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General abstract

Photorhabdus bacteria are potent insect-killing microbes offering a prime opportunity for
environmentally benign pest control. However, applying Photorhabdus bacteria by foliar
sprays or soil drenching without its entomopathogenic nematode vector introduces bacterial
cells and toxins into the soil. Yet, the soil legacy effects of Photorhabdus bacteria and their
metabolites on plants and other organisms are unknown.

In this study, | investigated the soil legacy effects of Photorhabdus metabolites on soll
microbial community, plant physiology, performance and resistance against insect attack. To
achieve this, | conditioned soils with: i) Photorhabdus-infected insect cadavers or mechanically
killed (MK) larvae, ii) water extracts of toxins derived from Photorhabdus-infected insect
cadavers, or from MK larvae, iii) cell-free Photorhabdus culture supernatants, iv) autoclaved
soil complemented with 10% of live soil previously conditioned with Photorhabdus-infected
insect cadavers or MK, and used non-conditioned soil as the control. | then measured plant
growth traits and biomass accumulation in plants grown on the different soil conditioning
treatments. Next, | employed amplicon sequencing to determine how soil conditioning affected
the bacterial, nematode, and fungal communities. Finally, | evaluated the performance of
Diabrotica balteata and Spodoptera frugiperda larvae feeding on plants grown on conditioned
soil, and | used metabolomics to profile plant responses at the metabolic level.

| showed that all soil conditioning treatments significantly improved plant growth by 10 — 26%
compared to controls. However, there were no significant differences in the height, leaf length
and width, and number of crown roots of experimental plants compared to controls. Similar
plant growth effects were observed in plants grown on complemented soil, underscoring the
role of soil microorganisms in these results. Upon analysing the soil microbial community, soil
conditioning with Photorhabdus-infected insect cadavers or MK significantly altered the
bacterial and nematode communities, while the fungal community remained stable. Notably,
beneficial bacteria and nematode species were more abundant in conditioned than in control
soil, likely explaining the improved plant growth in conditioned soil. | also showed that plants
grown on soils conditioned with Photorhabdus-infected insect cadavers significantly
suppressed the feeding of insect larvae in a strain-specific manner. Specifically, D. balteata
and S. frugiperda larval weights were reduced by 10 — 20% and 10 — 59% respectively, less
than the control. Moreover, resistant plants accumulated twelve and eight distinct root and leaf
metabolites, respectively, with known biological effects against insects and pathogens.

Based on these findings, | conclude that soil conditioning with Photorhabdus metabolites
improves plant growth, modulates the microbial community towards a structure that benefits
plant growth and conditioning with selected Photorhabdus strains triggers plant systemic
responses against root and leaf-feeding herbivores.

Keywords: Photorhabdus, soil conditioning, plant growth, microbial community, resistance,

Diabrotica balteata, and Spodoptera frugiperda






Résumé général (French version)

Les bactéries Photorhabdus sont des microbes puissants qui tuent les insectes et offrent une
excellente opportunité pour lutter contre les ravageurs de maniére écologique. Cependant,
I'application de bactéries Photorhabdus par pulvérisation foliaire ou arrosage du sol sans leur
vecteur nématode entomopathogéne introduit des cellules bactériennes et des toxines dans
le sol. Or, les effets a long terme des bactéries Photorhabdus et de leurs métabolites sur les
plantes et autres organismes sont inconnus.

Dans cette étude, j'ai examiné les effets résiduels des métabolites de Photorhabdus sur la
communauté microbienne du sol, la physiologie des plantes, leur performance et leur
résistance aux attaques d'insectes. Pour ce faire, j'ai conditionné les sols avec : i) des
cadavres d'insectes infectés par Photorhabdus ou des larves tuées mécaniquement (MK), ii)
des extraits aqueux de toxines provenant de cadavres d'insectes infectés par Photorhabdus
ou de larves MK, iii) des surnageants de culture de Photorhabdus sans cellules, iv) du sol
autoclavé complété avec 10 % de sol vivant préalablement conditionné avec des cadavres
d'insectes infectés par Photorhabdus ou des larves MK, et j'ai utilisé du sol non conditionné
comme témoin. J'ai ensuite mesuré les caractéristiques de croissance des plantes et
'accumulation de biomasse chez les plantes cultivées sur les différents traitements de
conditionnement du sol. Ensuite, jai utilisé le séquencage d'amplicons pour déterminer
comment le conditionnement du sol affectait les communautés bactériennes, nématodes et
fongiques. Enfin, j'ai évalué les performances des larves de Diabrotica balteata et Spodoptera
frugiperda se nourrissant de plantes cultivées sur un sol conditionné, et jai utilisé la
métabolomique pour établir le profil des réponses des plantes au niveau métabolique.

J'ai démontré que tous les traitements d'amendement du sol amélioraient considérablement
la croissance des plantes, de 10 a 26 % par rapport aux plantes témoins. Cependant, aucune
différence significative n'a été observée en termes de hauteur, de longueur et de largeur des
feuilles, ni de nombre de racines pivotantes entre les plantes expérimentales et les plantes
témoins. Des effets similaires sur la croissance des plantes ont été observés chez les plantes
cultivées sur un sol amendé, soulignant le réle des micro-organismes du sol dans ces
résultats. Aprés analyse de la communauté microbienne du sol, I'amendement du sol avec
des cadavres d'insectes infectés par Photorhabdus ou MK a considérablement modifié les
communautés bactériennes et nématodes, tandis que la communauté fongique est restée
stable. Il est a noter que les bactéries bénéfiques et les espéces nématodes étaient plus
abondantes dans le sol amendé que dans le sol témoin, ce qui explique probablement
I'amélioration de la croissance des plantes dans le sol amendé. J'ai également montré que
les plantes cultivées sur des sols amendés avec des cadavres d'insectes infectés par
Photorhabdus ont considérablement réduit I'alimentation des larves d'insectes d'une maniere
spécifigue a chaque souche. Plus précisément, le poids des larves de D. balteata et S.

frugiperda a été réduit respectivement de 10 a 20 % et de 10 a 59 %, soit moins que dans le
Xi



sol témoin. De plus, les plantes résistantes ont accumulé respectivement douze et huit
métabolites distincts dans leurs racines et leurs feuilles, dont les effets biologiques contre les
insectes et les agents pathogénes sont connus.

Sur la base de ces résultats, je conclus que I'amendement du sol avec des métabolites de
Photorhabdus améliore la croissance des plantes, module la communauté microbienne vers
une structure favorable a la croissance des plantes et que I'amendement avec des souches
sélectionnées de Photorhabdus déclenche des réponses systémiques chez les plantes contre

les herbivores qui se nourrissent des racines et des feuilles.

Mots clés : Photorhabdus, amendement du sol, croissance des plantes, communauté

microbienne, résistance, Diabrotica balteata et Spodoptera frugiperda
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General introduction

Maize (Zea mays L.)
Maize (Zea mays L.) is a native crop of the Americas that was first domesticated in southern

Mexico about 9,000 years ago (Kennett et al., 2020). Maize cultivation has since spread widely
and become one of the most cultivated crops in both developing and developed
economies, including 165 countries in Africa, Europe, the Americas, and Asia (FAOStat,
2021). Being a C4 plant, maize has one of the best photosynthetic efficiencies and can adapt
to environmental conditions ranging from the tropics to temperate zones, making it easier to
cultivate worldwide (Mekonnen and Gerbens-Leenes, 2020). The global land area under maize
cultivation is estimated to be over 197 M ha, with sub-Saharan Africa, Asia and Latin America
dedicating significantly more land than other regions in the world (FAOStat, 2021).

Today, maize is considered to be a global staple cereal, with annual production exceeding 1
billion metric tons (Garcia-Lara and Serna-Saldivar, 2019). In Sub-Saharan Africa, it is a staple
food cultivated by over 300 million people, particularly smallholders, who produce the majority
(~70-90%) of the region’s maize on small plots of less than 0.5 hectares Mathenge et al., 2014
(Mathenge et al., 2014; Daly et al., 2016; Epule et al., 2021). Households consume maize in
various forms such as fermented dough, roasted maize, corn porridge, corn oil, and corn beer
(Ranum et al., 2014; Adiaha et al., 2016; Ekpa et al., 2019). Beyond household consumption,
maize is traded as animal feed, and many farmers sell their surplus produce to millers to earn
income to finance household needs (Adiaha et al., 2016). Maize cultivation is therefore crucial
in reducing rural poverty and food insecurity (Epule and Bryant, 2015; Manda et al., 2018),
making it one of the crops of significant importance that requires research attention.

As the global population escalates, maize cultivation and demand in developing countries are
expected to double between 2020-2050 to sustain an estimated 9.3 billion people by 2050
(Bahar et al., 2020). However, farmers are challenged with increasing production amidst
various biotic and abiotic stressors that reduce yield and quality. In many recent studies, insect
pests such as the fall armyworm and pathogens have been well documented as the major
cause of yield reduction and quality in maize (James and Zikankuba, 2018; Savary et al., 2019;
Kansiime et al., 2023; Benjamin et al., 2024). With the high volume of chemical pesticides used
against pests and their undesirable off-target effects, it's been suggested that sustainable
management strategies are required while increasing yields to meet global food demands
(Mulungu et al., 2024).

Fall armyworm (Spodoptera frugiperda)

Fall Armyworm (FAW), Spodoptera frugiperda, is one of the most devastating crop pests in
Africa, destroying staple crops such as maize and sorghum (Day et al., 2017; Bateman et al.,
2018). The major damages are caused at the larval stage of the pest life cycle, and specifically,

in sub-Saharan Africa, it's been estimated that annual losses to FAW in maize, rice, sorghum,



and sugarcane could be up to 13 billion USD (Abrahams et al., 2017). In maize alone, yield
losses due to FAW are predicted to be around 40-45% (Bateman et al., 2018), posing threats
to food security and livelihoods of millions of smallholders in the African continent.

In Africa, FAW was first detected in 2016 in Nigeria and because of its migratory nature, reports
of spread were recorded in over 45 African countries in a short period (Goergen et al., 2016;
Abrahams et al., 2017), including in the Islands such as Madagascar, Seychelles and Cabo
Verde (Day et al., 2017; FAO, 2018a). Asian countries are the recent regions of FAW invasion
(Sharanabasappa et al., 2018; Sun et al., 2021; Qi et al., 2021; Ge et al., 2022). Spodoptera
frugiperda is an indigenous pest of the Americas that feeds on over 350 plant species
worldwide, making it easier for the pest to establish in new areas (Montezano et al., 2018). It
has been reported that the persistence of FAW in new areas is facilitated by the availability of
many host plants, and the favourable conditions such as the tropical and subtropical climates,
which have been found suitable for their constant reproduction (Goergen et al., 2016; Midega
et al.,, 2018; Montezano et al.,, 2018). Several other African countries such as Gabon,
Equatorial Guinea, Uganda, Rwanda, Burundi, Tanzania, Ethiopia, Kenya, Zimbabwe, Zambia,
Angola, Democratic Republic of Congo, and Madagascar have climate conditions that favour
FAW survival and establishment (Early et al., 2018; Paudel Timilsena et al., 2022). Thus, these
countries could become potential origins of future FAW outbreaks (Day et al., 2017; Paudel
Timilsena et al., 2022).

Since the detection of FAW in Africa, synthetic pesticides have been widely used to control
this pest (Day et al., 2017). It's been reported that more than 60% of farmers applied pesticides
against FAW in Ghana and Zambia (Abrahams et al., 2017), whereas over 48% of farmers
applied the chemical method in Ethiopia and Kenya (Kumela et al., 2018). It's been reported
that many governments of African countries procured and distributed synthetic chemical
pesticides to farmers, mainly the cheapest options, such as methomyl, methyl parathion,
endosulfan, and lindane. These are classified under highly hazardous pesticides (FAO,
2018a). Moreover, farmers usually used these toxic products without suitable personal
protective equipment, which increases the risks associated with their use (Bateman et al.,
2018). The indiscriminate use of chemicals has made control against FAW difficult due to the
development of resistance to several groups of pesticides namely, carbamates,
organophosphates, pyrethroids and new chemistries (Al-Sarar et al., 2006; Carvalho et al.,
2013; Sparks and Nauen, 2015; Zhu et al., 2015; Bolzan et al., 2019; Gutiérrez-Moreno et al.,
2019; Kumela et al., 2019; Lira et al., 2020; Boaventura et al., 2021; Garlet et al., 2021; Muraro
et al., 2021). Field resistances to Bacillus thuringiensis (Bt) based products applied against the
pest have also been reported (Storer et al., 2010; Zhu et al., 2015; Chandrasena et al., 2018;
Yang et al.,, 2018; Boaventura et al., 2021). With this high level of reliance on chemical

pesticides and the development of pest resistance to control agents used against FAW, it has



been recognized that a sustainable Integrated Pest Management (IPM) system is required
(FAO and CABI, 2019).

Banded cucumber beetle (Diabrotica balteata LeConte)

Another important pest that is problematic to maize production is the banded cucumber beetle
(Diabrotica balteata LeConte), which belongs to the genus Diabrotica Chevrolat (Coleoptera:
Chrysomelidae). The genus comprises over 400 Diabrotica species (Derunkov and
Konstantinov, 2013), with several polyphagous members that feed on a wide range of globally
cultivated crops (Saba, 1970; Hirsh and Barbercheck, 1996; Moeser and Vidal, 2004;
Derunkov and Konstantinov, 2013; Alouw and Miller, 2015). Specifically, D. balteata adults and
larvae are known to feed on the leaves and roots respectively, of many plant species, including
cabbages, okra, lettuce, onion, beet, pea, sweet potato, soybean, bean, squash, cucumber,
and maize (Saba, 1970; Cardona et al., 1982; Banda at al., 2004; Clark et al., 2004; Walsh et
al., 2020). The ability of D. balteata to spread and cause severe economic losses beyond the
native regions has been documented (Johnson et al., 2016; Marchioro and Krechemer, 2018).
The wide availability of host plants has been cited among the factors facilitating the rapid
spread and establishment of insect pests in new regions (Seebens et al., 2015). Moreover, on
a global scale, the annual losses caused by invasive pest species were estimated to be US$77
billion (Bradshaw et al., 2016).

As a root-feeding insect, the main strategies to control D. balteata are based on seed
treatments, in-furrow spraying, and the application of granular pesticide (Walsh et al., 2020).
However, the cryptic behaviour of D. balteata makes it difficult to target with pesticide sprays,
and also, the adult and larvae often defend themselves from natural enemies by sequestering
cucurbitacin compounds (Ferguson and Metcalf, 1985; Eben and Barbercheck, 1996; Tallamy
et al.,, 1998; Gamez-Virués and Eben, 2005; Robert et al.,, 2017; Zhang et al., 2019a).
Cucurbitacin is considered to be the bitterest compound obtained from plant tissues by adult
D. balteata and is transferable into the eggs and larvae through females (Ferguson and
Metcalf, 1985; Bruno et al., 2022). D. balteata is among the insect pests that are well adapted
to cucurbitacin compounds and prefer to feed on plants with a high cucurbitacin content
(Jaccard et al., 2021; Bruno et al., 2022). Although the cucurbitacin sequestered by D. balteata
does not impact some natural enemies, it has an antibiotic activity against the
entomopathogenic fungus, Metarhizium anisopliae (Tallamy et al., 1998; Bruno et al., 2022).
Thus, making it difficult to achieve control with certain biocontrol methods. To date, pesticides
belonging to organophosphates, phenylpyrazole and neonicotinoids are reported to be widely
used against D. balteata (Salles, 2000; Viana and Marochi, 2002; Walsh et al., 2020). The
frequent use of these pesticide-based controls has rendered them ineffective against D.
balteata due to pest resistance (Walsh et al., 2020), suggesting that sustainable pest



management strategies are required to combat this pest. Generally, pest resistance leads to
the misuse of pesticides where farmers increase rates and application frequency in an attempt
to get rid of pests in crop fields (Kumela et al., 2018; Sisay et al., 2019). This exacerbates risks
to expose farm workers, contaminate the final harvested produce with pesticide residues, and
the environment (Pouokam et al., 2017). These problems have prompted the need to develop
more environmentally safe methods with more efficacy against the two pests, FAW and D.

balteata.

Entomopathogenic nematodes

Entomopathogenic nematodes (EPNSs) are tiny, obligate soil-dwelling worms that are lethal to
a wide range of insects and have been used as biological control agents against agricultural
pests (Poinar, 1979; Lacey et al., 2015; Klein, 2018; Shapiro-llan and Lewis, 2024). EPNs
widely used as pest control agents are mainly from the genera Steinernema and
Heterorhabditis, which are obligate lethal pathogens of insects (Lacey et al., 2001; Georgis et
al., 2006; Kaya et al., 2006; Shapiro-llan et al., 2014). Steinernema and Heterorhabditis
establish mutualistic relationships with bacteria of the genera Xenorhabdus and Photorhabdus,
respectively. The nematodes carry the symbionts inside their intestines and release them
immediately after penetrating the body of a suitable insect host via the insect cuticle or
openings such as the mouth, the anus and the spiracles (Brivio et al., 2004; Elesftherianos et
al., 2010; Castillo et al., 2011; Lewis and Clarke, 2012; Toubarro et al., 2013). The bacteria
produce toxins and digestive enzymes that kill and pre-digest the infected insect, and
antibiotics and repulsive toxins that protect the insect from competing microorganisms,
predators, and scavengers (Webster et al., 2002; Ffrench-Constant et al., 2003; Sicard et al.,
2006; Bode, 2009; Singh et al., 2014, Gerdes et al., 2015; Singh and Forst, 2016). Nematode-
infected insect host usually dies between 24 — 48 hours, then nematodes and bacteria
proliferate in the insect cadaver until all resources are depleted. Nematodes and bacteria re-
establish symbiosis and abandon the insect cadaver to search for new hosts (Ffrench-
Constant et al., 2007; Bode, 2009; Gerdes et al., 2015).

Among the biological methods applied globally, EPNs have proven to contribute an important
part in sustainable Integrated Pest Management (IPM) programs, with several positive
attributes, including safety to humans, beneficial organisms, and the environment (Akhurst and
Smith, 2002; Ehlers, 2005; Shapiro-llan and Grewal, 2008). EPNs have been used against
several problematic soil-dwelling and root-boring pests (Grewal et al., 2005; Ehlers et al., 2008;
Lacey et al., 2015; Jaffuel et al., 2020). However, the use of EPNs has been limited by their
varying efficacy in field applications due to their sensitivity to adverse environmental conditions
(Lacey et al., 2015). To overcome these, developments have been made to improve the
application and efficacy of EPNs, not only belowground but also in non-soil habitats. Examples



include the application of EPNs in liquid, powder, or solid streams into the soil against the
western corn rootworm (Diabrotica virgifera virgifera) or EPNs encapsulated in alginate beads
against D. balteata larvae, which effectively improved control of these pests in the field and
greenhouse conditions (Ehlers et al., 2008; Kim et al., 2015; Jaffuel et al., 2020). Moreover,
healthy D. balteata larvae are attracted to EPN-infected cadavers, which increases the
chances of infectivity as EPN-infected cadavers become aggregation sites (Zhang et al.,
2019b). The application of EPNs has also been enhanced with sprayable gel formulations and
protectants to target aboveground pests (Acharya et al., 2020). Notably, foliar sprays of EPNs
aboveground have been successful in controlling Bemisia tabaci, Plutella xylostella,
Synanthedon pictipes and Spodoptera frugiperda (Schroer and Ehlers, 2005; Schroer et al.,
2005; Cuthbertson et al., 2007; Shapiro-llan et al., 2010; Fallet et al., 2022).

