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Abstract: Flower colour is an important trait for plants to attract pollinators and ensure their reproduc-
tive success. Among yellow flower pigments, the nudicaulins in Papaver nudicaule L. (Iceland poppy)
are unique due to their rarity and unparalleled flavoalkaloid structure. Nudicaulins are derived from
pelargonidin glycoside and indole, products of the flavonoid and indole/tryptophan biosynthetic
pathway, respectively. To gain insight into the molecular and chemical basis of nudicaulin biosyn-
thesis, we combined transcriptome, differential gel electrophoresis (DIGE)-based proteome, and
ultra-performance liquid chromatography-high resolution mass spectrometry (UPLC-HRMS)-based
metabolome data of P. nudicaule petals with chemical investigations. We identified candidate genes
and proteins for all biosynthetic steps as well as some key metabolites across five stages of petal
development. Candidate genes of amino acid biosynthesis showed a relatively stable expression
throughout petal development, whereas most candidate genes of flavonoid biosynthesis showed
increasing expression during development followed by downregulation in the final stage. Notably,
gene candidates of indole-3-glycerol-phosphate lyase (IGL), sharing characteristic sequence motifs
with known plant IGL genes, were co-expressed with flavonoid biosynthesis genes, and are probably
providing free indole. The fusion of indole with pelargonidin glycosides was retraced synthetically
and promoted by high precursor concentrations, an excess of indole, and a specific glycosylation
pattern of pelargonidin. Thus, nudicaulin biosynthesis combines the enzymatic steps of two different
pathways with a spontaneous fusion of indole and pelargonidin glycoside under precisely tuned

reaction conditions.

Keywords: Papaver nudicaule; nudicaulin biosynthesis; flower pigments; indole alkaloids; indole-3-
glycerol-phosphate lyase; transcriptomics; proteomics; metabolomics; free indole; pelargonidin glycosides

1. Introduction

Flower appearance is one of the most important communication tools of plants, es-
pecially to attract pollinators [1,2]. Flower colour is determined by pigments absorbing
light of certain wavelengths and by the scattering structures of the petal surface and inte-
rior [3-7]. Flower pigments can additionally serve other functions, e.g., in protecting tissue
from UV damage, drought, and cold [8-14]. Most pigments belong to only few structural
classes, particularly to water soluble flavonoids and water insoluble carotenoids [15,16].
Approximately one third of all flowering plants in different regions of the world have
yellow flowers [17]. Furthermore, yellow is also the colour of most pollen, and is thus
very attractive to some insects, e.g., flies and bumblebees [18-20]. Most yellow to orange
flowers are coloured by carotenoids [15]. Besides the carotenoids, betaxanthins as well as
some flavonoidal compounds with aurone, chalcone, and flavonol structures are yellow
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(Figure 1a) [21]. Whereas betaxanthins only occur in the order Caryophyllales, the yellow
flavonoids are more widely distributed (e.g., in Asterales, Laminales, Ericales, and Mal-
vales) [21]. In many cases, yellow colour is combined with reflection in the UV range [22],
which can also be perceived by many insects, including bees [23,24]. UV reflection is
usually a result of the absence of UV absorbing pigments [25,26].
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Figure 1. (a) Prominent representatives of yellow flower pigment classes. (b) Suggested biosynthetic pathways leading

to pigment formation in P. nudicaule petals [27]. UV absorbing kaempferol glycosides and yellow gossypetin glycosides

(basal petal part) are present in all cultivars. Red pelargonidin glycosides are present in orange and red flowers. Yellow

nudicaulins are present in yellow and orange flowers. R represents glycosyl unit or proton, X represents counterion of

unspecified identity.

One exceptional class of yellow pigments are the nudicaulins (Figure 1a), indole/flavonoid
hybrid alkaloids from the apical petal part of yellow and orange flowers of Papaver nudicaule L.,
the Iceland poppy [28-30], and two closely related species, Papaver alpinum (Alpine poppy)
and Meconopsis cambrica (Welsh poppy) [31,32]. P. nudicaule (Papaveraceae, section Scapiflora)
is native in mountain areas, along rivers, on meadows, and on the steppes of Siberia and
Mongpolia [32-34], and has been cultivated in Europe since the 18th century [32]. In nature,
yellow flowers are dominant, while white and orange flowers are rare [34]. Nowadays, due
to breeding, plants with red and pink flowers are also available. The nudicaulins have a
unique glycosylated flavoalkaloid structure, fully characterised after more than 70 years of
research in 2013 [35]. The structure consists of an indolic and a polyphenolic part, and free
indole and pelargonidin glycosides were identified as the direct precursors by 13C labelling
experiments. The assembly of nudicaulin from these precursors was mimicked in vivo and
in vitro [27,36]. The biosynthetic pathways of indole and pelargonidin are known from other
plants—both compounds are derived from the shikimate and aromatic amino acid biosyn-
thesis (Figure 1b). Indole is usually a precursor of tryptophan and, in plants, only occurs
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in its free form when used in the synthesis of specialised metabolites or when released as a
volatile [37—40]. Pelargonidin glycosides, on the other hand, are red anthocyanin pigments
frequently occurring in flowers. They are derived from the flavonoid pathway [41,42], start-
ing with the condensation of p-coumaroyl-CoA with three malonyl-CoA units. These initial
steps, catalysed by chalcone synthase, a plant-specific polyketide synthase III enzyme [43],
are followed by multiple conversions (condensation, isomerisation, oxidation, and reduction)
resulting in different flavonoid compounds. Due to the gradual accumulation of red pelargoni-
din glycosides during flower development, petals of the yellow P. nudicaule cultivar change
their colour from white over pale red to red in closed buds. Starting with the conversion of
pelargonidin glycosides into nudicaulins, the petals turn orange, yellow, and finally, flowers
start blooming (Figure 2a) [27]. Petals of orange and red cultivars show a similar colour
sequence during development, but changes stop at the respective flower colour.

DS 2 DS 3 DS 4 DS 5

DS 1
(b) 4
10
8_
Flower
. 73
S 6 ) 6.5
> 6.1
el
% 1
2 DS 1 DS 3 DS 4 _
S 4+
m 4.0
1 2.8
2 2.2
0_
HSBDBLYIBLB CLUBISERKTEI/FIVBIETRIKCELICY 3 S2R2BB I8 28

Figure 2. (a) Petals from five developmental stages (DSs) inside buds and a flower of the yellow P. nudicaule cultivar.

(b) Dendrogram of the cluster analysis from petal extracts of the yellow P. nudicaule cultivar. The sample numbers are
coloured according to the respective petal appearance (white—labelled in grey, pale red—labelled in pink, red, orange,
yellow, open flowers—labelled in blue), which corresponds to petal age in closed buds. In most cases, petals of the same
colour formed clusters, which are labelled according to the predominant petal colour and represent five DSs and the

open flower.

Although retrobiosynthetic labelling and precursor-directed biosynthetic studies [27,44]
have provided knowledge about the key precursors of nudicaulins, the molecular basis
of the nudicaulin biosynthesis in P. nudicaule flowers, and especially of the formation of
free indole, remains to be substantiated. Additionally, the final step—the fusion of indole
and pelargonidin glycosides—is not fully understood. As the reaction was mimicked
in vitro and in vivo and executed synthetically under acidic conditions [36,45], it could be a
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spontaneous non-enzymatic step. Unravelling of these questions is aggravated by the fact
that P. nudicaule is not a model organism and no genomic information is available. Therefore,
we chose a multilevel approach based on transcriptome, proteome, and metabolome data,
and additional chemical analyses. For time-resolved investigation of petal development,
five developmental stages (DSs) were defined according to pigment production. Enzyme
candidates involved in nudicaulin biosynthesis were identified at the mRNA level and
verified by proteome data. Additionally, key metabolites and products of the flavonoid
biosynthesis were detected by mass spectrometry. The final biosynthetic step and its
dependence on concentration and glycosylation pattern of the pelargonidin glycoside were
investigated in vitro. The results from the yellow flowering P. nudicaule cultivar were
compared with differently coloured cultivars and ecological implications are discussed.

2. Results and Discussion
2.1. Definition of Stages in the Petal Development of the Yellow P. nudicaule Cultivar

The investigation of flower development by multiple methods required the definition
of distinct DSs, which would enable a reproducible sampling. In the yellow cultivar, petal
colour changes during development (Figure 2a) [27], and thus pigment content could
reliably discriminate five DSs. A high performance liquid chromatography—photo diode
array (HPLC-PDA) approach, which is sensitive for coloured compounds, was chosen, and
data were subjected to a cluster analysis to identify similarity between samples. The 58 buds
and flowers, harvested at random time points in their development, were grouped into two
main clusters and several subclusters (Figure 2b). The clusters are a good representation of
the observed colour change from white over pale red, red, and orange to yellow during the
maturation of the tissue. Yellow petals harvested shortly before and after anthesis formed
one main cluster. In this, one subcluster was dominated by flowers before anthesis, one
by flowers after anthesis, and one was mixed. Several samples were clustered into the
wrong subcluster, and the distance between the single samples was, on average, slightly
larger than in case of the other subclusters. This indicated that yellow petals show a higher
variability than petals of a different colour. All other DSs were contained in the second
main cluster, with most orange petals clearly separated from the others. Red, pale red,
and white petals formed one big subcluster, wherein white and red ones were clearly
distinguished from each other. In the case of pale red, some petals were more similar to
the white and some to the red petals. Pale red may therefore be a transition state between
white and red.

Although some flowers (e.g., no. 7, 13, 42, 44, 52, 54) were found in different clusters
than expected (Figure 2b), a classification of the development of yellow P. nudicaule flowers
into stages according to their colouring is generally possible. For further analyses, we
defined the following DSs: DS 1—white, DS 2—pale red, DS 3—red, DS 4—orange, and
DS 5—yellow (before anthesis). Yellow petals of blooming flowers were not considered
because the nudicaulin biosynthesis was already completed in that stage and thus the
complexity of the dataset could be reduced.

2.2. Transcriptome, Proteome, and Metabolome Analysis of the Nudicaulin Biosynthesis

As recently reported, nudicaulins are formed from indole and different pelargonidin
glycosides [27], whose biosynthetic pathways are well studied in other plants. In P. nudi-
caule, biosynthetic routes that are similar to known pathways are used for the production
of nudicaulin precursors. In the present study, we identified candidates for all enzymes
potentially involved in nudicaulin biosynthesis at the mRNA and protein level, as well as
some key metabolites. Our RNAseq data provided expression levels for the gene candi-
dates over five stages of petal development (Table S1). The most likely candidates were
identified by the results of the 2D differential gel electrophoresis (2D-DIGE), which con-
firmed the presence of most of the respective enzymes (Figures 3 and 4). Unfortunately,
the quantitative information from the 2D-DIGE could not be used for comparison, because
insufficient separation yielded several proteins per spot.
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The shikimate pathway starts with the fusion of D-erythrose 4-phosphate and phos-
phoenolpyruvate to form 2-dehydro-3-deoxy-D-arabino-heptonate 7-phosphate. This in-
termediate is converted during several subsequent enzyme reactions into chorismate, the
branching point metabolite for the biosynthesis of the aromatic amino acids tryptophan
and phenylalanine/tyrosine (Figure 3). Most of the enzyme candidates showed a moderate
and relatively stable expression level across the complete petal development. A slight
increase in transcript levels (up to twofold upregulation) occurred from DS 1 to DS 3/4,
followed by a decrease in DS 5. Exceptions existed, for example, in the cases of chorismate
mutase and arogenate/prephenate dehydratase, where the expression was highest in the
first two DSs.

Additionally, our ultra-performance liquid chromatography-high resolution tandem
mass spectrometry (UPLC-HRMS/MS) data provided information on the availability
of some key intermediates in the petals (Table S2). 3-Dehydroshikimate, chorismate,
tryptophan, phenylalanine, and tyrosine were highly abundant at DS 1, decreased towards
DS 3, and increased again towards DS 5. In contrast, anthranilate levels continually
increased during petal development.
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Figure 3. Enzyme candidates and metabolites involved in the shikimate, tryptophan, and phenylala-
nine biosynthetic pathway in five DSs of the petals of yellow P. nudicaule flowers. Heat maps show
relative gene expression levels based on log,-transformed RPKM values (reads per kilobase million,
blue represents weakly expressed genes, and red represents strongly expressed genes, see Table S1).
Heat maps of metabolites (black framed boxes) show abundance (mean values, see Table S2) relative
to the highest value of each compound.
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(black framed boxes) show abundance (mean values, see Table S2) relative to the highest value of

each compound or, in the case of kaempferol and pelargonidin glycosides and of nudicaulins,

relative to the highest value of all metabolites with the same aglycon. Nudicaulins III/IV bear an

11-O-B-D-[(6-O-malonyl)sophorosyl] unit and a 7-O-3-D-glucosyl unit, nudicaulins VII/VIII bear an
11-O-B-D-[(6-O-malonyl)sophorosyl] unit and a 7-O-3-D-[(6-O-malonyl)glucosyl] unit.

