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e Daphniphyllum macropodum produces alkaloids that are structurally complex with poly-
cyclic, stereochemically rich carbon skeletons. Understanding how these compounds are
formed by the plant may enable exploration of their biological function and bioactivities.

¢ We employed multiple metabolomics techniques, including a workflow to annotate com-
pounds in the absence of standards, to compare alkaloid content across plants and tissues.

o Different alkaloid structural types were found to have distinct distributions between geno-
types, between tissues and within tissues. Alkaloid structural types also showed different iso-
tope labelling enrichments that matched their biosynthetic relationships.

¢ The work suggests that mevalonate derived 30-carbon alkaloids are formed in the phloem
region before their conversion to 22-carbon alkaloids which accumulate in the epidermis. This
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Introduction

Plants biosynthesise a plethora of specialised metabolites which
have various roles including providing defence against herbivores,
protection against abiotic stress, and mediation of interspecies
communication (Mithofer & Boland, 2012; Erb & Klieben-
stein, 2020). Alkaloids are nitrogen-containing natural products
typically with amino acid origins (Lichman, 2021), many of
which have acute biological activities, for example acting as toxins
or behavioural modulators (Pluskal & Weng, 2018). Alkaloids
are extensively used by humans as therapeutics and analgesics,
and their natural diversity remains a source of novel pharmaceuti-
cals (Bharate ez 4/, 2018).

Plants from Daphniphyllum (Family: Daphniphyllaceae,
Order: Saxifragales) are dioecious shrubs or small trees native to
tropical and subtropical Asia. These evergreens are often grown
as ornamental plants due to their characteristic red petioles and
dark green leaves (Boyce, 1999). Some Daphniphyllum species
have also been used in traditional Chinese medicines to treat
asthma, rheumatism, and snake-bites (Wu ez al, 2013). Daphni-
phyllum sp. are known for their ability to produce structurally
diverse and complex alkaloids characterised by polycyclic
cage-like structures and stereochemically rich molecular frame-
works (Fig. 1a) (Chattopadhyay & Hanessian, 2017).

© 2024 The Authors
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sets the stage for further investigation into the biosynthetic pathway.

More than 330 Daphniphyllum alkaloids (DA) have been iden-
tified to date. Based on their skeletal structures, DAs can be cate-
gorised into up to ¢ 35 structurally unique subtypes including
daphniphylline, secodaphniphylline, calyciphylline A and yuzuri-
mine subtypes (Guo ez al, 2020a). At a higher level, DAs can also
be classified by the number of carbons in their core skeleton: C30
or C22, and the latter group can also further be classified by the
presence (C22A) or absence (C22B) of a hexahydropentalene
moiety (two fused five membered rings) (Fig. 1a).

Daphniphyllum alkaloids may be involved in plant defence in a
similar manner to other alkaloids (Wink, 2015; Chowanski
et al., 2016). This is supported experimentally by the observation
of insecticidal bioactivities reported for a small number of com-
pounds (Li et al., 2009). Human related DA bioactivities include
anti-inflammatory (Yang er al, 2021), neuroprotective (Saito
et al., 2008) and anti-cancer effects (Zhang ez al, 2009; He
et al., 2011; Cao ez al., 2013). Due to their structural complexity
and potential biological activities, DAs have remained targets for
total synthesis efforts over many decades (Heathcock e al., 1986;
Pieitre & Heathcock, 1990; Heathcock & Stafford, 1992; Weiss
& Carreira, 2011; Guo ez al., 2019, 2020b).

First insights into the biosynthesis of DAs was from isotope
feeding studies. Feeding D. macropodium aerial tissues with

labelled mevalonic acid (MVA) led to isolation of daphniphylline
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Fig. 1 Daphniphyllum alkaloids. (a) Representative Daphniphyllum alkaloids, classified by carbon skeleton (C30 vs C22, blue highlighting C8 fragment
lost in C22 compounds) and presence (C22A) or absence (C22B) of hexahydropentalene ring (red). (b) Proposed pathway via squalene and a

secodaphniphylline type precursor into diverse alkaloids subtypes.

and codaphniphylline alkaloids (C30) labelled with six MVA
units (Suzuki ez 2/, 1973). A similar experiment conducted in D.
teijsmanni fruit led four MVA units incorporation into daphni-
lactone B (C22) (Niwa ez al., 1973). In D. macropodium, incor-
poration of squalene showed DAs to be triterpene in origin
(Suzuki et al., 1973). The majority of reported triterpene alka-
loids are steroidal alkaloids such as solanine from Solanaceae
and cyclopamine from Veratrum californicum (Cherney &
Baran, 2011; Itkin er /, 2013; Augustin et al., 2015); however,
DAs do not appear be steroidal in origin.

Pioneering biomimetic syntheses by Heathcock demonstrated
formation of a secodaphniphylline skeleton from a linear oxidised
squalene (Fig. 1b) (Pieitre & Heathcock, 1990; Heath-
cock, 1996). The daphniphylline skeletons can be formed via
biomimetic conversions from secodaphniphylline type (Heath-
cock & Joe, 1995) or daphnilactone B-like compounds (Niwa
et al., 1974). These experiments, alongside chemical logic, indi-
cate that secodaphniphylline is a universal precursor, which can
be converted into a reactive intermediate, which in turn is a
branch point to diverse DAs (Fig. 1b) (Morita & Kobaya-
shi, 2007). The formation of the hexahydropentalene ring of the
C22A DAs is relatively late in the pathway (Fig. 1b) (Mu
et al., 2008; Kobayashi & Kubota, 2009).

The biosynthesis of complex alkaloids in plants often has a
spatial element, with different steps of the pathway occurring
in different tissues or cell types, with transportation of pathway
intermediates between these locations (Bird er al, 2003;
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Mahroug et al, 2007). For example, pyrrolizidine alkaloids
from Senecio wvulgaris are translocated via the phloem from
roots to aerial organs (Ehmke er 4/, 1988; Witte er al., 1990).
In Catharanthus roseus, different steps of alkaloid biosynthesis
are localised to specific cell types in the leaf (Yamamoto
et al., 2016, 2019; Li et al, 2023). In Daphniphyllum spp.,
there have been reports of different alkaloids being isolated
from different regions of the plant (Mu ez al, 2008; Shuzhen
et al., 2013), but no systematic assessment into the spatial dis-
tribution of the alkaloids has been conducted. Elucidation of
the biosynthetic origins of the alkaloids, as well as understand-
ing their biological function, is dependent on knowledge of
their distribution within the plant.

