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Michael Ende

Laburnum x watereri “Vossii*






Abstract

Fabaceae, also frequently referred to as legumes, are a plant family whose representatives
form a symbiosis with nitrogen-fixing bacteria and harbor them in specially formed root-
nodules. For defense against herbivores, plants within the monophyletic group of
Genistoids in particular produce toxic alkaloids, which belong to either the pyrrolizidine
alkaloids (PAs) or quinolizidine alkaloids (QAs). In both biosynthetic pathways, the first
specific enzymes (for PAs homospermidine synthase, HSS, and for QAs lysine
decarboxylase, LDC) have been studied in several species in the past. Interestingly, both
enzymes arose by gene duplication starting from an enzyme of primary metabolism. Data
show that PA biosynthesis developed several times independently in various plant lineages
during evolution. The site of biosynthesis appears to be often species specific, whereas for
QA biosynthesis, leaves are described as site of synthesis.

For the fabaceous species Crotalaria spectabilis it was already shown that PA biosynthesis
is dependent on the formation of root-nodules. From this point of view, two main questions
arose, which were investigated within this work: 1. Which are further enzymes of PA
biosynthesis 2. Which influence has nodulation on QA and PA biosynthesis?

To identify additional enzymes involved in PA biosynthesis, C. spectabilis was chosen as
experimental plant. A subtractive approach was used to identify transcripts that occur only
in PA-producing tissues. For this purpose, two tissues, from roots (without PA biosynthesis)
and nodules (with PA biosynthesis), were selected and their transcriptome sequenced. In
total, five copper amine-dependent oxidases (CuAQOs) were identified, whereof two were
identified to be involved in PA biosynthesis in further experiments by real-time PCR, by
analyses of knockout mutants, and by tracer-feeding experiments. The results suggest,
contrary to what has been postulated in the literature so far, that two CuAOs are involved
in the oxidation of homospermidine to allow the formation of the bicycle (= basic scaffold
of PAs, the necine base). Furthermore, antibodies against the HSS could be successfully
used to identify the HSS expressing tissues within the nodules.

Although many species show different sites for the production of PAs, it was suspected that
Laburnum spec. as a nodule-forming PA and QA producer, follows the scheme of
C. spectabilis. Initially, this assumption was supported since hss transcript and localization

of HSS protein were both detected almost exclusively in nodules (except for low intensity



of hss transcript in immature pods) by real-time PCR and immunolocalization. However,
further analytical analyses showed that non-nodulated Laburnum spec. also produced PAs.
Of note, an undescribed PA of unknown structure was detected in these experiments. As
for C. spectabilis, five CuAOs have been successfully identified in SRA archives of a
published L. anagyroides genome using the known sequences of Crotalaria. Sequence
fragments have been completed using diverse PCR techniques. Consequently, PA
biosynthesis in L. x watereri 'Vossii” does not seem to be exclusively linked to nodules and
is quite different from that mechanism of C. spectabilis.

As Crotalaria and Laburnum are closely related with other QA-producing species three QA-
producing species have been examined for a possible hss transcript in nodules to allow
conclusions about the evolution of this PA-specific enzyme. Cytisus scoparius indeed
showed plant hss transcript within the nodules, although the plant does not produce PAs.
The influence of nodulation on PA biosynthesis allows speculation if this symbiosis between
plant and rhizobia might have similar effects on QA biosynthesis in related species of the
Genistoid clade. As models, L. x watereri ’Vossii’ and two species of the genus Lupinus
(L. arboreus and L. polyphyllus) were studied. First, rhizobia were isolated from field-grown
plants, identified and used to induce nodule-formation under controlled conditions in
in vitro cultures. After identification of the LDC- and ornithine decarboxylase (ODC)-
encoding cDNAs, heterologous expression, and protein assays were performed to verify the
identity of these enzymes. Idc and odc transcript levels have been analyzed in various
tissues to test for a correlation between nodulation and QA biosynthesis. Here, the Idc
transcripts were found to be more abundant in the "green", i.e., chloroplast-associated
tissues, while they were not detectable in roots and nodules, while odc transcript was
detectable in all analyzed tissues. In consequence, a dependency of QA biosynthesis on the
formation of nodules in the analyzed fabaceous species can be ruled out, at least as far as

the first catalytic step is concerned.



Zusammenfassung

Fabaceae, auch haufig als Leguminosen bezeichnet, ist eine Pflanzenfamilie, deren
Vertreter mit Stickstoff-fixierenden Bakterien eine Symbiose eingehen und diese in extra
gebildeten Wurzelknéllchen beherbergen. Zur Abwehr von Herbivoren stellen
insbesondere Pflanzen innerhalb der monophyletischen Gruppe der Genistoide giftige
Alkaloide her, welche entweder zu den Pyrrolizidinalkaloiden (PAs) oder
Chinolizidinalkaloiden (QAs) gehoren. In beiden Biosynthesewegen ist das Eingangsenzym
(fir PAs die Homospermidinsynthase, HSS, und fir QAs die Lysindecarboxylase, LDC)
mittlerweile in mehreren Arten untersucht worden. Interessanterweise sind beide Enzyme
durch jeweils eine Genduplikation ausgehend von einem Primarstoffwechselenzym
entstanden. Daten zeigen, dass die PA-Biosynthese im Laufe der Evolution in mehreren
Pflanzenfamilien unabhdngig voneinander entstanden ist und der Ort der Biosynthese
artspezifisch zu sein scheint, wahrend fir die QA-Biosynthese die Blatter als Syntheseort
beschrieben werden.

Fiir die Fabaceae Crotalaria spectabilis wurde bereits eine Abhangigkeit der PA-Biosynthese
von der Ausbildung von Wurzelknollchen gezeigt. Von diesem Standpunkt aus entstanden
zwei Hauptfragestellungen, welche innerhalb dieser Arbeit untersucht wurden: 1. Welche
weiteren Enzyme sind an der PA-Biosynthese in diesem Gewebe beteiligt? und 2. Welchen
Einfluss hat die Nodulation auf die QA-Biosynthese und auf die PA-Biosynthese einer
weiteren PA-produzierenden Art der Fabaceae?

Zur Identifikation von weiteren Enzymen der PA-Biosynthese wurde C. spectabilis gewahlt.
Durch einen subtraktiven Ansatz sollten Transkripte identifiziert werden, welche nur in PA-
produzierenden Geweben vorkommen. Dazu wurden zwei Gewebe (Wurzeln ohne PA-
Biosynthese und Knollchen mit PA-Biosynthese) ausgewahlt und deren Transkriptom
sequenziert. Durch Vergleich der Transkriptome konnten insgesamt fiinf kupferabhangige
Aminoxidasen (CuAOs) identifiziert werden, von denen zwei in den folgenden
Experimenten  durch Realtime-PCR, Analyse von Knock-out-Mutanten und
Tracerfltterungsversuche als Enzyme identifiziert werden konnten, die an der PA-
Biosynthese beteiligt sind. Die Ergebnisse sprechen dafiir, anders als bislang in der Literatur
postuliert, dass zwei CuAOs benotigt werden, um vom Homospermidin zu einem

stickstoffhaltigen Bicyclus, dem Grundgerist der PAs, der Necinbase, durch Oxidation zu



gelangen. Des Weiteren konnten Antikorper gegen die HSS erfolgreich eingesetzt werden,
um innerhalb der Knéllchen das HSS-exprimierende Gewebe zu identifizieren.

Obwohl bereits viele untersuchte PA-produzierende Arten unterschiedlichste PA-
Biosyntheseorte aufweisen, wurde vermutet, dass Laburnum spec. als kndllchenbildender
PA- und QA-Produzent, dhnlich wie C. spectabilis, an die Nodulation fiir die PA-Biosynthese
gebunden sein konnte. Zunachst wurde diese Vermutung untermauert, da hss-Transkript
mittels Realtime-PCR und HSS-Protein durch Immunolokalisation fast ausschlieRlich in den
Knéllchen (mit Ausnahme von geringen hss-Transkriptmengen in den unreifen Hiilsen)
detektiert wurden. Jedoch zeigten weitere analytische Analysen, dass auch nicht
knollchenbildende L. x watereri ‘Vossii’ PAs produzierten. Dabei wurde ein bisher
unbeschriebenes PA mit unbekannter Struktur entdeckt. Die Ergebnisse lassen vermuten,
dass die PA-Biosynthese in L. x watereri ‘Vossii’ nicht ausschlieRlich an die Knodllchen
gebunden ist und unterscheidet sich somit durchaus von der von C. spectabilis. Des
Weiteren konnten fur L. x watereri 'Vossii’ auch fiinf CuAOs identifiziert werden, deren
Bedeutung fiir die Alkaloidbiosynthese noch nicht geklart werden konnte. Das hohe
Transkriptvorkommen von hss in den Knéllchen von L. x watereri “Vossii” und C. spectabilis
deuten auf einen Mechanismus hin, der durch Knéllchenbildung kontrolliert wird. Deshalb
wurden drei weitere QA-produzierende Arten, welche auf Basis genomischer DNA-Daten
das Vorkommen einer hss-artigen Sequenz zeigten, auf mogliches hss-Transkript in den
Knollchen untersucht. Tatsachlich wies eine der drei Pflanzen, Cytisus scoparius,
pflanzliches hss-Transkript in den Kndllchen auf und das ohne PAs zu produzieren.

Der Einfluss der Nodulation auf die PA-Biosynthese ldsst Spekulationen zu, ob diese
Symbiose ahnliche Auswirkungen auch auf die QA-Biosynthese haben koénnte. Hierzu
wurden L. x watereri ‘Vossii’ und zwei Vertreter aus der Gattung Lupinus (L. arboreus und
L. polyphyllus) untersucht. Zunachst wurden Rhizobien aus im Freiland wachsenden
Vertretern dieser Arten isoliert, identifiziert und zur Anzucht von knollchenbildenden als
auch knéllchenlosen in vitro-Kulturen unter standardisierten Bedingungen genutzt. GC-MS
Untersuchungen fiihrten zu keinem eindeutigen Ergebnis hinsichtlich einer
knélichenabhangigen  QA-Produktion.  Nach Identifizierung der LDC- und
Ornithindecarboxylase (ODC)-codierenden cDNA, deren heterologer Expression und
Proteinassays zur Bestatigung der Enzymidentitat beitrugen, wurden Transkriptanalysen in

unterschiedlichen Geweben durchgefiihrt. Hierbei zeigten sich verstarkt die Idc-Transkripte



in den ,griinen”, also Chloroplasten-enthaltenden Geweben, wahrend diese in Wurzeln
und Knéllchen nicht detektierbar waren. odc-Transkripte waren hingegen in allen
analysierten Geweben nachweisbar. Eine Abhangigkeit der QA-Biosynthese von der
Ausbildung von Kndllchen ist somit zumindest, was den ersten katalytischen Schritt betrifft

auszuschlieRen.
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INTRODUCTION

O INTRODUCTION

1.1 The Fabaceae and the origin of plant toxins

Plants are sessile organisms and exposed to biotic and abiotic factors (Gull et al. 2019)
within their environment. Many species produce as response specialized chemical
compounds, also referred to as secondary metabolites (Grotewold 2005; Swain 1977). Until
today, the identified number of secondary metabolites is estimated up to 200 000 and are
classified into different groups, e.g. alkaloids, tannins, anthocyanins, essential oils,
saponins, lectins, terpenes, phenols, glucosinolates and flavonoids (Erb and Kliebenstein
2020; Pichersky and Lewinsohn 2011; Wink 2015). Contrary to primary metabolites, which
are highly conserved and indispensable for the plant growth, secondary metabolites are
often species-specific and play an important role for the adaptation and survival of the
plant population in a continuously changing environment (Hartmann 1996). In former
times, these metabolites were considered to be waste products with no function. Today
we know that they are intentionally produced. They can serve as defense against
impairment by competitors, herbivores, or pathogens, as enticement of pollinators or
symbiotic partners, and as protection against ultraviolet radiation or evaporation (Swain
1977; Wink 2015). When they have a defense function, secondary metabolites act as toxins

by targeting mainly proteins, biomembranes or nucleic acids of the herbivores. One well-
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known neurotoxin is coniine, a piperidine alkaloid from the common poison hemlock
(Conium maculatum, Apiaceae). According to reports, it has been used to kill Sokrates
during ancient times. However, some toxic compounds can serve as medicine, when dosed
in lower concentration. As Paracelsus once said: "Alle Ding sind Gift und nichts ist ohne Gift.
Allein die Dosis macht, dass ein Ding kein Gift ist." According to that it is not an
underestimated application using valuable drugs in medical implementation for humans,
e.g. the use of galantamine an alkaloid from snowdrops for Alzheimer treatment or
paclitaxel an alkaloid from yew tree is an important chemotherapeutic for cancer therapy
(Wink 2015). Moreover, the compounds that attract other organisms might be pigments or
volatiles and also shaped co-evolution between plants and beneficial interaction partners
such as insects and bacteria (Hartmann and Ober 2000; Martinez-Romero 2009). This
impressive diversity of compounds let arise the following question: How is the emergence
of this diversity of metabolites to explain? The mentioned abiotic and biotic factors impose
selection pressure on plants, which should have an impact on the evolution of new
enzymes by gene duplication. The duplicated gene is able to receive due to random
mutations novel functions (Grotewold 2005; Pichersky and Lewinsohn 2011).

Fabaceae, also referred to as legumes, represent one of the largest families of flowering
plants with about 730 genera and more than 19,000 species. They have agricultural,
economic, and ecological importance, like as crops, as medicinal or for soil enrichment
(Cardoso et al. 2012). The following stated species depict some examples: clover — Trifolium
spec., bean (Phaseolus vulgaris), soybeans (Glycine max), peanuts (Arachis hypogeae),
rooibos (Aspalathus linearis), or various species of Crotalaria and sweet lupins (Graham and
Vance 2003; Herridge et al. 2008; Johnson et al. 2017; Morton 1983; Ross et al. 2009; Sy et
al. 2001). Especially their unique feature to enter a mutualistic symbiosis with nitrogen

fixing rhizobia provide a benefit through the availability of atmospheric nitrogen.

1.2 Nodules - Site of symbiosis with nitrogen-fixing rhizobia

Symbiosis is the opposite of parasitism where those organisms involved derive benefit from
(Douglas 1998). In this particular case, representatives of the Fabaceae enter into symbiosis
with nitrogen-fixing bacteria, so-called rhizobia, and host them in specific developed

organs, the nodules (Bond 1948; Peter et al. 1996). Rhizobia are able to reduce the



INTRODUCTION

abundant atmospheric nitrogen to ammonia by using the enzyme complex nitrogenase and
supply it subsequently to the plant. On exchange, the plant provides the bacteroides with
carbon compounds. Thus, the plant achieves a growth advantage towards competitors
since nitrogen often limits plant growth (Brear et al. 2013; Ferguson et al. 2010).

Bacterial species of the family Rhizobiaceae belong to the subclass of a-Proteobacteria and
encompass six genera based on phylogenetic studies of their 16S rRNA gene: Rhizobium,
Sinorhizobium, Mesorhizobium, Allorhizobium, Azorhizobium and Bradyrhizobium (De
Meyer et al. 2011; Laguerre et al. 2001). Interestingly, a high host specificity occurs
between the rhizobia and the legume host and is determined by the diverse chemical
modifications of the nodulation (Nod) factors by the rhizobia (Albrecht 1999; Downie and
Walker 1999). Nevertheless, some legume-rhizobia interactions seem to be less specific
since nodules of some plants contain more than one particular rhizobia species (De Meyer
et al. 2011).

However, nodule morphogenesis can only be initiated by a molecular “conversation”
between the host and the symbiont. This interaction is triggered by the exudation of
secondary metabolites by the plant roots such as flavones and isoflavones, which act
together with bacterial regulatory NodD proteins to activate the transcription of the
rhizobial nodulation (nod) genes (Fisher and Long 1992; Sajnaga et al. 2001). General nod
genes (nodA, nodB, nodC) are present in all rhizobia and control the synthesis of
lipochitooligosaccharides (LCO) signal molecules known as Nod factors, which cause
morphological changes on the plant root, e.g., root hair deformation and activation of root
cortical cell divisions (Ferguson et al. 2010; Hirsch 1992; Sajnaga et al. 2001).
Subsequently, rhizobia use different paths to invade plant roots, which are controlled by
the host plant. The entry can proceed via root hair bending with formation of an infection
thread. Alternatively, rhizobia invade along an intercellular path lacking the infection
threads (Ibafiez et al. 2016). The developed nodules are varying in shape and categorized
in the two types: indeterminate and determinate. The formation of the type is again,
defined by the host plant. Indeterminate nodules are induced by cell division in the inner
cortex layers of the plant root and exhibit a lasting apical meristem. Thus, the nodule
possesses the ability of an ongoing growth were new cells will be continually added to the

distal nodule part, resulting in an elongated cylindrical shape. While the nodule ages the
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rhizobia containing area can be divided in the senescence zone, where rhizobia die-off and
the nitrogen fixing zone, where rhizobia are still active. In contrast, determinate nodules
are characterized by a spherical shape and emerge by the dividing cells in the outer cortex
of the plant root. The early cease of cell divisions leads to lack a persistent meristem and
the initial nitrogen fixating tissue is entrapped at the center of the nodule and cannot be
replaced. Thus, the nodule perishes when it expires (Corby 1988; Hirsch 1992; Sprent 2007).
In particular for plant species of the Genistoid clade as well as the Crotalarieae an epidermal
infection without infection thread is described and result at least in this species in

indeterminate nodules (Sprent et al. 2017).

1.3 Alkaloids in Genistoids and their toxicity

The Genistoid clade of the Fabaceae is incorporated into the subfamily of Papilionoideae
of the Fabaceae and encompasses the closely related tribes Crotalarieae, Genisteae,
Podalyrieae, Thermopsideae, Sophoreae and Euchresteae. Species of this group are well
known for featuring alkaloids as secondary metabolites (Figure 1), particularly quinolizidine
alkaloids (QAs) and pyrrolizidine alkaloids (PAs). Due to the distribution of the alkaloids
within the genera, a convergent origin is assumed. While QAs are present in most genera
of this clade, PAs are only found in Thermopsideae, Genisteae and Crotalarieae (Feitoza
and Lima 2021; Wink 2013).

QAs are neurotoxins and PAs are mutagenic and carcinogenic (Wink 2013) and both are
able to interfere with different receptors and ion channels of herbivores, bacteria and even
viruses, as defense mechanism. QAs bind to either nicotinic- or muscarinic receptors, while
some are capable to interact with dopamine or GABA receptors (Wink 2000). Whereas, PAs
bind to serotonin receptors (Schmeller et al. 1997), which are involved in many regulations
such as appetite, mood, sleep or memory (Wink 2019).

However, they do not have to all herbivores a toxic effect, since a few insect species like
aphids, moths or beetles adapted during evolution by developing mechanisms to either
detoxify the absorbed alkaloids (QAs or PAs) or store them for reuse as shield against their

own predators (Wink 2019).
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Figure 1. Phylogeny of the Fabaceae with color-coded distribution of secondary metabolites.
Characteristically for species of the Genistoid clade are quinolizidine alkaloids (QAs) and pyrrolizidine
alkaloids (PAs) within the Crotalarieae PA taxa. Selected species of the asterisk’s labelled taxa are of
interest in the following study. Red: quinolizidine alkaloids, green: pyrrolizidine alkaloids, blue: erythrina
alkaloids, yellow: physostigmine, black: B-carboline alkaloids (modified from Wink 2013).

1.3.1 Lupins

Lupins (Lupinus spp.) are a large genus and include about 500 species (Wink et al. 1995),
which are distributed all over the world (Abraham et al. 2019). Relations within the
Genisteae indicates lupins as a separate monophyletic group (Lupininae), clearly defining
from the Genistinae (Ainouche et al. 2003). They produce beans with remarkably high levels
of protein (40%) and fiber (30%) as well as low levels of fat and starch, whereby gaining
attention to be considered as human health food (Frick et al. 2017). However, they were
initially used mainly as fertilizer due to their toxic QAs and the symbiosis with N-fixing

rhizobia, which they host in indeterminate root-nodules (Sprent 2007; Yang et al. 2017). A



inTropucTioN [

closer look at QAs shows that the alkaloid profiles vary distinctly among the species (Wink

et al. 1995).

1.3.2 Laburnum

Laburnum, popularly known as golden chain or bean tree due to its pods resembling
miniature beans, is a popular ornamental plant in today's gardens (Schade and Jockusch
2018). This is in most cases the hybrid Laburnum x watereri, which was first found growing
wild in southern Tirol in 1856. It is a hybrid and combines the characteristic features of
large flowers from L. anagyroides and the fragrance plus flower color from L. alpinum
(Greinwald et al. 1990). However, as beautiful as this plant may appear, it belongs to the
poisonous plants because of its ingredients. Symptoms of poisoning begin with a burning
sensation in the throat, followed by nausea to convulsions and hallucinations before death
may occur from respiratory failure. These symptoms are caused by the produced secondary
metabolites — QAs and PAs — which are present in all parts of the plant. The prominent
alkaloids are the QAs cytisine and N-methylcytisine, and the PA laburnine (Neuner-Jehle et
al. 1965; Schade and Jockusch 2018). Cytisine is known to be a partial agonist of nicotinic
acetylcholine receptors and showed interestingly greater success than nicotine
replacement therapy in a New Zealand smoking cessation study (Walker et al. 2014). In the
past during the time of the 1st World War, Laburnum was smoked as a tobacco substitute.
Later, in the 1960s, cytisine was used for smoking cessation, especially in the eastern bloc
countries, because it was already known that it had no addictive effect (Jungmayr 2015).
Recently, since December 2020, the first cytisine-based preparation for smoking cessation
(Asmoken®) is available on the German pharmaceutical market. As the typical fruit shape
has already suggested, Laburnum belongs to the Fabaceae family and is located within the
Genistoid clade (Cardoso et al. 2013). Like most members of this family, Laburnum forms a
symbiosis with nitrogen-fixing bacteria and harbors them in indeterminate root-nodules

(Sprent et al. 2017).

1.3.3 Crotalaria
Crotalaria (“rattlepods”) comprised bushes and herbs, which are distributed in tropical and

subtropical regions of the world, like Africa, Australia and the U.S. Occasionally it comes to
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intoxication of grazing livestock due to the toxic PAs (Fletcher et al. 2009; Johnson et al.
1985; Sy et al. 2001). Nevertheless, various Crotalaria species are often planted as crops
for fodder or partly used as green manure, because of their symbiosis with nitrogen fixing
rhizobia mostly from the genera Bradyrhizobium and Methylobacterium. For hosting their
symbiont, plants forming specialized organs, referred to as indeterminate root-nodules
(Sprent et al. 2017). They are incorporated in the Genistoid clade, tribe Crotalarieae, and
produce PAs as secondary metabolites (Wink 2013). In C. spectabilis, PA biosynthesis of the
main alkaloid monocrotaline is nodule-dependent (Irmer et al. 2015). Monocrotaline
exhibits carcinogenic activity and causes liver tumors in rats when administered orally
(“Monocrotaline” 1976). Studies in recent years have shown, that the biosynthetic site of
PAs seems to be localized in a wide variety of tissues, when considering different species

through the plant kingdom (Moll et al. 2002; Anke et al. 2008; Niemdiller et al. 2012).

1.4 The biosynthesis of Quinolizidine alkaloids

More than 200 different QAs occur naturally and are typically found in some
phylogenetically related tribes of the leguminosae, in particular within lupins (Wink 1992;
Ohmiya et al. 1995). Additionally, they have been found in some unrelated genera such as
Chenopodiaceae, Berberidaceae, Ranunculaceae, Santalaceae, Scrophulariaceae and
Solanaceae (Bunsupa et al. 2012a; Woldemichael and Wink 2002).

For decades, a lysine decarboxylase (LDC) has been postulated to be involved in QA
biosynthesis (Hartmann et al. 1980). Later it was shown that LDC emerged from the
duplication of a gene encoding enzyme of primary metabolism, an ornithine decarboxylase
(ODC) (Bunsupa et al. 2012a). Some studies have already been shown that essential genes
of primary metabolism provide an important pool of genes for duplicates that have been
recruited for specific functions in secondary metabolism (Nakajima et al. 1993; Hashimoto
et al. 1998; Ober and Kaltenegger 2009; Teuber et al. 2007; Kraker and Gershenzon 2011;
Bunsupa et al. 2012a). Besides, Takatsuka et al. (2000) described already a lysine
decarboxylase in the bacterium Selenomonas ruminantium that decarboxylate both

ornithine and lysine.
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ODCs are pyridoxal-5’-phosphate (PLP)-dependent amino acid decarboxylases that occur
as homodimers and catalyze the first step in the polyamine biosynthesis by producing
putrescine (Kern et al. 1999; Pegg 2006; Figure 2).

Already Sandmeier et al. (1994) speculated an PLP-depending enzyme to be involved in the
formation of cadaverine. Bunsupa et al. (2012a) evidenced in Lupinus angustifolius not only
that LDC catalyzes lysine to cadavarine as PLP-depending enzyme (Figure 2) but also being
substantially involved in the first step of QA biosynthesis by means of site-directed
mutagenesis and protein modelling. Within this study they tested recombinant enzymes
that might have both LDC as well ODC (L/ODCs) activity and were able to show that these
enzymes are able to catalyze the decarboxylation of L-lysine to cadaverine. Furthermore,
L/ODC was fused to a green fluorescent protein and was then localized in chloroplasts by
the use of in vivo experiments in Arabidopsis thaliana (Bunsupa et al. 2012a). Plastid genes
have no introns due to their bacterial origin which fit to the findings in the L/ODC gene that
showed no introns (Bunsupa et al. 2012a).

After the decarboxylation of lysine to cadaverine, the next step in QA biosynthesis is the
oxidation of cadaverine (Saito and Murakoshi 1995; Bunsupa et al. 2012a) by a copper
amino oxidase (Yang et al. 2017). The resulting 5-aminopentanal will spontaneously cyclizes
to Al-piperideine, an intermediate in the biosynthesis of various lysine derived alkaloids
(Bunsupa et al. 2012b).

All QAs feature as distinct structure a quinolizidine ring (Figure 2), which is mainly grouped
into (1) bicyclic alkaloids such as lupinine and (2) into tetracyclic alkaloids like sparteine,
lupanine, and hydroxylupanine as well as their derivates (Wink 1987; Bunsupa et al. 2012b).
Derivates can be obtained by further modifications as acetylation, esterification,
dehydrogenation, hydroxylation, glycosylation, and oxygenation resulting in the previous
mentioned great structural diversity of QAs (Osorio and Till 2022). The QAs are transported
via the phloem and the transport is related to the diurnal rhythm, like the synthesis of QAs
as well (Wink and Hartmann 1982; Wink and Witte 1984; Wink 1985). QAs are bitter tasting
compounds and are toxic to humans, farmer animals and insects, whereby the toxicity and
deterrence effect can vary. Described as most toxic QAs to humans and animals are
sparteine and lupanine (Osorio and Till 2022). To survive aphid attacks plants have the best

chance with lupanine followed by, in descending order, sparteine, lupinine, 13-a-
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hydroxylupanine and angustifoline which have a moderate impact (Philippi et al. 2015).
Recent studies reported also QA toxicity on larvae of different species (EIma et al. 2021).
A better knowledge about QA biosynthesis would provide the base for improved pest

control and risk assessment with respect to the use of fabaceous plants as agricultural

crops.
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Figure 2. Origin of lysine decarboxylase (LDC) by duplication of the gene encoding ornithine
decarboxylase (ODC). Both enzymes are pyridoxal 5’-phosphate (PLP)-dependent amino acid
decarboxylases and occur as homodimers. While ODC catalyzes the first step in the polyamine
biosynthesis by producing putrescine from ornithine, LDC is reported to catalyze the first step in the
quinolizidine alkaloid pathway by converting lysine into cadaverine. Further steps are involved to
constitute a complete QA.
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1.5 The biosynthesis of Pyrrolizidine alkaloids

PAs are plant toxins and serve as general defense against herbivores. The research was
intensified after the mid-20™ century, when the first PAs were identified. From 27 isolated
structures in the 1950s up to over 400 (Hartmann and Witte 1995). PAs are considered
more precisely as ester alkaloids and are assembled of a characteristic nitrogen containing
bicyclic backbone, the necine base, and of one or more necic acids (Hartmann and Toppel
1987). The numerous possibilities of esterifications lead to the large variety of structures
(Hartmann and Witte 1995; Hartmann and Ober 2000). The typically form of PAs in plant
tissues is their hydrophilic non-toxic N-oxide, which is transportable as well as storable
within the the plant. The conversion of the non-toxic N-oxide into the lipophilic protoxic
tertiary amines happens not until PAs are ingested by herbivores (Lindigkeit et al. 1997).
While the hydrophilic non-toxic N-oxides are incapable to pass membranes, the lipophilic
protoxic forms are able to penetrate membranes and are accepted as substrate by
cytochrome P450 enzymes (Hartmann 1994; Hartmann 1999). These bioactivating enzymes
are present in insects as well as in liver of vertebrates (Lindigkeit et al. 1997; Chang and
Hartmann 1998). The pyrrolic intermediates resulting from this bioactivation react easily
with nucleophiles like nucleic acids and proteins of the herbivor and cause cell-toxicity (Fu
et al. 2004). While a lot of research was invested in the elucidation of their chemical
structures und functions, less progress was achieved within the fields of potential involved
enzymes within the biosynthesis of PAs. An exception here is the first specific enzyme in
the PA pathway which is evidenced to be a homospermidine synthase (HSS, EC 2.5.1.45)
that evolved at least six times (Irmer et al. 2015; Kaltenegger et al. 2013; Reimann et al.
2004) independently within the angiosperms by duplication of the gene encoding
deoxyhypusine synthase (DHS, EC 2.5.1.46), an enzyme involved in primary metabolism
(Ober and Hartmann 1999b). DHS core activity is catalyzing the posttranslational activation
of the eukaryotic initiation factor 5A (elF5A), which is involved in indispensable cell
regulations (Park et al. 1997). DHS catalyzes the first step of the posttranslational activation
by transferring the 4-aminobutyl moiety of spermidine to a specific lysine residue in the
elF5A precursor protein. The resulting protein-bound amino acid deoxyhypusine (Figure 3)
is hydroxylated in the second step to hypusine resulting in the activation of the elF5A

protein (Park et al. 1993; Park et al. 1997). Furthermore, DHS shows a side-activity by
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catalyzing the formation of homospermidine by transferring the 4-aminobutyl moiety of
spermidine to putrescine (Ober and Hartmann 1999a; Ober et al. 2003). While this side-
activity of DHS seems to have minor relevance in plants, HSS shows this activity as core-
activity and lost completely the ability to bind the elF5A precursor protein (Figure 3). The
formed homospermidine is the precursor of the necine base of PAs (Ober and Kaltenegger
2009). For the second step of PA biosynthesis a homospermidine oxidase (HSO) was
identified recently in the Heliotropiaceae Heliotropium indicum (Indian Heliotrope) that
oxidizes both primary amino groups of homospermidine to form the bicyclic

1-formylpyrrolizidine a PA pathway intermediate (Zakaria et al. 2022).
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Figure 3. lllustration of the origin of homospermidine synthase (HSS) by duplication of the gene
encoding deoxyhypusine synthase (DHS). The newly formed functional enzyme HSS catalyzes the first
specific step in PA biosynthesis, while DHS catalyzes as core activity the first step of the posttranslational
activation of the eukaryotic initiation factor (elF5A). HSS lost the ability to bind the elF5A precursor
protein and instead produces homospermidine as precursor for the necine base moiety of PAs. The
second step was recently identified by identifying a homospermidine oxidase (HSO) of Heliotropium
indicum, a species belonging to the Heliotropiaceae. HSO catalyzes homospermidine to
1-formylpyrrolizidine a pathway intermediate that has been shown to be incorporated into
trachelanthamidine. Further steps remain still unknown. dhp, deoxyhypusine residue; hyp, hypusine
residue; lys, lysine residue.

11




AIMS OF THIS WORK

O AIMS OF THIS WORK

The Fabaceae are well known for their symbiosis with nitrogen fixing rhizobia and
encompass many crops. Several genera contain secondary metabolites such as alkaloids as
a defense strategy. Within the tribe Genisteae, two alkaloid types occur, the QAs and the
PAs. For both biosynthetic pathways quite, a broad knowledge exists about the first specific
enzyme. However, little is known about further involved enzymes. Likewise of further
interest is to study the impact of the biotic factor nodulation on the two above mentioned
alkaloid biosynthesis in different species.

Accordingly, the main questions of this thesis are: Which are the next involved genes within
the biosynthesis of PAs? Which cells within nodules contain HSS, the first specific enzyme
of PA biosynthesis? Are there existing more species where hss transcript is only detectable
in nodules? Which impact has nodulation on the biosynthesis of QAs?

Three main species have been chosen as model plants to study these questions: (1)
Crotalaria spectabilis, a plant in which PA biosynthesis is nodule dependent. (2) The two
lupins L. arboreus and L. polyphyllus which produce QAs, and (3) Laburnum x

watereri ‘Vossii’, which contains both PAs and QAs.
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In CHAPTER A the focus is directed to the identification of genes that are involved in further
steps of synthesizing PAs of PA producer Crotalaria. Transcript analysis identified two
potential cuaos out of 5 as “hot candidates” being involved in the PA biosynthesis.
Subsequently, a method was established to generate transgenic Crotalaria plants using
CRISPR/Cas9 to knockout the candidate genes. Genomic DNA screening revealed mutations
within the candidate genes. Plants with mutations were considered as possible "knockouts”
and were further cultivated, infected with rhizobia for nodule development and
subsequently examined for the presence of PAs. Further analytical investigations revealed
which enzyme of the two candidates catalyze the second- and which the third step.
CHAPTER B focuses mainly on the possible impact of nodulation on QA biosynthesis of
lupins and golden chain. For this purpose, we first isolated species-specific rhizobia to
establish in vitro cultures to allow cultivation under controlled conditions. Then, sequences
of the first specific enzyme (/dc) were identified. /dc transcripts were analyzed via RT-qgPCR
in a wide variety of tissues from infected and non-infected plants. Also, the content (QAs)
was analyzed by GC-MS. Results of present /dc transcripts and QAs were compared
between infected and non-infected plants to find out if differences occur regarding
nodulation. Furthermore, to verify the LDC function, the activity was determined by protein
assays where we developed a new HPLC-based method.

CHAPTER C describes the studies on the influence of nodulation on PA biosynthesis in the
ornamental plant L. x watereri ‘Vossii’. First, sequences of hss, dhs, and housekeeping
genes ubiquitin and efla were identified and their transcripts quantified by RT-qPCR in
different tissues of nodulated and nodule-free plants. In addition to the nodules, which
showed a high transcript level of the first specific enzyme hss, the pods also showed a low
hss transcript level. Furthermore, we located the HSS protein via immunolabeling with HSS
specific antibodies in C. spectabilis and L. x watereri ‘Vossii’. Since two PA-producing
Fabaceae already show nodule dependency, it is exciting to see whether non-PA producers
also have a hss-like transcript expressed in the nodules. Therefore, we tested tissues of
three selected non-PA producing species of the Genistoids. If non-PA producer also still
contain hss transcript in nodules, it would indicate that the hss has come under nodule

control during gene duplication.
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AIMS OF THIS WORK

The last CHAPTER D contains the identification of further involved genes within the PA
biosynthesis of the species L. x watereri ‘Vossii’. So far, five different cuaos were identified
by using known sequences of C. spectabilis for blast searches against an unassembled
L. anagyroides genome available online. The transcripts of the five cuaos were quantified
in various tissues of infected and non-infected plant individuals for co-transcription with

hss via RT-qPCR.
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Homospermidine conversion to the pyrrolizidine backbone
is catalyzed by two distinct copper-containing amine

oxidases in Crotalaria spectabilis (Fabaceae)
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CHAPTER A

3.1 ABSTRACT

CuAOs are known to regulate the intracellular levels of polyamines, metabolites that are
known to be involved in a plethora of developmental processes and stress response
reactions of the plant. Polyamines are also described as key intermediates in the
biosynthesis of various alkaloids, where they are converted by CuAOs to aldehydes that
easily cyclize to characteristic heterocyclic structures. Recently, using Heliotropium indicum
(Heliotropiaceae, Boraginales) and Symphytum officinale (Boraginaceae, Boraginales) as
models, CuAOs have been described to be involved in the biosynthesis of pyrrolizidine
alkaloids (PAs), a class of toxic alkaloids that are part of the plant’s chemical defense against
herbivores. In contrast to other CuAOs, this CUAO, now named homospermidine oxidase
(HSO), was shown to oxidize both primary amino groups of homospermidine and to control
the formation of the bicyclic pyrrolizidine backbone. Studies on the first pathway-specific
enzyme, homospermidine synthase (HSS), suggest that PA biosynthesis evolved
independently in the various PA-producing lineages, also supporting an independent
evolution in the Boraginales lineage and the PA-producing genus Crotalaria of the Fabaceae
lineage. Using Crotalaria spectabilis as a model, we have recently shown that nodules, the
structures formed as part of the symbiosis with rhizobial bacteria, are the site of PA
biosynthesis. Here we show that we have been able to identify two CuAO-encoding
sequences as candidates for HSO from nodules of C. spectabilis, CsCuAO1 and CsCuAQO5. By
a CRISPR/Cas9-mediated approach, the previously described gene-encoding HSS of
C. spectabilis has been inactivated, resulting in mutant plants that are unable to produce
PAs. Using the same strategy for the two candidate CuAO sequences, we provide in planta
evidence for their involvement in PA biosynthesis, as the inactivation of both candidate
genes resulted in PA-free mutants. Analyses of polyamine levels of these mutants and
GC-MS analytics of putative intermediates in the CsHSS-knockout line after feeding of
homospermidine suggest that the two CuAOs act sequentially with CsCuAQS5 first oxidizing
homospermidine to a monocyclic intermediate that is further converted by CsCuAO1 to
1-formylpyrrolizidine providing the characteristic bicyclic ring structure of PAs. Our data
show that in contrast to the previously described HSO of H. indicum and S. officinale, the
conversion of homospermidine to the pyrrolizidine backbone is realized in Crotalaria by two
sequentially acting CuAOs subdividing the reaction in two subreactions providing further
support for the interpretation of an independent evolution of PA biosynthesis in these

lineages.
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3.2 INTRODUCTION

Copper-containing amine oxidases (CuAOs) are a class of ubiquitously occurring enzymes
that are described to be involved in central processes as cell differentiation and
proliferation, cell signaling, or detoxification (Li et al. 1998; Lunelli et al. 2005; Medda et al.
2009). In plants, CuAOs are involved in developmental processes and adaptive responses to
various environmental stresses (Bouchereau et al. 1999; Walters 2003). CuAOs regulate
polyamine levels by catalyzing the oxidative deamination of a primary amino group of
various mono-, di-, and polyamines, in plants, mainly putrescine (Put), spermidine (Spd),
spermine (Spm), and cadaverine (Cad) (Liu et al., 2015; Tavladoraki et al., 2016). The
corresponding amino aldehydes, hydrogen peroxide, and ammonia are the products, of
which H;0, was shown to act as signal molecule responsible for a plethora of secondary
effects (GroB et al. 2017).

