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ABSTRACT
Pyrrolizidine  alkaloids  (PAs)  are  anti-herbivorous  toxins  that  are  found  in  the 

Asteraceae, Boraginaceae, Convolvulaceae, Fabaceae, Orchidaceae, and Poaceae. 

Interestingly, the PA biosynthesis evolved several times independently in the different 

plant  lineages.  The  first  pathway-specific  enzyme,  the  homospermidine  synthase 

(HSS), evolved repeatedly by gene duplication from the primary metabolism gene 

deoxyhypusine  synthase  (DHS).  Remarkably,  although  the  independent  evolution 

resulted in very similar PA structures, the integration into the plant’s pathway was 

different in the various lineages. Inter alia, this is shown by the different regulation of 

PA biosynthesis in the plant, e.g., even in the same taxonomic order, the site of PA 

biosynthesis varies between different species. 

In this thesis, a further facet was added to the versatile regulation of the PA pathway. 

It was known that comfrey (Symphytum officinale L.) produces PAs in the root. This 

work shows that  Symphytum activates a second site of PA biosynthesis in young 

leaves  next  to  developing  inflorescences  to  boost  defense  against  herbivores. 

According to the optimal defense theory, reproductive tissues have a high value for 

the plant and need good protection. The finding that Symphytum has two sites where 

PAs are produced, was then used to identify further enzymes of the pathway. For a 

substractive  approach,  three  tissues  were  chosen  for  transcriptome  sequencing 

(young leaf that produces PAs, young leaf that produces no PAs, and roots that also 

produce PAs). Subsequently, the transcript abundance was measured  in silico and 

transcripts  that  were  only  expressed  in  PA-producing  tissues  were  enriched.  By 

searching the enriched transcripts, I was able to identify diamine oxidases (DAOs) 

that are postulated to catalyze the second step of the PA pathway, the oxidation of 

homospermidine. The DAO transcripts were further analyzed on their occurrence in 

various  tissues  and  cell  types,  protocols  for  the  heterologous  expression  in 

Escherichia coli were established, and it was tried to measure their enzyme activity 

with the postulated substrate homospermidine. The results indicate that two different 

DAOs are involved in PA biosynthesis, one in the leaves and the other one in roots. 

To test for the involvement of DAOs, and further identified candidate genes, in PA 

biosynthesis  in vivo, RNA silencing was applied. In a proof-of-concept experiment, 

HSS  was  used  as  a  target  for  RNAi-mediated  gene-knockdown  and  it  was 

successfully shown that a reduced level of HSS transcripts leads to a reduced level of 

PAs. These results encourage further RNAi experiments to test the function of other 

identified candidates.

In  summary,  this  work  provides  novel  knowledge  about  the  regulation  of  PA 
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biosynthesis  in  Symphytum and  adds  another,  unique  facet  to  the  convergent 

evolution of PAs. In addition, it was shown for the first time in vivo, that the HSS is 

truly  essential  for  PA biosynthesis.  Furthermore,  the data and methods that  were 

developed during this thesis will  be a valuable and helpful source for the ongoing 

research on PA biosynthesis and the involved enzymes.
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KURZFASSUNG

Pyrrolizidinalkaloide (PAs) sind giftige Abwehrstoffe von Pflanzen und kommen unter 

anderem in  den  Familien  Asteraceae,  Boraginaceae,  Convolvulaceae,  Fabaceae, 

Orchidaceae und Poaceae vor.  Die Biosynthese von PAs in Pflanzen ist  insofern 

besonders  interessant,  da  sie  im  Laufe  der  Evolution  mehrfach  unabhängig 

voneinander  entstanden  ist.  Das  Eingangsenzym  des  Stoffwechselweges,  die 

Homospermidine-Synthase  (HSS),  ist  mehrfach  in  verschiedenen  Pflanzen  durch 

eine Genduplikation  aus dem Primärstoffwechselenzym Desoxyhypusine-Synthase 

(DHS)  hervorgegangen.  Bemerkenswerterweise  führte  die  Evolution  der  PA-

Biosynthese zu in Ihrer Grundstruktur fast gleichen Metaboliten, die Integration in den 

pflanzlichen Stoffwechsel scheint allerdings jedes mal unterschiedlich erfolgt zu sein. 

Dies  zeigt  sich  unter  anderem  an  der  unterschiedlichen  Lokalisation  der  PA-

Biosynthese  in  den  verschiedenen  Spezies.  Sogar  innerhalb  einer  Ordnung 

(z.B. Boraginales) kann der Ort der Biosynthese stark variieren.

In dieser Arbeit konnte eine weitere Facette der vielfältigen Regulation der Synthese 

pflanzlicher  Sekundärstoffe  hinzugefügt  werden.  Bekannt  war,  dass  im  Beinwell 

(Symphytum  officinale)  PAs  in  der  Wurzel  produziert  werden.  Neu  ist,  dass  die 

Pflanze einen weiteren Ort der Biosynthese in jungen Blättern aktivieren kann, um 

den Schutz  von neuen Blütenständen zu verbessern.  Reproduktive  Gewebe sind 

nach  der  sog.  optimal-defence-theory besonders  wertvoll  für  die  Pflanze.  Dass 

Symphytum in zwei verschiedenen Pflanzengeweben PAs produziert, wurde in einem 

folgendem  Schritt  für  die  Identifikation  von  weiteren  Enzymen  dieses 

Stoffwechselweges ausgenutzt. Für einen subtraktiven Ansatz wurden drei Gewebe 

(junge Blätter mit, junge Blätter ohne und Wurzeln mit PA-Biosynthese) ausgewählt, 

deren Transkriptom sequenziert und anschließend die Transkriptabundanz bestimmt. 

Anschließend  wurden  nur  jene  Transkripte  in  silico angereichert,  die  nur  in  PA-

produzierenden  Geweben  vorkommen.  Dazu  gehörten  auch  Transkripte  von 

Diaminoxidasen  (DAOs),  die  nach  den  Ergebnissen  von  Tracer-Fütterungs-

experimenten, Inhibitorversuchen und biomimetischen Experimenten für den zweiten 

Schritt  der  PA-Biosynthese,  die  Oxidation  von Homospermidin,  postuliert  werden. 

Daher  wurden  Transkripte  der  DAOs  in  weiteren  Schritten  genauer  auf  ihr 

Vorkommen in verschiedenen Geweben und Zellen untersucht.  Außerdem wurden 

Protokolle  für  die  heterologe  Expression  in  Escherichia  coli etabliert,  um  die 

Enzymaktivität  mit  dem  Substrat  Homospermidin  zu  bestimmen.  Die  Ergebnisse 

sprechen dafür, dass zwei verschiedene DAOs an der PA-Biosynthese beteiligt sind, 
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eine  in  Blättern  und  die  andere  in  Wurzeln.  Um  die  DAOs  und  weitere 

Kandidatenenzyme in vivo auf Ihre Funktion in der PA-Biosynthese zu testen, wurde 

in  einer  weiteren  Studie  RNA-Inteferenz  verwendet.  In  einem  proof-of-concept-

Experiment  wurde  die  HSS  als  Ziel  für  einen  RNAi-vermittelten  Gen-knockdown 

ausgewählt. Es konnte gezeigt werden, dass eine reduzierte HSS-Transkriptmenge 

auch  eine  reduzierte  PA-Menge  in  den  Mutanten  zur  Folge  hat.  Dies  sind 

vielversprechende  Ergebnisse,  die  für  weitere  solcher  Experimente  mit  anderen 

Kandidatenenzymen sprechen.

Diese Arbeit  bietet neue Erkenntnisse über die Regulation der PA-Biosynthese in 

Sympyhtum officinale und fügt dem Aspekt der konvergenten Evolution der PAs eine 

weitere, einzigartige Facette hinzu. Außerdem konnte zum ersten Mal in vivo gezeigt 

werden, dass die HSS tatsächlich essentiell für die PA-Biosynthese ist.
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INTRODUCTION

1. INTRODUCTION

1.1.  The Diversity and Evolution of Plant Toxins

Plants  produce  an  exceptional  diversity  of  specialized  metabolites  to  cope  with 

various conditions in their specific environment. Specialized metabolites are organic 

compounds with low molecular weight that are found only in a specific plant lineage 

(Fraenkel, 1959). Until today, about 250,000 plant species are recognized and the 

number of specialized compounds identified is estimated to be more than 200,000 

(Pichersky  and  Gang,  2000;  Dixon  and  Strack,  2003;  Pichersky  and  Lewinsohn, 

2011). Those metabolites are traditionally referred as secondary metabolites because 

of their often undescribed function and the former belief to be only waste products 

(Fraenkel, 1959). But today, most of these compounds are known to be products of 

highly  specialized  traits  that  evolved  during  plant’s  adaption  to  their  specific 

ecological niche and thus are termed as specialized metabolites. Co-evolution with 

insects is thought to be one large factor for the rise of chemo-diversity in plants, for 

example  the  interaction  with  herbivores  or  pollinators  (Ehrlich  and  Raven,  1964; 

Romeo et al., 1996). Especially the continuous selective pressure of herbivores on 

plants led to diversity,  complexity and optimization of  toxic secondary metabolites 

(Berenbaum and Feeny, 1981; Becerra, 2003; Benderoth et al.,  2006; Berenbaum 

and Zangerl, 2006; Becerra, 2007). But questions raised how it  was possible that 

such a diversity of metabolites evolved and how this number of different enzymes 
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1.1. The Diversity and Evolution of Plant Toxins

emerged. It was hypothesized that gene duplication might be a mechanism for the 

evolution of new enzymes with new functions (Ohno, 1970; Ohta, 1988). In general, 

gene  duplicates  are  the  result  of  duplications  of  a  region  of  genomic  DNA  that 

contains a gene. They can arise through different mechanisms, like unequal crossing 

over,  retroposition, chromosome duplication, or whole genome duplication  (Zhang, 

2003). From an evolutionary perspective, different models have been developed that 

describe  the  fate  of  two  gene  copies  after  the  duplication  event  (Innan  and 

Kondrashov, 2010). (1) One fate of gene duplicates (that is believed to be the most 

common)  is  nonfunctionalization  (Conant  and  Wolfe,  2008).  In  this  scenario,  two 

gene copies are redundant  after  the duplication and one of  the two copies is no 

longer under functional constraints. Subsequently it can accumulate mutations until 

deleterious mutations result in a loss-of-function, a process called pseudogenisation 

(Conant and Wolfe, 2008). (2) In the case that accumulated mutations led to a new 

function in one of the two copies, while the other retains the ancestral function, this is 

called neofunctionalisation  (Conant and Wolfe, 2008). (3) If the ancestor of the two 

gene copies already had more than one function and after the duplication, each of the 

two copies specializes by selection on one of the ancestral functions, this mechanism 

is called subfunctionalization  (Conant and Wolfe, 2008). The models describing the 

evolution by gene duplication are under constant discussion and several theories try 

to explain the dynamics after gene duplications, e.g., paralog interferences, dosage-

balance  hypothesis,  duplication-degeneration-complementation,  and  escape-from-

adaptive-conflict (Stoltzfus, 1999; Papp et al., 2003; He and Zhang, 2005; Innan and 

Kondrashov,  2010;  Kaltenegger  and  Ober,  2015).  Today  it  is believed,  that  the 

evolution of new enzymes in plants that lead to the synthesis of new metabolites, is to 

a large extent driven by gene duplication  (Pichersky and Gang, 2000; Conant and 

Wolfe,  2008;  Innan and Kondrashov,  2010;  Rensing,  2014;  Panchy et  al.,  2016). 

These specialized enzymes have often been recruited from enzymes of the primary 

metabolism but also genes of secondary metabolism are described to give rise to 

new  enzymes  after  duplication  (Pichersky  and  Gang,  2000;  Ober,  2005). 

Interestingly,  many of those duplicated genes belong to only a few major enzyme 

families  i.e.  N-  and  O-methyltransferases,  cytochrome-P450-dependent  monooxy-

genases,  2-oxoglutarate-dependent  dioxygenases,  a/b  -hydrolases  and  terpene 

synthases  (Bohlmann  et  al.,  1998;  Hashimoto  and  Yamada,  2003).  This  can  be 

interpreted  as  those enzymes act  as  a  building  block  for  new functions  that  are 

recruited as adaptations to new ecological conditions  (Ober,  2005;  Pichersky and 
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INTRODUCTION

Lewinsohn, 2011). New functions are often transformations and rearrangements of 

existing structures, which can be observed in all living organisms from enzymes to 

whole organs, e.g., the skeleton of the vertebrates. Convergent evolution seems to 

be  relatively  common  in  plants  and  many  examples  exist  where  plants  evolved 

molecules that were already present in other lineages, or evolved molecules that are 

different  but  fulfill  the  same function  in  another  plant  (Pichersky  and  Lewinsohn, 

2011).  Examples  for  different  molecules  with  the same functions  are red colored 

pigments  (anthocyanins  in  strawberry,  betains  in  pitaya  fruit,  and  carotenoids  in 

tomato) or yellow colored pigments in flowers (xanthocyanin in moss rose, aurone 

glucosides  in  the  flower  of  snapdragon,  and  xanthophylls  in  tomato  flowers) 

(reviewed in Pichersky and Lewinsohn, 2011). In other cases, the same molecules 

evolved independently in different lineages. A prominent example are the phenolic 

compounds stilbenes that  are found in distant  taxa like  Pinus,  Arachis,  and  Vitis, 

where the key enzyme stilbene synthase (STS) evolved repeatedly from the chalcone 

synthase (CHS)  (Tropf et al.,  1994; reviewed in Pichersky and Lewinsohn,  2011). 

Another example for a repeated evolution of the same molecules are the pyrrolizidine 

alkaloids, where the initial enzyme homospermidine synthase (HSS) evolved several 

times from the primary metabolism gene deoxyhypusine synthase (DHS) (Ober and 

Hartmann,  1999a;  Anke et  al.,  2004;  Reimann et  al.,  2004;  Nurhayati  and Ober, 

2005;  Nurhayati  et  al.,  2009;  Kaltenegger  et  al.,  2013;  Irmer  et  al.,  2015).  The 

evolution of PA biosynthesis is described in more detail in the following sections.

1.2.  Pyrrolizidine Alkaloids and their Toxicity

Alkaloids  are  one  important  group  of  often  toxic  secondary  metabolites  and  are 

optimized for the defense against herbivores  (De Luca and Laflamme, 2001). They 

form  a  large  group  of  secondary  metabolites  with  more  than  12,000  different 

structures  (Mithöfer  and  Boland,  2012).  Alkaloids  have  a  huge  variety  of 

pharmaceutical  activities  that  resulted  from  the  continuous  optimization  during 

evolution to act  at  specific  targets,  i.e.,  receptors of  animals  (Zenk and Juenger, 

2007). Therefore, they are widely used as stimulants, narcotics and poisons, e.g., 

caffeine, morphine and strychnine. A diverse and widely distributed group of alkaloids 

are the pyrrolizidine alkaloids (PAs). Pyrrolizidine alkaloids occur in a number of plant 

lineages, for example, Boraginaceae, Asteraceae, Convolvulaceae, Fabaceae, and 

also in the monocots, namely in families of Poaceae and Orchidaceae (Hartmann and 

3

3



1.2. Pyrrolizidine Alkaloids and their Toxicity

Witte,  1995;  Koulman et  al.,  2008).  The  backbone  of  all  PAs  is  composed  of  a 

N-containing  double-ring  system,  the necine  base,  which  precursor  is  1-hydroxy-

methylpyrrolizidine  (Hartmann and Witte, 1995). This necine base is esterified with 

one or more necic  acids forming different  monoesters,  open-chain or  macrocyclic 

diesters (Hartmann and Witte, 1995). The variable arrangement of the different side 

chains of PAs lead to the large variety of more or less 400 known PAs (Stegelmeier 

et al., 1999; Roeder, 2000; Fu et al., 2004). Pyrrolizidine alkaloids are classified into 

seven  different  alkaloid  types:  senecionine,  triangularine,  lycopsamine, 

monocrotaline,  phalaenopsine, and miscellaneous PAs  (Fig. 1). The occurrence of 

many of  these  different  PA types is  plant  lineage  specific.  Being  responsible  for 

chemical defense against herbivores, most of those PA types are known to be toxic 

(van Dam et al., 1995a; Hartmann and Witte, 1995; Fu et al., 2004). The toxicity of 

the  most  common  1,2  unsaturated  PAs  for  animals  is  based  on  conversion  by 

cytochrome P450  monooxygenases,  which  actual  purpose is  the  detoxification  of 

xenobiotics  (Mattocks, 1968). Cytochrome P450 enzymes are involved in important 

phase I detoxification mechanisms of a broad variety of toxic substances  (Heckel, 

2014). In the case of PAs, these enzymes activate the toxicity by converting the PA to 

pyrrolic intermediates that can easily react with DNA and proteins resulting in the 

genotoxic, cancerogenic and hepatotoxic characteristics (Fu et al., 2004; Chen et al., 

2010;  Langel  and  Ober,  2011;  Li  et  al.,  2011;  Macel,  2011).  In  addition  to  1,2 

unsaturated PAs, in Poaceae and Orchidaceae occur 1,2 saturated PA molecules. 

The biological function and toxicity of these PAs is not clear yet, because they cannot 

act  via the described mechanism.  Their  occurrence in  the reproductive tissues in 

orchid species suggests,  that  they also  act  as toxins or  repellents  for  herbivores 

(Frölich et al., 2006). The toxicity of PAs is a serious threat to humans and livestock 

by  different  sources.  Several  medicinal  plants  that  are  used  in  traditional  and 

conventional  medicine  contain  PAs,  e.g.,  Tussilago  farfara (coltsfoot),  Petasites 

hybridus (butterbur), Borago officinales (borage), and Symphytum officinale (comfrey) 

(Roeder, 1995). Another, even more important source for intoxication for humans or 

livestock are food or fodder contaminates that lead to a number of recognized cases, 

e.g., contaminations of hay by  Senecio jacobeae (tansy ragwort) and a widespread 

poisoning in Tadjikistan by grain contaminated with Heliotropium lasiocarpum (Mayer 

and  Lüthy,  1993;  Wiedenfeld  and  Edgar,  2011;  Jank  and  Rath,  2017).  The 

development  of  new detection  methods  in  the  last  period  have  led  to  increasing 

public interest to toxic PA contaminants in, e.g., milk, honey, herbal teas and herbal 
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INTRODUCTION

medicines (Chen et al., 2010).

Figure 1. Pyrrolizidine alkaloids (PAs) of different types as defined by Hartmann and 
Witte  (1995). Senecionine  type  (A),  monocrotaline  type  (B),  lycopsamine  type  (C), 
phalaenopsine type (D), triangularine type (E), miscellaneous PAs, (F,G).

5
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1.3. The Biosynthesis of Pyrrolizidine Alkaloids

1.3.  The Biosynthesis of Pyrrolizidine Alkaloids

Although the scientific community is aware of PAs since the 1950s, surprisingly little 

is known about the enzymes involved in biosynthesis  (Hartmann and Witte, 1995; 

Kaltenegger and Ober, 2015). During the early stages of “PA research” indications for 

general  steps  of  the  biosynthesis  came  mainly  from  radioactive  tracer  feeding 

experiments  and  revealed  that  the  necine  base  is  synthesized  from  putrescine 

generated from the aminoacids L-ornithine and L-arginine  (Nowacki and Byerrum, 

1962; Bottomley and Gheissman, 1964; Hughes et al., 1964; Bale and Crout, 1975). 

Later, tracer feeding experiments with 13C, revealed that the initial substrate of the PA 

biosynthesis is homospermidine that is exclusively incorporated into the necine base 

of  PAs  (Khan  and  Robins,  1981;  Grue-Sørensen  and  Spenser,  1982;  Khan  and 

Robins,  1985;  Robins,  1989).  Robins  (1982) was  able  to  synthesize 

trachelanthamidine, a precursor of the 1-hydroxy-methylpyrrolizidine and the base of 

many plant derived PAs, in a bio-mimetic experiment with pea seedling DAO. In this 

experiments,  pea  seedling  diamine  oxidase  was  incubated  under  physiological 

conditions  for  several  days  with  homospermidine  until  an  unknown  intermediate 

(probably an imminium ion, “Metabolite X” in Frölich et al., 2007) was formed. The 

subsequent  addition  of  an  unspecific  alcohol  dehydrogenase  (ADH)  led  to  the 

formation of  trachelanthamidine.  The synthesis  of  the necine acids remains  even 

more unclear. It is hypothesized that the typical necic acid of lycopsamine type PAs, 

the trachelantic acid, originates from the branched-chain amino acids (Weber et al., 

1999). This synthesis step is presumably carried out by an acetohydroxacid synthase 

(AHAS). When this reaction takes place and where other necic acids are derived from 

is  not  clear yet.  An overview of  postulated steps of  PA biosynthesis  is  shown in 

Chapter 2, Fig. 1.

The  only  enzyme  of  the  PA  biosynthesis  that  is  identified  until  today  is  the 

homospermidine  synthase  (HSS)  (Böttcher  et  al.,  1993).  The  HSS catalyzes  the 

transfer  of  a  4-aminobutyl  moiety  from  spermidine  to  putrescine  while  forming 

homospermidine (Böttcher et al., 1994). The HSS originated by gene duplication from 

the  primary  metabolism  enyzme  deoxyhypusine  synthase  (DHS)  and  was 

independently recruited in different plant lineages (Ober and Hartmann, 1999a; Anke 

et al.,  2004; Reimann et al.,  2004; Nurhayati and Ober, 2005; Kaltenegger et al., 

2013;  Irmer et al.,  2015). The DHS is an essential  enzyme in all  eukaryotes and 
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catalyzes the activation of the eukaryotic initiation factor 5A (eIF5A) which is essential 

for  cell  division  and  growth  (Park  et  al.,  2010).  The  enzymes  following 

homospermidine are unknown but it is hypothesized that a diamine oxidase catalyzes 

the oxidation of homospermidine allowing the formation of the necine base (Robins, 

1982; Kelly and Robins, 1988; Robins, 1989).

1.4.  PAs in the Boraginaceae and Comfrey

The family of the Boragninaceae contains the largest number of PA producing plants 

and PAs are commonly found in almost every related species (Hartmann and Witte, 

1995; El-Shazly and Wink, 2014). Typical PAs are monoesters, open chain diesters, 

and less often macrocyclic diesters like lycopsamine, myoscorpine, and senkirkine, 

respectively  (Hartmann and Witte, 1995). They are stored as  N-oxides or mixtures 

with  their  respective  free base  (Hartmann and  Witte,  1995;  Hartmann and  Ober, 

2000; El-Shazly and Wink, 2014). In hairy root cultures of Cynoglossum officinale and 

Symphytum officinale PAs were mostly found as  N-oxides  (Frölich et al.,  2007). It 

was also suggested that PAs might be induceable by the elicitors methyl jasmonate, 

quercetine,  and salicylic  acid  in  hairy  roots  cultures  of  Echium rauwolfii  (Abd El-

Mawla,  2010).  Sievert  et  al.  (2015) found  no  evidence  for  induction  of  PA 

biosynthesis  in  Heliotropium  indicum (Heliotropiaceae,  a  closely  related  family  of 

Boraginaceae), Cynoglossum officinale, and Symphytum officinale by treatment with 

methyl  jasmonate.  In  general,  PAs  are  regarded  as  non  induceable  and  are 

constitutively produced while the plant grows and develops inflorescences (Hartmann 

and Witte, 1995; Wittstock and Gershenzon, 2002; Hartmann and Ober, 2008). 

In  Boraginaceae  occurs  a  huge  variation  of  PA concentrations  between different 

tissues (El-Shazly and Wink, 2014). Most of the time, developing young plant organs, 

like young leaves or inflorescences,  as well  as roots,  the predominant  site of  PA 

biosynthesis, show the highest concentrations of PAs in many species (Catalfamo et 

al., 1982; van Dam et al., 1994; van Dam et al., 1995b; Frölich et al., 2007; Kruse et 

al., 2017). A good example for a plant with such a pattern is comfrey (Sympyhtum 

officinale). Symphytum officinale is a perennial, herbal plant and is with coarse, hairy 

leaves and stem a typical  representative of  the Boraginaceae.  It  was shown that 

Symphytum produces PAs in the root by immunolocalisation of HSS and radioactive 

tracer-feeding experiments (Frölich et al., 2007; Niemüller et al., 2012). The highest 

concentrations of PAs in  S. officinale are typically found in the rhizome and roots 
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(Chizzola, 1993; Couet et al., 1996). Regarding the different PA structures that are 

found in the plant,  Symphytum shows a relative complex mixture of retronecine O9-

monoesters  and  O7,O9-diesters compared  to  other  species  of  the  Boraginaceae 

(Frölich et al.,  2007). The toxic PAs could bear a serious health risk for users as 

comfrey  is  widely  used  as  a  medicinal  plant  for  the  treatment  of  various  issues 

(Staiger, 2012).
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2. OBJECTIVES AND OUTLINE 

OF THIS WORK

Little is known about the enzymes involved in the PA biosynthetic pathway compared 

to the high number of known PA structures, identified intermediates and the deep 

knowledge  about  the  first  pathway  specific  enzyme  HSS.  Therefore,  the  main 

question of this thesis is: which further enzymes are involved in the PA biosynthesis? 

