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SUMMARY

Belowground ecosystems are inhabited not only by organisms that
represent a threat to plants (e.g. root herbivores and pathogens), but also by
organisms that provide protection to these antagonists (e.g.
entomopathogenic nematodes, mychorrizal fungi and root associated
bacteria). Herbivore-induced root volatiles, such as the sesquiterpene E-
(B)-caryophyllene, are an indirect defense in maize plants that attract
entomopathogenic nematodes to their host habitat. Entomopathogenic
nematodes (EPN) readily infect and Kill root herbivores, such as the
voracious maize pest D. virgifera virgifera, thereby providing protection to
the emitting the plant. Certain root-associated bacteria of the genus
Pseudomonas also benefit plants by promoting growth, suppressing
pathogens or inducing systemic resistance (ISR). Some Pseudomonas
strains also have insecticidal activity. Arbuscular mycorrhizal fungi (AMF)
are beneficial symbionts that colonize the roots of the majority of land
plants, promote water and nutrients uptake in their host plant and
contribute to enhance tolerance of their host plants to biotic and abiotic
stresses.

This thesis explores how abiotic (e.g. soil texture and moisture) and biotic
(e.g. root-associated bacteria) factors affect the emission and function of
the herbivore-induced root volatile E-(B)-caryophyllene, an EPN attractant,
in maize plants. Furthermore, we investigated how the single and
combined application of EPN, Pseudomonas bacteria, and AMF can
enhance wheat crop performance under realistic field conditions and traced
their persistence after augmentation.

Using gas chromatography-mass spectrometry analyses, we found that E-
(B)-caryophyllene diffuses best when humidity in agricultural soils is high
(20%), which is the opposite from pure sand, where diffusion is best under
drier conditions. We also found that this root-produced signal recruits the
EPN Heterorhabditis megidis more efficiently in clay loam soils than in
any other type of soil (Chapter 1). Furthermore, we discovered that root-
colonization by the bacterium Pseudomonas protegens CHAO enhances the
emission of E-(B)-caryophyllene from D. balteata-infested maize roots.
This was confirmed with gPRC analyses of the expression of the terpene
synthase gene Zm-tps23 in maize roots. Rootworm larvae tended to gain
more weight and cause more damage when feeding for three days on roots
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colonized by P. protegens CHAO, whereas the opposite trend was found
for larvae that fed on P. chlororaphis PCL-colonized roots, resulting in
lower levels of root damage (Chapter 3).

In field trials with wheat, we found that, after application, EPN,
Pseudomonas bacteria, and AMF persisted in the soil and persisted until
the end of the cropping season, although populations declined considerably
over time. Single applications of P. protegens CHAO and P. chlororaphis
PCL, as well as their application with the EPN H. bacteriophora improved
seedlings survival in plots where the wheat plants were infested by larvae
of the frit flies and hessian flies. Moreover, the combination of P.
protegens CHAQO, P. chlororaphis PCL and H. bacteriophora resulted in a
significant increase of wheat seed productivity under frit-flies stress.
Seedling survival, under insect attack, tended also to be higher in plots
inoculated with the AMF Rhizoglomus irregulare (Chapter 2).

Finally, in pot experiments we tested the efficacy of certain combinations
of EPN and root-associated bacteria to control D. balteata larvae in the
rhizosphere of squash plants. We only found a marginal difference between
treatments. The combination of P. protegens plus H. bacteriophora, the
bacteria may display an antagonism against the EPN and/or its enteric
bacteria. H. bacteriophora alone resulted in significant higher mortality
than the bacteria P. protegens CHAQ. The combination of P. chlororaphis
PCL with the EPN Steinernema feltiae enhanced larvae mortality
comparing with the treatment with P. chlororaphis PCL alone. But, larvae
mortality in the combination S. feltiae plus P. chlororaphis was not
different from mortality with S. feltiae alone (Chapter 2-Apendix).
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RESUMEN

Los ecosistemas subterraneos estan habitados no solamente por organismos
que representan una amenaza para las plantas (ejem: herbivoros de raiz y
patdgenos), pero también por organismos que proveen las protejen de estos
antagonistas (ejem: nematodos entomopatdgenos, hongos micorrizicos y
bacterias asociadas de raiz). En plantas de maiz, los volatiles de raiz
inducidos por herbivoros, como el (E)-B-cariofileno, son una defensa
indirecta que atrae nematodos entomopatdgenos al habitat de su hospedero.
Los nematodos entomopatdgenos (NEP) localizan a los insectos herbivoros
de raiz, inmediatamente, infectan y matan, como a la voraz plaga del maiz
Diabrotica virgifera virgifera, protegiendo a la planta emisora de dafos
posteriores. Ciertas bacterias asociadas a raiz del género Pseudomonas
también benefician a la planta promoviendo el crecimiento, suprimiendo
patégenos o induciendo Resistencia Inducida (RSI). Se sabe que algunas
cepas de Pseudomonas también tienen actividad oral insecticida. Los
hongos micorrizicos arbusculares (HMA) son simbiontes benéficos que
colonizan la mayoria de plantas terrestres, facilitan la adquisicion de agua
y nutrientes a su planta hospedera y contribuyen a incrementar su
tolerancia a estreses bidticos y abioticos.

En esta tesis exploramos cémo factores abidticos (ejem: textura de suelo y
humedad de suelo) y bioticos (ejem: bacterias asociadas a raiz) afectan la
funcién y emision del volatil de raiz inducido por herbivoro (E)-B-
cariofileno, un atrayente de NEP en plantas de maiz. Ademas,
investigamos cdémo aplicaciones individuales y combinadas de NEP,
bacterias Pseudomonas y HMA pueden fortalecer el desarrollo del cultivo
de trigo en condiciones reales de campo y trazamos su persistencia en el
suelo después de la inoculacion.

