quartile + 1.5 box height) and circles indicate outliers. In panel D, values
were normalised to the smallest individual relative expression. Circles indicate data points and lines indicate linear
model predictions for relative transcript abundance over time in culture.
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fore give rise to ecological costs associated with defence suppression, and may vary
among locations. To understand the role of biotic interactions in the evolution of
defence suppression it is necessary to quantify variation in defence suppression across
different biotic environments.

The purpose of this study was to investigate intraspecific variation in defence sup-
pression among 1. evansi populations from eleven locations, and secondarily to explore
if suppression differed across host plant species and native or non-native ranges. We
found significant variation in expression of the JA-responsive marker genes I.4P-A17
and PPO-D, and at the SA-dependent locus PR-7a (FIGURE 3.2). This shows that 1. evan-
si populations suppress the two hormonal signalling pathways that regulate tomato
defence expression against spider mites to varying degrees. Although the effect size of
this variation was small relative to the magnitude of induction by the T. #rticae genotype
Santpoort-2, small differences in defence gene expression still can correlate with signif-
icant differences in spider mite performance (Alba et al. 2015). For example, low levels
of JA-dependent defence induction reduce T. evansi performance considerably, but
stronger induction does not reduce T. evansi fecundity any further (Ataide et al. 2010).

TW (n =10) T. evansi lineage |
JT (n =10)

Sde Eliyahu-1 (n = 16)

Kagoshima-1 (n = 10)

SC(n=12)

FJ440677 T. evansi “JO” (Gotoh et al. 2009)
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FiGure 3.4. Phylogenetic relationships between Tetranychus evansi populations based on mitochondrial CO7
gene sequences (868 bp). Relationships were inferred using the maximum likelihood method and the general time
reversible model plus substitution rate variation among sites. Nucleotide positions with gaps or missing data
(8.8%) were excluded. Branch support based on 5000 bootstraps is indicated above each node. Populations of
which CO7 sequences were collected in this study are shown in black font along with their sample size, and ref-
erence sequences are indicated by their GenBank accession numbers and shown in grey. The naming of the two
differentiated T. evansi lineages is as in Boubou et al. (2012).
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Because the observed variation in the level to which tomato defences ate suppressed by
our T. evansi populations likely falls within this lower range of tomato defence induction,
these differences can have substantial consequences for T. evansi performance.

We assessed if the observed variation in defence suppression among 1. evansi popu-
lations correlated with their geographical range or with the identity of their host plant
species. We expected invasive populations to suppress plant defence more strongly than
native populations, because the absence of natural enemies in invasive populations alle-
viates ecological costs, such as increased predation by P. longipes predatory mites (Ataide
et al. 2016). On the contrary, we found a trend that invasive T. evansi populations sup-
press tomato defences less strongly in their invasive range than populations that are
endemic to their habitat (FIGURE 3.3A). Possibly, T. evansi and P. longipes are engaged in
an arms race (Dawkins and Krebs 1979) over plant defence signalling. Under this sce-
nario, T. evansi is selected to suppress tomato defence to prevent detection by P. longipes.
Because P. longipes is absent in areas where 1. evansi is invasive, 1. evansi may evolve a
lower degree of defence suppression through antagonistic pleiotropy (Cooper and
Lenski 2000), or it may erode through genetic drift (Halligan & Keightley 2009). To
obtain more insight into the effect of enemy release (Jeffries and Lawton 1984, Colautti
et al. 2004) on T. evansi defence suppression, future research could investigate which
kind and which amounts of volatiles P. longipes needs to detect T. evansi-infested tomato
plants (Sarmento et al. 2011a). Insight into how suppression of plant defence affects the
recruitment and performance of other natural enemies, such as N. floridiana fungi (Elliot
et al. 2000, Hountondji et al. 2005) also awaits further study.

Geographical range and genetic lineage are completely collinear variables in our
dataset, and we cannot disentangle their effects on variation in defence suppression
among T. evansi populations. Although morphologically similar (Gotoh et al. 2009), the
two T. evansi lineages are partly reproductively isolated (Gotoh et al. 2009, Knegt et al.
2017). Differentiation between these lineages likely preceded invasion of areas outside
South America, but among the invasive populations lineage I is more prevalent than lin-
eage IT (Boubou et al. 2012, Meynard et al. 2013). Previous studies have found that lin-
eage I tolerates colder temperatures than lineage II (Migeon et al. 2015), and has high-
er expression of digestive proteases (Santamarfa et al. 2018). Our results complement
these findings by showing that lineage II tends to suppress tomato defences more
strongly than lineage I (FIGURE 3.3A), as all our invasive T. ezansi populations belonged
to lineage I and all native populations to lineage II. Therefore, another possible expla-
nation for the observed trend in defence suppression between native and invasive pop-
ulations is that already in South America differences among the habitats of the two T.
evansi lineages selected for different levels of defence suppression. Future work could
confirm this hypothesis by characterising more T. evansi populations from their native
South-American habitats.
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The four Solanum host plant species used in this study vary in their defensive metabo-
lites, and may therefore harbour different arthropod communities (Tingey 1984,
Cipollini and Levey 1997, Girard et al. 2007, Nohara et al. 2007, Hartl et al. 2010, Jared
et al. 2016). Because the costs of defence suppression by T. evansi depend on biotic
interactions with competitors and predators in these communities, we hypothesized that
this variation could select T. evansi to suppress plant defences to different degrees.
However, we found no indication that host plant species identity explained variation in
defence suppression among T. evansi populations (FIGURE 3.3B). Future work could aim
to characterise arthropod communities on these host plants in nature, to be able to
assess their interactions with T. evansi and their potential effects on defence suppression
in more detail.

The tomato genes assayed in this study constitute marker genes of tomato defence
induction. This does not imply direct causal relationships between their gene products
and spider mite performance. Although expression of PI genes and PI activity, for
example, increase upon infestation with defence-inducing T. wrticae (Sarmento et al.
2011a, de Oliveira et al. 2016, Godinho et al. 2016, Ataide et al. 2016), and a weak neg-
ative correlation between PI activity and T. #rticae (but not T. evansi) performance was
observed (de Oliveira et al. 2016), the efficiency of these compounds as digestive
inhibitors has been questioned because spider mite guts may lack their enzymatic targets
(Santamarfa et al. 2012, Arnaiz et al. 2018). Similarly, plant PPOs have been hypothe-
sized to react with plant phenolic compounds in the herbivore gut after ingestion to pro-
duce quinones, which subsequently damage enzymes, membranes and DNA (Constabel
and Barbehenn 2008), thus decreasing herbivore performance. However, because these
processes might not be effective in spider mite guts due to their acidity (Erban and
Hubert 2010, Martel et al. 2015), the defensive role of PPOs against spider mites also
awaits experimental confirmation. Since it is not known which tomato genes have a
causal relationship with spider mite performance, these defence marker genes may paint
an incomplete quantitative picture, and possibly we overlook relevant defences with dif-
ferent induction and suppression kinetics. It would for example be interesting to also
investigate the accumulation of steroidal glycoalkaloids, since these correlate with resist-
ance of nightshades to T. evansi (Jared et al. 2016). Nevertheless, because T. evansi was
previously shown to be sensitive to the magnitude of JA-defences (Ataide et al. 2010),
while PPO-D and PI-IIc have been shown to be reliable markers for the magnitude of
this defence (Alba et al. 2015), our results must be largely relevant.

Suppression of plant defence by herbivorous arthropods is an intriguing phenome-
non due to its complex ecological consequences (Kant et al. 2015). Biotic interactions
with competitors and natural enemies may shape the costs associated with defence sup-
pression (Sarmento et al. 2011a, b, Glas et al. 2014, Ataide et al. 2016), and we found

variation in defence suppression among T. evansi populations from various locations,
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potentially related to their varying biotic environments. Notably, however, T. evansi is not
helpless against biotic threats. In response to the presence of competing 1. #rticae mites,
T. evansi increases its web production to secure feeding sites (Sarmento et al. 2011b), and
increases fecundity to promote population growth (Schimmel et al. 2017a). Additionally,
T. evansi males actively interfere with the reproduction of T. urticae females (Sato et al.
2014, 2016, Clemente et al. 2016, 2018). Moreover, in the presence of cues associated
with P. Jongipes, T. evansi females choose to more often oviposit in their web, where their
eggs are less prone to predation by P. /ongipes than on the leaf surface (Lemos et al.
2010). Although these traits may also entail costs (e.g, web production), they provide
protection against competitors and natural enemies, and thus ‘buffer’ (Frank 2007) T.
evansi against the negative biotic consequences of defence suppression (Blaazer et al.
2018). In this context, future research could investigate if the degree to which T. evansi
populations engage into such buffering behaviour correlates with the variation in
defence suppression observed in this study, because this may point towards ecological

costs of defence suppression.
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Appendix Note S1

PCR program, quality control, and calculation of relative expres-
sion in gqRT-PCR measurements

We performed qRT-PCR on an ABI 7500 Real-Time PCR system (Applied Biosystems,
Foster City, USA) in 20 pL reactions containing 7 pl. cDNA solution, 4 pl. EvaGreen
(Solis BioDyne, Tartu, Estonia), 1 pl. of both primers (5 uM, TABLE S3.1) and 7 pL
H,0. We prepared samples such that all genes for the same samples were run on the
same plate, in duplo, thus running 8 samples and 5 genes per plate. PCR conditions were
initial heating at 50 °C for 2 min and 95 °C for 15 min, then 35 cycles of denaturation
at 95 °C for 15 s and annealing / extension at 60 °C for 1 min, followed by a melt cutve
program. We inspected the amplification process of each individual reaction, and
excluded reactions with a non-sigmoidal increase in fluorescence or with alternative
melting curve peaks that were equally high or higher than the peak of the target ampli-
con (i.e., drops in fluorescence during melting curve analysis more than 2 °C different
from the expected melting temperature of the target amplicon). These quality checks
excluded 420 of 1336 (31%) reactions. We determined the reaction efficiency per target
gene by taking the average of individual reaction efficiencies as calculated by
LinRegPCR (Ruijter et al. 2009), while specifying a common threshold %log fluores-
cence of 4.889 (average software-determined threshold across plates, standard error =
0.005) and a window-of-linearity per target gene. We then determined the cycle thresh-
old values (C,-values) of each reaction by specifying the same threshold fluorescence,
and averaged the two technical replicates into one C,-value per gene per sample, through
taking

2C,(r£/>/z'mle1) +2C,(n77/i[ate2)
*log .

2

For each sample, we used this C-value to calculate the expression of each gene relative
to the expression of the actin housekeeping gene, as
=C, (locns)

efficiency locus

. - —C (actin) *
efficiency actin” <"
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Appendix Note S2

CO1 sequencing

We extracted spider mite DNA from individual adult females of each population
according to Walsh et al. (1991), by placing them in 100 pLL 5% Chelex solution (Chelex
100 sodium form, Sigma-Aldrich, ST. Louis, USA) together with four zirconium beads,
disrupting their tissues in a Precellys 24 homogenizer (Bertin Technologies, Montigny-
le-Bretonneux, France) at 6000 rpm for 30 s, adding 5 uL. proteinase K (20 mg/mL) to
remove any nucleases from the solution, and incubating the samples at 56 °C for 60 min
followed by denaturation at 95 °C for 8 min. Then, we amplified a part of the CO7 gene
through PCR in 25 ulL solutions (13.5 pL. H,O, 2.5 pl. 10x PCR buffer [H T
Biotechnology, Cambridge, UK], 2.5 pl. dNTPs [1 mM each], 1.2 pl. bovine serum
albumin [Sigma-Aldrich, St. Louis, USA], 0.5 pL of both primers [10 pM, TABLE S3.1],
0.3 uL Taq polymerase, home-made according to Pluthero [1993], and 4 pL. DNA
extract), through initial denaturation at 94 °C for 2 min, 35 cycles of denaturation at 94
°C for 20 s, annealing at 50 °C for 30 s, and extension at 72 °C for 55 s, followed by
final extension at 72 °C for 10 min and cooling at 10 °C for 10 min, using a Bio-Rad
T100 Thermal Cycler (Bio-Rad ILaboratories, Hercules, USA). We confirmed PCR
amplification on ethidium bromide-stained agarose gels, and then sent 10 pL solutions
(1 pL PCR product, 1 pL primer (10 uM) and 8 uL. H,O) for sequencing to the
Macrogen EZ-seq service (Macrogen Furope, Amsterdam, Netherlands).

TaBLE S$3.1. Specifications of primers used for gRT-PCR and CO7 sequencing.

Target locus Primer  Sequence (5’ — 3°) Reference

actin forward TTAGCACCTTCCAGCAGATGT Tomato Genome
reverse  AACAGACAGGACACTCGCACT Consortium (2012)

LAP-A1 forward ATCTCAGGTTTCCITGGTGGAAGGA Fowler et al. (2009)
reverse  AGTTGCTATGGCAGAGGCAGAG

PPO-D forward ~GCCCAATGGAGCCATATC Newman et al. (1993)
reverse  ACATTCGATCCACATTGCTG

PL-IIe forward  CAGGATGTACGACGTGTTGC Gadea et al. (1996)
reverse  GAGTTTGCAACCCTCTCCTG

PR-1a forward TGGTGGTTCATTTCTTGCAACTAC van Kan et al. (1992)
reverse  ATCAATCCGATCCACTTATCATTTTA

9] forward GGAGGATTTGGAAATTGATTAGTTCC Gotoh et al. (2009)
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Ficure S3.1. Leaf area damaged by T. evansi or T. urticae spider mites from different populations after 1 day of
feeding. Details of a statistical test for differences among T. evansi populations are given in the upper left corner.
Leaf area damaged by the defence-inducing T. urticae population is shown on the right but was not included in
the statistical test. Thick lines indicate treatment median, boxes encompass data from first to third quartile,
whiskers indicate fences (nearest observed value > first or < third quartile + 1.5 box height), circles indicate out-
liers, and different letters indicate significant differences between treatments as assessed through Holm-adjusted
post hoc contrasts.
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Fiaure S3.2. GUS activity in LAP-A7:GUS tomato plants after 1 day of infestation with T. evansi or T. urticae spi-
der mites from different populations. GUS activity was measured in a fluorimetric assay, corrected for the total
amount of protein extracted, and normalized to the lowest treatment mean. In panel A GUS activity was also cor-
rected for differences in feeding damage between samples, whereas in panel B this correction was not performed
to allow comparisons to uninfested (‘Control’) and uninfested, untransformed (‘UC82’) treatments. Details of sta-
tistical tests for differences among treatments are given in the upper left corners of each graph. GUS activity in
plants after infestation by a defence-inducing T. urticae population is shown on the right end of each graph, but
was not included in the statistical test. Thick lines indicate treatment median, boxes encompass data from first to
third quartile, whiskers indicate fences (nearest observed value > first or < third quartile + 1.5 box height), circles
indicate outliers, and different letters indicate significant differences between treatments as assessed through
Holm-adjusted post hoc contrasts.
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Ficure S8.3. Expression of the plant defence-associated marker genes LAP-AT (A), PPO-D (B), Pl-lic (C) and PR-
Ta (D) in LAP-A1:GUS tomato plants after 1 day of infestation with adult 7. evansi or T. urticae females from dif-
ferent populations. Gene expression was measured using gRT-PCR and expressed in transcript abundance rela-
tive to that of actin and normalized to the lowest treatment mean. These values were not corrected for differences
in feeding damage among treatments, to allow comparisons to uninfested (‘Control’) and uninfested, untrans-
formed (‘UC82’) treatments. Details of statistical tests for differences among T. evansi populations are given in the
upper left corners of each graph. Gene expression of plants infested by a defence-inducing T. urticae population
is shown on the right end of each graph, but was not included in statistical tests. Thick lines indicate treatment
median, boxes encompass data from first to third quartile, whiskers indicate fences (nearest observed value > first
or < third quartile + 1.5 box height), circles indicate outliers, and different letters indicate significant differences
between treatments as assessed through Holm-adjusted post hoc contrasts.
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CHAPTER 4

Abstract

When two related species interbreed, their hybrid offspring frequently suffer
from reduced fitness. The genetics of hybrid incompatibility are described by the
Bateson-Dobzhansky-Muller (BDM) model, where fitness is reduced by epistatic
interactions between alleles of heterospecific origin. Unfortunately, most empiri-
cal evidence for the BDM model comes from a few well-studied model organ-
isms, restricting our genetic understanding of hybrid incompatibilities to limited
taxa. These systems are predominantly diploid and incompatibility is often com-
plete, which complicates the detection of recessive allelic interactions and
excludes the possibility to study viable or intermediate stages. Here, we advocate
research into non-model organisms with haploid or haplodiploid reproductive
systems and incomplete hybrid incompatibility because (1) dominance is absent
in haploids and (2) incomplete incompatibility allows comparing affected to unaf-
fected individuals. We describe a novel two-locus statistic specifying the frequen-
cy of individuals for which two alleles co-occur. This approach to studying BDM
incompatibilities requires genotypic characterization of hybrid individuals, but
not genetic mapping or genome sequencing, To illustrate our approach, we inves-
tigated genetic causes for hybrid incompatibility between differentiated lineages
of the haplodiploid spider mite Tetranychus evansi, and show that strong but
incomplete hybrid breakdown occurs. In addition, by comparing the genotypes of
viable hybrid males and inviable hybrid male eggs for eight microsatellite loci, we
show that nuclear and cytonuclear BDM interactions constitute the basis of
hybrid incompatibility in this species. Our approach opens up possibilities to
study BDM interactions in non-model taxa, and may give further insight into the
genetic mechanisms behind hybrid incompatibility.

Published as: Knegt et al. (2017) Detection of genetic incompatibilities in non-
model systems using simple genetic markers: hybrid breakdown in the hap-
lodiploid spider mite Tetranychus evansi. Heredity 118: 311-321.
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Introduction

When two related species interbreed, they can form hybrid offspring. Hybrids often
have reduced fitness compared to their non-hybrid siblings, typically caused by either a
loss in fertility, a loss in viability, or both. This hybrid incompatibility is explained by
negative fitness effects of interacting loci, called Bateson-Dobzhansky-Muller (BDM)
incompatibilities (Bateson 1909, Dobzhansky 1936, Muller 1942, Maheshwari &
Barbash 2011). Under the BDM model, epistatic interactions among alleles of het-
erospecific origin result in decreased fitness. Evolutionary biologists are interested in
BDM incompatibilities because understanding the underlying genetics provides insight
into the evolutionary processes shaping differentiation between populations. For exam-
ple, it is currently not known which evolutionary forces are the major cause of hybrid
incompatibilities (Maheswari & Barbash 2011), what the fate is of hybrid incompatibil-
ities upon renewed contact between previously separated populations (Lindtke &
Buerkle 2015), and to what extent populations harbour polymorphisms for BDM inter-
actions (Cutter 2012).

Several cases of hybrid incompatibility have been genetically investigated in
Drosophila and other model systems (reviewed in Rieseberg & Blackman 2010,
Presgraves 2010, Maheshwari & Barbash 2011, Chae et al. 2014). However, this reliance
on model organisms is unfortunate for two reasons. First, most well-documented cases
of hybrid incompatibility involve diploid species; only three out of the 35 studies cited
in the reviews mentioned above investigate non-diploid hybrids. Diploids have an inher-
ent disadvantage for detecting incompatible allelic interactions in hybrids, because dom-
inant allelic interactions can mask recessive interactions. Given that both theory
(Charlesworth et al. 1987) and empirical work (Tao & Hartl 2003) suggest that incom-
patibility alleles are mostly recessive, dominance thus complicates the detection of BDM
interactions in diploids. One possible solution to the problem of dominance would be
to extend crossing by one generation, i.e., sampling second-generation (F2) hybrids.
Recombination between parental chromosomes in the F1 generation breaks up coadapt-
ed gene complexes and detrimental interactions are therefore more likely to be
expressed in the F2. Known as ‘hybrid breakdown’, F2 hybrids are generally more
strongly affected by detrimental epistatic interactions than F1 hybrids (Stebbins 1958).
In many study systems, however, the parental species have diverged to an extent that
hybrid breakdown is complete and no F2 can be obtained (Orr & Presgraves 2000).
Consequently, sampling F2 hybrids for the detection of BDM incompatibilities is only
possible in an eatly stage of speciation, when hybrid incompatibility is incomplete.

The second major problem with using model organisms for detection of BDM
incompatibilities is that sampling inviable individuals for genetic analysis may be diffi-
cult, because their development is often aborted at an early stage (Xu & He 2011). With

sophisticated genomic tools, inviable individuals can sometimes still be sampled in
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model organisms, but without such methods researchers have to infer inviable geno-
types by their absence in viable individuals (e.g., Matute et al. 2010), or study hybrid
sterility instead. However, hybrid sterility and inviability can have different genetic caus-
es (Xu & He 2011), necessitating the study of both. In addition, inferring inviable geno-
types from their absence in viable individuals overlooks the possibility of segregation
distortion, i.e., segregation of alleles deviating from expected Mendelian ratios, where-
as hybrids might be especially vulnerable to unleashed segregation distorting elements
due to the breaking up of coadapted gene complexes (Johnson 2010).

Which systems are not vulnerable to the problems above, and are promising model
systems for hybridization genetics? Ideally, research effort should be focused on (1)
identifying hybrid incompatibilities that are incomplete, and (2) in sexual species with hap-
loid life stages.

Incomplete or partial incompatibility occurs either when not all hybrid individuals are
affected, or when hybrids have reduced fitness but are still viable and fertile. For exam-
ple, Hou et al. (2015) found that hybrid incompatibilities in the yeast Saccharomyces cere-
visiae are condition-specific, and growing them on different media allowed sampling of
otherwise inviable individuals. By comparing genomes of viable and inviable individu-
als, these authors directly identified a two-locus BDM incompatibility, whose existence
was previously disputed in yeast. The advantage of haploidy for hybridization genetics
is that dominance effects are absent: any incompatibility will be expressed directly
(FIGURE 4.1). Therefore, studying hybrid incompatibilities in haploid life stages does not
require introgression designs or extensive hybrid F2 sampling to expose recessive dele-
terious interactions. In sexual eukaryotes, haploid multicellular life stages occur in a vari-
ety of organisms, including red, brown and green algae, mosses, ferns, and fungi, and at
least 20% of all animal species are estimated to show haplodiploid reproduction
(Crozier & Pamilo 1996). Given that most hybridization research has focused on
diploids, extending the search for hybrid incompatibilities to eukaryotes with a partly
haploid life cycle has the simultaneous advantage of allowing generalizations about the
genetic drivers of BDM incompatibilities across a wider taxonomic diversity.

Here, we demonstrate the advantages of studying hybrid incompatibility in haploid
life stages of species with incomplete incompatibility. We investigated hybrid breakdown
and its genetic causes in a haplodiploid animal, the tomato red spider mite Tetranychus
evansi Baker and Pritchard (Acari: Tetranychidae), a specialist herbivore on Solanaceae.
Two genetic lineages of T. evansi have been described on the basis of differentiation of
both nuclear and mitochondrial loci (Gotoh et al. 2009). It is unknown if these genetic
lineages occur sympatrically in their native range, or if they occupy different ecological
niches, but intetlineage hybrids have been recorded in the field (Boubou et al. 2012),
providing evidence that the two genetic lineages hybridize in nature. By performing con-
trolled crosses between the genetic lineages, we show that strong but incomplete hybrid
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breakdown occurs. In addition, through sampling viable hybrid males and unhatched
inviable hybrid male eggs, and by comparing their genotypes for eight microsatellite loci,
we show that BDM incompatibilities underlie hybrid breakdown in this species. Finally,
using 16S bacteriome sequencing, we show that it is unlikely that microbial endosym-
bionts are responsible for the observed reproductive incompatibilities.

Materials and methods

Mite populations and rearing conditions

Tetranychus evansi Algarrobo-1 was collected near Malaga, Spain, on a single Solanum
nigrum (Solanaceae) plant in 2011 (36°45.487° N, 4°02.407” W). Based on mitochondtial
COT1 sequencing, this population was previously shown to belong to ‘lineage I (Alba et
al. 2015). We adhere to lineage names as given in Boubou et al. (2012). Tetranychus evan-

Diploids Haplodiploids
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interaction interaction interaction

FIGURE 4.1. Detecting recessive Bateson-Dobzhansky-Muller (BDM) incompatibilities in diploids vs. hap-
lodiploids. In the parental generation (P) a female from one species is crossed with a male from another, related
species. In diploids, the offspring generation (F1) then consists of hybrid, non-recombinant males and females. In
haplodiploids, F1 females also have hybrid, non-recombinant genotypes, but F1 males have non-hybrid, ‘pure’
maternally derived genotypes. When F1 females are backcrossed, diploid F2 offspring will have two haploid chro-
mosome sets, one (maternally derived) recombinant set and one (paternally derived) non-recombinant set. In hap-
lodiploids, the situation is the same for F2 females, but F2 males are haploid and carry only one recombinant chro-
mosome set. If we assume that the BDM incompatibility shown in the F2 generation is recessive, then it will only
be expressed in haplodiploid F2 males. Vertical bars represent haploid chromosome sets, coloured according to
their species of origin. In the F2 generation only one of many theoretically possible genotypes is shown, depend-
ing on the number of recombination events and their locations in the genome.
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si Vicosa-1 was collected in a glasshouse at the Federal University of Vigosa, Brazil, on
Solanum lycopersicum cv. Santa Clara (Solanaceae) in 2002 (20°45.473’ S, 42°52.163* W),
and reared on detached leaves of the same tomato cultivar. Based on CO7 sequencing,
this population belongs to ‘lineage II’ (Alba et al. 2015). Mass cultures from both pop-
ulations were established in our laboratory in Amsterdam in 2011 and 2010, respective-
ly, and remained in culture for at least two years before the start of the experiments.
Tetranychus evansi Vicosa-1 was exported from Brazil under export permit
03/2010/UTRA-VIC/DT-MG (National Plant Protection Organization of Brazil; reg-
ister number BR-334), and imported into the Netherlands under declaration number
2010/016 (Plant Protection Setvice of the Nethetlands). We maintained the cultures on
detached leaves of S. Aeopersicum cv. Castlemart plants (hereafter ‘tomato’). Tomato
plants were grown in a greenhouse (25: 18 °C; 16: 8 h photopetiod; 50-60% relative
humidity) for four to six weeks, after which leaves were detached and put flat (adaxial
side up) on wet cotton wool to keep them hydrated and to prevent mites from escaping;
Detached leaves with mites were kept in a climate room (25 °C; 16: 8 h light: dark pho-
topetiod; 60% relative humidity; 300 pmol m2 s-! light intensity).