To map alkaloid distribution in D. macropodum we combined
high-resolution liquid chromatography tandem mass spectrome-
try (HR-LC-MS/MS), isotope feeding and mass spectral ima-
ging. We observed alkaloid structural types differentially
distributed across plants, tissues, and cell types. Overall, we deter-
mined that 30-carbon alkaloids, formed from six isoprene units,
accumulate in the phloem before their conversion to 22-carbon
alkaloids (and loss of two isoprene units). The C22 alkaloids,
especially those with a hexahydropentalene moiety (i.e. C22A
such as yuzurimine) accumulate in the epidermis and were
enriched in immature leaves. This study sets the stage for future
work on Daphniphyllum alkaloid biosynthesis and highlights how
integrating different metabolomics strategies can reveal valuable
insights on compound distribution within the plant.

© 2024 The Authors
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Materials and Methods

Chemical database and standards

An in silico Daphniphyllum Blume natural product database was
manually assembled from Reaxys (https://www.reaxys.com/,
Elsevier; query: for substances ‘Isolated from Natural Source:
Daphniphyllum’) and recent reviews and research articles
(Kobayashi & Kubota, 2009; Chattopadhyay & Hanes-
sian, 2017). Each Daphniphyllum alkaloid (DA) was assigned to a
structural subtype using definitions from Chattopadhyay &
Hanessian (2017). Daphniphylline and yuzurimine standards
were obtained from plant tissue and verified by NMR (Support-
ing Information Methods S1). Other standards were purchased
from commercial vendors (Table S1).

Hydroponic growth

Daphniphyllum macropodum Miq. seeds were harvested when the
fruic was ripe (dark purple/blue). The fleshy tissue (epicarp and
mesocarp) was removed, and the seed rinsed with water and air-
dried. The seed was sterilised with chlorine vapor for 5 h and
then transferred to Petri dishes containing seed germination
media (gelrite (0.5% w/v), Lloyd and McCown’s woody plant
medium with vitamins (50% strength), Plant Preservative
Mixture (1 ml [7h), streptomycin (50 pg ml™Y), cefotaxime
(250 ng ml™Y), gibberellic acid 4 + 7 (200 pg ml™Y), pH 5.8).
The seeds were incubated (14 h : 10 h, 20°C : 10°C; dark) until
radicle emergence, when they were placed in stratification condi-
tions (4°C). After 14 d, incubation conditions were modified
and light introduced (1 h, 10°C, light; 13 h, 20°C, light; 1 h
20°C, dark; 9 h, 10°C, dark; light = 40 pmol m™* s™"). After
hypocotyl emergence the temperature was increased (1 h, 15°C,
light; 13 h, 25°C, light; 1 h 25°C, dark; 9 h, 15°C, dark;
light = 40 pmol m™? s~'). When hypocotyl > 2.5 cm the seed
coat was removed and seedling transferred to hydroponics sys-
tem. Seedlings were grown under axenic conditions at 25°C

under light intensity of 40 pmol m™? s™" and a photoperiod of
14 h: 10 h, light : dark.

Labelling experiments

Six- or seven-week-old seedlings were transferred to woody plant
medium containing filter sterilised p-Glucose/D-Glucose->Cg or
mevalonolactone/mevalonolactone-2-'>C (2.5 mM). Three bio-
logical replicates were used for each experimental condition. After
3 wk of incubation, leaf, stem and root tissues of the plants were
rinsed with water, frozen in liquid nitrogen and stored at —70°C
until extraction.

Phylogenetics

Immature leaf tissue was harvested onto dry ice. DNA-depleted
RNA was isolated using a Direct-Zol RNA miniprep kit (Zymo
Research, Irvine, CA, USA). RNA quantity and quality were
assessed using the Agilent Tapestation system with RNA nano

© 2024 The Authors
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screentape. For short read sequencing, library preparation was
performed from 200 ng high quality total RNA input using the
NEBNext Ultra II Directional Library prep kit for Illumina in
conjunction with the NEBNext Poly(A) mRNA Magnetic Isola-
tion Module and unique dual index set (New England Biolabs,
Ipswich, MA, USA), according to the manufacturer’s instruc-
tions. Libraries were pooled at equimolar ratios and sent for
paired end 150 base sequencing at Novogene (UK) Company
Ltd. on a NovaSeq 6000 instrument (Illumina, San Diego, CA,
USA), with 10 million reads per sample on average. De novo tran-
scriptomes were assembled from reads using TRINITY including
trimmomatic with default settings. Markers (rbcL, psbA, MatK,
5.8S) were identified in the transcriptomes using a local BLasTN
search. All queries matched to full-length contigs except plant D
matK which was split across two contigs which were concate-
nated to obtain the full-length matK marker. Marker sequences
were obtained from the NCBI GenBank database by searching
for taxonomy (Genus: Daphniphyllum), with Cercidiphyllum
japonicum selected as an outgroup. Nucleotide sequences were
aligned using MAFFT on default settings and maximum likelihood
phylogenetic trees inferred using IQTree including ModelFinder
on default settings (Minh ez al, 2020). For the combined tree
including all four markers, only samples with four markers repre-
sented were retained and four separate sequence alignments were
concatenated. The tree inference was performed with separate
models predicted for each marker using partitions.

LC-MS analysis

Plant material was obtained from plants growing in the UK (see
Table S2). Tissues were sampled in triplicate onto dry ice before
storing at —70°C. Plant material was freeze dried and ground with
pestle and mortar. Samples (¢. 10 mg) were extracted with 80%
methanol (500 pl), vortexed, shaken in a TissueLyser (Qiagen)
(10 min, 5 Hz) and then centrifuged (4000 g 2 min). Superna-
tant (50 pl) was diluted with 80% methanol (450 ul) and added
to a 96 well plate. The plates were sealed and stored at 4°C.

