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Abstract 
Crassocephalum crepidioides and C. rubens are African orphan crops with high nutritional and 

medicinal potential. However, there is evidence that C. crepidioides contains the toxic pyrrol-

izidine alkaloid (PA) jacobine. PAs act as defense compounds against herbivores and are 

highly toxic for mammals. Frequent PA contamination of food and medicinal products therefore 

poses a serious health threat to humans. Although PA toxicity has been studied extensively, 

knowledge about biosynthesis and its regulation by environmental factors remains limited. The 

only characterized enzyme is homospermidine synthase (HSS). Here it was investigated, how 

jacobine formation in Crassocephalum might be influenced by internal and external cues, with 

a focus on chemical treatments and nutrient deficiencies as well as differences between ac-

cessions of C. crepidioides and C. rubens. Application of plant hormones and growth regula-

tors revealed no significant impact on PA accumulation. Nitrogen (N) deficiency however sig-

nificantly increased jacobine concentration in C. crepidioides. To investigate at which step of 

PA biosynthesis this may be conferred, the influence of N depletion on early precursors was 

investigated, revealing reduced levels of amino acids and polyamines in plants subjected to N 

deficiency. Concentrations of the intermediate homospermidine were lowered or unchanged 

by N deficit, indicating that HSS mediated homospermidine formation is not a rate-limiting step 

in PA biosynthesis. Furthermore, it could be demonstrated that jacobine is constantly reallo-

cated from old to young leaves in C. crepidioides. Grafting of C. crepidioides shoots on non-

PA-producing C. rubens rootstocks resulted in plants that still accumulated considerable 

amounts of jacobine in shoots, indicating that roots are not the only site of jacobine biosynthe-

sis in C. crepidioides, as reported for the closely related genus Senecio. Analyses of jacobine 

levels in response to different stimuli were paired with Crassocephalum HSS characterization. 

Four distinct HSS variants were identified and phylogenetically aligned to HSS homologues of 

Senecio sp.. The HSSs were cloned, recombinantly expressed, purified and in their in-vitro 

activity compared, revealing similar homospermidine formation rates of all tested HSS homo-

logues. Moreover, expression analysis of HSS in C. crepidioides revealed that the enzyme is 

predominantly expressed in roots and to a low degree also in shoots. Higher homospermidine 

concentrations were detected in shoots compared to roots though, suggesting transport of ho-

mospermidine from roots to shoots. Finally, the potential relevance of these findings for the 

generation of PA-free C. crepidioides cultivars is discussed. 



2 Pyrrolizidine Alkaloid Biosynthesis in Crassocephalum Species 

Zusammenfassung 
Crassocephalum crepidioides und C. rubens sind afrikanische Orphan Crops mit einem hohen 

ernährungsphysiologischen und medizinischen Potenzial. Jedoch wurde festgestellt, dass C. 

crepidioides das giftige Pyrrolizidinalkaloid (PA) Jacobin enthält. PAs wirken als Abwehrstoffe 

gegen Herbivoren und sind hochgiftig für Säugetiere. Häufige PA-Kontaminationen von Le-

bens- und Arzneimitteln stellen daher eine ernstzunehmende Gesundheitsgefahr für Men-

schen dar. Obwohl die Toxizität von PAs bereits umfassend untersucht wurde, ist das Wissen 

über die Biosynthese und deren Regulation durch Umweltfaktoren noch begrenzt. Homosper-

midin-Synthase (HSS) ist das einzige bisher charakterisierte Enzym. Hier wurde untersucht, 

wie die Jacobin-Bildung in Crassocephalum durch interne und externe Reize beeinflusst wer-

den kann, wobei der Fokus auf chemischen Behandlungen, Nährstoffmangel sowie Unter-

schieden zwischen C. crepidioides und C. rubens lag. Die Anwendung von Pflanzenhormonen 

und Wachstumsregulatoren zeigte keinen signifikanten Einfluss auf die PA-Akkumulation. 

Stickstoff (N) Mangel jedoch erhöhte die Jacobin-Konzentration in C. crepidioides signifikant. 

Um zu untersuchen, welcher Schritt der PA-Biosynthese dabei betroffen ist, wurde der Einfluss 

der N-Unterversorgung auf PA Vorprodukte untersucht, was reduzierte Gehalte an Aminosäu-

ren und Polyaminen offenbarte. Die Konzentration des Zwischenprodukts Homospermidin war 

durch N-Defizit erniedrigt bzw. unverändert, was darauf hindeutet, dass die HSS-vermittelte 

Homospermidin-Bildung kein limitierender Schritt in der PA-Biosynthese ist. Weiterhin konnte 

gezeigt werden, dass Jacobin in C. crepidioides kontinuierlich von alten zu jungen Blättern 

relokalisiert wird. Pfropfung von C. crepidioides Sprossen auf nicht-PA-produzierende C. ru-

bens Unterlagen führte zu Pflanzen, die immer noch beträchtliche Mengen an Jacobin in Trie-

ben akkumulierten, was darauf hinweist, dass Wurzeln in C. crepidioides nicht der einzige Ort 

der Jacobin Biosynthese sind, wie in der eng verwandten Gattung Senecio. Analysen der Ja-

cobin-Akkumulation als Reaktion auf verschiedene Stimuli wurden darüber hinaus mit der Cha-

rakterisierung von Crassocephalum HSS gepaart. Vier verschiedene HSS Varianten wurden 

identifiziert und phylogenetisch mit Homologen von Senecio verglichen. Verschiedene HSS 

wurden kloniert, rekombinant exprimiert, aufgereinigt und auf ihre in vitro-Aktivität untersucht, 

was ähnliche Homospermidin-Bildungsraten aller getesteten HSS-Homologe aufzeigte. Dar-

über hinaus zeigten HSS Expressionsanalysen in C. crepidioides, dass das Enzym überwie-

gend in Wurzeln und in geringem Maße auch in Trieben exprimiert wird. Allerdings wurden in 

Trieben höhere Homospermidin-Konzentrationen als in Wurzeln nachgewiesen, was auf einen 

Transport von Homospermidin von Wurzeln zu Trieben schließen lässt. Abschließend wird die 

Relevanz dieser Ergebnisse für die Erzeugung PA-freier C. crepidioides Sorten diskutiert. 
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1.  Introduction 

1.1. The Orphan Crops Crassocephalum crepidioides and C. rubens 

The genus Crassocephalum is part of the Asteraceae family (subfamily Asteroideae, 

tribe Senecioneae) and consists of approximately 100 species originating from tropical 

and subtropical regions of Africa (Pelser et al., 2007). Some species have also been 

introduced as weeds to Asia, Australia, and America (Denton, 2004; Nakamura & 

Hossain, 2009; Joshi, 2014). Crassocephalum crepidioides (Figure 1A) as well as C.  

rubens (Figure 1B) are annual herbs with an upright habitus. Both species are con-

sumed as leafy vegetables and used fresh or dried for preparation of salads, soups, 

sauces, and stews (Denton, 2004; Bosch, 2004; Dairo & Adanlawo, 2007; Adedayo et 

al., 2015). High yields of up to 27 t/ha per year even on poor soils make C. crepidioides 

particularly interesting for food production (Denton, 2004). The species have a favora-

ble nutritional value, since leaves contain 42% carbohydrates, 27% protein, 8% fiber, 

and 3% lipids (in dry matter), which is further support for their potential as food crops 

(Dairo & Adanlawo, 2007; Adjatin et al., 2013). Moreover, C. crepidioides and C. ru-

bens contain high levels of essential minerals such as potassium, calcium, magne-

sium, and phosphorus (Hossain et al., 2008; Adjatin et al., 2013).  

In addition to dietary purposes, both species are also used in traditional medicine due 

to putative beneficial properties, such as antioxidant, anti-inflammatory, anti-diabetic, 

antimutagenic, diuretic, and anti-coagulant effects (Yen et al., 2001; Aniya et al., 2005; 

Akinpelu et al., 2019; Alhassan et al., 2019; Awang-Kanak et al., 2019; Ayodele et al., 

2019; Bello Oluwasesan et al., 2019; Fidčle et al., 2019; Oyebode et al., 2019). Con-

ditions being treated with preparations of Crassocephalum include anemia, stomach 

disorders, open wounds, hepatic insufficiency, and intestinal parasites (Denton, 2004; 

Dansi et al., 2008; Adjatin et al., 2012). 

Adjatin et al. (2013) considered both C. crepidioides and C. rubens as safe for human 

consumption based on brine shrimp lethality tests and application of Mayer’s reagent. 

However, significant amounts of the toxic pyrrolizidine alkaloid jacobine (structure 

shown in Figure 1C) have been detected in C. crepidioides (Asada et al., 1985; Rozhon 

et al., 2018). Endogenous jacobine levels in C. crepidioides are highly dependent on 

tissue type (Rozhon et al., 2018). While young leaves showed jacobine concentrations 

exceeding 200 mg/kg fresh weight, older leaves contained less than 1 mg/kg. 
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Furthermore, the growing conditions seemed to have a significant influence on alkaloid 

concentrations, but the responsible factors were not determined (Rozhon et al., 2018).  

 

Figure 1. Crassocephalum crepidioides and Crassocephalum rubens. Greenhouse-grown plants of C. crepidioides (A) and C. rubens (B) as well as the 
retronecine-type PA jacobine (C) found in C. crepidioides. 

 

1.2. Pyrrolizidine Alkaloids – Diversity and Biosynthesis 

Pyrrolizidine alkaloids (PAs) are heterocyclic secondary plant metabolites which are 

assumed to be synthesized as chemical defense compounds against herbivores 

(Macel, 2011). PAs consist of a necine base esterified with a necic acid and can be 

present as tertiary amines (free base) or as N-oxides. Typically, the necine base in-

cludes pyrrolizidine, a bicyclic aliphatic hydrocarbon comprised of two five-membered 

rings fused with a nitrogen at the bridgehead. Roughly 6000 plant species worldwide 

are estimated to produce these compounds (Smith & Culvenor, 1981; Stegelmeier et 

al., 1999). PA-forming species are mainly found in the families Asteraceae, Boragina-

ceae, Apocynaceae, Convolvulaceae, Orchidaceae, and Fabaceae (Ober & Hartmann, 

1999b; Wesseling et al., 2017). Reported concentrations vary significantly, from trace 

amounts to as much as 19% of dry weight and can be affected by various factors such 

as developmental stage, tissue type, and environmental conditions (Kirk et al., 2010; 

EFSA, 2011; Hol, 2011; Kostenko et al., 2013). 

 

1.2.1. Diversity of Necine Bases 

Besides the typical pyrrolizidine ring system, most necine bases contain a hydroxyme-

thyl group at position 1 (Figure 2A). Due to the two chiral centers at carbons C-1 and 

C-8, there are four stereoisomers of 1-hydroxymethylpyrrolizidine: (-)/(+)-trachelan-

thamidine and (-)/(+)-isoretronecanole (Figure 2B). The most common are (-)-
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trachelanthamidine and (-)-isoretronecanole, which are the necine base of trachelan-

thamine (Figure 4C) and nervosines (Ikeda et al., 2005), respectively (Figure 4E). The 

most frequent modification of saturated necine bases is hydroxylation at C-7. Most PAs 

contain a necine base with a double bond between C-1 and C-2, which removes the 

chiral center at C-1 (Figure 2C). Thus, there are two forms of the C-9 monohydrox-

ylated derivatives, namely (-)/(+)-supinidine and four of the C-7 and C-9 dihydroxylated 

compounds, namely (-)/(+)-retronecine and (-)/(+)-heliotridine. The most common ne-

cine base in PAs is (+)-retronecine (Figure 2C). 

 

Figure 2. The diversity of necine base structures. (A) Basic structures and numbering of atoms in necine bases. (B) Saturated necine bases. (C) 1,2-
Desaturated necine bases. 
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Besides the saturated and desaturated bases there are also necine bases of the otone-

cine type (Figure 3). 

 

 

Figure 3. Otonecine and representative PAs. (A) Resonance structures of otonecine. (B) Structures of the otonecine-type PAs otosenine, florosenine, 
ligularidine, and doronine. 

 

1.2.2. Linkage Pattern of Necine Bases and Necic Acids 

PAs are classified into five groups based on the combination and linkage pattern of 

necine bases and necic acids (Hartmann & Witte, 1995).  

Senecionine-like PAs (Figure 4A) are the largest group, consisting of a necine base of 

the platynecine, rosmarinecine (Figure 2B), retronecine (Figure 2C) or otonecine-type 

(Figure 3) esterified at their C-7 and C-9 hydroxy groups with C10 dicarboxylic necic 

acids derived from two L-isoleucine molecules, usually forming 12-membered macro-

cyclic rings. These types of PAs are mainly found in plants of the Senecioneae tribe of 

the Asteraceae and in the Fabaceae (Langel et al., 2011).  

Triangularine-type PAs are open-chain mono- or diesters of necine bases with the 

C5 acids tiglic, angelic, senecioic, and sarracinic acid (Figure 4B). These PAs are 

mainly present in the Boraginaceae and in the Senecioneae tribe (Langel et al., 2011).  

Lycopsamine-type PAs contain branched C7 necic acids esterifying the C-9 hydroxy 

group (Figure 4C) and are mainly found in the Boraginaceae and in the Eupatorieae 

tribe of the Asteraceae (Langel et al., 2011). 
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Figure 4. Linkage patterns of necic acids with necine bases. (A) Senecionine type. (B) Triangularine type. (C) Lycopsamine type. (D) Monocrotaline type. 
(E) Phalaenopsine/ipanguline type. (F) Compounds combining necic acids of the triangularine and lycopsamine types. 
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Monocrotaline-type PAs are 11-membered macrocyclic PAs in which the hydroxy 

groups of C-7 and C-9 are esterified with dicarboxylic necic acids (Figure 4D). This 

type is mainly present in the Fabaceae (Langel et al., 2011).  

Phalaenopsine- and ipanguline-type PAs contain an aromatic acid, esterifying the usu-

ally saturated necine base (Figure 3E). It is the only PA group which is glycosylated 

regularly and is mainly found in the Orchidaceae, Convolvulaceae, and Boraginaceae 

(Langel et al., 2011). 

Some PAs are actually a combination of triangularine and lycopsamine-type since they 

also possess a C5 acid residue besides the C7 necic acid. The C5 acid residue is linked 

directly with the necine base or connected to a hydroxy group of the C7 acid (Figure 

4F). 

More PAs with very simple or unusual linkage patterns outside of these groups, which 

are reviewed in Schramm et al. (2019). 

 

1.2.3. Biosynthesis of Necine Bases 

Most steps of the biosynthetic pathway of PAs still remain unknown. The first study 

trying to elucidate the biosynthetic pathway of PAs demonstrated the incorporation of 

[14C]-ornithine into the necine base of monocrotaline in Crotalaria spectabilis (Nowacki 

& Byerrum, 1962). Later, feeding studies with Senecio isatideus (Hughes et al., 1964) 

and Senecio douglasii (Bottomley & Gheissman, 1964) could confirm this. Selective 

integration of arginine into the necine base of senecionine was shown in Senecio mag-

nificus (Bale & Crout, 1975). As it turned out, only the L configurations of arginine and 

ornithine were incorporated, and the polyamines putrescine, spermidine, and spermine 

were incorporated more efficiently than the amino acids (Robins & Sweeney, 1981). 

Putrescine was shown to be the origin of both rings of the necine base by feeding 

experiments using different 13C-labeled forms of putrescine. (Khan & Robins, 1981; 

Khan & Robins, 1985). 15N/13C-double-labeled putrescine was fed to Senecio vulgaris 

(Grue-Soerensen & Spenser, 1981; Grue-Soerensen & Spenser, 1982) and Senecio 

isatideus (Khan & Robins, 1981,1985) to determine which C-N bond stays intact during 

the biosynthesis of retronecine. Both variants of retronecine with 15N and 13C at C-3 or 

C-5 were found in equal amounts, confirming the involvement of a symmetric C4-N-

C4 compound. The same observation was made in experiments using Senecio pleis-

tocephalus (Kelly & Robins, 1987). 
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1.2.4. Homospermidine Synthase 

Homospermidine was identified as the symmetric C4-N-C4 intermediate, which was 

shown to be incorporated into the necine base of retrorsine when fed to Senecio isa-

tideus in a radiolabeled form (Khan & Robins, 1985). Feeding of Senecio pleistocar-

pus with homospermidine, that was 13C-labeled at the two most distal positions, re-

vealed that it stays intact during biosynthesis of the necine base (Robins, 1995). Even-

tually, an enzyme with homospermidine synthase (HSS) activity was identified in root 

cultures of Eupatorium cannabinum (Böttcher et al., 1993). The partially purified en-

zyme was subjected to enzymatic assays using 14C-labeled putrescine revealing a pH 

optimum of 9, a high selectivity for putrescine and a dependency on NAD+. NADH 

acted as a strong inhibitor even at low concentrations, implying that during the for-

mation of an imine intermediate in the first step of the reaction NADH stays bound to 

the enzyme, acting as an electron donor for the reduction of the imine intermediate to 

the secondary amine in the second reaction step. Furthermore, 1,3-diaminopropane, 

spermidine, and homospermidine inhibited HSS activity with Ki values of 6.3, 94, and 

950 µM. 

Initially, it was assumed that the enzyme uses two putrescine molecules for the for-

mation of one homospermidine molecule, but after HSS was first purified to homoge-

neity, it became evident that it uses putrescine and spermidine for the formation of 

homospermidine and the by-product 1,3-diaminopropane (Ober & Hartmann, 1999b). 

During the first step of PA biosynthesis, the 1,4-diaminobutan part of spermidine is 

transferred to a specific lysine residue of HSS, along with the release of 1,3-dia-

minopropane and the reduction of NAD+ to NADH, which remains bound to HSS (Fig-

ure 5). An imine intermediate is formed and the lysine-NH2 regenerated while putres-

cine reacts with the HSS-bound 1,4-diaminobutane moiety. Lastly, the imine is reduced 

to homospermidine by the HSS-bound NADH and released from the regenerated 

HSS/NAD+ complex (Ober & Hartmann, 2000). 
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Figure 5. Mechanism of homospermidine formation by HSS. 

 

The first analysis of Senecio vernalis HSS peptide sequences unveiled a close homol-

ogy to deoxyhypusine synthase (DHS) (Ober & Hartmann, 1999b). DHS catalyzes a 

specific post-translational modification, which is the NAD+-dependent transfer of an 

amino-butyl moiety from spermidine to a specific lysine side chain of the precursor for 

the eukaryotic initiation factor 5A (eIF5A), resulting in the formation of the amino acid 

deoxyhypusine (Krishna & Wold, 1993; Park et al., 1997). Deoxyhypusine is then hy-

droxylated to hypusine, ultimately activating the eIF5A protein (Abbruzzese et al., 

1988; Beninati et al.,1990). Hypusinylated eIF5A is known to be crucial for cell division, 

growth, and survival (Park et al., 1993, 1997). In plants it is also involved in seed ger-

mination (Moll et al., 2002), senescence, and apoptosis (Hopkins et al., 2007; Thomp-

son et al., 2004; Wang et al., 2005). Recombinant expression of the cloned HSS gene 

and subsequent in vitro enzymatic assays confirmed that an homospermidine synthe-

sizing enzyme was obtained, and that putrescine and spermidine are the required sub-

strates (Ober & Hartmann, 1999b). Since HSS and DHS share between 70% and 90% 

sequence homology, evolution from DHS by gene duplication is thought to be the origin 

of HSS (Ober & Kaltenegger, 2009).  

Phylogenetic studies indicate that HSS independently evolved from DHS in different 

plant families at least eight times: once in the Apocynaceae, Boraginaceae, Convolvu-

laceae, Fabaceae, Orchidaceae, and Poaceae, and twice in the Asteraceae (Reimann 

et al., 2004; Gill et al., 2018; Livshutz et al., 2018). In addition to catalyzing the activa-

tion of eIF5A, DHS can also, at a lower efficiency, accept putrescine as a substrate to 

form homospermidine at low rates. HSS, on the other hand, has lost the ability to bind 

eIF5A and can thus only produce homospermidine (Ober & Hartmann, 1999a, 1999b; 
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Ober et al., 2003). Binding of putrescine takes place within the active site of DHS, while 

binding of eIF5A occurs on its surface, making the change in substrate specificity pos-

sible (Ober & Kaltenegger, 2009).  

Due to a lack of distinct characteristic patterns, DHS and HSS cannot be distinguished 

solely by sequence data. Higher rates of non-synonymous to synonymous mutations 

were found in HSS, suggesting higher selection pressure on DHS (Reimann et al., 

2004). A comparison of the expression patterns of HSS and DHS in Senecio ver-

nalis showed that DHS is uniformly expressed in all tissues throughout plant develop-

ment, while HSS expression is restricted to endodermis and cortex parenchyma cells 

of roots (Moll et al., 2002). HSS expression in Eupatorium cannabium was only detect-

able in root cortex parenchyma cells and stopped at the end of the vegetative growth 

phase (Anke et al., 2004). In the orchid genus Phalaenopsis HSS is expressed in 

young flower buds and the tips of aerial roots (Anke et al., 2008). In the Boraginaceae 

family HSS expression patterns vary significantly between species: in Heliotropium in-

dicum HSS is expressed only in lower epidermis cells of young leaves and shoots, 

while expression in Symphytum officinale was detected in cells of the root endodermis 

as well as leaves below developing inflorescences. In Cynoglossum officinale HSS ex-

pression was only observed in the endodermis of young roots, while in later develop-

mental stages pericycle cells also showed HSS expression (Niemüller et al., 2012).  

These expression data show that HSS is regulated independently among plant families 

despite its identical function in PA-producing plants. Thus, the regulatory elements 

controlling HSS gene expression must have evolved in parallel to the independent HSS 

recruitment by gene duplication (Ober & Kaltenegger, 2009). The bifunctionality of 

DHS supports the theory that the original gene from which a novel locus emerged after 

gene duplication was bifunctional (Hughes, 1994). After the duplication event each 

daughter gene could specialize in one of the two functions of the original gene. In case 

of DHS, the ability to modify the eIF5A precursor was lost in the originating HSS, which 

only maintained the ability for homospermidine synthesis (Ober & Kaltenegger, 2009).  

While HSS has been studied extensively, knowledge of other enzymes of the PA bio-

synthetic pathway is still scarce. It is clear that homospermidine biosynthesis alone is 

not sufficient for PA production, since introduction of HSS into non-PA producing plants 

only causes homospermidine accumulation without formation of any PAs (Abdelhady 

et al., 2009).  
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However, progress on identifying other members of the PA biosynthetic pathway has 

been very slow, likely also due to the fact that the classical model species do not form 

PAs. Based on the biochemical activities that are required to generate PA intermedi-

ates and products, a tentative pathway can be drawn, which is illustrated in Figure 6.  

 
Figure 6. Tentative pathway of PA biosynthesis. 

 

The polyamines putrescine and spermidine originate from the basic amino acid argi-

nine. In the first step, homospermidine synthase (HSS) catalyzes the formation of ho-

mospermidine by exchanging the 1,3-diamonopropane residue of spermidine by pu-

trescine, thereby releasing 1,3-diaminopropane. Subsequently, oxidation of homosper-

midine to 4,4´-iminodibutanal by a diamine oxidase initiates cyclization to pyrrolizidine-

1-carbaldehyde, which is reduced to 1-hydroxymethylpyrrolizidine presumably by an 

alcohol dehydrogenase. After desaturation and hydroxylation by unknown enzymes 

retronecine is formed, which is acylated with an activated necic acid. An 
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acyltransferase of the BAHD family might be involved in this reaction. The primary 

products of PA biosynthesis are PA N-oxides, which may be reduced to free tertiary 

amines. 