Crosses

Prior to crossing, we transferred adult females from both mass cultures to fresh,
detached tomato leaflets placed on wet cotton wool with their abaxial side up, 30
females per leaflet, and allowed them to oviposit for two days before being removed,
thereby generating a cohort of offspring. After 10-12 days, the resultant offspring
entered the quiescent teleiochrysalis stage, and females and males could be distinguished
by their idiosomal width. As mating occurs only after adult emergence, teleiochrysalid
females are thus virgin. We transferred teleiochrysalid females to fresh tomato leaflets,
25 females per leaflet, to ensure that they remained unmated. Subsequently, reciprocal
crosses between, and control crosses within the two populations (in total 4 treatments)
were obtained by allowing adult males from the mass cultures, 25 males per leaflet, to

mate with newly emerged adult females over a period of two days.

Reproductive incompatibility

To assess reproductive incompatibility between our populations, we measured oviposi-
tion rate, hatch rate and sex ratio over two generations in all four cross treatments. We
placed 40 mated females of each cross (160 in total) individually on tomato leaf discs
(© = 14 mm) three days after adult emergence, and allowed them to oviposit. To avoid
crowding in the F1 generation, we transferred each adult female to a fresh leaf disc three
times (on days 2, 4, and 7) before removing the female (on day 9). We counted oviposi-
tion rate directly after female removal, and only included oviposition scores of females

that survived until we transferred or removed them. Previous research estimated that T.
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evansi eggs hatch after an average of 4.1 (SE = 0.09) days following oviposition, with a
standard deviation of 0.5 days (Bonato 1999). Therefore, we determined the F1 hatch
rate cight days after removing the adult female (i.e., eight standard deviations above the
mean), and considered eggs inviable if they were still unhatched. Another six days later,
i.e., two weeks after removing the adult females, we recorded the gender of the surviv-
ing F1 individuals and transferred teleiochrysalid F1 females to fresh leaf discs. These
F1 females thus remained unmated and produced only haploid male offspring. To assess
whether fertilization could ‘rescue’ hybrid breakdown, we also allowed virgin F1
females, 30 in each cross, to mate with adult males of ecither parental line in the same
way as described above, thus performing backcrosses in both directions. Because adult
females require on average one day to emerge from teleiochrysalis and another two days
before they lay their first egg (Bonato 1999), we measured F1 oviposition between three
and five or between four and six days after adult emergence. We measured F2 hatch rate

as described above, i.c., eight days after oviposition.

Statistical analysis

We used R v.3.0.1 (R Development Core Team 2013) for statistical analyses. We analysed
oviposition rate (eggs / female / day) assuming Gaussian distribution, and hatch rates
and sex ratios assuming binomial distribution. In all models the variable of interest was
cross (4 levels), which we included as a fixed term. We included leaf disc (4 levels) and
mother (4 X 40 levels) as random terms in the models for parental oviposition, F1 hatch
rate and F1 sex ratio, and oviposition period (3-5 or 4-6 days) and fertilization (mated,
unmated) as fixed terms in the models for F1 oviposition and F2 hatch rate. We inspect-
ed model results by plotting residuals against fitted values and against all model vari-
ables, and confirmed the absence of negative fitted values, residual patterns, and, in the
case of Gaussian models, non-normality and heteroscedasticity. For binomial models we
confirmed the absence of overdispersion by dividing the sum of squared residuals by
the residual degrees of freedom, and considered values > 1.5 to be inappropriate. We
fitted mixed models using package /we4 (Bates et al. 2013). We assessed the significance
of cross treatments using F tests or likelihood ratio tests, while evaluating contrasts
between treatments using package multcomp (Hothorn et al. 2008) or, in the case of
mixed binomial models, by pooling factor levels until only significant contrasts remained
(Crawley 2013).

Sampling for genetic analysis

The aim of our genetic analysis was to describe genotypic differences between viable
and inviable F2 males. Therefore, we performed reciprocal interlineage crosses (2 treat-
ments, FIGURE 4.2) as described above, and allowed groups of mated females, 25
females per leaflet, to oviposit on tomato leaflets for two days. We transferred
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teleiochrysalid females of the resulting F1 generation to new leaflets, keeping them
unmated, and allowed them to oviposit for four days. To be sure that unhatched F2 eggs
were indicative of death rather than delayed development, as above, we sampled the
resulting I'2 individuals 8-10 days after oviposition. Thus, we sampled both adult T2
males and inviable FF2 eggs, representing viable and inviable recombinant offspring of
the two reciprocal crosses. We divided this dataset into four groups according to their
phenotype (viable or inviable) and cytotype (lineage I or lineage II): viable males with a
lineage I cytotype (viable I, n = 92), viable males with a lineage 11 cytotype (viable II, n =
94), inviable males with a lineage I cytotype (énviable I, n = 134), and inviable males with
a lineage II cytotype (inviable 11, n = 134) (FIGURE 4.2).

DNA extraction

After sampling, we stored adult males individually in 96% ethanol for preservation.
Prior to DNA extraction, we evaporated the ethanol, and then transferred the mites into

[ | lineage |
[ | lineage Il

F1 ?

unmated unmated

potential BDM { potential BDM {
interaction interaction

viable F2 males: viable hybrids cytotype | viable F2 males: viable hybrids cytotype Il
inviable F2 male eggs: inviable hybrids cytotypel | inviable F2 male eggs: inviable hybrids cytotype Il

FIGURE 4.2. Production of recombinant F2 males via reciprocal interlineage crosses. In the parental generation
(P) females from one lineage are crossed with males from the other lineage and vice versa (left and right panels
show reciprocal crosses). Offspring (F1) consist of hybrid, non-recombinant females and non-hybrid males. F1
females are kept unmated to produce only hybrid, recombinant sons (F2). Vertical bars represent haploid chro-
mosome sets, coloured according to their lineage of origin. In the F2 generation only one of many theoretically
possible genotypes is shown, depending on the number of recombination events and their locations in the
genome. The different hybrid groups from each cross that are included in the genetic analysis are indicated at the
bottom of the figure.
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1.5 mL tubes containing 50 pl. of 5% Chelex solution (Bio-Rad Laboratories, MA,
USA) and 3-4 zirconium beads. We homogenized samples for 20 s using a Precellys24
tissue homogenizer (Bertin Technologies, MD, USA), and added 2.5 L. of proteinase
K (20 mg/mL) to each sample, followed by incubation at 56 °C for 60 minutes, then
denaturation of the proteinase at 95 °C for 8 minutes. We centrifuged samples at 14,000
rpm for 2 minutes, and stored them at -20 °C until amplification. We collected individ-
ual inviable eggs using an ethanol- and flame-sterilized pin, and crushed them in 10 pL
of 5x Phire buffer (Thermo Fisher Scientific, MA, USA) in a PCR tube. Samples were
centrifuged at 4,000 rpm for 2 minutes and then stored at -20 °C. Prior to amplification,
we pipetted the buffer-egg mix up and down to facilitate mixing of buffer and sample.
To generate control samples for the PCR process, we followed the above processes
without transferring a sample into the reaction medium.

Ampilification by PCR

For all samples, we amplified 16 microsatellite markers in two multiplex sets of 8
microsatellites per set (Boubou et al. 2012), modified for use with Phire II Hot Start
polymerase (Thermo Fisher Scientific): for adult samples, multiplex PCR was carried
out in 10 pL reactions containing 2 uL 5x Phire buffer, 2 pL. ANTPs (I mM each), 0.6
ul MgCI2 (50 mM), 0.2 uL. of each forward and reverse primer (10 pM each), 0.08 pLL
of Phire Hot Start I DNA polymerase, 0.12 pl. ddH,O and 2 pl. of extracted DNA
per sample. For egg samples, we replaced 5x Phire buffer with ddH,O, and 2 uL of
buffer-egg mix instead of extracted DNA. Each set of PCR reactions included a nega-
tive control: for adult samples, we used ddH,O instead of extracted DNA; for egg sam-
ples, we used 5x Phire buffer instead of buffer-egg mix. Initial denaturation was at 98
°C for 30 s, then 35 cycles of denaturation at 98 °C for 10 s, annealing at 59 °C for 10
s and extension at 72 °C for 10 s. Final extension was at 72 °C for 60 s. PCR products
were stored at -20 °C until analysis.

Genotyping

For each sample, we loaded 2 pL. of PCR product with 9.66 uL. of HiDi formamide
(Applied Biosystems, CA, USA) and 0.34 pL. of -500 LIZ size standard (Applied
Biosystems) in a 96-well reaction plate, which we heated for 1 minute at 96°C. Two neg-
ative controls were run on each plate: the ABI control contained 2 pl. of HiDi for-
mamide instead of a PCR product; the PCR control contained 2 pl. of control PCR
product, as described previously. Plated samples were analysed by capillary elec-
trophoresis in a 3130 Genetic Analyzer (Applied Biosystems). We used GeneMapper
v.4.1 to analyse the output. In some instances we observed multiple peaks at one locus.
Given that samples are haploid, this effect is most likely due to a stutter peak, i.e., a very
strong signal at an adjacent allele size, or other artefact of the PCR procedure. In such
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instances, we scored the largest peak as the allele size for that sample, but only if its peak
area was at least double that of all other peaks at that locus. If alleles could not be dis-
tinguished by this rule, no allele was scored. Additionally, as a cut-off for background
noise, we also scored no allele if the peak area was lower than 400 units.

Marker selection

To identify diagnostic markers, we genotyped 20 adult males of each parental popula-
tion. Of the 16 loci, 8 markers (TABLE S4.1) were selected for further use because they
were fixed for different alleles in the parental populations and had consistent success of
amplification. Hybrid individuals with no allele scored at more than two out of these

eight markers were excluded from genetic analyses.

Genetic analysis

Since we selected microsatellite markers for which the parental populations were fixed
for different alleles, haploid F2 males have one of two possible alleles at each locus. We
contrasted genotypes among the hybrid groups viable I, viable 11, inviable I and inviable 11
(FIGURE 4.2) in three comparisons (see below). The results of this analysis are unaffect-
ed by linkage, because if there is linkage between our loci, it will affect the genotypes of
each hybrid group to the same extent. Consequently, linkage may affect the genotypic
composition of each hybrid group individually, but any genotypic differences among the
groups cannot be caused by linkage. Similarly, genotypic compatisons between hybrid
groups also do not assume Mendelian segregation of alleles, because non-random seg-
regation would affect each hybrid group identically.

Genetic analysis: cytonuclear interactions

In order to assess cytonuclear BDM interactions, we compated viable I to viable IT (com-
parison 1). The difference between the viable groups is their cytotype; hence differences
in allele frequency would indicate that some nuclear loci interact with the cytoplasm to
affect viability. We contrasted allele frequencies using Fisher’s exact tests of independ-
ence for each marker separately, and adjusted the resulting p-values using a sequential

Bonferroni correction procedure.

Genetic analysis: nuclear interactions

For assessing strictly nuclear BDM interactions we compared viable and inviable hybrid
groups within each of the two cytotypes (comparisons 2 and 3). Since BDM interactions
involve interactions between at least two loci, contrasting patterns of single allele fre-
quencies is insufficient. Instead, we calculated a two-locus statistic specifying the fre-
quency of individuals for which two alleles co-occur. This is a novel approach to study-
ing BDM incompatibilities, and we therefore describe its application and interpretation
in detail.
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The eight markers that we studied form 28 unique marker pairs. Given that all loci
have two possible alleles, for each marker pair there are four possible combinations:
both alleles derived from lineage I (I,I), both alleles derived from lineage 11 (ILII), first
allele derived from lineage I and second allele derived from lineage IT (I,I]) and first allele
derived from lineage II and second allele derived from lineage I (IL]). Here, we refer to
these allele combinations as ‘haplotypes’; hence the frequency with which each allele
combination occurs within a hybrid group is the haplotype count of that allele combi-
nation in that group. LI and IL,II are parental haplotypes, whereas LII and I,I are recom-
binant haplotypes. Importantly, allele frequencies and haplotype counts are composed
of the same data, and thus correlated. For example, if viable I has a lack of lineage I alle-
les at marker A compared to znwiable I, then at marker pair AB it will most likely have a
lack of LI and LII haplotypes and a surplus of ILII and II,I haplotypes. On the other
hand, if in addition at marker B it has a surplus of lineage I alleles, then the marker A
bias might cancel out for I, and ILII but be even stronger for LI and II,I. These corre-
lations will produce a linear relation between allele frequency and haplotype count; any
non-linear effect, such as epistatic interactions between loci, will obscure the relation.
Therefore, deviations of the linear relation between allele frequency and haplotype
counts indicate allelic interactions between loci.

In order to explicitly assess the relation between allele frequency and haplotype count,
we first tested the overall difference between viable and inviable hybrid groups across hap-
lotypes using generalized Cochran-Mantel-Haenszel tests, while adjusting p-values with a
sequential Bonferroni correction. Subsequently, we subjected both the allele frequencies
and the haplotype counts to a contingency table analysis, calculating the adjusted residu-
als of each cell (APPENDICES S4.1 and S4.2). Adjusted residuals are Pearson residuals divid-
ed by the standard deviation of all residuals, thus obtaining z-scores that follow a Gaussian
distribution with zero mean and unit standard deviation (Haberman 1973). These residu-
als take into account both the sample size and the distribution of alleles or haplotypes for
each locus or marker pair. Out of 224 adjusted haplotype residuals, one could not be com-
puted because expected values equalled zero. In order to regress the adjusted haplotype
residuals against some allele frequency metric, we defined an ‘allele indicator’ statistic,
which is the sum of two adjusted residual allele frequencies (APPENDIX S4.3). Next, we
defined a linear model that regresses adjusted haplotype residuals (continuous) on allele
indicator (continuous) and an interaction between marker pair (28 levels) and haplotype (2
levels: parental, recombinant), and assessed significance of terms using likelihood ratio
tests. For significant interactions, we evaluated post hoc contrasts using package phia (De
Rosario-Martinez 2015). Under the BDM model, we expect a significant interaction
between marker pair and haplotype, and specifically such that viable individuals have more
parental and fewer recombinant haplotypes than inviables. The opposite pattern, where
viable individuals have more recombinant haplotypes and fewer parental haplotypes, is
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indicative of heterosis. Because this regression includes allele indicator as a term, any cot-

relation between haplotypes due to differences in allele frequency is controlled for.

Mite-associated bacteria

Hybrid breakdown is not only caused by genetic mechanisms, but also by microbes such
as gut (Brucker & Borderstein 2013) or endosymbiotic bacteria (Vala et al. 2000). We
screened the parental Algarrobo-1 and Vicosa-1 populations for bacterial infections
using two approaches. First, we assessed whether the two populations were infected
with Wolbachia, Cardinium, and/ ot Spireplasma, the most prevalent reproductive parasites
among arthropods (Duron et al. 2008). To achieve this, we extracted DNA of eight
adult females of each population using the Chelex protocol described above, and sub-
sequently amplified bacterial loci using specific primers (TABLE $4.2). We included pos-
itive and negative controls for each locus, and confirmed successful DNA extraction by
amplification of a 166 bp long fragment of the spider mite f-actin gene. We performed
PCR reactions in 10 pL solutions containing 2 ul. 5x Phire Buffer (Thermo Fisher
Scientific), 2 ul. DNTPs (1 mM each), 0.5 uL. of each primer (10 pM), 4.4 pl. ddH,O,
0.1 uLL Phire II Hot Start polymerase and 0.5 pl. DNA sample. Initial denaturation was
at 98 °C for 30 s, then 35 cycles of denaturation at 98 °C for 5 s, annealing at 57 °C
(Cardininm), 52 °C (Wolbachia and Spiroplasma) or 58 °C (f-actin) for 5 s and extension at
72 °C for 10 s. Final extension was at 72 °C for 60 s. We checked amplification on 1%
agarose gels using ethidium bromide staining.

Mite-associated bacteria: 16S sequencing and analysis

Second, to assess infection with other potential reproductive parasites, we performed a
16S tDNA metagenomic survey of the bacterial community in and on the parental
Algarrobo-1 and Vigosa-1 populations. We Chelex-extracted DNA from 10 adult
females per population, pooled into two samples of 5 individuals each. To avoid prob-
lems in downstream processing due to pollution, we diluted each sample 20 times.
Subsequently, bacterial DNA was amplified at LGC Genomics (Berlin, Germany), using
universal 16S primers (TABLE S4.2). Company guidelines were followed, with the excep-
tion that PCRs were run for 35 cycles. After purification and barcoding a 2 X 250 bp
paired-end read library was constructed, which was sequenced on an Illumina MiSeq
platform (Illumina, San Diego, CA, USA). We analysed the output fastq files using
Qiime software (Caporaso et al. 2010a), and first joined forward and reverse reads with
the join_paired_ends.py algorithm. Next, we pooled the reads from the two Vicosa-1
samples, but excluded the second Algarrobo-1 sample (see Results below), and then
quality-filtered our sequences with the split_libraries_fastq.py algorithm. We applied a
default base call Phred threshold of 20, allowing maximum three low-quality base calls
before truncating a read, including only reads with >75% consecutive high-quality base
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calls, and excluding reads with ambiguous (N) base calls. Subsequently, we derived
Operational Taxonomic Units (OTUs) through a uclust screen (Edgar 2010) on the
GreenGenes database (DeSantis et al. 2006) with the pick_open_reference_otus.py
command and a similarity cut-off of 97%. Reads with no reference in the database were
clustered de novo. The most abundant reads from each de novo cluster were aligned using
PyNAST (Caporaso et al. 2010b) and also included in the OTU table. We removed
chimeric sequences with Chimera Slayer (Haas et al. 2011) wusing the
identify_chimeric_seqs.py command. Finally, we manually removed reads identified as

chloroplasts and mitochondria, as well as global singletons.

Mite-associated bacteria: 16S data interpretation

For reproductive parasites to have an effect on hybrid breakdown between host popu-
lations, it is assumed that hosts should be infected with different strains or species or
with different densities of the same species (Vala et al. 2000). We used two methods to
assess this. First, we calculated the relative abundance of infection for each OTU, and
listed OTUs for which the difference between Algarrobo-1 and Vigosa-1 was more than
0.5%. Second, to avoid overlooking differences for species with low densities, we also
listed OTUs for which the difference in absolute read number between Algarrobo-1 and
Vigosa-1 was larger than 100. For all listed OTUs we gathered as much information as
possible on the taxa in the resulting list of OTUs by searching available literature and
GenBank references, and summarized this into a proposed function of each OTU with-
in its environment. We judged the possibility of each OTU to function as a reproduc-
tive parasite in spider mites based on two criteria: if it has been found in association with
arthropods, and if it has been shown to affect reproductive isolation in any species. If
one of these criteria was met, we discussed the likelihood of this OTU to function as a
reproductive parasite in spider mites specifically.

Results

Reproductive incompatibility

Parental females laid on average 4.48 (SE = 0.13) eggs per day, irrespective of cross
treatment (x2(3) = 3.04, p = 0.39). Of these eggs, 86% hatched, also independent of
treatment (¥2(3) = 2.37, p = 0.50). Typically, T. evansi populations consist for 20% of
males (Bonato 1999), but we found variable sex ratios among the treatments in the F1
generation, ranging from 15% males up to 36% males (x2(3) = 42.92, p < 0.001, FIGURE
S4.1). F1 females laid fewer eggs (3.02, SE = 0.13) than their mothers during the same
part of their lives, but F1 oviposition was similar among crosses (F3 594 = 0.17, p =
0.91). However, fertilization increased F1 oviposition by about 8% (Fy 597 = 22.10, p <
0.001). In the second generation of offspring (F2), we found strong but incomplete
hybrid inviability: hatch rate of non-hybrids was ~91%, but only ~5% of the hybrid F2
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eggs hatched (x2(3) = 1 679.79, p < 0.001, FIGURE 4.3). Fertilization did not affect these
hatch rates (y2(1) = 1.19, p = 0.27). Means and sample sizes for all measurements in this
section are provided in supplemental TABLE S4.3.

Genetic analysis

After excluding samples with more than two missing alleles, the dataset contained the
following samples: 7,4, 1 = 88, #0111 = 80, gy, 1 = 68, and 7, 1 = 60, with
overall 9% missing data. Pooled across all hybrid groups, 46.0% (SE = 1.1%) of all alle-
les were derived from lineage I, and the percentages vatied per matker from 32% (SE =
2.9%) to 68% (SE = 2.8%). Within each marker pair we observed all possible haplotypes
at least once, confirming that the hybrids sampled in this study have recombined

genomes, and that all eight microsatellite loci are nuclear (TABLE S4.4).

Cytonuclear interactions

Viable I and viable I had similar allele frequencies at six microsatellite loci, ranging from
0.3 to 0.8 lineage I-derived alleles (FIGURE $4.2). At loci F and G, however, allele fre-
quencies differed significantly between the two viable lines, indicating that these loci, or
loci linked to it, might interact with the cytoplasm and affect viability. Remarkably, the
direction of difference was opposite for these two loci, with more lineage I alleles for
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FIGURE 4.3. Effects of cross treatment on F2 hatch rate. Thick lines indicate treatment median; boxes encom-
pass data from first to third quartile; whiskers indicate fences (nearest observed value > first or < third quartile +
1.5 box height); circles indicate outliers; and different letters indicate significant differences between treatments
(post hoc contrasts assessed by pooling factor levels until only significant contrasts remain, with p < 0.05).
Sample sizes are indicated within or above each box.
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viable I at locus G, but more lineage II alleles at locus F. This indicates that having line-
age II-derived alleles in a lineage I cytotype background, and vice versa, can have either

a positive or a negative effect on viability.

Nuclear interactions

We found that haplotype counts across all marker pairs differed significantly between
viable I and inviable I (generalized Cochran-Mantel-Haenszel test: M2 = 108.62, df = 3, p
< 0.001) as well as between vzable Il and inviable II (generalized Cochran-Mantel-Haenszel
test: M2 = 28.41, df = 3, p < 0.001). This shows that nuclear loci affect the viability of
F2 hybrid males.

In order to assess whether these effects could have been caused by interactions
between nuclear loci, as predicted by the BDM model, we regressed adjusted haplotype
residuals on allele indicator across all marker pairs. In the absence of BDM interactions,
adjusted haplotype residuals are expected to correlate linearly with allele indicator. In
contrast, if BDM interactions affect the viability of individuals, then an interaction
between marker pair and adjusted haplotype residuals is expected, such that viable indi-
viduals have more parental and fewer recombinant haplotypes than inviables. In the
viable I — inviable I compatison, we found a significant interaction between marker pair
and haplotype (Fp; 55 = 33.61, p < 0.001). Post hoc tests indicated that 16 out of 28
marker pairs show significant differences between parental and recombinant haplotypes
(FIGURE 4.4A), of which 6 conformed with the BDM model and 10 showed an oppo-
site, heterotic pattern (TABLE 4.1). Similarly, in the viable I — inviable II comparison we
also found a significant interaction between marker pair and haplotype (Fy; 54 = 23.08,
p < 0.001), and 13 out of 28 marker pairs were significantly different between parental
and recombinant haplotypes (FIGURE 4.4B). Of these, two followed the predictions of
the BDM model, and 11 marker pairs showed the opposite pattern (TABLE 4.1). Taken
together, these results show that BDM incompatibilities between some loci affect viabil-
ity, but recombination between other loci had positive effects.

Reproductive parasites
We did not detect any of the known reproductive parasites Wolbachia, Cardininm or
Spiroplasma in our T. evansi populations using standard PCR techniques (FIGURE S4.3).

TaBLE 4.1. Number and type of interactions found across all 28 marker pairs for comparisons between viable
and inviable hybrid groups.