Three consecutive  approaches  were conducted to  answer  this  question,  and  are 

described in the three chapters of this thesis.

The general hypothesis behind these approaches was that genes that are involved in 

steps of the PA biosynthesis are exclusively expressed in tissues that produce PAs. 

Therefore, the first aim was the localization of PA biosynthesis in the PA producing 

plant  Symphytum  officinale  (comfrey).  Symphytum has  been  chosen  as  PA-

containing model plant because of knowledge about occurring PAs, one identified site 

of PA biosynthesis (root), and the number of identified transcripts. The identification 

and characterization of a further site of PA biosynthesis in Symphytum is described in 

Chapter  1  and  was  recently  published  in  Plant Physiology (Kruse  et  al.,  2017). 

Chapter  2 outlines  how the localization  of  PA biosynthesis  in  specific  tissues of 

Symphytum was used for an in silico approach to identify candidate genes coding for 

enzymes involved in different steps of the PA biosynthesis pathway. In this chapter, a 

particular focus was the assembly of a  de novo transcriptome, the identification of 

candidate  genes  by  differential  expression  analysis  on  transcript  level,  and  the 

establishment of a heterologous expression system and  in vitro enzyme assay for 
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copper-containing  diamine  oxidases  (DAO).  Subsequently,  a  method  for  RNAi 

mediated gene silencing in hairy roots of  S. officinale was developed to allow direct 

testing  of  candidate  genes  by  gene  knockdown  and  is  described  in  detail  in 

Chapter 3. Here, the special interest was the implementation of a proof-of-concept 

experiment to test the capabilities and limitations of the method. This was addressed 

by  generating  HSS  knockdown  hairy  root  mutants,  following  quantification  of 

transcripts, and identification and quantification of PA structures. 

In the last part of this thesis, an overall conclusion based on the three complementary 

approaches draws and suggests follow-up experiments that could answer remaining 

open questions. All chapters contain co-authored material and the according author 

contributions are listed at the end of the thesis.

10

10



CHAPTER 1

3. CHAPTER 1

Second  site  of  Pyrrolizidine  Alkaloid 

biosynthesis in Comfrey boosts Plant Defense 

in Floral Stage

Lars H. Kruse, Thomas Stegemann, Christian Sievert, and 

Dietrich Ober

Botanisches Institut, CAU Kiel, Am Botanischen Garten 1-9, 24118 Kiel

Detailed author contributions are listed at the end of the thesis.
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3.1. ABSTRACT

3.1.  ABSTRACT

Pyrrolizidine  alkaloids  (PAs)  are  toxic  secondary  metabolites  that  are  found  in 

several, distantly related families of the angiosperms. The first specific step in PA 

biosynthesis  is  catalyzed  by  homospermidine  synthase  (HSS),  which  has  been 

recruited  several  times  independently  by  duplication  of  the  gene  encoding 

deoxyhypusine  synthase  (DHS),  an  enzyme  involved  in  the  post-translational 

activation  of  the  eukaryotic  initiation  factor  5A.  HSS  shows  highly  diverse 

spatiotemporal  gene  expression  in  various  PA-producing  species.  In  Symphytum 

officinale (Boraginaceae), PAs are reported to be synthesized in the roots, with HSS 

being localized in cells of the root endodermis. Here, we show that S. officinale plants 

activate a second site of HSS expression when inflorescences start to develop. HSS 

has  been  localized  in  the  bundle  sheath  cells  of  specific  leaves.  Tracer  feeding 

experiments have confirmed that these young leaves not only express HSS, but the 

whole PA biosynthetic route. This second site of PA biosynthesis results in drastically 

increased  PA  levels  within  the  inflorescences.  The  boost  of  PA  biosynthesis  is 

proposed to guarantee optimal protection especially of the reproductive structures.
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3.2.  INTRODUCTION

Plant  secondary metabolism is  highly  diverse on a chemical  and regulatory level 

(Grotewold, 2005; Pichersky et al., 2006; Weng et al., 2012; Cordell, 2013). It is often 

characterized by a complex interplay of various cell types and enzymes (Facchini and 

St-Pierre,  2005;  Ziegler  and  Facchini,  2008).  Well-characterized  examples  of  the 

involvement of various cell types in the biosynthesis of alkaloids can be found in the 

benzylisoquinoline alkaloid biosynthesis of opium poppy  (Papaver somniferum; Bird 

et al., 2003), in the tropane alkaloid biosynthesis of  Hyoscyamus niger and  Atropa 

belladonna (Nakajima et al., 1999; Suzuki et al., 1999a; Suzuki et al., 1999b), and in 

the monoterpenoid indole alkaloid biosynthesis of Catharanthus roseus (St-Pierre et 

al., 1999; Burlat et al., 2004). Moreover, the transport from the site of synthesis to the 

site of accumulation requires various cell types as described for nicotine in tobacco 

(Neumann,  1985;  Morita  et  al.,  2009) or  pyrrolizidine  alkaloids  (PAs)  in  Senecio 

(Sander and Hartmann, 1989).

PAs are toxic compounds for the chemical defense of plants and show a scattered 

occurrence  in  many  distantly  related  angiosperms  but  have  in  common 

homospermidine synthase (HSS), which is the first pathway-specific enzyme of PA 

biosynthesis in all these lineages. HSS uses spermidine and putrescine as substrates 

to catalyze the formation of homospermidine, an intermediate that has been shown to 

be incorporated exclusively into the necine base moiety, the characteristic bicyclic 

ring system of PAs (Böttcher et al., 1993; Böttcher et al., 1994). HSS has evolved by 

gene duplication of deoxyhypusine synthase (DHS), an enzyme involved in the post-

translational  activation  of  the  eukaryotic  initiation  factor 5A  (Ober  and  Hartmann, 

1999a; 1999b). Recent studies have shown that this duplication has occurred several 

times independently during angiosperm evolution in lineages that are able to produce 

PAs (Anke et al., 2004; Reimann et al., 2004; Kaltenegger et al., 2013; Irmer et al.,  

2015). This observation suggests that the whole pathway of PA biosynthesis also 

evolved several times requiring repeated integration into the metabolism of the plant. 

Expression analyses of HSS in PA-producing plants of various lineages show that 

this  integration  resulted  in  different  cellular  organizations  of  PA  biosynthesis  in 

different  species.  In  the  Asteraceae  family,  for  example,  in  which  independent 

duplications  have  been  described  in  two  lineages,  HSS  expression  has  been 

detected in Senecio (ragwort, tribe Senecioneae) only in cells of the endodermis and 
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adjacent  root  parenchyma,  cells  that  lie  opposite  to  the  phloem,  whereas,  in 

Eupatorium cannabinum (hemp-agrimony,  tribe Eupatorieae),  HSS expression has 

been found in all cells of the root cortex, but not in the endodermis (Moll et al., 2002; 

Anke et al.,  2004). In orchids (Phalaenopsis  species),  HSS has been localized in 

meristematic cells of the root apical meristem and in young flower buds (Anke et al., 

2008). Within Boraginales, a single duplication event resulted in the evolution of HSS. 

However,  in  this  lineage,  the  expression  pattern  of  HSS has  been  shown  to  be 

multifaceted, suggesting independent scenarios of optimization and integration of the 

gene  duplicate  into  the  metabolism  of  the  plant.  Within  the  Heliotropiaceae 

(Heliotropium indicum, Indian heliotrope), HSS expression is found in the lower leaf 

epidermis,  whereas in  Cynoglossum officinale (houndstongue,  Boraginaceae),  the 

endodermis  and  pericycle  of  the  root  express  HSS  (Niemüller  et  al.,  2012).  In 

Symphytum officinale (Comfrey, Boraginaceae), HSS has been localized exclusively 

in cells of  the endodermis  (Niemüller et al.,  2012) supporting previous studies by 

Frölich et al. (2007) who have identified the roots of S. officinale  as the site of PA 

biosynthesis by tracer experiments with radiolabeled putrescine. Studies by Niemüller 

et  al.  (2012) using  protein  blot  analyses  suggested  that  HSS expression  occurs 

during a restricted window of leaf development in  S. officinale, an observation that 

warrants a closer look at the PA biosynthetic capacity of leaves of this plant species.

In this study, we show that S. officinale synthesizes PAs not only in the roots, but also 

in young leaves subtending an inflorescence with unopened flower buds. We further 

show that  HSS is  expressed in  specific  cells  of  the leaf  during certain stages of 

inflorescence development coinciding with PA production in  the leaf.  This  second 

auxiliary  site  of  PA  biosynthesis  during  flower  development  is  discussed  in 

comparison with a similar mechanism previously observed in the orchid Phalaenopis 

amabilis in which young flower buds produce PAs to boosts PA levels in the mature 

flower in order to guarantee an efficient supply of deterrent PAs for the developing 

reproductive structures (Anke et al., 2008).
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3.3.  RESULTS

3.3.1 Levels of hss Transcript and Protein Expression are Dependent on 

Leaf Position in Relation to the Inflorescence

Analyzing three species of Boraginales, Niemüller et al. (2012) has shown that HSS 

expression is species-specific. In S. officinale, in which the whole PA biosynthesis is 

localized in the roots, their study has indicated that HSS is also expressed in leaves 

of a specific developmental stage,  viz.,  leaves that are directly beyond a terminal 

inflorescence with closed flower buds. 

In order to correlate leaf position with  hss expression in  S. officinale, we harvested 

leaves from various positions in the shoot  system of  a plant  just  opening its first 

flower buds (Fig. 1A). Analyses with reverse transcription (RT)-PCR and quantitative 

reverse transcription (qRT)-PCR showed that the highest levels of hss transcript were 

detectable in young leaves directly next to inflorescences with buds and flowers that 

had just opened (Fig. 1B and Suppl. Fig. 2). The hss transcript level differed between 

the youngest  and the oldest  leaf  by almost  a factor  of  30 (Suppl. Fig. 2).  To test 

whether  hss transcript  levels  were correlated with the expression of  HSS protein, 

protein extracts of leaves from various positions of the shoot system from another 

plant individual were analyzed by a protein gel blot with an antibody specific for HSS 

of  S. officinale (Niemüller  et  al.,  2012).  Like  the  hss transcript  level,  hss protein 

expression is strongest in young leaves directly subtending an inflorescence (leaf 1 

and 2) and fades away with increasing distance of the leaves to the flower (Fig. 1C). 

Of note, in leaves that have no axillary branch developing in their axils, HSS protein 

is not detectable (leaves 9, and 10, blue in Fig. 1A), whereas leaves that possess 

axillary branches show distinct HSS expression (leaves 3, 4, 6, 8, red in Fig. 1A). 

Congenital  fusions  of  an  axillary  branch  with  the  main  axis  are  common  for 

S. officinalis (Kotelnikova et al., 2011) and result in a lateral bud on the axis distant 

from its subtending leaf (e.g. leaves 5 and 7, purple in Fig. 1A).
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Figure  1.  Transcript  and  protein  blot  analyses  of  leaves  at  various  developmental 
stages.  A, Habitus of a  S. officinale shoot. Numbers indicate leaves that were analyzed by 
protein blot analysis. The color code indicates the level of HSS expression according to the 
protein blot analysis given in C (red, high expression; purple, medium expression; blue, no 
expression). B, Semi quantitative RT-PCR shows the highest expression of HSS transcripts in 
leaf type I. Leaf types I to IV comply with leaves 1, 4, 8, and 10 in Fig. 1A, respectively, but 
were  harvested  from  another  plant  individual  as  independent  proof.  RNA  integrity  was 
confirmed by detection of two distinct bands of 28 S and 18 S rRNA. Actin served as the 
reference gene. Closed arrow heads show marker bands (M) at 150 bp, open arrows indicate 
marker bands (M) at 100 bp. C, Protein blot analysis of protein extracts from leaves numbered 
according to A. Crude protein extracts (10 µg protein per lane) were separated via SDS-PAGE 
and blotted onto a polyvinylidene difluoride (PDVF) membrane. Affinity-purified HSS-specific 
antibody was used for detection in combination with a secondary goat-anti-rabbit  antibody 
conjugated with horseradish peroxidase. A protein extract of a root of S. officinale served as a 
positive control (sample 11).
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3.3.2 Immunolocalization of HSS in Leaves of S. officinale

Leaves  that  tested  positive  for  HSS  expression  were  used  to  identify,  by 

immunolocalization,  the  cells  expressing  HSS.  HSS expression  was  found  to  be 

restricted  to  bundle  sheath  cells  that  formed  a  layer  of  compactly  arranged 

parenchyma around the vascular bundle (Fig. 2C and Fig. 2D). The labeled layer had 

a thickness of one to two cells and was separated from the epidermis by at least a 

single row of unlabeled mesophyll cells. Specificity of the label was tested by pre-

incubation of the antibody with soluble, heterologously expressed HSS, DHS, or BSA 

before  labeling.  Only  pre-incubation  with  HSS  resulted  in  a  decrease  of  signal, 

whereas pre-incubation with DHS or BSA had no effect (Suppl. Fig. 3).

Figure  2.  Immunolabeling  of  HSS in  cross-sections  of  a  young leaf  subtending  an 
inflorescence with unopened flower buds of S. officinale. A, Plant habitus. B, Brightfield 
microscopy of a leaf cross-section. C, Detail of B. D, Leaf cross-section with a vascular bundle  
cut longitudinally. In C and D, HSS was immunolabeled by incubation with an affinity-purified 
HSS-specific  antibody  and  visualized  with  a  secondary  antibody  conjugated  with 
AlexaFluor488 under UV-light.  Size bars refer to 10 µm. ep,  epidermis;  bs,  bundle sheath 
cells; cu, cuticle; pp, palisade parenchyma; sm, spongy mesophyll; ph, phloem; t, trichome; 
ve, vessel element; xy, xylem; gc, guard cell.
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The close vicinity of HSS expression and the vascular bundle is also observed in the 

roots of S. officinale, in which HSS is only detectable in the endodermis that encloses 

the root central cylinder with the vascular tissue (Niemüller et al., 2012). Both of these 

tissues,  namely  the  endodermis  and  the  bundle  sheath  cells,  play  a  key  role  in 

controlling fluxes to and from the vascular bundle and are important for maintaining 

the  transport  of  nutrients  and  water  in  the  plant  (Steudle  and  Peterson,  1998; 

Leegood, 2008; Geldner, 2013). 

Of note, nucleotide sequences encoding HSS amplified from the leaves proved to be 

identical  to  those  amplified  from the roots,  suggesting  that  a  single  hss gene  is 

responsible for the expression of HSS in the endodermis of the root and the bundle 

sheath of specific leaves.

3.3.3 Capacity of S. officinale Leaves to Synthesize PAs

By applying  14C-labeled putrescine to young detached leaves expressing HSS, we 

tested whether leaves expressed only HSS or the complete biosynthetic machinery to 

produce PAs. After incubation for four days, the tracer was completely taken up by 

the leaves, of which 16% of the applied radioactivity was detectable in the alkaloid-

containing sulfuric acid crude extract. After reduction to convert all PA  N-oxides to 

their  tertiary  form,  PAs  were  enriched  by  solid  phase  extraction.  This  alkaloid-

enriched fraction containing 8% of the applied radioactivity was split into two fractions 

that were treated differentially to confirm the identity of the labeled compounds as 

PAs (Tab. 1).  One fraction was analyzed directly  by HPLC to detect  radioactively 

labeled PAs; several peaks of putative PAs were found (Fig. 3A). To establish that 

the detected radioactive peaks were PAs that resulted from the incorporation of the 

tracer putrescine, the second fraction was hydrolyzed to reduce all potential PAs to 

their backbone, the necine base. S. officinale produces a PA bouquet of intermedine 

derivatives including O9-monoesters, O7,O9-diesters, and 3'-acetyl derivatives such as 

7-acetylintermedine, 7-acetyllycopsamine, 7-senecioylintermedine (echiupinine), or 7-

tigloylintermedine (myoscorpine)  (Hartmann and Witte,  1995;  Frölich et  al.,  2007). 

The necine base of these PAs, all belonging to the so-called lycopsamine type, is 

retronecine  (Hartmann and  Witte,  1995).  If  the  radioactive  peaks  represent  PAs, 

hydrolyzation  should  result  in  a  single  peak  that  co-migrates  with  a  retronecine 

standard. In contrast to the several peaks detectable in the non-hydrolyzed extracts 

(Fig. 3A), the hydrolyzed extract (Fig. 3B) showed only one prominent peak that had 

the same retention time as retronecine (Fig. 3C). Spiking the hydrolyzed sample with 
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retronecine resulted only in an intensification of the signal indicating that the same 

substance  was  being  analyzed  (Fig. 3D).  As  an  additional  proof  of  identity,  the 

feeding experiment was repeated as described, but with unlabeled putrescine. The 

alkaloid-containing  fraction  was  hydrolyzed  and  separated  by  thin  layer 

chromatography (TLC) parallel  to the hydrolyzed sample resulting from the tracer 

feeding experiment. After the localization of radioactivity, the corresponding area in 

the  lane  of  the  non-radioactive  samples  was  scraped  off  the  plate,  and  the 

compounds were eluted and analyzed by gas chromatography-mass spectrometry 

(GC-MS).  In  this  spot,  retronecine  was  detected  as  the  major  compound,  giving 

support to the interpretation that retronecine was the radioactive compound detected 

after hydrolysis of the extract after tracer feeding (Suppl. Fig. 4).

Figure 3.  HPLC elution profiles of  alkaloid 
extracts  of  leaves  after  tracer  feeding. 
Young leaves subtending an inflorescence with 
unopened  flower  buds  were  fed  with 
[14C]putrescine  as  tracer.  Extracts  were 
enriched  for  PAs  by  solid  phase  extraction 
(SPE)  purification  before  separation.  A,  Non-
hydrolyzed  leaf  extract.  B,  Hydrolyzed  leaf 
extract.  C, Radiolabeled retronecine standard. 
D,  Mixture  of  hydrolyzed  extract  and 
retronecine standard.

19

19



3.3. RESULTS

Table 1. Tracer-feeding experiment. Recovery of applied radioactivity.

radioactivity 

kBq

% of 

recovered 

radioactivity

Total radioactivity applied 169 100

Crude extract (sulfuric acid) 25 16

Crude extract after reduction 27 16

Extract  purified  via  Strong  Cation 
eXchange-Solid  Phase  Extraction 
(SCX-SPE, PA enrichment)

15 8

3.3.4 Leaves Boost PA Levels in Inflorescences

To test the consequences of the capacity of leaves to produce PAs, we analyzed the 

transcript and protein levels of HSS and the total PA content in leaves subtending an 

inflorescence  and  in  their  associated  inflorescences  during  development.  Seven 

different inflorescence developmental stages were defined with respect to size and 

flowering state (Fig. 4A). Stage I was characterized by its small size (approx. 1 cm in 

diameter),  whereas stage II  was much larger  but  had flower  buds that  were still 

closed. Size increased until stage V. At stage IV, the flower bud tips became purple. 

In stage V, the first  buds started flowering, but most of the buds maintain closed, 

whereas by stage VI, all the flowers had open, with those that had opened first were 

beginning to darken. At stage VII, the flowers withered, and fruits began to develop. 

We observed that HSS transcript and protein in leaves were detectable from stage I 

onward, and that HSS expression levels reached their maximum at stage II and III, 

after which they decreased to a low level and remained constant to the last stage 

(Fig. 4B and Suppl. Fig. 6). PAs were not detectable in leaves of stage I. PA levels 

increased from stage II  to IV to a concentration of  about  20 µg/g dry weight,  and 

reached at stage VII concentrations of about 180 µg/g dry weight (Fig. 4C), similar to 

that described for leaves of  S. officinale  (Mattocks, 1968; Couet et al., 1996). As in 

the leaves, no PAs were detectable in inflorescences at stage I. Inflorescences at 

stages II-V showed PA concentrations of approx. 300-400 µg/g dry weight, increasing 

at  stage VI  to  a  concentration  of  3344 µg/g dry  weight  (Fig. 4C)  with  a  total  PA 

content of 700 µg per inflorescence (Fig. 4D). These high concentrations correspond 

to PA levels described for flowers of other PA-producing plant species  (Muetterlein 

and Arnold, 1993; Couet et al., 1996; Frölich et al., 2006; Frölich et al., 2007). In the 
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last analyzed stage, namely stage VII, the concentration dropped to approx. 500 µg/g 

dry  weight.  The  comparatively  low  PA  concentrations  in  leaves  compared  with 

inflorescences suggest that PAs are efficiently translocated from the leaves to the 

inflorescences. Thus, PA biosynthesis in the young leaf subtending the inflorescence 

ensures a sufficient supply of PAs (i) to keep alkaloid levels constant as long as the 

inflorescences enlarge and (ii)  to  enable  high PA levels  to  accumulate when the 

flowers open. 

To test whether the inflorescence itself contributes to the high PA concentrations, we 

analyzed  HSS  expression  in  inflorescences  of  various  developmental  stages 

(Suppl. Fig. 7). Only very low levels of HSS protein were detectable at any stage of 

inflorescence development. This observation is in accordance with Niemüller et al. 

(2012) who have found low levels of HSS transcript but no protein in inflorescences. 

In contrast to the inflorescences, roots showed a high HSS level of approx. 40-50 ng 

per 20 µg of total protein, a value which is comparable with the highest HSS levels 

detected in the leaf at stage II with a maximum value of 39 ng. The delay between the 

highest levels of HSS (stage II) and the peak of PA accumulation (stage VI) results 

most likely from two factors: (i) the need to transport PAs from their site of synthesis 

in the young leaf into the inflorescence, and (ii) the finding that PA biosynthesis in 

species of the Boraginales seems to be less channeled than in other PA-producing 

species as shown by Frölich et al.  (2007) using radioactive labeled putrescine as a 

tracer. The maximal incorporation of tracer into PAs took more than two weeks with a 

temporary  accumulation  of  pathway  intermediates  such  as  homospermidine  or  a 

polar  uncharacterized compound.  The drastic  decrease of  PA levels  in  stage VII 

might have various causes. One explanation could be the abscission of the petals, 

which was observed at this stage. PAs in the petals might be a strategy to fend off 

nectar robbers such as short-tongued bumblebees of the genus Bombus (Utelli and 

Roy, 2001; Irwin and Maloof, 2002). Nectar robbers bite a hole in the petal tube to 

reach nectar without actually entering and pollinating the flower (Castro et al., 2008). 

Another explanation for the drop of PA levels could be a degradation of PAs in these 

tissues or the translocation of PAs from the inflorescences to other tissues of the 

plant,  as PA  N-oxides  are highly mobile and can easily be translocated from one 

tissue  to  another  (Hartmann  et  al.,  1989).  Further  studies  should  elucidate  the 

dynamics of PA levels in these reproductive structures.
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Figure 4. PA content and HSS 
expression in  leaves and in-
florescences  of  various  de-
velopmental stages. 
A, Inflorescences at various de-
velopmental  stages.  B,  Protein 
and transcript levels of HSS in 
leaves  subtending  inflores-
cences. C, PA concentrations in 
the  inflorescences  and  in  the 
subtending  leaves  at  the 
respective  developmental 
stages. D, Total PA content and 
dry weight of the inflorescence. 
Inflorescences  and  corres-
ponding  subtending  leaves 
were  harvested,  and  inflores-
cences  at  the  developmental 
stages I-VII were weighed. PAs 
from inflorescences and leaves 
were  extracted  and  analyzed 
according to the sum parameter 
method (C and D). For relative 
transcript  quantification,  qRT-
PCR was used with actin (ACT) 
as the reference gene (B). For 
relative  protein  quantification, 
total protein was extracted and 
separated  via  SDS-PAGE 
before  being  transferred  to  a 
PDVF  membrane.  Affinity-
purified  HSS-specific  antibody 
was  used  for  detection  in 
combination  with  a  secondary 
goat-anti-rabbit  antibody  con-
jugated  with  horseradish 
peroxidase.  Protein  level  was 
calculated  in  relation  to  25  ng 
recombinant  HSS  that  was 
used  as  a  standard  (B).  Error 
bars indicate the standard error 
of  the  mean  (SEM)  of  three 
independent  biological  repli-
cates  for  each  developmental 
stage.  Error  bars  of  PA 
concentration in leaves of stage 
II  and  III  are  missing  in  C 
because  of  insufficient  sample 
material.
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3.4.  DISCUSSION

In this study, we have been able to show that  S. officinale has two PA-biosynthetic 

sites that differ with respect to their function,  i.e., the roots as a well-characterized 

organ  of  PA  biosynthesis  and  young  leaves  that  are  in  the  direct  vicinity  of  a 

developing inflorescence. The roots in S. officinale are responsible for constitutive PA 

production,  most  likely  for  the  protection  of  the  vegetative  parts  of  the  plant. 