The amino aldehydes formed by CuAOs have been shown to be important early precursors
in the biosynthesis of a variety of plant-derived alkaloids that cyclize and build up the cyclic
backbone of tropane alkaloids and nicotine (Hashimoto et al. 1990; Heim et al. 2007; Katoh
et al. 2007; Naconsie et al. 2014), quinolizidine alkaloids (Yang et al. 2017) or piperine
alkaloids (Gerdes and Leistner 1979). The involvement of CuAOs was also postulated for the
biosynthesis of pyrrolizidine alkaloids (PAs) (Bottcher et al. 1993; Frélich et al. 2007). PAs
are a group of specialized metabolites that are produced by the plant as part of its chemical
defense against herbivores (Ober and Hartmann 2000; Hartmann and Ober 2008). Studies
on the first specific step in PA biosynthesis, i.e., the formation of homospermidine (Hspd)
by homospermidine synthase (HSS), suggested that PA biosynthesis evolved several times
independently during angiosperm evolution (Reimann et al. 2004; Kaltenegger et al. 2013).
Knowledge about further steps of PA biosynthesis is scarce. Recently, using Heliotropium
indicum (Indian heliotrope, Heliotropiaceae, Boraginales) and Symphytum officinale
(comfrey, Boraginaceae, Boraginales) as models, we have been able to identify
homospermidine oxidase (HSO), a CuAO that catalyzes the oxidative deamination of both
primary amino groups of Hspd and controls the formation of the bicyclic pyrrolizidine
backbone (Zakaria et al. 2022).

The genus Crotalaria (rattlepods, Fabaceae) encompasses herbs and bushes with a tropical
and subtropical distribution (Polhill and Raven 1981; Mosjidis and Wang 2011). Crotalaria

is well known for the production of toxic PAs that are not only part of fascinating plant-
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insect interactions (Eisner and Meinwald 1995), but also hold responsible for occasional
intoxications of grazing livestock and humans (Fletcher et al. 2009; Anjos et al. 2010; Botha
et al. 2012). Nevertheless, various Crotalaria species are often planted as crops for fodder
or as green manure because of their symbiosis with nitrogen fixing rhizobia. Recently, it was
shown that in Crotalaria spectabilis, the biosynthesis of monocrotaline, the only PA
produced in this species, is dependent on nodulation after infection with a specific
Bradyrhizobium strain (Irmer et al. 2015). Transcripts encoding HSS have been detectable
only in nodules that have been interpreted as the site of PA biosynthesis from where PAs
are transported to the shoot (Irmer et al. 2015). Phylogenetic data of HSS suggest an
independent origin of this enzyme in the Fabaceae lineage, well separated from the PA-
producing lineages of the Boraginales including H. indicum and S. officinale. Therefore, we
analyzed Hspd oxidation in more detail in C. spectabilis as the step in PA biosynthesis that
is quintessential for the formation of the characteristic bicyclic backbone. Using
transcriptome data, we identified two CuAO candidates that showed exclusive expression
in root nodules. After developing a protocol for stable transformation of C. spectabilis with
Agrobacterium tumefaciens, we have been able to analyze the effects of inactivation of the
two candidates on PA biosynthesis in genome-edited transgenic plants infected with

Bradyrhizobium.

Here we show that, in C. spectabilis, two CuAOs are involved in the oxidation of Hspd by
dividing this enzymatic step that was shown to be catalyzed by a single enzyme in species
of the Boraginales order into two successive and distinct steps. Only if both enzymes were
active, PAs have been detectable in C. spectabilis. This observation shows that Hspd
oxidation is realized in different ways in the PA-producing lineages of the Boraginales and
the Fabaceae and allows not only deeper insights into the evolution of PA biosynthesis, but

also into hitherto undescribed properties of CuAOs in general.
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3.3 RESULTS
3.3.1 Two CuAO-encoding genes show co-expression with HSS and are regarded as
candidates for an HSO

To identify CuAOs that are involved in C. spectabilis in the oxidation of Hspd, five transcripts
encoding CuAO-like proteins (CsCuAO1 to CsCuAO5) have been identified in transcriptome
data of C. spectabilis roots and nodules (unpublished data). To test for a co-expression of
these CuAO-coding genes with the gene encoding HSS, cDNA of leaves, stems, roots, and
nodules of two, four-, and twelve-months old individuals of C. spectabilis were used for
reverse transcription quantitative polymerase chain reaction (RT-gPCR) analyses using the
gene encoding ubiquitin (UBQ) as reference. The gene encoding CsHSS is shown to be
expressed exclusively in nodules, confirming previous observations that HSS expression is
restricted to nodules (Irmer et al. 2015; Figure 1A). From the cscuao genes, only cscuao4
shows balanced expression levels in all analyzed tissues (Figure 1E). The other cscuao genes
have the highest transcript levels in nodules (Figure 1, B, C, D and F). However, nodule-
specific expression, i.e., expression only in nodules and not even in traces in any other
analyzed tissue, was only observed for the genes encoding CsCuAO1 and CsCuAO5 (Figure 1,
B and F). As the first steps of PA biosynthesis are most likely restricted to nodules and are
not expressed in any other tissue as it is observed for the transcript of CsHSS, CsCuAO1 and
CsCuAOS5 have been regarded as most promising candidates to encode an HSO. Of note, a
gradual decrease of transcript levels of these two cuao genes and of cshss was observed as
plants and nodules age. Referring the RT-qPCR data to the transcript level of the gene
encoding actin (ACT) resulted in essentially the same conclusions (Supplemental Figure S1).
The transcript sequences of the genes encoding CsCuAO1 and CsCuAQ5 were validated by
PCR amplification of cDNA isolated from nodules with proofreading DNA polymerases. The
open reading frames were shown to be 2,022 and 2,073 bp long for CsCuAO1 and CsCuAQ5,
respectively, and are predicted by the SignalP-5.0 server (Almagro Armenteros et al. 2019b)
and the TargetP-2.0 server (Almagro Armenteros et al. 2019a) to encode N-terminal signal
peptides of 22 and 24 amino acids in length, respectively, directing the encoded proteins to
the secretory pathway. CsCuAQO3 is also predicted to encode an N-terminal signal peptide

of 19 amino acids, while a signal peptide was not predicted for CsCuAO2 and CsCuAOA4.
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Figure 1. Relative expression profile of the genes encoding CuAOs in C. spectabilis. Various tissues of in
vitro-grown C. spectabilis individuals that nodulated after infection with Bradyrhizobium were analyzed
after 2, 4, and 12 months. The gene encoding ubiquitin (UBQ) served as reference for normalization of
expression levels. L, leaf; S, stem; R, root; N, nodule.
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3.3.2 Transformation of C. spectabilis allowed editing of selected genes

To study the relevance of CsCuAO1 and CsCuAO5 for PA biosynthesis, mutants were
generated, in which one of these genes was inactivated using CRISPR/Cas9-mediated
genome editing (Figure 2). To ensure that only protospacer motives have been selected that
do not cover an exon-intron boundary, genomic sequences of the cscuaol and cscuao5
genes have been amplified and sequenced, resulting in identification of a partial genomic
sequence encompassing two partial exon sequences separated by an intron of cscuaol and
the full sequence of the cscuao5 gene (Figure 2, A and B). For the transformation of plants,
binary vectors have been used carrying CRISPR/Cas9 cassettes harboring the gene encoding
Cas9 protein and two sgRNAs targeting two different protospacer motives within two
neighboring exons of the target gene to increase the chance for larger deletions (sites A
and B and sites C and D for cuaol and cuao5, respectively). Genome editing of the hss gene
has been included in this study as a positive control as it is well-characterized gene involved
in PA biosynthesis. The corresponding CRISPR/Cas9 construct targeted only one
protospacer motif in exon 1 of the hss gene (Figure 2C). Using these binary vector
constructs, we generated transgenic plants of C. spectabilis by transformation with
A. tumefaciens as described in Supplemental Figure S2. To test the individual transgenic
plants for genome editing effects, the targeted gene regions have been amplified from
genomic DNA of leaves. Transgenic plants resulting from transformation with the empty

binary vector still containing the ccdB suicide gene served as control lines.

Table 1 lists the sequences of these genes in the area of the protospacer motives as they
resulted from genotyping of the mutants compared to the two control lines (CL1 and CL2),

which showed the wild-type sequence in all target sites.

Using the construct encoding two sgRNAs targeting the sites A and B in the cscuaol gene,
five transgenic plants were obtained (plants CuAO1-1 to CuAO1-5). Except for plant
CuAO01-3, all plants showed modifications of the genomic sequence within the target site B,
while target site A was unaffected. For three out of the four lines with genome editing
effects, the analyzed sequence revealed different mutations within the two alleles. Such a
mutation type was classified as ‘biallelic’ mutation type according to our classification in

Zakaria et al. (2021). Lines that showed identical mutations within the two alleles were
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classified as ‘homozygous’ mutation type accordingly. In three plants, the modifications at
site B were small insertions or deletions of 1 and 5 nucleotides in length. Plant CuAO1-4 had

a large insertion of 133 nucleotides at this site in one of the alleles.

\Il construct AB
P35

unknown gDNA unknown gDNA

Exon Intron Exon
X X X

construct CD
039

833 bp 1405 bp EEERNIN 115 bp REERTH 1156 bp 448 bp 205 bp
Exon1 Exon 2 Exon 3 Exon 4 Exon5
Intron1 Intron 2 Intron 3 Intron 4

construct E
P41
R 712 bp

521 bp 122 bp 974 bp 97 bp RGUM 87 bp m i1 unknown gDNA

Exon 1 Exon 2 Exon 3 Exon 4 Exon 5 Exon 6

Intron 1 Intron 2 Intron 3 Intron 4 Intron 5

Figure 2. DNA sequences of the genes encoding CsCuAO1, CsCuAO5, and CsHSS of C. spectabilis used
to select protospacer motives for genome editing. A Partial genomic sequence of the cscuaol gene
spanning parts of two exons that are separated by an intron. For cscuaol, one construct comprised two
sgRNAs (sites A and B). B Complete genomic sequence covering the complete ORF of the cscuao5 gene
being composed of five exons separated by four introns. For cscuao5, the construct comprised two
sgRNAs (sites C and D) as well. C Partial genomic sequence of the cshss gene, starting with parts of
upstreaming region to exon 6. For cshss, the construct comprised only one sgRNA (site E). Blue
longitudinal arrows show gene regions targeted by the three different CRISPR/Cas9 constructs. Orange
arrows display primer positions and their expected product size (without mutations) for the later
screening of transgenic plants to determine possible mutations. ORF, open reading frame; PAM,
protospacer adjacent motif; sgRNA, single guide RNA.

Transformation with the construct encoding the two sgRNAs targeting the sites Cand D in
cscuaos resulted in eight transgenic plants that showed sequence modifications at both
target sites, except for plant CUAO5-3 that possessed the wild-type sequence in both target
sites. In the seven edited lines, the biallelic type was the predominant type showing small
insertions or deletions ranging between 1 and 15 nucleotides in length, except for plant
CuAO5-4 that showed a large deletion of 41 nucleotides in one of the two edited alleles. Of

note, nucleotide substitutions were observed together with nucleotide deletions in one
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allele at the target site C of plant CuUAO5-1 and the target site D of plant CUAO5-8. Of note,
in none of the analyzed mutants, we have detected a deletion of a larger stretch of genomic
DNA resulting from Cas9-induced double-strand breaks at both targeted positions

simultaneously.

Using the construct E targeting exon 1 of cshss, only two transformed plants could be
regenerated. One plant, i.e., HSS-1, showed two different insertions of one nucleotide at
the target site in the two alleles. The other transformed plant, i.e., HSS-2, showed an

identical deletion of 9 nucleotides in the two alleles (‘homozygous’ mutation type).

Table. 1. Sequence analyses of CRISPR/Cas9-induced mutations within the genes encoding CsCuAO1,
CsCuAO05, and CsHSS in transgenic plant lines of C. spectabilis. For genome editing of the genes encoding
CsCuAO1 and CsCuAOS5, constructs have been used that targeted two different protospacer motives in
two neighboring exons to increase the possibility to obtain larger mutations. For cshss, a construct was
used that targeted only one protospacer motif in exon 1. Sequences obtained from the control lines (CL1,
CL2) are identical to the sequence of the wild-type plant (WT). The red arrowhead indicates the Cas9
cleavage site. Red hyphens indicate deletions, red nucleotides represent insertions or substitutions, @
labels a large insertion of 133 nucleotides. Predicted and established effects on the respective gene: KO,
knockout, NE, no effect. Established effects are given for transgenic nodulated plants of which three
technical/biological replicates have been examined for the presence of PAs.
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3.3.3 Inactivation of the genes encoding CsCuAO1 or CsCuAOS5 results in mutants that
are unable to produce PAs
To test the transgenic C. spectabilis plants for an effect of the modified genomic sequence
within the cscuaol, cscuao5, and cshss genes on their ability to produce PAs, the in vitro-
cultivated plants were inoculated with a specific Bradyrhizobium strain to induce the
formation of nodules. It was shown recently that, in Crotalaria, PA biosynthesis is nodule-
specific, suggesting that central steps of PA biosynthesis are expressed in this specific organ
(Irmer et al. 2015). Nodule primordia have been detectable usually 10 to 14 days after
infection. Nodulated plants were cultivated for about ten to twelve months before PA levels
have been quantified separately in nodules and leaves by using a GC-MS based method

(Zakaria et al. 2021).

Both plants serving as control lines (CL1 and CL2) have shown distinct accumulation of the
PA monocrotaline, an observation identical to that obtained for a wild-type plant in this
study. No monocrotaline was detectable in the positive control, i.e., the plants with edited
hss gene, providing in planta evidence for the involvement of HSS in PA biosynthesis also in
Crotalaria. Of note, this was also the case for line HSS-2 that was characterized to possess
a homozygous 9 nt-deletion. Even though no frame shift is induced, the deletion of three
amino acids is obviously fatal for HSS activity. Also, none of the CsCuAO1 or CsCuAO5
knockout lines was able to produce PAs, suggesting that both enzymes are involved in the

biosynthesis of the PA monocrotaline (Figure 3, Table 1).
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Figure 3. PA analyses of transgenic nodulated plants of C. spectabilis. A Gas chromatography total ion
chromatograms (GC-TICs) in the area between 18 and 21 min of selected wild-type, control, and
knockout lines. The PA heliotrine served as internal standard (retention time (RT) = 18.46) and the PA
monocrotaline (RT = 20.14) is the only PA detectable in C. spectabilis. WT, wild-type plant grown under
identical conditions, CL, control line plant CL-2, cscuaol-KO, plant cscuaol-P1, cscuao5-KO, plant
cuao5-P6, cshss-KO, plant hss-2 (numbering refers to Table 1). B PA levels are given as the amount of
monocrotaline detected in fresh leaves of the wild-type and the transgenic plants resulting from genome

editing.
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3.3.4 CsCuAO1 and CsCuAO5 are involved in necine base formation but accept
different substrates
The observation that two CuAOs, namely CsCuAO1 and CsCuAOQS5, are obviously essential
for PA biosynthesis in C. spectabilis, was an unexpected result, as in H. indicum and
S. officinale one enzyme, i.e., the HSO, proved to be sufficient. To provide further evidence
and to substantiate the involvement of CsCuAO1 and CsCuAOS in the formation of the PA
monocrotaline, Hspd was quantified by HPLC-based polyamine analyses in nodules taken
from the knockout lines of cscuaol (one line cuaol-1 with three technical replicates) and
cscuao5 (three lines cuao5-2, -4, and -6 with one technical replicate each) in comparison

with a control line (CL2, three technical replicates) (Figure 4).
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Figure 4. Polyamine levels of Hspd in nodules of transgenic C. spectabilis plants. A Hspd levels were
quantified in genome-edited plants with inactivated CsHSS (HSS-1 KO), CsCuAO1 (CuAO1-1 KO), CsCuAO5
(CuAO5-2 KO, CuAO5-4 KO, and CuAO5-6 KO), and in a control line resulting from transformation with
the empty vector (CL2) by calculating the concentration in relation to the internal standard
diaminoheptane and the amount of fresh weight (FW). For the control line (CL2) and for the knockout
plants of hss (HSS-1 KO) and cuaol (CuAO1-1 KO), three technical replicates of the same line have been
analyzed. For knockout lines of cuao5, three biological replicates have been available represented by one
technical replicate each. B HPLC chromatograms of selected knockout lines showing the peak separation
of Spd and Hspd.

Only in nodules of the cscuao5-knockout lines, a significant accumulation of Hspd was
detectable up to levels by approx. 15-fold (4.47 £1.09 pmol/mg FW) compared to Hspd
levels of the control line CL2 (0.33 +0.25 pmol/mg FW) (unpaired t-test, p = 0.003). Hspd
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levels in nodules of the cscuaol knockout line did not show any significant differences
compared to those of the control lines (0.55 +0.10 pmol/mg FW, unpaired t-test, p = 0.223).
These data suggest that Hspd is most likely the substrate for CsCuAQOS5. This interpretation
was supported by the fact that none of the previously described intermediates of Hspd
oxidation like monocyclic pyrrolinium ions (Zakaria et al. 2022) has been detectable in the
cscuao5-knockout lines and not after increasing the endogenous Hspd level in the nodules

of the knockout plant by feeding with Hspd either (Figure 5A).

In contrast to the nodules of the cscuao5 knockout lines, the nodules of the cscuaol
knockout lines did not accumulate Hspd as Hspd levels were very similar to that in control
lines (Figure 4). This observation suggests that Hspd is converted even in lines with an
inactivated cscuaol. As the cscuaol and cscuao5 knockout lines both do not produce PAs,
we hypothesized that CsCuAO5 and CsCuAO1 might catalyze two successive steps of Hspd
oxidation. To test this hypothesis, we searched for possible intermediates of Hspd oxidation
as they have been described earlier in a study characterizing HiHSO (Zakaria et al. 2022).
GC-MS analyses revealed that these knockout mutants accumulated two compounds that
have been undetectable in control lines or the cscuao5 knockout lines (Figure 5A).
According to the detected masses and fragmentation patterns, they were identified as
1-(carboxybutyl)pyrrolidine and its methyl ester in a ratio of 1 to 9, respectively (Figure 5, B
and C).

The identity of the carboxyl group of 1-(carboxybutyl)pyrrolidine was confirmed by GC-MS
analyses after derivatization with N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA).

The detected compound showed the expected mass m/z of 229 (Figure 5, D and E).
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Figure 5. Characterization of the two compounds accumulating in nodules of cscuaol knockout
mutants. A GC-TICs showing two compounds that accumulate only in cscuaol knockout lines but are
undetectable in the control line (CL1) and the cscuao5 knockout (cscuao5-KO) without and after feeding

with Hspd. B and C GC-MS fragmentation

pattern of the accumulating compounds,
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1-(carboxybutyl)pyrrolidine with m/z of 157 (B) and its methyl ester with m/z of 171 (C). D Single ion
chromatogram (SIC) of m/z of 229 representing the peak of trimethylsilylated
1-(carboxybutyl)pyrrolidine after derivatization with N-methyl-N-(trimethylsilyl)trifluoroacetamide
(MSTFA). E, The detailed mass fragmentation pattern of the derivative shown in D, F and G GC-MS
fragmentation patterns of 1-(carboxybutyl)pyrrolidine (F) and its methyl ester (G) after feeding [**C]Hspd
to detached nodules of the cscuaol knockout mutants for 72 h showing the corresponding isotopic shift
of the specific masses (labeled in red).

To verify the biosynthesis of these two compounds from Hspd, [*3C]Hspd was fed to
detached nodules of cscuaol knockout plants. After 72 h, GC-MS analyses showed the same
two peaks of the previously identified compounds with the expected isotopic shift in the
MS spectra (Figure 5, F and G). Therefore, the two compounds result from Hspd after
oxidative deamination at both primary amino groups and a cyclization resulting in the
pyrrolidine ring. However, the typical product of a CuAO-catalyzed oxidative deamination
should be an aldehyde. Furthermore, characterization of the HSO of H. indicum has shown
that carboxylic intermediates in the conversion of Hspd are, at least in vitro, most likely
artifacts attributable to the co-evolving hydrogen peroxide that converts the aldehydes to
their carboxylic counterparts (Zakaria et al. 2022). Also, in the case of the two compounds
accumulating in vivo, i.e., in the cscuaol knockout plants, oxidation of the aldehyde that
results from oxidation of Hspd to the corresponding acid could also be caused by the co-
evolving hydrogen peroxide. Most likely is this due to their accumulation in consequence of
the nonfunctional CsCuAO1l that catalyzes the conversion of the aldehyde to the
pyrrolizidine structure. In the study of Zakaria et al. (2022), we have recently been able to
show that hydrogen peroxide is able to convert 1-formylpyrrolizidine resulting from the
CuAO-catalyzed oxidation of Hspd in H. indicum to 1-carboxypyrrolizidine. The formation of
the corresponding ester might be due to methylation by the plant as part of endogenous

detoxification mechanisms or as an artifact resulting from methanolic sample preparation.

To test this hypothesis also for Crotalaria, we analyzed whether 1-(carboxybutyl)pyrrolidine
and its methyl ester are intermediates of PA biosynthesis or derivatives of intermediates
that result from oxidation by hydrogen peroxide and tested whether the two compounds
can be incorporated into the bicyclic pyrrolizidine backbone of PAs and later into
monocrotaline. Therefore, extracts of nodules taken from a cscuaol knockout plant (plant

cscuaol-1) containing both compounds were fed to detached nodules of both cscuao5
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knockout plant (plant cuao5-P6) and cshss knockout plant (plant hss-2) for five days as these
plants should have the capacity to convert the intermediates resulting from oxidation of
Hspd by CsCuAOS. Although both intermediates were taken up into the nodules, no further
conversion to any other compound was detectable (Figure 6). This data clearly shows that
both compounds are no precursors in the formation of the bicyclic pyrrolizidine and
supports the interpretation that these compounds are modified intermediates

accumulating after genome editing in cscuaol knockout.
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Figure 6. GC-TICs after incubating detached nodules of both cscuao5 knockout plants and cshss
knockout plants with extracts containing 1-(carboxybutyl)pyrrolidine (1-cbp) and its methyl ester
(1-mcbp) for 5 days. Heliotrine was used as internal standard (IS).

Our data suggest that both CsCuAO1 and CsCuAO5 are involved in PA biosynthesis but
catalyze two successive reactions between Hspd and the bicyclic pyrrolizidine backbone.
While CsCuAQS5 catalyzes the oxidation of Hspd at both primary amino groups resulting in a
monocyclic intermediate, CsCuAO1 catalyzes the cyclization of the second ring to result in

the formation of the pyrrolizidine backbone.
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3.3.5 The formation of the pyrrolizidine backbone requires both active CsCuAO1 and
CsCuAOS
To further evaluate the individual steps involved in Hspd oxidation in C. spectabilis and to
study the intermediates involved, [*?C]Hspd was fed to detached nodules of the cshss
knockout plant, in which CsHSS is non-functional while both CsCuAO5 and CsCuAO1 are
active. As these plants are unable to produce Hspd as the first specific intermediate of PA
biosynthesis, they are also devoid of any pathway intermediates and PAs. Nodules were
incubated with Hspd for 8, 24, 48, and 120 h and putative intermediates were analyzed by
GC-MS using a method recently developed to capture the early intermediates formed after
Hspd oxidation with low background signals such as the monocyclic
N-(4-aminobutyl)pyrrolinium ion and 1-formylpyrrolizidine, but also 1-carboxypyrrolizidine
and further methylated derivatives most likely representing artifacts due to the co-evolving

hydrogen peroxide and to the methanolic extraction procedure (Zakaria et al. 2022).

Already after 8h, the bicyclic pyrrolizidine derivatives trachelanthamidine,
1-formylpyrrolizidine and 1-carboxypyrrolizidine were detectable (Figure 7). After 24 and
48 h, 1-formylpyrrolizidine was the prominent intermediate, but 1-carboxypyrrolizidine and
trachelanthamidine were also well detectable intermediates. After 120 h,
1-formylpyrrolizidine was not detectable anymore, while the peak of trachelanthamidine
increased, indicating an efficient conversion of this intermediate into the necine base of
PAs. However, the PA characteristic for C. spectabilis, i.e., monocrotaline, was not
detectable after all three feeding intervals. 1-carboxypyrrolizidine,
1-methylcarboxypyrrolizidine, and 1-(4-methylcarboxybutyl)pyrrolidine were detected as
minor compounds and hardly no change in their detected levels after feeding for 48 and
120 h (Figure 7). These derivatives of the previously characterized intermediates of PA
biosynthesis resulting from oxidation and further methylation were not considered to be
further intermediates of the biosynthesis of the pyrrolizidine backbone. Instead, they may
have been formed as part of the plant's counter reaction to the feeding of large quantities

of Hspd and as artifact from the methanolic sample preparation.

Of note, analyzing the liquid medium in which the nodules were incubated at the end of the

experiment after 120 h revealed the presence of the deprotonated form of the monocyclic
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N-(4-aminobutyl)pyrrolinium ion (CsH1isN2). The pyrrolinium ion was described earlier to
result from cyclization after oxidation of Hspd at only one of the two primary amino groups
in a study on amine oxidase from bovine serum (Houen et al. 2005). It was shown recently
to be an intermediate in the formation of the pyrrolizidine backbone during oxidation of

Hspd with HSO of H. indicum (Zakaria et al. 2022).
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Figure 7. Feeding of [*2C]Hspd to detached nodules of cshss knockout plants. GC-TICs of extracts of
nodules after feeding for different time intervals and of the remaining liquid surrounding the nodules
during the feeding at the end of the feeding experiment (after 120 h). Heliotrine served as internal
standard (IS).
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3.4 DISCUSSION

In the early steps of PA biosynthesis, Hspd is converted to the bicyclic necine base moiety,
the characteristic building block of all PAs. This conversion requires two consecutive
oxidative deamination reactions and two cyclization reactions. In the earlier literature
(Robins 1982; Khan and Robins 1985; Kelly and Robins 1988; Robins 1989), it was discussed
whether these two oxidations are catalyzed by two individual CuAOs (formerly called
“diamine oxidases”) or by a single enzyme. Furthermore, following the knowledge about
cyclizations in the biosynthesis of various groups of alkaloids (Aniszewski 2007), each
cyclization reaction was proposed to proceed spontaneously through the reaction of the
aldehyde group resulting from the CuAO reaction with the internal amino group via
Mannich-type reaction mechanism. Recent studies on Hspd oxidation in H. indicum and
S. officinale resulted in the identification of HSO, an enzyme that catalyzes, in a kind of “one-
pot-reaction”, not only the oxidation of both primary amino groups of Hspd, but also the
cyclization to the bicyclic pyrrolizidine (Zakaria et al. 2022; Zakaria unpublished). The
formation of the bicyclic pyrrolizidine backbone requires two cyclizations, of which the
second one, the scaffold-forming step that results in the closure of the second ring, is
stereospecific (Zakaria et al. 2022; Zakaria unpublished). This observation gave support to
previous speculations about a somehow enzyme-controlled cyclization reaction in the

biosynthesis of the necine base moiety (Schramm et al. 2019; Lichman 2021).

In this study, in contrast to our findings in Zakaria et al. (2022) and Zakaria (unpublished),
we show that there are further options for the challenging formation of the pyrrolizidine
backbone of PAs in the plant kingdom. We show that in C. spectabilis the reaction of HSO is
taken over by two independent CuAOs, i.e., CsCuAO1 and CsCuAO5. Both enzymes are
typical CuAOs as their amino acid sequences contain the characteristic functional amino
acids of the catalytic site of CuAOs: three conserved histidine residues coordinating the
copper ion in the active site and a strictly conserved tyrosine residue (Supplemental
Figure S4) that is post-translationally modified into the cofactor topaquinone active in the

redox reaction (Kumar et al. 1996).
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3.4.1 Two independent CuAOs are involved in PA backbone formation in
C. spectabilis

Following earlier ideas about two CuAOs involved in Hspd oxidation, it was assumed that

these two enzymes should oxidize one of the primary amino groups of Hspd successively

followed in each case by the (spontaneous) cyclization. However, here we show that the

two enzymes split this task in a completely different manner.

The first CUAO (CsCuAQ5) oxidizes Hspd already at both primary amino groups and results
in only a monocyclic intermediate that accumulates in plants with an inactivated cscuaol
gene. However, the precise nature of this monocyclic intermediate could not be confirmed
in this study most likely due to the effects of co-produced hydrogen peroxide and due to
compensating reactions of the plant by methylations of accumulating intermediates in the
transgenic background. Further studies have to show whether this intermediate is the same
as the postulated pathway intermediate in the HSO-catalyzed reaction in H. indicum and
S. officinale, i.e., a monocyclic pyrrolinium ion or a monocyclic pyrrolidine as the

corresponding reduced form, both with a free aldehyde group.

The second CuAO (CsCuAO1) is not accepting Hspd as a substrate and is not catalyzing any
oxidative deamination, but obviously allows and controls the closure of the second ring
associated with the formation of the pyrrolizidine scaffold. Again, this is not a characteristic
property of CuAOs as they are described in the literature. Although this enzymatic
cyclization could explain the observed stereospecificity, the mechanism behind this novel
activity of a CuAO remains open. Future studies have to show whether the oxidative
deamination and the cyclization reaction catalyzed by the two PA-specific CuAOs of

Crotalaria are mechanistically related reactions or not.

3.4.2 (CsCuAO1 and CsCuAOS5 belong to the same clade as other PA-specific CUAOs

Several examples in the literature have shown that gene duplication followed by
diversification of the gene copies is a common mechanism to develop functional
innovations in plant secondary metabolism (Ober and Hartmann 1999b; Pichersky and Gang
2000; Conant and Wolfe 2008; Innan and Kondrashov 2010; Rensing 2014). These include

also the evolutionary origin of HSS by duplication of the gene encoding DHS (Ober and
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Hartmann 1999b; Reimann et al. 2004; Kaltenegger et al. 2013). Several models have been
developed to explain how a gene copy might develop a new function without being lost due
to pseudogenization (Conant and Wolfe 2008; Panchy et al. 2016). Phylogenetic analyses
have the potential to show how a new function evolved, especially if other functionally
characterized sequences are available. Figure 8 shows such a gene tree of CuAO-encoding
cDNA sequences of selected angiosperm species. The CuAOs are separated in three clusters,
of which cluster | and Il are closer related to each other than cluster II. All CuAOs involved
in Hspd oxidation, i.e., the HSOs of H.indicum (HiHSO), S. officinale (SoCuAO1 and
SoCuAQ5), and also the two CuAOs identified in this study from C. spectabilis, i.e., CsSCuAO1
and CsCuAQ5, are members of cluster I. Early in this clade, the CuAOs of different systematic
lineages separate, resulting in subclades encompassing sequences from Arabidopsis, from

species belonging to the Boraginales order, and from the Fabaceae family, respectively.

The two sequences described from S. officinale (Zakaria unpublished), SoCuAO1 and
SoCuAOS5, share a sequence identity of 81% on the amino acid level and 85% on the nucleic
acid level and are directly sisters within the Boraginales subclade suggesting that their
common ancestor might have optimized already for a PA-specific function. The duplication
of this ancestor gene resulted in these two HSOs that retained the ancestral function but
diverged with respect to gene expression, as the two gene products are expressed in
different tissues, i.e., in roots and in young leaves subtending an inflorescence, to increase
plant fitness (Zakaria unpublished). Figure 8 shows also that these two sequences of
S. officinale are related to that of the HiHSO, the CuAO of H. indicum that was shown to
catalyze the same reaction as the SoCuAO1 and SoCuAO5. Whether the common ancestor
of all these PA-specific CUAOs in the Boraginales order preceding the speciation events
possessed already the HSO activity or whether this characteristic mechanism evolved later
remains open, especially as this subclade encompasses also further still uncharacterized

CuAQs, i.e., HICUAO3 and HiCuAOS.

The situation is completely different for CsCuAO1 and CsCuAQOS5 from Crotalaria, which were
identified in this project. Based on the mechanistic data, one is tempting to speculate that,
in C. spectabilis, the ancestral functions have been partitioned into two separate genes after

gene duplication, a term known as sub-functionalization (Lynch and Force 2000). This means
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Figure 8. Neighbor-joining tree of CuAO encoding cDNA sequences of various species of the plant
kingdom. The CuAOs of C. spectabilis identified in this study are labeled in blue. Blue arrows point to the
two CuAOs involved in PA biosynthesis in C. spectabilis. Black asterisks label the CuAOs (= HSOs) of the
two species H. indicum and S. officinale that have been characterized recently as being involved in PA

biosynthesis.

that the ancestral gene was bifunctional and could catalyze in our case both reactions, the

oxidative deamination and the cyclization. After gene duplication, the two copies diverged

with respect to their function by specializing on only one of these two functions: CsCuAO1

retained the cyclization function while CsCuAO5 retained the two oxidative deaminations.

However, even though these sequences are expressed at the same site (the nodules) and

share the same subclade of Fabaceae sequences, they are no close sisters. This phylogenetic

distance is reflected also in a lower identity on amino acid (56%) and nucleic acid level (64%).
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Further research is needed to characterize the function and mechanism of further
sequences of the cluster | of CUAOs to see whether the cluster is based not only on sequence
similarity but also on common characteristic mechanistic properties. Such studies might
also provide additional data to test whether both activities, i.e., the oxidative deamination
and cyclization, are originated from a common mechanism. Thus, a conformational shift
caused by single mutations might have promoted the emergence of a completely new active
site in both CsCuAOs facilitating transition-state binding with different substrates and

intermediates.

3.4.3 Nodulated Crotalaria plants harbor two well-separated Hspd pools

Hspd has been reported to be frequently found in nodules of leguminous plants as well as
in the symbiotic rhizobia that belong to the a-proteobacteria and contain Put and Hspd as
major polyamines, while Spd is often missing (Smith 1977; Hamana and Matsuzaki 1992;
Fujihara et al. 1994; Krossa et al. 2016). Hspd is synthesized in the bacteroides by a bacterial
HSS (EC 2.5.1.44) that is different from the HSS of plants (EC 2.5.1.45) as it couples two
molecules of Put in an NAD*-dependent reaction (Tholl et al. 1996; Ober et al. 1996).
Although little is known about the physiological role of Hspd produced in the symbionts
embedded in these nodules, it is reported that it contributes to stress tolerance like salinity
in both free-living and symbiotic bacteria and to the protection of the bacteroides from
environmental changes (Lépez-Gomez et al. 2016) but might also be the functional analog
of Spd (Hamana and Matsuzaki 1992). Furthermore, the involvement of Hspd in nodule

organogenesis is discussed (Fujihara 2009).

In C. spectabilis, it was shown that nodulation induced by the infection with the soil-borne
Bradyrhizobium strain triggers PA biosynthesis (Irmer et al. 2015). However, an intriguing
guestion was which partner of the symbiosis provides Hspd for PA biosynthesis: the
microsymbiont or the plant. The same study ruled out the involvement of the bacterial HSS
in PA biosynthesis and established the HSS identified in C. spectabilis to be of plant origin
based on both the conserved genomic DNA structure with introns and exons and on the
ability of this enzyme to catalyze the formation of Hspd from Spd and Put, which are distinct
features of plant-derived HSS (Irmer et al. 2015). However, it was not possible to exclude

that Hspd of bacterial origin might be used at least in parts for PA biosynthesis in the
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nodules, as the exchange of nutrients, metabolites, and even polyamines such as cadaverine
between the host plant and the bacterial microsymbiont in legume nodules is well defined

(Fujihara et al. 1994; White et al. 2007).

In our study, polyamine analyses of the CsHSS knockout lines showed that nodules still
accumulate significant amounts of Hspd. This confirms that the bacterial HSS was not
affected by the induced silencing of CsHSS and is still able to synthesize Hspd. However,
these nodules were completely devoid of PAs, indicating no flux of bacterial Hspd to the PA
synthesizing tissues of the nodules. Moreover, it confirms, that exclusively the plant and not
the rhizobia are the provider of Hspd for PA biosynthesis. This was further confirmed by
feeding of Hspd to isolated nodules of the CsHSS knockout plant by which PA synthesis could
be restored. The externally fed Hspd seems to be able to enter the PA producing plant
tissues, while Hspd synthesized within the symbiotic bacteria is restricted to the infected
zone. This clear result shows that the bacterial and plant Hspd pools in C. spectabilis are

completely separated from each other and serve distinct functions.

3.4.4 Several organs and tissues might be involved in PA biosynthesis in C. spectabilis
Many classes of plant specialized metabolites show a restricted occurrence in only specific
organs, tissues, and cell types (Li et al. 2016), suggesting a tight regulation of the responsible
biosynthetic pathways. For instance, plant defense metabolites are frequently produced in
specialized tissues or cell types to avoid autotoxicity in the surrounding tissues without an
impact on the effectiveness of these metabolites as defense against herbivores (Schilmiller
et al. 2010; Tissier 2012). In several cases, the sites of biosynthesis and accumulation may
differ. Examples are the alkaloids nicotine and hyoscyamine of tobacco and Atropa
belladonna, which are synthesized in the roots and transported to the leaves to exert their
defensive functions in the tissue with the highest probability of an attack by herbivores

(Hashimoto and Yamada 1994; Katoh et al. 2005; Tan et al. 2020).