Comparison BDM interaction No effect Heterosis
Viiable hybrids cytotype I — inviable hybrids cytotype 1 6 12 10
Viiable hybrids cytotype 11 — inviable hybrids cytotype 11 2 15 11
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The 16S sequencing procedure yielded more than 10 000 reads for three of the four
samples (TABLE §4.5). One Algarrobo-1 sample, however, produced only 151 forward
and reverse reads which is unsatisfactory even for a qualitative analysis, and we there-
fore excluded this sample from further analysis. Joining and quality filtering reduced the
remaining dataset by ~30%. The uclust search against the GreenGenes database yield-
ed 509 operational taxonomic units (OTUs), of which 105 were identified as chimeric,
9 as chloroplasts and 2 as mitochondria, and another 165 were global singletons. After
removing these clusters, the final dataset consisted of 228 OTUs, of which 40 were
clustered de nove. Both populations contributed equally to this final dataset, with 48 955
reads from Algarrobo-1 and 47 598 from Vigosa-1.

We found 11 OTUs with more than 0.5% difference in relative abundance between
Algarrobo-1 and Vigosa-1 (TABLE 4.2), and 19 OTUs for which the difference in
absolute read abundance between Algarrobo-1 and Vigsoa-1 was more than 100 (TABLE
4.3). Among these OTUs we found one, Lactococcus sp., an uncultured glucose ferment-
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CHAPTER 4

ing bacterium identified in the intestinal tract of Apriona germari beetle larvae (GenBank
accession number EU560799.1), that was previously found to be associated with arthro-
pods. Since bacteria belonging to this genus ferment glucose into lactic acid, it is likely
that this OTU has a role in digestion rather than serve as a reproductive parasite. None
of the listed OTUs has previously been associated with reproduction of a secondary

species.

Discussion

We studied hybrid incompatibility between populations of the haplodiploid spider mite
T. evansi. Strong but incomplete hybrid breakdown was previously shown to occur
between two genetic lineages of this species (Gotoh et al. 2009), and we confirmed
these observations with interlineage crosses between the Algarrobo-1 and Vigosa-1
populations (FIGURE 4.3). We show that the observed hybrid breakdown has a genetic
component, because allele frequency patterns and two-locus haplotype counts of viable
and inviable hybrids are consistently different. More specifically, we were able to show
that both nuclear and cytonuclear BDM interactions lie at the basis of hybrid incompat-
ibility in this species (FIGURES 4.4 and S4.2, TABLE 4.1). This is in line with previous
research on haplodiploid Nasonia wasps, where hybrid breakdown is also explained by
the combined effects of nuclear and cytonuclear defects (Gibson et al. 2013). As an
explanation of our results, we suggest that the two genetic lineages, over the time of
their divergence, have accumulated genetic differences due to drift and adaptation,
which reduce the viability of interlineage hybrids as a consequence of BDM incompat-
ibilities.

Contrary to our expectations, we found that recombinant haplotypes at some mark-
er pairs were overrepresented in viable genotypes compared to inviable genotypes
(FIGURE 4.4, TABLE 4.1). This contrasts with the BDM model, and indicates that recom-
bination between the two lineages also produced heterotic interactions with positive
effects on viability. Heterosis is not an uncommon phenomenon, although it is usually
observed in F1 progeny (Chen 2013). Heterosis in second-generation offspring, as a
counterpart to hybrid breakdown, is much less studied. In one intriguing example,
Kulmuni and Pamilo (2014) demonstrated sex-specific effects of recombination
between parental genomes on fitness of Formica wood ants, where hybrid F2 females
had increased fitness but hybrid 2 males were completely inviable. Future work on
hybrid breakdown in other systems could validate the simultaneous occurrence of BDM
incompatibilities and heterosis, as well as the occurrence of heterosis in second- and
later generation offspring.

Neither of the two parental populations was infected with Wolbachia, Cardinium or
Spiroplasma bacteria, as assessed using standard PCR techniques (FIGURE S4.3). In order
to assess the possibility that other bacteria affected the reproductive compatibility of
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our mite populations, we listed the OTUs with different relative (TABLE 4.2) or absolute
(TABLE 4.3) abundance between the parental populations in a 16S sequencing procedure.
This analysis yielded several OTUs with different abundances, but we found no indica-
tion that these specific OTUs were associated with arthropods or functioned as repro-
ductive parasites in any species. However, due to the short sequence length several
OTUs could only be identified to the family or genus level, making it difficult to assess
their role in reproductive isolation. Therefore, we cannot exclude the possibility that the
microbes represented by these OTUs affect reproductive isolation in spider mites
through hitherto undescribed mechanisms.

In the viable I — viable II comparison, we found significantly different allele frequen-
cies at two loci (FIGURE S4.2). Because all microsatellite loci used in this study are
nuclear, this indicates that cytonuclear interactions affect viability. Theoretically, mito-
chondrial loci are expected to frequently engage in cytonuclear interactions, due to the
translocation of genes for functioning of organelles to the nuclear genome (Burton et
al. 2013). Indeed, cytonuclear effects on hybrid breakdown have previously been found
in wasps (Koevoets et al. 2012). Another possibility is that epigenetically inherited dif-
ferences, such as through genomic imprinting, methylation or histone modifications,
cause changes in transposable element activation that are detrimental when active in a
hybrid background (Lafon-Placette & Kohler 2015). Disentangling these alternative
explanations requires identification and functional characterization of the incompatibil-
ity genes followed by a gene expression assay, to see if it is the allele per se that causes
the incompatibility, as would be expected for interactions between nuclear and mito-
chondrial loci, or if it is a dosage-dependent effect caused by deregulation of dosage-
sensitive interactions.

According to the BDM model of hybrid incompatibility interactions between alleles
of heterospecific origin have detrimental effects on hybrid viability. Consistent with
these predictions, at some marker pairs we found an excess of parental two-locus hap-
lotypes and a lack of recombinant haplotypes in the viable — inviable comparisons, sup-
porting the BDM model for explaining hybrid breakdown in T. evansi. An open ques-
tion, however, is whether BDM incompatibility is caused by many allelic interactions
with small effects, or by few interactions with large effects (Maheshwari & Barbash
2011). Although it has been shown that strong hybrid breakdown can be caused by the
multiplicative effect of many loci (Dion-Coté et al. 2014), genomic rearrangements such
as translocations, inversions and chromosome duplications form another potential cause
of incompatibility (Brown & O’Neill 2010). Spider mites have holokinetic chromo-
somes, where spindle fibres attach to a diffuse kinetochore along the length of a chro-
mosome during cell division, instead of connecting to a localized centromere. It has
been suggested that due to this feature, organisms with holokinetic chromosomes

exhibit aneuploidy more often, because segregation during cell division does not depend
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on attachment to a centromere (d’Alencon et al. 2010). Thus, it is not unlikely that
genome rearrangements could play a role in speciation in spider mites.

Under Mendelian segregation, we expected to find a 1:1 distribution of alleles at each
locus. We observed, however, that pooled across all loci and hybrid groups only 46.0%
(SE = 1.1%) of the observed alleles derived from lineage I, and across loci there was
even more variation, ranging from 32% (SE = 2.9%) to 68% (SE = 2.8%). Correcting
for sample size within each hybrid group does not affect this pattern. Since our analysis
is based on comparisons between hybrid groups, we did not assume Mendelian segre-
gation and these biased allele distributions do not harm the validity of our results.
Nevertheless, it seems that alleles do not segregate randomly, which suggests that allele
distributions were affected by segregation-distorting processes such as meiotic drive or
by experimental artefacts such as PCR bias (Kanagawa 2003). Even though we tried to
exclude PCR bias by excluding individuals with more than two missing alleles, it remains
possible that certain inviable genotypes cease development eatlier than others, and thus
accumulate less DNA. If the markers of these individuals therefore have a lower chance
of amplifying in PCR and also have non-random allele combinations, then that could
explain the observed bias. Alternatively, since selfish genetic elements are hypothesized
to play a role in BDM incompatibilities (Johnson 2010), meiotic drive of such loci can
also disturb Mendelian segregation of alleles. However, the biased recovery of alleles
observed here is mild in comparison to an overall 2:1 bias in hybrid F2 Nasonia wasps,
where cytonuclear effects and complex incompatibilities with more than two loci were
suggested as potential explanations (Gadau et al. 1999).

Our demonstration of BDM incompatibilities in 1. evansi is based upon comparisons
between genotypes of hybrid groups, distinguished by their phenotype, viable or inviable,
and their cytotype. Genotypes consist of allele frequencies at eight microsatellite loci. We
employed this method, because it does not require a priori knowledge of the location of
these markers on the genome, of linkage between them, or of possible deviations from
Mendelian segregation. In addition, because we genotyped haploid males only, dominance
plays no role in the expression of BDM loci. These characteristics make this method suit-
able for investigation of hybrid incompatibilities in other non-model systems for which
genetic matkers are available. Although we used microsatellite markers, in principle any
genetic marker can be used, including other genetic markers that are often used for non-
model organisms without a sequenced genome, such as amplification fragment length
polymorphisms (Vos et al. 1995). Arguably, the density of genetic markers on the genome
in this study is low, prohibiting any conclusions about the number and location of BDM
loci in T. evansi. Nonetheless, we see this study as a demonstration of our method to study
hybrid incompatibility in non-model organisms, and as a first step to understanding
hybrid incompatibility in T. evansi. Future work could increase the genetic marker density
in order to investigate BDM incompatibilities in 1. ezansi in more detail.
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Insight into the genetic mechanisms underlying speciation requires an understanding
of broad patterns across a range of taxa. However, because few studies have investigat-
ed the genetic causes of hybrid incompatibility beyond the limited set of current model
organisms, several important questions remain unanswered, such as: (1) which evolu-
tionary force predominantly drives BDM incompatibilities (Maheshwari & Barbash
2011); (2) to what extent do hybrid inviability and sterility have different genetic causes
(Xu & He 2011); (3) what happens to BDM incompatibilities after renewed contact
between previously separated populations (Lindtke & Buerkle 2015); and (4) if it is com-
mon for populations to harbour polymorphisms for BDM interactions (Cutter 2012).
We demonstrate that by studying haploid life stages in species with incomplete incom-
patibility, relatively simple methods are sufficient to detect allelic interactions. We expect
that a similar approach works equally well in other taxa, provided that they have haploid
life stages and that both affected and unaffected stages can be sampled. Since an esti-
mated 20% of all animals show haplodiploid reproduction (Crozier & Pamilo 1990),
there is ample opportunity for identification of other haplodiploid hybrid incompatibil-
ities in the animal kingdom. More generally, hybrid breakdown has been reported in sev-
eral taxa with haploid life stages, including ants (Kulmuni & Pamilo 2014), wasps
(Gibson et al. 2013), algae (Niwa et al. 2010), mosses (McDaniel et al. 2008), and fungi
(Turner et al. 2011), indicating potentially promising species for further study. An
important next step in these taxa would be to assess the feasibility of sampling inviable
hybrids, which would allow direct comparisons between viable and inviable genotypes.
In this respect, the importance of finding haploid systems with incomplete hybrid invi-
ability becomes key, as they will provide valuable insight into aspects of speciation that

are otherwise hard to study in these taxa.

Data archiving

For both populations, all quality-checked and chimera-filtered 16S sequences are avail-
able at DDBJ/EMBL/GenBank under accession numbers KAHNO0O000000 (Algar-
robo-1) and KAHOO00000000 (Vigosa-1), and the versions described in this paper are
the first versions KAHNO01000000 and KAHO01000000. All other data sets and R
sctipts are available from the Dryad Digital Repository: http://dx.doi.org/10.5061/
dryad.0j4m5 (Knegt et al. 2016).
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Supporting Information

TaBLE S4.1. Specifications of microsatellite markers used in genetic analyses. Allele sizes were determined by
genotyping 20 adult males of the parental populations. All eight markers were fixed for different alleles in the
parental populations. Each primer pair had a fluorescent dye attached to either the forward or reverse primer indi-
cated by colour codes PET, VIC, or FAM.

Locus  Locus Allele Allele Primer sequence (5’ to 3’)
name name size size
(this (Boubou et al.  lineage lineage
study)  2012) I (bp) II (bp)
A evaTG1-D9SA 253 247 Fw: PET-GCCAATTGAAGGGTTACAGG
Rev: CATTCACAAGCAATGTTATTACCAG
B evaTC2-A2 170 172 Fw: PET-CAATTGATGGTTICIGTTTGG
Rev: CATTATCGCTTCACTCATCGTC
C evaATCT2-G11 121 124 Fw: GGTTGACCGTGAAGAGAG
Rev: VIC-CAGAATGACAGTTACAATTGC
D evaTC3-D3 121 124 Fw: FAM-GTCGTCCGGGATTTTTTICTG
Rev: GTTGCTTGTTTAATTGTTGTCACTG
E evaTC5-E6! 302 298 Fw: CCACGACCAGTCTTGATTG
Rev: PET-GTGATGTCGAATGAGCAGG
F evaTC1-H4 166 184 Fw: PET-CGATATAATTGTCAATGGTG
Rev: GTATCAAGTATATTCCTATATGATG
G evaATCT1-H4 166 184 Fw: GCACAGTTGAGAACGGGCTAAG
Rev: VIC-CCTGTTTCTTTACTCATCCTGTCCC
H evaTC1-A12 166 183 Fw: AGCATTTTAATGTTTCCTTTG

Rev: EAM-GTTTCACTTGTAAATGGCTATG

TABLE S4.2. Specifications of primers used for the detection of symbionts.

Target Primer Sequence Locus Fragment Ref.
size
Waolbachia 76F S“TTGTAGCCTGCTATGGTATAACT-3' 16§ 900 bp O'Neill
1012R 5-GAATAGGTATGATTTTCATGT-3 et al. 1992
Cardininm CLO-F 5-GCGGTGTAAAATGAGCGTG-3' 168 450 bp Weeks
CLO-R1 5-ACCTMTTCTTAACTCAAGCCT-3' et al. 2003
Spiroplasma ApDnaAF1 5-ATTCTTCAGTAAAAATGCTTGGA-3" dnaA 385 bp Fukatsu
ApDnaAR1 5-ACACATTTACTTCATGCTATTGA-3' et al. 2001
Tetranychus evansi B-actin-F - 5-CAGCCATGTATGTTGCCATC-3’ B-actin 166 bp Feng
B-actin-R  5~AAATCACGACCAGCCAAATC-3’ et al. 2010
Bacterial DNA  341F 5 TCCTACGGGNGGCWGCAG-3 165 444 bp Modified
785R 5 TGACTACHVGGGTATCTAAKCC-3’ from
Klindworth
et al. 2013
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TaBLE S4.3. Means (standard error) and sample sizes for parental oviposition (eggs per day), F1 hatch rate
(proportion hatched), F1 sex ratio (proportion male), F1 oviposition (eggs per day) and F2 hatch rate (proportion
hatched) in all cross treatments (female x male). For parental oviposition, F1 hatch rate and F1 sex ratio we report
a time series over four consecutive leaf discs from day O until day 9. Sample sizes decrease over time as data are
excluded due to female mortality. Note that data from one individual female can be included in up to four time
points. Hence, these data are not independent, and we included female identity as a random factor in our statis-
tical analyses. In addition, because female mortality differed among treatments, we included the leaf disc
sequence as a random factor as well.

Parental Day0-2 n Day2-4 n Day4-7 n Day7-9 n
oviposition

Ix1 4.58 (0.38) 33 5.11(0.53) 28 4.63 (0.68) 18 318 (0.74) 11
11 x 11 4.93 (0.41) 37 4.68 (0.41) 31 2.27 (0.60) 17 317 (1.74) 3
Ix1I 5.62 (0.40) 38 523 (0.39) 28 2.79 (0.66) 16 5.50 (1.50) 2
11 X T 4.36 (0.26) 39 4.93 (0.47) 27 2.83(0.44) 23 4.67 (0.64) 6
F1 hatch rate

Ix1 0.85 (0.03) 32 0.80 (0.04) 28 0.87 (0.02) 24 0.74 (0.09) 12
I x 11 0.92 (0.03) 35 0.89 (0.02) 32 0.85 (0.06) 22 0.71 (0.16) 7
Ix1I 0.92 (0.02) 37 0.79 (0.05) 34 0.79 (0.07) 24 0.81 (0.07) 8
IIxI 0.76 (0.04) 37 0.83 (0.04) 33 0.85 (0.03) 22 0.80 (0.05) 9
F1 sex ratio

I1x1 0.15 (0.04) 32 0.13 (0.03) 25 0.21 (0.04) 24 0.18 (0.14) 7
I x1I 0.28 (0.05) 34 0.17 (0.02) 30 0.24 (0.09) 11 0.39 (0.20) 3
Ix1I 0.44 (0.06) 32 0.32 (0.06) 28 0 (0) 6 0.83 (0.11) 5
11 x 1 0.24 (0.06) 29 0.19 (0.04) 29 0.13 (0.03) 18 0.28 (0.16) 6
F1 oviposition Unmated n Mated n

Ix1 3.62(0.38) 39 3.31(0.42) 27

11 x 11 2.88 (0.26) 49 3.41(0.37) 22

Ix11 3.11(0.41) 27 3.34 (0.42) 25

11 X T 2.60 (0.29) 84 2.69 (0.37) 27

F2 hatch rate

Ix1 0.89 (0.03) 36 0.92 (0.03) 27

I x 11 0.89 (0.03) 46 0.93 (0.05) 22

Ix1I 0.02 (0.01) 28 0.06 (0.02) 23

I X1 0.07 (0.02) 67 0.05(0.02) 24
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TABLE S4.4. Haplotype counts for all hybrid groups and marker pairs. Per hybrid group, sample size is indic-
ated in italics in a separate column.
Viable hybrids Viable hybrids Inviable hybrids Inviable hybrids
Marker cytotype I cytotype II cytotype I cytotype II
pair LI ILIILII I, » LI ILITLIT ILI »# LI ILIILII I, » LI ILI LII ILI »
AB 42 13 4 17 76 27 13 4 27 71 12 11 8 17 48 7 16 7 11 41
AC 16 21 23 6 66 11 28 19 10 68 7 22 16 12 57 14 8 14 44
AD 14 19 20 8 61 10 25 19 10 64 7 19 10 12 48 10 6 14 38
AE 13 21 32 11 77 6 19 17 13 55 5 16 17 9 47 19 11 10 43
AF 8 22 36 9 75 10 17 18 20 65 12 12 11 18 53 18 7 10 43
AG 28 15 18 17 78 5 23 24 12 64 6 24 16 8 54 18 8 9 43
AH 40 7 6 25 78 25 8 6 32 71 6 16 17 15 54 15 10 14 45
BC 21 16 35 1 73 13 10 41 7 719 10 28 12 359 17 9 12 51
BD 19 13 31 4 67 13 9 37 7 66 9 7 20 12 48 13 16 6 12 47
BE 20 12 46 5 §3 15 10 26 6 57 8 12 26 6 52 17 15 11 49
BF 14 12 52 4 82 25 8 28 7 68 1 10 17 10 354 7 14 13 14 48
7 6 9
1
0

— O\ 00 00 W oo
(8]

)
(=)}

BG 44 10 24 § 12 9 40 67 15 27 5 56 8 17 12 13 50
BH 58 3 10 14 & 49 5 9 74 11 10 24 11 56 9 15 12 16 52
CD 20 44 2 4 70 21 47 1 69 22 32 0 0 54 27 25 0 0 52
CE 5 3 17 17 74 8 22 11 12 53 5 30 12 11 58 8 17 18 10 53
CF 4 3 19 15 73 11 23 10 21 65 14 23 8 18 63 11 19 12 11 53
cG 16 19 7 34 76 7 33 12 12 ¢4 9 37 12 7 65 12 20 13 10 55
CH 18 6 5 47 76 18 9 4 40 77 12 30 10 13 65 13 17 14 13 57
DE 5 29 18 16 68 8 19 10 11 48 5 19 12 8 44 8 13 18 8 47

—_

DF 5 32 19 11 67 10 21 10 19 60 14 16 8 12 50 11 14 12 10 47
DG 9 19 5 27 70 7 29 11 12 359 9 25 12 5 571 12 16 13 8 49
DH 217 3 39 7 17 9 4 3 66 12 21 10 8 57 13 13 14 11 57
EF 5 43 21 14 8 9 19 10 15 53 11 24 3 16 54 10 24 7 10 57
EG 18 23 10 3 & 8 28 10 7 53 10 3 6 5 57 11 26 6 9 52
EH 26 11 2 47 8 15 8 6 28 57 10 31 5 9 55 13 24 5 12 54
FG 14 28 6 37 & 13 29 17 4 63 16 30 14 0 60 20 29 2 2 53
FH 16 9 4 5 & 33 13 1 21 68 21 28 10 2 671 20 26 3 5 54
GH 54 13 0 21 & 20 14 0 33 67 15 38 1 8§ 62 21 28 2 6 57

TaBLE S4.5. Number of sequencing reads after joining paired-end reads and quality filtering. As the number
of forward and reverse unjoined reads is identical, this table gives the number of forward or reverse unjoined
reads, but not their sum. For downstream analysis the Vigosa-1 samples were pooled, whereas the Algarrobo-
1_2 sample was excluded.

Sample Number of Number of Number of reads Number of reads
unjoined reads joined reads after quality filtering  after OTU filtering

Algarrobo-1_1 77116 59367 53929 48955

Algarrobo-1_2 151 excelnded

Vigosa-1_1 54915 42462 38537 47598

Vigosa-1_2 14396 11420 10226

108



HYBRID BREAKDOWN IN 1. EIZANSI

C
- o o —_ [}
b

0

2 -
@
©
£
c
.g © |

o
s a ab
o S _
2 i
~ I
o « i
£ S |
|
9 i
w 1
o i
'S 1

~ !

R

n=2388 n=78 n=71 n=82
o
T T T T
Ix1 x1l Ix Il x|

Cross treatment (female x male)

FIGURE S4.1. Effects of cross treatments on F1 sex ratio. Thick lines indicate treatment median, boxes encom-
pass data from first to third quartile, whiskers indicate upper fence (nearest observed value < third quartile + 1.5
box height), circles indicate outliers and different letters indicate significant differences between treatments (post
hoc contrasts assessed by pooling factor levels until only significant contrasts remain, with p < 0.05). Sample

sizes are indicated within each box.
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FiGure S4.2. Microsatellite allele frequencies of the two viable groups. At each locus, the proportion of line-
age | alleles is shown. Asterisks indicate significantly different allele frequencies between the two hybrid groups
(Fisher’s exact test of independence, Bonferroni corrected p < 0.05). Sample sizes are indicated at the bottom of

each bar.
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A
M1 1 2 3 456 7 8 17 18 19 20 number pli locus / species  band
M1 100 bp ladder
1 Vigosa-1 1 B-actin yes
2 Vigosa-1 2 B-actin yes
3 Vigosa-1 3 B-actin yes
4 Vigosa-1 4 B-actin yes
5 Vigosa-1 5 B-actin yes
6 Vigosa-1 6 B-actin yes
7 Vigosa-1 7 B-actin yes
8 Vigosa-1 8 B-actin yes
17 Algarrobo-1 1 B-actin Vyrers
18 Algarrobo-1 2 B-actin yes
19 Algarrobo-1 3 B-actin yes
20 Algarrobo-1 4 B-actin yes
21 Algarrobo-1 5 B-actin yes
22 Algarrobo-1 6 B-actin yes
23 Algarrobo-1 7 B-actin yes
24 Algarrobo-1 8 B-actin yes
M1 21 22 23 24 33 34 35 36 37 38 39 40 33 Vigosa-1 1 Cardinium no
34 Vigosa-1 2 Cardinium no
35 Vigosa-1 3 Cardinium no
36 Vigosa-1 4 Cardinium no
37 Vigosa-1 5 Cardinium no
38 Vigosa-1 6 Cardinium no
39 Vigosa-1 7 Cardinium no
40 Vigosa-1 8 Cardinium no
B
M1 49 50 51 52 53 54 55 56 number population replicate locus / species band
- M1 100 bp ladder
49 Algarrobo-1 1 Cardinium no
50 Algarrobo-1 2 Cardinium no
51 Algarrobo-1 3 Cardinium no
52 Algarrobo-1 4 Cardinium no
53 Algarrobo-1 5 Cardinium no
54 Algarrobo-1 6 Cardinium no
55 Algarrobo-1 7 Cardinium no
56 Algarrobo-1 8 Cardinium no
C
M1 97 98 99 100 number population replicate locus / species band
M1 100 bp ladder
97 Vigosa-1 1 Wolbachia no
98 Vigosa-1 2 Wolbachia no
99 Vigosa-1 3 Wolbachia no
100 Vigosa-1 4 Wolbachia no

FiIGURE S4.3. Endosymbiont screening results using standard PCR. PCR products were loaded on 1%
agarose gels and stained using ethidium bromide. Each photo (A-E) is a separate gel. Sample specifications are
given in the tables next to the gel photos, with corresponding numbers above and below the gel. Because we ran
these samples within the context of another experiment, some samples are irrelevant for this research and hence
excluded from the tables and not represented with a number above or below the gel.
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D
M1 101 102 103 104 113 114 115 116 117 118 119 120 number population replicate locus / species  band
M1 100 bp ladder
101 Vigosa-1 5 Wolbachia o
102 Vigosa-1 6 Wolbachia no
103 Vigosa-1 7 Wolbachia no
104 Vigosa-1 8 Wolbachia no
TR Algarrobo-1 1 Wolbachia o
114 Algarrobo-1 2 Wolbachia no
115 Algarrobo-1 3 Wolbachia no
116 Algarrobo-1 4 Wolbachia no
117 Algarrobo-1 5 Wolbachia no
118 Algarrobo-1 6 Wolbachia no
119 Algarrobo-1 7 Wolbachia no
120 Algarrobo-1 8 Wolbachia no
129 positive control B-actin yes
130 negative control B-actin no
131 positive control Cardinium yes
132 negative control Cardinium no
T3 positive control Wolbachia yés
L 129 130 131 132 135 136 136 negative control Wolbachia no
E
number population replicate locus / species band
100 bp ladder
Vigosa-1 1 Spiroplasma no
Vigosa-1 2 Spiroplasma no
Vigosa-1 3 Spiroplasma no
Vigosa-1 4 Spiroplasma no
Vigosa-1 5 Spiroplasma no
Vigosa-1 6 Spiroplasma no
Vigosa-1 7 Spiroplasma no
Vigosa-1 8 Spiroplasma no
Algarrobo-1 1 Spiroplasma o
Algarrobo-1 2 Spiroplasma no
Algarrobo-1 3 Spiroplasma no
Algarrobo-1 4 Spiroplasma no
Algarrobo-1 5 Spiroplasma no
Algarrobo-1 6 Spiroplasma no
Algarrobo-1 7 Spiroplasma no
Algarrobo-1 8 Spiroplasma
positive control Spiroplasma
M1 17 18 19 20 21 22 23 24 33 34 34 negative control Spiroplasma

FiGure S4.3. Continued
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Appendix S4.1

Adjusted residual allele frequency

This appendix illustrates the calculation of adjusted residual allele frequencies, using
locus A as an example. At locus A, we observed the following alleles in viable I and invi-
able I:

Viable hybrids cytotype I Inviable hybrids cytotype I ~ Sum

Allele type 1 46 23 69
Allele type 1I 32 34 66
Sum 78 57 135

Let O(x; ) be the number of alleles of type i observed in hybrid group j. Expected val-
ues are then obtained by

qu Z»«
E(XZ.’/.)Z ZX ‘ s
giving

69-78 69-57
E(x,)= W—39.87,E(x1’2)=W=29,13
E(xz)l):%—%l?i E(x,,)= %—27_87

Adjusted residuals are then given by

| )= O(Xz,/)_E(Xf,/)

adjusted residual (X,- ;
2
z X v Z X J

J1=2EL
in,/ zxi,/

rendering
46-39.87 23-29.13
adjusted residnal (Xl,l ) = - = 2.14, adjusted residual (XLZ ) = =-2.14
39.87- 172 (1 8 ) 29.13- 172 (lfi)
135 135 135 135
32-38.13 34-27.87
adjusted residual (Xz,l ) = = —2.14, adjusted residual (Xz,z) = =214

38.13- (1—ﬁj [l—ﬁ) 27.87- (1—ﬁj (1—2)
135 135 135 135

Note that adjusted residuals x; ; and x; , are each other’s additive inverses, because com-
paring viable I to inviable I is equivalent to comparing inviable I to viable 1. Similarly, adjust-
ed residuals x; ; and x, ; are each other’s additive inverses, because comparing allele type

I to allele type II is equivalent to comparing allele type II to allele type I.
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Appendix S4.2
Adjusted residual haplotype count

This appendix illustrates the calculation of adjusted residual haplotype counts, using

marker pair AB as an example. At marker pair AB, we observed the following haplo-

types in viable I and inviable I:

Viable hybrids cytotype I Inviable hybrids cytotype I ~ Sum
Haplotype LI 42 12 54
Haplotype ILII 13 11 24
Haplotype LI 4 8 12
Haplotype IILI 17 17 34
Sum 76 48 124

Let O(x; 2/) be the number of haplotypes of type i that we observed in hybrid group j.