Confirmation that the whole PA pathway is expressed in the roots has been obtained 

from root cultures that are able to produce PAs (Frölich et al., 2007). A link between 

growth  and  PA biosynthesis  should  guarantee  a  constant  ratio  between  PA and 

biomass, a phenomenon that we have also observed for PA-producing species of 

other  lineages  (Anke  et  al.,  2004;  Anke  et  al.,  2008;  Niemüller  et  al.,  2012).  In 

contrast, the young leaves subtending an inflorescence with unopened flower buds 

characterized  in  this  study  provide  an  additional  PA  supply  for  the  reproductive 

tissues  within  the  flowers  of  S. officinale,  a  pattern  previously  observed  for  PA-

producing  Phalaenopsis (Orchidaceae).  In  Phalaenopsis,  specific  structures within 

small flower buds, but not of open flowers, produce PAs during flower development, 

boosting  PA  levels  up  to  about  6 mg/g  fresh  weight  (Anke  et  al.,  2008).  The 

assumption that, in S. officinale PA biosynthesis in the young leaf is also of functional 

importance is supported by the incorporation rate of labeled putrescine into PAs of 

almost  10%  (Tab. 1).  This  incorporation  rate  is  remarkable  bearing  in  mind  that 

putrescine is not only a precursor for PA biosynthesis,  but also part  of  the highly 

dynamic polyamine pool of primary metabolism, including essential functions such as 

growth, development, or biotic and abiotic stress responses  (Evans and Malmberg, 

1989;  Alcázar et  al.,  2010;  Gill  and Tuteja,  2010;  Tiburcio et  al.,  2014).  As HSS 

evolved  independently  in  Symphytum and  Phalaenopsis  (Reimann  et  al.,  2004; 

Nurhayati et al., 2009), the selection pressure that resulted from the need to protect 

the  reproductive  structures  against  herbivores  obviously  resulted  in  a  similar 

regulation of PA biosynthesis in these two lineages. The protection of reproductive 

structures is a phenomenon that is often observed in the plant kingdom and that is in 

good accordance with the optimal defense theory (McKey, 1979).

The  pattern  of  HSS  expression  in  PA-producing  angiosperms  is  highly  variable. 

Nonetheless, several PA-producing plants show similarities in HSS expression. The 

vicinity of the vascular tissue to cells involved in PA biosynthesis is a motif not just 
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found in the roots and leaves of  Symphytum, but also in other PA-producing plants 

such as C. officinale (also Boraginaceae) expressing HSS in the endodermis and the 

pericycle of the roots or in Senecio species (Asteraceae) in which HSS is expressed 

in cells directly next to the phloem. In Senecio, the phloem has been shown to be the 

tissue by which PAs are transported from the site of synthesis to the shoot in which 

they are then efficiently  allocated to the inflorescences,  the major  site of  storage 

(Hartmann  et  al.,  1989;  Moll  et  al.,  2002).  Moreover,  a  link  between  alkaloid 

biosynthesis and the vascular  tissue has been described for  other plant  systems, 

e.g., for the early steps of  monoterpene indole alkaloid biosynthesis  (Burlat et al., 

2004), for the biosynthesis of morphine in opium poppy (Bird et al., 2003; Weid et al., 

2004), and for tropane alkaloid biosynthesis in solanaceous plants  (Kanegae et al., 

1994; Suzuki et al., 1999a).

Despite  the  probability  that  HSS,  and  most  likely,  the  complete  pathway  of  PA 

biosynthesis  evolved  several  times  independently  in  various  lineages  of  the 

angiosperms (Reimann et al., 2004; Anke et al., 2008; Kaltenegger et al., 2013), the 

similarity between the PA structures produced is remarkable. Not only the bicyclic 

ring system characteristic for all  PAs, namely the necine bases, are identical with 

respect to their structure and stereochemistry between unrelated plant lineages, but 

also  the  complete  PA  molecules  (Hartmann  and  Witte,  1995).  Similar  selection 

pressures probably forced the evolution of similar, almost identical traits (Pichersky et 

al.,  2006). In this study,  we have been able to show that the strategy of using a 

second auxiliary  site  for  PA biosynthesis  to  protect  floral  structures  also  evolved 

independently in two distantly related species, extending the aspect of convergent 

evolution from molecule structures to the regulation of the whole pathway. Further 

work will be needed to analyze the evolutionary mechanisms underlying the repeated 

recruitment, optimization, and integration of PA biosynthesis into the metabolism of 

the plant.
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3.5.  EXPERIMENTAL

3.5.1 Plant Material

Symphytum officinale was grown in pots with a mixture of TKS2 (Floragard) and lava 

granulate at a ratio of 3:1 in the Botanical Gardens Kiel from April to September.

3.5.2 RNA Isolation and Quantification of Transcripts

For transcript analyses of leaves in relation to their position in the shoot system, plant 

samples were pulverized in liquid nitrogen with mortar and pestle before total RNA 

was  extracted  with  Trizol® (Invitrogen,  Life  Technologies)  according  to  the 

manufacturer’s protocol, but with two additional phase separation steps involving the 

addition of 200 µl chloroform to the aqueous phase followed by phase separation via 

centrifugation.  Finally,  RNA was washed twice with ice-cold ethanol  (75%, v/v,  in 

water).  A subsequent  lithium chloride (2 M final  concentration)  precipitation (16 h, 

4°C) and two additional washing steps with ice-cold ethanol were then performed to 

remove possible inhibitors of the following reverse transcription reactions (RT). RNA 

was dissolved in  RNAse-free water,  and RNA integrity  and purity  were tested by 

agarose gel electrophoresis and by 260/280 nm and 260/230 nm ratio measurements 

by using a NanoDrop 1000 UV/VIS spectrometer. One microgram of total RNA was 

used  as  a  template  for  reverse  transcription  with  an  Oligo(dT)17  primer  (Suppl. 

Tab. 1) and RevertAid® Premium Reverse Transcriptase (ThermoScientific). For the 

transcript  quantification  of  HSS  in  leaves  subtending  inflorescences  at  various 

developmental  stages,  a  slightly  modified  protocol  for  total  RNA  isolation  was 

employed. Instead of washes with ethanol, RNA was diluted 1:1 with 100 % ethanol 

and  loaded  on  spin  columns  from  the  Direct-zol™  RNA  MiniPrep  Kit  (Zymo 

Research). Samples were further processed as recommended by the manufacturer 

including an optional on-column Dnase I digestion. For transcript quantification, 1.5 

µg total RNA was used for reverse transcription as previously described. To test for 

contaminating  genomic  DNA,  control  reactions  were  prepared  without  reverse 

transcriptase and used as a template in control PCRs (Suppl. Fig. 5).

For  semiquantitative  PCR  (sqPCR)  GoTaq-DNA  polymerase  (Promega)  with 

deoxyribonucleotide triphosphates(dNTPs, 0.2 mM each) and primers (0.2 µM each) 
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3.5. EXPERIMENTAL

was used, and aliquots were taken after 20, 25, 30, and 35 cycles to ensure sampling 

before  PCR  product  formation  reached  saturation  (Suppl.  Fig. 1).  Products  were 

analyzed on a 2% (w/v) agarose gel. Quantitative real-time PCR was performed in a 

Rotor-Gene® Q  System  (Qiagen)  with  GoTaq®  qPCR  Master  Mix  (Promega) 

following the manufacturer's  protocol.  Melting  curve analyses were undertaken to 

distinguish specific PCR products from primer dimers or unspecific PCR products. 

The calculation of the relative transcript levels of HSS was carried out by comparative 

CT methods (2-∆∆Ct  for  Suppl. Fig. 2),  2-∆Ct  for  Fig. 4B)  (Schmittgen and Livak, 

2008). Actin served as the reference gene to normalize expression levels. For both 

sqPCR and qRT-PCR, an annealing temperature of 60°C was used. Primer pairs 

were:  P1 and P2 (for  HSS) and P3 and P4 (for  actin,  Suppl.  Tab. 1).  The actin-

specific primers resulted from an actin-encoding sequence amplified with a pair of 

degenerate  primers  (P5/P6)  designed  according  to  an  alignment  of  the  actin 

encoding sequences of  Arabidopsis thaliana as previously described (Sievert et al., 

2015). For the cloning of PCR products, the pGEM T-easy vector (Promega) was 

employed according to the manufacturer’s protocol followed by transformation into 

chemically  competent  E.coli TOP10  cells  (Invitrogen)  for  vector  propagation. 

Plasmids  were  sequenced  at  MWG  Eurofins  to  confirm  the  identity  of  the 

amplification products. Sequence data from this article have been deposited in the 

EMBL/GenBank  data  libraries  under  the  following  accession  number:  LT631489, 

Symphytum officinale partial mRNA for actin (act gene).
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3.5.3 Protein-Blot Analysis of S. officinale Leaves

Samples  were  pulverized  in  liquid  nitrogen  with  pestle  and  mortar.  Protein  was 

extracted  with  phosphate-buffered  saline  (PBS)  supplemented  with  5% (m/v) 

polyvinylpyrrolidone and 2.5% (w/v) sodium ascorbate to prevent protein precipitation 

by polyphenols. 10 to 20 µg total protein per sample were mixed with SDS loading 

buffer  and separated by sodium dodecylsulfate polyacrylamide gel electrophoresis 

(SDS-PAGE)  followed  by  semidry  blotting  and  immunodetection  as  described 

previously  (Anke et al., 2008). The polyclonal antibody was affinity-purified against 

recombinant  HSS of  S. officinale  (Niemüller  et  al.,  2012).  MultiMark Multi-Colored 

Standard (NOVEX), PageRuler™ Plus Prestained Protein Ladder (Thermo Scientific), 

and PageRuler™ Prestained Protein Ladder (Thermo Scientific) were used as protein 

mass standards as indicated in  the figure legends.  After  immunodetection,  PDVF 

membranes  were  stained  with  PageBlue™  Protein  Staining  Solution  (Thermo 

Scientific) to ensure that equal protein amounts were loaded on each lane. For the 

relative quantification of protein levels by densitometry we used the software ImageJ 

(version 1.48) with 25 ng of recombinant HSS protein as the reference (Schneider et 

al., 2012).

3.5.4 Immunohistochemical Staining of HSS in Leaf Cross Sections

For the immunohistochemical localization of HSS in leaf cross-sections, young leaves 

were harvested; and the tip and the base were was cut off to be used as “reference 

tissue”, whereas the central part of the leaf was cut into pieces of approx. 1 cm side 

length  before  being  immersed in  ice-cold  fixation  buffer  according to  Anke  et  al. 

(2008). The “reference tissue” of each leaf was pulverized in liquid nitrogen, and total 

RNA was extracted and transcribed to cDNA as described above. Each “reference 

tissue” was tested by sqPCR for the presence of HSS transcripts. The fixated central 

regions  of  positively  tested  leaves  were  dehydrated  in  an  ethanol  series  and 

embedded in Technovit 7100 (Heraeus-Kulzer). Sections of 3-4 µm thickness were 

cut on a microtome (HM3555S, Microm) and mounted on adhesive microscope slides 

(SuperFrost,  Thermo  Fisher  Scientific).  Immunodetection  with  HSS-specific 

antibodies and specificity tests with recombinant HSS and DHS of S. officinale were 

carried out as described previously (Niemüller et al., 2012).
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3.5.5 Radioactive Tracer-Feeding Experiments and Product Analysis

To  test  the  capacity  of  detached  leaves  of  S. officinale to  produce  PAs, 

[14C]putrescine (3.95 GBq/mmol,  GE Healthcare) was used as tracer.  Two young 

leaves (approx.  3.5 cm in  length)  next  to  an inflorescence with developing flower 

buds were cut from the plant and transferred into a 1.5 ml reaction tube containing 

the tracer dissolved in 1 ml tap water (169 kBq). The leaves were incubated in a 

light/dark regime of 12 h/12 h (light of approx. 1,000 lx) at room temperature. Once 

the liquid was almost completely taken up, the same volume of tap water without 

tracer was added. After 4 days, the leaves were frozen in liquid nitrogen and stored at 

-50°C. Both leaves were pulverized in liquid nitrogen with mortar and pestle and each 

extracted in 1.5 ml 0.05 M H2SO4 by being vortexed for 3 min at room temperature. 

After  centrifugation  (10 min,  5000 x g)  zinc  dust  was  added  in  excess  to  the 

supernatants,  which  were  then  stirred  for  3  hours  for  the  complete  reduction  of 

alkaloid  N-oxides. As SCX-SPE purification has been shown to be suitable for the 

enrichment  of  PAs  (Colegate  et  al.,  2005),  the  samples  were  further  centrifuged 

(10 min,  5000 x g)  and  then  applied  to  SCX-SPE  cartridges  (Phenomenex, 

Aschaffenburg, Germany) equilibrated with 6 ml methanol and 6 ml of 0.05 M H2SO4. 

After  each  column  had  been  washed  with  12 ml  H2O  and  12 ml  methanol,  the 

alkaloids were eluted by applying 3 x 6 ml of methanol containing 5% (v/v) NH4OH. 

All elution fractions were combined, the solvent vaporized, and the residue dissolved 

in 2 ml methanol. The supernatant was transferred in equal parts into two vials, dried, 

and stored at -20°C. For hydrolysis, one of the samples was incubated in 2 N sodium 

hydroxide for 3 h at 60°C, and the solvent was vaporized. For HPLC analyses, the 

hydrolyzed and the non-hydrolyzed samples were dissolved in 50 µl methanol. Each 

step of the extraction process was monitored via scintillation counting (Tri-Carb LSC, 

Perkin Elmer) to calculate the ratio of incorporated [14C]putrescine.

Radio-HPLC measurements were performed on a Merck-Hitachi L-6200 instrument 

with solvent A (100 mM phosphate buffer pH 7.5) and solvent B (acetonitrile) at a 

ratio of 85:15 with a flow rate of 1 ml per minute. Aliquots of 20 µl of sample were 

injected, and fractions were collected every 30 s for comparison of the hydrolyzed 

and the non-hydrolyzed extract and every 15 s for the comparison of the hydrolyzed 

extract  with  retronecine  and  with  hydrolyzed  and  non-hydrolyzed  monocrotaline 

standards  (Roth,  Karlsruhe,  Germany).  The  radioactivity  of  the  fractions  was 

quantified  by  scintillation  counting.  Radiolabeled  retronecine  was  obtained by  the 

hydrolysis of [14C]senecionine (Lindigkeit et al., 1997).
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For thin-layer chromatography, Silicagel G-25 TLC plates (Merck, Darmstadt) were 

developed  in  a  mobile  phase  containing  ethyl  acetate,  isopropyl  alcohol,  and 

ammonium hydroxide (25%, v/v) (45:35:20). Radioactivity was detected by using a 

radioactivity  thin-layer-chromatography  detector (RITA,  Raytest,  Straubenhardt. 

Germany).  Compounds  scraped  from the  TLC plate  were  eluted  with  the  mobile 

phase, dried, and dissolved in 50 µl methanol for GC-MS analysis. GC-MS data were 

obtained with a Shimadzu GC-2010 chromatograph equipped with a 15 m Optima-1 

MS capillary column coupled to a quadrupole mass spectrometer (Fisons MD800). 

Electron-impact mass spectra were recorded at 70 eV. GC conditions were: injector 

250°C, temperature program 60°C for 3 min,  60 to 300°C at  6°C/min,  carrier  gas 

helium 1 ml/min. GC-MS data for retronecine were: Retention index (Ri, Kovats) 1478 

(on Optima-1 MS), mass-to-charge ratio (m/z) 155 [M+]; For the mass spectrometry 

spectrum, mass-to-charge ratio  and (relative intensity):  80(100),  111(74),  155(45), 

94(37), 68(34), 93(33), 82(31), 112(30), 67(29), 106(25).

3.5.6 Quantification of total PAs in inflorescences

Total PAs were extracted from lyophilized inflorescences, hydrolyzed, and reduced to 

obtain the necine base retronecine as described for the tracer feeding experiment. 

For quantification of the necine base, the sum parameter method involving silylation 

of the necine base followed by GC-MS was applied according to (Kempf et al., 2008). 

Retronecine from hydrolyzed monocrotaline served as the external standard.

3.5.7 Accession Numbers

Sequence data from this article have been deposited in the GenBank/EMBL data 

libraries  under  accession number  LT631489,  comfrey partial  mRNA for  actin  (act 

gene).
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3.7.  Supplementary material

Supplementary Table 1. Primer sequences.

primer sequence

Oligo(dT) 17 5’-GTCGACTCGAGAATTCTTTTTTTTTTTTTTTTT-3’

P1 5’-AGTGCTATGGACAATGAATCAGTGA-3’

P2 5’-AGCAAAATCAGCGCCTCCA-3’

P3 5’-CAAGGCTAACAGGGAGAAAATGAC-3’

P4 5’-ATCACCAGAATCCAGCACAATACC-3’

P5 5’-WSNAAYTGGGAYGAYATGGA-3’

P6 5’-TCRBHYTTNGTDATCCACA-3’

For degenerate primers P5 and P6, the following code is used: B = C + G + T, D = A + G + T, 
H = A + T + C, N = A + T + C + G, R = A + G, S = C + G, W = A + T, and Y = T + C.
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Supplementary  Figure  S1.  PCR cycle  optimization.  Levels  of  HSS-  and  actin  (ACT)-
ecodng transcripts in the various leaf types were estimated by semi-quantitative RT-PCR. To 
ensure quantification during the exponential phase, amplification aliquots were analyzed after  
20, 25, 30, and 35 cycles by gel electrophoresis. Arrowheads indicate PCR products with the 
expected size between 100 and 150 bp. Roman numerals refer to leaf types given in Fig. 1C. 
M, DNA ladder; C, no template control.

Supplementary Figure 2. Relative HSS transcript levels with actin (ACT) as reference 
gene. HSS transcript quantification in leaves subtending inflorescences of various develop-
mental stages by using the same cDNA as for qRT-PCR given in Fig. 1B. The HSS transcript 
level of leaf type IV was set to one. Error bars indicate the standard deviation of three techni-
cal replicates (n=1).
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Supplementary Figure 3. Specificity tests of antibody labeling by pre-incubation of the 
HSS-specific antibody with soluble protein. Leaf cross-sections were labeled with HSS-
specific antibody after pre-incubation with HSS (A, B), DHS (D, E), and bovine serum albumin 
(BSA) (G, H) at a molar ratio of antibody to added protein of 10:1 (B, E H) and 1:3 (A, D, G). A  
section labeled with HSS-specific antibody without pre-incubation (C) and a section labeled 
without  primary  antibody incubation to  show unspecific  binding of  secondary  antibody (F) 
served as controls. Only pre-incubation with soluble HSS resulted in a significant reduction of 
signal.
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Supplementary Figure 4. MS-identification of the product accumulating in the leaf after 
feeding with putrescine. A, Total ion chromatogram of the spot co-migrating on TLC with the 
radioactive signal resulting from the [14C]putrescine feeding experiment. The largest peak 
shows a retention index (Kovats) at 1478. The two minor peaks with similar retention times 
show  a  typical  fragmentation  pattern  of  softeners  (plasticizers).  B,  Extracted  ion  chro-
matogram of the same sample as in A for the [M+] of retronecine and its stereoisomer heliotri-
dine with an m/z of 155. The peak is identical to the peak in A. C, Mass spectrum of the 
largest peak in A with the retention index of 1478. The peak was identified via the NIST data -
base as being retronecine.
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Supplementary Figure 5. Tests for contaminating gDNA in cDNA samples. Agarose gel 
electrophoresis of total RNA and PCR products resulting from amplification of RNA used for  
reverse transcription (no RT-control). Contamination of RNA with gDNA should result in frag-
ments as shown in the positive control amplified with cDNA as the template in P, as the ampli -
fied sequence does not contain introns. Arrowheads indicate PCR products with the expected 
size between 100 and 150 bp. Roman numerals refer to the leaf stages from Fig. 4. The three 
biological replicates are indicated with a, b, and c. M, DNA ladder; NTC, no template control.

34

34



CHAPTER 1

Supplementary Figure 6. Protein blot analyses of leaves subtending inflorescences of 
various developmental stages. Leaves were sampled in triplicate and protein extracts were 
blotted  on  separate  membranes.  A,  C,  and  E,  PDVF  membranes  stained  with  colloidal 
Coomassie G-250 dye to test for comparably loaded lanes. B, D, and F, X-ray film of the 
membranes corresponding to those given in A, C, and E, respectively, after ECL detection of 
horseradish-peroxidase generated bio-luminescence for quantification of HSS as illustrated in 
Fig. 4B. Crude protein extracts of leaves and the root (20 µg protein per lane) were separated 
via SDS-PAGE and blotted onto a PDVF membrane. Affinity-purified HSS-specific antibody 
was used for detection in combination with a secondary goat-anti-rabbit antibody conjugated 
to horseradish peroxidase. Recombinant HSS protein (25 ng) served as positive a control. 
The observed size difference between heterologous protein and the native protein is caused 
by  His-tag  fusion.  As  the  antibody  was  generated  against  the  protein  heterologously  ex-
pressed in E. coli,  unspecific binding to contaminating E. coli proteins in lane “control” is ex-
pected. The apparent additional signal in root extracts was described earlier (Niemueller et al.,  
2012) and is caused by unspecific protein cleavage by proteases of soil bacteria. M, protein 
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mass  standard  (A-D:  PageRuler™  Plus  Prestained  Protein  Ladder,  E-F:  PageRuler™ 
Prestained Protein Ladder); I-VII represent the various developmental stages defined in Fig. 
4A; numbers indicate the mass of the corresponding bands of a protein standard in kDa; white 
arrow head, indicates size of native HSS protein; black arrow head, size of recombinant HSS 
(with His-tag).

Supplementary Figure 7. Protein blot analyses of various developmental stages of in-
florescences. A, PDVF membrane stained with colloidal Coomassie G-250 dye. B, ECL de-
tection of horseradish-peroxidase generated bio-luminescence on an X-ray film. Protein ex-
tracts  of  inflorescences and roots collected from three independent  plant  individuals  were 
pooled and separated via SDS-PAGE (20 µg protein per lane) and blotted onto a PDVF mem-
brane. Affinity-purified HSS-specific antibody was used for detection in combination with a 
secondary goat-anti-rabbit antibody conjugated to horseradish peroxidase. Recombinant HSS 
protein (25 ng), which was heterologously expressed in E. coli, served as positive a control. 
The additional signal in root extract is attributable to unspecific protein cleavage (Niemüller et 
al., 2012). All analyzed developmental stages of inflorescences show only low protein levels 
of HSS. M, protein mass standard (PageRuler™ Prestained Protein Ladder); I-VII represents 
the various developmental stages defined in Fig. 4A; numbers indicate the mass of the corre -
sponding bands of protein standard in kDa; white arrow heads indicate the size of native HSS 
and black arrow heads that of recombinant HSS (with His-tag).
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4.1. ABSTRACT

4.1.  ABSTRACT

Pyrrolizidine alkaloids (PAs) are toxic secondary metabolites in several, not closely 

related plant families. So far, in all studied PA containing plants, the biosynthesis of 

PAs  is  restricted  to  specific  cells  and  developmental  stages  of  the  plant.  In 

Symphytum officinale (Comfrey,  Boraginaceae) PA  biosynthesis  can  be  found  in 

roots  and  young  leaves  subtending  a  young  inflorescence.  To  this  day, 

homospermidine synthase (HSS) is the only known enzyme of PA biosynthesis. It 

catalyzes the formation of the first pathway specific precursor homospermidine. HSS 

expression was found in bundle sheath cells of young leaves and in endodermis cells 

of the root. Under the assumption that also the genes of the whole PA biosynthesis 

pathway are differentially expressed, we sequenced transcripts of alkaloid and non-

alkaloid producing tissues, assembled a  de novo transcriptome and quantified the 

tissue specific expression of the sequences. Contigs that were up-regulated in PA 

producing tissues were extracted and compared to sequences that were up-regulated 

in the PA producing lower leaf epidermis of Heliotropium indicum (Indian heliotrope, 

Heliotropiaceae, Boraginales). We were able to identify candidate genes of several 

steps  of  the  core  biosynthesis  of  the  PAs  by  blast  guided  annotation.  Inter  alia, 

diamine oxidases (DAO) that are hypothetically involved in the second step of PA 

biosynthesis,  the  oxidation  of  homospermidine  and  spontaneous  cyclisation  to  a 

necine base precursor, were identified. We found two enzymes that are co-expressed 

with hss in young PA producing leaves (SoDAO1) and endodermis cells (SoDAO5), 

respectively,  suggesting  that  these  two  enzymes  were  recruited  for  an  identical 

function in different plant tissues. In addition, we were able to show that the new 

opportunities of next generation sequencing are a fast and convenient approach to 

identify candidate enzymes for pathways that can not be studied in model organisms. 