LC-MS/MS runs were performed using a Waters Acquity
[-Class ultra performance liquid chromatography (UPLC)
instrument interfaced to a Thermo Tribrid Fusion Orbitrap instru-
ment using an atmospheric pressure chemical ionisation (APCI)
ion source in positive ion mode. UPLC runs were controlled by
WATERS EMPOWER software. 2 -l injections were made onto an
Acquity BEH C18 column (100 x 2.1 mm, 1.7 pm particle size),
held at 60°C. The column was run at 0.5 ml min~" with mobile
phase A= 10 mM ammonium bicarbonate (pH 10.2) and
B = MeOH. LC-MS data was processed with Xmcs (3.12.0) and
CaMERA (1.33.3) (Kuhl ez 4/, 2012) to identify features. Normalisa-
tion was performed using the R METMSLINE (1.2.1) package.
Detailed description of LC-MS/MS methods and processing can be
found in the Methods S1.

Molecular networking

A molecular network was created using the Feature-Based Mole-
cular Networking (FBMN) workflow (Nothias ez 4/, 2020) on
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GNPS (https://gnps.ucsd.edu; Wang ez al., 2016) using default
settings (see Methods S1). The GNPS network file was used as
an input for SNAP-MS (Morehouse ez al., 2023) using the Coco-
nut reference database (Sorokina et al, 2021) and default
parameters. Molecular clusters with SNAP-MS derived Daphni-
Phyllum alkaloid annotations were determined by manual inspec-
tion of SNAP-MS output. The alkaloid annotations were
classified by type/subtype through manual inspection of structure
or cross-reference of compound name with our curated alkaloid
database.

Compound clustering

For the initial multi-plant analysis, the loess corrected filtered
peak areas were further filtered by removing values where peaks
were only detected in one of three technical repeats, and remov-
ing features after 4.33 min. Next, all peak values for peaks whose
maximum value fell below the median of all peak maxima were
removed. The average and log-transformed LC-MS peak areas
were calculated from technical repeats. The peak areas were then
normalised across all samples by dividing the averaged and trans-
formed peak areas by root-mean-square value across all samples
for a given peak (scale(centre = F) function in R). To describe
changes of a group of peaks in a given sample, we used a cluster
enrichment (CE) value, the sum of normalised peak areas within
a given group. Averaged and log-transformed LC-MS peak areas
were used for determining abundance cluster method, with the
overall method using principal component analysis followed by
UMAP (Mclnnes et al., 2018) followed by clustering. The fol-
lowing hyperparameters were tested using a grid search: UMAP
components, UMAP neighbours, and number of Principal Com-
ponents. Two different hierarchical clustering methods were
used: complete or median. Consensus clustering with 20 starts
was always used for K-means clustering (Xiang ez al., 2021). The
clustering methods were compared to ground-truth using a priori
clusters by Rand-index (RI) and adjusted Rand-index (ARI). For
compound clustering, the ground-truth a priori clusters were
molecular cluster index from the FBMN GNPS network based
on HCD composite MS” spectra. The cluster method selected
was chosen based on a compromise between high ARI, to maxi-
mise confidence in cluster assignment, and number of clusters
(/), to maximise resolution.

Cluster quantification

To describe the subtype annotation within each compound clus-
ter (CC) we calculated a compound subtype score for each anno-
tated peak based on the proportion of ambiguous/redundant
annotations with particular subtypes. Each peak has a total score
of one, but this is divided proportional to the annotations. For
example, a peak annotated with three yuzurimine subtype com-
pounds and one calciphylline A subtype compound would be
scored 0.75 yuzurimine and 0.25 calciphylline A. To assign a
subtype frequency across all peaks in a CC, these proportional
subtype scores were summed. For the plant F only metabolomics
experiment, average and log-transformed LC-MS peak areas were
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calculated from loess corrected technical repeats. The peak areas
were then normalised across all samples by dividing the averaged
and transformed peak areas by root-mean-square value across all
samples for a given peak (scale(centre = F) function in R). Sub-
type enrichment (SE) across tissues was calculated by multiplying
the proportional subtype score for each peak by the normalised
peak area, summing these values across each sample, then scaling
these values across all tissues (scale(centre = T) function in R) for
each biological replicate. These values represent the relative sub-
type enrichment (SE) across tissues in a sample.

Methods for isotope labelling experiments

For the glucose labelling experiment, the LC-MS was run as
described above. Feature picking was conducted as previously
described but with a signal-to-noise threshold of 3 instead of the
default 10. Features were matched against the in-house alkaloid
database. Groups of features that may represent labelled com-
pounds were selected by identifying pairs of features within £2 s
RT tolerance and within +0.05 m/z of 13C mass increments
were selected. These groupings were filtered to retain pairs where
the ratio of the potentially labelled partner in a pair (i.e. the
higher m/z value) is at least 100 x higher in labelled samples
compared to control or unlabelled samples.

Peaks areas were then normalised by sample mass and filtered
so only peaks with major (unlabelled) peaks > 10 000 were
retained. Isotopolog proportion was calculated by dividing isoto-
polog peak area by the major (unlabelled) peak area. Corrected
isotopolog proportions were calculated by subtracting average
background isotopolog proportions (i.e. from samples fed with
unlabelled precursors). Peaks were grouped by alkaloid type and
number of 13Cs incorporated. These populations were compared
using ANOVA followed by Tukey’s post hoc test.

For the mevalonolactone labelling experiment, the nine largest
peaks in the unlabelled analysis were selected (5 x C30 type and
4 x C22 type). For each peak, isotopolog peaks were identified
within £2 s RT. Peaks areas were then normalised by sample
mass, and grouped by alkaloid type and number of 13Cs incor-
porated. Normalised isotope proportion was calculated by divid-
ing isotopolog peak area by the major (unlabelled) peak area and
normalised across each sample using Z-score. These populations

were compared using ANOVA followed by Tukey’s post hoc test.

