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Summary

Plant-parasitic nematodes cause enormous yield losses and economic damage to a wide
range of economically important crops. Although synthetic chemicals can be effective in
controlling plant-parasitic nematodes, their use raises significant environmental and health
concerns. In this context, bio-based control strategies, particularly those utilizing microbes

and microbial compounds, have emerged as promising alternatives.

Our studies aim to explore the efficacy and mechanism of action of Bacillus firmus 1-1582
and the bacterial secondary metabolites prodiginines and rhamnolipids as microbial control
agents against the beet cyst nematode Heterodera schachtii using a multidisciplinary

approach involving microbiology, molecular biology and bioinformatics.

Chapters 2 and 3 present a comprehensive investigation of the potential of B. firmus 1-1582
for biological control of H. schachtii. We have shown that B. firmus 1-1582 can be attracted
to Arabidopsis thaliana root exudates and that its colonization and development at the root
of the host is pH-dependent. We also show that living bacterial cells clearly protect A.
thaliana from infestation by H. schachtii. In contrast, dead bacterial cells or culture
supernatant show no such effect. Interestingly, the living cells of B. firmus 1-1582 also inhibit
the infection, development and reproduction of the next generation juveniles. Since
bacterial colonization of the host roots is not pronounced, no bacterial biofilm is present to
prevent invasion of the invading J2 infective juveniles. We hypothesize that the 2nd
generation J2 are less fit and that active molecules secreted by B. firmus |-1582 may have an
inhibitory effect on the nematodes. In another experiment, direct contact of the cell-free
supernatant with H. schachtii juveniles was shown to have a significant nematicidal effect
when formed at higher temperatures. This lethal effect can be attributed to small molecules
produced by B. firmus 1-1582 under these conditions. Their molecular weight is below ~3
kDa and they are both protease-sensitive and protease-resistant. Using genome mining
tools, a biosynthetic gene cluster was identified in the genome of B. firmus 1-1582 encoding
three putative lanthipeptides that are potential compounds active against nematodes. Gene
expression analysis confirms the upregulation of all three putative lanthipeptide genes in B.

firmus 1-1582 and thus their presence in the culture supernatant.



In Chapter 4, the use of prodiginines alone and together with rhamnolipids as active
substances against nematodes is investigated. We observed that prodiginines remarkably
inhibited parasitism of H. schachtii on its host plant by reducing the motility of J2 and the
activity of the mouth stylet as an indicator of J2 infection activity. In addition, we
investigated the synergistic effect of prodiginines and rhamnolipids for the first time and
found that the application of both substances is more effective against the nematodes than

the application of either substance alone.

We are convinced that this research can improve the fundamental understanding and
practical implementation of microbial-based control strategies and drive the development

of innovative and sustainable solutions for integrated nematode management.



Zusammenfassung

Pflanzenparasitaire Nematoden verursachen enorme ErtragseinbuRen und wirtschaftliche
Schaden bei einer Vielzahl von wirtschaftlich wichtigen Nutzpflanzen. Obwohl synthetische
Chemikalien bei der Bekdampfung von pflanzenparasitaren Nematoden durchaus wirksam
sein kdnnen, wirft ihr Einsatz erhebliche Umwelt- und Gesundheitsbedenken auf. In diesem
Zusammenhang haben sich biobasierte Bekampfungsstrategien, insbesondere solche, die
Mikroben und mikrobielle Verbindungen nutzen, als vielversprechende Alternativen

erwiesen.

Unsere Studien zielen darauf ab, mit Hilfe eines multidisziplindren Ansatzes, der
Mikrobiologie, Molekularbiologie und Bioinformatik umfasst, die Wirksamkeit und den
Wirkmechanismus von Bacillus firmus 1-1582 sowie die bakteriellen Sekundarmetabolite
Prodiginine und Rhamnolipide als mikrobielle Bekdampfungsmittel gegen den

Ribenzystennematoden Heterodera schachtii zu erforschen.

In Kapitel 2 und 3 wird eine umfassende Untersuchung des Potenzials von B. firmus 1-1582
zur biologischen Bekampfung von H. schachtii vorgestellt. Wir konnten zeigen, dass B. firmus
I-1582 von Arabidopsis thaliana-Wurzelexsudaten angezogen werden kann und dass seine
Besiedlung und Entwicklung an der Wurzel des Wirts pH-abhangig sind. Wir zeigen auch,
dass lebende Bakterienzellen A. thaliana deutlich vor dem Befall mit H. schachtii schiitzen.
Im Gegensatz dazu zeigen tote Bakterienzellen oder Kulturiiberstand keine solche Wirkung.
Interessanterweise hemmen die lebenden Zellen von B. firmus 1-1582 auch die Infektion,
Entwicklung und Vermehrung der Jungtiere der nachsten Generation. Da die bakterielle
Besiedlung der Wirtswurzeln nicht ausgepradgt ist, ist auch kein bakterieller Biofilm
vorhanden, der die Invasion der Invasion der J2 Infektionslarven verhindern kénnte. Wir
vermuten, dass die J2 der 2. Generation weniger fit sind und dass aktive Molekiile, die von B.
firmus 1-1582 abgesondert werden, moglicherweise eine hemmende Wirkung auf die
Nematoden haben. In einem weiteren Versuch wurde gezeigt, dass der direkte Kontakt des
zellfreien Uberstands mit H. schachtii-Larven eine signifikant nematizide Wirkung hat, wenn
dieser bei héheren Temperaturen gebildet wurde. Diese todliche Wirkung kann auf kleine

Molekile zurlickgefiihrt werden, die von B. firmus 1-1582 unter diesen Bedingungen



produziert werden. lhr Molekulargewicht liegt unter ~3 kDa und sie sind sowohl
proteaseempfindlich, als auch proteaseresistent. Mit Hilfe von Genom-Mining-Tools wurde
im Genom von B. firmus 1-1582 ein biosynthetisches Gencluster identifiziert, das fir drei
mutmaliliche Lanthipeptide kodiert, die als gegen Nematoden wirksame Verbindungen in
Frage kommen. Die Genexpressionsanalyse bestatigt die Hochregulierung aller drei
mutmaRlichen Lanthipeptid-Gene in B. firmus 1-1582 und damit ihr Vorhandensein im

Kulturtiberstand.

In Kapitel 4 werden Untersuchungen der Anwendung von Prodigininen allein sowie

zusammen mit Rhamnolipiden als Wirkstoffe gegen Nematode

n vorgenommen. Wir konnten beobachten, dass Prodiginine den Parasitismus von H.
schachtii an seiner Wirtspflanze durch die Verringerung der Motilitat der J2 Larven und der
Aktivitat des Mundstachel als Indikator fur die Infektionsaktivitdt der J2 bemerkenswert
hemmen. Darliber hinaus untersuchten wir zum ersten Mal die synergistische Wirkung von
Prodigininen und Rhamnolipiden und stellen fest, dass die Anwendung beider Substanzen

wirksamer gegen die Nematoden ist, als die Anwendung der jeweils einzelnen Substanz.

Wir sind davon Uberzeugt, dass dieses Untersuchungen das grundlegende Verstdandnis und
die praktische Umsetzung von Bekdampfungsstrategien auf mikrobieller Basis verbessern und
die Entwicklung innovativer und nachhaltiger Losungen fir ein integriertes

Nematodenmanagement vorantreiben kann.
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Chapter 1

Introduction

Nematodes in general

Morphology and anatomy

Nematodes, commonly known as roundworms, belong to the kingdom Animalia and the
phylum Nematoda. They are multicellular invertebrates with thread-like, non-segmented,
and bilaterally symmetrical bodies. To date, approximately 30,000 nematode species have
been identified, but the existence of more than a million species has been estimated (Hugot
et al., 2001; Kiontke and Fitch, 2013). The majority of nematodes are microscopically small,
for examples, the females of Aphelenchoides bicaudatus can only reach up to 0.47 mm long.
However, the animal parasite Placentonema gigantissima, has been recorded as over 8

meters in the placenta of the sperm whale (Gubanov, 1951; Gibbons, 2002).

The most best-known and most-studied nematode is Caenorhabditis elegans. It is a tiny (~1
mm) nematode that is commonly free-living in soil, and feeds on microbes, primarily
bacteria. Since C. elegans is the first multicellular organism to have its whole genome
sequenced, it is frequently used as a research model in molecular genetics, cell biology, and
neuroscience (C. elegans Sequencing Consortium, 1998). Figure 1 represents a lateral
anatomical diagram of an adult C. elegans. Similar to other nematodes, C. elegans consists
of an outer tube and an inner tube separated by a pseudocoelom. The outer tube, also
known as body wall, includes cuticle, hypodermis, excretory system, neurons, and muscles.
The inner tube comprises pharynx, intestine, and, in adults, gonad. All these organs and
tissues are under an internal hydrostatic pressure, regulated by an osmoregulatory system
(Riddle et al., 1997). C. elegans has two sexes, XX hermaphrodite and XO male. Most C.
elegans are hermaphrodites, which are structurally females and reproduce by self-
fertilization, while approximately 0.1 % are males, resulting from a spontaneous loss of an X

chromosome (Meyer, 1997).
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Fig. 1: Body plan of Caenorhabditis elegans (https://bio.libretexts.org/@go/page/5960).

Habitat and diversity

Nematodes are adaptive to almost every ecological niche on earth, ranging from terrestrial
to marine environments. Although their locomotion is dependent on moisture, many of
them are able to withstand adverse environmental conditions, such as cryobiosis,
thermobiosis, anoxybiosis, osmobiosis, and anhydrobiosis (Decreamer and Hunt, 2006).

Ecologically, nematodes are categorized into two main groups: free-living and parasitic.

Free-living nematodes are found in marine and freshwater, as well as in soils and sediments
of various types of terrestrial biomes. Although most of them feed on a diverse range of
food, including bacteria, fungi, algae, protozoa, small invertebrates, and even other
nematodes, they all have a similar life cycle (Lee, 2002; Igbal and Jones, 2017). These soil
species make a great contribution to maintain the bio-dynamic system. For example, they
improve the recycling of nutrients and minerals by releasing nitrogen and vitamins as they
feed on microbes (Yadav et al., 2018). In addition, free-living nematodes can act as biological
indicators of soil health and environmental pollution, as their presence in soil reflect
changes in the soil microbial community, as well as the physical and chemical property of the

ecological habitat (Lu et al., 2020).

Parasitic nematodes are capable of infecting various types of organisms, including plants,
animals, and insects. Their survival requires frequent synchronization with the host in order
to optimize the chances of successful invasion (Perry and Clarke, 1981). The synchrony is

normally centered on the host-derived hatching stimuli. In some animal- and insect parasitic
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nematodes, eggs are ingested by the host and the host intestine provides optimum
condition for hatching. In some species of plant-parasitic nematodes (PPN), the hatching
stimulus comes from the host roots (Perry, 2002). The life cycle of parasitic nematodes is
usually longer than free-living nematodes. It is comprised of two phases, the pre-parasitic
and parasitic. The pre-parasitic phase, which may correspond to the infective stage, emerges
as a free-living form for host seeking. After locating and invading the definitive host, the

parasitic phase starts (Perry and Moens, 2011).
Plant-parasitic nematodes

Economic importance in agriculture

Although only 15% of the total numbers of nematode species described are plant-parasitic
nematodes, they cause tremendous vyield losses and economic damage from fields to
markets all around the world (Decreamer and Hunt, 2006). They can injure plants not only
by direct feeding from and migration within plant tissues, but also by facilitating subsequent
infestation by other secondary pathogens, such as fungi, bacteria and viruses (Powell, 1971).
The global crop losses due to PPN have been estimated to USS80 billion per year (Nicol et
al.,, 2011). However, in reality, damaged caused by PPN is likely to be underestimated by
many growers due to their microscopic size, subterranean existence, and non-specific
symptoms (Jones et al., 2013). General symptoms of nematode infection in crops include
suppression of nutrition uptake, retardation of root growth and biomass accumulation, and
decline of agricultural yield and productivity, which are often confused with abiotic (i.e.
drought stress and nutrient deficiency) symptoms. Root-knot nematodes (Meloidogyne
spp.), cyst nematodes (Heterodera and Globodera spp.), and root lesion nematodes
(Pratylenchus spp.) rank among the top three most economically and scientifically important
PPN due to the intricate relationship with their hosts, and the extent of damage caused by
infection (Jones et al., 2013). Table 1 reports a comprehensive estimation of crop damages
by PPN on a worldwide basis (Sasser and Freckman, 1987; Abd-Elgawad and Askary, 2015). It
is estimated that 40 representative live-sustaining and economically important crops have

average annual yield losses of 12.6% and 14.5%, respectively. On a monetary basis, the
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worldwide crop losses are estimated to be USS$215.77 million and USS142.47 million,

respectively.

Tab. 1: Summary of estimated annual yield losses in life-sustaining crops and economically important
crops due to damage by plant-parasitic nematodes (Sasser and Freckman, 1987; Abd-Elgawad and

Askary, 2015).

Life-sustaining ~ Annual loss Annual loss Economically Annual loss Annual loss
crops (%) (US$ million) | important crops (%) (US$ million)
Banana 21.3 25,375.07 Aubergine 18.1 30,437.41
Barley 6.1 1,694.86 Cacao 105 1,161.41
Cassava 10.0 5,408.33 Citrus 14.2 564.57

Chickpea 13.7 1,247.92 Coffee 15.0 5,015.64
Coconut 20.7 24,452.76 Cotton 111 8,142.33
Field bean 125 360.00 Cowpea 15.1 7,469.97
Groundnut 14.2 17,443.89 Cucumber 185 69,383.17
Maize 79 17,013.80 Forages 9.1 -
Millet 12.0 2,405.46 Grape 14.8 5,940.79
Oat 135 848.69 Guava 11.9 -
Pigeonpea 13.2 155.58 Melons 15.7 1,443.36
Potato 151 12,914.21 Okra 21.3 11,989.08

Rice 12.8 49,697.05 Ornamentals 111 -

Rye 35 135.48 Papaya 151 574.07
Sorghum 7.8 1,213.06 Pepper 125 352.00
Soybean 131 17,412.69 Pineapple 14.9 3,874.82
Sugarbeet 11.8 2,273.62 Tea 8.2 3,417.38

Sugarcane 24.9 19,782.31 Tobacco 11.8 2,683.58
Sweet potato 10.2 968.38 Tomato 224 96,887.44
Wheat 7.0 14,966.76 Yams 17.7 7,227.04
Aver(z:/i;c)a loss 126 Aver(z:/g()a loss 145
(UTS(S)Bt?jniII(I)i?)Sn) 215,769.92 (Ug?nillcl)issn) HAZATSED

Feeding habit of plant-parasitic nematodes

PPN exhibit a wide variety of interactions with their hosts, and feed on almost all plant
tissues, including roots, stems, leaves, buds and seeds (Perry and Moens, 2011). They have
hollow, protrusible oral spears or stylets to pierce cell walls and withdraw nutrients from
host plants. Researchers have to date mainly focused on root-infecting nematodes due to

their economic and social impacts. Based on their feeding habit, PPN are classified into three
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groups: ectoparasites, endoparasites, and semi-endoparasites. Ectoparasitic nematodes stay
outside of the host and feed on root epidermis as an intermittent food sources.
Endoparasitic nematodes entirely penetrate host roots, migrate through root tissues, induce
a complex feeding structure within their host, and thereby establish a long-lasting food
source. Semi-endoparasitic nematodes, unlike endoparasitic nematodes, do not entirely
enter root tissues. In fact, their anterior parts stay permanently in the cortex and the

posterior section extents freely into the soil.

Cyst nematodes and their life cycle

As obligate biotrophs, cyst nematodes cause considerable yield losses to a wide range of
essential crops. They penetrate the host roots, migrate towards the vascular cylinder, and
induce the formation of metabolic sinks from which nutrients are withdrawn. Additionally,
they manipulate host plant’s cellular processes to facilitate their parasitic mechanisms by
producing effectors in the esophageal gland and delivering these effector proteins into host
cells through their hollow stylet (Mejias et al., 2019). Eight genera, Heterodera (82 species),
Globodera (12 species), Cactodera (13 species), Dolichodera (1 species), Paradolichodera (1
species), Betulodera (1 species), Punctodera (4 species) and Vittatidera (1 species) are
currently identified within this nematode group (Subbotin et al.,, 2010). In Europe, the
genera Heterodera and Globodera have been identified as the most damaging PPN to plants.
Cysts are tanned cuticles of the dead female body, protecting the eggs inside from
unfavorable conditions, and are able to remain viable in the soil for up to 20 years
(Sukhanova et al., 2022). Cyst of both genera can be seen with the naked eye and
distinguished by their shape: Heterodera produces lemon-shaped cysts, while Globodera
produces spherical cysts. Among these, Globodera rostochiensis and G. pallida have a limited
host range and show a high dependence on host root exudates for hatching, whereas
Heterodera schachtii has a very wide host range and hatches under a large number of stimuli

(Jones et al., 1998; Lilley et al., 2005).

Nematodes require successful host interactions throughout their life cycle to survive. The life
cycle of cyst nematodes is illustrated in Figure 2. In the presence of host plants, the second-
stage juveniles (J2) start to hatch from eggs, and direct themselves towards well-growing

roots, which in most cases are lateral roots (Wyss and Zunke, 1986). Upon finding suitable
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host roots, the juveniles pierce epidermal cells with their robust stylet at adjacent sites until
starting a slit for invasion. Along with aggressive movement of stylet and secretion of cell
wall degrading proteins and enzymes, the juveniles initiate the fusion of neighboring cells,
and migrate towards the vascular cylinder. After reaching the vascular cylinder, stylet
thrusting of juveniles becomes gentle. They probe cells one by one until a suitable cell is
selected, which forms the initial syncytial cell (ISC) (Jones and Northcote, 1972; Grundler et
al., 1991; Wyss and Grundler, 1992). Once ISC is established, a syncytium is formed within
the vascular cylinder, and serves as the only nutrient source throughout the development of
cyst nematodes (Grundler et al., 1998). Juveniles remain sedentary, commence feeding, and
undergo three molting to reach adulthood, where they develop into either lemon-shaped
female or vermiform male (Golinowski et al., 1996). In contrast with male, female consumes
29 times more food in its life (Mdller et al., 1981). As a result, the syncytium associated with
female is metabolically hyperactive and stays active for longer periods than male. With
continuous feeding, the swollen female ruptures roots, and embeds the anterior part inside
host roots (Williamson and Gleason, 2003). The adult male hatches from the juvenile cuticle
and migrates to females for mating. After fertilizing, the female dies and turns into a brown
cyst harboring hundreds of eggs. Eggs of cyst nematodes remain dormant if they do not
receive any proper stimulus to hatch. Once stimuli diffused from host plants, infective

juveniles within the eggs will start to hatch (Tefft and Bone, 1985; Seinhorst, 1986).
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Fig. 2: Life cycle of cyst nematodes (Siddique and Grundler, 2018). Infective juvenile emerges from
the cyst stimulated by root exudate; Juvenile migrates towards the vascular cylinder, initiates feeding
site, and establishes multinucleate syncytium; Sex differentiation is determined by environmental
condition and nutrition availability; Mature male leaves its shell and seeks female for mating;

Fertilized female produces 200-300 eggs and becomes dead cyst.
Control strategies of plant-parasitic nematodes

Nematode diagnosis

A reliable and rapid nematode diagnosis is the keystone for the implementation of a
successful nematode control (Shao et al.,, 2023). An accurate identification helps in
understanding nematode diversity and designing efficient management strategies. In
addition, due to the fact that symptoms on the ground usually do not appear until the

infection reaches a high level, an early detection of these destructive pests is indispensable.

The traditional identification of PPN is based on morphological and anatomical
characterizations, such as length of stylet and body, shape of head and stylet knob, presence
and shape of spermathecal, shape of female tail terminus, shape and length gubernaculum.
However, differences in some of these morphological features are subtle, subjective, and
have overlapping characters or show intraspecific variation, which may lead to erroneous

species identification (Hunt and Handoo, 2009). In addition, morphology-based techniques
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are sophisticated, because the preparation of nematode specimens may result in artificial
modifications. Specifically, specimens after being extracted, killed, fixed, and mounted under
microscopic preparations, often show artifacts that make it difficult to localize external or
internal structures of the diagnostic parameters, or even produce unnatural features
(Carneiro et al., 2017). Furthermore, characterization of morphological evidence requires
specialized and experienced nematode taxonomists, whose numbers have recently been
decreasing due to a lack of interest in classical taxonomy among young researchers (Oliveira

et al.,, 2011).

Since the development of polymerase chain reaction (PCR), DNA-based molecular diagnosis
has been widely used for the detection and identification of PPN. Compared with
morphological analyses, they have the following advantages: 1) they are applicable in high-
throughput systems; 2) homology of genes is simpler to predict and detect than homology of
morphological features; 3) DNA information can be obtained and communicated easily
across laboratories without interpretation (Abebe et al., 2011). Broadly speaking, molecular-
based approaches can be categorized into traditional PCR methods and isothermal
amplification technologies. Traditional PCR methods include DNA barcoding, restriction
fragment length polymorphism (RFLP), random amplified polymorphic DNA (RAPD),
sequence characterized amplified regions (SCAR), and real-time quantitative PCR (RT-qPCR).
However, all of the above methods are either time-consuming or costly, and only applicable
under laboratory condition (Hebert et al., 2003; Chen et al., 2005; ; Berry et al., 2008; Blok
and Powers, 2009; Chen et al., 2011). On the other hand, the advent of isothermal
amplification techniques, including loop-mediated isothermal amplification (LAMP) and
recombinase polymerase amplification (RPA), offers promising alternatives for nematode
characterization. They are rapid, specific, sensitive, and well-suited for in-field use (Badu et
al., 2018; Ahuja and Somvanshi, 2021). For example, the combination of lateral flow dipstick
(LFD) with LAMP and RPA and allows amplification products to be clearly identified in the
field by naked eye (Panno et al., 2020; Yao et al., 2021).

In addition to morphological identification and molecular diagnosis, protein-based
biochemical detection techniques are also utilized to delineate nematode species. Unlike

DNA, who possesses a redundancy of the genetic code, protein provides a reduced
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vocabulary. However, the alphabet used by protein is more complicated, with typically more
than 20 characters compared with the four DNA bases. Moreover, the post-translational
modification of proteins increases the potential for changes in protein structures and
properties (Bogale et al., 2020). Enzyme phenotypes, also known as multi-locus enzyme
electrophoresis, were the first non-morphology-based methods applied in the early 1970s
for the identification of several PPN, such as Meloidogyne, Heterodera, Ditylenchus and
Aphelenchus spp. (Dickson et al., 1970). However, this technique has some limitations
because isozyme extraction is subject to strict conditions in a specific stage of the nematode
life cycle. For example, it is most applicable to root-knot nematodes, especially young
females (Esbenshade and Triantaphyllou, 1985; Esbenshade and Triantaphyllou, 1990).
Matrix-assisted laser desorption/ionization has been widely used in laboratories for the
analysis of complex molecules, where molecules are ionized due to the loss/gain of protons
and the resulting fingerprint signals enter the mass spectrometer for detection (Bizzine et

al., 2010).

Nematode control

The aim of controlling plant-parasitic nematodes is to improve crop growth, quality and yield
by keeping nematode populations below a certain economic threshold. The control
measures should be profitable and cost effective, and the cost-benefit ratio must be
calculated before control measures are taken. Generally, nematode control methods fall into

three categories: cultural control, chemical control and biological control.

Cultural control

Cultural control strategies are agronomic practices employed to minimize problems caused
by nematodes. A grower can achieve this by a single or combination of the following
approaches: 1) selection of healthy seed material; 2) adjusting the time of planting; 3)
fallowing; 4) deep summer ploughing; 5) manuring; 6) flooding; 7) trap cropping; 8)
antagonistic crops; 9) removal and destruction of infected plants; 10) use of resistant
varieties. In particular, the implementation of trap cropping, where susceptible crops are
planted first and then removed, can help reduce nematode inoculum and henceforth

nematode damage to the main crop. For instance, cowpea can be used as a cover crop in
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irrigated tomato production system to suppress populations of M. incognita, and enhance
yields of tomato (Roberts et al., 2005). In addition, planting antagonistic crops along with
main crops creates an environment that is unsuitable for nematode populations. For
example marigold produces the bioactive compound a-therthienyl throughout the plant
from root to shoot, which is capable of repelling root-knot nematodes and lesion nematodes
(Wang et al., 2007). Moreover, genetic engineering has proven a promising tool for the
development of nematode resistance in crop plants. For example, several natural host
resistance genes, such as Hsl””"l, Gpa-2, Hero A, Cre loci, have been cloned from some plant

species and could be used to develop cyst nematode resistance in crops (Ali et al., 2017).
Chemical control

Since the late 19th century, chemical control has proven to be effective against nematode
populations in soil. The use of chemically synthesized nematicides has dramatically
increased the yields of several crops around the world. According to the mode of

application, nematicides are classified as fumigants or non-fumigants.

