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Summary

Summary
The western corn rootworm (WCR, Diabrotica virgifera virgifera LeConte) is among the most

damaging pests of maize plants. The larvae of this beetle feed on maize roots, and cause more
than 2 billion USS of direct economic damage per year. The western corn rootworm is currently
invading Europe, including Switzerland. A promising strategy to control this pest is the use of
entomopathogenic nematodes (EPNs). These tiny roundworms are used as biocontrol agents
in sustainable agriculture. The nematodes harbour Photorhabdus bacteria in their bodies and
together, they can infect and kill a variety of harmful insect pests. Yet, the western corn
rootworm seems at least partly able to resist these entomopathogenic nematodes by
exploiting benzoxazinoids, maize secondary metabolites. This likely limits the success of
biocontrol programs. Here, | propose a strategy to improve EPNs that relies on engineering
bacterial symbionts of nematodes to become resistant to the chemical defences of the target

herbivore.

In chapter 1, | reported that introducing engineered bacterial symbionts into two commercially
used nematode strains results in high infectivity of those newly generated nematode—symbiont
pairs to kill the larvae of the WCR. WCR larvae are known to sequester benzoxazinoid
secondary metabolites that are produced by maize and use them to increase their resistance
to the nematodes and their symbionts. | isolated 27 Photorhabdus symbionts from different
nematodes and increased their benzoxazinoid resistance through experimental evolution.
Benzoxazinoid resistance evolved through multiple mechanisms, including a mutation in a
multidrug efflux pump. | reintroduced benzoxazinoid-resistant Photorhabdus strains into two
strains of Heterorhabditis bacteriophora EPNs and identified four nematode—symbiont pairs
that were able to kill benzoxazinoid-sequestering WCR larvae as efficiently as the commercially
available nematodes under laboratory conditions. My results suggest that modification of
bacterial symbionts provides a successful and time-efficient strategy to enhance the

performance of their nematode hosts.

In chapter 2, | tested four H. bacteriophora strains with selected and exchanged symbiotic
Photorhabdus bacteria for their control effects on WCR larvae compared to two commercial H.
bacteriophora nematode products (Dianem® TM, Meginem® Pro TM) and a standard soil
insecticide under field conditions in Hungary. All the novel nematode-symbiont pairs similarly

controlled the pest as did commercial nematode strains. This suggests that the selection
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Summary

processes did not lead to any major trade off, but also that other pathogenicity factors (rather
than benzoxazinoid resistance) may be more relevant for successful biocontrol under field
conditions. My results suggest that modification of bacterial symbionts and targeting candidate
genes to engineer better biocontrol agents provides a successful and time-efficient strategy to

improve the pathogenicity of entomopathogenic nematodes against other agricultural pests.

In chapter 3, | tested if selecting Photorhabdus bacteria for increased tolerance to 6-methoxy-
2-benzoxazolinone (MBOA) alters their tolerance to other chemicals such as other
benzoxazinoids, insecticides, pesticides, secondary plant metabolites and antibiotics. My
results show that MBOA-selected Photorhabdus strains are more tolerant to the structurally
similar compounds 2-benzoxalinone (BOA) and 6-chloroacetyl-2-benzoxazolinone as well as to
caffeine, nicotine and sinigrin. On the other hand, MBOA tolerant strains are more susceptible
to the antibiotics ampicillin and kanamycin. The results highlight the importance of cross-
resistance and collateral sensitivity assessment after directed evolution for an environmental

toxin in Photorhabdus bacteria.

| showed that selecting a bacterial symbiont for plant toxin resistance translated into high
infection potential of its nematode host against a herbivore that sequesters these toxins for
self-protection. This work highlights the potential of engineering desired traits into bacterial
symbionts to enhance the performance of their host and improving biocontrol against
agricultural pests in the future. In addition, my work charted a map of cross-resistance and
collateral-sensitivity interactions in MBOA-selected Photorhabdus bacteria and revealed

interesting insights into resistance patterns of engineered microbes.






General Introduction

General Introduction

1. A deadly liaison: Photorhabdus bacteria & entomopathogenic nematodes
Photorhabdus is a genus of facultatively anaerobic, gram-negative, motile, and rod-shaped
Enterobacteria belonging to the Morganellaceae family. Photorhabdus is the only known
bioluminescent terrestrial bacterium and its name can be translated to “glowing rod”
(Waterfield et al. 2009). The initial members of this genus were first identified and isolated in
1977 from the intestines of the entomopathogenic nematode Heterorhabditis bacteriophora
(Khan and Brooks 1977, Poinar et al. 1977). The Photorhabdus genus underwent a significant
classification in 1999, with the identification of three distinct species - P. asymbiotica, P.
luminescens, and P. temperata - based on thorough genetic and phenotypic characterizations
(Fischer-LeSaux et al. 1999). In the following two decades, several approaches were conducted
to describe more species of Photorhabdus by using multi-locus sequence analysis (Tailliez et al.
2010, Glaeser et al. 2017). A pivotal development occurred in 2018 when Machado et al.
utilized the substantial advancements in DNA-sequencing technologies to re-evaluate the
phylogeny of the Photorhabdus genus. This comprehensive analysis, employing whole-genome
sequencing, resulted in an expansion of the recognized species and subspecies to twenty
(Machado et al. 2018). Building on this progress, subsequent studies conducted by Machado
and others further solidified the taxonomy of the Photorhabdus genus. As of the latest
information available, the Photorhabdus genus now consists of a total of twenty-six officially
acknowledged species and subspecies (Machado et al. 2018, 2019, 2021). Since the sequencing
and annotation of the type strain P. laumondii subsp. laumondii TTO1 genome in 2003,
Photorhabdus bacteria have emerged as a model to study interkingdom pathogenicity and
mutualism, contributing crucial insights into the evolution and ecological roles of these
bacteria in association with entomopathogenic nematodes (Duchaud et al. 2003).
Photorhabdus bacteria engage in a symbiotic association with entomopathogenic nematodes
(EPNs) belonging to the genus Heterorhabditis. The entomopathogenic nematode H.
bacteriophora was initially characterized in 1975, marking the discovery of a new genus,
species, and family (Heterorhabditidae) within Rhabditida (Poinar 1975). The infective juvenile
(1)) stage, similar to the dauer juvenile stage of Caenorhabditis elegans, was identified as a

carrier of a specific gram-negative bacterium (Poinar et al. 1977). This bacterium is referred
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today as Photorhabdus luminescens subspecies luminescens (Fischer-LeSaux et al. 1999).
Together, Heterorhabditis nematodes and Photorhabdus bacteria collectively form a highly
pathogenic pair targeting soil-dwelling insects. lJs harbour Photorhabdus bacteria within their
intestinal lumens (Ciche 2007). The non-feeding and developmentally arrested 1) is the only
stage of H. bacteriophora found outside of insect hosts in nature and they can survive up to
several weeks in the soil, seeking for suitable hosts. To locate their prey, lJs utilize sophisticated
sensing mechanisms. They can sense cues such as sex pheromones or respiratory CO; emitted
by conspecific nematodes or by insects (Dillman et al. 2012, Rivera et al. 2017). Furthermore,
lJs are attracted to (E)-beta-caryophyllene, a terpene released by plant roots upon herbivore
damage, indicating the potential presence of insect hosts (van Tol et al. 2001, Rasmann et al.
2005). lJs have evolved chemosensory mechanisms not only to detect insect hosts directly, but
also locations where insect hosts are likely to be present. Recent research revealed that dead
insects infected by EPNs emit volatiles capable of modulating the behaviour of healthy insects,
attracting them to the vicinity of the cadavers and thereby increasing predation success of EPNs
(Zhang et al. 2019). Upon locating an insect host, Heterorhabditis 1Js enter through natural
openings like respiratory spiracles, the mouth or anus, and releasing their bacterial symbionts
into the insect's hemocoel (Kenney et al. 2019). Using green fluorescent protein- (GFP) labelled
Photorhabdus symbionts located in the lJ intestines, it was observed that the lJs regurgitate
symbiotic bacteria (Ciche and Ensign 2003). Photorhabdus bacteria then undergo exponential
multiplication within the hemocoel, producing toxins and immunosuppressors (Bowen et al.
2000). The bacteria rapidly kill the insect, usually in less than 24 hours. The bacterium is the
main cause of insect mortality since the bacterium alone has a lethal dose of less than 10 cells
when injected the insect hemocoel (Milstead 1979). Notably, P. luminescens generates a toxin
comprised of four native complexes encoded by toxin complex loci tca, tcb, tcc, and tcd (Bowen
et al. 1998). Symbiotic bacteria provide a protected niche for themselves and their nematode
hosts by producing insecticidal secondary metabolites, lytic enzymes and antibiotics that
prevent colonialization and proliferation of saprophytic organisms such as other bacteria,
protozoa or fungi (Joyce and Clarke 2003, ffrench-Constant et al. 2007). They even produce
compounds that deter scavenging ants (Zhou et al. 2002). In addition, crystalline inclusion
proteins that are rich in amino-acids and essential for proper Heterorhabditis nematodes
development and reproduction are released (Richardson et al. 1988, Bintrim and Ensign 1998).

Although Photorhabdus bacteria are the main cause for insect mortality upon EPN infection,
7
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Heterorhabditis 1Js likely contribute to insect virulence, for example through immune
suppression of the insect (Kenney et al. 2019). Heterorhabditis infective juveniles then recover
and develop into self-fertile hermaphrodites. They lay eggs that hatch and develop through
four juvenile stages (J1, J2, J3, J4) into hermaphrodites, adult females, or adult males. When
egg laying ceases, worms develop inside the maternal body cavity by a process called endotokia
matricida (Johnigk and Ehlers 1999). Intriguingly, the worms that undergo development
through endotokia matricida predominantly exhibit the hermaphroditic I) phenotype (Dix et al.
1992). Nematode reproduction continues for two to three generations until conditions within
the insect cadaver deteriorate to such an extent (due to an increase in nematode population
and the decreased availability of insect tissue and bacteria as food) that Photorhabdus bacteria
re-associate with Heterorhabditis gravid females. Initially adhering to the posterior nematode
intestine, a few bacterial cells progressively colonize the entire gut and the nematode progeny
develop within the maternal body cavity (Waterfield et al. 2009). Following endotokia
matricida, the newly born and developing generation of juvenile nematodes is stimulated to
enter diapause and form lJs that emerge from the insect cadaver into the soil, actively seeking
new prey to infect. Collectively, these characteristics render EPNs valuable biological agents in
crop pest management. Various species of Heterorhabditis nematodes are currently
commercially available for domestic or industrial applications, serving as an eco-friendly

alternative to conventional pesticides (Kaya and Gaugler 1993, Koppenhdofer et al. 2020).

2. The western corn rootworm (Diabrotica virgifera virgifera)

The western corn rootworm (WCR) Diabrotica virgifera virgifera LeConte is a major insect pest
of field maize, Zea mays L. The WCR belongs to the order of Coleoptera and to the family of
the Chrysomelidae. The catalogue of Wilcox lists 338 species in three groups belonging to the
genus of Diabrotica: virgifera, fucata, and signifera; the first two groups include pests (Wilcox
1972). Adult WCR beetles are medium-sized, ranging from 5 to 7 mm in length, with a
characteristic yellowish-green coloration and three distinctive black stripes running along their
elytra. The robust mandibles are adapted for feeding on corn foliage, while the hind legs are
equipped with tarsi adapted for gripping and climbing. Although the adults feed on the silk of
the plant causing reduced fertilization, also resulting in yield losses, the most damaging stage
of the WCR are its larvae feeding belowground on maize roots (Chiang 1973). The WCR is a

univoltine species with eggs that overwinter in the soil (Krysan and Miller 1986). After maize
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has germinated in the spring, the eggs soon hatch and all three larval instars feed almost
exclusively on maize roots (Moeser and Hibbard 2005). Larval feeding results in the formation
of characteristic feeding scars on corn roots, compromising the plant's structural integrity and
making it susceptible to lodging. Severe infestations can lead to reduced plant vigour, stunted
growth, and, in extreme cases, plant death (Sutter et al. 1990, Levine and Oloumi-Sadeghi
1991). Efficient WCR larval control appears difficult as the larval population hatches over a
period of at least one month and feeds on maize roots for at least 2 months (Toepfer and
Kuhlmann 2006). The larvae pupate in the soil and adult beetles emerge to feed on corn foliage,
completing the life cycle of the WCR (Branson and Krysan 1981).