Expected values are then obtained by:

2 4

in,/ 'ZXZ/
Bl )=y
giving
E( 11):532.76=33.10,E(x12):%_2090
E(xﬂ)=3%£9:147LE(ﬁz):%%§§:929
fxx“)=1%£9_735£xxﬂ)—1%§§:465
I%XM)‘§%£9:20&LE(xm)=§%£§:1am

Adjusted residuals are then given by

O(Xfl/ ) _E<Xt/ )

adjusted residual (Xl.’j ) =

4
le‘,/ sz,/

E(x,,) ] 1-& 11—

zxw ZXI}/

rendering
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2—33.1 12-20.90
adjusted rmdﬂa/ x1 K 4273310 = 3.31, adjusted residnal (Xl,l) = 09¢ =-3.31
3310 1——] (1— 76) 20.90- (1——4) (1 48]
124 124 124 124
13-14.71 11-9.29
adjusted re;tdﬂa/ xﬂ 1 =—0.80, adjusted residnal (XZ,Z ) = =0.80
14.71- 1—— 1- 76 9.29- 1—ﬁ 1- il
124 124 124 124
4-735 8—-4.65
adjusted residnal (s, ) 2 ==2.09, adjusted residual (x; , ) = =2.09
7.35- l—— 177—6 4.65 (l—ﬁ) (17ﬁ
124 124 124 124
17-20. 17-13.1
adjusted residual (x,) | 72084 =—1.59, adjusted residual (x 71316 =159

)= )=
\/20.84 (17%) (17%) \/13.16 (17%] (17%)

Note that adjusted residuals x; ; and x; , are each other’s additive inverses, because com-
paring viable I to inviable I is equivalent to comparing zwiable I to viable 1.
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Appendix S4.3

Allele indicator statistic

In order to regress the adjusted haplotype residuals against some allele frequency met-
ric, we defined an ‘allele indicator’ statistic which is the sum of two adjusted residual
allele frequencies. As an example, we calculate the allele indicator of marker pair AB in
the comparison of hybrid groups viable I to inviable I, and show how it is used in combi-
nation with the adjusted residual haplotype counts of marker pair AB.

At loci A and B, we obtained the following adjusted residual allele frequencies:
Viable hybrids cytotype I  Inviable hybrids cytotype I

Marker A Allele type I 2.14 -2.14
Allele type I~ -2.14 2.14
Marker B Allele type I 2.30 -2.30
Allele type I~ -2.30 2.30

Since the allele indicator is defined as the sum of the two respective adjusted residual
allele frequencies, we obtain the following allele indicators for marker pair AB:

Formula Calculation Allele Adjusted residual
indicator  haplotype count
Haplotype LI resy(xq) + resp(xy ;) 2.14 + 230 4.43 3.31
Haplotype ILIT resy(xq o) + resg(x;p) -2.14 -2.30 -4.43 -0.80
Haplotype LII  resy(xq ) + tesp(xyp)  2.14-2.30 -0.16 -2.09
Haplotype ILI  resy(xq) + resg(xy) -2.14 + 230 0.16 -1.59
Haplotype LI resp(xp;) + tesp(xp) - 2.14 230 -4.43 -3.31
Haplotype ILIT tesy(x;,) + tesp(xpp)  2.14 + 230 4.43 0.80
Haplotype LII  resy(x;) + resg(xpp) -2.14 + 2.30 0.16 2.09
Haplotype ILI  resy(x;p) + tesp(Xp)  2.14 —2.30 -0.16 1.59

res\((xi,j) indicates the adjusted residual allele frequency of allele I in hybrid group | at marker Y.

The shaded part is included in the table for completeness, but was excluded from the
regression (see below). As a consequence of rounding to two digits, some allele indica-
tors do not match their calculation. We used the unrounded values in the regression.

In the regression of adjusted residual haplotype counts against the allele indicator
statistic, the goal was to investigate if at certain marker pairs the adjusted residual hap-
lotype counts deviated from their expected values based on the allele indicator statistic.
In that context, comparing hybrid groups viable I to inviable I is equivalent to comparing
inviable I to viable I. This is reflected in the adjusted residual haplotype counts, as well as
in the allele indicators, where half of the values are additive inverses of the other half.
Consequently, for our purpose one of the two comparisons is redundant. To avoid
pseudoreplication, we therefore included only (the non-shaded) half of the values in the
regression.
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Abstract

Herbivores employ various offensive strategies to overcome the defences of their
host plants. While it is recognized that offensive strategies can be costly, it is
unknown how these costs influence the selection of herbivore offensive strate-
gies across different environments. Here, we study the costs associated with sup-
pression of inducible plant defence by herbivorous arthropods. This strategy can
strongly promote herbivore performance, but may require metabolic investments.
To investigate this possibility, we allowed defence-suppressing Tesranychus evansi
spider mites to evolve in environments where we manipulated their tomato hosts
for the expression of jasmonic-acid (JA) dependent defence signalling. We used
defenseless-1 tomato mutants to mimic plants with constitutive JA-dependent
defences only, and 35S:progystemin plants to mimic plants with induced JA-
dependent defences. We also included Phaseolus vulgaris bean as a distantly related
host in which expression of induced defence is regulated via different pathways.
We expected that when plant defence is artificially low or high, defence suppres-
sion is no longer necessary or possible, causing 1. evansi to change their defence
suppression phenotype. After approximately 60 generations, T. evansi strains
evolved on tomato mutants and bean showed similar performance on wildtype
tomato plants. We also found no differences in the accumulation of JA, JA-
isoleucine and salicylic acid in wildtype tomato plants infested with the evolved
strains, nor in the expression of marker genes for inducible plant defence. This
indicates that metabolic costs associated with defence suppression by 1. evansi are
low, or that host plant manipulation provides more benefits than lowered
defences only.
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Introduction

Plants and herbivores are natural antagonists. Because plants can suffer serious damage
from herbivores, they have evolved various mechanisms to prevent or reduce herbivory,
such as dense trichome coverage to obstruct herbivore movement (Traw & Dawson
2002, Glas et al. 2012), or defensive compounds toxic to herbivores (Smith 1955, Heckel
2014). Many of these defensive mechanisms are costly to maintain (Cipollini et al. 2014),
and plants therefore evolved inducible mechanisms of defences in response to percep-
tion of damage (Chester 1933, Karban & Baldwin 1997), such as induction of digestive
inhibitors (Green & Ryan 1972, Ryan 1990), and production of volatiles attractive to
predators and parasitoids (Baldwin & Schultz 1983, Heil 2014).

Herbivores respond to induced defences in different ways (Karban & Agrawal 2002).
Some herbivores avoid heavily defended plants or tissues (de Moraes et al. 2001), others
resist defensive compounds through detoxification (Smith 1955, Heckel 2014), and yet oth-
ers dilute them by attacking plants in large numbers (Wood 1973, Raffa 2001). Recently,
another offensive herbivore strategy was described: by manipulating a plant’s physiological
processes, herbivores can actually suppress expression of induced plant defence and there-
by increase their performance (Musser et al. 2002, Kant et al. 2015, Stahl et al. 2018). For
example, Myzus persicae aphids produce a salivary effector protein, Mp55, that reduces
expression of defensive glucosinolates and hydrogen peroxides in Arabidopsis thaliana host
plants (Elzinga et al. 2014). Some other herbivores employ symbiotic microorganisms to
achieve a similar goal: Macrosteles quadrilineatus leathoppers transfer a type of phytoplasma
that secretes effector proteins to downregulate jasmonic acid (JA) synthesis, a hormone
crucial for the regulation of induced plant defence against herbivores (Sugio et al. 2011).

Although suppression of plant defence promotes herbivore performance (Denno &
Kaplan 2007, Kant et al. 2015), such suppression may at times be an unnecessary invest-
ment for two reasons. First, the production of defence-suppressing effectors or the
maintenance of symbioses with microorganisms could ensue metabolic costs (Dupas &
Boscaro 1999, Gwynn et al. 2005). The production of enzymes that detoxify plant
defensive compounds, for example, can trade off with food conversion efficiency
(Creswell et al. 1992), intrinsic rate of population increase (Castafieda et al. 2010), and
fecundity (Agrawal et al. 2002). Defence suppression could require similar investments
from herbivores. Second, costs and benefits of defence suppression may vary depend-
ing on the degree to which plant defence is induced in the first place (Heil 2010). Cross-
talk between defence signalling pathways, for example, can preclude plants from defend-
ing effectively against different attackers (Glazebrook 2005, Thaler et al. 2012). As
another example, plants may choose not to mount an induced defence response after
herbivore attack when resources are low and competition is high (Voelckel et al. 2001,
Kigathi et al. 2013, Orrock et al. 2015, Hahn & Maron 2016, Zist & Agrawal 2017).

Under such conditions defence suppression by herbivores may not be necessary.
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Metabolic costs are difficult to quantify or to manipulate directly in any herbivore
species (Whittaker & Feeny 1971, Appel & Martin 1992). However, by manipulating
host plants for their expression of plant defence, and studying the evolution of herbi-
vore traits over generations on these hosts, we can ask how plant defence drives selec-
tion of herbivore defence suppression. We hypothesize that when plant defence is arti-
ficially low or high, defence suppression is no longer necessary or possible, causing a
mediation of the level of defence suppression due to selection against a costly trait (e.g.,
antagonistic pleiotropy, Cooper & Lenski 2000) or due to genetic drift (Halligan &
Keightley 2009). Here, we test this hypothesis by allowing Tezranychus evansi spider mites
to evolve on host plants manipulated for their expression of inducible plant defence.

The tomato red spider mite Tetranychus evansi Baker and Pritchard (Acari:
Tetranychidae) is a neotropical herbivore predominantly infesting plants from the
Solanaceae family, including tomato, pepper and tobacco (Navajas et al. 2013, Migeon
and Dorkeld 2018). It is especially adapted to high temperatures, reaching generation
times of < 10 days above 30 °C (Bonato 1999, Gotoh et al. 2010). In general, cultivated
tomato (Solanum lycopersicum) responds to spider mite infestations with accumulation of
the plant hormones JA and salicylic acid (SA), which lead to the expression of defence-
associated compounds such as proteinase inhibitors (PIs), polyphenol oxidases (PPOs)
and pathogenesis-related proteins (PRs) (Li et al. 2002a, Ament et al. 2004, Kant et al.
2004, Martel et al. 2015, Arnaiz et al. 2018). However, T. evansi suppresses tomato JA and
SA-dependent plant defence downstream of hormone accumulation, and benefits
through increased fecundity (Sarmento et al. 2011, Alba et al. 2015, Ataide et al. 20106).
Tetranychus evansi likely achieves this suppression through injecting salivary effector pro-
teins into the plant while feeding (Jonckheere et al. 2016, Villarroel et al. 2016, Schimmel
et al. 2017a), independently of microorganisms (Staudacher et al. 2017).

To investigate the effects of tomato inducible defence responses on the evolution of
defence suppression by T. evansi spider mites, we introduced a genetically diverse T. evan-
si population to four different experimental evolution environments. First, we used wild-
type cultivated tomato as a control treatment for plants capable of showing an induced
defence response. Because T. evansi fecundity correlates negatively with tomato JA levels
(Ataide et al. 2016), T. evansi is likely susceptible to induced plant defences. Suppression
of these induced responses is therefore beneficial for 1. evansi, and we expected T. evansi
to retain its defence suppression phenotype in this treatment (TABLE 5.1).

Second, we used tomato defenseless1 (def-1) JA accumulation mutants (Howe et al.
1996) as a treatment without inducible JA-dependent plant defence. Def-1 plants are
impaired in their JA biosynthesis, and do not express induced levels of JA and JA-
dependent defence responses such as Pls upon spider mite infestations (Howe & Ryan
1999, Li et al. 2002a, Ament et al. 2004). Indeed, susceptible, defence-inducing T. urticae
generally reach higher performance on def-1 than on wildtype tomato plants (Li et al.
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TAaBLE 5.1. Past evidence of Tetranychus evansi performance and suppression of JA-dependent defences on
wildtype, def-1 and PS tomato plants, and on bean plants. The expected change in suppression of JA-depend-
ent plant defences after experimental evolution on each host is given in the last row.

3R

wildtype def-1 bean
JA defences inducible constitutively low constltutlvely high  inducible
Past evidence of high high low high
T. evansi (Sarmento et al. (Alba et al. 2015, (Schimmel 2016) (Ataide 2013,
performance 2011, Alba et al. Ataide et al. 20106) Paulo et al. 2018)
2015, de Oliveira
et al. 2016, Godinho
et al. 2016, Schimmel
et al. 2017a, b, Paulo
et al. 2018)
Past evidence of yes unknown unknown no evidence found

suppression of
JA-dependent
plant defence by
T. evansi

(Sarmento et al. 2011,

Alba et al. 2015, de
Oliveira et al. 2016,
Godinho et al. 2016,
Villarroel et al. 2016,
Schimmel et al.
2017a, b)

(Ataide 2013)

Expected change
in defence
suppression

no change

less suppression

no change or
less suppression*

no expectation

*depends on whether T. evansi is able to suppress the constitutively-induced JA-dependent defences in PS

plants, see main text.

2002a, Kant et al. 2008). Defence-suppressing 1. ezansi have similar performance on def-1
and wildtype plants (Alba et al. 2015, Ataide et al. 20106), showing that T. evansi suppress
defences of wildtype plants to a level that is as low as in def-1 plants. Because inducible
JA-dependent defences are absent in def-1 plants, selection for their suppression will
also be absent, potentially driving T. evansi to accumulate mutations or dysfunctional
gene combinations within the genes involved in defence manipulation. In addition, if

defence suppression entails metabolic costs such as effector production (Jonckheere et

al. 2016, Villarroel et al. 2016, Schimmel et al. 2017a), then selection will favour individ-
uals not paying this cost. Consequently, we expected 1. evansi to evolve reduced defence

suppression in a def-1 environment (TABLE 5.1).
Third, we used 35S:prosystemin (PS) tomato plants (McGuitl et al. 1994), which consti-
tutively overexpress the prosystemin gene, to mimic plants with induced JA-dependent

defences. Prosystemin is a polypeptide that converts into systemin (Pearce et al. 1991),
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which interacts with receptors in the plasma membranes of phloem parenchyma cells to
initiate a cascade that leads to the release of linolenic acid (Ryan 2000, Narvaez-Vasquez
& Ryan 2004). Because linolenic acid is the cellular substrate of the JA biosynthesis path-
way (Narvaez-Vasquez et al. 1999, Wasternack & Hause 2013), systemin is thought to
prime plants for damage-induced accumulation of JA (Li et al. 2003). Nevertheless, also
in the absence of wounding, PS plants constitutively express induced levels of JA (Chen
et al. 2000), PIs McGutl et al. 1994, Jacinto et al. 1998, Degenhardt et al. 2010) and PPOs
(Constabel et al. 1995), with negative consequences for spider mite performance (Li et al.
2002a, Kant et al. 2008, Glas et al. 2014, Alba et al. 2015). However, there is a possibility
that T evansi also suppresses defences in PS plants, because the constitutive overexpres-
sion of JA-dependent plant defence in PS plants is caused by processes upstream of hor-
mone accumulation, whereas T. evansi suppresses plant defence downstream of hormone
production (Alba et al. 2015). Whether this occurs is currently unknown. If T. ezansi is able
to suppress the constitutively-induced JA-dependent defences in PS plants, then it will
likely maintain its defence suppression phenotype in PS environments. Conversely, if T.
evansi is unable to suppress defences in PS plants, then selection will favour non-suppres-
sors as in the def-1 environment (TABLE 5.1).

Lastly, T. evansi is found on several Fabaceae species including the common bean
Phaseolus vulgaris (Migeon & Dorkeld 2018). Bean plants can induce defences to which
spider mites are susceptible, because non-inducing T. #rticae mites reached higher pet-
formance than defence-inducing 1. #rticae on P. vulgaris (Kant et al. 2008). Although the
induced defence response of bean plants to spider mites is, like in tomato, regulated by
JA and SA (Ozawa et al. 2000, Arimura et al. 2002), the defences produced by bean and
tomato plants differ. Tetranychus urticae resistant to induced tomato defence, for
instance, have equally low performance on P. vulgaris as T. urticae susceptible to tomato
defence (Kant et al. 2008). Additionally, previous research indicates that adaptation of
T. urticae to tomato (Fry 1990) or cucumber (Gould 1979, Agrawal 2000) is reversible
by culturing populations for several generations on bean, undetlining a difference in
quality among these host plants. Tetranychus evansi induces lower levels of SA and SA-
dependent plant defence in P. vulgaris than T. urticae, but not of JA and JA-dependent
defence marker genes (Ataide 2013). When coinfesting a P. vulgaris leaf with T. evansi,
T. urticae reaches higher performance than in single infestations (Ataide 2013). This
suggests that T. evansi is able to suppress plant defence also in P. vulgaris, although it is
unknown if this occurs through the same mechanism as in tomato. Consequently, we
expected T. evansi cultured on P. vulgaris to maintain its suppression of bean defence,
but we did not have an expectation for its repercussions for defence suppression in
tomato (TABLE 5.1).

After approximately 60 generations (~30 months) of culturing in each of the four

experimental evolution environments, we assessed the fecundity of the evolved T. evan-
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si strains on wildtype, def-1 and PS tomato, and on P. vulgaris bean plants. We first inves-
tigated if there was a response to selection, ie., a difference in performance among
strains from different experimental environments. Then, to disentangle defence sup-
pression (manipulation of plant defence expression) and resistance (traits that allow
mites to maintain high fecundity in the presence of induced plant defences), we meas-
ured phytohormone accumulation and expression of several defence marker genes in

wildtype tomato plants after infestation with each of the experimental strains.

Materials and Methods

Spider mite populations

We used two populations of T. evansi spider mites. Population Vicosa-1 was collected on
8. heopersicum cv. Santa Clara in a glasshouse of the Federal University of Vicosa, Brazil,
in 2002 (Sarmento et al. 2007), and transported to Amsterdam in 2010 under export pet-
mit 03/2010/UTRA-VIC/DT-MG (National Plant Protection Organization of Brazil;
register number BR-334) and import declaration number 2010/016 (Plant Protection
Service of the Netherlands). Population Algarrobo-1 was collected on S. nigrum near
Malaga, Spain, in 2011 (Alba et al. 2015), and transported to Amsterdam the same year.
We maintained base cultures of these populations on detached leaves of S. yegpersicum
cv. Castlemart (hereafter ‘tomato’), which were grown in a greenhouse (25: 18 °C; 16: 8
h light: dark photoperiod; 50-60% relative humidity) for 4-6 weeks, after which we
placed detached leaves on wet cotton wool in open, plastic trays in a controlled environ-
ment (25 °C; 16: 8 h light: dark photoperiod; 60% relative humidity). In addition, we
used a T. urticae Santpoort-2 spider mite population, which was collected on Exonynus
eurgpea near Santpoort, Netherlands, in 2001 (previously called ‘KMB’ in Kant et al.
2008, renamed to ‘Santpoort-2’ by Alba et al., 2015), and cultured on detached P. vulgaris

cv. Speedy leaves under the same conditions.

Production of initial population

To create an initial population that is genetically diverse with respect to tomato defence
suppression, we performed crosses between the Vigosa-1 and Algarrobo-1 T. evansi pop-
ulations. These populations are genetically differentiated at mitochondrial and nuclear
loci, because they belong to different, previously described T. evansi lineages (Gotoh et al.
2009, Alba et al. 2015). Crosses between the two genetic 1. evansi lineages are partially
incompatible due to genetic Bateson-Dobzhansky-Muller incompatibilities, such that
only ~5% of interlineage F2 offspring is viable (Gotoh et al. 2009, Knegt et al. 2017).
Viable offspring nevertheless have recombined genotypes, indicating that interactions
amonyg alleles from different lineages are not necessarily lethal, and because some inter-
lineage allelic combinations are overrepresented among viable offspring, genetic recom-
bination may increase viability through heterosis (Knegt et al. 2017). Potentially, such

123



CHAPTER 5

recombination also affects the defence suppression phenotype of individuals in the pop-
ulation resulting from the cross.

In addition, the Vigosa-1 and Algarrobo-1 populations suppress tomato defence to
different degrees, because plants infested with either population showed differential
expression of defence-associated marker loci, which correlated with significant differ-
ences in performance of defence-inducing T. #rticae spider mites that coinfest the same
leaflet (Alba et al. 2015). Although no heritability estimates for defence suppression by
T. evansi are available, we assumed that these differences are at least partly heritable,
because population culturing and experiments were conducted under identical condi-
tions, minimizing the potential influence of phenotypic plasticity. More generally,
defence suppression varies among 1. evansi populations (Knegt et al. submitted), sug-
gesting the presence of genetic variation for this trait. Therefore, we assumed that cross-
ing these two populations would produce, through combination and genetic recombina-
tion, a population phenotypically diverse with respect to defence suppression, and sus-
ceptible to selection in different environments.

To prevent genetic bottlenecks due to low viability in the F2 generation, we set up an
initial population by performing large scale reciprocal crosses between the Vigosa-1 and
Algarrobo-1 T. evansi populations. First, we allowed adult females from our base cultures
to oviposit on detached tomato leaflets for two days. Eight days later, we collected as
many females as possible from the resulting offspring generation that were in their pre-
adult molting stage, and transferred them to fresh, detached leaflets with a maximum of
30 females per leaflet. On these leaflets we also introduced an equal number of adult
males from the other population, taken from the base cultures, and we allowed them to
mate with the emerging, virgin females for three days. Then, we removed all males and
females, and allowed the offspring of the cross to develop into adults. F1 females are
diploid and carry one set of chromosomes from each genetic lineage, but because spi-
der mites have a haplodiploid mode of reproduction (Schrader 1923), F1 males are hap-
loid and thus carry only one, maternally derived chromosome set. Upon emergence as
adults, F1 females likely mated with males from their own cohort, thus establishing a
backcross with their maternal genetic lineage.