Phenylalanine and tyrosine serve as precursors of p-coumaric acid, which is con-
verted to naringenin chalcone via polyketide biosynthesis. Naringenin chalcone is further
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transformed into naringenin and dihydrokaempferol, which finally leads to flavonols
and anthocyanins. The enzyme candidates of phenylpropanoid/flavonoid biosynthesis
in P. nudicaule were, on average, expressed two to four times higher than the enzyme
candidates of the aromatic amino acid biosynthesis (Figure 4). Their levels increased in
most cases towards DS 3 or 4 and strongly decreased in DS 5. Additionally, some can-
didates, for example dihydroflavonol 4-reductase, anthocyanidin synthase and flavonol
synthase, showed stable expression levels during petal development. Similarly, acetyl-CoA
carboxylase, an important enzyme of polyketide biosynthesis, was uniformly expressed.

Of the intermediates, only cinnamic acid was identified at a high level in DS 4 and
5. Of the products of flavonoid biosynthesis, the flavonol and anthocyanin pigments,
five differently substituted kaempferol glycosides, one gossypetin glycoside, and two
pelargonidin glycosides were identified (for structures see Figures S1 and S2). Kaempferol
3-O-B-D-glucoside (kaempferol 3-glc), kaempferol 3-O-p-D-sophoroside (kaempferol 3-
soph), and kaempferol 3-O-3-D-[(6-O-malonyl)sophoroside]-7-O-3-D-glucoside (kaempferol
3-malsoph-7-glc) showed relatively low, stable levels over the whole petal development
with maxima in DS 1 and 4 or 5. Kaempferol 3-malsoph showed a similar profile but with
a tenfold higher level and a 40% decrease in DS 5. In contrast, kaempferol 3-malsoph-7-
malglc, which was the main compound in DS 5, stayed at its maximum in the last two
DSs. This suggests that this doubly malonylated kaempferol glycoside is the main product
of flavonol biosynthesis. The less substituted derivatives, which are relatively low in
abundance and/or decreasing towards DS 5, could serve as its precursors. In addition to
kaempferol glycosides, gossypetin 7-O-f3-D-glucoside (gossypitrin), a flavonol which is
only present in the basal petal part [28], was identified in high amounts in DS 4 and 5. The
content of pelargonidin glycosides was increasing until DS 4 and almost zero in DS 5 be-
cause of the consumption by nudicaulin production, which started in DS 4 and was highest
in DS 5. Among the anthocyanins, pelargonidin 3-O-(3-D-[(6-O-malonyl)sophoroside]-7-
O-B-D-[(6-O-malonyl)glucoside] (pelargonidin 3-malsoph-7-malglc) was the main com-
pound. Such a glycosidic substitution pattern was also found for the major nudicaulins
VII and VIII, the (35,11R)- and (3R,11S)-diastereomeric pairs of nudicaulin 11-O-f-D-[(6-O-
malonyl)sophoroside]-7-O-f3-D-[(6-O-malonyl)glucoside], respectively (Figure S3). This
suggests the fusion of fully glycosylated and malonylated anthocyanin with indole, and
renders glycosylation and malonylation after fusion less likely [27,44].

Generally, the metabolites of aromatic amino acid biosynthesis serve not only as pre-
cursors of nudicaulins, but also as precursors of proteins, as well as different specialised
metabolites, e.g., flavonoids. Therefore, they are produced during the whole petal devel-
opment. Accordingly, the corresponding amino acid biosynthesis candidate genes show
a relatively stable expression throughout all DSs. In contrast, the identified early inter-
mediates showed more variation, with higher levels at the beginning and end of petal
development compared with DS 2—4. This low content in DS 2—4 correlates with high
transcript levels of genes in the flavonoid pathway and an increasing pigment production,
which consumes a portion of the upstream metabolites. In DS 5, shortly before anthesis,
when pigment production is nearly completed, transcript levels of the flavonoid pathway,
and to a smaller extent also of the aromatic amino acid/phenylpropanoid biosynthesis,
are downregulated.

2.3. Biosynthesis of Free Indole

One important step in nudicaulin biosynthesis is the production of free indole, which,
together with the pelargonidin glycosides, is directly incorporated into the nudicaulin
scaffold. Typically, indole is formed from indole-3-glycerol phosphate by tryptophan
synthase « (TSA), and subsequently, without release, channelled to tryptophan synthase
B (TSB) to generate tryptophan. For the production of free indole, enzymes homologous
to TSA have been found in several species, e.g., Zea mays [38,46], Arabidopsis thaliana [47],
Oryza sativa [39], and Consolida orientalis [40]. These enzymes are called indole-3-glycerol-
phosphate lyase (IGL) or indole synthase, and the free indole serves as a volatile or is
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further converted into specialised metabolites, e.g., benzoxazinoids. In yellow P. nudicaule
petals, indole is required for tryptophan formation, nudicaulin biosynthesis, and as a
volatile [27,48]. The transcriptome analysis revealed one candidate for TSB showing a rela-
tively stable expression throughout flower development (C485, Figure 5), and two contigs
homologous to TSA with a similar expression profile, which could be candidates for the
o unit of tryptophan synthase (NC52137, C18051). Three other candidates homologous
to TSA (NC103293, C32405, C32410) displayed rather different expression profiles, with a
maximum in DS 3 and 4, similar to the profiles of the flavonoid biosynthesis candidates.
These candidate enzymes could therefore catalyse the production of free indole. One other
candidate (C51664) showed very low expression except in DS 3 (Figure 5).
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Figure 5. Indole-producing enzyme candidates in five DSs of the petals of yellow P. nudicaule flowers.
The heat map shows the relative expression levels of candidate genes encoding tryptophan synthase
B (TSB) and « (TSA), and indole-3-glycerol-phosphate lyase (IGL). The housekeeping genes GAPDH
and actin are used for normalisation, and are shown to confirm the uniform expression of these
control genes across samples. The map is based on log2-transformed RPKM values (blue represents
weakly expressed genes, and red represents strongly expressed genes).

These initial indications for two different groups of enzymes are supported by a phy-
logenetic analysis of TSA and IGL sequences from P. nudicaule and homologous sequences
from other species (Figure S4). P. nudicaule TSA candidates cluster with protein sequences
from C. orientalis and A. thaliana which were characterised to encode TSA enzymes. Like-
wise, P. nudicaule IGL candidates form a separate subcluster together with two sequences
from Papaver somniferum, the opium poppy, which are not functionally characterised. Due
to the incompleteness of several of the P. nudicaule sequences, gene tree associations can
only be a first hint, and elucidation of the full coding sequences would be a worthwhile
future task.

Structure—function predictions could additionally support the presence of different
indole-producing enzymes in P. nudicaule. In the literature, several active sites characteristic
for TSA- and IGL-like enzymes have been proposed. Frey et al. identified a substitution of a
conserved aliphatic leucine in the TSA sequence (position 58 of Salmonella typhimurium TSA)
with a tyrosine in the two monomeric indole-releasing enzymes in maize, Bx1 and IGL [49].
In P. nudicaule, the TSA-like candidate NC52137 has a leucine at this position, whereas
IGL-like candidates C32405 and C32410 have a phenylalanine instead (Figure 6). The same
phenylalanine substitution can be found in the IGL of C. orientalis. Other deviations of
maize enzymes Bx1 and IGL from the TSA consensus (e.g., substitution of two glutamic
acid residues at position 134 and 135 of S. typhimurium TSA by valine and alanine in BX1,
and by glycine and asparagine in IGL [49], marked with crosses in Figure 6) were not
present in the P. nudicaule sequences.
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Figure 6. Partial sequence alignment of TSA- and IGL-like proteins of P. nudicaule and other species. The sequence of the S.

typhimurium TSA is used as reference. Sequences with known function are marked with an asterisk. Potential active sites

are marked with an arrow (black arrow—known sites, grey arrow—new sites). Amino acids are coloured using the Clustal

X colour scheme in Jalview. Species abbreviations are: Styp—Salmonella typhimurium, Zmays—Zea mays, Atha—Arabidopsis

thaliana, Cori—Consolida orientalis, Psom—Papaver somniferum, Pnud—Papaver nudicaule, Bole—Brassica oleracea var. oleracea,

Aann—Artemisia annua, Vvin—1Vitis vinifera, Mesc—Manihot esculenta, Tcac—Theobroma cacao, Cfan—Carpinus fangiana,

Gmax—Glycine max, Sole—Syzygium oleosum, Osati—Oryza sativa. For full sequence alignment see Figure S5. Sequences of P.

nudicaule are shown in bold.

Schullehner et al. proposed that the amino acid equivalent to position 98 in S. typhimurium
possibly decides on the enzyme’s capability to produce free indole [40]. A serine was charac-
teristic for the low activity of monomeric TSA, and valine or leucine for its high activity. An
alanine at this position probably allows two conformations at this site, resulting in medium
activity which is dependent on additional factors. In P. nudicaule, one TSA- and one IGL-like
sequence (NC52137, NC103293) both possess an alanine at position 98, making them an inter-
esting subject for further studies to identify the structural determinants of TSA-like enzymes.
Due to the incompleteness of the respective mRNA sequences, the critical amino acid positions
were missing in some P. nudicaule candidates. Additionally, positions 29, 45, and 54 show
deviations from the TSA consensus in the IGL-like protein candidates of P. nudicaule and some
of the other IGL sequences. Thus, these amino acid positions could be promising starting points
for the investigation of the structure—function relationships of indole producing enzymes.

In summary, expression profiles, phylogenetic analysis, and structure—function associ-
ations of indole-producing enzyme candidates in P. nudicaule point towards the presence
of at least one TSA-like and one IGL-like enzyme to provide indole for tryptophan and
nudicaulin biosynthesis, respectively. The complete protein and gene sequences remain to
be identified.

2.4. Concentration Dependency and Effect of the Glycosylation Pattern on the Final Step of
Nudicaulin Biosynthesis

The last step of the nudicaulin biosynthesis seems to be, in contrast to the preceding
steps, a spontaneous chemical reaction between pelargonidin glycosides and indole [27]
(Figure 7a). This reaction takes place in the vacuoles of P. nudicaule petals under strongly
acidic conditions [36]. Different ratios of nudicaulins observed in yellow and orange
flowers [28] and highly different yields obtained by chemical synthesis of nudicaulin
derivatives [36] and nudicaulin I and II [45] prompted us to investigate the dependence of
the reaction on the concentration and the ratio of the educts. To mimic the educt present
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(a) Final reaction of nudicaulin biosynthesis
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in the plant, a pelargonidin glycoside was required, which had to be extracted from the
flowers. As red P. nudicaule flowers are known to contain these compounds as major
pigments [31,50] and yellow flowers contain only small amounts during development, we
chose the red cultivar ‘Matador’ to obtain the anthocyanin educt. The main compound after
hydrolytic removal of malonyl substituents was isolated and identified as pelargonidin
3-O-B-D-sophoroside (pelargonidin 3-soph). Nuclear magnetic resonance (NMR) and high-
performance liquid chromatography—mass spectrometry (HPLC-MS) data (Figures S6-510,
Table S3) matched data reported for this compound [51].
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Figure 7. Final reaction of nudicaulin biosynthesis in vitro—pelargonidin glycosides and indole temporarily form diastere-
omeric intermediates (DeGlc interm I/II: 7-deglycosylated intermediates I/1I; interm I/II: intermediates I/1I), resulting,
finally, in diastereomeric nudicaulins (DeGlc nudi I/II: 7-deglucosylated nudicaulins I/II; nudi I/1I: nudicaulin I/II).
(a) Chemical structures of educts and resulting nudicaulin derivatives (-soph: sophorose unit). (b) high-performance liquid
chromatography-mass spectrometry (HPLC-MS) total ion chromatogram of the fusion of pelargonidin 3-soph and indole
(1:1, 4 h after start of reaction, cp = 10 mg mL~1), and (c) Ultraviolet/visible (UV/ Vis) absorption spectra of the involved
compounds. Chromatogram and spectra for the conversion of orientalin resembled the ones shown for pelargonidin 3-soph.

Three different starting concentrations of pelargonidin 3-soph (0.1, 1.0, 10.0 mg mL ')
were used to investigate the reaction with indole. The maximum concentration was chosen
based on the concentration of nudicaulins in yellow flowers of around 14 mg mL~! [52].
Indole was used either in the same or fivefold molar amount, because excess of indole was
also used in a previous synthetic approach [36], and the compound is continuously produced
in yellow flowers and the excess emitted after anthesis [48]. The nudicaulin production was
monitored over time by HPLC-MS measurements after 0.1, 1, 4, and 24 h. During this time
period, the initial concentration of pelargonidin 3-soph in the reaction mixture decreased,
and diastereomeric intermediates were produced and finally transformed to diastereomeric
nudicaulin sophorosides, the 7-deglucosylated nudicaulins I and II (7-DeGlc nudicaulins I/11,
Figure 7b, Figure 8a). The corresponding 7-deglucosylated intermediates I and II (7-DeGlc
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intermediates I/1I) showed a mass-to-charge ratio (11/z) of 712.2248 u (calculated molecular
mass m/z 712.2236 for [M+H]* C35H3sNOq5") (Figure S11). This is a mass difference of
+2 Da in comparison to the 7-DeGlc nudicaulins I/1I (Figure S12, Table S4), and points to
two additional H atoms in these compounds. The ultraviolet/visible (UV /Vis) absorption
spectrum of 7-DeGlc intermediates I/1I resembles the one of the 7-DeGlc nudicaulins I /11,
but the maximum shows a hypsochromic shift from 452 to 426 nm (Figure 7c).