Because of the geographical distribution of most other diabroticites and the close association
of the WCR with maize, the species is commonly considered as originating from Mexico, or
possibly Guatemala, where its original native host was probably Tripsacum, a close wild relative
of maize (Smith 1966, Branson and Krysan 1981, Gray et al. 2009). It is hypothesized that the
WCR then fed on early domesticated maize, and incidentally followed the dissemination of the
plant into southwestern North America and the Great Plains, so that the history of the WCR
tracks the history of maize into those regions (Branson and Krysan 1981, Gray et al. 2009). Since
its first introduction into Serbia in 1992, it has spread across the European continent, resulting
in well-established populations in approximately nineteen countries (Kiss et al. 2005, Gray et
al. 2009, Meinke et al. 2009, EC 2012) (http://extension.entm.purdue.edu/wcr/). It is expected
that this invasive pest species will expand further in the EU, but also globally (Aragén et al.
2010, Ciosi et al. 2011, Aragén and Lobo 2012, Kriticos et al. 2012). The WCR is one of the
world’s most devastating maize pests which causes more than $2 billion of direct economic
damage every year in the United States (Wechsler and Smith 2018). Maize yield losses in
Europe were estimated to account for 472 million euros, if no control measures were
implemented (Wesseler and Fall 2010).

The main pest managements against the WCR include (1) cultural control of the larvae through
crop rotation, (2) synthetic insecticides such as granular or fluid soil insecticides as well as seed
coatings against larvae, or foliar sprays against adults, (3) transgenic maize that express
insecticidal proteins in the roots, or (4) entomopathogenic nematodes targeting the larvae of
the pest (Levine and Oloumi-Sadeghi 1991, Van Rozen and Ester 2010). One successful
management strategy against the WCR is rotation of maize with non-host crops as the species

overwinters in the egg stage usually on the fields where maize has been grown (Branson and
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Ortman 1970). This option is however not the most economically viable and is not suitable for
large monoculture farms. The WCR also adapted to crop rotation by changing its egg laying
behaviour, especially in the USA. Increased oviposition was observed in soybean, pumpkin,
sunflowers, sugar beet and other non-host plants and jeopardize the effect of crop rotation
(Levine et al. 2002, Mabry et al. 2004, Moeser and Vidal 2004, Foltin and Robier 2014). Such a
crop rotation-resistant WCR variant has not evolved in the EU yet. Further, the application of
synthetic insecticides into the furrow during sowing has been documented to diminish larval-
induced damage to roots and mitigate the risk of plant lodging, including the insecticides
tefluthrin, chlorpyrifos ethyl, clothianidin, and A-cyhalothrin (Sutter et al. 1990, Blandino et al.
2017). However, soil as well as foliar insecticides occasionally fail in sufficiently reducing WCR
populations. The challenge persists, with insecticide resistance emerging as a contributing
factor to the inconsistent performance of pesticides in the control of adult WCR. In the case of
adult control, variations in pesticide efficacy are frequently linked to insecticide resistance:
W(CR adults have exhibited resistance to certain chlorinated hydrocarbons since the 1960s, as
well as to methyl-parathion and carbaryl since the mid-1990s (Ball and Weekman 1962, Ciosi
et al. 2009, Meinke et al. 2009). Furthermore, the mobility of WCR beetles poses a considerable
challenge, allowing them to migrate from untreated fields into already treated ones (Levine
and Oloumi-Sadeghi 1991, Gray et al. 1992). While the resistance of larvae to pesticides
remains less explored, there is evidence suggesting that adult resistance to pesticides is passed
on to the next generation, diminishing their susceptibility to specific pesticides (Wright et al.
2000). This phenomenon has been demonstrated in larvae originating from North American
adults that were resistant to methyl-parathion, terbufos, chlorpyrifos, carbofuran, and
tefluthrin, as well as bifenthrin (Wright et al. 2000, Pereira et al. 2015). Furthermore, several
studies showed that the residuals of the systemic neonicotinoids used for seed coating are
found in water, soil, sowing dust, pollen and nectar and can have negative effects on non-target
pollinating insects. These findings push the research to the development of more sustainable
management practices (Blacquiére et al. 2012, van der Sluijs et al. 2013, Wood and Goulson
2017). Genetically modified (GM) maize transformation events expressing insecticidal Bacillus
thuringiensis (Bt) toxins against corn rootworms offer additional means of control against the
W(CR. The mode of action of Bt-toxins is to bind selectively to specific receptors on the epithelial
surface of the midgut of larvae of susceptible insect species, leading to death through pore

formation, cell burst and subsequently septicemia (Sanahuja et al. 2011, Vachon et al. 2012,
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Bravo et al. 2013). Several Diabrotica-active Bt-maize events are currently grown commercially
in Argentina, Brazil, Canada and the USA. The cultivation of Diabrotica-active Bt-maize can
reduce the use of insecticides that are more harmful to the environment, given that less or no
treatments with soil or foliar broad-spectrum insecticides are needed. But there is a concern
that the widespread, repeated, and exclusive deployment of the same Bt-maize transformation
event will result in the rapid evolution of resistance in the WCR (Siegfried et al. 1998).

In summary, the development of resistance against insecticides and transgenic events, human
safety issues and environmental concerns push the research to develop new management
practices (Levine and Oloumi-Sadeghi 1991). Improved biological control solutions are thus
urgently needed to control the WCR in an environmental friendly manner (Kuhlmann and van
der Burgt 1998, Babendreier et al. 2006). The WCR with its intricate life cycle and adaptability,
presents a persistent challenge to global corn production. A holistic understanding of its
taxonomy, morphology, life cycle and ecological significance is crucial for developing
sustainable management strategies for Europe that balance economic considerations with
environmental impact. A three-year field study conducted in the focal points of the invasion
(Hungary, Croatia and Yugoslavia) revealed that any of the life stages of the WCR were attacked
by indigenous natural enemies in the European maize agro-ecosystem (Toepfer and Kuhlmann
2004). Based on these findings, two options are available for biological control of the WCR in
Europe. The first option is a classical biological control approach, where specific natural
enemies from the area of origin of the WCR are selected (Kuhlmann et al. 2005). A possible
candidate would be the tachinid Celatoria compressa with a restricted host range to
diabroticite beetles (Kuhlmann et al. 2005). The second option (to be used either alone or in
combination with the first option) is an inundative biological control approach using
commercially available natural enemies, such as entomopathogenic nematodes (Kuhlmann

and van der Burgt 1998, Ehlers 2003b).

3. EPN and symbiotic bacteria as biological control agents against D. v. virgifera —
and the problem of sequestration by the western corn rootworm

For a pest like the WCR, that is most damaging at the larval stage, soil-dwelling
entomopathogenic nematodes are considered as strong candidates for use in a biological
control strategy (Toepfer et al. 2010). EPNs have a relatively wide host range including larvae

of the WCR and they actively search for a host (Jackson 1996; Toepfer et al. 2005; Grewal,
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Ehlers, and Shapiro-llan 2005). EPNs can be mass produced, both in vivo and in vitro, they have
potential for application in integrated pest management programs and are safe to humans and
the environment (Ehlers 2003a). In Europe, Heterorhabditis bacteriophora Poinar (Nematoda:
Rhabditida) is one of the most common biological control agents against WCR larvae (Toepfer
et al. 2005). The EPN strain attacks all three larval stages as well as to some extent the pupal
stage of WCR (Jackson 1996, Kurtz et al. 2009). In a study by Toepfer et al. on virulence of
different EPN species, H. bacteriophora that harbours Photorhabdus symbionts, was the most
promising candidate out of 8 tested EPN species to control WCR larvae (Toepfer et al. 2005).
Unfortunately, the WCR is to some extent resistant to EPNs due to its capacity to exploit the
defensive mechanisms of maize for its own benefit (Robert et al. 2017). Accumulation of
benzoxazinoids (BX) occurs predominantly in the haemolymph of the insect and renders WCR
larvae highly resistant to EPNs and their entomopathogenic symbiotic bacteria. Metabolite
analysis revealed highest concentrations of BXs for the glucosides 2-hydroxy-4,7-dimethoxy-
1,4-benzoxazin-3-one O-glucoside (HDMBOA-GIc, >100 mg/g FM) and 6-methoxy-2-
benzoxazolinone N-glucoside (MBOA-Glc, >25 mg/g FM). The resulting increased resistance of
the WCR against EPNs was associated with these two chemicals and their two different modes
of action (Robert et al. 2017). First, WCR larvae release the relatively stable MBOA-GIc via the
frass and exudates, which acts as a repellent for host-searching infective juvenile nematodes.
Second, WCR larvae accumulate HDMBOA-GIc and release a breakdown product, 6-methoxy-
2-benzoxazolinone (MBOA), upon nematode infection, which acts toxic on the nematodes as
well as on the released symbiotic bacteria (Figure 1). WCR larvae that accumulate MBOA and
HDMBOA-GIc reduce therefore the survival and the infectivity efficiency of the nematode and
its Photorhabdus bacterial symbionts by more than 50% compared to benzoxazinoid-deficient
WCR larvae (Robert et al. 2017). These experiments showed that BX-dependent resistance of
the WCR against EPNs is associated with the sequestration of HDMBOA-GIc and MBOA that are
highly toxic to both the nematode and its endobiotic bacterium. Sequestered and reactivated
BXs protect WCR against predation by the third and the fourth trophic levels (Figure 1).
Natural enemies of herbivores are expected to adapt to the defence strategies of their preys
or hosts. It is very likely that herbivore natural enemies attacking sequestering hosts have
evolved mechanisms to resist or tolerate plant defence metabolites that they frequently
encounter in their environment in parallel with their hosts (Ode 2006). It has recently been

postulated that, although EPNs are often generalists, they are restricted in their mobility,
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resulting in populations confined to small geographical regions (Hazir et al. 2003). This
limitation is believed to exert significant pressure on each population, prompting them to

adapt to local plant hosts and the associated secondary metabolites (Zhang et al. 2019).

Maize roots produce high D. virgifera larvae stabilize D. virgifera larvae use HDMBOA-GIc
amounts of DIMBOA-GIc and and sequester HDMBOA-GIc and MBOA-GIc against EPNs and
HDMBOA-Glc and MBOA-Glc their endosymbiontic bacteria

Excreted MBOA-Glc (in frass and

5 Me. Reg\ucosylauon 0-‘(
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o0 y\“’r /@, OH \
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converts HDMBOA-Glc to
OH MBOA
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Figure 1: A model illustrating how BX sequestration and activation of plant toxins protects Diabrotica v. virgifera larvae
from their enemies at multiple trophic levels. MBOA-GIc, released in the frass and on the exoskeleton, repels infective juvenile
entomopathogenic nematodes. Upon infection by nematodes and their symbiotic entomopathogenic bacteria, HDMBOA-GIc
is activated to produce MBOA. Both HDMBOA-GIc and the activated MBOA reduce the growth of the symbiotic bacteria and
kill EPNs. Figure was adapted from Robert et al. 2017.

It is hypothesized that EPN populations that coexisted with benzoxazinoids for a long time are
expected to evolve some tolerance or resistance to these compounds. When exposed to WCR
fed on benzoxazinoid-containing maize seedlings, almost all H. bacteriophora isolates from
Mexico were equally capable to kill sequestering larvae. This suggests that prolonged
coexistence in Central America between two species may result in enhanced adaptive
capabilities of EPNs to their local hosts and the associated plant secondary metabolites (Bruno
et al. 2020). Tested in the laboratory, the exposure of a benzoxazinoid-susceptible nematode
strain to WCR over 5 generations results in higher behavioural and metabolic resistance and
benzoxazinoid-dependent infectivity toward WCR larvae (Zhang et al. 2019). Thus, natural
enemies that are exposed to a plant defence sequestering herbivore can evolve both
behavioural and metabolic resistance to plant defence metabolites, and these traits are
associated with higher infectivity toward a defence sequestering herbivore. In addition, a
previous study has shown that it is also possible to improve the efficacy of EPNs toward the
WCR by engineering benzoxazinoid-resistant bacterial symbionts (Machado et al. 2020). Five

Photorhabdus symbionts from different nematodes were isolated and their MBOA resistance
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was increased by 40 up to 183% through experimental evolution. By sequencing the whole
genome of these evolved symbionts, it was proved that benzoxazinoid resistance evolved
through multiple mechanisms, including a mutation in the aquaporin-like channel gene agpZ.
The benzoxazinoid-resistant Photorhabdus strains were then reintroduced into their original
EPN hosts and one nematode carrying MBOA-selected symbionts killed more benzoxazinoid-
containing WCR larvae than nematodes carrying their ancestral symbionts under lab conditions
(Machado et al. 2020). This work highlights the potential of engineering desired traits into

bacterial symbionts to enhance the performance of their host.