Microscopy

Tissue segments of stem, petiole and roots (c. 0.5 cm?) were cut,
embedded in 15% gelatine, mounted to a holder using
Tissue-Tek O.C.T compound, and sectioned (at —20°C) to a
thickness of 40 to 80 pm by Leica CM950 Cryostat (Leica Bio-
systems, Wetzlar, Germany). Suitable sections were mounted to
SuperFrost Plus adhesion glass slides. To identify the major cell
types in Daphniphyllum tissues the prepared sections were stained
with Toluidine blue O (0.02% w/v) or Safranin O (1% w/v) and
fast green (1% w/v) and then examined under bright-field micro-
scopes (Nikon Eclipse E600, and Leica MZ16; Leica microsys-
tems, Wetzlar, Germany).

© 2024 The Authors
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MALDI-MS analysis

Tissue sections (as prepared above) were sprayed with
40 mg ml™" 2,5-dihydroxybenzoic acid matrix in aqueous 50%
methanol, 0.1% and MALDI-MS data acquired using a Waters
SYNAPT G2-Si qTOF mass spectrometer with positive ionisa-
tion. Spectra were acquired with a 25 pm spatial resolution.
Instrument control, data acquisition, and processing were per-
formed using WaTers HbI software (v.1.5). The data were
further processed using a python script (BASIS) (Veselkov
et al., 2018). The high mass accuracy LC-MS data was used as a
reference for the selection of relevant peaks. Alkaloids with the
highest log, value of the abundance across plant F samples were
selected to investigate their distribution using MS imaging.
Pearson-product moment correlations between the ion images of
interest were calculated using HpI software (v.1.5), the obtained
correlation matrix was used to build clustered heatmaps via the
pheatmap function in RSTUDIO using default settings (hierarchical
clustering). Further details of the method in Supplementary
Information.

Results

Untargeted metabolomics annotation and clustering
workflow

We set out to identify the variation in Daphniphyllum alkaloids
(DAs) across different D. macropodum individuals and tissues.
We obtained D. macropodum samples from multiple individuals
(A—G) representing a range of ages, native geographic origin and
tissues (Tables S2, S3). Due to limited access to chemical stan-
dards and the complex nature of the samples, we employed mul-
tiple complementary approaches to analyse the data. These
included the use of MS'-based annotations, guided clustering,
and MS?-based molecular networking (Fig. 2a).

Peak networks and annotations

To annotate peaks based on MS' exact mass (i.e. chemical for-
mula), we curated an 7z silico database of Daphniphyllum metabo-
lites, consisting 331 Daphniphyllum alkaloids (DAs) which were
categorised by subtype based on the carbon skeleton (Fig. S1;
Table S4) (Chattopadhyay & Hanessian, 2017). These subtypes,
in turn, were assigned as C30, C22B or C22A types (Figs la,
S1A). Of 889 filtered peaks identified across the samples, 267
were annotated as DAs using this database. A limited number of
peaks were annotated from chemical standards and MS® frag-
mentation data (Table S1). Feature-based molecular networking,
which clusters peaks based on MS? fragmentation similarity, was
conducted using the Global Natural Product Social Molecular
Networking platform (GNPS) (Wang et al, 2016; Nothias
et al., 2020). Of 51 molecular clusters (MCs) containing three
peaks or more, 17 of these contained three or more DAs, accord-
ing to MS'-annotations (Fig. §2). Furthermore, certain DA sub-
type annotations were associated with specific MCs, indicating a
structural basis for molecular clustering (Fig. S3).

© 2024 The Authors
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To validate our MS' annotation approach, we compared
annotations to those generated by the Structural similarity Net-
work Annotation Platform for Mass Spectrometry (SNAP-MS),
an MS” network-based annotation approach, which we used to
match MCs to chemical groups in the Coconut natural product
database (Sorokina et al, 2021; Morehouse et al, 2023).
SNAP-MS found six DA related MCs, of which five showed
similar subtype classifications to our MS! annotations (Fig. S4).
This validation encouraged us to persevere with the MS' annota-
tion method in the absence of DA standards.

Peak clustering and plant distribution

To identify groups of structurally related compounds whose pre-
sence correlated across samples, we used abundance (i.e. peak
area) clustering method guided by MCs. First, we reduced the
dimensionality of the abundance data using principal component
analysis (PCA) and Uniform Manifold Approximation and Pro-
jection (UMAP), and then iterated through cluster algorithms
and parameters to identify a clustering method that best repli-
cated MC relationships, adjusting for chance grouping and
desired cluster number (Fig. S5). The selected method had seven
compound clusters (CC), three of which (CCs 3, 6 and 7) con-
tained large numbers of peaks annotated as DAs (Fig. 2b).

DA subtype annotations were unequally distributed across
CCs: CC7 contained mostly daphniphylline and secodaphni-
phylline subtypes, CC6 contained mostly yuzurimine subtypes
and CC3 contained a mixture of C22 subtypes, with yuzurimine
and calyciphylline A subtypes most represented (Fig. 2¢). To
assess the distribution of these CCs across different plants, we
limited the analysis to peaks annotated as DAs and tissue types
that were represented from all plants (immature leaf, mature leaf
and petiole) and used a metric (compound enrichment) to assess
the relative abundance of groups of chemicals across tissues. This
showed that CC3 DAs were most abundant in plants A, B and E;
CC6 DAs were significantly low in plants C and D; and CC7
DAs were enriched in plants E, F and G (Fig. 2d).

By inspecting MCs (MS*-based molecular clusters) associated
with specific CCs (abundance-based compound clusters), we
could gain a higher resolution description of alkaloid distribu-
tions across plants (Fig. S6). Multiple MCs (i.e. 26, 35, 72, 109)
associated with CC3 were annotated as calyciphylline A/yuzuri-
mine subtypes (Fig. S3) and were well represented across all
plants. MCs 23 (yuzurimine subtypes) and 61 (daphnezomine F
subtypes), represented in CC6, were significantly low in plant C
and D. MCs 16, 28, 48 and 77, associated primarily with CC7
and annotated as secodaphniphylline or daphniphylline subtypes,
were significantly high in plants E, F and G.