(a) Nudicaulin synthesis from pelargonidin 3-0-B-p-sophoroside
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Figure 8. Nudicaulin synthesis (in water/1% HCOOH [v/v])—peak areas of pelargonidin glycoside, intermediates, and
nudicaulins (with standard deviation), monitored by HPLC-MS (the two intermediate diastereomers are combined in one

graph because the peaks were not fully separated). (a) Results for pelargonidin 3-soph, treatments P1-6; 7-DeGlc nudicaulin

I + II: 7-deglucosylated nudicaulin I + II. (b) Results for orientalin, treatments O1—4.

For most treatments, the reaction yield increased with an increase in initial pelargoni-
din 3-soph concentration and with the excess of indole (Figure 8a). A concentration of
0.1 mg mL~! with one equivalent of indole (treatment P1) showed only very low turnovers,
and an increase of either concentration to 1.0 mg mL~! (treatment P3) or of indole equiva-
lents to five (treatment P2) increased the 7-DeGlc nudicaulin yield 20- to 30-fold. Never-
theless, 70 to 90% of the educt were still present after 24 h in these cases. Distinctly better
results were achieved for treatments P4-6. Two of them (treatments P4, P5) showed similar
reaction kinetics. After 1 h, more than 50% of the educt was already consumed, ending up
with a 70 to 90% turnover after 24 h. In total, the highest amounts of 7-DeGlc nudicaulins
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were produced in these cases (treatments P4, P5). Compared to that, the highest concentra-
tion of pelargonidin 3-soph and indole in excess (treatment P6) gave only moderate yields
of 7-DeGlc nudicaulins, although after 1 h the educt was already no longer detected and the
highest amounts of intermediates were formed (Figure 8a). The high indole content in the
solution probably led to side reactions that reduced the 7-DeGlc nudicaulin production and
resulted in additional signals in the chromatogram at 9.9, 10.2, and 14.2 min (Figure 513).
The two 7-DeGlc nudicaulin diastereomers seemed to differ in their reaction kinetics. In
nearly all treatments, one of the diastereomers was formed in slight excess (enlarged peak
areas), both for the maximum concentration point of the intermediates as well as for the
final product, indicating scalemic mixtures of the diastereomers.

In P. nudicaule petals, nudicaulins are glycosylated at positions 7 and 11, equivalent to
positions 3 and 7 in the pelargonidin educt. To investigate whether the glycosylation has an
impact on the reaction kinetics, we executed an experiment using orientalin (pelargonidin
3-O-B-D-sophoroside-7-O-3-D-glucoside) instead of pelargonidin 3-soph as an educt (same
molar concentration was used). Orientalin is the native precursor of nudicaulin I and II
(for HRMS spectra see Figures 514-516, Table S4). Comparison of the yields obtained with
pelargonidin 3-soph and orientalin indeed pointed towards a dependence of the reaction on
the glycosylation pattern (Figure 8). While the orientalin treatment O1 (c = 0.1 mg mL~!; ra-
tio 1:1) resembled the results of treatment P1 and showed only a negligible turnover, O2-O4
showed differences compared to the corresponding treatments, P2-P4 with pelargonidin
3-soph. In the case of treatments O2 (0.1 mg mL~!; ratio 1:5) and O3 (1 mg mL~!; ratio 1:1)
the concentration of the precursor decreased much faster—orientalin was reduced to one
third after 1 h and nearly consumed after 24 h. In line with this, the level of the interme-
diates after 1 h was substantially higher than in treatments P2 and P3. For orientalin, the
conversion of the intermediates to nudicaulins took longer than in the case of pelargonidin
3-soph—disappearance of intermediates and formation of nudicaulins accelerated after
four hours, instead of after one hour. After 24 h, relatively high amounts of intermediates
were still present, and the amount of nudicaulins was higher than for the less glycosylated
educt originating from pelargonidin 3-soph. Treatment O4 (1 mg mL~!; ratio 1:5) showed
a very similar course compared to O2-O3, but resulted in lower yields of nudicaulins after
24 h (Figure 8b). As assumed already for treatment P6, this might be due to the formation
of side products with the fivefold indole excess.

In conclusion, the conversion of pelargonidin glycosides and indole to nudicaulins
depends not only on the pH value [36], but also on the concentration, ratio of the educts, and
glycosylation pattern of the pelargonidin glycoside. This might explain why nudicaulins
in P. nudicaule occurred in DS 4 for the first time in considerable amounts, although both
precursors were already present since early petal development ([27]; this publication). The
reaction conditions in the petal vacuoles are probably only optimal from DS 4 onward. The
fact that petals of DS 2 and 3 have a red colour, which is likely due to the pelargonidin
glycosides present in a strongly acidic environment in their flavylium cation form, indicates
that the acidic pH value could be already reached before DS 4. According to our data,
the concentration of the educts is increasing during the flower development ([27]; this
publication), probably reaching a threshold in DS 4 which is sufficient to start the nudicaulin
biosynthesis in a detectable extent. Alternatively, expression of an unknown enzyme
conducting the nudicaulin production only from DS 4 onward would explain why only
traces of nudicaulins were detected at early DS 1-3. Furthermore, the fact that nudicaulins
and their permethylated derivatives have been chemically synthesised using biomimetic
conditions [36,45], as well as that the intermediates always occur as diastereomeric pairs,
argues against direct enzymatic catalysis, unless a kind of enzymatic function limited to
facilitate the right spatial positioning of the educts to each other might be considered.

The glycosylation pattern of the pelargonidin precursor also influences the kinetics of
the reaction. As in each treatment, a pair of diastereomeric intermediates was observed
(Figure 7); the conversion of intermediates to nudicaulins always seems to be the rate
limiting step of the reaction cascade. However, the life-time of the intermediates was longer
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in the case of orientalin (treatments O2-04) than in the case of pelargonidin 3-soph (P2-P6),
where the intermediates were fully consumed after 24 h.

Our data may also explain why nudicaulins are rare in nature (or are below the
detection limits) despite their precursors, anthocyanins are widespread flower pigments
and indole is a common plant metabolite as well. A very acidic vacuolar pH value required
for the formation of nudicaulins seems to be only one of the reasons for missing nudicaulins
in most flowers. The concentration and ratio of the educts, as well as the glycosylation
pattern of the pelargonidin glycosides may not only determine the reaction rate, yield, and
ratio of nudicaulin diastereomers, but may be considered as criteria defining whether or
not nudicaulins are formed in a certain tissue. The availability of free indole, produced
and released by a special enzyme, might be an additional criterion.

It can be speculated that the excellent yields obtained by the chemical synthesis of
nudicaulins I and II [45] was positively affected by using orientalin, the educt possessing the
potentially optimal glycosylation pattern, conformation, and electronic properties to react
with indole. Different from the synthesis of native nudicaulins, the synthesis of nudicaulin
aglycon derivatives [36] applied permethylated anthocyanidin analogs with potentially
suboptimal conformational and electronic properties, which may be one reason for the
relatively low product yield. Another reason may be the different starting concentrations
used of the pelargonidin precursor (Dudek et al. [36]:~ 3 x 1077 mol mL~!, Devlin
and Sperry [45]: 1.4 x 107> mol mL~!). The present results clearly state that a higher
concentration of the pelargonidin educt would enhance the reaction yield.

In order to substantiate the mechanism of the nudicaulin biosynthesis, the structure
of the intermediates remains to be assigned. The measured molecular mass m/z 712
(Figure S11) points to two additional H atoms compared to nudicaulins, and suggests
that the intermediates are oxidatively transformed into the final nudicaulin structure. In
addition to the molecular mass, the detection of two isomers, likely being diastereomers, by
HPLC (Figure 7b) and the UV /Vis data are valuable evidences to hypothesise the structure
of the intermediate. The UV /Vis absorption spectrum (Figure 7c) of the compounds is
similar to the spectrum of the nudicaulins, but shows a hypsochromic shift of the maximum
to 420 nm resulting in a pale yellow colour. This indicates a less conjugated chromophore
compared to the nudicaulins. Possible structures with the corresponding mass were
proposed by Warskulat et al. [27] (Figure 9a). Candidate 1 has a chromophoric system
comparable to o-quinone methides, e.g., 6-cinnamylidene-3,4-methylenedioxy-cyclohexa-
2,4-dienone (Figure 9b) which has an orange colour, Amax = 454 nm [53]. Thus, candidate
1 is expected to absorb at longer wavelengths than observed for the intermediates. For
candidate 2, no absorption maximum in the visible spectral range can be expected because
of the limited extension of the chromophore. Another possible intermediate structure
(candidate 3) was proposed by Devlin and Sperry [45]. This structure closely resembles the
one of the nudicaulins, just lacking one double bond in the chromophore. Thus, candidate
3 (Figure 9a) is, judging from the size of the chromophore, the most reasonable structure
for the intermediate.
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(a) Potential reaction mechanisms of nudicaulin formation
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Figure 9. (a) Potential reaction mechanisms of nudicaulin formation adapted from [27] and [45]. Candidates 1-3 for the

intermediate structures have a common calculated molecular mass of m/z 712.2236 [M + H]* for Ca5H3gNO;5* (R? = H)
and m/z 874.2764 [M + H]* for C4;HygNOyt (R = [-D-glucose unit). According to our data, candidate 3 is the most likely
intermediate (for details see text, Figure 7b,c and Table S4). (b) Structure of 6-cinnamylidene-3,4-methylenedioxy-cyclohexa-

2,4-dienone, an 0-quinone methide with a chromophore (Amax = 454 nm [53]) comparable to candidate 1 in panel a.

2.5. Comparative Metabolome and Transcriptome Analysis of Differently Coloured
P. nudicaule Cultivars

In P. nudicaule, not only flowers from yellow, but also from orange cultivars contain
nudicaulins [31]. The petal development of orange flowers resembles that of the yellow
flowers as the petals inside the buds also show a colour shift from white over pale red and
red to orange. Shortly after reaching the orange colour, flowers start blooming. The orange
petals still contain pelargonidin glycosides, but lack free indole [48]. The white P. nudicaule
cultivar contains kaempferol derivatives and indole but lacks pelargonidin derivatives
whereas the red cultivar contains both kaempferol and pelargonidin derivatives as well
as low levels of indole during the petal development [28,48]. Up to now, the pigments
have only partly been identified for the petals of the orange, red, and white cultivar during
development and flowering. The fact that the red cultivar lacks nudicaulins although both
precursors are present during the development, and that the orange cultivar produces
nudicaulins only to a certain extent suggest discrete regulation of pigment biosynthesis in
differently coloured petals.

Therefore, a comparative metabolomics approach of DS 3 and blooming flowers
of the yellow, orange, red, and white cultivars was conducted (Table S5). In total, six
kaempferol and five pelargonidin glycosides were identified (Figure 10a,b; for structures
see Figures S1 and S2). Of those, 3-glycosylated derivatives dominated in the white and
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red cultivars, whereas 3,7-diglycosylated derivatives dominated in the orange and yellow
cultivars. Kaempferol glycosides were present in all four cultivars, with the highest con-
centration in white flowers. Kaempferol 3-soph and kaempferol 3-malsoph were the main
compounds in buds as well as flowers of white and red P. nudicaule. Additionally, they
were prevalent in the buds of orange and yellow P. nudicaule, but their amount decreased
in blooming flowers, where kaempferol 3-soph-7-glc and a mono- and dimalonylated
derivative dominated (Figure 10a). The levels of pelargonidin glycosides were highest
in the flowers of the red cultivar, which contained pelargonidin 3-soph and pelargonidin
3-malsoph. In contrast, buds and flowers of the orange cultivar as well as buds of the yellow
cultivar contained orientalin and malonylated forms thereof. In the flowers of the yellow
and in flowers and buds of the white cultivar, only traces of pelargonidin glycosides were
found (Figure 10b). Nudicaulins were, as expected, only present in flowers of the yellow
and orange cultivar in considerable amounts, and absent or present in traces in the other
samples (Figure 10c). The most abundant compounds were the diastereomers nudicaulin
VII and VIII (substituted with a 11-malsoph and a 7-malglc), which is in accordance with
Schliemann et al. [54]. All natural nudicaulins identified so far bear a sophorose as well as
a glucose moiety [31,54], which reflects the glycosylation pattern of the direct precursors,
the (malonylated) pelargonidin 3-soph-7-glcs (for structures see Figures S2 and S3). The
present metabolome analysis showed that these diglycosylated precursors are limited to
nudicaulin-containing cultivars of P. nudicaule, which suggests that the glycosylation at
position 7 of the pelargonidin may favour the nudicaulin production. Consequently, the
red cultivar, which contained only traces of diglycosylated pelargonidin derivatives, also
showed only traces of nudicaulins. The monoglycosylated pelargonidin derivatives were
not converted to nudicaulins although indole is present during petal development. In case
of the white cultivar, the general absence of pelargonidin glycosides accounts for the lack of
nudicaulins, whereas in case of the orange cultivar, a low amount of indole is the limiting
factor for nudicaulin production.