Entomopathogenic nematode symbiotic bacteria for pest control

EPN symbiont bacteria Photorhabdus and Xenorhabdus applied alone without the EPN vector
are potent biological control agents against many agricultural pests, plant pathogens, and
human parasites (Ahantarig et al., 2009; Orozco et al., 2016; Shawer et al., 2018; Vitta et al.,
2018; Vicente-Diez et al., 2021; 2023). When ingested or contacted by insects, Photorhabdus
and Xenorhabdus bacteria operate by producing several toxic compounds and metabolites
that have antibacterial, insecticidal, cytotoxic, antimicrobial, antifungal, acaricidal and
antiparasitic properties (Waterfield et al., 2005; Eleftherianos et al., 2007; Ffrench-Constant et
al., 2007; Furgani et al., 2008; Bode, 2009; Grundmann et al., 2014; Tobias et al., 2016;
Muangpat et al., 2017; Antonello et al., 2018; Vitta et al., 2018; Eroglu et al., 2019; Cevizci et
al., 2020). This arsenal of toxins and metabolites usually kill insects within 24 — 48 hours
(Adams and Nguyen, 2002; Ffrench-Constant et al., 2003; 2007; Bode, 2009; Gerdes et al.,
2015). The Xenorhabdus and Photorhabdus metabolites and toxins also protect the insect
cadaver against competitors that reside in the soil, for example, predators and pathogens,
including the necrotrophic ones (Nealson et al., 1990; Webster et al., 2002; Sicard et al., 2006;
Park et al., 2009; Singh et al., 2014; Singh and Forst, 2016). Notably, Photorhabdus-killed
insects were found to be repellent to foraging ants (Baur et al., 1998; Zhou et al., 2002; Gulcu
et al., 2018; Muller et al., 2024) and also to crickets, wasps and calliphorid flies (Gulcu et al.,
2012). These toxic protectants play an important role in enabling EPNs to complete their life
cycles, and specifically in Steinernema, the absence of defensive compounds has negative
effects, ranging from poor development of infective juveniles to interruption of the entire
lifecycle (Tobias et al., 2017).

Due to their high oral and contact toxicity against insect pests, EPN symbiont bacteria have
been researched for sole application, as EPNs have shown unreliably varying results against
many target pests (Denno et al., 2008; Lacey and Shapiro-llan, 2008; Toepfer et al., 2010;



Campos-Herrera et al., 2012). Therefore, the symbiont bacteria have often been isolated and
applied by foliar spraying or soil drenching (Abdel-Razek, 2003; Mohan et al., 2003; Vyas et
al., 2008; Shahina et al., 2011; Aatif et al., 2014; Kakade et al., 2023; Abdisa et al., 2024). To
date, many Photorhabdus and Xenorhabdus strains have been explored for effectiveness
against pests. For example, Salazar-Gutiérrez et al. (2017) showed that P. akhurstii subsp.
akhurstii SLO708 was highly effective against the larvae of G. mellonella and S. frugiperda,
causing death between 48 — 72 h. In their study, Spodoptera frugiperda was the most
susceptible, exhibiting a loss of movement, inability to feed, and diarrhoea before death
(Salazar-Gutiérrez et al., 2017). The species, Xenorhabdus nematophila (X1) and P. laumondii
subsp. laumondii (GPS12) were tested against the female mushroom mite, L. perniciosus and
S. exigua larvae, and over 85% mortality was achieved (Park and Kim, 2000; Bussaman et al.,
2006; 2009). Additionally, many tested Photorhabdus and Xenorhabdus strains have been
recommended to control mosquitoes (da Silva et al., 2013; Fukruksa et al., 2017; Vitta et al.,
2018; Da Silva et al., 2020).

Over the past few decades, efforts have been put in place to enhance the application of
Xenorhabdus and Photorhabdus bacteria by exploring their cell-free supernatants in pest
control. These supernatants have been tested and shown to have lethal effects on many
insects and mites (Brillard et al., 2002; Cabral et al., 2004; Dhanasekaran and Thangaraj,
2014; Sadekuzzaman et al., 2017; Eroglu et al., 2019). Studies have demonstrated that oral
ingestion of Photorhabdus supernatant caused high mortality in adults of the sweet potato
whitefly and Colorado potato beetles (Blackburn et al., 2005; Shrestha and Lee, 2012).
Additionally, supernatants of Xenorhabdus strains X. szentirmaii and X. nematophila caused
over 90% mortality when applied to the mobile stages of T. urticae, (Eroglu et al., 2019).
Because of their control efficacy, it is suggested that only supernatants of these symbionts
could potentially serve as alternatives to synthetic pesticides in pest control (Cevizci et al.,
2020).

Soil legacy effects of Photorhabdus metabolites on plant performance and resistance
Soil legacy effects refer to the lasting impact of previous changes in soil conditions on the soil's

current ability to perform ecosystem functions (Nannipieri et al., 2023). Soil legacy formation
involves changes in soil microbial communities, nutrient dynamics, organic matter composition,
and chemical signalling, creating a conditioning that persists and affects the ecosystem
performance (van der Putten et al., 2013). These changes can be driven by a myriad of biotic
and abiotic factors (Wurst and Ohgushi, 2015; Bennett and Klironomos, 2019; Canarini et al.,
2021; Adekanmbi et al., 2022). However, the main drivers of soil legacies in agricultural
systems have been attributed to plant and microbial-mediated mechanisms. Plants can impact
their growth environments by altering the soil microbiome via rhizodeposition, litter inputs, and

symbiotic associations (Kulmatiski et al., 2008; van der Putten et al., 2013). Plant litter inputs
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drive nutrient cycling and can leave behind physical, chemical, and biotic legacies that impact
soil functioning and plant growth (Elgersma et al., 2012; Bonanomi et al., 2021, 2023).
Moreover, plant secondary metabolites and sugars released as root exudates can affect the
microbial community by either attracting or repelling certain soil organisms, thus creating a
plant-specific microbial signature that can persist and strongly influence plant growth (Philippot
et al., 2013; Haichar et al., 2014, Gfeller et al., 2023).

On the other hand, microorganisms such as fungi and bacteria applied as inoculants in
agriculture can have a carryover legacy effect that affects the soil microbial communities (Deng
etal., 2019; Jiménez et al., 2020), the growth of succeeding plants and plant-insect interactions
(Pineda et al., 2020; Carvalheiro et al., 2021; Davis et al., 2023). The direct effect of some
beneficial microbes on the soil microbial communities has been shown (Deng et al., 2019;
Jiménez et al., 2020). Additionally, it has been found that microbial inoculum applied by foliar
spraying can modulate plant metabolism (De Kesel et al., 2021; Martinez-Medina et al., 2024).
When these metabolites are released via root exudates, they can significantly impact the soll
microbial communities without direct contact with the microbial inoculum (Bais et al., 2006;
Philippot et al., 2013; Rasool et al., 2025). These plant and microbial-mediated soil conditioning
legacies by previous plants may influence the microbial community that the current plant
encounters or interacts with, consequently impacting plant growth and performance (Philippot
et al., 2013). The resultant changes in soil microbial communities can positively affect crop
production through the recruitment of beneficial microorganisms that support plant growth or
negatively via the accumulation of plant pathogens that reduce plant growth (Dudenhoffer et
al., 2018; Santoyo et al., 2021; Zhang et al., 2022; Gul et al., 2023). While the impacts of plant
secondary metabolites and some microbial inoculants as mediators of plant-soil feedbacks is
generally well understood, the soil legacy effects of Photorhabdus bacteria and their

metabolites are still unknown.

Photorhabdus bacteria are used to control Spodoptera frugiperda and Diabrotica balteata
because of their proven control efficacy against a wide range of pests, pathogens and parasites
(Ahantarig et al., 2009; Orozco et al., 2016; Shawer et al., 2018; Vitta et al., 2018; Vicente-
Diez et al., 2021; 2023). The bacteria have been isolated and often applied by foliar spraying
or soil drenching to target belowground and aboveground pests (Abdel-Razek, 2003; Mohan
et al., 2003; Vyas et al., 2008; Shahina et al., 2011; Aatif et al., 2014; Kakade et al., 2023;
Abdisa et al., 2024). However, massive densities of bacteria are introduced into the soil by the
application methods (drenching) or by decomposing Photorhabdus-infected insect cadavers.
Yet, their soil legacy effects are unknown (Grewal et al., 2001; Regaiolo et al., 2020).



Objectives of this PhD thesis
The overall objective of this study was to investigate the soil legacy effects of Photorhabdus
bacteria on plant physiology, performance and resistance to insect attack. To this end, |

measured:
i) Plant performance in a greenhouse environment
i) Plant metabolite levels and resistance against D. balteata and S. frugiperda —

belowground and above-ground insect herbivores, respectively.

iii) Soil microbial communities and their effects on plant growth

In Chapter 1, | investigated the impact of conditioning soils with Photorhabdus-infected insect
cadavers on plant growth and biomass accumulation. | hypothesised that Photorhabdus-
derived toxins and metabolites released from decomposing insect cadavers or cell-free
Photorhabdus culture supernatants impact plant growth and biomass accumulation via
microbial community changes. To test this hypothesis, | conducted a series of plant growth
and plant biomass measurements of plants grown in soils conditioned with: i) Photorhabdus-
infected insect cadavers, ii) water extracts of toxins derived from Photorhabdus-infected insect
cadavers, or iii) cell-free Photorhabdus culture supernatants. To mechanistically link the
potential changes in soil microbial communities caused by Photorhabdus metabolites to plant
growth, | conducted soil sterilisation and complementation experiments and measured plant
growth and biomass accumulation.

In Chapter 2, | assessed the performance of the root-feeding herbivore, D. balteata and the
leaf-feeding herbivore, S. frugiperda larvae, on maize plants grown in soils conditioned with
Photorhabdus-infected insect cadavers. | hypothesised that conditioning the soil with
Photorhabdus-infected insect cadavers alters the secondary metabolite production in plants
and that these changes, in turn, affect the performance of both root- and leaf-feeding
herbivores. To test this hypothesis, | fed D. balteata and S. frugiperda larvae ad libitum on
fresh roots and leaves, respectively, of plants grown on soils conditioned with Photorhabdus-
killed insect cadavers or with mechanically killed insect larvae, or on control, non-conditioned
soils. Then, | measured the performance of D. balteata and S. frugiperda larvae by weighing
larvae and calculating the percentage mortality whilst feeding on plants grown on the different
soil conditioning treatments. To evaluate plant responses to soil conditioning at the metabolic
level, 1 analysed small molecular weight metabolites in the roots and leaves of plants grown
on soils conditioned with Photorhabdus-infected insect cadavers, mechanically killed insect
larvae or non-conditioned soil as the control.

In Chapter 3, | examined the effect of soil conditioning with Photorhabdus-infected insect
cadavers on soil microbial communities. | hypothesised that Photorhabdus-derived toxins and

metabolites, released from decomposing insect cadavers, affect the soil microbial community.



To test this hypothesis, soil conditioning experiments were set up in a greenhouse
environment, and | collected samples of three soil treatments: i) non-conditioned control soil,
i) soil conditioned with Photorhabdus-infected insect cadavers, and iii) soil conditioned with
mechanically killed insect larvae. Amplicon sequencing was used to examine the composition
and diversity of bacterial, nematode, and fungal species in the different experimental soil

treatments.

Graphical Abstract:

Figure 1. (1) Soil conditioning with Photorhabdus-infected insect cadavers can create a soil legacy effect that can
impact plant growth. (2) Soil conditioning may also impact the resident microbial communities' composition and
diversity in the rhizosphere of plants. (3) These changes in the rhizosphere can modulate the systemic plant defense
in plant roots and leaves, and impact root and leaf-feeding herbivores.






Chapter 1

Soil legacy effects of Photorhabdus metabolites on plant performance

Abstract

Photorhabdus bacteria are lethal insect pathogens, offering a prime opportunity for
environmentally benign pest control. Due to their high oral and contact toxicity, the bacteria
can be applied directly without the vectoring nematode host by foliar spraying or soil drenching.
This results in massive amounts of bacterial cells, toxins and metabolites in the soil. While the
direct effects of Photorhabdus bacteria and their metabolites on target insect pests are known,
their indirect effects on plant performance are unknown.

In the present study, | investigated the soil legacy effects of Photorhabdus bacteria and their
toxins on the performance of maize plants. To achieve this, | measured plant growth traits and
biomass accumulation in plants grown on soils conditioned with: i) Photorhabdus-infected
insect cadavers or mechanically killed (MK) larvae, ii) water extracts of toxins derived from
Photorhabdus-infected insect cadavers, or from MK larvae, iii) cell-free Photorhabdus culture
supernatants and compared them with plants grown on non-conditioned control soil. To
mechanistically link the potential changes in soil microbial communities caused by
Photorhabdus metabolites to plant growth, | conducted soil sterilisation and complementation
experiments and measured plant growth and biomass accumulation.

I showed that soil conditioning significantly improved plant total biomass by: 10 — 20% in soail
conditioned with Photorhabdus-infected insect cadavers or MK larvae, 11 — 20% in soil
conditioned with cell-free Photorhabdus culture supernatants, and by 10 — 26% in soil
conditioned with water-extracts of toxins derived from macerated Photorhabdus-infected insect
cadavers. Similar plant growth-promoting effects were observed in plants grown on
complemented soil, highlighting the role of soil microorganisms in this context. However, no
significant differences were observed in the heights, leaf length and width of plants grown on
the different soil conditioning treatments compared to control plants. In the experiments with
water extracts of toxins, the total biomass of plants grown on soil conditioned with water
extracts of macerated MK larvae was insignificant across three independent experiments,
indicating Photorhabdus-specific effects. Taken together, the results of MK larvae in all
experiments indicate: i) Photorhabdus-independent effects in soils conditioned with
Photorhabdus-infected insect cadavers because introducing insect biomass (independently of
being killed by Photorhabdus) impacts plant growth, and ii) Photorhabdus-specific effects
because introducing Photorhabdus cell-free supernatants, or water extracts of Photorhabdus-

killed larvae, but not of MK-killed insects, improves plant growth.
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Introduction

Insect pests are a significant constraint to global food production (Savary et al., 2019; IPPC,
2021). The annual crop losses caused by insect pest damage are estimated to range between
20 —40% (FAO, 2020). From a financial perspective, it is estimated that pests cause economic
losses of about $70 billion and that the total food consumed by pests can feed more than 1
billion people (Birch et al., 2011; Savary et al., 2019; FAO, 2020).

The Fall Armyworm (FAW), Spodoptera frugiperda, and the banded cucumber beetle
(Diabrotica balteata LeConte) are serious pests, causing severe economic losses in maize
(Saba, 1970; Banda et al., 2004; Clark et al., 2004; Johnson et al., 2016; Day et al., 2017;
Bateman et al., 2018; Marchioro and Krechemer, 2018; Walsh et al., 2020). On a global scale,
the annual losses to invasive pest species, including S. frugiperda and D. balteata were
estimated to be US$77 billion and yield losses due to FAW infestation in maize alone are
predicted to be around 40-45% (Bradshaw et al., 2016; Abrahams et al., 2017; Bateman et al.,
2018). FAW pose threats to the food security and livelihoods of millions of smallholders in
many countries, particularly in Africa and Asia (Day et al., 2017; FAO, 2018b; Sharanabasappa
et al., 2018; Sun et al., 2021; Qi et al., 2021; Ge et al., 2022).

The management of S. frugiperda and D. balteata has traditionally relied on synthetic
pesticides, which have become ineffective as these insects are resistant to chemicals (Salles,
2000; Day et al., 2017; Kumela et al., 2018; Lira et al., 2020; Walsh et al., 2020; Boaventura
etal., 2021; Garlet et al., 2021; Muraro et al., 2021). Moreover, most pesticides applied against
these pests are classified as highly hazardous, and their continuous use in pest control poses
environmental and human health risks (FAO, 2018a). With the high level of reliance on
chemical pesticides and the development of pest resistance, it has been recognized that a
sustainable Integrated Pest Management (IPM) system is required (FAO and CABI, 2019). In
addition, the increasing consumer demand for organic food with no pesticide residues and the
strict regulations on food safety and quality in the international market point towards a need
for sustainable control strategies in food production systems whilst minimizing the
environmental impacts of pest control (Kiers et al., 2008; Gomiero et al., 2011; Ribeiro et al.,
2012; Ray et al., 2013; Damalas and Koutroubas, 2018; Willer et al., 2023).

One of the promising alternatives to synthetic pesticides is entomopathogenic nematodes
(EPNSs) and their symbionts to control agricultural pests. EPNs from the genera Steinernema
and Heterorhabditis are the commonly used EPNs to control root herbivores, and recent
developments have enabled their usage against leaf herbivores (Acharya et al., 2020; Fallet.,
2022a; 2022b). Steinernema and Heterorhabditis are obligate lethal pathogens of insects with
mutualistic relationships with bacteria of the genera Xenorhabdus and Photorhabdus,
respectively. The nematodes carry the symbionts in their guts and release them immediately
after penetrating a suitable insect host (Ffrench-Constant et al., 2003; Bode, 2009). The
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bacteria produce toxins and digestive enzymes that kill and pre-digest the infected insect, and
antibiotics and repulsive toxins that protect the insect from competing microorganisms,
predators, and scavengers (Webster et al., 2002; Ffrench-Constant et al., 2003; Sicard et al.,
2006; Bode, 2009; Singh et al., 2014; Gerdes et al., 2015; Singh and Forst, 2016). Then,
nematodes and bacteria proliferate in the insect cadaver until all resources are depleted.
Nematodes and bacteria re-establish symbiosis and abandon the insect cadaver in search of
a new host, leaving behind insect remains with all the different toxic and non-toxic metabolites
produced by the bacteria. The effects of nematode-killed insect remains on the next generation
of plants are not well understood.

In agricultural settings, EPNs and their symbionts are used to control insect pests in two main
manners: 1) direct application of the EPNSs in the soil, rhizosphere, or aerial parts of the plant,
and 2) due to the high oral and contact toxicity, the bacteria are also often isolated and applied
without the vectoring EPN host by foliar spraying or soil drenching (Abdel-Razek, 2003; Mohan
et al., 2003; Vyas et al., 2008; Shahina et al., 2011; Aatif et al., 2014; Kakade et al., 2023;
Abdisa et al., 2024). As a result, massive amounts of bacterial cells and metabolites, which
have insecticidal, antimicrobial, acaricidal, cytotoxic and antiparasitic properties, are
introduced into the soil (Waterfield et al., 2005; Eleftherianos et al., 2007; Ffrench-Constant
et al., 2007; Bode, 2009; Tobias et al., 2016; Muangpat et al., 2017; Antonello et al., 2018;
Vitta et al., 2018; Eroglu et al., 2019). While the direct effects of Photorhabdus cells and
metabolites in the target insect pest are generally well understood, their indirect effects on the

next generation of plants are not well understood (Grewal et al., 2001; Regaiolo et al., 2020).