For PAs, the same was described in Senecio vulgaris, where PAs are synthesized in the roots
and accumulate mainly in the reproductive tissues of the flower heads (Hartmann et al.
1989) providing best defense of the reproductive structures according to the optimal

defense theory (Mckey 1979). Furthermore, it was confirmed by tracer feeding experiments
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using various Senecio species that the PA backbone structure in Senecio, i.e., senecionine
N-oxide, is produced in the roots, but that shoots are capable of transforming senecionine

N-oxide into the unique species-specific PA patterns (Hartmann and Dierich 1998).

In Crotalaria, although the majority of PAs are accumulated in the shoot, nodules have been
considered to be the site of PA-biosynthesis as PA concentration was highest in the nodules
and as the hss transcript was exclusively present in nodules (Irmer et al. 2015). This
observation also applies to the two transcripts encoding CsCuAO1 and CsCuAO5 that have
been shown to be involved in the biosynthesis of the necine base in Crotalaria in this study.
This is consistent with the exclusive presence of both Hspd and necine base in nodules.
However, the non-detection of the final PA, monocrotaline, after feeding detached nodules
for up to 120 h raises questions about the regulation of the whole pathway of PA
biosynthesis in C. spectabilis. This observation indicates that other tissues outside of the
nodules may take part in at least one of the later steps of PA-biosynthesis, i.e., the steps
following the formation of the free necine base trachelanthamidine. These steps include
7C-hydroxylation, 1,2-desaturation, necic acid formation, and linkage of the necine base to
the necic acids. Therefore, a transport of the necine base to tissues outside the nodules is

required to allow such modifications by enzymes later in the pathway.

Not surprisingly, compartmentalization studies have revealed many unique aspects for
various of plant metabolic pathways (Lunn 2007). This could be exemplified by the textbook
example C4-photosynthetic pathway that it is compartmented between two different cell
types - mesophyll and bundle sheath cells (Furbank and Lunn 1997) and differential tissue
localization of early and late stages of indole alkaloid biosynthesis in Catharanthus roseus

(St-Pierre et al. 1999).

An intracellular compartmentalization of parts of PA biosynthesis have been postulated
since many years (Bottcher et al. 1993) and have further substantiated recently (Zakaria et
al. 2022; Zakaria unpublished). Also, the data obtained for CuAOs of Crotalaria supports an
intracellular compartmentalization, as the two CuAOs involved in PA biosynthesis are
predicted to possess N-terminal signal peptides directing the proteins to the secretory

pathway. Our findings in Crotalaria suggest that in addition to this intracellular
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compartmentalization of necine base formation, the whole PA biosynthetic pathway seems
to be compartmented between different types of tissues in Crotalaria, one of them being
outside the nodules. Consequently, this requires the intercellular translocation of pathway
intermediates to allow the production of the final PA monocrotaline. Future studies should
investigate how the different parts of the PA pathway are coordinately regulated in

Crotalaria and other PA-producing plants.
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3.5 MATERIAL AND METHODS

3.5.1 Plant material

Crotalaria spectabilis were cultivated in vitro as described by Irmer et al. (2015) with
modifications. Briefly, the pH of the media was adjusted to 6.5 and the infection with the
specific Bradyrhizobium strain (Gamo et al. 1991) was conducted by pipetting the
suspension containing Bradyrhizobium cells in water (up to 100 uL) directly alongside the

roots.

3.5.2 Confirmation of cDNA sequences and identification of genomic sequences of
the genes encoding CsCuAO1 and CsCuAO5

To identify CuAOs that are involved in PA biosynthesis of C. spectabilis, we performed
Illumina® sequencing with roots and nodules (unpublished data). Five transcripts predicted
to encode CuAO-like proteins (CsCuAO1 to CsCuAO5) have been identified. The transcripts
encoding CsCuAOl1 and CsCuAO5 have been verified by PCR amplification with the
proofreading DNA polymerase, Phusion Hot Start || DNA polymerase (ThermoFisher
Scientific, Waltham, MA, USA) according to manufacturer protocol using the primer pairs
P1/P2 (CsCuAO1) and P3/P4 (CsCuAO5). Primer sequences are given in Supplemental
Table S1. PCR products were purified via agarose gel electrophoresis (NucleoSpin®Gel and
PCR Clean-up, MACHEREY-NAGEL, Dlren, Germany), A-tailed, and cloned into the pGEM T-
easy vector (Promega, Fitchburg, WI, USA). Sequence identity was confirmed by sequencing
(Eurofins Genomics, Hamburg, Germany).

To design constructs for CRISPR/Cas9-mediated genome editing, genomic DNA of CsCuAO1
and CsCuAO5 was amplified to identify exon-intron boundaries. Genomic DNA of leaves
taken from sterile culture was used as template. For amplification of the genomic sequence
encoding CsCuAQS5, the primers were identical to those used for amplification of the cDNA.
Amplification of the complete genomic sequence encoding CsCuAO1 failed. Instead, a small
part of the sequence (ca. 330 bp) could be identified by using the primer pair P5/P6. An
additional part of sequence (ca. 200 bp) resulted from an inverse PCR approach using
genomic DNA digested with EcoRV and self-ligated according to Triglia et al. (1988) as
template for amplification with Accu Taq LA polymerase (ThermoFisher Scientific) according

to manufacturer protocol with primer pair P7/P8.
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3.5.3 Transcript quantification by RT-qPCR

To quantify transcript levels of the genes encoding the HSS and the CuAOs of C. spectabilis,
cDNA was isolated from three individuals of different ages (cultivated under in vitro
conditions as given above for 2, 4, and 12 months after germination), and all of which had
well-developed nodules. Total RNA was tested with MOPS by agarose gel (3%)
electrophoresis to exclude degradation (Supplemental Figure S3). PCR primers were
designed using the Geneious Prime software package with the following settings: length 18
to 30 nucleotides, melting temperature 59°C to 61°C, GC content 30% to 60%, product size
90 to 155 bp. Primer sequences are given in Supplemental Table S1. To exclude unspecific
binding of these primers to other sequences encoding CuAOs due to sequence similarities,
primer quality was validated in a RT-qPCR run followed by analysis of the melting curves

and sequencing the resulting PCR products (Supplemental Figure S5).

RT-gPCR was performed in a Rotor-Gene® Q System (Qiagen, Hilden, Germany).
Amplification reactions were performed in a total volume of 20 pL with 10 pL GoTaq® gqPCR
Master Mix (Promega), 0.125 pmol of each primer, 4 uL RNAse-free water and 5 plL
template DNA (10 ng). Thermal cycling conditions followed the two-step protocol: one cycle
95°C for 2 min; 40 cycles with 95°C for 15 s and 60°C for 60 s. Melting curves were analyzed
to confirm the specificity of the PCR products. Each sample was analyzed in triplicate
including the no-template controls for each primer pair of the gene of interest and the
reference genes. Transcript levels of the genes encoding ubiquitin (UBQ) and actin (ACT)
were used as references for the calculation of the relative transcript level (2°2¢7) of the hss

and cucaos genes (Schmittgen and Livak 2008). RT-gPCRs were performed in triplicate (n=1).

3.5.4 Constructs for editing the genes encoding CsCuAO1, CsCuAO5, and CsHSS by
CRISPR/Cas9

To identify protospacer sequences that could be used as target of sgRNA, the Geneious

Prime software package was used to predict possible target sites within the candidate genes

(CsCuAO1 and CsCuAO5) and within the CsHSS for comparative purposes. For each CuAO-

coding sequence, two target sites were chosen to increase the chance to obtain a

CRISPR/Cas9 effects or even a larger deletion of genomic sequence, while for editing of the

gene encoding HSS, only one targeting sequence was selected. Constructs used for the
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genome editing approach were designed according to a protocol described by Schiml et al.
(2016) that we used in a version recently adapted for genome editing in S. officinale (Zakaria
et al. 2021). Shortly, complementary oligonucleotides covering the selected protospacer
motives have been hybridized to result in sticky ends that allowed cloning into the entry
vector pEn-Chimera (Schiml et al. 2016) for protospacers targeting sites A and C of cscuaol
and cscuao5, respectively, and site E of cshss and transfer of the sgRNA cassettes to the
destination vector pDe-Cas9-HYG (Zakaria et al. 2021) that harbors the expression cassette
for Cas9 and for hygromycin resistance as plant selectable marker. Protospacers targeting
sites B and D of cscuaol and cscuao5 respectively, were cloned into the pEn-C1.1 (Schiml et
al. 2016). Using Mlul digestion, the destination vector constructs received the second sgRNA
expression cassettes from the pEn-C1.1 construct resulting in constructs targeting sites A
and B of the gene encoding CsCuAO1 and sites C and D of the gene encoding CsCuAQOS5.

Sequences of the oligonucleotides are given in Supplemental Table S1.

3.5.5 Stable transformation of C. spectabilis plants

For genome editing of C. spectabilis using the CRISPR/Cas9 constructs targeting the genes
encoding CsCuAO1, CsCuAO5, and CsHSS, a protocol for stable transformation with
Agrobacterium tumefaciens EHA105 (Hood et al. 1993) was developed. Transformation with
the empty destination vector pDe-Cas9-HYG served as control. A. tumefaciens EHA105
strains harboring one of the CRISPR/Cas9 constructs were cultivated in a preculture of 7 mL
YEB medium (5 g/L beef extract, 1 g/L yeast extract, 5 g/L peptone, 5 g/L sucrose, 0.5 g/L
MgS04 x 7 H20) supplemented with 50 ug/mL spectinomycin and 15 pg/mL rifampicin at
28°C (230 rpm, 48 h). 300 pL of preculture were used to inoculate 50 mL YEB medium
supplemented with 50 pg/mL spectinomycin and 15 pg/mL rifampicin and incubated
overnight (28°C, 230 rpm). At an ODeoo of ca. 0.5, acetosyringone (150 uM) was added as a
specific inductor for the expression of vir-genes (Lacroix and Citovsky 2019) and incubated
for additional 2 h. Afterwards, 20 mL of each culture were centrifuged (10°C, 5,000 x g,
15 min) and the pellet was resuspended in 50 mL MS20 medium (medium according to
Murashige and Skoog (1962), but with only 20% of the original amount of NH4NOs)
supplemented with 150 uM acetosyringone.

Leaves of in vitro grown C. spectabilis were cut to pieces and provided with additional

cuttings on the leave surface before they were incubated in a rotary shaker for 1 h at room
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temperature in the agrobacterial suspension prepared in MS20 medium. Afterwards, the
leaf section was dabbed dry with sterile filter paper and were transferred to solid MS20
supplemented with plant hormones (2 mg/mL 2,4-dichlorophenoxyacetic acid and
0.25 mg/mL thidiazuron) to induce callus growth. After incubation for 72 h in the dark at
26°C, leaf cuttings were washed in 200 mL sterilized water and then in 200 mL sterilized
water supplemented with 500 pg/mL of a mixture of ticarcillin and clavulanic acid to remove
remaining A. tumefaciens EHA105 cells. After dabbing dry with sterile filter paper, cuttings
were transferred to fresh MS20 plates containing 500 pg/mL of a mixture of ticarcillin and
clavulanic acid and 50 pg/mL hygromycin for selection of plant cells that successfully
incorporated the transfer DNA of the CRISPR/Cas9 constructs and the empty vector control
into their genomes. To allow the development of callus, plates were incubated for
approx. 12 days in the dark at 24°C and were transferred into a climate chamber (Johnson
Control, Mannheim, Germany) equipped with ceramic metal halide lamps (CMT360LS WBH
EYE Iwasaki Electric Co., Japan) at 25°C, 65% humidity, and a 16/8-h light/dark cycle
(206 pmol m sec?) as soon as the first calli developed. After separation of the individual
calli from the leaf sections, they were transferred to fresh MS20 plates containing
500 pg/mL of a mixture of ticarcillin and clavulanic acid and 1 pg/mL thidiazuron to induce
shoot development. When shoots reached a length of approx. 2 to 3 mm, they were
transferred to transparent jars (Weck, Weck GmbH, Wehr-Oflingen, Germany) with 100 mL
solid MS20 hormone-free medium. Elongated shoots with a length of more than 5 mm were
separated from callus and the cut end was dipped into 1 mg/mL naphthaleneacetic acid to
induce root formation, and then transferred to solid MS20 medium supplemented with
250 pg/mL of a mixture of ticarcillin and clavulanic acid. As soon as roots developed, plants
were transferred to hormone-free NOD medium (5 mM nitrogen, pH 6.5; Irmer et al. 2015)

before they were inoculated with Bradyrhizobium.

3.5.6 Genomic DNA screen for mutations in the cscuao and cshss genes

Genomic DNA of leaves developed from transgenic plants of C. spectabilis was extracted
and used for PCR amplifications using the Phire Plant Direct PCR Kit (Thermofisher Scientific)
according to the manufacturer’s instructions with an annealing temperature for the primers
of 60°C. The primers have been designed to allow the amplification of those genomic

regions of the cscuao and cshss genes that contain the sites targeted by genome editing.
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Primer pair P35/P36 amplified a fragment of 525 bp (length refers to the non-edited
sequence) covering target sites A and B within the cscuaol gene. Primer pairs P37/P38 and
P39/P40 allowed amplification of fragments of 358 bp and 386 bp covering target site C
and D, respectively. Primer pair P41/P42 amplified a fragment of 712 bp covering the target
site E within the cshss gene. PCR fragments were sequenced directly or after cloning into

the pGEM-T Easy vector (Eurofins Genomics).

3.5.7 Pyrrolizidine alkaloid extraction and purification and GC-MS analysis

Samples (fresh leaves (100-200 mg) or nodules (20-50 mg) were harvested from plants
developed from in vitro culture and pulverized in liquid nitrogen with mortar and pestle,
and extracted in 1.5 mL 0.05 M H,SO4 containing 20 pg of the PA heliotrine as an internal
standard for 1.5 h at room temperature with end-over-end agitation (ca. 30 rpm). After
centrifugation (14,000 x g, 10 min), 1 mL supernatant was taken, mixed with ca. 100 mg zinc
dust, and incubated for 1.5 h at room temperature with end-over-end agitation (30 rpm)
for reduction of PA N-oxides. After centrifugation (14,000 x g, 5 min), the supernatant was
purified by solid phase extraction (Strata-SCX© cartridges, Phenomenex, Torrance, CA, USA)
as described previously (Kruse et al. 2017). Leaves of control lines (containing empty vector)
served as controls. GC-MS measurements were carried out as described in (Stegemann et

al. 2018).

3.5.8 Extraction and Quantification of Polyamines

Fresh nodules (ca. 20 mg) from selected transgenic knockout plants grown in vitro on NOD
medium containing 5 mM nitrogen were ground in 2-mL reaction tubes (Sarstedt,
Nimbrecht, Germany) using the Mixer Mill MM 400 (Retsch, Haan, Germany) for 2 min by
means of metal balls in liquid nitrogen. The resulting powder was extracted in 1 mL
perchloric acid (5%, v/v) containing 1,7-diaminoheptane [3 nmol/1 mg FW] as internal
standard for 1 h at 4°C with end-over-end agitation (ca. 30 rpm). After centrifugation
(14,000 x g, 10 min), 500 ul of the supernatant were neutralized to pH 8 with 10 M NaOH.
Sample derivatization, chromatographic separation, and quantification of polyamines were

carried out according to Kaltenegger et al. (2021).
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3.5.9 Feeding experiments to nodules of C. spectabilis knockout plants

[12C]- and [*3C]-Hspd were prepared enzymatically from ['2C]- and ['3C]- Put, respectively,
by using bacterial HSS and purified by ion exchange chromatography as described in Zakaria
et al. (2022). Two detached nodules of selected knockout lines were incubated with 1 mM
Hspd in 1 mL liquid NOD medium (5 mM nitrogen, supplemented with 500 ug/ml of a
mixture of ticarcillin and clavulanic acid) in 2-ml reaction tubes for up to 120 h. Reaction
tubes were fixed horizontally on an orbital shaker (100 rpm) and incubated in the climate
chamber (settings identical to that used for in vitro cultivation of C. spectabilis, see above).
At the end of the experiment, the nodules were harvested, washed with water, dabbed dry

with tissue paper, and processed for analyses of PAs and intermediates as described above.

3.5.10 Phylogenetic analysis

Transcript sequences of 52 CuAO-like proteins were taken from the databases and used for
phylogenetic analysis (Supplemental Table S2). The sequence alignment and the
phylogenetic tree were obtained by using the Geneious software package (Geneious
Prime®, Biomatters, Ltd., Auckland, New Zealand). Pairwise alignment options for building
a distance matrix: alignment type: global alignment with free end gaps; cost matrix: 65%
similarity (5.0/-4.0). Tree builder options: genetic distance model: Tamura-Nei; tree build

method: Neighbor-Joining; no outgroup.
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Supplemental Figure S1. Relative expression profile of the genes encoding HSS and CuAOs in
C. spectabilis. Various tissues of in vitro-grown C. spectabilis individuals that nodulated after infection
with Bradyrhizobium were analyzed after 2, 4, and 12 months. The gene encoding actin (ACT) served as
reference for normalization of expression levels. L, leaf; S, stem; R, root; N, nodule.
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Leaves: gDNA and PA Analytics
Nodules: PA and Polyamine Analytics
Tracer Feeding Experiment

Supplemental Figure S2. Transformation stages to get nodulated plants of C. spectabilis. A Callus
development after treatment with the hormones 2,4-Dichlorophenoxyacetic acid and thidiazuron. B
Shoot development induced by thidiazuron. C Shoots were cut out of the callus and put on new media
supplemented by naphthaleneacetic acid for root developing. D Fully developed plant forming nodules
after infection with Bradyrhizobium strain.

A 2 Months 4 Months 12 Months
L S R N L S R N L S R N

B 2 Months 4 Months 12 Months PC
M L S R N L S R N L S R N | I NC Mpp

Supplemental Figure S3. Quality tests of total RNA and cDNA of C. spectabilis used for reverse
transcription and gPCR. A Total RNA was tested by agarose gel electrophoresis to exclude degradation.
B cDNA was tested by PCR for contamination with gDNA. The PCR is based on amplification of the
reference gene encoding ACT with primer pair (P11/P12) in samples that were prepared from total RNA
without reverse transcription (-rt control). RNA was isolated from leaves (L), shoots (S), roots (R), and
nodules (N). Contamination of RNA with gDNA would result in PCR products of an expected size of 100 bp
as it is the case for the positive controls containing cDNA of a leaf (PC I, the amplified sequence stretch
does not contain introns) and gDNA (PC Il) (arrowhead). PCR was done with GoTag DNA polymerase
(Promega) at an annealing temperature of 60°C. M, DNA ladder (GeneRuler 100 bp Plus DNA Ladder,
Thermo Scientific); PC, positive control; NC, no-template control. Please note that RNA concentration of
12-months-old root was too low for both reverse transcription and performing a RNA gel, therefore, the
latter was not carried out.
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Supplemental Figure S4. Sequence comparison on amino acid level of the ORFs of CsCuAO1 and

CsCuAOS5. Purple boxes display amino acids that are involved in the formation of the active site of the
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Supplemental Figure S5. Specificity tests of the primers for gPCR analysis in C. spectabilis. A Melting
curves of CuAO1 to 5 products resulting from the first RT-qPCR run were recorded and show that only
one PCR product was synthesized. B Verification of the specificity of primer binding by sequencing of the
PCR products amplified with primer pairs P15/P16, P17/P18, P19/P20, P21/22, and P23/P24 for the
transcripts of cscuaol to cscuao5, respectively.
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Supplemental Table S1. Primer sequences.

52

No. Sequence (5-3) Purpose Lab name

P1 AGTAACCCCCAAAGTATAAACC for, full-length c¢cDNA CsCuAO1, | NJ-CsDAO1-f1
binds in 5’UTR

P2 TGGGGTGAAATCTCATGTTCCC rev, full-length ¢cDNA CsCuAO1, | NJ-CsDAO1-rl
binds in 3’'UTR

P3 GCTTGAGCTAGGTAGCCATGAG for, full-length cDNA and genomic | NJ-CsDAO5-f6
DNA encoding CsCuAO5

P4 TTCTCATTAGAAATAGTTGCTGACATTGCA rev, full-length cDNA and genomic | NJ-CsDAO5-r4
DNA encoding CsCuAO5

P5 GCTAAAGAAATGTATTACGTTACCTACTTTGAT for, first partial genomic sequence | AS_CS_DAO1A_forw
of the gene encoding CsCuAO1

P6 ACATAGTCGTAGTTGCCAGCTG rev, first partial genomic sequence | AS_CS_DAO1B_rev
of the gene encoding CsCuAO1

P7 GGCGTCACACAGAAATCGCAATA for, inverse PCR for amplification | ASCSDAO1_Inv_for
of partial genomic sequence
encoding CsCuAO1

P8 CCAGCATAGTATGCATCTAGGAAGAC rev, inverse PCR for amplification | ASCSDAO1_Inv_rev
of partial genomic sequence
encoding CsCuAO1

P9 GTGGGGAGTGTGAACTGTGAT for, transcript encoding UBQ, RT- | NP25_UQ-Cs_for
gPCR, product size: 91 bp

P10 GTCGACTCGAGAATTC(T)17 rev, transcript encoding UBQ, RT- | D4 Oligo(dt)
gPCR, product size: 91 bp

P11 TGGAAGCCACTGGAATTCATGA for, transcript encoding ACT, RT- | NP26_Act-Cs-for
gPCR, product size: 100 bp

P12 CCACCACTGAGCACGATATTTC rev, transcript encoding ACT, RT- | NP27_Act-Cs-for
gPCR, product size: 100 bp

P13 AGATTCTCAAAGAGTAAGCTCGAATC for, transcript encoding HSS, RT- | NP13_Cs_A-for
gPCR, product size: 150 bp

P14 TAGTCTGAAGAAACAAAGAACAAGAAC rev, transcript encoding HSS, RT- | NP13_Cs_A-rev
gPCR, product size: 150 bp

P15 GTATCGGATCACACCATACCAAGA for, transcript encoding CuCAO1, | NJ_CsDAO1_RT_forl
RT-qPCR, product size: 93 bp

P16 CAACCCCAAATTGATCCTAGCATC rev, transcript encoding CuCAO1, | NJ_CsDAO1_RT_revl
RT-gPCR, product size: 93 bp

P17 GTTTATATGCCCCAGTTCATCAGC for, transcript encoding CuCAO2, | NJ_CsDAO2_RT_forl
RT-gPCR, product size: 105 bp

P18 TGACATTGATCTCCACAACCTGAT rev, transcript encoding CuCAO2, | NJ_CsDAO2_RT_revl

RT-qPCR, product size: 105 bp
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P19 TCAAGCTTCGATTTGAAACCTGTC for, transcript encoding CuCAO3, | NJ_CsDAO3_RT forl
RT-gPCR, product size: 95 bp

P20 GCCTTGCAAACTGGTAAATCATCT rev, transcript encoding CuCAO3, | NJ_CsDAO3_RT_revl
RT-gPCR, product size: 95 bp

P21 CAATCTTTGGGTCACTCCTTATGC for, transcript encoding CuCAO4, | NJ_CsDAO4_RT forl
RT-gPCR, product size: 111 bp

P22 CTATTTTGCTTAACCCATGTCGCT rev, transcript encoding CuCAO4, | NJ_CsDAO4_RT_revl
RT-gPCR, product size: 111 bp

P23 GGAAGTTCAAAGAGGAAGAGTTATTGG for, transcript encoding CuCAO5, | NJ_CsDAO5_RT_for2
RT-gPCR, product size: 144 bp

P24 CACATCGTTTCCCACACAAGTTT rev, transcript encoding CuCAOS5, | NJ_CsDAOS5_RT_rev2
RT-gPCR, product size: 144 bp

P25 ATTGTACGTTACCTACTTTGATTG protospacer sequence targeting | NJ_CsDAO1-crispA_for
site A within the gene encoding
CsCuAO1

P26 AAACCAATCAAAGTAGGTAACGTA protospacer sequence targeting | NJ_CsDAO1-crispA_rev
site A within the gene encoding
CsCuAO1

P27 ATTGGTAAGAATGATAACAACAGC protospacer sequence targeting | NJ_CsDAO1-crispB_for
site B within the gene encoding
CsCuAO1

P28 AAACGCTGTTGTTATCATTCTTAC protospacer sequence targeting | NJ_CsDAO1-crispB_rev
site B within the gene encoding
CsCuAO1

P29 ATTGGGTAAATGTAAAAGTGATCA protospacer sequence targeting | NJ_CsDAOS5-crispC_for
site C within the gene encoding
CsCuAO5

P30 AAACTGATCACTTTTACATTTACC protospacer sequence targeting | NJ_CsDAOS5-crispC_rev
site C within the gene encoding
CsCuAO5

P31 ATTGTGCCCACAGTGACTATAGAT protospacer sequence targeting | NJ_CsDAO5-crispD_for
site D within the gene encoding
CsCuAO5

P32 AAACATCTATAGTCACTGTGGGCA protospacer sequence targeting | NJ_CsDAO5-crispD_rev
site D within the gene encoding
CsCuAOS5

P33 ATTGGAAGGTTATGACTTCAACCG protospacer sequence targeting | Hier kenne ich den
site E in exon 1 within the gene | Labornamen nicht -> von
encoding CsHSS BrM

P34 AAACCGGTTGAAGTCATAACCTTC protospacer sequence targeting | Hier kenne ich den

site E in exon 1 within the gene

encoding CsHSS

Labornamen nicht -> von

BrM
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P35

GAGCTGGTACAATAATTTCTTTAGCTTC

for, amplification of genomic
sequence of cscuaol covering
target sites A and B, product size:

525 bp

AS_CsDAO1_screen_forl

P36

CCACTAGGTTGAAATTCCCAATCTAC

rev, amplification of genomic
sequence of cscuaol covering
target sites A and B, product size:

525 bp

AS_CsDAO1_screen_revl

P37

AGCACTGTCGGGTATACTTGAAAT

for, amplification of genomic
sequence of cscuao5 covering

target site C, product size: 358 bp

ASCSDAOSC_screen_for

P38

ACGGTACCCCACATCGTTTC

rev, amplification of genomic
sequence of cscuao5 covering

target site C, product size: 358 bp

ASCSDAOSC_screen_rev

P39

CACACAGAGACCATCATCCCT

for, amplification of genomic
sequence of cscuao5 covering

target site D, product size: 386 bp

ASCSDAOSD_sreen_for

P40

ACATAAAGTACTAATATTTGAGTTCAAATTTTA
ACC

rev, amplification of genomic
sequence of cscuao5 covering

target site D, product size: 386 bp

ASCSDAOSD_screen_rev

P41

ATCAGTGAAATCATTTTATTAACTTTAAAGAGT
AAAC

for, amplification of genomic
sequence of cshss covering target
site E within exon1, bind in
upstreaming region, product size:

712 bp

ASCsHSS_Ex1_screen_for

P42

TCACCAAGCGATGTTGAGCA

rev, amplification of genomic
sequence of cshss covering target
site E within exon1, bind at
Exon2/Intron2 interface, product

size: 712 bp

ASCsHSS_Ex2_screen_rev
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Supplemental Table S2. Sequence origins for the phylogenetic analysis. *Sequences were taken from

GenBank. "Not the complete ORF.

Organism Gene ORF length Accession number /
[bp] Reference*
Arabidopsis thaliana At1G31670 2226 At1G31670 /*
At1G31690 2034 At1G31690 /*
At1g31710 2046 At1g31710 /*
At1G62810 2139 At1G62810/*
At2G42490 2331 At2G42490/*
At3G43670 2064 At3G43670/*
At4G12270 1383 At4G12270/*
At4G12290 2226 At4G12290/*
At4G14940 1953 At4G14940/*
Crotalaria spectabilis  CsCuAO1 2022
CsCuAO2 2262
CsCuAO3 2214 This study
CsCuAO4 2103
CsCuAO5 2073
Eupatorium EcCuAO1 2148 Ober, unpublished
cannabinum EcCUAO2 2184
EcCuAO3 2313
EcCuAO4 2316
Glycine max Gm__NM_001250282 2025 NM_001250282/*
Gm__NM_001250853.2 2301 NM_001250853.2/*
Gm__XM_003526954 2325 XM_003526954/*
Gm__XM_003546850 2199 XM_003546850/*
Gm__XM_003555291 2049 XM_003555291/*
Heliotropium indicum  HiCuAO1 1986 MT597432/Zakaria et al. 2022
HiCuAO2 2304 MT627598/Zakaria et al. 2022
HiCuAO3 1980 MT627599/Zakaria et al. 2022
HiCuAO4 2250 MT627600/Zakaria et al. 2022
HiCuAO5 1983 MT627601/Zakaria et al. 2022
Lotus japonicus Lj_ BABK02012184.1 1322" Lotus Base*
Lj_ BABK02041915.1 702"
Lupinus angustifolius La_ XM_019561962.1 2122 XM_019561962.1/*
La_ XM_019568295.1 2036" XM_019568295.1/*
La_ XM_019583671.1 2036" XM_019583671.1/*
La__XM_019595138.1 2015" XM_019595138.1/*
La_ XM_019599195.1 1648 XM_019599195.1/*
La__XM_019608353.1 2262 XM_019608353.1/*
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Lupinus polyphyllus LpCuAO1 1977" Jacky and Ober, unpublished
LpCuAO2 2009"
LpCuAO4 2066"
LpCuAO5 2012"
Nicotiana tabacum NtCuAO1 2373 DQ873385.1/*
NtCuAO2 2301 AB289457.1/*
NtCuAO3 2172 KJ730259.1/*
Pisum sativum PsCuAO 2025 L39931.1/*
Senecio vernalis SvCuAO1 2157"
SvCuAO2 2121" Ober unpublished
SvCuAO3 2175"
Symphytum officinale  SoCuAO1 2025
SoCuAO2 2253
SoCuAO3 2181 Zakaria, Kruse, and Ober,
unpublished
SoCuAO4 2169
SoCuAO5 2004
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4.1 Abstract

Fabaceae produce secondary metabolites like quinolizidine alkaloids (QAs) as chemical
defense against herbivores and interact with N-fixing rhizobia to build up a symbiosis
hosting these bacterial symbionts in special organs, the nodules. Interestingly it has been
recorded that pyrrolizidine alkaloid (PA) biosynthesis depends on nodulation in Crotalaria
spectabilis since the transcript of the specific enzyme is exclusively transcribed in nodules.
To test the direct relation between nodulation and QA biosynthesis we investigated the
first specific enzyme of this pathway, a lysine decarboxylase (LDC), in the following three
mentioned QA producing species. In this study, we identified the sequences encoding lysine
decarboxylase (/dc) and ornithine decarboxylase (odc) of Laburnum x watereri ‘Vossii’
(golden chain), Lupinus arboreus (yellow bush lupin) and Lupinus polyphyllus (large-leaved
lupin), respectively. To characterize the protein functions of the identified LDCs and ODCs
of L. x watereri 'Vossii’ and L. arboreus, we developed a new HPLC-based method. Here,
the two ODCs showed in a competition assay a clear preference for the substrate
L-ornithine, whereas the two LDCs accepted both L-lysine and L-ornithine but with a strong
preference for L-lysine. Moreover, we isolated successfully species-specific rhizobia strains:
Rhizobium spec. for L. x watereri ’Vossii’, a different Rhizobium spec. for L. arboreus and
Mesorhizobium huakuii for L. polyphyllus, to trigger under controlled terms nodulation of
in vitro grown plants. Analytics of in vitro grown infected (nodule possessing) and non-
infected (nodule lacking) grown plants of the recent three mentioned species showed no
differences within the QA content. Further investigations of several plant tissues of
L. arboreus and L. x watereri ’Vossii’ for Idc and odc transcript level by realtime —
guantitative PCR supports the observation that nodulation has no impact on QA
biosynthesis. Idc transcript was present in all green tissues of infield grown L. arboreus,
while it was undetectable in roots and nodules. The same was the case for individuals
cultivated under in vitro conditions, irrespective whether the plants formed nodules in
response to rhizobial infection or not. In L. x watereri "Vossii’ Idc transcript was distinctly
lower but clearly detectable in certain sampled tissue of infield grown and in vitro grown
plants. Non-infected in vitro grown plants of L. arboreus and L. x watereri 'Vossii’, had lower
transcript level of /dc than infield grown ones, nevertheless contained transcript of /dc like

infected ones.
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4.2 INTRODUCTION

Members of the Fabaceae are important in ecology, economics and agriculture due to their
symbiosis with nitrogen-fixing bacteria and their great diversity of secondary metabolites
(Cardoso et al. 2012; Sy et al. 2001; Wink 2013). They accommodate their symbiotic
partners, soil-borne rhizobia, in organs specially formed at the roots, i.e., indetermined or
determined nodules (Figure 1A). Due to the possibility of the symbiotic bacteria to fix
atmospheric nitrogen, fabaceous plants are grown as green manure to enriched fields with
nitrogen without the use of artificial fertilizer (Bond 1948; Hirsch 1992). Various rhizobia
occur in the soil but only specific species and even strains will be successful in the
establishment of the symbiosis, a process controlled by the plant (De Meyer et al. 2011;
Ibafiez et al. 2016).

Moreover, it has been shown that nodulation influences the pyrrolizidine alkaloid (PA)
biosynthesis in the Fabaceae genus Crotalaria, since nodule free plants lack this group of
alkaloids (Irmer et al. 2015).

Species of the Genisteae tribe within the Fabaceae produce mainly quinolizidine alkaloids
(QAs) as secondary metabolites, which have a predominantly toxic and growth-inhibiting
effect on competitors such as bacteria, plants or predators (Wink 2019). QAs feature a
characteristic basic structure (Figure 1C), consisting of a nitrogen-containing bicyclic ring
system, the quinolizidine skeleton (Bunsupa et al. 2016; Wink 2013). Lupins as well as
golden chain trees are members of the Genisteae and are well known for producing QAs.
A deeper insight in their genealogical relationship indicates lupins as a separate
monophyletic group (Lupininae) definite from the Genistinae (Ainouche et al. 2003).

It is assumed that a number of environmental factors influence the QA content (Figure 1B).
Currently there are no studies on the influence of biotic factors, while there are a few on
abiotic factors, i.e., higher ambient temperatures as well as light regulate QA biosynthesis
(Jansen et al. 2015; Wink and Hartmann 1981). Accordingly, QA biosynthesis shows a
diurnal rhythm in which the concentration is lower at night and higher during the day (Wink
and Witte 1984). Furthermore, QA biosynthesis is dependent on soil parameters. A lower
pH value of the soil (between pH 5.3 and 5.8) as well as a lack of potassium lead to increased
levels of QAs, while higher soil pH values (between pH 6.7 and 7.1) or phosphorus

deficiency significantly reduced the QA content (Jansen et al. 2012; Gremigni et al. 2003).
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Mechanical leaf wounding increased the QA amount and could simulate an herbivorous
attack, why this effect is interpreted to be a defense against nibbling predators (Frick et al.
2017). There are also studies for enhancement of nicotine biosynthesis in Nicotiana after

leaf wounding (Baldwin et al. 1994)

The biosynthesis of QAs is not well understood. In the first specific step of QA biosynthesis
(Figure 1C), L-lysine is decarboxylated to cadaverine by the key enzyme lysine
decarboxylase (LDC, EC 4.1.1.18) (Bunsupa et al. 2012a). Further reactions involved in the
biosynthesis of QAs are the oxidation of cadaverine followed by cyclizations and further
steps to result finally in the characteristic quinolizidine backbone structure that is further
diversified by reactions like esterification, dehydrogenation or oxygenation, leading to
more than 170 naturally occurring structures known so far (Bunsupa et al. 2016; Frick et al.
2017). LDC derived from a duplication of a gene encoding an enzyme of primary
metabolism, i.e., ornithine decarboxylase (ODC, EC 4.1.1.17). Both enzymes are classified
within the enzyme class “lyases” (Webb 1992) and form homodimers as well as use
pyridoxal-5'-phosphate (PLP) as cofactor (Kern et al. 1999; Bunsupa et al. 2012a). ODC
converts the amino acid L-ornithine by decarboxylation to the diamine putrescine
(Figure 1C) and thus catalyzes a central step in the biosynthesis of polyamines that are
essential for a living cell (Kern et al. 1999).

Polyamines are small polycations derived from amino acids and are involved in a wide range
of biological processes in eukaryotes and bacteria like cell growth and proliferation
including processes like the translation of mRNA (Fuell et al. 2010). In plants they have a
major role in response to abiotic and biotic stressors (Handa et al. 2018), whereas especially
in rhizobia, polyamines are important for motility and the production of

exopolysaccharides (Becerra-Rivera and Dunn 2019).