(b) Pelargonidin glycosides
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Figure 10. Flavonoids and nudicaulins in buds (Bu, DS 3) and flowers (Fl) of the yellow, orange, red, and white P. nudicaule
cultivars (mean values, see Table S5). (a) Kaempferol glycosides with different substituents: 3-O-f3-D-sophorosyl unit—?3-
soph, 3/7-O-p-D-glucosyl unit—3/7-glc, 6-O-malonyl unit—mal. (b) Pelargonidin glycosides with different substituents.
(c) Nudicaulins: nudicaulins III + IV are bearing a 11-O-3-D-[(6-O-malonyl)sophorosyl] and a 7-O-p3-D-glucosyl unit;
nudicaulins V + VI are bearing a 11-O-3-D-sophorosyl and a 7-O-f3-D-[(6-O-malonyl)glucosyl] unit; nudicaulins VII + VIII
are bearing a 11-O-3-D-[(6-O-malonyl)sophorosyl] and a 7-O-B-D-[(6-O-malonyl)glucosyl] unit. For structures of the

pigments see Figures S1-53.
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At the transcript level, a comparison of the yellow cultivar to the second nudicaulin-
producing, orange cultivar, and to the white cultivar, which lacks both anthocyanins and
nudicaulins, was performed. For orange and white cultivars five DSs were also defined
according to colour and day of development; DS 5 represented the blooming flower. A
transcriptome-wide cluster analysis clearly separated the white cultivar from the other
cultivars. Likewise, DS 1—4 of the yellow and the orange cultivar each occupied one
subcluster. DS 5 of those two cultivars showed overall higher gene expression profile
similarity to each other than to the DS of the same cultivar (Figure S17).

Candidate genes belonging to the nudicaulin and flavonoid biosynthesis were simi-
larly expressed in all three cultivars (Table S1). The expression of only a few candidates
deviated by more than four times from the expression of the yellow cultivar. For exam-
ple, shikimate kinase (C2405) and arogenate/prephenate dehydrogenase (C5470) were
expressed more highly in the yellow cultivar than in the orange and white ones. For the
phenylpropanoid and flavonoid biosynthesis, the yellow and orange cultivars showed
substantially higher gene expression than the white cultivar for about half of the candidates
and DS. As all three cultivars produce flavonols, similar expression levels of genes encoding
enzymes for the necessary biosynthetic steps is reasonable. The additional presence of
anthocyanins in the yellow and orange cultivars in comparison to the white one might be
the reason for the higher expression of the phenylpropanoid/flavonoid biosynthesis in
those cultivars. Nevertheless, anthocyanin gene expression is not fully downregulated in
white flowers, which might explain why some white flowers showed a pale red colour—
sometimes during development, sometimes during flowering. In the case of the orange
blooming flowers, the similar gene expression patterns to yellow blooming flowers reflect
the similar pigment composition during development. Orange flowers do not convert
all pelargonidin glycosides into nudicaulins, probably due to a lower indole production.
Interestingly, the indole biosynthesis genes of the orange cultivar are not downregulated
in comparison to the yellow one. Only for three IGL candidates (C32405, C32410, and
NC103293) expression in DS 5 was much lower in the orange than in the yellow cultivar,
suggesting that the synthesis of free indole might stop earlier in the orange cultivar than in
the yellow one. According to these data, expression of biosynthetic genes is another factor
influencing the nudicaulin production in addition to pH value, concentration, ratio of the
educts, and glycosylation pattern of the pelargonidin glycosides.

3. Materials and Methods
3.1. Plant Material

Papaver nudicaule L. plants were raised from seeds of ‘Summer Breeze Yellow’, ‘Sum-
mer Breeze Orange’, ‘Wonderland White’, and ‘Matador Red’ (Jelitto Staudensamen,
Schwarmstedt, Germany) in soil (clay substratum and TS1 substratum, Klasmann-Deilmann,
Geeste, Germany) in the glasshouse facilities of the Max Planck Institute for Chemical
Ecology, Jena, Germany. The glasshouse chamber was equipped with Phillips Sun-T Agro
400 Na lights to support an illumination period of 14 h. Temperatures ranged from 19-21 °C
in the night and from 21-23 °C during the day with a relative air humidity of 50-60%.
Plants were irrigated for 6 min every day.

3.2. Definition of Developmental Stages of Yellow P. nudicaule Petals

Buds and freshly opened flowers were harvested and stored on ice (56 yellow culti-
var samples). Afterwards, the petals were picked and the basal areas were removed.
The samples were weighted and a solvent equivalent of HO and MeOH (7:3 [v/v])
was added to achieve a uniform concentration of 1 mg petal material per 10 uL sol-
vent. After grinding in a homogeniser (MINILYS personal homogenizer, 60 s, full speed,
Bertin Technologies S.A.S., Montigny-le-Bretonneux, France), the petals were extracted
in ultrasonic bath for 15 min with ice cooling, followed by centrifugation (15 min; 4 °C;
13,400 rpm). The supernatants were used for the HPLC-PDA analysis applying kaempferol
(Sigma-Aldrich, Steinheim, Germany) as an internal standard with the concentration of
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0.05 ug mL~!. The analytical HPLC-PDA system consisted of an Agilent series HP1100
(degasser G1322A, binary pump G1312A, autosampler G1313A, and photodiode array de-
tector G1315B, 200-700 nm, Waldbronn, Germany) equipped with an EC250/4 Nucleodur
C18 HTec column from Macherey-Nagel (5 um particle size, injection volume 20 pL, Diiren,
Germany). The method included a 38 min gradient from 0 to 76% of MeOH in acidified
H,0 (0.1% TFA [v/v]), changing to 100% MeOH in 2 min with a subsequent washing step
(100% MeOH, 5 min) and equilibration to starting conditions (5 min gradient to 0% MeOH,
5 min 0% MeOH). The flow rate was 1 mL min~' and 211, 254, 281, 351 and 460 nm were
used as detection wavelengths.

The data set for multivariate-statistical examination was obtained from HPLC-PDA of
raw extracts. Most peaks were detected at a wavelength of 254 nm, therefore this detection
wavelength was chosen for further analysis. For each sample all occurring peaks detected
by the software Agilent LC ChemStation B.04.01 were summarised including retention
time and peak area (tr > 6 min, peak area > 50). Peaks with similar retention times in
different samples were compared by their UV spectra and combined if representing the
same compound. Zero values were replaced by a value of 10 (see Table S6). The resulting
data set was standardised by subtraction of the total mean value from each measurement
value and division by the standard deviation and used for cluster analysis. Hierarchical
agglomerative clustering was performed by SciPy version 1.4.1 [55] using unweighted
average linkage clustering as fusion algorithm along with Euclidean distance, and the
dendrogram was visualised with Matplotlib version 3.2.0 [56].

3.3. Transcriptomics
3.3.1. RNA-Seq and Differential Gene Expression Analysis

Transcriptome analysis was performed on white, yellow, and orange P. nudicaule
flowers. After harvesting, one sample for each DS was chosen according to colour and
day of development. In the case of the yellow cultivar, DS were separated into white,
pale red, red, orange, and yellow buds following the classification described in RESULTS
(definition of stages in the development of yellow P. nudicaule petals). The colour change
during development of the orange cultivar resembled that of the yellow one, and buds were
harvested on day 6 (white), 9 (pale pink), 11 (pale red), 13 (red), and a freshly blooming
flower (orange) for the analysis. In the case of the white cultivar, which does not show a
colour change, the samples were also collected on days 6, 9, 11, 13, and the blossoming day.

For RNA extraction petals were carefully picked, submerged in 450 pL lysis buffer (in-
nuPREP RNA Mini Kit, Analytik Jena GmbH, Jena, Germany), frozen with liquid N», and
stored at —80 °C until usage. After thawing, samples were homogenised in a TissueLyser
LT (Qiagen GmbH, Hilden, Germany) at 50 Hz for 3 min (2 steel balls, 3 mm diameter), and
centrifuged (1 min; 10,000 g; room temperature). RNA was isolated using the innuPREP
RNA Mini Kit according to the manufacturer’s instructions, while genomic DNA was
removed from the supernatant via solid phase extraction. The integrity of the RNA was ver-
ified using an Agilent 2100 Bioanalyzer and an RNA 6000 Nano Kit (Agilent Technologies,
Waldbronn, Germany). The quantity of RNA was determined using a Nanodrop ND-1000
spectrophotometer (PEQLAB Biotechnologie GmbH, Erlangen, Germany). All samples
complied with the purity and RNA integrity requirements for transcriptome analysis.

Transcriptome sequencing was carried out by the Max Planck Genome Centre Cologne
(K6In, Germany) on an Illumina HiSeq2500 Genome Analyzer platform, using paired-end
(2 x 100 bp) read technology for the 15 flower samples, yielding ~ 15 million reads for each
sample. Quality control measures and de novo transcriptome assembly, combining all RNA-
Seq samples, were carried out using CLC Genomics Workbench v9.1 (http:/ /www.clcbio.
com, accessed on 4 December 2014) as previously described [57]. The de novo reference
transcriptome assembly of P. nudicaule contained 52,906 contigs with an N50 contig size of
1255 bp and a maximum contig length of 14,346 bp. The transcriptome was annotated using
BLAST, Gene Ontology and InterProScan searches (accessed on 13 November 2019) imple-
mented in BLAST2GO PRO v5.1 (http:/ /www.blast2go.com) [58]. For BLASTx searches
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against the nonredundant NCBI protein database (NR database), up to 20 best NR hits per
transcript were retained, with an E-value cutoff of <1073 and a minimum match length of
15 amino acids.

To assess transcriptome completeness, we performed a BUSCO (benchmarking univer-
sal single-copy orthologs; http:/ /busco.ezlab.org, accessed on 4 December 2014) analysis
by comparing our assembled transcriptome against a set of highly conserved single-copy
orthologs. This was accomplished using the BUSCO v3 pipeline [59], comparing the pre-
dicted proteins of the P. nudicaule transcriptome to the predefined set of 1438 Embryophyta
single-copy orthologs from the OrthoDB v9.1 database. This resulted in 76.5% complete
and 8.5% missing BUSCO genes for the transcriptome assembly of P. nudicaule flowers.

Digital gene expression analysis was carried out using CLC Genomics workbench v9.1
to remap the [llumina reads from all 15 samples onto the P. nudicaule reference transcripts to
generate BAM mapping files, and finally by counting the sequences to estimate expression
levels, using previously described parameters for read mapping and normalisation [60].

3.3.2. Phylogenetic Analysis of Plant TPS/IGL-like Protein Sequences

We inferred the species-specific diversification patterns of putative TPS/IGL-like pro-
tein sequences identified in the P. nudicaule flower transcriptome in phylogenetic analyses.
We first obtained previously characterised plant TPS/IGL sequences from Genbank and
further used all predicted P. nudicaule TPS/IGL-like protein sequences as a query to search
for homologs in the NCBI nr protein database using Blastp (E-value threshold of 101),
identified the top 50 best Blast hits, and removed redundant entries. Next, we removed par-
tial sequences with less than 50% of the typical TPS/IGL length. The corresponding protein
sequences were aligned using MAFFT implemented in Geneious (v11.0.4) with FFT-NS-
ix1000 algorithm and BLOSUMS62 scoring matrix. The alignments were viewed in Jalview
version 2.11.1.2, trimmed manually, and amino acids were coloured using the Clustal X
colour scheme. Phylogenetic relationships were inferred by maximum likelihood analysis
using IQ-TREE version 1.6.12 [61] with the VT+G+F substitution model. Likelihood-based
support of tree nodes was generated using an approximate likelihood-ratio test (SH-aLRT),
ultrafast bootstrap, and approximate Bayes” approach implemented in IQ-TREE.

3.3.3. Data Accessibility

The short read data have been deposited in the EBI short read archive (SRA, upload on
12 January 2021) with the following sample accession numbers: ERS55547893-ERS5547907.
The complete study can also be accessed directly using the following URL: http://www.
ebi.ac.uk/ena/data/view/PRJEB42429.

Proteins of the target biosynthetic pathways were extracted from KEGG PATHWAY
database (KEGG 86.0, Kanehisa Laboratories, Kyoto, Japan), and the transcriptome dataset
was screened for the respective EC numbers and protein names. From all hits, the best
candidates were selected according to the longest representative sequences by inspecting
the respective alignments and co-occurrence in the proteomics dataset. In cases where
several contigs with the same expression profile were obtained, only one representative
contig was shown in the figures.

3.4. Proteomics
3.4.1. Protein Extraction and 2D Differential Gel Electrophoresis (2D-DIGE)

Chemicals for proteome analysis were purchased from Carl Roth GmbH & Co. KG
(Karlsruhe, Germany) and Sigma-Aldrich (Steinheim, Germany) if not stated otherwise.
Buds of the yellow P. nudicaule cultivar were harvested and stored on ice. Petals were
picked, sorted according to their DS, pestled into a fine powder under cooling with liquid
nitrogen, and stored at —80 °C. Phenol extraction of proteins followed the protocol by Fau-
robert et al. [62] using 3 g tissue instead of 1 g and the respective buffer/solvent volumes.

The proteins were resuspended in isoelectric focussing buffer (7 M urea, 2 M thiourea,
2% CHAPS, 20 mM Tris, 0.5% Pharmalytes pH 3-11) and were agitated for 1 h on a
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thermoshaker. The concentration of proteins was determined by Bradford assay (Coomassie
Plus Protein Assay Reagent, Thermo Fisher Scientific Inc., Waltham, MA, USA). To enable a
direct comparison between the different DSs, samples were subjected to 2D-differential gel
electrophoresis (2D-DIGE), following the protocol of Wartenberg et al. [63]. The Refraction-
2D™ Labeling Kit (NH DyeAGNOSTICS GmbH, Halle, Germany) was used. For details
of the 2D-DIGE see Methods S1.