4. Improving bacterial symbionts by targeted engineering

Bacterial symbionts provide many important services to their hosts related to development,
nutrient uptake, reproduction and speciation, defence against natural enemies, immunity and
stress tolerance (Piel 2002, Braendle et al. 2003, Oliver et al. 2003, Koropatnick et al. 2004,
Baumann 2005, Backhed et al. 2005, MacDonald and Monteleone 2005, Scarborough et al.
2005). Given this wide spectrum of associations and functions, symbiotic microorganisms
constitute promising and mostly untapped sources for potential applications in medicine,
bioremediation, industrial processes and agriculture. But in most of the cases so far, bacterial
symbionts have only been applied directly to biomedical and agricultural problems by targeted
inoculation or transplantation. For example, inoculation of soybean fields with nitrogen-fixing
rhizobia is used to increase soybean vyields (Yang et al. 2018). Furthermore, several
Photorhabdus species, symbiotic partners of entomopathogenic nematodes, produce a toxin
with high oral toxicity to Manduca sexta and therefore represents a potential alternative to
the insecticidal Bt-toxin for transgenic deployment (Bowen et al. 1998). In contrast, the direct
engineering of bacterial symbionts remains largely untapped and only a few direct examples
are found in the current literature. For example, engineered rhizobia bacteria expressing an
algal arsM gene can methylate and volatilize arsenic, providing a proof of concept for potential
future use of legume-rhizobia symbionts for arsenic bioremediation (Zhang et al. 2017). By
genetically engineering Serratia symbiotica, a culturable, gut-associated bacterium isolated
from the black bean aphid, dynamics of symbiont gut colonialization of multiple aphid species
were studied and changes in aphid fitness were recorded. In addition, heterologous gene
expression from engineered S. symbiotica in living aphids were induced (Elston et al. 2021).

Lastly, selecting Photorhabdus bacterial symbionts for plant toxin resistance translated into
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better infection potential of its nematode host against an herbivore that sequesters these
toxins for self-protection (Machado et al. 2020). This work highlights the potential of
engineering desired traits into bacterial symbionts to enhance the performance of their host

in this largely untapped approach.

5. Aim of my PhD thesis

Bacterial symbionts play a crucial role in the biological control of root-feeding insects in
agriculture by entomopathogenic nematodes. These nematodes, such as Heterorhabditis
bacteriophora, carry pathogenic bacterial symbionts (Photorhabdus spp.) in their intestines
and inject them into insect prey, utilizing the bacteria to kill and pre-digest the insect. While
these nematodes are commonly used in sustainable agriculture, certain insect pests, like the
WCR, have evolved mechanisms to resist nematode attacks, for example by exploiting the
defence metabolites of host plants. In particular, WCR uses maize secondary metabolites to
resist entomopathogenic nematodes, which likely limits the success of biocontrol programs
(Robert et al. 2017). As this herbivore is rapidly becoming resistant to conventional pest control
strategies, including insecticides, transgenic Bt-plants and simple crop rotations, improved
biological control solutions are directly needed to control this pest in an environmentally
friendly manner (Kuhlmann and van der Burgt 1998, Babendreier et al. 2006). As bacterial
symbionts are crucial for the capacity of the nematodes to kill insects, and the benzoxazinoids
that are sequestered by the WCR reduce the performance of these bacteria, | hypothesize that
it should be possible to improve the killing efficacy of entomopathogenic nematodes towards
the WCR by engineering benzoxazinoid-resistant symbionts through forward evolution,
reintroducing the selected symbionts into commercially used nematodes and improving the
control potential of the newly generated nematode-bacteria pairs against the WCR.

Here, | propose to use an interdisciplinary approach to improve symbiotic bacteria of
entomopathogenic nematodes to create biocontrol agents that are able to overcome the plant-
derived defences of the WCR. The project aims at testing these novel nematode-symbiont pairs
under controlled field trials and estimating the capacity of engineered microbial symbionts for
biological control and sustainable agriculture. If successful, this work would be directly

applicable to combat one of the most damaging, invasive maize pests on the planet.
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My thesis consists of five specific aims:

|. Generating benzoxazinoid-resistant Photorhabdus symbionts through forward-evolution
Forward evolution is a powerful approach to improve microbial traits in the absence of detailed

mechanistic knowledge. Preliminary experiments by Machado et al. (2020) showed that
exposure of Photorhabdus bacteria to MBOA, a benzoxazinoid sequestered by WCR larvae, can
increase their resistance and infectivity in the P. bodei CN4 strain. However, this strain is not
compatible with nematodes that perform well under European field conditions. | therefore will
expand the forward evolution approach to include a broader range of Photorhabdus strains

and selection regimes (Chapter 1).

Il. Measuring the performance of the engineered symbiotic bacteria
Selection for xenobiotic resistance may have pleiotropic effects that may interfere with the

usability of the engineered strains. To identify strains that are likely to be compatible with
agricultural applications, | will test the selected bacterial strains for MBOA resistance and cross-
resistance towards antibiotics as well as for possible trade-offs in bacterial growth caused by
selection on MBOA (Chapter 1 and 3). In addition, to test whether the selected bacteria are still
compatible with nematode hosts, | will re-establish symbiosis with two commercially used
Heterorhabditis nematode strains (Dianem® and Meginem® Pro) in vitro. Lastly, | will
determine the infectivity of the newly generated nematode-bacteria pairs towards the larvae

of the WCR (Chapter 1).

Il. Unravelling the genetic basis of benzoxazinoid resistance in Photorhabdus
Understanding the mechanisms that allow Photorhabdus bacteria resist benzoxazinoids is

important for the exploitation and transferability of this trait in the context of biological
control. | therefore will work towards the identification of the genetic basis of benzoxazinoid
resistance in the strains generated through forward-evolution (Chapter 1). Depending on the
type of mutation, further experiments targeting cross-resistance and collateral sensitivity will
be conducted to gain a deeper functional understanding of the uncovered genetic changes

(Chapter 3).

IV. Quantifying the potential of the engineered symbionts for biocontrol of WCR in the field
As field conditions differ significantly from the laboratory, it is essential to test enhanced

biocontrol agents in an agriculturally relevant and realistic field setting. | will perform field

experiments with the best performing nematode-symbiont pairs in terms of infectivity towards
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larvae of the WCR to test our enhanced strains and to benchmark them with commercially
mass-produced entomopathogenic nematodes. As experiments with the WCR are currently not
possible in Swiss fields as this pest species is in the process of invading Switzerland and
therefore still under quarantine, | will perform a series of field experiments over one field
season in two different field locations near CABI’s field laboratory in Hungary. Hungary has a
diverse agriculture from small scale commercial and non-commercial farmers, via highly
professional family farms to large scale agri-enterprises, allowing field experimentation
comparable to a number of different agricultural systems across Europe, including Switzerland.
In summary, this important step will provide a comprehensive, quantifiable assessment of the
potential of the engineered Photorhabdus strains to improve the biological control of the WCR
through entomopathogenic nematodes in the field. The field experiment will also provide
crucial insights into the performance of the nematodes harbouring engineered symbionts

under natural and variable field conditions (Chapter 2).

V. Examining cross-resistance and collateral sensitivity of the benzoxazinoid-resistant
Photorhabdus strains
The evolution of resistance in bacteria to one antibiotic or drug is frequently associated with

increased resistance to another antibiotic, termed cross-resistance. Conversely, increased
resistance to one antibiotic can also often result in decreased resistance to another antibiotic,
a phenomenon referred to as collateral sensitivity. By combining experimental evolution,
whole-genome sequencing of laboratory-evolved bacteria and biochemical assays, | am
outlining a map of cross-resistance and collateral sensitivity interactions in MBOA-selected
Photorhabdus bacteria and provide insights into resistance patterns for a variety of

environmental chemicals (Chapter 3).

The major aim of my PhD thesis is to improve the capacity to fight a major agricultural pest,
the western corn rootworm, through biological control by engineering novel resistance-traits
into bacterial symbionts of entomopathogenic nematodes. My research aims to conduct a
comprehensive evaluation of how plant toxin resistance impacts performance, cross-
resistance, collateral and potential for successful symbiosis of Photorhabdus bacteria.
Moreover, | will conduct a field experiment to test our enhanced strains under realistic field
conditions. | hope to be able to produce several enhanced nematode strains that have greater

abilities to kill WCR larvae and contribute to an improved biological control solution.
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Abstract

Bacterial symbionts play a crucial role for entomopathogenic nematodes (EPNs) as they boost
their ability to kill insects. Here we report that introducing engineered bacterial symbionts into
two commercially used nematode strains results in high infectivity of those newly generated
nematode—symbiont pairs to kill the larvae of the western corn rootworm (WCR) Diabrotica
virgifera virgifera LeConte, one of the most damaging maize pests worldwide. WCR larvae are
known to sequester benzoxazinoid secondary metabolites that are produced by maize and use
them to increase their resistance to the nematodes and their symbionts. For that reason, we
isolated 27 Photorhabdus symbionts from different nematodes and increased their
benzoxazinoid resistance through experimental evolution. Benzoxazinoid resistance evolved
through multiple mechanisms, including a mutation in a multidrug efflux pump. We
reintroduced benzoxazinoid-resistant Photorhabdus strains into two strains of Heterorhabditis
bacteriophora EPNs and identified four nematode—symbiont pairs that were able to kill
benzoxazinoid-sequestering WCR larvae as efficiently as the commercially available nematodes
under laboratory conditions. Our results suggest that modification of bacterial symbionts
provides a successful and time-efficient strategy to improve biocontrol of agricultural pests in

the future.

KEY WORDS Bacterial engineering, symbiont exchange, benzoxazinoid resistance, Diabrotica virgifera virgifera,

Heterorhabditis bacteriophora, entomopathogenic nematodes
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Introduction
Symbiotic bacteria are ubiquitous in animal hosts. They affect development, nutrition,

reproduction, speciation, defence against natural enemies and immunity (Piel 2002, Braendle
et al. 2003, Oliver et al. 2003, Koropatnick et al. 2004, Baumann 2005, Biackhed et al. 2005,
MacDonald and Monteleone 2005, Scarborough et al. 2005). In these associations, bacteria
form persistent infections within host individuals, and they have adapted such that they have
little or no negative impact on the host's overall health; often, they are beneficial or even
obligatory. Given this wide spectrum of associations and functions, symbiotic microorganisms
constitute promising and mostly untapped sources for potential applications in medicine,
bioremediation, industrial processes and agriculture. In addition, the symbiotic
microorganisms could even be engineered to improve the functions on their own or the
performance together with their hosts (Berasategui et al. 2016). The knowledge on bacterial
symbiosis can provide novel paths for the control of agricultural pests and vectors of human
diseases, through targeted manipulation of the symbionts or the host-symbiont associations.
In most of the cases so far, bacterial symbionts have only been directly applied to biomedical
and agricultural problems through targeted inoculation or transplantation. For instance,
inoculation of soybean fields with nitrogen-fixing rhizobia has been shown to enhance
symbiotic nitrogen fixation and positively correlates with the increase in soybean yield and
seed protein content (Yang et al. 2018). Several Photorhabdus species that normally live in the
gut of entomopathogenic nematodes (EPNs), produce a toxin which consists of a series of four
native complexes encoded by toxin complex loci tca, tcb, tcc and tcd. Both tca and tcd encode
complexes with strong oral toxicity to Manduca sexta and therefore represents a potential
alternative to the insecticidal Bacillus thuringiensis (Bt) toxin for transgenic deployment
(Bowen et al. 1998).