A data set of candidate genes that were generated in this study will be a valuable 

source for future experiments enlightening PA biosynthesis in Boraginales.
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4.2.  INTRODUCTION

Plants are adapted to their respective habitat by the production of numerous chemical 

compounds that allow them to cope with diverse biotic and abiotic stressors in their 

environment (Pichersky and Gang, 2000; Hartmann, 2007; Pichersky and Lewinsohn, 

2011).  These  specialized  metabolites,  also  called  secondary  metabolites,  are 

synthesized by biosynthetic pathways that are characterized by a complex interplay 

of  many specialized enzymes.  The enzymes that  are required for  the production, 

transport, and storage of specialized metabolites account for approximately 10-20 % 

of the genes in plant genomes (Bevan et al., 1998; Somerville and Somerville, 1999; 

Pichersky and Gang, 2000; Pichersky and Lewinsohn, 2011). The evolution of those 

genes and of the resulting diversity in metabolites is believed to be mainly driven by 

gene duplication and successive divergence (Ohno, 1970; Ober, 2005; Pichersky et 

al., 2006; Innan and Kondrashov, 2010; Koch, 2014; Rensing, 2014; Panchy et al., 

2016). 

Alkaloids are one of the most important groups of specialized metabolites that are 

produced by approximately 20 % of plant species and are involved in defense against 

herbivores  (Facchini,  2001;  Facchini  and  St-Pierre,  2005).  One  diverse  group  of 

alkaloids  are  the  pyrrolizidine  alkaloids  (PAs)  (Hartmann  and  Ober,  2000).  The 

occurrence  of  PA structures  is  scattered within  the plant  kingdom.  The  repeated 

independent  recruitment  of  the  fist  pathway  specific  enzyme  (homospermidine 

synthase, HSS), suggests that the complete PA biosynthesis evolved several times 

independently, making PAs an attractive model for studying convergent evolution of 

pathways (Ober  and Hartmann,  1999a;  Hartmann and Ober,  2000;  Langel  et  al., 

2011; Kaltenegger et al., 2013). 

The biosynthesis of PAs can be divided in different parts: (1) the synthesis of the 

necine base, (2) the synthesis of the necic acid moiety, (3) the conjugation of the 

backbone, and (4) the individual modification of side chains in the resulting ester. The 

necine base synthesis  starts  with homospermidine,  which is  synthesized by  HSS 

(step 1, Fig. 1)  (Böttcher et al.,  1993;  Böttcher et al.,  1994; Ober and Hartmann, 

1999a). Homospermidine is believed to be oxidized by a diamine oxidase (DAO EC 

1.4.3.22, step 2, Fig. 1) to allow spontaneous cyclisation to the necine base precusor 

4,4'-iminobisbutanal (Robins, 1982; Kelly and Robins, 1988; Böttcher et al.,  1993; 

Graser and Hartmann, 1997). Following steps of the necine base synthesis, necic 
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acid synthesis, and conjugation of the backbone are unknown so far. It is proposed 

that PAs are N-oxigenized by flavin-dependent monooxygenases (FMO, Step 10) for 

translocation and storage of PAs in the plant vacuole (Hartmann and Zimmer, 1986; 

Chang and Hartmann, 1998).

The site of biosynthesis of alkaloids is found to be class-specific  (Facchini,  2001; 

Facchini and St-Pierre, 2005). Also, PAs show a remarkable variability regarding their 

site of synthesis. For almost every species or family, which is analyzed in more detail, 

a new site of synthesis on organ, tissue, or cellular level was identified  (Moll et al., 

2002; Anke et al., 2008; Niemüller et al., 2012; Irmer et al., 2015; Kruse et al., 2017). 

For the identification of enzymes involved in secondary pathways,  several studies 

used the differential regulation of the participating enzymes (Gershenzon et al., 1992; 

Lange et al., 2000; Murata and Luca, 2005; Murata et al., 2008). Recently, Sievert et 

al.  (2015) used laser-capture-microdissection, suppression subtractive hybridization 

(SSH),  and  subsequent  454  sequencing  successfully  for  the  identification  of 

candidate  enzymes  in  the  PA  producing  plant  H. indicum (Indian  heliotrope, 

Heliotropiaceae). We modified the in vitro approach of Sievert et al.  (2015) to an in 

silico  method  for  the  identification  of  candidate  genes  for  PA  biosynthesis  in 

S. officinale.  This approach results in  the identification of putative homospermidine 

oxidases (copper-containing diamine oxidase, DAO) that might catalyze the second 

step of the pathway to the necine base. Additionally, we were able to identify other 

promising candidate enzymes for various steps of the PA biosynthesis by comparing 

PA producing with non-producing tissues and as well as by comparison of expressed 

contigs with  H. indicum. We show that the combination of a substractive approach, 

NGS  sequencing,  and  knowledge  about  the  physiology  of  a  pathway  can  be  a 

powerful tool to identify related genes.
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Figure 1. Postulated pyrrolizidine alkaloid biosynthesis. The proposed biosynthesis of the 
necine base is shown on the left side, that of the C7-necic acid of lycopsamine type-PAs on 
the right side. Indicine  N-oxide is shown as example for a lycopsamine type-PA. Steps for 
which  an  enzyme  is  postulated,  are  indicated  by  a  number.  Enzymes  for  which  an 
experimental evidence exist, are highlighted by a black circle (established finding) or a grey 
circle (indications)  (Robins, 1982; Kelly and Robins, 1988; Böttcher et al., 1993; Chang and 
Hartmann, 1998; Weber et al., 1999). 
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4.3.  RESULTS

4.3.1 Study design, extraction of total RNA and generation of RNA-Seq 

data

PA biosynthesis  in  S. officinale is  restricted to  two distinct  locations  in  the  plant, 

namely young primary roots and young leaves next to inflorescences  (Niemüller et 

al.,  2012; Kruse et al.,  2017). In this study, we used this phenomenon to identify 

genes,  which  are  only  present  in  tissues  that  are  capable  of  PA  biosynthesis. 

Therefore,  we  used  (1) young  leaves  from  plants  without  inflorescences  (PA -, 

Fig. 2A), (2) young leaves in close proximity to inflorescences (PA +, Fig. 2B), and (3) 

roots (root PA +, Fig. 2C) as the predominant site of PA biosynthesis in S. officinale 

(2007). From five leaf samples, three from plants without and two from plants with 

inflorescences, total RNA was extracted, an aliquot was reverse transcribed and the 

resulting cDNA was analyzed with semi quantitative PCR (sqPCR) for transcripts of 

hss and  actin (Fig. 2D) to ensure that all samples meet the requirements for “leaf 

PA +” and “leaf PA -” that were formulated above. We chose a sample with (leaf 

sample  5,  PA +)  and  a  sample  without  (leaf  sample  2,  PA -)  detectable  HSS 

transcripts  for  sequencing (Fig. 2D).  Root  samples  were harvested from plants in 

axenic and green house culture and analyzed for transcripts of HSS and actin (root 

PA +, see above). Both samples showed detectable amounts of HSS transcripts but 

the sample from the greenhouse (root sample 7, Fig. 2D) showed a stronger signal 

and was regarded, with respect to transcription level, to be more similar to the leaf  

samples (root  PA +).  After  the selection process,  the already extracted RNA was 

further purified via RNA Clean-up columns and RNA integrity was controlled by RNA 

gelelectrophoresis, which indicated undegraded RNA (Fig. 2E). Before sequencing, 

the sequencing company (BGI, Shenzen, China) performed a second quality check 

with an Agilent 2100 Bioanalyzer.  All  samples passed with RNA integrity numbers 

(RIN) of 8.0 to 8.6 and 28S/18S ratios of 1.5 to 1.7 and confirmed sufficient RNA 

quality. Illumina® sequencing resulted in approximately 17 million adapter-free 90 bp 

paired-end reads per sample, found to be suitable for assembly by FastQC analysis 

(Andrews, 2010).
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Figure 2. Selection of samples for transcriptome analysis. A,  S. officinale plant growing 
as rosette during vegetative phase (1st year). Leaf that was used as sample for transcriptome 
analysis is indicated with a white arrow (leaf PA -, lane 1 in panel D). B, Part of a S. officinale 
plant with developed inflorescences (2nd year). Black arrow indicates leaf which was chosen 
for transcriptome analysis (leaf PA +, lane 5 in panel D).  C, Roots of a  S. officinale plant. 
Young, white primary roots were chosen for sequencing and are indicated by a white arrow 
(root PA +, lane 7 in panel D). D, Semi-quantitative PCR analysis of HSS and actin transcripts 
in different  leaf  and root samples from which three were chosen for NGS sequencing. E,  
Formaldehyde RNA-gelelectrophoresis of samples 1 (leaf PA -),  5 (leaf PA +), and 7 (root 
PA +). Distinct bands for 28S and 18S RNA indicating non-degraded RNA suitable for NGS 
sequencing. C, no template control. 

4.3.2 Optimization and evaluation of transcriptome assembly

To  generate  a  most  optimal  transcriptome  assembly  for  our  analyses,  different 

assembler parameters were chosen and compared as follows: the kmer length was 

varied from 21 to 31 and basic assembly metrics were calculated for each assembly 

separately (Fig. 3). Contigs that share high sequence similarity are grouped into so 

called “genes” by the Trinity assembler. The term “gene” is believed to give a better 

representation of the number of real genes that are assembled than single isoforms 

(Fig. 3A). The highest number of “genes” and transcripts is assembled when using 

the  default  kmer  of  25  (Fig. 3A).  A  lower  kmer  value  reduces  the  number  of 

transcripts closer to the number of “genes”, whereas a higher value reduces both, the 

number of transcripts and “genes” (Fig. 3A). In order to reduce the redundancy of 

highly similar isoforms and chimeras that do not represent real or new transcripts, we 
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tested  two  approaches  published  earlier  by  Yang  and  Smith  (2013).  The  first 

approach was to  filter  out  the  lowest  expressed isoform of  each “gene”  and the 

second  to  keep  only  the  highest  expressed  isoform  of  each  gene.  When  both 

approaches were applied to the kmer 29 assembly, the first approach reduced the 

overall number of transcript while mostly discarding chimeras and lowly expressed 

short  sequences.  The second approach reduced the number  of  transcripts to the 

number of genes more strictly. This effect is visible when comparing average contig 

lengths, N50 and E90N50 contigs (Fig. 3B).  Whilst the average contig length only 

gives the statistical mean of length of all transcripts, the length of N50 and E90N50 

contig  gave  more  relevant  information  about  the  quality  of  assemblies.  The  N50 

indicates that half of all assembled bases are found in contigs with at least this length 

and is mainly used for genome assemblies. The E90N50 is a better value to measure 

transcriptome assembly quality. Here, the contig length is calculated based on the top 

most  highly  expressed  transcripts  that  represent  90%  of  the  total  normalized 

expression data (Haas, 2016). The E90N50 excludes short low expressed transcripts 

and therefore is significantly longer than the original N50 contig. kmer 31 has the 

highest E90N50 value, which indicates that in general longer reads are present in this 

assembly  than  in  others  (Fig. 3B).  When examining  the ExN50 profiles  (average 

length  of  the  top  most  expressed  transcripts  that  represent  “x”%  of  the  total 

normalized expression data) in more detail,  it  is also observed that a longer kmer 

improves overall assembly quality as indicated by the peak of longest contigs shifts 

towards 90 % with higher  kmer values (Fig. 3C)  (Haas,  2016).  We tested for  the 

completeness  of  the  assemblies  in  order  to  show how many  reads  are  actually 

included  in  the  assembly  by  mapping  the  original  reads  back  to  the  assembled 

transcripts. Obviously, higher kmer values provide a better sequence assembly by 

having  a  higher  proportion  of  proper  paired  reads  that  align  and  higher  overall 

percentage of aligned reads (Fig. 3D and Fig. 3E). To compare the quantity of full-

length contigs in each assembly, all transcripts were aligned against a database of 

known proteins and the number of proteins were counted that are covered by at least 

80 %. For this analysis we used a database that contained only protein sequences 

from UniProtKB/Swiss-Prot that belong to green plants (Viridiplantae, Taxonomy ID: 

33090).  At  kmer of  31,  the highest  number of  proteins are covered by full-length 

transcripts and full-length coverage increases with rising kmer values (Fig. 3F).

Accounting for all measures, a kmer of 31 seems to be best fitting for a transcriptome 

assembly from our given data-set when using the Trinity assembler. We were able to 
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compare sequences that  had been identified  earlier  from  S. officinale, e.g.,  HSS, 

DHS and several diamine oxidases, by classic PCR and cloning techniques to the 

assembled  sequences.  We  found  that  closely  related  paralogs  (e.g.  of  diamine 

oxidases) are better resolved in the filtered kmer 29 assembly while maintaining only 

slight declines in overall  assembly qualitiy.  Therefore, we chose this assembly for 

further analysis, despite the fact that the kmer 31 assembly shows better assembly 

metrics.

Figure 3. Comparison of assemblies and contig subsets. The effect of kmer variation was 
analyzed with respect to different parameters that were calculated by using scripts included in 
the trinity package. A, Total number of assembled transcripts and “genes”. Genes are defined 
by the trinity assembler as a cluster of isoforms. B, Average contig length, E90N50 contig 
length, and N50 contig length for assembly. C, N50 contig length was calculated based on a 
proportion  of  contigs  with  a  given  expression.  D,  mapping  of  original  reads  against  the 
different assemblies as proportion of total reads. E, total number of proper aligned reads as  
proportion of  the total  read number.  F,  contigs of  each assembly were blasted against  a 
protein database. The total number of proteins that are covered by at least 80 percent by the 
contigs is given. G, the number of contigs in subsets (1-4) that were generated using different  
comparisons against the original assembly. H, Venn diagram of the three sequenced samples 
(leaf PA +, leaf PA -, and root PA +). Number of shared contigs for each section are given. 
The number of contigs that are shared between the two PA producing sites is given in bold  
letters. → 
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4.3.3 In silico substractive approach

Supression substractive hybridisation (SSH) can successful identify genes belonging 

to cell  specific  biosynthetic  routes  (Diatchenko et  al.,  1999;  Sievert  et  al.,  2015). 

Sievert  et  al.  (2015) generated cDNA samples from epidermal cells of  H. indicum 

characterized by the absence or presence of PA biosynthesis, and used these for 

generation of a SSH library. The retained enriched transcripts were sequenced by the 

454 technique and used for sequence assemblies. We adapted this strategy to an 

in silico approach by which candidate sequences were enriched via measuring their 

sample specific expression.

In the final  de novo assembly we got 169,735 contigs in total, from which 72,469 

contigs resulted in significant blast hits when blasted against  UniProtKB/Swiss-Prot 

database (Fig. 3G). To reduce the data set in a first step to sequences expressed in 

specific tissues, the tissue (leaf PA +, leaf PA -, and root PA +) specific expression for 

all assembled contigs was  analyzed. The vast majority of transcripts (61,468) were 

detected in all tissues and, therefore, might belong to primary metabolism (Fig. 3H). 

The  root  sample  had  the  most  uniquely  expressed  contigs  (Fig. 3H).  The  lowest 

number of shared features is found when comparing the root with one of the leaf 

samples; 9,981 (Leaf PA - vs root PA +) and 8,867 (root PA + vs. leaf PA +) contigs 

(Fig. 3H).  Aiming to  identify  genes belonging to  PA biosynthesis  we tested three 

different approaches to enrich these specific sequences. To exclude genes from the 

analysis with only slight differences in their expression level, we included only contigs 

into the analysis that are at least 4-fold differently expressed between the samples. 

For  a  first  dataset,  we extracted all  contigs  that  are higher  expressed in  the  PA 

producing leaf (leaf PA +) OR in roots (root PA +) than in the non-PA producing leaf 

(leaf PA -). This reduced the number of contigs to 10,356 with 7,335 blast hits (subset 

1, Fig. 3G). Amongst others, the HSS belonged to the highest expressed transcripts 

in roots and young PA producing leaves and served as a positive control. Also in the 

further approaches, HSS served as a proof-of-concept for our comparisons. For the 

second dataset, we kept only those sequences that are upregulated in PA producing 

leaves  (leaf PA +)  AND in  roots  in  comparison  to  non-PA  producing  leaves 

(leaf PA -).  Under  the  assumption  that  genes  that  belong  to  central  steps  of  PA 

biosynthesis  are present  in  all  PA producing tissues,  this  approach should  retain 

candidate genes while discarding transcripts related to primary metabolism because 
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they are present  in  all  samples with similar  expression levels  and of  leaf-specific 

metabolism like photosynthesis. This resulted in a set of 1,817 contigs from which 

1,358 had significant blast hits (subset 2, Fig. 3G). As before, HSS was found to be 

one of the most highly expressed transcripts. For the third dataset, we made use of a 

data-set which  was  generated  for  Heliotropium  indicum (Indian  heliotrope, 

Boraginales)  in  the  same manner  as  described  in  this  study  (unpublished  data). 

Because  H. indicum produces  PAs  only  in  the  lower  leaf  epidermis,  only  those 

contigs  were  retained  which  were  at  least  4 times  upregulated  in  the  lower  leaf 

epidermis in comparison to the upper epidermis. In the H. indicum dataset, HSS was 

again one of the most prominent sequences. After a tblastx search of  S. officinale 

subset 1 against all  H. indicum sequences,  the number of  S. officinale sequences 

which had a homolog in  H. indicum  was found to be 4184 from which 3765 had a 

blast hit against UniProtKB/Swiss-Prot database (subset 3, Fig. 3G). 

The  initial  assembly  and  all  generated  subsets  were  functionally  annotated  and 

assigned (Supp. Fig. 1).  Whereas the original assembly includes the most diverse 

collection of  gene ontology (GO) terms,  subsets 1 to 3 show a reduced diversity 

(Supp. Fig. 1A-D).  Especially  the  proportion  of  contigs  assigned  to  metabolic 

processes is increased in all three subsets. Therefore, these enriched subsets should 

contain promising candidate sequences for  enzymes involved in  PA biosynthesis. 

That  the  subsets  always  retained  HSS,  the  first  pathway  specific  enzyme of  PA 

biosynthesis,  is regarded as a good proof-of-concept that our approach is able to 

enrich PA pathway related transcripts.

4.3.4 Identification  of  candidate  genes  for  postulated  steps  of  PA 

biosynthesis

We used Blast® for annotation and expression analysis in order to identify candidate 

genes. Each of the three generated subsets of  S. officinale was manually searched 

for transcripts coding for enzymes that could be involved in one of the postulated 

steps of  PA biosynthesis  (Robins,  1982;  Kelly  and Robins,  1988;  Böttcher  et  al., 

1993; Böttcher et al., 1994; Graser and Hartmann, 1997; Langel et al., 2011). We 

hypothesized  that  in  S. officinale and  H. indicum PA  biosynthesis  should  involve 

functional  similar  genes because only  one independent  duplication event  of  HSS, 

early in the evolution of the Boraginales, suggests only one common origin of PA 

biosynthesis in this lineage  (Reimann et  al.,  2004). Therefore sequences that are 
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found in the PA producing parts of S. officinale and have closely related homologs in 

H. indicum lower leaf epidermis are more promising candidates than genes that are 

only present in one of these plant tissues. Sequences coding for diamine oxidases, 

alcohol  dehydrogenases,  acetohydroxyacid  synthases,  cytochrome  P450 

monooxygenases,  flavonol  synthases/flavanone  3-hydroxylases,  flavin-dependent 

monooxygenases,  MATE  transporters,  and  for  S-norcoclaurine  synthases  were 

identified as candidates using this strategy (Tab. 1). 

Table 1. Identified contigs of candidate genes for PA biosynthesis. For each candidate 

the postulated steps of PA biosynthesis in Fig. 1 and and the subset (Fig. 3G) in which they 

were found are given. Relative expression of contigs is given for the non-PA-producing leaf 

(leaf -), the PA-producing leaf (leaf +) and the roots (root) as TMM normalized TPM values. 

ADH, alcohol dehydrogenase; AHAS, acetohydroxyacid synthase; CYP450, cytochrome P450 

monooxygenase;  DAO,  diamine  oxidase;  FLS,  flavonol  synthase/flavanone  3-hydroxylase; 

FMO,  flavine-dependent  monooxygenase;  MATE,  mate  transporter;  NCS,  S-norcoclaurine 

synthase.

postulated 
enzyme

name step in
Fig. 1

contigs Subsets Leaf
PA-

Leaf
PA+

Root
PA+

HSS SoHSS 1 TRINITY_DN44574_c2_g3_i1 1, 2, 3 8.7 238.8 335.7
ADH 4 TRINITY_DN31934_c0_g1_i2 1, 3 6.9 4.9 49.9

TRINITY_DN35702_c1_g1_i3 1, 2, 3 2.6 4.1 28.0
TRINITY_DN34716_c0_g2_i1 1, 2 8.7 10.9 91.3

AHAS SoCSU2 7 TRINITY_DN45393_c0_g1_i1 1, 2, 3 0.0 0.7 167.8
CYP450 6 TRINITY_DN16267_c0_g1_i1 1, 2, 3 3.8 4.3 78.9

TRINITY_DN45478_c0_g1_i2 1, 2 0.1 0.2 18.3
TRINITY_DN48837_c0_g4_i1 1, 2 0.1 0.2 12.5
TRINITY_DN32775_c0_g1_i1 1 0.0 0.0 18.5
TRINITY_DN40382_c0_g1_i1 1, 2, 3 9.9 11.7 92.3

DAO SoDAO1 2 TRINITY_DN46391_c0_g1_i4 1 8.0 56.2 0.8
SoDAO2a TRINITY_DN47237_c0_g1_i11 1 1.9 1.0 14.4
SoDAO2b TRINITY_DN47237_c0_g1_i5 1, 2 0.0 1.5 8.7
SoDAO5a TRINITY_DN46391_c0_g1_i5 1 0.0 0.0 70.5
SoDAO5b TRINITY_DN46391_c0_g1_i3 1, 3 0.0 0.0 78.9

FLS 6 TRINITY_DN2790_c0_g2_i1 1 0.0 0.0 19.0
FMO 10 TRINITY_DN47802_c2_g1_i1 1, 2 0.3 0.3 9.9

TRINITY_DN39746_c0_g1_i1 1 0.0 0.0 10.8
lTRINITY_DN36990_c1_g2_i1 3, 32.3 56.2 0.2
TRINITY_DN43090_c0_g1_i1 1, 3 7.6 4.6 31.5

MATE - TRINITY_DN48867_c1_g1_i2 1, 2 0.0 0.2 14.6
TRINITY_DN25491_c0_g1_i1 1, 2, 3 5.0 5.8 50.8

NCS 3 TRINITY_DN43935_c1_g2_i1 1, 3 0.0 0.0 53.2
TRINITY_DN33358_c0_g1_i1 1 0.0 7.0 20.0

49

49



4.3. RESULTS

4.3.5 Transcription levels of DAO genes in PA producing tissues

In  the  first  pathway  specific  step  of  the  biosynthesis  of  PAs,  the  formation  of 

homospermidine is catalyzed by HSS (Böttcher et al., 1993). Therefore, we focused 

on the second step of necine base synthesis, the oxidation of homospermidine and 

the potential self-cyclisation to necine base precusors, because substrates of later 

steps of  the pathway are not  commercially  available.  Analyzing the transcriptome 

data of S. officinale, we found five contigs coding for diamine oxidases (SoDAO1, 2, 

3, 4, and 5) from which three show up in one of the three subsets as a result of the 

differential approach (SoDAO1, 2 and 5; Tab. 1). Analyses with quantitative real-time 

PCR (qRT-PCR) show a unique expression pattern of each enzyme (Fig. 4). First, we 

analyzed PA producing leaves (leaf PA +) in comparison to non-PA producing leaves 

(leaf  PA -).  SoDAO1  is  co-expressed  with  HSS  in  young  PA  producing  leaves 

(leaf PA +, Fig. 4A). Also SoDAO2 shows an expression pattern which seems to be 

linked to HSS expression (Fig.4A). SoDAO3-4 show an expression pattern, which 

seems not to be correlated with HSS expression in leaves (Fig. 4A). SoDAO5, which 

showed up in subset 1 and 3, is not expressed in leaves (Fig. 4A). In a more detailed 

analysis of DAO expression in PA producing leaves, we harvested leaves subtending 

inflorescences at seven different time points during flower development, because a 

previous  study  indicated  that  PA  biosynthesis  varies  in  different  developmental 

stages (see chapter 1, Kruse et al., 2017) and analyzed them on transcript level. We 

found  that  HSS expression  reaches  a  maximum  in  stage  II  and  declines  in  the 

following stages (Fig. 4B). In comparison to HSS expression, SoDOA1 and 2 show a 

pattern similar  to the HSS expression with a maximum transcript level in stage II 

(Fig. 4B). SoDAO4 transcript level is increasing until stage III and declines to a high 

persistent level from stage IV to VII. SoDAO3 shows a constantly low transcript level 

during  all  stages  (Fig. 4B).  As  before,  SoDAO5  expression  is  not  detectable  in 

leaves.  In  summary,  in  our  analysis  of  PA  producing  leaves,  only  SoDAO1 and 

SoDAO2 show co-expression with HSS. 
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Figure 4. qRT-PCR comparison of DAO transcript levels in PA and non-PA producing 
tissues.  A, Analysis of PA producing leaves subtending an inflorescence and more distant 
leaves.  B,  Analysis  of  endodermis  cells  that  were  isolated  using  LCM  microscopy  in 
comparison  to  the  remaining  root  cells.  C,  expression  analysis  of  diamine  oxidases  in 
comparison with HSS and DHS. Expression analysis was performed by mapping the original 
reads against all contigs using RSEM and subsequent differential expression analysis with 
EdgeR. Expression values are given as TMM  (Trimmed Mean of M-values, Robinson and 
Oshlack, 2010) normalized TPM (Transcripts Per Million transcripts).