3.4.2. Protein Digestion and HPLC-MS Analysis

Protein bands/spots were cut from the gel matrix and tryptic digestion was carried out
as reported by Shevchenko et al. [64]. For HPLC-MS analysis, the extracted tryptic peptides
were reconstructed in 10 pL acidified HyO (1% HCOOH [v/v]). Depending on the staining
intensity, 1 to 5 uL of sample was injected into the HPLC-MS/MS system. The data were
acquired on a nanoAcquity UPLC system connected online to a Q-ToF Synapt HDMS mass
spectrometer (Waters, Milford, MA, USA). The peptides were concentrated on a Symmetry
C18 trap-column (20 x 0.18 mm, 5 um particle size, Waters) using a mobile phase of
H,0 (0.1% HCOOH [v/v]) at a flow rate of 15 L. min~! and separated on a nanoAcquity
C18 column (200 mm x 75 um ID, C18 BEH 130 material, 1.7 pm particle size, Waters)
by in-line gradient elution at a flow rate of 0.35 pL min~! using the following gradient:
1-40% B within 40 min, 40-80% B within 10 min, 80-95% B within 1 min, isocratic at 95% B
for 2 min, and a return to 1% B (Buffers: A, H,O/0.1% HCOOH [v/v]; B, CH3CN/0.1%
HCOOH [v/v]).

The eluted peptides were transferred to the nanoelectrospray source of a Synapt
HDMS tandem mass spectrometer (Waters) which was operated in V-mode with a resolu-
tion power of at least 10,000 FWHM. All analyses were performed in positive ESI mode.
Human Glu-fibrinopeptide B (650 fmol uL~1) in H,0/0.1% HCOOH [v/v]—CH3CN
(1:1 [v/v]) was infused at a flow rate of 0.5 uL min~! through the reference Nano-LockSpray
source every 30 s to compensate for mass shifts in MS and MS/MS fragmentation mode.
HPLC-MS data were collected using data-dependent acquisition. The acquisition cycle
consisted of a survey scan covering the range of m/z 400-1800 Da followed by MS/MS
fragmentation of the five most intense precursor ions collected at 1.5 s intervals in the range
of 50-2000 m/z. Dynamic exclusion was applied to minimise multiple fragmentations for
the same precursor ions.

3.4.3. Data Processing and Protein Identification

Data dependent aquisition raw data were processed and searched against a sub-
database containing common contaminants (human keratins and trypsin) using Protein-
Lynx Global Server (PLGS) version 2.3 (Waters). The following search parameters were
applied: fixed precursor ion mass tolerance of 15 ppm for survey peptide, fragment ion
mass tolerance of 0.1 Da, 1 missed cleavage, fixed carbamidomethylation of cysteines, and
possible oxidation of methionine. Spectra that remained unmatched by database searching
were interpreted de novo to yield peptide sequences and subjected for homology-based
searching using the MS BLAST programme [65] installed on a local server. MS BLAST
searches were performed against a P. nudicaule subdatabase obtained from in silico transla-
tion of the P. nudicaule transcriptome and against the plantae database downloaded from
https:/ /www.ncbinlm.nih.gov/ accessed on 4 December 2014.

In parallel, pkl-files of MS/MS spectra were generated and searched against the
P. nudicaule subdatabase combined with NCBInr database containing 53,331,289 sequences
downloaded from https://www.ncbi.nlm.nih.gov/ accessed on 4 December 2014. The
database searching was performed using MASCOT software version 2.3 (Matrix Science
Ltd., London, UK) using the search parameters described above.
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3.5. Metabolomics
3.5.1. Sample Preparation and Metabolomics Analysis of Five Developmental Stages of
Yellow P. nudicaule Flowers

For metabolomic measurements of the five DSs of yellow P. nudicaule flowers, buds
were harvested, stored on ice, opened, and sorted according to their colour. The petals of
five buds per sample were picked and ground under cooling with liquid N;. For each DS,
three replicates were taken and stored at —80 °C. Afterwards, 2040 mg of the tissue was
weighed and extracted with MeOH-H,O 1:1 (resulting concentration ¢ = 40 uL mg tissue 1)
for 30 min in an ultrasonic bath under ice cooling. The solvent contained 20 pmol L~} of
the internal standards indole-3-propionic acid (Sigma-Aldrich, Steinheim, Germany) and
[1-13C]L-leucine (Sigma-Aldrich). After extraction, samples were centrifuged (20 min; 4 °C;
13,200 rpm) and the supernatant was subjected to UPLC-HRMS/MS analysis.

UPLC-HRMS/MS measurements were recorded on an LTQ-Orbitrap™ XL Mass Spec-
trometer (Thermo Fisher Scientific, Bremen, Germany) operated in positive and negative
ion mode, with chromatographic separation done on an Ultimate 3000 series RSLC (Dionex,
Sunnyvale, CA, USA) system. The chromatographic settings were the same as for the DS
3 and flower analysis (see next paragraph). The ESI source parameters were as follows:
A spray voltage of 5 kV, capillary temperature of 275 °C, tube lens of 110 V, and full scan
range of m/z 80-1200 at 30,000 m/Am resolving power.

3.5.2. Sample Preparation and Metabolomics Analysis of Developmental Stage 3 and
Flower of Four P. nudicaule Cultivars

Comparative metabolomic analysis of the yellow, orange, red, and white cultivars
was performed with the petals of open flowers and buds of DS 3 (pale red colour, or
day 12 of development in the case of white cultivar). One whole flower per sample was
used of DS 3 and one petal per sample of blooming flowers (three replicates each). Flow-
ers/buds were harvested and stored on ice. Petals were picked, weighed, and solvent
(MeOH-H,0 1:1, containing 20 pmol L~! each of internal standards indole-3-propionic
acid and [1-13C]L-leucine) was added to reach a concentration of 40 pL mg tissue 1.
Samples were vortexed, sonicated for 30 min in an ice bath, centrifuged (20 min; 4 °C;
13,200 rpm), and the supernatant was subjected to UPLC-HRMS/MS analysis.

UPLC-HRMS/MS measurements were recorded on a Q Exactive™ HF-X Hybrid
Quadrupole-Orbitrap™ Mass Spectrometer (QE-HF-X) (Thermo Fisher Scientific, Bremen,
Germany) operated in positive and negative ion mode, with chromatographic separation
done on an Ultimate 3000 series RSLC (Dionex, Sunnyvale, CA, USA) system. The UPLC
measurements were conducted on an Acclaim C18 column (150 x 2.1 mm, 2.2 pm particle
size with 120 A pore diameter (Dionex) with a flow rate of 200 uL min~! in a binary
solvent system of water (Solvent A) and acetonitrile (Solvent B), both containing 0.1% [v/v]
formic acid. Extracts (5 pL) were loaded onto the column and eluted by using a gradient
as follows: 0.5% B for 3.5 min; linear increase from 0.5 to 35% B within 11.5 min; 35 to
100% B within 2.5 min; 100% B for 2 min; 100 to 0.5% B within 2.5 min; equilibration at
0.5% B for 3 min. The ESI source parameters were as follows: a spray voltage of 2.5 kV,
capillary temperature of 300 °C, Funnel RF of 40 V and fragmentation was done using
data-dependent acquisition mode with MS1 full scan at m/z 80-1200 at 60,000 m/Am
resolving power and up to five MS/MS scans (TOP5) of the most abundant ions per duty
cycle with 30,000 m/Am resolving power and stepped normalised collision energy of 20,
30, and 40.

3.5.3. Data Analysis and Candidate Metabolite Identification

Both datasets were evaluated and interpreted using Xcalibur v.3.0.63 software (Thermo
Fisher Scientific, Waltham, MA, USA). A mass tolerance of £ 4ppm was used as the thresh-
old between accurate and exact mass. The UPLC-HRMS raw spectra were first centroided
by converting them to mzML format using the MS Convert feature of ProteoWizard
3.0.18324. Data processing was subsequently carried out with R Studio v1.1.463 using the
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Bioconductor XCMS package v 3.4.2, which contains algorithms for peak detection, peak
deconvolution, peak alignment, and gap filling. The resulting peak list values were used to
generate graphical plots. Peak areas were standardised by division by the peak area of the
internal standard [1-'3C]L-leucine. For heatmaps of the DSs of yellow P. nudicaule, mean
values relative to the highest value of each compound or, in the case of kaempferol and
pelargonidin glycosides and of nudicaulins, relative to the highest value of all metabolites
with the same aglycon were used.

The presence of each feature of interest was confirmed in the raw data and the
molecular formula estimated. This information, along with retention time, accurate mass,
and MS/MS spectra were used to probe into the existing literature and databases. MS/MS
spectra files were also centroided and imported into the Global Natural Products Social
Molecular Networking platform (GNPS https://gnps.ucsd.edu/; 21-22 July 2019) for
spectral matches and classical molecular networking. Datasets are available at GNPS:

e Pnudicaule_YFP_DV1-5_Bud_neg xcms-GNPS https:/ /gnps.ucsd.edu/ProteoSAFe/
status.jsp?task=c3f0d47205f449b6918b323816539307

e Pnudicaule_YFP_DV1-5_Bud_pos_xcms-GNPS https:/ /gnps.ucsd.edu/ProteoSAFe/
status.jsp?task=5489ef2fdc4743d093e25cb80700c39f

e  Pnudicaule_DV3_Flower-Bud_pos_xcms-GNPS https:/ /gnps.ucsd.edu/ProteoSAFe/
status.jsp?task=28eee1f5df1547dbad02cc1693741b07

e Pnudicaule_DV3_Flower-Bud_neg_xcms-GNPS https:/ /gnps.ucsd.edu/ProteoSAFe/
status.jsp?task=fc1{75e783be4946827c83bd90{9e528

MS/MS-based molecular networks were generated using the GNPS online plat-
form [66]. An ion mass tolerance and a fragment ion mass tolerance of 0.02 Da were
used. MS-clustering was on, and a spectral library search was performed using 0.02 Da for
ion mass and fragment ion tolerance. A minimum cosine score of 0.7 was set for achieving
spectral matching with the MS/MS spectral libraries and a minimum of six matching peaks
was considered for spectral library annotations.

The dereplication process was achieved by searching for the MS/MS spectra in the
GNPS libraries. This network was imported to Cytoscape version 3.6.1 (https://www.
cytoscape.org) and analysed using default algorithms and other visual considerations.

3.6. Isolation and Identification of Pelargonidin Glycosides

Pelargonidin 3-soph was isolated from red P. nudicaule flowers. Therefore, the frozen
petals were ground under cooling with liquid N, and extracted two times for 20 min
under ultrasound with an acidified 1:1 mixture of MeOH (HPLC-gradient grade, Sigma-
Aldrich, Steinheim, Germany) and deionised H,O (ultrapure water Milli-Q, 0.1% HCOOH
([v/v], 99% for HPLC-MS, VWR International, Darmstadt, Germany)). The sample was
evaporated to dryness in vacuo. Afterwards, anthocyanins were purified by solid phase
extraction. The crude extract was dissolved in acidified H,O (1% HCOOH [v/v]) and
loaded on Chromabond drug cartridges (Macherey-Nagel, Diiren, Germany). Washing
with H,O (1% HCOOH [v/v]) removed polar compounds, and washing with a mixture of
MeOH-H,0 4:6 (0.1% HCOOH [v/v]) removed non-ionic flavonoids. Anthocyanins were
eluted with acidified MeOH (1% HCl [v/v], 37%, Sigma-Aldrich) and dried under a stream
of N gas.

For split-off of malonyl groups, the sample was dissolved in an aqueous NaOH
solution (10% [m/v], purity > 99%, Sigma-Aldrich, ¢ ~ 1 mg anthocyanin mL~!). A
15 min reaction time in the dark was followed by neutralisation of the solution with
HCI (37%, colour change from dark yellow to red), and drying under a stream of Np.
Demalonylation resulted in two pelargonidin glycosides. These compounds were trapped
on a Chromabond Cjg ec cartridge (Macherey-Nagel); malonic acid was removed by
washing with acidified H,O (0.1% HCOOH [v/v]), and anthocyanins were eluted with HyO-
MeOH 1:1 (0.1% HCOOH [v/v]). The final separation was performed by preparative HPLC
on a Shimadzu Prominence HPLC system (Shimadzu, Duisburg, Germany) controlled by
the Shimadzu LCSolution software, ver. 1.21, and consisting of a DGU-20A5 degasser, LC-
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20AT gradient pump, SIL-10AP autosampler, CTO-20A column oven, SPD-20A UV detector,
FRC-10A fraction collector, and CBM-20A system controller. A VP 250/10 Nucleodur C18
HTec column (5 um; Macherey-Nagel) was used at 25 °C with a flow rate of 3.5 mL min~!.
The binary solvent system consisted of acidified H;O (0.1% HCOOH [v/v], solvent A) and
acidified MeOH (0.1% HCOOH [v/v], solvent B). The method included a focussing step
of 5 min with 30% solvent B, followed by a linear binary gradient from 30-70% B within
8 min, changing to 100% within 3 min with a subsequent washing step (100% B, 7 min) and
equilibration to starting conditions (2 min gradient to 30% B, 5 min 30% B). The sample was
dissolved in HyO-MeOH 6:4 (0.1% HCOOH [v/7], c ~ 48 mg mL~1) and fraction collection
was triggered by peak intensity using detection at 460 nm and time. The structure of the
main compound, pelargonidin 3- soph, was elucidated by NMR on a Bruker Avance III HD
500 MHz spectrometer (operating at 500.13 MHz for 'H and 125.75 MHz for '*C) equipped
with a 5 mm TCI cryoprobe. 'H NMR, 'H,'H-COSY, HSQC, and 'H,'3C-HMBC spectra
(standard Bruker pulse sequences as implemented in Bruker TopSpin) were measured in
MeOH-d4 with 2% TFA-d; as solvents. Chemical shifts were referenced to the residual
solvent peaks at 615 3.31 and ¢ 49.15 for MeOH-d, (for spectra see Figures S6-510, Table S3).
Data acquisition and processing were accomplished using TopSpin 3.5 (Bruker Biospin,
Rheinstetten, Germany). Orientalin chloride was kindly provided by Prof. Jonathan
Sperry, University of Auckland, New Zealand. HPLC-PDA-HRESIMS measurements of
pelargonidin 3-soph and orientalin are described in the following paragraph.