Usando cromatografia de gases-espectrometria de masas, encontramos que
(E)-B-cariofileno se difunde mejor cuando la humedad es alta en suelos
agricolas (20%), lo cual es opuesto a la difusion en arena pura, donde la
difusion es mejor en condiciones de menor humedad. También
encontramos que esta sefial producida por raices recluta el NEP
Heterorhabditis megidis mas eficientemente en suelos arcillo-limosos que
en otros tipos de suelo (Capitulo 1). Ademas, descubrimos que la
colonizacién de raiz por la bacteria Pseudomonas protegens CHAO
incrementa la produccion de (E)-B-cariofileno en raices de maiz infestadas
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por larvas del insecto D. balteata. Esto fue confirmado mediante analisis
de la expresion del gen Zm-tps23 en raices de maiz con rt-PCR. Las larvas
del insecto de raiz tendieron a ganar mas peso y causar mas dafio cuando se
alimentaron por 72 horas en raices colonizadas por P. protegens CHAO;
mientras la tendencia opuesta fue hallada para larvas que se alimentaron en
raices colonizadas por P. chlororaphis PCL resultando en niveles menores
de dafio de raiz (Capitulo 3).

En ensayos de campo en trigo, encontramos que después de la inoculacion,
NEP, bacterias Pseudomonas y HMA persistieron en el suelo hasta el final
del ciclo de cultivo, aunque las poblaciones declinaron el transcurso del
tiempo. Aplicaciones individuales de P. protegens CHAO y P.
chlororaphis PCL, asi como su aplicacion con el NEP H. bacteriophora
mejoraron la sobrevivencia de plantitas de trigo en parcelas que infestadas
por moscas del trigo y por moscas de los pastos. Ademas, la combinacion
de P. protegens CHAO, P. chlororaphis PCL y H. bacteriophora result6 en
un incremento significativo de la productividad de semillas de trigo bajo
condiciones de estrés por las moscas. La sobrevivencia de plantitas
también tendié a ser mas alta en parcelas inoculadas con el HMA
Rhizoglomus irregulare (Capitulo 2).

Finalmente en experimentos en macetas probamos la eficacia de
combinaciones de NEP y bacterias asociadas a raiz para el control de
larvas de D. balteata en la rizosfera de plantas de zuquini. Encontramos
solamente una diferencia marginal entre tratamientos. La combinacién de
P. protegens mas H. bacteriophora, la bacteria podria mostrar un
antagonismo en contra del NEP y/o su bacteria entérica. H. bacteriophora
causd una mortalidad significativamente mas alta que la bacteria P.
protegens CHAO. La combinacion de P. chlororaphis con el NEP
Steinernema feltiae resulté en un incremento de la mortalidad comparando
con el tratamiento individual con P. chlororaphis. Pero la mortalidad en la
combinacién de Steinernema feltiae con P. chlororaphis no fue diferente
de la mortalidad causada por S. feltiae (Capitulo 2-APENDICE).
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GENERAL INTRODUCTION

BELOWGROUND PLANT HERBIVORY

The belowground plant biomass in Earth’s soils is tremendously vast and
serves as food to members of at least seven insect orders that spend an
important part of their life cycle as belowground feeders (Blossey and
Hunt-Joshi, 2003; Hunter, 2001). Belowground insect herbivores can exert
many negative effects on plants, also in agricultural systems. For example,
root damage may result in inadequate uptake of water, nutrients, and
minerals, and thereby reduce the growth of aboveground plant parts
(Maron, 2001; Erb, 2009). In addition, tissue damage inflicted by root
herbivores increases a plant’s susceptibility to infections by pathogens
(Adair and Mehta, 2001). Although the study of root herbivory and plant
defenses has received less attention than insect feeding on aboveground
plant parts, an increasing number of studies are focusing on belowground
plant defenses, not only from a fundamental (Huber et al., 2016), but also
from an applied point of view (Robert, 2012; Erb, 2009). The latter is
particularly relevant because insects often inflict much more damage in
agroecosystems than in natural settings, and crop losses due to insect
feeding reach 15% or more worldwide. (Peterson and Higley, 2001).

PLANT DEFENSES AGAINST INSECT PESTS

To cope with insect herbivory, plants have developed a wide array of
defensive strategies that can be classified as direct and indirect defenses.
Direct defenses are mediated by plant characteristic’s that that directly
affect an herbivore’s performance or behavior, such as cuticles, trichomes,
thorns or toxic secondary metabolites. Indirect defenses improve the
performance of the herbivore’s natural enemies, for example through the
provision of shelter, alternative food or infochemicals for host location
(Dicke and Baldwin, 2010; Schoonhoven et al., 2005). In the latter case,
carnivorous and parasitic organisms take advantage of plant-provided
infochemicals to locate their prey or hosts (Turlings et al., 1990; Turlings
and Wéckers, 2004). These defenses can also be either constitutive, when
their presence is independent of insect damage, or induced, when they are
activated in response to insect attack (Schoonhoven et al., 2005).
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Furthermore, chemical cues that serve as cues for the natural enemies of
herbivores are not only released by the aerial parts of plants after
aboveground insect damage (Unsicker et al., 2009) or egg deposition
(Fatouros et al., 2008), but also by roots after root herbivore attack (Van
Tol et al., 2001; Boff et al., 2001; Aratchige et al., 2004; Rasmann et al.,
2005; Ali et al., 2010; Tonelli et al., 2016).