Genotypes

To assess whether the genotype correlated with DA content, we
obtained de novo transcriptomes from each plant, identified mar-
ker genes, and performed phylogenetic analysis (Figs 2e, S7;
Table S5). Plants C and D are genetically distinct from the other
plants, which matches their different geographic origin
New Phytologist (2024)
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Fig. 2 Multi-plant untargeted metabolomics analysis of Daphniphyllum macropodum. (a) Workflow employed for analysing untargeted LC-MS data. Solid
arrows denote transfer of information/data; dotted arrow represents validation step. Acronyms on arrows represent data type or software employed. (b)
Distribution of annotations in compound clusters (CC). (c) Peak subtype annotations in compound clusters one, six and seven, using proportional subtype
annotations where multiple annotations are counted as a fraction of a count. (d) Distribution of CCs across different plants (limited to immature leaf,
mature leaf and petiole). Red dots show mean values alongside standard boxplots (outliers, black dots; whiskers, 0" or 100™" percentile; box, lower and
upper quartiles; line, median). Letters above boxplots show significant groups as determined by Dunn post hoc test following a Kruskal-Wallis test with
Benjamini-Hochberg correction. (e) Phylogenetic tree showing genotype relationships of plants using four marker genes. Solid dots on nodes show very
high branch support (SH-aLRT > 90, ultrafast bootstrap > 95), hollow dots show good branch support (SH-aLRT > 90, ultrafast bootstrap > 90), no dots
show low supported branches (SH-aLRT < 90, ultrafast bootstrap < 90). Further details of phylogenetics can be found on Supporting Information Fig. S7.

(Table S3). The alkaloids in CC6 appear to be impacted by geno-

influenced by age or growth conditions than genotype: plants A,

type as they are very low in plants C and D but present in A and
B, despite all being mature plants growing in the same woodland

(Fig. 2d; Table S3). However, alkaloids in CC7 appear more

New Phytologist (2024)
www.newphytologist.com

B, E, F and G are genotypically identical (Fig. 2e) yet the young
(<5 yr) potted plants E, F and G have significantly greater
enrichment in CC7 alkaloids than mature plants A and B
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(Table S3; Fig. 2d). Sex does not appear to be a major influen-
cing factor as male/female pairs of similar plants (i.e. A/B and
C/D) show similar alkaloid content.

Tissue distribution

Using the same dataset, we assessed CC distributions across tissue
types, excluding the genetically and metabolically divergent
plants C and D. We found that CC3 DAs were highest in flow-
ers, fruit, immature leaf and leaf bud (Fig. S8A). There were no
significant differences of CC6 across tissues. CC7 DAs were gen-
erally higher in older or woodier tissue (i.e. mature leaf, petiole,
root). The constituent MCs largely followed the same trend as
the CCs (Fig. S8B). There was high accumulation of yuzurine
subtypes (MC 112 and 118) in leaf bud and flowers, and of
daphnilactone B subtypes (MC 62) in fruit and flowers (Figs S3,
S8B). Daphniphylline subtypes (MC 16 and 77), only repre-
sented in CC7, showed high enrichment in roots and mature tis-
sues and near/below the limit of detection in flowers and leaf
buds. Overall, this multi-plant, multi-tissue analysis provides

Research' 7
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evidence that plant genotype and tissue influence the accumula-
tion of DA subtypes.

To understand more thoroughly the distribution of DAs across
tissues, we performed metabolomics on three plants from a single
taxon and geographical origin (plant F) (Tables S2, S3; analysis
2; Fig. S9). The DA subtypes showed distinct patterns across tis-
sues, largely correlating with whether the subtypes were C30,
C22A or C22B type alkaloids (Figs 3a, S10; Table S6). In fact,
when grouped in this manner, distinct and significant distribu-
tions across tissues are observed (Fig. 3b; Table S6). C30 DAs are
relatively high in roots and low in immature leaves. C22B alka-
loids are high in immature leaves, lower in mature leaves but rela-
tively evenly distributed across roots, stem and bark. C22A DAs
are high in immature leaves and low in roots.

To validate that the tissue distribution of DAs was not specific
to plant F, we analysed the leaves and roots of three seedlings
derived from plant B seed (Tables S2 and S3, analysis 3), selected
the top five differential peaks between roots and leaves, and
found them to have the same tissue distribution pattern as
equivalent peaks in the plant F analysis (Fig. S11).
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Fig. 3 Distribution of alkaloid subtypes across Daphniphyllum macropodum tissues. (a) Correlation of subtypes across tissues. Subtype enrichment values
(see the Materials and Methods section, Supporting Information Fig. S10; Table S6) were compared using Pearson correlation coefficients (PCC), depicted
in a heatmap and clustered with hierarchical clustering represented by the dendrograms. Note the hierarchical clustering largely recovers C30, C22B and
C22A type groupings. (b) Distribution of Daphniphyllum alkaloid types across tissues. Points represent biological replicates of subtype enrichment values.
Red line connects mean values. All types show significant variation across tissues (Kruskal-Wallis tests, P < 0.05, Table S6). Letters represent grouping in

Dunn post hoc tests (Table S6).
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Isotope labelling studies

Previous studies employed radioactive isotope labelling of DAs to
determine that they are terpenoid in origin (Niwa er al, 1973;
Suzuki ez al., 1973). We used stable isotope precursor feeding of
hydroponic seedings followed by metabolomics to probe the bio-
synthetic origins of the DAs (Fig. 4a). In the leaves and stem of
samples fed with 13CG—glucose we found increases in DA isotopo-
logs (+2 to +4) compared to samples with fed with unlabelled
glucose (Fig. 4b; Sample details in Table S2; analysis 4). Correct-
ing for natural isotopolog abundance, we assessed the proportion
of heavy isotopolog peaks compared to the unlabelled peak across
the DA types C30, C22B and C22A (Fig. 4C). We found that
isotopolog proportions were significantly higher in C30 com-
pared to C22A (+2, P = 0.03; +3, P = 0.007; +4, P = 0.0000).
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C30 type alkaloids also showed significantly higher +4 isotopolog
proportions than C22B (2 = 0.00004). The higher isotopolog
proportion indicates higher de novo biosynthesis during the iso-
tope feeding regime, and therefore suggests that C30 compounds
are biosynthesised before C22B and C22A subtypes.