 

1.2.5. Copper-Dependent Diamine Oxidases and Cyclization of the Alde-
hyde 

First evidence for the implication of a diamine oxidase in the incorporation of homo-

spermidine into the necine base was obtained by in vitro incubation of homospermidine 

with a diamine oxidase fraction from pea. After reduction with sodium borohydride or 

liver alcohol dehydrogenase, trachelanthamidine and small amounts of isoretronecanol 

were detected (Robins, 1982). Later studies confirmed the involvement of a diamine 

oxidase by showing that treatment of Senecio vulgaris root cultures and Heliotropium 

indicum leaves with 2-hydroxyethylhydrazine (HEH), an inhibitor of diamine oxidases, 

lead to disruption of PA biosynthesis and homospermidine accumulation (Böttcher et 

al., 1993; Frölich et al., 2007).  

PA-producing plants generally contain alkaloids with necine bases of a particular ste-

reochemical configuration. Senecio jacobaea and Senecio aquaticus for example con-

tain almost exclusively (+)-retronecine-type PAs (Cheng et al., 2011).  Heliotropium 

europaeum only forms (+)-heliotridine-type PAs (O'Dowd & Edgar, 1989) while Borago 

officinalis accumulates (-)-isoretronecanol, (-)-supinine, and (+)-retronecine-type PAs 

(Dodson & Stermitz, 1986). The specific stereochemistry speaks for an enzymatic 

mechanism and against a spontaneous cyclisation after oxidative deamination, as it is 

described for tropane alkaloids, which would result in a mixture a of PAs with different 

stereochemical configuration (Kim et al., 2016). 

 

1.2.6. Modifications of Pyrrolizidine Alkaloids 

The primary products of PA biosynthesis may be further altered biochemically to give 

rise to a vast variety of different PA structures. Besides hydroxylation, desaturation, 

and epoxidation, there are a couple of reversible modifications seen in PAs. N-oxida-

tion of the tertiary amine nitrogen is the most frequent one. A major fraction of PAs in 

plants is usually present in the N-oxide form, although there are some exceptions, for 

example the seeds of some Crotalaria species (Mattocks & Jukes, 1987) and the 
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leaves of C. crepidioides, which contain large fractions of free base PAs (Rozhon et 

al., 2018). Similarly, shoots of Senecio jacobaea plants of the jacobine-type can con-

tain unusually high proportions of tertiary PAs (Joosten et al., 2011).  

The chemical properties of PAs can be altered significantly by N-oxidation. While basic 

tertiary amines are positively charged under physiological conditions, amine N-oxides 

are neutral. Because of their highly polar, salt-like properties, they are highly water-

soluble and unable to permeate membranes. These characteristics are thought to be 

important for their role in PA transport, storage, and reallocation. Correspondingly, PA 

transporters in plant cell membranes exhibit a higher affinity for PA N-oxides compared 

to the free bases (Ehmke et al., 1988).  

Another modification of PAs is acetylation, predominantly at hydroxy groups of the 

necic acid moiety. Examples for acetylated PAs are 7-acetylscorpionidine (Figure 4F), 

florosenine and ligularidine (Figure 3B). A relatively rare modification is glycosylation, 

which is only known for PAs with aromatic necic acids. Examples are thesinine-4′-O-

α-l-glucoside in borage seeds (Herrmann et al., 2002), thesinine-4’-O-α-l-rhamnoside 

in Lolium species (Koulman et al., 2008), and nervosine PAs (Figure 4E) from Liparis 

nervosa (Huang et al., 2013). 

 

1.3. Regulation of Pyrrolizidine Alkaloid Biosynthesis and Transport  

1.3.1. Biosynthesis Regulation 

While PA toxicity in mammals has been extensively studied, we still know little about 

PA biosynthesis and its regulation in plants. However, it appears that in some species 

PA biosynthesis is connected to developmental processes. For instance, in 

Phalaenopsis orchids the tips of aerial roots are the source of PAs for vegetative tis-

sues, while during flower development the young flower buds serve as a second site 

of PA biosynthesis (Anke et al., 2008). The expression of HSS halts just before the 

flower buds open, ensuring high alkaloid levels for protection of the reproductive or-

gans. Plants of the species Symphytum officinale activate a second site of HSS ex-

pression at the beginning of inflorescence development in young leaves bellow emerg-

ing flowers (Kruse et al., 2008). It could be shown that in these leaves not only is HSS 

expressed, but the whole PA biosynthetic pathway takes place. In contrast, HSS in 

Eupatorium cannabium is only expressed in young roots until biomass production 
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peaks at the beginning of flowering (Anke et al., 2004). In Senecio vulgaris and Senecio 

jacobea PA synthesis is already active at the onset of seedling growth (Schaffner et 

al., 2003). 

Seasonal variations have been documented for Senecio and related species with PA 

concentrations being highest during spring (Karam et al., 2011; Flade et al., 2019; Wei 

et al., 2021). Changes in PA concentrations due to water supply have been described 

as well (Briske & Camp, 1982; Vrieling et al., 1993; Kirk et al., 2010).  

Additionally, PA accumulation can be influenced by nutrient supply (Kirk et al., 2010; 

Hol, 2011). Increased fertilization with nitrogen (N), phosphorus (P), and potassium (K) 

could reduce PA concentrations in shoots of several Senecio species without affecting 

PA levels in flowers (Hol et al., 2003). However, it was not evaluated which particular 

nutrient element affects PA concentrations the most. Dilution effects due to increased 

shoot biomass are thought to be responsible for these observations. Another study by 

Schaffner et al. (2003) also showed that plants with higher shoot to root ratios exhibit 

lower PA defense levels. In a study by Vrieling and van Wijk (1994) PA concentrations 

in seedlings were not significantly influenced by N or P limiting conditions, but it was 

shown that N availability is not limiting PA production. 

Root herbivory in Senecio jacobaea was shown to cause translocation of PAs from 

shoot to root tissues and increased ratios of PA N-oxides without changing the total 

PA content of the whole plant (Kostenko et al., 2013). The inducibility of PA production 

after mechanical leaf damage was tested in Senecio jacobaea and Cynoglossum of-

ficinale (van Dam et al., 1995a). Quantification of PAs at different time points after 

damage revealed that the two species reacted differently. While in Cynoglossum offic-

inale PA concentrations increased continuously with time after damage, in S. jacobaea 

they initially decreased, reaching a minimum 12 h after damage, but returning to initial 

values after 24 h. The authors hypothesize that different adaptation strategies to her-

bivory could explain this. Senecio jacobaea is adapted to severe defoliation by special-

ist herbivores and thus reallocates its defense resources in order to save them for 

regrowth, while Cynoglossum officinale is not adapted to severe herbivory and thus 

boosts its chemical defense to reduce further damage.  

Evidence for the regulation of PA biosynthesis by plant hormones is still very limited. 

However, it is clear that the hormone methyl-jasmonate (MeJA), which takes part in 

biotic stress responses including herbivore feeding (Creelman & Mullet, 1997), can 
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impact alkaloid regulation, as observed for tropane alkaloid biosynthesis in several 

plant species (Aerts et al., 1994; Memelik et al., 2001). Senecio jacobaea and Senecio 

aquaticus plants grown on medium containing MeJA exhibited elevated PA concentra-

tion in shoots in combination with decreased values in roots (Wei et al., 2019a). Addi-

tionally, a shift from senecionine to erucifoline-like PAs was observed. Thus, MeJA is 

thought to trigger relocation and chemical conversion of PAs, rather than inducing de 

novo synthesis. Another study tried to determine whether MeJA affects HSS transcript 

levels and PA concentrations in Cynoglossum officinale, Heliotropium indicum, 

and Symphytum officinale but no significant effects were observed. Only in hairy root 

cultures of Echium rauwolfii grown on medium supplemented with 100 μM MeJA sig-

nificantly elevated PA concentrations could be detected (Abd El-Mawla, 2010). Pre-

incubation with another hormone implicated in stress responses, salicylic acid (SA), 

suppressed the inducing effect of MeJA.  

All these findings show how complex the regulation of PA biosynthesis is, therefore 

further investigations are necessary in order to gain a more thorough understanding. 

 

1.3.2. PA Transport Within Plants 

In Senecio and other Asteraceae genera, PAs are synthesized in roots (Hartmann & 

Toppel, 1987; Toppel et al., 1987; Hartmann et al., 1989). Subsequent translocation to 

shoots is mediated by phloem cells located opposite to specialized cortex parenchyma 

and endodermis cells, which express HSS and presumably the rest of the PA biosyn-

thetic pathway (Hartmann et al., 1989; Moll et al., 2002). PAs are transported as N-

oxides via the pericycle and phloem into vegetative and generative tissues. A higher 

solubility of the N-oxide forms compared to the free bases provides increased phloem 

mobility for reallocation between different tissues (Hartmann et al., 1987). Reallocation 

of PAs between different tissues has been observed in different plant families (Wei et 

al., 2019a, van Dam et al., 1995b) and is additional evidence for phloem-based PA 

transport. 

After transport of the initial PA structures into shoots, the variety of a plant’s PA bou-

quet can be increased dramatically by simple hydroxylation, epoxidation, dehydro-

genation, or O-acetylation reactions (Hartmann & Dierich, 1998; Frölich et al., 2007).  
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1.3.3. Genetic Control and Heritability of PA Biosynthesis 

Analysis of PA profile variations in clonal families of Senecio jacobaea indicates a 

strong genetic influence on PA composition, since variation between families was 

higher than within clonal families (Macel et al., 2004). A study using a diallel cross 

of Senecio jacobaea indicates that genotypic variation could explain approximately 

50% of the observed variation in PA content (Vrieling et al., 1993). Half-sib analysis 

from natural progenies subjected to water and nutrient stresses indicated that additive 

genetic variation was responsible for approximately 90% of PA content variation. A 

recent study by Wei et al. (2021) also concluded that differences in PA composition 

among genotypes were stronger than seasonal variations. Furthermore, there’s evi-

dence for Senecio jacobaea that the ratio of PAs to PA N-oxides is genotype-depend-

ent as well (Joosten et al., 2011). 

The inducibility of PA accumulation by mechanical damage differs significantly be-

tween selfed families of Cynoglossum officinale and broad-sense heritability was esti-

mated to be responsible for approximately 40% of the variation in PA concentrations 

(van Dam & Vrieling, 1994). Phylogenetic analyses of the qualitative PA variation in 

the Jacobaea section of Senecio indicated that PA distribution within the clade was 

largely incidental, and that the variations in PA profiles are due to transient expression 

changes of particular PA biosynthesis genes in response to ecological factors rather 

than gain and loss of genes during evolution (Pelser et al., 2005).  

Hybridization of Senecio species can cause inter-specific epistatic interactions be-

tween enzymes and substrates, ultimately leading to the formation of novel PA struc-

tures (Kirk et al., 2010). F1 hybrids of Senecio jacobaea and S. aquaticus contained 

florosenine, a PA not present in plants of the parent populations. Florosenine is formed 

by O-acetylation of otosenine, thus otosenine biosynthesis of S. aquaticus was com-

bined with PA acetylation of Senecio jacobaea in the hybrids. Another study with F1 

and F2 hybrids of the same species also found acetylated otosenine-like PAs, which 

were absent in the parental lines (Cheng et al., 2011). Furthermore, F2 hybrids con-

tained high ratios of otosenine-like and erucifoline-like PAs, which are normally only 

present as minor fractions in the parent species. These findings demonstrate how hy-

bridization can increase of the structural diversity of PAs.  
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1.4. Biological Activity of Pyrrolizidine Alkaloids 

1.4.1. Toxicity 

Since PA biosynthesis is wide-spread among plants, there’s a high risk of involuntary 

PA ingestion by contaminated natural products such as herbal remedies and teas, 

honey, milk, grains, and other food (Betz et al., 1994; Prakash et al., 1999; Edgar et 

al., 2011; Mathon et al., 2014; Kokali et al., 2017; Dübecke et al., 2011; Kempf et al., 

2008; Kempf et al., 2011). Several fatal poisonings and poisoning outbreaks caused 

by PA contaminations have been recorded (EFSA, 2011; FAO/WHO, 2011). Thus, PAs 

are one of the most relevant classes of plant toxins and many studies have demon-

strated their hepatotoxic (Xia et al., 2015), genotoxic (Fu et al., 2004), cytotoxic (Fu et 

al., 2004; Kim et al., 1995), tumorigenic (Xia et al., 2013), and neurotoxic (Huxtable et 

al., 1996) potential. The most severe medical conditions, which can be induced by PA 

intoxication, are hepatic veno-occlusive disease, liver cirrhosis, megalocystosis, can-

cer, chronic pulmonary arterial hypertension, and congenital anomalies (EFSA, 2011; 

Fu et al., 2002).  

Until 2020 no regulatory limits concerning PAs in food have been implemented in the 

EU, except for refined echium oil, for which a PA limit 4 μg/kg of was given (European 

Commission, 2008). In 2020, maximum levels for PAs in various food categories (e.g. 

tea, herbal infusions, food supplements, herbs, and pollen products) were finally intro-

duced in the food sector (European Commission, 2020). For animal feed a maximum 

content of 100 mg/kg of PA-containing Crotalaria species was set in Directive 

2002/32/EC (2002). The European Food Safety Authority (EFSA) uses the margin of 

exposure approach to assess the health risk related to PAs in food, recommending a 

daily dose limit of 0.007 μg/kg body weight (EFSA, 2011). The European Medicine 

Agency (EMA) proposed an acceptable intake equivalent of 1 μg/day as the limit for 

oral intake of PAs for adults (EMA, 2021). 

Crucial to the toxicity of specific PAs, is the necine base structure, considering that the 

most harmful retronecine, otonecine, and heliotridine-type PAs all carry a 1,2-unsatu-

rated necine base. Saturated necine base-containing PAs like the platynecine-type are 

known to be nontoxic since their metabolism generates nonreactive polar compounds, 

which are water-soluble and easily excreted (Ruan et al., 2014). After ingestion and 

absorption of unsaturated PAs, their metabolic activation is facilitated by dehydrogena-

tion by cytochrome P450 monooxygenases of the liver (Xia et al., 2003). The necine 
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base of otonecine-type PAs is first oxidatively N-demethylated, followed by ring closure 

and dehydration (Lin et al., 1998; Edgar et al., 2015). The necine base of retronecine 

and heliotridine-type PAs is hydroxylated at the C-3 and C-8 position, leading to the 

formation 3- or 8-hydroxynecine derivatives with subsequent spontaneous dehydration 

(Mattocks, 1968, 1971; White & Mattocks, 1971). In both cases highly reactive pyrroles 

are generated, followed by formation of electrophilic pyrrolizinium ions, which can react 

with -OH, -SH, and -NH groups on macromolecules of physiological importance like 

glutathione (GSH), DNA, and proteins (Nigra et al., 1992; Pereira et al., 1998; Fu et 

al., 2004; Li et al., 2011; Edgar et al., 2015; Fu et al., 2017).  

GSH conjugation is one of the most important PA detoxification reactions. GSH conju-

gates act as detoxifying excretion metabolites and are formed after nucleophilic sub-

stitution of one or two glutathione molecules (Fu et al., 2004; Lin et al., 1998; Chen et 

al., 2016; Robertson et al., 1977) but there are also reports on their reactivity causing 

DNA adduct formation (Xia et al., 2015). Furthermore, glutathione S-transferases can 

catalyze these reactions, resulting in animal species-dependent toxicity effects. Guinea 

pig hepatic glutathione S-transferase is able to mediate GSH conjugation of pyrrolic 

jacobine metabolites, while equivalent rat hepatic protein has no effect (Dueker et al., 

1994). If the GSH pool is depleted by high concentrations of reactive intermediates, 

severe oxidative damage of liver tissue can occur (Ji et al., 2010; Liang et al., 2011; 

Liu et al., 2010).  

Dehydro-PAs, as well as their hydrolysis and dehydration products, are all reactive 

alkylating species able to bind to liver cellular proteins and DNA. This can lead to for-

mation of DNA and protein adducts as well as DNA-protein cross links, which can have 

genotoxic and carcinogenic effects, ultimately leading to veno-occlusive disease and 

tumors (Hsu et al., 1973; Jago et al., 1970; Fashe et al., 2014; Xia et al., 2013; Chen 

et al., 2010; Yang et al., 2001).  

A study aiming to elucidate species dependent differences in PA toxicity among mam-

mals used liver microsomes of different mammal species treated with lasiocarpine in 

vitro, and found high concentrations of reactive metabolites such as (3H-pyrrolizin-7-

yl)methanol and GSH conjugates in PA-susceptible species like humans, pigs, rats 

and mice, while levels in PA-resistant species like sheep and rabbits were low (Fashe 

et al., 2015). Another study using senecionine also found higher levels of GSH 
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conjugates in the PA-susceptible species rats, cattle, horses, and chickens while in 

PA-resistant sheep, low rates of glutathione conjugation were detected (Huan et al., 

1998). 

Flavin-containing monooxygenases catalyze another mode of detoxification, which is 

the N-oxidation of the necine bases of retronecine and heliotridine-type PAs (Williams 

et al., 1989; Chou et al., 2003a). PA N-oxides are seen as detoxification products, 

since they can be conjugated for excretion, even though a conversion into their toxic 

parent PAs is possible (Mattocks, 1971; Chou et al., 2003a; Wang et al. 2005; Yan et 

al., 2008). High conversion rates of senecionine into its N-oxide catalyzed by flavin-

containing monooxygenases were shown to contribute to animal species-dependent 

PA resistance (Huan et al., 1998).  

Cleavage of the necine base-necine acid bond, catalyzed by esterases and followed 

by phase II-conjugation and excretion, is another way of mammal metabolism to de-

toxify PAs. It has been demonstrated that guinea pigs exhibit a higher resistance to 

PAs compared to rats due to their higher activity of liver esterases (Chung et al., 1995; 

Dueker et al., 1992; Dueker et al., 1992; Tang et al., 2007).  

Recently, a novel way of PA detoxification has been identified, which is N-glucuroni-

dation (He et al., 2010). 

 

1.4.2. The Roles of PAs in Plant Insect Interaction 

PA biosynthesis has evolved several times independently in separate angiosperm lin-

eages, indicating an evolutionary advantage for plants associated with the presence of 

PAs (Reimann et al., 2004). Chemical defense against herbivory is thought to be the 

main function of PAs. A study with F2 hybrids of Senecio jacobaea and Senecio aquat-

icus with various PA bouquets and concentrations indicated that higher concentrations 

of total PAs generally reduced feeding damage by generalist herbivores (Wei et al., 

2015). Furthermore, the study showed that thrips were more sensitive to senecionine- 

and jacobine-type PAs, while slugs were most sensitive to senecionine-type and leaf 

miners were most affected by otosenine-type PAs. Further work indicated that the C13 

double bond seems to be of importance for the deterrence of insects (Wei et al., 2015). 

Macel et al. (2005) also showed that the effects of PAs differed between insect species 

and that mixtures of PAs can have synergistic effects if combined. Thrips survival was 
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most affected by senkirkine and senecionine, while seneciphylline and senecionine 

were most effective against aphids. Locusts on the other hand were deterred by all PA 

types.  

PA N-oxides are generally less effective on generalist herbivores than their free-bases 

(van Dam et al., 1995a; Dreyer et al., 1985; Nuringtyas et al., 2014; Liu et al., 2017). 

However, PAs are usually present as N-oxides at high ratios in plants (Hartmann et al., 

1989; Joosten et al., 2011; Rozhon et al., 2018). This can be explained by their higher 

solubility, resulting in more efficient storage and transport (von Borstel & Hartmann, 

1986; Hartmann & Toppel, 1987; Lindigkeit et al., 1997) as well as synergistic effects 

of PA N-oxides with other plant metabolites (Liu et al., 2017). To further add to the 

complexity, the natural chemical background in which individual PAs occur also affects 

their bioactivity. (Liu et al., 2019).  

While higher PA concentrations generally reduce feeding of generalist herbivores, spe-

cialist herbivores are attracted by PAs as a result of their adaptation and ability for PA 

utilization. Specialized butterflies, moths, beetles, and grasshoppers can store PA N-

oxides to protect themselves from predators (Macel, 2011; Eisner & Meinwald, 1995; 

Trigo, 2011; Martins et al., 2015). Some butterflies even use PAs as pheromone pre-

cursors or transfer stored PAs from males to females during mating, which are subse-

quently used for the protection of the laid eggs (Brown, 1987; Boppré, 1986, 1990). 

Thus, PAs can also be disadvantageous for plants in the presence of specialist herbi-

vores, as studies have shown that concentrations of PAs and feeding damage of spe-

cialized insects correlate positively (Macel & Klinkhamer, 2010).  

Lower PA levels can even bring a fitness advantage for plants in areas where specialist 

herbivores are present (Joshi & Vrieling 2005). A phylogenetic analysis of members of 

the Apocynaceae family, which contains many host plant species for PA-adapted but-

terflies, indicates multiple independent losses of PA biosynthesis genes, suggesting a 

selection for the loss of PA biosynthesis in plants driven by PA-adapted specialist her-

bivores (Livshultz et al., 2018). 

 

1.4.3. The Roles of PAs in Plant Microbe Interaction 

Studies have shown that PAs are also involved in the interaction of plants with symbi-

otic and pathogenic microbes (Joosten & van Veen, 2011). In terms of beneficial 
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interactions, Irmer et al. (2015) demonstrated that root nodulation mediated by Brady-

rhizobium is essential for PA biosynthesis in Crotalaria, and that the HSS gene was 

only expressed in nodules. In fact, PA concentrations in nodules were 10-fold higher 

than in leaves. Kowalchuk et al. (2006) found that soil fungal communities could be 

discriminated between different PA chemotypes of Senecio jacobaea and that high PA 

concentration in plants generally decreased rhizosphere diversity. Roots of S. jaco-

baea, which were inoculated by Rhizophagus, had elevated PA concentrations and the 

degree of root colonization correlated positively with certain PAs (Hill et al., 2018). 

Under natural conditions mycorrhizal root colonization was negatively affected by high 

jacoline and total PA levels, which indicates that natural PA concentration variations 

among plants can affect colonization with arbuscular fungi (Reidinger et al., 2012). 

In terms of plant-pathogen interactions, it was observed that certain PAs had repres-

sive effects on the growth of fungi of the genera Trichoderma and Fusarium, which 

were strongest when PAs were combined (Hol et al., 2002). In contrast, when strains 

were isolated from PA-producing Senecio species, growth was increased by the addi-

tion of PAs, which is a sign of specialization. 

 

1.4.4. Horizontal Transfer of PAs  

Nowak et al. (2016) demonstrated that plants, which are not able to synthesize PAs, 

can still accumulate them, if they are growing on soil containing dead tissue of PA-

producing plants. Parsley, peppermint, chamomile, and melissa were cultivated on 

substrate mixed with dried material of Senecio jacobaea. While control plants were 

free of PAs one week after application, the treated plants contained significant PA con-

centrations with parsley exhibiting the highest values (>0.5 mg/kg DW) followed by 

peppermint, melissa, and chamomile with values in the range of 0.1–0.15 mg/kg DW. 