Besides young leaves, S. officinale produces PAs also in young roots (Frölich et al., 

2007).  As  the endodermis  was  identified  as  the site  of  HSS expression  in  roots 

(Niemüller et al., 2012), we analyzed the expression of DAOs in the endodermis and 

the adjacent parenchyma and vascular cells. Therefore, we isolated endodermis cells 

by laser capture micro-dissection microscopy and quantified transcript levels of DAOs 

and  HSS  (Suppl. Fig. 4).  As  expected,  HSS  transcript  levels  were  higher  in  the 

endodermis cells in comparison to the surrounding cells confirming that endodermis 

cells  were  quantitatively  enriched  by  this  method  (Fig. 4C  and  Suppl. Fig. 4). 

Transcript levels of SoDAO2-4 are at a low level compared to HSS in both samples 
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(Fig. 4C). As HSS, but unlike the other DAOs, SoDAO5 shows a relatively high level 

of transcript in endodermis cells compared to surrounding cells (Fig. 4C). Of note, 

transcripts for SoDAO1 were hardly detectable in the root (Fig. 4C). 

The  results  of  the  qRT-PCRs  are  well  in  accordance  with  the  expression  data 

generated  by  NGS  sequencing  and  alignment-based  quantification  of  transcripts 

(Fig. 4D).  The  data  confirmed  that  HSS  is  highly  expressed  in  roots  and  PA 

producing leaves. SoDAO2 to 4 are expressed in all tested tissues and do not show 

co-expression with HSS. SoDAO1 is expressed specifically in PA producing leaves 

but not in roots (Fig. 4D). In contrast, SoDAO5 is expressed only in roots (Fig. 4D). 

This suggests the possibility that two different DAOs were recruited for same function 

in the biosynthesis of PAs but in different tissues, namely SoDAO1 in young leaves 

and SoDAO5 in roots.

4.3.6 Sequence similarity and functional amino acids

SoDAO1 and SoDAO5 share 81 % identity on amino acid level (85 % on nucleic acid 

level). They are highly similar to two DAO candidates (HiDAO3, 5) that were identified 

in  the  PA  producing  lower  leaf  epidermis  of  H. indicum.  Phylogenetic  analyses 

revealed that both, SoDAO1 and 5, cluster together in a phylogeny of DAO-coding 

cDNAs  of  plant  origin  with  three  DAOs  of  H.  indicum (Fig. 5,  Cluster  I).  The 

phylogeny  suggests  a  gene  duplication  that  gave  rise  to  SoDAO1  and  5.  Most 

sequences from this cluster are predicted to be secretoric (Fig. 5 and Suppl. Tab. 1) 

which raises questions with regard to the cytosolic localization of HSS. Cluster I is 

well separated from another cluster (Cluster II) that contains an already characterized 

DAO (N-methylputrescine oxidase, MPO) from tobacco that is involved in the nicotine 

biosynthesis  (Heim et  al.,  2007;  Katoh et  al.,  2007;  Naconsie  et  al.,  2014).  Both 

sequences, SoDAO1 and 5, seem to be functional and contain the typical functional 

amino acids of copper-containing amine oxidases: three conserved histidine residues 

that coordinate a copper ion in the active site of the mature protein and a conserved 

active site tyrosine that can be post-translationally modified into the redox co-factor 

topaquinone,  the  characteristic  active  site  structure  of  copper  containing  DAOs 

(Kumar et al., 1996). 
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Figure  5.  Neighbor-joining  tree  of  diamine  oxidase  encoding  sequences.  Bootstrap 
values are based on 500 replicates. Colors indicate subcellular localization of the respective 
sequence. Predictions for the cell-specific localization are made by the prediction softwares 
PSORT,  TargetP, and Ppero. An asterix indicates experimental evidence for the localization 
of the respective sequence on protein level. Arrowheads label the sequences of S. officinale.
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4.3.7 Heterologous expression of diamine oxidases

In order to find out which of the identified DAOs is involved in PA biosynthesis we 

tried  to  heterologously  express  and  characterize  all  five  sequences  in  vitro. 

Therefore, several expression protocols in Escherichia coli were tested until we were 

able to purifiy soluble protein. Preliminary analyses of heterologously expressed and 

purified  protein  suggested  the  presence  of  truncated  versions  of  the  expressed 

protein.  Therefore,  each  sequence  was  analyzed  for  potential  internal  Shine-

Dalgarno  sequences  and  following  alternative  start  codons  (Shine  and  Dalgarno, 

1974).  The  Shine-Dalgarno  sequence  acts  as  ribosome  binding  site  in  bacterial 

mRNA. As this  sequences does not  have any effect  in  the plant  but  might  occur 

randomly, they could act as alternative translation initiation sites in E. coli, leading to 

the expression of  truncated recombinant  protein (Parret  et  al.,  2016).  Using site-

specific mutagenesis, we modified the predicted Shine-Dalgarno sequence to render 

them inactive without modifying the encoded amino acid sequence (Tab. 2). After this 

step, we were able to express each of the DAOs using the respective protocols in 

soluble form in  E. coli.  Unfortunately, only SoDAO2 showed detectable activity with 

the tested substrates under our assay conditions (preliminary results for putrescine: 

2575 pkat/mg,  and  homospermidine:  9,3 pkat/mg).  Optimization  of  the  expression 

and assay conditions is currently running in our lab. Diamine oxidases seem to be 

difficult to express heterologously as protocols provided by literature are exceptionally 

diverse and optimized for each particular enzyme (Cai and Klinman, 1994; Schilling 

and Lerch, 1995; Cai et al., 1997; Koyanagi et al., 2000; Elmore et al., 2002; Heim et 

al., 2007; Katoh et al., 2007; McGrath et al., 2010; Rosini et al., 2012; Sun et al., 

2012;  Naconsie  et  al.,  2014;  Zarei  et  al.,  2015).  As  most  protocols  involve  the 

expression in eukaryotic hosts, we currently started to establish expression protocols 

for the DAOs of interest in the yeast Pichia pastoris.

54

54



CHAPTER 2

4.4.  DISCUSSION

4.4.1 Different  scenarios  of  PA  pathway  evolution  require  different 

subsets for candidate gene identification

Contrary  to  many  investigated  PA  producing  plants  with  only  one  site  of  PA 

biosynthesis  as  Senecio  vernalis,  Senecio  vulgaris,  Eupatorium  cannabinum, 

Petasitis hybridus, and Heliotropium indicum, Symphytum officinale has been shown 

to have two sites of biosynthesis: the endodermis cells of the root and the bundle 

sheath  cells  of  young  leaves  subtending  an  inflorescence  (Anke  et  al.,  2004; 

Niemüller  et  al.,  2012;  Kruse et  al.,  2017).  There  are two likely  scenarios of  the 

evolution of a second site of PA biosynthesis in S. officinale: In scenario 1, the same 

genes that are involved in PA biosynthesis in roots are also involved in PA production 

in leaves. In scenario 2, genes involved in PA biosynthesis evolved independently in 

roots and young leaves. The two scenarios become important regarding the subsets 

generated  in  this  study  and  the  included  candidate  genes.  In  case  of  subset  1, 

contigs that are upregulated in at least one PA producing tissue, were enriched. This 

subset  contains  the  highest  number  of  contigs,  which  makes  it  more  difficult  to 

identify candidate sequences of PA biosynthesis. On the other side, this is the most 

resilient subset against the risk discarding sequences that are responsible for steps 

of the PA synthesis in only one tissue (false negatives).  This approach would be 

suitable when genes of PA biosynthesis in roots and leaves evolved independent 

from each other as suggested in scenario 2. Subset 2 is the most stringent in terms of 

discarding contigs because contigs were only kept if they show up-regulation in both 

PA producing tissues. This results in a rather smaller subset, compared to subset 1, 

which could be beneficial for identifying genes, when PA biosynthesis is coherent in 

both PA producing tissues as suggested in scenario 1. In this case there is a high risk 

of  discarding false negatives for  the case that  there are individual,  tissue-specific 

genes of PA biosynthesis. Additionally, we compared enriched contigs of subset 2 

with those of the PA producing H. indicum (Heliotropiceae), leading to an improved 

subset  (subset  3).  With  this  approach,  the  number  of  enriched  sequences  was 

significantly  reduced  and  the  risk  of  discarding  false  negatives  was  minimized, 

because sequences were not discarded when they were only expressed in one of the 

two PA producing tissues. Sequences that have a homolog in H. indicum could have 
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a higher probability to be involved in PA biosynthesis because it  is known that in 

Boraginales,  only  one  independent  duplication  event  of  HSS  gave  rise  to  the 

evolution of PA biosynthesis  (Reimann et al.,  2004). There is a likelihood that the 

core biosynthesis  (step 1 to 6,  Fig. 1),  the synthesis of  the  necine base,  evolved 

before speciation of the two lineages of the Boraginaceae and the Heliotropiaceae. 

Several studies showed that enzymes at the beginning of a pathway are under higher 

selective constraints than enzymes more downstream  (Ramsay et al., 2009; Ma et 

al., 2010; Olson-Manning et al., 2013). Therefore, enzymes that are important for a 

central step of PA biosynthesis could be more conserved between species; this is 

apparently  true for  the HSS which was found to be the conserved,  first  pathway 

specific  enzyme  in  all  PA  producing  plants  studied  so  far  (Ober  and  Hartmann, 

1999a; Anke et al., 2004; Reimann et al., 2004; Nurhayati and Ober, 2005; Anke et 

al., 2008; Nurhayati et al., 2009; Kaltenegger et al., 2013; Irmer et al., 2015). Future 

studies have to clarify if genes of the core biosynthesis evolved before speciation of 

the two lineages or have evolved convergently in S. officinale and H. indicum.

4.4.2 Two putative homospermidine oxidases in different organs? 

We identified candidate sequences by searching for homologs of enzyme classes 

known to have the potential to catalyze similar reactions as those proposed for the 

PA  biosynthesis.  Here,  we  focused  on  the  most  intensely  investigated  part,  the 

formation of the necine base. Tracer studies identified several intermediates following 

the synthesis of homospermidine, which is incorporated exclusively into the necine 

base  (Robins,  1982;  Böttcher  et  al.,  1993;  Graser  and  Hartmann,  1997).  It  is 

hypothesized  that  homospermidine  is  oxidized  in  one  or  two  steps  to  4,4'-

iminobisbutanal to form an immonium ion as postulated intermediate on the path to 

the trachelanthamidine precursor  of  PAs  (Robins,  1982;  Kelly  and Robins,  1988; 

Böttcher et al., 1993; Böttcher et al., 1994). This reaction is believed to be catalyzed 

by  a  diamine  oxidase.  Tracer  experiments  detected  the  accumulation  of 

homospermidine, when hairy roots cultures were treated with the diamine oxidase 

specific inhibitor β-hydroxyethylhydrazine (Böttcher et al., 1993; Frölich et al., 2007). 

When  the  inhibitor  was  removed  from  the  culture  media,  the  accumulated 

homospermidine was rapidly and exclusively incorporated into the PAs  (Böttcher et 

al., 1993; Frölich et al., 2007). We were able to identify five sequences of diamine 

oxidases  (DAO)  from  S. officinale.  Two enzymes,  namely  SoDAO1 and  SoDAO5 

showed a strong correlation with HSS expression in PA producing tissues. The other 
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three of the identified DAOs were not regarded as candidates due to their expression 

profiles or, in the case of SoDAO2, their incapability of accepting homospermidine as 

a  substrate.  Interestingly,  neither  of  the  putative  homospermidine  oxidases  was 

detected in both of the PA producing tissues (leaf PA + or root PA +). SoDAO1 was 

exclusively  found in  leaves (PA +)  and SoDAO5 exclusively  in  roots (PA +).  This 

could indicate that different sets of genes have evolved for biosynthesis of PAs in the 

two different tissues. However, we found no hints for two gene copies of HSS, which 

suggests that the promoter of at least this gene has the capability to be active in both 

organs. Both DAO enzymes are predicted to have a signal peptide that directs them 

to  the  secretory  pathway.  Further  investigations  are  needed  to  detect  in  which 

organelle  the  DAOs  are  localized  and  to  develop  a  model  for  the  subcellular 

localization  of  the  complete  PA  pathway.  HSS  was  found  in  the  cytosol,  but 

homospermidine was found to accumulate in the cell without degradation. Therefore, 

the intermediate homospermidine has to be protected from unspecific decay through 

unspecific  DAOs or  polyamine  oxidases  (Frölich  et  al.,  2007).  It  is  possible  that 

homospermidine is translocated from the cytosol to another compartment where it is 

further  processed,  for  example  peroxisomes  or  peroxisome-like  vesicles.  Such 

alkaloid  synthesizing  vesicles  are  described  for  the  benzylisoquinoline  alkaloid 

biosynthesis  (Amann et al., 1986; Facchini and Bird, 1998; Facchini and St-Pierre, 

2005) and for the nicotine biosynthesis (tropane alkaloids)  (Naconsie et al., 2014). 

The localization of PA biosynthesis in peroxisomes or peroxisome-like vesicles could 

be also beneficial regarding the hydrogen peroxide, which is generated during the 

oxidation of  homospermidine.  Hydrogen peroxide could efficiently be converted to 

harmless oxygen and water by catalases that are present in high concentrations in 

peroxisomes (Kaur et al., 2009).

4.4.3 Is an enzyme involved in cyclization of the necine base?

After oxidation of homospermidine, the resulting putative product 4,4'-iminobisbutanal 

is  believed  to  self-cyclisize  spontaneously  to  the  unknown  trachelantamedine 

precusor  “metabolite  X”  (Frölich  et  al.,  2007),  which  is  hypothesized  to  be  an 

immonium  ion  (Kelly  and  Robins,  1988;  Hartmann  and  Witte,  1995).  Preliminary 

results  from  long  term  incubations  of  homospermidine  with  the  homospermidine 

unspecific SoDAO2 and subsequent LC-MS analysis of the reaction products found 

only  traces  of  4-(4-aminobutylamino)butanal  and  a  strong  signal  of  4,4'-
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iminobisbutanal  (Suppl. Fig. 5).  This  raised  the  question  if  another  enzyme  is 

facilitating the cyclisation to the necine base precursor. One enzyme that prominently 

emerged in our analysis was a S-norcoclaurine synthase-like enzyme (step 3, Fig. 1, 

Tab. 1),  which was highly upregulated in PA producing tissues of  H. indicum and 

S. officinale. Norcoclaurine synthase was identified in the benzylisoquinoline alkaloid 

biosynthesis  as  enzyme  that  condenses  dopamine  and  4- hydroxyphenyl-

acetaldehyde  to  give  (S)-norcoclaurine  (Luk  et  al.,  2007;  Vimolmangkang  et  al., 

2016).  This enzyme catalyzes a so called Pictet-Spengler reaction, an electrophilic-

cyclization between an iminium ion and an aromatic ring (Pictet and Spengler, 1911; 

Cox and Cook,  1995;  Larghi  et  al.,  2005).  A Norcoclaurine synthase-like enzyme 

might combine the terminal carbonyl groups with the secondary amino group of 4,4'-

iminobisbutanal,  resulting  in  an  intramolecular  cyclization  of  the  dialdahyde.  The 

involvement  of  an  enzyme  would  explain  the  conserved  stereochemistry  of  the 

resulting lycopsamine type PAs (Hartmann and Witte, 1995), but further experiments 

are needed to test the involvement of the identified sequences.

4.4.4 Candidate  sequences  for  other  steps  of  the  PA  biosynthesis 

pathway

Robins  (1982) hypothesized  that  after  formation  of  the  ring  system,  a  following 

reduction of the carbonyl group is catalyzed by an alcohol dehydrogenase (ADH, EC 

1.1.1.1, step 4, Fig. 1) and leads to the necine base. In a biomimetic experiment by 

Robins  (1982), a one-pot reaction with homospermidine as substrate, an unspecific 

DAO (of pea seedlings) and a PA unspecific liver alcohol dehydrogenase (ADH) was 

sufficient  to  produce  detectable  amounts  of  trachelanthamidine,  the  necine  base 

backbone. We found sequences coding for ADHs in the enriched subsets (subset 

1,2, and 3) of  S. officinale and  H. indicum which should be further tested (Tab. 1). 

Trachelanthamidine  could  be  additionally  modified  by  the  introduction  of  hydroxy 

groups  by  cytochrome  P450  enzymes  and  flavonol  synthases/flavanone  3- 

hydroxylases (Step 5 and 6, Fig. 1) of which candidate sequences are present in the 

enriched datasets (Tab. 1). A further enzyme family with potential to be involved in 

PA  biosynthesis,  was  an  acetohydroxyacid  synthase  (AHAS EC  2.2.1.6,  step  7, 

Fig. 1)  which is  believed to mediate the first  steps in  the necic  acid synthesis  of 

lycopsamine-type PAs from branched chain amino acids as shown by Weber et al. 

(1999). Furthermore, a MATE (multidrug and toxic compound extrusion) efflux family 
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protein might be responsible for the transport of PAs into the vacuole. This protein 

family was described to be involved in the nicotine uptake into the vacuole (Morita et 

al., 2009). Ehmke et al.  (1987; 1988) showed that PAs are also transported to and 

stored in vacuoles as  N-oxides. The coupling of necic acid und necine base could 

then be facilitated by O-acyltransferases (Step 9, Fig. 1) from which sequences were 

found in the analysis of H. indicum. 

4.4.5 Summary and Outlook

In  summary,  this  work  identified  highly  promising  candidate  sequences  for  a 

homospermidine oxidase, the second step of PA biosynthesis, and further enzymes 

for  other  unknown  steps  of  the  pathway.  The  major  drawback  of  proving  the 

involvement  of  SoDAO1 and  5  in  the  PA biosynthesis  remains  the  unsuccessful 

heterologous  expression  and  biochemical  characterization.  We  are  currently 

establishing  new  eukaryotic  expression  systems  (e.g.,  Pichia  pastoris)  to  avoid 

difficulties in post-translational modifications that might be necessary for the activity 

of the enzymes. In parallel  to this study, an  in vivo test  system was successfully 

established that allows to test transgenic hairy roots harboring RNAi constructs of 

sequences under study. As a proof-of-concept, we used the already characterized 

HSS as positive control  (see chapter 3).  Transgenic hairy  root  mutants harboring 

RNAi  constructs  of  the  putative  homospermidine  oxidases  (DAOs)  are  currently 

under investigation.
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4.5.  EXPERIMENTAL

4.5.1 Plant material

Symphytum officinale (Rühlemann's Kräuter & Duftpflanzen, Horstedt, Germany) was 

grown in pots with a mixture of TKS2 (Floragard) and lava granulate in a ratio of 3:1 

in the Botanical Gardens Kiel (54°20'45.2"N 10°07'05.3"E) from April to September.

4.5.2 RNA extraction and quantitative real time PCR (qRT-PCR)

Plant samples were pulverized in liquid nitrogen with mortar and pestle before total 

RNA  was  extracted  with  Trizol® (Invitrogen,  Life  Technologies)  according  to  the 

manufacturer’s protocol including optional steps as reported before by Kruse et al. 

(2017). RNA was dissolved in RNAse-free water and RNA integrity was tested by 

agarose gel electrophoresis and by 260/280 nm and 260/230 nm ratio measurements 

using  a  NanoDrop® ND2000  UV/VIS  spectrometer.  Reverse  transcription  was 

performed with  RevertAid® Premium Reverse Transcriptase following Kruse et  al. 

(2017).  For  each  sample  one  control  reaction  was  set  up  without  reverse 

transcriptase (no-RT control) to control for genomic DNA contaminants. A PCR based 

method was used in case of laser dissected samples with low RNA amounts that do 

not allow no-RT controls. This method made use of a primer combination where both 

primers bind in different exons separated by an intron. In the case of a contamination 

of cDNA with genomic DNA, an additional, larger PCR product should be amplified 

and  would  have  been  detected  by  electrophoresis  in  a  3 % (w/v)  agarose  gel 

(Suppl. Fig. 2). qRT-PCR was performed in a Rotor-Gene® Q System (Qiagen) using 

GoTaq® qPCR Master Mix (Promega) following the manufacturer's protocol with an 

annealing  temperature  of  60°C.  Melting  curve  analyses  were  used  to  exclude 

formation of primer dimers or unspecific PCR products; primer pairs were used as 

shown in Tab. 2. Each primer pair was tested for specificity against all other DAO 

sequences using plasmids containing the respective DAO sequence as template in 

standard PCR reactions (Suppl. Fig. 3). After performing PCR reactions in a BioRad® 

T100® Thermal Cycler a subsequent electrophoresis in a 3 % (w/v) agarose gel was 

used  to  detect  formation  of  unspecific  products.  The  2 Δct  method  was  used  to 

calculate  transcripts  levels  (Schmittgen  and  Livak,  2008).  Glyceraldehyde-3-
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phosphate-dehydrogenase  (gapdh)  and  elongation  factor  1α  (ef1α)  served  as 

reference genes to normalize expression levels. 

Table 2. Sequences of Primers used for qRT-PCR.

Primer Sequence (5’-3’)

PX1 CS-So-Act_for2 CAA GGC TAA CAG GGA GAA AAT GAC

PX2 CS-So-Act_rev2 ATC ACC AGA ATC CAG CAC AAT ACC

PX3 LK-RT-GAPDH-F1 AAG GCA GTC GGT AAA GTG CTT

PX4 LK-RT-GAPDH-R2 TCC TTC TCT AGC CTC ACA GTG A

PX5 SoEf1a-F2 CCA CCA CCC CAA AAT ATT CCA AG

PX6 SoEf1a-R2 CAG TCC AGG TTG GTG GAC CT

PX7 Sohss-F4 AGTGCTATGGACAATGAATCAGTGA

PX8 Sohss-R6 CAG CAA AAT CAG CGC CTC CA

PX9 LK-RT-SoDAO1-F1 TAC GCA ATC TGA AGC ACG GATC

PX10 LK-RT-SoDAO1-R1 CCT GGA TAC AAA CGG TAC CCA AT

PX11 AJ-SoDAO2-F1 TGG ATG TAC CGC CAA ATG TAT GT

PX12 AJ-SoDAO2-R1 GCT TGG CTA TCA AAC TGAGTG GAT

PX13 AJ-SoDAO3-F4 CCC TGC AAC CTG GAG AAT CTA G

PX14 AJ-SoDAO3-R4 ACC TGA ATT ATG TGC TTC CCC TG

PX15 LK-RTSoDAO4-F1 CCC ATA ATG CCA ACC GTT TCA T

PX16 LK-RTSoDAO4-R2 TCC ATG CTA GGT GGG ATC CTA A

PX17 Aj-SoDAO5-F1 AGG TTT CGA GCT AAG GCC TTA C

PX18 Aj-SoDAO5-R1 AAG GCC GGT GAG TTA TTA GCT C

PX19 AJ_SoHSS_Gen_F1 GCT CCT ACT TGT ACT GGG CAT A

PX20 AJ_SoHSS_Gen_R1 TGA ACC ATC AGT CAA AGC TGG G
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4.5.3 Laser-assisted microdissection

Young white roots from 1-year-old plants were cryo-fixated without prior treatment for 

extraction  of  RNA  from  endodermis  cells.  Cryo-sectioning,  laser  assisted-micro-

dissection (LCM), RNA extraction and cDNA synthesis were carried out as reported 

by Sievert et al. (2015).