We then performed a feeding experiment with mevalonolactone-
2-13C (Fig. 4a, Sample details in Table S2, analysis 5). We selected
the nine most abundant alkaloid peaks for analysis (five C30s and
four C22Bs) across all leaf, root and stem tissues. In all tissues, these
peaks showed an increase in heavy isotopologs upon labelled pre-
cursor feeding (Fig. 4d). C22B type alkaloids showed greatest pro-
portional increase at +4, with no heavier isotopologs identified for
those compounds. By contrast, C30 compounds showed greatest
proportional increase at +6. This difference reflects the isoprene
(Cs) units that make up the carbon skeleton, derived from
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Fig. 4 Stable isotope labelling experiments in Daphniphyllum macropodum. (a) Overview of experimental set-up: labelled precursors are fed to
hydroponic seedlings and alkaloid content is analysed. (b) Glucose-"3Cg labelling experiment showing isotope proportion (isotopolog peak area/natural
isotopolog peak area), across +2, +3 and +4 peaks, separated by peak subtype annotation. Only leaf and stem are included. Each point represents a single
compound from a single sample; three biological repeats each for labelled and unlabelled are represented. (c) As in (b) but showing corrected isotope
proportion (isotope proportion in a labelled sample — mean of isotope proportion in three unlabelled samples). Letters represent groups determined by
ANOVA and Tukey's post hoc test (P < 0.05). (d) Mevalonolactone-2-"3C labelling experiment showing peak areas of nine most abundant peaks. Y-axis
shows peak area with log scale. X-axis shows positive isotopolog peaks, with zero the naturally highest abundance isotopolog. Peaks > +4 not observed for
C22 compounds. (e) Normalised isotope enrichment (isotope proportion normalised across samples by Z-score) for C22B (+4 isotopolog) and C30 (+6
isotopolog) compounds. Three biological replicates examined; only labelled samples depicted. Points with the same colours are derived from the same
replicate. Each point represents a compound from a single sample; selected compounds were the same as in (d). Significance of difference of means (t-test,
P-value). All boxplots: outliers, black dots; whiskers, o™ or 100t percentile; box, lower and upper quartiles; line, median. In (b, ¢, e) all individual data
points are shown as coloured points; in (d, e) only outliers are shown as black points.
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mevalonate via squalene, validating observations in previous label-
ling experiments (Niwa ez al, 1973; Suzuki et al., 1973).

As in the glucose labelling experiment, the degree of isotopolog
enrichment was influenced by the alkaloid type. In roots and
stem, the C30 alkaloid demonstrated significant +6 normalised
isotopolog proportions compared to the +4 isotopolog enrich-
ment of C22B compounds (2 = 0.0005 and P = 0.0001 for root
and stem, respectively) (Fig. 4e). This further supports that C30
compounds are earlier than C22B compounds in the pathway
from mevalonate, supporting established biosynthetic logic.

Mass spectrometry imaging

Having established that DA subtypes vary between different tis-
sues, we set out to investigate the spatial distribution of DAs
within specific tissues. First, we characterised the tissue structure
using microscopy (Fig. 5). We examined petioles (Fig. 5a), leaves
(Fig. 5b), stems (Fig. 5¢), and immature roots (Fig. 5d) and iden-
tified the main structures of tissues. We then used matrix-assisted
laser desorption/ionisation MS (MALDI-MS) to detect com-
pound distribution within those tissue regions. We focused on
representative alkaloids that were highly abundant in plant F
according to the LC-MS analysis.

The MALDI-MS analysis of a petiole cross section revealed
distinct spatial distribution of DAs, with alkaloids detected with
high intensity in the epidermis, phloem region, and the medulla
(Figs 6a—d, S12A; Table S7). A subset of ions, including m/z
370.2333 and 372.2513 (C22A), were located exclusively to the
epidermis region. Other ions such as m/z 470.3621 and
486.3571 (C30), were readily detected with high intensity in the
phloem region, medulla and epidermis (Fig. 6¢). A third pattern
was also observed for alkaloids including m/z 512.3707 and

528.3670 (C30), these were most abundant in the phloem region
and medulla whilst largely absent in the epidermis (Fig. 6d).
Further examination of alkaloid localisation in a longitudinal
stem section showed similar trends, with the alkaloids detected in
the epidermal cells and the phloem region (Figs 6e—g, S12B;
Table S7). For instance, the molecular ions m/z 346.2730
(C22B) and 372.2513 (C22A) were distributed mostly in the
epidermal cells and to a lesser extent in the phloem. Molecular
ions of C30 type, including m/z 472.2658, 486.3571, 528.3670
and 544.3588 were detected mostly in the phloem region.
(Table 1). A stem cross section image also provided a similar con-
trast in compound distribution (Fig. S12C). Assessment of seed-
ling roots with imaging-MS also showed alkaloid masses
associated with the phloem or epidermis, but alkaloid abundance
was too low to observe a great range of compounds (Fig. S13).
For specific MS images, we generated spatial correlation values
and a heatmap, which highlighted groups of spatially correlated
compounds (Fig. S14). When we inspected the annotation of these
alkaloids based on LC-MS peaks of matching mass known from
these samples, we noticed that C22A and C22B DA distributions
tended to cluster together, indicating co-localisation in the ana-
lysed cross sections, whereas C30 DAs tended to form a distinct
cluster. Tabulation of 7/z observations across three images simi-
larly shows a pattern of intra-tissue distribution related to DA type
(Table 1). Therefore, it appeared that compounds belonging to
C22A and C22B tend to localise to the epidermal cells, while alka-
loids belonging to C30 tend to localise in the phloem region.
However, whilst showing trends, compounds were not found

exclusively in one region, but vary across these regions in abun-
dance and show slightly different patterns between samples. The
exception to this were the three strictly phloem specific C30 masses

(m/z 544.3588, 512.3707, and 528.3670).