Two weeks past treatment concentrations decreased, particularly of the N-oxides. The 

PA patterns in parsley, chamomile, and melissa were similar to the one found in Se-

necio jacobaea, where erucifoline was the predominant alkaloid, followed by seneci-

phylline and jacobine. In peppermint on the other hand, erucifoline was only detectable 

in trace amounts. Acceptor plant-dependent differences in PA degradation or modifi-

cation might explain this.   

PA free bases are able to pass root membranes by simple diffusion, while uptake of 

PA N-oxides may be catalyzed by transporters usually involved in the uptake of other 
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compounds. It is assumed that the transport of PAs into leaves of acceptor plants oc-

curs in a xylem-mediated manner, as no PAs were detectable in flowers (Nowak & 

Selmar, 2016).  

These findings could explain how plant derived pharmaceuticals, spices, and teas can 

be contaminated by decomposing PA-producing plants in fields. Recently, the uptake 

of PAs from contaminated soils has been described in maize as well (Letsyo et al., 

2020), indicating that food crops can also be affected.  

 

 

1.5. Aims of This Work 

The regulation of PA biosynthesis can vary significantly between different plant spe-

cies, and there are still many unanswered questions about the enzymatic pathway, as 

well as its hormonal and environmental regulation. Since PA formation in the orphan 

crops C. crepidioides and C. rubens has not been studied yet, its elucidation might not 

only offer novel insights into PA biosynthesis in general, but also provide a basis for 

the breeding Crassocephalum cultivars, which are safe for human consumption.  

The aim of the present study was therefore to investigate, which external and internal 

cues affect jacobine biosynthesis in Crassocephalum species, and at which level of 

the biosynthetic pathway regulation may occur. Moreover, organ-specific differences 

were investigated, and the potential of transport of jacobine and biosynthetic precur-

sors was studied.  

A characterization of the key biosynthetic enzyme HSS was conducted in both C. ru-

bens and C. crepidioides, in order to obtain information on its representation and ex-

pression in different accessions.  

Thereby, the work intended to improve our understanding of PA formation in these 

orphan crops, and to lie the foundation for their targeted removal by plant breeding 

approaches, or their reduction through specific cultivation techniques. 
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2. Results 

2.1. The Tetraploid C. crepidioides Has a Genome Size of >12 Gbp and 

is Closely Related to the Diploid C. rubens 

In order to compare PA biosynthesis and accumulation between C. crepidioides and 

C. rubens, two accessions of each species were used in this work: one C. crepidioides 

ecotype from Ile-Ife, Nigeria (CcII) (Figure 7A) and one from Nepal (CcN) (Figure 7B), 

as well as one C. rubens accession from Burkina Faso (CrBF) (Figure 7C) and one 

from Mali (CrM) (Figure 7D).  

Figure 7. Accessions of Crassocephalum crepidioides and Crassocephalum rubens. C. crepidioides from Ile-Ife, Nigeria (A) and Nepal (B). C. rubens from 
Burkina Faso (C) and Mali (D). 
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C. crepidioides is an erect, annual herb up to 180 cm tall with thick, sightly succulent 

stems. The simple to pinnatifid leaves are arranged spirally, lower leaves have a short 

petiole, while upper ones are sessile. The obovate-elliptical leave blades are lobed and 

irregularly serrate with a length of up to 18 cm and a width of up to 6 cm. CcII usually 

exhibits a darker green color, has hairier leaves and reaches the generative phase 

later than CcN. 

C. rubens is an erect, annual herb up to 80 cm in height. The sessile leaves are ar-

ranged spirally and range from elliptical and not lobed (lower leaves) to oblanceolate 

and slightly lobed (upper leaves), reaching a length of up to 16 cm and a width of up 

to 5 cm. CrBF and CrM exhibit the same phenotype. 

To investigate the genetic makeup of the four Crassocephalum accessions, their ge-

nome sizes were determined by flow cytometry in a collaboration with Prof. Dr. Traud 

Winkelmann (Leibniz Universität Hannover). Both C. crepidioides accessions were 

found to be tetraploid with a chromosome number of 2n = 40 and genome sizes of 

12.03 Gbp (CcN) and 12.15 Gbp (CcII). Both accessions of C. rubens were found to 

be diploid with a chromosome number of 2n = 20 and genome sizes of approximately 

5.8 Gbp (Prof. Dr. Traud Winkelmann, personal communication). C. crepidioides has 

a slightly lower 5-mdC content of approximately 30 mol% compared to C. rubens with 

31.5 mol%. 

To investigate the phylogenetic relationship of the Crassocephalum accessions, their 

ITS and trnL-trnF sequences were amplified and sequenced. While the C. crepidioides 

accessions show slight sequence differences in 5 bp, the sequences of both C. rubens 

accessions were identical. The trnL-trnF sequences of all four Crassocephalum acces-

sions were also identical.  

A comparison with other PA-producing species of the Senecioneae tribe and non-PA-

producing Asteraceae species showed that based on the ITS sequences, both acces-

sions of C. rubens and C. crepidioides were grouped together in two separate groups 

(Figure 8A), while based on the trnL-trnF sequences, all four Crassocephalum acces-

sions were grouped together (Figure 8B) since they shared the same sequence.  
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Figure 8. Phylogenetic relationship of Crassocephalum accessions. Neighbor joining tree based on (A) ITS and (B) their trnL-trnF sequences. Percentage 
of replicate trees in which associated sequences clustered together in the bootstrap test (500 replicates) are shown next to branches. 
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2.2. Effects of Plant Hormones, Stress Conditions, and Inhibitors on PA 

Accumulation in Crassocephalum 

2.2.1. External Application of Plant Hormones Does Not Significantly Im-
pact Jacobine Concentrations in C. crepidioides or C. rubens 

Plant hormones can influence the biosynthesis of various plant secondary metabolites, 

including alkaloids (Jogawat et al., 2021). Therefore, one aim of this work was to test 

the effect of different hormones on jacobine accumulation in Crassocephalum. The 

following experiments were conducted with only two accessions in order to reduce 

sample size. 

Since MeJA has previously been shown to increase PA concentrations in Echium rau-

wolfii (Abd El-Mawla, 2010), it was tested if MeJA can also increase jacobine concen-

trations in Crassocehalum. For this purpose, plants of CcII and CrM were sprayed with 

two different concentrations (0.5 and 1 mM) of the compound and after 7 and 14 days 

free jacobine (free base form) was quantified in shoots (Figure 9A). Spraying with 

MeJA decreased jacobine concentrations in CcII plants but the observed reductions 

was statistically not significant (7 DAT: p = 0.349; 14 DAT: p = 0.207). CrM plants were 

subjected to the same treatments but PAs were neither detectable in control plants nor 

in treated plants. 

To test whether other plant hormones had any effect on jacobine concentrations, CcII 

plants were treated with 1 mM solutions of salicylic acid (SA), MeJA, abscisic acid 

(ABA), 1-Naphthaleneacetic acid (NAA), and 6-benzylaminopurine (BA) in the form of 

spraying or watering (Figure 9B). Jacobine concentrations were quantified three and 

eight days after the treatment (DAT). None of the observed changes in jacobine con-

centrations were statistically significant (3 DAT: p = 0.004, no significance between 

control and treatments, only between treatments; 8 DAT: p = 0.255). The biggest dif-

ferences in mean jacobine concentrations, although not significant, were observed 3 

DAT in plants sprayed with ABA as well as in plants sprayed with SA. 

In a different experiment, it was tested whether spraying with 1 mM solutions of MeJA, 

ABA, or SA could trigger any significant effects in the jacobine concentrations of CcII, 

CcN or CrBF plants. None of the observed effects was statistically significant (CcN: p 

= 0.051; CcII: p = 0.021, no significance between control and treatments, only between 

treatments) (Figure 9C). Neither MeJA, ABA, or SA led to any detectable accumulation 
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of jacobine in CrBF plants. Since only three to four plants were used per treatment, 

these experiments would have to be repeated with a higher number of biological repli-

cates in order to observe potentially significant effects. Based on these results, it is not 

possible to draw any conclusions about the effect of the tested plant hormones on 

jacobine accumulation in C. crepidioides.  

 

2.2.2. Neither Stress Treatments nor Application of Different Classes of In-
hibitors Significantly Impacts Jacobine Concentrations in C. crepid-
ioides and C. rubens 

Stress conditions or treatment with certain chemicals can influence the biosynthesis of 

various plant secondary metabolites as well (Namdeo, 2007; Akula & Ravishankar, 

2011). Therefore, one aim of this work was to test the effect of different stress and 

chemical treatments on jacobine accumulation in Crassocephalum plants. 

Since some plants exhibit altered PA accumulation after certain wounding or stress 

stimuli (Van Dam et al.,1993), it was tested if this was also the case for Crassocepha-

lum. In order to simulate herbivore feeding, one of these treatments was the removal 

of all apical meristems of the main and lateral branches of CcII plants. This treatment 

reduced jacobine concentrations (Figure 9B) but this observation was statistically not 

significant. 

In another experiment, wounding of CcN and CrBF plants by needle punctuation re-

duced jacobine accumulation (Figure 9C) but the change was not significant. In CrBF 

there was no jacobine detectable, neither in control plants nor in treated plants.  

To test another form of wounding, leaves of hydroponically grown CcII plants were cut 

in half and plants were sampled 7 or 14 days after the treatment. As shown in Figure 

9D, jacobine levels were identical 7 DAT while 14 DAT jacobine levels in wounded 

plants were slightly increased but the change was statistically not significant (7 DAT: p 

= 0.957; 14 DAT: p = 0.133). 

In order to investigate if an altered light environment in combination with cold temper-

atures impacts PA concentrations in C. crepidioides, plants were subjected to a 4°C 

and dark treatment for 72 h. CcN plants exhibited a non-significant increase in jacobine 

levels (Figure 9C) while CrBF showed no detectable jacobine accumulation. 
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Figure 9. Chemical and wounding treatments do not affect jacobine accumulation in Crassocephalum. (A) C. crepidioides Ile-Ife (CcII) plants grown on 
SPED63P soil for five weeks, sprayed with 0, 0.5, or 1 mM MeJA, harvested 7 or 14 DAT. (B) CcII plants grown on CLED73 soil for seven weeks, sprayed 
or watered with 1 mM MeJA, ABA, SA, NAA, BA, or apical meristems cut off, harvested 3 or 8 DAT. (C) CcII, CcN (C. crepidioides Nepal), and CrBF (C. 
rubens, Burkina Faso) plants grown on CLED73 soil for 7 weeks, sprayed with 1 mM MeJA, ABA, SA, or wounded by needle punctuation, or kept 
cold/dark for 72 h, harvested 7 DAT. (D) CcII plants grown hydroponically on ½ MS medium for five weeks, then wounded by cutting of 50% of all 
leaves, harvested 7 or 14 DAT. (E) CcN and CcII plants grown on CLED73 soil for six weeks, watered with 0, 1, or 10 mg/l fluridone on three consecutive 
days, harvested 7 DAT. (F) Plants grown hydroponically in ½ MS medium for five weeks, then one week in ½ MS submitted with 1 mM of indicated 
compounds, then two weeks in Hoagland solution (without nitrogen, for composition see 4.2.5.) and submitted with 1 mM of indicated compounds. 
(G) Top and (H) side view of triazole/HEH treated plants. Columns and bars represent the average and standard error of three to four independent 
replicates, respectively. * indicates p < 0.05 between control and treatment, one-way ANOVA followed by Tukey’s HSD test [A: 7 DAT (F2,9 = 1.186, p 
= 0.349), 14 DAT (F2,9 = 1.884, p = 0.207), B: 3 DAT (F9,20 = 4.07, p = 0.004, no significance between control and treatments), 8 DAT (F2,9 = 1.394, p = 
0.255); C: CcN (F5,18 = 2.758, p = 0.051) CcII (F2,9 = 6.148, p = 0.021, no significance between control and treatments); D: 7 DAT (F1,4 = 0.003, p = 
0.957), 14 DAT (F1,6 = 3.017, p = 0.133); E: CcII (F2,9 = 2.323, p = 0.154), CcN (F2,9 = 0.312, p = 0.739); F: (F5,12 = 7.712, p = 0.002)]. 
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To check whether the inhibition of ABA biosynthesis might increase jacobine levels in 

C. crepidioides, the ABA biosynthesis inhibitor fluridone (Gamble & Mullet, 1986) was 

tested on CcII and CcN plants. As shown in Figure 8E, fluridone at 1 mg/l led to a slight 

reduction in CcN, while in CcII a slight increase was observed but the effects were not 

significant (CcII: p = 0.154; CcN: p = 0.739). At 10 mg/l fluridone, jacobine concentra-

tions in both accessions remained equal to those of mock-treated control plants. 

Cytochrome P450 enzymes are thought to be involved in PA biosynthesis and can be 

inhibited by triazole compounds. In order to test if these cytochrome P450 inhibitors 

show any effect on PA biosynthesis in C. crepidioides, a set of different triazoles at a 

concentration of 1 mM was tested on CcII plants grown under hydroponic conditions. 

Paclobutrazole (PAC) and uniconazole, both inhibitors of gibberellin biosynthesis 

(Rademacher, 2000), showed the typical triazole stunting effect on plant phenotypes 

(Figure 9G, H), indicating a sensitivity of C. crepidioides for these compounds. Brassi-

nazole (BRZ), an inhibitor of brassinosteroid biosynthesis (Asami et. al., 2000), showed 

no effect on plant phenotype, indicating a potential insensitivity. Triadimefon, a fungi-

cide with side-effects on gibberellin biosynthesis (Buchenauer & Röhner, 1981), also 

showed no effect on plant phenotype at the used concentrations. PAC as well as BRZ 

did not change jacobine concentrations (Figure 9F). Triadimefon and uniconazole 

seemed to decrease jacobine concentrations but both effects were not statistically sig-

nificant. 

Since 2-hydroxyethylhydrazine (HEH) has been used as an PA biosynthesis inhibitor 

in several previous studies, here it was evaluated if it is also a suitable inhibitor of PA 

biosynthesis in C. crepidioides. Thus, plants of CcII were hydroponically grown on me-

dium supplemented with 1 mM of HEH or on media without the compound as a control 

and jacobine concentrations were measured after three weeks. Plants grown on me-

dium containing HEH accumulated significantly lower levels of jacobine (p = 0.002), 

which were just above the detection limit, while untreated control plants contained jac-

obine at approximately 125 mg/kg FW (Figure 9F). However, HEH severely decreased 

plant growth (Figure 9G, H).   

Subsequently it was tested, whether lower concentrations of HEH could still inhibit PA 

biosynthesis without negatively impacting plant growth. Untreated control plants con-

tained 884 mg/kg FW jacobine, at HEH concentrations of 0.003 mM plants contained 

763 mg/kg, at 0.01 mM 463 mg/kg, and at the highest concentration of 0.03 mM plants 
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contained 27 mg/kg jacobine (Figure 10A). Thus, increasing concentrations of HEH 

reduced the concentrations of jacobine in plants (Figure 10B) with 0.03 mM causing 

the only significant decrease (p = 0.001). At concentrations of 0.003 mM and 0.01 mM, 

HEH did not have any visible effect on shoot growth (Figure 10C), while root growth 

was already visibly inhibited at 0.01 mM (Figure 10D). At 0.03 mM HEH, shoot as well 

as root growth were severely decreased (Figure 10C, D).  

 

 
Figure 10.  2-hydroxyethylhydrazine (HEH) decreases jacobine concentrations as well as root and shoots growth in Crassocephalum crepidioides. (A) 
Jacobine concentrations at different levels of HEH; (B) correlation between HEH and jacobine concentrations; influence of HEH on phenotypes of 
shoots (C) and roots (D). C. crepidioides Ile-Ife (CcII) plants were grown hydroponically for six weeks on full medium (for composition see 4.2.5.) 
submitted with HEH (left to right: 0 mM, 0.003 mM, 0.01 mM, 0.03 mM), then grown for four weeks on medium without nitrogen (for composition 
see 4.2.5.) still containing HEH. Columns and bars represent average and standard error of two to four independent replicates, respectively. * indicates 
p < 0.05 between different treatments. 
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2.3. The Influence of Nutrient Availability on PA Accumulation in Crasso-

cephalum 

2.3.1. Nitrogen Starvation Leads to Increased Jacobine Accumulation in 
Leaves of C. crepidioides, but Not in C. rubens 

Previous work had indicated that growth conditions impact jacobine levels in C. crep-

idioides Ile-Ife (Rozhon et al., 2018). In order to investigate whether it may be the sup-

ply of nutrients that alters jacobine levels in C. crepidioides, and to test if similar effects 

occur in C. rubens, an experiment with different substrates was performed. Two ac-

cessions of C. crepidioides and two of C. rubens were grown for eight weeks on four 

different commercial potting soils containing varying amounts of nutrients. The results 

indicate that the concentrations of jacobine were significantly affected by the substrate 

that plants were cultivated on (Figure 11A). The highest accumulation of jacobine was 

detected in C. crepidioides grown on D400 and SPED63P, followed by plants on C700 

with intermediate levels, while plants on CLED73 exhibited the lowest concentrations. 

This trend was observable in both C. crepidioides accessions, although the Nepal ac-

cession generally contained higher amounts of jacobine. In contrast, none of the C. 

rubens plants showed detectable amounts of jacobine (Figure 11A).  

A commercial analysis of the four substrates (Table 1) indicated that the main differ-

ence was in the concentration of N and K, with CLED73 containing the highest amounts 

of N (456 mg/l), followed by C700 (212 mg/l), SPED63P (116 mg/l), and D400 (89 

mg/l). In all four substrates N was mainly present in the form of nitrate. Regarding K, 

CLED73 also had the highest concentration (454 mg/l), followed by C700 (210 mg/l), 

D400 (87 mg/l), and SPED63P (85 mg/l). Thus, it seemed that jacobine concentrations 

in C. crepidioides were mainly influenced by the supply of N and/or K.  

Morphological differences depending on the substrate were observed. Plants on 

CLED73 and C700 were slightly taller and greener compared to plants on SPED63P 

and D400 (Figure 11B). The concentrations of N, K, and P in substrates were then 

analyzed before and after the cultivation of plants. The commercial substrate analysis 

provided nutrient concentrations in mass per volume, which is not the most precise, 

since the substrate’s compression can influence its volume to a certain extent. There-

fore, nutrient concentrations of the subsequent substrate analysis were determined in 

mg nutrient per kg dry weight of substrate, in order to be more precise.  
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Analyte Unit D400 SPED63P C700 CLED73 
Sum parameters      
  Volume weight (wet) g/l 372.0 323.0 300.0 453.0 
  pH  5.3 4.9 5.9 4.9 
  Salinity mg/l 1161.0 1126.0 1727.0 3564.0 
  Conductivity µS/cm 591.0 660.0 1090.0 1490.0 

Plant available nutrients (CAT extract) 
  N (soluble) mg/l 89.0 116.0 212.0 456.0 
  N (Ammonia) mg/l 1.9 31.2 1.5 2.3 
  N (Nitrate) mg/l 86.7 84.6 210.0 454.0 
  P2O5 (Phosphate) mg/l 30.0 30.0 28.0 44.0 
  K2O (Potassium) mg/l 211.0 154.0 295.0 408.0 
  Magnesium mg/l 94.0 100.0 65.0 218.0 
  Sodium mg/l 25.0 8.0 42.0 24.0 
  Aluminium mg/l 4.2 5.6 2.9 7.0 
  Sulphur mg/l 170.0 230.0 190.0 380.0 
  Iron mg/l 30.0 42.0 58.2 77.9 
  Manganese mg/l 20.0 10.0 22.0 17.0 
  Copper mg/l 1.0 0.8 0.7 2.1 
  Boron mg/l   0.2 0.1 0.3 0.4 
  Zinc mg/l 1.6 1.6 1.3 3.1 
Additional nutrients and parameters 
  Calcium mg/l 1008.0 987.1 1014.0 1890.0 
  Molybdenum mg/l <0.05 <0.05 <0.05 <0.05 
  Chloride mg/l 26.0 <8.0 75.0 172.0 
  Carbonate % 0.4 <0.2 0.5 0.2 

 
Table 1: Commercial analysis of the substrates used in this study. 

 

The substrate CLED73 exhibited the highest amounts of nitrate (1584 mg/kg DW), fol-

lowed by C700 (838 mg/kg DW), SPED63P (555 mg/kg DW), and D400 (333 mg/kg 

DW) (Figure 11C). After cultivation of plants, only CLED73 still contained considerable 

amounts of nitrate, whereas C700 was nearly depleted. In SPED63P as well as D400 

nitrate was almost completely used up. Additionally, these nutrients were quantified in 

plant material, showing a similar trend: all plants cultivated on CLED73 showed high 

levels of nitrate, C700 plants contained only low amounts, while in samples from 

SPED63P and D400 it was just barely or not detectable (Figure 11D).  

Quantification of the initial K concentrations in soils showed that CLED73 contained 

the highest (1754 mg/kg DW), followed by C700 (1626 mg/kg DW), D400 (1270mg/kg 

DW), and SPED63P (842 mg/kg DW) (Figure 11E). After plant cultivation, K was still 

detectable in all soil samples, although at much lower concentrations (Figure 11F). 

Analysis of K in plant samples showed that plants grown on D400 and SPED63P 
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contained higher or similar K concentrations compared to plants grown on C700 or 

CLED73 (Figure 11F).  

In the case of P, only SPED63P had a significantly lower content compared to the other 

three substrates (Figure 11G). At the end of the experiment all substrates still con-

tained considerable amounts with CLED73 and C700 generally showing higher con-

centrations compared to SPED63P and D400 (Figure 11G). In a similar manner, P was 

present in all plant samples in the range of 0.4-0.8 mg/g FW (Figure 11H).  

Calcium is an important plant nutrient due to its essential role in cell wall integrity and 

as a secondary messenger for biotic and abiotic stress as well as stomatal regulation 

(Maathuis, 2009). Magnesium is another key nutrient with a central role in photosyn-

thesis since it is part of the chlorophyl molecule. Furthermore, magnesium is a cofactor 

for various other enzymes and is involved in energy transfer reactions as well as the 

stabilization of nucleic acids (Maathuis, 2009). In order to exclude that deficiencies of 

these two secondary nutrients are causing the increase in jacobine, the concentrations 

of magnesium (Figure 11A) and calcium (Figure 12B) were also quantified in plant 

material, but no evidence for depletion was observed.  