ROOT-MEDIATED INTERACTIONS

Belowground herbivore-induced plant volatiles (HIPVs) play an
important role in mediating interactions in the rhizosphere and may help to
control root herbivory and improve plant performance (Degenhardt et al.,
2009; Hiltpold et al., 2009, Rasmann et al., 2011, Ali et al., 2012). So far,
two root produced HIPVs have been identified: the sesquiterpene E-(B)-
caryophyllene (EBc) in maize (Rasmann et al., 2005) and pregeijerene in
the citrus hybrid Swingle citrumelo (Ali et al., 2010). Maize roots produce
EBc in response to feeding by diabroticine larvae, such as Diabrotica
virgifera virgifera and Diabrotica balteata Le Compte (Coleoptera:
Chrysomelidae). This root signal is highly attractive to the
entomopathogenic nematode (EPN) Heterorhabditis megidis and its
production ensures higher infection rates of D. virgifera virgifera and
lower root damage in maize plants (Degenhardt et al., 2009; Rasmann et
al., 2005; Hiltpold et al., 2011) (Fig. 1). The production of Efc is highly
variable at the genotype level (Gouinguené et al., 2001, Degen et al., 2004)
in maize plants, and its is known that the emission has been lost in North-
American maize varieties, possibly because this root volatile is also used
by D. virgifera virgifera as an aggregation signal (Robert, 2012).
Moreover, it is known that different root herbivores species induce distinct
quantities of EBc in maize roots and different EPN species respond to the
root signal in a different manner (Rasmann and Turlings, 2008). The
emission of pregeijerene occurs broadly in different citrus genotypes. It
attracts both plant parasitic and several species of EPNs (Ali et al., 2011,
2012) and even free living nematodes (Ali et al., 2013), which may act as
hyperparasites. It has been suggested that with these signals and other root
exudations plants can structure communities of nematodes in the
rhizosphere (Rasmann et al., 2012).
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Figure 1. The sesquiterpene E-(B)-caryophyllene is produced by maize
roots in response to rootworm feeding. Entomopathogenic nematodes use
this volatile root signal to localize rootworm larvae, which they infect and
rapidly kill.

ENTOMOPATHOGENIC NEMATODES: ALLIES WHEN A ROOT
HERBIVORE ATTACKS

Entomopathogenic  nematodes (EPNs) comprise the families
Steinernematidae  (genus Steinernema and Neosteinernema) and
Heterorhabditidae (genus Heterorhabditis). They have lethal effects on
insect pests, resulting from their association with a mutualistic enteric y—
Proteobacteria in the genera Xenorhabdus and Photorhabdus, respectively
(Boemare, 2002). EPN reproduce inside their hosts and the third stage
infective juvenile (1J) is the only free-living stage that naturally occurs in
the soil (Fig. 2), where they forage for new hosts. Once they find a host,
they penetrate and release the symbiotic bacteria. The bacteria proliferate
rapidly and release a toxin that Kkills the host within days. The nematodes
feed on the degraded host tissues and the bacteria, develop and reproduce,
until food is depleted (Boemare, 2002; Adams and Nguyen, 2002). Due to
their shared characteristics with predators/parasitoids and microbial
pathogens, and the facility of large-scale culturing, EPNs are considered
highly suitable organisms for biological control of several insect pests,
especially root feeders (Shapiro, 2013; Lacey et al., 2015).
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Figure 2. Entomopathogenic nematodes.
Photo: Neil Villard

Various studies on the behavior and ecology of EPNs during the past
decades have been conducted to optimize their use as efficient biocontrol
agents (Lewis et al., 2006, 2015; Griffin, 2015). It is recognized that
several factors can limit the efficacy of EPNs in controlling root pests
under field conditions, such as the use of nematode strains or species that
are not adapted to the target host or to local conditions (Georgis et al.,
2006), a lack of alternative hosts in the soil (Susurluk; 2005), losses during
or upon application (Smits, et al., 2004), unfavorable soil characteristics
(Kaya, 1990), adverse environmental conditions (temperature and rainfall)
(Georgis et al., 2006). Their success or failure is also dependent on the
presence of other soil organisms that are part of the same food web, like
nematophagous mites, nematophagous fungi, and free-living nematodes
(Duncan et al., 2007, Campos-Herrera et al., 2012, Campos-Herrera et al.,
2013).

The particular life cycle of EPNs places important constraints on the
structure and dynamics of their populations. Once a new cohort of 1Js
emerge from the host cadaver, their ability to disperse and persist until they
can locate a new host is crucial for their success in controlling insect pests.
Occurrence, motility, distribution and persistence of EPNs is influenced by
numerous interacting intrinsic factors (e.g., behavioral, physiological, and
genetic characteristics) and extrinsic factors of abiotic (e.g., temperatures,
soil moisture, soil texture, soil pH, and UV radiation) and biotic nature
(host and non-host arthropods, intra and interspecific competitors,
predators, parasites and pathogens) (Stuart et al., 2006, 2015; Griffin,
2015; Koppenhoffer et al., 2006). One of the most important soil factors is
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moisture because nematodes need a water film for effective propulsion and
dispersal (Koppenhofer, 1995). In soil, 1Js move through the water film
that coats the interstitial spaces. When this film becomes too thin (in dry
soil) or if the interstitial spaces are completely filled with water (in
saturated soil), nematode movement can be restricted (Koppenhoffer et al.,
1995, 2006). Moreover, soil moisture in a given soil is closely linked with
soil texture, which is defined mainly by soil particle size composition, and
organic matter content (Barbercheck and Duncan, 2004). Generally,
nematode motility decreases as soil pores become smaller (Kaya, 1990).
Small soil pores, particularly in combination with high soil moisture, will
also limit oxygen levels that affect activity and EPN survival (Burman &
Pye, 1980; Kung et al., 1990). Consequently, nematode efficacy against
soil-dwelling insects should generally decrease in finer-textured, water-
saturated soils and water-depleted soils.