Fumigant compounds are applied by soil drench or drip irrigation in gaseous form by moving
through the soil pores or dissolving into the water film surrounding the soil particles to reach
the target organisms. The nematicidal efficacy of fumigants is influenced by soil type, soil
temperature, and soil moisture owing to their volatility. In general, they kill nematodes
through multiple modes of action, such as by affecting enzymatic, nervous, and respiratory
systems. Unfortunately, they also pose a potential danger to non-target organisms and
humans (Rich et al., 2004). For example, aldicarb, one of the most toxic pesticides, was
banned by 2015 in all global markets. The pesticide’s metabolite residue (aldicarb sulfoxide)
poisoned thousands of people in the United States that consumed contaminated melons at
a concentration close to detection limit of 0.2 ppm (Goldman et al., 1990). Another example
is methyl bromide, which is the most notable fumigant for controlling soil pests and
pathogens, including plant-parasitic nematodes. It has a broad-spectrum effect and is
particularly considered as a potent ozone-depleting substance. Therefore, it was phased out
by 2005 under the Clean Air Act (United States General Accounting Office, 1995; Giannakou
et al., 2002).
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The withdrawal of broad-spectrum soil fumigants initiated the application of non-fumigants.
In recent years, a small number of novel non-fumigant nematicides, with a relatively high
efficacy to PPN and low toxicity to non-target organisms, have been commercialized or are in
the phase of registration for use. Fluensulfone, fluopyram, and fluazaindolizine are three
promising nematicides for nematode control. Since all three compounds contain
trifluoromethyl (-CF3), they are known as 3F or fluorinated nematicides (Oka, 2020). For
example fluensulfone exhibits effective nematicidal activity against M. incognita and M.
javanica via soil injection or foliage spray, and low toxicity to vertebrates (e.g. rats) and non-
target organisms (e.g. honey bees and earthworms) (Oka et al., 2012; Oka et al., 2013).
However, it has been reported that the recommended doses of fluensulfone tend to cause
phytotoxicity to plants, such as inhibition of seed germination and retardation of root

development (Giannakou and Panopoulou, 2019).
Biological control

As most chemical nematicides are banned due to environmental hazard and human health
concerns, there is an urgent demand to search for safer alternatives. Biological control,
which aims at reducing nematode populations by natural enemies, has gained considerable
attention in recent decades. In nature, nematode densities are stabilized by a constant series
of check and balance that keep their populations between certain upper and lower limits
(Stirling, 2011). Therefore, understanding the habits of diverse soil organism, including
microfauna (e.g. fungi, bacteria, viruses and protozoa), mesofauna (e.g. rotifers, nematodes,
tardigrades, collembolans, mites and enchytraeids) and macrofauna (e.g. earthworms,
termites and millipedes), provides a better insight into the biological interactions occurring
in the soil environment and facilitates a successful implementation of biological control
agents (BCA) in nematode control. Nematophagous fungi, nematophagous bacteria,
predatory nematodes, mites, and viruses are the five main groups used as BCA. Among
these, the biocontrol potential of nematophagous fungi and bacteria against PPN has been

well studied and described.

Generally, nematophagous fungi live in almost all soil types and consume one or more stages
of nematodes (eggs, juveniles, vermiform adults and sedentary females) with various

mechanisms (Jansson and Lopez-Llorca, 2004). According to their modes of infection, they

12



Chapter 1

are classified into four groups: 1) egg- and female-parasitic fungi invading nematode eggs or
female with their hyphal tips, 2) nematode-trapping fungi using adhesive or mechanical
hyphal traps, 3) endoparasitic fungi infecting vermiform nematodes by their spores, 4) toxin-
producing fungi immobilizing nematodes prior to penetration by secreting nematicidal or
nematostatic compounds (Liu et al., 2009). For example, Arthrobotrys oligospora, a
nematode-trapping fungus, is able to initiate predation under a nutrient-deprived condition
by developing hyphal rings or adhesive hyphae. The specialized mycelial structure is able to
capture nematodes, penetrate their cuticle, grow mycelia inside the prey and consume
them. (Niu and Zhang, 2011). Besides its trapping strategy, A. oligospora also secretes
compounds, such as linoleic acid, as a potent nematicidal weapon (Stadler et al., 1993).
Recently, four fungal metabolites, linoleyl alcohol, desferriferrichrome, nonadecanamide,
and citicoline, have been identified as being abundantly produced in Arthrobotrys spp.
during the predatory stage (Kuo et al., 2020). Among them, linoleyl alcohol is the substrate
for the production of linoleic acid. Through oxidation, large amounts of linoleyl alcohol might

produce linoleic acid, which acts as a potential nematicide.

Another effective group of natural enemies of nematodes are nematophagous bacteria.
They affect PPN by the following mechanisms: parasitism; production of toxins, antibiotics,
or enzymes; interference with nematode-host plant recognition; competition for space and
nutrients; induction of systemic resistance in plants; and promotion of plant health (Siddiqui
and Mahmood, 1999). The nematophagous bacteria can be categorized into parasitic
bacteria and non-parasitic bacteria. Parasitic group, such as the genus Pasteuria, eliminates
nematodes through their parasitic behavior, while non-parasitic rhizobacteria, such as
Agrobacterium spp., Alcaligenes spp., Bacillus spp., Clostridium spp., Desulfovibrio spp.,
Pseudomonas spp., Serratia spp., and Streptomyces spp., reduce nematode populations by
colonizing the rhizosphere of the host plant. In soil, endospores of Pasteuria penetrans
remain dormant until they attach to the cuticle of J2 migrating through the soil. Once
contact occurs, germ tubes emerge from the spores, penetrate the cuticle, and then form
microcolonies that proliferate within the developing female. The microcolonies then begin
to sporulate, filling the body of the nematode with spores and preventing it from
reproducing (Sayre and Wergin, 1977). To ensure successful infection of J2, a minimum of

five spores per nematode is required (Davies et al., 1988). Rhizobacteria, on the other hand,
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suppress nematode reproduction, egg hatching and juvenile mobility by secreting secondary
metabolites, interfering with nematode-host plant identification, and inducing systemic
resistance, rather than by parasitizing (Tian et al., 2007). Bacillus spp. and Pseudomonas spp.
are the two dominant nematode-antagonistic rhizobacteria in the rhizosphere. They exhibit
diverse pathogenic mechanisms upon interaction with nematodes, including the genera
Meloidogyne, Heterodera and Rotylenchulus (Kloepper et al., 1992; Jayakumar et al., 2003;
Siddiqui et al.,, 2005). Some of these, known as plant growth-promoting rhizobacteria
(PGPR), have shown beneficial effect on stimulating plant development and yield by
aggressively colonizing the rhizosphere (Kloepper et al., 1980). They provide plants with
compounds synthesized by them, such as phytohormones, or assist in the uptake of certain

nutritious substances from the environment (ldris et al., 2007; Liu et al., 2012).

Crosstalk between plants and their microbiome in the

rhizosphere

Rhizosphere, the narrow region of soil in the vicinity of the roots, is considered as a hotspot
for a variety of microbial activities and is represented by one of the most complex and
dynamic ecosystems (Hiltner, 1904). This high density ecological niche allows plants to
interact with associated microorganisms through chemical signals and metabolites carried
by root exudates, which in turn activates many regulatory mechanisms. The quantity and
quality of root exudates depend on plant species, growth stage, nutrition status, and
external factors like biotic and abiotic stressors. Due to their distinct metabolic profiles, root
exudates are usually divided into two classes: 1) low-molecular weight compounds, such as
monosaccharides, amino acids, and organic acids, which account for the diversity of root
exudates; 2) high-molecular weight compounds such as polysaccharides, proteins, and lipids,
which are less diverse but account for a large proportion of root exudates by mass (Badri

and Vivanco, 2009).

The plant-microbe interactions can be either beneficial or detrimental, depending on the
interaction of colonizing microorganisms on the host plants. Beneficial interactions include
symbiotic and associative interactions with beneficial microbes, such as ecto- and endo-

mycorrhiza, nitrogen-fixing bacteria, and plant growth-promoting rhizobacteria, which help
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plant get access to otherwise unavailable soil nutrients through solubilisation and
mobilisation, enhance tolerance to abiotic stresses, defend against pests and pathogens, and
promote plant growth. Detrimental interactions include associations with parasitic plants,
pathogenic bacteria, fungi, oomycetes, nematodes, and invertebrate herbivores, resulting in

negative consequences such as host plant necrosis and crop yield loss (Jamil et al., 2022).

An increasing amount of evidence suggests that different signalling mechanisms are involved
in plant-microbe interactions. In particular, quorum sensing (QS) is a cell-to-cell
communication process that allows bacteria to regulate gene expression in a population-
dependent manner through constant synthesis, excretion, detection, and response of
extracellular signalling molecules (Rutherford and Bassler, 2012). Common categories of
these signalling molecules include acyl-homoserine lactone in Gram-negative bacteria,
autoinducer peptides in Gram-positive bacteria, and autoinducers 2 in both Gram-negative
and Gram-positive bacteria (Fuqua et al., 2001; Kleerebezem et al., 1997; Chen et al., 2002).
Gram-positive and Gram-negative bacteria use QS communication networks to regulate a
wide range of physiological activities, including symbiosis, virulence, competence,
conjugation, motility, sporulation, antibiotic production, and biofilm formation (Miller and
Bassler, 2001). Another signalling mechanism is through the production of volatile organic
compounds (VOC). Microbial VOC are low-molecular weight lipophilic compounds and
belong to different chemical classes such as alkenes, alcohols, ketones, terpenes,
benzenoids, pyrazines, acids, and esters (Tyc et al., 2015). Due to their ability to travel
through the air, soil, and water, VOC are ideal signalling molecules for mediating both short-
and long-distance intercellular and interkingdom interactions (Bitas et al., 2013). For
example, Bacillus nematocida B16 is able to lure C. elegans by releasing a mixture of VOC.
Once bacteria colonize the intestinal tract of nematodes, they secrete two extracellular
proteases that primarily target intestinal proteins, resulting in nematode death (Niu et al.,

2010).
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A plant-nematode model system for studying biological

control agents

Interaction of Arabidopsis thaliana, Heterodera schachtii, and Bacillus spp.

Arabidopsis thaliana, which is a member of the Brassicaceae family, has become the model
organism in plant genetic research since the 1980s. There are several advantages of using A.
thaliana, including 1) a rapid life cycle from seed germination to maturation; 2) an easy
cultivation under laboratory and greenhouse conditions; 3) a relatively small, genetically
tractable genome; 4) a large number of mutant lines and genomic resources (Gepstein and
Horwitz, 1995). Since A. thaliana can be parasitized by a variety of pathogens including
insects, bacteria, fungi, viruses, and nematodes, it provides an alternative system to
commonly used crop plants for the study of plant physiology and development at the
molecular level (Pang et al., 1987; Meinke et al., 1998). Root exudates comprising amino
acids, organic acids, sugars, phenolics, polysaccharides, and proteins not only provide a
carbon-rich environment for microorganisms, but also act as chemical signals to facilitate
contact between bacteria and the host root surface by initiating chemotaxis (Bais et al.,
2006; Strehmel et al., 2014). L-malic acid secreted by A. thaliana roots has been proven to
be one of the active compounds that attract beneficial bacteria in a dose-dependent manner
(Rudrappa et al., 2008). Interestingly, the composition of A. thaliana root exudate varies over
the course of plant development. In fact, principle component analysis (PCA) shows that the
secretion of sugars and sugar alcohols from A. thaliana roots reaches the greatest
abundance at an early development stage, while the quantity of secreted amino acids and
organic acids accumulates during the same period and rises at later developmental time

points of the plant (Chaparro et al., 2013).

In the present study, we focus on the beet cyst nematodes H. schachtii, which was first
discovered by Hermann Schacht in 1859, and later named and described by Adolf Schmidt in
1871 (Schacht, 1859; Schmidt, 1871). H. schachtii appeared in Western Europe soon after
the introduction of sugar beet (Beta vulgaris) and is considered as a major problem on sugar
beet industry. It is widely distributed in most growing regions with a long history of sugar

beet cultivation. After infestation by H. schachtii, sugar beets show symptoms such as root
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stunting and leaf wilting, which ultimately leads to yield reduction. H. schachtii has an
extensive host range, being capable of infecting more than 200 plant species from 23
different plant families (Steele, 1965). Among these hosts, H. schachtii is mainly parasitic on
members of the families Amaranthaceae and Brassicaceae (Franklin, 1972), which creates
possibilities to use A. thaliana as a model host for the study of plant-nematode interaction.
In 1991 it was first documented that the sedentary cyst nematodes H. schachtii, H. trifolii,
and H. cajani, the root-knot nematodes Meloidogyne incognita and M. arenaria, and the
migratory nematode Pratylenchus penetrans can complete their life cycles in Arabidopsis
roots under monoxenic conditions. Among these, H. schachtii is the most rapidly developing
one (Sijmons et al., 1991). Therefore, the system of A. thaliana and H. schachtii provides an
ideal model to observe plant responses and nematode behaviour (Grundler et al., 1994).
Figure 3 demonstrates a successful establishment of H. schachtii at A. thaliana 14 days after

inoculation.

A. B.

Fig. 3: Schematic representation of beet cyst nematode Heterodera schachtii parasitism at
Arabidopsis thaliana root. A. Adult female at 14 day-post-inoculation; B. Adult male at 14 day-post-

inoculation.

Previous studies have suggested that microorganisms in the rhizosphere require a successful
root surface colonization to suppress soil pathogens and protect host plants (Weller, 1988;
Chin-A-Woeng et al., 2000). It was reported that Bacillus subtilis evolving on A. thaliana
shows a rapid increase in root colonization (Nordgaard et al., 2022). After a successful
attachment by B. subtilis, A. thaliana is protected from pathogen infection, such as
Pseudomonas syringae (Massalha et al., 2017). However, in order to initiate an effective

colonization, chemotactic response of rhizobacteria towards host roots is considered as a
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prerequisite (Broek and Vanderleyden, 1995; Turnbull et al., 2001). Sequencing revealed that
the rhizosphere of A. thaliana roots is rich in diverse microbial communities, and high
performance liquid chromatography (HPLC) suggests that microbial assemblages could be
highly dependent on root exudation patterns of their host - A. thaliana (Micallef et al., 2009;
Lundberg et al.,, 2012). According to Allard-Massicotte et al. (2016), A. thaliana root
exudates actively recruit B. subtilis, which can sense plant compounds through chemotaxis
receptors like McpB, McpC, and TIpC, which subsequently facilitates colonization. The
rhizobacterium Bacillus amyloliquefaciens is another example. It is able to beneficially
interact with A. thaliana through root colonization, thus promoting plant growth and

development (Asari et al., 2017).

Biocontrol potential of rhizobacterium Bacillus firmus 1-1582 and microbial prodiginines

and rhamnolipids

B. firmus is an aerobic, alkaliphilic, and endospore-forming bacterium, that has been proven
to possess great potentials not only for promoting the growth of host plants, such as tomato
and cotton, but also for controlling several PPN, such as M. incognita, Heterodera glycines,
Radopholus similis, and Ditylenchus dipsaci (Mendoza et al., 2008; Terefe et al., 2009;
Castillo et al., 2013; Beeman and Tylka, 2018). For example, pot experiments have shown
that the application of B. firmus YBF-10 results in decreased gall index, egg mass and final
population of M. incognita, as well as increased shoot height and root length of tomato
plants (Xiong et al., 2015). The strain B. firmus 1-1582, which was originally isolated from soil
obtained from the central plain area in Israel, is commercially available as a seed treatment
product (VOTiVO') or as a soil drench product (Nortica') for PPN management in crops
(Wilson and Jackson, 2013). It is able to grow in solid and liquid media between 15 and 45°C,
with an optimal temperature of 35°C for bacterial growth and biofilm formation. Therefore,
it is best to apply this strain in summer for nematode management in soil. The split-root
experiment showed that B. firmus 1-1582 induces systemic resistance against M. incognita in
tomato but not in cucumber, suggesting this control effect is dependent on the plant species
(Ghahremani et al., 2020). Since the control effect achieved by B. firmus 1-1582 can be

difficult to predict in general, a more thorough understanding of this strain and its
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interaction with nematodes and plants in standard control system is a prerequisite for

further advancing nematode control research.

Prodiginines are a family of red-pigmented, tripyrrolic molecules produced by Gram-negative
bacteria, such as Pseudomonas, Serratia, Hahella, and Vibrio, and Gram-positive bacteria,
such as Streptomyces. As bacterial secondary metabolites, prodiginines exhibit a variety of
biological activities, and are widely used as natural food colorants in food industry and as
anticancer and antimicrobial agents in drug research (Williamson et al., 2007; Darshan and
Manonmani, 2015). According to Habash et al. (2020), the single application of prodigiosin
or its 12-ring derivative effectively inhibits nematode infection and development at A.
thaliana without causing harmful effect on the host plant. Rhamnolipids are surface-active
glycolipids that can be produced by many bacterial species. Pseudomonas spp. and
Burkholderia spp. are the two main producers that have been investigated intensively. It has
been reported several times that the amphiphilic compounds can exert synergistic effect
with various antibiotics (Sotirova et al., 2012; Magalhdes and Nitschke, 2013; Das et al.,
2014). Due to their surfactant properties, they not only increase the solubility of drugs and
facilitate their access to target cells, but also increase the permeability of cell membranes by
interfering with phospholipid bilayers (Beal and Bells, 2000; Ortiz et al., 2006). Recently, the
efficacy of di-rhamnolipids against PPN has been described, which affects nematode
parasitism at A. thaliana during early events (Bredenbruch et al., 2023). However, as a
potential drug synergist, its nematicidal activity of combined application has never been

studied.
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Aims of this study

This study investigates novel biocontrol strategies against plant-parasitic nematodes by
utilizing the plant - nematode model system A. thaliana - H. schachtii. To achieve this goal,

the following work is done:

In chapter 2, a ternary in vitro system is developed to understand the behaviour of the
rhizobacterium B. firmus 1-1582 that help to explore its potential against two generations of

H. schachtii.

In chapter 3, the nematicidal activity of B. firmus 1-1582 is evaluated and the putative
microbial secondary metabolites are predicted, suggesting that B. firmus 1-1582 could

function as a natural antagonist through the production of specialized metabolites.

In chapter 4, the bioactivity of microbe-derived prodiginines alone and in combination with
rhamnolipids on H. schachtii is investigated, which offers a promising start for the

development of a potential multicomponent antinematodal agent.

In all chapters, the mode of action against H. schachtii by using microbes and microbe-

derived compounds is elucidated.
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Bacillus firmus 1-1582 promotes
plant growth and impairs infection
and development of the cyst
nematode Heterodera schachtii
over two generations

Mengmeng Huang, Aylin Bulut, Bidhya Shrestha, Christiane Matera,
Florian M. W. Grundler & A. Sylvia S. Schleker™

Plant-parasitic nematodes wreak havoc on crops by root parasitism worldwide. An approach to
combat nematode root parasitism is the application of antagonistic microbes like the rhizobacterium
Bacillus firmus 1-1582 which is promoted as biological control agent. Although B. firmus is a known
nematode antagonist in general, the underlying mechanisms about its interaction with nematodes
and plants have not yet been elucidated. Therefore, we explored the influence of B. firmus 1-1582 as
well as its extracellular and secreted molecules on plant-nematode interaction utilizing the plant-
pathogen system Arabidopsis thaliana—Heterodera schachtii. We demonstrated that B. firmus I-1582 is
attracted by A. thaliana root exudates, particularly by those of young plants. The bacterium colonized
the root and showed a strictly pH-dependent development and plant growth promotion effect. Our
results revealed that root colonization by B. firmus 1-1582 significantly protected A. thaliana from
infestation by the beet cyst nematode whereas dead bacterial cells or the culture supernatant were
not effective. The bacterium also negatively affected nematode reproduction as well as pathogenicity
and development of next generation nematodes. The obtained results highlight B. firmus 1-1582 as

a promising biocontrol agent that is well suited as an element of integrated control management
strategies in sustainable agriculture.

Plant-parasitic nematodes (PPNs) cause severe losses in almost all kind of crops. PPNs mostly inhabit the soil
and primarily attack underground parts of the plants. Therefore, it is often very difficult to diagnose, identify
and control PPNs'. Nematode infestation affects plants on the one hand directly leading to growth reduction and
lower crop yield, on the other hand, some PPN species are vectors of plant viruses or are associated with specific
microbial root pathogens®®. Over the past few decades, the most common approach of PPN management has
been the application of synthetic nematicides. However, many synthetic products cause major safety concerns
due to their general toxicity and their effects on non-target organisms, resulting in severe restrictions or com-
plete banning?. Therefore, there is an urgent demand for the development and implementation of alternatives to
control PPNs that provide effective and sustainable management while minimizing negative consequences for
human health and environmental safety.

The rhizosphere is teeming with microscopic life forms including bacteria, fungi, and protozoa, thus creating
possibilities of using specific organisms as biocontrol agents against soil-borne pathogens®”’. Among the range
of soil organisms, the plant growth-promoting rhizobacteria (PGPR) were found to have promising potentials.
PGPR are bacteria which have the ability to colonize the roots thereby stimulating plant growth and/or sup-
pressing plant diseases®’. For example, the application of Pseudomonas strains has shown the favourable effect
of increasing yield of potato, sugar beet, and radish'®'2. Certain Bacillus strains have also been announced to
have antagonistic activity against soil-borne pathogens®!*-'>. According to the mode of action, PGPR are divided
into two groups that show either direct or indirect mechanisms. Direct contribution includes secreting phyto-
hormones, facilitating nutrition acquisition, and producing volatile organic compounds, while indirect benefit
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consists of restraining deleterious rhizosphere microorganisms through antibiosis, competition for space and
nutrients, and parasitism of pathogenic agents, and/or inducing systemic resistance'¢~'%.

Previous studies have found that PGPR usually require efficient root surface colonization to exert their ben-
eficial effects on plants®'**. However, to achieve successful colonization, chemotaxis of PGPR towards the root
system is considered as a prerequisite?"*%. Chemotaxis enables bacteria to sense a wide range of signals, and guides
them to an appropriate environment for survival. Accumulative evidence suggests that root exudates are active
in initiating and regulating this chemotactic response in the rhizosphere*-*. Root exudates, consisting of amino
acids, organic acids (OAs), sugars, phenolics, polysaccharides, and proteins, provide nutrition for PGPR and act
as signals to attract or repel microorganisms*”?%. The composition of root exudates may vary over the course of
plant development. For example, secretion of sugars from A. thaliana roots reaches the greatest abundance at an
early development stage, while the quantity of secreted amino acids and OAs increases during development®.

Bacillus firmus, which was first reported in 1933, is an aerobic, alkaliphilic, Gram-positive, and endospore-
forming bacterium®. B. firmus has been shown to possess a great potential in promoting the growth of host
plants, such as tomato, cotton, and Bermudagrass®—. It has also been well characterized in a series of laboratory,
greenhouse and field studies for its nematicidal property against a wide range of nematodes, such as the root-
knot nematode Meloidogyne incognita®-*, the soybean cyst nematode Heterodera glycines®”*, the burrowing
nematode Radopholus similis***°, and the stem nematode Ditylenchus dipsaci**. Greenhouse experiments dem-
onstrated that the application of B. firmus on tomato plants not only efficiently reduce gall index, egg masses
and final populations of M. incognita, but also significantly increase plant height, plant biomass, fruit number,
and fruit weight?**%4,

The strain Bacillus firmus 1-1582 was originally isolated from soil obtained from the central plain area in Israel.
B. firmus 1-1582 is easy to formulate and is commercially available as a seed treatment or as a wettable powder for
the bio-control of PPNs*!. The spores are able to persist durably in fields. Despite its appealing traits, the effects
accomplished by B. firmus 1-1582 is often unpredictable. The main reason for this is a lack of knowledge of the
complex biology of the control system. Deeper understanding of B. firmus I-1582 and its overall interactions
with nematodes and plants is a pre-requisite for improving biocontrol.

In the present study, we approached this by (i) examining the attractiveness of A. thaliana root exudates for
B. firmus 1-1582, (ii) determining the optimal pH for B. firmus I-1582 colonization of A. thaliana roots and its
impact on plant development; (iii) establishing a robust ternary in vitro test system for the evaluation of nematode
parasitism at A. thaliana in the presence of B. firmus I-1582. Utilizing this sophisticated agar-based gnotobiotic
system enabled us to analyse the plant-promoting effect and nematode-antagonistic activity of B. firmus I-1582,
and facilitated us to explore these interspecies interactions in detail.

Results

Chemotactic response of B. firmus 1-1582 towards A. thaliana root exudates and compo-
nents. To understand the initiation of root colonization by B. firmus 1-1582, its chemotactic response to
root exudates of A. thaliana Col-0 was investigated. It has been reported that bacteria are more motile and more
strongly chemotactic in the late exponential phase*’. Thus, we first determined B. firmus 1-1582 development
under defined growth conditions. In order to standardize the procedure, the main culture was always inoculated
with a fresh overnight culture to obtain an initial ODg, of 0.1 (Suppl. Fig. 1). After an initial lag phase of about
2 h, the growth rate increased sharply between 2.5 and 5 h, and began to taper off until reaching stationary phase
at about an ODy, of 3. Accordingly, the ODg, between 2.0 and 2.5 was determined as B. firmus I-1582 late expo-
nential phase, and chemotaxis assays were performed using bacteria in this growth phase.

In order to obtain a qualitative indication whether and how effective the bacterium is attracted by root exu-
dates, B. firmus 1-1582 was exposed to A. thaliana root exudates (AREs) harvested from plants of three different
developmental stages (Fig. 1a-d, Suppl. Fig. 2). The turbid ring surrounding the centre of the Petri dish indicated
that bacterial cells aggregated around the concentrated AREs placed there. In contrast to the control, the size of
the chemotactic ring increased with increasing volume of root exudate. Moreover, bacterial cells were attracted
to all the AREs of plants from different development stages. The strongest chemotactic ring appeared when using
AREs from 7-day-old plants. This qualitative test showed that B. firmus I-1582 is attracted by A. thaliana root
exudates, particularly by those of young plants.

Subsequently, the chemotactic response of B. firmus I-1582 towards AREs freshly extracted from 7-day-old
A. thaliana plants, and malic acid previously identified in the AREs was validated in a quantitative assay*’. The
concentrated AREs as well as bL-malic acid and L-malic acid at 50 and/or 100 uM caused a positive chemotactic
response to B. firmus I-1582 (Fig. 1e). Thus, the capillary assay further supports the observations of the qualita-
tive drop assay.