In summary, the quantification of nutrients in substrates and leaves, paired with the 

observed symptoms of N deficit, suggest that Crassocephalum plants grown on the 

substrates SPED63P and D400 were mainly subjected to N deficiency. 
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Figure 11: Leaves of Crassocephalum crepidioides, but not of C. rubens, accumulate jacobine, which is promoted by growth on low-N-substrate. (A) 
Two accessions of C. crepidioides [Nepal (N) and Ile-Ife (II)] and C. rubens [(Burkina Faso (BF) and Mali (M)] were grown on four different substrates 
(D400, SPED63P, C700, and CLED73) for eight weeks. The top 2 g of leaves were harvested and jacobine content analyzed. (B) Pictures of representative 
CcN (top) and CcII (bottom) plants; side views, from left to right: D400, SPED63P, C700, CLED73; top views: SPED63P (upper left), CLED73 (upper right), 
D400 (lower left), C700 (lower left). (C) Nitrate concentrations of substrates before and after cultivation of the indicated accession. (D) Nitrate con-
centrations in leaves. (E) K concentrations of substrates before and after cultivation. (F) K concentrations in leaves. (G) P concentrations of substrates 
before and after cultivation. (D) P concentrations in leaves. Columns and bars represent average and standard error of six independent replicates (nd 
= not detectable). Different letters above bars indicate p < 0.05 within substrates or accessions, ANOVA followed by Tukey’s HSD test [jacobine: CcN 
(F3,20 = 7.251, p = 0.002), CcII (F3,20 = 11.199, p = 0.0002); nitrate before cultivation: (F3,20 = 249.637, p < 0.0001); nitrate after cultivation: CcN 
(F3,20 = 8.424, p = 0.001), CcII (F3,20 = 10.332, p = 0.0003), CrBF (F3,20 = 12.836, p < 0.0001), CrM (F3,20 = 18.133, p < 0.0001); nitrate in leaves: CcN 
(F3,20 = 14.08, p < 0.0001), CcII (F3,20 = 31.765, p < 0.0001), CrBF (F3,20 = 38.679, p < 0.0001), CrM (F3,20 = 26.354, p < 0.0001); K before cultivation: 
(F3,20 = 51.779, p < 0.0001), K after cultivation: CcN (F3,20 = 9.858, p = 0.0003), CcII (F3,20 = 9.323, p = 0.0005), CrBF (F3,20 = 6.397, p = 0.003), CrM 
(F3,20 = 0.768, p = 0.525); K in leaves: CcN (F3,20 = 24.184, p < 0.0001), CcII (F3,20 = 9.378, p = 0.0004), CrBF (F3,20 = 2.753, p = 0.069), CrM (F3,20 = 
21.109, p < 0.0001); P before cultivation: (F3,20 = 17.858, p < 0.0001), P after cultivation: (CcN F3,20 = 19.156, p < 0.0001), CcII (F3,20 = 38.453, p < 
0.0001), CrBF (F3,20 = 12.678, p < 0.0001), CrM (F3,20 = 31.699, p < 0.0001); P in plants: CcN (F3,20 = 20.410, p < 0.0001), CcII (F3,20 = 24.413, p < 
0.0001), CrBF (F3,20 = 17.600, p < 0.0001), CrM (F3,20 = 16.022, p < 0.0001)]. 
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2.3.2. Amino Acid Concentrations in Crassocephalum Correlate Positively 
With Nitrogen Supply in Substrates 

The amino acids arginine, ornithine, and methionine are precursors of polyamines in 

the biosynthesis pathway of PAs. Thus, the question arises, if soil nutrient levels could 

influence the concentrations of these amino acids, thereby stimulating increased poly-

amine accumulation, ultimately leading to an increased PA biosynthesis. Also, would 

the increased PA accumulation in nutrient deficient plants lead to lower concentrations 

of the polyamine precursor amino acids? Consequently, the effect of soil nutrient levels 

on the concentration of amino acids in Crassocephalum was investigated. The con-

centrations of free amino acids correlated negatively with jacobine concentrations in 

both C. crepidioides accessions. Plants grown on CLED73 exhibited the highest con-

centrations in total as well as single amino acids while plants on D400 and SPED63P 

showed the lowest (Figure 12C-H). Thus, concentrations of amino acids did not corre-

late positively with jacobine concentrations. Furthermore, C. crepidioides contained 

higher amounts of total amino acids on high N substrates compared to C. rubens (Fig-

ure 12C). Of all the amino acids, glutamine reached the highest concentrations, espe-

cially in C. crepidioides on CLED73 (Figure 12D). In contrast, serine was detected at 

much higher concentrations in C. rubens on C700 and CLED73 compared to C. crep-

idioides (Figure 12E). For arginine, a precursor in the biosynthesis of spermidine and 

putrescine, which was found in higher concentrations in C. crepidioides compared to 

C. rubens, a positive correlation with N availability could be observed as well (Figure 

12F). The two other polyamine precursor amino acids ornithine and methionine also 

correlated positively with increasing supply of N in C. crepidioides, while in C. rubens 

both were just above the detection limit (Figure 12G, H). These results show that plants 

grown on high N substrates contain higher concentrations of amino acids in general 

without any specific trends observable for the precursor amino acids arginine, methio-

nine, and ornithine. Furthermore, their concentrations did not correlate positively with 

jacobine concentrations. Thus, a higher supply of early precursors does not seem to 

lead to increased PA biosynthesis.   
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Figure 12: Amino acid concentrations are decreased on low-N-substrates in leaves and roots of Crassocephalum crepidioides and Crassocephalum 
rubens. Secondary nutrients and amino acids in leaves of Crassocephalum plants grown on different substrates. Concentrations of (A) magnesium, (B) 
calcium, (C) total amino acids, (D) glutamine (E), serine, (F) arginine, (G) ornithine, and (H) methionine. Plants were grown for eight weeks in the 
indicated substrates. Columns and bars represent average and standard error of six independent replicates, respectively. Different letters above bars 
indicate p < 0.05 within accessions, ANOVA followed by Tukey’s HSD test [magnesium: CcN (F3,20 = 23.266, p < 0.0001), CcII (F3,20 = 23.762, p < 
0.0001), CrBF (F3,20 = 7.879, p = 0.001), CrM (F3,20 = 7.303, p = 0.002); calcium: CcN (F3,20 = 7.066, p = 0.002), CcII (F3,20 = 19.419, p < 0.0001), CrBF 
(F3,20 = 5.027, p =0.009), CrM (F3,20 = 6.113, p = 0.004); amino acids: CcN (F3,20 = 39.538, p < 0.0001), CcII (F3,20 = 41.024, p < 0.0001), CrBF (F3,20 
= 32.725, p < 0.0001), CrM (F3,20 = 58.689, p < 0.0001); glutamine: CcN (F3,20 = 15.718, p < 0.0001), CcII (F3,20 = 30.892, p < 0.0001), CrBF (F3,20 = 
17.384, p < 0.0001), CrM (F3,20 = 14.200, p < 0.0001); serine: CcN (F3,20 = 13.767, p < 0.0001), CcII (F3,20 = 28.969, p < 0.0001), CrBF (F3,20 = 18.540, 
p < 0.0001), CrM F3,20 = 18.817, p < 0.0001); arginine: CcN (F3,20 = 23.330, p < 0.0001), CcII (F3,20 = 33.175, p < 0.0001), CrBF (F3,20 = 16.583, p < 
0.0001), CrM (F3,20 = 8.265, p = 0.001); ornithine: CcN (F3,20 = 39.808, p < 0.0001), CcII (F3,20 = 46.244, p < 0.0001), CrBF (F3,20 = 0.368, p = 0.777), 
CrM (F3,20 = 1.729, p = 0.193); methionine: CcN (F3,20 = 47.334, p < 0.0001), CcII (F3,20 = 11.623, p = 0.0001), CrBF (F3,20 = 9.792, p = 0.0003), CrM 
(F3,20 = 16.392, p < 0.0001)]. 
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2.3.3. Levels of Precursor Polyamines Vary Between Species and Tissue 
and Are Affected by Nitrogen Supply 

Homospermidine, which is formed from spermidine and putrescine, is an early precur-

sor in PA biosynthesis. Thus, these three compounds were measured in both shoot 

and root tissues of the N-depleted plants.  

The concentrations of homospermidine in shoots were much higher in C. crepidioides 

compared to C. rubens (Figure 13A). Interestingly in CcN plants, homospermidine lev-

els in shoots were similar on all substrate types with approximately 5 nmol/g FW. In 

CcII plants on the other hand, homospermidine concentrations reached a maximum of 

24 nmol/g FW on CLED73, compared to 16 nmol/g FW on both C700 and SPED63P, 

while D400-grown plants only contained 11 nmol/g FW. In roots of C. crepidioides ho-

mospermidine was generally present at lower concentrations compared to shoots, 

while it was more abundant in C. rubens roots compared to shoots (Figure 13B).  

Putrescine concentrations were increased on high N soils in both shoots and roots. 

Shoots generally contained more putrescine than roots with overall higher amounts in 

C. crepidioides versus C. rubens (Figure 13C-D). The same trend was observed for 

spermidine (Figure 13E-F). These findings indicate that higher concentrations of pre-

cursor polyamines do not seem to lead to higher concentrations of jacobine.  

Overall, this substrate experiment could demonstrate that nutrient supply has a signif-

icant impact on jacobine concentrations in C. crepidioides, while C. rubens did not 

contain any detectable amounts under the tested conditions and that N deficiency 

seems to be crucial for higher jacobine accumulation. It could further be shown that 

the levels of precursor polyamines and amino acids are not positively correlated with 

jacobine concentrations. In order to confirm the role of N, further experiments were 

carried out to support the previous findings. 
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Figure 13: Polyamine concentrations are mainly decreased on low-N-substrates in leaves and roots of Crassocephalum crepidioides and Crassocepha-
lum rubens. Concentrations of homospermidine in (A) leaves and (B) roots of plants grown for eight weeks in the indicated substrates. Concentrations 
of putrescine in (C) leaves and (D) roots. Concentrations of spermidine in (E) leaves and (F) roots. Columns and bars represent average and standard 
error of six independent replicates, respectively. Different letters above bars indicate p < 0.05 within accessions, ANOVA followed by Tukey’s HSD test 
[(homospermidine leaves: CcN (F3,20 = 0.226, p = 0.877), CcII (F3,20 = 10.980, p = 0.0002), CrBF (F3,19 = 16.822, p < 0.0001), CrM (F3,20 = 14.753, p < 
0.0001); homospermidine roots: CcN (F3,20 = 2.125, p = 0.129), CcII (F3,20 = 0.601, p = 0.622), CrBF (F3,20 = 2.381, p = 0.100), CrM (F3,20 = 7.480, p = 
0.002); putrescine leaves: CcN (F3,20 = 31.576, p < 0.0001), CcII (F3,20 = 31.307, p < 0.0001), CrBF (F3,20 = 8.016, p = 0.001), CrM (F3,20 = 42.433, p < 
0.0001); putrescine roots: CcN (F3,20 = 20.321, p < 0.0001), CcII (F3,20 = 28.759, p < 0.0001), CrBF (F3,20 = 11.024, p = 0.0002), CrM (F3,20 = 31.981, 
p < 0.0001); spermidine leaves: CcN (F3,20 = 8.482, p = 0.001), CcII (F3,20 = 37.897, p < 0.0001), CrBF (F3,20 = 9.375, p = 0.0005), CrM (F3,20 = 23.154, 
p < 0.0001); spermidine roots: CcN (F3,20 = 11.940, p = 0.0001), CcII (F3,20 = 8.336, p = 0.001), CrBF (F3,20 = 3.177, p = 0.046), CrM (F3,20 = 12.349, p 
< 0.0001)]. 
 

 

 

2.3.4. Nitrogen Fertilization Can Decrease Jacobine Concentrations in C. 
crepidioides 

The results of the substrate experiment suggested that N availability has a significant 

effect on jacobine accumulation in C. crepidioides. However, since K may also contrib-

ute, a fertilization experiment was conceived to determine whether N or K have 
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stronger effects. For this purpose, CcN plants were grown on the high nutrient sub-

strate CLED73 as well as the low nutrient substrate SPED63P for three weeks. Plants 

on SPED63P were then fertilized with solutions of potassium sulfate, calcium nitrate, 

or potassium nitrate in order to reach approximately the concentrations of the CLED73 

soil and cultivated for 30 more days before being harvested. Potassium sulfate only 

reduced jacobine by approximately 10%, while plants supplemented with calcium ni-

trate showed approximately 60% lower jacobine concentrations, and fertilization with 

potassium nitrate led to an approximately 80% lower jacobine accumulation compared 

to the unfertilized control plants (Figure 14). Thus, N seems to have a stronger effect 

on the reduction of jacobine accumulation than K. 

 

 
Figure 14: Nitrogen fertilization decreases jacobine concentrations in Crassocephalum crepidioides while potassium fertilization does not. CcN plants 
were grown on SPED63P or CLED73 substrate for three weeks, then plants on SPED63P were fertilized with the indicated nutrients and cultivated for 
30 more days before being harvested. From each treatment two samples were pooled for jacobine quantification. 
 

 

2.3.5. Nitrogen Deficiency Increases Jacobine Concentrations While Po-
tassium Deficiency Increases Polyamine Levels 

In order to further compare the effects of N and K, a hydroponic experiment was con-

ducted, in which both C. crepidioides accessions were either grown on a full medium 

containing all nutrients or a drop-out medium lacking specifically either K or N.  

The hydroponic system (Figure 15) consisted of a hydroponic tank (28 cm × 19 cm × 

14 cm) covered by a lid with six holes holding net pots filled with foam cylinders. Each 

hydroponic tank harbored six plants (three of each accession) and contained 4 L of 
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medium, which was exchanged twice a week. Constant aeration of the medium was 

provided by air stones connected to an air pump. 

For the experiment 3-week-old seedlings were transplanted to the hydroponic tanks 

after pre-cultivation on SPED63P substrate. Plants were first cultivated in ½ MS me-

dium (Murashige and Skoog, 1962) for three weeks before being switched to a modi-

fied Hoagland solution (Hoagland and Arnon, 1938; for detailed composition see 4.2.5., 

Table 3), which provided the drop-out of either N or K. Plants were then grown for 

another three weeks, before shoot and root tissue from three individual plants in three 

biological repeats was harvested and metabolites were analyzed.  

 

 
Figure 15. A hydroponic system allows plant growth on specific nutrient drop-out medium. (A) Tank filled with 4 l of medium, covered with (B) lid 
containing six holes for (C) mesh pots filled with foam; medium was aerated by (D) air pump connected to (E) air stones. 
 
 
As already observed in the substrate experiment, plants on -N medium exhibited 

slightly stunted growth compared to the plants on full medium and K drop-out medium, 

as well as chlorotic leaves and increased anthocyanin accumulation, which are typical 

symptoms of N deficiency (Figure 16). Additionally, free nitrate was measured in plant 

material, confirming that only plants grown on -N medium were subjected to N defi-

ciency (Figure 14H), indicating the N deficiency symptoms were indeed caused by low 

N concentrations in plants. 

CcN plants accumulated more jacobine (447 µmol/g FW) than CcII plants (245 µmol/g 

FW) on full medium (Figure 17A). Plants on both deficiency mediums showed elevated 

jacobine concentrations in shoots. However, this effect was much stronger in the ab-

sence of N. On -N medium both accessions showed a 2.5-fold increase in the amount 

of jacobine (Nepal: 1137 µmol/g FW; Ile-Ife: 625 µmol/g FW) while on -K medium only 

a 1.6- and 1.3-fold increase (CcN: 705 µmol/g FW; CcII: 311 µmol/g FW) could be 
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observed. Jacobine was not detectable in roots in any case. Additionally, free nitrate 

was measured in plant material, confirming that only plants grown on -N medium were 

subjected to N deficiency (Figure 17H). 

 

Figure 16. Nitrogen drop-out causes deficiency symptoms in leaves of hydroponically grown plants of Crassocephalum crepidioides. Three-week-old 
soil-grown CcN and CcII plants were transferred to a hydroponic system and cultivated on ½ MS for three weeks, before being transferred to either 
full medium or drop-out medium for potassium (-K) or nitrogen (-N). After three weeks of growth on drop-out medium, leaves and roots from three 
individual plants were analyzed separately. 

 

Retronecine is the common backbone structure of retronecine-type PAs, which include 

jacobine. Therefore, the concentrations of total retronecine in shoot and root tissues 

were quantified in order to further narrow down how and where N deficiency impacts 

the biosynthetic pathway of jacobine. The method used allows a quantification of both 

free (not yet incorporated into a more complex PA structure) and bound retronecine 

(already incorporated into a retronecine-type PA like jacobine). The results showed the 

same trend that had been observed for jacobine, except for the detection of low con-

centrations of retronecine in roots (Figure 17B).  

The polyamines homospermidine and spermidine were generally found at higher con-

centrations in CcII plants, while putrescine was more abundant in CcN (Figure 17C-E). 

Polyamine concentrations were consistently lower on -N medium. Contrarily, a lack of 

K lead to a boost in polyamine levels. This trend is especially pronounced for putres-

cine: its concentration in leaves was increased 15-fold in CcN and 11-fold in CcII, while 

in roots putrescine concentration was 44-fold higher in CcN and 22-fold higher in CcII 

(Figure 17D). Similar trends were observed for the polyamine precursor amino acid 

arginine (Figure 17F) as well as the predominant amino acid glutamine (Figure 17G).  
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Figure 17: Nitrogen drop-out increases concentrations of jacobine and retronecine, but not of polyamines in leaves of hydroponically grown Crasso-
cephalum crepidioides plants. Plants were sown and cultivated on soil for three weeks before being transferred to hydroponic tanks containing ½ MS 
medium. After another three weeks, plants were transferred to medium lacking either potassium (-K) or nitrogen (-N) or, as a control, to full medium 
(full) for three weeks (for composition see 4.2.5.). The top 2 g of leaves were harvested and analyzed for the concentrations of (A) jacobine, (B) total 
retronecine, (C) homospermidine, (D) putrescine, (E) spermidine, (F) arginine, (G) glutamine, and (H) nitrate. Columns and bars represent average and 
standard error of three to four independent replicates, respectively. Different letters above bars indicate p < 0.05 within organs of different accessions, 
ANOVA followed by Tukey’s HSD test [jacobine: CcN leaves (F2,6 = 46.821, p = 0.0002), CcII leaves (F2,6 = 16.451, p = 0.004); retronecine: CcN leaves 
(F2,6 = 24.150, p = 0.001), CcII leaves (F2,6 = 5.923, p = 0.038), CcN roots (F2,6 = 2.696, p = 0.146), CcII roots (F2,6 = 12.140, p =0.008); homospermidine: 
CcN leaves (F2,6 = 181.942, p < 0.0001), CcII leaves (F2,6 = 39.788, p = 0.0003), CcN roots (F2,6 = 13.364, p = 0.006), CcII roots (F2,6 = 91.586, p < 
0.0001); putrescine: CcN leaves (F2,6 = 57.970, p = 0.0001), CcII leaves (F2,6 = 41.215, p = 0.0003), CcN roots (F2,6 = 44.225, p = 0.0003), CcII roots 
(F2,6 = 76.987, p < 0.0001); spermidine: CcN leaves (F2,6 = 99.300, p < 0.0001), CcII leaves (F2,6 = 27.509, p = 0.001), CcN roots (F2,6 = 51.917, p = 
0.0002), CcII roots (F2,6 = 25.216, p = 0.001); arginine CcN leaves (F2,6 = 9.134, p = 0.015), CcII leaves (F2,6 = 184.888, p < 0.0001), CcN roots (F2,6 = 
4.646, p = 0.06), CcII roots (F2,6 = 15.201, p = 0.004); glutamine CcN leaves (F2,6 = 8.534, p = 0.018), CcII leaves (F2,6 = 31.398, p = 0.001), CcN roots 
(F2,6 = 15.102, p = 0.005), CcII roots (F2,6 = 25.805, p = 0.001); nitrate CcN leaves (F1,4 = 0.652, p = 0.465), CcII leaves (F1.4 = 15.755, p = 0.017), CcN 
roots (F2,6 = 0.014, p = 0.911), CcII roots (F1,4 = 18.335, p = 0.013)]. 
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2.3.6. Nitrogen Deficiency Increases Jacobine Concentrations in C. crep-
idioides Constantly Over Time 

In order to investigate temporal effects of N starvation on the formation of jacobine and 

its precursors in C. crepidioides, a time-course experiment was conducted as part of a 

research project (experiment conducted by Nayem Shahran; planning, supervision, 

and data analysis: Sebastian Schramm).  

CcII plants were grown on a low nutrient substrate supplemented with either a high 

(500 mg/ kg DW) or low (150 mg/kg DW) dose of N and the same amount of other 

essential nutrients. N was added to the substrate as ammonium nitrate (NH4NO3) in 

two doses, the first one after transplanting of the seedlings, the second one two weeks 

later. Leaf samples were collected 7, 14, 21, and 28 days after the last N addition for 

analysis of jacobine and polyamines. Additionally, N, K, and P levels of substrates were 

quantified to see how much was already taken up by the plants at the time point of 

sampling. 

In this experiment it could be shown that jacobine concentrations on low-N-soil steadily 

increased over time, reaching a level of 707 nmol/g FW at the end of the experiment. 

On high-N-soil, jacobine concentrations remained much lower, reaching only 86 nmol/g 

FW (Figure 18A).  

Upstream polyamines were also measured, which showed that while the content of 

homospermidine (Figure 18B) and putrescine (Figure 18C) did not significantly 

change, spermidine levels on low-N-substrate dropped over time from an initial maxi-

mum of 67.3 nmol/g FW to a minimum of 17.1 nmol/g FW. On high-N-soil spermidine 

levels were fluctuating between 80.7 and 133.1 nmol/g FW (Figure 18D).  
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Figure 18: Nitrogen starvation leads to a continuous increase of jacobine in Crassocephalum crepidioides. CcII plants were grown in substrate supple-
mented with nutrients (see 4.2.6.). Nitrate was delivered in form of ammonium nitrate either at a low dose (150 mg N/kg DW) or a high dose (500 mg 
N/kg DW). Leaf samples were taken after the indicated time and the concentrations of (A) jacobine, (B) homospermidine, (C) putrescine, and (D) 
spermidine measured. Columns and bars represent average and standard error of 3 to 4 independent replicates, respectively. Different letters above 
bars indicate p < 0.05, ANOVA followed by Tukey’s HSD test (jacobine: ANOVA F7,23 = 28.356, p < 0.0001; homospermidine: ANOVA F7,20 = 1.984, p 
= 0.109; putrescine: ANOVA F7,20 = 3.880, p = 0.008; spermidine: ANOVA F7,20 = 12.029, p < 0.0001). 
 
 
 

The decrease of N in soils over time was examined, indicating that nitrate on low-N-

soil was depleted after 21 days while on high-N-soil there was still nitrate left at the end 

of the experiment (Figure 19A). An analysis of nitrate in plant tissues showed that val-

ues on low-N-soil were overall much lower and dropped below the detection limit after 

28 days (Figure 19B), whereas on high-N-soil nitrate was still present at the end of the 

experiment.  

To ensure that plants were only exposed to N deficiency, K concentrations were meas-

ured in soil as well. In both treatments the amount of K decreased over time but was 

never fully depleted (Figure 19C). Quantification of P in substrates indicates that suffi-

cient amounts were still present at the end of the experiment (Figure 19D).  

The substrate experiment already demonstrated that the general amino acid levels as 

well as the levels of precursor amino acids ornithine, methionine, and arginine corre-

lated positively with nutrient supply. However, it was not shown yet how amino acid 

concentrations react over time if only the supply of N varies. Thus, the concentration 

of total amino acids and the most abundant amino acid glutamine were quantified. This 

showed that amino acids were present at higher concentrations in high-N-soil 
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compared to low-N-soil (Figure 19E), which corresponds to the findings of the previous 

experiments. A similar trend was observed for glutamine (Figure 19F). 

