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Crassocephalum crepidioides is an African orphan crop that is used as a leafy vegetable
and medicinal plant. Although it is of high regional importance in Sub-Saharan Africa, the
plant is still mainly collected from the wild and therefore efforts are made to promote its
domestication. However, in addition to beneficial properties, there was first evidence that
C. crepidioides can accumulate the highly toxic pyrrolizidine alkaloid (PA) jacobine and
here it was investigated, how jacobine production is controlled. Using ecotypes from
Africa and Asia that were characterized in terms of their PA profiles, it is shown that the
tetraploid C. crepidioides forms jacobine, an ability that its diploid close relative
Crassocephalum rubens appears to lack. Evidence is provided that nitrogen (N) deficiency
strongly increases jacobine in the leaves of C. crepidioides, that this capacity depends
more strongly on the shoot than the root system, and that homospermidine synthase
(HSS) activity is not rate-limiting for this reaction. A characterization of HSS gene
representation and transcription showed that C. crepidioides and C. rubens possess two
functional versions, one of which is conserved, that the HSS transcript is mainly present
in roots and that its abundance is not controlled by N deficiency. In summary, this work
improves our understanding of how environmental cues impact PA biosynthesis in plants
and provides a basis for the development of PA-free C. crepidioides cultivars, which will
aid its domestication and safe use.

Keywords: alkaloids, domestication, ebolo, genome, neglected crop, nutrients, Yoruba bologi, fireweed

INTRODUCTION

The availability of food is dependent on a few crops only. Estimates suggest that today 15
species provide 90% of the world’s food and plant-based energy (Gruber, 2017). While major
crops are widely cultivated, their productivity depends on large resource inputs, since they
were bred for performance in high input cropping systems (Fess et al., 2011). In addition to
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the major crops, hundreds of plants exist that have served as
food sources for centuries or even millennia but are minor
in terms of global trade and the research attention they receive
(Heywood et al., 2013; Gruber, 2017). These underutilized or
orphan crops can promote better nutrition, particularly in
developing regions of the world, and help to optimize land
resources by cultivating soils that are marginal or unsuitable
for major crop production (Pingali, 2012; Jain and Gupta, 2013).

Many orphan crops are wild or semi-wild species with crop-
like traits for which neither seed supply systems exist nor
cropping schemes have been established (FAO, 1999; Jain and
Gupta, 2013). Moreover, tools and methodology for plant
breeding and molecular genetics that could facilitate approaches
for faster domestication are underdeveloped. To improve the
situation, the African Orphan Crops Consortium was founded,
an initiative that aims to generate genetic resources, including
whole genome sequences for 101 traditional food crops with
high importance for Africa (Hendre et al, 2019; Jamnadass
et al., 2020). The plant list mainly contains fruit and vegetable
crops, one of which is Crassocephalum rubens.

Crassocephalum rubens and its close relative C. crepidioides
belong to the plant family Asteraceae (Pelser et al., 2007).
They are leafy vegetables and medicinal plants native to
tropical Africa but grow throughout tropical and sub-tropical
regions of the world. Depending on the region, various names
exist, which usually refer to both species. In Africa common
names are Yoruban bologi, ebolo (Nigeria), or gbolo (Benin).
English names are redflower ragleaf and fireweed. The plants
have interesting nutritional and medicinal properties, since
they are rich in minerals, essential oils, and antioxidants
(Adjatin et al,, 2013a; Oyebode et al., 2019).

Despite their value in Western and Central Africa,
Crassocephalum species are not regularly cultivated but are
still mainly harvested from the wild. When cultivated and
repeatedly harvested yields of C. crepidioides can reach 25-27 t/ha
of leaves and shoots per year (Grubben, 2004). These
biomass gains are achieved even in marginal conditions, to
which the plant is well-adapted, and thus efforts are made to
promote its wider cultivation and consumption (Joshi, 2011;
Adjatin et al., 2013b).

However, in addition to beneficial properties, there is
evidence that C. crepidioides can accumulate the pyrrolizidine
alkaloid (PA) jacobine (Rozhon et al., 2018). PAs are
heterocyclic compounds synthesized by plants, that are part
of the chemical defense system against herbivores (Macel,
2011; Wei et al., 2015). Estimates suggest that approximately
6,000 plant species worldwide, comprising 3% of all the
flowering plants, produce these secondary metabolites. In
particular members of the Asteraceae, Boraginaceae,
Heliotropiaceae, Apocynaceae, and some genera of the
Orchidaceae are PA-producers (Ober and Hartmann, 2000).

While PAs themselves are chemically unreactive, they can
be bioactivated in the intestinal tract and during transit through
the liver of mammals. This gives rise to highly reactive pyrroles,
which are hepatotoxic and carcinogenic (Ruan et al, 2014).
Venous occlusions in the liver and lung, megalocytosis, inhibition
of cell division, and liver cirrhosis are signs of PA toxicity.

Genotoxic effects have been reported as well, in particular for
1,2-unsaturated PAs such as jacobine (Fu et al., 2002), which
is why the European Food Safety Authority applies the “Margin
of Exposure” approach and recommends a dose limit of 0.007 mg
PA/kg b.w./day (EFSA Panel on Contaminants in the Food
Chain, 2011). In industrialized countries, in addition to intake
of PA-containing herbs (when present in teas, herbal infusions,
or food supplements) in particular carry-over of PAs from
feed to milk of animals and from pollen to honey is of concern
(Dusemund et al., 2018; Mulder et al., 2018).

Albeit their importance as food and feed contaminants
and for plant defense reactions, relatively little is known about
PA biosynthesis. PAs are produced from homospermidine,
which is formed by homospermidine synthase (HSS), a
putrescine:putrescine 4-aminobutyl-transferase that catalyzes
the first dedicated and essential reaction in PA biosynthesis
(Ober and Hartmann, 1999). PAs biosynthesis then proceeds
by largely unknown means but certainly involving esterification
of necine acids with a necine base. On the basis of the
necine bases, PAs are classified into three types: the retronecine-
type, the otonecine-type, and the platynecine-type and can
occur in free or as N-oxides bound forms (Schramm et al.,
2019b). The toxic potencies of these PAs vary significantly
with retronecine-type PAs being most toxic for mammals
(Ruan et al., 2014) and jacobine belongs to this class. It has
high acute toxicity and strong mutagenic capacity and is
therefore of particular concern when present in the food
chain (Mulder et al., 2018).

Here, we used C. rubens and C. crepidioides ecotypes from
Africa and Asia to show that jacobine is produced by different
C. crepidioides accessions, an ability that the studied C. rubens
accessions lacked. Evidence is provided that jacobine formation
in C. crepidioides is dependent on shoots and is induced by
nitrogen (N) deficiency, a regulatory effect that occurs down-
stream of HSS. HSS encoding genes were cloned and characterized
to facilitate approaches for the development of PA-free
C. crepidioides cultivars, which are discussed.

MATERIALS AND METHODS

Plant Material

Seeds of two C. rubens and one C. crepidioides ecotypes were
obtained from the Millenium Seed Bank (MSB) at Kew Royal
Botanic Gardens (Kew, United Kingdom) and have the following
MSB serial numbers: C.r.Mali (no. 440626), C.r.Burkina Faso
(no. 320148) and C.cNepal (no. 31170). Crassocephalum
crepidioides accession Ilé-Ifé from Nigeria was described
previously (Rozhon et al., 2018). Crassocephalum crepidioides
accession C.c.Osogbo was collected in Osogbo, Nigeria and
accession C.r.Thailand was obtained from Thailand.

Phylogenetic Analysis

To confirm the identity of the accessions and conduct a
phylogenetic analysis, the chromosomal internal transcribed
spacer (Blattner, 1999) and the trnL-trnF spacer of the chloroplast
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(Taberlet et al., 1991) were amplified by PCR using the primer
pairs trnL fwd/trnF rev and ITS-A/ITS-B, respectively (for
sequences of all the primers used in this study, see
Supplemental Table 2). The amplicons were purified and
sequenced, and the sequences were aligned. Neighbor joining
trees were calculated with MEGA X (Kumar et al., 2018).

Analyses of Genome Size and
5-Methylcytosine Content

Absolute nuclear DNA contents (pg/2C) were determined
using nuclei isolated from greenhouse-grown plants.
Approximately 0.5 cm? of this young leaf material was chopped
in 400 pl of the nuclei isolation buffer (Kit: CyStain PI
Absolute P; Sysmex Deutschland GmbH, Norderstedt, Germany)
together with 0.5 cm?” young leaf tissue of the internal standards,
i.e., Pisum sativum cultivar ‘Viktoria, Kifejto Borso’ (9.07 pg/2C,
Genebank IPK Gatersleben acc. no. PIS 630). The resulting
suspension was incubated for 2 min, filtered (30 pm Celltric
filters; Sysmex), and mixed with 1,600 pl of the staining
solution of the kit (CyStain PI Absolute P; Sysmex) containing
propidium iodide. After 1 h dark incubation on ice, the
samples were analyzed in the flow cytometer (CyFlow Ploidy
Analyzer; Sysmex Partec GmbH, Miinster, Germany).
Measurements were taken on at least three different dates
aiming at a minimum number of 2,000 particles in the main
peaks of both species. Per accession, DNA contents of 3-5
seedlings were determined, each with 3-7 replicates prepared
with independently collected leaf material. For the estimation
of the nuclear DNA contents, the sample mean G0/G1 peak
position was divided by the standard mean GO0/G1 peak
position and multiplied by the DNA content of the standard
(pg/2C). Genome size was calculated from the DNA content
according to Dolezel et al. (2003) using the conversion factor
0.978. The 5-mdC content was measured as described previously
(Rozhon et al., 2008).