In the present study, | investigated the impact of conditioning soil with Photorhabdus-infected
insect cadavers on plant growth and biomass accumulation. | hypothesised that Photorhabdus-
derived toxins and metabolites released from decomposing insect cadavers impact plant
growth and biomass accumulation. To test this hypothesis, | conducted a series of plant growth
and plant biomass measurements in plants grown in soils conditioned with: i) Photorhabdus-
infected insect cadavers, ii) water extracts of toxins from Photorhabdus-infected larvae, or iii)
cell-free Photorhabdus culture supernatants. To mechanistically link the potential changes in
soil microbial communities caused by Photorhabdus metabolites to plant growth, |1 conducted
soil sterilisation and complementation experiments and measured plant growth traits and
biomass accumulation. This study demonstrated that both Photorhabdus toxins delivered in
soil by the methods explained above, and the microbial community created by soil conditioning
with Photorhabdus-killed larvae, improved plant growth. This work significantly advances the
utilisation of Photorhabdus bacteria in IPM programs and will allow growers to exploit

Photorhabdus strains in many different ways to support sustainable agriculture.
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Materials and Methods

Insect rearing
Spodoptera frugiperda larvae were fed on an artificial diet (in g/Kg: soy milk 31.7, wheat germ

90, sugar 36.56, dried yeast 17.81, cholesterol 0.5, methylparaben 1, sorbic acid 2.3, ascorbic
acid 2.46, vitamin B complex 0.184, chloramphenicol 0.269 and agar 27.5). The adults were
kept in insect-rearing cages with a constant supply of pure water and a 10% sucrose solution.
Eggs were collected twice a week. Insect rearing was maintained under a controlled

temperature (25 + 2°C). Larvae at 4-6™ instar were used for all the experiments.

Soil Material

The soil used in this study was collected from the Agroscope farm in Changins, Nyon,
Switzerland (46°23'55.9"N 6°13'58.9"E). Several sub-samples were collected at different
locations in an area of about 4,000m?. All the sub-samples were then thoroughly mixed and
transferred to 120-litre weather-resistant plastic containers for storage. The containers were

stored outdoors at the Institute of Biology, University of Neuchéatel.

Bacterial strains

The Photorhabdus bacterial strains used in this study are listed in Table 1. We selected a
genetically diverse set of Photorhabdus strains belonging to five species in the phylogenetic
tree of Photorhabdus bacteria, all of which have shown the highest control efficacy against
insect larvae in our mortality tests. Bacterial strains were cultured in lysogeny broth (LB) agar
plates at 28°C. Bacterial strains were re-plated monthly, and the cultures were refreshed from

glycerol stocks every six months.

Table 1: Photorhabdus bacteria strains used in the study

Species Strain
ID81
ID83
ID158
ID163
ID316
ID317
ID22
P. laumondii subsp. laumondii ID25
ID79
ID138
P. tasmaniensis ID139
ID323

P. bodei

P. cinerea

P. khanii subsp. khanii
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Insect infection assays

Spodoptera frugiperda larvae were infected with the different Photorhabdus strains by directly
injecting bacterial cultures into their bodies. To this end, ten microliters (10 pL) of bacterial
suspensions were injected at the back, neck or behind the last pair of false legs using the
Hamilton syringe. To prepare the bacterial suspensions, 25 ml of LB broth medium was
inoculated with a single colony of Photorhabdus bacteria and incubated overnight at 28 °C and
180 rpm of constant agitation for 14-16 hours. Before injecting the larvae, the overnight liquid
culture optical density (ODsoo) Wwas measured and adjusted to ODsoo=1. The injections were
performed using a Hamilton syringe, and the injected larvae were kept at room temperature in
plastic trays. Insect mortalities were recorded at regular intervals for 96h, and Photorhabdus-

infected insect cadavers were used for soil conditioning experiments as described below.

Soil conditioning with Photorhabdus-infected S. frugiperda cadavers

To condition soil with Photorhabdus-infected insect larvae, field soil was mixed with sand (O-
4mm) at a 1 to 1 ratio (hereafter referred to as experimental soil). Then, desired amounts of
soil-sand mixture were transferred to plastic containers, and Photorhabdus-infected larvae or
mechanically killed (MK) larvae were buried equidistantly from each other (Fig. 1). Five
Photorhabdus-infected cadavers or MK insect larvae per 365g of soil (equivalent to soil filled
in 0.5 square plastic pots) were used. The conditioned soil was left under greenhouse
conditions and moistened regularly for seven days. Control soil was treated similarly, but no
insect cadavers were buried. After this time period, the conditioned soil was homogenized and
transferred to 0.5 square plastic pots and used to plant maize (var. Delprim). Plant growth and
biomass accumulation were evaluated regularly as described in the plant growth
measurements section below. The experiment was repeated seven times. Soil sub-samples of
treatments, Photorhabdus-infected cadavers, MK insect larvae and the control were collected

from each experiment and stored at -20°C for soil microbial composition analyses.

Soil physicochemical properties

Soil physicochemical properties were analysed at the Laboratory of Functional Ecology,
Institute of Biology, University of Neuchatel, Switzerland. Soil samples were oven-dried at 35
— 40 °C for 48 hours and sieved to <2 mm to exclude large stones and plant material.
Subsamples of approximately 2.5 — 2.55g of the 2 mm soil were used for the bioavailable
phosphorus. The sieved samples were ground into fine powder, and 10-15mg of the sample
was used for the CHN analyses. The soil physicochemical parameters measured included 1)
Bioavailable phosphorus (P) estimated by extraction with sodium bicarbonate, Olsen method,
2) relative humidity (RH), achieved by weighing samples desiccated at 105 °C, 3) Soil organic
matter content (SOM), measured by heating the samples at 450 °C for 4 hours, using the loss
of ignition (LOI) method and 4) Organic carbon — Nitrogen ratio (CN), measured using an
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elemental analyser (Flash 2000, CHN-O Analyzer, Thermo Scientific, Waltham,
Massachusetts, United States).

A B C

D Greenhouse experimental time

Leaf and Harvesting
Leaf and height shoot and

Germination| height measurement | roots
measurement | measurement

Larvae injection Soil conditioning Maize planting to harvest

14

! Time (d)
Figure 1. Experimental procedure from soil conditioning to plant harvest. A — Holes created on the soil surface to
bury cadavers, B — Cadavers placed in holes, C — Cadavers buried with soil and moistened with sprinkles of water
on the surface, and D — Greenhouse experimental time.

Soil conditioning with water extracts of Photorhabdus-infected S. frugiperda cadavers

To condition soil with water extracts of Photorhabdus-infected S. frugiperda cadavers, either
80 Photorhabdus-infected S. frugiperda cadavers or 80 MK larvae were macerated in 18ml of
autoclaved water. Then, the water extracts were filtered using 20 pum syringe filters. The
amount of solvent used for the extraction corresponds to a 1: 10 ratio, as each larvae weighted
in average 22.5 mg. The resulting water extracts were added to 5,840 g of experimental soil
and homogenised. The conditioned soil was left under greenhouse conditions and regularly
moistened for seven days (Fig. 1). Control soil was treated in a similar manner with autoclaved
water. After this time period, the conditioned soil was homogenized and transferred to 0.5l
square plastic pots and used to plant maize (var. Delprim) plants. Plant growth and biomass

accumulation were evaluated regularly as described below.

Soil conditioning with cell-free Photorhabdus culture supernatants
To prepare cell-free Photorhabdus culture supernatants, 25 ml of LB broth medium was
inoculated with a single colony of Photorhabdus bacteria in Erlenmeyer flasks and incubated

overnight at 28 °C and 180 rpm of constant agitation for 14-16 hours. The overnight cultures
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were transferred into sterile 50 ml centrifuge tubes and centrifuged at 20,000 rpm for 5 minutes.
Then, 18 ml of cell-free Photorhabdus culture supernatants was extracted for use in soll
conditioning, and the remaining supernatants plus the bacterial pellets in the centrifuge tubes
were discarded. The extracted supernatants were added to 5,840 g of experimental soil and
homogenised. Control soil was treated in a similar manner with autoclaved water. The
conditioned soil was left under greenhouse conditions and moistened regularly for seven days.
After this time period, the conditioned soil was again homogenised and transferred to 0.5l
square plastic pots and used to plant maize (var. Delprim) plants. Plant growth and biomass
accumulation were evaluated regularly as described in the plant growth measurements below.

These experiments were repeated thrice.

Sterilisation and soil re-inoculation experiments

To evaluate whether changes in soil-conditioning mediated changes in soil microbial
communities impact plant growth and biomass accumulation, sterilisation and re-inoculation
experiments were conducted. In the first phase, | conditioned experimental soil with
Photorhabdus-infected insect cadavers as described above. In the second phase, | autoclaved
a portion of the conditioned soil and then complemented it by mixing it with 10% of non-
autoclaved soil previously conditioned with Photorhabdus-infected insect cadavers or with MK
insect larvae. Re-inoculated soil treatments have been shown to re-establish their natural
microbial communities (Thuerig et al., 2009; Li et al., 2019). The resulting soils were left under
the greenhouse for 7 days before using them for planting. Plants were then grown on three
soil types: non-autoclaved experimental soil, soil conditioned with Photorhabdus-infected
insect cadavers or with MK insect larvae, and autoclaved conditioned soil mixed with 10% soil
conditioned with Photorhabdus-infected insect cadavers or with MK insect larvae. Plant growth
and biomass accumulation in these three soil types were regularly evaluated as described

below. The experiments were repeated thrice.

Plant Growth Measurements

To evaluate plant growth and plant biomass accumulation, | measured the following
parameters: plant height, and leaf length and width of the plant's first and second leaves at
three time points: two, three, and four weeks after germination. The plant height was measured
from the soil surface to the point where the first leaf starts to bend. The leaf length was
measured from the leaf collar to the leaf tip, and the leaf width was measured from where the
leaf was widest apart. Four weeks after germination, | carefully harvested the plants and
washed their roots with running water to remove soil particles. | then detached the roots, leaves
and stems using scissors, and finally determined the fresh shoots and root biomasses using a

digital weighing scale.
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Statistical analysis

Statistical analyses were performed by the analysis of variance (ANOVA) technique using the
SigmaPlot 15.0 software. All Pairwise Multiple Comparisons between the mean values of
treatments were performed using the Holm-Sidak method at p< 0.05. A one-sample T-test was
conducted using Microsoft Excel to determine if the fold changes in the total plant biomass
induced by each soil conditioning treatment significantly differ from the mean hypothesis (u=0)
across experiments. The soil physicochemical properties were analysed using R software

version (v 4.4.2; R Development Core Team, 2024).
Results

Soil properties

To test the differences in the soil chemical properties, | compared the bioavailable phosphorus
(P), Organic Nitrogen (N), Carbon (C), and Soil Organic Matter (SOM) content in soil
conditioned with Photorhabdus-infected insect cadavers or mechanically killed larvae, water
extracts of toxins derived from macerated Photorhabdus-infected insect cadavers, and cell-
free Photorhabdus culture supernatants with non-conditioned soil as the control. No significant
differences were observed in P, N, C and SOM in all the different soil conditioning treatments
compared to the controls (Fig. S1). | further examined the correlations between soil chemical
properties and plant growth. Overall, no significant associations were detected across soil
conditioning treatments. Only the bioavailable P was significantly correlated with plant growth
in soils conditioned with water extracts of toxins from Photorhabdus-infected insect cadavers
(Fig. S2, S3, S4 and S5). Altogether, these findings underscore the role of Photorhabdus toxins
and bioactive metabolites in driving plant growth promotion, beyond the influence of the soail

chemical properties.

Soil conditioning with Photorhabdus-infected insect cadavers often improves plant
growth

To test whether the different soil conditioning treatments influence plant growth, | conducted
greenhouse experiments and compared maize plants grown in non-conditioned soils and soll
conditioned with Photorhabdus-infected insect cadavers or with mechanically killed insect
larvae. In seven independent experiments, plant biomass production was impacted by the
different soil conditioning treatments in a treatment-specific manner (Fig. 2). In each
experiment, neutral or positive effects of the different soil conditioning treatments on plant
biomass were more often observed than negative effects (Fig. 2). The biomass produced by
plants grown on conditioned soils was up to 55% greater than the biomass produced by plants
grown on non-conditioned control soils. In only two cases, we observed a significant reduction
in plant biomass, i.e. in experiments four and seven, where the soil conditioning with cadavers

infected with Photorhabdus bacteria reduced plant biomass in a strain-specific manner. When
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all seven experiments were analysed together, plants grown on soils conditioned with
mechanically killed larvae or with Photorhabdus-infected insect cadavers significantly
produced more total biomass than plants grown on non-conditioned control soils (Fig. 2).
However, no significant differences in the following plant growth traits were observed across

treatments: height, leaf length width and number of crown roots (Fig. S6).
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Figure 2. Fold change in total biomass of plants grown on soils conditioned with Photorhabdus-infected insect
cadavers or mechanically killed larvae. Graphs A-M display the total biomass induced by soil conditioning with
insect larvae killed by each Photorhabdus strain. In the graphs, the green bars (mean + SE) represent the fold
changes in total biomass observed in three independent experiments compared to the controls. The grey bars
represent the overall mean (X) total biomass of all experiments combined. Asterisks above the bars indicate
statistical differences (LSD 0.05) between the treatments and the control at a significance level of p< 0.05, using a
one-sample T-test.
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Soil conditioning with water extracts of toxins from Photorhabdus-infected insect
cadavers or Photorhabdus cell-free supernatant improves plant growth

To test whether soil conditioning with Photorhabdus toxins and metabolites influences plant
growth, | compared maize plants grown in non-conditioned control soils with plants grown on
soil conditioned with water extracts of toxins derived from Photorhabdus-infected insect
cadavers or mechanically killed insect larvae, and Photorhabdus cell-free supernatant. In three
independent experiments, neutral or positive effects of the different soil conditioning treatments
on plant biomass were observed in independent experiments (Fig. 3). When all three
experiments were analysed together, plants grown on soil conditioned with water extracts of
toxins derived from macerated Photorhabdus-infected insect cadavers significantly increased
plant total biomass by 10 — 26% more than the control plants. Contrary to the results of sail
conditioning with mechanically killed insect larvae, the total biomass of plants grown on soil
conditioned with water extracts of macerated, mechanically killed larvae was consistently
insignificant across experiments (Fig. 3). In the soil conditioned with the different cell-free
Photorhabdus culture supernatants, the plant total biomass was significantly improved by 11
— 20% more than the control (Fig. 4) in all soil conditioning treatments. However, no significant
differences were observed in the plant traits: heights, leaf length, width and number of crown

roots of plants grown on all the above-mentioned soil conditioning treatments (Fig. S7 and S8).

Sterilisation and soil re-inoculation experiments

To evaluate whether the changes in soil microbial communities mediated by soil-conditioning
impact plant growth and biomass accumulation, | set up sterilisation and re-inoculation
experiments and compared maize plants grown in non-conditioned soils and plants grown in
soil complemented with soil preconditioned with Photorhabdus-infected insect cadavers or with
MK insect larvae. In three independent experiments, no significant differences were observed
in the plant heights, leaf length, width and number of crown roots (Fig. S9). However, plant
biomass production was impacted by soil complementation treatments. In independent
experiments, significant positive effects on plant biomass were observed more in experiments
1 and 2, and more neutral than positive effects were observed in experiment 3 (Fig. 5). In
experiment 3, a significant difference in plant biomass was only observed in plants grown on
soils complemented with soil preconditioned with insect cadavers killed by Photorhabdus
strains 1ID22. When all three experiments were analysed, the plants grown on all the
complemented soil treatments significantly produced more total biomass (16 — 30%) than

plants grown on non-conditioned control soils (Fig. 5).
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Figure 3. Fold change in total biomass of plants grown on soils conditioned with water extracts of toxins from
Photorhabdus-infected insect cadavers or mechanically killed larvae. Graphs A—M display the total biomass induced
by soil conditioning with toxin extract of each Photorhabdus strain. In the graphs, the green bars (mean + SE)
represent the fold changes in total biomass observed in three independent experiments compared to the controls.
The grey bars represent the overall mean (x) total biomass of all experiments combined. Asterisks above the bars
indicate statistical differences (LSD 0.05) between the treatments and the control at a significance level of p< 0.05,
using a one-sample T-test.
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Figure 4. Fold change in total biomass of plants grown on soils conditioned with Photorhabdus cell-free
supernatants. Graphs A-L display the total biomass induced by soil conditioning with cell-free supernatants of each
Photorhabdus strain. In the graphs, the green bars (mean + SE) represent the fold changes in total biomass
observed in three independent experiments compared to the controls. The grey bars represent the overall mean (X)
total biomass of all experiments combined. Asterisks above the bars indicate statistical differences (LSD 0.05)
between the treatments and the control at a significance level of p< 0.05, using a one-sample T-test.
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Figure 5. Fold change in total biomass of plants grown on soils complemented with soil previously conditioned with
Photorhabdus-infected insect cadavers or mechanically killed larvae. Graphs A—M display the total biomass induced
by autoclaved soil complemented with live soil previously conditioned with insect larvae killed by each Photorhabdus
strain. In the graphs, the green bars (mean + SE) represent the fold changes in total biomass observed in three
independent experiments compared to the controls. The grey bars represent the overall mean (X) total biomass of
all experiments combined. Asterisks above the bars indicate statistical differences (LSD 0.05) between the
treatments and the control at a significance level of p< 0.05, using a one-sample T-test.
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Figure S1. A-D represent soil properties for different soil conditioning treatments. The dots on the boxplots
represent the raw data. The black lines in the boxes represent the median values of all variables. Control is non-
conditioned soil; MK is soil conditioning with mechanically killed insect larvae, and ID22-323 are soils conditioned
with insect larvae killed by the different Photorhabdus strains. Asterisks and ns in the plot area represent significant
differences among soil conditioning treatments compared to the control, as determined by Tukey's honest significant

difference test, p<0.05.
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Figure S2. The scatter plots illustrate the relationship between plant total biomass produced and the levels of soil
chemical properties in soils conditioned with Photorhabdus-infected insect cadavers. Each data point corresponds
to a soil conditioning treatment. Correlation relationships were assessed by Pearson’s test.
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Figure S3: The scatter plots illustrate the relationship between plant total biomass produced and the levels of soil
chemical properties in soils conditioned with water extracts of toxins from Photorhabdus-infected insect cadavers.
Each data point corresponds to a soil conditioning treatment. Correlation relationships were assessed by Pearson’s

test.
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Figure S4: The scatter plots illustrate the relationship between plant total biomass produced and the levels of soil
chemical properties in soils conditioned with cell-free supernatants of Photorhabdus bacteria. Each data point

corresponds to a soil conditioning treatment. Correlation relationships were assessed by Pearson’s test.
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Figure S5: The scatter plots illustrate the relationship between plant total biomass produced and the levels of soil
chemical properties in soils complemented with soil previously conditioned with Photorhabdus-infected insect
cadavers. Each data point corresponds to a soil conditioning treatment. Correlation relationships were assessed by

Pearson’s test.
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Soil conditioning treatment

Figure S6. Graphs A-E display the mean measurements of plant height. First leaf length, width, second leaf length,
width and F represent the number of crown roots of plants grown on unconditioned control soil (grey bars), soil
conditioned with Photorhabdus-infected insect cadavers (orange bars) or mechanically killed larvae (green bars).
The plant growth measurements and crown roots were statistically assessed by one-way ANOVA and Holm-Sidak
test for multiple comparisons.
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Soil conditioning treatment

Figure S7. Graphs A-E display the mean measurements of plant height. First leaf length, width, second leaf length,
width and F represent the number of crown roots of plants grown on unconditioned control soil (grey bars), soil
conditioned with water extract of toxins from Photorhabdus-infected insect cadavers (orange bars) or mechanically
killed larvae (green bars). The plant growth measurements and crown roots were statistically assessed by one-way
ANOVA and Holm-Sidak test for multiple comparisons.
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Figure S8. Graphs A-E display the mean measurements of plant height. First leaf length, width, second leaf length,
width and F represent the number of crown roots of plants grown on unconditioned control soil (grey bars) and soll
conditioned with Photorhabdus cell-free supernatants (orange bars). The plant growth measurements and crown
roots were statistically assessed by one-way ANOVA and Holm-Sidak test for multiple comparisons.
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Figure S9. Graphs A-E display the mean measurements of plant height. First leaf length, width, second leaf length,
width and F represent the number of crown roots of plants grown on unconditioned control soil (grey bars),
autoclaved soil complemented with soil previously conditioned with Photorhabdus-infected insect cadavers (orange
bars), or mechanically killed larvae (green bars). The plant growth measurements and crown roots were statistically
assessed by one-way ANOVA and Holm-Sidak test for multiple comparisons.
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Discussion

This study demonstrated that soil conditioning with Photorhabdus-infected insect cadavers or
MK insect larvae, toxins from Photorhabdus-infected insect cadavers, and cell-free
supernatants or complementing sterilised soil with soil conditioned with Photorhabdus-infected
insect cadavers significantly improves plant growth in a greenhouse environment. This is
encouraging for growers as Photorhabdus bacteria will offer dual benefits of pest control and
plant growth promotion in fields where the bacteria are applied by foliar spraying or soil
drenching (Abdel-Razek, 2003; Mohan et al., 2003; Vyas et al., 2008; Shahina et al., 2011,
Aatif et al., 2014; Kakade et al., 2023; Abdisa et al., 2024). These results are consistent with
laboratory experiments, where Ullah et al., (2013) showed that Photorhabdus strains P.
temperata M1021 and P. luminescens TTO01 improved plant growth when the bacteria were
inoculated in rice plant seedlings.