In contrast, the direct engineering of bacterial symbionts remains largely untapped and only a
few direct examples are found in the current literature: Engineered rhizobia bacteria
expressing an algal arsM gene can methylate and volatilize arsenic, providing a proof of
concept for potential future use of legume-rhizobia symbionts for arsenic bioremediation
(Zhang et al. 2017). In addition, selecting Photorhabdus bacterial symbionts for plant toxin
resistance translate into better infection potential of its nematode host against an insect

herbivore that sequesters these toxins for self-protection (Machado et al 2020). These studies
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highlight the potential of engineering desired traits into bacterial symbionts to enhance the
performance of their host in this largely untapped approach.

Photorhabdus bacteria are a member of the family Enterobacteriaceae that live in a mutualistic
association with Heterorhabditis nematode worms. They share a complex life cycle and form a
mutualistic pair that is highly pathogenic to soil-dwelling insects. The free-living stage of
Heterorhabditis nematodes, called infective juveniles harbour Photorhabdus bacteria in their
intestinal lumens (Ciche 2007). After locating an insect, Heterorhabditis infective juveniles
enter the hosts body through natural apertures such as the mouth or anus, and release their
bacterial symbionts into the insect hemocoel (Kenney et al. 2019). Photorhabdus bacteria
multiply exponentially and produce toxins and immunosuppressors that lead to the death of
the insect (Bowen et al. 2000). Heterorhabditis nematodes then feed on bacteria-digested
insect tissues and reproduce for several generations. Upon nutrient depletion, Photorhabdus
bacteria re-associate with Heterorhabditis nematodes and the new-born infective juveniles
emerge from the insect cadaver and seek for a new host. Taken together, those aspects make
EPNs biological agents of choice in crop pest management and several species of
Heterorhabditis nematodes are nowadays commercialized for domestic or industrial uses as an
alternative to pesticides (Kaya and Gaugler 1993, Koppenhofer et al. 2020).

Insects, however, do not remain passive victims upon nematode attacks. They resist either
through cellular or humoral innate immune responses (Castillo et al. 2011). An additional
mechanism of defence is the sequestration of plant-derived allelochemicals as defence
(Barbercheck et al. 1995, Kunkel et al. 2004, Erb and Robert 2016). This is the case for the
western corn rootworm (WCR) Diabrotica virgifera virgifera LeConte, one of the world’s most
devastating maize pests that causes more than $2 billion of direct economic damage in the
United States every year (Wechsler and Smith 2018). All three larval stages of the WCR feed on
maize roots, which can ultimately lead to plant lodging (Sutter et al. 1990). The species is
commonly considered to originate from Mexico, where its original native host was probably
Tripsacum, a close wild relative of maize (Smith 1966, Branson and Krysan 1981, Gray et al.
2009). Since its first introduction into Serbia in 1992, this invasive pest is rapidly spreading over
Europe and is expected to be present in all maize cultivars all over Eurasia in the near future
(Aragdn et al. 2010, Ciosi et al. 2011, Aragdn and Lobo 2012, Kriticos et al. 2012).

To control the WCR, the following strategies are common practice today: (1) crop rotation, (2)

entomopathogenic nematodes, (3) transgenic maize and (4) synthetic insecticides (Levine and
31



Chapter |

Oloumi-Sadeghi 1991, Van Rozen and Ester 2010). However, in some regions of Europe,
management options are limited since the use of transgenic maize producing Bt-toxins
targeting rootworms are restricted or prohibited and the use of insecticides are highly
regulated. Several studies have shown that the residues of insecticides such as systemic
neonicotinoids are found in water, soil, sowing dust, pollen and nectar can have negative
effects on non-target pollinating insects (Blacquiéere et al. 2012, van der Sluijs et al. 2013, Wood
and Goulson 2017). The development of resistance to insecticides and issues related to human
and environmental safety push the research to the development of new management practices
(Levine and Oloumi-Sadeghi 1991). Improved biological control solutions are therefore
urgently needed to control this pest in an environmentally friendly manner (Kuhlmann and van
der Burgt 1998, Babendreier et al. 2006). For a pest like the WCR, that is most damaging below-
ground at the larval stage, soil-dwelling entomopathogenic nematodes are considered strong
candidates for biological control strategies (Toepfer et al. 2010). EPNs have a wide host range
including larvae of the WCR (Jackson 1996, Toepfer et al. 2005). They actively search for a host
and are safe to humans and the environment (Ehlers 2003). Heterorhabditis bacteriophora is a
promising EPN species having the potential to successfully control the three larval stages of the
WCR (Kurtz et al. 2009). One challenge to overcome is the partial resistance of the WCR to EPNs
due to their capacity to exploit the defensive mechanisms of maize for their own benefit
(Robert et al. 2017, Zhang et al. 2019, Machado et al. 2020). Metabolite analysis revealed that
maize-fed WCR larvae accumulated significant amounts of benzoxazinoids in their body
(Robert et al. 2017). The highest concentrations were found for glucosides HDMBOA-GIc (>100
mg/g fresh mass) and MBOA-Glc (>25 mg/g fresh mass). The resulting increased resistance was
linked to these two chemicals and their two different modes of action (Robert et al. 2017).
First, WCR larvae release 6-methoxy-2-benzoxazolinone N-glucoside (MBOA-Glc) via exudates
and frass, which repels nematodes. Second, WCR larvae accumulate 2-hydroxy-4,7-dimethoxy-
1,4-benzoxazin-3-one O-glucoside (HDMBOA-GIc) and release a breakdown product, 6-
methoxy-2-benzoxazolinone (MBOA), upon nematode infection that is toxic to nematodes as
well as to the released symbiotic bacteria. WCR larvae that accumulate and sequester MBOA
and HDMBOA-GIc therefore significantly reduce the survival and the infectivity efficiency of the
nematode and its Photorhabdus bacterial symbionts by more than 50% compared to

benzoxazinoid-deficient WCR larvae (Robert et al. 2017).
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It is believed that herbivore natural enemies feeding on sequestering hosts will evolve the
capacity to resist or tolerate plant defence metabolites in parallel with their hosts (Ode 2006).
By exposing a benzoxazinoid-susceptible nematode strain to the western corn rootworm for 5
generations, a higher behavioural and metabolic resistance and benzoxazinoid-dependent
infectivity toward the western corn rootworm was achieved (Zhang et al. 2019). Thus,
herbivores that are exposed to a plant defence sequestering herbivore can evolve both
behavioural and metabolic resistance to plant defence metabolites, traits that are associated
with higher infectivity toward a defence sequestering herbivore. In addition, a previous study
has shown that it is possible to improve the efficacy of EPNs toward WCR by engineering
benzoxazinoid-resistant symbionts (Machado et al. 2020). Five Photorhabdus symbionts from
different nematode strains were isolated and their MBOA resistance was increased by 40 up
to 183 % through experimental evolution. By sequencing the whole genome of these evolved
symbionts, it was proved that benzoxazinoid resistance evolved through multiple mechanisms,
including a mutation in the aquaporin-like channel gene agpZ. The benzoxazinoid-resistant
Photorhabdus strains were then reintroduced into their original EPN hosts and one nematode
carrying MBOA-selected symbionts killed more benzoxazinoid-containing WCR larvae
compared to nematodes carrying their ancestral symbionts under lab conditions (Machado et
al. 2020). However, the bacteria and nematode strain that showed increased efficacy originally
comes from China and may therefore not be suitable as a European or American agriculture
biocontrol strategy.

With this project we aim to target symbionts of entomopathogenic nematode strains in a same
manner as Machado et al. (2020) but with nematodes and bacterial symbionts that are
compatible with commercial-scale biological control in North America and Europe. We used
directed evolution to generate benzoxazinoid-resistant Photorhabdus strains that are more
likely to overcome the defence mechanisms of the WCR. We reintroduced MBOA resistant
strains into two commercially used EPN hosts and evaluated their capacity to Kkill
benzoxazinoid-sequestering WCR larvae to determine whether the efficacy of a biological
control agent could be improved by targeted engineering of its bacterial symbiont.

Here, we propose to use an interdisciplinary approach to improve symbiotic bacteria of
entomopathogenic nematodes to create biocontrol agents that are able to overcome the plant-
derived defences of the western corn rootworm. If successful, this work would be directly

applicable to combat one of the most damaging, invasive maize pests on the globe.
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Materials and Methods

Bacterial and nematode strains
Photorhabdus bacterial strains were obtained by isolating from their original nematode hosts

(see Fig. 1b for more details). 100 nematode infective juveniles were surface sterilized,
resuspended in 100 ul of autoclaved water and ground up using a plastic pestle. The resulting
solution was diluted several times and the different concentrations were plated onto LB agar
(40 g/l) (Carl Roth, Switzerland). Pure cultures were obtained by replating Photorhabdus-like
colonies. Bacterial taxonomic positions were confirmed by obtaining the 16S rRNA gene
sequences. Nematodes were provided by e-nema (Raisdorf, Germany) and Andermatt
Biocontrol (Grossdietwil, Switzerland). The nematodes were reared at 25 °C on last instars of
the wax moth Galleria mellonella as described by Kaya and Stock (1997). The freshly emerged

infective juveniles were stored in tap water in culture tissue flasks at 10 °C before use.

Experimental evolution
27 bacterial strains (ENO1, DE2, DE6, PT1, IT6, IR2, HU2, CN4, IL9, MG6286, TT01, LJ, B, 0943,

S5P8, S7, S8, S9, S10, S12, S14, S15, KC, MEX20, BIO, A and DIA) deriving from single cell
colonies were cultured independently in pure LB (25 g/I) (Carl Roth, Switzerland) (control, C-)
and in LB containing 200 ug/ml MBOA (Sigma-Aldrich, Switzerland) (MBOA selected, M-) at
28 °C with constant shaking (180 rpm) for 12 to 24 h. This concentration was chosen based on
the results of the study by Machado et al. (2020), which aligns with the observed Glso for these
bacterial strains. One millilitre of the resulting bacterial cultures was transferred to 3 ml of
fresh medium (either pure LB or LB containing 200 pg/ml MBOA) and cultured again for 12 to
24 h. This cycle was repeated for a total of 35 subcultures. Glycerol stocks were prepared after
the first growth cycle to preserve the original genotypes (evolutionary ancestors), as well as
every seven cycles and after the experimental evolution was completed (generation of LB and

MBOA selected strains).

Evaluation of MBOA resistance and bacterial growth in vitro
To evaluate the growth of the 27 Photorhabdus strains coming from the experimental

evolution experiment (27 strains LB-selected, 27 strains MBOA-selected), bacterial cultures
were grown in different concentrations of MBOA and the optical density (ODgoo) was measured
in 384-well microtiter plates (Greiner Bio-One, Austria). Bacterial cultures grown for 16 hours
at 28 °Cin LB (25 g/l) (Carl Roth, Switzerland) were diluted to an ODeoo= 0.05 and ten microliters

of these bacterial solutions were inoculated into 70 pl of LB (12.5 g/I) containing MBOA at
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concentrations that ranged from 0 to 400 pg/ml. Plates were incubated in a Synergy™ HT Multi-
Detection Microplate Reader (BioTek, United States) at 28 °C with ODsoo measurements carried
out every 30 min for 48 hours. Plates were gently shaken orbitally (medium shaking speed and

5-s shaking cycles) before each measurement.

Whole-genome sequencing and variant calling analysis
Genomic DNA (gDNA) was extracted directly from fresh (less than one week old) colonies of

Photorhabdus bacteria growing on LB-Agar plates using the GenElute Bacterial Genomic DNA
Kit (Sigma-Aldrich, United States). In order to properly lyse the cells, the bacteria growing on
solid LB media were inoculated in lysis buffer supplemented with proteinase K and heated at
55°C for 2 h. Afterwards, the manufacturer’s instructions were followed. Genomic libraries
were prepared using the TruSeq DNA PCR-Free LT Library Prep kit (FC-121-3003), and indexed
libraries were pooled at equimolar concentrations and sequenced (2,150 bp) on an lllumina
HiSeq 3000 instrument. Raw lllumina reads were quality trimmed by using Trimmomatic 0.36
(options: SLIDINGWINDOW:4:8 MINLEN:127) (Bolger et al. 2014). Assembly of the resulting
reads was done using SPAdes 3.10.1 (k-mer sizes of 21, 33, 55, 77, 99 and 127 bp), and the
obtained contigs were assembled to scaffolds using SSPACE 3.0 with default options (Bankevich
et al. 2012). To fill the gaps, GapFiller 1.10 was used (Boetzer and Pirovano 2012). Scaffolds
with a mean read depth of less than 20% of the median read depth for the longer scaffolds
(= 5,000 bp) and scaffolds shorter than 200 bp were removed. The final assemblies were
polished using Pilon 1.22 (ref. 70). To determine the genetic alterations associated with the
observed changes in benzoxazinoid resistance following experimental evolution, genomic
differences between the laboratory evolved strains and their evolutionary ancestors were
evaluated by variant calling analyses using Snippy 4.6.0 (Victorian Bioinformatic Consortium,
Australia, https://github.com/tseemann/snippy). Protein structure homology modelling was
conducted using the SWISS-MODEL server (Kopp 2006, Bienert et al. 2017, Waterhouse et al.
2018).