Growth Conditions in Soil

For growth in soil, plants were cultivated in growth chambers
(Bright Boy; CLF Plant Climatics, Wertingen) or the greenhouse
at 22 + 2°C and cycles of 16 h white light (80 pmol m™s7')/8 h
dark. Four commercially available substrates with different
nutrient composition were used: CL ED73 and SP ED63 P
(Patzer GmbH and Co. KG, Sinntal-Altengronau, Germany)
as well as D400 and C700 with Cocopor® (Stender AG,
Schermbeck, Germany). For substrate experiments, six 4-week-
old seedlings per treatment group, pre-grown on SP ED63 P
substrate, were transplanted individually into 9.5-cm plastic
pots containing equal volumes of the different substrates and
were grown for another 8 weeks until analysis.

For the time course experiment of nitrogen starvation,
4-week-old C.clle-Ife seedlings, pre-grown on SP ED63 P
substrate, were transplanted into pots containing 160 g of Low
Nutrient Pond Soil (COMPO SANA®; COMPO GmbH, Miinster,
Germany) and grown for another 3 weeks. To each pot an
ammonium nitrate solution was then added, to obtain 150 or
500 mg N/kg substrate, respectively. Additionally, 20 ml of a

basic nutrient solution (22 g/L KH,PO,, 16.2 g/L MgSO,-7
H,O, 11.7 g/L CaCl,2 H,O (only for the second application),
3.98 g/L FeSO,-7 H,0, 985 mg/L MnSO,-H,0, 157 mg/L CuSO,-5
H,O, 176 mg/L ZnSO,7 H,O, and 46 mg/L H;BO;) were
supplied. The nitrate treatment started at 7 weeks post-
germination and was performed two times, in 2-week intervals.
Leaf material was harvested after the last nitrate treatment
from 3 to 4 individual plants per treatment group (low N
and high N) in 3-4 biological replicates, 7, 14, 21, and 28 days
after the last fertilization and HPLC measurements were
carried out.

Hydroponic System for N and K Starvation

Experiments

The hydroponic system is shown in Supplementary Figure 1.
It consisted of a growth box with a size of
28 cm x 19 cm x 14 cm and a corresponding lid with six
holes, equipped with mesh net pots filled with cylindrical foam
sponge blocks (Du Yang, Shenzhen, China). Each hydroponic
box was used for cultivation of six plants in 4-L liquid medium,
which was exchanged twice a week. Constant aeration of the
medium was provided with air stones attached to an air pump
(Supplementary Figure 1).

For nutrient starvation experiments 3-week-old seedlings,
pre-grown in SP ED63 P, were transplanted to the hydroponic
tanks and cultivated in % MS medium (Murashige and Skoog,
1962) for another 3 weeks before %2 MS was exchanged with
a modified Hoagland medium (Hoagland and Arnon, 1938).
After exchange of the medium, the plants were grown for
another 3 weeks in the tanks, before the PA composition was
analyzed from 3 individual plants in three biological repeats.

The Hoagland medium was composed of 1.25 mM K,SO,,
2.5 mM Ca(NOsy),, 6.8 pM CjH;,N,NaFeOy, 0.5 mM MgSO,,
0.125 mM KH,PO,, 11.56 pM H;BO;, 2.29 pM MnCl,, 0.19 pM
ZnSO,, 0.05 pM CuSO,, and 0.09 pM Na,MoO,
dissolved in deionized water, contained 4.28 g MES
(4-morpholineethanesulfonic acid), and had the pH adjusted
to 5.8 with KOH. Drop-out of nitrate was achieved by replacing
Ca(NOs3), with CaCl,, drop-out of potassium by omitting K,SO,.

Grafting

The grafting procedure was adapted from Melnyk (2017).
Fourteen-day-old seedlings pre-grown on %> MS medium were
transferred to Petri dishes containing two layers of wet filter
papers and one layer of nylon membrane. One cotyledon
was removed and transverse cuts were made through the
hypocotyls below the shoot apical meristem. Dissected shoots
were placed on the top of respective rootstocks to assemble
the grafts. After grafting, Petri dishes were sealed with parafilm
and placed vertically in an incubator in 16 h light/8 h dark
cycles at 22°C. After 7 days successfully grafted plants were
transferred to SP ED63 P substrate. Adventitious roots of
scions were removed regularly in their early stage to maintain
the desired rootstock identity. Grafted plants were cultivated
in substrate for another 11 weeks before harvesting leaf tissues
for analyses.
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Analysis of Metabolites and Minerals in
Leaf Tissue and Soil

Jacobine was measured as described previously (Rozhon
et al.,, 2018). Quantification of total retronecine was adapted
from Kempf et al. (2008) and is described in detail in the
Supplementary Information. Polyamines were quantified
by HPLC after derivatization with dansyl chloride (details
are also given in the Supplementary Information). Nitrate
was quantified by ion-pair chromatography as described
previously (Schramm et al., 2019a). For analysis of minerals
homogenized frozen plant material was weighed into a quartz
crucible and incinerated at 500°C for 5 h. The ash was
dissolved in 1 ml 1 M nitric acid and water was added to
a final volume of 10 ml. For analysis of potassium, the
solution was diluted 1:20 with distilled water and analyzed
by cation exchange chromatography as described previously
(Schramm et al., 2019a). The phosphate content was analyzed
by a modified molybdate method as described in the
Supplementary Information. The growth substrates were
analyzed by Agrolab (Sarstedt, Germany).

Cloning of HSS Genes, Recombinant HSS
Expression, and Enzyme Activity Assays
For cloning HSS from Senecio jacobaea, RNA was isolated
from S. jacobaea roots and cDNA was generated from 2 pg
RNA using the RevertAid H minus first strand cDNA synthesis
kit (Thermo Fisher Scientific, Waltham, MA, United States).
This cDNA was used as a template for the amplification of
HSS coding sequences using the primer pair P70/P71 (Reimann
et al., 2004; for all primer sequences, see Supplementary Table 1).
Cloning in pRSET-A and sequencing revealed three
SjHSS versions that differed only by a few amino acids in
non-conserved regions.

For cloning of CcHSS, DNA was isolated from young
C. crepidioides Ile-Ife leaves and PCR reactions performed
using the degenerated primer pairs SxHSS fwd1/SxHSS revl
and SxHSS fwd2/SxHSS rev2 that were designed to bind
to the most conserved parts of known HSS genes of the
Senecioneae. Both yielded amplicons with a size of
approximately 1 kb. Sequencing confirmed homology to the
HSS gene of S. jacobaea. Using these sequences, primers
were designed for 5-RACE (primers CcHSS 5'-RACE 1, 2,
and 3) and 3'-RACE (primers CcHSS 3'-RACE 1, 2, and
3). The template cDNA was prepared as described above
using RNA isolated form C. crepidioides Ile-Ife roots. 5'-RACE
and 3'-RACE were performed as described previously (Scotto-
Lavino et al., 2006a,b). The obtained sequences were deposited
in the EMBL or GenBank nucleotide sequence database
with the following accession numbers: C.c.Ile-Ife_HSSI,
LR999447; C.c.lle-Ife_HSS2, LR999448; C.c.Nepal HSSI,
LR999449;  C.c.Nepal_HSS2, LR999450; C.r.Burkina_
Faso_HSS2, MZ275249; C.r.Mali_HSS2, MZ275250; S.j_HSS2,
LR999444; and S.j_HSS3, LR999445. These sequences were
aligned with the sequences of HSS orthologues of S. jacobaea
(HSS1, AJ704850), Senecio vulgaris (HSS, AJ251500), and
Senecio vernalis (HSS1, AJ238623; HSS2, AJ704849) retrieved

from the NIH GenBank,' and a neighbor joining tree was
calculated with bootstrap test (1,000 replicates) using MEGA
X (Kumar et al., 2018).

The coding HSS sequences were cloned into the pRSET-A
vector (Thermo Fisher Scientific) to produce His-tagged
versions. These constructs were transformed in Escherichia
coli BL21 and expression of His-tagged proteins induced by
addition of IPTG to a final concentration of 1 mM. The
proteins were purified using HisPur™ cobalt resin (Thermo
Fisher Scientific) as recommended by the manufacturer.
Enzymatic activity assays were carried out in 50 pl reactions
containing 1 pg of recombinant HSS fusion protein, 25 pl
TEA-buffer (100 mM, adjusted to pH 9.5 with phosphoric
acid), 1 pl EDTA (5 mM), 1 pl DTT (50 mM), 2 pl putrescine
(1 mM), 2 pl spermidine (1 mM), and 2.5 pl NAD" (25 mM).
Reactions were incubated for 1 h at 30°C and stopped by
the addition 100 pl 2 M sodium carbonate. Polyamines were
derivatized and concentrations were measured as described
in the Supplementary Information.