To locate suitable hosts EPN can integrate different possible cues such as
temperature, vibrations (Torr et al., 2004), electric potential (Shapiro-llan
et al., 2012), and various organic and inorganic substances emanating from
the hosts (Jones, 2002; Dillman et al., 2012). During the last 20 years it has
become more and more evident that EPN also rely on cues provided by
plant roots (Grewal et al., 1994; Wang and Gaugler, 1998; Boff et al.,
2002; Turlings et al., 2012). These plant-derived odors, possibly in
combination with ubiquitous gas CO,, play an important role in EPN
chemotaxis, the directed orientation of an organism towards or away of the
source of stimulation (Rasmann et al., 2012; Turlings et al., 2012).

Belowground volatiles are expected to operate over much smaller scales
than aboveground volatiles, because of their poor diffusion and interaction
with soil particles, which inhibit their spread in the soil (van der Putten,
2003). Previous studies showed that diffusion of EBc occurs through the
gaseous phase in sand rather than the aqueous phase, being favored by low
water content. However, it has also been demonstrated that Efc diffusion is
to some extend limited in an artificial sandy soil (Hiltpold and Turlings,
2008).
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RHIZOSPHERE THE SCENARIO OF INDIRECT PLANT
DEFENSE AGAINST ROOT HERBIVORES

The rhizosphere is a very complex habitat modeled by several factors:
chemical and physical. The behavior and performance of EPN and other
soil organisms are affected by these factors. For example, the three
components that determine the physical properties of the soil: solid, liquid
and gaseous, certainly affect mobility, foraging behavior, signaling, and
interactions among organisms (Rasmann et al., 2012). Soil organisms are
devoid of visual information, so they rather use chemical and tactile cues to
communicate and orient themselves (Jones, 2002), and plants play an
important role in providing such cues. Roots can produce and exude into
the rhizosphere a great variety of compounds ranging from amino acids,
complex polysaccharides, and proteins, to smaller more volatile lipophilic
molecules, which directly or indirectly influence soil communities of
organisms (Bais et al., 2012; Rasmann and Turlings, 2016). Hence, plant
roots are not merely organs that serve to take up water and nutrients, but
they also play a role in the synthesis, transport and exudation of defensive
compounds that target herbivores direct, or indirectly by attracting natural
enemies. The root-produced compounds serve not only to protect the roots,
but are also transported to the aerial parts where they provide leaf
resistance against aboveground insect and pathogens (Erb et al., 2009)
Moreover, roots serve as storage organs for carbon-based metabolites that
can be mobilized for regrowth after leaf attack (Erb, 2012). Finally, roots
harbor numerous mutualistic micro-organisms that help shape
belowground communities in the rhizosphere (Beredesn et al., 2012).

PLANT-BENEFICIAL SOIL INHABITANTS

Plant defensive strategies go beyond the combination of physical, chemical
and developmental features, and soil not only holds beneficial EPN, but
also an enormous diversity of microbes. Through evolutionary time, plants
have allied with many of these belowground microorganisms to satisfy
their nutritional needs and to protect themselves from harmful organisms.
Microbial communities associated with roots are composed of tens of
thousands of species and constitute a key determinant of plant health and
productivity (Berendsen et al., 2012). Indeed, such is their importance that
the plant microbiome has been considered as the second genome of the
plant (Berendsen et al., 2012), and increasing evidence acknowledges that
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rhizosphere microbial communities affect the plant and vice versa
(Berendsen et al., 2012; Turner et al., 2013). In addition to direct effects on
deleterious microbes on the rhizosphere (e.g. through competition for
micronutrients, production of antibiotic compounds or enzymes,
consumption of pathogen stimulatory compounds), many beneficial soil
borne microorganism (e.g. Pseudomonas spp.) have been found to boost
the defensive capacity in aboveground parts of the plant (Zamioudis and
Pieterse, 2011). This induced systemic resistance (ISR) is a state in which
the immune system of the plant is primed for accelerated activation of
defense (Bakker et al., 2007).

Certain root-associated bacteria of the genus Pseudomonas, besides
their benefits for plant growth, pathogens suppression and induction of
systemic plant defenses, also possess insecticidal activity against several
herbivore species (Ruffner et al., 2013). Natural isolates of Pseudomonas
fluorescens and Pseudomonas chlororaphis have a high potential for
application against various insect pests (Kupferschmied et al., 2013) (Fig.
3). Since many strains of the P. fluorescens group are adapted to live on
plant roots, and because they show environmental persistence and are
competitive and aggressive root colonizers, they may be ideal
microorganisms for the long-term insect pest control (Lugtenberg and
Kamilova 2009, Kupferschmied et al, 2013).

In addition to beneficial bacteria, several fungi, in particular arbuscular
mycorrhizal fungi, have important symbiotic associations with the
majority of plant species. They can greatly benefit plants, especially under
conditions of phosphor limitation, and influence nutrient up-take, water
relations and aboveground productivity. Arbuscular mycorrhizal fungi
(AMF) also act as bioprotectants against pathogens and toxic stresses.
Therefore, AMF are becoming important elements in low-input, organic or
soil-free agriculture, and are incorporated in strategies such as
bioaugmentation or inoculation of seedlings before transplanting (Fig. 4)
(Jeffries et al., 2003). As proposed by Kupferschmied et al. (2013), future
research should explore integrated pest management (IPM) strategies that
combine the mentioned beneficial soil organisms. Such research may find
potential synergistic effects of applying pseudomonads bacteria, EPN
and/or AMF to optimally enhance plant health and the biocontrol of pest.
Some studies have looked at the interactions between AMF and soil
bacteria, but overall the underlying mechanisms behind these associations
are very poorly understood (Artursson et al., 2006). One study suggests
that certain nematodes that feed on bacteria can positively impact bacteria
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colonization in wheat roots (Knox et al., 2004), but we are not aware of
any study on combinations of soil bacteria and EPN and how they affect
root colonization, plant health or root herbivore performance.