In vitro nematode cultures and symbiont exchange
To transfer the newly selected bacteria into EPNs, we cultured nematodes in semisolid

bacterial cultures. Overnight cultures of the bacteria in LB (25 g/l) were prepared and the

resulting bacterial cultures (ODeoo = 1) were centrifuged down. The supernatant was removed

and the pellets were resuspended in the same volume of semisolid-phase nematode growth

Gelrite (NGG) medium (0.5 g casein peptone, 1.5 g NaCl, 0.75 g Gelrite, 500 ul CaCl,-2H,0 (147
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g/l1), 500 pl MgS04-7H,0 (246.6 g/1), 12.5 ml KH,PO4 (136 g/I) and 500 ul cholesterol (1 g/l in
99% ethanol) in 0.486 | of tap water) as the overnight cultures. 2.5 ml of semisolid NGG with
bacteria were then spread onto the surface of a 5-mm solid-phase NGG layer (the same as
semisolid NGG but containing 1.5 g of Gelrite instead) in a sterilized Petri dish (6 cm in
diameter; Corning). After incubation at 24°C for 48 hours, 100 infective juveniles were released
per Petri dish in the resulting semisolid bacterial cultures. Living infective juveniles were
recorded three days later, and the number of developing adults and hermaphrodites were
counted one week after incubation. Resulting nematode progeny was collected 2—3 weeks
after incubation by washing second generation infective juveniles with sterile tap water from
the plates and multiplying them in G. mellonella larvae. To confirm successful symbiont
exchange, the guts of infected G. mellonella were streaked out on LB agar plates,
Photorhabdus-like colonies were collected, gDNA extracted as previously described and was
then followed by PCR and Sanger sequencing by designing primers for the strain specific

mutated gene. Primers are listed in Supplementary Table 1.

Nematode infectivity assays
To evaluate infectivity of 21 newly generated nematode-bacteria pairs, 25 infective juveniles

in 500 pl ml tap water were released in Solo cups (30 ml) (Frontier Scientific, United States)
containing 2 g of autoclaved sand (@ 1-4 mm) (Migros, Switzerland). Then, five benzoxazinoid-
sequestering second- or third-instar WCR larvae, previously feeding on the roots of B73 maize
plants, were added. Controls were treated with 500 pl of tap water. After incubating the cups
at 24 + 0.5 °C for 5 days, the percentage of nematode-infected larvae in each Solo cup was
determined. The infection status of the larvae was assessed visually. Nematode-infected larvae
show a characteristic red/orange colour, which was used as a marker of infection. Each Solo
cup was treated as an independent replicate. Experiment was conducted three independent
times with four to five replicates each time (n=14).

Statistical analysis
Datasets were analysed by ANOVA using Sigma Plot 15.1.1.26 (Smith 2019). Data of MBOA

resistance and re-established symbiosis between nematodes and selected bacteria were
analysed with a two-way ANOVA, data of insect infectivity was analysed using a one-way
ANOVA. Basal bacterial growth in LB was analysed by using two-way repeated measurements
ANOVA (RM-ANOVA). Normality and equality of variance were verified using Shapiro—Wilk test.

Holm post hoc tests were used for multiple comparisons.
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Results

Generate benzoxazinoid-resistant Photorhabdus symbionts through experimental
evolution
When WCR larvae are infected by EPNs, they convert HDMBOA-GIc into MBOA (Robert et al.

2017). MBOA is toxic to both the nematode and the entomopathogenic bacteria by reducing
the growth of Photorhabdus symbionts, which translates then into reduced lethality of their
nematode host (Robert et al. 2017). As already Machado et al. (2020) observed an
improvement in the efficacy of the EPN—bacterial partnership in killing WCR larvae by
increasing the bacterial symbionts resistant to MBOA, we decided to go into the same
direction, but with bacterial strains from a wider geographic range (Machado et al. 2020). First,
we isolated Photorhabdus symbionts from 27 different Heterorhabditis strains (Fig. 1b). We
then cultured those Photorhabdus strains independently in LB broth containing MBOA at a
concentration of 200 pug/ml for 34 24-hour incubation cycles (Fig. 1a). As controls, the same
bacterial strains were cultured in MBOA-free LB for 34 24-hour incubation cycles. At the end
of the directed evolution process, we evaluated MBOA resistance of the different strains using
384-well microtiter culture plates and calculated the Glso (half-maximal growth inhibition) for
each strain.

MBOA reduced the growth of all the tested strains in a dose-dependent and linear manner
(Supplementary Fig. 1), but through the directed evolution, a significant increase in MBOA
resistance could be observed (F = 357,4; p < 0.001, Fig. 1c). MBOA resistance was increased by
up to 103 % in the MBOA-selected strains (Fig. 1c). The increase in MBOA resistance was
greater for MBOA susceptible strains than for already MBOA-resistant strains. No significant
differences in comparing the Glso between LB- and MBOA-selected strains were observed for
PT1, 0943, S8, KC. The most drastic increase in MBOA resistance was observed in S15, in which
the Glsp increased from 191 to 386 pg/ml (Fig. 1c). This experiment showed that MBOA
resistance can be improved by experimental evolution in Photorhabdus symbionts, but the

degree of resistance is dependent on the strain.

Unravel the genetic basis of benzoxazinoid resistance in Photorhabdus
We sequenced the complete genomes of the 27 different Photorhabdus strains to evaluate

how MBOA resistance evolved. By screening for mutations that were predicted to change gene
or encoded protein function, we identified a variety of mutations, which were either altering
DNA transcription, membrane architecture or membrane channels (Table 1). We identified 20
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nonsynonymous point mutations, one insertion and one deletion. Surprisingly, there was only

little overlap in the identified genes between strains, suggesting that MBOA resistance in

Photorhabdus can be acquired by multiple mechanisms.

i Bacteria = S Nematode = S
27 Photorhabdus strains e Bacteriaspecies e Nematode species Origin
/ \ ENO1 P laumondii subsp. laumondii EN 01 H. bacteriophora Germany
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Figure 1: Selection on MBOA increases MBOA resistance of different Photorhabdus strains. (a) Schematic overview of the
experimental evolution approach to select for MBOA resistance in Photorhabdus. Strains were either selected in MBOA-free
LB control medium (Luria-Bertani broth) or in MBOA-containing LB medium (200 pg/ml). (b) Overview of the used bacterial
strains. (c) Mean (+ s.e.m.) MBOA concentrations that inhibit bacterial growth by 50% (Growth Inhibition 50, GI50) in the
strains selected in MBOA-free LB control medium (CTRL, grey bars), and the same strains selected in MBOA-containing LB
medium (MBOA, blue bars). Bacterial species are grouped by their continental origin. Asterisks indicate significant differences
of the selection regime within the strains by two-way ANOVA with Holm’s multiple-comparisons test (*p < 0.05, **p < 0.01,
**%*p < 0.001). Experiment was conducted four to six independent times with one replicate each time (n=4-6).
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MBOA-selected ENO1 (M-ENO1, P. laumondii subsp. laumondii) had a single point mutation in
the Na(+)/H(+) antiporter nhaB gene (c.1061C>T p.Pro354Leu) (Fig. 2a). This antiporter
extrudes sodium in exchange for external protons. A single point mutation was observed in the
mppO gene (c.842G>T p.Arg281lLeu) (Fig. 2a), known to code for an oxidoreductase.
Furthermore, in M-ENO1, a single point mutation in the ompR gene was detected (c.614T>G
p.Val205Gly) (Fig. 2a). This gene has been described as a transcriptional regulator of porins.

In M-IT6, we found a single point mutation in the osmolarity sensor protein envZ (c.1016G>A
p.Arg339GIn), which is involved in medium osmoregulation (Fig. 2b). By controlling
unsaturated fatty acids production, the HTH-type transcriptional repressor fabR regulates the
physical properties of the membrane bilayer. MBOA selected IR2 bacteria (M-IR2, P. kayaii)
have a single point mutation in this gene (c.116G>A p.Arg39His) (Fig. 2c). MBOA-selected IL9
(M-1L9, P. laumondii subsp. laumondii), has a single point mutation in the beta subunit of the
DNA-directed RNA polymerase rpoB gene (c.1655C>T p.Pro552Leu) (Fig. 2d). A single point
mutation in the gene waaA coding for 3-deoxy-D-manno-octulosonic acid transferase
(c.668C>T p.Thr223lle) was detected for the strain M-TTO1 (P. laumondii subsp. laumondii) (Fig.
2e). This gene is involved in the biosynthesis of lipopolysaccharides. In addition, a stop gain
was found in the same MBOA-selected strain in the O-antigen polymerase wzy (c.965G>A
p.Trp322*), resulting in a shorter protein product (Fig. 2e). This MBOA-selected strains B, S5P8,
S$12 and MEX20 (M-B, P. kleinii; M-S5P8 and M-S12, P. laumondii subsp. laumondii; M-MEX20,
P. khaini subsp. guanajuatensis) each had a single point mutation in different positions of the
multidrug efflux pump subunit acrB gene (M-B: ¢.1390G>C p.Gly464Arg; M-S5P8: ¢.1421T>C
p.1le4d74Thr; M-S12: ¢.1208G>A p.Gly403Asp; M-MEX20: ¢.2924G>A p.Arg975His) (Fig. 2f,g,j,!1).
This drug efflux protein complex with broad substrate specificity uses a proton motive force to
export a wide range of substrates. Furthermore, in M-S7 (P. laumondii subsp. laumondii), a
single point mutation in the ompR gene was detected (c.659G>A p.Arg220His) (Fig. 2h) and in
M-S10 (P. kleinii), a single point mutation was found for the acrZ gene which is encoding for a
multidrug efflux pump accessory protein (c.7G>C p.Glu3GIn) (Fig. 2i). The Photorhabdus strain
with the highest number of acquired mutations is MBOA-selected S15 (M-S15, P. laumondii
subsp. laumondii) (Fig. 2k). Single point mutations were found in the multidrug efflux pump
subunit acrB (c.2999G>A p.Glyl000Asp), in the inverse autotransporter beta domain-
containing protein ychP (c.379A>G p.Thrl27Ala), the RNA polymerase sigma factor rpoD

(c.421G>A p.Glul41Lys) and in the XRE family transcriptional regulator C6H65 03095 (c.52C>T
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resulting in a frameshift was detected

in the

sodium/pantothenate symporter panF (c.1167dupC p.Glu390fs). Insertion mutations were

observed to shift stop codons which dramatically changes protein secondary and tertiary

structure, similar to stop gains by single point mutations. Lastly for M-S15, a stop gain for the

osmolarity sensor protein envZ (c.373G>T p.Glul25*) was detected, resulting in a shorter

protein product compared to the wild type (Fig. 2k). MBOA-selected DIA (M-DIA, P. laumondii

subsp. laumondii) had two single point mutation in different subunits of the DNA-directed RNA

polymerase rpo gene (rpoA: c.821C>A p.Ala274Asp; rpoC: ¢.3223C>T p.Argl075Cys) (Fig. 2m).

Table 1: Mutations in evolved MBOA-resistant strains.