In this study, a significant increase in plant biomass was observed in soils conditioned with MK
insect larvae, similar to studies that used insect materials such as cadavers, frass and exuviae
for soil amendment (Schmitt and de Vries, 2020; Anyega et al., 2021; van de Zande et al.,
2024). This is because insect-based materials such as MK larvae, exuviae and frass contain
a large reserve of plant-available nitrogen (Frost and Hunter, 2007; Fielding et al., 2013).
Although this treatment improved plant growth, the soil conditioning treatment with MK insect
larvae differs from other soil conditioning treatments with Photorhabdus-infected insect
cadavers and more so, in their mechanisms of plant growth enhancement. Whilst MK insects
directly introduce nutrients in the soil, Photorhabdus-infected insect cadavers are likely
depleted in nutrients but full of bacterial biomass and their sub-products, such as toxins and
secondary metabolites. When insect cadavers are in the soil, they decompose quickly and
release organic nitrogen to plants in a more readily available form (Hunter, 2001; Fagan et al.,
2002; Behie and Bidochka, 2013). Insects weigh approximately 10% organic nitrogen and
contain carbohydrates, lipids, protein and chitin (Fagan et al., 2002; Barragan-Fonseca et al.,
2022). This makes decomposing insect cadavers richer in ammonium and nitrate levels that
can have more lasting effects in the soil (Hunter, 2001; Schimel and Bennett, 2004; Yang,
2004; Behie and Bidochka, 2013; Song et al., 2015). Additionally, insect-based organic
materials can stimulate the growth of soil-beneficial rhizobacteria and accelerate their activities
to break down organic nitrogen and other nutrients in a plant-available form (Fagan et al., 2002;
Sharp, 2013; De Tender et al., 2019). The soil chemical property results showed that soil
conditioning tended to increase or decrease soil properties in a treatment-dependent manner,
but no significant differences were observed in soil bioavailable P, N, C and SOM compared
to the control, nor their correlation with plant growth. This underscores the role of Photorhabdus
toxins and bioactive metabolites in promoting plant growth. These variations in soil nutrients

could be attributed to the growth of soil microorganisms after soil conditioning. The build-up of

33



microbial communities is associated with heavy consumption of organic matter and carbon,
which consequently affects the availability of other soil organic nutrients, as observed in the
experiments (Campbell et al., 2022; Duan et al., 2023). In Chapter 3, | observed that soll
conditioning with MK larvae or insect cadavers killed by the different Photorhabdus strains
favoured the growth of more beneficial bacteria and nematodes than the non-conditioned
control soil. This indicates that the insignificant differences in soil nutrients might be transient,
as the higher abundance of beneficial microbes might have driven the recovery of organic soil
nutrients and later improved plant growth (Coban et al., 2022; Philippot et al., 2024). Therefore,
the improved plant growth observed in the soil treatment with MK insect larvae can be
attributed to the release of nutrients and the abundance of soil-beneficial rhizobacteria over
plant pathogens, as reported in previous studies involving soil treatment with insect-based
materials (Trivedi et al., 2020; Wantulla et al., 2023; van de Zande et al., 2024).

In my experiments, the exact mechanisms of plant growth stimulation in soils conditioned with
Photorhabdus-infected insect cadavers or Photorhabdus toxins could be explained in two
ways. One possible mechanism behind these effects could be the release of bioactive
metabolites such as Resorcinol, siderophores, indole-3-acetic acid and Gibberellin groups by
Photorhabdus bacteria (Ullah et al., 2013, 2014; Muangpat et al., 2022). Any or all of the
abovementioned bioactive metabolites stimulate plant growth upon direct interaction with
plants (Keswani et al., 2022; Timofeeva et al., 2022; Bibi et al., 2023; Etesami and Glick, 2024).
These hormone-driven processes culminate in accelerated plant growth, enhanced biomass
generation, and higher crop yields (Orozco-Mosqueda et al., 2023). In this study, soll
conditioning with either water extract of toxins and metabolites from Photorhabdus-infected
insect cadavers or cell-free supernatants significantly increased plant growth. However, the
total biomass of plants grown on soil conditioned with water extracts of macerated MK larvae
was consistently insignificant across experiments, thus highlighting the Photorhabdus-specific
effects via their toxins and metabolites in enhancing plant growth in soil conditioned with
Photorhabdus-infected insect cadavers or Photorhabdus toxins or Photorhabdus cell-free
supernatants. The improvement of plant growth through the production of active metabolites
has been reported in many studies of bacterial association with crops (Wilson et al., 2006;
Seshadri et al., 2007; Mishra et al., 2009; Pindi et al., 2014; Armada et al., 2016;
Bandopadhyay, 2020; Yi et al.,, 2022). To understand the metabolic and biochemical
mechanisms through which Photorhabdus bacteria promote plant growth, there is a need to
identify the Photorhabdus toxins and metabolites associated with the observed plant growth
promotion. Another mechanism behind the increased plant growth could be the changes in
microbial communities through soil legacy-mediated effects of Photorhabdus toxins and
metabolites. As such, | conducted sterilisation and re-inoculation experiments to investigate

the link between changes in soil microbial communities caused by Photorhabdus toxins and
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their soil feedback on plant growth. | demonstrated that plants grown on autoclaved soils
complemented with only 10% of living soil previously conditioned with Photorhabdus-infected
insect cadavers or MK insect larvae significantly produced more total biomass than those
grown on non-conditioned control soil. These results were consistent with those obtained in
the experiment with plants grown on soils conditioned with Photorhabdus-infected insect
cadavers or MK insect larvae, indicating that the microbial communities, probably dominated
by beneficial microbes in conditioned soil, were successfully established in autoclaved soil and
positively impacted plant growth. The differences in the soil microbial community composition
of the different soil conditioning treatments are discussed in Chapter 3. These results agree
with studies that reported improved plant growth in soils inoculated with beneficial microbial
agents (Hernandez-Montiel et al., 2017; Prisa, 2020; Reis et al., 2022). Changes in microbial
communities can drive plant-soil feedback and impact plants in many ways, including
enhancing growth and resistance against herbivores and pathogens (Bever et al., 2012; Hu et
al., 2018; Pineda et al., 2020; Benitez et al., 2021; Gfeller et al., 2023). Microbial control agents
produce toxins and bioactive compounds whose activities can alter soil microbial communities
and their belowground activities, and in turn affect plant growth positively, negatively or in a
neutral manner (Pfender et al., 1996; Natsch et al., 1998; Wamberg et al., 2003; Kozdréj et al.,
2004; Prévost et al., 2006; Lioussanne et al., 2010; Gao et al., 2012; Zhaolei et al., 2017;
Bahram et al., 2018; Dong et al., 2019). As soil microbes are sensitive to changes in the soil
environment (Kuang et al.,, 2018), it could be possible that Photorhabdus toxins and
metabolites impacted the soil microbial community, favouring the growth of beneficial microbes
that consequently increased plant growth in conditioned soil. Therefore, | conclude that both
the Photorhabdus toxins and metabolites, as well as the microbial communities, influenced
plant growth in soils conditioned with Photorhabdus-infected insect cadavers. The influence of
Photorhabdus toxins and MK insect larvae on the microbial community assembly and their

impact on plant growth are discussed in Chapter 3.

Altogether, irrespective of the exact mechanisms, | report that soil conditioning with
Photorhabdus-infected insect cadavers or MK insect larvae, Photorhabdus cell-free
supernatants, water extracts of Photorhabdus-killed larvae but not of MK-killed insects, or
complementing sterilised soil with soil conditioned with Photorhabdus-infected insect cadavers
significantly improves plant growth in a greenhouse environment, offering promise for field

conditions.
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Chapter 2

Soil legacy effects of Photorhabdus metabolites on plant physiology and resistance
Abstract

The application of beneficial microorganisms (such as bacteria and fungi) in agriculture
impacts plant physiology and consequently their resistance to herbivore attack via Microbial
Induced Resistance. Whether Photorhabdus bacteria cause similar effects remains unclear.
To fill this knowledge gap, | conditioned soils with Photorhabdus-killed insect cadavers or with
mechanically killed insect larvae. Then, | measured the performance of Diabrotica balteata and
Spodoptera frugiperda larvae feeding on plants grown on the different soil conditioning
treatments or on control, non-conditioned soils. To investigate how soil conditioning treatments
might influence insect performance, | profiled plant responses at the metabolic level. | observed
neutral to negative effects of plants grown on the different soil conditioning treatments on the
growth of both D. balteata and S. frugiperda. More specifically, plants grown on soils
conditioned with insect larvae killed by Photorhabdus strains ID79, 1D139, ID158, ID163, and
ID323 were more resistant to the attack of D. balteata larvae, and the larval weights were
reduced by 15 — 20%, whereas the plants grown on soils conditioned with insect larvae infected
with Photorhabdus strains 1D22, ID138 and ID158 were more resistant to the attack of S.
frugiperda larvae, and reduced their weights by 10 — 59%. Only the plants that grew on soils
conditioned with insect cadavers killed by the Photorhabdus strain ID158 significantly
suppressed the feeding of both D. balteata and S. frugiperda larvae. No significant differences
were observed in the performance of both herbivore larvae on plants grown on soil conditioned
with mechanically killed insect larvae and other soil conditioning treatments.

When the chemical profiles of leaves and roots of plants grown on the different soil conditioning
treatments were analysed, the plants that resisted the attack of D. balteata and S. frugiperda
larvae in the insect performance experiments accumulated distinct metabolites in their roots
and leaves, enabling resistance against the herbivores. Notably, twelve metabolites from the
groups of alkaloids, benzoxazinoids, fatty acids, terpenoids, shikimates and phenylpropanoids
were upregulated in the roots of resistant plants. In the leaves, eight defensive metabolites
from the groups of amino acids, fatty acids, and phenylpropanoids were significantly
accumulated. Up to eight root and four-leaf metabolites were only accumulated in the resistant,
but not the susceptible and control plants. These results suggest that soil conditioning with
infected insect cadavers killed by selected Photorhabdus strains confers systemic responses

in plants and negatively affects the feeding of herbivores in maize crops.
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Introduction

Plant resistance to herbivores is a key part of integrated pest management and helps to reduce
the application of synthetic pesticides in agriculture (Schoonhoven et al., 2005; Prasanna et
al., 2018; 2021). While plants are immobile and unable to hide for protection, they possess a
natural immune system that enables them to recognise attacks and respond with appropriate
defensive mechanisms (Carreno-Quintero et al., 2012; Fernie and Tohge, 2017; Zaynab et al.,
2018; Erb and Reymond, 2019). As a means of protection, plants produce and release
metabolites as chemical defenses against attackers (Pickett et al., 1999; Hartmann, 2007,
Turlings and Erb, 2018; Zaynab et al., 2018). However, in addition to the plant's natural defense
system, it has been recognised that beneficial microbes can improve plant resistance and
enhance the plant’s ability to fend off a wide range of pests and pathogens (Pozo et al., 2020;
Thomas et al., 2023). This can benefit cultivated crops as they have a relatively reduced
degree of variation in plant defense mechanisms (Alonso-Blanco and Koornneef, 2000; Gols
et al., 2008; Anderson and Mitchell-Olds, 2011).

In agriculture, soil beneficial microorganisms, such as bacteria and fungi, have been mainly
used as inoculants to enhance plant growth (Trivedi et al., 2017; Compant et al., 2019; Singh
et al., 2020). Besides improving plant growth, these microbes help plants to tolerate abiotic
stress and also enhance their resistance to pathogens and insects (Pineda et al., 2017; Van
Oosten et al., 2017; Heinen et al., 2018; De Kesel et al., 2021; Sanchez-Mahecha et al., 2022).
Beneficial microbes influence plant resistance in two ways. First, they can mediate the
production of plant metabolites or directly produce compounds that negatively affect insect
herbivores — this is termed microbe-induced resistance (MIR) (Rashid and Chung, 2017; Pozo
et al., 2020; De Kesel et al., 2021). These microbes induce systemic resistance in plants by
producing toxic metabolites against herbivores (Ryu et al., 2004; Sharifi et al., 2018; Pozo et
al., 2020). Such microbially-induced resistance in plants reduces the growth of herbivores and
enhances mortality (Gruden et al.,, 2020).Indeed, well-studied bacteria such as
Bacillus species have been reported to induce resistance in Arabidopsis and broccoli plants
against aphids and facilitate the release of plant metabolites that attract parasitoids (Gadhave
et al., 2016; Rashid et al., 2017). As the benefits are evident in agriculture, microbial-induced
resistance in plants has been recognised as an emerging tool for sustainable crop protection
(Minchev et al., 2024). Secondly, beneficial microbes, especially those inoculated by soil
application or seed treatment, can alter soil microbial communities and indirectly affect plant
growth and resistance against herbivores and pathogens through microbial community-
mediated effects (Hu et al., 2018; Pineda et al., 2020; Pang et al., 2021; Yu et al., 2021).
Studies on microbial communities have demonstrated that changes in the diversity and
abundance of soil microbes can significantly impact plant metabolism and consequently plant

resistance (Turner et al., 2013; Trivedi et al., 2020). For example, application of plant growth-
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promoting microbes altered the rhizosphere microbial community of strawberry and oilseed
crops, and the changes were associated with improved growth and resistance against
herbivores (Deng et al., 2019; Jiménez et al., 2020). The soil conditioning effects of beneficial
microbes enable plants to interact with diverse soil microbial communities that can determine
the constituents and concentration of metabolites released by plants against herbivory
(Bezemer et al., 2005; Eisenhauer et al., 2010; Kabouw et al., 2011; Trivedi et al., 2020).

Photorhabdus bacteria, a symbiont of the entomopathogenic nematodes from the
Heterorhabditis genera, is one of the microbial agents applied in agriculture as foliar sprays or
by soil drenching to control above and below-ground insect pests (Abdel-Razek, 2003; Mohan
et al., 2003; Vyas et al., 2008; Shahina et al., 2011; Aatif et al., 2014; Kakade et al., 2023;
Abdisa et al., 2024). In their growth environments, Photorhabdus bacteria produces many
different toxins and metabolites with antibacterial, insecticidal, antimicrobial, antifungal, and
antiparasitic properties (Waterfield et al., 2005; Eleftherianos et al., 2007; Ffrench-Constant et
al., 2007; Bode, 2009; Tobias et al., 2016; Muangpat et al., 2017; Antonello et al., 2018; Eroglu
et al.,, 2019). However, many studies are limited to the control efficacy of Photorhabdus
bacteria against pests and soil pathogens, while the bacteria may have consequences on plant
growth and resistance. In Chapter 1, | showed in greenhouse experiments that soils
conditioned with toxins and metabolites released from decomposing Photorhabdus-infected
insect cadavers or water extracts of toxins from Photorhabdus-infected larvae or cell-free
supernatants enhanced the growth of maize plants. In Chapter 3, | showed that soil
conditioning with Photorhabdus-infected insect cadavers significantly alters the microbial
communities, resulting in a higher diversity of beneficial bacteria and nematodes. These
changes in the soil microbes corresponded with the increased biomass of plants grown on
conditioned soil, as reported in Chapter 1. While the soil legacy effect of Photorhabdus bacteria
and its toxins on plant growth and microbial community is known, there is a poor understanding
of the impact of soil conditioning with Photorhabdus-infected insect cadavers on plant
resistance. It has been demonstrated that changes in the plant metabolomes via soil
conditioning effects can enhance the plant’s ability to produce many classes of defense
metabolites against herbivores and plant pathogens (Deng et al., 2019; Jiménez et al., 2020;
Trivedi et al.,, 2020). However, the evidence for this hypothesis in plants grown on soils
conditioned with Photorhabdus-infected insect cadavers is still lacking.

To bridge this knowledge gap, | assessed the performance of the root-feeding herbivore D.
balteata and the leaf-feeding herbivore S. frugiperda larvae on maize plants grown in soils
conditioned with Photorhabdus-infected insect cadavers. Additionally, | employed
metabolomics to analyse the changes in the chemical profiles of the roots and leaves of plants
grown in the different soil conditioning treatments. | hypothesised that conditioning the soil with

Photorhabdus-infected insect cadavers would alter the chemical profiles of plants and that
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these changes would, in turn, affect the performance of both root- and leaf-feeding herbivores.
This study provides new insights into the multifunctional roles of Photorhabdus bacteria and
their toxins beyond direct pest control and improving plant growth, highlighting their

contributions to enhancing the plants' defensive mechanisms against herbivores.

Materials and Methods

Insects and Insect Rearing

Spodoptera frugiperda larvae were fed on an artificial diet (in g/Kg: soy milk 31.7, wheat germ
90, sugar 36.56, dried yeast 17.81, cholesterol 0.5, methylparaben 1, sorbic acid 2.3, ascorbic
acid 2.46, vitamin B complex 0.184, chloramphenicol 0.269 and agar 27.5). The adults were
kept in insect-rearing cages with a constant supply of water and a 10% sucrose solution. Eggs
were collected twice a week. Insect rearing was maintained under a controlled temperature
(25 + 2°C). Larvae at 4-6" instar were used for all the soil conditioning experiments. Diabrotica
balteata eggs were supplied by Syngenta (Stein, Switzerland) every week and incubated under
a controlled temperature (25 + 2°C) until hatching. The D. balteata larvae were fed on 4-day-

old fresh maize roots, and second-instar larvae were used to conduct the experiments.

Bacterial strains

The Photorhabdus bacterial strains used in this experiment were selected from five species in
the phylogenetic tree of Photorhabdus bacteria (Table 1), and cultured in lysogeny broth (LB)
agar plates at 28°C. Bacterial strains were re-plated monthly, and the cultures were refreshed

from glycerol stocks every six months.