Fig 3. Pseudomonas sp.
Source: Pseudomonas genome database
http://v2.pseudomonas.com/

Fig 4. Arbuscular mychorrizal fungi
Source: Soil health website
http://lwww.soilhealth.com/soilhealth/biology/
beneficial/fungi/index.htm

25


http://v2.pseudomonas.com/

MAIZE AND WHEAT AS CROPS AND MODELS FOR
RHIZOSPHERE STUDIES

It is noteworthy that 50 % of human food is obtained from only four crop
species: maize, rice, wheat and potato (FAO, 2001). In 2013, maize and
wheat were within the top five crops produced worldwide (FAO, 2013).

Maize Zea mays L. (Poales: Poacea) and its ancestor “teosinte” Zea mays
spp. parviglumis Illtis and Doebley are original from Mesoamerica
(Doebley, 1990). Modern maize varieties are adapted to different climatic
regions and are cultivated worldwide, not only for human consumption, but
also as food and fodder for cattle. Indeed, maize production has increased
by 186 millions tons between 2010 and 2014 (FAOstat visualize, 2017)
(Figure 3). However, maize crop is menaced by various oliphagous and
polyphagous insect herbivores that feed on it aboveground and
belowground. To date, one of the most important maize insect pests is the
western corn rootworm Diabrotica virgifera virgifera Le Conte
(Coleoptera: Chrysomelidae). It has spread from its origin in Mexico
widely to the north in United States and Canada during the twentieth
century. Through accidentally repeated introductions in Europe over the
last two decades, this pest is now also an economic threat to maize
production in many European countries (Toepfer et al., 2005). In Europe,
D. virgifera virgifera extends over 11 countries, from Austria to Ukraine
and from southern Poland to southern Serbia and several disconnected
outbreaks have been reported in Italy, Switzerland, Eastern France,
Belgium, United Kingdom, Netherlands and the Parisian region (France)
since 1998 till 2005 (Ciosi et al., 2008). Another diabroticine rootworm
that feeds on maize and other crops is D. balteata Le Conte (Coleoptera:
Chrysomelidae), which is an important pest in Central and North America
(Capinera, 2011). Because of this, maize has become an important
biological model for the study of belowground plant defenses against
insect herbivores, including their interactions with the natural enemies of
these herbivores (Rasmann et al., 2005; Erb, 2009; Robert, 2012).
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Fig. 5. D. virgifera virgifera larvae feeding
on maize roots.
Photo: Neil Villard

Wheat Triticum aestivum L. and T. turgidum var. durum L. (Poales:
Poacea) have been the staple food of the major civilizations in Europe,
Western Asia and North Africa for over 8000 years. Wheat production is
constantly growing worldwide without increasing the harvested areas
(FAOstat visualize, 2017) (Figure 4), in part because of crop improvements
to grow under diverse climatic conditions. As all crops, wheat is attacked
by several species of insect pests (Miller and Pike, 2002) and numerous
diseases of roots and shoots (Singleton, 2002). For example, the wheat
bulb fly (WBF) Delia coarctata Fall., is an important pest in most of the
major wheat-growing areas of England (Kowalski and Benson, 1978). It is
a widespread Eurasian species that is also present in Switzerland with a
restricted distribution (CABI, 2014) and it has also been recorded in
Canada (McAlpine and Slight, 1981). Wheat is also affected by several
diseases caused by fungi such as Bipolaris sorokiniana, Fusarium
culmorum, Fusarium graminearum, Gaeumannomyces graminis var.
tritici, Phytium spp. and Rhizoctonia spp. (Singleton, 2002). Several
studies have addressed the use of beneficial soil (BeSo) microorganisms
for the control of such fungal diseases and of insect pests (Tarasco, 2011;
Lacey, 2015) and some studies have focused on the use of BeSo in the
wheat crop (Pierson and Weller, 1994; Knox et al. 2004). For example,
Pierson and Weller (1994) report an enhancement in wheat yield with the
application of certain combinations of pseudomonas bacteria. In addition,
Knox et al (2004) demonstrated that the use of a mixed nematode
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community of Acrobeloides spp. and Caenorhabditis elegans enhance
bacteria seed colonization by Pseudomonas fluorescens SBW25.
Therefore, wheat crop is a suitable model to evaluate the use of BeSo
organisms for enhancement of plant health in field conditions.
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THESIS OUTLINE

The emission of the sesquiterpene EBC by maize plants has potential for
crop protection against belowground insect pests. How this important EPN
attractant diffuses in the complex matrix of the soil is as yet unknown, as is
the influence of interacting abiotic and biotic elements that determine
particular soil characteristics. In this thesis, I investigated the effects of
selected abiotic and biotic factors on the diffusion, attractiveness and
production of EBC. | hypothesized that: 1) EBC diffuses differently
depending on soil texture and soil moisture, 2) the recruitment efficiency
of the EPN H. megidis differs depending on soil texture 3) root
colonization by Pseudomonas bacteria affect EBC release in maize plants.