  

 
Figure 19: Influence of nitrogen starvation on nutrients in substrates as well as nitrate and amino acids in leaves of Crassocephalum crepidioides. CcII 
plants were grown on substrate supplemented with nutrients (see 4.2.6.). Nitrate was delivered in the form of ammonium nitrate, either at a low dose 
(150 mg N/kg DW) or a high dose (500 mg N/kg DW). Leaf samples were taken after the indicated time and the concentrations of (A) nitrate in 
substrates, (B) nitrate in leaves, (C) potassium in substrates, (D) phosphorus in substrates, (E) total amino acids in leaves, and (F) glutamine in leaves 
measured. Columns and bars represent the average and standard error of three to four independent replicates, respectively. Different letters above 
bars indicate p < 0.05, ANOVA followed by Tukey’s HSD test (nitrate substrate: F5,16 = 10.138, p = 0.0002; nitrate leaves F7,23 = 12.501, p < 0.0001; 
potassium substrate: F7,23 = 5.814, p = 0.001; phosphorus substrate: F7,23 = 1.549, p = 0.201; amino acids: F7,23 = 2.555, p = 0.042; glutamine: F7,23 
= 3.684, p = 0.008). 

 

These results confirm that N deficiency significantly increases jacobine concentrations 

in C. crepidioides, whereas the levels of precursor polyamines are either decreased or 

not significantly affected. In summary, the data of the last three experiments confirms 

that N starvation induces jacobine accumulation in C. crepidioides and indicates that 

homospermidine concentration is not limiting for this reaction. However, the influence 

of N deficiency has only been demonstrated on metabolite levels so far. Therefore, the 

following experiment was conducted in order to elucidate if plant biomass also plays a 

role. 
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2.3.7. Nitrogen Deficiency Increases the Root/Shoot Ratio in C. crepidioi-
des 

Previous studies with Senecio have shown that nutrient supply can influence root/shoot 

ratios, thereby affecting PA concentrations in shoots by dilution effects (Hol et al. 2003; 

Schaffner et al. 2003). In order to test whether N starvation also changes root/shoot 

ratios in C. crepidioides, plants were subjected to N deficiency under hydroponic con-

ditions, then the fresh and dry weight of shoots and roots was determined, and the 

calculated root/shoot ratios of individual plants were correlated with jacobine concen-

trations.  

The biomass experiment was conducted two times with two different plant ages (10 

and 7 weeks). 3-week-old seedlings were transplanted into hydroponic tanks after pre-

cultivation on soil. For the 10 weeks experiment, each hydroponic tank harbored one 

plant of CcII. Plants were first cultivated on ½ MS for 40 days and then transferred to 

N drop-out medium (for composition see 4.2.5.) for 14 days. Since jacobine concen-

trations in lateral (side) branches of C. crepidioides were not measured previously 

(plants in the previous experiments were simply not big enough to branch), jacobine 

was also quantified in the oldest lateral branch of each plant in the 10 weeks experi-

ment in order to test if it reacts in the same way to N depletion as in main shoots.  

For the 7 weeks experiment each hydroponic tank harbored one plant of CcII and one 

of CcN. Plants were first cultivated on ½ MS for 21 days and then transferred to N 

dropout medium (for composition see 4.2.5.) for 11 days.  

In 10-week-old CcII plants, N drop-out caused the typical N deficiency symptoms (Fig-

ure 20A) and a significant increase of root/shoot ratios for fresh weight as well as dry 

weight (Figure 20A, B). Quantification of jacobine showed a significant increase in main 

shoots as well as lateral branches of plants subjected to N deficiency (Figure 20C). 

There was a positive correlation between root/shoot ratio and jacobine content, which 

was significant for fresh weight (R2 = 0.9624, p = 0.000537; data not shown) as well as 

dry weight (R2 = 0.9534, p = 0.000827) (Figure 20D). 

In 7-week-old plants, N drop-out again caused N deficiency symptoms (Figure20E) 

and a significant increase of root/shoot ratios for fresh weight as well as dry weight in 

both accessions (Figure 20F). Quantification of jacobine concentration showed a sig-

nificant increase in shoots of plants subjected to N deficiency in both accessions (Fig-

ure 20G). A positive correlation between root/shoot ratio and jacobine concentration 
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was observed for fresh weight (R2 = 0.9076, p = 0.0000017; data not shown) as well 

as dry weight (R2 = 0.9032, p = 0.0000022) in both accessions (Figure 20H).  

 
Figure 20: Nitrogen deficiency increases root/shoot ratio in hydroponically grown Crassocephalum crepidioides plants. (A) Fresh weight, (B) dry weight, 
(C) jacobine concentrations and (D) correlation between root/shoot ratio and jacobine concentration of CcII plants after 40 days on ½ MS and 14 days 
on -N medium (see 4.2.5). (E) Fresh weight, (F) dry weight, (G) jacobine concentrations, and (H) correlation between root/shoot ratio and jacobine 
concentration of CcN and CcII plants for 21 days on full medium and 11 days on -N medium. Red triangles: CcII (-N), blue triangles: CcII (+N), red 
squares: CcN (-N), blue squares CcN (+N). Columns and bars represent the average and standard deviation of three independent replicates. * indicates 
p < 0.05 between treatments within organs and accessions. Correlation (R2) evaluated by regression analysis.  
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The results of the biomass experiments demonstrate how N deficiency increases 

root/shoot ratio in C. crepidioides and show that root/shoot ratio is positively correlated 

with jacobine concentrations. Thus, it can be assumed that dilution effects could play 

a role in the higher PA accumulation in N-deficient plants. Since roots are supposedly 

the main site of PA formation, a higher biomass ratio of synthesizing organ (roots) 

versus accumulating organ (shoots) would lead to higher concentrations in the accu-

mulating organ (shoots). So far it is unknown if PA biosynthesis in Crassocephalum is 

also restricted to roots. In order to answer this question, the following experiment was 

conducted. 

 

 

2.4. The Physiology of Jacobine Formation and Its Transport 

2.4.1. Jacobine Formation in C. crepidioides Depends on Shoots 

Previous studies concluded that PA biosynthesis in the genus Senecio is restricted to 

roots from where they are transported as N-oxides to shoots via the phloem (Hartmann 

et al., 1989). Since Crassocephalum belongs to the same family and tribe, it could be 

possible that this is also the case for this genus. So far, no studies have investigated 

this, and in previous experiments no jacobine was detected in roots of Crassocepha-

lum. In order to test whether biosynthesis of jacobine is confined to roots in C. crepid-

ioides, a grafting experiment with varying scion/rootstock combinations of the PA-pro-

ducing CcII and the non-PA-producing CrM accession was conducted. 

Scions of 2-week-old CcII seedlings were grafted onto rootstocks of CrM and, as a 

control, also on CcII. To generate grafts of the opposite composition, CrM scions were 

grafted onto CcII and CrM rootstocks. For this purpose, seedlings of both accessions 

were grown vertically on ½ MS medium without sugar (Figure 21A). Subsequently 

seedlings were placed on two layers of sufficiently hydrated Whatman filter paper cov-

ered with one layer of nylon membrane, which were placed in a Petri dish. Subse-

quently, one cotyledon was cut off, then the scion was cut below the apical meristem, 

switched to the desired rootstock hypocotyl and reassembled. The Petri dishes were 

sealed and mounted vertically (Figure 21B). If the grafting procedure was successful, 

the formation of a graft junction could be observed (Figure 21C-D). 

 



54 Pyrrolizidine Alkaloid Biosynthesis in Crassocephalum Species 

Figure 21. Crassocephalum grafting process. (A) Seedlings grown vertically on ½ MS medium without sugar. (B) Two layers of well hydrated Whatman 
filter paper were placed in a Petri dish and covered with one layer of nylon membrane; seedlings were placed on the membrane, one cotyledon was 
cut off, then the scion was cut below the apical meristem, switched to the desired rootstock hypocotyl and reassembled; the Petri dishes were sealed 
with Parafilm and mounted vertically. (C) Early graft junction formation and (D) late graft junction formation. (E) Established graft after transfer to soil. 
Green arrows indicate graft junctions. 
 

Grafted plants were slightly smaller and showed increased anthocyanin accumulation 

(Figure 22A). Inter-species grafts as well as control grafts showed the same pheno-

types, indicating that this was a stress reaction to the grafting and that functional grafts 

had been generated. Compared to non-grafted C. crepidioides, which contained 744 

nmol/g FW of free jacobine and 1439 nmol/g FW of total jacobine (free base and N-

oxide), the control graft (C. crepidioides grafted on C. crepidioides) contained much 

higher concentrations, specifically 2277 nmol/g FW of free jacobine and 3942 nmol/g 

FW of total jacobine (Figure 22B). Thus, the levels of free and total jacobine were in-

creased approximately 3-fold. When C. crepidioides was grafted on a C. rubens 
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rootstock, there were still considerable amounts of jacobine detectable, though at lower 

concentrations: 209 nmol/g FW of free and 323 nmol/g FW total jacobine. In contrast, 

C. rubens did not contain any detectable jacobine even when grafted on a C. crepidi-

oides rootstock. These findings indicate that shoot organs are essential for jacobine 

formation C. crepidioides, while roots contribute only to a certain extent.  

  

 
 
Figure 22: Shoot organs contribute to jacobine accumulation in Crassocephalum crepidioides. (A) Phenotype of ungrafted and grafted Crassocephalum 
plants before sampling. (B) Jacobine concentrations in ungrafted and grafted plants. Two-week-old seedlings were grafted transferred to soil one week 
after grafting. Plant material was harvested after 11 weeks on soil. Columns and bars represent the average and standard error of 6 to 17 independent 
replicates, respectively (nd = not detected; below the detection limit of 4 nmol/g Fw). Different letters above bars indicate p < 0.05 within free or total 
jacobine, ANOVA followed by Tukey’s HSD test (free jacobine: F2,30 = 164.719, p < 0.0001; total jacobine: F2,30 = 130.194, p < 0.0001).  
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2.4.2. Jacobine Is Reallocated from Old to Young Leaves in Shoots of C. 
crepidioides 

Studies on other PA-producing plants have shown that some species are reallocating 

PAs between different tissues as they grow or react to certain stimuli. In C. crepidioides 

the highest concentrations of jacobine are always detected in the youngest parts of the 

shoots, but so far it was unclear if any reallocation from older to younger tissues takes 

place. In order to investigate if jacobine concentrations in leaves remain constant or 

change over time, all leaves of two hydroponically grown plants of CcII were sampled 

two times. Plants were grown on full medium (for composition see 4.2.5.) for six weeks, 

then transferred to medium without N (for composition see 4.2.5.) to induce increased 

jacobine accumulation. After six weeks on medium lacking N, the first sampling was 

conducted: half of each leaf was harvested by cutting along the middle lamella (Figure 

23C). The undamaged petiole, middle lamella, and other half of the leaf remained on 

the plants for the second sampling. After the first sampling, plants were supplied with 

N-containing medium for one week in order to provide enough nutrients for further 

growth before being transferred back to medium without N to induce another increased 

jacobine accumulation. As shown in Figure 23A, jacobine concentrations in leaves of 

C. crepidioides changed dramatically within two weeks. As the plants continued to 

grow, leaves initially containing high jacobine levels eventually become jacobine-free. 

Apparently, there is a constant reallocation of jacobine from old to new leaves. The 

same trend, only more pronounced, was observed when plants were sampled four 

weeks after the first sampling (Figure 23B). 

The previous experiment demonstrated that jacobine concentrations in older leaves 

decrease as they continue to age, and that younger leaves constantly contain high 

levels of jacobine. Thus, the question arose, if jacobine, which accumulates in younger 

leaves, originates exclusively from new biosynthesis or if it is allocated from old leaves 

to young developing ones.  

In an attempt to answer this question, four plants of CcII were grown hydroponically for 

six weeks on medium containing only 15N potassium nitrate as a N source.  In order to 

induce increased jacobine accumulation, plants were subjected to N deficiency for six 

weeks before ¼ of the area of all leaves was sampled without damaging the middle 

lamella. Plants were then switched to medium containing only 14N for one week before 

being subjected to N deficiency again. Leaves were then sampled two more times, one 
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and two weeks after the switch, and subsequently the percentage of 15N jacobine was 

determined by GC-MS. As shown in Figure 23D, leaves of the first harvest contained 

100% 15N jacobine, leaves of the second harvest contained 52% 15N jacobine, and 

leaves of the third harvest contained 40% 15N jacobine.  

These findings suggest that a considerable fraction of jacobine that accumulates in 

young leaves is not newly synthesized but actually reallocated from older leaves. 

 

 
Figure 23: Jacobine is continuously reallocated from older to younger leaves of Crassocephalum crepidioides. Jacobine reallocation in shoots of CcII 
plants within (A) two and (B) four weeks. (C) Plants of the reallocation experiment before and after the first sampling. (D) Percentage of 15N jacobine 
in shoots; plants were first harvested after growing for six weeks on 15N medium and another six weeks on -N medium (for composition see 4.2.5.), 
then plants received 14N medium for one week before being switched to -N medium again; plants were harvested the second time two weeks after 
the switch, and a third time four weeks after the switch; columns and bars represent average and standard deviation of three to eight independent 
replicates, respectively.  
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2.5. Characterization of Crassocephalum HSS  

2.5.1. Two HSS Genes Are Expressed in Crassocephalum, One of Them is 
Conserved Between Accessions 

In order to study homospermidine formation in Crassocephalum on a genetic and en-

zymatic level, and to elucidate, if N deficiency might cause a regulatory impact on jac-

obine synthesis down-stream of HSS, the HSS genes of C. crepidioides and C. rubens 

were characterized. The first HSS genes (approximately 1800 bp) and cDNA se-

quences (approximately 1100 bp) of CcII had previously been identified by the use of 

redundant primers and subsequent 3’- and 5’-RACE in the Poppenberger lab, and thus 

primers for the amplification of additional HSS homologues from other Crassocepha-

lum accessions were available. These primers (CcHSS cDNA fwd 10, CcHSS cDNA 

rev 10; see 4.1.2.) allowed the amplification of the complete coding region as well as 

the introduction of a BamHI restriction site before the start codon, as well as a NotI 

restriction site after the stop codon of the amplified full-length HSS cDNA, respectively. 

The amplified PCR products of the expected size were digested with BamHI and NotI 

and then cloned into the pRSET-A vector that had been linearized previously with the 

same restriction enzymes. The constructs were transformed into Escherichia coli DH5α 

cells. Positive clones carrying the correct construct with the inserted HSS cDNA were 

identified by restriction analysis.  

Previous research in the Poppenberger lab had revealed two different HSS variants in 

CcII. In order to determine whether the other Crassocephalum accessions also contain 

different variants, and to furthermore investigate if those variants represent alleles or 

loci, DNA of 20 individual seedlings of each accession was isolated and subsequently 

used as template for PCR with a primer pair for HSS genotyping (CcHSS 1+2 geno 

fwd8, CcHSS 1+2 geno rev8, see 4.1.2.). This primer pair spans an intron region be-

tween exon 2 and exon 3, which varies between 120 and 140 bp for the different HSS 

gDNA sequences. Since the expected fragment sizes were quite small, PCR products 

were analyzed on PAGE gels. All individual plants of one accession exhibited the same 

pattern (Figure 24A). C. crepidioides always exhibited 3 bands in the expected size 

range while C. rubens only showed one band. The fact that there was no segregation 

observed between plants of the same accession indicates that these variants are not 

alleles but different HSS loci. 

Figure 24B shows recombinant HSS proteins with a size of 40.7 kDa after purification.  
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Sequence analysis showed that all accessions share one identical HSS cDNA se-

quence, namely HSS1. Their corresponding genomic HSS1 sequences showed no 

differences either. Additionally, a second HSS homologue was identified which differs 

between the two C. crepidioides accessions and C. rubens, named HSS2. Additionally, 

partial gDNA sequences (HSS3 and HSS4) could be obtained by designing primers 

(see 4.1.2.) based on the intron sequences which were isolated from the PAGE gels, 

reamplified using the HSS genotyping primers (CcHSS 1+2 geno fwd8, CcHSS 1+2 

geno rev8, see 4.1.2.) and sequenced. 

The phylogenetic relationship of all the identified genomic HSS regions and the cDNA 

sequences is shown in Figure 24C. No cDNA sequences were found that correspond 

to the HSS3 and HSS4 gDNA fragments. On the other hand, it was not possible to 

identify genomic sequences corresponding to HSS2.  

To elucidate the phylogenetic relationship of the Crassocephalum HSSs to those from 

other members of the Senecioneae tribe, a phylogenetic tree was calculated using 

MEGA. Comparing the identified HSS cDNA sequences to HSS sequences of some of 

the most intensively studied PA-producing Senecio species showed that Crassoceph-

alum HSSs were more closely related with each other than to HSSs from Senecio 

(Figure 24D).  

 

2.5.2. All Identified Crassocephalum HSS Homologues Exhibit in vitro Ac-
tivity 

To check, whether all of the identified HSSs were in fact enzymatically active, His-

tagged versions of all HSSs were cloned and expressed in Escherichia coli. Recombi-

nant HSS protein expression, purification and subsequent enzymatic in vitro assays 

with spermidine and putrescine as substrates were conducted and confirmed the en-

zymatic activity of all identified Crassocephalum HSS homologues. Additionally, their 

activities were compared to the HSS orthologues of Senecio jacobaea. All proteins 

showed a comparable activity range in converting putrescine and spermidine to homo-

spermidine as well as the reaction by-product 1,3-diaminopropane (Figure 25A). Inter-

estingly, HSS2 of C. rubens, in which arginine is substituted by glycine at position 205 

of 376, was slightly more active than the other HSS homologues. The amino acid se-

quences of the recombinantly expressed HSS proteins are shown in Figure 25B.  
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Figure 24: Phylogeny of Crassocephalum HSS shows a close relationship of homologues. (A) Genomic intron regions of the Crassocephalum HSS genes; 
(B) recombinant HSS protein; (C) neighbor joining tree for the phylogeny of gDNA and cDNA sequences of Crassocephalum HSS; (D) neighbor joining 
tree for the phylogeny of Crassocephalum HSS cDNA sequences compared to HSS sequences of some of the most intensively studied PA-producing 
Senecio species. Percentage of replicate trees in which associated sequences clustered together in the bootstrap test (500 replicates) are shown next 
to branches. 
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Figure 25: HSS1 and HSS2 of Crassocephalum crepidioides are enzymatically active. Enzymatic in vitro activity of Crassocephalum HSS (A) and amino 
acid sequences (B) of Crassocephalum HSS compared to Senecio jacobaea (Sj) HSS. Columns and bars represent average and standard error of one to 
five independent replicates, respectively. Different letters above bars indicate p < 0.05, ANOVA followed by Tukey’s HSD test (homospermidine: F6,13 
= 4.406, p = 0.012; by-product: F6,13 = 4.648, p = 0.010). 
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In summary, it can be stated that both HSS1 and HSS2 from C. crepidioides as well 

as C. rubens are functional and their activity is comparable to those from Senecio jaco-

baea. 

 

2.5.3. HSS Expression in C. crepidioides is Mainly Restricted to Roots and 
is Not Affected by Nitrogen Supply  

To investigate, if N starvation influences the expression of the HSS encoding genes of 

C. crepidioides, expression analyses were performed, using the routinely used house-

keeping gene GAPC2 (He et al., 2016) as a reference, which was cloned from CcII. 

Due to the high homology of HSS1 and HSS2, both were targeted by the qPCR pri-

mers. Expression analysis of hydroponically grown plants revealed that HSS is pre-

dominately expressed in roots in C. crepidioides but to a small extent also in shoots 

(Figure 26A). HSS expression levels in leaves of CcN plants grown on full medium 

were approximately 60 times lower than in roots, while in CcII they are approximately 

20 times lower. Unfortunately, it was not possible to extract sufficient amounts of RNA 

from leaves of plants grown on -N medium, since N deficiency severely reduced RNA 

concentration as well as quality. The difference in HSS expression on full medium 

compared to -N medium was not significant for both accessions. In both accessions of 

C. crepidioides, HSS expression on low nutrient substrate (SPED63P) was higher than 

on high nutrient soil (CLED73) in (Figure 26B). Only in plants of the Ile-Ife accession, 

the difference in HSS expression was significant (CcII p = 0.004, CcN p = 0.07). These 

results provide additional support for the assumption that HSS regulation C. crepidioi-

des does not contribute to elevated jacobine levels due to N deficiency. 

 

 
Figure 26: Crassocephalum crepidioides HSS is mainly expressed in roots. The impact of nutrient availability on HSS expression relative to the house-
keeping gene GAPC2 in (A) hydroponically grown plants and (B) soil grown plants of C. crepidioides. Columns and bars represent average and standard 
deviation of three to four independent replicates, respectively (nm = not measured). Different letters above bars indicate p < 0.05, ANOVA followed 
by Tukey’s HSD test (A: F5,11 = 15.781, p = 0.0001; B: F3,16 = 5.826, p = 0.007). 
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3. Discussion 

Global food security largely depends on a few staple crops that are widely cultivated 

and demand high resource inputs (Gruber, 2017; Fess et al., 2011). In addition to these 

major crops, there is a wide variety of other plant species, which have been traditionally 

used as food sources for a long time but have not yet received the attention of global 

trade or advanced breeding programs (Heywood et al., 2013; Gruber, 2017). These 

so-called orphan crops are wild or semi-wild plant species with crop-like traits, which 

have the potential to improve the quality of nutrition, especially in developing countries, 

since they can be cultivated on marginal soils, where the production of major crops 

with high input demand is not possible (Jain and Gupta, 2013; Pingali, 2012). Since 

orphan crop species have not yet been the focus of molecular genetics, the African 

Orphan Crops Consortium was founded with the aim to speed up domestication ap-

proaches by generating whole genome sequences for 101 traditional African food 

crops of high importance (Hendre et al., 2019; Jamnadass et al., 2020).  

One of these species is C. rubens, which is used as a leafy vegetable and medicinal 

plant in Sub-Saharan Africa alongside its close relative C. crepidioides. The tetraploid 

C. crepidioides, which is particularly popular in Nigeria, has a prolonged vegetative 

growth phase and therefore generates higher yields compared to its diploid close rel-

ative C. rubens (Adjatin et al., 2013b). This might be connected to the higher ploidy 

level of C. crepidioides, since polyploid plant species are known to exhibit delayed 

flowering and increased vigor (Comai, 2005; Mayfield et al., 2011; Wei et al., 2019b). 

Another effect of polyploidy can be an increased accumulation of secondary metabo-

lites, including alkaloids (Dhawan & Lavania, 1996; Gaynor et al., 2020). The present 

work demonstrates that C. crepidioides can contain high concentrations of the toxic PA 

jacobine in shoots, whereas its relative C. rubens does not accumulate any detectable 

amounts of PAs. Since the shoots of C. crepidioides are consumed as a leafy vegeta-

ble and used for medicinal purposes, their PA content is an undesired trait which poses 

a serious health threat. Thus, the prevention of jacobine accumulation is an essential 

step for the domestication of this species, either through specific agricultural practices 

or by breeding. 