3.7. Concentration Dependency of the Final Step of Nudicaulin Biosynthesis

For the in vitro synthesis of nudicaulins I/II and their 7-deglucosylated deriva-
tives, stock solutions of the educts were prepared: pelargonidin 3-soph formate and
orientalin chloride in H,O (1% HCOOH [v/v]), cp/co = 10 mg mL~!; indole in MeOH,
cp =5mgmL~!, ¢ = 0.1 mg mL~!. Respective amounts of indole solution were pipetted
into 0.5 mL tubes (Eppendorf, Hamburg, Germany) and the solvent was evaporated under
a gentle stream of N gas. Afterwards, H,O (1% HCOOH [v/v]) and pelargonidin stock
solution were added to reach the following concentrations: pelargonidin 3-soph formate,
treatments P1/2, P3/4, P5/6 cp = 0.10, 1.00, and 10.00 mg mL~1: orientalin chloride,
treatments O1/2, O3/4 co = 0.12, 1.24 mg mL~! (molar concentration for pelargonidin
precursors cm = 7.8 X 1072, 7.8 x 1078, 7.8 x 10’7). Indole was used at each concen-
tration level in molar ratios of 1:1 and 5:1 compared to the pelargonidin glycoside. All
combinations were carried out with three replicates (for one data point in treatment O2,
0.1mg mL~1 ratio 1:5,24 h, two replicates had to be removed). Due to a low solubility of in-
dole in HyO, samples were vortexed and sonicated for a few seconds. In the case of 1.0 and
10.0 mg mL~!, aliquots were taken from the tubes and diluted with water (0.1% HCOOH
[v/0]) to 0.1 mg mL~! related to the pelargonidin glycoside at the following time points:
0.1,1, 4, and 24 h. Directly afterwards, they were analysed by HPLC-PDA-HRESIMS.

For HPLC-PDA-HRESIMS, an Agilent Infinity 1260 HPLC equipped with a G1315D
photodiode array detector was coupled to a Bruker Compact OTOF mass spectrome-
ter (Bruker Daltonics, Bremen, Germany), controlled by the Bruker Compass control
suite (version 1.9, Bruker Daltonics) together with Bruker OTOF Control version 4.0
(Bruker Daltonics). The samples were analysed in the positive ionisation mode in the mass
range m/z 50 to 1300 using 30,000 m Am~! resolving power. The HPLC was equipped with
a ZORBAX SB-C18 column (Agilent), 4.6 x 155 mm, particle diameter 3.5 pm. The flow
was 0.5 mL min~! with solvent A being H,O (0.1% HCOOH [v/v]) and solvent B MeOH
(0.1% HCOOH [v/v]). Samples (4 L) were injected during each run; 210, 254, 280, 350, 460,
and 521 nm were used as detection wavelengths. The method used for pelargonidin 3-soph
started with a focussing time of 1 min at 20% solvent B, followed by a gradient to 76% B
within 14 min, and ended with a washing step (2 min gradient to 100% B, 4 min washing
at 100% B, 2 min gradient back to starting conditions including 6 min equilibration time).
The method used for orientalin consisted of a focussing time of 1 min at 5% solvent B, a
gradient to 100% solvent B within 17 min, 3 min washing at 100% solvent B, 2 min gradient
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back to starting conditions and 6 min equilibration time. Data analysis and extraction of
peak areas was carried out with Bruker compass data analysis 4.3.

4. Conclusions

Yellow P. nudicaule petals produce their pigments by a complex mechanism, combining
the products of the flavonoid and tryptophan/indole biosynthetic pathways. The latter in-
cludes an indole-3-glycerol-phosphate lyase in the key step, which releases free indole and
enables—with precise adjustment of reaction conditions—the final, unique biosynthetic
step: the fusion of pelargonidin glycoside with indole. As the general pathway has recently
been elaborated by retrobiosynthetic and precursor directed labelling studies [27,44], as
well as biomimetic formation and synthetic studies [36,45], the present work identified the
most important genes and their products involved in nudicaulin biosynthesis. Additionally,
gene expression and metabolite abundance were reconstructed over five stages of petal
development, during which the entire nudicaulin biosynthetic pathway takes place. DS 3
and 4 were identified as the most important stages, when gene expression of the flavonoid
pathway and IGL is highest and the switch from precursor formation to nudicaulin pro-
duction takes place. Crucial to this switch are an acidic vacuolar pH-value, a 7-O-glycosyl
unit of pelargonidin in addition to the 3-O-glycosyl unit, and the reaching of a threshold
concentration of both educts. The experimental verification of the recently proposed reac-
tion mechanisms of the spontaneous fusion of indole and pelargonidin glycosides [27,45]
including the structure confirmation of the intermediate detected in the current study
would be interesting future targets. Prospective studies are not only motivated by the
unprecedented cascade nature of the fusion reaction but also by the possibility of designing
compounds with enhanced antiproliferative effects compared to some artificial nudicaulin
derivatives [36].

The comparison of differently coloured P. nudicaule cultivars revealed that glycosy-
lation of flavonoids at C7-OH is almost exclusively found in the nudicaulin producing
yellow and orange cultivars, which are generally very similar in gene expression. How-
ever, three IGL candidates, putatively involved in indole production, show a significantly
lower expression level in DS 5 in orange than in yellow flowers. This suggests that indole
biosynthesis stops earlier in the orange cultivar, hence rendering indole the limiting factor
in nudicaulin production. These IGL candidates are a good starting point for isolation and
functional characterisation of the proteins responsible for the production of free indole in
P. nudicaule. This knowledge could contribute to the identification of structure—function
relationships of IGL proteins.

The chemical structure of the nudicaulins is very different from other yellow flower
pigments [35], and, as hitherto known, their occurrence is restricted to the petals of only
three species of Papaveraceae [31]. In P. nudicaule, nudicaulins occur in the apical petal
areas, while yellow carotenoids and flavonols colour the pollen, stamens, and basal petal
parts [28]. Hence, the flowers of this plant require three different biosynthetic pathways to
produce yellow pigments. Among them, biosynthesis of nudicaulins appears to be most
costly due to their nitrogen content. Thus, nudicaulins must have benefits for the plant
that pay off the costs of their production. In general, flower colour is one important trait
to attract pollinators, and is therefore crucial for reproductive success. Yellow flowers are,
for example, preferred by some flies [19], which are predominant pollinators at high alti-
tudes [67]. Additionally, compared to white, yellow petal colour results in elevated flower
temperature, which helps pollinators to increase body temperature in cold regions and
may enable better seed development by heated stigmata and ovaries [68]. As P. nudicaule
was originally distributed in mountainous regions of Siberia and the steppes of Mongolia
with a continental climate [32-34], temperature effects by yellow coloured petals could
be an advantageous trait, both for pollination and in a physiological context. This is in
accord with the prevailing occurrence of the yellow variety in nature. Moreover, flower
colour is usually combined with olfactory stimuli which are especially important for long-
distance signalling in habitats with dense vegetation and for naive bees [69]. In P. nudicaule,
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colour and scent are biosynthetically linked because indole is an important precursor for
nudicaulins and additionally released as scent component of yellow flowers [48]. Indole
is not only emitted by P. nudicaule flowers, but is also present in the bouquet of many
different plant families [70,71]. It is mainly attractive to hawkmoths [72,73] and flies [74],
but also triggers a positive response in the oligolectic grey-backed mining bee Andrena
vaga [75]. Furthermore, we have shown recently that honeybees are able to discriminate
between artificial odour mixtures resembling the flower bouquets of P. nudicaule cultivars
and differing in the presence or absence of indole [48]. Thus, the combination of colour and
scent in yellow P. nudicaule flowers probably constitutes a unique characteristic recognised
by pollinators.

It is also conceivable that nudicaulins or indole additionally play a role in herbivore
defence, e.g., as feeding deterrents (probably such as the yellow pigments in Hypericum
calycinum flowers, [1]) or signalling compounds (such as in maize [49] or rice [39]), re-
spectively. Furthermore, functions in stress responses (e.g., UV light, cold) cannot be
ruled out, although the presence of flavonols, which are known to have antioxidant and
radical scavenging activity, might already have a protective effect. Ecological studies in
the natural habitat of P. nudicaule including pollinator preferences, possible herbivores, or
abiotic stresses would give decent insight into the benefits plants gain from the presence of
nudicaulins in flowers.

Taken together, nudicaulins are fascinating natural products whose biosynthesis
combines two pathways by the introduction of a TSA-homologous IGL enzyme providing
free indole and spontaneous fusion of the educt molecules. Nudicaulins do not only
testify to the stunning solution P. nudicaule has found to produce pigments and attract
pollinators, but also are the basis to design new synthetic substances with interesting
bioactive properties.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/1jms22084129/s1, Figure S1: structures of flavonol glycosides, present in Papaver nudicaule
petals; Figure S2: structures of pelargonidin glycosides, present in P. nudicaule petals; Figure S3:
structures of nudicaulins; Figure S4: diversification of tryptophan synthase alpha/indole-3-glycerol-
phosphate lyase in P. nudicaule and other plant species; Figure S5: sequence alignment of TSA- and
IGL-like proteins of P. nudicaule and other species; Figure S6: 1TH NMR spectrum of pelargonidin
3-O-B-D-sophoroside; Figure S7: 'H-'H COSY spectrum of pelargonidin 3-O-B-D-sophoroside;
Figure S8: HSQC spectrum of pelargonidin 3-O-3-D-sophoroside; Figure S9: HMBC spectrum of
pelargonidin 3-O-p-D-sophoroside; Figure S10: HPLC-HR mass spectrum of pelargonidin 3-O-f3-
D-sophoroside; Figure S11: HPLC-HR mass spectrum of 7-deglucosylated intermediates I + II;
Figure S12: HPLC-HR mass spectrum of 7-deglucosylated nudicaulins I + II; Figure S13: reaction
of pelargonidin 3-O-3-D-sophoroside with indole. HPLC-MS base peak chromatogram and HPLC-
PDA chromatogram; Figure S14: HPLC-HR mass spectrum of orientalin; Figure S15: HPLC-HR
mass spectrum of intermediates I + II; Figure S16: HPLC-HR mass spectrum of nudicaulins I + II;
Figure S17: cluster analysis of mRNA expression of DS 1-5 of yellow, orange, and white cultivars of
P. nudicaule; Table S1: mRNA expression levels of nudicaulin/flavonoid biosynthetic pathway in DS
1-5 of white, yellow, and orange cultivars of P. nudicaule; Table S2: peak areas of metabolites involved
in nudicaulin biosynthesis in DS 1-5 of yellow P. nudicaule flowers, identified by UPLC-HRMS/MS;
Table S3: 'H NMR and '3C NMR spectroscopic data of pelargonidin 3-O-B-D-sophoroside; Table S4:
final step of nudicaulin biosynthesis. HPLC-HRESIMS data of pelargonidin glycosides, intermediates,
and nudicaulins; Table S5: peak areas of pigments in buds and flowers of four differently coloured
cultivars of P. nudicaule, identified by UPLC-HRMS/MS; Table S6: definition of DSs of yellow
P. nudicaule flowers. HPLC-PDA peak areas; Methods S1: 2D Differential gel electrophoresis

Author Contributions: Conceptualization, A.-C.W., A.S., B.D., B.S. and C.P,; formal analysis, A.-C.W.,
B.D., H.V, N.W,, R.C.M. and S.G.-].; investigation, A.-C.W., B.D., H.V,, N.W,, R.C.M. and Y.H.; method-
ology, A-CW.,, B.D, BS., CP, HV, N.W, RCM. and Y.H.; writing—original draft preparation, B.D.,
H.V, N.W,, RCM. and Y.H.; writing—review and editing, A.-C.W., AS., B.S., C.P. and 5.G.-]. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.


https://www.mdpi.com/article/10.3390/ijms22084129/s1
https://www.mdpi.com/article/10.3390/ijms22084129/s1

Int. . Mol. Sci. 2021, 22, 4129 25 of 27

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: For data availability, see Sections 3.3.3 and 3.5.3.