Strain

M-ENO1

M-IT6

M-IR2

M-IL9

M-TTO1

M-B

M-S5P8

M-S7

M-S10

M-S12

M-S15

M-MEX20

M-DIA

Gene

nhaB
ompR
mppO
envZ
fabR
rpoB
waaA
wzy
acrB
acrB
ompR
acrZ
acrB
acrB
ychP
panF
envZ

rooD

C6H65_03095

acrB
rpoA

moC

Mutation type

SNP (c.1061C>T p.Pro354Leu)
SNP (c.614T>G p.Val205Gly)
SNP (c.842G>T p.Arg281Leu)

SNP (c.1016G>A p.Arg339Gin)

SNP (c.116G>A p.Arg39His)

SNP (c.1655C>T p.Pro552Leu)

SNP (c.668C>T p.Thr223lle)

Stop gain (c.965G>A p.Trp322%)

SNP (c.1390G>C p.Gly464Arg)
SNP (c.1421T>C p.lle474Thr)
SNP (c.659G>A p.Arg220His)

SNP (¢.7G>C p.Glu3Gin)

SNP (c.1208G>A p.Gly403Asp)

SNP (c.2999G>A p.Gly1000Asp)

SNP (c.379A>G p.Thr127Ala)

Frameshift (c.1167dupC p.Glu390fs)

Stop gain (c.373G>T p.Glu125%)
SNP (c.421G>A p.Glu141Lys)
SNP (c.52C>T p.Arg18Cys)
SNP (c.2924G>A p.Arg975His)

SNP (c.821C>A p.Ala274Asp)

SNP (c.3223C>T p.Arg1075Cys)

Gene product name

Na(+)/H(+) antiporter
Transcriptional regulatory protein
Enduracididine beta-hydroxylase

Osmolarity sensor protein

HTH-type transcriptional regulator

DNA-directed RNA polymerase
subunit beta

3-deoxy-D-manno-octulosonic acid

transferase

O-antigen polymerase
Multidrug efflux pump subunit

Multidrug efflux pump subunit

Transcriptional regulatory protein

Multidrug efflux pump accessory
protein

Multidrug efflux pump subunit

Multidrug efflux pump subunit

Inverse autotransporter beta
domain-containing protein

Sodium/pantothenate symporter
Osmolarity sensor protein

RNA polymerase sigma factor

XRE family transcriptional
regulator

Multidrug efflux pump subunit

DNA-directed RNA polymerase
subunit alpha
DNA-directed RNA polymerase
subunit beta'
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Putative function

Extrudes sodium in exchange for
external protons

Regulation of porins
Oxidoreductase

Osmoregulation

Negative regulator of un-saturated
fatty acid biosynthesis

Transcription of DNA to RNA
Lipopolysaccharide biosynthesis

Polymerization of O-antigens

Part of drug efflux protein complex

Regulation of porins

Part of drug efflux protein complex

Part of drug efflux protein complex

Autotransporter

Pantothenate transmembrane
transport

Osmoregulation

Promotes the attachment of RNA
polymerase

DNA-binding transcription factor

Part of drug efflux protein complex

Transcription of DNA to RNA
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Figure 2. Increased MBOA resistance is associated with various mutations. Nonsynonymous gene mutations found in MBOA-
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Cost of MBOA resistance in Photorhabdus
To test for the potential cost of high MBOA resistance, we measured growth of MBOA- and LB-

selected strains in vitro in the absence of MBOA. We only selected the 20 strains which showed
highest increase in terms of MBOA resistance. For seven of these twenty strains, selection on
MBOA did not influence their growth in LB (ENO1, DE2; CN4, TT01, B, MEX20 and BIO)
(Supplementary Fig. 2). For eight strains, selection on MBOA did negatively influence their
growth in LB (DES6, IR2, HU2, IL9, S12, S14, S15 and DIA). On the other hand, five strains (IT6,
MG6286, LJ, S5P8 and S10) showed faster and stronger growth when they were previously
selected on MBOA. Overall, no direct link between MBOA selection and growth effect could be

observed (F = 3.6; p = 0.058).

Measure the performance of the selected bacteria in the context of nematode symbiosis
To test whether the bacterial strains with increased MBOA resistance exhibit changes in their

ability to support nematode growth or infective juvenile recovery, we cultured H.
bacteriophora infective juvenile nematodes of the two commercially used strains Meginem®
and Dianem® in vitro in artificial medium which was previously inoculated with the different
bacterial strains and quantified the number of developing nematodes and adult
hermaphrodites (Supplementary Fig. 3). Number of infective juveniles and hermaphrodites
varied a lot between strains and selection regime of the bacterial symbionts. As for the number
of recovered infective juveniles, no difference between the bacterial symbionts and the type
of bacterial selection was observed for both nematode strains (p > 0.078). In contrast, the
number of developed hermaphrodites was significantly affected by the bacterial identity (for
both nematode strains p < 0.001) as well as their selection regime (for both nematode strains
p < 0.001). Interestingly, MBOA-selected bacteria were more successful in re-establishing
symbiosis with the two nematode strains than the LB-selected bacteria. We only observe no or
very low numbers (<2) of developed hermaphrodites per Petri dish when Dianem® nematodes
grew on medium containing LB-selected S9, S14, 1T6, LJ or ENO1 as well as MBOA-selected
MEX20, LJ, S5P8 and DE6. For Meginem® nematodes, we observed no or very low numbers (<2)
of developed hermaphrodites when nematodes grew on medium containing LB-selected IL9,
LJ, S5P8, S9, MEX20 or ENO1 as well as MBOA-selected DE6, MEX20 or B. High numbers (>25)
of hermaphrodites per petri dish were recorded for MBOA-selected HU2 and DIA in Dianem®
nematodes and for MBOA-selected DE2, HU2, S15, IL9 or DIA and for LB-selected S12 in

Meginem® nematodes. Thus, selection on MBOA can affect the ability of Photorhabdus to
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support nematode development in some, but not all, strains. Overall, twenty-nine bacteria-
nematode pairs were initially collected from cultures growing on artificial media. Successful
recolonization by the different bacterial symbionts was confirmed by re-isolating the
symbionts, extracting gDNA and followed by PCR and Sanger sequencing with designed primers
for the strain specific mutated gene. Primers are listed in Supplementary Table 1. Symbionts
were not exchanged successfully in eight cases. The resulting twenty-one nematode colonies
carrying different selected symbiotic bacteria have been successfully confirmed by symbiont-
identification and were established in laboratory rearings (Table 2). Twelve of them consist of
Dianem® nematodes, 8 of which (67%) carrying MBOA-selected bacteria; and nine of them

consist of Meginem® nematodes, 6 of which (67%) carrying MBOA-selected bacteria.

Table 2: Established nematode colonies in laboratory rearings with confirmed exchange of symbiotic bacteria for LB (C) and
MBOA (M) selected bacterial symbionts. Two commercial nematode strains were used: Dianem® TM (specifically developed
to combat the western corn rootworm); and Meginem® Pro TM (generalist nematode strain developed to combat a broader
spectrum of insect pests).

Bacterial strain ENO1 DE2 IT6 HU2 CN4 IL9 S10 S12 S15 BIO DIA
Selection regime c M C M C M C M C M C M C M C M C M C M C M

Dianem X X X X X X X X X X X X
Nematode ane

strain Meginem % X X X X X X X X

Infectivity of evolved symbiont—nematode pairs toward WCR
After selecting the bacteria for increased MBOA-resistance and establishing symbiosis with two

commercially used nematode strains, we tested whether the evolved symbiont-nematode
pairs can overcome the benzoxazinoid defences of WCR larvae. We infected benzoxazinoid
sequestering WCR larvae with 25 infective juveniles per nematode-bacteria pair and checked
insect mortality after 5 days (Fig. 3). Insect mortality was for most of the tested novel strains
at least as high as the corresponding nematode strain with no exchanged symbionts (Dianem®
nematodes with DIA bacteria and Meginem® nematodes with A bacteria). Selection of the
bacterial symbionts did not have a direct effect on the infectivity against the WCR larvae (p >
0.29). By correlating MBOA resistance measured as the Glso and insect mortality of LB-selected
bacterial strains, we found no significant correlation (Supplementary Fig. 4). In contrast, a
significant correlation between Glso on MBOA and mortality of the WCR was observed for
MBOA-selected strains (p = 0.049), suggesting that higher benzoxazinoid resistance leads to

higher mortality in the WCR (Supplementary Fig. 4). In addition, exchanging symbionts of EPNs
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with non-native bacterial strains may alter processes in the symbiosis and therefore overcome

the benzoxazinoid defences of WCR larvae.
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Figure 3: Nematodes harbouring selected symbionts show high biocontrol potential of benzoxazinoid-sequestering WCR
larvae. Mean (+ s.e.m.) percent of WCR larvae that died from EPN attack under laboratory conditions. Symbiotic bacteria were
either LB-selected (C-, light grey bars), MBOA-selected (M-, blue bars) or were original symbionts of the respective nematode
(dark grey bars). Strains are ordered by increasing insect mortality. Different letters indicate statistically significant differences
between nematode-bacteria pairs within each used nematode strain (P < 0.05 by one-way ANOVA with Holm’s multiple-

comparisons test). Experiment was conducted three independent times with a total of fourteen evaluated arenas, and each
arena consisted of 4 larvae (n=14).
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Discussion
WCR is one of the most devastating insect pests of maize worldwide, which can cause extensive

crop damage and consequent economic losses to farmers exceeding $2 billion annually if not
controlled in the United States (Wechsler and Smith 2018). It also has become the main pest
of continuous corn in Central and South-eastern Europe since its introduction near Belgrade in
the beginning of this millennium, and it represents a major risk to Western Europe (Kuhlmann
and van der Burgt 1998, Aragodn et al. 2010). This challenges the aim to reduce the use of
synthetic pesticides in sustainable agriculture. The use of herbivore natural enemies as
biological control agents, particularly EPNs is a promising strategy in this context to combat
root-feeding pests such as the larvae of the WCR (van Lenteren 2012). Nevertheless, improving
the efficacy of nematode biocontrol is needed to improve the economic viability of this
sustainable biocontrol approach. By exposing nematodes to the WCR for several generations,
they can evolve both behavioural and metabolic resistance to plant defence metabolites, and
these traits are associated with higher infectivity towards this defence sequestering herbivore
(zhang et al. 2019). In addition, a previous study has shown that it is also possible to improve
the efficacy of EPNs toward WCR by engineering benzoxazinoid-resistant bacterial symbionts
(Machado et al. 2020). Going into this same direction, we report a strategy to improve the
biocontrol potential of natural control agents against the WCR, which accumulates plant
secondary metabolites for their own defence. With a targeted experimental evolution, we
increased benzoxazinoid resistance in a variety of Photorhabdus strains, one of the main
compounds the WCR is sequestering. We then exchanged symbionts of two commercially used
nematode strains and observed high efficacy in the novel generated pairs against larvae of the
W(CR. The approach of exchanging symbionts between nematode strains has been commonly
used in the past, but the efficacy did not always increase with this mainly untargeted approach
(Han et al. 1991, Gerritsen and Smits 1993). With our directed approach, we modified and
exchanged bacterial symbionts and provided a basis for future selection programs as a
successful and time-efficient strategy to improve biocontrol of a variety of agricultural pests in
the future.