Fig. 5 Micrographs of Daphniphyllum
macropodum tissues cross sections. (a) Petiole
stained with Toluidine blue O. (b) Leaf stained
with Toluidine blue O. (c) Stem stained with
Toluidine blue O. (d) Seedling root stained with
Safranin O/Fast Green. Positions of the different
cell types are indicated: medulla (M), phloem
(Ph), cortex (C), epidermal cells (Ep), xylem (Xy),
vascular cylinder (V) and lateral roots (LR). For (a,
b, ¢), Bar, 200 um; for (d), Bar, 100 pum.
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Fig. 6 Distribution of alkaloids within petiole and stem tissue of Daphniphyllum macropodum. lon intensity maps of selected alkaloids detected as

[M + HI" ions with the MALDI-MS in the cross section of D. macropodum petiole (a-d) and longitudinal section of D. macropodum stem (e-g).
Micrographs included for comparison (a, €, size bar = 200 um), which are also added as background to the MS images. Colour bar represents MS signal
intensity. Positions of the epidermis (Ep), the phloem region (Ph), and the medulla (M) are indicated. The different panels indicate patterns of DA
distributions with enrichment in the epidermis (b, f), phloem/medulla (d, g) or all locations (c). MALDI-MS analysis of a stem cross section provided similar
results (Supporting Information Fig. S11). Alkaloid type designation placed above mass value; see Table 1 for collected data.

The spatial distribution of DA subtypes within tissues deter-  found CC7 compounds, of C30 daphniphylline and secodaphni-
mined by MALDI-MS mirrors patterns of distribution between ~ phylline subtype, associated with organs containing vascular tis-
tissues determined by LC-MS. In the initial LC-MS analysis we ~ sue, whilst yuzurimine subtype C22A/CC6 compounds
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Table 1 Localisation of alkaloids in Daphniphyllum macropodum tissues.

E%QV

Research 11"

Epidermis Phloem
MALDI LC-MS
Measured m/z Peak ID Type P S1 S2 P S1 S2
368.217 M368.2223T188 C22A vv vv vv v
370.2333 M370.2380T176 C22A vv vv vv v
372.2513 M372.2537T251 C22A vv vv vv v v
414.2611 M414.2644T209 C22A vv v vV v v v
472.2658 M472.2698T207 C22A vv v vv v v v
386.2364 M386.2330T170 C22A vv vv
342.2426 M342.2430T157 C22B 4 vv vv v v
374.2678 M374.2693T122 C22B vvy v vv v v
376.2856 M376.2849T263 C22B vv vv v a4
346.273 M346.2743T156 C22B vv vv v
360.2573 M360.2536T65 C22B vv v
362.2674 M362.2693T81 C22B vv v
470.3621 M470.3633T312 C30 v v v vV vv
502.3462 M502.3532T223 C30 v v v vv v
472.3722 M472.3790T273 C30 v vv vv vv
486.3571 M486.3584T253 C30 Vv vv vv vv vv
512.3707 M512.3740T307 C30 vV vv v
528.367 M528.3689T313 C30 vV vv vV
544.3588 M544.3640T261 C30 vV vV vv

Presence of Daphniphyllum alkaloids (DAs) in region determined by ion intensity maps. Compounds were judged to be abundant (VV), present (V) or
below the limit of detection (blank) based on visual assessment of ion intensity map (all available in Supporting Information Figs 6, S12). LC-MS peak IDs
were determined by matching mass to the compound of highest abundance in plant F (Table S7). Three different images were assessed: petiole cross

section (P), stem longitudinal cross section (S1) and stem cross section (S2).

Immature leaf

(@) MvA > (C30) o> C22B o> C22A (b)
{ Phloem  Epidermis
MVA MVA
Vo
C30 —> C30
C22B—»>C22B
C22A—> C22A

Phloem to epidermis
biosynthesis or transport

MVA === C30 ------ > C228

Fig. 7 Proposed organisation of Daphniphyllum macropodum alkaloid
biosynthesis. (a) We propose alkaloids are biosynthesised in multiple
tissues from mevalonate via C30 forms. (b) Cellular organisation of
alkaloids, with C30 precursors primarily observed in the phloem and C22A
compounds accumulating in the epidermis.

associated with younger, low-vascular tissue containing organs.
Accordingly, the MALDI-MS images shows ions corresponding
to C30 DAs associated with the vascular phloem tissue, whereas
ions representing C22 DAs are enriched in the epidermis. Over-
all, the agreement between the independently conducted
MALDI-MS and LC-MS experiments verifies that DA subtypes
demonstrate distinct distribution in plants.

© 2024 The Authors
New Phytologist © 2024 New Phytologist Foundation

Discussion

The Daphniphyllum alkaloids are a unique and diverse group of
natural products. Their structural complexity has inspired total
synthetic campaigns where cutting-edge chemical methods are
employed alongside ingenious synthetic steps in an attempt to
replicate nature’s biosynthetic feats (Guo ez al, 2020a). There
has been some, if limited, examination of DA bioactivities, but
their polycyclic structures make them attractive for further
exploration (Wu et al, 2013). Isotope labelling experiments
demonstrated the terpenoid origin of the alkaloids (Suzuki
et al, 1973) and landmark synthetic biomimetic syntheses
demonstrated how squalene derived aldehydes could form the
secodaphniphylline skeleton in mild conditions (Pieitre &
Heathcock, 1990). Despite this, much regarding the biosynthetic
origins and biological role of alkaloids in Daphniphyllum species
is unknown.

Understanding the spatial distribution of DAs will give insight
into their biological function and arrangement of the biosyn-
thetic pathway. To investigate this, we performed metabolomics
analysis using a combination of mass spectrometry methods. A
major challenge for the analysis was the lack of available stan-
dards: #n lieu of chemical standards, we developed a workflow
that combined MS' annotations, MS* networking and clustering
(Fig. 2a). This method enabled us to analyse the large metabolo-
mics dataset holistically without relying on ambiguous annota-
tions of single peaks but instead using cumulative annotations
across compound clusters. This workflow and clustering method
can be generalised to other metabolomics datasets where stan-
dards are difficult to obtain.
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The LC-MS analysis revealed DA subtypes vary across plants
and organs. Plants C and D, originally from Guizhou province,
China, accumulate different DAs compared to other plants inves-
tigated here, which either originate from Japan or European hor-
ticultural sources (Fig. 2d). Genetic analysis of C and D revealed
them to be genetically distinct to the other plants, indicating a
genetic contribution of chemotype diversity across the species
(Fig. 2¢). The age or growth conditions of the plants also have an
influence on the accumulation of DAs (Fig. 2e).