Quantitative PCR Analyses

For quantitative PCR (qPCRs) RNA was isolated from respective
samples with the E.ZN.A. Plant RNA Kit (Omega Bio-tek,
Norcross, GA, United States), and cDNA was synthesized with
the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific, Waltham, MA, United States). qPCRs were carried
out with the Mastercycler RealPlex2 (Eppendorf, Hamburg,
Germany) as described previously (Unterholzner et al., 2015).
In brief, PCR reactions contained 2 pl cDNA, the primer pair
CcHSS1+2 fwd/CcHSS rev for HSSI+2 analysis and a SYBR
green master mix (Nippon Genetics Europe, Diiren, Germany).
As a reference gene C. crepidioides glyceraldehyde-3-phosphate-
dehydrogenase C2 (CcGAPC2) was used (He et al., 2016) and
amplified with the primer pair CcG.

Statistical Analyses

Statistical significance was determined with one-way ANOVA
followed by Tukey’s HSD tests. Significant differences at p < 0.05
are indicated with different letters. Details on the numbers of
replicates are given in the respective figure legends.

RESULTS

Isolation of Crassocephalum crepidioides
and Crassocephalum rubens Ecotypes
That Differ in Vegetative Development and
Genome Composition

Previously, we have shown that a C. crepidioides accession from
Ié-Ifé in Nigeria (C.c.Ile-Ife) can accumulate jacobine but does
not form any other senecionine-type PAs (Rozhon et al., 2018).
To investigate, if the ability to form jacobine is ecotype-specific
and address, whether differences in jacobine accumulation
between C. crepidioides and C. rubens occur, we obtained three

'www.ncbi.nlm.nih.gov/genbank
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additional C. crepidioides ecotypes, from Nepal (C.c.Nepal),
Thailand (C.c.Thailand) and Osogbo in Nigeria (C.c.Osogbo),
and two accessions of C. rubens, from Mali (C.r.Mali) and
Burkina Faso (C.r.Burkina Faso). A phylogenetic analysis, based
on ITS and trnL-trnF sequences, showed that, as expected,
Asian and African C. crepidioides and C. rubens accessions
were most strongly related (Supplementary Figures 2A,B).

A rough phenotypic comparison of these ecotypes showed
that plants of C. crepidioides were generally larger than C. rubens
and formed more leaves (Supplementary Figure 2C), before
entering the generative stage. Moreover, the vegetative growth
phase, defined as the time from seed germination to first flower
buds developing, was significantly prolonged in the African
C. crepidioides ecotypes, which took approximately 72 days
until flowering and approximately 110 days until seed dispersal
(Supplementary Figure 2D). In addition, the African accessions
formed more leaves, which were also more serrated
(Supplementary Figures 2C,D). Since the two African and
Asian C. crepidioides ecotypes had comparable phenotypic
characteristics, we focused on one African (C.c.Ile-Ife) and
one Asian line (C.c.Nepal) for the subsequent work.

To compare the genetic make-up of the ecotypes the
chromosome numbers and genome sizes were determined. In
general, the genus Crassocephalum has a basic chromosome
number of n = 10 (Oyelakin and Ayodele, 2013). C.c.Ile-Ife
contained 40 chromosomes (Rozhon et al., 2018), which indicated
tetraploidy, and was in line with previous reports (Vanijajiva
and Kadereit, 2009; Oyelakin and Ayodele, 2013). The ploidy
level of C. rubens was described as diploid (Oyelakin and
Ayodele, 2013). To verify this for the additional ecotypes,
chromosomes were counted in root tip cells. This showed that
C.c.Nepal, like C.c.Ile-Ife, contained 40 chromosomes, whereas
the two C. rubens ecotypes C.rMali and C.rBurkina Faso
contained 20 (Supplementary Figure 2E), confirming x = 10
and tetraploid and diploid states, respectively. In both species,
chromosomes were acrocentric or submetacentric and small
(Supplementary Figure 2E).

To determine the genome sizes, flow cytometry measurements
were conducted. The mean 2C value of C.c.Ile-Ife and C.c.Nepal
was 12.4 pg, which implies a genome size of approximately
12.1 Gbp. The genomes of the two C. rubens accessions C.r.Mali
and C.r.Burkina Faso had 2C values of 6.1 pg
(Supplementary Table 2). For a further comparison of the
genome composition, the level of 5-mdC DNA methylation
was determined, which impacts trait expression and plasticity.
The results showed that the 2-week-old seedlings of C. crepidioides
and C. rubens had a similar 5-mdC content of approximately
30 and 31.5 mol%, respectively (Supplementary Table 2).

Nitrogen Starvation Increases Jacobine in
Leaves of Crassocephalum crepidioides,
But Not of Crassocephalum rubens

Jacobine is synthesized in the PA biosynthetic pathway, where
the formation of homospermidine from the polyamines
spermidine and putrescine by HSS is the first essential reaction
(Figure 1A). Since previously we had found that growth

conditions impact levels of jacobine in C.c.Ile-Ife (Rozhon
et al, 2018), we speculated that the substrate type and in
particular the supply with nutrients may be relevant. To test
this, four different growth substrates with different nutrient
content were used. Plants grown on the substrates D400 and
SP ED63 P, which are low in nitrate (Supplementary Table 3),
developed clear symptoms of N deficiency (Ueda et al., 2017;
Yang et al., 2018), including stunted growth, chlorotic leaves
and anthocyanin accumulation (Figure 1B). In line, an analysis
of leaf tissues showed that these plants were nitrate-deficient,
whereas they had similar contents of potassium (K) and
phosphorus (P; Supplementary Figure 3). The N deficiency
was correlated with an enhanced accumulation of free jacobine
in leaves of the two C. crepidioides lines C.c.Nepal and
C.clle-Ife. Interestingly, both C. rubens accessions did not
form jacobine on any of the substrates used, with jacobine
levels being below the detection limit of 4 nmol/g Fw
(Figure 1C).

To assess, if the jacobine increase may result from increases
in up-stream precursors, we measured the levels of spermidine,
putrescine, and homospermidine in the same plants. This showed
that the concentrations of none of these polyamines increased
in response to low N, but, on the contrary, spermidine and
putrescine were clearly decreased. Interestingly, while unable
to form jacobine, C. rubens ecotypes did form homospermidine,
albeit at low concentrations, indicating that it is not HSS
expression or activity, which restricts jacobine synthesis in
C. rubens (Figure 1D).

To further verify, if N depletion induces jacobine formation
in C. crepidioides leaves, a time course experiment was carried
out with C.cIle-Ife. Plants were grown in a low nutrient
pond soil supplemented with nutrients. N was added to this
growth substrate in form of ammonium nitrate (NH,NO;)
in two doses, namely a total of 150 mg N/kg DW or 500 mg/
kg DW, which were added in aliquots, the first after planting
of the seedlings and the second 2 weeks later. Subsequently,
samples were collected at 7, 14, 21, and 28 days after the
last ammonium nitrate addition and jacobine and polyamine
precursors were measured in leaf tissues. This confirmed
that free jacobine concentrations strongly increased, whereas
levels of homospermidine and spermidine decreased, when
the supply of nitrate dropped (Figure 2). Therefore, in
summary these data substantiate that N starvation induces
jacobine accumulation in C. crepidioides and suggest that
homospermidine formation is not rate-limiting for
this reaction.