In this study, species-specific rhizobia were isolated to generate infected and non-infected
in vitro grown plants under controlled conditions to investigate the impact of nodulation
on QA biosynthesis. We studied three species of the Genisteae tribe, two lupins
(L. arboreus and L. polyphyllus) as well as the cultivated variety of golden chain

(Laburnum x watereri ‘Vossii’). These species are nodule forming plants and are described
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to contain QAs and, in the case of golden chain, additionally PAs. Genes homologous to /dc
and odc were successfully amplified. Following this, the correlating proteins were
heterologously expressed in E. coli and characterized with respect to their substrate
preference between L-ornithine and L-lysine. Using reverse transcription quantitative
polymerase chain reaction (RT-qPCR), transcript levels of the genes encoding LDC and ODC
were estimated and correlated with QA levels that have been determined by GC-MS in

different organs of nodulated and non-nodulated plants.
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Figure 1. A lllustration of indeterminate branched (from Crotalaria spectabilis) and indeterminate
non-branched (from Lupinus polyphyllus) nodules. B Environmental factors described to influence the
quinolizidine alkaloid (QA) content within QA-producing plants. C Origin of the gene encoding lysine
decarboxylase (LDC) by duplication of the gene encoding ornithine decarboxylase (ODC) and their
relevance for QA biosynthesis and polyamine metabolism, respectively. Both enzymes are
homodimers and pyridoxal-5’-phosphate (PLP) dependent amino acid decarboxylases. While ODC
catalyzes a central step in polyamine metabolism by producing putrescine from L-ornithine, LDC is
reported to catalyze the first step in the QA pathway by converting L-lysine into cadaverine, the
precursor for the quinolizidine backbone of QAs. Tailoring reactions result in the diversification of the
quinolizidine backbone.
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4.3 RESULTS
4.3.1 Specific rhizobia induce nodulation in L. x watereri ‘Vossii‘, L. arboreus, and
L. polyphyllus

To investigate whether nodulation has an impact on QA biosynthesis and to be able to
infect the three QA-producing species L. x watereri ‘Vossii‘ (Lawa), L. arboreus (Luar), and
L. polyphyllus (Lupo) under controlled conditions in vitro with rhizobia to induce nodulation
(Figure 2), species-specific rhizobial strains were isolated from plants taken from the field.
In total 13 bacterial isolates (BI) were successfully isolated from root nodules (Table 1).
These bacterial isolates were identified by sequencing an amplified approx. 1500 bp long
region of the 16S rRNA gene and comparing of approximately 660 — 850 bp with NCBI
GenBank entries. BLAST analyses showed that 10 out of 13 isolated bacteria belong to the
nitrogen fixing rhizobia group. From Lawa root nodules 7 isolates were sequenced.
Bacterial isolate BI-1 was identified as Burkholderia sp. (Table 1), which is not reported to
fixate nitrogen and thus was excluded from further studies. BI-3 and BI-6 proved to be
identical, as well as BI-2, BI-5 and BI-7. Bl-4 showed less sequence identity to the other five
bacterial isolates, but all 6 were considered to be members of the Rhizobium genus
(Table 1, Figure 3A). In a bait experiment, a mixture of these 6 rhizobial isolates was used
to inoculate Lawa seedlings in vitroto trap and identify those strains that establish
successfully the nodule symbiosis under these cultivation conditions. Therefore, from
nodules that developed within two months, bacteria have been isolated and sequenced.
Two isolates (in vitro BI-K1, BI-K2) were verified by sequencing, and both showed 100 %
sequence identity with the isolates Bl-3/BI-6 that have been considered before via BLAST
search on NCBI to be Rhizobium sp. strain CI135 (Acc. No MG798781.1; Figure 3A). Both
strains BI-K1 and BI-K2 were cultivated for further in vitro infections. From Luar merely two
strains were isolated of root nodules, one showing highest similarity to nitrogen fixing
rhizobia (BI-8, Mesorhizobium sp.) and the other with another bacterial species (BI-9,
Erwinia rhapontici), the latter was not used for further studies. BI-8 was used to inoculate
in vitro seedlings. Surprisingly, a different rhizobium strain was isolated (BI-K3) from Luar
(BLAST search identified BI-K3 as Rhizobium sp. strain BF-E17; Acc. No KY292475.1;
Figure 3B). It is possible that the initial bacterial isolate (BI-8) was not homogeneous and a

rhizobial strain that was not discovered in that isolate before entered the symbiosis
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efficiently. The re-isolate (BI-K3) was subsequently taken in culture and was successfully
used for the succeeding experiments. For Lupo four isolates were isolated from root
nodules. Except for BI-10, a Tumebacillus soil strain, belonged the other three isolates (BI-
11, BI-12, BI-13) to the nitrogen fixing rhizobia. One Mesorhizobium strain (BI-11,
Mesorhizobium huakuii) and two Phyllobacterium sp. (BI-12 and BI-13). BI-8 and BI-11 were
used for a bait experiment in vitro to inoculate seedlings. The bacterial isolate (BI-K4) from
the induced nodules of Lupo showed a 100% match (Figure 3C) compared to the BI-11 that
have been identified via BLAST on NCBI to be Mesorhizobium huakuii strain Ach-305 (Acc.
No MH628053.1). Through the isolated species-specific strains, cultivation of nodulated
in vitro grown Lawa, Luar and Lupo were possible for the upcoming experiments. However,
even after optimization the seed treatments for germination, germination and nodulation
rates for Lupo remained extremely low. Thus, this species was excluded from further

analyses (except for later following QA analytics).

Figure 2. Developed nodules of different in vitro grown Fabaceae after infection with their species-
specific rhizobia. A Schematic illustration of a L. arboreus plant grown in vitro to control nodulation. The
detail images show roots with determinate nodules after infection with rhizobia (+) and roots without
nodulation (-). Band C Roots with nodules after infection of invitro grown L. x watereri ‘Vossii’
(indeterminate nodules) and L. polyphyllus (indeterminate nodules), respectively.
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Figure 3. Sequence comparison (~130bp) of bacteria isolates (Bl) of nodules taken from field grown plants and used for in vitro infection of selected Fabaceae.
Shown in this illustration is a comparison of an out-take of 130 bp from the 660 to 850 bp amplified sequences. Nodules that developed in vitro on infected
seedlings were used to isolate and analyze the bacterial strain involved in the symbiosis. A Six strains (BI-2 to BI-7) of Rhizobium that have been isolated and
subsequently used as a mixture to infect in vitro grown L. x watereri ‘Vossii (Lawa). Of the resulting nodules bacteria were isolated again and compared to those
used for the infection. Two isolated strains (BI-K1 and BI-K2) agree on sequence level with the strains Bl-3 and BI-6 (red arrows) that show highest degree of identity
to the Rhizobium sp. strain Cl135 (Acc. No MG798781.1). Colony BI-K1 was cultured for further use. B Only one rhizobia strain (BI-8) was successfully isolated of field
grown L. arboreus (Luar) and used for infection. Re-isolation from in vitro developed nodules resulted in a strain (BI-K3) that was not identical with BI-8. The used
culture of BI-8 was most likely not homogenous and another rhizobial strain was able to enter the symbiosis successfully. The re-isolated strain (BI-K3) was identified
as Rhizobium sp. with the highest similarity to Strain BF-E17 (Acc. No KY292475.1) from the database. C The isolated strain (BI-11) of field grown L. polyphyllus (Lupo)
turned out to be the same Mesorhizobium huakuii Strain Ach-305 (Acc. No MH628053.1) triggering the nodulation of in vitro grown plants (BI-K4). For each species,

the re-isolated rhizobia were cultured and used specifically for the approaching experiments.

Host Plant Place of No. of Bacterial isolates (Bl) a BLAST :cores dentiti Cultivated strain for
isolation  isolates from root nodules uery antitly in vitro infection
Coverage value
Laburnum x 7 BI-1 Burkholderia sp. 100% 0.0 100% Rhizobium sp.
watereri BI-3/6 Rhizobium sp. 100% 0.0  99/100% Strain C1135
, Vossii* BI-2/4/5/7 R. leguminosarum 100% 0.0 95/100% (Acc. No MG798781.1)
Kiel L
Lupinus  Botanical 2 BI-8 Mesorhizobium sp. 100% 0.0 100% ‘:f,z?b::qE?;
arboreus éiearl;:z:,y BI-9 Erwinia rhapontici 99% 0.0 99.4% (Acc. t;?;nng-z 475.1)
Lupinus 4 BI-10 Tumebacillus soil strain 98% 0.0 97% Mesorhizobium huakuii
of Ph llus Bl-11 Mesorhizobium huakuii 98% 0.0 98% Strain Ach-305
polypiy BI-12/13  Phyllobacterium sp. 93%/97% 0.0  98%/96%  (Acc. No MH628053.1)

Table 1. Bacterial isolates (Bl) obtained
from nodules of plants grown in the field
and of plants used for a bait experiment
to identify the most adequate strain for
in vitro nodulation. Segments of
16S rRNA gene sequences (660 to
850 bp) of these strains have been
compared with the data of the NCBI
GenBank. The strains of the database
with the highest degree of identity are
listed as well as the strains identified in
nodules of the bait experiment in vitro.
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4.3.2 Identification of candidate QA biosynthetic genes and housekeeping genes in
L. x watereri’Vossii’ and L. arboreus

LDC emerged by gene duplication of ODC and is reported to be involved in QA biosynthesis
(Bunsupa et al. 2012a). Due to their bacterial origin, the gDNA of the enzymes do not
contain any introns. Employing various PCR techniques, primer combinations and cDNA as
well as gDNA as template, putative homologs of /dc and odc were successfully amplified
from Lawa and Luar. For this purpose, available sequence read archives (SRAs) of
Laburnum anagyroides genome and Lupinus arboreus transcriptome on NCBI were used
for the search. Detailed amplification strategies are summarized in Figure 4 and
Supplemental Table S4.

5 Known sequence of a different species
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Figure 4. Approach to identify sequences of candidate genes that might be involved in QA biosynthesis
from Laburnum x watereri’Vossii’ and Lupinus arboreus. Known L/ODC (comparable to LDC) and ODC
sequences of Lupinus angustifolius served as reference. A Available genome (Accession:
ERX147333/ERX147334 of Laburnum anagyroides) and transcriptome data on NCBI (Accession:
SRX1721965 for Lupinus arboreus) were screened using BLAST. Illustration of the short overlapping
BLAST SRAs hits from the database of interest after blast with the known sequence. Empty boxes
represent SRA hits which were not used for primer design, while filled boxes were used. B Specific
primer pairs were designed for each species and gene of interest (FPx/RPx) for amplification of the gene
or transcript from which the fragments identified from SRA resulted. C The genes of interest sequences
were amplified of the respective species using either gDNA or cDNA, cloned into a vector system and
used for control sequencing.

The open reading frames (ORFs) of the sequences encoding putative ODC and LDC from
Lawa are both 1302 bp long and encode 433 amino acids, while those from Luar have a

length of 1302 bp and 1335 bp, encoding 433 amino acids and 444 amino acids,
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respectively. The identified sequences share a high degree of identity with that of Lawa
sharing a pairwise identity of 83.0% on nucleic acid and 81.1% on amino acid levels. For the
sequences identified from Luar identities are slightly lower with 75.6% and 73.6% on
nucleic acid and amino acid level, respectively.

The identification of housekeeping genes as references for RT-qPCR approaches was
successful using degenerated primers and cDNA preparations of nodules and leaves of
Lawa and Luar, respectively (Supplemental Table S4). For Lawa partial sequences of about
500 bp of the genes encoding EFla and ubiquitin have been identified. For Luar, this
approach resulted in the identification of partial sequences encoding EFla (~520 bp),

ubiquitin (~430 bp), and actin (~627 bp).

4.3.3 ODC and LDC of L.x watereri ’Vossii’ and L. arboreus show both bi-
functionality in vitro
To verify the biochemical function of putative LawaODC, LawalLDC, LuarODC, and LuarlLDC
the complete ORFs were cloned with a C-terminal 6xhistidine (HIS)-tag into the modified
pPET21d expression vector. The resulting proteins were purified by metal chelate affinity
chromatography and checked for their predicted sizes of 46.777-, 46.912-, 46.340- and
47.955 kDa for LawaODC, LawalDC, LuarODC and LuarlLDC, respectively on SDS-PAGE
(Supplemental Figure S1).
To analyze the enzymatic activities, the method was optimized with respect to the HPLC-
based separation and detection of the derivatized substrates and products of this enzyme
assays. For this purpose, standards of the individual substances were measured via HPLC
in preliminary tests in order to be able to assign them based on their retention time. If the
retention time was similar, the program was adapted to achieve an accurate separation.
Subsequently, a mixture of the four standards was used (Figure 5, red chromatogram). The
peaks of the substrates (1,2) and products (4,5) show a clear separation from each other
and can be, due to the high sensitivity of the assay, precisely quantified based on their
respective peak area in relation to the peak area of the internal standard diaminoheptane
(DAH). The black chromatogram summarizes the result of the controls, showing detection
only for piperidine, which intercept the remaining FMOC groups after derivatization, and

the internal standard DAH.
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To estimate the amino acid decarboxylase activities of the affinity-purified recombinant
enzymes, they have been incubated with the substrates L-ornithine and L-lysine (each
10 mM) and the polyamine products were quantified via HPLC-UV as
fluorenylmethoxycarbonyl (FMOC)-derivatives using a method described previously

(Kaltenegger et al. 2021).
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Figure 5. Separation of substrates and products of ODC and LDC enzyme assays by HPLC.
Chromatograms show the controls where each of the four tested proteins was assayed without
substrates (black) and a mixture of standards of used substrates and products (red). 1, L-ornithine
(RT 24.749 min); 2, L-lysine (RT 26.792 min); 3, piperidine (RT 43.375 min); 4, putrescine
(RT 51.086 min); 5, cadaverine (RT 52.929 min); 6, internal standard 1,7-Diaminoheptane (DAH,
RT 57.383 min). Measured substrates and products were FMOC-derivates. RT, retention time; FMOC,
fluorenylmethoxycarbonyl.

Both ODCs converted L-ornithine to putrescine with a specific activity of
133.31+25.60 nkat*mg™? (LawaODC) and 353.45+92.80 nkat*mg™? (LuarODC) (Table 2A,
Figure 6A and C). In contrast, the activity of these enzymes to produce cadaverine from
L-lysine was about 100-fold lower (LawaODC 0.95+0.13 nkat*mg?; LuarODC
3.53+0.01 nkat*mg™) (Table 2A, Figure 6A and C). Moreover, if the enzymes are exposed
to substrate competition, both accept exclusively ornithine over lysine and produce
putrescine only with a slightly lower specific activity than with ornithine as the sole
substrate (LawaODC 108.87+1.53 nkat*mg™; LuarODC 286.47+26.59 nkat*mg™) (Table 2A,
Figure 7A, C). In contrast, both LDCs converted L-lysine to cadaverine with a specific activity
of 274.78+42.92 nkat*mg™? (LawalLDC) and 114.76+48.36 nkat*mg™ (LuarLDC), while the
activity of these enzymes to produce putrescine from L-ornithine was about 10-fold lower
(LawalDC 29.51+4.04 nkat*mg™; LuarLDC 8.75+0.74 nkat*mg™) (Table 2B, Figure 6B and

D). If the LDCs are exposed to substrate competition they showed a lower substrate
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specificity than the ODCs as they converted both substrates (Figure 7B and D), but with a
preference for lysine. According to that, the activities were 26.40+1.23 nkat*mg™ for
putrescine and 158.11+7.12 nkat*mg?! for lysine of LawalDC, while for LuarLDC
10.13+3.69 nkat*mg-! with putrescine and 47.27+14.80 nkat*mg? with lysine were
measured (Table 2). Based on the data, we consider from now on LawaODC and LuarODC

are as ODCs and LawalDC and LuarlLDC as functionally LDCs with an ODC side activity.

L. ] Substrate Specific Activity [nkat*mg™"]
A ODC activity Protein (10 mM] Putrescine Cadavarine
i Orni 133.31 £25.60 =
HN OH
LawaODC Lys = 0.95 +0.13
L-Ornithine N+
: L-Lysine Orni + Lys 108.87 +1.53 n.d.
co- Orni 353.45 +92.80 -
LuarODC Lys - 3.53 £0.01
Putrescine Cadavarine
i >SS Orni+Llys  286.47 +26.59 n.d.
2
.. b X Substrate Specific Activity [nkat*mg™"]
B LDC activity rotein [10 mM] Putrescine Cadavarine
o Orni 29.51 +4.04 =
HN,
i o LawalDC Lys - 274.78 +42.92
L-Lysine
L-Omithine Orni + Lys 26.40 £1.23  158.11 +7.12
co, PLP o,
* Orni 8.75 +0.74 -
L/ODC
- - LuarLDC Lys — 114.76 +48.36
Putrescine Cadavarine
g g Orni + Lys 10.13 +3.69 47.27 +14.80

Table 2. Specific activities of LawaODC, LawalDC, LuarODC, and LuarLDC tested with the substrates
L-ornithine and L-lysine. Product formation was quantified after FMOC-derivatization and separation
by HPLC. For each assay, technical replicates (n=3 independent enzyme assays) were implemented.
Used time points to determine the specific activity are labelled in the following Figures (6 and 7).
A lllustration of the protein function of an ODC with a potential bi-functionality and the measured
specific activities of LawaODC and LuarODC with the respective substrates. B lllustration of the protein
function of an LDC with a potential bi-functionality and the measured specific activities of LawalLDC and
LuarlDC. Lawa, L. watereri x ‘Vossii’; Luar, L. arboreus; LDC, lysine decarboxylase; Lys, L-lysine; ODC,
ornithine decarboxylase; Orni, L-ornithine; PLP, pyridoxal-5’-phosphate.
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Figure 6. In vitro activity assays of ornithine decarboxylase (ODC) and lysine decarboxylase (LDC) of
the species L. x watereri ‘Vossii’ (Lawa) and L. arboreus (Luar) with two different substrates,
L-ornithine and L-lysine [each10 mM)]. Product was quantified at various time points to ensure linearity
of the enzymatic conversion. A LawaODC with L-ornithine and with L-lysine as substrates (1 ug and
50 ug enzyme, respectively). B LawalDC with L-ornithine and with L-lysine as substrates (10 pug and
0.5 ug enzyme, respectively). C LuarODC with L-ornithine and with L-lysine as substrates (1 ug and 25 ug
enzyme, respectively). D LuarLDC with L-ornithine and with L-lysine as substrates (10 pg and 0.5 pg
enzyme, respectively). ¢/m, time points which were taken to determine the specific activity in Table 2;

n=3.
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Figure 7. Substrate competition tests of L-ornithine [10mM] and L-lysine
[10 mM] with ODC and LDC [each 3 pg] of L. x watereri ‘Vossii’ (Lawa) and L. arboreus (Luar).
A LawaODC. B LawalDC. C LuarODC. D LuarLDC. #/m, time points which were taken to determine the
specific activity in Table 2; n=3.

4.3.4 Phylogenetic classification based on sequence similarities supports their
tested functions of the identified LDCs and ODCs
Phylogenetic analyses were used to give a hint for potential function of the characterized
LDCs (LawalDC and LuarLDC) and ODCs (LawaODC and LuarODC). Therefore, they were
compared, based on an alignment of cDNA sequences (ORFs), with known LDCs and ODCs
of various species within the Fabaceae (Figure 8). Species from different tribes, which are
described to produce either QAs (Genisteae and Sophoreae) or PAs (only the genera
Crotalaria and Lotononis within Crotalarieae) or lacking QAs as well as PAs (Cicereae,

Loteae, Phaseoleae and Trifolieae) (Wink 2013), were used. The identified sequences
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which are considered to be ODCs and LDCs of L. x watereri ‘Vossii” and L. arboreus
according to their biochemical activity tested in this project, are clustering with in literature
described ODCs and LDCs, respectively, within the Genisteae tribe. This supports their
function and the hypothesis that both paralogs (one encoding an ODC and one encoding

an LDC) are present in both L. x watereri ‘Vossii’ and L. arboreus genomes.

*L_0DC2_Vitis_vinifera

(Vitaceae)
0DC_Cicer_arietinum e
ODC_Medicago_truncatula . Loteae
0DC_Lotus_japonicus . B i e ae
ODC_Glycine_max
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LDC1_ODC_Phaseolus_vulgaris

— L_ODC_Baptisia_australis

L_ODC_Echinosophora_koreensis
Sophoreae .
LDC Sophora_alopecuroides
- L_ODC Sophora_flavescens
ODC_Crotalaria_spectabilis .r otalarieae ()
oDC_lawa W *

ODC2LalbChr23

ODC_Lupinus_angustifolius
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Figure 8. Phylogenetic tree of ODCs and LDCs encoding sequences (ORF or partial fragments) of
selected species of the Fabaceae representing the different tribes (Cicereae, Crotalarieae, Genisteae,
Loteae, Phaseoleae, Sophoreae, Trifolieae). Groups that are known to produce alkaloids are labelled
with red (QA producer) or green (PA producer) dots. Laburnum, located within the Genisteae tribe,
feature both QAs and PAs. L/ODC of the grapevine (Vitis vinifera, Family: Vitaceaea) served as outgroup.
Asterisks marked sequences were experimentally determined in this study by assays for their protein
function.
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4.3.5 Non-infected and infected (nodulated) in vitro grown plants contain several
QAs with different patterns

Alkaloid extracts of various plant parts of L. xwatereri ‘Vossii’, L.arboreus and
L. polyphyllus were analyzed via GC-MS for the presence of QAs using lupinine (Figure 10;
peak 1) or heliotrine (Figure 10; peak 11) as internal standards for quantification. Detected
QAs were identified via Kovat’s retention indexes (RI) and their characteristic ions m/z
(Supplemental Table S6). Hereby, invitro grown infected and non-infected plants in
different stages were either analyzed as complete individual or dissected into the different
organs. Up to nine different QAs were detectable in the measured plant tissues
(Supplemental Table S1). Final concentration of QAs was calculated by adding the amounts
of QA detected in the individual organs (Figure 11). L. x watereri 'Vossii’ contain as major
QA cytisine (Figure 10; peak 10) as well the QA N-methylcytisine/caulophylline (Figure 10;
peak 9) in lower amounts. In total six non-infected plants of 2.5-, 5-, 9-, 10- and 11-months
were investigated and contained between 123 pg and 304 ug QA per individual fresh
weight (Figure 11A). Investigations of in total six infected 9-, 10-, 11- and 14-months old
nodule possessing plants exhibited QAs in an amount ranging from 108 ug to 1055 ug per
individual fresh weight (Figure 11A). To investigate the alkaloid patterns of developing
seedlings, for L. x watereri ’Vossii’ six seeds, cotyledons of a germinated seedling and a one-
month-old in vitro grown non-infected seedling were examined for QAs (Figure 9). While
within the seeds as main QA cytisine occurred (Figure 9A), the patterns changed during
germination. Cotyledons already contained beside cytisine the QA N-methylcytisine/
caulophylline (Figure 9B). The ratio was even more shifted from cytisine to
N-methylcytisine/caulophylline in the one-month-old grown seedling (Figure 9C). This
observation supposes a transformation of cytisine into N-methylcytisine/caulophylline
during germination.

Analyzed L. arboreus exhibited up to six QAs (dehydrolupanine, lupanine, nuttalline, 13a-
hydroxylupanine, 3B,13a-dihydroxylupanine and sparteine). The major QA lupanine
(Figure 10; peak 4) was present in all investigated samples, while the other five detected
QAs occurred widespread in traces (Supplemental Table S1). Overall, ten infected, eight
non-infected and three seeds were examined for QAs (Figure 11B). First nodules of infected

L. arboreus were visible after 2-months. In total ten infected plants were obtained of 2-, 3-,
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Figure 9. Development of the alkaloid pattern during germination in L. x watereri ‘Vossii’. Shown are
chromatograms of GC-MS analysis (A-C) and mass spectra (MS) of the detected alkaloids within the
samples (D-G). The main alkaloid in Lawa is the QA cytisine (peak 4) which apparently being transformed
into N-methylcytisine (peak 3) during germination process. Peak 1 is equivalent to the used internal
standard lupinine and the detected compound in peak 2 belongs to a PA. A Seeds. B Cotyledons. C One
month old invitro grown seedling. D QA MS of lupinine. E MS of PA compound. F QA MS of
N-methylcytisine. G QA MS of cytisine. Lawa, L. x watereri ‘Vossii’; PA, pyrrolizidine alkaloid; QA,
quinolizidine alkaloid; n=1.
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and 4-months, whereby two 4 months old plants (Figure 11B, B15* and B16*) did not
develop nodules after infection. All ten plants contained distinct amount of QAs, ranging
from 689.40 pg (Figure 11B, B6(+), 4 months) to 3431.58 ug (Figure 11B, B3(+), 2 months)
per individual dry weight. Likewise, all eight non-infected plants showed considerable
amount of QAs, ranging from 520.76 ug (Figure 11B, B12(-), 7 months) to 3080.41 pg
(Figure 11B, B1(-), 4 months) per individual dry weight. Interestingly, the oldest
investigated plants were 7 months old as well as non-infected and contained the lowest
concentration of QAs per individual dry weight. Variations of QAs are also visible in the
seeds. The lowest measured concentration was 1237 pug in one seed (Figure 11B, B19(S))

while the highest concentration within one seed was 2368.74 (Figure 11B, B21(S)).

Relative Abundance
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Figure 10. GC-MS chromatograms of QA analyses of in vitro grown plants. An internal standard (1, Luar
and Lupo; 10, Lawa) conduced for quantification within each sample. Samples investigated of
L. polyphyllus (Lupo), L. arboreus (Luar) and L. x watereri "Vossii’ (Lawa). 1, internal standard lupinine
(RI 1384); 2, angustifoline (Rl 2072); 3, dehydrolupanine (Rl 2128); 4, lupanine (Rl 2147); 5, nuttalline
(RI 2244); 6, 13a-hydroxylupanine (RI 2401); 7, 13a-isovaleroyloxylupanine (RT 2675); 8, 3B,13a-
dihydrolupanine (Rl 2493); 9, N-methylcytisine/caulophylline (RI 1952); 10, cytisine (Rl 1984);
11, internal standard heliotrine.
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Figure 11. Analyses of total QA concentration per individual of (A) L. x watereri 'Vossii’ (Lawa, FW),
(B) L. arboreus (Luar, DW) and (C) L. polyphyllus (Lupo, DW). OA concentrations in seeds, non-infected
and infected in vitro grown plants of different ages were compared. (+), infected plants with developed
nodules; *, infected plants without developed nodules; (-), non-infected plants were free of nodules;
(S), seeds; DW, dry weight; FW, fresh weight. n=1.

For L. polyphyllus in total five infected nodule developing plants (C1-C5), one of these
infected plants did not develop nodules (C6*), and three non-infected (C7-C9) 3.5-months
old plants were successfully grown in jars (Figure 11C). One single QA can not to be named
as major QAs since an unequal distribution was detected within the samples (Supplemental
Table S1). However, four QAs angustifoline, lupanine, 13a-hydroxylupanine and 13a-
isovaleroyloxylupanine (Figure 10; peaks 2,4, 6 and 7) were almost present in all plants,

whereas the two QAs dehydrolupanine and nuttalline (Figure 9; peaks 3 and 5) were only
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detected in traces in the plants C1, C4 and C5. The amounts of detected QAs ranging from
187.86 ug (Figure 11C, C1(+), 3.5 months) to 1452.64 pg (Figure 11C, C3(+), 3.5 months) in
infected L. polyphyllus individuals per dry weight. Non-infected individuals of the same age
contained averaging more steady amounts of QAs. The individual with the lowest amount
of QAs contained 886.96 pug (Figure 11C, C9(-), 3.5 months) per dry weight and the
individual with the highest amount 1200.43 pg (Figure 11C, C7(-), 3.5 months). QAs
concentration in seeds ranged from 670.18 g to 818.80 pg (Figure 11C, C10 and C12). Only
two infected plants (C1, C4) were below the lowest measured seed QA concentration,
indicating that a new production of QAs happened probably already during growing
independently of nodulation. Nevertheless, detected ups and downs of QAs in all samples
led to the decision to test the impact of nodulation on QA biosynthesis additionally on the

transcript level of the involved QA gene /dc.

4.3.6 Idc transcripts are detectable in plants with and without nodules

To analyze the tissue-specific expression of the gene encoding LCD as the first specific
enzyme of QA biosynthesis in L. arboreus and L. x watereri Vossii’, RT-qPCR experiments
were performed. The tissues have been collected from plants in the field in the Botanic
Gardens Kiel as well as from in vitro cultures.

Quantitative real-time PCR analyses using ubiquitin (Figure 12) and efla (Supplemental
Figure S5) as reference genes showed that transcripts of /dc were detectable in almost
every tissue of L. arboreus grown in the botanical garden. For comparison, the transcript
level to the paralogue of /dc, odc was analyzed, which was constantly transcribed in all
tissues of in-field grown and in vitro grown plants (Figure 12C, F and Figure 13F). The
consistent detection of odc transcripts confirms intact cDNA and functioning RT-gPCR
analyses. Highest transcript levels of /dc were found in young unevolved leaves (Figure 12;
B3/12, E16). Further above ground organs such as stems (Figure 12; B9), mature leaves
(Figure 12; E17) and green pods (Figure 12; E24/25) also contained a considerable amount
of Idc transcripts but almost half as much as unevolved leaves. In contrast, hardly any /dc
transcript was found in unripe inflorescences and in single flower buds or open flowers
(Figure 12; E19-21). Also, in the roots and nodules no Idc transcript was detectable

(Figure 12; B14/15; E22/23).
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Figure 12. Relative transcript levels of /dc and odc (2-2¢") in various tissues of field-grown L. arboreus
plants using the gene encoding ubiquitin as reference [%]). Samples were collected in two different
seasons (A-C; harvested April 27", 2019), D-F; harvested June 14, 2019). A Different tissue harvested
the April 27t, 2019. B Idc transcript levels of samples given in A. C odc transcript levels of samples given
in A. D Different tissues harvested the June 14, 2019. E /dc transcript levels of samples given in D.
F odc transcript levels of samples given in D. 1 = leaf bud; 2 = unevolved leaf; 3 = unfolding leaf;
4 = mature unfurled leaf; 5 = unevolved leaf; 6 = unfurled leaf; 7 = two unevolved leaves; 8 = unevolved
leaf; 9 = petiole of samples (3-5); 10 = petiole; 11 =unevolved leaf; 12 = unevolved leaf; 13 = mature
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23 =root; 24 and 25 = single green pod; n=1 (tested in three technical replicates).
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4.6 = main stem; 4.7 = remaining leaves. E /dc transcript level. F odc transcript level. Scale = 1cm; n=1
(tested in three technical replicates).
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To test for an effect of the in vitro culture on the transcript levels we also analyzed various
tissues of in vitro-grown plants. We notice that in vitro plants generally have a significantly
lower transcript level of Idc than infield grown plants, whereas odc shows higher
transcription level by a factor of 15 in in vitro grown plants (Figure 13E, F). Here, a non-
infected plant of 2 months showed the highest /dc transcript level (Figure 13E). In general,
organs such as younger leaves, petioles, and more developed leaves show the highest ldc
transcript levels, a transcription pattern similar to that of the field-grown plants. Due to
the fact that /dc transcripts are found in organs of both nodulated and non-nodulated

in vitro plants, an effect of nodulation on QA biosynthesis can be ruled out.
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Figure 14. Transcript level of the genes Idc and odc (22" relative transcript level of the respective
target gene in relation to the reference gene ubiquitin [%]) in various tissues (sampled at different
seasons every time around 5 p.m.) of L. x watereri ‘Vossii’ grown in the Botanical Garden, Kiel (A - D)
and in Molfsee (E), Germany. A Sampling 1 (harvested April 25, 2019): 1 = nodules; 2 = root; 3 = leaf
bud; 4 = leaves of flower bud; 5 = young flower. B Sampling 2 (harvested May 14t 201%): 1 = unevolved
leaves; 2 = petioles; 3 = leaf; 4 = mature leaf; 5 = petiole; 6 = unripened inflorescence; 7 = green enclosed
flowers; 8 = green enclosed flower buds; 9 = single open flower; 10 = petioles; 11 = root; 12 = nodules;
13 = petioles. C Sampling 3 (harvested May 27 20%%): 1 = unevolved leaf; 2 = mature leaf; 3 = mature
leaf; 4 = single open flower; 5 = root; 6 = nodules. D Sampling 4 (harvested June 27t 2019): 1 = mature
leaves; 2 = mature leaf; 3 = green seedpod; 4 = two green seedpods; 5=root; 6 = nodules.
E Sampling 5 (harvested April 10t", 2019): 1 = leaf; 2 = green inflorescence; 3 = leaves. F Idc transcript
level. G odc transcript level; n=1 (tested in three technical replicates).
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Investigations of different field-grown L. x watereri ‘Vossii’ tissues, harvested at different
seasons were analyzed via RT-gPCR for transcripts of /dc and its paralogue odc referring to
the reference genes ubiquitin (Figure 14) and efla (Supplemental Figure S6). Of tissues
collected early in spring (S5), we could detect tiny amounts of /dc transcript only in green
inflorescences, but in none of the investigated leaves taken at the same time (Figure 14;
E/F; S5). In tissues collected still during spring, 15 days later (S1) and one month later (S2)
compared to S5, no /dc transcript was detected in any of the investigated tissues (Figure
14; A/B/F; S1/S2). Two weeks after S2 further samples were collected (S3). Here, only a
single open flower contained a distinct amount of /dc transcript (Figure 14; C4/F4; S3). The
last sampling (S4) was taken one month later during summertime and the only tissue with
detectable /dc transcript were the seedpods (Figure 14; D3/D4/F3 and 4; S4). Surprisingly
in all samplings none of the other taken tissues like any kind of leaf, petioles, green closed
flowers, roots or nodules showed any amount of /dc transcript. The analyzed paralogue odc
showed extremely low transcripts, except for the nodules.

Comparing these results with in vitro grown non-infected and infected L. x watereri *Vossii’
with different ages, again, Idc transcript was barely detectable in the investigated tissues
(Figure 15A). Mostly roots and petioles, sometimes leaves too, contained either more or
less transcript of /dc in both non-infected and infected plants. Nevertheless, investigation
of a whole seedling (containing young leaves, stems and root) contained already a distinct
transcript of /dc (Figure 15; C1), while picking partial parts (marked leaves in Figure 15C) of
seedlings with the same age led to no Idc detection (Figure 15; C2/C3). In general, Idc
transcription seems to be little and not detectable in all tissues taken at different
developmental stages of L. x watereri’Vossii’. However, since Idc transcript is already
present in non-infected seedlings, as well as in older in vitro grown non-infected and
infected plants, the assumption is very likely, like for L. arboreus, that QA biosynthesis

might not depend on nodulation.
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4.4 DISCUSSION

4.4.1 Isolation of plant-specific rhizobial interaction partners

Fabaceae are known for their symbiosis with N-fixing rhizobia, which can give them a
tremendous advantage over other plant species at least in habitats with nitrogen limitation.
To address the question of whether nodulation affects the presence of QAs like it does for
PAs in C. spectabilis (Irmer et al. 2015), we developed a protocol to grow, under
comparable conditions, infected and non-infected in vitro plants of L. x watereri ‘Vossii’
and L. arboreus as model system.

For this purpose, nodules of field-grown plants were used to isolate species-specific
rhizobia, since an ordered strain (Rhizobium lupini) from a database failed in previous
experiments with L. polyphyllus. The legume-rhizobia interaction is described to be either
very specific (some types of Medicago, Vicia or Trifolium host only one rhizobia species) or
alternatively quite unspecific, in which case several rhizobial species are harbored by one
host e.g. in Cytisus scoparius or Lotus corniculatus) (De Meyer et al. 2011; Fisher and Long
1992). The formation of symbiosis between plant and rhizobia is influenced by a number
of factors. Making the first move, plants release flavones via their roots, which are
perceived by the rhizobia and result in the activation of the rhizobial nod genes. These nod
genes synthesizing a large variety of lipochitooligosaccharides (nod-factors) that are very
specific (Sajnaga et al. 2001; Tan et al. 2001; Moulin et al. 2004).

In this study the bacterial isolates were identified based on 16S rRNA gene and belonged
to the genera Rhizobium, Mesorhizobium or Phyllobacterium. Comparing this distribution
with a large-scale study by (De Meyer et al. 2011), Rhizobium is named as the most common
rhizobia as symbiotic partner with several plant species. They examined also the two
species L. polyphyllus and Laburnum anagyroides. For L. polyphyllus they describe four
rhizobia species as symbiotic partner (Bradyrhizobium sp., Bradyrhizobium japonicum,
Rhizobium leguminosarum and Rhizobium sp.). The study of Ryan-Salter et al. (2014)
described mostly rhizobia from the genera Bradyrhizobium as the most present symbiosis
partner for L. polyphyllus. In this study we found also different rhizobia species
(Mesorhizobium huakuii and Phyllobacterium sp.) for L. polyphyllus, which belonged to two
different genera as compared with the studies of De Meyer et al. (2011) and Ryan-Salter et
al. (2014).
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The bacterial isolates of L. x watereri ’Vossii’ we obtained in our study were from the genus
Rhizobium (R. leguminosarum and R.sp.), which dissent from the findings for
L. anagyroides of De Meyer et al. (2011). In their study they were able to only isolate one
rhizobium that was moreover from a different genus (Bradyrhizobium sp.).

No data were found about rhizobia that are specifically entering in a symbiosis with
L. arboreus. During the process of isolation species-specific rhizobia of L. arboreus in this
study, a different rhizobium (Rhizobium sp.) was obtained after re-isolation of an in vitro
infected and nodule developing plant with Mesorhizobium sp. These findings reveal the
fact that many factors play a role in the isolation of rhizobia from nodules, as well as the
interaction to establish successful a symbiosis. It is possible that we were only able to
identify a small proportion of rhizobia successfully during the isolation process. In this
instance it could be an issue that some rhizobia genera are known as fast grower or slow
grower (Bromfield and Kumar Rao 1983; Sadowsky and Bohlool 1986). Because of this,
some picked colonies could have been a mixture of different rhizobia species. This might

be an explanation for the different re-isolated rhizobia in L. arboreus.

4.4.2 Influencing factors on QA biosynthesis

QA analyses of our model plants L. x watereri ’Vossii’, L. arboreus and L. polyphyllus with
and without nodulation did not lead to an answer to our research question. The total QA
concentration varied conspicuous within the individuals of infected and non-infected plants
so that no clear influence on the QAs could be attributed to nodulation. Before extraction,
some plants were divided into their tissues. All investigated tissues such as cotyledons,
leaves, shoots, roots as well as nodules contained a similar number of QAs (Supplemental
Table S1). In case of a nodule dependency, the highest concentration relative to the weight
would have been expected in the nodule, like it has been observed for PAs in nodules of
C. spectabilis (Irmer et al. 2015). Especially the cotyledons contained an enormous number
of QAs, which could still be residual QAs from the seeds or already new synthesized ones
depending on their stage. It has been reported that two weeks old cotyledons after
germination of Lupinus albus were almost empty of QAs, but when they were fully enlarged
and green the overall alkaloid content increased again within the growing plant by probably

de novo synthesis (Wink and Witte 1985). Wink and Witte (1985) also investigated the
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alkaloid patterns of developing seedlings of nine species from the genus Lupinus, Baptisia,
Laburnum, Spartium and Cytisus. They observed in case of lupins that the main alkaloid
lupanine decreased while an ester of 13-hydroxylupanine increased. For Laburnum
anagyroides, Baptisia australis and Spartium junceum the main alkaloid in seeds cytisine
dropped rapidly by being transformed into N-methylcytisine during germination (Wink and
Witte 1985) which corresponds to our observations in L. x watereri ’Vossii’ germination
process (Figure 9). Furthermore, Wink and Witte (1985) monitored the alkaloid content
during different developmental stages concluding that QAs serve as nitrogen source for
seedlings, since QA content decrease fast after germination and then increase to a higher
QA content compared with output contents of seeds. QAs would not be the only
compounds that degrade so that their nitrogen can be used by growing seedlings. Non-
protein amino acids have been reported to serve as nitrogen compounds in legumes and
will be mobilized during seed germination and the continuing development (Polhill and
Raven 1981; Rosenthal 1982). The QA observations in non-infected and infected
L. x watereri "Vossii’, L. arboreus and L. polyphyllus of different ages in this study showed
variations as well but assume that both non-infected and infected individuals produced de
novo QAs comparing with seed QA concentrations. Thus, QA biosynthesis might not be
affected by nodulation. However, the synthesis of QAs is also reported to be light-
dependent and thus, higher during the day (Wink and Hartmann 1982). To proof in another
manner whether biosynthesis of QAs depends on nodulation or not, the transcript levels of
odcs and /dcs were examined in a wide variety of plant organs from field grown and in vitro
plants, since the hss transcript in PA producing C. spectabilis occurred exclusively in nodules
(Irmer et al. 2015). To date, studies on LDC, the first specific enzyme in QA biosynthesis,
and ODC (important for plant growth) in lupins have been conducted exclusively on field
grown plants that are assumed to have developed nodules (Bunsupa et al. 2012a; Frick et
al. 2017). However, mainly leaves and roots were the preferred examined tissues, but
nodules were never mentioned. Studies with the bitter cultivar (contains contrary to sweet
lupins QAs) of Lupinus angustifolius showed the highest transcript for //odc in young leaves
compared to mature leaf, cotyledon, hypocotyl and root (Bunsupa et al. 2012a). Former
studies already mentioned in general leaves and the therein located chloroplasts as site of

QA biosynthesis (Schiitte 1969; Hartmann et al. 1980). This observation fits with our field
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grown L. arboreus, where the green plant parts showed the highest Idc transcript levels
while it could not be detected in roots and nodules.