Table 1: Photorhabdus bacteria strains used in the study

Species Strain
ID81
ID83
ID158
ID163
ID316
ID317
ID22
P. laumondii subsp. laumondii ID25
ID79
ID138
P. tasmaniensis ID139
ID323

P. bodei

P. cinerea

P. khanii subsp. khanii

Insect infection assays
Spodoptera frugiperda larvae were infected with the different Photorhabdus strains by directly
injecting bacterial cultures into their bodies. To this end, ten microliters (10 pL) of bacterial

suspensions were injected at the back, neck or behind the last pair of false legs using the
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Hamilton syringe. To prepare the bacterial suspensions, 25 ml of LB broth medium was
inoculated with a single colony of Photorhabdus bacteria and incubated overnight at 28 °C and
180 rpm of constant agitation for 14-16 hours. Before injecting the larvae, the overnight liquid
culture optical density (ODsoo) Was measured and adjusted to ODsoo=1. The injections were
performed using a Hamilton syringe, and the injected larvae were kept at room temperature in
plastic trays. Insect mortalities were recorded at regular intervals for 96h, and Photorhabdus-

infected insect cadavers were used for soil conditioning experiments as described below.

Soil conditioning with Photorhabdus-infected S. frugiperda cadavers

To condition soil with Photorhabdus-infected S. frugiperda cadavers or mechanically killed
(MK) larvae, field soil was mixed with sand (0-4mm) at a 1:1 ratio (hereafter referred to as
experimental soil). Then, desired amounts of soil-sand mixture were transferred to plastic
containers, and Photorhabdus-killed or MK larvae were buried equidistantly from each other.
Five Photorhabdus-infected or MK insect larvae per 3659 of soil (equivalent to soil filled in 0.5L
square plastic pots) were used. The conditioned soil was left under greenhouse conditions and
moistened regularly for seven days. Control soil was treated in a similar manner, but no insect
cadavers were buried. After this period, the conditioned soil was homogenised and then

transferred to 0.5 L square plastic pots to plant maize (var. Delprim).

Herbivore performance

To evaluate whether soil conditioning with Photorhabdus-infected insect cadavers affects plant
resistance to herbivore attack, S. frugiperda and D. balteata larvae were fed on 10-day-old
maize plants grown on conditioned soils. To evaluate D. balteata growth, 10 second-instar
larvae were placed in solo cups and presented with fresh maize roots harvested from plants
grown on conditioned soil. Then, maize roots and larvae were covered with a thin layer of
organic soil. Five independent replicates were set up per soil conditioning treatment. Fresh
roots were added inside the solo cups every two days for ten days, and larvae were counted
and weighted on the 8" and 10" days.

To evaluate S. frugiperda growth, 2" instar larvae were placed in Petri dishes and presented
with maize leaves harvested from plants grown on conditioned soil to feed on. Ten larvae per
Petri dish and five independent replicates per soil conditioning treatment were set up. Fresh
leaves were added to the plates every day for four days, and larvae were counted and weighed
every day. All the experiments were repeated thrice.

Metabolomics

Maize tissue collection and sample preparation for metabolite analyses

To evaluate plant responses to soil conditioning with Photorhabdus-infected insect cadavers
at the metabolic level, metabolomics experiments were conducted in 10-day-old maize plants
grown on soils conditioned with Photorhabdus-infected insect cadavers, with mechanically
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killed insect larvae and non-conditioned soil as the control. Five biological replicates per
treatment were analysed (n = 5). To collect the metabolomics samples, | removed 10-day-old
maize plants from the planting pots, washed the roots with running water to remove the soil
particles, and carefully detached the leaves and roots from the stem using scissors. | then
wrapped the roots and leaves of each plant separately in aluminium foil and immediately froze
them in liquid nitrogen. All the samples were thereafter stored at -80 °C for 72 hours.

Untargeted metabolomics

Flash frozen samples of roots and leaf tissues were ground separately to a fine powder under
liquid nitrogen using a mortar and pestle. Fifty milligrams of the powder were weighed in a 2ml
safe-lock Eppendorf tube, and 4-8 glass beads (diameter 2-3mm) and 1mL of
methanol:water:formic acid buffer (25:75:0.1 v/v/v) were added to the powder. The samples
were subjected to extraction in a Qiagen tissue lyser for 3 min at 30 Hz, followed by
centrifugation at 14,000 x g for 3 min. After centrifugation, 400 uL of the supernatant was
recovered in a new Eppendorf tube and stored at -80°C. The sample extracts were then
analysed by ultra-high-performance liquid chromatography-quadrupole time-of-flight mass
spectrometry (UHPLC-QTOFMS).

The system was controlled using MassLynx version 4.1. An Acquity UPLC™ HSS T3 column
(100 x 2.1 mm, 1.8 ym) was maintained at 25 °C, operating at a 0.4 mL/min flow rate. The
mobile phases comprised water with 0.05% formic acid (solvent A) and acetonitrile with 0.05%
formic acid (solvent B). A segmented gradient was applied, increasing from 0% to 50% B over
7.5 minutes, followed by a transition to 100% B over the next 2.5 minutes, and an injection
volume of 2 yL. Mass spectrometry (MS) detection was performed using negative electrospray
ionisation and data-dependent acquisition (DDA) mode. A resolution of 20,000 at m/z 554 was
used, and data were collected in centroid mode. The capillary and cone voltages were set at -
2.0 kV and -25 V, respectively. The source and desolvation temperatures were set at 120 °C
and 400 °C, respectively, while the gas flows for desolvation, the cone and the collision gas
(argon) were set at 900 L/h, 50 L/h, and 2.0 L/min flow rate, respectively. The settings for DDA
included a mass range for MS1 from 50 to 1200 Da, with a scan time of 0.15 seconds. The top
three MS/MS were selected, each with a 0.15-second scan time. The intensity threshold was
set to 6,500 counts per second, and the MS/MS selection window was 4 Da. Peak deisotoping
was activated, with dynamic exclusion set to 2.0 seconds after acquisition. An exclusion list
containing the 10 most intense background ions was generated from a blank sample run prior
to the sample analysis. A ramped collision energy was applied in MS/MS acquisition, ranging
from 5-40 V at m/z 50 to 20-70 V at m/z 1200. Quality control samples were prepared by
pooling aliquots from all samples, which were run four times before the sample batch and
approximately every 30 samples during the batch.
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The raw data were imported into Progenesis Ql (Waters) for peak picking. The feature
containing (.csv) and MS/MS data (.msp) was generated and exported to the global natural
products (GNPs)(https://gnps.ucsd.edu) to establish molecular networks using a Feature-
Based Molecular Networking (FBMN) visible analyses. The FBMN parameters were set as
follows: mass tolerance for both precursor and MS/MS fragment ions at 0.02 Da, the minimum
pairs cosine score at 0.7, minimum matched fragment ions at 6, Top K at 10, the maximum
connected component size was 100, and the maximum shift between precursors was 500 Da.

The resultant molecular networks were visualised with Cytoscape version 3.9.1.

Statistical analyses

Statistical analyses were performed using the analysis of variance (ANOVA) technique on
SigmaPlot 16.0 software. All Pairwise Multiple Comparisons between the mean values of
treatments were performed using the Holm-Sidak method at p < 0.05. A one-sample T-test
was conducted using Microsoft Excel to determine if the fold changes in the larval weights
induced by each bacterial strain significantly differed from the mean hypothesis (u=0) across
experiments. To visualise an overview of the UHPLC-QTOFMS fingerprints, a Principal
Component Analysis (PCA) was performed at the initial steps of data exploration. To compare
the metabolic responses of plants grown under different soil conditioning treatments, a Partial
Least-Squares Discriminant Analysis (PLS-DA) was conducted to identify the metabolic
differences in the roots and leaves of resistant and susceptible plants. The cross-validation of
the PLS-DA models was performed using quality assessment (Q?) and R-squared (R?)
parameters. The features that were upregulated in the resistant plants and not present in the
susceptible and control plants were selected for metabolite identification. The PCA and PLS-

DA were produced using the software R 4.4.2 (R Core Team, 2024).
Results

Impact of soil conditioning with Photorhabdus-infected insect cadavers on plant
resistance to root and leaf-feeding herbivores

Across three independent experiments, neutral, positive and negative effects on insect
performance were observed in a strain-specific manner (Fig. 1). When the three experiments
were evaluated together, | observed that plants growing in soils conditioned with insect
cadavers killed by strains ID139, ID158, ID163, ID79 and ID 323 were more resistant to the
attack of D. balteata larvae. The average weights of the D. balteata larvae that fed on plants
grown on these soil conditioning treatments were significantly reduced by 15 — 20% (Fig. 1).
Neutral effects on insect performance were observed in larvae that fed on the roots of plants
grown on soils conditioned with mechanically killed larvae and insect cadavers killed by
Photorhabdus strains 1D22, 1D25, ID81, ID83, 1D138, ID317, and ID316. Consequently, the
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average weight of D. balteata larvae that fed on plants grown on these soil conditioning
treatments was not statistically significant in a one-sample t-test (Fig. 1).

On the other hand, when S. frugiperda larvae were fed on the leaves harvested from maize
plants grown on soils conditioned with Photorhabdus-infected insect cadavers, | often
observed neutral effects on the insect performance when the three independent experiments
were evaluated together. Only the plants grown on soils conditioned with insect cadavers killed
by Photorhabdus strains 1D158, ID22 and ID138 were more resistant to the attack of S.
frugiperda larvae and the average larval weights were reduced by 10 — 59% less than the
control (Fig. 2). | also observed that only the plants that grew on soils conditioned with insect
cadavers killed by the Photorhabdus strain (ID158) significantly suppressed the feeding of both
D. balteata and S. frugiperda larvae. The feeding of both S. frugiperda and D. balteata larvae
on the plants grown on soil conditioned with mechanically killed insect larvae was not affected,
and no significant differences were observed in larval performance. | recorded the mortality of
larvae in three independent experiments. The mortality of D. balteata larvae was only
significant in larvae that fed on plants grown on soils conditioned with insect larvae killed by
Photorhabdus strains ID139 and ID317. The mortality of S. frugiperda larvae was statistically

insignificant across all treatments.
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Figure 1. Graphs A-M represent the performance of D. balteata larvae feeding on maize plants grown on soils
conditioned with insect larvae killed by each Photorhabdus strain in three experiments. The bars (mean + SE) in
blue represent fold changes in the weight of D. balteata larvae in each experiment compared to the control. The
grey bars represent the larval mean (X) weight across experiments. Asterisks above the bars indicate statistical
differences (LSD 0.05) between the treatments and the control at a significance level of p< 0.05, using a one-sample
T-test.
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Figure 2. Graphs A—M represent the performance of S. frugiperda larvae feeding on maize plants grown on soils
conditioned with insect larvae killed by each Photorhabdus strain in three experiments. The bars (mean + SE) in
orange represent fold changes in the weight of S. frugiperda larvae in each experiment compared to the control.
The grey bars depict the mean (X) larval weight across all experiments. Asterisks above the bars denote statistical
differences (LSD 0.05) between the treatments and the control at a significance level of p< 0.05, based on a one-
sample T-test.
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Soil conditioning with insect cadavers killed by selected Photorhabdus strains induces
metabolic responses in plants

To evaluate plant responses to soil conditioning at the metabolic level, | analysed the small
molecular weight metabolites in the roots and leaves of plants grown on soils conditioned with
Photorhabdus-infected insect cadavers, mechanically killed insect larvae or non-conditioned
soil as the control. Plants grown on the different soil conditioning treatments were categorised
as “Resistant” and “Susceptible” based on the insect performance experimental results. |
performed the Partial Least-Squares Discriminant Analysis (PLS-DA) to highlight the soil
conditioning treatments that induced resistance responses in plant roots and leaves. The PLS-
DA revealed that changes in the plant metabolites resulting from the soil conditioning
treatments occurred in a treatment-specific manner. Notably, plants grown on soils conditioned
with insect cadavers killed by Photorhabdus strains ID139, ID158, ID163, ID79, or ID 323 were
highlighted to possess distinctive root metabolites that might be involved in resistance
response against the attack of D. balteata (Fig. 3). On the leaves, only the plants grown on the
soil conditioned with insect cadavers killed by Photorhabdus strains ID158, ID22 or ID138 were
marked to have distinctive metabolites from the others (Fig. 3). These findings correlate with
the insect performance experiments, where plants grown on these soil conditioning treatments

resisted the attack of D. balteata and S. frugiperda.

To identify the metabolic changes in the roots and leaves of resistant plants, | analysed the
low-weight metabolites produced by the plants, focusing on the most abundant metabolites
highlighted on the enhanced molecular network. | observed that resistant plants exhibited
higher levels of certain distinct compounds than susceptible plants. In the roots of resistant
plants, twelve metabolites from the groups of alkaloids, benzoxazinoids, fatty acids,
shikimates, phenylpropanoids, and terpenoids were upregulated (Table S1). Only four
metabolites, namely Aromadendrin, Compound ID 196, Imidazole alkaloids, and (6R,9R,10R)-
6,9,10-trihydroxyoctadec-7-enoic acid, were present in both resistant and susceptible plants,
but were significantly upregulated in resistant plants. The other eight metabolites including 4-
[(6R)-6-hydroxy-5,5-dimethylcyclohexen-1-yl] benzoic acid, 2 cis-Abscisic Acid, Canthoside B,
Apigenin 7-sulfate, Pimarane and Isopimarane diterpenoids, Ajugaciliatin A, GDIMBOA and
Tinosineside B, were only detected in resistant plants and not in “susceptible” or control plants
(Fig. 4). In the leaves, eight metabolites from the groups of amino acids, fatty acids, and
phenylpropanoids were upregulated (Table 1). Four of these metabolites identified as (2R)-2-
ammonio-3-phenylpropanoate, L-Tryptophan, 1-Acyl-sn-glycero-3-phosphoglycerol (N-
C16:1), and 2 cis-Abscisic Acid, were found in both susceptible and resistant plants, but were
significantly upregulated in resistant plants. The other four metabolites identified as
Cephalosporins, Cherimola cyclopeptide, PC (16:0/18:2(9Z,12Z)) 1-hexadecanoyl-2-(9Z,12Z-
octadecadienoyl)-sn-glycero-3-phosphocholine, and PA (22:4(72,102,132,162)
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122:2(137,162)) were accumulated only in resistant plants (Fig. 5). Notably, only 2 cis-Abscisic
Acid were upregulated in the roots and leaves of resistant plants. No significant correlation
was observed after examining the relationships between metabolite abundance and insect
performance. with the performance of D. balteata and S. frugiperda larvae. Only three
metabolites in the leaves (2-ammonio-3-phenylpropanoate, L-Tryptophan and Cherimola
cyclopeptide) tended to negatively affect insect performance (Fig. S2). Altogether, these
results indicate that soil conditioning with Photorhabdus-infected insect cadavers induces
metabolic responses in the roots and leaves of plants, and that the metabolic patterns between
resistant and susceptible plants differ.

Partial Least Squares Discriminant Analysis (PLS-DA) plots of metabolites in plant roots.

A

Treatment
Resistant

Susceptible

PLS Component 2

-40 -30 -20 -10 0 10
PLS Component 1

Partial Least Squares Discriminant Analysis (PLS-DA) plots of metabolites in plant leaves.

Treatment
Resistant

Susceptible

PLS Component 2

-10 o 10
PLS Compenent 1

Figure 3. Partial Least-Squares Discriminant Analysis (PLS-DA) plots of metabolites in (A) roots and (B) leaves of
plants grown on soils conditioned with Photorhabdus-infected insect cadavers, mechanically killed insect larvae and
non-conditioned soil.
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Figure 4. A—-L Relative abundance of low molecular weight metabolites upregulated in the roots of plants grown
under different soil conditioning treatments. The dots on the boxplots represent the raw data. The black cross (X)
in the boxes represents the median values of all variables. Ctrl — non-conditioned control soil, MK — soil conditioning
with mechanically killed larvae, and ID22—-323 represent soil conditioning treatments with insect cadavers killed by
the different Photorhabdus strains. Asterisks above the bars indicate statistical differences between the treatments
and the control at a significance level of p< 0.05, by one-way ANOVA with Tukey HSD test for multiple comparisons.
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Figure 5. A-H Relative abundance of low molecular weight metabolites upregulated in the leaves of plants grown
under different soil conditioning treatments. The dots on the boxplots represent the raw data. The black cross (X)
in the boxes represents the median values of all variables. Ctrl — non-conditioned control soil, MK — soil conditioning
with mechanically killed larvae, and ID22-323 represent soil conditioning treatments with insect cadavers killed by
the different Photorhabdus strains. Asterisks above the bars indicate statistical differences between the treatments
and the control at a significance level of p< 0.05, by one-way ANOVA with Tukey HSD test for multiple comparisons.
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Table 1. List of annotated metabolites upregulated in resistant plants

The plant part

ID Metabolite Family m/z p-value accumulated in
106 Benzoic acid Terpenoids |245.1180082( 0.036 Roots
130 2 cis-Abscisic Acid Terpenoids [265.1443499( 0.04 Roots
152 Aromadendrin Alkaloids 287.0558557( 0.002 Roots
196 Compound id 196 Alkaloids 305.1502976] 0.008 Roots
501 Imidazole alkaloids Alkaloids 413.1447281| 0.003 Roots
580 Canthoside B Unknown 445.134756 | 0.002 Roots
285 6’9’10'”'hydro;Z%Ctadec'7'e”°'° Fatty acids ~ |329.2332015| 0.082 Roots
Shikimates and
342 Apigenin 7-sulfate Phenylpropanoid |349.0018846| 0.057 Roots
S

g53| Pimarane and Isopimarane Terpenoids  |655.3330362| 0.14 Roots

diterpenoids
978 Ajugaciliatin A Terpenoids 1669.3121824( 0.304 Roots
334 GDIMBOA Benzoxazinoid (344.0980292| 0.487 Roots
891 Tinosineside B Alkaloids 597.2182435] 0.182 Roots
28 | 2-ammonio-3-phenylpropanoate | Amino acids | 164.071264 | 0.001 Leaves
60 L-Tryptophan Amino acids {203.0823064| 0.001 Leaves

1-Acyl-sn-glycero-3- .