Natural evolutionary processes are affected by various types of constraints acting at the
different levels of biological organization. Of particular importance are constraints where
correlated changes occur in opposite directions, so called trade-offs. By selecting for a

particular increase in benzoxazinoid resistance, we expected physiological or ecological trade-
45



Chapter |

offs in the selected bacteria. Antibiotic resistance, for example, is constrained by a growth-
survival trade-off. When a bacterium is exposed to an antibiotic, it may develop antibiotic
resistance to increase survival. This adaptation transfers resources from the growth to the
survival component of fitness and, as a consequence, resistant genotypes are less fit than
susceptible genotypes in the absence of antibiotic in terms of reduced growth, impaired
competitive performance or metabolic imbalance (Lenski 1998, Wang et al. 2002, Andersson
et al. 2007). Interestingly, we found that MBOA resistance was not directly related with
substantial costs. The ability to support nematode development was even higher for MBOA-
selected stains compared to MBOA-susceptible strains. If the symbiosis between nematodes
and its symbiotic bacteria is impaired, it can be the result of direct nematicidal activity, reduced
intestine colonization and/or reduced production of nematode growth factors by
Photorhabdus (Han and Ehlers 1999, Joyce et al. 2008, Somvanshi et al. 2010, Easom and Clarke
2012, Tobias et al. 2017). To which extent the MBOA-selected strains could provide better
symbiotic capabilities compared to the MBOA-susceptible strains is not known and needs
further examination. It could be that MBOA-selected strains provide a better food signal
production inducing the recovery of the nematodes (Strauch and Ehlers 1998). Overall, no
significant trade-off between MBOA resistance and bacterial growth was observed. It is known
that mutants defective in lipopolysaccharide biosynthesis often exhibit aberrant growth, but
MBOA-selected TTO1 bacteria did not exhibit reduced bacterial growth (Schnaitman and Klena
1993), contrary to the study of Machado et al (2020), where a significant growth reduction in
the MBOA-selected TTO1 strain was observed. Mutations in the rpoC genes are responsible to
reduce maximal growth rates as well as affecting DNA replication, which could explain the
reduced bacterial growth of MBOA-selected DIA bacteria (Petersen and Hansen 1991, Nandy
et al. 2020). Similar, bacteria with mutations in the rpoB gene often exhibit aberrant growth,
which could explain the reduced bacterial growth of MBOA-selected IL9 bacteria (Jin and Gross
1989, Lai et al. 2002, Qi et al. 2014). In addition, various studies showed that rpoB mutations
influence the symbiotic association between the symbionts and their entomopathogenic
nematode hosts (Qiu et al. 2012). Although we did not observe reduced symbiotic ability of
MBOA-selected IL9, infectivity against the WCR together with its nematode host was among
the lowest of the tested strains. Nematode growth, development and reproduction of
nematodes depend on successful interaction between the symbiotic bacteria and its nematode

host, with the bacteria producing growth factors that stimulate hermaphrodite development
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(Strauch and Ehlers 1998). Overall, swapping experiments proved difficult, as many symbioses
between nematodes and non-native bacterial symbionts failed to establish because of
incompatibilities between nematode host and selected and non-native bacteria. Nevertheless,
we could produce twenty-one bacteria-nematode pairs with confirmed symbiotic exchange
and the majority of those showed high biocontrol potential against the WCR.

Our study highlighted the importance of using diverse bacterial starting material. We could not
only prove that not all selected strains show negative effects of MBOA resistance but we also
found evidence that each strain likely evolved different mechanisms to overcome MBOA
toxicity. MBOA resistance was associated with a variety of mutations falling into three broad
categories: DNA transcription, membrane architecture and membrane channels. We found
that a mutation in fabR, an HTH-type transcriptional regulator that is negatively regulating
unsaturated fatty acid biosynthesis resulted in an 82% increase of MBOA resistance in the
selected strain IR2. MBOA-selected TTO1 exhibits increased MBOA resistance by more than
95%. Two mutations may be possible for this increase: Firstly, a point mutation in the waadA
gene, coding for 3-deoxy-D-mannooctulosonic acid transferase responsible for
lipopolysaccharide biosynthesis. Secondly, a point mutation was found in M-TTO01 in the wzy
gene resulting in a stop gain and a shorter, protein product, which is likely non-functional. The
final protein product, the O-antigen polymerase plays an important role in catalysing the
addition of newly synthesized O-antigen repeating units to a glycolipid. Highest increase of
MBOA resistance was observed for the strain M-S15 with more than 102%. This strain exhibits
the most mutations among the analysed strains. It includes a single nucleotide polymorphism
in the acrB gene coding for a subunit of a multidrug efflux pump that may lead to altered
substrate specificity and therefore promoting the efflux of this toxin from the cytoplasm. These
identified loci represent promising targets for improving the resistance of bacterial symbionts
to environmental toxins.

With our work, we highlighted the potential and the possibilities of directly engineering
bacterial symbionts for desired traits such as benzoxazinoid resistance to enhance the
performance of their host against the WCR that sequesters benzoxazinoids for self-protection
to the level of already existing and commercially used nematode products. Our results
encourage to use a similar experimental approach to improve other biological control agents

and contribute to a more sustainable and pesticide-free crop production.
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Supplementary Figure 1

MBOA reduces the growth of all the tested strains in a dose-dependent and linear manner.
Mean (+ s.e.m.) bacterial growth of twenty-seven Photorhabdus strains in Luria-Bertani liquid
medium containing different concentrations of MBOA relative to controls. Data of dose-
dependent reduction was used to calculate growth inhibition 50 values (half-maximal growth,
Glso). Bacterial growth was measured four to five independent times (n=4-5).
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Strain Selection Gene Forward primer sequence (5'-3") Reverse primer sequence (5'-3')
ENO1 M nhaB TCCGACAGGTATTGGAAGA AAACCGTACCGACAAATACG
DE2 M nhaB TTCTTTTCTATCGTTGCCGT ACACACAGCAAACCGAC
IT6 M envZ ATTGAAGAGTGTAACGCCAT CCAGACCTAACCCTGTTCC
HU2 C rpoA GGTTGAGATTGATGGTGTACTG ACGCGCTGCTTCAACATT
HU2 M fabR ACGTCAGTTAATGAGGCAAG GTTCATTTCTTTGCGATACCA
CN4 M CPXA TATGGCCGCTCTGAAATG AGAGGCGTGCGTAGTT
IL9 M rpoB ACACTGATGCCTCAGGATATG CCTGTGCGATAACGAAGT
S10 C acrZ GTTTGAGTTGATTAAAAGTATGGC CTTTTCAGAACGACCAATACG
S12 C - CACTGAATCGCAATACACC ATACCTTGTGTCACGCTGT
S12 M - CACTGAATCGCAATACACC ATACCTTGTGTCACGCTGT
S15 M - CACTGAATCGCAATACACC ATACCTTGTGTCACGCTGT
BIO C rpoC CCATTAGATGGTGGCGATG CTTTGGTGATACCCAACAGGT
DIA M rpoC GATGGCGAAACCGTTA AACACGTGGCAAACCA

Supplementary Table 1

Primer sequences used to detect point mutations in the selected bacterial strains to confirm
symbiont exchange of nematodes.
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Supplementary Figure 2

Selection on MBOA impacts basal growth of a subset of bacterial strains. Mean (+ s.e.m.)
bacterial growth in LB for control- (CTRL, grey line) and MBOA-selected (MBOA, blue line)
strains. Differences between selection regime and timepoints were determined using two-way
repeated measurements ANOVA with Holm’s multiple comparisons test. The experiment was
repeated eight independent times (n=8).
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Supplementary Figure 3

Bacterial identity and selection on MBOA alter symbiotic capability of a subset of bacterial
strains. Mean (+ s.e.m.) number of early-instar nematodes (a and c) and hermaphrodite
females (b and d) developing from Dianem® and Meginem® infective juvenile nematodes
incubated in bacteria previously selected on LB (C, grey bars) or MBOA (M, blue bars) in semi-
solid bacterial cultures. Two commercial nematode strains were used: Dianem® TM
(specifically developed to combat the western corn rootworm); and Meginem® Pro TM
(generalist nematode strain developed to combat a broader spectrum of insect pests). Higher
numbers of hermaphroditic females indicate stronger symbiotic compatibility between the
nematodes and the bacteria. Asterisks indicate significant differences of the selection regime
within the strains by two-way ANOVA with Holm’s multiple-comparisons test (*p < 0.05, **p <
0.01, ***p < 0.001). Nematode development was evaluated three independent times (n=3).
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Correlation of insect mortality and Glso for control- and MBOA-selected bacterial symbionts.
Grey data points represent control-(LB) selected bacterial symbionts (C, CTRL), blue data points
represent MBOA-selected (M, MBOA) bacteria. For insect mortality: Nematode identity is
labelled in italic for Dianem® nematodes and underlined for Meginem® nematodes. Results of
Spearman Correlation tests are depicted on the right side. Glsp data consist out of four to six
independent replicates (n=4-6), insect mortality data was repeated three independent times

(n=3).
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Abstract

Maize plants synthesize a variety of secondary metabolites which play important roles in a
plant’s life cycle, including plant-insect interactions. A particular secondary type of metabolites
of maize are benzoxazinoids that act as allelochemicals and natural insecticides. However, the
maize specialist Diabrotica virgifera virgifera is able to sequester benzoxazinoids and to use
these plant toxins to defend themselves against entomopathogenic nematodes and their
bacterial symbionts. This may limit their biocontrol potential. By engineering bacterial
symbionts for increased resistance to the benzoxazinoid 6-methoxy-2-benzoxazolinone
(MBOA), we designed new pairs of symbiont bacteria and nematodes which are able to kill
benzoxazinoid-sequestering D. v. virgifera larvae efficiently under lab conditions. Tested in two
field trials, these pairs similarly controlled the pest as did commercial nematode strains. This
suggests that the selection processes did not lead to any major trade off, but also that other
pathogenicity factors (rather than benzoxazinoid resistance) may be more relevant for
successful biocontrol under field conditions. Our results suggest that modification of bacterial
symbionts and targeting candidate genes to engineer better biocontrol agents provides a
successful and time-efficient strategy to improve the pathogenicity of entomopathogenic

nematodes against other agricultural pests.

KEY WORDS Biological control, field trial, entomopathogenic nematode, bacterial symbiont exchange, 6-methoxy-

2-benzoxazolinone (MBOA) resistance, biological control agents
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Introduction
The western corn rootworm Diabrotica virgifera ssp. virgifera LeConte (Coleoptera:

Chrysomelidae) is a widespread and serious pest of maize, Zea mays (L.). Annual costs of
damage due to yield loss and management practices are estimated to exceed $2 billion in the
United States of America (Wechsler and Smith 2018). If no control measures were
implemented, yield losses are estimated to be around 472 million euros in Europe (Wesseler
and Fall 2010). D. v. virgifera is hypothesized to originate from Mexico, where several
pestiferous Diabrotica species occur (Krysan and Smith 1987). With the expansion of maize
cultivation in the twentieth century, it quickly spread throughout the maize growing regions of
the United States and Canada (Krysan and Smith 1987, Gray et al. 2009). Since its first
introduction into Serbia in 1992, it has spread across the European continent, resulting in well-
established populations in approximately nineteen European countries (Kiss et al. 2005, Gray
et al. 2009, Meinke et al. 2009, EC 2012) (http://extension.entm.purdue.edu/wcr/). It is very
likely that in the future, D. v. virgifera will be present in all maize cultivars all over Eurasia
(Kuhlmann and van der Burgt 1998, Aragén et al. 2010, Ciosi et al. 2011).

The majority of yield loss attributed to this univoltine pest species is caused by larvae feeding
on the roots of maize, which may ultimately result in plant lodging (Krysan and Miller 1986).
Adults emerge between mid-June and early August and can occasionally reduce yields through
intensive silk feeding (Chiang 1973). To control this pest, the following strategies are common
practice today: (1) crop rotation, (2) entomopathogenic nematodes, (3) transgenic maize and
(4) synthetic insecticides (Levine and Oloumi-Sadeghi 1991, Van Rozen and Ester 2010).
However, in some regions of Europe, management options are limited as the use of transgenic
maize producing Bt (Bacillus thuringiensis) targeting rootworms is restricted and limitations
have been placed on the use of insecticides. Several studies showed that the residuals of
certain insecticides are found in water, soil, sowing dust, pollen and nectar and can have
negative effects on non-targets including beneficial insects such as honeybees (Heimbach et al.
2008, Pistorious and Bischoff 2008). The use of chemical pesticides in maize cultivation can
interfere with effective integrated pest management and biological control programmes that
have been implemented for other European maize pests (Babendreier et al. 2006, Lamichhane
2020). Thus, more sustainable biological control options against D. v. virgifera are vitally

important (Kuhlmann and van der Burgt 1998, Babendreier et al. 2006).
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Among biological control approaches, the use of entomopathogenic nematodes (EPNs) has
been quite successful in sustainable agriculture (Toepfer et al. 2010a). EPNs have a relatively
wide host range including larvae of D. v. virgifera (Jackson 1996; Toepfer et al. 2005; Grewal,
Ehlers, and Shapiro-llan 2005) and infective juveniles (lJs) actively search for a host. EPNs can
be mass produced, both in vivo and in vitro. EPNs have the potential for application in
integrated pest management programs and are safe to humans and the environment (Ehlers
2003). Heterorhabditis bacteriophora Poinar (Nematoda: Rhabditida) is one of the most
common biological control agents against D. v. virgifera in Europe (Toepfer et al. 2005). lJs
attack all three larval stages of D. v. virgifera as well as to some extent the pupal stage (Jackson
1996, Kurtz et al. 2009).