4.5.4 High throughput sequencing (Illumina®) and bioinformatic analysis

RNA was extracted as described above and 2 µg of total RNA were lyophilized in 

RNAstable-tubes  (Biomatrica,  San  Diego,  CA,  USA) using  a  speedvac  vacuum 

centrifuge.  Library  preparation  and sequencing  was  performed by  BGI  (Shenzen, 

China)  on  an  Illumina® HiSeq® 2000  platform.  Trinity  2.2  pipeline  was  used  for 

calculation of de novo assembly and differential expression analysis (Grabherr et al., 

2011; Haas et al., 2013). Prior to assembly, all reads were gently quality filtered and 

trimmed with Trimmomatic (Version 0.36, which is included in the Trinity package) 

with  default  parameters  (Bolger  et  al.,  2014;  Macmanes,  2014).  The  resulting 

assembly  was  filtered  with  the  script  “filter_isoform_trinity_RSEM.py“  to  remove 

lowest-covered  isoforms  in  order  to  reduce  redundancy  and  chimeric  content  as 

demonstrated by Yang & Smith, (2013). The R based program RSEM was used for 

alignment-based quantification of  transcripts  (Li  and Dewey,  2011;  R Core Team, 

2017).  We  used  Bioconductors  EdgeR  package  to  identify  differential  expressed 

transcripts (Robinson and Smyth, 2007; Robinson and Smyth, 2008; Robinson et al., 

2010; McCarthy et al., 2012; Zhou et al., 2014). For functional annotation and gene 

ontology  term assessment,  we  used  the Blast2Go Basic  pipeline  (Conesa  et  al., 

2005; Conesa and Götz, 2008). For blast analysis, default parameters with following 

changes  were  chosen:  -e-value:  1xe-5,  -max_target_seqs:  20.  We  used  the 

UniProtKB/Swiss-Prot  (ftp://ftp.ncbi.nlm.nih.gov/blast/db/swissprot.tar.gz;  from  June 

12th 2016) as database. 
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4.5.5 Identification of candidate sequences

To identify candidate sequences, all sequences were blasted using Blast+ package 

(version 2.2.25, Camacho et al., 2009) against UniProtKB/Swiss-Prot database (see 

above)  followed  by  extraction  of  sequences  that  showed  high  expression  in  PA 

producing tissues (Kruse et al., 2017). Secondly, sequences encoding enzymes with 

potential to catalyze postulated steps of PA biosynthesis were extracted and tissue 

specific  expression was re-examined via  qRT-PCR.  Validation  of  the  results  was 

conducted by a comparison with candidates identified from Heliotropium indicum. In 

the  case  of  DAOs,  we  first  identified  all  sequences  coding  for  putative  DAOs, 

analyzed  them  via  real  time  PCR  and  generated  expression  constructs  for 

subsequent  heterologous  expression  and  biochemical  characterization. 

Phylogenetics of DAO were calculated with the program Geneious® (Neighbor-joining 

algorithm, Geneious Tree Builder, Geneious® 9.1.4, Biomatters Ltd.) and subcellular 

localisation  was  predicted using PSORT (http://www.genscript.com/wolf-psort.html) 

and  TargetP  (http://www.cbs.dtu.dk/services/TargetP/)  (Emanuelsson  et  al.,  2000; 

Horton  et  al.,  2007;  Petersen  et  al.,  2011).  Peroxisomal  targeting  was  assigned 

manually by the presence of PTS1-like motifs (Alanine-Lysine-Leucine (AKL*) and 

Serine-Lysine-Leucine (SKL*)) at the  C-terminus  (Kaur et al., 2009) and verified by 

the program Ppero (http://biocomputer.bio.cuhk.edu.hk/PP/) (Wang et al., 2017).

4.5.6 Cloning of putative DAO encoding sequences

Each  DAO  sequence  was  amplified  using  primers  with  adapters  to  add  specific 

restriction sites and introduce protein tags for native purification and to facilitate the 

cloning of putative DAO encoding sequences into a recombinant expression vector. 

For each sequence, a slightly adjusted protocol was used. Generally, all sequences 

were  cloned  into  a  modified  pET-22b  (Novagene)  expression  vector  tagged  with 

either a C- or N-terminal Strep- or His-tag (details see Tab. 3). The multiple cloning 

site (MCS) of pET-22b was exchanged against the MCS of the pET-21d (Novagene) 

expression vector giving pET-22b mod NcoI. Each sequence was amplified with its 

specific  primer  pair  (Tab. 3)  using  Phusion® HS  II  Polymerase  (Thermo  Fisher 

Scientific) in a reaction mix containing 1x Phusion HF Buffer, dNTPs (200 µM each), 

forward and reverse primer 0.5 µM each), Phusion HF DNA polymerase (0.02 U/µl), 

and diluted cDNA prepared form 1 µg total RNA (1:5) as template. Cycling conditions 
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were chosen as recommended by the manufacturer with primer specific annealing 

temperature during the first five cycles and 72 °C for the remaining cycles. Primers 

used  are  listed  in  Tab. 3.  PCR products  were  analyzed  via  electrophoresis  in  a 

1 % (w/v) agarose gel and the fragments of the calculated size were cut from the gel 

and purified using the NucleoSpin® Gel and PCR Clean-up Kit (Marcherey & Nagel) 

as stated by the manufacturer.  The appropriate restriction  enzymes (2,5 µl  each, 

FastDigest, Thermo Fisher Scientific) were used for hydrolization of 1 µg of vector 

and  500 ng  of  insert  DNA  in  100 µl  reactions  at  37 °C.  After  an  additional  gel 

purification step, insert and vector were ligated with T4 DNA Ligase (Thermo Fisher 

Scientific)  with a vector  to insert  ratio of 1:3 at 22 °C for  16 hours.  The resulting 

plasmids were transformed into chemically competent E. coli TOP10 cells (Invitrogen) 

for  vector  propagation.  Plasmids  were  sequenced  at  MWG  Eurofins  to  confirm 

identity of expression constructs. Site-specific mutagenesis was conducted following 

the manual of the QuickChange® Site-Directed Mutagenesis Kit (Stratagene). In the 

case  of  the  SoDAO5,  a  codon  optimized  sequence  with  adapters  containing 

restriction  sites  (XbaI  and  XhoI)  and  a  C-terminal  Strep-tag  for  cloning  into 

pET23a/22b  was  synthesized  (GeneScript,  Piscataway,  USA)  and  cloned  as 

described. To introduce the His-tag, a site-specific mutagenesis with the primers P19 

and P20 was performed to remove the stop codon in front of the His-tag. The His-tag 

is part of the vector pET23a/22b, but was not active before due to a stop codon after 

the Strep-tag. The generated construct contains a C-terminal Strep-His-tag. 
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Table 3. Sequences, annealing temperature and restriction sites of primers used for 
cloning and site directed mutagenesis. Used restriction enzymes, generated overhang and 
purpose of the primer are given.

Primer Restriction site Annealin
g

Used for

P1 YC140312_SoDAO1
_Primer_f_1

BspMI; producing NcoI-
overhang

58 °C

Expression of SoDAO1 
with C-terminal Strep-tagP2 YC140312_SoDAO1

_Primer_r_1_Strep 
Tag

BspMI; producing XhoI 
overhang

58 °C

P3 YC140310_SoDAO2
_Primer_f

Eco31I, producing NcoI 
overhang

58 °C

Expression of SoDAO2 
with C-terminal Strep-tagP4 YC140310_SoDAO2

_Primer_r_Strep Tag
Eco31I, producing XhoI 
overhang

58 °C

P5 SoDAO3_exp_f1 Eco31I, producing NcoI 
overhang

66 °C

Expression of SoDAO3 
with C-terminal Strep-tagP6 SoDAO3_exp_r1 Eco31I, producing XhoI 

overhang
66 °C

P7 SoDAO4_exp_f2 Eco31I, producing NcoI 
overhang

66 °C

Expression of SoDAO4 
with C-terminal Strep-tagP8 SoDAO4_exp_r1 Eco31I, producing XhoI 

overhang
66 °C

P9 SoDAO5_opt_e_f1 NdeI 72 °C Expression of SoDAO5 
with C-terminal Strep-tagP10 SoDAO5_opt_e_r1 XhoI 72 °C

P11 SoDAO1_mut1 55 °C Site-directed mutgenesis 
for removing internal 
Shine-Dalgarno 
sequence

P12 SoDAO1_mut1r 55 °C

P13 SoDAO2_mut1 55 °C Site-directed mutgenesis 
for removing internal 
Shine-Dalgarno 
sequence

P14 SoDAO2_mut1r 55 °C

P15 SoDAO2_mut2 72 °C Site-directed mutgenesis 
for removing internal 
Shine-Dalgarno 
sequence

P16 SoDAO2_mut2r 72 °C

P17 SoDAO3_mut1 55 °C Site-directed mutgenesis 
for removing internal 
Shine-Dalgarno 
sequence

P18 SoDAO3_mut1r 55 °C

P19 SoDAO3_mut2 72 °C Site-directed mutgenesis 
for removing internal 
Shine-Dalgarno 
sequence

P20 SoDAO3_mut2r 72 °C
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P21 SoDAO4_mut1_1 55 °C Site-directed mutgenesis 
for removing internal 
Shine-Dalgarno 
sequence

P22 SoDAO4_mut1r_1 55 °C

P23 SoDAO4_mut2 72 °C Site-directed mutgenesis 
for removing internal 
Shine-Dalgarno 
sequence

P18 SoDAO4_mut2r 72 °C

P19 DAO5_HISmut_f 72 °C Site-directed mutgenesis 
for removal of a stop 
codon before the His-tag

P20 DAO5_HISmut_r 72 °C
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4.5.7 Heterologous expression and detection of biochemical activity of 

putative diamine oxidases

Plasmids for heterologous expression of DAOs were transformed into different E. coli  

host strains (Tab. 4). In general, protein expression was induced in mid-log phase 

growing E. coli cells containing the respective expression construct after addition of 

isopropyl-β-D-thiogalactopyranosid (IPTG). The cultures were incubated for 16 hours 

at 16 °C in LB media supplemented with 100 µg/ml ampicillin and 1 mM CuSO4  or 

ethylenediamine tetraacetic acid copper(II) disodium salt (EDTA-Cu) while shaking at 

230 rpm.  When  expressing  SoDAO1-4  an  empty  pETM-22  plasmid  was  co-

transformed and selected with 100 µg/ml kanamycin for co-expression of thioredoxin 

A  (TrxA to enhance dilsulfide-bond formation as described by Heim et  al.,  2007). 

SoDAO5 was not co-expressed together with TrxA, because an increased amount of 

insoluble protein was observed. For protein extraction, the overnight grown cells were 

pelleted by centrifugation for 10 minutes at 5000 g and re-suspended in lysis buffer, 

to which lysozyme was added (1 mg/ml) and incubated for 1h at 4 °C. Subsequent 

sonification  (50 %,  intensity 3,  Branson  Sonifier)  for  2 minutes  was  conducted  to 

shear  released DNA.  For  purification  of  His-  oder  Strep-tagged proteins,  an Äkta 

FPLC (GE Healthcare Life Sciences) with either a HisTrap HP 1 ml cartridge (GE 

Healthcare  Life  Sciences)  or  a  Strep-Tactin  Superflow  5 ml  cartridge  (IBA 

Lifescience)  was  used  as  recommended by  the  manufacturers.  After  purification, 

proteins were concentrated and transferred to 100 mM Tris-HCl (pH 8) containing 

100 mM  NaCl  using  centrifugal  concentrators  (50 kDa  Amicon® Ultra  Centrifugal 

Filters, Millipore). Concentrated protein was stored at 4 °C (over night) or at -20 °C 

(longer storage) until activity measurements.

Diamine  oxidase  activity  was  measured  by  the  consumption  of  the  polyamine 

substrates. Remaining polyamine substrates were quantified by the detection of their 

benzoyl derivatives and was adapted from Ober et al. (2003). Briefly, putrescine and 

homospermidine served as the substrates.  The standard reaction mixtures with a 

total volume of 200 µl contained 10 mM potassium phosphate buffer (pH 7,4), 5 U/µl 

of catalase from bovine liver and 20 µg recombinant protein while varying substrate 

concentrations. After defined time points, the reaction was stopped by the addition of 

500 µl of 2 N sodium hydroxide, the internal standard cadaverine was added (10 µl of 

10 mM  solution)  followed  by  immediate  addition  of  10 µl  benzoyl  chloride.  After 
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incubation for 20 minutes at room temperature the reaction was stopped with 1 ml of 

a  saturated  sodium  chloride  solution.  The  benzoylated  polyamines  were  then 

extracted with 2 ml diethyl ether. 1 ml of the ether phase was transferred to a new 

tube  and  was  evaporated.  The  residue  was  dissolved  in  acetonitrile/ 

H3PO4(1.5 %) (40/60), which also served as the solvent system for HPLC separation. 

The  detection  took  place  at  230 nm  and  quantification  was  performed  using 

cadevarine as internal standard. The retention times (Rf; min) for the polyamines are: 

putrescine, 1.1; cadaverine (internal standard), 1.2; homospermidine, 1.7.

Table 4. Expression constructs and conditions.

Gene Expression 
vector

E. coli 
strain

Co-
expression 
with

Culture conditions Purification 
method

SoDAO1
SoDAO2
SoDAO3
SoDAO4

pET 22b mod 
NcoI

Rosetta 2 pETM-22
TrxA

• 16 h at 16 °C with 
230 rpm;

• 0,2 mM IPTG;
• 100 µg ampicillin; 
• 34 µg/ml 

chloramphenicol;
• 100 µg/ml 

kanamycin; 
• 1mM 

ethylenediamine
• tetraacetic acid 

copper(II) disodium 
salt (EDTA-Cu) or 
1mM CuSO4

C-terminal 
Strep tag

SoDAO5 pET23a/22b BL21 No co-
expression

• 16 h at 16 °C; 230 
rpm; 

• 0,2 mM IPTG;
• 100 µg ampicillin; 
• 1mM 

Ethylenediamine
• tetraacetic acid 

copper(II) disodium 
salt (EDTA-Cu) or 
1mM CuSO4

N-terminal 
His tag
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4.7.  Supplementary material

Supplementary Table 1. Subcellular localization of diamine oxidases of  S. officinale. 
Sequences were analyzed with different programs. vacu, vacuole; mito, mitochondrion; golg, 
golgi  apparatus;  chlo,  chloroplast;  cyto,  cytosol;  plas,  plastid;  extr.,  extracellular;  E.R., 
endoplasmatic reticulum; pero, peroxisome; cysk, cytoskeleton; SP, signal peptide prediction 
score; cTP, chloroplast target peptide; RC, reliability class (1-5, the lower the better). 

Gene PSORT TargetP PTS1 like motif Position of 
predicted 

cleavage site

SoDAO1 vacu: 5, mito: 2, golg: 
2, chlo: 1, cyto: 1, plas: 
1, extr: 1, E.R.: 1

Secretoric
SP: 0.934

RC: 1

no 27

SoDAO2 pero: 13, cyto: 1 Chloroplast
cTP: 0.789

RC: 4

Yes, AKL*
Ppero-Score:
1.0624701 

Perhaps yes 

45

SoDAO3 cyto: 9, mito: 2, chlo: 1, 
pero: 1, cysk: 1

Chloroplast
cTP: 0.732

RC: 3

no 24

SoDAO4 vacu: 3, mito: 2, extr: 
2, E.R.: 2, golg: 2, 
chlo: 1, cyto: 1, plas: 1

Secretoric
SP: 0.792

RC: 2

no 25

SoDAO5 vacu: 4, mito: 2, extr: 
2, golg: 2, chlo: 1, cyto: 
1, plas: 1, E.R.: 1

Secretoric
SP: 0.710

RC: 2

no 23
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Supplementary figure 1. Gene ontology term assignment to biological processes.  GO 
terms were assigned with Blast2Go for each generated subset. A, the original assembly. B, 
subset 1 that contains all contigs that are up-regulated either in the PA producing leaf or roots 
in comparison to the non-PA-producing leaf. C, subset 2 contains contigs that are upregulated 
in the PA producing leaf and the root in comparison to the non PA producing leaf. D, subset 3  
contains contigs that are up-regulated in the PA producing leaf or the root in comparison to 
the non-PA producing leaf and that have a homolog in H. indicum that is upregulated in the 
lower leaf epidermis. 

Supplementary figure 2. Test for contamination of cDNA samples with genomic DNA. 
Test for contamination of cDNA samples with genomic DNA. Primers for hss were placed on 
two exons separated by an intron to distinguish PCR products of genomic DNA and cDNA by 
size. A, PCR products of hss (1), gapdh (2) and sodao5 (3) on a 3 % (m/v) agarose gel from 
cDNA of endodermis cells (a), the surrounding root cells (b) and a no template control (NTC). 
The 70 bp PCR product  for  hss indicates that  the sample is gDNA free.  B,  control  PCR 
reactions of the same primers (1, hss; 2, gapdh) but with genomic DNA as template to test the 
strategy. As expected when using gDNA as template the PCR product for hss is significantly 
larger (200 bp) because of remaining introns. Arrow heads indicating different PCR products. 
Yellow, PCR products of gapdh and sodao5 ; white, products of hss without intron; pink, hss 
with intron; M, marker (GeneRuler 100bp Plus DNA Ladder, Thermo Scientific).
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.

Supplementary figure 3. Specificity tests of primers for real-time PCR analyses. For all 
tested diamine oxidases each primer pair was tested for specificity against all other diamine 
oxidases. As template plasmid DNA of the corresponding DAO sequence was used. A, Test 
of primer pairs against sodao1. B, Test against sodao2. C, Test against sodao3 and sodao4. 
D, Test against  sodao5 and no template control (NTC). 1, sodao1; 2, sodao2; 3,  sodao3; 4, 
sodao4; 5,  sodao5; White arrow head indicates expected size of PCR product (100bp). M, 
marker (GeneRuler 100bp Plus DNA Ladder, Thermo Scientific).
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Supplementary  figure  4.  Laser-captured microdissection of  S. officinale roots.  Cryo-
cross-sections of S. officinale roots before (A) and after (B) microdissection of the endodermis 
cells. After staining with cresyl violet, endodermis cells were harvested from several cross-
sections and collected in the cap of a collection tube. The control “surrounding cells” was 
harvested  accordingly,  but  from  different  cross-sections  to  avoid  possible  cross-
contaminations during the collection process. CO, cortex parenchyma; EN, endodermis; PH, 
phloem; XY, xylem.

Supplementary figure 5. LC-MS ion [M+H]+ chromatograms of an incubation of SoDAO2 
with  homospermidine.  A,  Total  ion  chromatogram (TIC)  of  a  control  incubation  without 
enzyme and with enzyme. B, Extracted ion chromatogram of the corresponding mass m/z 160 
of homospermidine. C, Extracted ion chromatogram of the corresponding mass  m/z 159 of 
4,4'-iminobisbutanal(dialdehyde). D, Extracted ion chromatogram of the corresponding mass 
m/z 159 of 4-(4-aminobutylamino)butanal (monoaldehyde). E, extracted ion chromatogram of 
the mass m/z 169 (example for noise).
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5.1.  ABSTRACT

Pyrrolizidine alkaloids (PAs) are a group of toxic plant metabolites with 400 different 

known structures. So far, only the first pathway specific enzyme, the homospermidine 

synthase  (HSS),  is  known.  HSS  produces  homospermidine,  which  is  exclusively 

incorporated into PAs. HSS was recruited several times independently in different 

plant  lineages  during  evolution  by  duplication  of  the  gene  encoding  the  primary 

metabolism enzyme deoxyhypusine synthase (DHS). For a better understanding of 

the mechanisms involved in the evolution of PA biosynthesis in the angiosperms, it is 

of  great  importance  to  identify  more  enzymes  of  the  pathway.  Previous  studies 

identified several candidate enzymes for further steps of the biosynthesis but resilient 

evidence is still missing (e.g. diamine oxidases). Here, we describe the establishment 

of RNAi knockdown hairy root mutants of HSS as a proof-of-concept experiment in 

Symphytum officinale.  A  knockdown of  HSS by 60-80 % resulted in  a  significant 

reduction of the major PA components 7-acetylintermedine and 3-acetylechiupinine 

by 60 %. To our knowledge, this is the first  in vivo evidence for the involvement of 

HSS in PA biosynthesis and a strong encouragement for future studies, to test the 

involvement of further candidate genes by this technique. In addition, this strategy 

might be also interesting for pharmaceutical applications. Symphytum is a medicinal 

plant, which extracts are traditionally used for the treatment of painful, inflammatory 

muscle and joint issues. The generation of PA depleted hairy roots could be a cost-

efficient way to get rid of these toxic by-products that limit the medicinal applicability 

of S. offcinale extracts.
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5.2.  INTRODUCTION

Pathways  of  secondary  metabolism  are,  in  contrast  to  pathways  of  primary 

metabolism, not found generally in all plants and are often highly specific to a plant 

family, a genus, or even to a single species (Pichersky and Gang, 2000; Hartmann, 

2007).  The capacity  to  produce secondary  metabolites  evolved to a great  extent 

under the selection pressure of  co-evolving organisms, e.g.,  floral  scent to attract 

pollinators, toxins to fend off herbivores, or allopathic substances to reduce growth of 

neighboring plants (Mol et al., 1998; Dudareva and Pichersky, 2000; Pichersky and 

Gang,  2000;  Hartmann,  2007).  Involved  enzymes,  which  are  responsible  for  the 

synthesis of these secondary metabolites are highly specialized and specific for the 

reaction  they  catalyze  (Pichersky  and  Gang,  2000).  A  good  example  for  a  quite 

diverse group of secondary metabolites are the pyrrolizidine alkaloids (PAs). PAs are 

found  in  a  number  of  angiosperm  lineages,  e.g.,  Asteraceae,  Boraginaceae, 

Convolvulaceae, Fabaceae, and several other plant families including the monocot 

families  Poaceae  and  Orchidaceae  (Hartmann  and  Witte,  1995;  Koulman  et  al., 

2008). PAs are toxic plant secondary metabolites produced as part of the chemical 

defense  against  herbivores.  Their  backbone  structure  consists  of  a  necine  base, 

which is esterified with one or more necic acids  (Hartmann and Ober, 2000). Until 

today, only the first pathway specific enzyme, homospermidine synthase (HSS) was 

identified. HSS transfers the aminobutyl moiety of spermidine to putrescine resulting 

in  the  formation  of  homospermidine  (Böttcher  et  al.,  1993;  Hartmann  and  Ober, 

2000). The PA precursor homospermidine is exclusively incorporated in the necine 

base backbone of PAs (Böttcher et al., 1993). HSS evolved by gene duplication from 

a gene encoding the deoxyhypusine synthase (DHS) of primary metabolism, which is 

involved in the post-translational activation of the eukaryotic initiation factor 5A (Ober 

and  Hartmann,  1999a;  Ober  and  Hartmann,  1999b).  HSS evolved  several  times 

independently in different plant lineages that are able to produce PAs  (Anke et al., 

2004; Reimann et al.,  2004; Kaltenegger et al.,  2013;  Irmer et al.,  2015). Studies 

hypothesized that after the formation of homospermidine, inter alia diamine oxidases 

(DAO), alcohol dehydrogenases (ADH) and acetohydroxyacid synthases (AHAS) are 

involved in the biosynthesis of PAs (Robins, 1982; Kelly and Robins, 1988; Böttcher 

et al., 1993; Böttcher et al., 1994; Graser and Hartmann, 1997; Weber et al., 1999; 

Frölich et al., 2007). Studies aiming to prove an involvement of those enzymes in the 
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PA pathway  were  unsuccessful  to  the  present  day.  A  popular  method  that  was 

successfully applied for the identification of a gene function in a specific pathway are 

gene knockouts by T-DNA insertion. Unfortunately, this method is restricted to well-

established model organisms like Arabidopsis thaliana (Sønderby et al., 2010; Olson-

Manning et al., 2013; Lächler et al., 2015). One method to conduct loss-of-function 

experiments  by  gene  knockdown  in  non-model  plants  is  RNA  silencing  (RNA 

inteference, RNAi). Since the first report of Napoli et al. (1990) about RNA silencing 

of  a  chalcone  synthase  in  the  flavonoid  biosynthesis  in  Petunia  spec.,  RNA 

interference  became  a  powerful  tool  to  study  gene  function  (Hamilton  and 

Baulcombe,  1999;  Baulcombe,  2004;  Sen  and  Blau,  2006).  It  was  successfully 

applied to an array of genes in species of model and non-model plants (Kumagai and 

Kouchi, 2003; Bayindir et al.,  2008; DeBoer et al.,  2009; Runguphan et al.,  2009; 

DeBoer et al., 2011; Song and Wang, 2011). To facilitate RNAi studies in a plant of 

interest, a method for stable transformation has to be available.  Until now there are 

only a few universally applicable techniques for stable transformation of non-model 

plants. The most important method is the infection with  Agrobacterium (Klee et al., 

1987;  Pitzschke  and  Hirt,  2010;  Păcurar  et  al.,  2011;  Hwang  et  al.,  2015). 

Agrobacterium tumefaciens and  Agrobacterium rhizogenes are  used  for  the 

transformation of many different  plant  species  (Chandra, 2012;  Ron et al.,  2014). 