Surprisingly, the observation deviates completely infield grown L. x watereri 'Vossii’. Here,
Idc transcript could not be detected even in minor traces in any of the harvested tissues
such as leaves, shoots, some inflorescences, roots or nodules. Only in one opened flower,
green pods and one green inflorescence Idc transcript could be detected in minor traces.
Other factors we do not know about may have an important influence on the regulation of
QA production and thus on the transcript level, too. Nevertheless, the yield of RNA and the
associated cDNA was quite low in some samples and might be the reason that detection of
the transcripts was limited due to the sensitivity of the used method.

A similar observation was made within the in vitro grown plants where the detected
transcript level of /dc is several times lower particularly in L. arboreus compared to infield
grown plant tissues. In L. x watereri ’Vossii’ in vitro grown plants /dc transcripts were low
too, but detectable in more tissues than infield grown tissues. More importantly, /dc
transcript was already distinct present in a non-infected seedling. Hence, the observed
differences of Idc transcript are not associated with nodulation. This observation is
additionally supported by 2 months old infected as well as uninfected plants where Idc is
detectable in leaves and shoots of L. arboreus, while in 4 months old infected and

uninfected plants only minor traces of /dc transcript was found.

4.4.3 Substrate preferences and activity of LDCs and ODCs

To confirm the function of the /dc and odc transcripts analyzed in this study, recombinant
proteins were examined for their biochemical activity, i.e., the decarboxylation of the
amino acids lysine and ornithine. Up to the present day, measurements have been made
based on the method of Gaines et al. (1988), where only the CO; gas, which is released
during the reactions, can be quantified. To make clear statements regarding substrate and
product identification as well as quantification, we developed a new method that allowed
to distinguish the peaks of the used substrates and the formed products (Figure 5). Due to
the high sensitivity of the assay, it allowed us to quantify even minor amounts of product
increase and substrate decrease over the time in relation to the used internal standard.

Furthermore, it allowed a clear assignment of the substances in the competition assay by



CHAPTER B

testing an enzyme with both substrates at the same time. Due to the previous mentioned
analyses, we can confirm the assignment of our amplified sequences.

In this study we identified two ODCs (LawaODC; LuarODC) and two LDCs (LawalDC;
LuarlLDC) from QA-producing plants. ODCs have been reported to accept only ornithine
(Fuell et al. 2010) as substrate. Here, the tested LawaODC and LuarODC behaved similarly.
Rapid conversion was achieved with L-ornithine, while L-lysine was only slightly converted
and was only detectable when high concentrations of the ODC enzyme were used.
Moreover, when both substrates were added in equal amounts in a competition assay, a
clear preference was observed with only L-ornithine being accepted and converted by the
ODCs.

In contrast, LDCs have already been described as L/ODCs, since they are able to
decarboxylate both L-ornithine and L-lysine with quite similar (Bunsupa et al. 2012a). It is
assumed that the catalytic site of L/ODC fit for both substrates despite their different side
chain constitution. This was shown by the L/ODC of the bacterium Selenomonas
ruminantium (Liao et al. 2008), L/ODC of Lupinus angustifolius (Bunsupa et al. 2012a) and
the ODC of Nicotiana glutinosa (Lee and Cho 2001). In this study, LawalLDC and LuarLDC
had a higher preference for L-lysine. However, in addition to L-lysine, L-ornithine was also
converted in the competition assay, albeit at a lower rate than L-lysine. Based on these
biochemical properties, we consider the enzymes as LDC, even so they are also able to
catalyze L-ornithine. Due to their signal peptides, enzymes can be used in different parts of
the cell. The compartmentalization could also be an exclusion for some substrates.
LuarODC possesses a signal peptide for the cytosol while LuarLDC possesses a chloroplastic

signal peptide according to WolfPSORT.

4.4.4 Phylogenetic classification

QAs are widespread in some phylogenetically related tribes of the Fabaceae (Fuell et al.
2010; Feitoza and Lima 2021; Wink 2013), but they also occur in some unrelated species
like Osyris alba L. from the family Santalaceae (Woldemichael and Wink 2002).

Since L/ODC was proved to be the first enzyme in steps of QA biosynthesis (Bunsupa et al.
2012a), all QA containing plants should feature an LDC. While Bunsupa et al. (2012a) named

the first responsible enzyme in QA biosynthesis L/ODC because of accepting L-lysine as well
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as L-ornithine equally, we decided to just name it an LDC, because these two tested
enzymes prefer univocally L-lysine over L-ornithine. In this study all identified LDC and ODC
sequences were compared with other genes of related species to get a deeper insight in
the evolution of this plant enzyme. Considering already the clustering of the LDCs and ODCs
of L. arboreus, L. x watereri "Vossii’ and L. polyphyllus it coincides with known LDCs and
ODCs of other QA producing representatives which presage their presumed function.

The identification of the recent mentioned LDCs supports the assumption that plant LDCs
(LaL/ODC; Bunsupa et al. 2012a) are responsible for the production of cadaverine from
lysine, which has been speculated since the 1980s (Pegg and McGill 1979; Hartmann et al.
1980).

Enzymes with function in secondary metabolism are often hypothesized to be originated
by gene duplication of an enzyme of primary metabolism. Nucleotide mutations might
result in different amino acids which in turn affect substrate specificity that implicate a new
function. A very well studied example would be the homospermidine synthase, which is the
first specific enzyme in PA biosynthesis and arose from the primary metabolic enzyme
deoxyhypusine synthase (Hartmann and Ober 2000; Ober and Kaltenegger 2009; Irmer et
al. 2015). After gene duplication, homospermidine synthase lost the ability of binding the
elF5A precursor protein and maintained the former deoxyhypusine synthase side activity,
synthesizing homospermidine, as main activity (Ober and Hartmann 1999b).

The sequence similarity between LDC and ODC within one species is high (~ 85 % amino
acid). Furthermore, the achieved results from the activity assays from LDCs and ODCs of
L. arboreus and L. x watereri ’Vossii’ with L-lysine and L-ornithine as substrates supporting

the assumption that LDC also arose from a gene duplication of the primary ODC.
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Conclusion/Outlook

In this study we could show that nodulation has no direct impact on the QA biosynthesis
like it has been described for PA biosynthesis of C. spectabilis. However, the symbiosis is
mostly known for nitrogen fixation by rhizobia which trade nitrogen for sugar from the
plant. Further studies might be interesting in how much nitrogen is actually taken from the
symbiosis to produce QAs and thus, the nodulation might have a bigger impact in this case
after all. The established in vitro model system of this study is needful for further upcoming
research where controlled conditions are required. The new developed assay in this study
allowed us to detect and distinguish the substrates and products (amino acids and
polyamines) of these PLP depending enzymes in the most careful way and to make a clear

statement about their activity.
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4.5 EXPERIMENTAL

4.5.1 Plant Material

Laburnum x watereri ‘Vossii‘ was purchased from “Garten Baumschule Dittmann” (Gettorf,
Germany) and further cultivated in Kiel Botanic Gardens (Kiel University, Germany). For
one-time realtime sampling (S5), we used a L.x watereri ‘Vossii’ located in Molfsee,
Germany. Lupinus arboreus and Lupinus polyphyllus are part of the living plant collection
of Kiel Botanical Gardens. Samples were harvested at different seasons for infield grown
L. x watereri "Vossii’ (timepoints in year 2019: 10% April, 25™ April, 14" May, 27t May,
27™ June) and infield grown L. arboreus (timepoints in year 2019: 27™ April, 14" June). All
samples of infield grown as well as in vitro grown plants were always harvested around
5 p.m. To establish in vitro cultures, seeds were surface sterilized by soaking them in 70%
(v/v) ethanol (20 min), followed by 35% (v/v) hydrogen peroxide (10 min) and 96% (v/v)
sulfuric acid (40 min) at 28°C/130rpm. After washing twice with sterilized water, seeds
were transferred to solid NOD media (pH 6.5) containing 5 mM KNQOs, 1.14 mM CaClxH:0,
0.5 mM KH2POs4, 0.33 mM K;HPOa4, 10.08 uM Na/Fe(lll)-EDTA, 0.25 mM MgS04x7H0,
29.6 UM MnSO4xH20, 5.2 uM ZnSOsx7H,0, 24.26 uM H3BOs, 2.26 uM KI, 0.52 pM
Na;Mo04x2H;0, 0.29 uM CuS04x5H;0 and 0.53 uM CoCl,x6H,0. Germinating seeds were
transferred to squared petri dishes (when radicle reached at least 5 mm) covered with filter
paper as described by Barbulova and Chiurazzi (2005) and either stayed uninfected or were
inoculated with species-specific rhizobia strains, isolated in this study. Rhizobia cultivation
and infection of in vitro grown plants was performed as described in Irmer et al. (2015)
except that for infection, the rhizobium suspension was rinsed alongside the roots by
pipetting. Well-developed plants were transferred into glass jars (Weck®, Wehr, Germany)
containing solidified 5mM N NOD media (agar 0.8%, Carl Roth® GmbH, Germany) for
further cultivation. In vitro seedlings and plants were cultivated in a climate chamber at

24°C with a 16-h light/8-h dark cycle (average illumination 100-500 HE m2 s2).

4.5.2 Isolation and identification of N-fixing bacteria from root nodules
To isolate species-specific rhizobia, nodules were collected from the roots of the plants
grown in Kiel Botanic Gardens and washed with water to remove residual soil. Bacteria

isolation was guided by Hassen et al. (2012) and cultivation was carried out on TY medium
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(Beringer 1974). Surface sterilization of rinsed nodules was either done by washing in 70%
ethanol or a short flame sterilization, before they were cut with a sterile scalpel into two
halves. One-half was dabbed with the cut surface onto the TY-plate, while the bacteria of
the other half were absorbed by pipetting and streaked on a TY-plate. After incubation for
three to eight days at 28°C, colorless and milky appearing colonies were picked,
resuspended in 1 ml sterile water, and streaked out on new TY-plates to isolate individual
bacterial cells. For identification, 16S rRNA gene sequencing was used. Single milky colonies
were resuspended in 100 pl sterile water and 0.5 to 2 ul were used as template for PCR.
PCR was performed with Phusion® Hot Start Il High-Fidelity DNA-Polymerase (Thermo
Scientific) under the terms of manufacturer’s instructions with the primer pair P1/P2
(Supplemental Table S2) modified according to Weisburg et al. (1991). PCR products
(~1500bp) were monitored by agarose gel electrophoresis and sequenced (Eurofins
Genomics, Ebersberg, Germany). Sequences showed good quality in the range of 660 -
850bp and were used as query to search the NCBI data library via the basic local alignment

search tool (BLAST; https://blast.ncbi.nlm.nih.gov/Blast.cgi) to determine the identity of

the isolates. Isolates belonging to the group of N-fixing rhizobia were cultured and stored
at -80°C containing 60% (m/v) glycerol until further use. Symbiont isolation and
characterization was repeated with nodules that formed after controlled infection of the

plant under in vitro conditions with the isolates resulting from the field-grown plants.

4.5.3 Nucleic acid extraction and cDNA synthesis

gDNA was extracted from fresh leaves with the Phire Plant Direct PCR Kit (Thermo
Scientific) according to the manufacturer.

For total RNA isolation, fresh plant tissues up to 100 mg were homogenized in liquid
nitrogen, mixed with 5 mg of Polyclar AT (SERVA, Heidelberg, Germany) and extracted with
0.5 — 1 ml Trizol (Carl Roth® GmbH, Germany). After one round of chloroform extraction
(200 pl), RNA was purified from the aqueous phase with Direct-zol™ RNA MiniPrep Kit
(Zymo Research Europe GmbH, Freiburg, Germany) according to the manufacturer’s
instructions. Purity and integrity of total RNA were analyzed by agarose gel electrophoresis
and 260/230 nm ratio measurements via NanoDrop® ND2000 UV/VIS spectrometer with

which the concentration was also determined. 0,5 — 1 ug purified RNA was used for reverse
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transcription with RevertAid® Reverse Transcriptase (Thermo Scientific) and an Oligo(dT)17

primer (Supplemental Table S4).

4.5.4 Identification of Idc, odc and housekeeping genes

To identify candidate /dc and odc sequences of L. x watereri 'Vossii’ and L. arboreus, we
used sequence read archive (SRA) files from not assembled genomes on NCBI (Acc. No.
ERX147333/ERX147334 of Laburnum anagyroides, SRX1721965 of Lupinus arboreus,
respectively). Sequences of /dc and odc from Lupinus angustifolius (Acc. No. AB560664 and
XM _019582537.1, respectively) were used for a BLAST search within the Sequence Read
Archives (SRAs). Based on the BLAST hits, species-specific primers were designed to amplify
the predicted full open reading frames (ORF). To identify candidate /dc and odc sequences
of L. polyphyllus illumina sequencing with leaves, roots and nodules were performed
(unpublished data). For 3’ prime rapid amplification of cDNA ends (3’RACE) via PCR of
different reference genes (encoding ubiquitin and elongation factor 1a) in
L. x watereri 'Vossii’ and L. arboreus degenerate primers were used. PCRs were either
performed with Go-taq (Promega) or a Hot Start (Phire/Phusion Il, ThermoScientific)
polymerase due to manufactures protocol. Amplification strategies are summarized in
Supplemental Table S4. PCR products were gel purified (NucleoSpin®Gel and PCR Clean-up,
MACHEREY-NAGEL, Diren, Germany), A-tailed if necessary, cloned into pGEM T-easy

vector system (Promega), and sequenced at Eurofins Genomics (Germany).

4.5.5 Cloning and heterologous expression of sequences encoding putative LDC and
oDC
The ORFs of LawalDC, LawaODC, LuarLDC and LuarODC, were amplified by PCR using
Phusion® HS Il Polymerase (Thermo Scientific) with gene specific primers featuring an
overhang with restriction sites (Supplemental Table S3). For each sequence a total reaction
mixture of 20 pl was composed of 4 ul 5x Phusion HF Buffer, 0.4 ul dNTPs [10 mM], 0.2 pul
Phusion® HS Il DNA Polymerase [2U/ul], 1 pl of each forward and reverse primer
[10 pmol/ul] and 1 pl plasmid DNA (5 — 25 ng/ul) containing the ORF. Cycling conditions
were adjusted to manufactures instructions. PCR products were then purified using

NucleoSpin®Gel and PCR Clean-up (MACHEREY-NAGEL, Dirren, Germany), before digested
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(200 ng DNA) with 1 pl Bbsl to generate sticky ends which are compatible with the Xhol and
Ncol (FastDigest, Thermo Fisher Scientific) generated overhangs of the used expression
vector to ensure directed ligation with T4 DNA Ligase (Thermo Fisher Scientific) with an
insert to vector ratio 1:3 at 16°C overnight. The used expression vector is a modified pET21d
that contains a kanamycin resistance, the suicide gene ccdB and a C-terminal HIS taq for
later protein purification. After transformation of ligation products in E. coli TOP10
(Invitrogen), resulting expression constructs were sequenced and transformed into E. coli
BL21 (DE3) for heterologous protein expression. Protein expression was induced with
0.2 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) at an ODeoo of 0.6-0.8 and incubated
at 16°C for 16 hours. The HIS-tagged recombinant proteins were purified via nickel-
nitrilotriacetic acid-agarose (Ni-NTA; Qiagen, Hilden, Germany) according to the
manufacturer’s instructions under native conditions in a batch procedure. Purified proteins
were concentrated and rebuffered in LDC/ODC-assay buffer (50 mM potassium phosphate
buffer, 1 mM ethylenediaminetetraacetic acid, 4 mM dithiothreitol, 5 uM pyridoxal-
phosphate (PLP), pH 7.4) and kept overnight at 4°C or stored in aliquots at -80°C until
further use. Protein concentration was estimated following the method of (Bradford 1976)
and protein purity was monitored by sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) using 10 % gels (Supplemental Figure S1).

4.5.6 Activity assays of recombinant LDCs and ODCs

To quantify the enzymes ability to decarboxylate L-lysine (LDC assay) and L-ornithine (ODC
assay), enzymatic reactions contained a total volume of 200 pl with 0.5-50 pug enzyme and
10 mM lysine or ornithine as substrate in LDC/ODC assay buffer. The reaction mixtures
were incubated at 30°C and 30 ul aliquots were withdrawn after 1 to 16 minutes to
guarantee linearity of the enzymatic conversion. To stop the reaction and to precipitate the
enzyme, aliquots were immediately mixed with 60 ul acetonitrile containing 5 mM
diaminoheptane (DAH) as internal standard (ISTD) and placed on ice. To improve protein
precipitation, samples were preserved at -20°C for 20 minutes. After centrifugation for
10 min at 21 000 g at room temperature, the supernatant was taken for quantification of
the reaction products according to a method described previously Kaltenegger et al. (2021).

Briefly, for derivatization of the diamines resulting from decarboxylation with
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fluorenylmethoxycarbonyl protecting group (FMOC), 20 pl borate buffer (0.6 M, pH 8),
24 pl sample, 48 pul FMOC (5 mM) were incubated for 5 minutes at room temperature. 3 pl
piperidine (40 mM) was added to react with excess FMOC. After incubation, 40 pl of a
solution containing acetonitrile, sodium acetate buffer (400 mM, pH 5), tetrahydrofuran,
and N,N-dimethylformamide in a ratio (v/v) of 80/40/10/10 was added to adjust the pH for
subsequent HPLC analyses and to ensure solubility of FMOC-derivatives. The stated
concentrations are the added stock solutions and not the final concentration within the
initial solution. Finally, 50 ul tetrahydrofuran were added to further improve the solubility
of the FMOC derivatives. Technical replicates (n=3) were assayed from each enzyme batch.
To exclude false signals due to the respective protein, each of the four proteins was assayed
without substrates as a control.

HPLC analyses for quantification of diamines were performed as described by Kaltenegger
et al. (2021) with a modified gradient profile as follows: 80% B to 60% B in 15 min, to 50%
B in 10 min, 50% B for 14 min, to 30% B in 12 min, to 10% B in 6 min, and to 5% B in 0 min,
5% B for 10 min.

4.5.7 Data base retrieval and gene tree

In total, 20 identified ODC and L/ODC homologs (Supplemental Table S5) from Fabaceae
were analyzed. As outgroup, one ODC encoding sequence from Vitis vinifera genome was
included and retrieved from the PLAZA 3.0 databank.

Selection criteria for the outgroup sequence were: it should be from a species, which is
phylogenetically basal to the Fabaceae and which is not known to have experienced lineage
specific whole gnome amplifications.

On the Plaza platform, protein coding genes are stored in gene families based on sequence
similarity inferred through BLAST (basic local). ODCs fall into the HOM03D002804 gene
family and from Vitis vinifera, three genes fall into this gene family. Two are annotated as
ODC and organized as tandem repeats but differ in the length of the encoded ORF.
VV11G05710 (NCBI GenBank accession number AM479355), which encodes an ORF (1113
bp) comparable to the length of ODCs from Fabaceae, was used as outgroup for
phylogenetic reconstructions. The second copy only encodes a 543 bp long ORF and was

not included.
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The ORFs of these sequences were aligned by using the MUSCLE v5 (Edgar 2004) algorithm
implemented in the Geneious software package with the default settings. Based on the
resulting multiple sequence a maximum likelihood phylogenetic tree was constructed by
using PhyML 3.3 (nucleotide substitution model: GTR+GAMMA, equilibrium nucleotide
frequencies estimated using maximum likelihood) (Guindon et al. 2010). Approximate
likelihood branch supports were estimated with three tests: i) approximate Bayes (aBayes);
ii) approximate likelihood test (aLRT); iii) Shimodaira Hasegawa aLRT (SH-aLRT). All three

tests were congruent concerning branch support.

4.5.8 Quantitative Real-Time PCR (RT-qPCR) and primer design

Total RNA extraction and cDNA synthesis was done as previously described above. To
exclude contaminations of the cDNA with genomic DNA, “no-reverse-transcription” (-rt)
control reactions were set up for every sample (Supplemental Figure S3 and S4).

Design of real-time PCR primers, RT-gPCR conditions and final analyses were done as
described in chapter A and chapter C with the following modifications: genes of interest
were Idc and odc of both L. x watereri 'Vossii’ and L. arboreus; genes encoding ubiquitin
(ubig) and elongation factor 1-alpha (efla) were used as reference for the calculation of
the relative transcript level; applied template DNA ranged from 3.75ng to 12.5ng,
depending on the yield of the respective individual cDNA tissue (n=1). Technical replicates
(n=3) were achieved due to pipetting three RT-qPCR runs for determination the transcript
level. Primer sequences are given in Supplemental Table S2. To exclude unspecific binding
of these primers due to the high similarity of the cDNA encoding LDC and ODC, plasmids
containing the LDC- and ODC-coding sequences were used as template in control PCRs that

were analyzed via agarose gel electrophoresis using 3% gels (Supplemental Figure S2).

4.5.9 QA extraction and analytics by GC-MS

Plant samples of lupins were freeze-dried, weighed, then ground to fine powder and
weighed again, before ~ 10 mg from this powder were used for the following extraction.
To each sample of L. arboreus and L. polyphyllus a fixed amount of internal standard of QA
lupinine (125 pg/ per sample) was added. For L. x watereri ’Vossii’ plant material was

collected and immediately frozen. QA and PA were extracted from fresh plant material
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without freeze drying. 10 ug heliotrine (pyrrolizidine alkaloid) was added per 100 mg fresh
weight. Weight of the samples varied from 295 — 909 mg for total plants, and 40 — 400 mg
for individual plant organs. In case of GC-MS analysis of L. x watereri ’Vossii’ germination
procedure, lupinine was used as internal standard.

QAs and PAs within this study were extracted just as the described PA extraction by Kruse
et al. (2017). For lupines, which do not produce PAs, reduction with zinc was excluded. GC-
MS analyses were performed with Focus GC-DSQ Il (ThermoFisher Scientific) equipped with
a TraceGOLD™ TG-5MS Amine column (30 m x 0.25 mm x 0.5 um; ThermoFisher Scientific,
Dreieich, Germany) with a 5M Safeguard guard column, and a TRACE GC1310-TSQ Duo
(ThermoFisher Scientific) and TG-1MS capillary columns (30 m x 0.25 mm x 0.25 um;
ThermoFisher Scientific).

Helium was used as carrier gas with a flow rate of 1 mL min™* (TRACE GC ULTRA-DSQ) or
1.2 mL min* (TRACE GC1310-TSQ); injection volume of 1 pL, split 1:10 transfer line was set
at 280°C and the ion source of the mass spectrometer was operated at 280°C and 70 eV for
ionization.

The temperature program used was: initial 3 min at 100°C, then increasing by 6°C min to
300°C, followed by 10 min at 300°C. The data processing was performed by using Xcalibur™
software (ThermoFisher Scientific). The internal standard, QAs and PAs were identified via
comparison with in-house and literature reference data of mass spectra and retention
indexes (Wink et al. 1995) were calculated with a reference set of co-injected hydrocarbons

(Sigma-Aldrich).
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4.6 SUPPLEMENTAL DATA
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Supplemental Figure S1. SDS-PAGEs of the two enzymes lysine decarboxylase (LDC) and ornithine
decarboxylase (ODC), after protein expression and purification, of the three species: (A) L. x watereri
“Vossii’ (LDC = 46.912 kDa; ODC = 46.777 kDa) and (B) Lupinus arboreus (LDC = 47.955 kDa; ODC =
46.340 kDa). Arrowhead indicates expected size of the respective purified protein. |, supernatant; I,

pellet; I, flow; IV, wash buffer step; V, repeating wash buffer step; VI, purified protein [2 ug]; kDa,
kilodalton; M, Protein ladder (Thermo Scientific).
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Supplemental Figure S2. Specificity tests of the primer pairs used for transcript quantification of /dc,
odc or housekeeping genes of L. arboreus and L. x watereri ‘Vossii’ for RT-gPCR. Due to high sequence
similarity between Ildc and odc, unspecific binding of primers was ruled out by testing them with /dc and
odc-containing plasmids as template. A Test of Idc primer pair (P11/P12, 110 bp) and B odc primer pair
(P9/P10, 128 bp) for L. arboreus. C Test of Idc primer pair (P19/P20, 116 bp) and D odc primer pair
(P17/P18, 126 bp) for L. x watereri ‘Vossii’. E For each housekeeping gene one primer combination was
tested for L. arboreus. 1-2, Primer pair for efla (P5/P6, 96 bp); 3-4, Primer pair for ubiquitin (P3/P4,
115 bp);5-6, Primer pair for actin (P7/P8, 117 bp, not used for final RT-gPCR analysis in this study).
F Housekeeping genes test for L. x watereri ‘Vossii’. 7-8, Primer pair for efla, used in PCRs to test —rt
samples for gDNA contamination (P21/22, 109 bp).; 9-10, Primer pair for ubiquitin, used in RT-qPCRs
within this study (P13/14, 108 bp). Arrow heads indicate the size of the specific products after
amplification with GoTaqg DNA polymerase (annealing temperature of 60°C). bp, base pair; M, GeneRuler
100 bp Plus DNA Ladder (Thermo Scientific); I, 25 ng of plasmid DNA; Il, 10 ng of plasmid DNA;
I, 5 ng of plasmid DNA; NC, no-template control.
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Supplemental Figure S3. Quality tests of RNA extractions used for reverse transcription and gDNA
contamination in cDNA samples of infield grown and infected nodule developing (+) and non-
infected (-) in vitro grown L. arboreus. Total RNA and PCR reactions of (-rt)-controls have been
separated by agarose gel electrophoresis. Arrowhead indicates expected product size of 96 bp for the
housekeeping gene efla, as pictured in the positive control with leaf cDNA template, with primer pair
P5/P6 (Supplemental Table S2). A Samples of sampling 1 and 2 of infield grown plants. 1 = leaf bud;
2 = unevolved leaf; 3 = unfolding leaf; 4 = mature unfurled leaf; 5 = unevolved leaf; 6 = unfurled leaf;
7 = two unevolved leaves; 8 = unevolved leaf; 9 = petiole of samples (3-5); 10 = petiole; 11 =unevolved
leaf; 12 = unevolved leaf; 13 = mature leaf; 14 = root; 15 = nodules; 16 = unevolved leaves plus larger
unevolved leaf; 17 = mature leaf; 18 = leaf; 19 = inflorescence with flower buds; 20 = open flower;
21 = flower buds; 22 = nodules; 23 = root; 24 and 25 = single green pod. B Samples of infected nodule
developing (+) and non-infected (-) invitro grown plants. Plant 1 (2 months, non-infected):
1.1 = cotyledons; 1.2 = leaf; 1.3 = unevolved leaf; 1.4 = leaf; 1.5 = leaf; 1.6 = root; 1.7 = petioles;
1.8 = main stem. Plant 2 (2 months, infected): 2.1 = cotyledons; 2.2 = leaf; 2.3 = leaf; 2.4 = unevolved
leaf; 2.5 = leaf; 2.6 = two leaves; 2.7 = root; 2.8 = nodules; 2.9 = petioles; 2.10 = main stem.
Plant 3 (4 months, non-infected): 3.1 = leaves; 3.2 = unevolved leaf; 3.3 = leaf; 3.4 = leaf; 3.5 = root;
3.6 = petioles; 3.7 = main stem. Plant 4 (4 months, infected): 4.1 = unevolved leaf; 4.2 = leaves;
4.3 = root; 4.4 = nodules; 4.5 = petioles; 4.6 = main stem; 4.7 = remaining leaves. PC, positive control;
NC, no-template control; bp, base pair; M, DNA ladder (GeneRuler 100 bp Plus DNA Ladder, Thermo
Scientific).
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Supplemental Figure S4. Tests of RNA used for reverse transcription and for gDNA contamination in
cDNA samples of infield and in vitro grown L. x watereri ‘Vossii’. Agarose gel electrophoresis of total
RNA and PCR products resulting from RNA prepared without reverse transcription (-rt). Contamination
of RNA with gDNA would result in fragments as pictured in the positive controls amplified with leaf cDNA
(PC). PCR was implemented according to the manufacturer with GoTaq polymerase and annealing
temperature of 60°C. Arrow heads indicate expected product size of 109 bp for the housekeeping gene
efla with primers (P21/P22; Supplemental Table S2). A Samples of sampling 1-5 of infield grown plants.
S1: 1 = nodules; 2 = root; 3 = leaf bud; 4 = leaves of flower bud; 5 = young flower.
S 2: 1 =unevolved leaves; 2 = petioles; 3 = leaf; 4 = mature leaf; 5 = petiole; 6 = unripened inflorescence;
7 = green enclosed flowers; 8 = green enclosed flower buds; 9 = single open flower; 10 = petioles;
11 =root; 12 = nodules; 13 = petioles. S 3: 1 = unevolved leaf; 2 = mature leaf; 3 = mature leaf; 4 = single
open flower; 5 = root; 6 = nodules. S 4: 1 = mature leaves; 2 = mature leaf; 3 = green seedpod; 4 = two
green seedpods; 5 =root; 6 = nodules. S 5: 1 = leaf; 2 = green inflorescence; 3 = leaves. B Samples of
infected nodule developing (+) and non-infected (-) in vitro grown plants. Plant 1": 2 months; Plant 2
3 months; Plant 3: 7 months; Plant 4*: 3 months; Plant 5*: 10 months; Plant 6*: 11 months; Plant 7*: 14
months. Co = cotyledons; L = leaf; N = nodule; R = root; S = stem; SL = smaller appearing leaf. 1, complete
germ bud; 2 and 3, germ buds analyzed only leaves. PC, positive control; NC, no-template control; bp,
base pair; M, DNA ladder (GeneRuler 100 bp Plus DNA Ladder, Thermo Scientific). *labelled tissue was
not used in RT-qPCR because of containing gDNA. RNA concentration of the following tissues was too
low for both reverse transcription and performing an RNA gel (Plant1: SL1 and L; Plant2: L;
Pant 4*: L, R and N; Plant 5*: L; Plant 6*: SL, L; Plant 7*: R).
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Supplemental Figure S5. Tissue-specific analysis of relative transcript levels (2-2¢") of /dc and odc in
L. arboreus. Various tissues of field-grown (A and B) and in vitro-grown (C) plants with and without
infection with rhizobia using the efla gene as reference. A Sampling 1 and B Sampling 2. 1 = |eaf bud;
2 = unevolved leaf; 3 = unfolding leaf; 4 = mature unfurled leaf; 5 = unevolved leaf; 6 = unfurled leaf;
7 = two unevolved leaves; 8 = unevolved leaf; 9 = petiole of samples (3-5); 10 = petiole; 11 =unevolved
leaf; 12 = unevolved leaf; 13 = mature leaf; 14 = root; 15 = nodules; 16 = unevolved leaves plus larger
unevolved leaf; 17 = mature leaf; 18 = leaf; 19 = inflorescence with flower buds; 20 = open flower;
21 = flower buds; 22 = nodules; 23 = root; 24 and 25 = single green pod. C In vitro grown plants. Plant 1
(2 months, non-infected): 1.1 = cotyledons; 1.2 = leaf; 1.3 = unevolved leaf; 1.4 = leaf; 1.5 = leaf;
1.6 = root; 1.7 = petioles; 1.8 = main stem. Plant 2 (2 months, infected): 2.1 = cotyledons; 2.2 = leaf;
2.3 = leaf; 2.4 = unevolved leaf; 2.5 = leaf; 2.6 = two leaves; 2.7 = root; 2.8 = nodules; 2.9 = petioles;
2.10 = main stem. Plant 3 (4 months, non-infected): 3.1 = leaves; 3.2 = unevolved leaf; 3.3 = leaf;
3.4 = |eaf; 3.5 = root; 3.6 = petioles; 3.7 = main stem. Plant 4 (4 months, infected): 4.1 = unevolved leaf;
4.2 =leaves; 4.3 =root; 4.4 = nodules; 4.5 = petioles; 4.6 = main stem; 4.7 = remaining leaves; n=1 (tested
in three technical replicates).
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Supplemental Figure S6. Tissue-specific analysis of 22T relative transcript level of the target genes Idc
and odc in L. x watereri ’Vossii’. VVarious tissues of in vitro grown infected and non-infected (A and B)
and infield grown (C) plants were analyzed by using the housekeeping gene efla as reference. A In vitro
grown infected (+) and non-infected (-) plants with different age. Plant 1": 2 months; Plant 2": 3 months;
Plant 3©: 7 months; Plant 4*: 3 months; Plant 5*: 10 months; Plant 6*: 11 months; Plant 7*: 14 months.
Co = cotyledons; L = leaf; N = nodule; R = root; S = stem; SL = small leaf. B Non-infected germ buds.
1 = complete germ bud; 2 and 3 = analyzed only black circled leaves. C Sampling S 1-5. S 1: 1 = nodules;
2 =root; 3 = leaf bud; 4 = leaves of flower bud; 5 = young flower. S 2: 1 = unevolved leaves; 2 = petioles;
3 =leaf; 4 = mature leaf; 5 = petiole; 6 = unripened inflorescence; 7 = green enclosed flowers; 8 = green
enclosed flower buds; 9 = single open flower; 10 = petioles; 11 = root; 12 = nodules; 13 = petioles.
S 3: 1 = unevolved leaf; 2 = mature leaf; 3 = mature leaf; 4 = single open flower; 5 = root; 6 = nodules.
S 4: 1 =mature leaves; 2 = mature leaf; 3 = green seedpod; 4 = two green seedpods; 5 = root; 6 = nodules.
S 5: 1 = leaf; 2 = green inflorescence; 3 = leaves; n=1 (tested in three technical replicates).
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Supplemental Table S2. Sequences of Primers and their expected product size used for 16S RNA gene
and RT-gqPCR to investigate different tissues regarding to the transcript level of the genes Idc and odc.
Additional housekeeping gene primer pairs which were either not used for final RT-gPCR (*'P7/P8) or
only used in PCRs to check for gDNA contamination in —rt samples (*2P21/P22).

Organism  Primer Sequence 5’ -> 3’ Product size
Rhizobia  P1 16S forward AGAGTTTGATCCTGGCTCAG 1500 bp
P2 16S reverse AGAGTTTGATCCTGGCTCAG
P3 UBQ forward AGTCTACCCTTCATCTTGTGCTG 115 bp
P4 UBQ reverse ACATTATCAATTGTGTCAGAGCTTTCC
P5 Efla forward GAATGTTGCGGTGAAAGATCTCAA 96 bp
Lupinus  P6 Efla reverse ATAACTTGGGATGTGAAGCTAGCA
arboreus  p7*1  ACT forward TGAATCCGGTCCATCGATTGTG 117 bp
P8*l  ACT reverse TCATCACTCCAACAATAGAACAACATG
P9 oDC forward CGATGGGATCTATGGCTCTATGAA 128 bp
P10  ODC reverse CTGTTGAACCGTACTTTTTCACTTCT
P11  LDC forward GTCGTTATTTTGCAGAGTCACCTT 110 bp
P12  LDCreverse AAGAGAACCGTAAATCCCATCATCAA
P13  UBQ forward GGAGGAATGCAGATCTTTGTGAAG 108 bp
P14 UBQ reverse CTCCTTGTCCTGGATTTTTGCTTT
Laburnumx P15  Eflaforward 2  TAAGGAGATGGAGAAGGAGCCC 132 bp
watereri P16  Eflareverse 2 TCTCTGACAGCAAAACGACCAA
,Vossii®  p17  ODC forward CCCCTGCCTTATTGAAATTGAAGT 126 bp
P18  ODCreverse TAGTCCAGATATCTTCCTTTTATGGCC
P19  LDC forward CAGTTGTGGTGTTCGCTAGAGTAT 116 bp
P20  LDC reverse CCCATGCAGATATTATTGAGTTCCC
P21*? Eflaforward 1  GTGGTTGAAACTTTTGCCGAGTA 109 bp
P22*2 Eflareverse_ 1 TAGGATCCTTCTTCTCCACACTCT

Supplemental Table S3. Primer pairs (annealing 70°C) and restriction sites for generating protein
expressions constructs of putative /dc’s and odc’s via Golden-Gate-Vector system. Primer sequences
were extended with an overhang (green marked) which includes a recognition site for Bbsl (= Bpil) for
successful cloning. The start codons and the last amino acid before the stops are shown in bold type.