We used males and females from this F1 generation to start the initial population for
our experiments. The initial population consisted of 326 F1 females from a lineage I (?) x
lineage 11 (3) cross and 325 F1 females from a lineage 11 () x lineage I (&) cross, as well
as 170 lineage I and 145 lineage II adult males (lineage names as in Boubou et al. [2012]).
We allowed this population to experience and overcome the viability minimum in the F2
generation, and cultured it on detached tomato leaves for 70 days (~5 generations). We
used adult females from this population to start the experimental evolution experiments. In
parallel, we also maintained this population as a base population under culture conditions
similar to the Vigosa-1 and Algarrobo-1 base populations (hereafter ‘initial population’).
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Experimental evolution treatments

We introduced 20 adult females from the initial population to one of four different
treatments: S. Jeopersicum cv. Castlemart leaflets (‘wildtype’), S. hegpersicum def-1 leaflets
(def-1), S. heopersicum 35S8::prosystemin leaflets (‘PS’), and P. vulgaris cv. Speedy leaves
(‘bean’). Plants for all three S. Aegpersicum treatments were grown in a greenhouse for
four weeks before leaflets were cut, and P. vulgaris plants were three weeks old when we
cut their leaves for use in the treatments. We used detached leaves and leaflets rather
than intact plants for three reasons. First, T. evansi is able to suppress tomato defences
locally, even when challenged with competing, defence-inducing T. #rticae on the same
leaflet (Schimmel et al. 2017a, b). This shows that T. evansi can manipulate plant defence
signalling within leaflets, even when a source of defence induction is present. Second,
local and systemic JA-dependent plant defence is triggered by signals upstream of JA
induction (Campos et al. 2014), whereas T. evansi suppresses plant defences downstream
of hormone production (Alba et al. 2015). Therefore, although leaf abscission may
cause a production of damage-associated signals by the wounded tissues that lead to a
temporal JA burst (McCloud & Baldwin 1997), T. evansi likely locally suppresses any
resulting JA-dependent defence induction. Lastly, using detached leaf material is consis-
tent with previous experimental evolution studies with spider mites (Magalhdes et al.
2007, 2009, 2011, 2014).

We placed these detached leaves and leaflets with their abaxial side facing upwards on
wet cotton wool in open, plastic trays in a controlled environment (25 °C; 16: 8 h light:
dark photoperiod; 60% relative humidity). We replicated each treatment five times, such
that there were in total twenty subsets of the initial population (hereafter ‘strains’).

In the first generations after transferring the mites to the experimental arenas, the
strains in the bean treatment suffered substantial mortality, which drove one replicate to
extinction. The remaining nineteen strains established a growing population. Each strain
received two fresh leaves or leaflets each week, which remained in the arena for two
weeks such that four leaves or leaflets were present in the arenas at all times. Strains gen-
erally overexploited fresh material within one week, after which they migrated to fresh
material. When we removed overexploited leaf material that had been present in the are-
nas for two weeks, we removed all mites inhabiting those leaves or leaflets with them for
practical reasons. We changed the location of strains in the climate room each week.

Performance assays of evolved strains on detached leaf material

Thirty months (~60 generations) after transferring mites to their experimental evolution
arenas, we started experiments to measure if the evolved strains had changed their
defence suppression phenotype. Because previous experimental evolution studies with
spider mites showed adaptive change of gene expression and performance on novel
hosts within 15-30 generations (Magalhaes et al. 2009, Wybouw et al. 2015), we assumed
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that this time was sufficient for the defence suppression phenotype of our strains to
evolve, even if selection were weaker than in these previous experiments.

To investigate if the evolved strains had adapted to their experimental evolution envi-
ronments, we assayed their performance in set-ups that resemble their own as well as
the other three environments. We grew S. Aeopersicum wildtype, def-1 and PS plants for
four and bean plants for three weeks in a greenhouse, and then placed detached leaflets
(8. heopersicum genotypes) and leaves (P. vulgaris) on wet cotton wool in open, plastic trays
in a climate room under the same conditions as the experimental evolution environ-
ments. We infested each leaflet or leaf with five adult females of synchronized age (14
days after oviposition, i.e., ~2 days after emergence as adults) from one evolved strain,
measured their fecundity by counting the number of eggs present in the arena after four
days, and counted the number of alive females one day and four days after their intro-
duction. We assessed the performance of each strain on each plant genotype with three
replicates, i.e., twelve replicates per strain. We also included a control with mites from
the initial population, which we cultured as a base population in parallel to the experi-
mental evolution treatments. This control had nine replicates per plant genotype.

We placed eight leaves or leaflets in the same tray, and performed experiments in
three blocks in time, with treatment combinations (strain x plant genotype) randomly
distributed across trays and blocks. We excluded 27 cases in which the total number of
females, dead or alive, after four days was lower than five (i.e., with ‘missing’ females).
To correct for differences in the number of surviving females, we calculated daily ovipo-
sition rates per female, assuming that dead females had stopped ovipositing halfway
between the time it was observed to be dead and the last time it was observed to be alive.

Infestation experiments and sampling of leaf material

To investigate if the evolved strains induced different responses in wildtype tomato
plants, we grew S. heopersicum cv. Castlemart plants in a greenhouse (25: 18 °C; 16: 8 h
light: dark photoperiod; 50-60% relative humidity) for 10 days, after which we trans-
ferred them to a climate room (25 °C; 16: 8 h light: dark photoperiod; 60% relative
humidity) to acclimatize for 11 days. When plants were 21 days old, we infested one
leaflet from the second, third and fourth true leaf, counting from the base of the stem,
with 15 adult females of synchronized age (14 days after oviposition) each, i.c., 45 in
total per plant, from one evolved strain for 7 days. We confined mites to the infested
leaflets by applying a lanolin barrier at the base of the leaflet. We performed these
experiments in five blocks in time, and included six replicates, i.c., six plants, per evolved
strain. We chose to prevent variation among blocks from contributing noise to measure-
ments of individual strains, and therefore included all replicates for each evolved strain
within one block. This introduces collinearity between block and experimental treat-
ments, but has the advantage of measuring defence expression phenotypes of individ-
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ual strains relative to control treatments more precisely. Each block included six clean,
uninfested plants as a negative control for mite infestation, six plants infested with T.
evansi Vigosa-1 mites as a benchmark for defence suppression, as well as six plants infest-
ed with T. urticae Santpoort-2 mites as a benchmark for defence induction. Clean plants
also received lanolin.

We distributed treatments evenly across the climate room. The first four blocks each
included all replicates of four experimental strains and the three control or benchmark
treatments. In the fifth block we tested the last three experimental strains as well as the
controls and benchmarks, but also included a treatment in which we infested six plants
with mites from the initial population, as a control for adaptation to the conditions of
the experimental arenas. After 7 days of mite infestation we cut the infested leaflets,
placed them in 15 mL tubes with the three leaflets pooled per plant, and immediately
froze them in liquid nitrogen. We stored leaf samples at -80 °C until further processing.

Plant hormone extraction and measurements

We ground the frozen leaf samples by vortexing for 45 s together with two slim, sterile
metal rods, and manual grinding with a sterile pestle for 30 s. We kept the samples
frozen at all times, and afterwards transferred them to 2 mL Eppendorf tubes. We used
the methods of Wu et al. (2007) for extraction and analysis of phytohormones, with
slight modifications explained in Alba et al. (2015). Briefly, we dissolved 140 (s.d. 17) g
leaf material per sample in 1 mL ethyl acetate containing D5-JA (100 ng mL-1) and Dy
SA (100 ng mI."1) isotopes (C/D/N Isotopes, Pointe-claire, Canada), using a Precellys
24 homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France) at 6500 rpm
twice for 25 s. We then centrifuged tubes for 20 min at 15,000 rpm at 4 °C, transferred
the supernatant to new tubes, and repeated the washing step with the pellet and 0.5 mL
ethyl acetate without isotopes for higher yield. We combined both supernatants, evapo-
rated the ethyl acetate using a CentriVap Centrifugal Concentrator (Labconco, Kansas
City, MO, USA), resuspended the residue in 250 uL of 70% (v/v) LC-MS grade
methanol, centrifuged for 5 min at 15,000 rpm at 4 °C, and transferred 180 ul. of the
supernatant into glass vials. We determined the amount of phytohormones in each sam-
ple using liquid chromatography-tandem mass spectrometry (LC-MS/MS) on 20 uL
injections onto Pursuit XRs 5 columns (C18; 50 X 2.0 mm, Agilent Technologies, Santa
Clara, CA, USA) in a Vatian 320-MS LC/MS (Agilent Technologies) system. We used
the Ds-JA and Dg-SA internal standards to calculate the phytohormone recovery rate
(Ds-JA: 5.52 [s.d. 1.35] %, D¢-SA: 5.60 [s.d. 1.54] %) and the amount of JA and SA in
ng gl fresh weight (FW) per sample. In addition, we quantified the amount of JA-
isoleucine (JA-Ile), the receptor-binding form of JA (Thines et al. 2007), in each sample
by comparison to a dilution series of external JA-Ile standard.
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RNA extraction and cDNA synthesis

We extracted RNA from the ground, frozen leaf samples using the hot phenol method
of Verwoetd et al. (1989), yielding at least 3000 ng RNA / pL pet sample. We diluted
samples with higher RNA yield to this concentration, and subsequently removed DNA
from our samples using an Ambion TURBO DNAse kit (Thermo Fisher Scientific,
Waltham, MA, USA). To this end, we added 4.0 u. DNAse mastermix (2.0 pL 10x
DNAse buffer, 0.5 pI. DNAse, 1.5 uL. H,O) to 16 puLL of each RNA solution, digested
DNA at 37 °C for 40 min, then added 2 pl. DNAse inactivation reagent, inactivated
DNAses at room temperature for 5 min, centrifuged the samples at 13,000 rpm for 5
min, and finally transferred 10 uL. of the DNA-free RNA-rich supernatant to new tubes.
Then, we synthesized cDNA from RNA using a RevertAid First Strand ¢cDNA
Synthesis Kit (Thermo Fisher Scientific) by adding 1 pL oligo (dT)g primer to target
mRNA, allowing the primer to anneal at 70 °C for 5 min, then adding 9 pL reverse
transcriptase (RT) mastermix (4.0 pL. 5x RT buffer, 2.0 . dNTPs, 0.5 pL. RT, 2.5 puL.
H,0), allowing RT to synthesize cDNA at 42 °C for 60 min, and subsequently inacti-
vated the RT enzyme at 70 °C for 10 min. We diluted the resulting cDNA solutions 10

times.

Gene expression assays

To investigate the responses induced by the evolved strains and control populations in
wildtype tomato plants, we performed quantitative reverse transcription polymerase
chain reactions (qQRT-PCR) of three genes associated with tomato defence: profeinase
inhibitor-1If (P1-111), polyphenol oxidase-D (PPO-D) and pathogenesis-related protein 1a (PR-1a).
We used the tomato actin gene as a constantly expressed reference locus (Lovdal & Lillo
2009). We chose these genes because PI-1If and PPO-D show JA-dependent expression
(Li et al. 2004), PR-1a is SA-dependent (van Kan et al. 1995), and all three loci encode
compounds presumably involved in defence against herbivores.

We used an ABI 7500 Real-Time PCR system (Applied Biosystems, Foster City, USA)
to perform qRT-PCR in 20 pL reactions (1 pl. cDNA solution, 4 pl. EvaGreen [Solis
BioDyne, Tartu, Estonia], 13 uL. H,O, 1 pl. forward primer [5 uM], and 1 pl. reverse
primer [5 uM] [specifications in TABLE S5.1]). Per locus we performed all reactions of
samples within one experimental block on the same plate, in duplo, thus running two
technical replicates of six biological replicates of seven treatments per plate. On each
plate we also included a fourfold serial dilution, in duplo, of cDNA from the control
treatment for defence induction to produce standard curves for the calculation of
primer efficiency, and two negative controls with H,O instead of cDNA. The PCR pro-
gram consisted of heating at 50 °C for 2 min and 95 °C for 15 min, 40 cycles of denat-
uration at 95 °C for 15 s and annealing / extension at 60 °C for 1 min, and concluded

with a melt curve program. We excluded reactions with a non-sigmoidal increase in flu-
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orescence ot with drops in fluorescence during melting curve analysis more than 2 °C
different from the expected melting temperature of the target amplicon, in total 564 of
1888 reactions (28%). We calculated primer efficiency with the slope of a linear regres-
sion of dilution series cycle threshold values (C,-values), and averaged these efficiencies
across plates to obtain one efficiency estimate per locus. We determined the C-values
of each reaction by specifying a threshold fluorescence per locus. Subsequently, we aver-
aged the two technical replicates per sample into one Ci-value, and used this C,-value to
calculate the expression at each locus relative to the expression of the actin housekeep-
ing gene, as [¢fficiency locus CA02) /| efficiency actim CAactn)],

Statistics

We used R v.3.2.4 (R Core Team 2010) for all statistical analyses. First, we investigated
if the culture conditions of the experimental environments affected the performance of
wildtype strains compared to the initial population that was cultured as a base popula-
tion. To do so, we defined a statistical model with oviposition rate (number of eggs per
female per day) as response variable, an interaction between culture method (categorti-
cal, 2 levels) and host plant (categorical, 4 levels) as fixed terms, and experimental strain
(categorical, 5 levels), as well as tray (categorical, 40 levels) nested in week (categorical,
3 levels), as random factors using package /wed4 (Bates et al. 2015). We assumed a
Gaussian error distribution, and confirmed assumptions of normality, homogeneity of
variance, independence and absence of negative fitted values. We calculated the signifi-
cance of the culture method x host plant interaction using approximate F tests with a
Kenward-Roger approximation as implemented in the package pbkrrest (Halekoh and
Hojsgaard 2014), and performed backward model simplification by omitting non-signif-
icant terms until only significant terms remained. Subsequently, we assessed post hoc
contrasts among host plants using package multcomp (Hothorn et al. 2008) while apply-
ing Holm’s correction for multiple comparisons.

Second, we investigated if a response to selection was measurable in the performance
of the experimental strains. We defined a statistical model with oviposition rate as
response variable, an interaction between experimental treatment (categorical, 4 levels)
and host plant (categorical, 4 levels) as fixed terms, and experimental strain (categorical,
19 levels), as well as tray (categorical, 46 levels) nested in week (categorical, 3 levels), as
random factors. We square root-transformed the response variable to meet assumptions
of normality, homogeneity of vatiance, independence and absence of negative fitted
values.

Third, to investigate if mite strains from the def-1, PS and bean environments had
changed their performance relative to the wildtype strains, we compared their fecundi-
ty across all host plants in pairwise settings. We defined three statistical models with

oviposition rate as response variable, an interaction between experimental treatment
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(categorical, wildtype vs. one of the other three treatments = 2 levels) and host plant
(categorical, 4 levels) as fixed terms, and experimental strain (categorical, 9 or 10 levels),
as well as tray (categorical, 38 or 42 levels) nested in week (categorical, 3 levels), as ran-
dom factors. We square root-transformed the response variable and performed back-
ward model simplification until only significant terms remained. Subsequently, we
assessed post hoc contrasts while applying Holm’s correction for multiple comparisons.

Last, to compare phytohormone accumulation and expression of the PI-1If, PPO-D
and PR-1a genes among treatments and controls, we defined models with amount of
phytohormone (continuous) or relative gene expression (continuous) as response vari-
able, treatment (categorical, 4 treatments plus 4 controls = 8 levels) as fixed factor, and
experimental strain (categorical, 19 strains plus 4 controls = 23 levels) nested in experi-
mental block (categorical, 5 levels) as random terms. We log-transformed response vari-
ables to meet all model assumptions, calculated the significance of the treatment term
using approximate F tests with a Kenward-Roger approximation, and assessed post hoc

contrasts among treatments while applying Holm’s correction.

Results

Performance assays

Approximately 60 generations after introducing the initial population to the experimen-
tal evolution environments, we measured the fecundity (eggs per female per day) of the
experimental strains across detached leaflets of the three tomato genotypes and bean.
First, we assessed if the wildtype strains showed evidence of adaptation to culture con-
ditions, by comparing their performance to that of the initial population that was kept
as a base culture. We found no indication of adaptation to the culture conditions per se,
as oviposition rates were similar among wildtype strains and the initial population (p =
0.799, FIGURE 5.1, TABLE S5.2). The host plant during the performance assay did affect
the performance of these strains (p = 0.005), due to low performance on bean com-
pared to the def-1 tomato genotype (FIGURE 5.1).

Next, we asked if the experimental strains performed differently across the four host
plants depending on their experimental environment. We found evidence of a response
to selection, as the performance of experimental strains was significantly affected by an
interaction between experimental treatment and host plant (p < 0.001, TABLE 5.2). This
means that significant differences evolved in the fecundity of the experimental strains
on the different host plants.

Then, we compared the performance of def-1, PS and bean strains to wildtype
strains in three pairwise comparisons (FIGURE 5.2A-C, TABLE S5.3). We expected T. evan-
si to evolve reduced defence suppression in a def-1 environment, which would lead to
reduced performance on wildtype tomato (TABLE 5.1). However, we found no evidence

of such a response, as wildtype and def-1 strains reached similar performance on each
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TABLE 5.2. Statistical test details of a mixed-effect model specifying the effects of experimental evolution treat-
ments (wildtype, def-1, PS or bean) and host plant (wildtype, def-1, PS or bean) on Tetranychus evansi oviposi-
tion rate (eggs per female per day). Denominator degrees of freedom are estimated using a Kenward-Roger
approximation.

Random terms Variance Std. dev % variance

tray:week 0.029 0.171 12

experim. strain 0.000 0.000 0

residunal 0.216 0.464 88

Fixed terms Sum of squares Mean sum of squares  Dfl Df2 F p
treatment x host plant 9.0973 1.0108 9 176.754  4.481 < 0.001

host plant (FIGURE 5.2A). In a PS environment, we expected T. evansi to maintain or
reduce its degree of defence suppression, depending on whether it was able to suppress
the constitutively overexpressed defences of PS plants (TABLE 5.1). In line with a main-
tained degree of defence suppression, we found that performance was not affected by
a treatment x host plant interaction (F3 73 25 = 0.90, p = 0.447). However, PS strains pet-
formed worse than wildtype strains across all host plants (FIGURE 5.2B). Last, we found
similar performance of bean strains and wildtype strains on the three tomato genotypes
(F1GURE 5.2C).

Phytohormone accumulation and gene expression assays
To disentangle defence suppression (manipulation of plant defence expression) and
resistance (traits that allow mites to maintain high fecundity in the presence of induced
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FiGure 5.1. Performance of the initial population and wildtype strains across all host plants. Thick lines indicate
treatment median, boxes encompass data from first to third quartile, whiskers indicate fences (nearest observed
value > first or < third quartile + 1.5 box height), circles indicate outliers, and different letters indicate significant
differences among host plants as assessed through Holm-adjusted post hoc contrasts. See TasLE S5.2 for sta-
tistical details.
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plant defences), we measured accumulation of phytohormones and expression of three
defence marker genes in wildtype tomato plants after 7 days of infestation. If evolved
strains had changed their level of defence suppression, then we expected wildtype toma-
to plants infested with these strains to accumulate more JA, JA-Ile, or SA, and to express
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FiGure 5.2. Performance of wildtype strains compared to (A) def-1 strains, (B) PS strains, and (C) bean strains.
The significance of the experimental evolution treatment, the host plant during the performance assay, or their
interaction, is given in the upper left corner of each graph. Thick lines indicate treatment median, boxes encom-
pass data from first to third quartile, whiskers indicate fences (nearest observed value > first or < third quartile +
1.5 box height), circles indicate outliers, and different letters indicate significant differences between treatments
as assessed through Holm-adjusted post hoc contrasts. See TaBLE S5.3 for statistical details.
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Ficure 5.3. Amount of phytohormones JA (A), JA-lle (B) and SA (C) in wildtype tomato plants after infestation
with experimental strains or control populations for 7 days. Phytohormones were measured using LC-MS/MS,
corrected for recovery of internal standards, and are expressed in ng per gram fresh leaf tissue. The significance
of the experimental evolution treatment is given in the upper left corner of each graph. Results of experimental
evolution strains are shown in light grey, results of control and benchmark treatments are shown in dark grey.
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indicate significant differences between treatments as assessed through Holm-adjusted post hoc contrasts. See
TaBLE S5.4 for statistical details.
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defence marker genes more strongly than plants infested with the benchmark popula-
tion for defence suppression, Vicosa-1. Alternatively, if they had retained their suppres-
sion phenotype, then we expected similar accumulation of phytohormones and gene
expression among treatments.

We found that JA, JA-Ile and SA accumulated to similar levels in plants infested with
the evolved strains, Vicosa-1, and the initial population (FIGURE 5.3, TABLE S5.4). In
plants infested with the benchmark population for defence induction, T. wrticae, JA-Ile
(FIGURE 5.3B) and SA (FIGURE 5.3C) levels were significantly higher than in plants
infested with the evolved strains or Vigosa-1. We observed no significant differences in
JA levels among treatments (FIGURE 5.3A). Similarly, expression of all three assayed
genes was significantly affected by treatment (FIGURE 5.4, TABLE S5.5), but none of the
evolved strains suppressed expression to levels that were different among each other,
nor from the suppression benchmark or the initial population. Expression of PI-IIf
(FIGURE 5.4A) and PPO-D (FIGURE 5.4B) was variable, such that we observed no signif-
icant difference between the suppression and induction benchmarks (Vigosa-1 and T.
urticae), nor with most of the experimental evolution treatments. Expression of PR-7a
was higher in plants infested with the induction benchmark T. #rticae, but similar among
all other treatments (FIGURE 5.4C).
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FiIGURE 5.4. Expression of the plant defence-associated genes PI-/If (A), PPO-D (B), and PR-1a (C) in wildtype
tomato plants after infestation with experimental strains, control or benchmark populations for 7 days. Gene
expression was measured using qRT-PCR, and expression is relative to that of actin and normalized to the treat-
ment with the lowest median relative expression. The significance of the experimental evolution treatment is given
in the upper left corner of each graph. Results of experimental evolution strains are shown in light grey, results of
benchmark treatments are shown in dark grey. Thick lines indicate treatment median, boxes encompass data
from first to third quartile, whiskers indicate fences (nearest observed value > first or < third quartile + 1.5 box
height), circles indicate outliers, and different letters indicate significant differences between treatments as
assessed through Holm-adjusted post hoc contrasts. See TasLE S5.5 for statistical details.
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Discussion

Our aim was to investigate if suppression of inducible plant defence by herbivores is
selected against when induced plant defence is either absent or constitutive, as would be
expected when expression of this trait involves costs. We allowed a genetically diverse
population of T. evansi spider mites to evolve on tomato host plants with manipulated
levels of JA-dependent inducible plant defences and on bean, and found that strains
adapted to wildtype, def-1 or PS plants did not differ in performance on wildtype toma-
to (FIGURE 5.2). We also found no difference in accumulation of the phytohormones JA,
JA-Ile or SA in wildtype tomato plants infested with the evolved strains (FIGURE 5.3), nor
in the expression of plant genes associated with defence (FIGURE 5.4). This shows that
all evolved strains have retained their level of tomato defence suppression.

Although we found no differences in the level of defence suppression, we did find a
general response to selection (significant interaction between treatment and host plant
on mite fecundity; TABLE 5.2). This response shows that the experimental strains have
evolved differences that affect their fecundity across the four host plants, and is likely
caused by traits that affect fecundity other than defence suppression, such as an altered
ability to resist induced plant defences. For example, PS strains perform significantly less
well on bean than wildtype strains (FIGURE 5.2AB), which could potentially be explained
by a reduced ability to cope with bean defences.

There are three possible explanations for the lack of a change in the level of defence
suppression among T. evansi strains adapted to different host plant environments. First,
defence suppression by T. evansi may not entail large metabolic costs. This is because if
costs were high, defence suppression would have been selected against through antago-
nistic pleiotropy (Cooper & Lenski 2000) in environments where defence suppression
is ineffective. Previous research into trade-offs between metabolic costs of herbivore
offense has found mixed results. Metabolic costs of detoxification established a trade-
off with food conversion efficiency in Spodoptera eridania caterpillars (Creswell et al.
1992), and with intrinsic rate of population increase in Sitobion avenae aphids (Castafieda
et al. 2010). In a parasite-host system, defence suppression by Leptopilina boulardi para-
sitoids was selected against when host diversity was high, probably due to ineffective
suppression in some host species (Dupas & Boscaro 1999). In contrast, no trade-offs
were found between the production of detoxification enzymes and growth rate in
Depressaria pastinacella caterpillars (Berenbaum & Zangerl 1994), nor with growth param-
eters in Heliothis zea caterpillars (Neal 1987). In T. urticae spider mites, no trade-off was
observed between production of large amounts of proteinaceous web and fecundity
(Tien et al. 2009), but production of detoxification enzymes contributed to reduced per-
formance when they were not necessary (Agrawal et al. 2002). Here, we found no dif-
ference in performance among 1. evansi strains from environments with artificially low

(def-1) or high (PS) levels of inducible plant defence, suggesting that metabolic costs
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associated with the production of defence suppressing effectors do not trade off with
life-history traits in T. evansi.