An Impact of N Depletion on Jacobine
Accumulation Occurs Down-Stream of
HSS

There is little evidence that N deficiency can induce PA
biosynthesis as yet. In Senecio species, increased NPK fertilization
decreased PA concentrations in shoots (Vrieling et al., 1993;
Vrieling and van Wijk, 1994; Hol et al., 2003; Kirk et al,
2010); however, which nutrient accounted for these effects had
remained unknown. To conclusively assess, whether it is N
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FIGURE 1 | Leaves of Crassocephalum crepidioides, but not of Crassocephalum rubens, accumulate jacobine, which is promoted by growth on low nitrate substrate.
(A) Tentative PA biosynthetic pathway required for the biosynthesis of jacobine (modified from Schramm et al., 2019b). PAs and up-stream precursors analyzed are
marked in red. Unknown enzymes are labeled with? (B) Representative 8-week-old plants of the Crassocephalum crepidioides ecotype Nepal, grown on the indicated
growth substrates in long-day growth conditions at 22 + 2°C. (C) Amount of free jacobine in leaves of 8-week-old plants of Crassocephalum crepidioides and
Crassocephalum rubens (grown as in B) measured from six plants. Nutrient analyses showed that D400 and SP ED63 P are low in nitrate, C700 has medium nitrate
and CL ED73 has high nitrate levels (soluble nitrate concentrations are shown in the legend; for details on all nutrients see Supplementary Table 1). (D) Amounts of
the polyamines spermidine, putrescine, and homospermidine in leaves of plants grown as in (B). The columns and bars represent the average and standard error of six
independent replicates. Statistically significant difference at p < 0.05 of results between substrates (within individual species) is indicated with different letters and was
determined with one-way ANOVA followed by Tukey’s HSD test [jacobine: C.c.Nepal (ANOVA F3,20 = 7.251, p = 0.002), C.c.lle-lfe (ANOVA F3,20 = 11.199,

p =0.0002); spermidine: C.c.Nepal (ANOVA F3,20 = 8.482, p = 0.001), C.c.lle-Ife (ANOVA F3,20 = 37.897, p < 0.0001), C.r.Burkina Faso (ANOVA F3,19 = 9.375,

p =0.0005), C.r.Mali (ANOVA F3,20 = 23.154, p < 0.0001); putrescine: C.c.Nepal (ANOVA F3,20 = 31.576, p < 0.0001), C.c.lle-Ife (ANOVA F3,20 = 31.307,

p < 0.0001), C.r.Burkina Faso (ANOVA F3,19 = 8.016, p = 0.001), C.Mali (ANOVA F3,20 = 42.433, p < 0.0001); homospermidine: C.c.Nepal (ANOVA F3,20 = 0.226,
p =0.877), C.c.lle-lfe (ANOVA F3,20 = 10.980, p = 0.0002), C.r.Burkina Faso (ANOVA F3,19 = 16.822, p < 0.0001), C.rMali (ANOVA F3,20 = 14.753, p < 0.0001)].
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FIGURE 2 | Nitrogen starvation yields strong increases of jacobine in Crassocephalum crepidioides leaves. C.c.lle-Ife plants, grown in low nutrient pond soil, were
fertilized with ammonium nitrate either at a low (150 mg N/kg DW) or at a high dose (500 mg N/kg DW). The nitrate treatment started at 7 weeks post germination
and was performed two times, in 2-week intervals. Leaf samples were taken from 3 to 4 plants per treatment group at the indicated time-points after the last
ammonium nitrate addition and concentrations of free jacobine, spermidine, putrescine, and homospermidine were measured by HPLC. The columns and bars
represent the average and standard error of 3-4 independent biological replicates. Statistically significant difference of results between time-points and N levels at
p < 0.05 is indicated with different letters and was determined with one-way ANOVA followed by Tukey’s HSD test (jacobine: ANOVA F7,23 = 28.356, p < 0.0001;
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depletion that causes jacobine accumulation, a hydroponic
system was adopted for the species. The system (shown in
Supplementary Figure 1 and Figure 3A) allows for plant
growth in soil-free conditions, targeted delivery of compounds
and individual sampling of shoot and root material.

C.c.Nepal and C.cIle-Ife plants were pre-grown for 3 weeks
in growth substrate and then transferred either to tanks containing
liquid medium with all required nutrients (full) or tanks
containing drop-out medium, which lacked either potassium
(-K) or nitrate (-N). A separate analysis of young leaf and
root tissues showed that free jacobine significantly increased
in response to N deficiency in leaves of both accessions but
was below the detection limit of 4 nmol/g Fw in roots, uncovering
organ specific differences. K deficiency had a significant impact
on jacobine amounts in leaves of C.c.Nepal, but not of C.c.Ile-Ife
(Figure 3B).

In line with the results from soil-grown plants, the levels
of polyamines decreased in response to N deficiency. In contrast,
K deficiency increased polyamines, in particular, putrescine
(Figure 3C; please note the logarithmic scale), which has also
been described for other plant species (Richards and Coleman,
1952; Liu et al.,, 2015). As opposed to free jacobine, polyamines
are present in similar quantities in leaves and roots, showing
that it is not a shortage of these up-stream precursors that
impairs jacobine formation in roots of C. crepidioides.

To further define the sites of N deficiency impact, the
levels of retronecine, a product formed later in PA biosynthesis
(Figure 1A), was determined in the same samples. The
method used allows a quantification of both free and (in
retronecine-derived PAs) bound retronecine. The results of
the analysis showed that, in the leaves of both ecotypes,
total retronecine levels were increased by about 2-fold when
grown in medium without nitrate, which was correlated with
an increase of jacobine by about 2.5-fold (Figures 3B,C).
In contrast, jacobine was not detectable in roots, while total
retronecine was also present, albeit at lower concentrations.
Importantly, total retronecine was responsive to N depletion
in shoots, but not in roots, which implies that the regulatory

impact is shoot-specific. In summary, the impact of nitrate
deficiency on jacobine synthesis occurs down-stream of
homospermidine, likely at the level or down-stream of
retronecine formation.

Jacobine Formation in Crassocephalum
crepidioides Requires Shoot Organs

In principle, PAs can be present in all plant organs, but in
species of the Asteraceae family, such as S. vulgaris (common
groundsel), they are thought to be synthesized exclusively in
roots, and then, as N-oxides, transported via the phloem to
the shoots (Hartmann et al, 1989). Since jacobine was
undetectable in roots (Figure 3B), we intended to test, if the
root system is necessary for jacobine formation in C. crepidioides.
To enable this, we established a grafting system for
Crassocephalum and grafted shoots of the jacobine-producer
C.clle-Ife onto rootstocks of C.r.Mali, which does not form
jacobine. Scions of 2-week-old C.c.Ile-Ife plants were splice
grafted onto rootstocks of C.r.Mali and C.c.Ile-Ife, as a control.
Grafting of C.zMali onto rootstocks of C.c.Ile-ife and C.r.Mali
generated grafts with an opposite composition.

Grafted plants showed signs of stress, such as increased
anthocyanin accumulation and growth retardation, as compared
to non-grafted C. crepidioides plants (Figure 4A). This was
a grafting reaction, since control grafts (shoots joint with
root stocks of the same species) showed the same phenotypes
as the inter-species combinations. Thus, functional grafts had
been generated and measurements of jacobine (both free
and total, which includes its N-oxide) from leaf tissues were
carried out. These showed that leaves of the
C.clle-Ife + C.clle-Ife control grafts, as compared to
non-grafted C. crepidioides plants levels of both free and
total jacobine were significantly increased, showing that
grafting, in addition to causing (other) stress-response
reactions, also stimulated jacobine production. The C. rubens
control grafts, which combined C.r.Mali shoots with C.r.Mali
root stock, also showed stress symptoms, but did not
produce jacobine.

in
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FIGURE 3 | Drop-out of nitrogen increases jacobine and total retronecine, but not polyamines in leaves of hydroponically grown Crassocephalum crepidioides
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F2,6 =91.586, p < 0.0001); putrescine: C.c.Nepal leaves (ANOVA 2,6 = 57.970, p = 0.0001), C.c.lle-Ife leaves (ANOVA F2,6 = 41.215, p = 0.0003), C.c.Nepal
roots (ANOVA F2,6 = 44.225, p = 0.0003), C.c.lle-Ife roots (ANOVA F2,6 = 76.987, p < 0.0001); retronecine: C.c.Nepal leaves (ANOVA F2,6 = 24.150, p = 0.001),
C.c.lle-Ife leaves (ANOVA F2,6 = 5.923, p = 0.038), C.c.Nepal roots (ANOVA F2,6 = 2.696, p = 0.146), C.c.lle-Ife roots (ANOVA F2,6 = 12.140, p =0.008)].

1400 -
leaves 3 roots D full
== -k

O-N

1200
1000
8001 .
6001 ¢
4001

Free jacobine (nmol/g Fw)

200

0 —
C.c.Nepal

b
b
’EE‘ ﬁ n.d. nd. nd. nd. nd. nd.
— T T T T T T T T 1

C.c.lle-Ife

C.c.Nepal C.c.lle-Ife

60 -
leaves

o[

40 -

roots

30 b

20 4

Homospermidine (nmol/g Fw)
o B

C.c.lle-Ife

C.c.Nepal C.c.Nepal C.c.lle-Ife

leaves a roots

10004 &

Retronecine (nmol/g Fw)

N
(<)
o

aafaln

C.c.lle-Ife

0 gy
C.c.Nepal

C.c.lle-ife  C.c.Nepal

Importantly, when the C.c.Ile-Ife roots-stock was replaced
with a C.r.Mali root stock, jacobine levels were clearly decreased
as compared to the C.clle-Ife + C.clle-Ife control grafts,
providing evidence that it is the shoot system that is central
for jacobine formation in C. crepidioides, but also showing
that the rootstock contributes. This was confirmed by analyzing
the grafting combinations in the opposite direction: when
C. rubens contributed the shoot, jacobine was not formed,
even when a C. crepidioides rootstock was avaiflable in the
C.rMali + C.clle-Ife graft (Figure 4B). Therefore, it is mainly
shoot organs that are required for jacobine formation in
C. crepidioides.