The life cycle of EPNs is characterized by an egg stage, four juvenile stages, and an adult stage.
They live in close symbiosis with Photorhabdus bacteria and form a mutualistic relationship
specialised in infecting soil-dwelling insects. The free-living larval stage of Heterorhabditis
nematodes, the lJs, can live up to several weeks in the soil, seeking for a suitable host by sensing
cues emitted by conspecific nematodes or by insects such as sex pheromones, respiratory CO;
or by perceiving herbivore-induce volatiles produced by damaged plants (van Tol et al. 2001,
Rasmann et al. 2005, Dillman et al. 2012, Rivera et al. 2017, Machado and Von Reuss 2022). lJs
of the genus of Heterorhabditis harbour Photorhabdus bacteria in their intestinal lumens (Ciche
2007). After entering the insect’s body, the nematodes release the bacteria into the insect
hemocoel. Photorhabdus bacteria grow exponentially in the insect reaching cell densities of up
to 10° cfu/insect within 48 hours. Photorhabdus secrets toxins and other molecules that
damage host tissues and reduce the effectiveness of the normally highly potent insect innate
immune system (Watson et al. 2005, Goodrich-Blair and Clarke 2007). The death of the insect
usually coincides with the entry of the bacteria into the post-exponential growth phase and at
this stage, all of the internal organs and tissues of the insect are converted into bacteria-
associated biomass (Bowen et al. 2000). The nematodes then feed on bacteria-digested insect
tissues and reproduce for several generations. Upon nutrient depletion, Photorhabdus bacteria
re-associate with the nematode hosts and the new-born lJs emerge from the insect cadaver
and seek for new hosts.

D. v. virgifera is very resistant to EPNs due to its capacity to exploit the defensive mechanisms
of maize for its own benefit (Robert et al. 2017). On one hand, D. v. virgifera larvae release 6-

methoxy-2-benzoxazolinone N-glucoside (MBOA-Glc), which acts repellent against nematodes.
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On the other hand, D. v. virgifera larvae accumulate 2-hydroxy- 4,7-dimethoxy-1,4-benzoxazin-
3-one O-glucoside (HDMBOA-GIc) and release a breakdown product, 6-methoxy-2-
benzoxazolinone (MBOA), upon nematode attack. Both HDMBOA-GIc and MBOA reduce the
survival of the nematode and its Photorhabdus bacterial symbionts (Robert et al. 2017, Zhang
et al. 2019, Machado et al. 2020). D. v. virgifera larvae that accumulate benzoxazinoids can
reduce the infectiveness of H. bacteriophora by more than 50 % compared to benzoxazinoid-
deficient D. v. virgifera larvae (Robert et al. 2017). Herbivore natural enemies that are exposed
to a plant defence sequestering herbivore can evolve both behavioural and metabolic
resistance to plant defence metabolites, and these traits are associated with higher infectivity
toward a defence sequestering herbivore. The exposure of a benzoxazinoid-susceptible
nematode strain to D. v. virgifera for 5 generations results in higher behavioural and metabolic
resistance and benzoxazinoid-dependent infectivity towards D. v. virgifera (Zhang et al. 2019).
Similarly, selecting Photorhabdus symbionts of EPNs for MBOA resistance translate into better
infection potential of its nematode host against D. v. virgifera that sequesters these toxins for
self-protection (Machado et al. 2020). This work highlighted the potential of engineering
desired traits into bacterial symbionts to enhance the performance of their host. To continue
this work, we conducted these experiments in a same manner as Machado et al. (2020) but
increased the number of Photorhabdus species and strains used. We proved again that MBOA
resistance can be increased by experimental evolution in Photorhabdus symbionts with most
of the strains exhibiting an increase of MBOA resistance of more than 35 % compared to their
unselected ancestors. The majority of these selected strains were then successfully
reintroduced into two commercially used strains of Heterorhabditis nematodes (Dianem® TM,
Meginem® Pro TM) and 4 nematode-bacteria pairs have shown promising virulence against D.
v. virgifera larvae with mortality of D. v. virgifera larvae ranging from 45 to 60 % under lab
conditions (mortality of D. v. virgifera larvae after 5 days incubation of 25 lJs and 5 D. v. virgifera
larvae). As a next and more realistic step, the four H. bacteriophora strains with selected and
exchanged symbiotic Photorhabdus bacteria are tested for their control effects on D. v.
virgifera larvae compared to two commercial H. bacteriophora nematode products (Dianem®
TM, Meginem® Pro TM) and a standard soil insecticide under field conditions in Hungary. We
assessed pest suppression (adult emergence counts), nematode persistence by baited soil
samples and differences in plant parameters such as height, leaf numbers and root damage

among the different control treatments. This first field trail with engineered bacterial
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symbionts of nematodes will support the development of a biological control product for use

against D. v. virgifera larvae in the future.
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Materials and Methods

Biocontrol potential of selected bacteria- nematodes combinations under field conditions
To test whether EPN carrying benzoxazinoid-resistant bacterial symbionts can improve their

efficacy in controlling D. v. virgifera in the field, we first generated MBOA-resistant
Photorhabdus bacteria through experimental evolution (Refer to Chapter 1). MBOA resistance
increased for most of the selected strains by more than 40 %. Both selected and unselected
bacterial strains were then introduced into two commercially used Heterorhabditis
bacteriophora stains (Meginem®-Pro, Andermatt Biocontrol Switzerland, and Dianem® e-nema
GmbH, Germany) (Table 1). This procedure was carried out following the methods described
in Chapter 1 (Section “Measure the performance of the selected bacteria in the context of
nematode symbiosis”, page 42). After testing the pathogenicity of twenty-one newly-
generated nematode—symbiont pairs against D. v. virgifera larvae under laboratory conditions,
we identified four pairs that were able to kill benzoxazinoid-sequestering D. v. virgifera larvae

more efficiently. Then, we tested their efficacy under field conditions as described below.

Field sites
The efficacy of novel bacteria-EPN pairs against D. v. virgifera larvae was evaluated using

artificially infested maize plants in a field experiment. The study was carried out on two fields
in the CABI location in Hédmez&vasarhely in southern Hungary (46°26'00.9"N 20°20'06.1"E).
Fields had been ploughed, tilled and harrowed in early April prior to maize sowing. Maize seeds
of the hybrid GK Szegedi 386 (middle late silage/grain maize, UFA Semences, Budapest,
Hungary) were treated with a fungicide (XL TM 035 FS, Syngenta, Hungary) according to the
manufacturer's protocol and sown on the 13 of April. Individual maize seeds were sown 190
mm apart from each other in rows separated by 750 mm. Both fields were treated once with
0.16 | herbicide (75 % lzoxaflutol, Merlin TM SC, Bayer Crop Science) per hectare at the 2-5
maize leaf stage. Mechanical weeding was carried out in June 2022. The mean, maximum and
minimum average daily temperatures were 10.8, 17.5 and 4.6 °C in April 18.7, 25.7,11.9 °Cin
May, 23.9, 31.6, 16.2 °C in June, and 25.1, 33, 17.8 °C in July 2022, respectively (Davis
Instruments Corp., Hayward, CA, USA). Rainfall was 32 mm in April, 28 mm in May, 19 mm in
June and 13 mm July, being a much drier June and July than average.

Fields had no topographic relieve drift and therefore considered homogenous. To determine
soil moisture and soil bulk density, six soil cores per field were taken randomly at the beginning
and in the middle of the experiment as described by Toepfer et al. (2010b). The soil analysis
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revealed a 1.10 and 1.09 g/cm?3 soil bulk density and 19.9 and 19.3 % soil moisture (W% = grav.
%) for field 1 and field 2 three weeks after sowing (6™ of May). Soil moisture (W% = grav. %)
decreased in the middle of the experiment (10 weeks after sowing, 22" of June) with 11.3 %
for field 1 and 11.4 % for field 2 with a soil bulk density of 0.95 and 1.16 g/cm?3, respectively.

Diabrotica v. virgifera infestation
To simulate well-established and homogenously distributed pest populations, we artificially

infested plants with D. v. virgifera eggs. Artificial infestations can lead to similar larval
development and adult emergence as natural populations (Fisher 1984). D. v. virgifera eggs
were obtained from a laboratory culture established from field-collected beetles in 2021 in
southern Hungary (for rearing procedures, refer to Singh and Moore 1985). Diabrotica v.
virgifera eggs were overwintered at 6—8 °C in moist sand. Diapause was broken in mid-April
2022 by transferring the eggs to 20 °C. For egg recovery, the sand was sieved through a 250-
pm mesh, and recovered eggs were mixed into a solution of 0.15 % aqueous agar. Maize plants
of both fields were then infested with around 300 viable and ready-to-hatch eggs per plant
when the plants were at the first to third leaf stage in the first week of May. The eggs were
applied with a standard pipette (5ml, Eppendorf AG, Hamburg, Germany) in half-portions (in
about 1 to 2 ml water—agar each) into two 100-140 mm-deep holes at a distance of 50-80 mm
from both sides of the maize plants. In addition, a batch of the eggs was incubated at 25° Cin
the laboratory to monitor time of first hatch as well as hatching rate of the larvae. In the
laboratory, D. v. virgifera larvae started to hatch around 1 week after egg application date and
hatching lasted until mid of May. An average hatching rate of 88 + 10.2 % (n=6) was
determined, thus the eggs were of good quality. In the field, larvae are expected to emerge
between the middle and end of May and second-instar larvae are expected early June (Toepfer
and Kuhlmann 2006).

Treatments
Nine different treatments were applied in the first week of May including four novel nematode-

symbiont pairs, 2 original commercial nematodes, a standard insecticide as positive control,
and no treatment with and without D. v. virgifera as negative controls (Table 1). Per field, 4
sets of 8 plants (plots) were established for each of the nine treatments, including 4 buffer
plants between the individual plots. An untreated buffer row of maize was established

between each treatment row (see Fig. 1).
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Table 1: Description of the different treatments evaluated in this study.

Treatment Bacteria Bacteria =l Nematode . . Plants / .
. . of . Nematode-symbiont pair Dose Plots Fields
code Strain Species . strain plot (set)
symbiont
Hb_Meg P. laumondii. . H. bacteriophoratrain Meg -
! (commercial) A59 laumondii no Meginem with Photorhabdus\-59 25000 s 6™ (@) 4 2
Hb_Dia P. laumondii. - H. bacteriophoratrain Dia .
2 (commercial) DIA-62 laumondii no Dianem with Photorhabdu®IA-62 25000 s 6™ (&) 4 2
- ) H. bacteriophoratrain Meg .
3| Hb_C_Meg S10-54 P. kleinii Control Meginem with PhotorhabduS10-54 25000 Js 6 ** (8) 4 2
. - ) H. bacteriophoratrain Dia -
4 Hb_C_Dia S10-54 P. kleinii Control Dianem with PhotorhabdusS10-54 25000 Js 6 ** (6) 4 2
P. laumondii. ) H. bacteriophoratrain Meg .
5| Hb_M_Meg S12-55 laumondii MBOA Meginem with PhotorhabduS12-55 25000 1Js 6 ** (8) 4 2
) P. laumondii. ) H. bacteriophoratrain Dia -
6 | Hb_M_Dia S12-55 laumondii MBOA Dianem with PhotorhabduS12-55 25000 1Js 6 ** (8) 4 2
7 ct Untreated (?or?trolwnh ) 6% (8) 4 2
D. v. virgifera
8 c- Untreated co.ntrlolwnhout ) 6% (8) 4 2
D. v. virgifera
) Tefluthrin (granule Force 1.5C . .
9 Tefluthrin 15 g a.i/ kg) (Pyrethroid) 1.3mgai. 6* (8) 4 2

** 10 plant planted, 8 treated and infested, 6 middle ones assessed, except for treatment Hb_C_Dia where only 6 plants were treated

Figure 1: Experimental set-up of the two fields to assess thecbitrol potential of newly generated symbiont-nematode
pairs against the larvae dDiabrotica virgifera virgifera Per field, 4 sets of 8 plants (plots) were established per eatfeo
nine treatments, including 4 buffer plants between the indiatiplots. An untreated buffer row of maize was established
between the treatment rows. Numbers 1 to 6 represent different nematodatirents. For more treatment details, see Table
1.
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