In addition, | investigated the feasibility of combining EPN, with plant-
beneficial bacteria, and AMF to enhance wheat protection and performance
in field experiments, hypothesizing that 4) their combined application has a
greater positive effect on wheat performance than their individual (or no)
application. | also tested the efficiency of combining EPN and
Pseudomonas bacteria in controlling rootworm larvae under laboratory
conditions. Expecting that 5) that the combination of EPN and root
colonizing bacteria acts synergistically to control the root pests.

e In the Chapter 1, I investigated the diffusion dynamics of synthetic
Epc in different soil textures at different levels of water content.
Furthermore, | studied the efficiency of the root produced maize
volatile EBc in attracting the EPN H. megidis in different soil
textures.

e In the Chapter 2, | investigated the seasonal persistence of several
soil beneficial organisms (BeSO) that were applied in combination
or singly in wheat plots, and | evaluated how these combinations
affected wheat performance (field experiments) and mortality of
root herbivore D. balteata (pot experiments).

e In the Chapter 3, | investigated how maize root-colonization by
Pseudomonas bacteria affects the production of EBc and the
expression of its terpene synthase gene TPS23. In this study, I
further evaluated if root-colonization by Pseudomonas spp. affects
root growth and the performance and mortality of root feeding
larvae of D. balteata.
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ABSTRACT

Maize roots respond to feeding by larvae of the beetle Diabrotica virgifera
virgifera by releasing (E)-p-caryophyllene (EBc). This insect-induced root
volatile attracts entomopathogenic nematodes (EPN) and thereby helps to
protect the roots against herbivore damage. Previous studies suggest that
diffusion of Efc occurs through the gaseous rather than the aqueous phase
in sand and its diffusion is best at low levels of humidity. However, it
remains largely unknown how EBc diffuses in typical natural and
agricultural soils. To fully understand the function and efficiency of root-
produced EPc as a belowground signal it is important to know how it
spreads in real soils and how soil properties affect its diffusion. Using gas
chromatography-mass spectrometry analyses, the diffusion of two doses of
synthetic Efc (200 ng and 20000 ng) injected in sand was compared with
the diffusion of Efc injected in clay, clay-loam and sandy-loam soils, at 3
moisture levels (5, 10 and 20% water), and at two distances (5 and 10 cm)
from the Efc injection point. The diffusion of the compound was measured
with a Solid Phase Micro Extraction (SPME) fiber every 30 minutes over a
period of 9 hours. We found that, in contrast to the pattern observed for
pure sand, diffusion of Efc was best when humidity was high in the three
agricultural soils. In subsequent experiments we used glass-trays to create
two types of mesocosms to assess the effect of synthetic or root-produced
EBc on the dispersal of the EPN Heterorhabditis megidis and its infection
of sentinel hosts in the trays. The presence of synthetic Efc did not affect
the ability of H. megidis to infect the sentinel host. However, under the
test conditions, EPc released from maize roots influenced the migration
behaviour of H. megidis depending on soil type. The results suggest that D.
virgifera-damaged maize plants may recruit H. megidis more efficiently in
clay loam soils than in other types of soil. These new insights into the
diffusion dynamics and attraction efficiency of the root-produced signal
EBc may help efforts to develop novel strategies for the sustainable
management of the maize pest D. virgifera.

Key words: entomopathogenic nematode, Heterorhabditis megidis,
belowground signaling, Diabrotica virgifera virgifera, (E)-B-
caryophyllene, maize, soil, texture
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INTRODUCTION

Plants produce herbivore-induced plant volatiles (HIPVs) in response to
herbivory attack (Karban and Baldwin, 1997; Dicke and Baldwin, 2010).
These volatiles, which are not only emitted from leaves (Dicke and Sabelis,
1988; Turlings et al., 1990), but also from roots (Rasmann et al. 2005; Ali
et al. 2010) have been proposed to function as an indirect defense to attract
natural enemies of the herbivore that attacks the plant. HIPVs mainly
comprise terpenoids, fatty acid derivatives, phenyl propanoids and
benzenoids (Mumm and Dicke, 2010; Dudareva et al. 2006). Recently, two
terpenes have been described as herbivore-induced root signals, the
sesquiterpene (E)-B-caryophyllene (EBc) in maize (Rasmann et al., 2005)
and pregeijerene in citrus, specifically Swingle citrumelo (Ali et al., 2010).
Both attract entomopathogenic nematodes (EPNSs), which infect and kill
the root herbivores feeding on the roots of the emitting plants, thereby
reducing root damage (Degenhardt et al., 2009; Ali et al., 2012; Hiltpold &
Turlings, 2012).

The role of Efc as an EPN attractant has been confirmed in laboratory and
field experiments. For instance, in experiments with belowground
olfactometers, the EPN species Heterorhabditis megidis Poinar, Jackson &
Klein (Rhabditida: Heterorhabditidae) and Heterorhabditis bacteriophora
Poinar (Rhabditida: Heterorhabditidae) were significantly attracted to
damaged maize roots when compared with the attractiveness of undamaged
roots (Rasmann et al., 2005; Rasmann and Turlings, 2008). Furthermore,
the EPNs H. megidis and Steinernema feltiae Filipjev (Rhabditida:
Steinernematidae) are more efficient in reducing root damaged by
Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae) in
EBc emitting maize than in non-emitting variety (Rasmann et al., 2005;
Degenhardt et al., 2009; Hiltpold et al., 2010). It has been suggested that
the diffusion properties of EBc make it a highly suitable belowground
signal (Hiltpold & Turlings, 2008).

The diffusion of organic compounds in soil matrices is affected by several
factors that are closely related to the sorption properties of the soil
(Lindstrom et al., 1967; Steinberg and Kreamer 1993). Sorption of organic
compounds in the soil largely depends on its chemical composition (e.g.
mineral) and physical properties (e.g. particle size, density, porosity) (Ruiz
et al., 1998). Water content (Porter & Kemper, 1960) and organic matter
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also play key roles in sorption (Li & Werth, 2001). Previous studies with
pure sand have demonstrated that Efc rapidly diffuses through the gaseous
phase of the sand matrix (Rasmann et al., 2005; Hiltpold & Turlings,
2008), which was most evident from the easy and rapid horizontal
diffusion of EPc at low moisture levels. However, a first attempt to
characterize EPc diffusion in a sandy soil showed a clear decrease in
relation to pure sand (Hiltpold & Turlings, 2008). It therefore remains
unclear how Efc diffuses in different soil types, and to what extent
diffusion depends on sand content. To broaden our knowledge on the
signaling function and efficiency of Efc as a belowground signal, it is
essential to identify key soil characteristics that affect its diffusion.