In Crassocephalum crepidioides Two HSS
Genes Exist, Which Are Mainly Expressed
in Roots

To further investigate, if a regulatory impact of N deficiency
on jacobine synthesis occurs down-stream of HSS,
we characterized HSS genes of C. crepidioides and C. rubens.
For this purpose, degenerated primers targeting conserved HSS
sequences were used and HSS from all four accessions were
cloned. This revealed that C. rubens and C. crepidioides both
contain two HSS variants, one of which, HSSI, was identical
in both species and a second, HSS2, which slightly differed
(Supplementary Figure 4). A phylogenetic analysis of the
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cloned HSSs with HSS orthologues cloned from other members
of the Senecioneae, showed that, as expected, Crassocephalum
HSSs were more related with each other than with other HSSs
(Supplementary Figure 5).

To study, if the identified HSSs are enzymatically active
and compare their activities to the HSS orthologues of the
PA-producer S. jacobaea (ragwort), His-tagged versions of all
HSSs were cloned, expressed in E. coli, recombinant proteins
were purified and in vitro enzyme assays with spermidine and
putrescine as substrates were carried out. This showed that
all the enzymes produced homospermidine, as well as a
homospermidine by-product 1,3-diaminopropane, with similar
activities in vitro (Figure 5A).

To analyze, if expression of the HSS encoding genes of
C. crepidioides may be controlled by N starvation, expression
analyses from hydroponically grown plants of C.c.Nepal and
C.clle-Ife were performed. As a housekeeping gene GAPC2
was chosen, a gene that is routinely used as reference (He
et al, 2016), which was cloned from C.c.Ile-Ife. Since HSSI
and HSS2 are highly similar, the primers used for qPCRs target
both HSS versions. The results showed that in both ecotypes
of C. crepidioides HSS1+2, while being predominantly expressed
in roots were also detectable in shoots, albeit at low levels
(Figure 5B). We intended to determine HSSI+2 transcripts
levels also following N starvation, however from N-depleted
shoots hardly any RNA with sufficient quality could be extracted,
making qPCR analyses impossible. From N-starved roots, gPCRs
could be performed and showed that HSSI+2 transcript did
not respond to N withdrawal (Figure 5B), providing further
support to the notion that HSS regulation does not account
for the increases in jacobine levels triggered by N starvation
in C. crepidioides.

DISCUSSION

Crassocephalum rubens and C. crepidioides are African orphan
crops that are used as leafy vegetables and medicinal plants
in Sub-Saharan Africa. Crassocephalum crepidioides is particularly
popular in Nigeria and, compared to its diploid close relative
C. rubens, it brings clear benefits in terms of yields, since it
has a prolonged vegetative growth phase and produces higher
amounts of biomass (Adjatin et al, 2013b). These abilities
could relate to the tetraploid nature of the species, since
polyploidy can delay flowering and increase plant vigor (Comai,
2005; Mayfield et al, 2011; Wei et al, 2019). However, also
natural variation in flowering time exists in C. crepidioides:
the African ecotypes analyzed flowered significantly later than
the Asian ones.

In addition to impacting trait plasticity, a well-described
effect of polyploidy is a larger accumulation of secondary
metabolites, including alkaloids (Dhawan and Lavania, 1996;
Gaynor et al,, 2020), and here we show that C. crepidioides
can synthesize the PA jacobine, an ability that C. rubens lacks,
at least in the conditions that were tested. While this may
be an evolutionary advantage for the species (te Beest et al,
2012), it is an anti-nutritional trait when C. crepidioides is
used as a leafy vegetable or medicinal plant. Therefore, as an
essential step in the domestication of this wild crop, jacobine
requires removal, either through specific agricultural practice,
which may be difficult to implement, or genetically,
through breeding.

In this study, we show that N starvation strongly increased
jacobine amounts in C. crepidioides shoots, which are the
consumed plant parts. In general, it is well-established that
nutrient deficiency, like other environmental stress types, can
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FIGURE 5 | HSS1 and HSS2 of Crassocephalum crepidioides are enzymatically active and mainly expressed in roots. (A) Comparison of in vitro activities of HSS1
and HSS2 of Crassocephalum crepidioides with HSS2 of Crassocephalum rubens and HSS versions of Senecio jacobaea. Recombinant, His-tagged proteins were
used in in vitro enzyme assays with spermidine and putrescine as substrates and analyzing formation of spermidine and the by-product 1,3-diaminopropane by
HPLC. The columns and bars represent the average and standard error of 1-5 independent biological replicates. Letters above the bars indicate p < 0.05, ANOVA
; by-product: ANOVA F6,13 = 4.648, p = 0.010). (B) gPCR analyses of
CcHSS1+2 expression in leaves of Crassocephalum crepidioides plants grown hydroponically either in full or in nitrate drop-out medium. The average and standard
deviation of 3 independent biological replicates. Letters above the bars indicate p < 0.05, ANOVA followed by Tukey’s HSD test (ANOVA 5,11 = 15.781,

increase the production of secondary metabolites such as
anthocyanins (Yang et al., 2018), and also C. crepidioides hyper-
accumulates these pigments in response to N deficiency. In
addition, there was already evidence that nutrient availability
can affect alkaloid concentrations. For example, in the legume
Lupinus angustifolius (lupin), which produces the quinolizidine
alkaloid (QA) lupanine, K shortage strongly increased lupanine
levels (Gremigni et al., 2001). These increases were also seen
in ‘sweet lupin’ varieties, that were bred to be QA-free, a
breeding success achieved in the 1970s, which enabled for the
species to become established as a crop (Kaiser et al., 2020).

While PA biosynthesis in C. crepidioides did not strongly
respond to a deficiency in K, it clearly increased when N
deficiency was induced. Such an N impact on PA levels appears
to be species-specific. In Crotalaria, a subtropical genus of the
Fabaceae, N shortage in the growth substrate did not alter
PA levels in above-ground organs. However, it was shown that
N depletion promoted the formation of root nodules, which
host N-fixing symbiotic bacteria, and that PAs were formed
specifically in these nodules (Irmer et al., 2015). In the genus
Senecio, which like Crassocephalum belongs to the Asteraceae
tribe Senecioneae, PA concentrations in leaves were decreased
in response to NPK fertilization (Hol et al., 2003; Kirk et al.,
2010); however, it remained elusive, which nutrients confer
these effects. Here, we show that in C. crepidioides it is a
deficiency in N that increases jacobine and that the regulatory
impact occurs down-stream of HSS, since homospermidine
concentrations were independent from N supply. In fact, levels
of polyamines were decreased by N withdrawal, which could
result from an increased flux through the biosynthetic pathway.

Levels of retronecine, which is formed later in PA biosynthesis,
did also increase in response to N deficiency. However, since
total retronecine was measured, we cannot map the sites of
impact on PA biosynthetic enzymes. PA biosynthesis is largely
unresolved today, but it is clear that some required enzymes

are encoded by members of large gene families, making their
identification difficult. One approach that could be used is
RNA-sequencing of plants challenged with stimuli that induce
PA biosynthetic gene expression. However, a de novo assembly
of RNA-Seq data is very challenging and will be facilitated,
once a reference genome for C. rubens exists. This will also
benefit research and breeding activities for other members of
the Asteraceae, since, although the Asteraceae is the largest
family of vascular plants, which comprises 8% of all plant
species (Anderberg et al., 2007), only five members have been
sequenced yet: horseweed (Erygeron canadensis; Peng et al., 2014),
sunflower (Helianthus annuus; Badouin et al., 2017), artichoke
(Cynara scolymus; Scaglione et al., 2016), lettuce (Lactuca sativa;
Reyes-Chin-Wo et al., 2017), and sweet wormwood (Artemisia
annua; Shen et al, 2018). None of these species belong to
the Senecioneae, which is the largest tribe of the Asteraceae
(Pelser et al., 2007). Genome sizes in the Senecioneae strongly
fluctuate from 0.79-52.3 pg/2C (Vitales et al., 2019), and here
it is shown that C. rubens has a size of approximately 6.1 pg/2C
with 2n = 2x = 20 chromosomes and C. crepidioides a size
of approximately 12.3 pg/2C with a chromosome number of
2n = 4x = 40.

Genome information is also needed for fast-track molecular
breeding approaches, such as genome editing, which could
be used to remove jacobine from C. crepidioides, for example,
through HSS mutation. To facilitate this approach, we cloned
HSS variants from C. rubens and C. crepidioides and show
that HSS is likely present in two copies, both of which are
active, at least in vitro. Interestingly, although the two HSS
versions of C. crepidioides are mainly expressed in roots,
homospermidine was also detected in leaves, which suggests
that it can be translocated from root to shoot organs. While
homospermidine was detectable in both C. crepidioides and
C. rubens, it was present in much lower abundance in leaves
of the latter, which could, at least in part, account for the
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inability of C. rubens to form jacobine. In addition, also other
shoot capacities appear to restrict jacobine formation in C. rubens,
since grafted plants that contained C. rubens shoots were unable
to form the PA, even in the presence of a homospermidine-
producing C. crepidioides root stock. These abilities may include
the production and/or mobilization of additional jacobine
precursors, and there are reports from other non-PA-producing
plants that a translocation of PA N-oxides through the phloem
is a limiting factor in PA formation (Hartmann et al., 1989).