Infection  of  a plant  with  A. rhizogenes induces the so called  “hairy  root  disease” 

leading to the growth of artificial roots with indefinite growth, strong branching pattern, 

and an often-enhanced production of secondary metabolites, from the site of infection 

(Giri and Narasu, 2000; Oksman-Caldentey and Inzé, 2004; Banerjee et al., 2012; 

Georgiev  et  al.,  2012;  Sharma et  al.,  2013;  Ludwig-Müller  et  al.,  2014).  Another 

advantage of the A. rhizogenes-mediated plant transformation is the relatively broad 

host specificity of those bacteria (Porter and Flores, 1991; Veena and Taylor, 2007). 

This is the first report of a successful RNAi mediated knockdown study in S. officinale 

after successful transformation with A. rhizogenes and the first  in vivo evidence for 

the involvement of HSS in the biosynthesis of PAs. Quantitative real-time PCR and 

LS-MS based PA quantification was assessed in order to identify the consequences 

of an HSS knockdown in hairy root mutants on PA level in comparison to a control 

group of hairy root individuals.
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5.3.  RESULTS

5.3.1 Establishment of RNAi knock down mutants

In order to examine S. officinale hairy roots as a test system for candidate sequences 

of PA biosynthesis,  we chose HSS as a target for a proof-of-concept experiment. 

Reduced HSS transcript  levels  should result  in  decreased homospermidine levels 

and therefore should have an effect on PA levels in the hairy root mutants. 

To test if the generated RNAi mutants show a down-regulation of the target gene hss, 

we analyzed different mutants that resulted from independent transformation events 

on transcript level. Seven well growing mutant lines were cultivated for 14 days and 

total  RNA  was  extracted.  HSS  transcripts  in  these  lines  were  quantified  using 

quantitative real-time PCR (qRT-PCR) with gapdh and ef1α as reference genes and 

compared to the mean hss transcript levels of seven hairy root wild-type lines. These 

wild  type hairy roots were generated using an vector  that  contains the  gus gene 

instead  of  a  specific  RNAi  construct.  Four  HSS  knockdown  mutants  showed  a 

significant down-regulation of HSS transcript level to 23 %-37 % of the transcript level 

of wild type hairy roots (HR05, HR07, HR09, and HR16; Fig. 1). These four mutant 

lines were chosen to serve as biological replicates for an RNAi knockdown of HSS in 

the following analysis. Mutants that showed no significant down- or up-regulation of 

HSS transcript levels were excluded from the following analyses (HR01, HR06, and 

HR14;  Fig. 1).  In  order  to  add  more  biological  significance  to  our  analyses,  we 

compared the mean HSS transcript level of RNAi mutants against the mean HSS 

transcript  level  of  wild  type  hairy  roots.  We  found  that  HSS  expression  was 

significantly (p=0.003) reduced in the four chosen RNAi mutant lines in comparison to 

the wild type (Fig. 3A).
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Figure 1. Establishment of HSS RNAi knockdown lines. Seven different hairy root mutants 
harboring  RNAi  constructs  for  knockdown  of  HSS  transcript  levels  were  analyzed  in 
comparison to the mean HSS transcript  level  of  wild type hairy roots (WT).  Relative  hss-
transcript levels of each mutant were calculated using  ef1α and gapdh as reference genes. 
Relative expression is given in percent of wild type. Error bars represent the standard error of  
the mean (SEM) of three independently grown hairy root cultures of the same line (technical  
replicates). The mean of 7 independent mutants (biological replicates) that were also grown in 
triplicate each is given for WT and set to 100 %. Asterisk indicate a significant (p<0.05), and 
two asterisk a high significant (p<0.01) down-regulation in comparison to the wild type hairy  
roots (WT). 

5.3.2 HSS is functionally relevant for PA biosynthesis

In order to determine if knockdown of HSS transcript level results in decreased PA 

levels, we quantified PAs of RNAi mutants and wild type hairy roots with LC-ESI-MS 

and subsequent broadband MSn fragmentation. Analyzing three masses [M+H]+, we 

quantified the major components of the PA composition of S. officinale: m/z 358.18,  

m/z 398.21, m/z 440.22 (Fig. 2). By GC-MS analysis, we were able to confirm that the 

three  most  abundant  PAs  that  were  quantified  by  LC-MS,  are  most  likely 

7-actetylintermedine (m/z 358.18), the stereoisomeres echiupinine and myoscorpine 

(m/z 398.21), and 3-acetylechiupinine (m/z 440.22). The same stoichiometry of these 

PAs was  observed  in  both,  GC-MS and LC-MS analyses  (data  not  shown).  The 

identified  PAs  were  earlier  described  as  the  characteristic  PA  components  of 

S. officinale hairy roots (Frölich et al., 2007). 
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Figure 2. Abundance of the three predominant masses of PAs in wild type hairy roots.  
Because the chosen LC-MS mode did not allow exact identification of the quantified PAs,  
each  of  the  three  masses  can  represent  different  possible  PA  N-oxides  or  free  bases. 
Therefore we identified the three major components of the PA bouquet with GC-MS. Bold 
letters indicate the PAs that were detected by GC-MS to be the most abundant in hairy roots. 
To compare the abundance of the three quantified masses [M+H]+ (m/z 358.18, m/z 440.22, 
m/z 398.21, we set the sum of the relative intensity of the three quantified masses to 100 % 
and subsequently  determined  the proportion  of  each  mass.  Error  bars  give  the standard 
deviation  of  seven  independent  wild  type  hairy  root  lines.  We  only  quantified  the  most 
abundant PAs that account for approximately 95 % of the total PAs (see also Supp. Fig. 1).

A  down-regulation  of  HSS  transcript  levels  should  result  in  reduction  of 

homospermidine levels and subsequently in a reduction of PA content. Therefore, we 

compared the relative intensities of the three most characteristic masses of PAs in 

Symphytum officinale hairy roots. The relative intensity of the mass m/z 358.18 of the 

PA  N-oxide 7-acetylintermedine  showed a  significant  reduction  in  the  knockdown 

mutants compared to the wild type (hedge’s g=1.34, p=0.004, Fig. 3B). Also the less 

abundant PA-N-oxide, 3-acetylechiupinine, with the corresponding mass m/z 440.22, 

was significantly decreased in HSS knockdown mutants (hedge’s g=2.43, p= 0.015, 
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Fig. 3C).  The  relative  intensities  of  both  PAs  (m/z 358.18  and  m/z 440.22)  were 

reduced by approximately 60 % in HSS knockdown lines compared to the wild type 

hairy roots. This is in the same range of magnitude as the observed down-regulation 

of HSS transcript levels in the tested knockdown lines by 60-80 % (Fig. 1).  When 

testing  the  correlation  between  HSS  transcript  level  and  7-acetylintermedine  in 

knockdown and wild type hairy roots, we found a significant (p=0.006) strong positive 

correlation (Pearson's product-moment coefficient = 0.76, Fig. 4A). Also for the less 

abundant PA (3-acetylechiupinine), we found a significant (p=0.014) strong positive 

correlation (Pearson's product-moment coefficient = 0.76, Fig. 4B). In addition, we 

found  a  significant  (p=0.049)  strong  correlation  between  the  third  quantified  PA 

specific  mass  (m/z 398.21,  echiupinine  and  myoscorpine)  and  HSS  expression 

(Pearson's  product-moment  coefficient = 0.60,  Fig.  4C).  In  contrast  to  the  PAs 

7-acetylintermedine  (m/z 358.18)  and  3-acetylechiupinine  (m/z 440.22),  we  found 

only slight differences in the relative intensities of the mass (m/z 398.21, echiupinine 

and  myoscorpine)  between  HSS  knockdown  mutants  and  wild  type  hairy  roots 

(hedge’s g=0.59, p=0.292, Fig. 3D). 
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Figure 3. Comparison of HSS transcript level and PA content between HSS knockdown 
mutants and wild type hairy roots. A, HSS transcript level in percent of the reference genes 
ef1α and  gapdh.  B,  relative  intensity  of  the  mass  [M+H]+ m/z 358.18  corresponding  to 
7-acetylintermedine.  C,  relative  intensity  of  the mass [M+H]+ m/z 440.22 corresponding to 
3-acetylechiupinine. D, relative intensities of the mass [M+H]+ m/z 398.21 corresponding to 
myoscorpine and echiupinine.  Relative intensities are calculated in  relation to the internal 
standard monocrotaline and extracted biomass.  Asterisk  indicate  significant  differences of 
p<0.05 (*) and p<0.01 (**).
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Figure 4.  Correlation between HSS transcript  level  and relative intensity  of  specific 
masses of typical pyrrolizidine alkaloids. A, HSS transcript level versus relative intensity of 
the  mass  [M+H]+ m/z 358.18  corresponding  to  7-acetylintermedine  (p<0.01,  Pearson's 
product-moment coefficient = 0.76). B, HSS transcript level versus relative intesity of mass 
[M+H]+ m/z 440.22 corresponding to 3-acetylechiupinine (p<0.05, Pearson's product-moment 
coefficient  =  0.76).  C,  HSS transcript  level  versus relative  intensities of  the mass [M+H]+ 

m/z 398.21  corresponding  to  myoscorpine  and  echiupinine  (p<0.05,  Pearson's  product-
moment  coefficient = 0.60).  Relative  intensities  are  calculated  in  relation  to  the  internal 
standard monocrotaline and extracted biomass. 
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5.4.  DISCUSSION

Over the last 25 years, several in vitro studies and tracer feeding experiments were 

able to show that the HSS is the first pathway specific enzyme of PA biosynthesis 

and  produces  homospermidine,  which  is  exclusively  incorporated  into  PA 

biosynthesis  (Böttcher  et  al.,  1993;  Böttcher  et  al.,  1994;  Ober  and  Hartmann, 

1999a). But resilient in planta evidence for the finding that the HSS is necessary for 

the PA biosynthesis was missing to the present day. Because HSS produces the first 

pathway specific intermediate homospermidine, it seems to be an ideal target for a 

gene-knockdown  in  order  to  reduce  PA  content  in  the  plant.  In  this  study  we 

described the first in planta evidence for the involvement of HSS in PA biosynthesis 

by  successful  RNAi-mediated  down-regulation  of  HSS that  resulted  in  significant 

reduction of the predominant PAs of S. officinale hairy roots.

5.4.1 PA content of hairy roots of S. officinale

We observed only slight differences in the PA composition between hairy roots in this 

study and the earlier published study of Frölich et al. (2007). The three masses that 

were  quantified  in  our  analysis  represent  95 %  of  the  PAs  that  were  found  in 

Symphytum hairy roots. The N-oxide 7-acetylintermedine (m/z 358.18) accounted for 

47 to 62 % (Fig. 2)  of  the total  PA content  quantified in our analysis,  which is in 

accordance  with  an  earlier  study  by  Frölich  et  al.  (2007) who  described  7-

acetylintermedine-N-oxide  as  the  most  abundant  in  hairy  roots,  contributing 

approximately  56 %  to  the  total  PA  content.  The  N-oxide  3-acetylechiupinine 

(m/z 440.22) contributed 19 to 34 % to the total  PA content (Fig. 2),  which in the 

range  of  magnitude  of  the  study  by  Frölich  et  al.  (2007) who  found  that 

3-acetylechiupinine-N-oxide accounts for approximately 10 %. PA-N-oxides with the 

corresponding  mass  m/z 398.21  (myoscorpine  and  echiupinine),  had  the  lowest 

abundance and contributed for 15 to 21 % to the total quantified PA content (Fig. 2). 

These were also described by Frölich et al. (2007) to contribute approximately 20 % 

of total PA content. That hairy roots differ in the amount of secondary metabolites 

produced  even  when  generated  from  the  same  plant  individual  is  a  known 

phenomenon and is presumably due to the random insertion of T-DNA into the plants 

genome  (Hu and Du, 2006), the altered phytohormone balance (auxin production), 
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and production of opines that can influence the biosynthetic capacity (Georgiev et al., 

2007; Chandra and Chandra, 2011; Chandra, 2012).

5.4.2 RNAi mediated down-regulation of HSS leads to reduced PA levels

The relative intensities of the two predominant masses (m/z 358.18 and m/z 440.22), 

contributing together the vast  majority of  total  PAs in hairy roots,  are significantly 

reduced  in  HSS  knockdown  mutants.  These  results  clearly  demonstrate  the 

importance of HSS for the PA biosynthesis. Reduced transcript levels that lead to 

reduced  protein  levels  and  therefore  to  a  reduction  of  the  first  pathway-specific 

precursor homospermidine,  successfully inhibited the production of alkaloids.  That 

the  relative  intensity  of  the  mass  of  m/z 398.21  is  only  slightly  reduced  in  HSS 

knockdown  mutants  in  comparison  to  wild-type  hairy  roots  could  have  various 

reasons. The PA-N-oxides that are represented by this mass, namely myoscorpine-

N-oxide  and  echiupinine-N-oxide,  are  the  precursor  for  3-acetyl  myoscorpine/

echiupinine-N-oxide  (m/z 440,  Frölich  et  al.,  2007).  It  is  possible  that  when  the 

amount of those precursor PAs is reduced, the acetylation, leading to the 3-acteyl 

derivatives is inhibited, which could result in a less strong reduction of the PA content 

of myoscorpine and echiupinine. Myoscorpine-N-oxide and echiupinine-N-oxide are 

the PAs with the lowest abundance in our analysis. It might also be that the sample 

size  was  not  sufficient  to  detect  a  significant  difference  between  the  knockdown 

mutants and wild-type hairy roots because of the small effect size (hedge’s g = 0.59). 

A  reduction  of  PA  level  by  roughly  60 %  is  in  the  range  of  RNAi  knockdown 

experiments in plants synthesizing other alkaloids.  DeBoer et  al.  (2011) found for 

example  a similar  decrease in  nicotine  levels  of  tobacco hairy  roots suppressing 

ornithine  decarboxylase  (ODC).  Another  group  found  decreased  amounts  of  the 

tanshinones dihydrotanshinone I  by 53 % and cryptotanshinone by 38 % in RNAi 

knockdown hairy roots of Salvia miltiorrhiza supressing copalyldiphosphate synthase 

(CPS)  (Cheng et  al.,  2014).  A few studies also showed that  RNAi knockdown of 

secondary metabolism genes can lead to almost undetectable levels of the respective 

metabolite (Bayindir et al., 2008; Runguphan et al., 2009). 

5.4.3 Perspectives for future studies

The described experimental setup offers different opportunities for future studies: (1) 

The elucidation of the PA biosynthesis by testing candidate genes for specific steps 
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of the pathway by gene-knockdown and (2), the opportunity to generate PA-reduced, 

or even PA-free specimen for the production of herbal medicines. 

In vivo knockdown studies have the advantage that a gene function is studied in an 

almost unchanged environment and the effect of a reduced gene product is tested 

directly in  the plant  of  interest.  Many known and unknown factors influencing the 

gene in vivo, like co-factors and transcription factors, are included in the experiment. 

In addition  to knockdown studies, many secondary pathways have been elucidated 

by biochemical characterization of recombinantly expressed enzymes, for example 

enzymes from the tropane alkaloid biosynthesis,  lycopodium alkaloid biosynthesis, 

terpenoid  biosynthesis,  and  flavonoid  biosynthesis  (Bohlmann  et  al.,  1998; 

Kaltenbach et al., 1999; Heim et al., 2007; Katoh et al., 2007; Bunsupa et al., 2012; 

Sun et al., 2012; Naconsie et al., 2014). A major challenge of those in vitro studies is 

the huge diversity of enzymes involved in secondary metabolism from which many 

are undescribed. Therefore, for each new identified enzyme a new method has to be 

developed, which is time consuming and bears a great risk to be unsuccessful. RNAi 

based knockdown studies in  hairy  roots of  S. offcinale could  be a fast  and cost-

efficient way to elucidate further steps of PA biosynthesis.

Symphytum officinale is a medicinal plant commonly used for the ectopical treatment 

of  painful,  inflamed or  swelled  muscles and joints,  and the major  pharmaceutical 

active compounds are believed to be allantoin and rosmarinic acid  (Staiger, 2012). 

From a pharmacological point of view,  S. officinale contains PAs as by-product that 

are  toxic  and  cancerogenous,  and  restrict  the  usage  of  unprocessed  herbal 

medicines from S. officinale to ectopical applications (Staiger, 2012). For other forms 

of  applications,  laborious purification processes have to be conducted in  order to 

remove PAs efficiently from the prepared extracts (Ludwig-Müller et al., 2014). RNAi 

mediated knockdown of HSS or other PA pathway-specific target genes might be a 

way  to  reduce  the  content  of  PAs  while  keeping  the  content  of  allantoin  and 

rosmarinic acid high. It has to be confirmed if the generated HSS knockdown mutants 

contain sufficiently high amounts of allantoin and rosmarinic acid. 

5.4.4 Summary

These results  are  the  first  in  planta evidence  for  the  involvement  of  HSS in  PA 

biosynthesis  and  a  strong  encouragement  for  further  RNAi  mediated  knockdown 

studies in hairy roots of S. officinale. We believe that this in planta method will be a 
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useful  tool  to  test  further  candidate  genes  of  PA  biosynthesis  by  knockdown 

experiments and subsequent phenotyping by PA quantification. Currently, hairy root 

mutants  harboring  contructs  for  RNA silencing  of  five  different  diamine  oxidases 

(DAOs) are under investigation. DAOs are hypothesized to facilitate the second step 

of PA biosynthesis, the oxidation of homospermidine and subsequent formation of the 

bicyclic ring structure of  the necine base  (Robins,  1982;  Kelly  and Robins,  1988; 

Böttcher  et  al.,  1993;  Böttcher  et  al.,  1994).  A down-regulation of  a PA pathway 

specific DAO should result in a similar pattern of reduced PA content, as observed in 

the  present  study  for  HSS  knockdown  mutants,  and  an  accumulation  of 

homospermidine. Candidate genes for further steps of PA biosynthesis might also be 

taken into consideration for future experiments.
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5.5.  EXPERIMENTAL

5.5.1 Plant material

Symphytum officinale (Rühlemann's Kräuter & Duftpflanzen, Horstedt, Germany) was 

grown in pots with a mixture of TKS2 (Floragard) and lava granulate in a ratio of 3:1 

in  the  green-house  from  April  to  September in  the  Botanical  Gardens  Kiel 

(54°20'45.2"N 10°07'05.3"E).

5.5.2 Cloning of RNAi constructs

For cloning of RNAi constructs we used the Gateway® cloning system (Invitrogen). 

For the target  gene,  a  230 bp long part  of  the 3’ UTR and 3’ coding region was 

amplified with specific primers  (Tab. 1) that contained attB1/2-sites for homologous 

recombination with attP1/2-sites in the pDONR-221 vector (Invitrogen). Gateway® BP 

Clonase II enzyme mix was used for the integration of PCR products into pDONR221 

as recommended by the manufacturer. The resulting plasmids were transformed into 

chemically  competent  Escherichia coli TOP10  cells  (Invitrogen)  for  vector 

propagation.  For  integration  into  the  binary  pH7GWIWG2(II)  (Karimi  et  al.,  2002) 

destination vector, the positive pDONR221 entry constructs and the pH7GWIWG2(II) 

vector were mixed in a molar ratio of 2:1 and homologous recombination was carried 

out  with Gateway® LR Clonase II  Enzyme Mix  (Karimi  et  al.,  2007).  To generate 

control hairy root mutants that are selectable on antibiotics, in this study called wild 

type hairy roots, we used a pH7GWIWG2(II) vector that contained the  gus gene in 

both multiple cloning sites. The control plasmid containing gus was generated using 

the  control  plasmid  (pENTRTM-gus)  that  was  shipped  with  the  Gateway® LR 

ClonaseTM Enzyme  Mix  using  the  same  cloning  strategy  as  used  for  the  other 

plasmid. Transformation with this plasmid was considered to not cause any RNAi 

effect,  because  the  bacterial  gus gene  is  not  present  in  Symphytum  officinale. 

Plasmids  were  propagated  in  E. coli TOP  10  cells  and  correct  insertion  was 

controlled by sequencing at MWG Eurofins (Ebersberg, Germany). 
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5.5.3 Transformation of Agrobacterium rhizogenes

Binary  vectors  were  transformed  into  chemically  competent  Agrobacterium 

rhizogenes  strain ATCC 15834 cells by following procedure: chemically competent 

cells  were thawed on ice,  2 µg of  plasmid DNA was added and the mixture was 

incubated for additional 30 minutes on ice  (freeze/thaw method, Wise et al., 2006). 

Then, the mixture was frozen in liquid nitrogen and thawed in a water bath at 37 °C 

for  approximately  45 s  until  completely  liquified.  To allow formation  of  resistance 

against spectinomycin, 1 ml of YEB media (5 g/l beef extract, 1 g/l yeast extract, 5 g/l 

peptone, 5 g/l sucrose, 0.5 g/l MgSO4, pH 7) was added, followed by incubation at 

28 °C for 5 hours on a rotary shaker. Cells were streaked out on solidified YEB media 

(1.5 % agar) containing 100 µg/ml spectinomycin and cultured for 48 hours at 28 °C. 

Positive clones were grown for additional 16 hours in liquid YEB. Stock cultures were 

stored in YEB media containing 25 % (v/v) glycerol at -80 °C until use.

5.5.4 Generation of transgenic hairy root mutants

For the generation of hairy roots, young leaves (max. 20 cm length) were harvested 

and washed with unsterile water supplemented with Tween 20 (0,01 %). Sterilization 

of the surface was achieved by washing the leaves for 30 seconds in 70 % ethanol 

and  for  5 minutes  in  calcium  hypochlorite  (6 % (w/v)  solution  of  a  70 %  (w/w) 

powder). After this treatment the leaves were thoroughly washed three times in sterile 

water. The sterile leaves were cut into pieces with 2 to 3 cm edge length and co-

cultivated  with  the  agrobacteria.  Therefore,  a  freshly  grown  overnight  culture  of 

A. rhizogenes strain  ATCC 15834,  harboring  the  respective  construct,  was 

centrifuged for 10 min at 3500 g, the supernatant was discarded and the cell pellet 

was re-suspended to a final  OD600 of  0.2 in  MS media  with 20 % of  the original 

amount of NH4NO3 (Murashige and Skoog, 1962; Sievert et al., 2015). The explants 

were incubated in  the  Agrobacterium containing media  for  3  hours at  26 °C with 

gentle agitation before transferring the explants upside down to solid MS20 media 

(1%  (w/v)  agar).  After  three  days  at  23 °C  under  constant  light/dark  regime 

(16 h of 200 µmol m2 s-1),  the  explants  were  transferred  to  solid  MS20  media 

containing 250 µg/ml of a mixture of ticarcillin and clavulanic acid (mixed in a ratio of 

15:1, Duchefa). The infected explants were cultivated in the climate chamber until 

hairy  roots  emerged  and  were  transferred  to  fresh  media  when  growth  of 

agrobacteria  or  fungi  contaminants  was  observed.  Emerging  hairy  roots  of 
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approximately 1 cm length were removed from the leaf and transferred to fresh MS20 

plates  containing  ticarcillin,  clavulanic  acid  and  hygromycin  B  (25 µg/ml)  for  the 

selection  of  successful  transformed  hairy  root  mutants.  Hairy  roots  mutants  that 

survived  the  selection  were  tested  by  PCR  on  the  integration  of  the  respective 

constructs into the genome by amplification of the  hpt resistance cassette and the 

rolA gene. The absence of remaining agrobacteria was tested by trying to amplify the 

virD gene.  When amplifcation  was unsuccessful,  the hairy  roots were considered 

agrobacteria-free. Primers used for PCR analyses are listed in Tab. 2.

5.5.5 Hairy root growth and experimental setup

For quantification of PAs and HSS transcripts, hairy root mutants were grown three 

times independently under the same conditions in a climate chamber to give technical 

replicates. From a well grown hairy root line, equal amounts of root material were 

transferred  into  70 ml  liquid  MS20  media  (supplemented  with  285 µg/ml 

ticarcillin/clavulanic  acid  mixture  and  8.5 µg/ml  nystatin  to  prevent  growth  of 

agrobacteria or contaminating microorganisms) and grown in the dark at 21 °C for 14 

days on an orbital shaker at 130 rpm. At the end of the experiment, the hairy roots 

were dipped dry with tissue paper, weighed and one half of the grown roots were 

freeze-dried for PA extraction. The other half was flash-frozen in liquid nitrogen and 

stored until transcript quantification at -80 °C.