Organism Gene Primer Sequence 5’ -> 3’
Idc P23-forward TATATGAAGACTACATGGCAACACTACTCCTTACCGAGG
Laburnum
x watereri P24-reverse TATATGAAGACTATCGAGCACAATGGGATTTGAATATGCAAGGTAGG
,Vossii’ odc P25-forward TATATGAAGACTACATGGTTGCTGAGGCATCATTCCG
P26-reverse TATATGAAGACTATCGAGGAACATAGTTTGCAGCTCTCCCG
Idc p27-forward TATATGAAGACTACATGCCTTCACTACTTCTGACCGAGG
Lupinus P28-reverse TATATGAAGACTATCGAGGAACATAGATTGTTCCCGCGCGAT
arboreus odc

P29-forward

TATATGAAGACTACATGGTTGCTCATGCATCACTTCAAA

P30-reverse

TATATGAAGACTATCGAGGAACATAGTCTGCAGGTCTCCCACT
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Supplemental Table S4. Listed are primers, expected product sizes, used tissues and the amplified
sequence part of putative Idc’s, odc’s and housekeeping genes (ubiquitin, efla) of
Laburnum x watereri 'Vossii’ and Lupinus arboreus. PCRs were performed with either Go-taq (3’'RACE)
or a Hot Start polymerase (Internal fragment, ORF) according due to the manufacture protocols.
*Oligor) conduced as reverse primer for all 3’RACE amplifications. Letters in bold display the base
position where different bases could match due to degeneration of the primer.

Organism | Gene Primer (5 -> 3°) Expected Amplified
Fragment/ Sequence
Tissue Part
odc | P31-f ~740 bp
GTGTGGGTGTCAATGTTACAACATTTGATTCC gDNA leaf Internal
P32-r CCAATCATTAATTTGCAGTTCCGGTAGCAG fragment
Idc P33-f TGCACTCGCAGCACTCGGTTC ~916 bp
P34-r CCGTCGTATAAGCACCCATATTCGG gDNA leaf
odc P35-f TTCCAAGGAAGAGATTCAAAAGATTAGAA ~712 bp
cDNA leaf
Idc P36-f GATATGGCTTCTAACGAACTAGGC ~493 bp 3’'RACE*
Laburnum cDNA
X watereri germ bud
‘Vossii* odc | P37-f ATGGTTGCTGAGGCATCATTCC ~1454 bp Fragment
P38-r TAGTCCAGATATCTTCCTTTTATGGCC gDNA containing
fresh leaf ORF
Idc P39-f ATGGCAACACTACTCCTTACCG ~1450 bp Fragment
P40-r CAGTTGTGGTGTTCGCTAGAGTAT gDNA containing
fresh leaf ORF
ubig | P41-f GTCTGAGGGGAGGAATGCAG ~500 bp
efla | P42-f AARGARATGARAARGARCC c¢DNA nodule 3’'RACE*®
odc | P43-f GGAAGAGATTCAAAAGATTAGAAAATGGCA ~700 bp
P44-r CCAATCATTAATTTGCAGTTCCGGTAGCAG gDNA leaf Internal
Idc P45-f ACTGCGCCAGCCGAGCCGAAAT ~888 bp fragment
P46-r CCGTCGTATAAGCACCCATATTCGG gDNA leaf
odc | P47-f ATGGTTGCTCATGCATCACTTCAAA 1302 bp
P48-r CTAGAACATAGTCTGCAGGTCTCCC cDNA
Lupinus young leaf ORF
arboreus Idc P49-f ATGCCTTCACTACTTCTGACCGA 1335 bp
P50-r TTAGAACATAGATTGTTCCCGCGC cDNA
young leaf
ubig | P51-f GCTGATTAYAAYATYCARAAGGAGTC ~430 bp
cDNA young leaf
efla | P52-f AARTCTGTYGAAATGCACCATGAAGC ~520 bp 3’'RACE*
cDNA young leaf
actin | P53-f TATGCMCTCCCYCATGCCATCCT ~627 bp
cDNA young leaf
* Oligoar) P54  GTCGACTCGAGAATTC(T)17
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Supplemental Table S5. Origin and lengths of the aligned sequences used in the phylogenetic tree of
LDCs and ODCs. "Full ORF sequences were used, except for B. australis and C. spectabilis. *These 4
genes were then characterized in more detail by assays for their protein function. 2 (Hufnagel et al. 2020)
and (www.whitelupin.fr). Other sequences can be found by their accession number on NCBI.

Organism cDNA/Gene ORF length [bp] Accession nhumber/
Reference
Vitis vinifera LDC ODC 1113 bp AMA479355
Baptisia australis LDC ODC 864 bp" AB647177
Cicer arietinum oDC 1284 bp XM_004500845
Crotalaria spectabilis oDC 1211 bp" unpublished Jacky and Ober
Echinosophora koreens LDC ODC 1368 bp AB561139
Glycine max oDC 1404 bp XM_003523182
Laburnum watereri ,Vossii‘ LDC 1302 bp This study*
oDC 1302 bp
Lotus japonicus oDC 1269 bp AJ575746
Lupinus angustifolius L/0DC 1323 bp AB560664
oDC 1302 bp XM_019582537.1
Lupinus albus oDC2 1230 bp Lalb_Chr23g0265921°
(0DCQ)
ODC1 (LDC) 1320 bp Lalb_Chr08g0246321°
Lupinus arboreus LDC 1335 bp This study*
oDC 1302 bp
Lupinus polyphyllus LDC 1332 bp This study
oDC 1302 bp (Transcriptomic data unpublished)
Medicago truncatula oDC 1287 bp XM_003603797
Phaseolus vulgaris LDC1 ODC 1356 bp XM_007136069
Sophora alopecuroides LDC 1368 bp KM249871
Sophora flavescens LDC ODC 1374 bp AB561138
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Supplemental Table S6. QAs from the infected and non-infected in vitro grown plants of L. x watereri
“Vossii’, L. arboreus and L. polyphyllus. GC-MS measurements were performed on a TG-1MS column
and received RIs were compared with literature (Wink et al. 19952 and Witte et al. 1992°) for
identification. RI, Kovat’s retention index; M*, molecular ion.

Alkaloid RI mM* MS data: characteristicions m/z  Ref.
TG-1MS/Ref. (% relative abundance)

1  Lupinine 1384/1420 169 152 (81), 169 (84), 138 (76), a
97 (70), 83 (100)

2 Angustifoline 2072/2083 234 193 (100), 112 (85), 150 (15), a

55 (20), 94 (11)

3 Dehydrolupanine 2128/2133 246 150 (100), 246 (80), 136 (80), a
134 (40), 217 (10)

4  Lupanine 2147/2165 248 136 (100), 149 (60), 248 (40), a
150 (34), 219 (8)

5 Nuttalline 2244/2250 264 136 (100), 264 (97), 150 (61), a
134 (61), 247 (38)

6  13a-Hydroxylupanine  2401/2400 264 152 (100), 165 (40), 264 (40), a
246 (40), 134 (30)

7 130 2675/2680 348 246 (100), 134 (50), 148 (25), a
Isovaleroyloxylupanine 112 (30), 348 (5)

8 3B,13a- 2493/2508 280 152 (100), 280 (96), 165 (43), a
Dihydroxylupanine 134 (35), 262 (34)

9  Caulophylline 1952/1955 204 58 (100), 204 (30), 146 (10), a

160 (10)

10 Cytisine 1984/1990 190 146 (100), 147 (80), 190 (65), a
160 (25), 134 (25)

12 Sparteine 1761/1785 234 137 (100), 98 (90), 234 (44), a

193 (25), 84 (10)
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5.1 ABSTRACT

Homospermidine synthase (HSS) is reported to have evolved several times independently
in the plant kingdom from a duplication of a gene encoding deoxyhypusine synthase (DHS)
of primary metabolism and catalyzes the first step in the biosynthesis of pyrrolizidine
alkaloids (PAs). In this study, we investigated several species of the family Fabaceae,
particularly representatives from the Genistoid clade that produce either PAs or
quinolizidine alkaloids (QAs) to get a deeper insight into HSS evolution within this clade.
Fabaceae are known for developing root-nodules to host their symbiosis partner, N-fixing
rhizobia. A previous study showed that nodules are the site for hss transcription in
Crotalaria spectabilis. Here we show via reverse transcription quantitative PCR (RT-qPCR)
that hss transcript was present even in nodules of Cytisus scoparius, a species not producing
PAs. For Laburnum x watereri ‘Vossii’, a species described to produce PAs and QAs, two
sites (nodules and pods) were identified containing hss transcript. To locate the cells
expressing HSS, polyclonal antibodies against the HSS of C. spectabilis were produced and
used for the tissue-specific immunolocalization within the root-nodules of C. spectabilis
and L. x watereri ‘Vossii’. The nodule parenchyma cells and the nodule endodermis were
identified as sites of HSS expression in C. spectabilis. Due to the high sequence identity of
the two HSS of C. spectabilis and L. x watereri ‘Vossii’, the polyclonal antibodies were also
used to localize HSS in nodules of L. x watereri ‘Vossii’ again in the nodule parenchyma cells.
For further studies regarding nodule dependency for PAs in L. x watereri ‘Vossii’, PAs were
extracted from in vitro grown infected and non-infected plants. In total four known PAs,
(-)-trachelanthamidine or its enantiomer (+)-laburnine, (-)-isoretronecanol, (-)-
turneforcidine and chysin A, and one unknown PA were found. The mass spectra of the
unknown PA suggest a necine base of the trachelanthamidine-type as its core structure.
Surprisingly, the PAs were not restricted to nodule developing plants, since all non-
nodulated plants contained PAs. Thus, the regulation of PA biosynthesis in L. x watereri
‘Vossii’ appears to be quite different than in C. spectabilis where the biosynthesis of PAs

depends on nodulation.
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5.2 INTRODUCTION

Pyrrolizidine alkaloids (PAs) are secondary metabolites produced by some plants within the
angiosperms as toxins for protection against herbivores. They consist of a nitrogen-
containing bicyclic ring system, the necine base, that can be esterified with one or more
necine acids (Hartmann and Toppel 1987; Hartmann and Witte 1995; Moll et al. 2002). This
results in over 400 already known compounds which are widely distributed in the plant
families Asteraceae (Senecioneae and Eupatorieae), Boraginaceae, Orchidaceae,
Convolvulaceae, Poaceae and in some genera of the Apocynaceae (Hartmann and Witte
1995; Jenett-Siems et al. 2005; Reimann et al. 2004; Kaltenegger et al. 2013). Within the
Fabaceae only the genera Crotalaria, Laburnum and a few species of Lotononis are
described as PA producers (Wink and Mohamed 2003; Wink 2013; Irmer et al. 2015;
Neuner-Jehle et al. 1965).

Predominantly present in the plant is the hydrophilic non-toxic form of PAs, the N-oxide,
which is storable and transportable. The toxic tertiary form causes cell toxicity and is
formed by the conversion of the ingested N-oxide by herbivores like insects or
invertebrates (Robins 1986; Frei et al. 1992; Lindigkeit et al. 1997). Only PAs with a double
bond at position (1,2) are bioactive and therefore toxic to organisms, while saturated PAs
are regarded as not bioactive and thus as non-toxic (Fu et al. 2004).

The first step in PA biosynthesis is catalyzed by the enzyme homospermidine synthase
(HSS), which is derived from duplications of the gene encoding deoxyhypusine synthase
(DHS) of primary metabolism, a scenario that occurred several times independently in the
PA-producing lineages within the plant kingdom (Hartmann and Ober 2000; Ober and
Kaltenegger 2009). While HSS lost the ability of binding the precursor protein elF5A
(eukaryotic initiation factor 5A), it evolved instead the activity to catalyze the synthesis of
homospermidine that serves as precursor for the necine base. The HSS transfers the 4-
aminobutyl moiety of spermidine to putrescine in an NAD*-depending reaction (Ober et al.
2003; Ober and Kaltenegger 2009).

The plant family of the Fabaceae is one of the largest plant families with more than 18 000
species (Kdss and Wink 1997). Various representatives within the Genistoid clade are

characterized by producing quinolizidine alkaloids (QAs) with the exception of some species
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belonging to the tribe Crotalarieae and one species belonging to the tribe Genisteae that
contain PAs (Wink 2013).

Crotalaria has a pantropical distribution with Africa as a core area, occurs in the form of
herbs or shrubs and is used as green manure, fiber or fodder (Sy et al. 2001; Fletcher et al.
2009). In C. spectabilis, the main PA is monocrotaline and within the study of (Irmer et al.
2015), hss transcript could have been only detected in root-nodules, considering PA
biosynthesis in Crotalaria as nodule dependent. However, Laburnum belongs to the tribe
Genisteae and is a popular ornamental plant in European gardens featuring both alkaloid
types (QAs and PAs) and develop root-nodules as well. So far, only non-toxic PAs, which
have a saturated necine base, have been described in Laburnum spec. (Neuner-Jehle et al.
1965; Schade and Jockusch 2018; Greinwald et al. 1990).

The symbiosis with free ground-dwelling nitrogen-fixing a-proteobacteria (so-called
rhizobia) is unique for legumes, which form root-nodules as additional organs only for
harboring their partner. The successful establishment of the symbiosis is based on the
exchange of chemical signals, whereby plants secrete flavones, which in turn lead to the
activation of nodulation genes (Nod) in bacteria. The three nod genes nodA, nodB, and
nodC control the synthesis of the core structure of lipochitooligosaccharides, so-called Nod
factors, and are present in all rhizobia (Sajnaga et al. 2001; Tan et al. 2001; Moulin et al.
2004).

The perception of these Nod factors leads to the reprogramming of root cells, which
ensures the entry of bacteria. Different mechanisms are described for rhizobia invading
plants roots, the probably best studied one is via root hair curling with formation of
infection tubes (Callaham and Torrey 1981; Gage 2004). The bacteria end up in the middle
of the nodule (infected zone) where they convert to their nitrogen-fixing form
(bacteroides). At this point they reduce atmospheric nitrogen to ammonia using the
enzyme complex nitrogenase (Bergersen and Goodchild 1973; Ferguson et al. 2010; Sy et
al. 2001). In exchange, the host supplies the symbiont with carbon compounds (Brear et al.

2013).

In this study, the focus was on the first specific enzyme, HSS, of PA biosynthesis and the

influence of nodulation. It was hypothesized that in L. x watereri ‘Vossii’ (PA and QA
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producer) as well as in three QA producing species of the Genisteae (Cytisus scoparius,
Spartium junceum, and Ulex europaeus) hss might be under nodulation control. For this
purpose, RT-qPCRs of different tissues were performed for hss. Furthermore, in vitro grown
infected (nodulated) with non-infected (lacking nodules) L. x watereri ‘Vossii’ plants were
analytically compared for the presence of PAs. For tissue localization of the HSS enzyme
within nodules, antibodies against the HSS of C. spectabilis were prepared, purified, and

tried in nodule tissue sections of both C. spectabilis and L. x watereri ‘Vossii’ for labeling.
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5.3 RESULTS
5.3.1 Identification of putative hss, dhs and housekeeping genes in L. x watereri
’Vossii’ and selected non-PA producing Genisteae
To investigate the transcript levels of dhs and hss in different tissues and under different
conditions (nodulated vs. non-nodulated) using RT-qPCR, the respective transcript
sequences were identified. We used partial genomic sequences containing the start-ATG
and with known exon/intron interfaces of HSS and DHS from L. x watereri ‘Vossii’, Cytisus
scoparius, Spartium junceum, and Ulex europaeus that have previously identified (Milewski
and Ober, unpublished). Amplification strategy and primers used are listed in Supplemental
Table S2. For the DHS and HSS of L. x watereri ‘Vossii’, as well as the HSS of C. scoparius, 3'-
ends were amplified using the rapid amplification of cDNA ends (RACE) strategy. The
obtained cDNA amplificat for the DHS of L. x watereri ‘Vossii” was 1524 bp long and
included the ORF with 1116 bp and the 3'UTR with 408 bp. Amplifying the 3-end of HSS of
L. x watereri ‘Vossii’ on cDNA level was at first associated with difficulties. Two approaches
with internal located forward oriented primers were used in combination with P25
(Oligoam)) and lead to the successful amplification of the two cDNAs (1288 bp and 622 bp)
in which both included the sequence information about the so far unknown ending of the
ORF and the 262 bp long 3'UTR. The newly obtained sequence information for the ending
part of the ORF of L. x watereri ‘Vossii” HSS was used to verify the complete ORF in one
piece and was in total 1098 bp long. For C. scoparius a completion of the ORF (known till
Exon 8) and the amplification of the 3’UTR (213 bp) was successful. For the HSS of
S. junceum and U. europaeus, no amplicon could be obtained on cDNA basis, giving a hint
that in these two species the hss gene might not be transcribed. Nevertheless, to be able
to perform RT-gPCR analysis, the known gDNA sequences were used for primer design.
The housekeeping genes efla and ubiquitin for L. x watereri ‘Vossii’ have been amplified
previously (chapter B).
Due to the close relationship between L. x watereri ‘Vossii’, C. scoparius, S. junceum and
U. europaeus, the housekeeping gene forward primers for efla and ubiquitin of
L. x watereri ‘Vossii’ were used to amplify the 3’ends in C. scoparius, S. junceum, and
U. europaeus. The combination of primers P3/P25 (Supplemental Table S2) resulted in the

successful amplification of the 3’ends of the efla transcript of C. scoparius (450 bp),
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S. junceum (541 bp), and U. europaeus (483 bp), whereas amplification of the 3’ends of
ubiquitin failed in all three species. Subsequently, the RT-gPCR primers P1/P2 for ubiquitin
and P3/P4 for efla of L. x watereri ‘Vossii’ were used in C. scoparius, S. junceum and
U. europaeus to test for potential specific binding. Here, gDNA was used as template to
assure that the primers are not binding at an exon/intron interface, because otherwise no
transcript could be amplified on cDNA level in the RT-gPCR analysis. The PCR showed
specific bands for both investigated reference genes in each species (Figurel), additionally
cloning and sequencing confirmed the identity. Thus, for C. scoparius, S. junceum and
U. europaeus, no new housekeeping gene primers were designed for RT-gqPCR, but those

from L. x watereri ‘Vossii’ were used.

efla ubiquitin
gDNA cDNA H,0 gDNA cDNA H,0

M Cys Sj Ue PC NC:iCys Sj Ue PC NC  [bp]
— w— 500
[E—— -
sl N L P

-~ .
B asasares e <

Figure 1. Tests of binding of the RT-qPCR primers of the two reference genes efla and ubiquitin of
L. x watereri ‘Vossii’ in the related species C. scoparius, S. junceum and U. europaeus of the tribe
Genisteae. Primers (P3/P4) were used to amplify the gene efla and (P1/P2) to amplify the gene
ubiquitin. PCR was implemented with GoTaqg DNA polymerase (Promega) and an annealing temperature
of 60°C. Resulting PCR products were separated on a 3% agarose gel. Arrow heads indicate the expected
product size of 109 bp for efla and 108 bp for ubiquitin according to the EFla-encoding cDNA of
L. x watereri 'Vossii’ that served as positive control. Cys, Cytisus scoparius gDNA; Sj, Spartium junceum
gDNA; Ue, Ulex europaeus gDNA; PC, positive control; NC, no-template control; M, DNA ladder
(GeneRuler 100 bp Plus DNA Ladder, Thermo Scientific); bp, base pair.
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5.3.2 Levels of hss transcript are restricted to nodules and pods in L. x watereri
’Vossii’

To investigate the influence of nodulation on PA biosynthesis in L. x watereri ‘Vossii’, RT-
gPCR analyses were performed with tissues of field grown plants and of nodulated and
non-nodulated plants grown in vitro. cDNA of leaves, buds, pods, flowers, roots and
nodules were used to quantify the transcript level of hss and in comparison, to that of the
dhs gene using ubiquitin and efla as reference genes.

While the transcript of dhs was present in all tissues relatively consistently at low levels (up
to 3.5 % in relation to ubiquitin), hss transcript was detected almost exclusively in nodules
with up to 500 % in relation to ubiquitin. Moreover, hss transcript was also detected in the
pods at extremely low intensity with about 1 % in relation to ubiquitin (Figure 2). To exclude
unspecific binding of primers resulting in a false amplificat, the PCR product was applied to
a gel showing clear bands (Figure 3) and subsequently sequenced for verification. Here, the
evaluation of the sequence confirmed that the found transcript within the pods is
equivalent to hss. This suggests that besides the nodules as the main tissue for hss
transcription, a second tissue exist. Infected and non-infected in vitro grown plants show
almost exclusively hss transcript in the nodules of infected plants with up to 300 % in
relation to ubiquitin, except for Plant5+ (Figure 4A). Plant5+ possess nodules and contain
additionally to the nodules also low hss transcript (about 0.3 % in relation to ubiquitin) in
the investigated smaller appearing leaf. The small sporadic detected hss transcript within
roots of nodulated plants are very likely ascribable to residues of detached nodules.
Nevertheless, none of the investigated non-infected plants, which lack nodules, contained
any hss transcript. Again, for comparison the dhs transcript was examined, as before in
tissues of the field grown plant, and was present with a constant value (about 0.5 % to 7 %
in relation to ubiquitin) in all tissues of in vitro grown plants (Figure 4B). Early investigated
stages, i.e., germ buds, where free of hss transcript but contained about 1 % transcript of
dhs in relation to ubiquitin (Figure 4C). Comparable results regarding the transcript levels
of hss and dhs in the investigated tissues of infield grown as well invitro grown
L. x watereri ‘Vossii’ were achieved with the reference gene efla and are shown in the

Supplemental Figure S4.
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Figure 2. Transcript level of the genes hss and dhs (22T relative transcript level of the respective target
gene in relation to the housekeeping gene ubiquitin [%]) in various tissues (sampled at different
seasons every time around 5 p.m.) of L. x watereri ’Vossii’ grown in the Botanical Garden, Kiel (A - D)
and in Molfsee (E), Germany. A Sampling 1 (harvested April 25, 2019): 1 = nodules; 2 = root; 3 = leaf
bud; 4 = leaves of flower bud; 5 = young flower. B Sampling 2 (harvested May 14" 2019): 1 = ynevolved
leaves; 2 = petioles; 3 = leaf; 4 = mature leaf; 5 = petiole; 6 = unripened inflorescence; 7 = green enclosed
flowers; 8 = green enclosed flower buds; 9 = single open flower; 10 = petioles; 11 = root; 12 = nodules;
13 = petioles. C Sampling 3 (harvested May 27t 291%): 1 = unevolved leaf; 2 = mature leaf; 3 = mature
leaf; 4 = single open flower; 5 = root; 6 = nodules. D Sampling 4 (harvested June 27™ 2019): 1 = mature
leaves; 2 = mature leaf; 3 = green seedpod; 4 = two green seedpods; 5 = root; 6 = nodules. E Sampling 5
(harvested April 10™, 2019): 1 = leaf; 2 = green inflorescence; 3 = leaves. F hss transcript level. G dhs
transcript level. S= sampling; n=1 (tested in three technical replicates).

[bp] M 1 2 3 4 PC NC

_—mew -

Figure 3. Verification of the transcript, amplified from RT-gPCR, for hss in immature pods of sampling
S 4in L. x watereri ’Vossii’. The two samples for immature pods show a positive signal for hss with the
right size. For confirmation, the PCR products were additionally sequenced. Arrowhead indicates the
expected product size of 142 bp. 1, mature leaves; 2, mature leaf; 3, green seedpod; 4, two green
seedpods; PC, positive control (cDNA nodule); NC, no-template control; M, DNA ladder (GeneRuler
100 bp Plus DNA Ladder, Thermo Scientific); bp, base pair; gDNA, genomic DNA.
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Figure 4. Transcript level of hss and dhs (22 relative transcript level of the target gene in relation to
the reference gene ubiquitin [%]) in various tissues of in vitro grown non-infected (lacking nodules)
and infected (nodule possessing) L. x watereri ’Vossii’. A hss transcript level. B dhs transcript level.
C dhs and hss transcript level in non-infected germ buds. Plant 1°: 2 months; Plant 27: 7 months; Plant 3*:
3 months; Plant 4*: 10 months; Plant 5*: 11 months; Plant 6*: 14 months. L = leaf; N = nodule; R = root;
S = stem; SL = smaller appearing leaf; 1 = complete germ bud; 2 and 3 = analyzed only black circled
leaves; - = non-infected plant; + = infected plant; n=1 (tested in three technical replicates).
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5.3.3 The first specific enzyme in PA biosynthesis — HSS — is expressed in the
parenchyma of C. spectabilis and L. x watereri ’Vossii’ root-nodules

In both Fabaceae, Crotalaria spectabilis and Laburnum x watereri ’Vossii’, the hss transcript

was previously detected via RT-qPCR almost exclusively in the nodules. Subsequently, the

HSS protein of C. spectabilis was heterologously expressed in E. coli, affinity-purified, and

used for polyclonal antibody production.

infected zone | meristem

l nodule endodermis |

nodule — . hodule parenchyma
.| vascular bundle
cortex
root __

L. ™. | central vascular bundle
i of the root

Figure 5. Longitudinal section of an indetermined root nodule of C. spectabilis with vascular bundle
ensuing from the central cylinder of the root. To locate the cells of HSS expression, sections were
treated with a first (HSS) and second antibody (Alexa Fluor 488) A Phase contrast exposure.
B Schematic nodule structure. C Same section as A shows green labeled cells within the nodule
parenchyma indicating HSS expression. D Detail of picture C with labelled cells surrounding a vascular
bundle with unlabeled cells. C, cortex; HSS, homospermidine synthase; 1Z, infected zone with
bacteroides; NP, nodule parenchyma; R, root; VB, vascular bundle.
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Both species form indeterminate nodules, which means that the infected zone with the
bacteria is located inside and is surrounded by the nodule parenchyma in which the
vascular bundles occur unevenly netlike distributed. The nodule parenchyma is enclosed
by a thin nodule endodermis and the cortex to the outside. The nodule arises from dividing
root cells and remains attached to the root. At the spire, a located meristem enables the
growth of elongated and branched appearing nodules (Figure 5B).

The recent RT-gPCR insights point out the nodules as the tissue with the highest hss
transcript. Therefore, only the nodules were initially investigated for the localization of the
HSS protein. Thin sections from different nodules of both C. spectabilis and L. x watereri
"Vossii’ were labeled with the specific antibodies against HSS of C. spectabilis. Different
sectioning planes were selected so that as many structures as possible come into view.
For C. spectabilis, a distinct immuno labeling could be detected in the nodule parenchyma
(Figure 5 and Figure 6A-C) with a used HSS antibody concentration of 0.0097 mg/ml.
Figure 5D shows an enlarged longitudinal section of the nodule that is shown in Figure 5C
with a clear green label in the cells of the nodule parenchyma where the HSS protein seems
to be localized. However, the vascular bundles which occur unregular distributed within
the nodule parenchyma are not labeled and thus indicating no HSS expression in these cells.
A second nodule shown in Figure 6 also shows a clear labeling around the infected zone
within the nodule parenchyma.

The HSS-encoding cDNA sequence of C. spectabilis and L. x watereri ’Vossii’ have a
sequence identity of 86.9 % on nucleotide and 87.2 % on amino acid level. For this reason,
the existing HSS antibody of C. spectabilis was tested in nodules of L. x watereri 'Vossii’,
too. Here, the HSS antibody of C. spectabilis seemed to be less sensitive since a
concentration of 0.0194 mg/ml proved to be a good detectable signal for the L. x watereri
"Vossii’ HSS. Figure 6D shows a longitudinal section of a L. x watereri ’Vossii’ nodule. The
outer brownish appearing cells are the terminating cortex cells. This is followed by a narrow
strip of smaller cells representing the endodermis. The signal in the nodule endodermis is
inconclusive to confirm HSS expression in these cells, whereas the following cells have a
green marking, which corresponds to the HSS localization in the nodule parenchyma of

C. spectabilis. The following densely packed cells are bacterioid cells of the infected zone.
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Figure 6. Thin longitudinal sections and a transverse section of different indetermined root nodules
from C. spectabilis (A-C) and L. x watereri ’Vossii’ (D). Sections were labeled with the first (HSS) and
second antibody (Alexa Fluor 488) to identify the responsible cells for HSS expression, which resulted
in a green signal exclusively in the nodule parenchyma cells and the nodule endodermis. A Full
depiction of a nodule longitudinal section that is still attached to the root. B Magnification of the section
shown in A. C Transverse section displaying the spire on the margin of the nodule just below the cortex
surface, where the infected zone could not be reached at this point. D Partial nodule section from the
middle part of a nodule. C, cortex; HSS, homospermidine synthase; 1Z, infected zone with bacteroides;
M, meristem; NE, nodule endodermis; NP, nodule parenchyma; R, root; VB, vascular bundle.
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5.3.4 Nodule free plants of L. x watereri ’Vossii’ contain several PAs

The parallels from L. x watereri ’Vossii’ to Crotalaria regarding the common occurrence of
the hss transcript almost exclusively in nodules as well as the labeling of the HSS protein
within the nodule parenchyma imply the possibility that plants of L. x watereri ’Vossii’ that
lack nodules should also be PA free. To verify the hypothesis that PA biosynthesis in
L. x watereri ‘Vossii’ is exclusively dependent on nodulation, infected and non-infected
plants were grown in vitro and then analyzed for the presence of PAs by GC-MS.

The following GC-MS analysis of PAs and the interpretation of the results were done by
E. Kaltenegger and the results then exchanged and discussed.

In total, 10 plants of different ages (2.5 to 14 months) were analyzed either completely
(plants 1 - 7) or subdivided before into their tissues (plants 9 - 12) (Figure 7; Supplemental
Table S3). Five saturated PAs were generally found ((-)-trachelanthamidine or the
enantiomer  (+)-laburnine, (-)-isoretronecanol, unknown necine base (PA),
(-)-turneforcidine and chysin A (Table 1). The exact distribution of PAs within each
individual and their tissues are listed in Supplemental Table S3. Due to their properties,
they behave differently on the GC-column, so that the extracts were measured
underivatized and derivatized with N-methyl-N-(trimethylsilyl)trifluoracetamide (MSTFA)
resulting in a trimethylsilyl-group (TMS) at freely accessible hydroxyl groups. While almost
exclusively chysin A was detected in the underivatized samples, the other four PAs only
became visible after derivatization. Therefore, the quantification of PAs within the plants
was based on the four PAs without chysin A and the PA concentration was given in
ug/individual fresh weight (Figure 7). The dispersion of the five detected PAs varies within
each tested individual and their tissues (Supplemental Table S3). Briefly, it was found that
(-)-turneforcidine and the unknown necine base (PA) were the most present PAs in all
individuals except in two leaves of plant 11 and plant 12. Chysin A was likewise detectable
with the exception of few tissues in plants 9, 10 and 12, but with a remarkable lower
concentration than (-)-turneforcidine and the unknown necine base (PA). The
stereoisomers (-)-trachelanthamidine (or the enantiomer (+)-laburnine) and (-)-
isoretronecanol were less common compared to the previously three stated PAs.
Nevertheless, (-)-trachelanthamidine was present in higher concentrations than (-)-

isoretronecanol. Surprisingly, PAs could be found in all investigated individuals (infected
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and non-infected) in either more or less amount ranging from 8.20 ug (Figure 7, Plant 6,
infected, 10 months) for infected and 8.86 pg (Figure 7, Plant 3, non-infected, 5 months)
for non-infected up to 480.95 ug for infected (Figure 7, Plant 10, infected, 11 months) and
410.05 pg (Figure 7, Plant 11, non-infected, 9 months) for non-infected in vitro grown
individuals per fresh weight. These results implicate that PA biosynthesis in L. x watereri
"Vossii’ might not depend on the formation of root-nodules.

The unknown necine base (PA) could not be assigned to a described PA by means of
retention index and mass spectrometry like the other four PAs (Table 1). However,
considering the mass spectrum (Figure 8C) and comparing this with the derivatized
(-)-turneforcicine-2xTMS (Figure 8A) and trachelanthamidine-1xTMS (Figure 8B) it shows
fragments (73; 82; 83; 110) of a necine base core structure (Figure 8D). Main mass
fragments are 73 (silyl-moiety indicating successful derivatization of the compound), 82
and 83 (decay fragments of the necine base core structure), 110 (suggesting cleavage of a
C4H110Si), 143 (is unassignable and could be specific for the unknown PA structure). Thus,
the necine base core structure could resemble the trachelanthamidine or its stereoisomers
(Figure 8B and 8C). A further indication are the total masses. The total masses of the
unknown PA (M 227, without 1xTMS M 155) and trachelanthamidine (M 213, without
1xTMS MU 141) show a mass difference of 12, which could correspond exactly to an
additional -CH2 molecule that is pictured in the derivatized side chain. Also, the absence of
the fragments 124 and 185 implies that the side chain of the unknown PA could contain
one more -CH2 molecule. The structure in question with the total mass of M 227 is

represented in the turquoise box with a question mark (Figure 8C).
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Total PA concentration in different
individuals of L. x watereri ’Vossii’

480

410 .
— —
120 {

100

80

60
40
20
0
12
=

Plant 1 2 3 11
Infection == ji-JL-
Age {months) 25 5

PA concentration in [pg/Idividual FW]

4

5 7
+ -
10

Figure 7. GC-MS analyses of PAs of in vitro grown infected (with fully developed nodules; +) and non-
infected (lacking nodules; -) L. x watereri *Vossii’ of different ages. The quantification of the total PA
amount per individual is based on the four PAs ((-)-trachelanthamidine or the enantiomer (+)-
laburnine, (-)-isoretronecanol, unknown necine base (PA) and (-)-turneforcidine). Plant 1 and 2, Ten
weeks non-infected plants; Plant 3, Five months non-infected plant; Plant 4, Ten months non-infected
plant; Plant 5 and 6, Ten months infected plants; Plant 7 and 10, Eleven months infected plants;
Plant 8, Fourteen months infected plant; Plant 9, Eleven months non-infected plant; Plant 11, Nine
months non-infected plant; Plant 12, Nine months infected plant; FW, fresh weight; scale bar, 1 cm;
n=1.
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Table 1. PAs detected within in vitro grown infected and non-infected L. x watereri ’Vossii’ plants. Retention indexes (RI) on TG-1MS column were compared with
literature (Ref.) for identification where the same column was used (Hartmann et al. 2005 2, Woldemichael and Wink 2002°). Samples were measured without and
with derivatization (- and + MSTFA). MS data are taken from the literature for the derivatized PAs and the non-derivatized chysin A. PA structures are shown as
derivatized form (+ TMS group) which has been added at the hydroxy group (-OH). Rl, Kovat’s retention index; M*, molecular ion; TMS, trimethylsilyl.

(-)-trachelanthamidine- (-)-isoretronecanol- unknown (-)-turneforcidine- chysin A
1XxTMS 1xTMS necine base- 2xTMS
1XTMS
CHj
O\ &
H ::/ e " Rl —0
T CHy M=s—, O si— ©
H;C -
S CHs
N
Alkaloid or N N
(+)-laburnine-1xTMS )
(o]
H \Si/CH3
/ \CH3
HsC
N
RI
measured on TG-1MS?/ 1350%/13502 13801/13772 14211/ ?2 15791/15692 12951/12832
compared to Ref.?
M* 213 213 227 301 169
MS data: characteristic 213(27), 212(14), 198(24), 213(25), 212(14), 198(21), 301(7), 286(10), 212(4), 211(17), 169(35), 154(8),
ions m/z 185(27), 124(12), 122(13), 185(27), 110(23), 84(19), 187(3), 186(9), 185(74), 83(5), 138(21), 119(13),
(% relative abundance) 110(23), 84(19), 83(100), 83(100), 82(38), 73(14), 82(100), 73(15) 83(100), 82(68),
82(36) 55(13) 70(13), 55(44),
42(14)
Ref. a b
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Figure 8. Mass spectra of three out of the five found PAs in infected (nodule possessing) and non-
infected (nodule lacking) invitro grown L.x watereri ’Vossii’. A (-)-turneforcidine-2xTMS.
B (-)-trachelanthamidine or its enantiomer (+)-trachelanthamidine (laburnine). C Unknown necine base.
D Necine base core structure and possible resulting mass fragments with their corresponding mass. TMS,
trimethylsilyl-group.
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5.3.5 Level of hss transcript was detectable in nodules of a non-PA producing plant

After Crotalaria, L. x watereri ’Vossii’ is the second species in which the first specific enzyme
(HSS) for the production of PAs was shown to be primarily nodule dependent. This raised
the question of whether non-PA-producing Genisteae also have a hss transcript in nodules,
since they have an encoding HSS gene in their genomes with the same suspected origin as
C. spectabilis (unpublished Milewski and Ober). For this purpose, the non-PA producing
species C. scoparius, S. junceum and U. europaeus were investigated. For this purpose, RT-
gPCR was performed to investigate the transcripts of hss and dhs in comparison to the
reference genes ubiquitin (Figure 9) and efla (Supplemental Figure S3). Leaves, roots and
nodules were examined in each species. In all tissues, the dhs was distinct detectable.
Whereas the hss transcript could be found exclusively in the nodules of C. scoparius. In both
S. junceum and U. europaeus, no hss transcript was present in any of the analyzed tissues.
Surprisingly the amount of hss transcript is notable lower compared to the dhs transcript
in nodules of C. scoparius, whereas a large distinction between hss and dhs transcript were

detected in the nodules of L. x watereri Vossii’ (Figure 2 and Figure 4).
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Figure 9. Transcript level of hss and dhs (22T relative transcript level of the target gene in relation to
the housekeeping gene ubiquitin [%]) in various tissues of the three species C. scoparius, S. junceum
and U. europaeus of the Genisteae grown in the botanical garden Kiel. Cys, Cytisus scoparius; Sj,
Spartium junceum; Ue, Ulex europaeus; YL, young leaf; ML, mature leaf; R, root; N, nodule; n=1 (tested
in three technical replicates).

=
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5.4 DISCUSSION

5.4.1 The origin of an HSS copy in the Genistoids

HSS arose several times independently by duplication of the gene encoding DHS and is
considered to be the first pathway-specific enzyme in PA biosynthesis (Hartmann and Witte
1995; Ober et al. 2003; Kaltenegger et al. 2013; Irmer et al. 2015). In C. spectabilis, PA
biosynthesis is nodule-dependent, since the hss transcript was detected exclusively in
nodules and nodule-free plants lacked PAs (Irmer et al. 2015). In this study, we identified
additional species, L. x watereri 'Vossii’ and C. scoparius, with hss transcripts in the nodule.
For L. x watereri "Vossii’ which contains both, PAs as well as QAs, even two sites with hss
transcript could be identified, whereas the nodule immensely stood out containing the
highest amount of hss transcript level compared to the pods. A comparison of the
sequences of DHS and HSS of C. spectabilis with those of L. x watereri Vossii’ showed high
similarities on nucleotide level which may indicate a common origin of HSS in these two
species. Also, the HSS localization within the nodule parenchyma in both C. spectabilis and
L. x watereri ‘Vossii’ give hints about HSS evolution and the feasible involvement in PA
biosynthesis. In addition to the just mentioned general similarities on nucleotide level,
L. x watereri ’Vossii’ HSS sequence also exhibited a “HSS motif” on amino acid level
(VRAMD; position 265-269 in exon 6/7) that has been described very detailed in species of
the Convolvulaceae and which seems to be important for the HSS function (Kaltenegger et
al. 2013).