Grafting of C. rubens with C. crepidioides produced vital
plants: they grew and generated leaves, shoots, and flowers,
showing that even in an inter-species combination the grafting
was successful. Both intra- and inter-species grafts showed
signs of stress, including stunted growth and anthocyanin
accumulation, and this is regularly observed (Melnyk and
Meyerowitz, 2015; Gaut et al., 2019). Stress symptoms such
as anthocyanin accumulation were linked with the jacobine
accumulation in both grafted and N-depleted C. crepidioides
plants, and it is therefore possible that the induction of jacobine
formation is part of a general stress responsive pathway utilized
to accumulate PAs.

Avoiding N shortage is one conceivable strategy to produce
low-PA C. crepidioides plants; however, this may be difficult,
if not impossible, to consistently implement in agricultural
systems. Also, since an impact of other factors on PA production
is conceivable, jacobine concentrations would need to
be monitored to ensure safe use and this will constitute a
major challenge for producers in Sub-Saharan Africa.
Alternatively, jacobine-free lines could be generated, for example,
through genetic removal of HSS, and here we generate first
results on HSS sequence, expression, and regulation, to facilitate
this approach. Very recently, it has been shown that this
approach could be feasible since in Symphytum officinale HSS
mutation yielded PA-free plants (Zakaria et al., 2021). However,
it is unclear, if PA-free C. crepidioides varieties may bear
disadvantages, such as reduced herbivore resistance, and while
the fact that C. rubens appears to be PA-free may speak against
it, this would require testing. The establishment of tools of
molecular genetics, such as transformation techniques and
CRISPR/Cas9 genome editing are now required, to address
these biological questions and accelerate the development of
PA-free C. crepidioides cultivars, for the benefit of domestication
and safe use of this wild crop.

REFERENCES

Adjatin, A., Dansi, A., Badoussi, E., Sanoussi, A. F, Dansi, M., Azokpota, P,
et al. (2013a). Proximate, mineral and vitamin C composition of vegetable
Gbolo [Crassocephalum rubens (Juss. Ex Jacq.) S. Moore and C. crepidioides
(Benth.) S. Moore] in Benin. Int. J. Biol. Chem. Sci. 7, 319-331. doi: 10.4314/
ijbes.v7il.27

Adjatin, A, Dansi, A., Yévidé, A. L. S, Agre, A. P, Dansi, M., Akoégninou, A, et al.
(2013b). Agromorphological characterization of Gbolo (Crassocephalum crepidioides
(benth.) S. Moore and C. rubens (Juss. Jacq.) S. Moore), an aromatic herb consumed
as leafy vegetable in Benin. Int. Res. J. Agri. Sci. Soil Sci. 3, 208-218.

Anderberg, A. A,, Baldwin, B. G,, Bayer, R. G., Breitwieser, J., Jeffrey, C., Dillon, M. O.,
et al. (2007). “Compositae,” in Flowering Plants - Eudicots — Asterales. eds.
J. W. Kadereit and C. Jeffrey (Berlin, Heidelberg: Springer), 61-588.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found in the article/
Supplementary Material.

AUTHOR CONTRIBUTIONS

SS, WR, and BP planned and designed the research. SS performed
the grafting. SS and WR did the DNA methylation analysis,
established the hydroponics system, carried out the metabolite
analyses, and did the HSS characterization and qPCR analyses.
YL took part in the HSS cloning. SN took part in the N
depletion experiments on pond soil. AA-B performed the
developmental phenotyping. TW conducted the flow cytometry
measurements. BP wrote the paper with input from SS and
WR. All authors contributed to finalizing the article and
approved the submitted version.

FUNDING

This work was supported by the Deutsche Akademische
Austauschdienst (DAAD Ph.D. fellowship to AA-B). SS and
AA-B were members of the TUM Graduate School.

ACKNOWLEDGMENTS

We thank the Millenium Seed Bank at Kew Royal Botanic
Gardens for seeds of the Crassocephalum accessions used and
the IPK gene bank for seeds of the Pisum sativum reference
standard. Irene Ziegler and Nicolai Kohler are thanked for
technical assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2021.702985/
full#supplementary-material

Badouin, H., Gouzy, J., Grassa, C. J., Murat, E, Staton, S. E., Cottret, L., et al.
(2017). The sunflower genome provides insights into oil metabolism, flowering
and Asterid evolution. Nature 546, 148-152. doi: 10.1038/nature22380

Blattner, F. R. (1999). Direct amplification of the entire ITS region from poorly
preserved plant material using recombinant PCR. Biotechniques 27, 1180-1186.
doi: 10.2144/99276st04

Comai, L. (2005). The advantages and disadvantages of being polyploid. Nat.
Rev. Genet. 6, 836-846. doi: 10.1038/nrgl711

Dhawan, O. P, and Lavania, U. C. (1996). Enhancing the productivity of
secondary metabolites via induced polyploidy: a review. Euphytica 87,
81-89. doi: 10.1007/BF00021879

Dolezel, J., Bartos, J., Voglmayr, H., and Greilhuber, J. (2003). Nuclear DNA
content and genome size of trout and human. Cytometry A 51, 127-128.
doi: 10.1002/cyto.a.10013

Frontiers in Plant Science | www.frontiersin.org

11

July 2021 | Volume 12 | Article 702985


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/articles/10.3389/fpls.2021.702985/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2021.702985/full#supplementary-material
https://doi.org/10.4314/ijbcs.v7i1.27
https://doi.org/10.4314/ijbcs.v7i1.27
https://doi.org/10.1038/nature22380
https://doi.org/10.2144/99276st04
https://doi.org/10.1038/nrg1711
https://doi.org/10.1007/BF00021879
https://doi.org/10.1002/cyto.a.10013

Schramm et al.

Nitrogen Deficiency Induces Jacobine Biosynthesis

Dusemund, B., Nowak, N., Sommerfeld, C., Lindtner, O., Schafer, B., and
Lampen, A. (2018). Risk assessment of pyrrolizidine alkaloids in food of
plant and animal origin. Food Chem. Toxicol. 115, 63-72. doi: 10.1016/j.
fct.2018.03.005

EFSA Panel on Contaminants in the Food Chain (2011). Scientific opinion
on pyrrolizidine alkaloids in food and feed. EFSA J. 9:2406. doi: 10.2903/j.
efsa.2011.2190

FAO (1999). Agricultural biodiversity, multifunctional character of agriculture
and land conference, background paper 1; September 1999; Maastricht,
Netherlands.

Fess, T. L., Kotcon, J. B., and Benedito, V. A. (2011). Crop breeding for low
input agriculture: a sustainable response to feed a growing world population.
Sustainability 3, 1742-1772. doi: 10.3390/su3101742

Fu, P. P, Yang, Y.-C, Xia, Q, Chou, M. W, Cui, Y. Y,, and Lin, G. (2002).
Pyrrolizidine alkaloids-tumorigenic components in Chinese herbal medicines
and dietary supplements. J. Food Drug Anal. 10, 198-211. doi:
10.38212/2224-6614.2743

Gaut, B. S, Miller, A. J., and Seymour, D. K. (2019). Living with two genomes:
grafting and its implications for plant genome-to-genome interactions,
phenotypic variation, and evolution. Annu. Rev. Genet. 53, 195-215. doi:
10.1146/annurev-genet-112618-043545

Gaynor, M. L., Lim-Hing, S., and Mason, C. M. (2020). Impact of genome
duplication on secondary metabolite composition in non-cultivated species:
a systematic meta-analysis. Ann. Bot. 126, 363-376. doi: 10.1093/aob/mcaal07

Gremigni, P, Wong, M. T. E, Edwards, N. K., Harris, D., and Hamblin, J.
(2001). Potassium nutrition effects on seed alkaloid concentrations, yield
and mineral content of lupins (Lupinus angustifolius). Plant Soil 234, 131-142.
doi: 10.1023/A:1010576702139

Grubben, G. J. H. (2004). Plant Resources of Tropical Africa 2: Vegetables. eds.
G. J. H. Grubben and O. A. Denton (Wageningen: PROTA Foundation).

Gruber, K. (2017). Agrobiodiversity: the living library. Nature 544, S8-S10.
doi: 10.1038/544S8a

Hartmann, T., Ehmke, A., Eilert, U, von Borstel, K., and Theuring, C. (1989).
Sites of synthesis, translocation and accumulation of pyrrolizidine alkaloid
N-oxides in Senecio vulgaris L. Planta 177, 98-107. doi: 10.1007/BF00392159

He, Y, Yan, H., Hua, W,, Huang, Y, and Wang, Z. (2016). Selection and
validation of reference genes for quantitative real-time PCR in Gentiana
macrophylla. Front. Plant Sci. 7:945. doi: 10.3389/fpls.2016.00945

Hendre, P. S., Muthemba, S., Kariba, R., Muchugi, A., Fu, Y., Chang, Y, et al.
(2019). African Orphan Crops Consortium (AOCC): status of developing
genomic resources for African orphan crops. Planta 250, 989-1003. doi:
10.1007/500425-019-03156-9

Heywood, V., Fanzo, J., and Hunter, D. (2013). “Overview of agricultural
biodiversity and its contribution to nutrition and health,” in Diversifying
Food and Diets: Using Agricultural Biodiversity to Improve Nutrition and
Health. eds. J. Fanzo, D. Hunter, T. Borelli and F Mattei (London: Earthscan/
Routledge), 35-67.