Establishment of a ternary in vitro test system. Since B. firmus 1-1582 is an alkaliphilic bacterium,
the pH of the surrounding environment might be a crucial factor for successful root colonization and bacterial
development. Therefore, the behaviour of B. firmus I-1582, H. schachtii, and A. thaliana at different pH levels
was studied.

We observed that attachment and development of B. firmus 1-1582 at A. thaliana roots are strongly pH-
dependent (Fig. 2a). Twelve days after inoculation, 1.7 x 10* CFUs and 4.4 x 10* CFUs per 1 cm root piece were
detected at pH 6.4 and pH 7, respectively. Bacterial counts significantly increased by 80-90% to 2.7 x 10* and
2.0x 10* CFUs at pH 7.5 and pH 8, respectively.

As pH has a tremendous impact on B. firmus development at the root, it was analysed whether parasitic
success of H. schachtii at A. thaliana is influenced by the pH levels applied. It was confirmed that there was no
significant difference in the average number of developed females, males, and total nematodes as well as the
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Figure 1. Chemotactic response of Bacillus firmus 1-1582 towards Arabidopsis thaliana root exudates (AREs)
(a—e) and organic acids (OAs) (e). Upper row: A drop of the test substance was placed in the centre of a 35 mm
diameter Petri dish containing B. firmus I-1582. A turbid ring indicated the aggregation of bacteria. 10 pl of
chemotaxis buffer (A); 10 pl of AREs extracted from 7- (b), 21- (c), and 28- (d) day-old A. thaliana plants.
Photographs are representative examples taken after incubation for 30 s at room temperature. Bottom graph

(e): Chemotactic response of B. firmus I-1582 towards AREs of 7-day-old seedlings and OAs in a capillary

assay. DLMA pL-malic acid, LMA L-malic acid, AREs A. thaliana root exudates, OAs organic acids. Results are
expressed as the mean + standard error of three independent biological replicates (n=9). Data are statistically
analysed using Student’s ¢ test. Asterisk (*) indicate statistically significant differences compared with the control
(*p<0.05,**p<0.01).

average size of females at the four different medium pH values (Fig. 2b and Suppl. Fig. 3). To avoid overgrowth
of bacteria in the test system, the growth medium did not contain sucrose. Based on Hofmann et al.*%, limited
carbohydrate supply can affect sexual differentiation leading to a reduced number of females and a shift towards
male development. This can also be observed in our experiments.

Next, we investigated the impact of pH and the bacterium on plant phenotype (Fig. 3). Plants without bacte-
rial treatment grown at different pH exhibited no differences for all aboveground and belowground parameters.
Inoculation with B. firmus I-1582 resulted in a significant increase of shoot fresh weight at pH 7.5. The leaf
number also showed an increasing trend when the root is exposed to the bacterium. All belowground parameters
(root length, root surface and root tips) of the variants with bacterium at pH 7 and pH 7.5 had significantly higher
values compared with the bacteria-free ones. Taken together, pH 7.5 is the optimal pH of the growth medium
for testing the impact of B. firmus on H. schachtii in our gnotobiotic A. thaliana test system.

Impact of B. firmus 1-1582 on H. schachtii parasitism at A. thaliana. In order to determine nema-
tode susceptibility to B. firmus I-1582 and to get an indication for the mechanism, infection assays were per-
formed in the presence of living bacterial cells (LBC), dead bacterial cells (DBC) or cell-free supernatant (CFS).

Scientific Reports |

(2021) 11114114 | https://doi.org/10.1038/s41598-021-93567-0 nature portfolio

38



www.nature.com/scientificreports/

Figure 2. Impact of pH on colonization of Bacillus firmus I-1582 (a) and infection of Heterodera schachtii
(b) at Arabidopsis thaliana roots. Results are expressed as the mean (orange line) and median (green
triangle) + standard error of three independent biological replicates [n>22 (a); n>50 (b)]. Different letters
indicate statistically significant differences among treatments according to Dunn’s Method (p <0.05). No
significant differences were observed for (b).

Three parameters (nematode number, female size and syncytium size) indicating the parasitic success of nema-
todes were evaluated. Treatment with LBC, DBC or CFS was differently efficient against H. schachtii. The pres-
ence of living cells caused a significant reduction of the number of developed males, females and total nematodes
at 14 dpi, with an average decrease of 17.7%, 26%, and 20.6% compared with the control, respectively (Fig. 4a).
Inoculation with DBC only reduced male number by 19.1%, while CFS did not have any suppressive impact on
nematode parasitism (Fig. 4b,c).

In addition, we found that the direct contact of the female nematode to living bacteria is a key factor to stunt
nematode development. At 28 dpi, the females surrounded by bacteria (w LBC) were significantly smaller in size
(18.6%) compared with those of the control, while the females developed at the bacterium-treated plants that were
not colonized by bacteria (w/o LBC) were not different in size compared with the females at the control plants
(Fig. 5a). DBC and CFS treatment did not influence female development (Fig. 5b,c). None of the treatments had
an impact on the female-associated feeding site (Fig. 5).

Since B. firmus 1-1582 living cells had a considerable impact on H. schachtii parasitism, we decided to study
nematode interaction with plant and bacteria in more detail. For this purpose, the early events after nematode
inoculation were investigated. It was observed that H. schachtii started to invade the root at 1 dpi but penetrated
at a decreased rate at 1, 2 and 3 dpi when exposed to LBC (Fig. 6a). In addition, at 3 dpi nematode size was
significantly reduced in the bacteria-treated variant (13.8%) compared with the control (Fig. 6b). As expected,
CFS treatment neither influenced nematode penetration nor nematode development (Fig. 6¢,d).

Impact of B. firmus 1-1582 on H. schachtii progeny. As B. firmus 1-1582 living cells play a vital role
in preventing nematode parasitism at A. thaliana roots, the influence of B. firmus application on the amount
and infectivity of the next generation juveniles as well as their development at the host plant was investigated.
Therefore, cysts from bacteria-inoculated plants were separated into two groups: those with microscopically
visual attachment of bacterial (w LBC) and those obviously not in contact with bacteria (w/o LBC). Cysts from
plates without bacterial inoculation served as control. Juveniles hatching from cysts of the 3 different groups
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Figure 3. Impact of pH and Bacillus firmus I-1582 inoculation on Arabidopsis thaliana development. Average
shoot fresh weight (a), average number of leaves (b), average total root length (c), average root surface (d),
average number of root tips (e) per plant. Results are expressed as the mean (orange line) and median (green
triangle) + standard error of three independent biological replicates (n31). Ctr control. Data are statistically
analysed using Dunn’s Method. Asterisk (*) indicate statistically significant differences compared with the
control (p <0.05).

were used to inoculate A. thaliana and to investigate parasitic parameters. The cysts that developed at the end
of these 2nd generation infection assays were analysed for presence of bacteria. Although the attachment of
bacteria in the ‘w/o LBC’ group of the 1st generation cysts was not visible under the microscope, the amount of
bacteria attached to the 2nd generation cysts was quantifiable (Suppl. Fig. 5). On average 8 and 5 CFUs could be
determined on the 2nd generation cysts that developed from juveniles that hatched from the 1st generation cysts
of the ‘w LBC’ group and the ‘w/o LBC’ group, respectively. Thus, we concluded that the two groups represent 1st
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Figure 4. Infection assay of Heterodera schachtii at Arabidopsis thaliana roots. Average number of nematodes
per plant at 14 dpi (days post inoculation) in the presence of LBC (a), DBC (b) or CFES (c). LBC living bacterial
cells, DBC dead bacterial cells, CFS cell-free supernatant. Results are expressed as the mean (orange line) and
median (green triangle) + standard error of three independent biological replicates (n>40). Data are statistically
analysed using Dunn’s Method. Asterisk (*) indicate statistically significant differences compared with the
control (p<0.05).

generation cysts with a different bacterial load and are subsequently referred to as ‘w hLBC’ (with high number
of LBC) and ‘w ILBC’ (with low number of LBC).

Egg counts revealed that B. firmus reduced the number of offspring. First generation cysts of the ‘w ILBC’
group harboured a significantly lower number of offspring in comparison to those of the untreated control. The
average egg numbers of cysts of the ‘w hLBC’ group was considerably lower compared with the control though
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Figure 5. Development of Heterodera schachtii at Arabidopsis thaliana roots. Average size of female and
syncytium at 28 dpi (days post inoculation) in the presence of LBC (a), DBC (b) or CFS (c). LBC living bacterial
cells, DBC dead bacterial cells, CFS cell-free supernatant. Results are expressed as the mean (orange line) and
median (green triangle) + standard error of three independent biological replicates (n>53). Data are statistically
analysed using Dunn’s Method. Asterisk (*) indicate statistically significant differences compared with the
control (p<0.05).

not significantly different to the control or the ‘w ILBC’ group (Fig. 7). The CFS treatment had no influence on
nematode reproduction (Suppl. Fig. 6).

The virulence of hatched juveniles from control cysts and those with bacterial colonization was assessed by
evaluating nematode invasion, infection and reproduction. As illustrated in Fig. 8 A, nematode penetration
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Figure 6. Invasion assay of Heterodera schachtii at Arabidopsis thaliana roots. Average number of nematodes
per plant in the presence of LBC (a) or CFS (c); Average size of nematodes in the presence of LBC (b) or CFS
(d). LBC living bacterial cells, CFS cell-free supernatant, dpi days post inoculation. Results are expressed as
the mean (orange line) and median (green triangle) + standard error of three independent biological replicates
(n>37). Data are statistically analysed using Dunn’s or Holm-Sidak Method. Asterisk (*) indicate statistically
significant differences compared with the control (p <0.05).

number (at 1 dpi) and adult number (at 14 dpi) were significantly decreased by 25.5% and 17.8%, respectively for
the ‘w ILBC’ variant, while higher bacterial load caused a larger reduction of nematode invasion and establish-
ment by 43.4% and 31.5%, respectively. The development of females and syncytia was also significantly suppressed
by high (17.7% and 26.4%, respectively) or low (11.5% and 13%, respectively) bacterial amounts on the cysts
of the previous generation (Fig. 8b). Second generation cysts originating from juveniles of the ‘w ILBC’ and the
‘w hLBC’ 1st generation cyst groups contained significantly fewer eggs compared with those of the untreated
control group, with a reduction of 24.7% and 32.2%, respectively (Fig. 8¢).

Discussion

PGPR are commercially applied for biofertilization, phytoremediation, phytostimulation or biocontrol of soil-
borne plant diseases!’”. Gaining insights into the interaction between plant and PGPR will contribute to improve
effective application of these organisms in agriculture. Here, B. firmus I-1582 is investigated for its associations
with A. thaliana and its efficiency to combat H. schachtii over 2 nematode generations.

Successful colonization of the root system by PGPR is an important factor for effective biological contro
Prior to root colonization, chemotaxis of PGPR towards root exudates is regarded to be a “sine qua non™?!. Zhang
et al.*® reported that Bacillus subtilis N11 was able to colonize banana root and prevent fungal infection by form-
ing biofilms along the root. Subsequently, it was proved that the tested strain, isolated from banana rhizosphere,
showed a stronger chemotactic response towards banana root exudates than to cucumber root exudates*’. We
observed that B. firmus 1-1582 is attracted by AREs from differently aged A. thaliana plants. GC-MS analysis
pointed out that AREs released from early development stage contain high level of sugars®. A high level of avail-
able carbon sources might be an explanation why we observe the strongest chemotactic response of B. firmus
I-1582 to AREs extracted from young plants. During aging plants release a higher proportion of amino acids
and phenolics resulting in a higher antimicrobial activity*. In fact, our data confirmed that the accumulation of
bacterial cells was lowered by using AREs from older plants. Besides, an attraction assay was carried out utiliz-
ing AREs and two OAs. Result indicated that the chemotactic mobility of B. firmus I-1582 to pL-malic acid and

15,
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Figure 7. Reproduction assay of Heterodera schachtii at Arabidopsis thaliana roots. Average number of eggs and
juveniles per cyst at 35 dpi in the presence of LBC. w hLBC with high number of living bacterial cells, w ILBC
with low number of living bacterial cells. Results are expressed as the mean (orange line) and median (green
triangle) + standard error of three independent biological replicates (n >49). Different letters indicate statistically
significant differences among treatments according to Dunn’s Method (p <0.05).

L-malic acid were comparable to AREs. pL-Malic acid and L-malic acid are known to effectively recruit B. subtilis
and stimulate biofilm formation of B. subtilis via a KinD-Spo0OA pathway***°. Based on our study, malic acid from
AREs in fact seems to play an essential role in the chemoattraction of B. firmus I-1582.

Plenty of evidence demonstrated the antagonistic action of B. firmus species towards plant-parasitic nema-
todes. However, there is only little information about its interaction with and morphological impact on host
plants. Consequently, the role bacteria—plant interaction plays in combating nematode infestation is not well
studied but is essential as it may help us understand the interplay of the three organisms: the host plant, B. firmus
and PPNG. Since Bacillus species are alkaliphiles®, we expected that colonization of B. firmus 1-1582 at A. thali-
ana roots is pH-dependent. In fact, propagation of B. firmus I-1582 was remarkably enhanced in plant-growth
medium at pH 7.5 and 8. In accordance, the tested strain also had a positive impact on the growth of A. thaliana
in a pH-dependent manner. Shoot weight was significantly increased at pH 7.5. The belowground biometrical
parameters of A. thaliana significantly increased after inoculation with B. firmus I-1582 in our axenic system
at pH 7 and 7.5. In particular, attention should be payed to the expansion of the root system mirrored by the
total root length, the root surface area and the number of root tips. An increase in root surface area indicates
an increase of root hair formation. Root hairs facilitate plants in nutrient uptake and microbe interactions®'.

PGPR can promote plant growth by biosynthesis of phytohormones®2. Indole-3-acetic acid (IAA) secreted by
Bacillus amyloliquefaciens UCMB5113 has been reported for its ability to induce A. thaliana plant cell division,
and stimulate the development of lateral roots and root hairs®. Some other Bacillus strains, such as Bacillus cereus,
Bacillus flexus, Bacillus licheniformis, Bacillus megaterium, B. subtilis, and Bacillus thuringiensis, were also able to
synthesize IAA and could be considered as possible growth promoters of plant™->’. In addition, the increase of
aboveground parameters of treated plants could be attributed to volatile organic compounds (VOCs) produced
by PGPR strains'®. The extracted bacterial volatiles from two Bacillus strains, B. subtilis GB03, B. amyloliquefa-
ciens IN937a, significantly increase total leaf surface area of A. thaliana®®. 2,3-Butanediol, a bacterial compound
detected from volatile blends by GC analysis, was found to be released from both Bacillus strains and involved
in the cytokinin-signaling pathway to activate plant growth. Regarding the biometrical response of A. thaliana
seedlings, B. firmus I-1582 most probably impacts plant growth by releasing IAA and/or VOCs.

In our study, we validated that H. schachtii is susceptible to the presence of LBC as the bacterium significantly
reduced the number of developed females and males, female size, and reproduction. Additionally, we proved
that the LBC protects the host plant from J2 invasion and interferes with the nematodes’ development at the
early sedentary phase. In contrast, the CFS as well as the DBC was not effective. Possible explanations for the
observed characteristics are as follows.

(a) Microscopic observations during the reported study showed that the bacterium colonizes the root system
building layers of bacterial cells along the root. This is in accordance with a recent study documenting
B. firmus biofilm formation and colonization of tomato and cucumber roots*. Thus, it might be that the
bacterium constitutes a physical barrier protecting the plant from nematode invasion.

(b) Generally, PPNs locate their preferred host by perceiving root exudate signals®. Strigolactones, which are a
class of phytohormones exuded by Arabidopsis roots, were proven to play an active role in host attraction
during beet cyst nematode parasitism®!. Moreover, AREs were demonstrated to stimulate stylet thrusting
of PPNs®2%, Simultaneously, root exudates also act as an attractant to and/or a rich source of nutrients for
rhizobacteria®*®. Thus, it might be that the presence of B. firmus changes composition of root ARE in a
way that roots become less attractive to the nematodes thus leading to a lower number of infection events.
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Figure 8. Arabidopsis thaliana root parasitism of Heterodera schachtii 2nd generation nematodes originating
from Bacillus firmus colonized cysts. Average number of nematodes per plant at 1 dpi and 14 dpi (a); Average
size of female and syncytium at 28 dpi (b); Average number of eggs and juveniles per cyst at 35 dpi (c). w hLBC
with high number of living bacterial cells; w ILBC with low number of living bacterial cells; dpi days post
inoculation Results are expressed as the mean (orange line) and median (green triangle) + standard error of
three independent biological replicates (n>97). Data are statistically analysed using Dunn’s Method. Asterisk (*)
indicate statistically significant differences compared with the control (p <0.05).

(¢)  Bacillus sphaericus strain B43 was shown to stimulate induced systemic resistance against potato cyst
nematode Globodera pallida juveniles in a split-root-trial®. B. firmus 1-1582 is reported to induce systemic
resistance in tomato active against M. incognita but not in cucumber®. Moreover, Bacillus pumilus T4 was
capable to induce resistance in transgenic NahG Arabidopsis against two Pseudomonas syringae strains by
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activating SA-independent pathway®’. Therefore, one possibility is that B. firmus [-1582 elicits plant defence
responses effective against H. schachtii.

(d) There is a possibility that molecules secreted by B. firmus I-1582 are directly antagonistic against PPNs.
According to Geng et al.%%, B. firmus DS-1 isolated from marine sediment of the coast of the South China
Sea has toxicity against M. incognita and H. glycines. They unravelled that a novel nematicidal virulence
factor, Serine Protease 1 (Sepl), plays a role in nematode control by its serine protease activity. Sepl was
shown to target and degrade intestinal and cuticular proteins of M. incognita. In our study, we observed
that CFS is not effective in inhibiting H. schachtii parasitism. Therefore, it is possible that the concentration
of putative molecules involved in the nematicidal activity is too low in the CFS or/and that these virulence
factors are secreted upon contact with the nematode.

(e) Based on our finding, virulence of the 2nd generation nematodes towards the host plant was decreased after
exposure of 1st generation females to B. firmus 1-1582 living cells. Since there are no bacteria established
at the root, invasion of the 2nd generation juveniles cannot be influenced by a bacterial barrier along the
roots or behavioural changes due to an altered root exudate composition. Thus, B. firmus I-1582 might
reduce fitness of the 2nd generation juveniles before they hatch or bacterial attachment to the 2nd genera-
tion J2s directly influences the nematodes’ virulence. Alternatively/additionally, the J2-attached bacteria
could trigger plant defence responses effective against the nematode.

Studies usually only consider the impact of an agent on one generation of nematodes on the host. However,
H. schachtii—like other PPNs—has several generations within one vegetation period. Additionally, the juveniles
remain viable inside the cysts for several years ready to hatch once the soil reaches appropriate temperature and
moisture, and a suitable host plant is present. Therefore, we also examined the impact of B. firmus I-1582 living
cells on the virulence of H. schachtii progeny inside the bacteria-colonized cysts. Intriguingly, J2s hatching from
these cysts were significantly impaired in their development and reproduction at the host plant. The bacterial
load of the developing 2nd generation cysts was with an average of about 8 CFU per cyst fairly low. Our results
demonstrate that a single root application of B. firmus I-1582 not only reduces the plant’s infestation with the
attacking nematode and the nematode’s reproduction but is also efficient in suppressing infection, development,
and reproduction of the emerging 2nd nematode generation on a new host plant that was not treated with B.
firmus I-1582 before. Future studies will reveal how strong the effects of B. firmus I-1582 against H. schachtii
that we observed in our controlled in vitro studies will be in pot and field experiments. In conclusion, B. firmus
1-1582 is a biological nematode control agent with high potential and sustainability that can be worth to integrate
in PPN management strategies.

Materials and methods

Bacterial strain and culture conditions. B. firmus I-1582 was obtained from Bayer AG, Monheim and
routinely stored in Tryptic soy broth (TSB) with 25% glycerol at —80 °C. The strain was grown at 28 °C in liquid
TSB with an overnight orbital shaking at 200 rpm. The main culture was inoculated with the overnight culture
to obtain an initial optical density at 600 nm (ODg) of 0.1. The main culture was grown at 28 °C at 200 rpm for
different time periods depending on the subsequent applications.

Plant material and growth conditions. A. thaliana Columbia (Col-0) seeds were first surface-sterilized
in 0.7% sodium hypochlorite for 5 min, then submerged in 70% ethanol for 1 min, and finally rinsed with
sterile distilled water 5 times. Subsequently, the seeds were dried at room temperature for 4 h and stored at
4 °C until use. Surface-sterilized seeds were germinated in either normal Knop medium at pH 6.4 or modified
Knop medium as described in the relevant sections, and kept in a climate chamber under a red/blue light with a
16-h/8-h light/dark photoperiod at 24 °C®.

All experiments involving plants were performed with A. thaliana Col-0. Sinapis alba was used for nematode
propagation. All local, national or international guidelines and legislation were adhered to in the study.

Nematode preparation. Approximately 300 cysts of H. schachtii were harvested from mustard (Sinapis
alba) roots grown aseptically, and submerged with sterile 3 mM ZnCl, in the Baermann funnel. After 7 days, the
freshly hatched second-stage juveniles (J2s) were collected for subsequent analyses®’.

Chemotactic response of B. firmus 1-1582 towards A. thaliana root exudates. Bacteria prepara-
tion. The ODyg, of the main culture was measured every 30 min in triplicate to determine the growth rate of
B. firmus 1-1582 strain. Bacterial cells which reached the late exponential growth phase (ODyg, of 2.0-2.5) were
harvested by centrifugation [Eppendorf, Germany] at 4000 rpm for 10 min, washed with chemotaxis buffer
(100 mM potassium phosphate [pH 7.0], 20 uM EDTA), and re-suspended in 16 ml of chemotaxis solution
(12 ml of chemotaxis buffer and 4 ml of 1% hydroxypropylmethylcellulose). The resulting cell suspension was
applied to two chemotaxis assays immediately after preparation.

Root exudates collection. AREs were collected from 7-, 21-, and 28-day-old seedlings. Seedlings were washed
with sterile water, and incubated in sterile water for 3 days with orbital shaking at 100 rpm in a climate cham-
ber under a red/blue light with a 16-h/8-h light/dark photoperiod at 24 °C. The collected AREs were filtrated
through a 0.2 pm pore size syringe filter, and concentrated by lyophilisation [Thermo Scientific, USA] at —104 °C
until the volume reduced to 0.5 ml. The resulting AREs were stored at —80 °C until further analyses.
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Chemotaxis assays. The chemotactic response of B. firmus I-1582 towards the chemo-attractants (AREs and
individual exudate components) was qualitatively examined by drop assay and quantitatively evaluated by capil-
lary assay.

In the drop assay, the concentrated AREs (10 ul and 20 pl), which were collected from different development
stages (7-, 21-, and 28-day), were dropped into the centre of a 35-mm-diameter Petri dish which contained 2 ml
of bacterial cell suspension. A ring of turbidity near the centre of each petri dish would appear after 30 s of incu-
bation at room temperature, if the chemotactic response of bacterial cells was triggered. Chemotaxis solution
alone served as control. Each treatment was performed in triplicate.

In the capillary assay, a sealed disposable 200 pl pipette tip was used as the chemotaxis chamber for loading
100 pl of bacterial cell suspension. A disposable needle was used as the chemotaxis capillary and was attached to a
1 ml tuberculin syringe [B. Braun, Germany]. The needle-syringe capillary was filled with 100 pl of concentrated
ARE:s of 7-day-old seedlings, or one of the two tested malic acid (pL-malic acid and L-malic acid), and tightly
fitted into the sealed tips containing bacterial cell suspension. After 1 h of incubation at 28 °C, the content from
each syringe was diluted 1000 times with liquid TSB and then plated onto TSA plates (3 plates for each chemo-
attractant). The colony-forming units (CFUs) were determined by first plating on TSA plates and then incubated
at 28 °C for 48 h. Chemotaxis solution alone served as control. Each treatment was performed in triplicate.

Establishment of an in vitro agar system to investigate the interaction of B. firmus 1-1582,
A. thaliana, and H. schachtii at different pH levels. B. firmus I-1582 colonization at A. thaliana
roots.  Colonization by B. firmus I-1582 at A. thaliana roots was performed in a modified in vitro agar system as
described below. First, 90-mm-diameter Petri dishes were filled with Knop medium (- sucrose) with pH 6.4, 7,
7.5 or 8, and then two droplets of Knop medium (+ sucrose) with pH 6.4 were added. Two sterilized A. thaliana
seeds were placed on the sucrose-containing Knop droplets. The whole agar system was held at an angle of 60°
to facilitate surface growth of the roots, and cultivated as described above. At 8 days post seeding, each seedling
was inoculated with 10 pl of bacterial suspension (ODg,=0.1) prepared from the 3-day-old bacterial culture.
Seedlings inoculated with TSB alone served as control. After colonization for 12 days, a 1 cm root piece below
the bacterial inoculation point was removed from the main roots and shaken vigorously in 1 ml of sterile water.
A serial dilution of the suspension was plated on TSA. The CFUs were determined after incubating the plates for
48 h at 28 °C. Each treatment was performed in triplicate.

A. thaliana development colonized by B. firmus I-1582 living cells. 10 pl of bacterial suspension (ODg,=0.1)
was inoculated to 8-day-old seedlings grown at pH 6.4, 7, 7.5 or 8 as described above. Seedlings inoculated with
TSB alone served as control. After colonization for 12 days, aboveground-related parameters (shoot fresh weight
and leaf number) were evaluated, underground-related parameters (root length, root surface and root tips) were
measured using Epson Perfection V700 Photo scanner [Epson, Japan] equipped with WinRHIZO software. Each
treatment was performed in triplicate.