By examining the DAs by structural annotation, especially
whether they were annotated as C30 or C22 skeletons, and for
the latter, whether a hexahydropentalene moiety was present
(C22A) or absent (C22B), we revealed patterns of distributions
(Fig. 3). All C22 compounds were enriched in immature leaves.
There were also differences between C22A and C22B com-
pounds, with the former comparatively low in roots, whereas the
latter are present in roots but low in mature leaves. C30 com-
pounds are enriched in roots and low in immature leaves. The
results here match studies into D. oldhamii. Two D. oldhamii
plants from different regions of Guizhou province were found to
produce different subtypes DAs, with yuzurimine and daphnicy-
clidin subtypes showing differences between the individuals
(Shuzhen et al., 2013). Collation of data from natural product
isolations of D. oldhamii also indicates DA subtypes are differen-
tially distributed in organs, with yuzurimine subtypes extract pri-
marily in leaves, (seco)daphniphylline subtypes in root and
yuzurine subtypes in fruit (Mu ez 4/., 2008).

To examine the biosynthetic pathway of DAs, we employed
isotope labelling, using either glucose—]3C6 or mevalonolactone-
2-17C precursors to feed hydroponic plants. Across both experi-
ments we saw C30 DAs accumulating greater quantities of
isotopes than C22 DAs (Fig. 4c, e), indicating C30s are metabo-
lically closer to the precursors and precede the C22s in the path-
way. Furthermore, the work verified previous work from Suzuki
et al by demonstrating the mevalonate (i.e. terpenoid) origin of
DAs including the presence of six Cs isoprene units in C30 com-
pounds and four in C22 compounds (Fig. 4d) (Niwa
et al., 1973; Suzuki ez al., 1973). Finally, across all experiments
we identified labelling of C30 compounds in all three tested tis-
sue types (leaf, stem, root) (Fig. 4d). This, alongside previous
work by Suzuki ez a/ which shows labelling of C30 compounds
in aerial tissues in the absence of roots (Suzuki ez 2/, 1973), indi-
cates de novo biosynthesis in multiple tissues and not long-
distance inter-tissue transport of alkaloids in as shown in the
Senecio  vulgaris  pyrrolizidine alkaloid pathway (Ehmke
et al., 1988; Witte et al., 1990).

The MALDI-MS imaging can complement metabolomic ana-
lysis of homogenised tissues in LC-MS (Dong ez al., 2016, 2020
Bednarz ez al., 2019). The ion intensity maps showed that DAs
were localised in specific regions of the petiole and stem tissues
(Figs 6, S14). Correspondence of MALDI-MS ions with LC-MS
peaks provided access to compound cluster/subtype information
(Table S7). The independenty acquired MALDI-MS data
validated the LC-MS work, with C30 subtypes preferentially
associated with vascular tissue (phloem) and C22 subtypes prefer-
entially localised to the epidermis.
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In an ecological context alkaloid localisation within epidermal
cells may suggest a role in defence, as the epidermis is the most
exposed tissue to environmental stressors such as pathogens and
herbivores. Epidermal cells have been found to accumulate alka-
loids in other plants, such as quinolizidine alkaloids in lupin spe-
cies (Wink, 1986), where they act to deter herbivores (Lee
et al., 2007). There is evidence that some DAs have insecticidal
(Li et al, 2009) or pesticidal (Cao er al, 2012; Zhang
et al., 2013) bioactivities, though this has not been thoroughly
explored. C22 subtype compounds that accumulate in the epi-
dermis are also significantly enriched in immature leaf, a tissue
that may be particularly at risk of attack as they have high nutri-
tional value and may lack the waxy protective layer of mature
leaves. Altogether, the localisation of C22 subtype DAs in the
epidermis, and accumulation in immature leaf, suggests their role
in defence against bioagressors.

By considering the biosynthetic pathway alongside metabolite
localisation and isotope labelling we can build a model of DA
biosynthesis in the plant (Fig. 7). As all DAs are derived from
squalene (C30), and likely pass through a single entry-point, C22
DAs must derive from one or more C30 DAs. Evidence of the
pathway origin is found in the seminal syntheses by Pieitre &
Heathcock (1990) and Heathcock & Stafford (1992), which
place the secodaphniphylline as the precursor to other subtypes.
Notably, daphniphylline subtypes are not thought to be inter-
mediates but end products in their own right (Heathcock &
Joe, 1995; Mu et al., 2008).

MS-imaging experiments show the C30 compounds are loca-
lised primarily in the phloem region, and therefore is likely where
the first steps of DA biosynthesis are located (Fig. 7b). C22 com-
pounds, especially C22A type like yuzurimine, are localised to
the epidermis. Therefore, transport between these cell types may
be occurring, though we do not know which compound types are
translocated, as no compound type shows exclusive distribution.
Alternatively the two regions may have fully localised exclusive
pathways with different end-points. The mevalonate labelling
experiments support previous labelling and biomimetic syntheses
(Niwa ez al., 1973; Suzuki er al., 1973; Mu et al., 2008; Kobaya-
shi & Kubota, 2009) showing the C30 DAs are formed from six
isoprene units (i.e. squalene) with C22 DAs derived from these
with loss of Cg and two isoprene derived labels.

In summary, we have employed metabolomics analysis to
investigate the biological function and biosynthetic origins of
Daphniphyllum alkaloids. Our analysis indicates that alkaloid dis-
tribution within the tissues is complex, with the likely involve-
ment of intercellular transport. Daphniphyllum alkaloids have a
remarkable skeletal diversity, and the structure dependent distri-
bution discovered here represents a significant step forward in
understanding their organisation and origin. The gained insights
on the distribution of alkaloids in Daphniphyllum can guide
further gene discovery efforts through examining gene expression
across different cell and tissue types through, for instance, single
cell RNA-Seq (Li ez al, 2023). Through future combination of
metabolomics and genomic approaches, it may be possible to
understand how Daphniphyllum constructs molecules of such
remarkable complexity and variety.
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