Most representatives of the Genistoid clade are QA producers and thus not dependent on
an HSS. In some species however, an HSS copy could be found on the genomic level
(Milewski and Ober, unpublished), which suggests a gene duplication within the lineages
from a common ancestor. Nevertheless, the found hss genes on genomic level can be
pseudogenes which will not be transcribed and then translated into a functional protein.
While for S. junceum and U. europaeus no hss transcript could be found, for C. scoparius a
hss transcript was detected exclusively in the nodules of the investigated tissues. This
finding is consistent with C. spectabilis and L. x watereri ‘Vossii were hss transcript was
almost restricted to the nodules. Reasons why no hss transcript could be detected for
S. junceum and U. europaeus at all in any investigated tissue are possibly due to not

successful functioning PCRs. However, since every amplification worked for dhs and the
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two reference genes in all three species, it is possible that just no hss transcript was
present. S. junceum contain in exon 2 already an early STOP Codon, whereby no translation
of the full sequence can be implemented. Whereas U. europaeus shows no abnormalities
on genomic DNA that translation might not take place (Milewski and Ober, unpublished).
C. scoparius, S. junceum and U. europaeus are described as QA producers (Greinwald et al.
1990; Gresser et al. 1996; Hornoy et al. 2012). Further studies on other species of this group
are needed to understand when the hss arose, how and why it came under "nodule control"
and whether it has been inactivated over time in some species. An answer to all these
questions could be that the QAs have already acquired an optimized function in
herbivorous defense and thus, there has been no selection pressure in the other species to

refine the PA biosynthetic pathway.

5.4.2 L. x watereri’Vossii’ has two sites for the synthesis of homospermidine via HSS
For a long time it was assumed that only one site exists for the synthesis of PAs in plants
(Moll et al. 2002), but for Symphytum officinale (Boraginaceae) (Niemdiller et al. 2012; Kruse
et al. 2017) and the Phalaenopsis hybrids (Orchidaceae) (Anke et al. 2008) two sites were
reported to be involved in PA biosynthesis. The two sites of PA synthesis in S. officinale are
roots and young leaves under the inflorescence while within Phalaenopsis hybrids root tips
and young flower buds are the two PA producing sites. For the Fabaceae C. spectabilis,
Irmer et al. (2015) provided evidence that there is just one site for PA production since the
hss transcript was exclusively detected in the nodules. In this study the authors also
described the generation of PA free plants by cultivating C. spectabilis in vitro in the
absence of rhizobia. However, the only analyzed tissues of plants cultivated under these
conditions, have been leaves, shoots, roots, and nodules. Therefore, it remains open
whether there might be additional sites for PA production in Crotalaria like flower buds,
open flowers, or developing fruits. This initially led to the hypothesis that PA biosynthesis
is also linked to nodules in L. x watereri 'Vossii’. The first studies on invitro grown
L. x watereri ‘Vossii’ clearly showed hss transcript in the nodules. Subsequently, antibodies
targeting HSS in C. spectabilis were also tested in L. x watereri 'Vossii’. For both species, the
HSS was localized within the same nodule tissue, the nodule parenchyma, supporting the

previous assumption that the two species have at least one identical site of PA biosynthesis.
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It has been hypothesized that the proximity of HSS expressing cells to vascular bundles
might be of importance for the transportation of PAs within the plant, since the phloem
has been shown to be the transporting tissue for PAs in Senecio vernalis and for QAs in
Lupinus albus and Lupinus angustifolius (Sander and Hartmann 1989; Lee et al. 2007). In
this study the proximity of HSS expressing cells to the vascular bundles creates the
impression that it might have the same mission for transporting the PAs within
C. spectabilis and L. x watereri ’Vossii’. Further research is needed to prove this assumption.
Surprisingly, further studies on infield grown L. x watereri 'Vossii’ showed pods and with
exception one leaf as further sites with present hss transcript in addition to nodules.
Considering PAs being an important factor in the plants defense (Hartmann and Ober
2000), multiple sites for production are advantageous to ensure sufficient protection.
Comparing other biosynthetic pathways for secondary metabolites like the one for QAs,
different tissues are stated to be involved in the biosynthesis. Here the first enzyme a lysine
decarboxylase is present in all chloroplastic associated tissues such as leaves and shoots
(Bunsupa et al. 2012a; chapter B). Nevertheless, the last step in QA biosynthesis is
described to take place in different tissues (roots and hypocotyls) and is catalyzed by an

O-tigloyltransferase (Okada et al. 2005).

5.4.3 Nodules are not necessary for the production of PAs in L. x watereri ’Vossii’
Following earlier findings in C. spectabilis, it has been hypothesized that PA biosynthesis
may also be nodule-dependent in the Fabaceae L. x watereri 'Vossii’. Analytical studies
regarding the occurrence of PAs in infected (nodule possessing) and non-infected (nodule
lacking) in vitro grown L. x watereri ’Vossii’ plants clearly showed a nodule-independent
biosynthesis of PAs. Infected plants with developed nodules as well as non-infected plants
without nodules of different ages contained PAs. There are two scenarios that could explain
the occurrence of PAs in plants not expressing HSS:

First, transcription and translation of hss/HSS might be switched on at other time points
than those that have been investigated in this study. Different developmental stages
especially of leaves in L. x watereri 'Vossii' could provide unexpected outcomes, since one
single leaf (Figure 4 A) of in vitro grown L. x watereri 'Vossii’ showed very low hss transcript

levels. Compared to the hss transcript in nodules and pods, the leaves did not appear to be
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a potential site. However, now that it has been shown that non-infected L. x watereri
‘Vossii’ contain PAs, further investigations of different leaves for the presence of hss
transcript could provide deeper insight if leaves are an actual tissue for homospermidine
production via HSS.

The second possibility is that the DHS may have a good HSS activity. The main function of
DHS is the activation of the elF5A precursor protein and shows the homospermidine
production only as side activity (Park et al. 1997; Ober et al. 2003). After gene duplication,
the HSS maintained the former side activity to synthesize homospermidine as main activity
and lost the ability to bind the elF5A precursor protein (Ober and Hartmann 1999b).
Examination of the activities from the L. x watereri 'Vossii’ DHS and HSS by heterologous
expression with subsequent activity assays could provide a deeper insight. The DHS is a vital
primary metabolic enzyme for the plant and ubiquitously found in all tissues (Irmer et al.
2015; Kruse et al. 2017; Park et al. 2010). Therefore, homospermidine might be available
in other organs as well of L. x watereri "Vossii’ and would provide in this way a basis for a
possible biosynthesis of PAs.

Aside from that the question arises why L. x watereri 'Vossii’ possesses a hss transcript in
nodules although there are no indications that nodulated plants contain more PAs than
non-nodulated ones. A possibility is that the hss has another yet unknown function within
this plant or is only a relic of the PA producing ancestor. This might be also the case for the
present hss transcript in the PA free plant C. scoparius. This phenomenon of plants being
PA free but come up with an HSS-like sequence has been reported in earlier studies.
Especially in species within the Convolvulaceae gain and loss of HSS-like sequences are
reported to be associated with sporadic occurrence of PAs (Ober and Kaltenegger 2009).
Here, the species Ipomoea purpurea and Convolvulus tricolor do not produce PAs but still
possess a hss gene on genomic DNA with indications for pseudogenization like it is as well
assumed for S.junceum from this study. However, in the PA free Convolvulaceae
Ipomoea alba a functional HSS-like sequence was found on genomic DNA as well as on
transcription basis.

To clarify whether HSS is involved in the PA biosynthesis of L. x watereri ‘Vossii’ assuredly,
in vitro grown plants should be transformed by carrying a CRISPR/Cas9 construct for

targeting the hss gene to create knockout mutants.
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5.4.4 Speculative structure of the found unknown necine base

First descriptions of PAs detected in Laburnum anagyroides date back to the 1950s. In that
study, QAs like cytisine and methylcytisine as well as exclusively saturated PAs like
platynecine, laburnine and laburnamine were described (Galinovsky et al. 1949; Neuner-
Jehle et al. 1965). Within the genus Laburnum there are two known hybrids: L. watereri
(L. anagyroides x L. alpinum) and Laburnocytisus adamii (L. anagyroides x Cytisus
purpureus). For both hybrids little is known about their alkaloid patterns. The latter one
contains 14 alkaloids, mostly QAs (main QAs were cytisine, N-methylcytisine and anagyrine)
but also pipiperidyl alkaloids and only one PA (the laburnamine) which represents a mix of
the two crossed species and corresponds with some of the above mentioned alkaloids in
L. anagyroides (Greinwald et al. 1991).

The coincident occurrence of both alkaloid types within one species (QA and PA) is rare.
Another species that has both QAs and PAs is Osyris alba L. from the family Santalaceae
(Woldemichael and Wink 2002). In contrast to Laburnum spec., this plant shows a more
complex pattern of both alkaloid classes. Despite the great diversity of QAs and PAs
together in Laburnocytisus adamii and O. alba L. our unknown PA from this study in
L. x watereri ’Vossii’ cannot be identified by comparing the mentioned mass spectra.

The unknown PA shows typical fragments of a PA core structure. The assumption that it
could be a loline alkaloid with a similar core structure can be excluded by the fragment
pattern. The main fragment of the loline alkaloids is 82, while 83 (which has our unknown
necine base) is completely absent (Justus et al. 1997). The described laburnamine does not
fit as possible structure has for the unknown PA, since the side chain is connected via an
additional nitrogen not oxygen, thus the total mass of the laburnamine molecule
(C12H22N20) would be too large.

However, the substrate specificity of the HSS of L. x watereri 'Vossii’ could provide further
insight here. Quite recently a HSS of Ipomoea alba was described to accept just as well
cadavarine as a substrate (Prakashrao et al. 2022). In this catalytic step, not a 4-aminobutyl
residue is transferred from spermidine as usually described (Ober et al. 2003; Ober and
Kaltenegger 2009), but an 5-aminopentyl residue from cadavarine to putrescine. If this
product (4-aminobutyl-5-aminopentyl-amine) would be accepted by further enzymes of PA

biosynthesis, a side chain could be formed with one -CH2 (mass increment of 12) more than
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in trachelanthamidine. Further studies are needed to investigate the activity of the HSS and
DHS of L. x watereri ‘Vossii’ which could lead to more knowledge how PA biosynthesis
works in this species. Especially to test the ability of HSS to accept cadaverine to catalyze
4-aminobutyl-5-aminopentyl-amine, since L. x watereri ’Vossii’ is one of the species in
which PAs and QAs coexists, it has the necessary cadaverine, which is catalyzed by the first

specific enzyme of QA biosynthesis (Bunsupa et al. 2012a), a lysine decarboxylase.
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5.5 MATERIAL AND METHODS

5.5.1 Plant material and culturing
Cultivation of L. x watereri 'Vossii’ and C. spectabilis in vitro plants were processed as
described in Chapter A and Chapter B of this study. The investigated species C. scoparius,

S. junceum and U. europaeus were grown in the field in Kiel Botanic Gardens.

5.5.2 Preparation and affinity purification of polyclonal antibodies

Polyclonal antibodies against the HSS of C. spectabilis have been prepared previously
(Jacky 2015). Briefly, heterologous expression of HSS of C. spectabilis was implemented as
described in Irmer et al. (2015). Purified recombinant HSS protein was freeze dried and
1 mg was used to produce polyclonal antibodies by immunization of rabbits by
bj-diagnostik GmbH (Go6ttingen, Germany). Two injections were carried out, first with
500 pyg and the second with 250 pg. For affinity purification of the antibody, 1 mg of
purified recombinant HSS was coupled to CNBr-activated Sepharose™ 4B (GE Healthcare),
according to the manufacturer’s protocol. Removing of lipids from the serum was achieved
by filtration over fiberglass before incubation of the serum with the matrix for 17 h at room
temperature under constant shaking to guarantee a sufficient antigen-antibody binding.
Following this, the matrix was washed with 0.1 M sodium acetate containing 0.5 M NaCl
(pH 4.8) and eluted with 0.2 M sodium acetate containing 0.5 M NaCl (pH 2.5). The purified
antibodies were rebuffered in 1.5 M Tris/HCI (pH 8.8), concentrated, mixed with 0.02%

(m/v) sodium azide (NaNs) and stored at -80°C until further use.

5.5.3 Immuno histochemical localization

For the immunohistochemical detection of HSS of C. spectabilis and L. x watereri ‘Vossii’
different stages of nodules were harvested, and some larger nodules were already partly
divided into smaller pieces since complete fixation of bigger nodules have been difficult.
Fixation was executed as described by (Anke et al. 2004) for 2 h on ice under reduced
pressure (0.3 bar). Subsequently, fixated tissues were washed twice for 5 min with 1x PBS
(8 g/INaCl, 0.2 g/I KCl, 1.44 g/l NazHPOQ4, 0.24 g/I KH,PO4), followed by an ascending alcohol
series (30%, 50%, 70%, 90% and 3 x 100%) each for 30 min. After dehydration, the sections

were embedded in Technovit 7100 resin (Kulzer) in four steps. First, sections were
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incubated for 60 min in Technovit 7100 and 100% ethanol (1:1), then for 60 min in pure
Technovit 7100 at 4°C. Afterwards, the sections were incubated overnight in hardener | +
Technovit 7100 [10 mg/ 1 ml] before final embedding (10 mg hardenerl/ 1 ml
Technovit 7100 mixed with 330 ul hardener Il). Samples were oriented and polymerization
took place overnight at room temperature. For microscopic analysis, embedded tissues
were cut to 4 um sections on a microtome (HM 355S, MICROM International GmbH,
Walldorf) and mounted on coated object slides (Thermo Scientific, Menzel Glaser
SuperFrost®Plus). Cut sections were washed at 37°C with 50 mM NH4Cl and 50 mM glycine
(20 min each) before blocking unspecific binding sites for 1 h at 37°C (1% BSA + 0.1% fish
gelatin in 1x PBS). Slices were washed with 1x PBS (3 x 5 min) and incubated with the
affinity-purified primary antibody specific for the HSS of C. spectabilis [4.858 mg/ml].
Therefore, 30-50 ul of diluted first antibody (dilution 1:500 for C. spectabilis resulting in
[0.0097 mg/ml] and dilution 1:250 for L. x watereri ‘Vossii’ resulting in [0.0194 mg/ml]) was
pipetted on each section and incubated overnight at 4°C. Washing steps with 1x PBS were
repeated three times for 10 min. To allow UV detection, a second antibody (goat anti-rabbit
AlexaFluor488, 1:100, Invitrogen) was applied onto the sections that were incubated for
1 h at 37°C under exclusion of light. Subsequently three washing steps each 15 min with 1x
PBS were executed, followed by one step with water. Air dried sections were covered with
mounting medium (ROTI®Mount FluorCare, Carl Roth, Germany), to reduce bleaching,
before microscopic analysis (Zeiss, Axioskop2plus linked with AxioCam HRc) using the

software AxioVision Release 4.8.2 for recording images.

5.5.4 Identification of putative dhs, hss and housekeeping genes in L. x watereri
‘Vossii’ and of further species of Genisteae
RNA extraction and cDNA synthesis are the same as described in chapter B. Identification
of housekeeping genes ubiquitin and efla on cDNA level was already performed for
L. x watereri ‘Vossii’ in chapter B. PCR conditions, cloning and sequencing for the
identifications of the encoding cDNAs of DHS and HSS of L. x watereri ‘Vossii’ are equal to
the identifications of encoding cDNAs of LDC and ODC of L. x watereri ‘Vossii’, and the two
lupins L. arboreus and L. polyphyllus (chapter B). Partial gDNA sequences of hss and dhs of

L. x watereri ‘Vossii’, C. scoparius, S.junceum and U. europaeus (Milewski and Ober
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unpublished) were used for completion and identification on cDNA basis. Housekeeping
genes ubiquitin and efla of C. scoparius, S. junceum and U. europaeus were amplified by
using realtime primers of L. x watereri ‘Vossii’ and Oligo(t) described in the results and

Supplemental Table S2.

5.5.5 Quantitative realtime PCR (RT-qPCR)

For analyses of the transcript levels of dhs and hss in L. x watereri ‘Vossii’, the same plants
and tissues were used as for the investigations of the transcript levels of /dc and odc
(chapter B). For C. scoparius, S. junceum and U. europaeus new samples were taken from
infield grown plants. Briefly, the extracted RNA was transcribed into cDNA and to exclude
cDNA contaminations with genomic DNA, “no-reverse-transcription” (-rt) control reactions
were set up for every sample (Supplemental Figure S1), except for infield grown
L. x watereri ‘Vossii’ samples (chapter B, Supplemental Figure S4 A). The considered
parameters for the design of real-time primers are described in chapter A. Due to the high
similarity of the cDNA encoding HSS and DHS, unspecific binding of these primers was
tested for L. x watereri ‘Vossii’ in control PCRs with plasmids, which contained HSS- and
DHS-coding sequences, as template (Supplemental Figure S2). For C. scoparius, S. junceum
and U. europaeus no plasmids with the corresponding cDNAs where available. The
specificity tests where therefore implemented via RT-gPCR and based on the resulting
melting curves. RT-gPCR tests were done in a Rotor-Gene® Q System (Qiagen, Hilden,
Germany) with the following RT-qPCR settings. In a total volume of 20 ul for each
amplification reaction: 10 pul GoTag® gPCR Master Mix (Promega), 0.125 pmol of each
primer, 4 uL RNAse-free water and 5 pL template cDNA. The applied template cDNA
depended on the yield of the respective sample and ranged from 3.75 ngto 12.5 ng. Cycling
conditions ensued by the two-step variant: one cycle 95°C for 2 min; 40 cycles with 95°C
for 15 s and 60°C for 60 s. Calculation of the relative transcript level (22¢T) of each gene of
interest (hss and dhs) was performed using the two reference genes ubiquitin (ubig) and
elongation factor 1-alpha (efla) (Schmittgen and Livak, 2008). Technical replicates (n=3)
were achieved due to pipetting three RT-gPCR runs of individual cDNA (n=1) for
determination the transcript level of each gene of interest. Evaluation and interpretation

of the results was done under consideration of resulting melting curves. In cases of
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ambiguity, PCR products were additionally checked on agarose gels and sequenced. Real-

time primer sequences are given in Supplemental Table S1.

5.5.6 PA analytics in L. x watereri ‘Vossii’

The same plants were checked for PAs as before for QAs. The same GC-MS device was used
as well as the already in chapter B described settings and temperature program for analysis.
Fresh plant material was collected and immediately frozen before ground. Weight of the
samples varied from 295 — 909 mg for total plants, and 40 — 400 mg for individual plant
organs. PAs were extracted following the protocol described by Kruse et al. (2017). 10 pg
heliotrine was added per 100 mg fresh weight as internal standard. For detection of PAs,
the samples were after first measurement in GC-MS additionally derivatized with N-methyl-
N-(trimethylsilyl)trifluoracetamide (MSTFA). Samples derivatization with MSTFA was
carried out by first evaporating the sample and then dissolving the residue in 50 ul MSTFA
and heated at 60°C for 30 min. The samples were evaporated again and resuspended in
30 ul methanol for the second measurement. Settings and temperature program remained
as used for the first measurement. Identification of detected PAs was done via comparison
of retention indices with the literature (Woldemichael and Wink 2002; Hartmann et al.

2005) and their MS pattern.
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5.6 SUPPLEMENTAL DATA

Supplemental Table S1. Sequences of primers and the expected product size for each investigated
gene of interest in RT-qPCR analysis for L. x watereri ’Vossii’, C.scoparius, S.junceum and
U. europaeus. Cys, Cytisus scoparius; Lxw, Laburnum x watereri ‘Vossii’; Sj, Spartium junceum; Ue, Ulex

europaeus.
Primer Sequence 5’ -> 3’ Product size
P1 UBQ forward (Lxw, Cys, Sj, Ue) GGAGGAATGCAGATCTTTGTGAAG 108 bp
P2 UBQ reverse (Lxw, Cys, Sj, Ue)  CTCCTTGTCCTGGATTTTTGCTTT
P3 EFla forward (Cys, Sj, Ue) GTGGTTGAAACTTTTGCCGAGTA 109 bp
P4 EFla reverse (Cys, Sj, Ue) TAGGATCCTTCTTCTCCACACTCT
P5 EFla forward2 (Lxw) TAAGGAGATGGAGAAGGAGCCC 132 bp
P6 EFla reverse2 (Lxw) TCTCTGACAGCAAAACGACCAA
P7 DHS forward (Lxw) CAACTATCGCTTTTCCTCTGCTT 120 bp
P8 DHS reverse (Lxw) GCAAGATCAACAGGACTAGAAAATGC
P9 DHS forward (Cys, Sj, Ue) GGGCTTAACGGATGGCTCATT 117 bp
P10  DHS reverse (Cys, Sj, Ue) GCATGTACAGCTTCACCATTCATG
P11  HSS forward (Lxw) GAATGAGGGAAATGAAAGTGGTGAT 142 bp
P12  HSSreverse (Lxw) CATGATAAGCTGAGGATAATCAACACC
P13  HSS forward (Cys) GCCAATAGAGATTTACTACCAATTGCAT 144 bp
P14  HSSreverse (Cys) GCCCTCACAATATGCAAGTTTTATTATGA
P15  HSS forward (S)) TCCAGGATTAACAGATGGGTCATTA 110 bp
P16  HSSreverse (Sj) CAACATCATCCATTGCCCTTACAT
P17  HSS forward (Ue) AGGATTAACAGATGGCTCATTAGGG 108 bp
P18  HSSreverse (Ue) ACTTCATCATCCATTGCCCTTACAT

Supplemental Table S2. Listed are primers, amplified product sizes, used tissues and the amplified
sequence part of hss’s, dhs’s and the reference genes (ubiquitin, efla) of L. x watereri ’Vossii’,
C. scoparius, S. junceum and U. europaeus. PCRs were performed with Phusion Hot Start polymerase
(Thermofisher Scientific) according due to the manufacture protocols. *Oligowr) conduced as reverse
primer for all 3’RACE amplifications.

Organism Gene Primer (5 -> 3) Amplified Amplified
Product Size/ Sequence
Tissue Part
dhs | P19-f (binds at Start-ORF) 1524 bp ORF + 3'UTR"
ATGAATTATACGGTAAAGGAAACAGCTAGTG cDNA leaf
hss | P20-f (binds in Exon 1) 1288 bp Internal
CTKGAAGGAAARTGYGCCAAG cDNA nodule fragment”
L x watereri ™ 1 "p21- D168 (binds in Exon 6) 622 bp 3RACE"
Vossii cDNA nodule
hss | P22-f (binds at Start-ORF) 1098 bp ORF
ATGAATGAGGGAAATGAAAGTGGTGA cDNA nodule
P23-r (binds at Stop-ORF)
TCAAGGTTTCACTCTTGTGGCAAAA
C. scoparius hss | P24-f (binds at intersection point Exon 6/7) 523 bp 3'RACE"
AGATGTAAGGGCAATGGATGATGA c¢DNA nodule
C. scoparius efla | P3 (Exon binding unknown) 450 bp (Cs)
S. junceum GTGGTTGAAACTTTTGCCGAGTA 541 bp (Sj) 3'RACE
U. europaeus 483 bp (Ue)
cDNA leaf each
* Oligowr) P25 GTCGACTCGAGAATTC(T)17
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Supplemental Figure S1. Tests of RNA used for reverse transcription and for gDNA contamination in
cDNA samples of invitro grown L. x watereri 'Vossii’ (A) and the three infield grown species
C. scoparius, S. junceum and U. europaeus of the tribe Genisteae (B). Agarose gel electrophoresis of
total RNA and PCR products resulting from RNA prepared without reverse transcription (-rt).
A Contamination of RNA with gDNA would result in a fragment of 109 bp as it is amplified by the primer
pair P3/P4 for efla in the positive control. Plant 1": 2 months; Plant 27: 7 months; Plant 3*: 3 months;
Plant 4*: 10 months; Plant 5*: 11 months; Plant 6*: 14 months. 1, complete germ bud; 2 and 3, germ
buds analyzed only leaves. B Contamination of RNA with gDNA would result in a fragment of 204 bp due
to an intron, that exist within the amplified area for the dhs gene with primer pair P9/P10. On cDNA
level the expected product size is 117 bp as shown in the positive control. PCRs were implemented with
GoTaq polymerase and annealing temperature of 60°C. Arrowhead indicates expected product as
mentioned, respectively. M, DNA ladder (GeneRuler 100 bp Plus DNA Ladder, Thermo Scientific);
bp, base pair; B, flower; Co, cotyledons; YL, young leaf; L, leaf; ML, mature leaf; R, root; S, stem;
SL, smaller appearing leaf; N, nodule; PC, positive control of leaf cDNAs; NC, no-template control.
*Labeled tissue cDNA was not used in RT-gPCR. RNA concentration of the mature leaf of C. scoparius as
well Plant 3* of L. x watereri ’Vossii’ was too low for both reverse transcription and performing an RNA

gel.
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Supplemental Figure S2. Specificity tests of the RT-qPCR primer pairs for homospermidine synthase
(hss) and deoxyhypusine synthase (dhs) of L. x watereri *Vossii’ for tissue specific analysis. Due to gene
duplication and high sequence similarity, unspecific binding of primers was tested through plasmid DNA
containing the respective genes. A Test of hss primer pair P9/P10 against hss and dhs plasmids as well
as cDNA of different tissues. B Test of dhs primer pair P5/P6 against hss and dhs plasmids. Arrow head
indicates expected PCR product size (hss = 142 bp; dhs = 120 bp) with GoTaqg polymerase and annealing
temperature of 60°C. L, ladder (GeneRuler 100 bp Plus DNA Ladder, Thermo Scientific); bp, base pair;
I, 25 ng of plasmid DNA; Il, 10 ng of plasmid DNA; Ill, 5 ng of plasmid DNA; IV, cDNA of a germ bud;
V, cDNA of leaf; VI, cDNA of nodule; NC, no-template control.

14
12

10

Genes
of
Interest
] dhs
I I I hss

Cys-YL Cys-ML Cys- Cys- Sj-YL  §-ML Sj-R Sj- Ue-YL Ue-ML Ue-

V\’/’MYO\M"*%%’?

Supplemental Figure S3. Transcript level of hss and dhs (22" relative transcript level of the target gene
in relation to the housekeeping gene efla [%]) in various tissues of the three species C. scoparius,
S.junceum and U. europaeus of the Genisteae grown in the botanical garden Kiel.
Cys, Cytisus scoparius; Sj, Spartium junceum; Ue, Ulex europaeus; YL, young leaf; ML, mature leaf; R,
root; N, nodule; n=1 (tested in three technical replicates).
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Supplemental Figure S4. Tissue-specific analysis of 22T relative transcript level of the target genes hss
and dhs in L. x watereri ’Vossii’. Various tissues of infield grown (plant with root-nodules) (A and B) and
in vitro grown infected (nodule possessing; +) and non-infected (lacking nodules; -) plants (C-E) were
analyzed by using the housekeeping gene efla as reference. A hss transcript level in tissues of infield
grown plants (sampling S1-S5). B dhs transcript level in tissues of infield grown plants (sampling S1-S5).
C dhs and hss transcript level in non-infected germ buds. D hss transcript level in tissues of in vitro grown
infected (+) and non-infected (-) plants with different age. E dhs transcript level in tissues of in vitro
grown infected (+) and non-infected (-) plants with different age. Sampling 1: 1 = nodules; 2 = root;
3 = leaf bud; 4 = leaves of flower bud; 5 = young flower. Sampling 2: 1 = unevolved leaves; 2 = petioles;
3 =leaf; 4 = mature leaf; 5 = petiole; 6 = unripened inflorescence; 7 = green enclosed flowers; 8 = green
enclosed flower buds; 9 = single open flower; 10 = petioles; 11 = root; 12 = nodules; 13 = petioles.
Sampling 3: 1 = unevolved leaf; 2 = mature leaf; 3 = mature leaf; 4 = single open flower; 5 = root;
6 = nodules. Sampling 4: 1 = mature leaves; 2 = mature leaf; 3 = green seedpod; 4 = two green seedpods;
5 =root; 6 = nodules. Sampling 5: 1 = leaf; 2 = green inflorescence; 3 = leaves. S1-S5 = sampling;
Plant 1: 2 months; Plant 27: 7 months; Plant 3*: 3 months; Plant 4*: 10 months; Plant 5*: 11 months;
Plant 6*: 14 months. L = leaf; N = nodule; R = root; S = stem; SL = smaller appearing leaf; 1 = complete
germ bud; 2 and 3 = analyzed only black circled leaves; n=1 (tested in three technical replicates).
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Supplemental Table S3. Detailed distribution of the detected PAs in the investigated infected (nodule
possessing) and non-infected (nodule lacking) in vitro grown plants of L. x watereri ‘Vossii’. For better
detection of PAs, derivatization with N-methyl-N-(trimethylsilyl)trifluoracetamide (MSTFA) resulted in a
trimethylsilyl-group (TMS) at accessible hydroxyl groups.

PA [pg/100mg] FW
Organism | Plant | Nodules Tissue (-)-Trachelanthamidine- | (-)-Isoretronecanol- | unknown necine | (-)-Turneforcidine- prm—
1xTMS 1xTMS base-1xTMS 2xTMS
1 - complete 0.411 0.086 0.996 1.589 0.279
2 oo complete 2.034 0.064 4.374 3.132 0.509
] i 3 - complete 0.473 6.573 1.087 1.381
L 9) 4 = complete 1.397 1.658 0.337
5 + complete 1.730 0.131 1.156 4513 0.385
6 + complete 0.589 0.716 0.468 0.166
7 + complete 3.585 0.177 1.063 2.309 0.297
8 + complete 1.764 0.039 0.493 0.459 0.101
= 9 - leaves 1.274 0.638 0.631
§ stem 2.595 5.726 0.575
?: roots 1.136 11.345
d 10 + leaves 22.323 2.134 1.542
g stem 69.997 4.013 40.397 186.715 1.646
i roots 53.367 92.482
ol nodules 14.178 20.172 51.882
11 — leaves 72.290 0.389
stem 56.350 15.636 1.033
roots 3.417 132.299 4.412 2.325
12 + leaves
stem 0.239 5.790 2.920
roots 5.707 2.536 5.333 0.313

nodules 145.997 8.334 43.072 1.702
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6.1 INITIAL POSITION AND GOAL SETTING

Copper-dependent amine oxidases (CuAOs) have been postulated for quite a long time to
be involved in PA biosynthesis (Bottcher et al. 1993; Frélich et al. 2007) and are described
playing a role in QA biosynthesis (Yang et al. 2017). Recently, studies in Heliotropium
indicum (Zakaria et al. 2022) and Crotalaria spectabilis (chapter A) proofed for the first time
the involvement of CuAOs in PA biosynthesis.

The Fabaceae Laburnum spec. is also a PA producing plant, consisting of PAs with no
1,2-double bound in the necine base (Neuner-Jehle et al. 1965). For the past years several
PA representatives have been investigated for the presence of the first specific enzyme
within PA biosynthesis, a homospermidine synthase (HSS) (Ober and Hartmann 1999b;
Ober et al. 2000; Reimann et al. 2004; Kaltenegger et al. 2013; Irmer et al. 2015). Within
this project (chapter C) reverse transcription quantitative PCR analyses (RT-gPCR) of
Laburnum x watereri ‘Vossii’ showed clearly the nodules as hss transcript-containing tissue
and additionally with minor detectable amounts the pods.

To investigate CuAOs as further enzymes that could be involved in the pathway of PAs, an
unassembled genome of L. anagyroides on NCBI (chapter C) was compared with the five
identified cuao sequences of C. spectabilis (chapter A). The identified sequence parts of the
five cuaos were then used to perform RT-qPCR analyses for the tissue determination of

their transcripts.

6.2 RESULTS

6.2.1 Sequence identification of five cuaos in L. x watereri ‘Vossii’

To identify potential cuaos in L. x watereri ‘Vossii’, the known five cuaos of C. spectabilis
were used for a comparison with a L. anagyroides genome on NCBI (Acc. No.
ERX147333/ERX147334). In this process, the five gene encoding cDNA sequence parts of
C. spectabilis CuAOs were compared with the sequence read archives (SRAs) of the
L. anagyroides genome. The identified reads of each CuAO for L. anagyroides were used for
primer construction. Subsequently, RNA was extracted from leaves and nodules of a field-
grown L. x watereri ‘Vossii’ plant and transcribed into cDNA. This cDNA served as template.

The following PCR-based strategy to extend the sequence information with primers build
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on the reads is listed in Supplemental Table S1. In total five cuaos partial sequences were
identified (1953 bp for cuao1, 1934 bp for cuao2, 1269 bp for cuao3, 2102 bp for cuao4 and
1938 bp for cuao5). For all five cuaos PCR products were purified, A-tailed and cloned. For
each cuao two positive clones were picked, sequenced and compared. In case for cuaol,
both clones were identical in their sequence information, except that clone-1 contained
additionally the 3’UTR (in total 1953 bp). The fragment with the primer pair FP1/RP1
resulted in 1742 bp and was equivalent to clone-2. It is possible that the remaining Oligo(a)
in the template cDNA, which was used before for reverse transcription, conduced as
reverse primer during the PCR. Because of this, not only the 3’UTR was amplified but also
the missing part starting from primer RP1 towards the end of the ORF, which is 211 bp long.
For cuao2, cuao3 and cuao4 the sequence parts do not include the complete ORF.
Nevertheless, in cuao4 it seems that only the stop codon is missing when comparing with
cuao4 from C. spectabilis. The identified sequence of cuao5 starts with ATG but the part
including the stop codon is missing, while for cuaol only the sequence information for the
start is missing. A complementation of the sequences within this study was time-wise not
any longer realizable. The identified sequences were sufficing for the phylogenetic

classification and performing RT-gPCR analyses.

6.2.2 Phylogenetic classification

Transcript sequences of 57 CuAO-like proteins were used for phylogenetic analysis to
classify the five identified CuAOs of L. x watereri ‘Vossii’. By using the Geneious software
package (Geneious Prime®, Biomatters, Ltd., Auckland, New Zealand) a sequence
alignment, based on nucleotide level, and the phylogenetic tree were obtained. The
Geneious Tree Builder consists of two settings: 1. pairwise alignment options for building a
distance matrix which includes the alignment type: global alignment with free end gaps and
the cost matrix: 65% similarity (5.0/-4.0). 2. tree builder options which includes the genetic
distance model: Tamura-Nei; the tree build method: Neighbor-Joining and the outgroup:
no outgroup. The origin of the used 57 CuAO sequences can be taken from the
Supplemental Table S2. Up to now, three main clusters exist in which the CuAOs from plants

are divided (Figure 1). Comparing the five partial cuaos sequences of L. x watereri ‘Vossii’
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Figure 1. Neighbor-joining tree of cDNA sequences encoding CuAOs of various species of the plant
kingdom. The CuAOs of L. x watereri ‘Vossii’ identified in this study are labeled in red. Red arrows point
to the two presumed CuAOs involved in PA biosynthesis in L. x watereri ‘Vossii’. Blue and black asterisks
label the CuAOs of the three species C. spectabilis, H. indicum and S. officinale that have been identified
recently as being involved in PA biosynthesis. Note that not all used nucleotide sequences contained the

whole ORF information (Supplemental Table S2).

on nucleotide level with known cuaos from PA-producing and non-PA-producing plants it
is conspicuous that the sequences of L. x watereri ‘Vossii’ and C. spectabilis always lie in
pairs close together. A closer look at the three existing clusters shows that cluster | stands
out by including the following CuAOs which have already been confirmed so far to be
involved in the biosynthesis of PAs: HiCuAO1 from Heliotropium indicum (Zakaria et al.

2022), SoCuAO1 and SoCuAOS5 from Symphytum officinale (Zakaria unpublished), as well as
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the two from Crotalaria spectabilis (CsCuAO1 and CsCuAQO5) (chapter A). The phylogeny
now shows that two of the identified CuAOs (LabCuAO1 and LabCuAO5) of L. x watereri
‘Vossii’ are also located in Cluster | and thus presume a similar function in terms of

involvement in PA biosynthesis.