Soils are composed of particles of different sizes (such as sand, clay and
silt) and their relative proportion defines soil texture, which in turn
determines pore size. We therefore hypothesized that diffusion of EBc and
EPN attraction towards the root volatile diminishes when sand content
decreases.

The current study aimed to characterize the diffusion of EfBc through soils
of different textures and define how soil humidity affects this diffusion.
We used a combination of fibre-based solid phase microextraction and gas
chromatography-coupled mass spectrometry (GC-MS) to measure Efc
diffusion in various soils. In subsequent experiments we used soil-filled
glass trays to test how a point source of authentic EBc may help guide the
EPN H. megidis towards sentinel insect hosts in different soil textures. In
addition, we tested the attraction of H. megidis to insect-damaged maize
varieties with distinctly different Efc emission rates in these soil types.

MATERIALS AND METHODS

Soils, nematodes, insects, plants, and general procedures

Experiments were performed with pure sand (Migros, Switzerland)
and three agricultural soils of different textures (Table 1). We used a
Gleyic Cambisol clay soil (C), a clay loam soil (CL) and sandy loam soil
(SL) (IUSS Working Group WRB, 2006). Texture analyses were
performed by Soil Conseil (Nyon, Switzerland). The soils were collected in
the experimental fields of Agroscope, Institut des Sciences en Production
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Végétale (46° 24’ N, 6° 14’ E, 430 m above sea level, Changins-Nyon,
Switzerland) during 2013 and 2014. Following procedures described by
Hiltpold & Turlings (2008), soils were ground, sieved in a 2 mm mesh and
autoclaved (120°C) to obtain a sterile substrate. Soils were also ventilated
for at least 24 hours to eliminate possible odours and volatiles that might
interfere with the detection of Efc.

Table 1. Characteristics of soils used for diffusion and foraging behaviour
experiments.

nomen Soil texture %Sf nd %?'ay %§”t pr % organjc ngzgty
clature matter '

CA Clay 17 48 35 6.7 4.1 25%
CL Clay loam 29 42 29 8 2.3 21%
SL Sandy loam 56 18 26 8 2.9 20%

S Sand (pure) 100 - - - 0 10%

" Determined at Soil Laboratory (Soil Conseil, Nyon, Switzerland)
" Determined following Estimating Soil Moisture by Feel and Appereance,
USDA (1998)

A commercial population of the EPN H. megidis (Andermatt
Biocontrol AG, Switzerland) was used for the glass-tray experiments. The
identity of the species was morphologically and molecularly confirmed
(ITS rDNA region sequence, GenBank Accession number KJ938577)
(Campos-Herrera et al., 2015). New generations of freshly emerged
nematodes reared from Galleria melonella L. (Lepidoptera: Pyralidae)
larvae were used no more than 15 days after emergence. Suspensions of
infective juveniles (1Js) were prepared by counting IJs under a stereo-
microscope and by adjusting the concentration in distilled water to 2000
IJs/mL. In each soil tray, 2000 IJs of H. megidis were inoculated at 10 cm
distance from a capillary dispenser (2™ experiment, see below) or the
maize plant (3" experiment).
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Larvae of G. mellonela (commercial stock, Au Pécheur SARL,
Neuchatel, Switzerland) were used for the nematode rearing and also as
sentinel hosts in the first tray experiments to quantify infection success. In
the second tray experiments, we infested maize plants with second instar
larvae of Diabrotica virgifera virgifera Le Conte (Coleoptera:
Chrysomelidae) obtained from the North Central Agricultural Research
Laboratory-USDA (Brookins, USA).

Two maize (Zea mays L., Poales: Poaceae) varieties were used: i)
Graf as the high EBC emitting plant and ii) Pactol as the non-emitting plant
(Gouinguené et al., 2001; Rasmann et al. 2005). Seeds were sown in plastic
pots and plants grown in a climate chamber (Grow bank, 24°C, 14:10
hours light:dark photoperiod, 320 pmol m? s™) during 16 days until they
reached the 4 leaf-stage.

Diffusion patterns of synthetic Efc in various soil types, at different
moisture levels, distances and concentrations

A solution of authentic EBc (Sigma Aldrich, > 98% pure) was
prepared at a low (200 ng) and high concentration (20000 ng) by
dissolving the compound in different amounts of pentane. Soil moisture
was adjusted by weight/volume to obtain levels corresponding to 5, 10 and
20% with mQ water (Milli-Q Water System, Millipore S.A., Molsheim,
France). For the diffusion experiments a Teflon box (12 cm x 10 cm x 4
cm) was filled with one of the soil treatments. For each treatment, we used
a soil moisture-soil texture combination with a constant mass of moistened
soil or sand, thereby maintaining a homogenous density among all
replicates (Supplementary data 1).