Impact of B. firmus 1-1582 on H. schachtii parasitism at A. thaliana. Living bacterial cells (LBC),
dead bacterial cells (DBC) and cell-free supernatant (CFS) preparation. To investigate the impact of B. firmus
I-1582 on H. schachtii parasitism at A. thaliana, LBC, DBC, and CFS were applied separately. The main culture
was cultivated at 28 °C for 72 h. LBC were pelleted by centrifugation at 4000 rpm for 10 min, washed by sterile
water, and re-suspended in 50% TSB by adjusting ODy, to 0.1. DBC were subsequently produced by autoclaving
at 121 °C for 20 min at 1.2 x 10° Pa pressure. Bacterial supernatant was withdrawn and filtrated through a 0.2 um
filter. LBC, DBC and CFS were used freshly after preparation. As B. firmus is a spore-forming bacterium and as
we only wanted to work with vegetative cells, we analysed whether spores could be found in the LBC prepara-
tion. Therefore, the cells were incubated at 80 °C for 10 min, a condition which spores survive but vegetative
cells not. The heated cells and fresh LBC were spread onto TSA and incubated for 72 h at 28 °C. No colonies
developed on the heated variant thus proving that the culture contains vegetative cells only.

Nematode infection and invasion assays. A. thaliana was grown on sucrose-free Knop plates with sucrose-
containing Knop (pH 6.4) droplets as described above. At 8 days post seeding, each seedling was inoculated with
10 pl of prepared living cells or dead cells suspension (ODgy,=0.1). Seedlings inoculated with 50% TSB served as
control. At 20 days post seeding, each plant was inoculated with 60-70 surface-sterilized H. schachtii ]2s.

For the in vitro test system treated with CFS, two seeds were grown on the upper half plate filled with sucrose-
containing Knop (pH 6.4). The plate was held at an angle of 60° and cultivated as described above. At 8 days post
seeding, the CFS mixed with Knop medium was applied to the lower half plate. TSB mixed with Knop medium
served as control. At 14 days post seeding, each plant was inoculated with 60-70 surface-sterilized H. schachtii J2s.

The infection assay was carried out to analyse nematode parasitism at A. thaliana plant by counting the
number of males and females at 14 day-post-inoculation (dpi) under a Stereo Microscope [Leica, Germany],
and measuring the size of female and syncytium at 28 dpi under a digital Stereo Microscope [Leica, Germany]
equipped with Leica Application Suite (LAS) software. Each treatment was performed in triplicate.

Nematode invasion was quantified by evaluating the number and size of nematodes at 1, 2, and 3 dpi to exam-
ine the penetration ability of nematodes and their early development. Each treatment was performed in triplicate.

Impact of B. firmus 1-1582 on H. schachtii progeny at A. thaliana. To investigate the effect of B.
firmus I-1582 on H. schachtii progeny, two assays were performed by using analogous experiment with LBC and
TSB control as described above. First, cysts were collected at 35 dpi in 3 groups:
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(a) “Ctl: cysts without bacteria colonization from TSB control plates,
(b) ‘w/o LBC’: cysts where colonization with B. firmus I-1582 is not visible under a microscope, and
(c) ‘wLBC: cysts where colonization with B. firmus I-1582 is visible under a microscope.

The number of eggs of cysts of these 3 separate groups was evaluated for each individual plant. Each treat-
ment was performed in triplicate.

In the second assay, the parasitism of juveniles that hatched from cysts of the described 3 groups was deter-
mined by inoculating A. thaliana. Therefore, cysts were collected separately at 84 dpi and incubated in 3 mM
ZnCl,. After 7 days, 60-70 freshly hatched juveniles were inoculated to each 20-day-old plant. The invasion assay,
infection assay, and reproduction assay were assessed at 1 dpi, at 14 dpi and 28 dpi, and at 35 dpi, respectively.
Each treatment was performed in triplicate.

Statistical analysis. All data are expressed as mean and median + standard error (SE). Statistical analy-
sis was performed by using Student’s ¢-test (p<0.05 and p<0.01) or one-way analysis of variance (ANOVA)
(p<0.05).

Data availability
All data generated or analysed during this study are included in this published article and the supplementary
material. More details are available from the corresponding author on reasonable request.
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Abstract

Plant-parasitic nematodes cause considerable yield losses and pose a significant economic
burden on agriculture. Historically, synthetic chemicals have been the method of choice for
combating these soil-borne pests. However, concerns on human health and environmental
safety lead to the demand for developing biocontrol strategies. The use of beneficial
rhizobacteria that have antagonistic effects on nematodes is one of the promising
approaches. The aim of this study was to explore the nematicidal potential of compounds
produced by Bacillus firmus 1-1582. We observed that the nematicidal activity of cell-free
supernatant from B. firmus 1-1582 is highly temperature-dependent. The active compounds
have a molecular weight below 3 kDa and are resistant to heat and partially sensitive to
proteolytic enzymes. Towards shedding light on these molecules, we sequenced the
genome of B. firmus 1-1582 and employed genome-mining tools leading to the identification
of a lanthipeptide gene cluster coding for three putative lanthipeptides. Gene expression
analysis further confirmed that these putative lanthipeptides are upregulated in B. firmus
I-1582. In conclusion, in vitro and in silico analyses provided evidence that lanthipeptides
secreted by B. firmus 1-1582 might contribute to the bacterium’s nematicidal activity under
specific temperature conditions. Our study suggests that small molecules identified from B.
firmus 1-1582 could serve as potential active ingredients for the development of novel

nematode control agents.
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Introduction

Plant-parasitic nematodes (PPN) wreak havoc on crops through root parasitism and cause
serious economic damage worldwide. On the one hand, they directly reduce crop growth
and lower crop yield. On the other hand, many of them vector plant viruses or other root
pathogens subsequently (Powell, 1971). Since nematodes are microscopic and subterranean,
it is very difficult to diagnose, identify, and control them in fields. Depending on the region,
old-generation synthetic nematicides are still used to manage PPN. However, they target a
wide range of non-target organisms and cause a threat to humans and the environment.
The discovery of eco-friendly nematicidal products is an area of intensive investigations. The
rhizosphere is teeming with microorganisms, which creates possibilities to use these
beneficial species and their metabolites as biological control agents (BCA) or bio-based
means against nematodes (Migunova & Sasanelli, 2021). The plant growth-promoting
rhizobacteria (PGPR), including Agrobacterium spp., Arthrobacter spp., Azospirillum spp.,
Azotobacter spp., Bacillus spp., Chromobacterium spp., Clostridium spp., Corynebacterium
spp., Desulfovibrio spp., Pasteuria spp., Serratia spp., and Streptomyces spp., were reported

for their biocontrol potential in field application (Weller, 1988).

Over the past few decades, a plethora of natural products (NP) including microbial
secondary metabolites have been employed in agriculture, medicine, and food industry (Firn,
2010). Unlike primary metabolites, which participate in growth, development and
reproduction of the microorganisms, the microbial NP are associated with ecological
functions, and inter- and intraspecies interactions (Sanchez et al., 2012). Although the
majority of NP originates from a few common biosynthetic pathways, the resulting
intermediates tailored by numerous enzyme-catalyzed reactions lead to products with
various chemical structures. Based on their biosynthetic origins, NP are classified as
alkaloids, terpenoids, polyketides (PK), non-ribosomal peptides (NRP), and
ribosomally-synthesized and post-translationally modified peptides (RiPP) (Clardy & Walsh,
2004; Kloosterman, 2020). The microbial-derived NP exhibits diverse biological activities,
such as exerting antibiotic, antifungal, antitumor, anti-inflammatory, immunosuppressive,

and anti-parasitic effects (Demain, 1983; Sanchez et al., 2012).
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A variety of strategies have been recommended for the discovery of microbial NP since the
1940s. The conventional approach to explore NP involves the isolation and identification of
potential producers with subsequent detection and characterization of active compounds.
However, this procedure suffers from a high rediscovery rate and often a low production
rate in the natural producer (Scherlach & Hertweck, 2009; Katz & Baltz, 2016). Alternative
solutions nowadays utilize genetically engineered microbes to facilitate the synthesis of
target compounds and potent derivatives (Pham et al., 2019). In the early 2000s, advances
in genomics, transcriptomics, proteomics, and metabolomics elicited new interests in NP
discovery and development. In fact, many microorganisms were found to harbour
biosynthetic gene clusters (BGC) encoding specialized NP that remain silent under standard
laboratory conditions. Such silent gene loci are referred to as “cryptic” pathways for NP
biosynthesis. To obtain potential bioactive NP from underexplored resources, the
investigation of microbial metabolomes is in demand (Rutledge & Challis, 2015). The
application of genome-based tools makes these resources accessible. For example, the
genome-mining strategy combined with bioinformatics tools is utilized to prioritize the
relevant BGC from genomes/metagenomes, predict the structures of their chemical
products, and optimize cluster expression in native or heterologous hosts for the production

of cognate NP (Zhang et al., 2017).

In nature, microbial NP can serve as virulence factors in mediating pathogenic interactions
among different organisms. Understanding the cryptic metabolome secreted by
microorganisms enables scientists to not only gain insights into pathogenicity mechanisms,
but also create new possibilities for disease control (Scherlach & Hertweck, 2021). For
example, lanthipeptides, which are first synthesized by ribosomes as linear precursor
peptides and subsequently undergo post-translational modifications (PTM), display potent
antimicrobial activity against a broad range of pathogens, in particular certain
antibiotic-resistant strains (Zhao & Kuipers, 2021). A very well-known lanthipeptide is nisin,
which has been widely used as a safe food preservative for nearly 70 years (Hirsch, 1951).
Previous studies found that nisin has a dual mode-of-action for its antimicrobial activity.
Nisin can block cell wall biosynthesis on the one hand, and facilitate pore formation in the

cytoplasmic membrane by binding to the pyrophosphate moiety of lipid Il - an essential
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bactoprenol-bound cell wall precursor — on the other hand (Brotz et al., 1998; Wiedemann

et al., 2001; Hsu et al., 2004).

The genus Bacillus consists of a large number of aerobic Gram-positive bacteria, which are
capable of forming endospores persisting durably under unfavourable environmental
conditions. They are attractive industrial microorganisms for the production of diverse NP,
such as enzymes, antibiotics, insecticides, bacteriocins, and biosurfactants (Perez et al.,
2017). Using genome-mining prediction tools, a multitude of novel putative antimicrobial
compounds from Bacillales species have been identified and characterized. These active NP
include peptides that are either NRP (e.g. lipopeptides) or RiPP (e.g. lanthipeptides), as well
as non-peptidic compounds such as PK (Zhao & Kuipers, 2016). Among the genus Bacillus,
the rhizobacterium Bacillus firmus has been shown to be a promising BCA and has a great
potential in PPN management (Mendoza et al., 2008; Terefe et al., 2009; Xiang et al., 2017;
Huang et al., 2021). Based on bioinformatics investigations the mode-of-action of B. firmus
against PPN was concluded to be related to the production of putative secondary
metabolites and/or virulence factors (Geng et al., 2016; Susi¢ et al., 2020). In the present
study, we integrate wet lab experimental data with in silico genomic analyses with the aim
to further contribute to deciphering the mode-of-action of B. firmus against sugar beet cyst
nematode Heterodera schachtii. This interdisciplinary approach enabled us to uncover
potentially novel NP secreted by B. firmus 1-1582, and facilitates a deeper mechanistic

understanding of the bacterium’s nematicidal activity.
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Materials and Methods

Bacterial strain

B. firmus strain |1-1582 was obtained from Bayer AG, Monheim. 0.1 g of spore powder of B.
firmus 1-1582 was homogenized in 100 ml of 0.1 % TWEEN 20 and heat-inactivated at 80 °C
in a water bath for 10 minutes. The homogeneous solution was serial diluted and spread
onto Tryptic soy agar (TSA). After 72-hour-incubation at 28 °C, colonies were used for

further assays.
Preparation of B. firmus 1-1582 inoculum

Bacterial colonies formed on TSA plate were picked and cultivated in Tryptic soy broth (TSB)
with an overnight orbital shaking at 200 rpm at 28 °C. The optical density at 600 nm (ODggo)
of the overnight culture was determined by a NanoDrop 2000c spectrophotometer [Thermo
Fisher Scientific, USA]. The overnight culture was adjusted to an initial ODggg of 0.1 by TSB
with a total volume of 30 ml and grown in 300 ml Erlenmeyer flask with orbital shaking at
200 rpm at 28 °C for 72 hours. Then the 72-hour-old bacterial culture was centrifuged at
4000 rpm at 4 °C for 10 minutes to harvest bacterial cells and supernatant. Cell suspension
(CS) was obtained by suspending bacterial cells in 30 ml of TSB. Cell-free supernatant (CFS)
was obtained by passing the supernatant through a 0.2 um pore size syringe filter [Sarstedt,

Germany]. The prepared CS and CFS were freshly used in the liquid lethality assay.
Preparation of H. schachtii inoculum

H. schachtii was routinely maintained in the Department of Molecular Phytomedicine,
University of Bonn. Cysts of H. schachtii were harvested from mustard (Sinapsis alaba) roots,
and submerged with sterile 3 mM ZnCl, in the Baermann funnel at room temperature. The
hatched second-stage juveniles (J2) were obtained after 120 hours and freshly used in the

liquid lethality assay.
Determination of temperature-dependent nematicidal activity

In order to determine the temperature-dependent nematicidal efficacy, an in vitro liquid

lethality assay of B. firmus 1-1582 against H. schachtii J2 was set up in a 96-well microtiter
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plate. Approximately 30 nematodes were added into each single well with a volume of 50 ul
of the tested CS or CFS. TSB served as control. A minimum of three replications were set for
each treatment. The plate was covered with gas-permeable sealing film and incubated at
22 °C, 27 °C, 32 °C, and 37 °C, respectively. After 72-h-incubation, 20 ul of 1 M NaOH was
applied to distinguish between live/mobile and dead/immobile nematodes (Schleker et al.,
2023). The number of live and dead J2 was recorded under an inverted microscope [Leica,
Germany], and the mortality was calculated according to Mortality (%) = number of dead J2
/ [(number of live J2 + number of dead J2)] x 100. This assay was performed in three

biological replications.
Determination of sensitivity of nematicidal compounds to heat and proteolytic enzymes

The sensitivity of nematicidal compounds secreted by B. firmus 1-1582 towards heat and
proteinase K were tested. To evaluate thermo-stability, CFS was incubated for 30 minutes at
99 °C in a ThermoMixer [Eppendorf, Germany]. To analyse enzyme sensitivity, CFS was
incubated with 0.1 volume of proteinase K (20 mg/ml) at 37 °C for 2 hours and subsequently
at 99 °C for 30 minutes to terminate enzymatic activity. 50 ul of heat-treated or proteinase
K-treated CFS was employed to perform a liquid lethality assay as described above. TSB

served as control. This assay was performed in three biological replications.

Estimation of molecular weight of nematicidal compounds and its sensitivity to proteolytic

enzymes

To estimate the molecular weight (MW) of CFS and its sensitivity to two proteolytic enzymes,
CFS was dialyzed through an Amicon® Ultrafiltration Membrane [Merck, Germany] with a
molecular weight cut-off (MWCO) of 3 KDa. The retentate fraction (> 3 KDa) and filtrate
fraction (< 3 KDa) were subsequently treated with 0.1 volume of proteinase K (20 mg/ml) or
pronase (20 mg/ml). 50 pl of CFS > 3 kDa or CFS < 3 kDa treated with two proteases was
employed to perform a liquid lethality assay as described above. Tap water and TSB served

as parallel controls. This assay was performed in three biological replications.
Genomic DNA extraction and purification

B. firmus 1-1582 was cultivated in TSB at 28 °C with orbital shaking until it reached the

exponential growth phase. Total genomic DNA was isolated using NucleoSpin® Microbial

58



Chapter 3

DNA Kit [MACHEREY-NAGEL, Germany] and purified using NucleoSpin® Plasmid Clean-up Kit
[MACHEREY-NAGEL, Germany] according to the manufacturer’s instructions. The integrity of
extracted DNA was determined on a 0.8% agarose gel electrophoresis, while the purity and
concentration of the received DNA were estimated by a NanoDrop2000c

spectrophotometer.
Genome sequencing, assembly and annotation

The sequence capture library was sequenced via Genome Sequencer lllumina HiSeq on a
NovaSeq 6000 S2 [lllumina, USA]. The raw sequencing datasets were trimmed with
Trimmomatic (v0.39). The sequence reads were mapped to a reference genome from NCBI
(Whole Genome Shotgun accession number: VDEMO1) using Burrows-Wheeler Aligner (BWA
v0.7.17) with default parameters and BWA-MEM algorithm (Li, 2013). All reference genomic
sequences were collected from NCBI (September 2020; WGS accession numbers: apvl:
GCF_000565285.1, bcuy: GCF_001591465.1, jabvdd: GCF_013345775.1, Idwaq:
GCF_001038755.1, qgnsf: =~ GCF_003315495.1,  uftc: =~ GCF_900445365.1, vdem:
GCF_009849605.1). BWA-MEM mapper had default settings of penalty 4 for a mismatch,
gap open penalties 6, and 6 for deletion/insertion. The mapping efficiency depends on the
accuracy of the reference genome and the quality of sequence reads. The variant calling
(SNP, Insertion, and Deletion calling) and subsequent building of a consensus sequence is
done using BCFtools (v1.9) (Danecek et al., 2021). An alternative genome was built using the
tool GFinisher (v1.4) (Guizelini et al., 2016). To get the best results, our sequence reads were
mapped against all six available B. firmus reference genomes obtained from NCBI and a
consensus genome sequence was created using BCFtools. The subsequently created
consensus genomes were used as alternative assembly for GFinisher. In our last step we
used Mauve (v2.4.0) with algorithm progressiveMauve (Darling et al., 2010) to reorganize
the contigs in our newly generated genome (Fig. 1). The resulting final genome sequence of
B. firmus 1-1582 (July 2021) was used for further analysis. The quality of the reference-based
assembled genome was assessed using the Benchmarking Universal Single-Copy Orthologs

(BUSCO) tool (v.5.2.2) (Manni et al., 2021).
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Filtering/trimming of - Building of alternative
raw data Building of.consgnsus sequence genome
Trimmomatic for all Bacillus firmus genomes GFinisher
Building index of
VDEMO1
BWA
Alignment to RefSeq APVLO1 Contig reorganization
VDEMOl LDWQO]. Mauve
QNSFO1
Sorting alignment UFTCO1
VDEMO1 JABVDD
Samtools
Variant calling Generation of
BCFtools Bacillus firmus 1-1582
whole genome
sequence
Build consensus
sequence
BCFtools

Fig. 1: The pipeline of Bacillus firmus 1-1582 genome sequencing, assembly and annotation.
Sequence reads were trimmed with trimmomatic. An index was built with BWA for the subsequent
alignment to a reference genome. Sorting was performed with Samtools and variant calling was
done with BCFtools. A consensus sequence was built based on the reference genome by BCFtools.
Multiple consensus sequences were built in this manner based on different reference genomes. An
alternative genome was built by GFinisher with VDEMO1 consensus sequence, reference genome
VDEMO1 and six alternative assemblies based on the other reference genomes. Contigs were
reorganized and B. firmus 1-1582 genome was used for further analysis. Whole Genome Shotgun
accession numbers are based on NCBI project accession of B. firmus whole genome sequences

(https://www.ncbi.nlm.nih.gov/genome/browse/#!/prokaryotes/17454/).
Identification and characterization of predicted lanthipeptide gene cluster

For the identification of lanthipeptide gene clusters, our B. firmus 1-1582 whole genome
sequence was subjected to antiSMASH (Blin et al., 2019) 5.0 as well as BAGEL4 (van Heel et
al., 2018). The predicted lanthipeptide sequences were visualized using lllustrator for

Biological Sequence (IBS v1.0.3) (Liu et al., 2015).

The class, cleavage, crosslink and chemical structure of putative lanthipeptides were
predicted by RiPPMiner (Agrawal et al., 2017). The tool “RiPP Cleavage & Crosslinks
Prediction” was used with the amino acid sequence of each putative lanthipeptide gene as

input.
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The amino acid sequences of core peptide of putative lanthipeptides were subjected to in
silico hydrolysis program ExPASy PeptideCutter (Gasteiger et al., 2005). The potential

cleavage sites cleaved by enzymes or chemicals were predicted to indicate peptide stability.
RNA extraction and cDNA synthesis

B. firmus 1-1582 was cultivated in TSB at 28 °C with orbital shaking for 72 hours. Total RNA
was extracted using PureLink™ RNA Mini-Kit [Invitrogen™, Thermo Fisher Scientific, USA]
and purified using TURBO DNA-free™ Kit [Invitrogen™, Thermo Fisher Scientific, USA]
according to the manufacturer’s instructions. The quality and quantity of the received RNA
were estimated by a NanoDrop2000c spectrophotometer. The first strand cDNA synthesis
was performed using High-Capacity cDNA Reverse Transcription Kit [Applied Biosystems™,
Thermo Fisher Scientific, USA] according to the manufacturer’s instructions. The obtained
cDNA was prepared by 10-fold dilution with nuclease-free water for the subsequent

RT-qPCR analysis.
Primer design and RT-gPCR analysis

Primers were designed using Primer3Plus software based on the obtained whole genome
sequence of B. firmus 1-1582. Primer information is listed in Supplementary Tab. 1. The
real-time quantitative PCR (RT-qPCR) was performed at an initial denaturation of 95 °C for
20 seconds, followed by 40 amplification cycles of 95 °C for 3 seconds and 60 °C for 30
seconds using a StepOnePlus™ Real-Time PCR System [Applied Biosystems™, Thermo Fisher
Scientific, USA]. Each reaction was prepared in a final volume of 20 pl, including 10 pl of Fast
SYBR™ Green Master Mix [Applied Biosystems™, Thermo Fisher Scientific, USA], 9 ul of
primer mix, and 1 pl of cDNA. 16S ribosomal RNA was used as an internal control for
normalizing the expression results obtained in the experimental groups. This assay was

performed in two biological replications.
Statistical analysis

All data are expressed as mean % standard error (SE). Statistical analysis was performed

using one-way analysis of variance (ANOVA) followed by a suitable post-hoc test (p<0.05).
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Results

Nematicidal activity of B. firmus 1-1582 molecules

Being originally isolated from soil in Israel, B. firmus 1-1582 might be adapted to relatively
high temperatures. Thus, in order to determine whether temperature is a key factor of the
nematicidal activity of B. firmus |1-1582, H. schachtii J2 were incubated with B. firmus 1-1582
cell-free supernatant (CFS) or the respective cell suspension (CS) at different temperatures.
The result revealed a strong temperature-dependent effect (Fig. 2a). Particularly, mortality
of J2 increased considerably from 22 to 37 °C when incubated in CFS. J2 mortality in CFS at

37 °C was 58 %, about 10 fold higher compared to the mock control.

In order to further describe the chemical nature of the active compound(s) present in B.
firmus 1-1582 CFS, the CFS was first treated with heat or proteinase K before being added to
J2. After 72 hours incubation at 37 °C the result clearly showed that the nematicidal activity
of CFS is not impaired by heat but partially by proteinase K (Fig. 2b). Subsequently,
molecules in the CFS were divided into two fractions by size-exclusion filtration using a 3
kDa cut-off ultrafiltration membrane. The CFS fraction > 3 kDa (retentate fraction) and the
fraction < 3 kDa (filtrate fraction) were treated with two proteases, proteinase K and
pronase. The treated fractions were then tested for their lethal activity on J2. It turned out
that significant nematicidal activity could only be detected in the fraction containing
molecules < 3 kDa (Fig. 2c). The non-treated CFS fraction < 3 kDa resulted in a J2 mortality of
93 %. In addition, the activity of CFS fraction < 3 kDa, if treated with either proteinase K or
pronase, against juveniles was reduced by approximately 20 %, compared to the
non-treated CFS fraction < 3 kDa. Thus, the CFS fraction < 3 kDa contains the active
compound(s) responsible for the nematicidal activity. To the best of our knowledge, this is
the first report that small molecules produced by B. firmus contribute to the nematicidal
activity, since all virulence factors against nematodes secreted by Bacillus spp. have
molecular size > 30 kDa (Niu et al., 2007; Tian et al., 2007; Zhang et al., 2012; Geng et al.,
2016).
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Fig. 2: In vitro nematicidal activity of Bacillus firmus 1-1582 cell-free supernatant (CFS) and cell
suspension (CS). (A) Heterodera schachtii second stage juveniles (J2) were exposed to CFS, CS, or
tryptic soy broth (TSB) as negative control (Ctrl) at 22 °C, 27 °C, 32 °C, and 37 °C for 72 h. (B) CFS was
treated by heat (99 °C for 30 min) or proteinase K prior to J2 exposure at 37 °C for 72 h. (C) CFS was
divided into two fractions containing molecules > 3 kDa or < 3kDa. The fractions were treated with
two different proteases prior to exposure to J2 at 37 °C for 72 h. Values are the mean = standard
error of three independent biological replicates (n = 8 (A); n = 12 (B, C)). Asterisks (*) indicate
statistically significant differences compared to the control and different letters indicate statistically
significant differences between all treatments (small letters) or between treatments of the same

fraction (capital letters) according to Dunn’s method (p < 0.05).
Genome sequencing of B. firmus 1-1582

Genomic information can help to elucidate putative molecules that are responsible for the
above observed activity. As the genome of B. firmus |1-1582 was not available at the time this
study was performed, sequencing was done. The assembly of the B. firmus 1-1582 genome

was based on 10,806,900 paired reads. The genomic characteristics are summarized in Table
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1. The estimated size of the B. firmus 1-1582 genome is approximately 4.95 Mb with a G+C
content of 42.89 %. A total of 5,039 coding sequences (CDS) were predicted. The sequenced
genome consists of 70 contigs with an N50 length of 168,292 bp (50 % of the genome is
covered by contigs longer or equal to the N50 length) with the longest contig being 453,866
bp. Quality assessment with BUSCO revealed that out of the total 450 conserved single-copy
orthologs searched within the genome, BUSCO analysis identified 449 complete BUSCOs,
representing 99.8% completeness. Additionally, one BUSCO was detected as fragmented
(0.2%), while no BUSCOs were classified as missing. These results indicate a high level of
completeness and quality in the assembly, suggesting successful reconstruction of the
majority of the conserved genes within the genome. This Whole Genome Shotgun project
has been deposited at DDBJ/ENA/GenBank under the accession JBBPHO000000000. The
version described in this paper is version JBBPHO010000000.