663 phosphoglycerol (N-C16:1) Fatty Acids |481.2571387( 0.027 Leaves
785 2 cis-Abscisic Acid Amino Acids  [549.2441131| 0.027 Leaves
654 Cephalosporins Amino Acids |478.0412101| 0.005 Leaves
100 . . .
3 Cherimola cyclopeptide Peptides 691.3543569( 0.108 Leaves
111 Pr?eiﬁgéﬁf (351(19222 )1)2$z-1_ Shikimates and

. Y ' Phenylpropanoid |802.5595557| 0.105 Leaves
3 | octadecadienoyl)-sn-glycero-3- S

phosphocholine

111 |PA(22:4(72,102,132,162)/22:2(1
5 37,162)) Unknown 803.56318 | 0.73 Leaves
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Figure S1. The scatter plots illustrate the relationship between plant total biomass produced and the levels of
metabolites upregulated in the roots of plants grown on soils conditioned with Photorhabdus-infected insect
cadavers. Each data point corresponds to a soil conditioning treatment. Correlation relationships were assessed by

Pearson’s test.
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Figure S2. The scatter plots A—H illustrate the relationship between plant total biomass produced and the levels of
metabolites upregulated in the leaves of plants grown on soils conditioned with Photorhabdus-infected insect
cadavers. Each data point corresponds to a soil conditioning treatment. Correlation relationships were assessed by
Pearson’s test.
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Discussion

Root and leaf feeding herbivore performance

In this study, | have shown that the performance of D. balteata and S. frugiperda larvae feeding
on maize plants grown on soil conditioned with Photorhabdus-infected insect cadavers is
affected negatively, or neutrally and that these effects are dependent on the Photorhabdus
strain used to Kill S. frugiperda larvae used for soil conditioning. Out of the Photorhabdus
strains used to infect cadavers for soil conditioning, the plants grown on soils conditioned with
insect cadavers killed by strains ID79, ID139, ID158, ID163, and ID323 were more resistant to
the attack of D. balteata larvae, whereas plants grown on soils conditioned with insect cadavers
killed by strains ID22, ID138, and ID158 resisted the attack of S. frugiperda larvae. These
results are consistent with studies that reported suppressive effects of plants grown on soils
conditioned with microbial agents against root-feeding insects (Gange, 2001; Oddsdottir et al.,
2010; Yang et al., 2014; Santos et al., 2014) and leaf-feeding herbivores (Martinuz et al., 2012;
Megali et al., 2015; Gadhave and Gange, 2016; Brock et al., 2018; Dorta et al., 2020). These
negative effects against herbivory have been suggested to be mediated by the changes in
plant secondary metabolites caused by the microorganisms incorporated in the soil (Gange,
2007; Santos et al., 2014; Van Geem et al., 2015). The differences in resistance of plants used
in this study could be due to the variations in the defense metabolites accumulated in the
plants, driven by the soil conditioning effects of the different Photorhabdus strains used to kill
insect larvae. It has been shown that Photorhabdus bacteria produce many metabolites that
can impact plant growth and health, such as Trans-cinnamic acid, siderophore, resorcinol,
terpene, and nucleoside (Muangpat et al., 2022). These bioactive compounds have been
characterised to contribute to plant growth, resistance and or can be part of the signalling
network for the release of defense compounds against insect herbivores and pathogens
(Roba, 2021; Timofeeva et al., 2022; Toffolatti et al., 2021; Yang et al., 2023; Witte and Herde,
2024). However, the production of certain metabolites varies among Photorhabdus strains
(Tobias et al., 2017; Muangpat et al., 2022; Ardpairin et al., 2024), which may explain the
differences in the plant response against herbivore attack. Furthermore, the differences in
metabolite production of Photorhabdus bacteria may lead to strain-specific soil legacies that
influence plant resistance, with effects that can be neutral, positive, or negative against insect
pests (Hu et al., 2018; Pineda et al., 2020; Pang et al., 2021; Yu et al., 2021). Moreover, soll
conditioning with certain microbial species has been shown to determine the diversity of soil
microbial communities that plants interact with, which interaction can determine the
constituents and concentration of metabolites released by plants and their effectiveness
against herbivory (Bezemer et al., 2005; Eisenhauer et al., 2010; Kabouw et al., 2011; Trivedi
et al., 2020). These factors could explain why soil conditioning with cadavers killed by certain

Photorhabdus strains resulted in a strong plant resistance effect.
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The present study also reports that plants grown on soils conditioned with insect cadavers
infected with some Photorhabdus strains showed a neutral effect on the performance of both
D. balteata and S. frugiperda larvae. These neutral effects observed in the present study are
not surprising, as these have also been reported in several studies that evaluated the
performance of roots and leaf-feeding insects on plants grown on soils conditioned with other
microbial agents (Herman et al., 2008; Kempel et al., 2009; Koricheva et al., 2009; Currie et
al.,, 2011; Pineda et al., 2012; Van Geem et al., 2015; Bernaola et al., 2018; Bernaola and
Stout, 2019; Friman et al., 2020). This could suggest that soil conditioning did not induce
systemic resistance in plants, and the little suppressive effect is probably due to the local
defense barrier produced by plants. In other studies of microbial-plant-herbivore systems
involving microbial soil inoculation, little and neutral effects on herbivore performance have
been linked with herbivore speciality in feeding on the host crop (Van Oosten et al., 2008;
Pineda et al., 2010). Reports have shown that microbial-induced plant resistance more often
negatively affects generalist rather than specialist pests (Pineda et al., 2020; Lin et al., 2022;
Wang et al., 2023). In our study, we used S. frugiperda larvae, a pest that is considered a
specialist feeder on the crops in the Poaceae family, in which maize is included (Casmuz et
al.,, 2010; Montezano et al., 2018). This means that S. frugiperda is better adapted to
maize plants, and any resistance conferred through soil legacy-mediated effects would not
affect their performance on maize plants. One of the known mechanisms of adapting to plant
defense metabolites by S. frugiperda is glycosylation, a mechanism by which herbivores
release UDP-glycosyltransferases (UGTs) enzymes to detoxify and control the stability,
bioavailability, and activity of plant defensive metabolites (Meech et al., 2012). Studies
revealed that S. frugiperda detoxifies DIMBOA, the main Benzoxazinoid (BXD) aglucone found
in maize leaves, rendering the defense metabolite non-toxic (Maag et al., 2014; Wouters et al.,
2014; Israni et al., 2020). Specifically, S. frugiperda larvae employ the UGT33 and UGT40
enzymes to glycosylate BXDs (Israni et al., 2020). The detoxification strategy against BXDs
has also been reported in Diabrotica virgifera virgifera and other Lepidoptera larvae including
S. littoralis, M. separata, and O. furnacalis (Sasai et al., 2009; Kojima et al., 2010; Glauser et
al., 2011; Maag et al., 2014; Phuong et al., 2016; Robert et al., 2017). In this study, only the
plants grown on soils conditioned with insect cadavers killed by Photorhabdus strains 1D158,
ID22 and ID138 were more resistant to the attack of S. frugiperda larvae. We speculate that
besides the BXDs, it is possible that other systemically induced defense metabolites in the
maize plants contributed to the negative performance of S. frugiperda larvae.

This study investigated resistance in detached leaves and roots but did not account for the
systemic changes that mediate interactions between herbivores in natural environments. For
example, studies that have focused on metabolic reprogramming have shown that herbivore

attack on the roots can have a strong effect on aboveground resistance to herbivores and vice-
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versa (Van Dam et al., 2005; Soler et al., 2007; Kaplan et al., 2008; Erb et al., 2009, 2011;
Yang et al., 2011; Matrti et al., 2013). This reveals that the strong resistance effect observed in
our experiment against D. balteata larvae feeding on the roots could also translate into
enhanced resistance against above-ground herbivores feeding on the leaves via metabolic
programming upon insect attack. Through whole plant experiments, further studies should
explore the influence of root chemistry on the aboveground plant resistance in plants grown
on soils conditioned with Photorhabdus-infected insect cadavers to decipher whether the
resistance compounds on the roots can be exported to attacked parts above ground to protect

against leaf-feeding herbivores such as S. frugiperda.

Soil conditioning with insect cadavers killed by specific Photorhabdus strains induces
metabolic responses in plants

We found that soil conditioning with Photorhabdus-infected insect cadavers induces plant
resistance against herbivores. We hypothesised that plants that resisted the attack of D.
balteata and S. frugiperda larvae in the insect performance experiments would exhibit changes
in their roots and leaf metabolites, enabling resistance against the herbivores. The results have
shown that soil conditioning with Photorhabdus-infected insect cadavers leads to significant
upregulation of certain metabolites in plant leaves and roots, and that these metabolic
responses are dependent on the Photorhabdus strain used to kill insect larvae for soil
conditioning. We noted that only the plants that resisted the attack of D. balteata and S.
frugiperda larvae in the insect performance experiment phase accumulated more distinct
metabolites than the susceptible and the control plants. In the roots, Aromadendrin, Compound
ID 196, Imidazole alkaloids, and 6,9,10-trihydroxyoctadec-7-enoic acid were significantly more
abundant in plants grown on soils conditioned with insect cadavers killed by strains ID79,
ID139, ID158, ID163, and ID323. These metabolites have many biological activities and could
be involved in the defense mechanisms of plants (Hovelmann et al., 2019; Lee and Jeong,
2020; Mareya et al.,, 2020; Dozio et al.,, 2025). The distinct metabolites that were only
accumulated in the roots of resistant plants included; 4-[(6R)-6-hydroxy-5,5-
dimethylcyclohexen-1-yl] benzoic acid, 2 cis-Abscisic Acid, Canthoside B, Apigenin 7-sulfate,
Pimarane and Isopimarane diterpenoids, Ajugaciliatin A, GDIMBOA and Tinosineside B. Many
of these metabolites accumulated in the experimental plants have been reported in other
studies as defensive compounds employed by plants against herbivores and pathogens (Erb
et al., 2012; Johnson et al., 2016; Rasmann and Turlings, 2016; Reveglia et al., 2018; Zhang
et al., 2024), making them possible candidates for the specific resistance observed against the
root feeding herbivore. The metabolites Ajugaciliatin A, Canthoside B, Apigenin 7-sulfate and
Tinosineside B naturally occur in plants, but have not yet been linked to plant defense.
However, their biological activities, including antimicrobial, antioxidant, cytotoxic, and anti-

estrogenic, among other properties, have been described (Gonzalez-Burgos and Gomez-
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Serranillos, 2012; Dutta et al., 2021; Parveen et al., 2021; Allemailem et al., 2024; Ao et al.,
2024), and thus, their accumulation in plants could directly contribute to resistance or be part
of the signalling network for the release of defense compounds against insect pests.

In the leaves, the more abundant metabolites were; (2R)-2-ammonio-3-phenylpropanoate, L-
Tryptophan, 1-Acyl-sn-glycero-3-phosphoglycerol  (N-C16:1), 2 cis-Abscisic Acid,
Cephalosporins, Cherimola cyclopeptide, PC (16:0/18:2(92,127)) 1-hexadecanoyl-2-(9Z,12Z-
octadecadienoyl)-sn-glycero-3-phosphocholine and
PA(22:4(72,10Z2,132,162)/22:2(132,162)), all of which have been described to offer resistance
against insect pests and pathogens (Irmisch et al., 2015; Mareya et al., 2020; Pan et al., 2019;
Yadav et al., 2020; Pretorius et al., 2022; Rosa et al., 2023; Chekan et al., 2024; Li et al.,
2025). The changes in the metabolic response observed in this study are consistent with
studies by Muller et al. (2024), who showed that root exposure to Photorhabdus
bioluminescence triggered the accumulation of defensive secondary metabolites in maize
plants. Taken together, these results suggest that soil conditioning with Photorhabdus-infected
insect cadavers killed by selected Photorhabdus strains confers systemic responses in maize

plants that can suppress the feeding of below and aboveground herbivores.

Conclusion

Altogether, our study demonstrated that plants grown on soils conditioned with Photorhabdus-
infected insect cadavers have suppressive effects against the roots and leaf-feeding
herbivores in a strain-specific manner. The plants that resisted the attack of D. balteata and S.
frugiperda larvae in the insect performance experiments accumulated distinct metabolites in
their roots and leaves, enabling resistance against the herbivores. As cultivated crops have a
relatively reduced degree of variation in plant defense mechanisms in comparison to wild
populations (Alonso-Blanco and Koornneef, 2000; Gols et al., 2008; Anderson and Mitchell-
Olds, 2011), the results of this study demonstrate that soil conditioning with insect cadavers
killed by selected Photorhabdus bacterial strains via plant-soil feedback can induce a systemic

response that can protect plants against herbivore attack.
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Chapter 3
Soil legacy effects of Photorhabdus metabolites on the soil microbial community
Abstract

Photorhabdus bacteria are often applied as foliar sprays or in soil drenching treatments to
control above and below-ground insect pests, respectively. As a result, large amounts of
Photorhabdus bacterial cells, toxins, and metabolites end up in the soil, and yet, their impact
on non-target soil microbial organisms is unknown. This study investigated the response of soil
microbial communities under three soil treatments: i) non-conditioned control sail, ii) soils
conditioned with Photorhabdus-infected insect cadavers, and iii) soil conditioned with
mechanically killed (MK) insect larvae. | used amplicon sequencing to determine the diversity
and the relative abundance of bacterial, nematode, and fungal communities in the

experimental soil treatments.

The results showed that soil conditioning treatments had a generally greater impact on the
bacterial than on the fungal and nematode communities. Notably, the abundance of Myroides
odoratimimus, Serratia marcescens, Providencia rettgeri, and Alcaligenes faecalis was higher
in soils conditioned with Photorhabdus-infected insects than in soils conditioned with
mechanically-killed (MK) insects or in non-conditioned control soils. | observed treatment-
specific effects of soil conditioning on the nematode species abundance. Notably,
Aphelenchus sp., Acrobeloides sp., Cervidellus sp., and Mesodorylaimus sp. were exclusively
abundant in soils conditioned with Photorhabdus-infected or with MK insects. Aphelenchus sp.
and Acrobeloides sp. were found in all conditioned soils, whereas Cervidellus sp.,
Mesodorylaimus sp., filenchus sp. and Diploscapter sp. were observed in conditioned soils in

a treatment-dependent manner.

Altogether, conditioned soil treatments were exclusively associated with beneficial bacteria
and nematodes than the non-conditioned control soil, highlighting their potential contribution
to the increased biomass of plants grown on conditioned soil, as reported in Chapter 1. |
conclude that soil conditioning with MK or Photorhabdus-infected insect cadavers improves
plant growth and promotes a high abundance of beneficial bacteria and nematodes in

conditioned soil.
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Introduction

The soil is a habitat for over 10%° microorganisms, including bacterial, archaeal, and eukaryotic
groups with unique diversity and abundance (Whitman et al., 1998; Torsvik et al., 2002;
Roesch et al., 2007; FAO et al., 2020). Soil microorganisms drive agricultural food production
by performing important ecosystem functions, such as plant nutrient cycling, pest and disease
suppression, and enhancing soil health (Bardgett et al., 2008; Rojas et al., 2016; Fierer, 2017,
Schloter et al., 2018; Singh and Gupta, 2018). However, in agricultural settings, farming inputs
and practices impact soil microbial communities and their belowground activities (Verbruggen
et al., 2010; Bender et al., 2016; K. Li et al., 2022). Agricultural inputs used by farmers include
microbial agents as biofertilizers, biopesticides or bioremediation to enhance crop yields (Glick,
2012; Berger et al., 2018; Pacios-Michelena et al., 2021; Kour et al., 2022). These microbial
agents are delivered by foliar sprays, seed treatment or soil drenching, and in turn modify the
soil microbial communities and their below-ground activities in crop fields via the release of
toxic compounds in the microenvironment (Palma et al., 2014; Valldor et al., 2015; Zhaolei et
al.,, 2017; Y. Li et al.,, 2022; Saha et al.,, 2022). The resultant changes in soil microbial
communities can positively affect crop production through the recruitment of beneficial
microorganisms that support plant growth or negatively via the accumulation of plant
pathogens that reduce plant growth (Dudenhoffer et al., 2018; Santoyo et al., 2021; Zhang et
al., 2022; Gul et al., 2023).

Photorhabdus bacteria, a symbiont of the entomopathogenic nematodes from the
Heterorhabditis genera, is one of the microbial control agents applied as foliar sprays or by soil
drenching to control above and below-ground insect pests (Abdel-Razek, 2003; Mohan et al.,
2003; Vyas et al., 2008; Shahina et al., 2011; Aatif et al., 2014; Kakade et al., 2023; Abdisa et
al.,, 2024). Its direct application without the EPN vector introduces a high density of
Photorhabdus bacterial cells and their toxins and metabolites in the soil. Studies on
Photorhabdus bacteria in the soil have found that the bacteria can survive and interact with
plant roots (Eckstein and Heermann, 2019; Regaiolo et al., 2020). In Chapter 1, | evaluated
Photorhabdus bacteria strains against Spodoptera frugiperda larvae and investigated the soil
legacy effects of Photorhabdus bacteria via soil conditioning with Photorhabdus-infected insect
cadavers on plant growth in a greenhouse condition. | demonstrated that plants grown on soil
conditioned with Photorhabdus-infected insect cadavers produced significantly higher plant
biomass than the non-conditioned control soil. Despite my understanding of the impact of soil
conditioning with Photorhabdus-infected insect cadavers on plant performance and resistance
to herbivores, their indirect effects on non-target resident soil microbial organisms are
unknown.

Many studies on direct soil inoculation with different microbial control agents have reported

varying effects including altering or having limited, transient or no effects on the soil microbial
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communities (Kozdroj et al., 2004; Mayerhofer et al., 2019; Saha et al., 2022; Canfora et al.,
2023; Fazal et al., 2024). Mechanistically, toxins released by the microbial agents in the soil
environment have been implicated in altering the soil microbial community (Yan et al., 2007;
Saha et al., 2022; Fazal et al., 2024). Moreover, toxins of some microbial control agents, such
as Bacillus thuringiensis (Bt), can persist in the rhizosphere during crop life and continue to
cause changes in the soil microbiome (Luo et al., 2017; Saha et al., 2022). Photorhabdus
bacteria produce many toxins and metabolites with insecticidal, antimicrobial, acaricidal,
cytotoxic, and antiparasitic properties that have been exploited against plant pathogens, pests,
and diseases (Waterfield et al., 2005; Eleftherianos et al., 2007; Furgani et al., 2008; Bode,
2009; Grundmann et al., 2014; Tobias et al., 2016; Muangpat et al., 2017; Antonello et al.,
2018; Vitta et al., 2018; Eroglu et al., 2019; Cevizci et al., 2020; Muangpat et al., 2022).
Although the agricultural benefits of Photorhabdus toxins and metabolites are established,
there remains a knowledge gap regarding the response of soil microorganisms to

Photorhabdus-derived toxins and metabolites released into the soil ecosystem.

In this study, | examined the effect of soil conditioning with Photorhabdus-infected insect
cadavers on soil microbial communities. | hypothesised that Photorhabdus-derived toxins and
metabolites, released from decomposing insect cadavers, affect the soil microbial community.
To test this hypothesis, soil conditioning experiments were set up in a greenhouse
environment, and | collected samples of three soil treatments: i) non-conditioned control soil,
i) soil conditioned with Photorhabdus-infected insect cadavers, and iii) soil conditioned with
mechanically killed (MK) insect larvae. Amplicon sequencing was used to examine the
composition and diversity of bacterial, nematode, and fungal communities in the different
experimental soil treatments. This study provides an understanding of the interactions among
Photorhabdus bacterial cells and toxins and the resident soil microbial communities, providing

new insights into the ecological impact of Photorhabdus bacteria on the soil ecosystems.

Materials and Methods

Insects and insect rearing

Spodoptera frugiperda larvae were fed on an artificial diet (in g/Kg: soy milk 31.7, wheat germ
90, sugar 36.56, dried yeast 17.81, cholesterol 0.5, methylparaben 1, sorbic acid 2.3, ascorbic
acid 2.46, vitamin B complex 0.184, chloramphenicol 0.269 and agar 27.5). The adults were
kept in insect-rearing cages with a constant supply of water and a 10% sucrose solution. Eggs
were collected twice a week. Insect rearing was maintained under a controlled temperature

(25 + 2°C). Larvae at 4-6" instar were used for all the soil conditioning experiments.

Bacterial strains
The Photorhabdus bacterial strains used in this experiment were selected from five species in
the phylogenetic tree of Photorhabdus bacteria (Table 1), and cultured in lysogeny broth (LB)
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agar plates at 28°C. Bacterial strains were re-plated monthly, and the cultures were refreshed

from glycerol stocks every six months.