Hoagland, D. R,, and Arnon, D. I (1938). The water culture method for growing
plants without soil. Univ. Calif. Agr. Exp. Sta. Circ. 347:32.

Hol, W. H. G., Vrieling, K., and Van Veen, J. A. (2003). Nutrients decrease
pyrrolizidine alkaloid concentrations in Senecio jacobaea. New Phytol. 158,
175-181. doi: 10.1046/j.1469-8137.2003.00710.x

Irmer, S., Podzun, N, Langel, D., Heidemann, F, Kaltenegger, E., Schemmerling, B.,
et al. (2015). New aspect of plant-rhizobia interaction: alkaloid biosynthesis
in Crotalaria depends on nodulation. Proc. Natl. Acad. Sci. U. S. A. 112,
4164-4169. doi: 10.1073/pnas.1423457112

Jain, S. M., and Gupta, S. D. (2013). Biotechnology of Neglected and Underutilized
Crops. Berlin, Germany: Springer.

Jamnadass, R., Mumm, R. H., Hale, I., Hendre, P, Muchugi, A., Dawson, I. K.,
et al. (2020). Enhancing African orphan crops with genomics. Nat. Genet.
52, 356-360. doi: 10.1038/s41588-020-0601-x

Joshi, R. K. (2011). Terpene composition of Crassocephalum crepidioids from
Western Ghats region of India. Int. J. Nat. Prod. Res. 1, 19-22.

Kaiser, N., Douches, D., Dhingra, A., Glenn, K. C., Herzig, P. R., Stowe, E. C,,
et al. (2020). The role of conventional plant breeding in ensuring safe levels
of naturally occurring toxins in food crops. Trends Food Sci. Technol. 100,
51-66. doi: 10.1016/j.tifs.2020.03.042

Kempf, M., Beuerle, T., Buhringer, M., Denner, M., Trost, D., von der Ohe, K.,
et al. (2008). Pyrrolizidine alkaloids in honey: risk analysis by gas

chromatography-mass spectrometry. Mol. Nutr. Food Res. 52, 1193-1200.
doi: 10.1002/mnfr.200800051

Kirk, H., Vrieling, K., Van Der Meijden, E., and Klinkhamer, P. G. (2010).
Species by environment interactions affect pyrrolizidine alkaloid expression
in Senecio jacobaea, Senecio aquaticus, and their hybrids. J. Chem. Ecol. 36,
378-387. doi: 10.1007/s10886-010-9772-8

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X:
molecular evolutionary genetics analysis across computing platforms. Mol.
Biol. Evol. 35, 1547-1549. doi: 10.1093/molbev/msy096

Liu, J. H.,, Wang, W.,, Wu, H., Gong, X., and Moriguchi, T. (2015). Polyamines
function in stress tolerance: from synthesis to regulation. Front. Plant Sci.
6:827. doi: 10.3389/fpls.2015.00827

Macel, M. (2011). Attract and deter: a dual role for pyrrolizidine alkaloids in
plant-insect interactions. Phytochem. Rev. 10, 75-82. doi: 10.1007/
s11101-010-9181-1

Mayfield, D., Chen, Z. J., and Pires, J. C. (2011). Epigenetic regulation of
flowering time in polyploids. Curr. Opin. Plant Biol. 14, 174-178. doi:
10.1016/j.pbi.2011.03.008

Melnyk, C. W. (2017). Plant grafting: insights into tissue regeneration. Regeneration
4, 3-14. doi: 10.1002/reg2.71

Melnyk, C. W,, and Meyerowitz, E. M. (2015). Plant grafting. Curr. Biol. 25,
R183-R188. doi: 10.1016/j.cub.2015.01.029

Mulder, P. P. ], Lopez, P, Castellari, M., Bodi, D., Ronczka, S., Preiss-Weigert, A.,
et al. (2018). Occurrence of pyrrolizidine alkaloids in animal- and plant-derived
food: results of a survey across Europe. Food Addit. Contam. Part A Chem.
Anal. Control Expo. Risk Assess. 35, 118-133. doi: 10.1080/19440049.2017.1382726

Murashige, T., and Skoog, E. (1962). A revised medium for rapid growth and
bio assays with tobacco tissue cultures. Physiol. Plant. 15, 473-497. doi:
10.1111/j.1399-3054.1962.tb08052.x

Ober, D, and Hartmann, T. (1999). Homospermidine synthase, the first pathway-
specific enzyme of pyrrolizidine alkaloid biosynthesis, evolved from
deoxyhypusine synthase. Proc. Natl. Acad. Sci. U. S. A. 96, 14777-14782.
doi: 10.1073/pnas.96.26.14777

Ober, D., and Hartmann, T. (2000). Phylogenetic origin of a secondary pathway:
the case of pyrrolizidine alkaloids. Plant Mol. Biol. 44, 445-450. doi:
10.1023/A:1026597621646

Oyebode, O. A., Erukainure, O. L., Ibeji, C., Koorbanally, N. A, and Islam, M. S.
(2019). Crassocephalum rubens, a leafy vegetable, suppresses oxidative pancreatic
and hepatic injury and inhibits key enzymes linked to type 2 diabetes: an
ex vivo and in silico study. J. Food Biochem. 43:€12930. doi: 10.1111/jfbc.12930

Opyelakin, A. S., and Ayodele, M. S. (2013). Somatic chromosome counts in
some species of Crassocephalum (Moench.) S. Moore (Asteraceae) in
Southwestern Nigeria. IOSR J. Pharm. Biol. Sci. 7, 49-51. doi:
10.9790/3008-0754951

Pelser, P. B., Nordenstam, B., Kadereit, J. W.,, and Watson, L. E. (2007). An
ITS phylogeny of tribe Senecioneae (Asteraceae) and a new delimitation of
Senecio L. Taxon 56:1077. doi: 10.2307/25065905

Peng, Y, Lai, Z., Lane, T., Nageswara-Rao, M., Okada, M., Jasieniuk, M., et al.
(2014). De novo genome assembly of the economically important weed
horseweed using integrated data from multiple sequencing platforms. Plant
Physiol. 166, 1241-1254. doi: 10.1104/pp.114.247668

Pingali, P. L. (2012). Green revolution: impacts, limits, and the path ahead.
Proc. Natl. Acad. Sci. U. S. A. 109, 12302-12308. doi: 10.1073/pnas.0912953109

Reimann, A., Nurhayati, N., Backenkohler, A., and Ober, D. (2004). Repeated
evolution of the pyrrolizidine alkaloid-mediated defense system in separate
angiosperm lineages. Plant Cell 16, 2772-2784. doi: 10.1105/tpc.104.023176

Reyes-Chin-Wo, S., Wang, Z., Yang, X., Kozik, A., Arikit, S., Song, C., et al.
(2017). Genome assembly with in vitro proximity ligation data and whole-
genome triplication in lettuce. Nat. Commun. 8:14953. doi: 10.1038/ncomms14953

Richards, F. ], and Coleman, R. G. (1952). Occurrence of putrescine in
potassium-deficient barley. Nature 170:460. doi: 10.1038/170460a0

Rozhon, W., Baubec, T., Mayerhofer, J., Mittelsten Scheid, O., and Jonak, C.
(2008). Rapid quantification of global DNA methylation by isocratic cation
exchange high-performance liquid chromatography. Anal. Biochem. 375,
354-360. doi: 10.1016/j.ab.2008.01.001

Rozhon, W,, Kammermeier, L., Schramm, S., Towfique, N., Adebimpe Adedeji, N.,
Adesola Ajayi, S., et al. (2018). Quantification of the pyrrolizidine alkaloid
jacobine in Crassocephalum crepidioides by cation exchange high-performance
liquid chromatography. Phytochem. Anal. 29, 48-58. doi: 10.1002/pca.2713

Frontiers in Plant Science | www.frontiersin.org

July 2021 | Volume 12 | Article 702985


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1016/j.fct.2018.03.005
https://doi.org/10.1016/j.fct.2018.03.005
https://doi.org/10.2903/j.efsa.2011.2190
https://doi.org/10.2903/j.efsa.2011.2190
https://doi.org/10.3390/su3101742
https://doi.org/10.38212/2224-6614.2743
https://doi.org/10.1146/annurev-genet-112618-043545
https://doi.org/10.1093/aob/mcaa107
https://doi.org/10.1023/A:1010576702139
https://doi.org/10.1038/544S8a
https://doi.org/10.1007/BF00392159
https://doi.org/10.3389/fpls.2016.00945
https://doi.org/10.1007/s00425-019-03156-9
https://doi.org/10.1046/j.1469-8137.2003.00710.x
https://doi.org/10.1073/pnas.1423457112
https://doi.org/10.1038/s41588-020-0601-x
https://doi.org/10.1016/j.tifs.2020.03.042
https://doi.org/10.1002/mnfr.200800051
https://doi.org/10.1007/s10886-010-9772-8
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.3389/fpls.2015.00827
https://doi.org/10.1007/s11101-010-9181-1
https://doi.org/10.1007/s11101-010-9181-1
https://doi.org/10.1016/j.pbi.2011.03.008
https://doi.org/10.1002/reg2.71
https://doi.org/10.1016/j.cub.2015.01.029
https://doi.org/10.1080/19440049.2017.1382726
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1073/pnas.96.26.14777
https://doi.org/10.1023/A:1026597621646
https://doi.org/10.1111/jfbc.12930
https://doi.org/10.9790/3008-0754951
https://doi.org/10.2307/25065905
https://doi.org/10.1104/pp.114.247668
https://doi.org/10.1073/pnas.0912953109
https://doi.org/10.1105/tpc.104.023176
https://doi.org/10.1038/ncomms14953
https://doi.org/10.1038/170460a0
https://doi.org/10.1016/j.ab.2008.01.001
https://doi.org/10.1002/pca.2713

Schramm et al.