Tab. 1: Genomic features of Bacillus firmus 1-1582.

Strai Genome size G+C content No. of No. of N50 contig size Coverage
rain
(Mb) (%) CDS contigs (bp) (x times)
B. firmus
~4.95 42.89 5,039 70 168,292 ~580.9
1-1582

Prediction of putative lanthipeptides in B. firmus 1-1582 genome

As the mortality assay highlighted small protease-sensitive and heat-stable molecules to
partially mediate B. firmus I-1582 nematicidal activity, genome-mining tools were utilized to
predict putative secondary metabolite gene clusters. AntiSMASH uncovered, that B. firmus
I-1582 harbours four BGC encoding putative secondary metabolites - one siderophore gene
cluster, one lanthipeptide gene cluster, one terpene gene cluster, and one Type Il PKS
(T3PKS) gene cluster. As lanthipeptides are known to be heat-stable and — depending on the
structure — can be digested by proteases, we focused on this class of molecules (Suda et al.,
2010; Xin et al., 2015). Figure 3 illustrates the in silico identification of lanthipeptide BGC in
B. firmus 1-1582 using two genome-mining tools, antiSMASH and BAGEL. The combination of

the two lanthipeptide gene clusters predicted by BAGEL (Fig. 3b and 3c) constitutes the

64



Chapter 3

single lanthipeptide gene cluster predicted by antiSMASH (Fig. 3a), which strongly indicates

the existence of a lanthipeptide BGC in the B. firmus |1-1582 genome.

Fig. 3: Schematic representation of putative lanthipeptide gene clusters predicted in the Bacillus
firmus 1-1582 genome. (A) antiSMASH prediction of lanthipeptide gene cluster; (B) BAGEL prediction
of lanthipeptide gene cluster #1; (C) BAGEL prediction of lanthipeptide gene cluster #2. The arrows

indicate the gene loci, which are color-coded based on the functions.

Based on the predictions of antiSMASH and BAGEL, sequences of three putative
lanthipeptides (No. 1, 2 and 3) were extracted. Table 2 shows the features of these three
lanthipeptides, including lanthipeptide class, and no. of amino acids in core peptides,
cleavage sites, and cross-links. The core peptides of lanthipeptide No. 1, No. 2, and No. 3,
comprise 36, 25, and 21 amino acids, respectively. To gain insight into the proteolytic
stability of the lanthipeptides, protease K-specific cleavage sites within the core peptides
were determined by ExPASy PeptideCutter, revealing that proteinase K is able to digest all
three lanthipeptides at multiple sites (Supplementary Tab. 2). However, the existence of
thioether cross-links in lanthipeptide No. 1 and No. 2 may cause steric hindering that
interferes with proteinase K binding. This finding could explain why the nematicidal activity
of CFS is partially lost after proteinase K treatment (Fig. 2b and 2c). In order to decipher the

complete chemical structures of these lanthipeptides, their amino acid sequences were
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used as input in RiPPMiner. An illustration of the chemical structures of the three predicted

lanthipeptides is presented in Figure 4.

Tab. 2: Structural characterization of three putative lanthipeptides in Bacillus firmus 1-1582. The
putative lanthipeptides, prediction program that identified the specific lanthipeptide, predicted
lanthipeptide class*, No. of amino acids*, No. of cleavage sites*, and No. of cross-links* are listed. A:

antiSMASH 5.0, B: BAGELA4. *: predicted by RiPPMiner.

Putative Prediction a No. No. No.
ass
lanthipeptides program amino acids cleavage sites cross-links
No.1 A | 36 11 5
No.2 A/B 1] 25 13 3
No.3 B 1] 21 11 0
A
B C

Fig. 4: Proposed chemical structure of three predicted lanthipeptides in Bacillus firmus 1-1582. (A)
Lanthipeptide No. 1; (B) Lanthipeptide No. 2; (C) Lanthipeptide No. 3. During post-translational
modification, Ser and Thr are dehydrated into Dha and Dhb, respectively, while Cys attach the
dehydrated residues to form a thioether cross-link. Ser and Thr are highlighted in yellow, while Cys

are highlighted in blue. The red arrows indicate the proteinase K-specific cleavage sites.
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Gene expression of the predicted lanthipeptides in B. firmus 1-1582

To validate that the putative lanthipeptides are produced by B. firmus 1-1582 and are
present in the CFS utilized for the J2 mortality assay, an expression analysis was carried out.
The gene expression levels were compared between bacterial cells cultured for 72 hours
and for 12 hours. As demonstrated in Figure 5, the expression of all putative lanthipeptides
is up-regulated in B. firmus 1-1582. Bacterial cells cultured for 72 hours revealed a 38-, 3.2-,
and 5.3-fold higher expression of No. 1, No. 2, and No. 3 compared to the 12 hours culture,
respectively. These results further support the presence of these lanthipeptides in the 72
hour CFS and thus, their contribution to the demonstrated nematicidal activity of B. firmus

I-1582 against H. schachtii (Supplementary Fig. 1).

Fold change (Log1o)

Fig. 5: Gene expression analysis of lanthipeptide No. 1, No. 2, and No. 3 in Bacillus firmus 1-1582 cells
cultured for 72 h. The dashed line indicates the expression level (= 1) of the putative lanthipeptides
in B. firmus 1-1582 cultured for 12 h. 16S rRNA served as an internal control. Values are displayed as
mean * standard error of two representative biological replicates (n = 6). Asterisks (*) indicate

statistically significant difference compared to the control according to Dunnett's method (p < 0.05).
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Discussion

B. firmus 1-1582 was originally isolated from soil in Israel and is commercially applied as seed
treatment or soil drenching for the bio-control of PPN (Wilson & Jackson, 2013). This strain
and its formulated product have been well-studied under a series of laboratory, greenhouse
and field conditions against several PPN including the sting nematode Belonolaimus
longicaudatus, the root-knot nematodes Meloidogyne incognita and Meloidogyne luci, and
the beet cyst nematode H. schachtii (Crow, 2014; Ghahremani et al., 2020; Susic et al., 2020;
Huang et al.,, 2021). Still the molecular processes determining the bacterium’s activity
against PPN are not fully elucidated. Here we demonstrate that small molecules of B. firmus
present in the CFS possess nematicidal activity against H.schachtii J2 in a
temperature-dependent manner. In our previous study we could not observe H. schachtii
parasitism at Arabidopsis thaliana to be inhibited in a CFS-supplemented agar system
(Huang et al., 2021). The most obvious explanation is that the plant infection assay was
conducted at 24 °C, a temperature at which no nematicidal activity of the CFS could be

observed.

Experiments were performed by separating CFS fractions into MW above and below 3 kDa,
with the active molecules found to be in the fraction < 3 kDa. By exposing fraction < 3 kDa to
proteases, we observe a significant loss in nematicidal activity attesting that this effect can
partially be attributed to proteinaceous molecules and partially to protease-stable
molecules. Heating did not affect the molecules’ activity. Towards identifying these active
molecules, we sequenced the genome of B. firmus 1-1582 and combined genome-mining
tools with NCBI BLAST to investigate the presence of BGC which encode putative NP
secreted by the bacterium. This in silico analysis identified one lanthipeptide BGC with three
putative lanthipeptides, defined as No.1, No.2, and No.3, which have the theoretical MW of
3.9, 2.8, and 2.3 kDa, respectively. Special attention needs to be drawn to lanthipeptide No.
1. According to the user instruction of Amicon® Ultrafiltration Membrane, ultrafiltration
membrane with a MWCO of 3 kDa is capable of concentrating target molecules with MW
2-3 times greater due to retention capabilities by various factors. Therefore, even though
the MW of lanthipeptide No.1 is > 3 kDa, there is a high probability that it is still present in

the fraction < 3 kDa. Subsequent gene expression analysis revealed that all three
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predicted lanthipeptides, particularly peptide No. 1, are highly expressed in a 72-hour liquid
culture of B. firmus 1-1582. This provides evidence that all three putative lanthipeptides

might contribute to the bacterium’s nematicidal activity against H. schachtii J2.

Lanthipeptides, whose chemical stabilities are similar to ours, were discovered by Xin et al.
(2015). The authors found three novel class Il lanthipeptides, TinAl (MW = 4,062.98 Da),
TinA3 (MW = 4,048.96 Da), and TinA4 (MW = 4,063.02 Da) - identified in Bacillus
thuringiensis BMB3201 - which exhibited broad-spectrum antimicrobial activities against
several Gram-positive bacteria, and they observed that the HPLC-purified TinA4 retained
most of its antimicrobial activity after thermal treatment, but not after protease digestion.
Depending on the characteristics of the biosynthetic enzymes, lanthipeptides are classified
into four classes (Arnison et al., 2013). Those found in the genus Bacillus spp. mainly belong
to class | and class Il. Most characterized class | and Il lanthipeptides are known for their
antibacterial activity and are also referred to as lantibiotics (Barbosa et al., 2015). In our
study, B. firmus 1-1582 putative lanthipeptide No. 1 belongs to class I, and No. 2 and No. 3
belong to class Il. The biosynthesis of lanthipeptides first involves the formation of a linear
precursor peptide from ribosomes. The precursor peptide consists of an N-terminal leader
peptide, which is essential for enzyme recognition, and a C-terminal core peptide, which
undergoes post-translational modifications (PTM). During PTM, serine (Ser) and threonine
(Thr)  residues can be dehydrated into 2,3-didehydroalanine (Dha) and
2,3-didehydrobutyrine  (Dhb), respectively. Subsequently, lanthionine (Lan) and
methyllanthionine (MeLan) thioether cross-links are formed through intramolecular Michael
addition of cysteine (Cys) residues to the dehydrated residues Dha and Dhb, respecitively. In
most cases, the leader peptide directs the microbial producer to secret the modified peptide
in the late stages of lanthipeptide biosynthesis, after which the leader peptides is removed
by proteolysis to generate the mature lanthipeptide. Sometimes, proteolysis precedes
secretion (Repka et al., 2017). The thioether structures largely contribute to protecting the
mature products from thermal and proteolytic degradation (Suda et al., 2010; Knerr & van
der Donk, 2012; Montalban-Lépez et al., 2017). For the core peptides of the three putative
lanthipeptides, multiple cleavage sites for proteinase K are predicted, suggesting that
proteinase K is able to cut all three lanthipeptides to destroy their bioactivity. However, five

and three thioether cross-links are predicted in lanthipeptide No. 1 and No. 2, respectively.
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These ring structures may protect lanthipeptide No. 1 and No. 2 from binding to proteinase
K, thus explaining why the nematicidal activity of the CFS is only partially lost after being

treated with proteinase K.

While our in vitro test and in silico validation strongly suggest that lanthipeptides is likely the
most important factor contributing to the bacterium's nematicidal activity, further
investigations need to be continued in order to confirm our hypothesis. For example,
lanthipeptides can be purified and characterised from B. firmus 1-1582 by size-exclusion
chromatography and mass spectrometry, and tested for the nematicidal activity.
Alternatively, chemical synthesis could be an option to obtain lanthipeptides and their
analogues, although it is difficult due to their complicated structures. In addition, mutant
lines, including overexpression mutants and knockout mutants of B. firmus 1-1582, should be
tested for their bioactivity so that we can directly correlate it with the observed nematicidal
activity. Recently, eleven Brevibacillus strains were tested for their nematicidal activity
against the model nematode Caenorhabditis elegans and the root-knot nematode
Meloidogyne spp. in the killing assay and the pot assay, respectively. Among them,
Brevibacillus M2.1A displayed the highest killing effect against C. elegans, and the best
control efficiency against Meloidogyne spp. parasitism at tomato plants. Surprisingly, BGC
encoding class | lanthipeptides were detected in Brevibacillus M2.1A, whereas no
lanthipeptide BGC were found in other Brevibacillus strains that were not as efficient as

Brevibacillus M2.1A in controlling nematodes (Jahne et al., 2023).

Nowadays, peptide-based pest control agents have received considerable attention, due to
the fact that large protein biologics, such as antibodies and enzymes, have difficulty
penetrating the cuticle of pests in order to act on specific targets in their tissues, not to
mention their limited stability in the field and the demand for a cold supply chain during
transportation. Our study provides the first insight that lanthipeptides could to be virulence
factors of B. firmus 1-1582, thus contributing to the bacterium’s antagonistic activity against
PPN. Particularly interesting is that we found its activity is temperature-dependent. We
believe that our findings fundamentally advance an understanding of the novel peptides
identified from B. firmus, and will help to improve this bacterium’s application efficacy as a

potential BCA for sustainable nematode management.
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Sup. Fig. 1: In vitro nematicidal activity of Bacillus firmus 1-1582 cell-free supernatant (CFS) collected
from 12 h and 72 h liquid culture. Heterodera schachtii second stage juveniles (J2) were exposed to
CFS, or tryptic soy broth (TSB) as negative control (Ctrl) at 37°C. Values are the mean # standard
error of two independent biological replicates (n = 6). Asterisks (*) indicate statistically significant

differences compared to the control (p < 0.05).

Sup. Tab. 1: Primer sequences used in this study. Primers are shown in the 5’ to 3’ direction.

Gene symbol Primer sequence (F) Primer sequence (R)

16S GAAGGCGACTCTTTGGTCTG CCTTTGAGTTTCAGCCTTGC

Putative lanthipeptide No. 1 TGAAAGAGAATATGTTTGATCTGGA TTGCTATTGCAAAGAGATGTTTTA

Putative lanthipeptide No. 2 GATTTTGAGCACCCGGTTT CAATCTCCAGGATAGCATCTCAC

Putative lanthipeptide No. 3 TTTTTGCAGGAACAGTGGTG GGGCATCTGCGGATATTTTA
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Sup. Tab. 2: The cleavage sites of Proteinase K mapped onto the core peptide sequences.

Proteinase K

Putative lanthipeptide No. 1

Protk

Pratk |

Protk | |

Protk | |

Protk | | |

Protk| | | |

Protk | | |
Protk | | | |
Frotk | | |
| | |

| ||

R R TS - PR 35
Protk
Protk |
Protk| |
Protik |||
Proti| |||
Proti|| |||
Putative lanthipeptide No. 2 protk ||[][]]
Protk| ||]]]] Protk
Protk|| |]]|]|]|| Protk
Protk| || |||]||] Protk|

TAWVCRTILITIRNCPSYVRCYPGD
R e e

Putative lanthipeptide No. 3
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Bacterial secondary metabolites exhibit diverse remarkable bioactivities and
are thus the subject of study for different applications. Recently, the individual
effectiveness of tripyrrolic prodigininesand rhamnolipids against the plant-parasitic
nematode Heterodera schachtii, which causes tremendous losses in crop plants,
was described. Notably, rhamnolipid production in engineered Pseudomonas
putida strains has already reached industrial implementation. However, the non-
natural hydroxyl-decorated prodiginines, which are of particular interest in this
study due to a previously described particularly good plant compatibility and low
toxicity, are not as readily accessible. In the present study, a new effective hybrid
synthetic route was established. This included the engineering of a novel P. putida
strain to provide enhanced levels of a bipyrrole precursor and an optimization of
mutasynthesis, i.e., the conversion of chemically synthesized and supplemented
monopyrroles to tripyrrolic compounds. Subsequent semisynthesis provided
the hydroxylated prodiginine. The prodiginines caused reduced infectiousness
of H. schachtii for Arabidopsis thaliana plants resulting from impaired motility
and stylet thrusting, providing the first insights on the mode of action in this
context. Furthermore, the combined application with rhamnolipids was assessed
for the first time and found to be more effective against nematode parasitism
than the individual compounds. To obtain, for instance, 50% nematode control,
it was sufficient to apply 7.8 pM hydroxylated prodiginine together with 0.7 pg/
ml (~1.1 pM) di-rhamnolipids, which corresponded to ca. %4 of the individual ECsq
values. In summary, a hybrid synthetic route toward a hydroxylated prodiginine
was established and its effects and combinatorial activity with rhamnolipids on
plant-parasitic nematode H. schachtii are presented, demonstrating potential
application as antinematodal agents.

Prodiginines, plant-parasitic nematodes, plant protection, mutasynthesis and
semisynthesis, Pseudomonas putida, combinatorial activity, rhamnolipids
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GRAPHICAL ABSTRACT

1. Introduction

Prodiginines are a group of bacterial secondary metabolites
with diverse remarkable bioactivities, among which anticancer and
antimicrobial effects have perhaps been described in most detail
thus far (Fiirstner, 2003; Stankovic et al., 2014; Hu et al., 2016;
Sakai-Kawada et al., 2019; Yip et al., 2019; Berning et al., 2021; Li
et al., 2022). Notably, prodiginine-producing bacteria such as
Streptomyces and Serratia species also dwell in the rhizosphere, the
dynamic micro-biosphere around the plant roots and site of
manifold chemical interactions between the bacteria and plants
(Berg, 2009; Lugtenberg and Kamilova, 2009; Meschke et al., 2012).
Here, direct interactions can result in hormonal stimulation,
increased stress tolerance and improved nutrient availability and
uptake by plant roots. In addition, indirect beneficial effects for the
plant can result from the suppression of pathogens. Although the
ecophysiological role of prodiginines is still poorly understood,
various bioactivities of prodigiosin (1) and related tripyrrolic
analogs against several plant pathogens have already been reported
(Someya et al., 2001; Meschke et al., 2012; Rahul et al., 2014;
Roberts et al., 2021). Recently, their effectiveness against the plant-
parasitic nematode (PPN) Heterodera schachtii, the causative agent
of tremendous losses in crop plants, was described (Habash et al.,
2020).
metabolites with surfactant properties, namely rhamnolipids, were

Moreover, naturally-occurring bacterial secondary
recently reported to act against H. schachtii (Bredenbruch et al.,
2023). It has further been shown that prodigiosin (1) possesses
combinatorial antibacterial activities when applied together with
biosurfactants, such as the lipopeptide serrawettin W1 and
rhamnolipids (Hage-Hiilsmann et al., 2018). It has been postulated
that the pigment can only exert its full antimicrobial activity in
combination with biosurfactants (Williamson et al., 2008; Roberts
etal., 2021).

The aim of the present interdisciplinary study was to facilitate
access to the relevant compounds and to investigate their
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combinatorial activities against H. schachtii. Pseudomonas putida has
become a widely established biotechnological host for natural product
biosynthesis (Nikel et al., 2016; Loeschcke and Thies, 2020; Weimer
et al., 2020) including heterologous prodigiosin and rhamnolipid
production (Domrose et al., 2015; Tiso et al., 2020; Cook et al., 2021).
The rhamnolipid bioprocess has already been industrially
implemented by Evonik Industries AG while research to improve
accessing prodiginine derivatives is ongoing: recent studies showed
heterologous expression of the pig gene cluster of Serratia marcescens
via chromosomal integration, which established the biosynthesis of
prodigiosin (1) (Domrose et al., 2015, 2019; Cook et al., 2021).
Further, a mutasynthesis approach enabled the generation of new
prodiginines (Klein et al., 2017, 2018). This procedure was based on
the partial disruption of the native biosynthesis pathway and feeding
of monopyrrole precursor analogs, which were incorporated into new
tripyrrolic compounds. A limitation of this mutasynthesis approach
was a relatively low product yield of 2-12% (Klein et al., 2017).
Therefore, the development of a novel mutasynthesis chassis with
enhanced bipyrrole production capacity and an optimization of
mutasynthesis were identified as promising strategies to obtain target
prodiginines more efficiently.

In previous work, a prodiginine bearing a terminal allylalcohol
group (2) was reported to show remarkable plant growth promoting
properties. In addition, it was not toxic for Caenorhabditis elegans
at concentrations where prodigiosin (1) was lethal for this non-target
organism (Habash et al., 2020). Based on these findings, the focus of
the present study is the development of a feasible synthetic approach
to hydroxylated prodiginines for investigations of anti-nematode
activity. This study thus reports a mutasynthesis approach in a novel,
efficient bipyrrole-producing P. putida strain and subsequent
chemical conversion, i.e., semisynthesis, toward hydroxylated
prodiginine 3 (Figure 1). The mode of action against H. schachtii as
well as combinatorial activity with di-rhamnolipids (4) were
investigated for the first time, demonstrating potential application
as antinematodal agents.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1151882
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Kossmann et al.

10.3389/fmicb.2023.1151882

previous
work

previous
work

this
work

FIGURE 1

Bioactive compounds assessed in this study. The synthesis of prodigiosin (1) and hydroxylated derivative (2) has been established in previous studies.
A synthesis route to hydroxylated prodiginine (3) is presented in this study, enabling the compound's application together with di-rhamnolipids (4),
which can be obtained via microbial biosynthesis as a mixture of congeners as indicated.

1, 3: without double bond
5: with and without double bond at C-5
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2. Results

2.1. Development of an enhanced
Pseudomonas putida chassis for optimized
mutasynthesis

In natural prodigiosin (1) biosynthesis, the monopyrrole MAP
(2-methyl-3-amylpyrrole, 5) and the bipyrrole MBC (4-methoxy-2,2"-
bipyrrole-5-carbaldehyde, 6) are condensed by a ligase (PigC in
S. marcescens) to a tripyrrolic scaffold. The mutasynthesis approach
has previously been established successfully in P. putida pig-r2 ApigD
(Klein et al., 2017, 2018). The strain harbored the entire S. marcescens
pig gene cluster—with the exception of the first MAP biosynthetic
gene pigD, which was replaced by an antibiotic resistance gene. By
feeding chemically synthesized monopyrroles to this MAP-deficient
P, putida pig-r2 ApigD strain, the PigC-catalyzed condensation with
MBC (6) led to novel tripyrrolic compounds in these previous studies.

Since mutasynthesis might be limited by biosynthetic provision of
the bipyrrole precursor MBC (6), we aimed to establish a streamlined
MBC-producing chassis preferentially lacking genetic and metabolic
burdens. As a new strategy, a truncated pig gene cluster specifically
designed to facilitate the biosynthesis of the bipyrrole 6 was integrated
in the host. To this end, the artificial pigAFGHIJKLMN gene cluster
(excluding the MAP (5) biosynthesis-encoding genes pigBDE and the
ligase-encoding pigC, see Supplementary Figure S1) was assembled
by PCR and yeast recombinational cloning into the yTREX vector
following established protocols (Domrose et al., 2017; Weihmann
etal,, 2020). In this process, the promotor-less lacZ gene was inserted
downstream of pigN (Figure 2A). The resulting vector was used for
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random transposon Tn5-based integration of the recombinant operon
in the P. putida bacterial chromosome and LacZ was utilized as
transcription reporter. Based on that, clones with strong gene
expression were indicated by blue coloration as a result of X-gal
conversion. Of these clones, 19 were selected and subjected to small
scale cultivation, metabolite extraction and LC-MS analysis to verify
bipyrrole product accumulation. Results were comparatively evaluated
in relation to the previously established mutasynthesis chassis
P, putida pig-r2 ApigD (Figure 2B). While four strains did not produce
any detectable amounts of MBC (6), one clone (MBC17) produced a
lower amount of MBC (6) than P. putida pig-r2 ApigD, and 14
accumulated the bipyrrole at higher levels (up to 8-fold increased).
The best producer (MBC18) showed likewise elevated transcript levels
(approx. 4-fold), indicating that a higher expression level could
be reached in the new strain, which in turn contributed to higher
bipyrrole synthesis. The enhanced MBC (6) level was verified for
MBC18 in larger scale as applied in preparative mutasynthesis: Both
strains, P. putida pig-r2 ApigD and MBC18, were cultivated in TB
medium and polyurethane (PU) foam cubes were added as adsorbent
for the hydrophobic compound, as previously established for
prodigiosin (1) recovery (Domrose et al., 2015). Extracts from PU of
the cultures with the newly constructed strain MBC18 contained
about 12-fold more MBC (6) than those of the previously reported
strain P putida pig-r2 ApigD — a promising precondition
for mutasynthesis.

The next step was to evaluate the capacity of the new strains for
mutasynthesis with MBC17, MBC13, and MBC18 representing a low,
an intermediate, and a high MBC level producer, respectively. The
ligase PigC was thus introduced into these strains by plasmid-based
expression from the IPTG-inducible P, promoter in pVLT33-pigC
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FIGURE 2

Construction of a Pseudomonas putida mutasynthesis chassis. (A) The artificial 4-methoxy-2,2’-bipyrrole-5-carbaldehyde (MBC) biosynthesis-

encoding gene cluster was assembled by yeast-cloning and integrated in the bacterial chromosome via Tn5 transposition. After that, expressing clones
were selected based on LacZ reporter activity. (B) Relative MBC production in small scale cultivation of engineered P. putida shown as x-fold increase
relative to the signal of P. putida pig-r2 ApigD. Left Inset: Evaluation in preparative mutasynthesis setup (100 ml scale, MBC18 with pVLT33-pigC-pigB).
Right inset: Relative pigN mRNA levels. (C) Dependence of the condensation of biosynthesized MBC (6) with supplemented MAP (5) on co-expression
of PigB in P. putida stains MBC17, —13, —18 with plasmids pVLT33-pigC or pVLT33-pigC-pigB, respectively, in small scale cultivation. (D) Genetic setup
of the new mutasynthesis chassis carrying the MBC (6) biosynthetic genes in the chromosome and expressing pigC and pigB from a plasmid.