Either a low or high concentration of EBc was injected in a tray
with one of the substrates at different levels of humidity (5%, 10% and
20%) and at different distances from the sampling fibre (10 cm or 5 cm).
Each combination of soil, humidity and distance was replicated five times.
The Teflon box was placed on a thermal tray, maintaining the temperature
at 12 °C. A 0.2 mm diameter cylinder made of ultrafine metal mesh (2300
mesh, Small Parts Inc., USA) was inserted into the soil, creating a hole in
which a Solid Phase Micro Extraction (SPME) fibre (100 pm
polydimethylsiloxane, Supelco, Buchs, Switzerland) was introduced at a
depth of 3 cm from the soil surface. Automated sampling was done over a
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total period of 9 or 12 hours with a multipurpose sampler (MPS2,
GerstelGmbH & Co. KG, Germany) (Hiltpold & Turlings, 2008). After the
first 30 min sampling period, the Efc solution was injected at 3 cm deep
into the soil. Every 30 min, the fibre was retracted automatically (multi-
purpose sampler MPS2, Gerstel GmbH &Co. FG, Germany) from the soil
matrix and inserted for 3 min into the injector of an Agilent 680 Series gas
chromatograph (G1530) coupled to a quadrupole-type mass-selective
detector (Agilent 5973, transfer line 230°C, source 230°C ionization
potential 70 eV). The injector was kept at 230°C and the desorbed
compounds were separated on a polar column (HP1-MS, 30 M, 0.25 MM
id, 0.25 um film; Agilent Technologies, USA) using helium as a carrier gas
(constant pressure of 127.9 kPa). Following injection, the temperature of
the column was maintained at 40°C for 1 min and then increased 20 °C
min -1 to 250 °C, where it was held for 12 min more.

Statistical analysis. For soils at 10% of humidity, the curves were fitted
according to a Linear Mixed Effects Model (LME) and the parameters for
intercept and slope were compared. We exclude sand from the comparison
because its diffusion did not fit a linear model. For soils at 20% of
humidity, values obtained for abundance of Efc were used to model a
curve according to the diffusion equation (see equation A.1l) (Eqworld,
2015). The parameters of the curve were compared with a Non-linear
mixed effects model (NLME). We used R environment (version 3.1.2,
2015) for both analyses.

Equation A.1
Abundance(t) = %exp[—ﬁlj (1)

Where: A represents the slope and B the peak

Effects of soil texture on host infection by Heterorhabditis megidis in
the presence or absence of synthetic EBC

Soils of three different textures were prepared as described above.
For each substrate one kg of each substrate was adjusted to 20% humidity
(weight/volume) and placed in a glass tray (Pyrex, France, 23 cm x 15 cm
X 6 cm) (n = 3 per treatment). Four larvae of G. melonella were caged in a
cylindrical metallic mesh cage (6.5 cm x 2.7 cm, diameter), which was
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buried at 3 cm distance from one of the edges of the glass container filled
with soil. EBC dispensers were made of 1 ml vials containing 10 mg of
cotton wool treated with 200 pL of authentic EBC. The vials were closed
with a screw cap with a Teflon-covered septum through which a 100 pL
glass capillary (Hirschmann Laborgerate ringcaps Duran, GmbH & Co.
KG, Germany) was inserted (as described by Hiltpold et al., 2010). The
dispensers were inverted and the capillaries inserted into trays with the
substrate, behind the cage with larvae and 2 cm from the edge (Fig. 1A).
Soil trays without dispensers were used as controls (Fig. 1B). Experiments
were conducted at room temperature (22 + 2 °C, 33% relative humidity)
and larval mortality was recorded every 12 hours during 4-5 days. The
experiment was repeated three times, each time using fresh nematode
inoculum, insect larvae and newly prepared soils.

Fig. 1. Set-up used to test the effects of soil type on host infection by
Heterorhabditis megidis. (A) Four Galleria melonella larvae caged next to
an (E)-B-caryophyllene releasing capillary dispenser, (B) Four Galleria
melonella larvae caged without capillary dispenser (control).

46



Data of larval mortality from the three experiments were pooled
after testing homogeneity of the results. To compare mean times of death
between different treatments statistical analyses were performed with a
Generalized Linear Mixed-Effects model, with gamma distribution and
replicate as a random effect in R environment (version 3.1.2., 2015). In the
second and third experiments, numbers of nematodes that infected each
sentinel larva were recorded by dissecting cadavers and digesting the
tissues with a pepsin solution 72 hours after larval death (Mauleon et al.,
1993). Data from these experiments were pooled. The proportion of
nematodes that succeeded to infect one larva at each time-point of
evaluation was calculated and these data were square root transformed in
order to normalize their distribution. Data were analysed with a Two-Way
Anova in R environment (version 3.1.2., 2015).

Effects of soil texture on migration of Heterorhabditis megidis in the
presence or absence of naturally produced EC

The effect of plant-produced EBC on EPN attraction in different
soil types was tested. To provide optimal water conditions for the plants,
water content for each soil was adjusted to achieve field capacity based on
values provided by the USDA (1998). MilliQ water was added to each
substrate in different proportions: C (25%), CL (21%) and SL (20%). In
each tray we placed a 16-day old (four leaves) maize plant at 1 cm distance
from one of the edges of the tray and the root system was infested with six
late second instar D. virgifera virgifera larvae. The larvae were allowed to
feed on the roots for 48 hours before releasing the EPNs (Fig. 2). Trays
without plants were used as controls. Three replicates per treatment were
done simultaneously and the experiment was repeated two times (n=6).
Infective juveniles of H. megidis were released 48 hours after insect
infestation, 12 cm away from the maize plant. Fifty-six hours after this
release, the numbers of individuals of H. megidis were estimated by
sampling four positions within each soil tray: 1) 12 cm away from the
inoculation point, in the plant/no-plant (P), 2) in the middle of the tray, at 5
cm distance from the inoculation point (M), 3) in the release point (R) and
4) in the sides of the trays (L) (Fig. 2). A sample consisted of two cores of
soil of 19.6 cm® each one (approximately 50 g of soil), taken with a
cylindrical metallic sampler (2.6 cm, diameter). To recover the EPNs f