Table 1: Photorhabdus bacteria strains used in the study

Species Strain
ID81
ID83
ID158
ID163
ID316
ID317
ID22
P. laumondii subsp. laumondii ID25
ID79
ID138
P. tasmaniensis ID139
ID323

P. bodei

P. cinerea

P. khanii subsp. khanii

Insect infection assays

Spodoptera frugiperda larvae were infected with the different Photorhabdus strains by directly
injecting bacterial cultures into their bodies. To this end, ten microliters (10 pL) of bacterial
suspensions were injected at the back, neck or behind the last pair of false legs using the
Hamilton syringe. To prepare the bacterial suspensions, 25 ml of LB broth medium was
inoculated with a single colony of Photorhabdus bacteria and incubated overnight at 28 °C and
180 rpm of constant agitation for 14-16 hours. Before injecting the larvae, the overnight liquid
culture optical density (ODsoo) Was measured and adjusted to ODsoo=1. The injections were
performed using a Hamilton syringe, and the injected larvae were kept at room temperature in
plastic trays. Insect mortalities were recorded at regular intervals for 96h, and Photorhabdus-

infected insect cadavers were used for soil conditioning experiments as described below.

Soil conditioning with Photorhabdus-infected S. frugiperda cadavers

To condition the soil with Photorhabdus-infected insect cadavers, field soil was mixed with
sand (0-4mm) at a 1 to 1 ratio (hereafter referred to as experimental soil). Then, desired
amounts of soil-sand mixture were transferred to plastic containers, and Photorhabdus-
infected S. frugiperda cadavers or MK larvae were buried equidistantly from each other (Fig.
1, Chapter 1). Five Photorhabdus-infected cadavers or five MK insect larvae per 365¢g of soil
(equivalent to soil filled in 0.5 square plastic pots) were used. The conditioned soil was left
under greenhouse conditions and moistened regularly for seven days. Control soil was treated
in a similar manner, but no insect cadavers were buried. After this time, the different

experimental soil treatments were homogenised and approximately 365g of soil samples from
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soil conditioned with Photorhabdus-infected cadavers, MK insect larvae and non-conditioned
control soil were collected. The experiment consisted of 14 soil conditioning treatments, from
which three soil subsamples were prepared, resulting in 168 samples for microbial analysis
across four independent experiments (14 treatments x 4 experiments x 3 sub-samples). These

were stored at -20°C for soil chemical elements and microbial composition analyses.

DNA extraction

The total genomic DNA was extracted from a subsample of 200 mg of soil from each treatment
using the TGuide S96 Magnetic Universal DNA Kit (DP812, Tiangen Biotech, Beijing, China),
following the manufacturer's recommendations. The concentration of the extracted DNA was
assessed using the Nanodrop 2000 (Thermo Fisher Scientific, Wilmington, USA).

After the DNA extraction, primers were designed according to the conserved region, and
sequencing adapters were added to the ends of the primers. The bacterial universal primer set
338F: 5-ACTCCTACGGGAGGCAGCA-3' and 806R: 5-GGACTACHVGGGTWTCTAAT-3'
was used to amplify the V3-V4 region of 16S rRNA gene from the genomic DNA extracted from
each sample. The fungal primer ITS1 F: CTTGGTCATTTAGAGGAAGTAA; and ITS2 R:
GCTGCGTTCTTCATCGATGC was used to amplify the ITS1 region, and the nematode primer
set NF1l: 5-GGTGGTGCATGGCCGTTCTTAGTT-3' (Forward) and 18Sr2b-ad: 5"
TACAAAGGGCAGGGACGTAAT-3' (Reverse) was used to amplify the nematode nfl region.
Both the forward and reverse primers were ligated with sample-specific Illumina index
sequences. After amplification, the PCR products were analysed by LabChip GX (Perkin
Elmer, Waltham, USA) for fragment analysis and integrity assessment. The qualified library
was sequenced on the Illlumina Novaseq 6000 platform (lllumina, San Diego, USA) with paired-
end 250 bp (PE250) mode. Library construction and sequencing were performed at Biomarker
Technologies (BMKGENE) GmbH. To obtain Clean Reads without primer sequences, the Raw
Reads were filtered using the Trimmomatic v0.33 software (Bolger et al., 2014) and the primer
sequences were identified and removed using the cutadapt 1.9.1 software (Martin, 2011). The
DADAZ2 (Callahan et al., 2016) method in QIIME2 2020.6 (Bolyen et al., 2019) was used for
denoising, double-end sequence splicing, and removing chimeric sequences to obtain the final
valid data (Non-chimeric Reads). Finally, using SILVA version 138 as the reference database
for bacteria and nematodes, and the FASTQ release from UNITE version 9.0 for fungi, the
naive Bayes classifier combined with the alignment method was used to perform taxonomic
annotation on the feature sequences. The species classification information corresponding to
each feature was obtained, and then the community composition of each sample was
statistically analysed at each level (phylum, class, order, family, genus, species). The species
abundance table at different classification levels was generated using QIIME software (Bolyen
et al., 2019), and then the community structure diagram at each taxonomic level of the sample

was drawn using the R package vegan (Oksanen et al., 2001).
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Data Analysis

All microbial community analyses and high-quality graphs were produced using the R package
vegan (Oksanen et al., 2001). To determine the differences in the soil microbial community
composition between samples, the Principal Coordinate Analysis (PCoA) and PERMANOVA
(Permutational multivariate analysis of variance) were conducted on Bray-Curtis distances in

the R package vegan (Oksanen et al., 2001).
Results

Soil conditioning with Photorhabdus-infected insect cadavers changes the soil

bacterial and nematode but not the fungal communities

i) Microbial Community Composition

To investigate the impact of the different soil conditioning treatments on the soil microbial
community composition, soil samples were analysed by profiling the bacterial V3-V4 region,
the nfl regions for nematodes and the fungal ITS1 region of the ribosomal operon. | compared
the microbial communities of non-conditioned control soil and soil conditioned with
Photorhabdus-infected insect cadavers or mechanically killed (MK) insect larvae to the lowest
taxonomic rank possible. The results showed that soil conditioning with Photorhabdus-infected
insect cadavers or MK insect larvae significantly altered the bacterial community than the
fungal and nematode communities. The dominant bacterial species identified were: Myroides
odoratimimus, Serratia marcescens, Providencia rettgeri, and Alcaligenes faecalis. In addition,
among the most abundant bacterial taxa, we found the orders Gaiellales sp., Gemmatimonas
sp., and Vicinamibacterales sp. (Fig. 1). It was observed that soils conditioned with
Photorhabdus-infected insect cadavers or MK insect larvae were significantly enriched with
bacteria species M. odoratimimus, S. marcescens, P.rettgeri, and A. faecalis, which were not
detected in non-conditioned control soils (Fig. 2). Importantly, the abundance of M.
odoratimimus, S. marcescens, P. rettgeri, and A. faecalis was higher (5 — 29%) in soils
conditioned with Photorhabdus-infected insect cadavers than in soils conditioned with MK
insect larvae (Only 1 — 3%), pointing to Photorhabdus-dependent and independent effects on
soil microbial communities (Fig. 2).

The fungal community composition did not differ between soil conditioning treatments. The
dominant fungal species were: Mortierella wolfii, Cercophora samala, Gibellulopsis serrae,
Solicoccozyma aeria, Fusarium circinatum, Fusarium equiseti, and Fusarium solani (Fig. 1).
All these were detected in both conditioned and non-conditioned control soil (Fig. 3). Regarding
the nematode communities, the most dominant genera were Cephalobus sp., Aphelenchus
sp., Pratylenchus sp., Filenchus sp., Acrobeloides sp., Cervidellus sp., Diploscapter sp., and
Mesodorylaimus sp. (Fig. 1). There were significant differences in the abundance of some

nematode species in conditioned soils when compared with non-conditioned control soil, and
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soil conditioning treatment-specific effects on the nematode species abundance were
observed (Fig. 4). Notably, Cephalobus sp. and Acrobeloides sp. were significantly impacted
by the soil conditioning treatments. Aphelenchus sp., Acrobeloides sp., Cervidellus sp., and
Mesodorylaimus sp. were exclusively detected in soils conditioned with Photorhabdus-infected
insect cadavers or with MK insect larvae, but not in control soils. While the abundance of
Cervidellus sp., Mesodorylaimus sp., filenchus sp., Diploscapter sp. and Pratylenchus sp. were

detected in conditioned soil in a treatment-specific manner (Fig. 4).

ii) Microbial Diversity
To investigate the effect of different soil conditioning treatments on microbial diversity, |
compared microbial communities across treatments using Principal Coordinates Analysis
(PCoA) and Permutational Analysis of Variance (PERMANOVA) based on Bray-Curtis
distances. In this study, soil conditioning with Photorhabdus-infected insect cadavers
significantly influenced bacterial communities. The PCoA analysis, using Bray-Curtis distance
matrices, showed a higher dissimilarity index in the bacterial community across most of the
soil conditioning treatments compared to the control group. Additionally, the PERMANOVA
test confirmed a significant effect of soil conditioning on the bacterial community composition
(Fig. 5). In contrast, the PCoA analyses showed no dissimilarity in the fungal community and
the PERMANOVA revealed no significant effect of soil conditioning on the fungal community
composition across treatments (Fig. 5). Similarly, from a global view, no significant differences
in the nematode community were observed (Fig. 5). However, individual species were
significantly impacted by soil conditioning when compared with the control (Fig. 4). Overall,
these findings demonstrate that the legacy effects of soil conditioning with Photorhabdus-
infected insect cadavers and MK insect larvae altered the bacterial and nematode

communities, while the fungal communities remained stable.
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Figure 1. Relative abundance of identified soil bacteria, fungi and nematode species to the lowest taxonomic

rank in the different soil conditioning treatments. The colours represent distinct species (bacteria and Fungi),
and genera (nematodes). The stacked columns are the top eight taxa in relative abundance at the genus level.
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Figure 2. A—H represent the analysis of the alterations in the abundance of each bacterial species under different
soil conditioning treatments. The dots on the boxplots represent the raw data. The black cross (X) in the boxes
represents the median values of all variables. Ctrl, non-conditioned soil; MK, soil conditioning with mechanically
killed insect larvae; ID22-323, soils conditioned with insect larvae killed by the different Photorhabdus strains.
Asterisks above the bars indicate statistical differences between the treatments and the control at a significance
level of p< 0.05, by one-way ANOVA with Tukey HSD test for multiple comparisons.
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Figure 3. A—H represent the analysis of the alterations in the abundance of each fungal species under different soil
conditioning treatments. The dots on the boxplots represent the raw data. The black cross (X) in the boxes
represents the median values of all variables. Ctrl, non-conditioned soil; MK, soil conditioning with mechanically
killed insect larvae; ID22-323, soils conditioned with insect larvae killed by the different Photorhabdus strains.
Asterisks above the bars indicate statistical differences between the treatments and the control at a significance
level of p< 0.05, by one-way ANOVA with Tukey HSD test for multiple comparisons.
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Figure 4. A—G represent the analysis of the alterations in the abundance of each nematode species under different
soil conditioning treatments. The dots on the boxplots represent the raw data. The black cross (X) in the boxes
represents the median values of all variables. Ctrl, non-conditioned soil; MK, soil conditioning with mechanically
killed insect larvae; ID22-323, soils conditioned with insect larvae killed by the different Photorhabdus strains.
Asterisks above the bars indicate statistical differences between the treatments and the control at a significance
level of p< 0.05, by one-way ANOVA with Tukey HSD test for multiple comparisons.
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Figure 5. A—C are Principal coordinates analyses (PCoAs), using Bray-Curtis distances representing the bacterial,
fungal, and nematode communities of the non-conditioned soil (control), soil conditioned with insect cadavers killed
by different Photorhabdus strains or mechanically killed larvae (MK). The colours represent samples of the different
soil conditioning treatments. The ellipses indicate the 95% confidence intervals per treatment. D-F are outputs of
PERMANOVA on Bray-Curtis dissimilarities, showing R? and p-values for soil conditioning effect on the soil
bacterial, fungal, and nematode communities, respectively.
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Figure S1. The scatter plots A—H illustrate the relationship between plant total biomass produced and bacterial
species abundance in soils conditioned with Photorhabdus-infected insect cadavers. Each data point corresponds
to a soil conditioning treatment. Correlation relationships were assessed by Pearson’s test.
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Figure S2. The scatter plots A—H illustrate the relationship between plant total biomass produced and nematode

species abundance in soils conditioned with Photorhabdus-infected insect cadavers. Each data point corresponds
to a soil conditioning treatment. Correlation relationships were assessed by Pearson’s test.
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Figure S3. The scatter plots A-H illustrate the relationship between plant total biomass produced and fungal
species abundance in soils conditioned with Photorhabdus-infected insect cadavers. Each data point corresponds
to a soil conditioning treatment. Correlation relationships were assessed by Pearson’s test.
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Discussion

This study demonstrates that soil conditioning treatments has a generally greater impact on
the bacterial than on the fungal and nematode communities. However, similar to the bacterial
species, the abundance of some nematode species was significantly abundant in conditioned
soils, and not in non-conditioned control soil, although the overall nematode community
diversity was not statistically significant. The changes observed in the bacterial and nematode
species are consistent with studies that reported changes in the bacterial and nematode
species in soils inoculated with bacterial control agents (Kozdroj et al., 2004; Cerevkova et al.,
2018; Saha et al.,, 2022). For instance, inoculating soil with Pseudomonas species, P.
chlororaphis and P. putida altered the bacterial community and their composition from a Gram-
positive to Gram-negative dominant community in maize rhizosphere (Kozdrgj et al., 2004).
Similarly, Bt toxins applied directly in soil or released by Bt-transgenic crops as exudates
altered the soil bacterial and nematode community composition (Griffiths et al., 2007; Yan et
al., 2007; Neher et al., 2014; Cerevkova et al., 2018; Fazal et al., 2024).

The resultant changes in soil microbial communities can positively or negatively affect plant
growth (Santoyo et al., 2021; Zhang et al., 2022). This study showed that among the dominant
bacterial species, Myroides odoratimimus, Serratia marcescens, Providencia rettgeri, and
Alcaligenes faecalis were more abundant in soils conditioned with Photorhabdus-infected
insect cadavers and MK insect larvae, not the non-conditioned control soil. All these are
beneficial bacteria that have plant growth promotion properties in the form of nutrient cycling
(You et al., 2015; Jiang et al., 2021; Jia et al., 2022; Salaskar et al., 2022; Asaturova et al.,
2023; Liu et al., 2024; Patel et al., 2024). Additionally, their functions extend to plant protection
against pests and pathogens and improve the stress tolerance of plants (You et al., 2015; Shan
etal., 2019; Ferioun et al., 2023). In the nematode community, the most dominant genera were
Cephalobus sp., Aphelenchus sp., Pratylenchus sp., Filenchus sp., Acrobeloides sp.,
Cervidellus sp., Diploscapter sp., and Mesodorylaimus sp. These are beneficial nematodes
categorised as bacterial feeders, fungal feeders, and omnivores, with only nematodes from the
genus Pratylenchus sp. being plant pathogenic (Cerevkova et al., 2018; Melakeberhan et al.,
2021). More nematode species were observed in conditioned soils than in non-conditioned
soil, as evidenced by the absence of Aphelenchus sp., Acrobeloides sp., Cervidellus sp., and
Mesodorylaimus sp. in non-conditioned control soil. These nematode species had a positive
correlation with plant growth. The abundance of nematode species was observed in
conditioned soils in a treatment-dependent manner. Previous studies have shown that the
production of certain toxins and metabolites varies among Photorhabdus strains (Tobias et al.,
2017; Muangpat et al., 2022; Ardpairin et al., 2024). Consequently, the absence of some
nematode species in certain soil conditioning treatments may be attributed to the differences
in the diversity of toxins and metabolites produced by the different Photorhabdus strains, which
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can have a varied impact on the nematode community. Additionally, the fungivorous and
bacterivorous nematodes identified in conditioned soil reproduce either through uniparental
methods, such as hermaphroditism or parthenogenesis, or through amphimixis (Vats et al.,
2004; Lahl et al., 2006; Kim et al., 2021). Their population densities are directly linked to food
availability (dos Santos et al., 2008). Studies that have investigated the life-history traits and
population growth of fungivorous and bacterivorous nematodes reported that the population of
these nematodes increase rapidly when their prey hosts are highly abundant (Okada et al.,
2005; dos Santos et al., 2008; Gansfort et al., 2018; Kanwar et al., 2021; Zhao et al., 2022).
Therefore, the high abundance of beneficial nematodes observed in certain soil conditioning
treatments may be linked to the abundance of suitable prey hosts, which promote rapid
reproduction in nematode populations (Arancon et al., 2003; Zhao et al., 2022).

This study also demonstrated that soil conditioning with Photorhabdus-infected insect
cadavers did not affect the fungal community. This could be because the amount of
Photorhabdus toxins released in the soil was insufficient to affect the fungal community. Rasool
et al. (2023) reported that changes in soil fungal communities depend on the density of the
inoculant in the soil. In their experiments, the fungal communities only changed when M.
brunneum was applied by soil drenching, but not seed treatment, because of increased M.
brunneum abundance and persistence in drenched soil. Nonetheless, the results of the
present study are consistent with soil inoculation studies with entomopathogenic fungal and
bacterial species that only produced limited, transient or no effects on the soil fungal
community (Kirchmair et al., 2008; Schwarzenbach et al., 2009; Gao et al., 2012; Hirsch et al.,
2013; McKinnon et al., 2018; Mayerhofer et al., 2019; Canfora et al., 2023). Moreover, transient
effects disappeared and the fungal community stabilised in a short time (Gao et al., 2012).
The fungal community consisted of a few beneficial species, namely Mortierella wolfii and
Solicoccozyma aeria (Li et al., 2020; Ozimek and Hanaka, 2020; Carvajal et al., 2024). The
majority were plant pathogenic fungal species, including Gibellulopsis serrae, Fusarium
circinatum, Fusarium equiseti, Fusarium solani (Giraldo and Crous, 2019; Gibert et al., 2022;
Ghosal and Datta, 2024; Woodward et al., 2025). Overall, the most dominant plant pathogens
in non-conditioned control soil were Pratylenchus sp. and Fusarium spp. These are
problematic plant pathogens in crop production (Reen et al., 2019; Chukwudi et al., 2021).
Specifically, Fusarium colonises plant roots, hindering protein synthesis and the normal
transport of water to aboveground parts of the plant (Chukwudi et al., 2021; Bryta et al., 2022).
Pratylenchus plant-parasitic nematodes damage plant roots and limit nutrient concentrations
and uptake in plants (Reen et al., 2019; Thompson and Clewett, 2021; Owen et al., 2023; Briar
et al., 2023). Moreover, yield losses due to Pratylenchus sp. have been reported up to 50% in
wheat (Thompson et al.,, 2000; Reen et al., 2014; 2019). The infestation of these plant
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pathogens in the absence of their specialist natural enemies could be responsible for the
underperformance of plants in non-conditioned control soil.