(E) Mutasynthesis performance of the newly established chassis P. putida MBC18/pVLT33-pigC-pigB in comparison with hitherto used P. putida pig-r2
ApigD in small scale cultivation at 25 or 30°C. The product was detected in extracts via spectrophotometry. Shown are mean values of independently
replicated measurements (min. triplicates) with the respective standard deviation. (F) Optimization of preparative mutasynthesis in 5x100 ml scale with

P. putida MBC18/pVLT33-pigC-pigB. The amount of substrate MAP (5) was varied from 1,000 uM to 100 pM to optimize conditions with respect to
isolated prodigiosin (1) and corresponding yields (% mol of product relative to the substance amount of substrate).

(Brands et al., 2020). After small scale cultivation with supplementation
of MAP (5, 1mm), cells were extracted and prodigiosin-specific
absorption was measured at 535nm (Figure 2C). However, no
noteworthy conversion of the fed monopyrrole to prodigiosin could
be detected with either strain (MBC17, MBC13, MBC18/pigC).
Since it is known that in in vitro assays PigC does not require any
additional proteins for functioning (Brass et al., 2019; Brands et al.,
2020) it could be excluded that a generally necessary component was
missing in the new strains. However, the previous pigD deletion
mutant P. putida pig-r2 ApigD could facilitate conversion and it
additionally contained functional PigB and PigE-encoding genes.
This suggested an important role of either one or both of these
proteins in the mutasynthesis setup (see Supplementary Figure S1).
Based on their localization at the membrane and the proven
importance of their membrane-anchoring domains, it may further
be speculated that the last precursor-delivering enzymes PigN/F and
PigB, as well as PigC could form a membrane-associated protein
complex (Williamson et al., 2005; Chawrai et al., 2012; Couturier
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etal, 2019). This suggested that this complex consisting of PigC and
PigN/F, but devoid of PigB might not be functional (see also
Supplementary Figures S2, S3). PigB co-expression was therefore
tested next by using plasmid pVLT33-pigC-pigB in the new strains
(Figures 2C,D). While in the low-level precursor providing strain
MBC17, co-expression of PigB did not lead to prodigiosin (1)
formation, an increased signal was observed with MBC13 and
highest levels were found in the high-level MBC-providing strain
MBC18 (MBC17, MBC13, MBC18/pigC-pigB).

As a next step, mutasynthetic prodigiosin (1) production of the
newly established chassis P. putida MBC18/pVLT'33-pigC-pigB was
assessed in comparison with hitherto used P. putida pig-r2 ApigD. To
this end, small scale cultivation was used to test performance at 25°C
as previously established (Klein et al., 2017, 2018) and at the optimal
P. putida growth temperature 30°C (Figure 2E). At 25°C, 4.2 and
10mg/L prodigiosin were obtained, while at 30°C, 2.3 and 21 mg/L
were produced with P. putida pig-r2 ApigD and MBC18/pVLT33-
pigC-pigB, respectively. These results therefore verified enhanced
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performance of the newly constructed chassis, especially at 30°C, so
all following experiments were conducted at this temperature.

Since during small scale cultivation under the applied conditions
with excess of MAP (1 mMm, 5), MBC (6) was consumed to below limits
of quantification, an adjustment of MAP concentrations was tested
next. Hence, different MAP (5) concentrations were supplemented to
P, putida MBC18/pVLT33-pigC-pigB in order to potentially match the
levels of both precursors in preparative scale experiments and
optimize yields (Figure 2F). The best yield of 62% purified product
was obtained with 150 pM MAP (5). Isolation by soxhlet extraction of
PU and column chromatography on silica yielded 17 mg prodigiosin
(1) from 500 ml mutasynthesis cultures. This outcome corresponding
to 34 mg/l represented an improvement to previously reported 17 mg/l,
obtained with the same pyrrole via comparable procedures (Klein
etal., 2017). Remaining MBC (6) was below 2 pM in this experiment
(Supplementary Figure S4). This procedure was therefore deemed as
suitable for further steps toward accessing the hydroxylated target
compound 3.

2.2. Chemical synthesis of pyrroles,
muta- and semisynthesis of hydroxylated
prodiginine 3

In order to establish a synthesis route to a hydroxylated
prodiginine tripyrrole, a pyrrole with terminal double bond was aimed
as precursor to allow a late-stage semisynthetic functionalization.
Previously reported prodiginine 2 was synthesized chemically in a
condensation reaction of Boc-6 and a pyrrole with allylalcohol
function (Habash et al., 2020). With this approach, the functional
group is already applied, but further modification and derivatization
are less feasible. The here presented mutasynthesis approach is more
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flexible in terms of late-stage functionalization and allows to
functionalize the obtained mutasynthesis product in a variety of ways,
such as with a bromination or oxidation. In order to yield the
hydroxylated prodiginine 3, we applied a hydroboration as
semisynthetic step.

Starting from carboxylic acid 7, Weinreb-amide 8 and ketone 9
were obtained in two steps, consecutively. Afterwards, oxime 10 was
synthesized to be used as starting material in the Trofimov pyrrole
synthesis toward pyrrole 11a, as previously described (Mikhaleva
et al., 1981; Trofimov et al., 2015; Klein et al., 2018). The Trofimov
pyrrole synthesis represents the yield-limiting step in this synthesis
sequence (Figure 3). This could be explained by the strongly basic
reaction conditions, which favor side-product formations as
described previously (Ivanov et al., 2014). Observed side-products
were a ketoxime diether and an N-alkylated pyrrole, which could
be removed by flash column chromatography on silica. In a
subsequent hydroboration with the organoborane 9-BBN
(9-Borabicyclo[3.3.1]nonane), a hydroxylated pyrrole 11b was
obtained as precursor.

Both pyrroles were tested as mutasynthons, but only pyrrole 11a
was converted in P. putida MBC18/pVLT33-pigC-pigB (Figure 4A).
The hydroxylated group likely prevents the pyrrole 11b from crossing
the cell membrane, since PigC-mediated condensation was observed
in experiments with lysate (Figure 4B). Therefore, 150 pM 11a was
applied in a preparative mutasynthesis, yielding 30mg/L of the
corresponding tripyrrole 12 which corresponds to 54% yield.

The hydroxylated prodiginine 3 was synthesized in a final
semisynthetic step by hydroboration of the obtained mutasynthesis
product 12, yielding targeted compound 3 in 65% yield (Figure 4C).
Notably, for the hydroboration to be successful, the mutasynthesis
product had to be purified via reversed phase column
chromatography in advance. Overall, a hybrid synthesis route for a
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FIGURE 4

be obtained.

Synthetic route toward hydroxylated prodiginine 3. (A) Mutasynthetic tripyrrole formation upon feeding of 11a and 11b, respectively, in small scale
cultivation of P. putida MBC18/pVLT33-pigC-pigB. The products were detected spectrophotometrically and quantified relative to the signal upon MAP
(5) supplementation. Mean values of triplicate measurements with the respective standard deviation are shown. (B) Assessment in vitro of PigC
substrate acceptance, shown as tripyrrole-typical coloration of reaction mixtures after incubation of lysate from PigC-expressing E. coli cells with MBC
(6) and monopyrroles. (C) Synthesis scheme of hydroxylated prodiginine 3. Pyrrole 11a was supplemented to the MBC producing strain P. putida
MBC18/pVLT33-pigC—-pigB in preparative mutasynthesis to obtain the product 12. As reference, the compound was also synthesized chemically in a
condensation reaction with Boc-protected MBC (6). By the following semisynthetic hydroboration step, the final hydroxylated prodiginine 3 could

hydroxylated prodiginine involving advantageous biosynthesis of the
bipyrrole precursor 6 instead of laborious organic synthesis could
be established.

2.3. Impact of prodiginines on the
plant-parasitic nematode Heterodera
schachtii

The main focus in this study was on hydroxylated
prodiginine 3 for the above mentioned reasons. Additionally, the
natural product prodigiosin (1) was used as reference in all
subsequent assays. The individual effects of the hydroxylated
prodiginine 3 and prodigiosin (1) against the PPN H. schachtii
were determined first. To this end, the half maximal effective
concentration (ECs,) for the reduction of nematode numbers on
the model plant Arabidopsis thaliana was assessed. Prodiginines
were found to inhibit nematode infestation by up to 80%. The
ECs, (nematode infection) was 31.2puM for hydroxylated
prodiginine 3 and 15.1uM for prodigiosin (1) (Figure 5).
Although the synthesis of the previously presented prodiginine
2 is relatively laborious it appeared still interesting to validate its
impact on H. schachtii. Prodiginine 2 and an alternative
prodiginine with a side chain one carbon longer than prodiginine
3 (compound 13, see Supplementary Information) did not
exhibit stronger effects compared to prodiginine 3 (see
Supplementary Figure S6) thus justifying our focus on
hydroxylated prodiginine 3.

A next aim was to pinpoint the nematode’s life stage(s) and the
time during host-pathogen interaction when the effect of prodiginines
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on the nematode becomes obvious. Therefore a time-resolved analysis
of the nematodes’ reaction to application of prodigiosin (1) and the
hydroxylated prodiginine 3 was performed. To this end, fitness
parameters of second-stage juveniles of H. schachtii (J2), nematode
infection of A. thaliana and nematode development at the plant were
investigated. These parameters were evaluated at different time points
during exposure of the parasite to the above determined ECs,
(nematode infection).

The motility of H. schachtii ]2, which were exposed to
prodigiosin (1) and the hydroxylated prodiginine 3 at their ECs,
concentrations for 1h, was significantly reduced by 32 and 39%,
respectively, compared to the control (Figure 6A). An
investigation of H. schachtii J2 stylet movement revealed a
significant reduction in the frequency of thrusting at A. thaliana
roots by 19 and 16% upon prodigiosin (1) and hydroxylated
prodiginine 3 application, respectively (Figure 6B). This could
be the reason that the number of nematodes that successfully
penetrated the root epidermis (Figure 6C) and established a
sedentary interaction with the plant was significantly reduced by
prodiginines by 28 to 41% compared to the control (Figure 6D).
Finally, the growth of H. schachtii females and males developing
from ]2 that successfully infected the plant despite prodiginine
exposure was slightly reduced but not significantly impaired by
prodiginines (Figure 6F).

The presented data provides for the first time specific hints to
the mode of action of prodiginines and substantiates that
prodiginines exert a direct antagonistic effect on H. schachtii. In
contrast, the antinematodal effect of rhamnolipids has recently
been shown to be indirect, i.e., triggering plant defense
mechanisms (Bredenbruch et al., 2023). Based on these findings,
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ECs, determination of prodiginines on the plant-parasitic nematode
Heterodera schachtii. (A) Impact of prodigiosin (1) on nematodal
plant infestation. (B) Impact of hydroxylated prodiginine 3 on
nematodal plant infestation. The impact on H. schachtii was assessed
as reduction of nematode numbers on Arabidopsis thaliana. ECs,
values (effective concentration that causes a reduction of nematode
infestation of A. thaliana by 50%) were calculated by using
‘CompuSyn’. Results are expressed as the mean+standard error of
three independent biological replicates (n>18). Different letters
indicate statistically significant differences among treatments
according to Dunn’s Method (p<0.05).

it is intriguing to assess the combined effects of prodiginines and
rhamnolipids as a synergistic activity against nematodes may
be hypothesized. For these investigations the previously evaluated
and described mixture of di-rhamnolipid congeners (Bredenbruch
et al., 2023) was chosen, which revealed an EC;, (nematode
infection) of 2.8 pg/mL (corresponding to approximately ~ 4.3 pM;
Supplementary Figure S7).

Investigations of the combined activities of prodiginines (1 and
3) and di-rhamnolipids (4) revealed that the combination of the two
compounds was more effective against nematode parasitism than
the individual compounds, i.e., the combined application reduced
the required concentrations for the same effect (Figures 65,G). To
obtain, for instance, 50% nematode control, it was sufficient to
apply % the concentration of hydroxylated prodiginine 3 and
di-rhamnolipids (4) together or prodigiosin (1) and di-rhamnolipids
(4) together instead of the full dose of each compound individually
(see Supplementary Figure S8 for dose response curves and
combination index plots).
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3. Discussion

3.1. Development of hybrid synthesis
toward tailored hydroxylated prodiginine

The concept of mutasynthesis is highly attractive for synthetic
chemists as a method for structural diversification of natural products
by using genetically engineered microorganisms (Kirschning et al.,
2007). By using nature’s enzymatic biosynthetic machinery for the
synthesis of precursor MBC (6) this study presents an environmentally
friendly way by avoiding heavy metal catalyzed synthesis of Boc-6
(Dairi et al., 2006; Domrose et al., 2015). Furthermore, this approach
allows the incorporation of non-native building blocks into new
derivatives due to enzyme promiscuity (Sun et al., 2015).

While in our previous studies, prodigiosin (1) biosynthesis
resulted in titers, e.g., ranging from 60 to 150 mg/L (Domrose et al.,
2015,2017,2019) depending on the applied conditions, mutasynthetic
derivatives were only obtained with 0.6-3.1mg/L (Klein et al., 2018)
or maximally 19.8 mg/L (Klein et al., 2017). In general, this may reflect
poor substrate entry into the cells, a low activity of PigC toward
unnatural substrates, an insufficient MBC (6) supply, or a combination
of these factors. In the present study, the MBC (6) supply was
addressed by implementing expression of MBC (6) biosynthetic genes,
which
30-34mg/L. Further improvements are conceivable with alternative

successfully led to reaching enhanced titers of
ligase enzymes. The new strain setup of P. putida MBC18 allows their
exchange more easily by use of alternative plasmids, whereas strain
P, putida pig-12 ApigD carried all pig genes in the chromosome. In this
context, our studies uncovered, that coexpression of pigB is essential
in this setup. It might be speculated that the enzymes PigN/F and
PigB, that naturally deliver the pyrrole precursors, as well as PigC
assemble to form a membrane-associated complex (Williamson et al.,
2005; Chawrai et al., 2012; Couturier et al., 2019). This may
hypothetically ensure fast product release via the membrane. Our
findings suggest that an only partial assembly of this putative complex
consisting of PigC and PigN/F, but devoid of PigB is not functional.
Notably in this context, Janthinobacterium lividum appears to contain
a pigCB fusion in its pig gene cluster (Schloss et al., 2010). However,
further studies are required to elucidate these interactions.

Previous studies investigated the versatile substrate range of the
condensing enzyme PigC (Klein et al., 2017, 2018; Brass et al., 2019).
According to these findings, the present study focused on a
mutasynthesis approach toward tailored hydroxylated prodiginines by
feeding modified pyrroles to the new strain P. putida MBC18. In
advance, the mutasynthesis experiment was optimized concerning the
yields (Figure 2F). Notably, feeding a high amount of MAP (5) did not
lead to a likewise high amount of prodigiosin (1) and thus resulted in
relatively low yields up to 17%. Interestingly, by varying the MAP (5)
concentration in a range of 100-1,000pMm, the prodigiosin (1)
concentrations obtained (93-167 pm) were relatively constant and did
not reflect the magnitude of the fed pyrrole concentration (Figure 2F).
This observation could be explained by a substrate inhibition of
involved enzymes. A PigC substrate inhibition by MAP (5) has been
demonstrated in a previous study: conversion assays using different
concentrations of MAP (5) at a fixed MBC (6) concentration suggested
an ordered kinetic mechanism in which MBC (6) has to bind before
MAP (5) (Chawrai et al., 2012). In the present study, 62% prodigiosin
(1), obtained with an adjusted MAP (5) concentration, is the highest
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FIGURE 6

ECs, concentration in A, B, D.

Prodiginine impact on Heterodera schachtii fitness parameters, plant parasitism, and combined activity with di-rhamnolipids. (A) H. schachtii 32
motility, assessed as distance to an inoculation point after incubation. (B) Stylet thrusting at Arabidopsis thaliana roots, assessed as movements/min.
(C) A. thaliana root with an invading J2. (D) Nematode infection rate at A. thaliana, investigated at different time points after inoculation. (E) Nematode
size development, evaluated during 10days after inoculation. (F,G) The combined effect of prodigiosin (1) and di-rhamnolipids (4) as well as
hydroxylated prodiginine 3 and di-rhamnolipids (4), respectively, was assessed at 10days after inoculation. Combination indices were calculated using
‘CompuSyn’. Results are expressed as the mean+standard error of at least three biological replicates [n>614 (A); n=40 (B); n=56 (D); n>70 (E); n>20
(F); n>22 (G)]. Different letters indicate statistically significant differences among treatments according to Dunn’s Method (p<0.05). ECs, is the effective
concentration that causes a reduction of nematode infestation of A. thaliana by 50%. Prodigiosin (1) and hydroxylated prodiginine 3 were used at their

yield achieved in a preparative scale. However, further investigation
and optimization of the mutasynthesis approach may lead to even
higher yields, for example by feeding the pyrrole over a period of time
to overcome PigC substrate inhibition.

As mentioned above, a strength of mutasynthesis is the substrate
promiscuity of the enzymes used. Results of an in vitro PigC assay
showed acceptance for both pyrroles 11a and 11b (Figure 4B).
However, using 11b as mutasynthon in an in vivo approach did not
result in formation of the targeted hydroxylated prodiginine 3,
rendering an alternative approach necessary. We assume that the
hydroxyl group prevents the pyrrole 11b from crossing the cell
membrane. To overcome this issue, pyrrole 11a was supplemented as

Frontiers in Microbiology

mutasynthon to produce prodiginine 12 in a yield of 54%. The
hydroxyl group was introduced in a semisynthetic step toward the
targeted prodiginine 3. Notably, the mutasynthesis product 12 had to
be purified via reversed-phase column chromatography for the final
hydroboration step to succeed. Alternative purification methods, such
as aqueous washing steps (sat. NH,Cl, sat. NaHCO;, sat. Na,SO,, sat.
NaCl or sat. LiCl) or normal phase column chromatography (silica or
alox) led to an apparently inactivated prodiginine, which did not show
any conversion to the hydroxylated prodiginine 3, not even under
high excess of the hydroboration agent 9-BBN. Quantitative 'H-NMR
spectroscopy showed, that the purity of the mutasynthesis product,
which was isolated by normal phase column chromatography

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1151882
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Kossmann et al.

increased from 60+ 3% to 92 +5% after an additional reversed-phase
column chromatography. This finding was crucial for the success of
the hybrid synthesis toward hydroxylated prodiginine 3, even if the
impurities that led to an inactivation of isolated mutasynthesis
products could not be identified and further investigations
are necessary.

3.2. Prodiginine-induced reduction of the
fitness and infectiousness of the
plant-parasitic nematode Heterodera
schachtii

Since PPN mostly inhabit the soil and primarily attack below-
surface parts of plants, it is often challenging to control
PPN. Microscopic life in the rhizosphere is particularly robust and
naturally occurring microbial compounds have been studied and
commercialized as potent bioactive ingredients against a diversity of
soil-borne pathogens over the past decades (Handelsman and Stabb,
1996; Haas and Défago, 2005; Kohl et al., 2019). Our previous work
revealed that prodiginines and rhamnolipids possess activity against
the PPN H. schachtii (Habash et al., 2020; Bredenbruch et al., 2023).
Rhamnolipids exert their activity by triggering plant defense responses
effective against nematodes. Unlike that, this current study
demonstrated that prodigiosin (1) and hydroxylated prodiginine 3
directly antagonize H. schachtii ]2 by inhibiting motility and stylet
thrusting (Figures 6A,B). The J2 is the infective larval stage of
H. schachtii, which migrates within the soil towards the root. In the
natural habitat, H. schachtii ]2 migrate at the maximum speed when
there is no lateral movement and each body part usually follows the
movement of its front part (Wallace, 1958). The presence of the
investigated  prodiginines appears to hinder nematode
forward movement.

Stylet thrusting of H. schachtii ]2 is a prerequisite for destructively
invading the host’s root tissue and later—after reaching the vascular
cylinder—carefully probing plant cells until a suitable cell is found,
which becomes the initial syncytial cell (ISC). The frequency of this
stylet movement is significantly reduced by prodiginines, as
demonstrated in this study. The continuous vigorous stylet thrusting
of J2 is an energy consuming process (Wyss and Zunke, 1986;
Grundler et al., 1991; Wyss, 1992; Wyss and Grundler, 1992). Since it
has been described that prodiginines can uncouple mitochondrial
F-ATPases due to their H*/Cl-symport activity (Konno et al., 1998),
their direct effect on the cellular energy metabolism might be one
explanation for the lower frequency of J2 stylet movements.

Once H. schachtii J2 accomplish the formation of permanent
feeding sites, they become immobile and change from a migratory
into a sedentary form (Wyss, 1992). Prodiginines were observed to
interfere with nematode invasion and infection of A. thaliana.
However, female and male development at the host plant is not
influenced by prodiginines at 2 and 4 days after the inoculation, while
it is slightly impaired after 10days (Figures 6D,E). As stated in our
previous study, a significant reduction of female size due to prodigiosin
application can be observed after 13days (Habash et al., 2020).
Probably, the impact of prodiginines on the pathogen’s development
at the root becomes obvious only at later time points after infection.
Future studies should investigate this aspect further and additionally
determine whether prodiginine exposure interferes with reproduction.
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While investigations on the molecular mode of action for the
interaction of prodiginines with nematodes are missing, studies of
their effects on bacteria document a disturbing impact on biological
membranes and reactive oxygen species (ROS) generation (Darshan
and Manonmani, 2015, 2016; Suryawanshi et al., 2017; Ravindran
etal, 2020; Choi et al,, 2021). Whether prodiginines cause disruption
of PPN membranes and whether this contributes to the observed
effects still needs to be elucidated.

Unlike “single compound - single target” approaches,
multicomponent therapeutics enable interactions with multiple
targets (Keith et al., 2005; Hopkins, 2007; Yildirim et al., 2007).
The discovery of drug-drug combinations offers promising
strategies for (1) the improvement of drug treatment efficacy, (2)
the reduction of drug dosage to avoid toxicity, and (3) the
minimization of drug resistance evolution (Jia et al., 2009; Cheng
et al, 2019). Our results demonstrate that, when applying
prodiginines and di-rhamnolipids combined, only % of the
concentration rather than the full dose of each single agent is
required to achieve the same nematode control efficacy (50%
reduction of nematode infestation; Figures 6F,G). This validates
the two compounds to exert synergistic effects. Intriguingly, by
increasing the doses for combinations, the combined effect is
diminished and even appears antagonistic. Similar results were
reported previously in the analyses of antibacterial effects, which
were dependent on the ratio of prodigiosin and rhamnolipids
(Hage-Hiilsmann et al., 2018).

Synergistic  effects between Dbiosurfactants including
rhamnolipids and various antibiotics have been described multiple
times before (Boonlarppradab et al., 2008; Williamson et al., 2008;
Sotirova et al., 2012; Magalhdes and Nitschke, 2013; Das et al., 2014;
Rossi et al., 2016). On the one hand, rhamnolipids, which exhibit
surface-active properties, can increase the solubility of the drug and
facilitate its access to target cells (Beal and Betts, 2000; Abdel-
Mawgoud et al., 2010). On the other hand, rhamnolipids can perturb
the packing of the cell membrane phospholipids by intercalating into
the bilayer, which leads to increased permeability of the cell
membrane (Dowhan, 1997; Ortiz et al., 2006). As a consequence, the
interaction of combined applications facilitates more effective
penetration through biological interfaces to better reach the site of
action (Bhadoriya et al., 2013; Bnyan et al., 2018; Hage-Hiilsmann
etal., 2018).

However, the role of rhamnolipids in combined antinematodal
activity goes far beyond that. Plants have developed sophisticated
defense mechanisms that enhance resistance to their enemies. After
perception of rhamnolipids, early events of cell signaling, including
calcium influx, MAP kinase activation, ROS accumulation, and
defense-related gene stimulation were detected in plants (Garcia-
Brugger et al., 2006; Varnier et al., 2009). Besides, rhamnolipids also
trigger the activation of a phytohormone-regulated immune signaling
network and thus modulate late defense responses to a diversity of
phytopathogens (Pieterse et al., 2012; Sanchez et al., 2012). A recent
study confirmed that di-rhamnolipids put A. thaliana on alert so that
the plant responds stronger to H. schachtii attack (Bredenbruch et al.,
2023). The combined application of rhamnolipids and prodiginines
may therefore effectuate molecular structures and processes on
multiple levels in both, the plant and the pathogen, and may pose a
promising starting point for the development of multicomponent
antinematodal agents.
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4. Materials and methods

4.1. Engineering and characterization of
Pseudomonas putida strains, PigC activity
assay

4.1.1. Bacterial strains and standard cultivation
conditions

Cultivation of P, putida KT2440 (Nelson et al., 2002; Belda et al.,
2016) was conducted at 30°C, if not stated otherwise, shaking
(130rpm) in Erlenmeyer shake flasks in LB medium (Carl Roth,
Karlsruhe, Germany), or on LB agar plates (LB medium completed
with 15g/L Agar). Small scale production tests were conducted in TB
medium (Carl Roth, Karlsruhe, Germany) in Flowerplates (m2p-labs
GmbH, Baesweiler, Germany). Cultures of P. putida pig-r2 ApigD
(Klein et al., 2017) were supplemented with 80 pg/mL streptomycin,
MBC strains created in the present study with 50 pg/mL tetracycline,
and MBC strains carrying pVLT33 derived plasmids with 25pg/mL
kanamycin. Escherichia coli strains S17-1 (Simon et al., 1983; used for
conjugation), and DH5a (Hanahan, 1983; used for cloning) were
cultivated at 37°C under constant agitation (120 rpm) in shake flasks
in liquid LB medium or on LB agar plates.