PA accumulation of C. crepidioides might provide an evolutionary advantage since PAs 

are known to be synthesized as a chemical defense against herbivores. In order to test 

whether herbivory might affect jacobine accumulation in shoots of C. crepidioides, 
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wounding treatments were performed to simulate herbivore feeding. These have been 

applied in the form of needle punctuation, removal of 50% of all leaves or removal of 

apical meristems, but it turned out that none of the treatments caused a significant 

change in jacobine accumulation in C. crepidioides. Previous studies have shown that 

the form and severity of PA concentrations changes, resulting from wounding or her-

bivory, are highly species-dependent. Van Dam et al. (1993) investigated the inducibil-

ity of PA production after leaf damage in Cynoglossum officinale and Senecio jacobaea 

by cutting off 50% of their leaf area, showing that PA levels in Cynoglossum officinale 

steadily increased with time after damage. In contrast, leaf damage in Senecio jaco-

baea significantly decreased PA concentrations, which reached a minimum 12 h after 

treatment and returned to initial values after 24 h. The fact that wounding did not trigger 

an increase in PA accumulation in C. crepidioides, indicates that in this species PA 

biosynthesis is either not influenced by herbivory or a potential up-/down-regulation 

was not induced under the tested conditions.  

The biosynthesis, transport, and accumulation of secondary metabolites is often me-

diated by plant hormones (Jogawat et al., 2021). Since there is little knowledge about 

the hormonal regulation of PA biosynthesis, one aim of this work was to test the effect 

of various plant hormone treatments on the accumulation of jacobine in Crassocepha-

lum. However, none of the tested plant hormone treatments had a significant effect on 

jacobine accumulation in C. crepidioides.  

MeJA treatment did not significantly change jacobine concentrations in two separate 

experiments. In a study by Wei et al. (2019a) plants of Senecio jacobaea grown on 

MeJA-containing medium exhibited a decrease in total PA concentration in roots and 

an increase in shoots. Furthermore, the authors observed a strong shift from senecio-

nine to erucifoline-like PAs after MeJA application, while there was no effect on jaco-

bine and otosenine-like PAs. Thus, it is assumed that MeJA leads to reallocation of 

certain PAs from roots to shoots and a chemical conversion of molecular PA structures 

rather than inducing de novo synthesis.  

C. crepidioides only accumulates jacobine in developing leaves in contrast to Senecio 

species, which accumulate a variety of different PA structures in different tissues. Thus, 

quantifiable reallocation and conversion processes resulting from MeJA application are 

presumably not taking place in Crassocephalum, at least not under the tested condi-

tions. A study by Sievert et al. (2015) investigated whether MeJA application changes 
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PA accumulation or HSS transcript levels in Heliotropium indicum, Symphytum offici-

nale, and Cynoglossum officinale, but no significant effects were observed. There is 

only one report in which a clear influence of MeJA application on PAs could be shown: 

hairy root cultures of Echium rauwolfii supplemented with 100 μM MeJA exhibited a 

19-fold increase of total PAs while pre-incubation of root cultures with SA suppressed 

the PA-inducing effect of MeJA (Abd El-Mawla, 2010). SA treatment of C. crepidioides 

did not exhibit any significant effects on jacobine concentrations.  

The only consistent, although not statistically significant effect in the conducted hor-

mone treatments was observed with ABA, which seemed to always decrease jacobine 

concentrations. ABA has been shown to modulate root growth and architecture as well 

as the expression of various genes in roots (Harris, 2015). Since roots are supposedly 

the main site of PA biosynthesis in plants of the Senecioneae tribe, it is possible that 

jacobine concentrations in C. crepidioides might be altered indirectly by ABA-mediated 

changes of root growth and/or architecture. Since root biomass and architecture were 

not evaluated in these experiments, it is not possible to make any conclusive state-

ments about the effect of ABA on PA concentrations in Crassocephalum. Because of 

the observations in regard to ABA in previous experiments, plants were treated with 

the ABA biosynthesis inhibitor fluridone (Bartels & Watson, 1978; Gamble & Mullet, 

1986), in order to test whether inhibition of ABA biosynthesis could increase jacobine 

accumulation in shoots of C. crepidioides. Again, no significant effects were observed.  

Cytochrome P450s are a group of enzymes, which are assumed to be involved in PA 

biosynthesis (Chen et al., 2020). Triazoles are known to be inhibitors of cytochrome 

P450s, since the triazole moiety can interact with the heme-bound iron of these en-

zymes and thereby block their activity (Asami & Yoshida, 1999). They also exhibit in-

hibitory effects on the biosynthesis of brassinosteroids and gibberellic acid (Fletcher et 

al., 2000). Thus, the hypothesis was that triazoles could potentially reduce jacobine 

concentrations in C. crepidioides by a cytochrome P450s mediated inhibition of PA 

biosynthesis. Treatment with brassinazole as well as triadimefon neither showed ef-

fects on the plants’ phenotype nor on their jacobine concentrations, which could be an 

indication that Crassocephalum might be insensitive towards those two compounds. 

On the other hand, plants treated with paclobutrazole as well as uniconazole showed 

the typical triazole phenotype of stunted growth and dark green coloration, which indi-

cates sensitivity towards the compounds. While plants supplemented with paclobutra-

zole had similar jacobine concentrations compared to control plants, the 
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concentrations in plants on uniconazole appeared to be lower, although without statis-

tical significance. Uniconazole is known to be an inhibitor of ABA catabolism, therefore 

the treated plants might have accumulated higher ABA concentrations, which could 

possibly have had an effect on PA biosynthesis. ABA is known to be involved in poly-

amine metabolism and various stress responses (Chen & Kao, 1992; Tiburcio et al., 

2014; Takahashi & Tong, 2015), and might therefore also affect PA biosynthesis, either 

directly or indirectly by altering endogenous polyamine levels. For other classes of al-

kaloids, it was shown that ABA can significantly alter their concentrations (Smith et al., 

1987; Saenz et al., 1993). Higher sample numbers and optimized experimental set-

ups might provide more conclusive results regarding the effect of plant hormones on 

PA biosynthesis in Crassocephalum.  

Another inhibitory compound studied in the course of this work was HEH, a well-known 

inhibitor of diamine oxidases (Reed, 1965). HEH has been used in several studies for 

the elucidation of PA biosynthesis with members of the Asteraceae and Boraginaceae 

families (Böttcher et al., 1993; Graser & Hartmann, 1997; Graser et al., 1998; Frölich 

et al., 2006, 2007). In Crassocephalum however, the present study indicates that the 

compound is not a suitable inhibitor of PA biosynthesis. Treated plants exhibited se-

verely decreased root growth with increasing concentrations of HEH. At concentrations 

which were high enough to suppress jacobine accumulation, plants showed smaller 

shoots and almost no root growth compared to untreated plants. Lower HEH concen-

trations on the other hand, which did not severely inhibit root/shoot growth, did not 

suppress PA accumulation. Since HEH also inhibits other amine oxidases, which are 

not involved in PA synthesis, it might affect a variety of other physiological processes, 

leading to severe detrimental effects on plant growth and health. Previous studies did 

not mention any negative effects of this compound on plant physiology, which raises 

the question if the plant species used in these studies are more resistant to this com-

pound compared to C. crepidioides. Another explanation might be the fact that in those 

studies HEH was not applied to whole plants but only to root cultures, detached leaves, 

and other organs for tracer feeding experiments. Thus, HEH might only be useful for 

certain experimental setups, in which the compound is applied to detached plant or-

gans for a limited amount of time. For experiments in which the inhibitor is applied to 

whole plants for longer time periods, HEH seems to be unsuitable, at least in the case 

of C. crepidioides. 
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Even though no significant effects on PA levels could be observed for treatments with 

hormones, chemical inhibitors, or wounding, the effect of N deficiency on PA concen-

trations in C. crepidioides was all the more striking. It is well known that nutrient defi-

ciency can influence the production of secondary plant metabolites, for example an-

thocyanins (Yang et al., 2018). C. crepidioides accumulates higher concentrations of 

anthocyanins as well when there is a low N supply. It has already been shown that 

nutrient availability can affect alkaloid concentrations in other plants species, for ex-

ample in Lupinus angustifolius (lupine) (Gremigni et al., 2001), which produces higher 

amounts of the quinolizidine alkaloid lupanine when faced with K deficiency. This re-

action was also observed in sweet lupin varieties that were selected for low lupanine 

levels in the 1970s, a breeding effort which enabled this species to become an estab-

lished crop (Kaiser et al., 2020). 

There are several studies demonstrating that a higher nutrient availability reduces PA 

concentrations in European Senecio species (S. aquaticus, S. jacobaea, and S. vul-

garis). While some studies used field soils, which naturally differ in their range of nutri-

ents (Frischknecht et al., 2001; Joosten et al., 2009), other studies looked at the effects 

after addition of known amounts of nutrients to soil (Wilcox & Crawley, 1988; Vrieling 

& van Wijk, 1994, Vrieling et al., 1993; Brown & Molyneux, 1996; Hol et al., 2003; Kirk 

et al., 2009). Most of these studies found that a higher availability of nutrients resulted 

in lower PA concentrations. Senecio grisebachii from South America showed in-

creased PA concentrations as well as a shift in the composition of individual PAs in its 

inflorescences when N or P availability was reduced under hydroponic conditions 

(Yaber Grass et al., 2009). Under field conditions, inflorescences exhibited higher PA 

levels on deteriorated soil with lower nutrient availability (Yaber Grass et al., 2012). 

The present study could demonstrate that N deficiency significantly increases jacobine 

concentrations in C. crepidioides. Since the concentrations of N, K, and P were quan-

tified in substrates before and after the cultivation of plants as well as in the plant ma-

terial itself, N deficiency could be narrowed down as the crucial nutrient stress. When 

plants were cultivated on low-N-soils, it was evident that nitrate was the only nutrient 

which was fully depleted in substrates as well as in plant material. K and P were still 

detectable in all substrates at the end of the experiment. Additionally, the detected 

levels in plant material did not indicate malnutrition of those nutrients.  
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Furthermore, it could be demonstrated for the first time how nutrient deficiencies affect 

the concentrations of polyamine precursors of PAs. Plants with low jacobine concen-

trations grown on high-N-soils contained similar or higher concentrations of the PA 

precursor homospermidine than plants from low-N-soils with high jacobine levels. This 

finding suggests that the formation of homospermidine by HSS is not the rate-limiting 

step in PA biosynthesis in C. crepidioides. The lower homospermidine concentrations 

in plants with high jacobine concentrations might be explained by a faster turnover of 

homospermidine by downstream enzymes due to N deficiency. In a similar manner the 

lower homospermidine concentrations in C. crepidioides from Nepal compared to Ile-

Ife might be related to its overall higher jacobine concentration, resulting in a higher 

turnover of homospermidine in this accession. While homospermidine was detectable 

in both C. crepidioides and C. rubens, a lower concentration in the leaves of C. rubens 

may correspond to the absence of jacobine, respectively. 

The observed increase of free polyamines and amino acids in relation to higher nutrient 

availability could be explained by the fact that polyamines and amino acids serve as 

cellular N storage compounds and control the N:C balance in plants. They furthermore 

act as sinks for excess cellular ammonia, thereby reducing its toxicity in plants 

(Moschou et al., 2012). For other plant species it was shown previously that an in-

creased supply of N also increased the concentrations of polyamines and amino acids 

(Minocha et al., 2000; Bauer et al., 2004; Serapiglia et al., 2008).   

The results of the time course experiment further elucidated how N starvation leads to 

an elevated accumulation of jacobine in C. crepidioides over time. While jacobine lev-

els increased only 6-fold in plants provided with high N levels, plants with low N supply 

showed a 26-fold increase. The rise in jacobine levels in plants grown on low-N-soil 

intensified especially once soil N was fully depleted. Substrate analysis showed that 

nitrate was still present in high-N-soil at the end of the experiment, indicating a suffi-

cient N supply, which was additionally backed by the analysis of nitrate levels in plant 

material. Furthermore, the quantification of soil nutrients indicates that plants were nei-

ther affected by a deficiency of K nor P over the whole course of the experiment. N-

starved plants showed lower polyamine and amino acid concentrations overall, which 

corresponds to the observations of the substrate experiment.  

The findings of the hydroponic experiment conform with the results of the previous 

experiments. Even though jacobine in CcN leaves was significantly increased 1.6-fold 
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when K was missing, a lack of N caused a highly significant 2.5-fold increase. In CcII, 

the increase in jacobine due to missing K was not significant, while a lack of N again 

caused a highly significant 2.5-fold increase. Plants grown on -K medium generally 

showed elevated polyamine levels, which is a known protective response already de-

scribed in other plant species (Alcázar et al., 2010). An especially well-studied phe-

nomenon, the accumulation of putrescine in plants under K deficiency, is caused by 

an increased activity of arginine decarboxylase, as putrescine is involved in balancing 

the cation-anion ratio in plant tissues (Richards & Coleman, 1952; Young & Galston, 

1984; Watson & Malmberg, 1996; Bouchereau et al., 1999). As shown in the substrate 

and time-course experiment, a higher availability of homospermidine or its precursor 

polyamines putrescine and spermidine does not seem to increase the accumulation of 

jacobine.  

Quantification of the PA backbone structure retronecine, which is formed further down-

stream in the biosynthetic pathway, showed the same trend as jacobine, indicating that 

no other PA structures were present, which might have reacted in a different manner 

to N depletion. The fact that retronecine concentrations were higher than those of free-

base jacobine was due to the presence of jacobine N-oxide (not quantified), which 

accounts for approximately 50% of the total jacobine in C. crepidioides. However, it is 

not possible to conclude if retronecine formation is actually affected by N deficiency, 

since total retronecine was measured, which also includes retronecine that has already 

been incorporated into jacobine molecules. 

While jacobine was not detectable in roots, low concentrations of retronecine were 

present in roots in all treatments. A possible explanation for this may be that the extent 

of PA biosynthesis in C. crepidioides roots might stop at the formation of retronecine 

or shortly thereafter, while the complete conversion to jacobine, taking place further 

downstream in the pathway, is localized in shoots. The transformation and subsequent 

storage of PA structures in shoots has been observed in several Senecio species 

(Hartmann & Dierich, 1998). Or jacobine is immediately allocated to shoots after its 

synthesis, before any detectable concentrations can accumulate in the roots. PA bio-

synthesis in Senecio roots extends to the basic PA structure senecionine N-oxide, 

which is formed in roots at a constant rate and continuously translocated to shoots 

(Hartmann & Dierich, 1998).  
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After confirming the influence of N deficiency on jacobine accumulation on C. crepidi-

oides, one might ask, whether these observations could be explained from an evolu-

tionary standpoint using established plant defense theories. A possible explanation 

might be provided by the growth-differentiation balance hypothesis (Loomis, 1932; 

Stamp, 2003), which states that any environmental factor slowing plant growth more 

than photosynthesis, in this case nutrient deficiency, can increase the available carbon 

pool for secondary metabolism without growth trade-offs. On the other hand, when 

there is a high availability of nutrients and therefore plants can achieve their maximum 

growth rate, resources are prioritized for vegetative growth over secondary metabolism 

and storage. 

Among the previously mentioned studies investigating the influence of nutrient availa-

bility on PA concentrations in Senecio (Wilcox & Crawley, 1988; Vrieling & van Wijk, 

1994, Vrieling et al., 1993; Brown & Molyneux, 1996; Frischknecht et al., 2001; Hol et 

al., 2003; Kirk et al., 2009; Joosten et al., 2009), only four described the effects on 

plant biomass, of which two used field soils with only limited information about the 

individual nutrients (Frischknecht et al., 2001; Joosten et al., 2009). The other two 

studies either evaluated biomass and PA concentration of flowers only (Brown & 

Molyneux, 1996), or did not investigate the effects of single nutrients (Hol et al., 2003). 

Since the study by Hol et al. (2003) is the most comparable to the present work, it shall 

be used for the discussion of the results of the biomass experiment. 

In this experiment, both C. crepidioides accessions exhibited a pronounced increase 

in root biomass, which was significant for the Nepal accession, while Hol et al. (2003) 

observed no changes in root biomass in Senecio jacobaea supplemented with increas-

ing amounts of nutrients. The opposite was observed for shoot biomass, which was 

significantly increased by a higher supply of nutrients in the study by Hol et al. (2003), 

while both Crassocephalum accessions only showed a slight, non-significant increase 

in shoot biomass in the presence of N. Interestingly, jacobine was the only PA in the 

study by Hol et al. (2003) which was not affected by nutrient supply, while it is the major 

PA accumulating in C. crepidioides and its concentrations were clearly affected in this 

work. In 7-week-old CcN plants subjected to 11 days without N, the increase in root 

biomass as well as the decrease in shoot biomass was stronger than in 10-week-old 

plants subjected to a N drop-out for 14 days. This might be explained by a higher N 

reservoir in older plants, therefore leading to a less pronounced root mass increase 

due to N deficiency. Studies on Senecio indicate that PA biosynthesis is localized in 
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roots and that the total PA content of a single plant is closely correlated to its root 

biomass (Hol et al. 2003; Schaffner et al. 2003). Since higher nutrient availability gen-

erally decreases root/shoot ratios in plants (Poorter & Nagel 2000), a decrease in PA 

concentration could be associated with it.  

Koricheva (1999) reported that shifts in metabolite accumulation can be explained by 

concentration or dilution of allelochemicals due to biomass changes of specific tissues 

in relation to the whole plant, rather than changes of the general biosynthesis rate itself. 

While in the study of Hol et al. (2003) root/shoot ratios increased approximately 3-fold 

with decreasing amount of nutrients, PA concentration in shoots only increased ap-

proximately 2-fold. Also, in the study by Frischknecht et al. (2001) PA concentrations 

increased approximately 2-fold on low nutrient soils, while biomass was reduced be-

tween 50% and 70%. In Crassocephalum however, these changes are much more 

pronounced with an average 2-fold increase in root/shoot ratio compared to an average 

12-fold increase of jacobine concentrations in shoots. Therefore, the effect observed 

in Crassocephalum seems to be disproportional compared to Senecio, and thus it 

seems questionable if the observed PA concentration changes in Crassocephalum can 

be explained by dilution effects only. Another interesting finding of this experiment was 

the fact that jacobine accumulation in lateral branches of C. crepidioides reacts in a 

similar manner to N deficiency as the main shoot. 

The grafting of C. rubens on C. crepidioides and vice versa generated vital plants that 

produced leaves, shoots, and flowers, which indicates that the inter-species graft was 

successful. The fact that C. crepidioides shoots grafted on non-PA-producing C. ru-

bens rootstocks still accumulated considerable amounts of jacobine, suggests that 

roots are not the only site of jacobine biosynthesis in C. crepidioides. If PA biosynthesis 

would be restricted solely to roots, shoots grafted on non-PA-producing rootstocks 

should not contain any PAs. These findings provide initial evidence for PA biosynthesis 

in shoots in a member of the Asteraceae; previous studies with Senecio and Echium 

indicated roots as the only site of PA biosynthesis in this family (Hartmann & Toppel, 

1987; Hartmann et al., 1988; Hartmann et al., 1989). The capacity of shoots to synthe-

size PAs has already been demonstrated for several genera of the Boraginaceae, 

namely Heliotropium, Cynoglossum, and Symphytium (Birecka et al., 1982; van Dam 

et al., 1995b; Kruse et al., 2017).  
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The low expression levels of HSS found in shoots of C. crepidioides provide additional 

support for these observations. Vice versa, C. rubens shoots grafted on C. crepidioides 

rootstocks did not contain jacobine. This might be explained by an inability of C. rubens 

for PA translocation from roots, corresponding to a previous study, which showed that 

non-PA-producing plants are unable to translocate PA N-oxides via the phloem (Hart-

mann et al., 1989). Signs of stress were observed in both intra- and inter-species 

grafts, including stunted growth as well as anthocyanin accumulation, which has been 

observed in other plant species as well (Gaut et al., 2019; Melnyk and Meyerowitz, 

2015). Elevated jacobine levels in grafts of C. crepidioides on C. crepidioides com-

pared to non-grafted plants might be caused by stress responses due to wounding as 

well as vascular formation processes. In grapevines, grafting can cause transcriptional 

changes related to cell wall modification, wounding, hormone signaling, and secondary 

metabolism (Cookson et al., 2013; Melnyk, 2017; Sharma & Zeng, 2019). Similar pro-

cesses might take place in C. crepidioides after grafting. 

Furthermore, it could be shown that high jacobine concentrations are only maintained 

in young leaves of C. crepidioides. Since a large proportion of 15N jacobine was found 

in young leaves after the cultivation on 14N nitrate, jacobine allocation from ageing to 

developing leaves seems to take place. However, 15N could have been remobilized 

from degrading proteins etc. for de novo synthesis of jacobine and therefore might 

have obscured these observations. Alternative strategies would be the use of labeled 

polyamine precursors or 13C labeling for a more conclusive outcome. Nevertheless, 

the results were very consistent, and thus it can be seen as first evidence for jacobine 

allocation in C. crepidioides. 

Cynoglossum officinale of the Boraginaceae family is another plant species which ac-

cumulates significantly higher amounts of PAs in young leaves compared to old ones 

(van Dam et al., 1994). A relocation of PAs from old to young leaves has been found 

in this species as well (van Dam et al., 1995b). So why do C. crepidioides and Cyno-

glossum officinale show this pattern of PA distribution? Young leaves exhibit the high-

est photosynthetic activity, thereby having the highest potential contribution to plant 

assimilation and growth with regard to life expectancy (Bazzaz & Grace, 1997). It is 

therefore advantageous for a plant to concentrate its chemical defense into young 

leaves, since losing old leaves causes a lower deprivation of total photosynthetic out-

put than losing young leaves (Krischik & Denno, 1983, Harper, 1989). Furthermore, 

young leaves provide more a nutritious food source for herbivores due to higher N and 
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water content, and have a higher probability to be outside of the canopy, therefore 

being more prone to herbivore attack. (Zangerl & Bazzaz, 1992; Mooney & Gulmon, 

1982). Also, proliferation of herbivores is generally higher when raised on young leaves 

compared to old leaves (Raupp, 1983). Specialist herbivores, being able to withstand 

or even utilize their host’s chemical defense, usually prefer young leaves, while most 

generalist herbivores on the contrary prefer older leaves due to their susceptibility to 

defense compounds (Cates, 1980; van Dam et al., 1995a). Therefore, the concentra-

tion of defense chemicals in young leaves could pose a strategy to maximize fitness 

and growth by controlling food choice of generalist herbivores within the plant. The 

observation of jacobine accumulation in young leaves of lateral branches of C. crepid-

ioides is another indication for the concentration of chemical defense in tissues with 

the highest viability. 

Many steps in the PA biosynthesis pathway are still uncertain, but some are likely to 

be mediated by enzymes of large protein families (e.g. cytochrome P450s) which com-

plicates their identification. RNA sequencing of plants treated with PA biosynthesis in-

ducing stimuli is a potential approach to screen for increased expression of PA-related 

genes. A reference genome for the assembly of the resulting RNA-Seq data is essen-

tial however, in order to make this strategy feasible. The project of the African Orphan 

Crops Consortium will hopefully provide a reference genome for Crassocephalum in 

the near future.  

Sequencing of the whole C. rubens genome will furthermore benefit breeding projects 

and research on other Asteraceae species, since only five of them have been se-

quenced so far, although it is the largest family of vascular plants which comprises 8% 

of all plant species (Anderberg et al., 2007). The sequenced species are horseweed 

(Erygeron canadensis; Peng et al., 2014), sunflower (Helianthus annuus; Badouin et 

al., 2017), artichoke (Cynara scolymus; Scaglione et al., 2016), lettuce (Lactuca sativa; 

Reyes-Chin-Wo et al., 2017) and sweet wormwood (Artemisia annua; Shen et al., 

2018). None of them belong to the largest Asteraceae tribe Senecioneae (Pelser et al., 

2007). Senecioneae genome sizes vary from 0.8 - 52.3 pg/2C (Vitales et al., 2019), 

and here it could be shown that C. rubens has a genome size of approximately 6.1 

pg/2C with 2n = 2x = 20 chromosomes compared to C. crepidioides with approximately 

12.3 pg/2C and a chromosome number of 2n = 4x = 40.  
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Detailed information about the Crassocephalum genome is essential for fast-track mo-

lecular breeding approaches like genome editing, which could be used for the elimina-

tion of PAs in C. crepidioides, for example by knockout or silencing of HSS. In order to 

enable this approach, HSS variants of C. rubens and C. crepidioides were cloned and 

characterized, which showed that two copies of HSS are present, both exhibiting in 

vitro activity.  