Altogether, the composition of the bacterial, fungal and nematode communities with more
beneficial microbes in soil conditioned with Photorhabdus-infected insect cadavers and MK
larvae is strongly associated with the improved plant growth observed in Chapter 1. One
explanation for this result is that Photorhabdus toxins and metabolites from decomposing
insect cadavers might have suppressed soil-borne plant pathogens and reduced competitors
for nutrient resources, thus encouraging the growth of the beneficial bacteria, nematodes and
fungi (Webster et al., 2002; Singh and Forst, 2016; Stock, 2019; Dominelli et al., 2022). For
the soils conditioned with MK insect larvae, which do not contain any toxins, the growth of the
microbes may be attributed to the organic materials such as organic nitrogen, carbohydrates,
lipids, protein and chitin in soil by the decomposing insect cadavers (Fagan et al., 2002;
Barragan-Fonseca et al., 2022). These insect-based organic materials accelerate the growth
and activities of microbial decomposers and soil-beneficial rhizobacteria (Fagan et al., 2002;
Sharp, 2013; De Tender et al., 2019). Secondly, soil conditioning may have accelerated the
growth of beneficial bacteria, nematodes and fungi that are heavy feeders of plant pathogens,
possibly playing a role in suppressing soil-borne pathogens observed in the non-conditioned
control soil. For instance, the nematode Mesodorylaimus species are predators of many plant
pathogenic nematodes, including R. reniformis and R. similis (Cabos et al., 2013; Kanwar et
al., 2021), whereas Aphelenchus sp. feeds on plant parasitic fungal pathogens (Okada and
Kadota, 2003; Haraguchi and Yoshiga, 2020). These bacterivorous and fungivorous
nematodes also accelerate nutrient release for plant uptake and enhance plant resistance to
pathogens (Trap et al., 2016; Li et al., 2024). In addition, bacterial species, M. odoratimimus,
S. marcescens, P. rettgeri, and A. faecalis protect plants against pests and pathogens (You et
al., 2015; Shan et al., 2019; Ferioun et al., 2023). Therefore, the beneficial bacteria and
nematode species enriched in conditioned soil might have suppressed and ameliorated the
negative effects of plant parasitic nematodes and fungal pathogens. This provides a superior

advantage for improved growth in plants grown in conditioned soil, as discussed in Chapter 1.

Conclusion

This study reports the response of microbial communities to soil conditioning with
Photorhabdus-infected insect cadavers. Soil conditioning produced a generally greater impact
on the bacterial and nematode communities, but not on the fungal. Conditioned soil treatments
were exclusively associated with a high abundance of beneficial bacteria and nematodes,
which positively correlated with the high biomass of plants grown on conditioned soil, as
discussed in Chapter 1. These findings suggest that utilising Photorhabdus bacteria in pest
control could improve plant growth via decomposing Photorhabdus-infected insect cadavers

and maximise yields without adding external inputs.
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General discussion

Entomopathogenic nematodes (EPNs) from the Heterorhabditis genera and their symbionts,
Photorhabdus bacteria, are biological agents used to control agricultural pests. These
biocontrol agents are commonly used to control belowground herbivores, but recent
developments have enabled their usage as foliar treatments against leaf herbivores (Acharya
et al., 2020; Fallet, 2022a; 2022b). The nematodes carry the symbionts in their intestines and
release them immediately after penetrating a suitable insect host (Ffrench-Constant et al.,
2003; Bode, 2009). However, the bacteria have often been isolated and applied by soil
drenching or foliar spraying without the vectoring nematodes to target belowground and
aboveground pests, respectively (Abdel-Razek, 2003; Mohan et al., 2003; Vyas et al., 2008;
Shahina et al., 2011; Aatif et al., 2014; Kakade et al., 2023; Abdisa et al., 2024). The control
efficacy of Photorhabdus bacteria has been demonstrated against a wide range of pests,
pathogens and parasites (Ahantarig et al., 2009; Orozco et al., 2016; Shawer et al., 2018; Vitta
et al., 2018; Vicente-Diez et al., 2021; 2023). The soil application of Photorhabdus bacteria
introduces massive amounts of bacterial cells and their toxins and metabolites into the soil.
Moreover, Photorhabdus bacteria produce bioactive compounds that may impact plant
physiology, performance and resistance to insect attack (Regaiolo et al., 2020; Muangpat et
al., 2022). Understanding the complex interactions among Photorhabdus bacteria, and or their
toxins and metabolites, soil microbial organisms, plants, and herbivores is crucial in revealing
the environmental impact of Photorhabdus bacteria. It clarifies whether the application of
Photorhabdus bacteria supports sustainable agriculture and can be safely integrated with other
methods, or if they pose greater risks than currently restricted pest control agents.

In my PhD thesis, | demonstrate that soil conditioning with Photorhabdus-infected insect
cadavers, mechanically killed (MK) insect larvae, Photorhabdus cell-free supernatants, or
water extracts of toxins derived from Photorhabdus-killed larvae (but not from MK-killed
insects) significantly improves plant growth in a greenhouse environment. In the first instance,
| found that plants growing in soils conditioned with Photorhabdus-infected insect cadavers or
MK insect larvae accumulated more biomass than those in non-conditioned control soil.
Interestingly, the results obtained with the MK larvae soil conditioning treatment indicated two
main mechanisms for enhancing plant growth: Photorhabdus-specific effects in the form of
toxins and metabolites, and Photorhabdus-independent effects resulting from the introduction
of insect biomass in the soil. Consequently, | used various approaches to determine the exact
mechanisms of plant growth stimulation in conditioned soil.

To establish Photorhabdus-specific effects on plant biomass accumulation, | grew plants in
soils conditioned with water extracts of toxins derived from macerated Photorhabdus-killed
larvae, or MK larvae, under greenhouse conditions. Additionally, | complemented this
experiment by growing plants in soil conditioned with cell-free Photorhabdus culture
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supernatants. The results confirmed that soil conditioning with Photorhabdus cell-free
supernatants or water extracts from Photorhabdus-killed larvae significantly improved plant
growth, whereas conditioning with extracts from MK insect larvae did not. Further, | measured
and compared soil chemical properties, including bioavailable phosphorus, organic nitrogen,
carbon, and soil organic matter content of the different conditioning treatments and examined
the correlations between these soil chemical properties and plant growth. My findings showed
no significant differences in the soil chemical properties among the different conditioning
treatments, nor their correlation with plant growth. Altogether, these findings underscore the
role of Photorhabdus toxins and bioactive metabolites in promoting plant growth. Indeed,
studies by Muangpat et al. (2022) reported many Photorhabdus bioactive metabolites,
including siderophores, resorcinol, indole-3-acetic acid, and gibberellin groups. The roles of
these metabolites in plant growth promotion have been documented in many plant-microbe
interaction studies (Wilson et al., 2006; Seshadri et al., 2007; Mishra et al., 2009; Pindi et al.,
2014; Armada et al., 2016; Bandopadhyay, 2020; Yi et al., 2022). Although insect biomass can
promote plant growth by releasing plant-available nitrogen (Fagan et al., 2002; Barragan-
Fonseca et al., 2022), these findings demonstrate that Photorhabdus toxins and bioactive
metabolites are the main drivers of plant growth in conditioned soil.

In a separate experiment, | performed soil sterilisation and re-inoculation experiments to
establish the link between changes in soil microbial communities, driven by Photorhabdus
toxins, and their subsequent impact on plant growth. | found that plants grown in autoclaved
soils supplemented with just 10% of living soil previously conditioned with Photorhabdus-
infected insect cadavers or MK insect larvae produced significantly more total biomass than
those grown in non-conditioned control soil. This research provides evidence that both
Photorhabdus metabolites and alterations in microbial communities induced by Photorhabdus
toxins and metabolites contribute to enhanced plant growth. The contribution of the microbial
community is supported by the response of soil microbial communities observed in conditioned
soil. The microbial community analyses showed that soil conditioned with Photorhabdus-
infected insect cadavers or MK insect larvae had a generally greater abundance of beneficial
bacteria and nematodes than the non-conditioned control soil. Notably, the abundance of
bacterial species M. odoratimimus, S. marcescens, P. rettgeri, and A. faecalis, as well as
nematodes, Aphelenchus sp., Acrobeloides sp., Cervidellus sp., and Mesodorylaimus sp., was
higher in soils conditioned with Photorhabdus-infected or with MK insects. | noted that the
abundance of these beneficial bacterial and nematode species was higher (5 — 29%) in soils
conditioned with Photorhabdus-infected insect cadavers than in soils conditioned with MK
insect larvae (Only 1 — 3%), pointing to Photorhabdus-dependent and independent effects on
soil microbial communities. Studies have reported that the nematode Mesodorylaimus sp. is a

predator of many plant pathogenic nematodes, including R. reniformis and R. similis (Cabos
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et al., 2013; Kanwar et al., 2021), whereas Aphelenchus sp. feeds on plant parasitic fungal
pathogens (Okada and Kadota, 2003; Haraguchi and Yoshiga, 2020). These bacterivorous
and fungivorous nematodes also accelerate nutrient release for plant uptake and enhance
plant resistance to pathogens (Trap et al., 2016; Li et al., 2024). In addition, bacterial species,
M. odoratimimus, S. marcescens, P. rettgeri, and A. faecalis protect plants against pests and
pathogens (You et al., 2015; Shan et al., 2019; Ferioun et al., 2023). In this study, these
beneficial bacterial and nematode species positively correlated with plant growth
enhancement, suggesting why plants grown on soil conditioned with Photorhabdus-infected
insect cadavers or MK insect larvae outperformed those grown on non-conditioned control soil.
Therefore, soil conditioning with MK or Photorhabdus-infected insect cadavers modulates the
microbial community towards a structure that promotes the abundance of beneficial bacteria
and nematodes, and in turn enhances plant growth and resistance.

My thesis also explored the impact of soil conditioning on plant resistance to two important
pests of maize plants, D. balteata and S. frugiperda larvae. In my experiments, | fed
D. balteata and S. frugiperda ad libitum with fresh roots and leaves of maize plants grown on
soil conditioned with Photorhabdus-infected insect cadavers, MK insect larvae or non-
conditioned control soil. | demonstrated that plants grown on soils conditioned with
Photorhabdus-infected insect cadavers have suppressive effects against the root and leaf-
feeding herbivores in a strain-specific manner, while conditioning soil with MK larvae does not
increase resistance against the two herbivores. More specifically, plants grown on soils
conditioned with insect larvae killed by Photorhabdus strains ID79, 1D139, ID158, ID163, and
ID323 were more resistant to the attack of D. balteata larvae, and the larval weights were
reduced by 15 — 20%. The metabolites, Aromadendrin, Compound ID 196, Imidazole alkaloids,
and 6,9,10-trihydroxyoctadec-7-enoic acid were significantly abundant in the roots of resistant
plants than in control and susceptible plants. These metabolites are reported to have many
biological activities and could be involved in the defense mechanisms of plants (Hovelmann et
al., 2019; Lee and Jeong, 2020; Mareya et al., 2020; Dozio et al., 2025). The distinct
metabolites that were only accumulated in the roots of resistant plants included; 4-[(6R)-6-
hydroxy-5,5-dimethylcyclohexen-1-yl] benzoic acid, 2 cis-Abscisic Acid, Canthoside B,
Apigenin 7-sulfate, Pimarane and Isopimarane diterpenoids, Ajugaciliatin A, GDIMBOA and
Tinosineside B. Many of these have been described as defensive compounds employed by
plants against herbivores and pathogens (Erb et al., 2012; Johnson et al., 2016; Rasmann and
Turlings, 2016; Reveglia et al., 2018; Zhang et al., 2024), making them possible candidates
for the resistance observed against D. balteata. Other metabolites detected in the roots, which
have not yet been linked to plant defense, included Ajugaciliatin A, Canthoside B, Apigenin 7-
sulfate and Tinosineside B. However, their biological activities, including antimicrobial,

antioxidant, cytotoxic, and anti-estrogenic properties, have been described (Gonzalez-Burgos
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and Gomez-Serranillos, 2012; Dutta et al., 2021; Parveen et al., 2021; Allemailem et al., 2024
Ao et al., 2024), and thus, their upregulation in plants could directly contribute to resistance or
be part of the signalling network for the release of defense compounds against insect pests.
The plants grown on soils conditioned with insect larvae killed by Photorhabdus strains ID22,
ID138, and ID158 resisted the attack of S. frugiperda larvae, and reduced their weights by 10
— 59%. Only the plants that grew on soils conditioned with insect larvae killed by the
Photorhabdus strain 1ID158 significantly suppressed the feeding of both D. balteata and S.
frugiperda larvae. At the metabolic level, plants that resisted the attack of D. balteata and S.
frugiperda larvae in the insect performance experiments accumulated distinct metabolites in
their roots and leaves, enabling resistance against the herbivores. Notably, twelve metabolites
from the groups of alkaloids, benzoxazinoids, fatty acids, terpenoids, shikimates and
phenylpropanoids were upregulated in the roots of resistant plants. In the leaves, eight
metabolites from the groups of amino acids, fatty acids, and phenylpropanoids were
significantly upregulated. Specifically, (2R)-2-ammonio-3-phenylpropanoate, L-Tryptophan, 1-
Acyl-sn-glycero-3-phosphoglycerol (N-C16:1), 2 cis-Abscisic Acid, Cephalosporins, Cherimola
cyclopeptide, PC (16:0/18:2(92,12Z)) 1-hexadecanoyl-2-(9Z,12Z-octadecadienoyl)-sn-
glycero-3-phosphocholine and PA(22:4(72,10Z,132,162)/22:2(132,16Z)) were the most
abundant metabolites detected in the leaves of resistant plants. All these metabolites have
been described to offer resistance against insect pests and pathogens (Irmisch et al., 2015;
Mareya et al., 2020; Pan et al., 2019; Yadav et al., 2020; Pretorius et al., 2022; Rosa et al.,
2023; Chekan et al., 2024; Li et al., 2025). The changes in the metabolic response observed
are consistent with studies by Muller et al. (2024), who showed that root exposure to
Photorhabdus bioluminescence triggered the accumulation of defensive secondary
metabolites in maize plants. Taken together, these results suggest that soil conditioning with
Photorhabdus-infected insect cadavers confers systemic defensive responses in plants, with
negative impacts on herbivores feeding on maize crops.

The main objective of my PhD thesis was to investigate the soil legacy effects of Photorhabdus
bacteria on plant physiology, performance, and resistance to insect attacks. The project aimed
to provide evidence on the interactions among Photorhabdus bacteria (including their toxins
and metabolites), plants, herbivores, and soil microbial organisms. The findings of this PhD
thesis will encourage farmers who are using Photorhabdus bacteria in their crop fields, allowing
them to increase yields while reducing reliance on chemical pest control. The concept of
microbial-induced resistance as a sustainable pest control strategy has garnered attention
from researchers in Europe. The outcomes of this research will inform the scientific community
about the environmental implications of Photorhabdus bacteria and their role in supporting
sustainable agriculture, ultimately stimulating research in exploring Photorhabdus strains to

develop innovative approaches to crop protection.

80



Research outlook

In Chapter 1, this thesis reported that soil conditioning with Photorhabdus-infected insect
cadavers, or Photorhabdus toxins and metabolites, significantly improves plant growth in a
greenhouse environment. Indeed, Photorhabdus bacteria produce bioactive metabolites
whose roles in plant growth promotion have been documented in many plant-microbe
interaction studies (Wilson et al., 2006; Seshadri et al., 2007; Mishra et al., 2009; Pindi et al.,
2014; Armada et al., 2016; Bandopadhyay, 2020; Yi et al., 2022). However, there is a need to
understand the metabolic and biochemical mechanisms through which Photorhabdus bacteria
promote plant growth. Research should focus on isolating and characterising the metabolites
of the different Photorhabdus strains used in this study, and establishing the linkages between
the metabolites and their functions in promoting plant growth and resistance. Further work
should also analyse the Photorhabdus secondary metabolite-biosynthetic gene clusters
(BGCs) and establish their distribution in the different Photorhabdus strains. Photorhabdus
bacteria have different BGCs, depending on their strain relationships (Muangpat et al., 2022).
This knowledge will enable transposition mutagenesis techniques to select specific genes and
examine their role in promoting plant growth and resistance to herbivores. Finally, the BGC
expression of bacteria can be shaped by many factors, including bacterial growth
environments (Hughes and Andersson, 2017; Lorkova et al., 2025; Salamzade and Kalan,
2025). In this study, soil conditioning was conducted using supernatants from Photorhabdus
bacteria grown in lysogeny broth (LB), as well as toxins and metabolites from Photorhabdus-
killed insect larvae. These represent two different growth environments with distinct food
resources, which may affect the expression of metabolites and various gene clusters.
Therefore, it might be necessary to establish the differences in metabolic profiles of
Photorhabdus cell-free culture supernatants and water extracts of toxins and metabolites

derived from macerated Photorhabdus-killed larvae.

In a separate experiment, | demonstrated that soil conditioning significantly altered the
bacterial and nematode community, with a higher abundance of beneficial bacteria and
nematodes than in non-conditioned control soil. There is a need to isolate the beneficial
bacteria and nematodes and establish the extent to which specific species, individually or in
combination, contribute to plant growth and resistance to herbivore attacks. Photorhabdus
bacterial strains are now being applied in agriculture. Thus, a thorough understanding of how
microbial species accumulated in soils conditioned with Photorhabdus-infected insect
cadavers impact plant growth and stress resilience in agricultural systems is needed.

In this thesis, | demonstrated that maize plants grown on soils conditioned with Photorhabdus-
killed insect cadavers negatively affect the performance of two important pests: D. balteata

and S. frugiperda larvae. | also showed that maize plants that resisted the attacks of these
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herbivores accumulated distinct metabolites in their leaves and roots, which might be
responsible for defense against insects. The roots accumulated more metabolites than leaves,
and consequently, the root-feeding D. balteata larvae were more affected than S. frugiperda
feeding on the leaves. In this work, | investigated resistance in detached leaves and roots, but
did not account for the systemic changes that mediate interactions between herbivores in
natural environments. For example, studies that have focused on metabolic reprogramming
have shown that herbivore attack on the roots can have a strong effect on aboveground
resistance to herbivores and vice versa (Van Dam et al., 2005; Soler et al., 2007; Kaplan et
al., 2008; Erb et al., 2009, 2011; Yang et al., 2011; Marti et al., 2013). This reveals that the
strong resistance effect observed against D. balteata larvae feeding on the roots could also
translate into enhanced resistance against above-ground herbivores feeding on the leaves via
metabolic programming upon insect attack. Further studies should explore the influence of root
chemistry on the aboveground plant resistance in plants grown on soils conditioned with
Photorhabdus-infected insect cadavers to decipher whether the resistance compounds on the
roots can be exported to attacked parts above ground to protect against leaf-feeding herbivores
such as S. frugiperda. Secondly, there is a need to investigate the resistance expression of
other plant species, like legumes or vegetable crops, when grown on soils conditioned with
Photorhabdus-killed insect cadavers. Efforts should also be focused on evaluating the
resistance compounds accumulated in those plants, and their control efficacy against
problematic root and leaf herbivores of those crops. Third, microbial-induced secondary
metabolites can be accumulated in flowers and seeds, which could impact beneficial insects
(Zamioudis et al., 2015; Godschalx et al., 2016). The extent to which resistance compounds
occur in flowers and nectar of plants grown on soils conditioned with Photorhabdus-killed insect
cadavers, and their effects on pollinators, remains unclear. Additionally, it has been shown that
changes in nectar chemistry and scent determine pollinator attraction and survival (Becklin et
al., 2011; Davis et al., 2019, 2023), and research into the impacts of nectar toxicity with plant
secondary metabolites on pollinator health has been recommended (Rothman et al., 2020;
Schmitt et al., 2021; Barberis et al., 2023). The potential effects of metabolites accumulated in
plants grown on soils conditioned with Photorhabdus-killed insect cadavers on pollinators can
be of particular interest because recently, the silent dramatic decline in the global insect
populations has been given attention (van der Sluijs, 2020); thus, in the pursuit of sustainable
agriculture, the impacts of microbial soil conditioning and pest control technologies on non-
target organisms need to be assessed.
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