Acknowledgments: We would like to thank Jonathan Sperry (University of Auckland, New Zealand)
for kindly providing orientalin chloride. Our thanks go to Evangelos C. Tatsis for fundamental ideas
he contributed in an early stage of the project. We thank Willibald Schliemann (former affiliation:
Leibniz Institute of Plant Biochemistry, Halle (Saale), Germany) for valuable discussions and proof-
reading. Our thanks also go to Henriette Ringys-Beckstein, as well as Jan Kriiger, Rita Gértner, and
Susana Grimalt for their support in transcriptomics or proteomics sample preparation, respectively.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Gronquist, M.; Bezzerides, A.; Attygalle, A.; Meinwald, J.; Eisner, M.; Eisner, T. Attractive and defensive functions of the
ultraviolet pigments of a flower (Hypericum calycinum). Proc. Natl. Acad. Sci. USA 2001, 98, 13745-13750. [CrossRef] [PubMed]

2. Harborne, J.B.; Williams, C.A. Advances in flavonoid research since 1992. Phytochemistry 2000, 55, 481-504. [CrossRef]

3. Vander Kooi, C.J.; Elzenga, ]. T.M.; Staal, M.; Stavenga, D.G. How to colour a flower: On the optical principles of flower coloration.
Proc. R. Soc. B 2016, 283, 20160429:1-20160429:9. [CrossRef]

4. Van der Kooi, C.J.; Dyer, A.G.; Kevan, P.G.; Lunau, K. Functional significance of the optical properties of flowers for visual
signalling. Ann. Bot. 2019, 123, 263-276. [CrossRef]

5. Kugler, H. UV-Musterungen auf Bliiten und ihr Zustandekommen. Planta 1963, 59, 296-329. [CrossRef]

6. Papiorek, S.; Junker, R R.; Lunau, K. Gloss, colour and grip: Multifunctional epidermal cell shapes in bee and bird-pollinated
flowers. PLoS ONE 2014, 9, e112013:1-e112013:7. [CrossRef]

7. Whitney, HM.; Kolle, M.; Andrew, P.; Chittka, L.; Steiner, U.; Glover, B.]. Floral iridescence, produced by diffractive optics, acts as
a cue for animal pollinators. Science 2009, 323, 130-133. [CrossRef] [PubMed]

8.  Ben-Tal, Y.;; King, R.W. Environmental factors involved in colouration of flowers of Kangaroo Paw. Sci. Hortic. 1997, 72, 35-48.
[CrossRef]

9.  Albert, A.; Sareedenchai, V.; Heller, W.; Seidlitz, H.K.; Zidorn, C. Temperature is the key to altitudinal variation of phenolics in
Arnica montana L. cv. ARBO. Oecologia 2009, 160, 1-8. [CrossRef]

10. Chalker-Scott, L. Environmental significance of anthocyanins in plant stress responses. Photochem. Photobiol. 1999, 70, 1-9.
[CrossRef]

11. Llorens, L.; Badenes-Pérez, ER.; Julkunen-Tiitto, R.; Zidorn, C.; Fereres, A.; Jansen, M.A. The role of UV-B radiation in plant
sexual reproduction. Perspect. Plant. Ecol. Evol. Syst. 2015, 17, 243-254. [CrossRef]

12. Mori, M,; Yoshida, K,; Ishigaki, Y.; Matsunaga, T.; Nikaido, O.; Kameda, K.; Kondo, T. UV-B protective effect of a polyacylated
anthocyanin, HBA, in flower petals of the blue morning glory, Ipomoea tricolor. cv. Heavenly Blue. Bioorg. Med. Chem. 2005, 13,
2015-2020. [CrossRef] [PubMed]

13. Coberly, L.C.; Rausher, M.D. Analysis of a chalcone synthase mutant in Ipomoea purpurea reveals a novel function for flavonoids:
Amelioration of heat stress. Mol. Ecol. 2003, 12, 1113-1124. [CrossRef]

14. Shvarts, M.; Borochov, A.; Weiss, D. Low temperature enhances petunia flower pigmentation and induces chalcone synthase gene
expression. Physiol. Plant. 1997, 99, 67-72. [CrossRef]

15.  Grotewold, E. The genetics and biochemistry of floral pigments. Annu. Rev. Plant. Biol. 2006, 57, 761-780. [CrossRef] [PubMed]

16. Lawrence, W.]J.C.; Price, J.R. The genetics and chemistry of flower colour variation. Biol. Rev. 1940, 15, 35-57. [CrossRef]

17. Weevers, T. Flower colours and their frequency. Acta Bot. Neerl. 1952, 1, 81-92. [CrossRef]

18. Lunau, K.; Maier, E.J. Innate colour preferences of flower visitors. Z. Vergl. Physiol. 1995, 177, 1-19. [CrossRef]

19. Lunau, K. Visual ecology of flies with particular reference to colour vision and colour preferences. J. Comp. Physiol. A. 2014, 200,
497-512. [CrossRef]

20. Goulson, D.; Cruise, J.L.; Sparrow, K.R.; Harris, A.].; Park, K.J.; Tinsley, M.C.; Gilburn, A.S. Choosing rewarding flowers;
perceptual limitations and innate preferences influence decision making in bumblebees and honeybees. Behav. Ecol. Sociobiol.
2007, 61, 1523-1529. [CrossRef]

21. Iwashina, T. Contribution to flower colors of flavonoids including anthocyanins: A review. Nat. Prod. Commun. 2015, 10, 529-544.
[CrossRef]

22.  Guldberg, L.D.; Atsatt, PR. Frequency of reflection and absorption of ultraviolet light in flowering plants. Am. Midl. Nat. 1975,
93, 35-43. [CrossRef]

23.  Kevan, P.G.; Backhaus, W.G.K. Color vision: Ecology and evolution in making the best of the photic environment. In Color Vision;
Backhaus, W.G K., Kliegl, R., Werner, ].S., Eds.; De Gruyter: Berlin, Germany; De Gruyter: New York, NY, USA, 1998; pp. 163-184.

24. Chittka, L.; Shmida, A.; Troje, N.; Menzel, R. Ultraviolet as a component of flower reflections, and the colour perception of

Hymenoptera. Vis. Res. 1994, 34, 1489-1508. [CrossRef]


http://doi.org/10.1073/pnas.231471698
http://www.ncbi.nlm.nih.gov/pubmed/11707571
http://doi.org/10.1016/S0031-9422(00)00235-1
http://doi.org/10.1098/rspb.2016.0429
http://doi.org/10.1093/aob/mcy119
http://doi.org/10.1007/BF01872300
http://doi.org/10.1371/journal.pone.0112013
http://doi.org/10.1126/science.1166256
http://www.ncbi.nlm.nih.gov/pubmed/19119235
http://doi.org/10.1016/S0304-4238(97)00071-X
http://doi.org/10.1007/s00442-009-1277-1
http://doi.org/10.1111/j.1751-1097.1999.tb01944.x
http://doi.org/10.1016/j.ppees.2015.03.001
http://doi.org/10.1016/j.bmc.2005.01.011
http://www.ncbi.nlm.nih.gov/pubmed/15727855
http://doi.org/10.1046/j.1365-294X.2003.01786.x
http://doi.org/10.1111/j.1399-3054.1997.tb03432.x
http://doi.org/10.1146/annurev.arplant.57.032905.105248
http://www.ncbi.nlm.nih.gov/pubmed/16669781
http://doi.org/10.1111/j.1469-185X.1940.tb00940.x
http://doi.org/10.1111/j.1438-8677.1952.tb00002.x
http://doi.org/10.1007/BF00243394
http://doi.org/10.1007/s00359-014-0895-1
http://doi.org/10.1007/s00265-007-0384-4
http://doi.org/10.1177/1934578X1501000335
http://doi.org/10.2307/2424103
http://doi.org/10.1016/0042-6989(94)90151-1

Int. . Mol. Sci. 2021, 22, 4129 26 of 27

25.

26.

27.

28.

29.

30.
31.

32.
33.

34.
35.

36.

37.

38.
39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Harborne, J.B.; Nash, R.J. Flavonoid pigments responsible for ultraviolet patterning in petals of the genus Potentilla. Biochem. Syst.
Ecol. 1984, 12, 315-318. [CrossRef]

Thompson, W.R.; Meinwald, J.; Aneshansley, D.; Eisner, T. Flavonols: Pigments responsible for ultraviolet absorption in nectar
guide of flower. Science 1972, 177, 528-530. [CrossRef]

Warskulat, A.-C.; Tatsis, E.C.; Dudek, B.; Kai, M.; Lorenz, S.; Schneider, B. Unprecedented utilization of pelargonidin and indole
for the biosynthesis of plant indole alkaloids. ChemBioChem 2016, 17, 318-327. [CrossRef] [PubMed]

Dudek, B.; Warskulat, A.-C.; Schneider, B. The occurrence of flavonoids and related compounds in flower sections of Papaver
nudicaule. Plants 2016, 5, 28. [CrossRef] [PubMed]

Price, ].R.; Robinson, R.; Scott-Moncrieff, R. The yellow pigment of Papaver nudicaule. Part, I. |. Chem. Soc. 1939, 1465-1468.
[CrossRef]

Devlin, R.; Sperry, J. The curious yellow colouring matter of the Iceland poppy. Org. Biomol. Chem. 2020, 18, 5278-5286. [CrossRef]
Tatsis, E.C.; Bohm, H.; Schneider, B. Occurrence of nudicaulin structural variants in flowers of papaveraceous species. Phytochem-
istry 2013, 92, 105-112. [CrossRef]

Fabergé, A.C. Genetics of the Scapiflora section of Papaver. . Genet. 1942, 44, 169-193. [CrossRef]

Popov, M. Family Papaveraceae. In Flora of the U.S.S.R.: Volume VII. Ranales and Rhoeadales; Komarov, V.L., Ed.; Botanical Institute
of the Academy of Sciences of the U.S.S.R.: Saint Petersburg, Russia, 1937; translated by Blake, Z., Israel Program for Scientific
Translations Ltd.: Jerusalem, Israel; Keter Press: Jerusalem, Israel, 1970; pp. 437-549.

Tolmatchew, A. Papaver nudicaule L. und einige verwandte asiatische Papaver-Formen. Sven. Bot. Tidskr. 1930, 24, 33—43.

Tatsis, E.C.; Schaumloffel, A.; Warskulat, A.-C.; Massiot, G.; Schneider, B.; Bringmann, G. Nudicaulins, yellow flower pigments
of Papaver nudicaule: Revised constitution and assignment of absolute configuration. Org. Lett. 2013, 15, 156-159. [CrossRef]
[PubMed]

Dudek, B.; Schnurrer, F.; Dahse, H.-M.; Paetz, C.; Warskulat, A.-C.; Weigel, C.; Voigt, K.; Schneider, B. Formation of nudicaulins
in vivo and in vitro and the biomimetic synthesis and bioactivity of O-methylated nudicaulin derivatives. Molecules 2018, 23,
3357. [CrossRef] [PubMed]

Ouyang, J.; Shao, X.; Li, J. Indole-3-glycerol phosphate, a branchpoint of indole-3-acetic acid biosynthesis from the tryptophan
biosynthetic pathway in Arabidopsis thaliana. Plant. ]. 2000, 24, 327-334. [CrossRef]

Gierl, A.; Frey, M. Evolution of benzoxazinone biosynthesis and indole production in maize. Planta 2001, 213, 493-498. [CrossRef]
Zhuang, X.; Fiesselmann, A.; Zhao, N.; Chen, H.; Frey, M.; Chen, F. Biosynthesis and emission of insect herbivory-induced volatile
indole in rice. Phytochemistry 2012, 73, 15-22. [CrossRef]

Schullehner, K.; Dick, R.; Vitzthum, F.; Schwab, W.; Brandt, W.; Frey, M.; Gierl, A. Benzoxazinoid biosynthesis in dicot plants.
Phytochemistry 2008, 69, 2668-2677. [CrossRef]

Tohge, T.; de Souza, L.P; Fernie, A.R. Current understanding of the pathways of flavonoid biosynthesis in model and crop plants.
J. Exp. Bot. 2017, 68, 4013-4028. [CrossRef]

Saito, K.; Yonekura-Sakakibara, K.; Nakabayashi, R.; Higashi, Y.; Yamazaki, M.; Tohge, T.; Fernie, A.R. The flavonoid biosynthetic
pathway in Arabidopsis: Structural and genetic diversity. Plant. Physiol. Biochem. 2013, 72, 21-34. [CrossRef]

Schroder, J. A family of plant-specific polyketide synthases: Facts and predictions. Trends Plant. Sci. 1997, 2, 373-378. [CrossRef]
Tatsis, E.C.; Eylert, E.; Maddula, R.K.; Ostrozhenkova, E.; Svatos, A.; Eisenreich, W.; Schneider, B. Biosynthesis of nudicaulins: A
13CO,-pulse/ chase labeling study with Papaver nudicaule. ChemBioChem 2014, 15, 1645-1650. [CrossRef] [PubMed]

Devlin, R.; Sperry, J. Biomimetic synthesis of nudicaulins I and II, yellow pigments from the Iceland poppy. Papaver nudicaule.
Chem. Commun. 2019, 55, 13594-13597. [CrossRef] [PubMed]

Frey, M.; Chomet, P.; Glawischnig, E.; Stettner, C.; Griin, S.; Winklmair, A.; Eisenreich, W.; Bacher, A.; Meeley, R.B.; Briggs, S.P.; et al.
Analysis of a chemical plant defense mechanism in grasses. Science 1997, 277, 696—699. [CrossRef]

Zhang, R.; Wang, B.; Ouyang, J.; Li, J.; Wang, Y. Arabidopsis indole synthase, a homolog of tryptophan synthase alpha, is an
enzyme involved in the Trp-independent indole-containing metabolite biosynthesis. J. Integr. Plant. Biol. 2008, 50, 1070-1077.
[CrossRef]

Martinez-Harmes, J.; Warskulat, A.-C.; Dudek, B.; Kunert, G.; Lorenz, S.; Hansson, B.S.; Schneider, B. Biosynthetic and functional
color-scent associations in flowers of Papaver nudicaule and its impact on pollinators. ChemBioChem 2018, 19, 1553-1562. [CrossRef]
Frey, M.; Stettner, C.; Pare, PW.; Schmelz, E.A.; Tumlinson, J.H.; Gierl, A. An herbivore elicitor activates the gene for indole
emission in maize. Proc. Natl. Acad. Sci. USA 2000, 97, 14801-14806. [CrossRef]

Cornuz, G.; Wyler, H.; Lauterwein, ]. Pelargonidin 3-malonylsophoroside from the red Iceland poppy, Papaver nudicaule.
Phytochemistry 1981, 20, 1461-1462. [CrossRef]

Toki, K.; Saito, N.; Morita, Y. An acylated pelargonidin 3-sophoroside from the pale-brownish red flowers of Ipomoea nil.
Heterocycles 2004, 63, 1449-1454. [CrossRef]

Dudek, B. Untersuchungen zu Metabolitenprofil und Farbentstehung in gelben Papaver nudicaule-Bliiten. Master’s Thesis,
Friedrich-Schiller-Universitét Jena, Jena, Germany, 1 June 2015.