4.1.2. Cloning of integrative yTREX vector with
MBC biosynthetic genes and ligase expression
plasmids

The synthetic MBC biosynthesis-encoding pig gene cluster was
PCR-amplified in three parts for assembly into the yTREX vector
(Domrose et al., 2017; Weihmann et al., 2020) which was linearized
with endonuclease I-Scel: pigA (primers AD142+171, 1,239bp),
pigFGHI (primers AD172+ 162, 4,867 bp) and pigIKLMN (primers
AD163 + 164, 5,033 bp) using vector pPIG (Loeschcke et al., 2013) as
template. In addition, lacZ was amplified as promotorless gene
(primers AD124+ 125, 3,127 bp) using vector pRcExplII2-YFI1-Fix]-
PFixK2-LacZ (Weihmann et al., 2020) as template. All genes were
amplified with the respective 5-UTR sequences including the
ribosome binding sites; primers added homology arms to each of the
fragments. Assembly of the vector yTREX-MBC-lacZ, carrying the
gene cassette pigA-pigFGHIJKLMN-lacZ, in Saccharomyces cerevisiae
VL6-48 was conducted as previously described (Domrose et al., 2017;
Weihmann et al., 2020). Plasmid pVLT33-pigC, carrying the pigC
gene with an adapted codon usage for P. putida (Brands et al., 2020),
was used for PigC expression. The pigB gene was amplified (primers
RW144 + 145, 2090 bp) using yTREX-pig (Domrose et al., 2017) as
template. The vector and PCR product were hydrolyzed with
endonucleases HindIII und Xbal and ligated to obtain pVLT33-pigC-
pigB. All listed
Supplementary Table S1.

plasmids and oligonucleotides are in

4.1.3. Generation of MBC producing
Pseudomonas putida strains

To generate P. putida production strains, the plasmid yTREX-
MBC-lacZ was transformed into E. coli S17-1 and further transferred
to P putida KT2440 via conjugation as previously described
(Weihmann et al., 2020). Since yTREX constructs do not replicate in
P, putida, positive selection for strains in which Tn5 transposition of
the recombinant yTREX transposon occurred, could be conducted by
using LB medium supplemented with tetracycline. In addition, 25 pg/
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mL irgasan was added to prevent E. coli growth. Among exconjugants,
production strains were identified visually after 16 h of cultivation on
agar plates (Weihmann et al., 2020): The selection medium after
conjugation was additionally supplemented with 0.3 mm X-gal (stock
solution: 50 mm in DMF), and expression strains were identified by
blue color due to B-galactosidase activity.

4.1.4. Analysis of MBC biosynthesis in
Pseudomonas putida

For verification of MBC biosynthesis in small scale cultivation,
expression cultures of P. putida pig-r2 ApigD and MBC strains
(denoted with 2, 4,5,6,7,8,9,10, 11, 12, 13, 15, 16, 17, 18, 20, 21 or
22) (n=4, independent biological replicates) were cultivated in
Flowerplates. To this end, 1 mL precultures in LB medium were used
for inoculation of 1,1 mL main cultures in TB medium to an OD
(650nm) of 0.05. Flowerplates were covered with breathable air
sheets (139.7 pm sterile Rayon films, VWR North America Cat.No.
60941-086) and incubated for 24h (30°C, 1,400 rpm). After that,
700 pL samples were used for cell harvesting (15,000 rpm, 5 min).
The pellet was resuspended in 300 pL methanol and subjected to
sonication in a water bath (Sonorex RH 100 H) for 10 min. After
centrifugation (15,000 rpm, 5min), the supernatant was dried at
45°C under reduced pressure (in a Concentrator 5,301). For 2-phase
extraction, 300 uL. DCM und 300 pL MilliQ-water were added and
mixed well, before centrifugation (15,000 rpm, 3 min). The organic
lower layer was transferred in a fresh reaction tube and the extraction
repeated. The resulting pooled DCM was again dried (45°C,
Eppendorf Concentrator 5,301). Samples were resuspended in
200pL methanol, centrifuged (15,000rpm, 1min) and finally
subjected to LC-MS analysis or stored until that at 4°C. LC-MS
analysis was conducted using an HP 1100 Series LC/MSD (Agilent
Analytical Instruments) with an Atlantis T3 column (3pm,
3*¥100 mm) from Waters. The eluents water (A) and methanol (B),
both supplemented with 0.1% formic acid, were used for gradient
chromatography at 0.6 mL/min flow rate: Starting at 90% A and 10%
B, increasing to 60% B in 4 min, then in further 2 min to 100% B,
which was maintained for 4 min. After that, starting conditions were
implemented again (10% B) and held for 1 min. Sample volumes of
10 were injected and detection was accomplished with a G1315A
DAD-detector and an G1946A mass spectrometer (API-ES, positive
ion mode, single quadrupole detector, m/z-range 100-2000). After
verification of specific signals corresponding to the ion [M +H]* of
MBC (191 m/z), the UV/Vis signal (364nm) of the corresponding
peaks detected at 6.7 min were evaluated for relative quantification
with reference to the values obtained with strain P. putida pig-r2
ApigD. For subsequent routine MBC analysis, HPLC-PDA analysis
using an LC-10Ai (Shimadzu Deutschland GmbH, Duisburg,
Germany) was also applied with an SPDM10Avp photodiode array
detector (PDA), and an Accucore™ C18 HPLC column (2.6 pm,
4.6*50 mm) from Thermo Fisher Scientific (Walkham, United States).
At a column oven temperature of 30°C, 10 pL samples were analyzed
at 1mL/min flow rate in a gradient elution using water (A) and
acetonitrile (B), both with 0.1% formic acid: Starting at 95%A and
5% B for 0.5 min, increasing to 25% B at 0.9 min, to 55% at 9.5 min,
and to 98% at 10 min, which was held for 1 min, before returning to
5% B at 11.5 min, which was maintained for 2 min. Chromatograms
were recorded at 360 nm and detected MBC at 4.5 min (A, 363 nm).
To analyze MBC in 100 mL cultures, 1g polyurethane (PU) foam
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cubes were added as described for mutasynthesis conditions, and
extracted with 15mL ethanol.

4.1.5. Quantification of pig gene transcript by
RT-gPCR

Reverse transcription (RT) followed by quantitative PCR (qPCR)
was employed to quantify mRNA levels of pigN. Precultures, grown in
LB medium, were used to inoculate 1 mL TB main cultures of P. putida
pig-r2 ApigD and MBC18 with pVLT33-pigC-pigB to an OD (650 nm)
0f 0.05 (n =3, independent biological replicates). These were incubated
shaking (1,200 rpm) at 30°C for 4 h, before induction of the latter with
0.5mM IPTG (10pL of a 50mmMm stock solution in water). After
additional 4h incubation, 500 uL of each culture were harvested to
extract total RNA with the NucleoSpin® RNA-Kit (Macherey-Nagel,
Diiren, Germany). DNAse treatment was conducted in three steps
with DNase from Macherey-Nagel, Qiagen (Hilden, Germany) and
(Thermo Fisher Scientific). The
Transcriptase (Thermo Fisher Scientific) was used for reverse

Ambion Maxima Reverse
transcription of 2000 ng RNA in 20 pL volumes. The qPCR reaction
mix contained 9.2 pL of the cDNA solution (diluted to correspond to
50ng RNA), 0.4 pL containing 4 pmol of each primer (stocks: 10 pmol/
pL), and 10pL Maxima SYBR Green/ROX qPCR Master Mix (2x;
Thermo Fisher Scientific). All qPCR reactions were carried out as
technical quadruplicates in addition to the biological triplicates.
Controls without reverse transcriptase and without template as well as
monitoring of PCR product melting curves ensured signal specificity.
Calibration with the pPIG plasmid allowed determination of pigh'
copy numbers in P. putida pig-r2 ApigD and MBC18, which were
177 x10* (+4x 10") and 683 x 10" (12 x 10*) per 100 ng total RNA,
respectively. For direct comparison, the data was evaluated as
expression levels relative to the signal of P. putida pig-r2 ApigD. To
corroborate comparability, the transcript levels of rpoD were analyzed
as internal control, which yielded similar results in both strains as
expected [571x 10" (£ 16 x 10*) and 750 x 10* (+30% 10*) per 100 ng
total RNA].

4.1.6. Mutasynthesis in small scale cultivation
Expression cultures of P. putida pig-r2 ApigD and strains MBC13,
—17, —18 with plasmids pVLT33-pigC or pVLT33-pigC-pigB (n=3,
independent biological replicates) were cultivated in Flowerplates.
Precultures in 1 mL LB medium were used for inoculation of 1 mL
main cultures in TB medium to an OD (650 nm) of 0.05. Flowerplates
were covered with breathable air sheets and incubated for 4h (30°C,
1,200rpm), before Imm MAP was supplemented to the cultures
(20 pL of a 50 mm stock solution in DMSO) and gene expression in
strains with plasmids was induced by addition of 0.5mm IPTG (10 pL
of a 50mMm stock solution in water). Cultivation was subsequently
continued for 20h at 30°C or 25°C. After that, cultures were harvested
(12,000 rpm, 2 min). The pellets were pre-resolved with 20 pL milliQ-
water and extracted with 500 pL acidified ethanol [4% (v/v) 1 N~ HC]
in ethanol]. After centrifugation (2 min, 14,000 rpm), 150 pL samples
were either diluted by a factor of 10 or directly subjected to
spectrophotometric analysis in a microplate reader “Infinite M1000
pro” (Tecan Group LTD., Maennedorf, Switzerland) to measure
characteristic absorption spectra from 400 to 700 nm. Plotting the
absorption at 535nm facilitated comparative evaluation. For
quantification of prodigiosin formation via the previously published
molar extinction coefficient (Domrose et al., 2015), the signal of the
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Tecan plate reader was calibrated with solutions of known
concentration based on € (535nm) [M~' cm™!]=139,800 (Domrose
etal, 2015). Prodigiosin titers (expressed in mg/L) were determined
by considering the molecular weight of the compound (323.432 g/
mol) and the extracted culture volume.

4.1.7. PigC substrate acceptance assay

The in vitro assay with cell lysate of E. coli BL21 (DE3) pET28a(+)-
pigC was performed as described previously (Klein et al., 2017; Brass
et al., 2019). Accordingly, the heterologous expression of PigC was
carried out using E. coli BL21 (DE3) pET28a(+)-pigC cells, which were
stored at —20°C after cultivation and harvesting. Frozen cells (1g)
were thawed and resuspended in potassium phosphate buffer (KP;
buffer, 50mm, pH 7.0; 5mL). The cell suspension was disrupted using
a SONOPULS Ultrasonic homogenizer (Bandelin, Berlin, Germany)
for 2 x 5min (five cycles, 40% power), to obtain lysed cells which were
used for the PigC substrate acceptance assay. The assay solution
contained 440 pL of cell lysate in KP; buffer (50 mm, pH 7.0), 25 pL of
a pyrrole 5, 11a, 11b solution in DMSO (20 mm, end concentration:
ImMm), 25pL of an MBC (6) solution in DMSO (20mmMm, end
concentration: 1 mm) and 10pL of an ATPeNa, solution in water
(62.5mM, end concentration: 1.25mm). The reaction mixture was
shaken in a 1.5mL tube at 300 rpm and 30°C for 4 h. The supernatant
was removed after centrifugation (5min, 21,100 rcf, 23°C) and the
prodiginine pellet was resuspended in 300 pL acidic ethanol [4% (v/v)
1 N HCl in ethanol]. After centrifugation (5min, 21,100 rcf, 23°C), the
supernatant was transferred in a new 1.5mL reaction tube and
documented photographically.

4.2. Chemical precursor syntheses

4.2.1. General experimental procedures for
chemical syntheses

All reactions were carried out under nitrogen atmosphere and
magnetic stirring. Used glassware and magnetic stirring bars were
dried previously at 110°C. All starting materials were purchased from
commercial sources without further purification unless stated
otherwise. Dichloromethane, diethyl ether, ethyl acetate (EtOAc) and
petroleum ether (PE) were distilled prior to use. Tetrahydrofuran
(THF) was used directly. Reactions were monitored by GC-MS,
"H-NMR and thin layer chromatography (TLC; Polygram SIL G/
UV254, Macherey-Nagel) using an acidic solution of p-anisaldehyde
for staining or UV light at 245nm for visualization. Purification of
reaction products was carried out by flash chromatography on silica
gel 60 (particle size 0.040-0.063 mm, 230-240 mesh, Macherey-
Nagel). Analytics were carried out as described in the Supplementary
S2, S3,
Supplementary Figure S5. The precursors 2-methyl-3-N-amylpyrrole
(MAP, 5), tert-butyloxycarbonyl-5"-formyl-4"-methoxy-1H,1"H-2,2’"-
bipyrrole (boc-MBC, Boc-6) and prodigiosin (1) as chemical

Information, including Supplementary Tables and

references were synthesized as previously described (Dairi et al., 2006;
Domrdése et al., 2015).

4.2.2. N-methoxy-N-methyloct-7-enamide (8)
To a solution of 7-octenoic acid (2mL, 13.0mmol, 1.0eq.) in
dichloromethane (70mL) was added N,O-dimethylhydroxylamine

hydrochloride (1.19g, 19.5mmol, 1.50eq.),
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N-(3-dimethylaminopropyl)-N'ethylcarbodiimid hydrochloride (3.03 g,
19.5mmol, 1.5eq.) and 4-(dimethylamino)pyridine (2.38g, 19.5mmol,
1.5eq.). After stirring for 22h at 22°C, the reaction mixture was
quenched with a saturated solution of NaCl and extracted with
dichloromethane (3 x 50mL). The combined organic layers were first
washed with 1N HCI, afterwards with saturated NaHCO; solution and
dried over MgSO,. After removal of the solvent under reduced pressure
N-methoxy-N-methyloct-7-enamide (8, 2.29g, 12.4mmol, 95%) was
obtained as a yellow oil and was used for the following experiment
without further purification. R=0.15 (PE/EtOAc 85:15); "H-NMR
(600MHz, CDCL): é [ppm]=1.36 (m,, 2H, 4-H), 1.41 (m,, 2H, 5-H),
1.64 (m,, 2H, 3-H), 2.05 (m,, 2H, 6-H), 2.41 (t, °J,,=7.7 Hz, 2H, 2-H),
3.18 (s, 3H, 17-H), 3.68 (s, 3H, I"-H), 4.93 (dd, ®J,,,=10.2Hz,
easo=1.2Hz, 1H, 8-H,), 4.99 (ddd, "™%Jy,,=17.1Hz, *Jg,5,= 1.8 Hz,
Jgpe=1.8Hz, 1H, 8-Hy), 5.80 (ddt, "], =17.0Hz, °J,4,=10.2Hz,
3,6=6.7Hz, 1H, 7-H); *C-NMR (151 MHz, CDCL): § [ppm] =24.6
(C-3), 28.8 (C-4), 29.1 (C-5), 32.0 (C-2), 32.3 (C-1”) 33.8 (C-6) 61.3
(C-1"), 114.5 (C-8), 139.1 (C-7); IR (ATR-film): ¥ [1/cm]=3,074, 2,931,
2,855, 1,667, 1,463, 1,415, 1,384, 1,178, 998, 910, 732; MS (APCI, positive
ion): m/z=186 [(M)*], 97, 83, 55.

4.2.3. Non-8-en-2-one (9)

N-methoxy-N-methyloct-7-enamide (8, 2.29 g, 12.4mmol, 1.0eq.)
was dissolved in dry THF (100 mL) and methylmagnesium chloride
(3M in diethyl ether, 12.4mL, 37.1 mmol, 3.0eq.) was added within
15min at 0°C. The reaction mixture was stirred for 1.5h at 0°C and
afterwards quenched by the addition of a saturated solution of NH,Cl
at 0°C and extracted with dichloromethane (3 x 60 mL). The combined
organic layers were dried over MgSO, and the solvent was evaporated
under reduced pressure to yield non-8-en-2-one (9, 1.63 g, 11.6 mmol,
94%) as a yellowish oil without further purification. R;=0.40 (PE/
EtOAc 85:15); "H-NMR (600 MHz, CDCL,): § [ppm] =1.25-1.34 (m,
2H, 5-H), 1.35-1.43 (m, 2H, 6-H), 1.58 (tt, *J,,=7.5Hz, *J,s=7.5Hz,
2H, 4-H), 2.05 (m, 2H, 7-H), 2.13 (s, 3H, 1-H), 2.42 (t, *J,,=7.5Hz,
2H, 3-H), 4.93 (ddt, ], ;=102 Hz, Jy,,=2.3 Hz, Yy, = 1.2 Hz, 1H,
9-H,), 4.99 (dd, "y s = 17.1 Hz, Jope0 = 1.7 Hz, 1H, 9-Hy), 5.79 (ddt,
wans3f o = 17.0 Hz, %0, = 10.2 Hz, *Js,=6.7 Hz, 1H, 8-H); *C-NMR
(151 MHz, CDCL,): & [ppm] =23.8 (C-4), 28.7 (C-5), 28.8 (C-6), 30.0
(C-1),33.7 (C-7), 43.9 (C-3), 114.6 (C-9), 139.0 (C-8), 209.4 (C-2); IR
(ATR-film): V [1/cm]=2,928, 2,855, 1738, 1721, 1,443, 1,363, 1,217,
907; MS (APCI, positive ion): m/z=123.

4.2.4. Dec-9-en-2-one oxime (10)

To a solution of the non-8-en-2-one (9, 1.73 g, 12.4mmol, 1.0eq.)
in ethanol (6.2mL) was added pyridine (0.78g, 0.8 mL, 9.89 mmol,
0.8eq.) and grounded hydroxylamine hydrochloride (1.5eq.). The
reaction mixture was refluxed for 2h and afterwards extracted with
dichloromethane (3x25mL). The combined organic layers were
washed with 1N HCI (3 x20mL) and dried over MgSO,. After removal
of the solvent under reduced pressure, dec-9-en-2-one oxime (10,
1.76 g, 11.3mmol, 92%) was obtained in a diastereomeric mixture of
E:Z (1:3) without further purification. Ry=0.34 (PE/EtOAc 80:20); 'H-
NMR (600 MHz, CDCL,): 8 [ppm] = 1.28-1.36 (m, 2H, 5-H), 1.37-1.44
(m, 2H, 6-H), 1.51 (tt, *J,,=7.5Hz, *J,s=7.5Hz, 2H, 4-H), 1.87 (s, 3H,
1-H), 2.05 (dt, *J,s=6.4Hz, ], s=6.4Hz, 2H, 7-H), 2.18 (t, °J,,=7.5Hz,
2H, 3-H), 4.94 (ddt, ], ;=102 Hz, Jo,,=2.4Hz, o0 = 1.3 Hz, 1H,
9-H,), 5.00 (dd, "]y, =17.1 Hz, Jyys,= 1.5 Hz, 1H, 9-H,), 5.80 (ddt,
wans3f 170 Hz, ©3y6,= 10.4Hz, ., =6.6 Hz, 1H, 8-H); *C-NMR
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(151 MHz, CDCL): § [ppm] =13.4 (C-1), 26.2 (C-4), 28.7 (C-5), 28.8
(C-6), 33.7 (C-7), 35.8 (C-3), 114.4 (C-9), 139.1 (C-8), 159.1 (C-2); IR
(ATR-film): V [1/cm]=3,074, 2,929, 2,855, 1,637, 1,461, 1,369, 910;
MS (APCI, positive ion): m/z=156 [(M)*], 83; HRMS (ESI, positive
ion): calculated for CoH;sNO [(M +H)]*=156.1383, found = 156.1384.

4.2.5. 3-(hex-5-en-1-yl)-2-methyl-1H-pyrrole
(11a)

A reaction mixture of dec-9-en-2-one oxime (10, 0.72 g, 4.64 mmol,
1.0eq.), potassium hydroxide (1.30g, 46.4mmol, 5.0eq.), water
(62.7mg, 62.3 uL, 3.48 mmol, 0.75 eq.) and DMSO (8.9 mL) was heated
at 90-100°C (using previously degassed DMSO on molecular sieves
(3.5A) could increase the yield). Over a period of 2h, a solution of
1,2-dichloroethane (1.38g, 1.10mL, 13.9mmol, 3.5eq.) in DMSO
(I mL) was added dropwise. After 1h of 1,2-dichloroethane addition a
secondary amount of potassium hydroxide (5.0 eq.) was added. After
an overall reaction time of 4h at 90-100°C the reaction mixture was
allowed to reach room temperature and subsequently ice water (20 mL)
was added. The mixture was extracted with diethyl ether (3 x20mL)
and the combined organic layers were dried over MgSO,. After the
solvent was evaporated under reduced pressure the crude product was
purified by column chromatography on silica gel [PE:dichloromethane
(60:40)+1% trimethylamine (v/v)] to obtain 3-(hex-5-en-1-yl)-2-
methyl-1H-pyrrole (11a, 228 mg, 1.40 mmol, 30%) as yellowish oil.
R=0.37 (PE/dichloromethane 60:40); "H-NMR (600 MHz, CDCl,): §
[ppm] =1.44 (tt,°Jy.,»=7.5Hz, Jy-,»=7.5Hz, 2H, 3”-H), 1.51-1.59 (m,
2H, 2”-H), 2.02-2.14 (m, 2H, 4”-H), 2.18 (s, 3H, 1’-H), 2.39 (t,
3y =7.6Hz, 2H, 17-H), 4.93 (dd, oy =10.2Hz, Jeq= 1.2 Hz,
1H, 6”-H,), 5.00 (dd, "*s.5-=17.1 Hz, JJgy = 1.7 Hz, 1H, 6”-H,),
5.82 (ddt, ", 4, =16.9Hz, ¥, s=10.2Hz, *Jy,=6.7Hz, 1H,
57-H), 6.01 (dd, ¥J,,=2.8Hz, ¥J,;=2.8Hz, 1H, 4-H), 6.59 (dd,
3,1 =2.7Hz, ¥Js,=2.7Hz, 1H, 5-H), 7.70 (brs, 1H, 1-NH); *C-NMR
(151 MHz, CDCL): § [ppm] =11.2 (C-1"), 25.9 (C-1”), 28.9 (C-3"), 31.0
(C-2"),33.9 (C-4""),109.0 (C-4), 114.3 (C-6"), 115.0 (C-5), 119.7 (C-3),
123.4 (C-2), 139.4 (C-5”); IR (ATR-film): ¥ [1/cm]=3,385, 2,928,
2,855, 1741, 1,467, 1,363, 1,217, 907, 712; MS (APCI, positive ion):
m/z=164 [(M)*]; 121, 108; HRMS (ESI, positive ion): calculated for
Cy H oN [(M+H)J* = 164.1434, found = 164.1433.

4.2.6. 6-(2-methyl-1H-pyrrol-3-yl)hexan-1-ol (11b)
9-BBN (0.5 N in THE 5.54g, 3.10mmol, 2.2eq.) was added to a
solution of 3-(hex-5-en-1-yl)-2-methyl-1H-pyrrole (11a, 230mg,
1.41 mmol, 1.0eq.) in dry THF (11.6mL) over a period of 15min at
0°C. After stirring for 1 h at 0°C, the reaction mixture was heated up
at 70°C under reflux for 3h. Subsequently an aqueous solution of 3 N
NaOH (2.35g, 2.35mL, 7.05mmol, 5.0eq.) and 30% H,0, (2.24g,
2.00mL, 19.7mmol, 14.0eq.) was added at 0°C. After 1h at 0°C the
reaction mixture was allowed to reach room temperature and was
stirred for further 15h at 22°C. Ice water (40 mL) was added and the
mixture was extracted with dichloromethane (3 x 50mL). The
combined organic layer was dried over MgSO,, the solvent was
evaporated under reduced pressure and the crude product was
purified by column chromatography on silica gel [PE:ethyl acetate
(70:30 to 50:50) + 1% trimethylamine (v/v)] to isolate 6-(2-methyl-1H-
pyrrol-3-yl)hexan-1-ol (11b, 193 mg, 1.06 mmol, 76%) as orange oil.
R=020 (PE/EtOAc 70:30); 'H-NMR (600MHz, CDCL): &
[ppm] =1.20 (brs, 1H, 1-OH), 1.34-1.42 (m, 4H, 3-H, 4-H), 1.51-1.61
(m, 4H, 2-H, 5-H), 2.18 (s, 3H, 1”-H), 2.39 (t, *Jos=7.7 Hz, 2H, 6-H),
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3.64 (t,%,,=7.1Hz, 2H, 1-H), 6.00 (dd, ¥/, = 2.8 Hz, *J,5 =2.8 Hz, 1H,
4'-H), 6.59 (dd, *Jy., =2.7Hz, ¥Js.,=2.7Hz, 1H, 5'-H), 7.72 (brs, 1H,
I’-NH); *C-NMR (151 MHz, CDCL): § [ppm]=11.2 (C-1”), 25.8
(C-4), 26.0 (C-6), 29.4 (C-3), 31.4 (C-5), 33.0 (C-2), 62.7 (C-1), 109.0
(C-4'), 115.0 (C-5'), 119.7 (C-3'), 123.4 (C-2); IR (ATR-film): ¥ [1/
cm]=3,373, 2,928, 2,855, 1735, 1,436, 1,363, 1,223, 1,059, 748; MS
(APCI, positive ion): m/z=182 [(M)*], 164, 108; HRMS (ESI, positive
ion): calculated for C,;H,(NO [(M + H)]*=182.1539, found = 182.1539.