Second, it could be adaptive for herbivores to only suppress induced plant defence
when it is actually expressed by the plant. Herbivores often react to induced plant
defences with responses that are phenotypically plastic (Després et al. 2007), such as
dose-dependent production of detoxification enzymes (Broadway 1997, Li et al. 2002b).
Hence, if defence suppression by T. evansi is a plastic trait, then not suppressing plant
defence when it is not necessary or possible can save metabolic costs. This hypothesis
can potentially explain the absence of a difference in performance among strains
evolved in environments with artificially low or high levels of inducible plant defence.
Recently, Schimmel et al. (2017a, b) observed that when previously established T. evansi
on tomato were challenged with competing, defence-inducing T. #rticae on the same
leaflets, they increased their fecundity and their expression of genes encoding salivary
effectors possibly involved in defence suppression (Villarroel et al. 2010).
Simultaneously, plants decreased their phytohormone concentrations and defence mark-
er gene expression at the local T. evansi feeding sites. This observation suggests that
defence suppression by T. evansi is phenotypically plastic depending on the presence of
competitors or their effects on plant defence.

Third, there could be no response to selection due to a lack of heritable variation
(Lynch & Walsh 1998). Temranychus evansi populations harbour heritable variation for
defence suppression (Knegt et al. submitted), and the population that we used here result-
ed from a cross between two genetically differentiated T. evansi populations. This hybrid
population likely had more genetic variation than its parental populations, because the
patental populations have significantly different defence suppression phenotypes (Alba et
al. 2015), and F2 offspring of a cross between these populations have recombinant geno-
types (Knegt et al. 2017). Although recombination may indeed increase variation in defence
suppression, recombination between genetic material of closely-related parents is predict-
ed to generate more phenotypic variation than between distantly-related lineages (Hosseini
et al. 2016). In addition, F2 hybrids suffered 95% mortality due to incompatible genetic
interactions (Knegt et al. 2017). Previous research has shown that genetic incompatibilities
are non-randomly distributed across genomes, and may concentrate in areas of genomic
coadaptation (Hohenlohe et al. 2012). If the genes undetlying defence suppression in T.
evansi are located in such a coadapted genomic region, then recombination in this region
likely decreased hybrid fitness and was selected against in our cross. Genetic variation for
defence suppression in the hybrid population then may not have exceeded variation in the
patental populations, and could even have been lower due to the genetic bottleneck caused
by mortality in the F2 generation. Mapping of linkage disequilibrium along the T. evansi
genome, as well as localization of the genes undetlying defence suppression will provide

more insight into the effects of recombination on T. evansi defence suppression.
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Even in the absence of costs, traits that are not utilized are expected to degrade over
time due to accumulation of mutations in the underlying genes (Halligan & Keightley
2009). However, we found no evidence of a loss of functionality of defence suppres-
sion in any of our treatments. Sixty generations may be too short for mutations to erode
the genes underlying defence suppression, but an alternative explanation is that T. evan-
si not only suppresses inducible tomato defences (Sarmento et al. 2011a, Alba et al.
2015), but simultaneously also manipulates other aspects of plant quality. In general, a
plant’s response to herbivore attack is not restricted to defence only, but also involves
modification of its primary metabolism on a large scale (Schultz et al. 2013, Zhou et al.
2015). Plants can channel resources away from the infested tissues, but herbivores may
try to change their feeding sites into nutrient sinks (e.g., Kaiser et al. 2010). There are
indications that such processes are involved in interactions between tomato plants and
spider mites. For example, when tomato plants are challenged with a severe T. urticae
infestation, their infested leaves senesce and shed, potentially as a defence mechanism
to prevent further infestation of their tissues. In contrast, tomato leaves infested with T.
evansi remain green and appear healthy until they are overexploited, suggesting that
plants continue to supply the infested leaves with nutrients (Liu et al. 2017).

There are more indications that T. ezansi manipulates the nutrient flows of their host
plants. For example, tomato plants infested with T. ezansi contain higher soluble sugar
concentrations than uninfested plants (Ximénez-Embun et al. 2016) or plants infested
with T. wurticae (Schimmel 2016). Additionally, T evansi potentially alters the distribution
of nutrients throughout leaflets, such that adjacent spider mites may feed from less
nutritious tissues (Schimmel et al. 2017b). Whether T. ezansi manipulates plants to sup-
ply their feeding sites with additional nutrients or sugars, and if it benefits from access
to these resources remains to be demonstrated. However, if physiological manipulation
of the plant by T. evansi is not restricted to defence suppression only, then the benefits
conferred by these other mechanisms may have been present in all our experimental
evolution environments. Selection may then have sustained defence suppression and its
correlated other effects on plant physiology, even in the absence of effective defence
suppression.

Bean (P. vulgaris) is a host plant distantly related to tomato, and represents an envi-
ronment in our experiments in which defence is regulated differently than in tomato.
Defensive differences (e.g, secondary metabolites) among plant species can prohibit
herbivores from maintaining high performance across all plant species, because antago-
nistic pleiotropy (e.g., metabolic costs) between resistance traits generates trade-offs
between performance on different hosts (Jaenike 1990, Grosman et al. 2015). Among
spider mites, host plant specialization and trade-offs in performance have predominant-
ly been studied in T. urticae. In this species, exposure to a novel host plant generally

increases its performance after a few generations (Gould 1979, Fry 1990, Agrawal et al.
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2002, Magalhdes et al. 2007), due to increased detoxification of plant compounds and
attenuation of the plant’s defence response (Dermauw et al. 2013, Wybouw et al. 2015).
In line with metabolic costs associated with such detoxification pathways, T. wrticae per-
formance on novels host trades off with performance on the ancestral host (Gould
1979, Agrawal et al. 2002). However, trade-offs are not ubiquitous for T. urticae, because
some studies report no trade-off among novel and ancestral hosts (Fry 1990, Magalhaes
et al. 2009). Here, we found that T. evansi did not significantly increase its fecundity on
bean after exposure to this host for sixty generations, nor did bean-adapted strains
reduce their fecundity on tomato (FIGURE 5.2C). Def-1 and PS strains, however, per-
formed pootly on bean (FIGURE 5.2AB). Thus, in line with independently evolving
resistance traits (KKawecki 1994), these results indicate that bean can be a challenging
host for T. evansi, but also that there is no trade-off between performance on bean and
tomato for T. evansi.

Two potentially confounding factors complicate the interpretation of the fecundity
assays conducted in this study. First, life-history traits such as fecundity can not only be
affected by genetic adaptation, but also by the environment that individuals or their
mothers experienced previously, i.e., juvenile and maternal effects (Mousseau & Fox
1998, Magalhies et al. 2011). The influence of juvenile and maternal effects can be min-
imized by allowing control and treated populations to spend one or a few generations
in a common environment before assessing their performance (Kawecki & Ebert 2004,
Magalhides et al. 2011), but in this study we transferred individuals from the host they
evolved on directly to the host on which we measured their fecundity. Consequently, the
results of our performance assays should be interpreted as the net outcome of genetic
adaptation and juvenile and maternal effects. Nevertheless, because we found no differ-
ences among the evolved strains in the responses they induced in wildtype tomato hosts
(FIGURES 5.3 and 5.4), it is unlikely that maternal effects obscured significant differences
in their performance on wildtype tomato.

Second, spider mites are generally cultured on detached leaf material. Detaching a
leaf from its plant causes a stress response, leading to the accumulation of defence com-
pounds also in the absence of herbivore infestation (Heil 2009). Thus, this culture
method can expose mites to plants with induced defences. Consistent with previous
experimental evolution studies on host change in spider mites (Magalhdes et al. 2007,
2009, 2011, 2014), the environments in which our strains evolved also consisted of
detached leaves or leaflets. These detached leaflets may therefore have had their
defences induced, potentially rendering the wildtype environment similar to the PS envi-
ronment. However, T. evansi suppress tomato defences locally, also when plant defence
is induced within the same leaflet (Schimmel et al. 2017a, b). This may be possible
because local and systemic JA-dependent plant defence is triggered by signals upstream
of JA induction (Campos et al. 2014), whereas 1. evansi suppresses plant defences down-
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stream of hormone production (Alba et al. 2015). We therefore discard the suggestion
that induced defences in detached leaflets precluded T. evansi to suppress defences in
wildtype treatments. For the same reasons, it seems likely that 1. evansi was also able to
suppress tomato defences in PS plants. This interpretation is supported by our result
that PS and wildtype strains performed equally well in wildtype and PS environments
(FIGURE 5.2B), and suppressed defences to levels similar to a defence-suppression
benchmark (FIGURES 5.3 and 5.4).

Suppression of induced plant defence by herbivorous arthropods can provide sub-
stantial benefits in terms of increased performance (Kant et al. 2015), but its metabol-
ic costs have previously not been investigated. Substantial metabolic costs have been
measured for production of other compounds involved in plant-herbivore interactions,
such as induced expression of defence compounds for plants (Cipollini et al. 2014) or
detoxification enzymes in herbivores (Creswell et al. 1992, Agrawal et al. 2002,
Castafieda et al. 2010). Here, we found no difference in fecundity among 1. evansi strains
evolved on hosts where induced plant defence was either absent or constitutively over-
expressed, nor in the responses they induced in their wildtype tomato hosts. Therefore,
metabolic costs associated with defence suppression in T. evansi are likely small.
Energetic costs of offensive traits can play an important role in host range evolution of
herbivorous arthropods (Karban & Agrawal 2002), and low costs may facilitate the
development of polyphagous diets (Berenbaum & Zangerl 1994, Després et al. 2007,
Castafieda et al. 2009). Additionally, phenotypic plasticity in defence suppression may
allow herbivores to prevent unnecessary costs in the absence of defence suppression,
and host plant manipulation may also confer other benefits than suppression of induced
plant defences only. Future research into the expression of T. evansi salivary effectors
could measure their expression in T. evansi when feeding on def-1 and PS host plants, to
investigate the possibility of phenotypic plasticity in defence suppression.
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Supplementary information

TaBLE S5.1. Specifications of primers used for gRT-PCR.

Target locus Primer Sequence (5’ — 3’) Reference

actin forward TTAGCACCTTCCAGCAGATGT Tomato Genome
reverse AACAGACAGGACACTCGCACT Consortium (2012)

PL-1If forward GACAAGGTACTAGTAATCAATTATCC Graham et al. (1985)
reverse GGGCATATCCCGAACCCAAGA

PPO-D forward GCCCAATGGAGCCATATC Newman et al. (1993)
reverse ACATTCGATCCACATTGCTG

PR-1a forward TGGTGGTTCATTTCTTGCAACTAC van Kan et al. (1992)

reverse

ATCAATCCGATCCACTTATCATTTTA

TABLE S5.2. Statistical test details of mixed-effect models specifying the effects of culture method (initial pop-
ulation vs. wildtype strains) and host plant (wildtype, def-1, PS or bean) on oviposition rate (eggs per female per
day). Results for models with and without a culture method x host plant interaction are shown. Denominator
degrees of freedom are estimated using a Kenward-Roger approximation.
Model with an interaction between treatment and plant

Random terms Variance Std. dev % variance

tray:week 0.184 0.428 4.29%

week 0.000 0.000 0.00%

experim. strain 0.196 0.443 4.59%

residnal 3.893 1.973 91.11%

Fixed terms Sum of squares Mean sum of squares Dfl Df2 F P
culture method x host plant  14.246 4.749 3 64.573  1.096 0.357

Model without an interaction between treatment and plant

Random terms Variance Std. dev % variance

tray:week 0.108 0.329 2.51%

week 0.000 0.000 0.00%

excperim. strain 0.186 0.431 4.32%

residnal 4.004 2.001 93.17%

Fixed terms Sum of squares Mean sum of squares Dfl Df2 F P
culture method 1.026 1.026 1 1.264 0.097 0.799
host plant 61.662 20.554 3 67.753  4.472  0.005
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TaBLE S5.3. Statistical test details of three mixed-effect models specifying the effects of experimental evolu-
tion treatment (wildtype vs. def-1, PS or bean) and host plant (wildtype, def-1, PS or bean) on oviposition rate
(eggs per female per day). Denominator degrees of freedom are estimated using a Kenward-Roger approxima-
tion.

A. Wildtype vs. def-1 strains

Random terms Variance Std. dev % variance

tray:week 0.062 0.249 20.65%

week 0.000 0.000 0.00%

experint. strain 0.000 0.000 0.00%

residnal 0.239 0.489 79.35%

Fixed terms Sum of squares Mean sum of squares Dfl Df2 F P
treatment x host plant 2.283 0.761 3 89.96 3.032 0.033
B. Wildtype vs. PS strains

Random terms Variance Std. dev % variance

tray:week 0.027 0.165 10.01%

week 0.000 0.000 0.00%

experin. strain 0.000 0.011 0.05%

residnal 0.245 0.495 89.94%

Fixed terms Sum of squares Mean sum of squares Dfl Df2 F P
treatment 2.893 2.893 1 7.859 10.923  0.011
host plant 11.093 3.698 3 82.607 14.308  <0.001
C. Wildtype vs. bean strains

Random terms Variance Std. dev % variance

tray:week 0.013 0.115 4.94%

week 0.008 0.091 3.07%

experin. strain 0.000 0.000 0.00%

residnal 0.247 0.497 91.99%

Fixed terms Sum of squares Mean sum of squares Dfl Df2 F P
treatment x host plant 2.779 0.926 3 78.066  3.507 0.019
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TABLE S5.4. Statistical test details of three mixed-effect models specifying the effects of treatment (experimen-
tal evolution strains, uninfested control, suppression and induction benchmarks and initial population) on phyto-
hormone amount (ng g~ FW). Denominator degrees of freedom are estimated using a Kenward-Roger approxi-

mation.

A.JA

Random terms Variance Std. dev % variance

strain:round 0.016 0.127 3.54%

round 0.040 0.200 8.83%

residnal 0.397 0.630 87.63%

Fixed terms Sum of squares Mean sum of squares Dfl Df2 P
treatment 2.251 0.322 7 23.226 0.597
B. JA-Ile

Random terms Variance Std. dev % variance

strain:round 0.085 0.291 13.01%

round 0.038 0.195 5.83%

residnal 0.529 0.727 81.15%

Fixed terms Sum of squares Mean sum of squares Dfl Df2 P
treatment 24.147 3.450 7 23.206 <0.001
C.SA

Random terms Variance Std. dev % variance

strain:ronnd 0.074 0.272 22.20%

round 0.137 0.371 41.17%

residnal 0.122 0.350 36.63%

Fixed terms Sum of squares Mean sum of squares Dfl Df2 p
Ireatment 10.325 1.475 7 23.094 <0.001
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TABLE S5.5. Statistical test details of three mixed-effect models specifying the effects of treatment (experimen-
tal evolution strains, uninfested control, suppression and induction benchmarks and initial population) on expres-
sion of genes associated with induced plant defence (expression relative to actin). Denominator degrees of free-
dom are estimated using a Kenward-Roger approximation.

A. PI-IIf

Random terms Variance Std. dev % variance

strain:round 0.414 0.644 28.47%

round 0.208 0.456 14.24%

residnal 0.842 0.917 57.29%

Fixed terms Sum of squares Mean sum of squares Dfl Df2 F p
treatment 25.497 3.643 7 23457 4321 0.003
B. PPO-D

Random terms Variance Std. dev % variance

strain:round 0.000 0.00 0.00%

round 0.120 0.346 31.75%

residnal 0.257 0.507 68.25%

Fixed terms Sum of squares Mean sum of squares Dfl Df2 F P
treatment 7.615 1.088 7 14.383  4.058 0.012
C. PR-1a

Random terms Variance Std. dev % variance

strain:ronnd 0.222 0.471 12.04%

round 0.622 0.789 33.77%

residnal 1.000 1.000 54.20%

Fixed terms Sum of squares Mean sum of squares Dfl Df2 F P
Ireatment 51.756 7.394 7 23280 7.393 <0.001
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General discussion

Main aim of the thesis

Herbivorous arthropods employ a wide variety of offensive adaptations to attack their
host plants (Karban & Agrawal 2002, Walling 2008). Why has this diversity evolved?
What factors determine the success of an offensive strategy? Under which circum-
stances is it beneficial to employ a particular offensive strategy, and not another?
Although offensive behaviour is ubiquitous among herbivores, the advantages and dis-
advantages of herbivore offensive strategies have received little attention compared to
defensive strategies of plants. This is surprising, because offensive strategies can predis-
pose herbivores to engage in behaviour that is damaging to natural environments and
agriculture. Herbivores that detoxify plant defensive compounds, for example, are
inclined to develop resistance against pesticides (Krieger et al. 1971, Dermauw et al.
2013, 2018). Likewise, herbivores that manipulate evolutionarily conserved plant sig-
nalling pathways across plant species are more apt to invade and disturb non-native
environments than herbivores that intricately manipulate the physiology of a single host
plant species (Pearse & Altermatt 2013).

Understanding the evolution of herbivore offensive strategies requires insight into its
evolutionary costs and benefits (Blaazer et al. 2018). In this thesis, I studied the costs
and benefits of a particular offensive strategy: suppression of inducible plant defences.
Defence suppression benefits herbivores by preventing exposure to otherwise damag-
ing plant defences, such as toxic or digestive inhibitory compounds, but also by reduc-
ing recruitment of natural enemies through plant volatiles (Musser et al. 2002, Zhang et
al. 2009, Kant et al. 2015). The success of this strategy is illustrated by its occurrence in
various major arthropod lineages, such as butterflies, whiteflies, aphids, thrips and mites,
many of which are agricultural pests (Kant et al. 2015). However, defence suppression
may also entail costs. Producing defence-suppressing enzymes, for example, or main-
taining symbioses with defence-suppressing microorganisms, could ensue metabolic
costs (Dupas & Boscaro 1999, Gwynn et al. 2005). Suppressed plants also constitute a
suitable resource for competing herbivores, and may increase predator efficiency
(Bruessow et al. 2010, Ataide et al. 2016). Defence-suppressing herbivores may there-
fore have to balance these costs against the benefits of lowered plant defences, especial-
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Considering the potential costs associated with defence suppression, why do herbi-
vores employ this offensive strategy, when other strategies are also possible? To study
why defence suppression constitutes such a successful herbivore offensive strategy, 1
investigated its costs and benefits for the defence-suppressing spider mite Tesranychus

evansi.

Overview of the contributions of this thesis
Previous studies found that T. evansi benefits from defence suppression through
increased fecundity, but the absolute and relative size of the benefit varied substantially
among these studies (Sarmento et al. 2011a, b, Godinho et al. 2016, de Oliveira et al.
2016, Schimmel et al. 2017a, b). Therefore, in CHAPTER 2, I reviewed past evidence, pub-
lished and unpublished, of the benefits of defence suppression conferred to T. evansi in
terms of increased fecundity. I found that, on average, T. evansi increase their oviposi-
tion rate with approximately one egg per day on tissues previously infested by con-
specifics, corresponding to an increase in fecundity of 9-12%, a substantial increase for
species with exponential growth (Sabelis 1991). This benefit varied considerably among
studies, ranging from strongly positive to none at all or even slightly negative. Some of
this variation could be explained by the time that spider mite populations had been cul-
tured in laboratories before being used in experiments, such that weaker benefits were
found when populations had been maintained in the laboratory for longer time. These
results indicate that T. evansi adapted to culture conditions, and that the net effect of
suppression of plant defence on the performance of spider mites in subsequent infes-
tations is subject to phenotypic change over generations. Consequently, T. evansi popu-
lations harbour heritable variation for their plant-mediated interactions with other her-
bivores, and thus have the potential to adapt to plant-mediated ecological interactions.
The meta-analysis in CHAPTER 2 not only quantified the average benefit of defence
suppression for T. evansi, but also confirmed previously published assertions regarding
potential ecological costs. Specifically, I found that induction of tomato defences by
defence-inducing genotypes of the spider mite species Tefranychus urticae decreased the
fecundity of spider mites, T. evansi and T. urticae, in subsequent infestations with approx-
imately one egg per day. This is in line with my assumption that T. ezansi is susceptible
to induced defences, and confirms that the presence of T. urticae can pose an ecological
cost to T evansi through its effects on plant defence (Kant et al. 2008, Sarmento et al.
2011a, b, Alba et al. 2015, Godinho et al. 2016, de Oliveira et al. 2016). Moreover, 1
found that T. wrticae also attained an increase in fecundity of one egg per day from
defence suppression by T. evansi. This shows that lowered tomato defences are profitable
for spider mites in general, and that, on average, defence suppression increases not only
the performance of T. evansi itself, but also that of its competitors. I also found, how-
ever, that these effects may depend on the timing and density of infestation, and on the
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scale within the plant at which these interactions occur (Alba et al. 2015, de Oliveira et
al. 2016, Schimmel et al. 2017a, b).

The phenotypic change in plant-mediated interactions with other spider mite popu-
lations observed in CHAPTER 2 provides indirect evidence for intraspecific variation in
defence suppression within T. evansi populations. To measure intraspecific variation in
defence suppression more directly, in CHAPTER 3 I investigated T. evansi populations
from several locations around the world. Because the costs of defence suppression like-
ly depend on biotic interactions with competitors and natural enemies, I expected T.
evansi from different environments to have evolved to suppress plant defences to vary-
ing levels. By measuring the expression of several marker genes for tomato defence
induction, I found significant variation among T. evansi populations in the degree to
which they suppressed jasmonic acid (JA)-dependent and salicylic-acid (SA)-dependent
defence pathways. This complements the findings of CHAPTER 2, by showing that vari-
ation for defence suppression is not only present within, but also among 1. evansi pop-
ulations.

Additionally, in CHAPTER 3 I found a trend that invasive T. evansi populations suppress
plant defence less strongly than populations from the native South-American range.
Because specialist natural enemies, such as Phyfoseinlus longipes predatory mites (da Silva
et al. 2010), are absent outside the native range of T. evansi (Ferragut et al. 2013), a pos-
sible explanation is that reduced biotic interactions with natural enemies allowed inva-
sive 1. evansi populations to relax their suppression of inducible plant defence. However,
geographical range and genetic lineage were completely collinear variables in this
dataset: all invasive populations belonged to the T. evansi genetic ‘lineage I, while native
populations belonged to genetic ‘lineage II’. Differentiation between these lineages like-
ly preceded migration outside South America (Boubou et al. 2012). Therefore, an alter-
native explanation is that in South America differences among the habitats of the two
T. evansi lineages selected for different levels of defence suppression.

CHAPTERS 2 and 3 demonstrate that T. evansi populations harbour intraspecific varia-
tion for defence suppression within and among populations. To investigate this further,
I hypothesized that manipulating the benefits of defence suppression through experi-
mental evolution could expose its costs. Specifically, in environments where inducible
plant defences are cither absent or constitutive, I expected T. evansi to lower its level of
defence suppression through drift or through selection against metabolic costs.
Experimental evolution, however, requires a source population with sufficient genetic
variation. I hypothesized that a cross between T. evansi mites from the two genetically
differentiated lineages (Gotoh et al. 2009, Boubou et al. 2012) would produce such a
genetically diverse population through combination and recombination of their genetic
material. Therefore, in CHAPTER 4, I performed reciprocal crosses between 1. evansi from
lineages 1 and II. First, I confirmed that offspring suffered substantial post-zygotic
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hybrid breakdown, by showing that only ~5% of hybrid F2 offspring hatched. Then, by
genotyping viable and inviable hybrid offspring at eight microsatellite loci, I showed that
Bateson-Dobzhansky-Muller incompatibilities underlie hybrid breakdown among these
lineages. Moreover, I also found that viable hybrids nevertheless contained recombined
genetic material, and that heterosis contributes to their viability.

After establishing a hybrid T. evansi population that contained recombined genetic
material of lineages I and II, in CHAPTER 5 I exposed this population to experimental
evolution on host plants with an altered inducible JA-dependent defence response. 1
used defenseless-1 (def-1) tomato mutants in which JA-dependent inducible defences are
absent (Howe et al. 19906), the 35S:prosystemin (PS) tomato genotype in which these
defences are constitutively overexpressed (McGurl et al. 1994), and Phaseolus vulgaris bean
as a distantly related host with different defences. I expected that in the absence of
inducible defences (def-1), when suppression of plant defences is not possible because
they are constitutively overexpressed (PS), or because they are regulated differently than
in tomato (bean), suppression is not necessary and would erode through drift or be
selected against because of metabolic costs.

I maintained the hybrid T. evansi population for approximately 60 generations in these
three environments and on wildtype controls, and then measured the performance of
these mites on wildtype tomato, def-1, PS and bean. I found that T. evansi fecundity
showed a general response to selection, but that fecundity on wildtype tomato remained
high and was similar among all evolved strains. In line with these results, the degree to
which wildtype tomato plants infested with these mites accumulated phytohormones
and expressed defence gene markers was also similar among these strains. This shows
that evolved strains retained their level of tomato defence suppression, and that meta-
bolic costs of defence suppression are likely low. Alternative explanations could be that
T. evansi prevents metabolic costs through only suppressing plant defences when it
would be effective (i.c., phenotypic plasticity), or that host plant manipulation by T. evan-
si provides more benefits than defence suppression only, such as an altered nutrient dis-
tribution in the host plant (Kaiser et al. 2010). These benefits could have outweighed

metabolic costs even when defence suppression was not necessary or possible.