5.5.6 Quantification of PAs

The freeze-dried material was pulverized with mortar and pestle. 10 mg material was 

transferred to 2 ml reaction tubes and further crushed with metal balls in a Mixer Mill  

MM 400  (Retsch,  Haan,  Germany).  PAs  were  extracted  twice  for  30 s  at  room 

temperature  in  600 µl  of  80 % (v/v)  methanol  containing  0.5 µg/ml  of  the  PA 

monocrotaline (Sigma-Aldrich,  Munich,  Germany)  as  internal  standard.  After 

centrifugation for 10 min with 12.000 g at 4 °C, the supernatants were combined and 

transferred into a new tube. Before LC-MS measurements, 40 µl 0.1 % formic acid 

were  added  to  160 µl  of  the  sample  to  allow precipitation  of  potential  remaining 

substances that are insoluble under LC conditions prior to injection.

To assess LC-MS measurement stability,  quality control (QC) samples were used 

following Demetrowitsch et al.  (2015). From each sample 20 µl of the extract were 
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combined and treated the same way as the original samples, e.g., same freeze-thaw 

cycles, and measured repeatedly over whole LC-MS run. All samples were divided 

into three batches, each containing one replicate of cultivation and each sample was 

measured three  times.  The  measurements  were  performed on three  consecutive 

days  on  a  LC-coupled  QTOF-MS system.  The  components  of  the  extracts  were 

separated on a reversed-phase LC column (Nucleodur C18 Gravity column, 100 mm 

x  2 mm,  1.8 µm,  Macherey-Nagel)  with  an  Infinity  1260  UHPLC  system  (Agilent 

Technologies).  A flow rate of 250 µl/min and a gradient  from 0 % solvent  B from 

minute  1  to  90 %  at  minute  9  (solvent  A:  water,  0.1 %  formic  acid;  solvent  B: 

acetonitrile,  0.1 % formic acid)  was used.  The column was washed with 90 % of 

solvent B for 30 s after which the system was equilibrated again for 5 min and 30 s 

with starting conditions.

A  microTOF-QII  mass  spectrometer  (Bruker  Daltonik,  Bremen,  Germany)  with 

electrospray ionization (ESI)  source was used for  mass-to-charge measurements. 

Positive  ionization  mode  with  broadband  collision-induced  dissociation  method 

(bbCID) was chosen. The parameters were: dry gas at 210 °C, flow rate of 6 l/min, a 

nebulizer pressure of 100 kPa, and an ionization energy of 10 eV for MS and 20 eV 

for MS/MS.

Relative quantification of PAs was performed with the Compass PathwayScreener 

1.0  software  (Bruker  Daltonik,  Bremen).  The  parameters  were:  extracted  ion 

chromatogram width of ±5 mDa, mSigma tolerance set to 1000, and the area and 

intensity threshold set to 100 counts. The minimum peak area was set to 1 % by a 

sensitivity  level  of  99 % and  a  smoothing  (Gauss)  width  of  0.2.  All  peaks  were 

extracted and manually searched for peaks of the respective masses, which were 

selected. In the analysis we concentrated on the masses [M+H]+ of the PAs with the 

highest abundance in  S. officinale as reported earlier by Frölich et al.  (2007), that 

were  m/z 358.18 (7-acetylintermedine),  m/z 398.21 (echiupinine and myoscorpine), 

and m/z 440.22 (3-acetylechiupinine).

5.5.7 Identification of the quantified PAs by GC-MS

For explicit  identification of the quantified PAs we extracted PAs from a wild type 

hairy root line for GC-MS analysis. The PAs were extracted as described by Kempf et 

al.  (2008).  GC-MS data  were  obtained  with  a  Thermo  Trace  Ultra  DSQ  system 

equipped with an Optima-MN1 column (30 m x 0.25 mm i.d, 0.25 µm film thickness, 

Macherey  &  Nagel).  EI-mass  spectra  were  recorded  at  70 eV  (ion  source 
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temperature  200  °C).  GC conditions  were:  injector  280 °C,  temperature  program 

80 °C for 5 min, 80 to 300 °C at 15 °C/min, following 5 min at 300 °C, carrier gas 

helium 1 ml/min,  MS transfer  line  250 °C.  Individual  PAs  were  identified  by  their 

Kovats  indices  (Ri values),  molecular  ions  and  MS  fragmentation  patterns  in 

comparison to our own comprehensive MS data base of PAs. GC-MS data (m/z 50-

650) for 7-acetylintermedine were: Ri 2216 (on MN1),  m/z 341 [M+]; MS spectrum, 

m/z (relative intensity): 180 (100), 120(75), 93(72), 136(29), 181(28); for echiupinine: 

Ri 2480 ,  m/z 381 [M+]; for myoscorpine: Ri 2489,  m/z 381 [M+], MS spectrum, m/z: 

220(100), 136(84), 120(67), 83(53), 93(52); for 3-acetylechiupinine: R i 2554, m/z 423 

[M+], MS spectrum, m/z: 220(100), 136(67), 120(64), 93(58), 83(47).

5.5.8 RNA extraction and quantitative real time PCR (qRT-PCR)

Hairy root samples were pulverized in liquid nitrogen with mortar and pestle and total 

RNA was extracted with Trizol® (Life Technologies) according to the manufacturer’s 

protocol including optional steps as reported before by Kruse et al. (2017). RNA was 

dissolved  in  RNAse-free  water  and  RNA  integrity  was  tested  by  agarose  gel 

electrophoresis  and  by  260/280 nm and 260/230 nm ratio  measurements  using  a 

NanoDrop® ND2000 UV/VIS spectrometer. Reverse transcription was performed with 

RevertAid® Premium Reverse Transcriptase following Kruse et al.  (2017). For each 

sample one control reaction was set up without reverse transcriptase (no-RT control) 

to  control  for  genomic  DNA contaminants.  qRT-PCR was  performed  in  a  Rotor-

Gene® Q System (Qiagen) using GoTaq® qPCR Master Mix (Promega) following a 

protocol described earlier (Kruse et al., 2017). The 2Δct method was used to calculate 

transcripts  levels  (Schmittgen  and  Livak,  2008).  Glyceraldehyde-3-phosphate-

dehydrogenase (gapdh) and elongation factor 1α (ef1α) served as reference genes to 

normalize expression levels. Used primers are listed in Tab. 1.
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5.5. EXPERIMENTAL

Table  1.  Primer  sequences.  Sequences  of  primers  used  for  generation  of  the  RNAi 
constructs,  tests  for  insertion  of  T-DNA  into  the  mutant’s  genome  and  for  transcript 
quantification by qRT-PCR.

gene primer name Annealing sequence (3’ to 5’) reference

hss LkSoHSSrnai-f2 58 °C RNAi
construct

GGG GAC AAG TTT GTA CAA 
AAA AGC AGG TTT TAT CTT 
AAG TGA TGA GAA GGG ATG

This studyhss LKSoHSSrnai-r 58 °C RNAi
construct

GGG GAC CAC TTT GTA CAA 
GAA AGC TGG GTC TAA CTC 
ATT TTA TTC AAT TTG AGA 
TAA CA

gapdh LK-RT-GAPDH-F1 60 °C qPCR AAG GCA GTC GGT AAA GTG 
CTT

1.

gapdh LK-RT-GAPDH-R2 60 °C qPCR TCC TTC TCT AGC CTC ACA 
GTG A

ef1a SoEf1a-F2 60 °C qPCR CCA CCA CCC CAA AAT ATT 
CCA AG

ef1a SoEf1a-R2 60 °C qPCR CAG TCC AGG TTG GTG GAC 
CT

hss Sohss-F4 60 °C qPCR AGT GCT ATG GAC AAT GAA 
TCA GTG A

2.
hss Sohss-R6 60 °C qPCR CAG CAA AAT CAG CGC CTC 

CA

rolA DErolAfor 50 °C Test for 
insertion 
of T-DNA

ACG GTG AGT GTG GTT GTA 
GG

3.
rolA DErolArev 50 °C Test for 

insertion 
of T-DNA

GCC ACG TGC GTA TTA ATC 
CC

hpt IH53hpt_f 57 °C Test for 
insertion 
of T-DNA

ATG TCG CAA GGA CGT AAG 
CCC A

4.
hpt IH54hpt_re 57 °C Test for 

insertion 
of T-DNA

GGA GTC TTT CAG CAT GGA 
GCA A

virD DEvirDfor 53 “C Test for 
insertion 
of T-DNA

ATG TCG CAA GGA CGT AAG 
CCC A

5.
virD DEvirDrev 53 “C Test for 

insertion 
of T-DNA

GGA GTC TTT CAG CAT GGA 
GCA A

1. Kruse et al., in preparation; 2. Kruse et al., 2017; 3. Alpizar et al., 2008; 4. Hajdas, 

unpublished, 5. Alpizar et al., 2006
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CHAPTER 3

5.5.9 Statistical analyses

Statistical  analyses  were  performed  in  R  version  3.3.3  (R  Core  Team,  2017). 

Differences  in  transcript  levels  and  PA  content  were  firstly  tested  for  normal 

distribution applying Shapiro-Wilk test, and, if required, data were ln transformed prior 

to  re-fitting  models.  The  Welch  two  sample  t-test  was  used  to  compare  relative 

expression between HSS-RNAi and WT lines. Effect sizes, using Hedge’s g (Hedges, 

1981),  were  calculated to identify  the  magnitude of  the detected effects.  For  the 

interpretation of  Hedge’s g effect  size,  it  was distinguished between small  (<0.2), 

medium (0.2  ≤ g ≤ 0.8), and large effects (> 0.8). For correlation testing between 

different PAs and HSS transcript level, Pearson’s product correlation was used. R2 

values were interpreted with 0.1 - 0.3 as weak, 0.3 - 0.6 as moderate, and ≥0.6 as 

strong  correlation.  Statistical  analyses  were  performed using  the packages  stats, 

graphics, and base.
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5.7. Supplementary material

5.7.  Supplementary material

Supplementary  Figure  1.  GC-MS base peak chromatogram (50-300  m/z) of  a  strong 
cation exchange-solid phase extraction from a wild type hairy root.  Peaks of enriched 
PAs were identified as 7-acetylintermedine (~55 % of total PA content), 3-acetylechiupinine 
(~31%), a mixture of myoscorpine and echiupinine (~11 %), and other minor PAs (~2%). The 
stoichiometry  of  the identified  PAs is  well  in  accordance to  the stoichiometry  of  the  PAs 
quantified with LC-MS (Fig. 2).
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6. CONCLUSIONS AND 

GENERAL PERSPECTIVES

The results  that  are  presented  in  this  work  add  novel  knowledge  to  the  field  of 

pyrrolizidine alkaloid biosynthesis in general and particular in comfrey (Symphytum 

officinale, Boraginaceae). 

In the past, it was discovered that the PA biosynthesis, and at least the first specific 

enzyme HSS, is differently regulated and localized in the investigated species. Even 

between species in which only one common evolutionary origin for PA biosynthesis 

was  found,  the  site  where  PAs  are  produced  in  the  plant  varied  with  regard  to 

involved cells, plant tissues and developmental phase. The research in this thesis 

reveals that even in one species the regulation of the biosynthesis of PAs is complex 

and varies  between  different  plant  organs, viz., Symphytum officinale activates  a 

second  site  in  young  leaves,  in  addition  to  roots,  when  inflorescences  develop 

(Chapter 1). This enables the plant to adjusts its usually constitutive production of 

PAs to situations in which additional protection is needed, for example, the growth of 

young, smooth textured, and nutrient rich inflorescences that could attract herbivores. 

The  observation  that  the  highest  concentrations  of  defense  molecules  (PAs)  are 

found in reproductive tissues (inflorescences of  Symphytum) is well in accordance 

with the optimal defense theory (OD) (McKey, 1979) and also documented for other 

species (Hartmann et al., 1989; van Dam et al., 1994; Zangerl and Rutledge, 1996). 

From an ecological perspective, the production of toxins is costly for the plant and 

subsequently  have  evolved  mechanisms  to  reduce  the  costs  of  secondary 

metabolism to optimize evolutionary fitness (Gershenzon, 1994; Purrington, 2000). In 

addition to constitutive defense, another mechanism that is observed in nature is the 

induced  defense (Ohnmeiss  and  Baldwin,  2000).  To  produce  certain  defense 
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molecules, for example nicotine, only when herbivores feed on the plant might be 

beneficial for the plant, because the cost (nitrogen in the case of alkaloids,) for the 

synthesis of such molecules can be reduced when the plant is not attacked (Baldwin, 

1988;  Ohnmeiss  and  Baldwin,  2000;  Heil  and  Baldwin,  2002).  The  greatest 

disadvantage  of  induced  defense  is  believed  to  be  the  risk  to  produce  effective 

concentrations in time (which can take hours to days), before the damage of the plant 

is too high (Heil and Baldwin, 2002; Wittstock and Gershenzon, 2002). It is discussed 

that the evolution of induced or constitutive defense relies on the frequency a plant is 

subject  to  herbivorous  damage  (McKey,  1979;  reviewed  in  Wittstock  and 

Gershenzon,  2002).  A plant  that  is  under  constant  attack by herbivores therefore 

relies  more  on  constitutive  defense  mechanisms,  whereas  a  plant  that  is  rarely 

attacked uses induced mechanisms to fend off herbivores (reviewed in Wittstock and 

Gershenzon, 2002). The ecological costs,  of  one or the other strategy,  determine 

which strategy evolved in the respective species in the ecological niche (cost-benefit) 

(reviewed in Zangerl and Rutledge, 1996; and Wittstock and Gershenzon, 2002). It 

seems that  Symphytum has an advantage to have constant high PA content in the 

inflorescences,  presumably  because  of  persistent  grazing  pressure.  That  such  a 

mechanism was selected during evolution implicates that the disadvantage, to allow 

specialized herbivores to adapt to the high PA concentrations was less strong than 

the advantage to successfully fend off generalist herbivores. Because plants rely not 

only on one defense mechanisms, a complete understanding of the evolution that led 

to the observed defense strategy is likely more complicated  (Freeman and Beattie, 

2008). 

Despite  scientists  are  aware  of  PAs  since  the early  1950s  and  the  discovery  of 

homospermidine synthase in 1993, only little progress was made in spotting further 

enzymes of PA biosynthesis.  This thesis presents a strategy to identify candidate 

genes  of  PA  biosynthesis  by  next-generation-sequencing  based  approaches 

(Chapter 2)  and  subsequent  testing  by  RNAi-mediated  gene  knockdown 

(Chapter 3). The fact that Symphytum produces PAs in specific tissues was used for 

transcriptome sequencing of PA-producing and non-PA-producing tissues. Candidate 

sequences for genes of the PA biosynthesis were identified under the assumption 

that the genes involved in PA biosynthesis are only expressed in biosynthetic active 

tissues. In particular, genes coding for diamine oxidases (DAOs) were examined in 

more detail and will serve as a valuable source for identifying the proposed second 

step of PA biosynthesis, the oxidation of homospermidine. This thesis lays the basis 

for  a  number  of  future  research  questions,  for  example,  if  PA  biosynthesis  in 

Symphytum is catalyzed by the same or different enzymes in the two PA producing 

tissues. In Chapter 3, an alternative experiment, shows to be a promising strategy to 
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test the identified candidate genes. By a proof-of-concept experiment it was possible 

to show that the HSS is essential  for PA biosynthesis for the first  time  in planta. 

Knockdown of HSS in hairy roots of Symphytum revealed that reduced levels of HSS 

resulted in a significant decrease of the predominant PA components. This work is a 

strong encouragement for such experiments with other candidate enzymes and will 

promote future attempts in the identification of PA biosynthesis genes significantly. In 

addition,  Symphytum is  an  important  medicinal  plant  and  used  for  a  number  of 

pharmaceutical  applications.  The generation  of  PA-depleted or  PA-free hairy  root 

specimen  might  be  a  way  to  advance  the  development  of  pharmaceuticals, 

containing Symphytum extracts, for new therapeutic approaches.

Furthermore,  this  thesis  provides  valuable  new  data  for  many  aspects  of  future 

research  in  the  field  of  PA  biosynthesis  but  might  also  help  to  get  a  better 

understanding of pathway evolution in general.
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OUTLOOK

7. OUTLOOK

Some general  aspects  of  the  perspectives  for  future  research were discussed in 

general  in  the  previous  section.  In  this  section,  I  will  give  more  precise 

recommendations for future studies.

7.1.  PA biosynthesis in comfrey (Symphytum officinale)

In  Chapter  1 it  was  shown  that  Symphytum activates  a  second  site  of  PA 

biosynthesis to boost PA content in inflorescences (Kruse et al., 2017). The analysis 

showed that the PA content in inflorescences increased during flower development, 

and significantly decreased in the last analyzed stage. For a complete understanding 

of the ecological function of PA biosynthesis in Symphytum, two questions arise from 

this  observation. First,  it  would  be  important  to  investigate  in  which  parts  of  the 

flowers the PAs accumulate, and second, what happens to the PAs when the PA 

content drops in inflorescences. It has to be clarified if the PAs were metabolized or 

translocated, and, if translocated, where they were transported to. To know where the 

flower accumulates PAs could give a hint on the ecological function. In Chapter 1, it 

was  hypothesized  that  higher  PA  concentrations  in  petals  could  fend  off  nectar 

robbers. To verify this hypothesis, it should be investigated if petals really accumulate 

high  PA concentrations.  According to  the optimal  defense theory  (McKey,  1979), 

reproductive  tissues  are  of  special  importance  for  the  plant  and  need  increased 
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7.1. PA biosynthesis in comfrey (Symphytum officinale)

protection. Several studies have shown that especially young tissues show higher 

concentrations  of  anti-herbivorous toxins  (Zangerl  and Rutledge,  1996;  Ohnmeiss 

and Baldwin,  2000; Pavia et al.,  2002;  McCall and Fordyce, 2010). Following this 

theory, it is also conceivable that other parts of the flower have a higher value for 

reproduction than petals, e.g., the ovary, pistil, or stamens. It might be, that high PA 

concentrations  are  not  important  anymore  when  the  inflorescences  are  withered, 

because  tough  and  dry  tissue  is  of  low  interest  for  herbivores.  Therefore,  the 

concentrations of PAs in the different parts of the flower should be subject of further 

investigations.  It  could  also  be  beneficial  to  know  which  herbivores  feed  on 

Symphytum inflorescences  to  get  a  better  understanding  of  the  ecological 

interactions of Symphytum with herbivores during flowering. Special attention should 

be drawn also on the developing seeds to clarify if and how PAs are removed from 

the flowers and seeds to protect animals that might be involved in seed dispersal, for 

example, seed carrying ants.

7.2.  Heterologous  expression  of  DAOs  and  biochemical 

characterization 

Chapter 2 highlights the identification of enzymes putatively catalyzing the second 

step of PA biosynthesis, presumably diamine oxidases (DAOs). Five different DAO 

enzymes were identified, and those were subject to intensive transcript level analysis 

of PA producing tissues. Two DAO coding genes, namely SoDAO1 and SoDAO5, 

were  classified  as  the  most  promising  candidates.  Subsequently,  it  was  tried  to 

heterologously  express  those  enzymes  for  biochemical  characterization.  After 

optimization of E. coli expression protocols it was possible to express soluble protein 

of  all  identified  sequences,  but  unfortunately  only  SoDAO2 and 3  from cluster  II 

(Fig. 4.,  Chapter 2) were expressed in active form reproducibly in  E. coli. This tree 

cluster contains also sequences from the peroxisomal  N-methylputrescine oxidase 

(MPO) from Nicotiana tabacum and a peroxisomal localized DAO from Arabidopsis 

thaliana.  Both  were  expressed  in  active  form  in  E. coli as  it  was  observed  for 

SoDAO2 and 3. It might be that other DAOs, clustering with other secretory localized 

DAOs, need different expression conditions. It was shown that a secretory DAO from 

Pisum  sativum was  successfully  expressed  in  active  form  in  Pichia  pastoris 

(Koyanagi et al., 2000). For the expression of the hitherto inactive DAOs (SoDAO1 

and SoDAO5), a switch to the eukaryotic expression system (Pichia pastoris) was 
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already initiated. Vectors for the expression of SoDAO1 and SoDAO5 are prepared 

and  should  be  used  in  following  experiments,  offering  different  strategies  for 

expression in miscellaneous Pichia strains. It was shown, that the expression in yeast 

and subsequent  measurements of  enzyme activity without  intensive purification in 

yeast  extracts  could  be sufficient  to  measure enzyme activity,  as  it  was done to 

analyze  the  activity  of  cytochrome  P450  monooxygenases  in  microsomes 

(Glawischnig et al., 1999; Hamann and Møller, 2007). Even though, some authors 

outlined  how  to  reconstitute  a  complete  pathway  in  yeast  (Pyne  et  al.,  2016). 

Nonetheless,  the  expression  in  E. coli should  be  repeated  to  find  out  if  further 

variations of the expression and purification conditions could result in active proteins. 

Preliminary,  not  reproduceable  expression  experiments  in  E. coli with  SoDAO1 

showed  trace  activities  with  homospermdine,  which  should  encourage  further 

investigations. It might be beneficial to test an array of buffer conditions that fit to the 

predicted subcellular localization. 

7.3.  Localization of HSS and DAOs by fusion with fluorescent 

proteins

An interesting aspect is that homospermidine accumulates after synthesis when it is 

not incorporated into PAs (Böttcher et al., 1993; Böttcher et al., 1994; Frölich et al., 

2007), therefore,  has  to  be  protected  from  enzymatic  decay  or  excretion.  The 

candidates for  a  PA-specific  DAO are predicted to  have a signal  peptide  for  the 

secretory  protein  pathway  (Suppl. Tab. 1,  Chapter  2).  Other  DAOs  are  either 

predicted to possess also a secretory signal peptide (SoDAO4), to be localized in the 

chloroplast (SoDAO3), or the peroxisome (SoDAO2) (Suppl. Tab. 1, Chapter 2). The 

HSS has no detectable signal peptide or sorting signal. It was localized in the cytosol 

of HSS expressing cells by immunolocalization (Moll et al., 2002; Anke et al., 2004; 

Niemüller et al., 2012; Kruse et al., 2017). This raises the question where the second 

step of  PA biosynthesis  is  localized and sets up the need for  a homospermidine 

transport  into one of  the possible  organelles.  It  is  established,  that  the  secretory 

pathway can guide proteins, for example, to the vacuole (Rojo and Denecke, 2008). 

Ehmke et al. (1987; 1988) hypothesized a PA specific transporter for the import of PA 

N-oxides  into  the  vacuole  which  makes  it  unlikely  that  PAs  are  synthesized  in 

vacuoles, but could explain the accumulation of homospermidine when downstream 

reactions are inhibited or HSS is expressed in a non-PA-producing plant (Böttcher et 
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7.3. Localization of HSS and DAOs by fusion with fluorescent proteins

al., 1993; Frölich et al., 2007; Abdelhady et al., 2009). Co-localization of HSS with the 

respective  DAOs  could  be  a  way  to  entangle  the  different  possibilities  of  the 

subcellular localization of PA biosynthesis. As an easy and widely used method, the 

generation of fusion constructs with fluorescent proteins (green fluorescent protein, 

GFP; yellow fluorescent protein, YFP; red fluorescent protein, RFP)  (Shaner et al., 

2005;  Giepmans et  al.,  2006) could  be a convenient  way to validate  or  rule  out 

existing  models  for  the  PA  pathway  localization.  As  suitable  techniques  for  first 

experiments,  I  recommend the ballistic  transformation of  epidermal  cells  of  onion 

peels or the PEG-mediated transformation of tobacco protoplasts with appropriate 

fusion proteins. Subsequent confocal laser scanning microscopy could reveal new 

insights into the localization of the different proteins. The site of protein localization 

could  also  give  hints  to  adjust  the  heterologous  expression  protocols  to  fit  the 

respective properties of the organelle.

7.4.  Generation of hairy root DAO knockdown mutants

Chapter  3 describes  a  successful  proof-of-concept  experiment  proving  the 

involvement of HSS in PA biosynthesis. The suppression of HSS by RNAi-mediated 

gene silencing resulted in a decrease of PA content in the analyzed mutants. This is 

a  strong  encouragement  for  further  experiments  using  RNAi  to  downregulate 

candidate genes of PA biosynthesis. As of the two candidate DAOs (SoDAO1 and 5), 

only  SoDAO5 is  expressed in  roots,  this  enzyme should be investigated in  more 

depth. Plant binary vectors containing constructs that result in the formation of double 

stranded hairpin RNA of SoDAO5 were cloned in the course of this thesis and should 

be  tested  in  following  experiments.  Two  different  constructs  were  designed  that 

contain in one case a 110 bp long part of the coding region and in another case a 

180 bp long part of the 3’ untranslated region of SoDAO5. Both constructs should be 

used for the generation of  Symphytum hairy root mutants and following growth in 

highly standardized conditions in liquid media.  Subsequently,  the homospermidine 

and PA content should be analyzed in comparison to parallel grown wild type hairy 

roots in order to determine an effect on PA biosynthesis. In the case that no suitable 

heterologous  expression  system  can  be  established  for  the  identified  diamine 

oxidases, this strategy could be a valuable alternative to prove their function as the 

postulated homospermidine oxidase.
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