Jurd, L. Quinones and quinone-methides—I: Cyclization and dimerisation of crystalline ortho-quinone methides from phenol
oxidation reactions. Tetrahedron 1977, 33, 163—168. [CrossRef]


http://doi.org/10.1016/0305-1978(84)90055-3
http://doi.org/10.1126/science.177.4048.528
http://doi.org/10.1002/cbic.201500572
http://www.ncbi.nlm.nih.gov/pubmed/26670055
http://doi.org/10.3390/plants5020028
http://www.ncbi.nlm.nih.gov/pubmed/27338493
http://doi.org/10.1039/jr9390001465
http://doi.org/10.1039/D0OB01162B
http://doi.org/10.1016/j.phytochem.2013.04.011
http://doi.org/10.1007/BF02982827
http://doi.org/10.1021/ol303211w
http://www.ncbi.nlm.nih.gov/pubmed/23249326
http://doi.org/10.3390/molecules23123357
http://www.ncbi.nlm.nih.gov/pubmed/30567384
http://doi.org/10.1046/j.1365-313x.2000.00883.x
http://doi.org/10.1007/s004250100594
http://doi.org/10.1016/j.phytochem.2011.08.029
http://doi.org/10.1016/j.phytochem.2008.08.023
http://doi.org/10.1093/jxb/erx177
http://doi.org/10.1016/j.plaphy.2013.02.001
http://doi.org/10.1016/S1360-1385(97)87121-X
http://doi.org/10.1002/cbic.201402109
http://www.ncbi.nlm.nih.gov/pubmed/24919663
http://doi.org/10.1039/C9CC07943B
http://www.ncbi.nlm.nih.gov/pubmed/31657378
http://doi.org/10.1126/science.277.5326.696
http://doi.org/10.1111/j.1744-7909.2008.00729.x
http://doi.org/10.1002/cbic.201800155
http://doi.org/10.1073/pnas.260499897
http://doi.org/10.1016/0031-9422(81)80075-1
http://doi.org/10.3987/COM-04-10076
http://doi.org/10.1016/0040-4020(77)80122-1

Int. . Mol. Sci. 2021, 22, 4129 27 of 27

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

Schliemann, W.; Schneider, B.; Wray, V.; Schmidt, J.; Nimtz, M.; Porzel, A.; Bohm, H. Flavonols and an indole alkaloid skeleton
bearing identical acylated glycosidic groups from yellow petals of Papaver nudicaule. Phytochemistry 2006, 67, 191-201. [CrossRef]
[PubMed]

Virtanen, P.; Gommers, R.; Oliphant, T.E.; Haberland, M.; Reddy, T.; Cournapeau, D.; Burovski, E.; Peterson, P.; Weckesser, W.;
Bright, J.; et al. SciPy 1.0-Fundamental algorithms for scientific computing in python. Nat. Methods 2020, 17, 261-272. [CrossRef]
Hunter, ].D. Matplotlib: A 2D graphics environment. Comput. Sci. Eng. 2007, 9, 90-95. [CrossRef]

Vogel, H.; Badapanda, C.; Knorr, E.; Vilcinskas, A. RNA-sequencing analysis reveals abundant developmental stage-specific and
immunity-related genes in the pollen beetle Meligethes aeneus. Insect. Mol. Biol. 2014, 23, 98-112. [CrossRef] [PubMed]

Gotz, S.; Garcia-Gomez, ] M.; Terol, J.; Williams, T.D.; Nagaraj, S.H.; Nueda, M.].; Robles, M.; Talén, M.; Dopazo, J.; Conesa,
A. High-throughput functional annotation and data mining with the Blast2GO suite. Nucleic. Acids. Res. 2008, 36, 3420-3435.
[CrossRef]

Waterhouse, R.M.; Seppey, M.; Simao, FA.; Manni, M.; Ioannidis, P.; Klioutchnikov, G.; Kriventseva, E.V.; Zdobnov, EM. BUSCO
applications from quality assessments to gene prediction and phylogenomics. Mol. Biol. Evol. 2017, 35, 543-548. [CrossRef]
[PubMed]

Jacobs, C.G.C,; Steiger, S.; Heckel, D.G.; Wielsch, N.; Vilcinskas, A.; Vogel, H. Sex, offspring and carcass determine antimicrobial
peptide expression in the burying beetle. Sci. Rep. 2016, 6, 25409:1-25409:8. [CrossRef]

Trifinopoulos, J.; Nguyen, L.-T.; von Haeseler, A.; Minh, B.Q. W-IQ-TREE: A fast online phylogenetic tool for maximum likelihood
analysis. Nucleic. Acids. Res. 2016, 44, W232-W235. [CrossRef]

Faurobert, M.; Pelpoir, E.; Chaib, J. Phenol extraction of proteins for proteomic studies of recalcitrant plant tissues. Methods. Mol.
Biol. 2007, 355, 9-14. [CrossRef]

Wartenberg, D.; Vodisch, M.; Kniemeyer, O.; Albrecht-Eckardt, D.; Scherlach, K.; Winkler, R.; Weide, M.; Brakhage, A.A. Proteome
analysis of the farnesol-induced stress response in Aspergillus nidulans-The role of a putative dehydrin. J. Proteom. 2012, 75,
4038-4049. [CrossRef]

Shevchenko, A.; Tomas, H.; Havlis, J.; Olsen, ].V.; Mann, M. In-gel digestion for mass spectrometric characterization of proteins
and proteomes. Nat. Protoc. 2006, 1, 2856-2860. [CrossRef] [PubMed]

Shevchenko, A.; Sunyaev, S.; Loboda, A.; Bork, P.; Ens, W.; Standing, K.G. Charting the proteomes of organisms with unsequenced
genomes by MALDI-quadrupole time-of-flight mass spectrometry and BLAST homology searching. Anal. Chem. 2001, 73,
1917-1926. [CrossRef]

Wang, M.; Carver, ].J.; Phelan, V.V,; Sanchez, L.M.; Garg, N.; Peng, Y.; Nguyen, D.D.; Watrous, ]J.; Kapono, C.A.; Luzzatto-
Knaan, T; et al. Sharing and community curation of mass spectrometry data with Global Natural Products Social Molecular
Networking. Nat. Biotechnol. 2016, 34, 828-837. [CrossRef] [PubMed]

Kearns, C.A. Anthophilous fly distribution across an elevation gradient. Am. Midl. Nat. 1992, 127, 172-182. [CrossRef]
Melgaard, P. Temperature relations of yellow and white flowered Papaver radicatum in North Greenland. Arct. Alp. Res. 1989, 21,
83-90. [CrossRef]

Dotterl, S.; Vereecken, N.J. The chemical ecology and evolution of bee—flower interactions: A review and perspectives. Can. |.
Zool. 2010, 88, 668—697. [CrossRef]

Knudsen, ].T.; Eriksson, R.; Gershenzon, J.; Stdhl, B. Diversity and distribution of floral scent. Bot. Rev. 2006, 72, 1-120. [CrossRef]
Cna’ani, A,; Seifan, M.; Tzin, V. Indole is an essential molecule for plant interactions with herbivores and pollinators. J. Plant. Biol.
Crop. Res. 2018, 1, 1003:1-1003:5. [CrossRef]

Bischoff, M.; Jiirgens, A.; Campbell, D.R. Floral scent in natural hybrids of Ipomopsis (Polemoniaceae) and their parental species.
Ann. Bot. 2014, 113, 533-544. [CrossRef] [PubMed]

Raguso, R.A.; Light, D.M.; Pickersky, E. Electroantennogram responses of Hyles lineata (Sphingidae: Lepidoptera) to volatile
compounds from Clarkia breweri (Onagraceae) and other moth-pollinated flowers. J. Chem. Ecol. 1996, 22, 1735-1766. [CrossRef]
Zito, P,; Détter], S.; Sajeva, M. Floral volatiles in a sapromyiophilous plant and their importance in attracting house fly pollinators.
J. Chem. Ecol. 2015, 41, 340-349. [CrossRef] [PubMed]

Dotterl, S.; Fiissel, U.; Jiirgens, A.; Aas, G. 1,4-Dimethoxybenzene, a floral scent compound in willows that attracts an oligolectic
bee. J. Chem. Ecol. 2005, 31, 2993-2998. [CrossRef] [PubMed]


http://doi.org/10.1016/j.phytochem.2005.11.002
http://www.ncbi.nlm.nih.gov/pubmed/16376394
http://doi.org/10.1038/s41592-019-0686-2
http://doi.org/10.1109/MCSE.2007.55
http://doi.org/10.1111/imb.12067
http://www.ncbi.nlm.nih.gov/pubmed/24252113
http://doi.org/10.1093/nar/gkn176
http://doi.org/10.1093/molbev/msx319
http://www.ncbi.nlm.nih.gov/pubmed/29220515
http://doi.org/10.1038/srep25409
http://doi.org/10.1093/nar/gkw256
http://doi.org/10.1385/1-59745-227-0:9
http://doi.org/10.1016/j.jprot.2012.05.023
http://doi.org/10.1038/nprot.2006.468
http://www.ncbi.nlm.nih.gov/pubmed/17406544
http://doi.org/10.1021/ac0013709
http://doi.org/10.1038/nbt.3597
http://www.ncbi.nlm.nih.gov/pubmed/27504778
http://doi.org/10.2307/2426332
http://doi.org/10.2307/1551519
http://doi.org/10.1139/Z10-031
http://doi.org/10.1663/0006-8101(2006)72[1:DADOFS]2.0.CO;2
http://doi.org/10.33582/2637-7721/1003
http://doi.org/10.1093/aob/mct279
http://www.ncbi.nlm.nih.gov/pubmed/24355404
http://doi.org/10.1007/BF02028502
http://doi.org/10.1007/s10886-015-0568-8
http://www.ncbi.nlm.nih.gov/pubmed/25833217
http://doi.org/10.1007/s10886-005-9152-y
http://www.ncbi.nlm.nih.gov/pubmed/16258713

	Introduction 
	Results and Discussion 
	Definition of Stages in the Petal Development of the Yellow P. nudicaule Cultivar 
	Transcriptome, Proteome, and Metabolome Analysis of the Nudicaulin Biosynthesis 
	Biosynthesis of Free Indole 
	Concentration Dependency and Effect of the Glycosylation Pattern on the Final Step of Nudicaulin Biosynthesis 
	Comparative Metabolome and Transcriptome Analysis of Differently Coloured P. nudicaule Cultivars 

	Materials and Methods 
	Plant Material 
	Definition of Developmental Stages of Yellow P. nudicaule Petals 
	Transcriptomics 
	RNA-Seq and Differential Gene Expression Analysis 
	Phylogenetic Analysis of Plant TPS/IGL-like Protein Sequences 
	Data Accessibility 

	Proteomics 
	Protein Extraction and 2D Differential Gel Electrophoresis (2D-DIGE) 
	Protein Digestion and HPLC-MS Analysis 
	Data Processing and Protein Identification 

	Metabolomics 
	Sample Preparation and Metabolomics Analysis of Five Developmental Stages of Yellow P. nudicaule Flowers 
	Sample Preparation and Metabolomics Analysis of Developmental Stage 3 and Flower of Four P. nudicaule Cultivars 
	Data Analysis and Candidate Metabolite Identification 

	Isolation and Identification of Pelargonidin Glycosides 
	Concentration Dependency of the Final Step of Nudicaulin Biosynthesis 

	Conclusions 
	References