6.2.3 Only one cuao is co-transcribed with hss in nodules

Since the first specific enzyme of PA biosynthesis (HSS) was almost exclusively detected in
the nodules of L. x watereri ‘Vossii’, the five identified cuaos of L. x watereri ‘Vossii’ were
investigated for co-transcription with hss via realtime quantitative PCR (RT-gPCR) in
different tissues, whereas nodules remained as most interesting tissue because of the high
level of hss transcript. The genes ubiquitin and efl1a were used as reference and have been
identified before (chapter B). The samples for RNA extraction, cDNA synthesis and PCR
conditions are the same as previously used for RT-qPCR for Idc, odc and hss, dhs (chapters B
and C). Primer specificity tests excluded unspecific binding between the five CuAOs
(Supplemental Figure S1). The used primers for RT-qPCR are listed in Supplemental
Table S3. For RT-gPCR analyses, the transcript level of five cuaos in different tissues of
infield grown (Figure 2) and in vitro grown (Figure 3) L. x watereri ‘Vossii’ were compared.
The analyses using ubiquitin and efla as reference genes showed both that the cuao2,
cuao3, and cuao4 are transcribed in all tested tissues of infield grown and in vitro grown
L. x watereri ‘Vossii’ (Figure 2, Figure 3, Supplemental Figure S2 and S3). Due to their
omnipresence in all tissues, it is assumed that these three cuaos might be essential for the
plant development and growth and do not have any impact on PA biosynthesis. Whereas
cuaol and cuao5 transcripts are almost exclusively detectable in nodules, like hss. Only
minor traces of cuaol and cuao5 transcripts were found in seedpods (Figure 2 I, K;
Supplemental Figure S2 A, E) of an infield grown plant like it is similar shown for the hss
transcript (Figure 2 G; Supplemental Figure S2 F). However, analyses of in vitro grown
infected (nodule possessing) and non-infected (nodule lacking) plants gives some surprising
insight. It was found that cuao5 has deviations from the transcription pattern of hss,
whereas this is not the case for cuaol which is the only exclusively co-transcribed CuAO

with hss and present in nodules (Figure 3 A; Supplemental Figure S3 A). The transcript of
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Figure 2. Transcript level of the genes hss and cuaos 1-5 (22" relative transcript level of the respective
target gene in relation to the housekeeping gene ubiquitin [%]) in various tissues (sampled at different
seasons every time around 5 p.m.) of L. x watereri ’Vossii’ grown in the Botanical Garden, Kiel (A - D)
and in Molfsee (E), Germany. A Sampling 1 (harvested April 25%, 2019): 1 = nodules; 2 = root; 3 = leaf
bud; 4 = leaves of flower bud; 5 = young flower. B Sampling 2 (harvested May 14t 2019): 1 = unevolved
leaves; 2 = petioles; 3 = leaf; 4 = mature leaf; 5 = petiole; 6 = unripened inflorescence; 7 = green enclosed
flowers; 8 = green enclosed flower buds; 9 = single open flower; 10 = petioles; 11 = root; 12 = nodules;
13 = petioles. C Sampling 3 (harvested May 27t 2019): 1 = unevolved leaf; 2 = mature leaf; 3 = mature
leaf; 4 = single open flower; 5 = root; 6 = nodules. D Sampling 4 (harvested June 27%29%9): 1 = mature
leaves; 2 = mature leaf; 3 = green seedpod; 4 = two green seedpods; 5 = root; 6 = nodules. E Sampling 5
(harvested April 10t, 2019): 1 = leaf; 2 = green inflorescence; 3 = leaves. F cuao2 transcript level. G hss
transcript level. H cuao3 transcript level. | cuaol transcript level. J cuao4 transcript level. K cuao5
transcript level. S= sampling; n=1 (tested in three technical replicates).

cuao5 was instead additionally detected in one leaf, shoot and a germ bud of non-infected
plants (Figure 3 E, F; Supplemental Figure S3 E, F) assuming that CuAO5 might not be
essentially for the production of PAs. The minor traces of cuaol and cuao5 transcripts in
roots can be attributed to the fact, that the nodules are adhered to the roots, since in none

of the non-infected roots were any hss or cuaol transcript detectable. To verify the traces
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in seedpods as the right product, the melting curves of the RT-qPCR run were checked and

a gel was additionally prepared. A distinct clear band in the right size supports specific
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Figure 3. Transcript level of cuaos 1-5 (22 relative transcript level of the target gene in relation to
the housekeeping gene ubiquitin [%]) in various tissues of in vitro grown non-infected (nodule
lacking; -) and infected (nodule possessing; +) L. x watereri ’Vossii’. A cuaol transcript level. B cuao2
transcript level. C cuao3 transcript level. D cuao4 transcript level. E cuao5 transcript level. F Transcript
level of displayed target genes in noninfected germ buds. Plant 1°: 2 months; Plant 2°: 3 months; Plant 3:
7 months; Plant4*: 3 months; Plant5*: 10 months; Plant 6*: 11 months; Plant 7*: 14 months.
Co = cotyledons; L = leaf; N = nodule; R = root; S = stem; SL = smaller appearing leaf; 1 = complete germ
bud; 2 and 3 = analyzed only black circled leaves; n=1 (tested in three technical replicates).
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6.3 SUMMARY/OUTLOCK

Five partial cDNA encoding sequences of CuAOs were successfully identified and amplified
for L. x watereri ‘Vossii’. The results of RT-gPCR assume, that cuaol might play a key role
within the production of PAs in nodules. Also, cuao5 is predominantly transcribed in
nodules and could be still a potential candidate gene. For H. indicum only one CuAOQ, called
homospermidine oxidase (HSO), forms a bicyclic structure, 1-formylpyrrolizidine, by
oxidizing the two primary amino groups of homospermidine (Zakaria et al. 2022). In
C. spectabilis, whereas two CuAOs are involved in forming the bicycle structure 1-
formylpyrrolizidine. Here CsCuAO5 accepts homospermidine as substrate and forms a
monocyclic intermediate, which in turn conduces as substrate for CsCuAO1 forming 1-
formylpyrrolizidine (chapter A). Aside from that the cuaol and cuao5 are also co-
transcribed with hss in minor traces in seedpods. This tissue should be kept in mind even
though the transcript levels differ enormously from the nodules. In Symphytum officinale,
a well-known PA producing plant, two tissues with hss transcript lead to the discovery of
two sites (roots and leaves under the inflorescence) for the synthesis of PAs (Kruse et al.
2017). The completion of the five partial cDNA encoding sequences of L. x watereri ‘Vossii’
CuAOs on cDNA and genomic DNA could pave the way for characterization the proteins and
creating knockout mutants via CRISPR/Cas9. The transformation protocol of in vitro grown
C. spectabilis could serve as model establishing one for L. x watereri ‘Vossii’. This would
provide deeper insight in the PA pathway of L. x watereri ‘Vossii’ and add novel knowledge

to a better understanding in the biosynthesis of PAs in general.
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6.4 SUPPLEMENTAL DATA

Supplemental Table S1. PCR strategy to extend the sequence information from Laburnum x watereri
’Vossii’ CuAOs. Listed are primers, amplified fragments and the used tissues as template DNA. PCRs were
performed with a Hot Start polymerase under stated conditions.

Organism Primer (5 -> 3°) Amplified
Primer Labor Primer Name Primer Sequence Fragment/
Tissue
FP1 NJ_Lab_DAO1-f1 TCGTCATTGCCCGCTTCCAAAA 1953 bp
RP1 NJ_Lab_DAO1-revl GTCCAAACAGCTAAAGTATCATCGCC cDNA nodule
FP2 NJ_Lab_DAO2-f1 ACCCTTTGGACCCTTTATCTGCT 1934 bp
Laburnum RP2 NJ_Lab_DAO2-revl TACTGGCATAACAGGCCAATCTTC cDNA nodule
X watereri FP3 NJ_Lab_DAO3-f1 CAATTGATGGGAACTTGGTGAAATGG 1269 bp
‘Vossii’ RP3 NJ_Lab_DAO3-revl GCCTTGCAAACAGGTAAATCATCTT cDNA leaf
FP4 NJ_Lab_DAO4-f1 ATGAGAGCTCAAACCTGCCACC 2102 bp
RP4 NJ_Lab_DAO4-revl GAGCTTGGCAATCAGCCCATTCT cDNA leaf
FP5 NJ_Lab_DAOS5-f1 ATGAGTTCCACTATGAAACTTATGCTCT 1938 bp
RP5 NJ_Lab_DAOS5-revl CCTCAACTCAAATCCAGTGCTCAA c¢DNA nodule
PCR Conditions (Phusion Hot Start Polymerase, Thermo Scientific)
Initial Denaturation 98°C 30s 1 cycle
Denaturation 98°C 10s
Primer Annealing 65°C 30s 35 cycles
Elongation 72°C 1min30s
Final Elongation 72°C 5 min 1 cycle
Hold 4°C oo

Supplemental Table S2. Sequence origins for the phylogenetic analysis. *Sequences were taken from
GenBank. "Not the complete ORF.

Organism Gene ORF length Accession number /
[bp] Reference*
Arabidopsis thaliana At1G31670 2226 At1G31670 /*
At1G31690 2034 At1G31690 /*
At1g31710 2046 At1g31710 /*
At1G62810 2139 At1G62810/*
At2G42490 2331 At2G42490/*
At3G43670 2064 At3G43670/*
At4G12270 1383 At4G12270/*
At4G12290 2226 At4G12290/*
At4G14940 1953 At4G14940/*
Crotalaria spectabilis CsCuAO1 2022
CsCuAO2 2262
CsCuAO3 2214 Jacky and Ober,
unpublished
CsCuAO4 2103 (Chapter A)
CsCuAO5 2073
Eupatorium cannabinum EcCuAO1 2148 Ober, unpublished
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EcCuAO2 2184
EcCuAO3 2313
EcCuAO4 2316
Glycine max Gm__NM_001250282 2025 NM_001250282/*
Gm__NM_001250853.2 2301 NM_001250853.2/*
Gm__XM_003526954 2325 XM_003526954/*
Gm__XM_003546850 2199 XM_003546850/*
Gm__XM_003555291 2049 XM_003555291/*
Heliotropium indicum HiCuAO1 1986 MT597432/Zakaria et al.
2022
HiCuAO2 2304 MT627598/Zakaria et al.
2022
HiCuAO3 1980 MT627599/Zakaria et al. 2022
HiCuAO4 2250 MT627600/Zakaria et al. 2022
HiCuAO5 1983 MT627601/Zakaria et al. 2022
LabCuAO1 1953"
LabCuAO2 1934"
Laburnum x watereri "Vossii’ LabCuAO3 1269 This study
LabCuAO4 2102"
LabCuAO5 1958"
Lotus japonicus Lj__BABK02012184.1 1322" Lotus Base*
Lj_ _BABK02041915.1 702"
Lupinus angustifolius La__XM_019561962.1 2122 XM_019561962.1/*
La_ XM_019568295.1 2036" XM_019568295.1/*
La_ XM_019583671.1 2036" XM_019583671.1/*
La_ XM_019595138.1 2015 XM_019595138.1/*
La_ XM_019599195.1 1648 XM_019599195.1/*
La_ XM_019608353.1 2262 XM_019608353.1/*
Lupinus polyphyllus LpCuAO1 1977 Jacky and Ober,
LpCuAO2 2009" unpublished
LpCuAO4 2066"
LpCuAO5 2012"
Nicotiana tabacum NtCuAO1 2373 DQ873385.1/*
NtCuAO2 2301 AB289457.1/*
NtCuAO3 2172 KJ730259.1/*
Pisum sativum PsCuAO 2025 L39931.1/*
Senecio vernalis SvCuAO1 2157"
SvCuAO2 2121" Ober unpublished
SvCuAO3 2175%*
Symphytum officinale SoCuAO1 2025
SoCuAO2 2253
SoCUAO3 2181 Zakaria, Kruse, and Ober,
unpublished
SoCuAO4 2169
SoCuAO5 2004
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Supplemental Table S3. Sequences of Primers and their expected product size used for RT-qPCR to

investigate the co-transcription of five different cuaos with hss in Laburnum x watereri Vossii’.

Primer Gene Sequence 5’ -> 3’ Product
size
P1 NJ_Lab_Ubiq_RT_for GGAGGAATGCAGATCTTTGTGAAG
- ubiquitin 108 bp
P2 NJ_Lab_Ubiq_RT_rev CTCCTTGTCCTGGATTTTTGCTTT
P3 NJ_Lab_EFla_RT_for2 TAAGGAGATGGAGAAGGAGCCC
efla 132 bp
P4 NJ_Lab_EFla_RT rev2 TCTCTGACAGCAAAACGACCAA
P5 NJ_Lab_HSS_RT_forA GAATGAGGGAAATGAAAGTGGTGAT
hss 142 bp
P6 NJ_Lab_HSS_RT_revA CATGATAAGCTGAGGATAATCAACACC
P7 NJ_Lab_DAO1_RT_f1 CCTTGTTCTCAATCTCCCTATCCC
cuaol 97 bp
P8 NJ_Lab_DAO1_RT_revl TCTGAAAAATGGGCTGGAGGATTA
P9 NJ_Lab_DAO2_RT_f1 TATCACTTTCTTCCAAAGGTCGGT
cuao2 91 bp
P10 NJ_Lab_DAO2_RT_revl CCTGGAGGGGAATTTCCTAATCAA
P11 NJ_Lab_DAO3_RT_f1 ACTGTGTCATCAAGCTTCGATTTG
cuao3 104 bp
P12 NJ_Lab_DAO3_RT_revl GCCTTGCAAACAGGTAAATCATCT
P13 NJ_Lab_DAO4_RT_f2 TTCTGGCACTTTTATCAGGATGGA
cuao4 98 bp
P14 NJ_Lab_DAO4_RT_rev2 TATTTTCGAGTTTCACCTGGTTGC
P15 NJ_Lab_DAO5_RT_f1 CTTGGAACATGATGAATTCCCACC
cuao5 104 bp
P16 NJ_Lab_DAO5_RT_revl AGCCATGGAGAAGATACTTTAGCC
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Supplemental Figure S1. Specificity tests of the primers for RT-qPCR analysis in Laburnum x watereri
“Vossii’. For the five tested copper depending amine oxidases (CuAOs) each primer pair was tested
against the remaining four CuAOs to exclude unspecific binding and implicating a false positive signal.
As template different concentrations of plasmids containing one CuAO each was used. A Testing primer
pair of cuaol (P7/P8). B Testing primer pair of cuao2 (P9/P10). C Testing primer pair of cuao3 (P11/P12).
D Testing primer pair of cuao4 (P13/P14). E Testing primer pair of cuao5 (P15/P16). PCR was
implemented with GoTaq polymerase due to manufacturer protocol and an annealing temperature of
60°C for the primers. Arrowhead indicates expected PCR product size (cuaol = 97 bp; cuao2 = 91 bp;
cuao3 =104 bp; cuao4 =100 bp; cuao5 =104 bp). L, ladder (GeneRuler 100 bp Plus DNA Ladder, Thermo
Scientific); 1, 25 ng of plasmid DNA with the respective gene of interest; I, 10 ng of plasmid DNA with
the respective gene of interest; Ill, 5 ng of plasmid DNA with the respective gene of interest;
NC, no-template control.
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Supplemental Figure S2. Transcript level of the genes hss and cuaos 1-5 (22 relative transcript level
of the respective target gene in relation to the housekeeping gene efla [%]) in various tissues
(sampled at different seasons every time around 5 p.m.) of L. x watereri ’Vossii’ grown in the Botanical
Garden, Kiel (S1-4) and in Molfsee, Germany (S5). A cuaol transcript level. B cuao2 transcript level.
C cuao3 transcript level. D cuao4 transcript level. E cuao5 transcript level. F hss transcript level.
S1 (harvested April 25, 2019): 1 = nodules; 2 = root; 3 = leaf bud; 4 = leaves of flower bud; 5 = young
flower. S2 (harvested May 14t 2019): 1 = unevolved leaves; 2 = petioles; 3 = leaf; 4 = mature leaf;
5 = petiole; 6 = unripened inflorescence; 7 = green enclosed flowers; 8 = green enclosed flower buds;
9 = single open flower; 10 = petioles; 11 = root; 12 = nodules; 13 = petioles. $3 (harvested May 27t 2019):
1 = unevolved leaf; 2 = mature leaf; 3 = mature leaf; 4 = single open flower; 5 = root; 6 = nodules. S4
(harvested June 27™ 29%9): 1 = mature leaves; 2 = mature leaf; 3 = green seedpod; 4 = two green
seedpods; 5 =root; 6 = nodules. S5 (harvested April 10%, 2019): 1 = leaf; 2 = green inflorescence;
= leaves. S= sampling; n=1 (tested in three technical replicates).
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Supplemental Figure S3. Tissue-specific analysis of 22T relative transcript level of the target genes
cuao 1-5 in L. x watereri *Vossii’. Various tissues of in vitro grown infected (nodule possessing; +) and
non-infected (nodule lacking; -) plants were analyzed by using the housekeeping gene efla as reference.
A cuaol transcript level. B cuao2 transcript level. C cuao3 transcript level. D cuao4 transcript level.
E cuao5 transcript level. F Transcript level of displayed target genes in non-infected germ buds.
Plant 1: 2 months; Plant 27: 3 months; Plant 3: 7 months; Plant 4*: 3 months; Plant 5*: 10 months;
Plant 6*: 11 months; Plant 7*: 14 months. Co = cotyledons; L = leaf; N = nodule; R = root; S = stem;

SL = smaller appearing leaf; 1 = complete germ bud; 2 and 3 = analyzed only black circled leaves; n=1
(tested in three technical replicates).
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CONCLUSION AND OUTLOCK

O CONCLUSION AND
OUTLOCK

The results obtained from this work add novel knowledge in the fields of pyrrolizidine
alkaloid and quinolizidine alkaloid biosynthesis in general and especially within

representatives from the legumes (Fabaceae) related to nodulation.

Alkaloids have ever since produced by plants as a defense against herbivores, whereby
being produced constantly or after induction of the plant by herbivore attack (Schaller
2008). This can be related to the costs and benefits that these two options entails. Having
a constant high level of defense substances means high costs to the plant, especially
nitrogen is costly in the case of alkaloids, while with induced defense the cost only is made
when attacked. However, in the case of a strong attack, production of effective
concentrations could take too long and would thus potentially represent a negative impact
on plant survival (Heil and Baldwin 2002; Wittstock and Gershenzon 2002). Another
noteworthy aspect is that not all plants might have key advantages due to the constant
production of defense molecules. (Purrington 2000) reviewed that plants where less visited

by common pollinators when producing abundant defense substrates and this state can
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lead sustainable to reduced seed production. A further disadvantage of constant produced
substrates is the possibility for specialized herbivores to adapt to the high concentrations
of the defense substrates and continue feeding on the plant. For example, specialized
insects have been reported to accumulate toxic PAs from the plants to support their own
defense by becoming toxic for their own predators (T. Hartmann 1994; Wang et al. 2012).
It seems that the alkaloids are constantly present in Crotalaria spectabilis (PAs), Laburnum
x watereri 'Vossii' (PAs & QAs), Lupinus arboreus (QAs) and Lupinus polyphyllus (QAs). While
C. spectabilis (chapter A) only produce monocrotaline (PA), L. arboreus (QAs) and
L. polyphyllus (chapter B) usually contain a number of different QAs that have more or less
toxic effects on predators. Laburnum x watereri 'Vossii' (chapter B and C) even has both,
PAs and QAs, which matches with the presumed theory that plants relay not only on one
defense mechanism. Understanding the production of defense substrates, whether
constantly or induced after attack, seems more complicated and complex (Freeman, B. and
Beattie 2008).

The four mentioned species belong to the Fabaceae. It is assumed that these plants only
occur nodulated in nature, meaning that they form a symbiosis with atmospheric nitrogen-
fixing bacteria. This gives the plants a clear advantage compared to other plant species in

terms of the nitrogen required for alkaloid production.

In the past, it was shown that the first pathway-specific enzymes, HSS and LDC of PA-and
QA biosynthesis, respectively, can be differently regulated and localized (Anke et al. 2008;
Bunsupa et al. 2012a; Niemdller, Reimann, and Ober 2012; Irmer et al. 2015; Kruse et al.
2017). Investigations of LDC in various lupin species have been limited predominantly to
leaves, since LDC has been postulated to be a plastid enzyme (Schitte 1969; Wink and
Hartmann 1981). To investigate the influence of nodulation on QA biosynthesis (chapter B),
tissues of (L. x watereri 'Vossii' and Lupinus arboreus) of infield and in vitro grown plants (L.
X watereri 'Vossii' and Lupinus arboreus) were examined. This revealed that I/dc is
transcribed in all green plant parts, not only in leaves, and independent of nodulation.
Furthermore, analytics of nodule-free plants as well as nodulated plants exhibited QAs.
Thus, nodulation does not appear to be a determining factor in switching on the QA

biosynthesis. The established in vitro model system within this work might be helpful to

158



https://www.dict.cc/?s=theory

CONCLUSION AND OUTLOCK

study further questions under controlled conditions in the connections with nodulation. In
literature, the exchange of nitrogen from bacteria to the plant and carbon from the plant
to bacteria has been mostly described (White et al. 2007). But, what about further
substance exchange possibilities? Or, in what way will the received nitrogen be used
(regarding the production of PAs/QAs)? Is it feasible that rhizobia and their host trade more
substances than just the above mentioned? The trade of the polyamine homospermidine
is at least in C. spectabilis excluded (chapter A). C. spectabilis hss knockouts do not produce
PAs anymore, even though they exhibit a small amount of rhizobia homospermidine in their
nodules. Apparently, no transporters exist and thus, the homospermidine produced by
rhizobia remain within the infected zone (Figure 5B; chapter C).

To verify the assumed activity of the LDC and the primary counterpart ODC of L. arboreus
and L. x watereri 'Vossii' enzyme, activity assays were performed. Here, both LDCs showed
a clearly optimized function towards LDC, in contrast to the described L/ODC of
L. angustifolius (Bunsupa et al. 2012a). In this way, we were able to establish a new assay
that allows substrates and products of PLP depending enzymes to be accurately detected

and distinguished from each other (amino acids and polyamines).

This thesis provides the basis for future research questions referring to PA biosynthesis
because of the presence of hss transcripts in both, a PA producing plant (L. x watereri
'Vossii'; chapter C) and a non-PA producing plant (Cytisus scoparius; chapter C). For
C. spectabilis, the nodules have been described as the site of PA biosynthesis, since hss
transcript has been detected exclusively in nodules and nodule-free plants lacked PAs
(Irmer et al. 2015).

We studied the PA mechanism regarding a nodule dependency in L. x watereri 'Vossii'
(chapter C), a close relative of Crotalaria that contains both PAs and QAs. Realtime-PCR
analyses (chapter C) showed distinct hss transcript in nodules and only minor hss transcript
in green pods, suggesting a similar mechanism as in C. spectabilis and an additionally
second site of homospermidine production. The produced HSS antibodies of C. spectabilis
showed the cells of nodule parenchyma as the site of HSS expression in C. spectabilis and

L. x watereri 'Vossii' nodules. At this point, the PA mechanism of the two plants is still

similar, but surprisingly both, the invitro grown infected and non-infected plants of
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L. x watereri 'Vossii', contained PAs. This indicates that PA biosynthesis depends not only
on nodulation initially as assumed. The knowledge on PAs in Laburnum spec. is mainly
based on older studies (Neuner-Jehle et al. 1965). Therefore, further analysis with today's
capabilities would certainly be informative. Further studies on the enzyme activities of HSS
and DHS is an option since the HSS originated from a gene duplication of the primary
metabolic enzyme DHS (Hartmann and Ober 2000; Ober and Kaltenegger 2009). The DHS
in L xwatereri 'Vossii' could possibly have a significantly higher side activity of
homospermidine formation than other species and thus catalyze the production of PAs
sufficiently. The DHS of a non-related species Ipomoea alba showed HSS activity
(Prakashrao et al. 2022). In L. x watereri 'Vossii' dhs transcript was shown via RT-qPCR
analyses to be present in all tested tissues and could provide according to that
homospermidine for PA production. Excluding other homospermidine producing enzymes
that might be involved in PA biosynthesis, would be provided by generating hss knockout
mutants via genome editing with CRISPR/Cas9, which will then be tested for the presence
of PAs via GC-MS. Furthermore, within this study, we were able to detect a PA that could
not be assigned to a previously described PA based on its Rl, mass and fragment pattern.
Thus, a structural elucidation could possibly shed light on this.

To gain a better understanding of the evolution of HSS in general and specifically in the
Fabaceae, three other relatives (Cytisus scoparius, Spartium junceum and Ulex europaeus)
representing QA and not PA producers were examined (chapter C). All three species have
an HSS copy on gDNA level and surprisingly, only for C. scoparius we detected hss
transcripts in the nodules. Detecting hss transcript does not secure the production of a
functioning protein. Production of HSS antibodies from C. scoparius forimmunolocalization
within nodules will give a clear answer. In the case that HSS protein is detectable in
C. scoparius nodules, the question arises, which other function HSS might have than the

involvement in PA biosynthesis.

The occurrence of hss transcript in a non-PA producing plant (chapter C) shows once more
that the first step is important but further enzymes have to be involved to produce a
complete PA. However, little progress has been made in recent years on other enzymes

involved in PA biosynthesis. In chapter A and chapter D, we used C. spectabilis and
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L. x watereri 'Vossii' as object for further research in this field. CUAOs have been postulated
as potential enzymes involved in the PA pathway for a long time. In this study, it was
possible to identify five CuAOs for both species. Further experiments on C. spectabilis
showed, that two of them, CsCuAO1 and CsCuAQ5, are exclusively co-transcribed with the
HSS in nodules. Using CRISPR/Cas9 and establishing a protocol to generate transgenic
plants, the involvement of the enzymes CsCuAO1 and CsCuAO5 in PA biosynthesis could be
identified due to the received and tested knockout mutants.

The tested plants showed different mutations and were PA free. Furthermore, the
polyamine content of homospermidine was measured, showing that only CsCuAO5-KO
mutants accumulate homospermidine. It is very likely that this enzyme accepts
homospermidine as a substrate and the resulting product, N-(4-aminobutyl)pyrrolinium
ion, which stagnates at CsCuAO1-KO mutants, in turn serves as a substrate for CsCuAO1.
To date, this finding has never been considered or described before, because it was
assumed that a CuAO accepts homospermidine and directly generates a bicyclicin one step
and not in two steps as shown here for C. spectabilis. To prove this assumption,
heterologous expression and characterization of the activity of the enzymes, CsCuAO5 and
CsCuAOQ1, should be tested in further experiments. For in planta expression, constructs
have been already cloned. Further experiments include the tissue-specific localization of
CsCuAO5 and CsCuAO1 in comparison to the expression pattern and the cell-type with HSS.
Heterologously expressed and purified protein can serve for the production of polyclonal
antibodies. Already prepared thin sections of embedded nodules, where CsHSS protein was
detectable within the nodule parenchyma cells (chapter D), can be used.

While the first step in PA biosynthesis, the production of homospermidine via HSS, seems
to be consistent in all species studied so far, the second step, however, varies and seems
to be individual for each species. Just recently, in Heliotropium indicum, an HSO catalyzing
homospermidine to 1-formylpyrrolizidine (bicyclic) was identified as the second step in PA
biosynthesis (Zakaria et al. 2022). The already uncovered two different mechanisms of
formation of the bicyclic PA backbone in C. spectabilis and H. indicum suggest how variable,
individual and complex the PA biosynthesis may be in distinct species.

Early and late steps of PA synthesis in C. spectabilis are suggested to take part in different

organs of the plant, since feeding experiments with detached nodules (without plant)
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ended with the detection of only the free necine base trachelanthamidine and lacking the
completed PA monocrotaline (chapter A). Irmer et al. (2015) however, showed that
monocrotaline had the highest in concentration per dry weight in nodules and suggested a
PA dependency on nodules. Those nodules were still attached to the plant before analyses,
speculating that the free necine base have been transported to a different organ for
completing the PA monocrotaline. The finished PA monocrotaline was then most likely
transported back to the nodules. To test the ability of synthesizing monocrotaline with the
help of other tissues than the nodules, a feeding experiment with nodules that are still
attached to the plant can be carried out. A better understanding how this pathway works
could help to use PA containing plants that also serve as medicinal plants, e.g. Symphytum
and Petasites (Salehi et al. 2019; Borlak et al. 2022), more efficient and with less safety

concern. New and simpler possibilities to remove PAs successfully might be discovered.

This valuable new data within this thesis provides many aspects for further research within
these two pathways and is a strong encouragement to attempt to identify other candidate
genes. Similar experiments based on CRISPR/Cas9 approaches can be used to test further
possibly candidate genes for their involvement in certain PA or even QA biosynthesis steps.
Additionally, biochemical analyses might confirm the involvement of postulated enzymes,

when knockout plants are alkaloid free.
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O CONTRIBUTIONS

The presented study in CHAPTER A was designed by Nadine Jacky, Mahmoud M. Zakaria,
and Dietrich Ober. Nadine Jacky did the sampling and the RT-qPCR analysis as well
designing the CRISPR/Cas9 constructs with the selected protospacer sequences that
conduced as target sites within each candidate gene (cscuaol and cscuao5). Anna-Lena
Sprick carried out cloning the CRISPR/Cas9 constructs for the two CsCuAOs and established
the stable transformation of C. spectabilis during her Master thesis under the guidance of
Nadine Jacky and Britta Milewski. Knockout mutants for CsCuAO1 and CsCuAO5 were
created by Nadine Jacky. Anna-Lena Sprick and Britta Milewski obtained by an independent
CRISPR/Cas9 approach knockout mutants for the gene encoding CsHSS that have been
investigated in this study. PCR screening of transgenic plants for mutations of the genes
encoding CsCuAO1 and CsCuAO5 were done by Nadine Jacky with the assistance of Brigitte
Schemmerling. PA analytics for possible knockouts was done by Nadine Jacky. Plant in vitro
culturing of transformed C. spectabilis was done by Nadine Jacky and Brigitte
Schemmerling. Further GC-MS and HPLC analytics were implemented by Nadine Jacky and
Mahmoud M. Zakaria. Feeding experiments and structure elucidation were carried out by

Mahmoud M. Zakaria. The manuscript was written by Nadine Jacky, Mahmoud M. Zakaria

163




CONTRIBUTIONS

and Dietrich Ober. The prepared figures are created by Nadine Jacky and Mahmoud

M. Zakaria and attributable to the respective experimenter.

The study described in CHAPTER B was designed by Nadine Jacky, Elisabeth Kaltenegger,
and Dietrich Ober. Rhizobia isolation, culture optimizing of nodulated and non-nodulated
in vitro grown plants, sequence identifications, RT-qPCR analyses, GC-MS analyses as well
as cloning of the LDC and ODC expression constructs were done by Nadine Jacky. Brigitte
Schemmerling performed heterologous protein expression, and Sebastian Fritz assisted by
isolating the RNAs from the investigated tissues for the above-mentioned RT-qPCR analyses
in this study. Phylogenetic tree calculation was done by Elisabeth Kaltenegger. The enzyme
assays for LDC and ODC activities were established by Nadine Jacky and Elisabeth
Kaltenegger. The data of the assays were analyzed and interpreted by Elisabeth
Kaltenegger and Nadine Jacky. Nadine Jacky, Elisabeth Kaltenegger, and Dietrich Ober
discussed the data. Nadine Jacky prepared the figures and wrote the final version of the
manuscript together with Elisabeth Kaltenegger and Dietrich Ober. Dietrich Ober

commented on the manuscript.

The study of CHAPTER C was designed by Nadine Jacky, Elisabeth Kaltenegger, and Dietrich
Ober. Experiments were done by Nadine Jacky and results were discussed by Nadine Jacky
and Dietrich Ober. The illustration of the HSS immunolocalization in sections of L. x watereri
'Vossii' was prepared by Linnea Rule during her Bachelor thesis under the guidance of
Nadine Jacky. RNA isolation of the same used tissues for RT-gPCR analyses, as mentioned
above in the contributions for Chapter B, were done with the help of Sebastian Fritz. PA
analytics and interpretation of these results were done by Elisabeth Kaltenegger. Susanne
Klocke assisted PA analytics by extracting the PAs from the samples. Figures were prepared
by Nadine Jacky who also wrote the manuscript. Dietrich Ober commented on the

manuscript.

The study of the miscellaneous CHAPTER D was designed by Nadine Jacky and Dietrich
Ober. Nadine Jacky carried out the experiments using RNA preparations of Sebastian Fritz
for RT-gPCR experiments. Nadine Jacky prepared the figures and wrote the draft. Dietrich

Ober commented on the manuscript.
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LIST OF ABBREVIATIONS BEISS

LIST OF ABBREVIATIONS

1-cbp 1-(carboxybutyl)pyrrolidine

1-mcbp Methyl ester of 1-(carboxybutyl)pyrrolidine
2.4-D 2,4-Dichlorophenoxyacetic acid

3 3' end of cDNA

5' 5' end of cDNA

16S 16S rRNA gene

°C Degree Celsius

% Percent

% (Mm/v) Mass/Volume percent

% (v/V) Volume percent

A. tumefaciens Agrobacterium tumefaciens

ACT Gene encoding actin

bp Base pairs

BSA Bovine serum albumin

B. JAPAN Bradyrhizobium strain ‘JAPAN’

o Concentration

Cad Cadavarine

Cas9 CRISPR-associated endonuclease and ribonucleoprotein
cDNA Complementary DNA

CL Control line
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C. scoparius

C. spectabilis

Cs

CRISPR
cuao
CuAO

DAH

Del.

dhs

DHS

DNA
dNTPs
DW

E. coli
EFla

efla
elF5A
elF5A(Dhp)
elF5A(Lys)
elF5A(Hyp)
FMOC

FW

GABA
gDNA
GC-MS
GC-TIC
H202
H2S04

HCL

H. indicum

HIS-taq

Cytisus scoparius

Crotalaria spectabilis

Crotalaria spectabilis

Clustered regularly interspaced short palindromic repeats
Gene encoding copper amine-dependent oxidase
Protein copper amine-dependent oxidase
Diaminoheptane

Deletion

Gene encoding deoxyhypusine synthase
Protein deoxyhypusine synthase
Deoxyribonucleic acid

Deoxynucleoside triphosphate

Dry weight

Escherichia coli

Elongation factor 1-alpha

Gene encoding elongation factor 1-alpha
Eukaryotic initiation factor 5A

Deoxyhypusine elF5A — intermediate

Lysine containing elF5A — precursor

Hypusine containing elF5A
Fluorenylmethoxycarbonyl (-protecting group)
Fresh weight

y-aminobutyric acid

Genomic DNA

Gas chromatography — mass spectrometry

Gas chromatography — total ion chromatogram
Hydrogen peroxide

Sulfuric acid

Hydrogen chloride

Heliotropium indicum

Polyhistidine-taq
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HPLC

hss

HSS

HSO

Hspd
infected
Ins.

IPTG

IS/ ISTD

in vivo

in vitro
kDA

KO

Lawa

Luar

Lupo

L. alpinum
L. anagyroides
L. arboreus
L. polyphyllus
L. x watereri ,\Vossii*
LCO

Idc

LDC

MOPS
mRNA
MSTFA
MS20

N

NaOH

NC

High pressure liquid chromatography
Gene encoding homospermidine synthase
Protein homospermidine synthase
Protein homospermidine oxidase
Homospermidine

nodule possessing plants

Insertion
Isopropyl-R-thiogalactopyranoside
Internal standard

carried out in the living organism
carried out in the test tube

Kilodalton

Knockout

Laburnum x watereri ,\Vossii‘

Lupinus arboreus

Lupinus polyphyllus

Laburnum alpinum

Laburnum anagyroides

Lupinus arboreus

Lupinus polyphyllus

Laburnum x watereri ,Vossii‘
Lipochitooligosaccharide

Gene encoding lysine decarboxylase
Protein lysine decarboxylase
3-(N-morpholino)propanesulfonic acid
Messenger RNA
N-methyl-N-(trimethylsilyl)trifluoroacetamide
Murashige and Skoog medium
Nitrogen

Sodium hydroxide

No-template control
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NCBI

NE
NHsNOs
NOD medium
Nod factors
nod
non-infected
nt

odc

oDC

ORF

PA

PAM

PBS

PC

PCR

pH

PLP

Put

p.m.

QA

RACE

RI

RNA
RNase
rpm

rRNA

RT
RT-qPCR
SDS-PAGE
sgRNA

National Center for Biotechnology Information

No effect

Ammonium nitrate
Nodulation medium
Nodulation factors
Nodulation gene
plants without nodules

Nukleotide

Gene encoding ornithine decarboxylase

Protein ornithine decarboxylase
Open reading frame
Pyrrolizidine alkaloid
Protospacer adjacent motif
Phosphate-buffered saline
Positive control

Polymerase chain reaction
Capability of hydrogen
Pyridoxal-5’-phosphate
Putrescine

Post meridiem

Quinolizidine alkaloid

Rapid amplification of cDNA-ends
Kovat’s retention index
Ribonucleic acid

Ribonuclease

Rounds per minute

Ribosomal RNA

Retention time

Reverse transcription quantitative polymerase chain reaction

Sodium dodecyl sulfate — polyacrylamide gel electrophoresis

Single guide RNA

LIST OF ABBREVIATIONS
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SIC

S. junceum
S. officinale
Spd

Spm

SRA

Sub.

T™MS
TRris/HCL
ubiq

uBQ

U. europaeus
UTR

WT

YEB

Single ion chromatogram
Spartium junceum
Symphytum officinale
Spermidine

Spermine

Sequence read archive
Substitution

Trimethylsilyl

Tris(hydroxymethyl)aminomethane/hydrochloride

Gene encoding ubiquitin
Protein ubiquitin

Ulex europaeus
Untranslated region
Wild type

Yeast extract beef

One letter code for nucleic acids:

A Adenine

T Thymine

R (purine) Aor G

Y (pyrimidine) T or C
M (amino) A or C
Hnot G

DnotC

N (any base) AorCorGorT

C Cytosine

G Guanine

S (strong) Gor C
W (weak) Aor T
K (keto) GorT
B not A

VnotT
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One-letter/ three-letter code for amino acids:

A/ Ala Alanine M / Met Methionine
C/Cys Cysteine N / Asn Asparagine
D/ Asp Aspartic acid P/ Pro Proline
E/Glu Glutamate Q/GIn Glutamine
F /Phe Phenylalanine R/ Arg Arginine
G/ Gly Glycine S/ Ser Serine

H / His Histidine T/Thr Threonine
1/ lle Isoleucine V / Val Valine

K/ Lys Lysine W/ Trp Tryptophan
L/ Leu Leucine Y/ Tyr Tyrosine

Genetic code (degenerate):

1% position (5 end) 2" position 3" position (3 end)
T C A G
TIT Phe TCT TAT Tyr TGT Cys T
T TTC TCC Ser TAC TGC C
TTA Leu TCA TAA Stop |TGA  Stop A
TG TCG TAG Stop |TGG Trp G
cTT CCT CAT His CGT T
c CTC Leu CccC Pro CAC CGC Arg C
CTA CCA CAA Gin CGA A
CTG CCG CAG CGG G
ATT ACT AAT Asn AGT Ser T
A ATC lle |ACC The AAC AGC C
ATA ACA AAA I AGA o A
ATG Met* |ACG AAG AGG G
GTT GCT GAT Asp GGT T
GTC GCC GAC GGC C
¢ ata V¥ leca A [caa ol |55~ Gly A
GTG GCG aae Y |eee G
Tab. Genetic code (degenerate): unpolare/hydrophobic amino acid residues; blue,

alkaline amino acid residues; red, aspartic acid amino acid residues; purple, polar/neutral
amino acid residues; green, unpolare amino acid = Start codon; white, triplet amino acids =
Stop codon.
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