It could be demonstrated that C. crepidioides and C. rubens both contain two HSS 

copies: HSS1, which is identical in both species, and HSS2, which differs slightly be-

tween accessions. The fact that no corresponding cDNA sequences to the partial 

HSS3 and HSS4 gDNA sequences could be identified, might be due to restriction of 

their expression to certain tissues, for instance flowers or stems, which were not ex-

amined in this work. Additional screening of cDNA from different tissues might allow 

the identification of the respective HSS3/4 cDNA sequences. Another reason could be 

that HSS3/4 are actually pseudo-genes without expression. HSS pseudo-genes have 

been described for other plant species (Nurhayati, 2009). Interestingly, HSS2 of C. 

rubens exhibited slightly higher in vitro activity compared to the other HSS homo-

logues, which all showed relatively similar activities. The non-synonymous amino acid 

substitution at position 205 might be a reason, but enzymatic activity assays were only 

performed once with fixed reaction conditions and substrate concentrations. It would 

be necessary to test activities under varying reaction conditions as well as a series of 

different enzyme and substrate concentrations, in order to draw more reliable conclu-

sions. 

HSS is predominately expressed in roots of both accessions of C. crepidioides and to 

a small extent also in shoots. Though, higher concentrations of homospermidine were 

detected in shoots, leading to the assumption that homospermidine might be translo-

cated from roots to shoots. Another possibility might be that homospermidine formed 

in roots is rapidly incorporated into the necine base for further PA synthesis, while in 

shoots there is only a low turnover, leading to a higher homospermidine accumulation 

in shoots. HSS expression levels in soil-grown C. crepidioides plants seemed to be 

elevated by N deficiency, but at the same time homospermidine concentrations were 

similar or lower in plants subjected to low N levels.  

Under hydroponic conditions, HSS expression in shoots of both C. crepidioides acces-

sions did not show a significant difference on -N medium, while homospermidine 
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concentrations in shoots and roots were higher on full medium compared to -N me-

dium. This can be seen as evidence that the formation of homospermidine by HSS is 

not the rate-limiting step of PA biosynthesis in C. crepidioides. A higher activity of an 

enzyme downstream of HSS triggered by N deficiency could be the reason for these 

observations. This might also explain higher homospermidine concentrations com-

bined with lower jacobine concentrations in the Ile-Ife accession as the turnover of 

homospermidine by downstream enzymes might be elevated in the Nepal accession. 

Even though tissue specificity of HSS expression has been extensively studied, no 

studies about the influence of nutrient deficiencies or other abiotic stress factors on 

HSS expression have been published so far. Thus, the present study provides first 

insight on how nutrient deficiencies affect HSS expression in plants. At the same time, 

it is the first evidence for HSS expression in shoots in a member of the Asteraceae 

family, since previous expression studies with Senecio species indicated that HSS ex-

pression is restricted to roots (Moll et al., 2002). In the Boraginaceae family HSS ex-

pression varies significantly between species, and can be detected in roots as well as 

shoots (Niemüller et al., 2012), which makes the findings of the present study plausible. 

Based on the overall findings of this work, a constant and optimal N supply would be 

one strategy to cultivate C. crepidioides plants with low PA concentrations. However, 

a consistent N provision in agricultural systems is difficult, especially with the limited 

resources of farmers in Sub-Saharan Africa. Furthermore, additional environmental in-

fluences on jacobine concentrations of field-grown C. crepidioides plants are possible. 

Thus, jacobine concentrations of plant material harvested for human consumption 

would have to be consistently monitored, in order to prevent both latent and acute PA 

poisonings. The costs for PA analysis as well as the lack of necessary laboratory in-

frastructure in many of the regions where the plant is cultivated, severely limit the im-

plementation of this approach. 

The safest alternative would be the breeding of jacobine-free cultivars, for example 

through genetic removal of HSS. This work provides first data on Crassocephalum 

HSS sequences, as well as their expression and regulation, which might facilitate this 

approach. Recently, it could be demonstrated that HSS mutation in Symphytum offici-

nale can generate PA-free plants (Zakaria et al., 2021). 

One potential negative effect of the removal of PAs from C. crepidioides could be re-

duced herbivore resistance, which needs to be tested. Also, it is unclear if 
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homospermidine and further downstream intermediates of the PA pathway serve any 

other biological function. In order to answer these questions, and to enable the devel-

opment of jacobine-free C. crepidioides lines, protocols for stable genetic transfor-

mation and CRISPR/Cas9-mediated genome editing of Crassocephalum need to be 

established.   

Until then, farmers and consumers of this orphan crop should be aware of the potential 

health risks. Especially due to the fact that its cultivation, consumption, and medicinal 

use have been strongly promoted in recent years in numerous African publications. 

Besides the practical implications of these results, they are of relevance for the general 

understanding of PA biosynthesis and its regulation, since they present the first com-

prehensive study on the effect of single nutrient element deficiencies on PA and pre-

cursor accumulation in plants. The observation of PA biosynthesis in shoots of an 

Asteraceae member and indication of HSS-mediated homospermidine formation not 

being the rate-limiting step in PA biosynthesis are additional new findings, which could 

offer novel approaches for future PA biosynthesis research.  
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4. Material and Methods 

4.1. Material 

4.1.1. Plant Material 

Seeds of C. crepidioides Nepal (CcN), C. rubens Mali (CrM), and Burkina Faso (CrB) 

were obtained from the Royal Botanic Gardens, Kew, UK. Additionally, the C. crepidi-

oides accession from Ile-Ife, Nigeria (CcII) (Rozhon et al., 2018) was used in this study. 

Seeds were collected at the point of dispersal and cleaned manually.  

 

4.1.2. Primers 

Name Sequence 5´-3´ Used for 
trnL fwd CGAAATCGGTAGACGCTACG Amplification of trnL-trnF      

sequence trnF rev ATTTGAACTGGTGACACGAG 

ITS-A GGAAGGAGAAGTCGTAACAAGG 
Amplification of ITS sequence 

ITS-B CTTTTCCTCCGCTTATTGATATG 

CcHSS cDNA fwd 10 ACTTGGATCCCATATGGCCGCGTCA-
AACAAAGAAGCA 

Amplification of HSS cDNA 
CcHSS cDNA rev 10 TATAGCGGCCGCTCAGAATTCATAGCCATTCA-

CTTTAGATCCCTTCTC 

CcHSS1+2 geno fwd 8 AAAATACATATCATTGTCGTTTGAACA 
Amplification of HSS Introns 

CcHSS1+2 geno rev 8 AAGTAACATAAGTTTTAATGAAGCATATC 

CcHSS1 gDNA fwd 9 GAGTAACAACAACAACTCACACTTAATAAAG 

Amplification of HSS gDNA 

CcHSS1 gDNA rev 9 AAAGCTGAAATACATTGAAGGAAGAG 

CcHSS1+2 gDNA fwd 3 AAGCTTCTTAAATCTATGGTTTCAACCGG 

CcHSS1+2 gDNA rev 4 AACCCTCCTCCTAAAATGATTATC 

CcII HSS2 rev 1 TATCCGAAGTATGTTTACG 

CcII HSS3 fwd 1 ACTCAGCATCGGATGGTGAGTATTG 

CcN HSS2 fwd 1 CGTAAACATAATAATAGATACGACCATTT 

CcN HSS2 rev 1 CGTAAACATAATAATAGATACGACCATTT 

CcN HSS2 rev 5 CAAACATACAACTTAACTAATAACCATTGACTTTA 

CcN HSS3 rev 4 CAGTGCTCACCTTGTACTATATCGATA 

CcGAPC2 cDNA fwd GTGATTAACGACAGATTTGGAATTG 
Amplification of GAPC2 cDNA 

CcGAPC2 cDNA rev TTAATGGCAGCCTTGATCTGCTC 

CcGAPC2 qPCR fwd CACTGGAGCTGCCAAGGCTGTT 
GAPC2 qPCR 

CcGAPC2 qPCR rev GGAAGGCCATTCCGGTCAATTTCC 

CcHSS qPCR fwd CGATATCGTACAAGATGTGATAG 
HSS qPCR 

CcHSS qPCR rev CTAAAATGATTATCCCGGTCTTC 

Table 2: Primers used in this study. 
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4.1.3. Bacterial Strains 

Eschericia coli DH5α was used for cloning. Eschericia coli BL21(DE3) was used for 

protein expression. 

 

4.1.4. Plasmids 

pGEM-T Easy (Promega) was used for initial cloning and sequencing. pRSET-A 

(Thermo Fisher) was used for protein expression. 

 

 

4.2. Growth Conditions, Treatments, and Experimental Setups 

4.2.1. Growth Conditions and Harvest 

All plants were cultivated in a growth chamber at 21°C, 16/8 h light/dark cycle, 80 µmol 

m-2 s-1. The top 2 g of each plant were harvested, frozen in liquid nitrogen, and ground 

to a fine powder using liquid nitrogen, mortar, and pestle. 

 

4.2.2. Chemical Treatments 

Methyl Jasmonate Treatment 
Plants of CcII were grown on SPED63P soil for five weeks, then sprayed with 0, 0.5, 

or 1 mM solutions of MeJA until all leaves were evenly covered by the liquid and har-

vested 7 or 14 days afterwards. Four plants were used for each treatment. 

Other Hormone Treatments 
Plants of CcII were grown on CLED73 soil for seven weeks, then sprayed until evenly 

covered or watered with 30 ml of 1 mM solutions of MeJA, ABA, SA, IAA, or BA and 

harvested three or eight days afterwards. Three plants were used for each treatment.  

Plants of CcII, CcN, and CrB were grown on CLED73 soil for seven weeks, then 

sprayed with 1 mM solutions of ABA or SA and harvested seven days afterwards. Four 

plants were used for each treatment. 
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Inhibitor Treatments 
Fluridone: Plants of CcN and CcII were grown on CLED73 soil for six weeks, then 

watered on three consecutive days with 30 ml of 0, 1, or 10 mg/l fluridone solutions 

and harvested seven days after. Three plants were used for each treatment. 

Triazoles: CcII plants were grown hydroponically grown in ½ MS medium for five 

weeks (medium was exchanged weekly) with each hydroponic tank containing three 

plants. Then plants were switched to ½ MS submitted with 1 mM of the indicated com-

pounds for one week before being switched to Hoagland solutions without N (for me-

dium composition see 4.2.5.) submitted with 1 mM of the indicated compounds for two 

weeks before being harvested. Three plants were used for each treatment. 

HEH: CcII plants were grown hydroponically for six weeks on full medium (for medium 

composition see 4.2.5.) submitted with HEH in the indicated concentrations, then 

grown for four weeks on medium without N still containing HEH before being harvested. 

 

4.2.3. Wounding and Other Stress Treatments 

Plants of CcII were grown on CLED73 soil for seven weeks before all apical meristems 

of main and lateral shoots were cut off. Jacobine concentrations were quantified three 

and eight days after treatment. Plants of CcN and CrB were grown on CLED73 soil for 

seven weeks before being wounded by needle punctuation, or kept at 4°C and dark 

for 72 h. Plants of CcII were grown hydroponically on ½ MS medium for five weeks, 

then wounded by cutting of 50% of all leaves and harvested 7 or 14 days after. Three 

plants were used for 7 DAT and four plants for 14 DAT. 

 

4.2.4. Substrate Experiment 

Four different commercial substrates containing various levels of nutrients were used: 

CLED73 and SPED63P from Patzer GmbH and Co. KG (Sinntal-Altengronau, Ger-

many) as well as D400 and C700 with Cocopor® from Stender AG (Schermbeck, Ger-

many). Four-week-old Crassocephalum seedlings were transplanted into 9.5 cm plas-

tic pots containing equal amounts of the different substrates. Of each of the four Cras-

socephalum accessions six plants were grown per substrate, plants were harvested 

after eight weeks. 
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4.2.5.  Hydroponic System 

Seedlings were transplanted into hydroponic medium after three weeks of pre-cultiva-

tion on soil. Each hydroponic tank harbored six plants (three of each C. crepidioides 

accession) and contained 4 l of medium. Plants were first cultivated on ½ MS for three 

weeks and then transferred to a modified Hoagland medium (for composition, see Ta-

ble 3). Indicated stock volumes were added to approximately 3.5 l deionized water 

containing 3.90 g MES (4-morpholineethanesulfonic acid). Deionized water was added 

to reach a volume of 4 l and the pH was set to 5.8 using 1 M potassium hydroxide. 

Constant aeration of the medium was provided by air stones connected to an air pump. 

½ MS medium was exchanged weekly, Hoagland medium was exchanged twice a 

week. 

 Stock 
concentration 

(mM) 

Stock volume 
for full medium 

(ml) 

Stock volume 
for -K medium 

(ml) 

Stock volume 
for -N medium 

(ml) 

Compound 
 

K2SO4 500 10 0 10 

Ca(NO3)2 1000 10 10 0 

CaCl2 1000 0 0 10 

C10H12N2NaFeO8  2.7 10 10 10 

MgSO4 1000 2 2 2 

KH2PO4 1000 0.5 0.5 0.5 

H3BO3 46.3 4 4 4 

MnCl2 9.2 4 4 4 

ZnSO4 0.8 4 4 4 

CuSO4 0.2 4 4 4 

Na2MoO4 0.4 4 4 4 

Table 3: Preparation of hydroponic nutrient solutions. 

 

4.2.6. Time Course of Nitrogen Starvation 

Four-week-old C. crepidioides Ile-Ife seedlings were transplanted into 9.5 cm plastic 

pots containing 160 g of low nutrient COMPO SANA® pond soil (COMPO GmbH, Mün-

ster, Germany). Each plant was supplied with 10 ml of an ammonium nitrate solution 

to obtain 150 (low N) or 500 (high N) mg N/kg soil respectively. Additionally, 20 ml of 

a nutrient solution (for composition, see Table 4) were applied two times. Nutrient so-

lutions were first applied three weeks after transplanting. Plants were irrigated two 

times with nutrient solutions with an interval of 14 days. Harvests of three to four 
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individual plants per group (low N, high N) were conducted 7, 14, 21, and 28 days after 

the last fertilization. 

Compound 1. Fertilization 2. Fertilization  
(g/l) (g/l) 

KH₂PO₄ 22 22 
MgSO4 · 7 H2O 16.2 16.2 
CaCl₂ · 2 H₂O 

 
11.7 

FeSO₄ · 7 H₂O 3.98 3.98  
(mg/l) (mg/l) 

MnSO4· H2O 985 985 
CuSO4 · 5 H2O 157 157 
ZnSO₄ · 7 H₂O 176 176 
H3BO3 46 46 

Table 4: Preparation of nutrient solutions for the time course experiment. 

 

 

4.2.7.  Grafting Experiment 

The grafting procedure for Crassocephalum seedlings was adapted from Melnyk 

(2017). C. crepidioides lle-lfe (Ccll) and C. rubens Mali (CrM) were used for this exper-

iment. The seeds were sterilized in 15% bleach solution (sodium hypochlorite) for 15 

min and rinsed three times with sterile water. 20 seeds were sown into two rows in one 

square Petri dish containing ½ MS medium without sugar and 1% agarose. Plates were 

maintained vertically in a plant incubator at 21°C and 16/8 h light/dark cycle at 80 µmol 

m-2 s-1. After 14 days, seedlings were used for grafting. Grafting procedure was per-

formed in a sterile laminar flow hood. Using soft tweezers, the seedlings were trans-

ferred to Petri dishes containing two layers of filter paper wetted to saturation with ster-

ile water and one layer of nylon membrane on top. One cotyledon was cut off and 

discarded, and a transverse cut was made through the hypocotyl below the shoot api-

cal meristem. The cut shoot was placed on top of the cut hypocotyl of a different seed-

ling to assemble the graft. After grafting, Petri dishes were sealed with Parafilm and 

carefully placed vertically in an incubator at 21°C and 16/8 h light/dark cycle. After 

seven days, successfully grafted plants were transferred to soil. Adventitious roots of 

scions were removed regularly in their early stage to maintain the desired rootstock 

identity. Grafted plants were cultivated on soil for 11 weeks. 

 

4.2.8. Jacobine Reallocation 

Seedlings of C. crepidioides Ile-Ife were sown on soil, pre-cultivated for two weeks, 

and then grown hydroponically on full medium for six weeks before being transferred 
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to -N medium to induce jacobine accumulation (for composition, see 4.2.5.). After six 

weeks on -N medium, the first sampling was conducted for which half of each leaf was 

harvested by cutting along the middle lamella. The undamaged petiole, middle lamella, 

and other half of the leaf remained on the plants for the second sampling. After the first 

sampling, plants were supplied with N-containing medium for one week before being 

transferred back to -N medium. The second sampling was performed two or seven 

weeks after the first sampling. For the 15N jacobine experiment four plants of C. crep-

idioides Ile-Ife were sown on soil, pre-cultivated for two weeks, and then grown hydro-

ponically on medium containing only 15N potassium nitrate as a N source for six weeks. 

To induce an increased jacobine accumulation, plants were subjected to N deficiency 

for six weeks. One quarter of the leaf area of all leaves was sampled without damaging 

the middle lamella and frozen in liquid nitrogen. Plants were then switched to medium 

containing only 14 N for one week before being switched to -N medium again. Two and 

four weeks after the switch to -N medium leaves were sampled again.  

 

4.2.9. Biomass Experiment 

Seedlings were transplanted into hydroponic medium after three weeks of pre-cultiva-

tion on soil. Each hydroponic tank contained 4 l of medium. Constant aeration of the 

medium was provided by air stones connected to an air pump and medium was ex-

changed weekly. For the ten weeks experiment, each hydroponic tank harbored one 

plant of C. crepidioides Ile-Ife. Plants were first cultivated on ½ MS for 40 days before 

being transferred to a modified Hoagland solution (for composition see 4.2.5.) for 14 

days. For the seven weeks experiment, each hydroponic tank harbored one plant of C. 

crepidioides Ile-Ife and one of the Nepal accession. Plants were first cultivated on ½ 

MS for 21 days prior to transfer to a modified Hoagland solution (for composition see 

4.2.5.) for 11 days. 

For determination of fresh weight, the whole root system was harvested and weighed 

after superficially drying off residual medium using paper towels. The total fresh weight 

of shoots was determined before cutting of the top two grams of the main shoot as well 

as the top 2 g of the major axillary branch (only for the ten weeks experiment) for 

jacobine quantification. 
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4.3. Analytical Methods 

4.3.1. Analysis of Pyrrolizidine Alkaloids in Plant Material 

Jacobine was measured as described previously (Rozhon et al., 2018). Quantification 

of total retronecine was adapted from Kempf et al. (2008). In brief, 20 mg of finely 

ground frozen plant material were extracted with 1 ml of 20 mM citric acid containing 5 

μg of heliotrine as an internal standard at 1400 rpm, 25°C for 30 min. After centrifuga-

tion at 13000 rpm for 10 min, the supernatant was transferred to a new tube and 200 

μl 2-propanol were added. Subsequently, 10 mg of zinc dust were added followed by 

mixing at 1400 rpm, 25°C for 30 min. The supernatant was transferred to a new tube 

after centrifugation at 13000 rpm for 10 min. CHROMABOND SA (100 mg/1 ml) strong 

cation exchange SPE columns were preconditioned with 1 ml methanol followed by 1 

ml 0.05 M sulfuric acid. Samples were applied on SPE columns with flow rate of ap-

proximately 1 ml/min using an SPE vacuum manifold. The SPE columns were washed 

with 1 ml water and 1 ml methanol.  Afterward PAs were eluted with 1 ml ammoniated 

methanol (3 ml 25% NH3OH-solution in 50 ml methanol). The eluate was immediately 

dried in a vacuum concentrator. After drying, 100 μl LiAlH4 (1M in THF) were added 

and the samples were incubated at room temperature for 30 min. Subsequently, 500 

μl tert-butyl methyl ether and 50 μl of 4 M NaOH solution were added and samples 

were mixed at 1400 rpm, 25°C for 10 min. The organic phase was transferred to a new 

tube. Extraction with tert-butyl methyl ether was repeated two more times. The com-

bined organic phases were dried in a vacuum concentrator. Dry samples were then 

mixed with 50 μl derivatization reagent (N-methyl-N-(trimethylsilyl)trifluoroacetamide) 

and incubated at 40°C for 30 min. The resulting solutions were transferred into micro-

inserts, sealed, and analyzed by GC-MS. 

 

4.3.2. Analysis of Free Polyamines and Free Amino Acids 

Homogenized frozen plant material (20-30 mg, weighed to the nearest 0.1 mg) was 

transferred into a reaction tube, 400 µl ice-cold 5% perchloric acid and 100 µl internal 

standard (40 µM 1,7-diaminoheptane and 600 µM L-2-aminoadipic acid in 5% perchlo-

ric acid) were added and shaken at 1400 rpm and 4°C for 1 h. After centrifugation 

(12000 g, 5 min) the supernatant was collected. For analysis of polyamines 100 µl 

supernatant was mixed with 100 µl 2 M sodium carbonate and 200 µl derivatization 

reagent (100 mg dansyl chloride dissolved in 10 ml acetone) and incubated at 60°C 
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for 1 h. Excess reagent was quenched by addition of 200 µl 1 M sodium glutamate pH 

9.5 and incubation at room temperature for 15 min. The reaction was extracted twice 

with 500 µl toluene. The combined organic extracts were washed once with 500 µl 2 

M sodium carbonate solution prior to evaporation in a vacuum concentrator to dryness. 

The residue was dissolved in 200 µl 60% ACN and analyzed by HPLC using a Shi-

madzu 10A system (Shimadzu, Kyoto, Japan). The system consisted of a SCL-10A 

system controller, a FCV-10AL valve for eluent selection, a LC-10AT pump equipped 

with DGU-14A inline degasser, a SIL-10A autosampler, a CTO-10ASvp column, a Nu-

cleodur 100-5 C18ec 125 x 4,6 mm HPLC column (Machery-Nagel, Düren, Germany), 

a SPD-10A UV detector, and a RF-10Axl fluorescence detector. Eluent A was 10% 

ACN in water and eluent B pure ACN. Elution was performed at a flow rate of 1 ml/min 

with a gradient starting with 50% A and 50% B. The concentration of B was linearly 

increased within 23 min to 75% and subsequently within 10 min to 90%. Finally, the 

concentration of B was reduced to the initial conditions within 1 min and the column 

equilibrated for 7 min prior injection of the next sample. The injection volume was 25 

µl, the column oven set to 25°C, and the fluorescence detector was operated at an 

excitation wavelength of 340 nm and an emission wavelength of 510 nm. 