4.3. Muta- and semisynthetic hydroxylated
prodiginine production

4.3.1. General procedure for preparative scale
mutasynthesis

A preculture of P putida MBC18 with pVLT33-pigC-pigB in LB
medium (25 pg/mL kanamycin) was incubated in a shake flask at 30°C
and 130rpm overnight. Five main cultures of 100mL each in TB
medium (25 pg/mL kanamycin) were inoculated to an ODss, of 0.05 and
incubated in 11 baffled flask with air-sheet seals for 4h at 30°C and
130rpm. The pyrrole precursor was dissolved in DMSO (5-50 mm
stock, 10mL). To each culture 2mL of pyrrole stock solution was added
(final concentration 0.1-1.0mm). Induction was performed with 0.5 mm
IPTG (50 mm stock in dH20; 1 mL). After an additional hour at 30°C
and 130rpm, 1g of polyurethane (PU) foam cubes (Softpur, Gollheim,
Germany: Softpur foam, 25 kgm™ density, 4kPa compression hardness,
each cube approximately 1cm?) were added to each culture and the
cultures were incubated for further 23h at 30°C and 130rpm. After a
total of 28 h of cultivation, the foam cubes were wrung out, washed with
dH,O, and then extracted with diethyl ether (250-500mL) in a soxhlet
extractor. After evaporation of the solvent, the crude product was
dissolved in diethyl ether (20mL), washed with water, and the aqueous
layer was extracted with dichloromethane (3 x 15mL). The combined
organic layers were washed with saturated NaCl (20 mL) and dried over
MgSO,. After evaporation of the solvent, the crude product was purified
by flash column chromatography on silica gel (CH,Cl, +1.0-1.5% NH,
in MeOH). For subsequent hydroboration, the product was further
purified by reversed-phase chromatography (column: ISAspher 100-5
C18 AQ, 5pm, 150*20mm from ISERA GmbH, Diiren, Germany;
column oven: 35°C; eluent: 60:40 acetonitrile:water +0.1% formiate;
flow rate 15mL/min; injection of samples in 1 mL ethanol) to obtain the
mutasynthesis product as red solid.

4.3.2. 4-Methoxy-5-[(5-methyl-4-hex-5-¢e
n-1-yl-2H-pyrrol-2-yliden)methyll-1H,1’'H-2,2’-
bipyrrol (3)

According to the general procedure for preparative mutasynthesis
and the use of pyrrole 11a (12.2mg, 75.0 pmol, 7.5mm in DMSO, end
concentration in 500 mL culture: 0.15mm) as precursor prodiginine
12 (15.0mg, 40.3 pmol, 54%) was obtained as red solid. R;=0.15
(dichloromethane); "H-NMR (600 MHz, CDCL,): § [ppm] =1.43 (tt,
g =7.5Hz, Jy.s-=7.5Hz, 2H, 8”-H), 1.53-1.59 (m, 2H, 7-H), 2.08
(dt,*Jy-=7.2Hz, Jy v =7.2 Hz, 2H, 9”-H), 2.41 (t, *J,»=7.6 Hz, 2H,
67-H), 2.54 (s, 3H, 127-H), 401 (s, 3H, 7-H), 4.95 (dd,
@3 0=102Hz, Yyean=22Hz, 1H, 117-H), 5.01 (dd,
wans3f o w=17.1Hz, Jye=17Hz, 1H, 117-H), 5.80 (ddt,
rans3f ey = 16.9Hz, %3¢ 11,-=10.2 Hz, 3] e =6.7 Hz, 1H, 10”-H),
6.08 (d, ¥J5,=2.0Hz, 1H, 3-H), 6.36 (dd, °J,+=3.7Hz, ‘], =2.3Hz,
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4-H),6.68 (d,J=2.6Hz), 6.92 (ddd, ’J=3.9Hz, }J=2.5Hz, = 1.3Hz),
6.96 (s, 1H), 7.24 (d, *Jy,»=2.7 Hz, 1H, 3”-H), 12.58 (brs, 1H, I-NH),
12.75 (brs, 2H, 1-NH, 1”-NH); *C-NMR (151 MHz, CDCL): &
[ppm]=12.6 (C-127), 25.3 (C-6"), 28.6 (C-8"), 29.7 (C-7"), 33.7
(C-9), 58.9 (C-7), 93.0 (C-3), 111.9 (C-4"), 114.7 (C-10"), 116.1
(C-8), 117.2 (C-3"), 120.9 (C-5), 122.4 (C-2), 125.3 (C-2"), 127.1
(C-5), 128.3 (C-4"), 128.4 (C-3"), 138.8 (C-9”), 146.9 (C-5"), 147.9
(C-2), 165.9 (C-4); IR (ATR-Film): ¥ [1/cm]=3,163, 3,099, 2,974,
2,928, 2,857, 1,630, 1,604, 1,544, 1,512, 1,414, 1,356, 1,261, 1,158,
1,137, 1,044, 993, 960, 838, 756; MS (APCI, positive-Ion): m/z=336
[(M)*], 266, 163; HRMS (ESI, positive ion): calculated for C,,H,¢N;O
[(M +H)]* =336.2070, found = 336.2076.

4.3.3. Semisynthesis toward 6-(2-((4-methoxy-
1H,1’H-(2,2’-bipyrrole)-5-yl) methylene)-
5-methyl-2H-pyrrole-4-yl)hexan-1-ol (3)

9-BBN (0.5 n in THE 94.2mg, 0.05mmol, 2.2 eq.) was added to a
solution of 4-Methoxy-5-((5-methyl-4-hex-5-en-1-yl-2H-pyrrole-2-
yliden)methyl)-1H,1"H-2,2"-bipyrrole (12, 9mg, 0.02mmol, 1.0eq.) in
dry THF (2mL) over a period of 15min at 0°C. After stirring for 1 h
at 0°C, the reaction mixture was heated up at 70°C under reflux for
3h. Subsequently an aqueous solution of 3N NaOH (39.9mg, 105 puL,
0.12mmol, 5.0eq.) and 30% H,O, (38.0mg, 34.1pL, 0.34 mmol,
14.0eq.) was added at 0°C. After 1h at 0°C the reaction mixture was
allowed to reach room temperature and was stirred for further 15h at
22°C. Ice water (10 mL) was added and the mixture was extracted with
dichloromethane (3 x 15mL). The combined organic layer was dried
over MgSO,, the solvent was evaporated under reduced pressure and
the crude product was purified by column chromatography on silica
gel [dichloromethane +0.5-4.0% trimethylamine (v/v)] to isolate
6-(2-((4-methoxy-1H,1"H-(2,2"-bipyrrole)-5-yl)methylene)-5-methyl-
2H-pyrrole-4-yl)hexan-1-ol (3, 6.10 mg, 0.02 mmol, 65%) as red solid.
R=0.16 (PE/EtOAc 50:50); 'H-NMR (600MHz, CDCL): &
[ppm] =1.28 (brs, 1H, 12”-OH), 1.37 (m,, 4H, 8”-H, 9”-H), 1.50-1.63
(m, 4H, 7”-H, 10”-H), 2.40 (t, *J¢,»=7.6 Hz, 2H, 6”-H), 2.54 (s, 3 H,
13”-H), 3.64 (t, *J,11-= 6.6 Hz, 2H, 11”-H), 4.00 (s, 3H, 7-H), 6.08 (d,
4J,,=1.9Hz, 1H, 3-H), 6.35 (dd, *J, s =4.3Hz, ¥J,, = 2.0 Hz, 1H, 4"-H),
6.67 (d, *Jy,»=2.6 Hz, 1H, 3”-H), 6.92 (ddd, *J;.» =3.9Hz, J,» =2.5Hz,
J,v=14Hz, 1H, 3-H), 6.94 (s, 1H, 8-H), 7.23 (dd, *Jy»=2.7Hz,
J,=1.3Hz, 1-H, 5-H), 12.56 (brs, 1H, 1’-NH), 12.72 (brs, 2H,
1-NH, 1”-NH); C-NMR (151 MHz, CDCL,): § [ppm] = 12.6 (C-13"),
25.0 (C-6"), 25.7 (C-8"), 29.1 (C-9”), 30.2 (C-7""), 32.9 (C-10""), 58.9
(C-7),63.1 (C-11),93.0 (C-3), 111.9 (C-4'), 116.3 (C-8), 117.3 (C-3"),
120.9 (C-5), 122.4 (C-2), 125.3 (C-2), 127.2 (C-5), 128.3 (C-4""),
128.4 (C-3"), 147.0 (C-5"), 148.0 (C-2), 166.0 (C-4); IR (ATR-film):
V [1/em]=3,422, 3,172, 2,930, 2,861, 1,630, 1,602, 1,543, 1,511, 1,363,
1,261, 1,137, 960, 748; MS (APCI, positive ion): m/z =354 [(M)*], 279,
157; HRMS (ESI, positive ion): calculated for C,Hy;N;O,
[(M+H)]*=354.2176, found = 354.2179.

4.4. Assessment of effects on the
plant-parasitic nematode Heterodera
schachtii

4.4.1. Plant material and nematode culture

Arabidopsis thaliana Columbia (Col-0) seeds were surface-
sterilized by soaking in 0.7% sodium hypochlorite for 5min and
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submerging them in 70% (v/v) ethanol for 1 min. Subsequently, the
seeds were rinsed with sterile distilled water 5 times, dried at room
temperature for 4h and stored at 4°C for further experiments.
H. schachtii cysts were harvested from the roots of mustard (Sinapsis
alba), which was grown aseptically on modified Knop agar medium,
and submerged with sterile 3mm ZnCl, in the Baermann funnel
(Grundler et al., 1991). After 7 days, the freshly hatched second-stage
juveniles (J2s) were collected for subsequent analysis. All preparation
procedures were performed under aseptic conditions.

4.4.2. EC5, (nematode infection) determination of
di-rhamnolipids and prodiginines

ECs, determination of selected compounds was performed in an
in vitro agar system: Petri dishes (90 mm diameter) were filled with
modified Knop medium (Sijmons et al., 1991; Matera et al., 2021)
supplemented with prodiginines or di-rhamnolipids at different
concentrations (Supplementary Table S4). Stock solutions of
prodiginines in DMSO were applied to implement a final
concentration of 0.5% DMSO. The di-rhamnolipids, which were
obtained by microbial production as a congener mixture as previously
described (Bredenbruch et al, 2023), were solved in water.
Accordingly, modified Knop medium alone or supplemented with
0.5% (v/v) DMSO served as control. On the medium, 2 surface-
sterilized A. thaliana seeds were germinated aseptically and incubated
in a climate chamber under a red/blue light with a 16-h/8-h light/dark
photoperiod at 24°C (Sijmons et al., 1991). At 12 days post seeding,
each plant was inoculated with approximately 60 H. schachtii J2s. At
10days post inoculation, the total number of males and females on
each plant was counted under a Stereo Microscope (Leica, Germany).
ECs, was determined by using software ‘CompuSyn’ (Chou and
Martin, 2005). Three independent biological replicates of the
experiment were performed. Each biological replicate included at least
6 technical replicates (plants) per variant.

4.4.3. Determination of the combinatorial effect
of compounds on nematode infection

Assays to measure combinatorial effects were carried out in an
analogous experimental set-up as the ECs, determination described
above. The concentration of compounds alone or in combination is
detailed in Supplementary Table S5. The compound combination
effects (antagonistic, additive or synergistic) were evaluated according
to the Combination Index Plot obtained by the software ‘CompuSyn’
(Chou and Martin, 2005). The experiments were performed
independently in triplicate.

4.4.4. Time-resolved analyses of the compounds'
impact on nematodes

The time-resolved analysis consisted of four assays investigating
nematode motility, stylet thrusting, infection, and development. Petri
dishes (90 mm diameter) were filled with modified Knop medium
supplemented with prodigiosin (1) or hydroxylated prodiginine 3 at
the determined ECs,, which is 15.1 and 31.2 pM, respectively. Modified
Knop medium alone or supplemented with 0.5% (v/v) DMSO served
as controls.

4.44.1. Nematode motility

Approximately 30 H. schachtii ]2 were inoculated in the center of
a Petri dish containing the test compound. The location of J2s was
documented after 30 and 60 min and the distance to the inoculation
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point was measured by Image ] (Schneider et al., 2012). The
experiment was performed independently in quadruplicate.

4.4.4.2. Nematode stylet thrusting

Two surface-sterilized A. thaliana seeds were germinated
aseptically on the medium containing the test compound. At 12 days
post seeding, approximately 60 H. schachtii ]2 were inoculated to each
plant. At 6h post inoculation, 10 J2, which successfully penetrated the
root epidermis, were tracked under a Stereo Microscope (Leica,
Germany) in order to count the number of stylet movements for
5min. The experiment was performed independently in quadruplicate.

4.4.4.3. Nematode infection and development

Two surface-sterilized A. thaliana seeds were germinated aseptically
on the medium containing the test compound. At 12 days post seeding,
approximately 60 H. schachtii ]2 were inoculated to each plant. At 2, 4
and 10days post inoculation, the number of males and females was
counted, and the size of male and female nematodes was measured
under a LeicaS4E Stereo Microscope (Leica, Germany) equipped with
Leica Application Suite (LAS) software. Four independent biological
replicates with 14 plants per variant and biological replicate (n=56) were
conducted for the nematode infection assay. Three independent
biological replicates with in total n=70 technical replicates (nematodes)
were performed for the development experiment.

4.4.5. Statistical analysis of bioactivity evaluating
data

All data are expressed as mean + standard error (SE). Statistical
analysis was performed by using one-way analysis of variance
(ANOVA; p<0.05; SIGMAPLOT 12.5, Systat Software, Inc., San Jose,
CA, United States).
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Discussion

In the history of agriculture, the revolution in chemical pesticides including fungicides,
insecticides, and nematicides occurred during the 20th century when the growing
population required more potent pest control methods in terms of scale, speed, and
effectiveness. Most of the chemicals were designed to exterminate pests in 3-4 days with up
to 100 % killing efficiency. In addition, these ready-to-use products are easy to apply and
can be targeted to a specific area with high precision. By eliminating various pests
encountered in agricultural production, the application of chemical pesticides has enabled
mass production of crops worldwide. However, it took decades before the devastating
effects of pesticides were recognized. Controlling pests with chemicals can be extremely
hazardous and cause health issues, such as allergy, asthma and cancer, if humans get into
contact with them (Nicolopoulou-Stamati et al., 2016). The residues of pesticides may also
affect the environment, contaminating surface- and ground-water, and causing toxic effects
on plants and other non-target organisms (Pathak et al., 2022). Moreover, improper use of
chemical control agents promotes the evolution of pesticide resistances. These are based on
genetic changes, which are inheritable, thus facilitating the pest population to become more
resistant to synthetic pesticides over time (Hawkins et al., 2019). As a consequence of all
these concerns, the proposition being imposed is to develop novel strategies to increase
crop yield and enhance crop quality while suppressing pest damage and reducing the

adverse effects on humans, animals, and the natural environment.

The concept of integrated pest management (IPM) was first introduced in the 1950s (Stern
et al., 1959). It recognizes that plants, pests, and the environment are interrelated within a
system in which regular and systematic monitoring of crops for pests is essential to identify
and quantify pest incidence and to make judicious decision on when and how to initiate
control. The application of non-chemical tactics, such as biological control practices, should
be taken into consideration prior to the use of chemical approaches. If synthetic pesticides
are required, careful risk assessments should be conducted in advance based on specific
pest densities and the potential consequences of controlling those pests in the environment

(Barzman et al.,, 2015). Biological control strategies, as part of an IPM scheme, can be
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applied individually or together with selective chemicals to reduce pesticide doses and the
risk of developing pest resistance. The discovery of naturally occurring microbial control
agents against pests typically involves several phases. It begins with in vitro and in vivo
screening of a wide variety of microorganisms and continues with the investigation of
control mechanisms, such as competition, antibiosis, and induced systemic resistance. Next,
the production of large quantities of microbial biomass, as the following step, requires the
study of microbial physiology and the usage of a biotechnological process. Moreover, to
ensure that the microbial biomass remains viable and achieves high biocontrol activity, they
need to be properly formulated and applied. The final phase, which is also usually the most
difficult one, is the legal registration procedure, which can be both time and money
consuming. In particular, it must be proven that these bio-based agents that are about to be
launched into the market will not lead to any significant negative impacts on human health

and environmental safety.

Plant-parasitic nematodes are among the most insidious pests parasitizing mainly
belowground and occasionally aboveground plant parts. As an essential component of biotic
constraints on crops, nematode infestation is often overlooked and misdiagnosed. Its
damage to global crop yield loss, however, cannot be neglected. With increasing regulatory
and socio-political demands for minimal environmental impact and residue-free crops, the
innovation of the next-generation nematicides will focus on research in microbes and
microbial natural products. The rhizosphere harbours diverse microorganisms and therefore
serves as a hotspot for diverse activities, including root-root, root-microbe, and root-pest
interactions. Among those, beneficial interactions between plants and their rhizosphere
microbiomes have considerable implications for sustainable agriculture regarding the
promotion of plant growth and the enhancement of plant resistance to pathogen invasion.
Root exudates secreted by host plants shape the microbial community and modulate plant
performance by altering the soil physicochemical environment around the root system,
stimulating nutrient acquisition, attracting specific beneficial microorganisms, and triggering
microbial activities that benefit the host plants. Enormous evidence demonstrates that
some components present in root exudates act as substrates, chemotactic molecules and/or
antimicrobial agents to mediate changes in microbial composition chemotaxis (Walker et al.,

2003; Bais et al., 2006; Badri et al., 2013; Strehmel et al., 2014).
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Chaparro et al. (2013) identified 57 out of 107 compounds in A. thaliana root exudates (ARE)
and reported the composition changes over the course of plant development. These
compounds can be broadly categorized into four groups: sugars, sugar alcohols, amino acids,
and phenolics. The cumulative secretion levels of sugars and sugar alcohols were higher at
early developmental stage and gradually decreased through plant growth. In contrast, the
secretion levels of amino acids and phenolics increased over time. The secretion of high
level of sugars, as carbon sources for microbial growth, might be responsible for our
observation of the strongest chemotactic response of B. firmus 1-1582 to ARE extracted from
young seedlings (Huang et al., 2021 - Chapter 2). During aging, plants release a high
proportion of phenolics with antimicrobial potentials and recruit particular microbial
inhabitants of the rhizosphere that are beneficial to the host plants (Chaparro et al., 2014).
Based on our microscopic observation, living B. firmus 1-1582 colonized A. thaliana root and
formed a layer along the root in the agar-based test system. Nematode infection assay
demonstrated that roots inoculated with living bacterial cells encountered less infestation
by H. schachtii compared with roots without bacteria inoculant. The early events after
bacteria inoculation were further investigated by conducting nematode invasion assay. It
turned out that the nematode penetration level exhibited a decreasing trend over time after
A. thaliana roots were covered with living bacterial cells. All of the above let suggest that A.
thaliana is able to attract B. firmus 1-1582 and support their proliferation in its surroundings.
Moreover, the presence of high load of bacteria along the root protects host plants from

nematode invasion at early development stage.

In addition to protecting plants against the first generation of H. schachtii by creating a living
biofilm, we also demonstrated that B. firmus |1-1582 inhibits the reproduction of nematode
progeny. According to our findings, virulence of the 2nd generation nematodes towards
host plants was reduced after the exposure of the 1st generation females to living bacteria.
However, since no bacteria are established along the roots, invasion by the 2nd generation
juveniles cannot be inhibited by a bacterial biofilm. One possible explanation is that B.
firmus 1-1582 reduces fitness of the 2nd generation before they are ready to hatch. This, in
turn, could be the result of either bacterial molecules inside the cyst with direct nematicidal
activity or bacteria-induced plant defence mechanisms. Mendoza et al. (2008) suggested

that B. firmus exerts antagonistic effect against nematodes through the production of
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bioactive compounds during bacterial fermentation. The nematicidal compounds secreted
by Bacillus strains are able to activate plant defence mechanisms by triggering induced
systemic resistance (Cawoy et al., 2014). Indeed, our liquid lethality assay confirms the
existence of bioactive molecules produced by B. firmus 1-1582 and their nematicidal
potentials on H. schachtii juveniles (Huang et al., unpublished - Chapter 3). Moreover, the
chemical nature of these active molecules is found to be partially proteinaceous. In recent
years, an abundance of natural products (NP), such as enzymes, antibiotics, bacteriocins,
and insecticides, have been discovered from Bacillus strains and have proven valuable for
pharmaceutical and agricultural applications (Schallmey et al., 2004). Unfortunately, many
NP-producing bacteria are difficult to cultivate under standard laboratory conditions, and
even if the cultivation is successful, the concentration of the desired NP in their original
microbial hosts is typically too low to be detectable. However, the application of genome-
based approaches has made these recourses more accessible. Genome mining combined
with bioinformatics has been employed to explore putative NP encoded by cryptic
biosynthetic gene clusters (BGC). Our dry- and wet-lab data suggests that one BGC encoding
three putative lanthipeptides is present in B. firmus 1-1582 genome and highly expressed in

B. firmus 1-1582 cells.

As mentioned above, microbial NP can be sometimes difficult to obtain from natural
producers due to their low abundance. Hence, utilizing engineered microorganisms
becomes an up-and-coming strategy to facilitate the synthesis of target compounds and
their derivatives in large quantities. In particular, with its rapid and robust growth, high
biomass production, low by-product secretion, remarkable tolerance to oxidative stress, and
high adaptability to harsh heterologous microenvironments, the Gram-negative bacterium
Pseudomonas putida has become a well-established heterologous host for the biosynthesis
of high-value NP (Weimer et al., 2020). Lately, engineered Pseudomonas putida has been
developed as an ideal platform for the production of novel prodigiosin and a group of
prodiginine derivatives (Loeschcke and Thies, 2020). Prodiginines have attracted a great
attention due to their anti-cancer, anti-microbial, and anti-parasitic activities (Li et al., 2022).
Stylet thrusting of H. schachtii )2, which ensures nematode invasion of host’s root tissue and
establishment of permanent feeding site in vascular cylinder, is an energy-consuming

process (Wyss and Zunke, 1986; Grundler et al., 1991; Wyss, 1992; Wyss and Grundler,
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1992). As demonstrated in our study, the frequency of stylet movement was significantly
reduced by prodiginines (Huang et al., 2023 - Chapter 4). Prodigiosin has been reported to
uncouple F-ATPases through promotion of H*/ClI"symport and hinder energy transduction
across vesicular membranes in Escherichia coli, which may have a direct effect on cellular
energy metabolism, which offers an explanation for the lower frequency of J2 stylet
movement (Konno et al., 1998). As a consequence of decreased stylet thrusting, nematode

infestation is significantly reduced in the presence of prodiginines.

Since the bioprocess of rhamnolipids has already been industrially implemented, interests in
their commercial application as biosurfactants in drug research has steadily increased over
the last few decades. On the one hand, rhamnolipids can increase the solubility of low-
solubility drug substances and enhance drug transport to target cells (Beal and Betts, 2000;
Abdel-Mawgoud et al., 2010). On the other hand, rhamnolipids can disrupt the packing of
phospholipids in cell membrane by intercalating into the phosphatidylcholine bilayer, which
leads to increased permeability of cell membrane (Dowhan, 1997; Ortiz et al., 2006).
However, it goes far beyond that when it comes to combined anti-parasitic activity of
rhamnolipids. A more recent study reveals that di-rhamnolipids put plants on alert, and thus
make them more responsive to parasite attack (Bredenbruch et al., 2023). The discovery of
multicomponent drugs, containing two or more active ingredients, offers multiple
advantages, such as high efficacy and low toxicity, less individual dosage, and slow drug
resistance (Jia et al., 2009; Cheng et al., 2019). To quantify the interaction between
prodiginines and di-rhamnolipids, the Chou-Talalay method is utilized in our study (Chou
and Talalay, 1984). According to our finding, the synergistic effect occurred at low doses of
the combined application. By increasing the doses of combination, the effect level switched
from synergism to antagonism. Besides, when applying prodiginines and di-rhamnolipids
combined, only % of the concentration of each single compound were required to achieve
the same nematode control efficacy as the full dose of a single application (Huang et al.,
2023 - Chapter 4). Therefore, rhamnolipids can be used as a potential drug synergist with
other agents to facilitate more potent access to the site of action through biological

interface and to implement higher level of biocontrol efficacy on PPN.
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Conclusion and Outlook

This study comprehensively investigates the impact of B. firmus 1-1582 and the bacterial

secondary metabolites, prodiginines and rhamnolipids, as microbial-based control agents on

the economically important plant-parasitic nematode H. schachtii, as well as the underlying

mechanism. In a nutshell:

B. firmus 1-1582 successfully colonizes host roots and inhibits infection and
development of H. schachtii over two generations in an agar-based gnotobiotic
system.

Small molecules produced by B. firmus 1-1582 exert a strict temperature-dependent
antagonistic activity against nematodes. We assume that lanthipeptides play a role
here.

The combined application of prodiginines and rhamnolipids enhances efficacy, and
reduces compound usage, thus offering a promising strategy for improving

nematode management practices.

Looking ahead, there are several avenues for further exploration and application:

An evaluation of the nematicidal properties of purified lanthipeptides is necessary.
More concretely, one must be able to isolate lanthipeptides from their natural host
or to produce them by engineered microbial hosts. Alternatively, deletion of
biosynthetic gene clusters encoding lanthipeptides in B. firmus 1-1582 is an
additional approach to further investigate the function of these molecules in detail.

There is a gap between the research findings and practical implementations. To fill
the gap, we note that soil-based experiments can shed light on the interaction of
these microbial-based agents, nematodes and crops, and their effectiveness in
controlling nematodes in soil systems. In addition, blending the proposed control
strategies into existing integrated nematode management practices across different
cropping systems can also provide valuable insight on performance under diverse

conditions.
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Conclusively, the utilization of bio-based control agents offers a sustainable solution for
nematode management. However, various factors, including concentration, temperature,
and pH should be considered in agri- and horticultural applications. Variability of
environmental factors may lead to inconsistency in the efficacy and longevity of biocontrol
products. Nonetheless, our study contributes valuable insights to the dynamic interplay
among these factors and the performance of bio-based products, paving the way for more
informed and optimized strategies for nematode management in agri- and horticultural

settings.
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