Main conclusions of this thesis

Taken together, the results presented in this thesis help to better understand the evolu-
tion of defence suppression by T. evansi, and its associated costs and benefits. First,
defence suppression is a trait for which sufficient heritable intraspecific variation exists
in T. evansi to allow evolutionary change. This is substantiated by my finding that T. evan-
si populations suppress both JA- and SA-dependent defence marker genes to signifi-
cantly different levels (CHAPTER 3). Additionally, I found that the effect size of increased
fecundity through defence suppression decreases with the time that T. ezansi populations
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have been maintained in laboratories, representing heritable phenotypic change over
generations (CHAPTER 2).

Second, a benefit of defence suppression conferred to T. evansi is an increase in
fecundity of ~9-12% on average, across multiple laboratory experiments (CHAPTER 2).
This benefit varied substantially among experiments, and a large part (~75%) of this
variation could not be explained by differences in the experimental setups among these
studies. Likewise, competing spider mites can impose a substantial cost on T. evansi,
because they are able to benefit from defence suppression equally well as T. ezansi, and
can decrease the quality of a shared host through induction of plant defences. These
costs are, however, as variable among studies as the benefits of defence suppression,
and a large part of this variation remains unexplained. Therefore, factors that are cur-
rently unknown may substantially affect the size of costs and benefits of defence sup-
pression for T. evanst.

Third, metabolic costs of defence suppression, for example to produce the effector
proteins that interfere with host plant physiology, are likely low. They are in any case
small enough to allow T. evansi populations to maintain their level of suppression in
environments where defence suppression is not necessary (CHAPTER 5). This is, howev-
er, not evidence of the absence of metabolic costs, because T. evansi may also reduce
metabolic costs through plasticity in the production of effector proteins. Alternatively,
the benefits of host plant manipulation may outweigh the costs of effector production,
if manipulation pertains more benefits than through suppression of JA-dependent
inducible defences only.

Evolution of defence suppression by herbivores -
suggestions for further research

Although defence suppression by T. evansi spider mites is an interesting phenomenon by

itself, in this thesis it serves as model to study the evolutionary consequences of defence
3 } } q

suppression as a herbivore offensive strategy. Therefore, in this section I will discuss the

general relevance of my conclusions for understanding the evolution of defence sup-

pression by herbivores. I will also list current gaps in our knowledge about costs and

benefits of defence suppression, and suggest three directions for further research into

the evolution of defence suppression as an offensive strategy.

General relevance of the conclusions of this thesis

Suppression of plant defences by herbivorous arthropods has mostly been investigated
with an ecological or mechanistic focus. Ecological studies first demonstrated that plant
responses induced by one herbivore species could actually benefit another (Denno &
Kaplan 2007). For example, Eulachnus agilis aphids have higher survival and develop
faster when they feed from pine needles that are also occupied by Schizolachnus pineti
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aphids, presumably through induced changes in nutrient distribution within their host
plant (Kidd et al. 1985). Similarly, Spodoptera ornithogalli caterpillars are only able to feed
trom Lactuca serriola plants after their latex canals have been severed by Trichoplusia ni
caterpillars (Dussourd & Denno 1994).

In a next step, mechanistic studies demonstrated that herbivores produce com-
pounds, or harbour symbiotic microorganisms, to actively manipulate physiological
processes in plants (Kant et al. 2015, Stahl et al. 2018). For example, oral secretions of
Mandnca sexta caterpillars suppress expression of genes that are activated after wound-
ing in Nicotiana attenuata plants (Schittko et al. 2001), and the first specific compound to
be identified as a herbivore salivary constituent that suppresses plant defence was glu-
cose oxidase in Helicoverpa zea caterpillars (Musser et al. 2002). Likewise, Yang et al.
(2008) discovered that Bemisia tabaci whiteflies can transmit Tomato yellow leaf curl China
virns, which induces the production of a protein, BC1, that suppresses JA-dependent
genes and biosynthesis of defensive terpenoids (Li et al. 2014).

Now that the ecological consequences of defence suppression have been character-
ized in a number of systems (Kant et al. 2015), and its mechanisms have been revealed
in some (Stahl et al. 2018), evolutionary questions can be asked, such as whether varia-
tion exists for the level of suppression. Other than in T. wrticae (Kant et al. 2008),
intraspecific vatiation in defence suppression by herbivores has only been investigated
in T. evansi (Alba et al. 2015, this thesis). Variation among herbivore populations in their
offensive strategies, and specifically in the level to which they suppress plant defences,
is a necessary characteristic for defence suppression as a trait to evolve, and can have
important consequences for community dynamics (Bolnick et al. 2011). Although direc-
tional selection may favour suppressors over non-suppressors and thus reduce genetic
variation, this variation can theoretically be maintained as the costs and benefits of sup-
pression vary across different host plant species, due to trade-offs with life-history traits,
or change with the density of competitors and natural enemies (Kant et al. 2015, Gloss
et al. 20106). Previously, several spider mite species were found to harbour intraspecific
variation for their offensive strategy, where some populations suppressed and others
induced plant defences (Takabayashi et al. 2000, Matsushima et al. 2006, Kant et al.
2008). Additionally, Alba et al. (2015) desctibed two T. evansi populations that differed
in the level to which they suppressed plant defences. In this thesis, I demonstrate signif-
icant intraspecific variation in defence suppression among herbivore populations from
a wide geographic range (CHAPTER 3) and heritable variation within herbivore popula-
tions in lab cultures (CHAPTER 2). Together, these properties allow defence suppression
to evolve in response to varying costs and benefits imposed by the herbivores’ environ-
ment.

Herbivore offensive strategies such as detoxification of defensive plant compounds

and suppression of inducible plant defences require the production of specific enzymes
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(Heckel 2014, Stahl et al. 2018). However, the production of such enzymes can impose
metabolic costs, as was demonstrated for the production of detoxification enzymes in
caterpillars, aphids and spider mites (Creswell et al. 1992, Agrawal et al. 2002, Castafieda
et al. 2010). Such costs can be relevant for the evolution of defence suppression,
because they may impose a trade-off with life-history traits through competition for
resources, and they can allow potential conspecific ‘free-riders’ that do not invest into
defence suppression to attain a performance advantage over suppressors without pay-
ing a cost (Kant et al. 2015). In CHAPTER 5, I used the heritable, genetic vatiation in
defence suppression among 1. evansi populations demonstrated in CHAPTERS 2-4 as a
starting point for experimental evolution. This allowed me to investigate the existence
of metabolic costs for herbivores that suppress plant defences. I found that suppression
of plant defence was retained in populations exposed to environments where suppres-
sion was either redundant or ineffective. My contribution thus is, that the metabolic
costs of defence suppression are likely low, and that phenotypic plasticity in the produc-
tion of defence-suppressing effectors, or attaining benefits other than suppression of
plant defences only, are worthwhile subjects for further investigation.

A related, and an equally important question from an evolutionary perspective, is to
what degree herbivores actually benefit from suppressed plant defences. Costs and ben-
efits of defence suppression are typically quantified in terms of herbivore performance,
through measuring changes in weight gain (Musser et al. 2002), survival (Mutti et al.
2008), oviposition rate (Kant et al. 2008), development time (Zarate et al. 2007), or pop-
ulation growth (Sarmento et al. 2011a). However, these costs and benefits can vary
widely across studies, even when the same performance read-out is used. This is sub-
stantiated by the results of CHAPTER 2, where I quantify significant variation in the
fecundity benefit conferred to spider mites through defence suppression by T. evansi,
such that some studies even report significant negative effects on fecundity. Even
though these studies represent carefully controlled lab experiments, ~75% of this vari-
ation could not be attributed to differences in their experimental set-ups. Therefore, my
work (CHAPTER 2) has highlighted that unknown factors introduce major variability in
performance measurements, asking for further investigation of these factors, or alterna-
tively, to assess costs and benefits of defence suppression in more realistic natural set-

tings instead.

Knowledge gaps of costs and benefits of defence suppression

Even though defence suppression and other herbivore offensive strategies have recent-
ly caught the attention of evolutionary biologists (Ali & Agrawal 2012, Blaazer et al.
2018), several potential costs and benefits of defence suppression await further study.
In this section, I will bring up a number of gaps in our understanding of the evolution-

ary payoffs of defence suppression.
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First, benefits of defence suppression have predominantly been characterised
through measuring increases in herbivore performance (Kant et al. 2015, CHAPTER 2).
However, benefits can also arise through suppression of indirect plant defences, e.g., by
suppressing the production of plant volatiles that serve as cues for natural enemies to
locate their prey. Gossypium hirsutum cotton plants, for example, produce significantly
fewer volatiles when infested by both Bewisia tabaci whiteflies and Spodoptera exigna cater-
pillars, than when infested by S. exigna alone, presumably through suppression by B.
tabaci (Rodriguez-Saona et al. 2003). Likewise, in other systems, plant defence suppres-
sion resulted in altered volatile emissions (Tooker et al. 2008, Kant et al. 2008, Zhang et
al. 2009, Penaflor et al. 2011, Schwartzberg et al. 2011, Sarmento et al. 2011a, Takai et
al. 2018). In many systems, however, it remains unclear to what extent herbivores ben-
efit from these altered volatile blends, although in some cases fitness benefits have been
observed (Frago et al. 2017). This is an important gap in our knowledge, because top-
down processes are on average more important than bottom-up processes in control-
ling arthropod herbivore populations (Vidal & Murphy 2018). Field experiments could
provide more insight into the role of a suppressed production of plant volatiles in the
evolution of defence suppression, e.g., by comparing the performance of defence sup-
pressing herbivores on plants shielded off from natural enemies (through, for example,
a cage) with the performance of herbivores on unprotected control plants.

Second, besides defence, herbivores can also manipulate other aspects of plant qual-
ity, such as nutrient content and plant morphology (Giron et al. 2016). For example, the
galling wasp Newuroterus quercusbaccarnm induces leaf galls in its Quercus robur oak hosts, in
which it tightly manipulates nitrogen levels to optimize its survival (Hartley & Lawton
1992). There are indications that defence suppressing herbivores also manipulate other
aspects of plant quality, not defence levels only. For example, spider mites feeding from
leaf tissue close to a T. evansi feeding site on tomato experienced reduced fecundity,
potentially because T. evansi recruited nutrients away from distant tissues (Schimmel et
al. 2017b). Similarly, tomato plants infested with T. evansi contain higher soluble sugar
content than plants infested with T. urticae (Schimmel 2016) or uninfested plants
(Ximénez-Embun et al. 2016). If the manipulation of plant defence and nutrient con-
tent is linked in herbivores, e.g., because they are exerted by the same salivary effectors
or because of linkage disequilibrium in the undetlying genes, then these simultaneous
manipulations have the potential to explain why defence suppression was maintained in
my experimental evolution experiment (CHAPTER 5). Cleatly, characterization of the dif-
ferent aspects of host plant manipulation by defence suppressing herbivores remains an
important subject for further study.

Third, we lack information about the range of hosts in which herbivores can effec-
tively suppress defences. Insight into the host range of defence suppressing herbivores
is relevant, because it has been hypothesized that defence suppressors have broader host
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ranges than herbivores that detoxify defensive plant compounds (Alba et al. 2011, Ali &
Agrawal 2012, Blaazer et al. 2018). The idea behind this hypothesis is that plant defences
are more diverse than their underlying molecular pathways. From the perspective of
generalist herbivores, suppressing these pathways is then more efficient compared to
detoxifying their more diverse end products. Although several studies have investigated
possible differential plant responses to infestation with herbivores with different host
breadths (Agrawal et al. 2000, Bidart-Bouzat & Kliebenstein 2011), no clear link was
found. It is also unknown if specialist and generalist herbivores consistently differ in
their salivary effectors and elicitors (Ali & Agrawal 2012).

A direct comparison of the host range of defence suppressors and herbivores that
detoxify plant compounds could be another way to investigate the hypothesis that the
former have broader host ranges than the latter, but we lack information about the
range of hosts in which herbivores can effectively suppress defences. Previously, Ataide
(2013) demonstrated that T. urticae can reach higher performance on Phaseolus vulgaris
bean plants when these plants are co-infested with T. evansi. This suggests that the
defences of P. wulgaris are compromised by T. evansi, but it is unknown if this occurs
through the same mechanism as in tomato. Recently, this work was complemented by
Paolo et al. (2018), who found that defence levels were similar among several plant
species infested with T. evansi and uninfested controls. Further research is necessary to
confirm whether the lack of increased defences is caused by suppression of the JA- or
SA-inducible defence pathways, or by other mechanisms such as plant phenotypic plas-
ticity (Hahn & Maron 2016).

A fourth gap in our knowledge is that we lack insight into the dynamics and plastic-
ity of plant defence suppression by herbivores in time and space. Timing, for example,
plays an important role, because the fecundity benefits of defence suppression by T.
evansi are strongest after 1-2 days of feeding and decrease thereafter (de Oliveira et al.
2016). Likewise, the plant’s defence response is differentially affected when defence sup-
pressors occur in different densities (Alba et al. 2015), or when the sequence of arriv-
ing herbivores species differs (Schimmel et al. 2017a, b). Additionally, T. evansi potential-
ly suppresses plant defences in a phenotypically plastic manner, because it may at times
not be necessary to suppress defences (CHAPTER 5), or because altered levels of sup-
pression may help in competition with other herbivore species (Schimmel et al. 2017a,
b). Given that timing, density, order of infestation, and plasticity are all likely causes of
variation in the costs and benefits of defence suppression, insight into these factors can
potentially help to clarify part of the variation in fecundity benefit of defence suppres-
sion among laboratory experiments that I observed in CHAPTER 2. Further research is
necessary to provide a more robust understanding of these dynamics of defence sup-

pression.
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Three suggestions for further research
To follow up on knowledge gaps identified in the previous section, here I provide three
detailed suggestions for further research into the evolution of defence suppression by

herbivores.

Phenotypic plasticity of offensive strategies in a related group of spider mites
To further explore the evolution of defence suppression, my first suggestion combines
two open questions. The first question is if the phenotypically plastic response of her-
bivores to competitors differs between defence inducers and defence suppressors. In
nature, plants are often attacked by multiple herbivores simultaneously. Each herbivore
species induces its own response in the shared host plant, which will subsequently also
affect coinfesting other herbivore species. Because such plant-mediated species interac-
tions have strong consequences for herbivore performance (Poelman et al. 2008, Stam
et al. 2014, CHAPTER 2), herbivores can be expected to adjust their offensive behaviour
accordingly. My hypothesis is that phenotypic plasticity in offensive strategy upon the
introduction of a competitor differs between defence inducers and defence suppressors.
For example, defence inducers that are themselves resistant to the defences they induce,
may induce even stronger defences when they receive cues that their host plant is also
attacked by a potentially more susceptible competitor. Conversely, because competitors
can pose a cost to defence suppressors (Sarmento et al. 2011a, Glas et al. 2014, CHAPTER
2), defence suppressors may try to monopolise their feeding site (Sarmento et al. 2011b),
or may try to restrict its benefits to a confined area (Schimmel et al. 2017a, b).

The second question that I would address is whether defence suppression is an evo-
lutionarily conserved trait among spider mites. Spider mites are thus far the only group
of related herbivores (Matsuda et al. 2014) in which several species have been found to
suppress (1. evansi, T. urticae, T. ludeni) or to induce (T. urticae, I\ kanzawai) defences of
one host plant (Solanum lecopersicum cultivated tomato) (Matsushima et al. 2006, Kant et
al. 2008, Sarmento et al. 2011a, Godinho et al. 2016). If defence suppression is a con-
served trait, then closely related species should employ similar molecular mechanisms
(e.g. salivary effectors) to suppress the defence of their host plants. Alternatively, if
defence suppression occurs through different mechanisms in each species, this would
suggest a remarkable parallel trait evolution on a short evolutionary timescale.

The variation in offensive strategy among closely-related spider mites allows the
comparison of their offensive strategies without being confounded with differences in
phylogenetic relatedness. Additionally, plasticity in these species can be studied on a
genomic scale using the sequenced genome of T. urticae (Grbi¢ et al. 2011). Therefore,
I propose to first determine gene expression in each of these five spider mite species in
single infestations on tomato, through sequencing of their transcriptomes.

Subsequently, these mites can be exposed to competition with another, defence-induc-
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ing herbivore, and may respond by adjusting their offensive strategy. This phenotypic
plasticity will stem from altered gene expression, and should thus be possible to meas-
ure through a second round of transcriptome sequencing. Finally, the observed changes
in gene expression can be compared among species, and between defence inducers and
suppressors. This will give information on whether defence inducers and defence sup-
pressors use different genes in their response to a competitor, and if defence suppres-

sors shate an evolutionarily conserved response.

Herbivore offense syndromes

My second suggestion is to study defence suppression as an offensive syndrome. A ‘syn-
drome’ is a correlated set of traits whose associations are produced by selection.
Different syndromes are mutually exclusive, because they are formed through evolution-
ary trade-offs rather than plasticity. A well-known example of syndromes is herbivore
feeding guilds (Root 1967), which categorise herbivore species by the plant tissues they
consume, such as leaf chewing herbivores (e.g., grasshoppers) or sap-sucking herbivores
(e.g., aphids). Species from the same guild share a set of morphological and physiolog-
ical traits that enable them to efficiently consume their preferred tissues. Another exam-
ple is plant defence syndromes (Agrawal & Fishbein 20006), which were introduced to
illustrate how plant defence trade-offs occur at a multivariable scale rather than at the
level of single traits. This means that, for example, some plants may adopt a syndrome
of tolerance to herbivory through expressing fast growth, high N levels, low chemical
defence and low leaf toughness, whereas others employ a syndrome of resistance
through low N levels, water content and specific leaf area, but also strong physical and
chemical defences (Agrawal & Fishbein 2006). Because herbivores often employ multi-
ple offensive traits simultaneously, such as avoidance and detoxification of host plant
defences (Després et al. 2007), the possibility of multivariate trade-offs in herbivores
seems warranted as well.

The reason that I advocate syndromes as a useful paradigm to study herbivore offen-
sive strategies, is twofold. First, offensive syndromes allow the categorisation of herbivore
offensive strategies in an evolutionarily meaningful way. The key is that herbivores that
employ the same offense syndrome are expected to converge on expressing a similar set
of correlated traits, even though they may be evolutionarily distantly related.
Demonstrating that several groups of unrelated herbivores converge on employing a sim-
ilar set of correlated offensive traits then supports the hypothesis that these traits provide
an evolutionary solution to a given set of environmental conditions. As an example of
convergent evolution in herbivore offense, larvae of the monarch butterfly Danaus plexip-
pus sequester toxic cardenolides of their milkweed host plants as defence against natural
enemies, and are themselves insensitive to cardenolides due to an amino acid change in
their Na®/K*-ATPase enzymes (Holzinger & Wink 1996, Opitz & Miiller 2009).
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Surprisingly, Chrysochus anratus and C. cobaltinus beetles that also feed from milkweeds and
sequester its chemicals, have evolved insensitivity to cardenolides through the exact same
amino acid change, despite their evolutionary distance from butterflies (Labeyrie &
Dobler 2004). Such convergent evolution indicates that target site insensitivity is an ade-
quate evolutionary solution to the simultaneous challenge of feeding from plants with
toxic compounds while obtaining protection against natural enemies. To further confirm
the evolutionary association between target site insensitivity and sequestration, future
research could investigate if other mechanisms of resistance, such as enzymatic detoxifi-
cation (Heckel 2014) or producing decoy receptors (van der Hoorn & Kamoun 2008), are
more often employed by herbivores that do not sequester host chemicals.

Second, studying herbivore offensive strategies as sets of covarying traits gives rise
to new hypotheses. For example, Blaazer et al. (2018) recently hypothesized that defence
suppressing spider mites such as T. evansi require traits that ‘buffer’” (Frank 2007) them
against negative selection due to ecologically costly suppression of defences. The idea is
that defence suppressing herbivores simultaneously evolve traits that mitigate the nega-
tive consequences of competition, because otherwise defence suppression would be too
costly to maintain. Defence suppression is costly, because competing herbivores can
benefit from suppressed defences, and can also reduce the quality of a shared host
through induction of defences (Kant et al. 2008, Sarmento et al. 2011a, Glas et al. 2014,
Kant et al. 2015, CHAPTER 2). Examples of traits that reduce these costs in T. evansi are
the production of dense webbing that excludes competitors from feeding sites
(Sarmento et al. 2011b), interference with the reproduction of competitors (Sato et al.
2014, 2016, Clemente et al. 2016, 2018), and localised hypersuppression of plant
defences upon exposure to competition with T. #rticae (Schimmel et al. 2017a, b). If
other, unrelated, herbivore species that suppress plant defences also have traits that
reduce competition, and if they possess these traits more often than non-defence sup-
pressing relatives, then defence suppression and traits that reduce competition could
form an offense syndrome. A hypothesis that could arise from this syndrome is that
defence suppression is more likely to evolve in species-poor communities, or in species
that already have strong ‘buffers’ against competitors in place.

Many syndromes can potentially be described among herbivore species, but when can
a syndrome be considered as offensive? This is not a trivial question, because any trait
that enhances herbivore performance will likely increase herbivore damage to their host
plants and can thus be broadly seen as ‘offensive’. However, such a broad definition of
offense would render it too similar to herbivore fitness in general, and herbivore life his-
tory strategies are already actively studied (Nylin & Gotthard 1998, Blanckenhorn 2000,
Awmack & Leather 2002, Moreau et al. 2017). Therefore, Karban & Agrawal (2002)
have defined herbivore offensive traits as traits that increase the rate or efficiency of

host use, such as feeding, ovipositing, or sequestering host chemicals, and that increase
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herbivore performance. This explicitly excludes the amount of damage inflicted upon
host plants, or its consequences for plant fitness. Examples of traits that can be recog-
nised as offensive under this definition are host choice, suppression of inducible plant
defences, detoxification of plant defensive compounds, and gregarious feeding, General
life history traits that affect herbivore performance but that do not increase host use
efficiency, such as body size or development time, are excluded.

Although the definition of Karban & Agrawal (2002) is useful in defining herbivore
offense from the herbivore perspective, offense can also be directed to other organisms
than plants, such as competing herbivores. Herbivores have a suite of traits that can help
them in conflicts with competitors, such as territorial fighting in wood-eating termites
(Florane et al. 2004), vibratory signalling display against intruders in shelter-building
caterpillars (Yack et al. 2014) that may escalate into punching and hitting (Sigmon 2015),
or reproductive interference (Sato et al. 2014, Gréning & Hochkirch 2008). Because her-
bivores may not always fight over resources related to their host plant such as food or
territory, but also over other resources such as mates (Kemp & Wiklund 2001), herbi-
vore offensive behaviour need not necessarily be limited to traits that increase the effi-
ciency of host plant use. The definition of Karban & Agrawal (2002) is therefore only
useful in the context of plant-herbivore interactions.

Studying herbivore offensive syndromes with a macroevolutionary perspective may
be novel, but the notion that distantly related herbivore species can converge on similar
offensive traits in similar environments has been explored by other authors. Rhoades
(1985) distinguished ‘opportunistic’ herbivores that try to eat from many different plant
species but are quickly repelled when a plant is well-defended, and ‘stealthy’ herbivores
that overcome plant defences through detoxification, manipulation, or sequestration.
These different strategies then are expected to produce different population dynamics,
with opportunistic herbivores occurring in aggregations and having highly variable ‘out-
break’ dynamics, and stealthy herbivores living solitarily and maintaining low and rela-
tively invariant population densities. An alternative model was suggested by Price et al.
(1990, 1992), in which ovipositing females can be choosy or less choosy for a suitable
host for her offspring. Species with choosy females have a restricted host range, occur
in steady densities and have ‘latent’ population dynamics, whereas species with less-
choosy females consume a large variety of lower-quality hosts and have variable (‘erup-
tive’) population dynamics. Last, Karban & Agrawal (2002) identified two axes along
which herbivore offensive adaptations can be classified: whether the offensive trait
works before or after ingestion of the plant tissue, and whether the trait is fixed or sub-
ject to phenotypic plasticity. Following this framework, manipulation of host plants
should mostly occur before ingestion. Additionally, generalist herbivores feed from
many different plants, and are thus expected to exert plasticity in their offensive traits,

whereas specialist traits should more often be fixed.
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The models of Rhoades (1985), Price et al. (1990, 1992) and Karban & Agrawal
(2002) have in common that they contrast sets of correlated traits in herbivores, and for-
mulate predictions for their population dynamics or host breadth. Because the sets of
traits that they describe are not restricted to any particular herbivore clade, they can
occur throughout distantly related herbivores, and thus constitute potential herbivore
offense syndromes. Despite their relevance for the evolutionary ecology of plant herbi-
vore interactions, and for understanding the occurrence of pest outbreaks, the predic-
tions of these models remain largely untested (but see Pires et al. 2000). This is surpris-
ing, because the methods to compate offensive adaptations among herbivore species,
while taking phylogenetic relatedness into account, are available (Agrawal & Fishbein
20006, Agrawal 2007, Agrawal et al. 2010). Future research could take up this challenge,
and study associations between herbivores with similar sets of offensive traits and the

ecological conditions in which they thrive.