Amino acids were analyzed by mixing 20 µl perchloric acid extract with 20 µl 0.5 M 

sodium hydroxide and 60 µl carbonate buffer (50 mM sodium hydrogen carbonate set 

with sodium hydroxide to pH 9.5). An aliquot of this mixture (3-15 µl depending on the 

amino acid concentration in the sample) was transferred into an autosampler vial and 

automatically derivatized by the autosampler immediately prior injection. For derivati-

zation, 70 µl derivatization reagent (85 µl o-phthalaldehyde 20 mg/min in methanol, 1.7 

µl 3-mercaptopropionic acid and 1615 µl 50 mM sodium carbonate buffer pH 9.5) was 

mixed with the sample and incubated for 2 min. Subsequently, 10 µl 1 M formic acid 

were added and 5 µl injected into the HPLC system. A Shimadzu high-pressure gradi-

ent system described previously (Agius et al., 2018) was used, except that also a RF-

10Axl fluorescence detector was attached to the system and a Nucleodur 100-5 C18ec 

250 x 4 mm HPLC column (Machery-Nagel) was installed. Eluent A consisted of 20 

mM potassium dihydrogen phosphate containing 30 ml/l tetrahydrofuran and set to a 

pH of 7.25 using potassium hydroxide. Eluent B consisted of 45% (v/v) ACN, 45% (v/v) 

methanol, and 10% (v/v) water. Gradient elution was performed at a flow rate of 0.7 

ml/min and started with 100% A for 1 min. Subsequently, the concentration of B was 

raised to 30% within 19 min, then within 10 min to 34%, then within 7 min to 62%, and 
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finally within 1 min to 90% prior to returning it to the initial conditions (100% A and 0% 

B). The column was re-equilibrated for 7 min prior to injection of the next sample. The 

column oven was set to 35°C and the fluorescence detector to an excitation wave-

length of 350 nm and an emission wavelength of 450 nm.  

Chromatograms were evaluated using the Clarity software package (DataApex, Pra-

gue, Czech Republic). 

 

4.3.3. Analysis of Minerals in Plant Material 

For the analysis of nitrate, 30-40 mg homogenized frozen plant material was weighed 

into reaction tubes to the nearest 0.1 mg and 500 µl 20 mM citric acid were added. The 

mixture was shaken at 1400 rpm and 4°C for 30 min prior to centrifugation (12000 g, 5 

min) and filtration through a 0.2 µm nylon membrane filter. The filtrate was analyzed 

by ion-pair chromatography using a protocol adapted from Chou et al. (2003b). A Shi-

madzu 10A high performance liquid chromatography system (Shimadzu, Kyoto, Ja-

pan) was used. The system consisted of a SCL-10A system controller, a FCV-10AL 

valve for selection of the eluent, a LC-10AT pump combined with a DGU-14A inline 

degasser, a SIL-10A autosampler, a CTO-10ASvp column oven set to 25 °C, a Nucle-

odur 100-5 C18ec 125 × 4.6 mm HPLC column (Machery-Nagel, Düren, Germany), 

and a SPD-10A UV detector operating at 213 nm. The eluent consisted of 10 mM 1-

octylamine set to pH 7.0 using phosphoric acid in 20% acetonitrile. The injection vol-

ume was 25 µl and a flow rate of 1 ml/ min was set for elution. Prior to injection, sam-

ples were diluted 1:10 with eluent. Standards containing nitrate in the range of 0–10 

mg/l were dissolved in eluent as well.  

Chromatograms were evaluated using the Clarity software package (version 5.0.4.158, 

DataApex, Prague, Czech Republic). 

For analysis of potassium, calcium, magnesium, and phosphorous, homogenized fro-

zen plant material was weighed into 20 ml quartz crucibles and heated on a hot plate 

until formation of smoke ceased. The plant material was incinerated in an LE6/11 oven 

(Nabertherm, Lilienthal, Germany) at 500°C for 5 h. The ash was dissolved in 1 ml 1 

M nitric acid and water was added to a final volume of 10 ml.  

The phosphate content was analyzed by a modified molybdate method. Sample solu-

tion (50 µl) was mixed with 750 µl water and 200 µl freshly prepared molybdate reagent 
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(2 ml 4 M hydrochloric acid, 1.5 ml 2.5% ammonium molybdate, and 1.5 ml 10% ascor-

bic acid). The mixture was incubated at room temperature for 2 h prior to measurement 

of the absorption at 820 nm.  

Analysis of potassium, calcium, and magnesium was conducted by flame photometry 

using a PFP7 flame photometer (Jenway, Staffordshire, UK).    

 

4.3.4. Analysis of Minerals in Substrates 

Substrates (5 g air-dried or 10 g wet substrate) were mixed with 100 ml CAT buffer (10 

mM calcium chloride, 2 mM diethylenetriaminepentaacetic acid, pH 2.6) and shaken at 

200 rpm at room temperature for 2 h. The extract was filtered through a folded paper 

filter and an aliquot additionally filtered through a 0.2 µm nylon membrane filter for 

further analysis. Potassium, calcium, and magnesium were analyzed by flame photom-

etry using a PFP7 flame photometer (Jenway, Staffordshire, UK). Nitrate was analyzed 

by ion-pair chromatography as described above. Phosphorous was analyzed using a 

modified molybdate reaction as described above. Ammonia was quantified spectro-

photometrically using a modified Berthelot reaction protocol (Jüttner, 1999). In brief, 

500 µl sample was transferred into a plastic cuvette and 500 µl reagent 1 (4 ml pheno-

late (2.35 g phenol, 10 g tri-sodium citrate, and 1 g sodium hydroxide dissolved in 80 

ml water) mixed freshly with 1 ml of 1 mg/ml sodium nitroprusside solution (1 mg/ml)) 

and 100 µl reagent 2 (a freshly prepared aqueous solution of 4 mg/ml sodium dichloroi-

socyanurate) were added. The reactions were kept in the dark for 2 h prior to meas-

urement of the absorbance at 655 nm. Commercial analysis of substrates (Table 1) 

was performed by Agrolab (Sarstedt, Germany). 

 

4.3.5. Analysis of 15N Jacobine 

In order to determine the percentage of 15N jacobine in the collected samples, approx-

imately 100 mg of ground frozen plant material was extracted with citric acid as de-

scribed previously for HPLC quantification of jacobine. 200 µl of the extract were trans-

ferred into a 1.5 ml reaction tube, 100 µl 1 M Na2CO3 / 0.2 M Na2EDTA (pH 9.8) and 

100 µl 1-butanol were added and mixed for 5 min at 25°C and 1400 rpm on an Eppen-

dorf Thermomixer. Samples were then centrifuged at 13000 rpm for 2 min. The organic 

phase was transferred to a new tube. Extraction with 100 µl 1-butanol was repeated 
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one more time and the organic phases were pooled. For GC–MS analysis, 4 μl of the 

extract were injected into a Varian 431-GC equipped with a VF-5ms capillary column 

(30 m, 0.25 mm, 0.25 μm; Agilent, Santa Clara, CA, USA) coupled to a Varian 210-

MS. The injector was set to 250°C. Helium was used as carrier gas at a constant flow 

rate of 1.5 ml/min. The temperature of the column oven was initially set to 100°C, then 

increased to 200°C within 5 min, and subsequently increased to 254°C within 18 min. 

During the latter step, MS spectra were recorded in the range from m/z 50 to 400. 

Finally, the temperature was increased to 320°C within 3.3 min and held for 0.7 min 

prior to returning it to initial conditions. The temperatures of the transfer line, ion trap, 

and manifold were set to 250°C, 200°C, and 40°C, respectively. The ions with an m/z 

of 93, 94, 95, and 96 were used for quantification of the percentage of 15N jacobine 

present in samples. 

 

4.4. Molecular Biology Methods 

4.4.1. Genomic DNA Extraction 

Approximately 100 mg of frozen plant material was ground to a fine powder and 1 ml 

of CTAB extraction buffer (2% CTAB, 20 mM EDTA, 1.4 M NaCl, 100 mM TRIS/HCl 

pH = 8.0) was added. Samples were heated to 65°C for 15 min and centrifuged (13000 

rpm, 5 min). The clear supernatant was transferred into a fresh tube and mixed with 

500 μl of chloroform. Samples were centrifuged (13000 rpm, 5 min), the clear super-

natant was transferred into a fresh tube, and the washing step with chloroform was 

repeated. After centrifugation (13000 rpm, 5 min), the supernatant was transferred into 

a fresh tube. An equal volume of 2-propanol was added and the samples were centri-

fuged (13000 rpm, 5 min). Then the supernatant was discarded, the pellet was washed 

with 500 μl of 70 % ethanol, air dried, and dissolved in 100 μl deionized water. 

 

4.4.2. Agarose Gel Electrophoresis for Separation of RNA and DNA Frag-
ments 

For large gels, 0.8 g of agarose was dissolved in 100 ml of 1x TRIE-Buffer (25 mM 

triethanolamine, 50 mM EDTA), for small gels 0.5 g agarose in 50 ml 1x TRIE-buffer. 

For visualization of nucleic acids, 1 μl/ml of ethidium bromide (0.2 mg/ml) was added. 
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The gels were run for 40 min at 110 V. The GeneRuler 1 kb DNA Ladder (Thermo 

Fisher Scientific, Waltham, MA, USA) was used as a size marker. 

 

4.4.3. Genome Size, 5-mdC Content, and Phylogenetic Analysis 

Genome size was measured by flow cytometry (Prof. Dr. Traud Winkelmann, Hanno-

ver). The 5-mdC contents were measured as described previously (Rozhon et al., 

2006; Finke et al., 2018). In order to confirm the identity of the accessions and conduct 

phylogenetic analysis, the chromosomal internal transcribed spacer (ITS) (Blattner, 

1999) and the trnL-trnF spacer of the chloroplast (Taberlet et al., 1991) were amplified 

by PCR using the primer pairs (ITS-A / ITS-B) and (trnL fwd / trnF rev), respectively 

(see 4.1.2.). Reactions consisted of 10 µl 5x GoTaq buffer including dNTPs, 1 µl of 

each primer as 5 µM stock, 1 U GoTaq polymerase (Promega, Fitchburg, WI, USA) 

and 10 ng template DNA in a total volume of 50 µl. Reactions were heated in a Mas-

tercycler (Eppendorf, Hamburg, Germany) to 94°C for 5 min for initial denaturation, 

followed by 40 cycles of 94°C for 0.5 min, 50°C for 1 min and 72°C for 1 min for ampli-

fication, and final extension at 72°C for 10 min. The amplicons were purified using the 

MicroElute Gel Extraction Kit (Omega Bio-tek, Norcross, GA, USA) and sequenced by 

Eurofins Genomics Germany (Ebersberg, Germany). Sequences were aligned and 

neighbor joining trees calculated using MEGAX (Kumar et al., 2018). 

 

4.4.4. Ligation 

Ligation of HSS PCR products with the vector pGEM-T Easy (Promega, Fitchburg, WI, 

USA): 2.5 μl buffer (2x rapid ligation buffer; Promega, Fitchburg, WI, USA), 0.5 μl vec-

tor, 1.5 μl PCR product, and 0.5 μl T4 ligase (Promega, Fitchburg, WI, USA).  

Ligation of HSS cDNA (amplified by CcHSS cDNA fwd 10/ CcHSS cDNA rev 10) and 

pRSET-A (both digested with NotI and BamHI (Thermo Fisher Scientific, Waltham, MA, 

USA)): 2 μl 10x ligation buffer (Thermo Fisher Scientific, Waltham, MA, USA), approx-

imately 50 ng vector, approximately 200 ng insert, deionized water to a volume of 19.5 

μl, and 0.5 μl of T4 ligase (Thermo Fisher Scientific, Waltham, MA, USA).  

Ligation reactions were incubated at room temperature for 30 min, or at 4°C overnight, 

then the reaction was stopped by heating to 65°C for 5 min. 
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4.4.5. Transformation of Competent Cells 

Competent Escherichia coli DH5α or BL21(DE3) cells were thawed on ice. 10 μl of the 

ligation reaction was added, then the cells were incubated on ice for 30 min. The tubes 

were transferred to a heating block preheated at 42°C. After 2 min, the tubes were 

transferred back on ice and incubated for 2 min. The mixture was centrifuged, most of 

the supernatant was removed and the cells were resuspended in the remaining volume 

(approximately 100 μl). The entire mixture was plated on Petri dishes containing solid 

MLB medium (15g/l agar, 10 g/l peptone, 5 g/l yeast extract, 5 g/l NaCl, pH 7.0) previ-

ously supplemented with 50 μl of ampicillin stock (100 mg/ml); in case of pGEM-T Easy 

50 μl X-Gal (2% in DMSO) and 10 μl IPTG (1 M) were added as well. The plates were 

incubated at 37°C for 24 hours, then white single colonies were selected and trans-

ferred to liquid MLB medium (10 g/l peptone, 5 g/l yeast extract, 5 g/l NaCl, pH 7.0) 

supplemented with 1 μl/ml of ampicillin stock (100 mg/ml) using sterile wooden tooth-

picks. Liquid cultures were incubated at 37°C overnight on a shaker. 

 

4.4.6. Plasmid Miniprep 

Approximately 2 ml of an overnight culture were transferred into a 2 ml reaction tube 

and centrifuged at 13000 rpm for 1 minute. The supernatant was removed, and the cell 

pellet was resuspended in 200 μl E1 (50 mM TRIS/HCl, pH = 8.0; 10 mM EDTA; 10% 

RNase A (DNase free)). Then 200 μl of E2 (1% SDS; 0.2 M NaOH) were added and 

the content was mixed. After 5 min, 200 μl of E3 (3 M potassium acetate; 2 M acetic 

acid) were added and the content was mixed. After centrifugation at 13000 rpm for 5 

min, 500 μl of the clear supernatant were transferred to a new tube. 1 ml of 95% ethanol 

was added and the content was mixed. After centrifuging at 13000 rpm for 5 min, the 

supernatant was removed, then the pellet was washed with 500 μl of 70% ethanol and 

centrifuged again at 13000 rpm for 1 min. The supernatant was removed and after 

another centrifugation for 1 min at 13000 rpm, the remaining ethanol was removed with 

a pipette. The pellet was then air-dried before being dissolved in 50 μl deionized water. 

 

4.4.7. Digest of Plasmid Miniprep Samples 

Plasmid Miniprep samples were digested as follows: 5 μl DNA, 2 μl appropriate en-

zyme buffer (Thermo Fisher Scientific, Waltham, MA, USA), 0.5 μl restriction enzyme 



90 Pyrrolizidine Alkaloid Biosynthesis in Crassocephalum Species 

(Thermo Fisher Scientific, Waltham, MA, USA), 12.5 μl H2O. Digest reactions were 

incubated for 2 h at 37°C and afterwards checked by agarose gel electrophoresis. 

 

4.4.8. Polyacrylamide Gel Electrophoresis (PAGE) for Analysis of DNA 
Fragments 

8% polyacrylamide gels were prepared as follows: 32.5 ml H2O, 7.5 ml acrylamide 

(40%), 5 ml 10x TBE buffer (108 g/l TRIS base, 55 g/l boric acid, 9.3 g/l NaEDTA), 45 

μl ethidium bromide (0.2 mg/ml), 75 μl TEMED, 250 μl 10% APS (1 g ammonium 

peroxodisulphate in 9 ml deionized water). Prior to loading of samples, the gels re-

ceived a 1 h pre-run in 1x TBE buffer. Gels were run at 200 V for 2 h (max. 50 mA for 

one gel, max. 100 mA for two gels). The O’GeneRuler 50 bp DNA Ladder (Thermo 

Fisher Scientific, Waltham, MA, USA) was used as a size marker. 

 

4.4.9. Isolation of RNA, cDNA Synthesis, and Cloning of the HSS Gene 

RNA was isolated using the E.Z.N.A. Plant RNA Kit (Omega Bio-tek, Norcross, GA, 

USA) following the manufacturer’s instructions. The RevertAid First Strand cDNA Syn-

thesis Kit (Thermo Fisher Scientific, Waltham, MA, USA) was used for cDNA synthesis 

following the manufacturer’s instructions. HSS sequences were amplified from cDNA 

by PCR using the primer pair CcHSS cDNA fwd 10 / CcHSS cDNA rev 10 (see 4.1.2.) 

as previously described. PCR products were purified as previously described. Purified 

PCR products and the pRSET-A vector were both digested with BamHI and NotI 

(Thermo Fisher Scientific, Waltham, MA, USA), followed by ligation and transformation 

into Escherichia coli DH5a. HSS sequences of positive clones were sequenced by 

Eurofins Genomics Germany (Ebersberg, Germany). Sequences were aligned and 

neighbor joining trees with bootstrap test (500 replicates) calculated with MEGAX (Ku-

mar et al., 2018). 

 

4.4.10. Recombinant Expression and Purification of HSS  

50 ml MLB (10 g/l peptone, 5 g/l yeast extract, 5 g/l NaCl, pH 7.0) were inoculated with 

a single colony of Escherichia coli BL21(DE3) containing one of the pRSET-A/HSS 

constructs and incubated on a on a shaker at 28°C overnight. The overnight cultures 
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were used to inoculate 300 ml MLB containing 100 mg/l ampicillin to an OD600 of 0.2. 

After the cultures reached an OD600 of 0.5, IPTG was added to an end concentration 

of 0.1 mM. Cultures were then incubated at 37°C for 2 h, followed by centrifugation at 

5000 rpm for 10 min, removal of the supernatant, and freezing of the bacterial pellet at 

-20°C. 

The following steps were performed on ice and centrifuges were cooled to 4°C: 10 ml 

ice cold lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, 1 mM spermi-

dine; set to pH 8.0 with NaOH) and 50 µl 400 mM PMSF (Phenylmethylsulfonyl fluo-

ride) were added to the bacterial pellet followed by shaking to resuspend all cell 

clumps. Resuspended bacteria were then transferred to a 50 ml falcon tube, 200 µl of 

freshly prepared lysozyme solution (100 mg/ml in water) were added, and tubes kept 

on ice for 10 min. 500 µl 20% Triton X-100 were added and tubes inverted several 

times. Cells were then sonicated four times for 10 sec and an output power of 35%. 

Sonicated cells were centrifuged for 10 min at 5000 rpm. The supernatant was trans-

ferred to a new tube and centrifuged again (5000 rpm, 10 min). The supernatant was 

transferred to a 15 ml tube containing 200 µl cobalt beads which were washed with 10 

ml lysis buffer. Tubes were incubated at 4°C for 1 h on a shaker followed by centrifu-

gation for 1 min at 1000 rpm. The supernatant was removed, 10 ml wash buffer 

(50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, 1 mM spermidine; set to pH 8.0 

with NaOH) was added, followed by 5 min incubation at 4°C on a shaker. Washing was 

repeated three more times. The washed beads were then resuspended in 1.5 ml wash 

buffer and transferred to a 2 ml reaction tube. After centrifugation at 1000 rpm for 1 

min, the supernatant was removed completely, 500 µl elution buffer (50 mM NaH2PO4, 

300 mM NaCl, 250 mM imidazole, 1 mM spermidine; set to pH 8.0 with NaOH) was 

added, followed by 30 min incubation at 4°C on a shaker. After centrifugation at 

1000 rpm for 1 min, the supernatant was collected and 500 µl elution buffer were 

added to the beads for a second 30 min incubation at 4°C on a shaker. Both elution 

fractions were loaded on a SigmaPrep spin column (Sigma-Aldrich, St. Louis, MO, 

USA) and centrifuged at 2000 rpm for 2 min. The flowthrough was then loaded on a 

ROTI Spin MINI-3 column (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) and cen-

trifuged at 13000 rpm until approximately 50 µl liquid were left. 500 µl of 1x PBS buffer 

(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4) containing 

5 mM DTT, 1 mM spermidine, and 0.01% Tween 20 was added, and centrifugation 
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repeated until approximately 50 µl liquid remained. The eluted protein was stored in 5 

µl aliquots at -80°C. 

 

4.4.11.  SDS-PAGE 

For the separation gel, 6 ml of separation gel buffer (50 ml 1 M TRIS/HCl pH 8.8, 48.7 

ml deionized water, and 1.35 ml 10% SDS) were mixed with 2 ml of 40% acrylamide, 

8 μl TEMED (tetramethylethylenediamine), and 80 μl 10% APS (1 g ammonium perox-

odisulphate in 9 ml deionized water) and immediately casted into the gel casting ap-

paratus leaving a free space of approximately 1 cm for the stacking gel. The separation 

gel was immediately covered with approximately 300 μl 2-propanol. After 20 min, the 

isopropanol was removed by washing three times with deionized water. For the stack-

ing gel, 2.2 ml of stacking gel buffer (13.6 ml 1 M TRIS/HCl pH 6.8, 85.3 ml deionized 

water, and 1.14 ml 10% SDS) were mixed with 0.3 ml 40% acrylamide, 2.5 μl TEMED, 

and 25 μl 10% APS. The gel was filled into the remaining space on top of the separation 

gel and the comb was inserted leaving a space of approximately 4 mm to the separa-

tion gel. After another 20 min, the gel was put into the gel electrophoresis apparatus 

and filled with electrode buffer (7.2 g glycine, 1.5 g TRIS base, and 0.5 g SDS sodium 

salt in 500 ml deionized water). 2 μg of protein were mixed with 2 μl of loading buffer 

(200 mM TRIS/HCl pH 6.8, 400 mM dithiothreitol, 8% SDS, 40% glycerol, 0.05% bro-

mophenol blue), and deionized water to a total volume of 8 μl and loaded on the gel. 

The gel was run at 200 V and 20 mA until the bromophenol blue front had migrated out 

of the gel. The gel was then transferred into staining solution (0.5 g Coomassie Brilliant 

blue dissolved in 250 ml 2-propanolm, then mixed with 70 ml 100% acetic acid and 

680 ml deionized water) and incubated for 30 min with occasional shaking. The stain-

ing solution was discarded, the gel was covered with destaining solution (150 ml 2-

propanol, 70 ml 100% acetic acid, and 780 ml deionized water) and incubated for 30 

min with occasional shaking. The destaining solution was exchanged and the gel incu-

bated overnight with occasional shaking. 

 

4.4.12.  HSS Enzymatic Assays 

One reaction contained 25 µl TEA-Buffer (100 mM triethanolamine, adjusted to pH 9.5 

with phosphoric acid), 1 µl EDTA (5 mM), 1 µl DTT (50 mM), 2 µl putrescine (1 mM), 2 
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µl spermidine (1 mM), 2.5 µl NAD+ (25 mM), and 1 µg protein. Sterile deionized water 

was added to a total volume of 50 µl. Reactions were then incubated for 1 h at 30°C 

and stopped by adding 100 µl 2 M sodium carbonate. Polyamines were derivatized 

and quantified as previously described. 

 

4.4.13.  qPCR for HSS Expression 

One reaction consisted of 5 µl cDNA preparation, 1 µl of each primer (see 4.1.2) as 10 

µM stock, 3 µl sterile distilled water, and 10 µl SYBR green master mix (Nippon Ge-

netics, Düren, Germany). Reactions were heated in a Mastercycler RealPlex2 (Eppen-

dorf, Hamburg, Germany) to 95°C for 2 min, then 40 cycles of 95°C for 15 sec, 60°C 

for 15 sec, and 68°C for 20 sec, and finally one time 95°C for 15 sec, 65 for 15 sec, a 

gradual increase over 20 min to 95°C, and 95°C for 15 sec. Each sample was meas-

ured with three technical replicates. 
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