Nitrogen Deficiency Induces Jacobine Biosynthesis

Ruan, J., Yang, M., Fu, P, Ye, Y., and Lin, G. (2014). Metabolic activation of
pyrrolizidine alkaloids: insights into the structural and enzymatic basis.
Chem. Res. Toxicol. 27, 1030-1039. doi: 10.1021/tx500071q

Scaglione, D., Reyes-Chin-Wo, S., Acquadro, A., Froenicke, L., Portis, E.,
Beitel, C., et al. (2016). The genome sequence of the outbreeding globe
artichoke constructed de novo incorporating a phase-aware low-pass sequencing
strategy of F1 progeny. Sci. Rep. 6:19427. doi: 10.1038/srep25323

Schramm, S., Boco, M. E A. C.,, Manzer, S., Konig, O., Zhang, T., Mony, E. T. Z,,
et al. (2019a). Determination of the [15N]-nitrate/[14N]-nitrate ratio in plant
feeding studies by GC-MS. Molecules 24:1531. doi: 10.3390/molecules24081531

Schramm, S., Kohler, N., and Rozhon, W. (2019b). Pyrrolizidine alkaloids:
biosynthesis, biological activities and occurrence in crop plants. Molecules
24:498. doi: 10.3390/molecules24030498

Scotto-Lavino, E., Du, G., and Frohman, M. A. (2006a). 5' end cDNA amplification
using classic RACE. Nat. Protoc. 1, 2555-2562. doi: 10.1038/nprot.2006.480

Scotto-Lavino, E., Du, G., and Frohman, M. A. (2006b). 3' end cDNA amplification
using classic RACE. Nat. Protoc. 1, 2742-2745. doi: 10.1038/nprot.2006.481

Shen, Q., Zhang, L., Liao, Z., Wang, S., Yan, T,, Shi, P, et al. (2018). The genome
of Artemisia annua provides insight into the evolution of asteraceae family and
artemisinin biosynthesis. Mol. Plant 11, 776-788. doi: 10.1016/j.molp.2018.03.015

Taberlet, P, Gielly, L., Pautou, G., and Bouvet, J. (1991). Universal primers
for amplification of three non-coding regions of chloroplast DNA. Plant
Mol. Biol. 17, 1105-1109. doi: 10.1007/BF00037152

te Beest, M., Le Roux, J. J., Richardson, D. M., Brysting, A. K., Suda, J,
Kubesova, M., et al. (2012). The more the better? The role of polyploidy
in facilitating plant invasions. Ann. Bot. 109, 19-45. doi: 10.1093/aob/mcr277

Ueda, Y., Konishi, M., and Yanagisawa, S. (2017). Molecular basis of the nitrogen
response in plants. Soil Sci. Plant Nutr. 63, 329-341. doi: 10.1080/
00380768.2017.1360128

Unterholzner, S. J., Rozhon, W., Papacek, M., Ciomas, J., Lange, T., Kugler, K. G.,
et al. (2015). Brassinosteroids are master regulators of gibberellin biosynthesis
in Arabidopsis. Plant Cell 27, 2261-2272. doi: 10.1105/tpc.15.00433

Vanijajiva, O., and Kadereit, J. W. (2009). Morphological and molecular evidence
for interspecific hybridisation in the introduced African genus Crassocephalum
(Asteraceae: Senecioneae) in Asia. Syst. Biodivers. 7, 269-276. doi: 10.1017/
$147720000900303X

Vitales, D., Fernandez, P, Garnatje, T., and Garcia, S. (2019). Progress in the
study of genome size evolution in Asteraceae: analysis of the last update.
Database 2019:baz098. doi: 10.1093/database/baz098

Vrieling, K., de Vos, H., and van Wijk, C. A. (1993). Genetic analysis of the
concentrations of pyrrolizidine alkaloids in Senecio jacobaea. Phytochemistry
32, 1141-1144. doi: 10.1016/S0031-9422(00)95079-9

Vrieling, K., and van Wijk, C. A. (1994). Cost assessment of the production
of pyrrolizidine alkaloids in ragwort (Senecio jacobaea L.). Oecologia 97,
541-546. doi: 10.1007/BF00325894

Wei, N., Cronn, R., Liston, A., and Ashman, T. L. (2019). Functional
trait divergence and trait plasticity confer polyploid advantage in
heterogeneous environments. New Phytol. 221, 2286-2297. doi: 10.1111/
nph.15508

Wei, X., Vrieling, K., Mulder, P. P, and Klinkhamer, P. G. (2015). Testing the
generalist-specialist dilemma: the role of pyrrolizidine alkaloids in resistance
to invertebrate herbivores in jacobaea species. J. Chem. Ecol. 41, 159-167.
doi: 10.1007/s10886-015-0551-4

Yang, L., Wen, K. S, Ruan, X,, Zhao, Y. X., Wei, F, and Wang, Q. (2018).
Response of plant secondary metabolites to environmental factors. Molecules
23:762. doi: 10.3390/molecules23040762

Zakaria, M. M., Schemmerling, B., and Ober, D. (2021). CRISPR/Cas9-mediated
genome editing in comfrey (Symphytum officinale) hairy roots results in
the complete eradication of pyrrolizidine alkaloids. Molecules 26:1498. doi:
10.3390/molecules26061498

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2021 Schramm, Rozhon, Adedeji-Badmus, Liang, Nayem, Winkelmann
and Poppenberger. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

13

July 2021 | Volume 12 | Article 702985


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1021/tx500071q
https://doi.org/10.1038/srep25323
https://doi.org/10.3390/molecules24081531
https://doi.org/10.3390/molecules24030498
https://doi.org/10.1038/nprot.2006.480
https://doi.org/10.1038/nprot.2006.481
https://doi.org/10.1016/j.molp.2018.03.015
https://doi.org/10.1007/BF00037152
https://doi.org/10.1093/aob/mcr277
https://doi.org/10.1080/00380768.2017.1360128
https://doi.org/10.1080/00380768.2017.1360128
https://doi.org/10.1105/tpc.15.00433
https://doi.org/10.1017/S147720000900303X
https://doi.org/10.1017/S147720000900303X
https://doi.org/10.1093/database/baz098
https://doi.org/10.1016/S0031-9422(00)95079-9
https://doi.org/10.1007/BF00325894
https://doi.org/10.1111/nph.15508
https://doi.org/10.1111/nph.15508
https://doi.org/10.1007/s10886-015-0551-4
https://doi.org/10.3390/molecules23040762
https://doi.org/10.3390/molecules26061498
http://creativecommons.org/licenses/by/4.0/

	The Orphan Crop Crassocephalum crepidioides Accumulates the Pyrrolizidine Alkaloid Jacobine in Response to Nitrogen Starvation
	Introduction
	Materials and Methods
	Plant Material
	Phylogenetic Analysis
	Analyses of Genome Size and 5-Methylcytosine Content
	Growth Conditions in Soil
	Hydroponic System for N and K Starvation Experiments
	Grafting
	Analysis of Metabolites and Minerals in Leaf Tissue and Soil
	Cloning of HSS Genes, Recombinant HSS Expression, and Enzyme Activity Assays
	Quantitative PCR Analyses
	Statistical Analyses

	Results
	Isolation of Crassocephalum crepidioides and Crassocephalum rubens Ecotypes That Differ in Vegetative Development and Genome Composition
	Nitrogen Starvation Increases Jacobine in Leaves of Crassocephalum crepidioides , But Not of Crassocephalum rubens 
	An Impact of N Depletion on Jacobine Accumulation Occurs Down-Stream of HSS
	Jacobine Formation in Crassocephalum crepidioides Requires Shoot Organs
	In Crassocephalum crepidioides Two HSS Genes Exist, Which Are Mainly Expressed in Roots

	Discussion
	Data Availability Statement
	Author Contributions
	Supplementary Material

	References