Theoretical insight into defence suppression by herbivores

In the introduction of this thesis, I shortly reviewed research into defence suppression
by parasites (referred to as ‘immune evasion’ in parasite-host literature). Because
immune evasion is a well-recognised offensive strategy of many parasitic groups
(Schmid-Hempel 2008), its mechanisms and evolutionary consequences have been
described in more detail than in plant-herbivore research (Guiget et al. 2016). Most
notably, several theoretical studies provide insight into costs and benefits of immune
evasion. For example, Kamiya et al. (2018) demonstrate that immune evasion may spur
the evolution of parasite virulence. This is because hosts with suppressed defences con-
stitute favourable hosts for competing parasites, and within-host competition leads to
the evolution of more competitive, and thus more virulent parasites. A major cost of
virulence, however, is death of the host, and thereby reduced chances for successful
transmission (Anderson & May 1979, Alizon et al. 2009). Consequently, when virulence
increases too much, the costs of earlier host death may render investment into immune
evasion unprofitable (Kamiya et al. 2018). Costs and benefits of immune evasion there-
fore strongly depend on the presence of competing parasites.

It is attractive to extrapolate these conclusions to plant-herbivore systems, and for
example hypothesise that defence suppressing herbivores also evolve to overexploit
their hosts faster to prevent the likelihood of coinfestation. Some evidence suggests that
this might be the case. For instance, competition with herbivores that coinfest the same
host plants imposes substantial costs to defence suppressors (Sarmento et al. 2011a,
Glas et al. 2014, CHAPTER 2). In response, defence suppressors may try to monopolise
their feeding site (Sarmento et al. 2011b) and interfere with the reproduction of com-
petitors (Sato et al. 2014, 2016, Clemente et al. 2016, 2018). Additionally, they may also
try to increase their competitive population growth through hypersuppression and
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increased fecundity (Schimmel et al. 2017a, b). This latter response likely increases dam-
age to the host plant, and may thereby reduce the time until the host is overexploited.
This suggests that defence suppressing herbivores indeed overexploit their hosts faster
when they sense the presence of competitors.

Although it is tempting to directly apply insights from parasite-host systems to plant-
herbivore systems, caution is warranted for two reasons. First, herbivores have more
possibilities for active dispersal than many parasites. Where parasites such as viruses and
bacteria almost entirely depend on movement of their hosts or of vector organisms
(e.g., mosquitos) to disperse and infect new hosts, herbivores are often capable of dis-
persal themselves. This independence likely reduces the evolutionary cost of host death,
i.e., reduced chances for successful transmission (Anderson & May 1979, Alizon et al.
2009), because when their host dies, herbivores can disperse and search for a new host.
Consequently, although host death may pose an upper limit to virulence evolution in
defence suppressing parasites (Kamiya et al. 2018), this limit is likely relaxed or absent
in defence suppressing herbivores. Because herbivore species (and also parasites) differ
in their dispersal abilities, future theoretical studies could investigate the influence of
dispersal possibilities on the evolution of virulence and defence suppression.

Second, theoretical insight into how natural enemies may affect costs and benefits of
defence suppression is lacking. This is relevant, because parasites ate less prone to pre-
dation or parasitism due to their physically often more intimate interaction with their
hosts than herbivores (Marquis & Alexander 1992, Raffel et al. 2008). If natural enemies
affect the evolution of defence suppression, they may do so more strongly in herbivores
than in parasites. Obviously, these differences are not universally true: some herbivores
also live within plant tissues (e.g, leaf miners, gall wasps, endophytic nematodes), and
some natural enemies can attack endophytic herbivores within their host plants (e.g.,
entomopathogenic fungi). Nevertheless, how organisms in the third trophic level
(predators, parasitoids, omnivores, pathogens) affect interactions among the first and
second trophic level has more often been investigated in plant-herbivore systems than
in parasite-host systems (e.g., Ode 2006, Poelman et al. 2008, Gols & Harvey 2009).
Consequently, hypotheses on how natural enemies may affect the costs and benefits of
defence suppression by herbivores exclusively come from plant-herbivore research.

Natural enemies have been suggested to affect the costs and benefits of defence sup-
pression through multiple mechanisms, and intuition fails to provide clear predictions
on their net effects. For example, suppression of plant defences can reduce the amount
of volatiles released by plants (Tooker et al. 2008, Kant et al. 2008, Zhang et al. 2009,
Penaflor et al. 2011, Schwartzberg et al. 2011, Sarmento et al. 2011a, Frago et al. 2017,
Takai et al. 2018), and may thus reduce the recruitment of natural enemies to such
plants. At the same time, herbivores can sequester defensive compounds from their host

plants as defence against natural enemies (Duffey 1980, Heckel 2014). However, when

163



CHAPTER 6

herbivores suppress plant defences, they can potentially also sequester fewer defensive
compounds, and may suffer increased predation (Ataide et al. 2016). In addition,
defence suppression may inhibit formation of plant structures, such as trichomes (Traw
& Bergelson 2003), that otherwise would have impeded predator movement (Riddick &
Simmons 2014). Consequently, formal models that jointly consider these effects can
provide important insight into the role of natural enemies in the evolution of defence

suppression.

Defence suppression and its implications for pest
management

Many herbivore species that have been found to suppress plant defences are agricultur-
al pests, such as corn earworm (Helicoverpa zea) (Musser et al. 2002), Colorado potato
beetle (Leptinotarsa decemlineata) (Lawrence et al. 2007), two-spotted spider mite
(Tetranychus wurticae) (Kant et al. 2008), silverleaf whitefly (Bewisia tabaci) (Zarate et al.
2007), beet armyworm (Spodoptera exigna) (Weech et al. 2008), western flower thrips
(Frankliniella occidentalis) (Abe et al. 2012), and green peach aphid (Myzus persicae) (Bos et
al. 2010). However, the implications of plant defence suppression for pest management
have not been a central focus in this thesis. Nevertheless, insight into the evolutionary
costs and benefits of herbivore offensive strategies can help to design more effective,
and more durable pest management programs. Pesticide resistance, for example, can be
a costly trait (Gassman et al. 2009, Cao et al. 2014). Fitness trade-offs therefore slow the
evolution of pesticide resistance when pesticide-exposed pests are allowed to mate with
individuals from ‘refuges’ where no pesticides are applied (Carricre et al. 2012, Farkas
2015). Resistance to multiple toxic plant compounds also evolves more slowly than
resistance to single compounds (Zhao et al. 2003).

One reason why defence-suppressing herbivores could be apt to develop into pests,
is that they can be expected to thrive in species-poor communities. This is because an
important cost of defence suppression is competition with other herbivore species
(Sarmento et al. 2011a, Glas et al. 2014, CHAPTER 2), and these occur less frequently in
monocultures or pesticide-sprayed fields (Hendrickx et al. 2007). If low biodiversity
indeed spurs defence-suppressing herbivores to develop into pests, then measures that
increase biodiversity in agricultural fields, such as flower strips (Tschumi et al. 2015),
might be especially effective against defence-suppressing crop pests. However, many
defence-suppressing herbivores also have other offensive traits that contribute to their
capacity to attack crops, such as pesticide resistance in the Leptinotarsa decemlineata
Colorado potato beetle (Alyokhin et al. 2008) and in the two-spotted spider mite T.
urticae (Van Leeuwen et al. 2010, Van Leeuwen & Dermauw 2016). Therefore, more

research is needed to confirm if there is a functional relationship between defence sup-
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pression and the propensity to become a crop pest, or if the reason that crop pests are
overrepresented among defence-suppressing arthropods is simply the result of research

bias towards species of agricultural importance.

Final consideration

In this thesis I have investigated costs and benefits in the evolution of suppression of
inducible plant defences by Tefranychus evansi spider mites. As outlined in this discussion,
my conclusions provide insight into why defence suppression is such a successful her-
bivore offensive strategy, and they also give rise to a multitude of new questions regard-
ing its costs and benefits. Understanding the evolution of plant defence suppression by
herbivores is work in progress, and I provided three suggestions for further research
that I find particularly promising.

Importantly, inducible plant defences are not the only obstacle for herbivores to
obtain high fitness. Although this thesis is disproportionately focused on why spider
mites suppress these inducible defences, other factors are equally, if not more relevant
for herbivore fitness, such as climatic conditions, food availability, and attack by natural
enemies (Lill 2001, Bale et al. 2002, Lardies et al. 2004, Singer et al. 2004, Vidal &
Murphy 2018). Herbivores have to balance their life-histories to attain optimal perform-
ance across all these hazards simultaneously, and overcoming plant defences may not
always be the most pressing challenge. Therefore, just as wolves may choose not to
attempt an exhausting chase of their prey in order to save resources during a cold win-
ter, the benefits of suppressing plant defences may or may not outweigh its costs,

depending on the stresses and opportunities in the environment of the herbivore.
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Summary

Herbivores eat plants, and plants defend their tissues. To overcome these plant defences,
herbivores evolved a variety of offensive strategies. Some herbivores use enzymes to
detoxify defensive compounds of their hosts, other herbivores cut veins in the leaves of
their hosts to prevent exposure to dangerous defensive latex, and yet others sequester
the toxic compounds of their hosts as protection against predators. Why has this diver-
sity of herbivore offensive strategies evolved? Understanding the evolution of herbivore
offensive strategies requires insight into their costs and benefits, in relation to the envi-
ronment in which they are employed. In this thesis, I studied costs and benefits of a
recently described offensive strategy, defence suppression, in the herbivorous spider
mite Tetranychus evansi.

Herbivores can suppress plant defences by manipulating a plant’s physiological
processes, for example by manipulating signalling pathways of plant hormones involved
in defence, including jasmonic acid and salicylic acid. This allows herbivores to prevent
expression of inducible plant defences, thereby increasing their own performance. How
much do T. evansi spider mites benefit from suppressing the defence response of their
tomato hosts? In CHAPTER 2 I quantitatively review evidence, published and unpublished,
of the benefits of defence suppression conferred to T. evansi as measured by fecundity. I
found that, on average, T. evansi increase their oviposition rate by approximately one egg
per day on tissues previously infested by conspecifics, corresponding to an increase in
fecundity of 9-12% cach day. However, this benefit varied considerably among studies,
ranging from strongly positive to none at all, or even slightly negative. Some of this vari-
ation could be explained by the time that spider mite populations had been cultured in
laboratories before being used in experiments, such that weaker benefits were found
when populations had been maintained in the laboratory for longer time. These results
indicate that T. evansi adapted to culture conditions, and that the net effect of suppres-
sion of plant defence on the performance of spider mites in subsequent infestations is
subject to phenotypic change over generations. Consequently, 1. evansi populations har-
bour heritable vatiation for their plant-mediated interactions with other herbivores, and
thus have the potential to adapt to plant-mediated ecological interactions.

The meta-analysis in CHAPTER 2 quantifies the average benefit of defence suppres-
sion for T. evansi, but also confirms previously published assertions regarding potential
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ecological costs. Specifically, I found that induction of tomato defences by defence-
inducing genotypes of the spider mite species Tetranychus urticae decreased the fecundity
of spider mites in subsequent infestations by approximately one egg per day. This con-
firms that the presence of T. wrticae can pose an ecological cost to T. evansi through its
effects on plant defence. Moreover, I found that T. #rticae also attained an increase in
fecundity of one egg per day from defence suppression by T. evansi. This shows that
lowered tomato defences are profitable for spider mites in general, and that, on average,
defence suppression increases not only the performance of T. evansi itself, but also that
of its competitors.

The phenotypic change in plant-mediated interactions with other spider mite popu-
lations observed in CHAPTER 2 provides indirect evidence for intraspecific variation in
defence suppression within T. evansi populations. To measure intraspecific variation in
defence suppression more directly, in CHAPTER 3 I investigate T. evansi populations from
several locations around the world. Because the costs of defence suppression may
depend on biotic interactions with competitors and natural enemies, I expected that T.
evansi from different environments would suppress plant defences to varying levels. By
measuring the expression of several marker genes for tomato defence induction, I
found significant variation among T. evansi populations in the degree to which they sup-
press jasmonic acid-dependent and salicylic acid-dependent defence pathways. This
complements the findings of CHAPTER 2, by showing that variation for defence suppres-
sion is not only present within, but also among T. evansi populations.

CHAPTERS 2 and 3 demonstrate that T. evansi populations harbour intraspecific varia-
tion for defence suppression within and among populations. I then hypothesised that
manipulating the benefits of defence suppression through experimental evolution could
expose its costs. Specifically, in environments where inducible plant defences are either
absent or constitutive, 1 expected 1. evansi to lower its level of defence suppression
through drift or through selection against metabolic costs. Experimental evolution,
however, requires a source population with sufficient genetic variation. I hypothesized
that a cross between T. evansi mites from genetically differentiated lineages would pro-
duce such a genetically diverse population. Therefore, in CHAPTER 4, I perform recipro-
cal crosses between T. evansi from two genetically differentiated lineages. First, I con-
firmed that offspring suffered substantial post-zygotic hybrid breakdown, by showing
that only ~5% of hybrid F2 offspring hatched. Then, by genotyping viable and inviable
hybrid offspring at eight microsatellite loci, I showed that Bateson-Dobzhansky-Muller
incompatibilities underlie hybrid breakdown among these lineages. Moreover, I also
found that viable hybrids contained recombined genetic material, and that heterosis
contributes to their viability.

After establishing a genetically diverse hybrid T. evansi population, in CHAPTER 5 I

expose this population to experimental evolution on host plants with an altered
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inducible jasmonic acid-dependent defence response. I used defenseless-1 (def-1) tomato
mutants in which JA-dependent inducible defences are absent, the 355:prosystemin (PS)
tomato genotype in which these defences are constitutively overexpressed, and Phaseolus
vulgaris bean as a distantly related host with different defences. I expected that in the
absence of inducible defences (def-1), when suppression of plant defences is not pos-
sible because they are constitutively overexpressed (PS), or because they are regulated
differently than in tomato (bean), suppression is not necessary and would erode through
drift or be selected against because of metabolic costs. I maintained replicate popula-
tions of the hybrid T. evansi base population for approximately 60 generations in these
three environments and on wildtype controls, and then measured the performance of
these mites on wildtype tomato, def-1, PS and bean. I found that mite fecundity showed
a general response to selection, but that fecundity on wildtype tomato remained high
and was similar among all evolved strains. In line with these results, the degree to which
wildtype tomato plants infested with these mites accumulated phytohormones and
expressed defence gene markers was also similar among these strains. This shows that
evolved strains retained their level of tomato defence suppression, and that metabolic
costs of defence suppression are likely low.

In conclusion, I found that T. evansi can attain a considerable fecundity benefit by
suppressing the inducible defences of their tomato hosts. However, competing herbi-
vores can impose considerable costs on this offensive strategy, because they can also
benefit from the suppressed defences of a shared host plant, and can subsequently
induce these defences to the disadvantage of T. evansi. Furthermore, suppression of
plant defences is variable within and among T. evansi populations, and metabolic invest-
ments required to produce defence-suppressing effectors are likely low. Although these
conclusions help to better understand the evolution of defence suppression by herbi-
vores, several open questions remain. In CHAPTER 6, I highlight gaps in our knowledge
of defence suppression by 1. evansi, such as its effect on the recruitment of natural ene-
mies, the range of host plant species in which T. evansi can suppress defences, and
whether aspects of plant quality other than defence, such as nutrient concentration, are
also manipulated. Lastly, I provide three detailed suggestions for further research that

could answer some of these open questions.
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Samenvatting

Herbivoren eten planten, en planten verdedigen hun weefsels tegen vraat. Bij herbivo-
ren is daarom een veelvoud aan aanvalsstrategieén geévolueerd om die verdediging van
planten te doorbreken. Sommige herbivoren gebruiken bijvoorbeeld enzymen om de
giftige verdedigingsstoffen van planten te neutraliseren, andere herbivoren snijden de
bladnerven van hun waardplant door om niet in aanraking te hoeven komen met gevaar-
lijke latex, en weer andere verzamelen juist de giftige verdedigingsstoffen van planten als
bescherming tegen vijanden. Waarom bestaat er zo’n grote variéteit aan aanvalsstrategie-
en onder herbivoren? Om meer inzicht te krijgen in de evolutie van deze aanvalsstrate-
gieén is het noodzakelijk om hun voor- en nadelen te begrijpen binnen de context van
de omgeving waarin ze worden toegepast. In dit proefschrift beschrijf ik de voor- en
nadelen van een recentelijk ontdekte aanvalsstrategie, namelijk het onderdrukken van
plantenverdediging, voor de spintmijt Tefranychus evansi.

Sommige herbivoren kunnen de verdediging van planten onderdrukken door fysio-
logische processen in de plant te verstoren, zoals de regulering van de plantenhormo-
nen jasmonzuur en salicylzuur, die een grote rol spelen in de totstandkoming van plan-
tenverdediging. Zo voorkomen deze herbivoren dat ze worden blootgesteld aan een
tegen hen gerichte verdedigingsreactie van de plant. In welke mate bevordert het onder-
drukken van plantenverdeding de cileg (aantal eitjes per vrouwtje per dag) van T. evansi
spintmijten? In HOOFDSTUK 2 geef ik een kwantitatieve analyse van eerder werk, zowel
gepubliceerd als niet-gepubliceerd, waarin de consequenties van het onderdrukken van
plantenverdediging voor de eileg van T. evansi zijn onderzocht. Uit deze meta-analyse
blijkt dat T. evansi mijten gemiddeld één ei per dag méér leggen wanneer ze eten van
plantenweefsel dat eerder door soortgenoten is aangevallen, dan wanneer ze eten van
onaangetaste planten. Dit is een toename in eileg van 9 tot 12% per dag.

De verschillen tussen de onderzochte studies zijn echter groot: sommige studies ver-
melden een sterke toename in eileg, terwijl andere juist een licht negatief effect rappor-
teren. Een deel van deze variatie hangt samen met de tijd die de spintmijtenpopulaties
in het lab hebben doorgebracht sinds ze uit het veld zijn verzameld. De mijtenpopula-
ties die langer in het lab verbleven bewerkstelligden een kleinere toename in eileg dan
mijten die korter in het lab verbleven. Deze resultaten geven aan dat T. evansi zich aan-
past aan de omstandigheden in het lab, en dat de invloed van het onderdrukken van
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plantenverdediging op de eileg van spintmijten verandert over generaties. Ik concludeer
daarom dat T. evansi populaties erfelijke variatie met zich meedragen die de mate waarin
zij andere herbivoren beinvloeden, door plantenverdediging te manipuleren, mede
bepaalt. T. evansi populaties hebben dientengevolge dus ook de mogelijkheid om zich
aan te passen aan indirecte, door plantenverdediging vormgegeven ecologische interac-
ties.

Behalve dat de meta-analyse uit HOOFDSTUK 2 de voordelen van het onderdrukken
van plantenverdediging voor T. evansi kwantificeert, bevestigt het ook dat er ecologische
kosten verbonden kunnen zijn aan deze aanvalsstrategie. De meta-analyse laat namelijk
zien dat de eileg van spintmijten met gemiddeld één ei per dag afneemt, wanneer zij eten
van plantenweefsel dat cerder is aangevallen door plantenverdediging-inducerende
genotypes van de spintmijtensoort Tetranychus urticae. Bovendien kon deze concurreren-
de spintmijtensoort net zo goed profiteren van een door T. evansi onderdrukte planten-
verdediging als T. evansi zelf. Een onderdrukte plantenverdediging is dus gunstig voor
spintmijten in het algemeen, en bevordert niet alleen de eileg van T. evansi, maar ook die
van haar concurrenten.

De verandering die de spintmijtenpopulaties in HOOFDSTUK 2 over de generaties
ondergaan, geeft aan dat er variatie aanwezig is binnen T. evansi populaties voor het
onderdrukken van plantenverdediging. Zou er fussen I. evansi populaties ook dergelijke
variatie te vinden zijn? Om dat op een directere manier zichtbaar te maken heb ik in
HOOFDSTUK 3 verschillende T. evansi populaties van over de wereld bestudeerd. Mijn ver-
wachting hierbij was dat de populaties zouden verschillen in de mate waarin zij planten-
verdediging onderdrukken, aangezien de voor- en nadelen hiervan van plek tot plek zou-
den kunnen verschillen, bijvoorbeeld door de aanwezigheid van verschillende concur-
renten en natuurlijke vijanden. Na de activiteit van verschillende markergenen voor
tomatenverdediging te hebben gemeten, bleken de T. ezansi populaties significant te ver-
schillen in de mate waarin zij de jasmonzuur- en salicylzuur-athankelijke verdediging van
de tomatenplant onderdrukken. Dit laat zien dat er niet alleen binnen T. evansi popula-
ties, maar ook tussen populaties fenotypische variatie aanwezig is voor het onderdruk-
ken van plantenverdediging,

Aangezien er variatie aanwezig is binnen en tussen 1. evansi populaties voor het
onderdrukken van plantenverdediging, zouden kosten die verbonden zijn aan het onder-
drukken van de verdediging zichtbaar moeten kunnen worden gemaakt in een selectie-
experiment. Wanneer de voordelen van het onderdrukken van plantenverdediging zou-
den wegvallen, zouden metabolische kosten van het onderdrukken of genetische drift
ervoor kunnen zorgen dat T. evansi een zwakkere mate van onderdrukken evolueert. Dit
zou bijvoorbeeld plaats kunnen vinden in experimenten waar planten zich 6fwel altijd
verdedigen, of er nou herbivoren zijn of niet, 6fwel wanneer planten iiberhaupt geen

verdedigingsreactie op poten zetten. Zulk experimenteel evolutionair onderzoek heeft
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echter een bronpopulatie nodig met voldoende genetische variatie. Kruisingen tussen
genetische gedifferentieerde T. evansi populaties zouden een dergelijk genetisch diverse
populatie kunnen opleveren. Daarom beschrijf ik in HOOFDSTUK 4 reciproke kruisingen
tussen twee van zulke T. evansi populaties. Slechts 5% van de 2 nakomelingen van deze
kruisingen was levensvatbaar, wat aangeeft dat er sterke post-zygotische hybrid break-
down optreedt. Vervolgens heb ik van zowel levensvatbare als niet-levensvatbare F2
hybriden het genotype bepaald op acht microsatelliet loci, waaruit bleek dat de hybrid
breakdown wordt veroorzaakt door Bateson-Dobzhansky-Muller incompatibiliteiten.
Daarnaast bevatten de levensvatbare F2 nakomelingen gerecombineerd genetisch mate-
riaal, en droegen heterotische effecten bij aan hun overleving,

Nadat ik deze genetisch diverse, hybride T. evansi populatie had verkregen, heb ik
deze populatie blootgesteld aan experimentele evolutie op waardplanten met een aange-
paste jasmonzuur-afhankelijke verdedigingsreactie (HOOFDSTUK 5). Specifick heb ik
gebruik gemaakt van defenseless-1 (def-1) tomatenmutanten zonder jasmonzuur-athanke-
lijke (induceerbare) verdediging, 35S :prosystemin (PS) tomatengenotypes die hun jasmon-
zuur-afthankelijke verdediging altijd tot expressie laten komen, en Phaseolus vulgaris
bonenplanten (boon) als waardplanten met een andere verdediging dan tomaat. Mijn
verwachting was dat zonder (induceerbare) verdediging (def-1), wanneer het onderdruk-
ken ervan onmogelijk is (PS), of wanneer de verdediging sterk verschilt (boon), het
onnodig of onmogelijk zou zijn voor T. evansi om de verdediging te onderdrukken, en
dat de onderdrukking daardoor zou verminderen. Ik heb de hybride T. evansi populatie
ongeveer 60 generaties lang in deze drie proefopstellingen en op wildtype controle
behandelingen laten evolueren, en vervolgens de eileg bepaald op wildtype tomaat, def-
1, PS en op boon. Uit deze metingen volgde dat er een algemene respons was op de
selectie, maar dat er geen verschil was in eileg van mijten uit de verschillende behande-
lingen. Er was bovendien ook geen verschil in de hormoonconcentraties of expressie
van verdedigingsmarkers van wildtype planten die werden blootgesteld aan deze mijten.
Dit geeft aan dat de mate waarin de T. evansi mijten de plantenverdediging onderdruk-
ken gelijk is gebleven, en dat de metabolische kosten van het onderdrukken van plan-
tenverdediging waarschijnlijk laag zijn.

Concluderend kan ik stellen dat het onderdrukken van plantenverdediging de eileg
van T. evansi aanzienlijk bevordert. Concurrerende herbivoren kunnen echter aanzien-
lijke ecologische kosten teweeg brengen, omdat ze kunnen meeprofiteren van door T.
evansi onderdrukte plantenverdediging, en omdat ze die verdediging zelf juist kunnen
induceren ten nadele van T. evansi. Daarnaast heb ik gevonden dat er fenotypische vari-
atie is voor het onderdrukken van plantenverdediging binnen en tussen populaties, en
dat de metabolische kosten om plantenverdediging te onderdrukken waarschijnlijk laag
zijn. Deze conclusies geven ons meer inzicht in de evolutie van het onderdrukken van

plantenverdediging door herbivoren, maar laten ook een aantal belangrijke vragen onbe-

177



SAMENVATTING

antwoord. In HOOFDSTUK 6 geef ik aan welke aspecten van het onderdrukken van plan-
tenverdediging verder onderzocek verdienen, zoals mogelijke effecten op het aantrekken
van natuutlijke vijanden, en of andere aspecten van plantenkwaliteit voor herbivoren,
zoals concentraties van voedingsstoffen, ook door herbivoren worden beinvloed.
Tenslotte doe ik drie gedetailleerde suggesties voor verder onderzoek, die een deel van

de resterende vragen zouden kunnen beantwoorden.
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