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In this proof-of-concept work, we applied single-cell mass spec-
trometry to track the incorporation of an isotopically labelled pre-
cursor into plant specialized metabolites. The application of
stable-isotope labelling to single cell systems could provide a
unique window into the dynamics of synthesis and intercellular
transport of structurally complex metabolites.

The monoterpene indole alkaloid (MIA) biosynthetic pathway
of the medicinal plant Catharanthus roseus represents one of
the most complex specialized metabolic networks in plants.
The leaves produce dozens of structurally related alkaloids,
including vinblastine (Fig. S1), a clinically important anti-
cancer compound.”” Biochemical studies and single-cell RNA
sequencing (scRNA-seq) have revealed that this complexity
extends beyond chemistry to include spatial compartmentali-
zation: the expression of MIA biosynthetic genes is distributed
across three distinct leaf cell types.>”® More recently, a single-
cell mass spectrometry (scMS) method has enabled direct
measurement of the concentration and localization of MIA
pathway intermediates and products within individual cells.”
The pathway begins in internal phloem-associated parenchy-
mal (IPAP) cells, where early biosynthetic genes are
expressed.”®® The intermediate loganic acid (Fig. S1) is syn-
thesized in IPAP cells and transported to epidermal cells,
where subsequent steps occur.”®° scMS analysis shows that
secologanin, a downstream product of loganic acid, accumu-
lates to concentrations of up to 500 mM in individual epider-
mal cells.” Secologanin serves as the substrate for strictosidine
synthase (STR), an epidermal-localized enzyme that catalyses
its condensation with tryptamine to form strictosidine
(Fig. S1). Strictosidine is further transformed by additional epi-
dermal enzymes into a range of alkaloids, including ajmali-
cine, stemmadenine acetate, tabersonine, and catharanthine
(Fig. S1). These late-stage alkaloids are then transported to
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idioblast cells, where further derivatization occurs via idio-
blast-localized enzymes (Fig. 1a).>®® scMS data show that cath-
aranthine and vindoline, two key late-stage intermediates,
accumulate to high levels in individual cells—up to 100 mM
and 50 mM, respectively.””'® These two alkaloids are ulti-
mately dimerized and derivatized to produce anhydrovinblas-
tine and vinblastine, commercially used bioactive products
(Fig. s1).""

In the 1970s, early efforts to elucidate monoterpene indole
alkaloid (MIA) biosynthesis in C. roseus employed radioactive
isotope feeding studies in plant tissues and cell cultures.>™*
By the late 1980s, stable-isotope labelling had emerged as a
safer and more versatile alternative, driven by advances in
nuclear magnetic resonance (NMR) and mass spectrometry
(MS) technologies.'®™® Since then, the combination of stable-
isotope labelling with MS has become a cornerstone of meta-
bolomics and fluxomics research.’®** In C. roseus, *C isotope
feeding was applied to cell cultures and hairy root systems to
trace carbon flux through primary and specialized metabolic
pathways,'®2°728

Here, we apply single-cell mass spectrometry (scMS) to
quantitatively monitor the incorporation of the stable-isotope
labelled precursor ds-tryptamine (Fig. S1) into the C. roseus
monoterpene indole alkaloid (MIA) biosynthetic pathway at
single-cell resolution. In individual plant protoplasts, we
detected the formation of deuterium-labelled alkaloids includ-
ing d,-strictosidine, ds-ajmalicine, d,-stemmadenine acetate,
d,-catharanthine, and d,-tabersonine (Fig. S1). Quantification
of d,-strictosidine levels over a 24-hour period enabled calcu-
lation of its rate of enzymatic formation on a per-cell basis.
Additionally, ds-tryptamine was also fed to an intact C. roseus
leaf, which was subjected to protoplasting and analysed by
scMS after 48 hours (Fig. 1c). This analysis revealed a distinct
profile of deuterated alkaloids relative to those observed
when protoplasts were directly incubated with labelled precur-
sor. This suggests that intact tissue structure influences the
fidelity or routing of the biosynthetic pathway. Overall, this
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two feeding experiments is shown. (b) Isotopically labelled substrate is fed directly to the protoplast suspension in MM buffer (0.4 M mannitol,

20 mM MES, pH 5.7), incubated at different time points, and then analyzed
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petiole of detached leaves, followed by protoplast isolation from the fed leaves and analysis by scMS.

study establishes that scMS can be used to track stable-isotope
incorporation into structurally complex plant natural products
at the single-cell level.

We first assessed whether the protoplasts remained meta-
bolically active following isolation. Protoplasts were prepared
from leaf tissue as previously described”*° and incubated with
ds-tryptamine at two different concentrations. At defined time
points, aliquots were collected and analysed by standard
LC-MS to evaluate the incorporation of deuterium into alkaloid
metabolites. We detected the formation of several labelled
intermediates, including d,-strictosidine, dj-ajmalicine, d,-
stemmadenine acetate, d,-catharanthine, and d,-tabersonine
(Fig. S2). d,-Strictosidine was detectable at the earliest time
point (less than 5 minutes after the addition of ds-tryptamine).
In contrast, d,-stemmadenine acetate was first observed after
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2.5 hours, and the downstream alkaloids d,-catharanthine and
d,tabersonine appeared at 6 hours. Label incorporation pla-
teaued at approximately 40 hours, suggesting a decline or ces-
sation in metabolic activity. Cell viability was monitored
throughout the time course just before cell sorting and
picking (Fig. S3). After 24 hours, viability was approximately
50% for protoplasts treated with 1 mM ds-tryptamine, whereas
only 20% of cells remained viable at 5 mM. Based on these
results, all subsequent single-cell isotope labelling experi-
ments were performed using 1 mM ds-tryptamine incubated
with protoplasts for a maximum of 24-hours. While the physio-
logical intra-cellular concentration of tryptamine is not known,
levels of 1 mM tryptamine have been used for isotopic feeding
experiments in related alkaloid-producing plants, such as
Cinchona pubescens®® and Mitragyna speciosa,®® as a tracer to

This journal is © The Royal Society of Chemistry 2025
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elucidate biosynthetic pathways. However, high concentrations
of tryptamine could be toxic to the cells if not properly com-
partmentalized, leading to oxidative stress, cellular damage,
and eventual plant tissue death.’>** Feeding more than 1 mM
has also been shown to negatively impact hairy root cultures.**
Protoplasts likely secrete alkaloids into the surrounding
medium, so it was not possible to distinguish between actively
exported metabolites and those released from lysed, non-
viable cells. For this reason, the alkaloid content of the culture
medium was not considered in our quantitative analysis.

Using the conditions optimised for bulk protoplasts
described above, we monitored the formation of ds-trypta-
mine-derived isotopologues in single cells over time (Fig. 1b).
Aliquots of leaf protoplasts incubated with 1 mM ds-trypta-
mine were collected at 4, 8, 20, and 24 hours, loaded onto a
SieveWell™ chip, isolated, and then subjected to scMS analysis
to quantify both the natural compounds and their corres-
ponding isotopologues. The number of cells analysed at each
time point are reported in Table S1. The limit of quantification
for the alkaloids measured with our scMS platform is esti-
mated at 0.02-0.1 nM (Table S2). Since metabolites could also
occur in the medium, empty wells were also analysed to assess
possible contaminations and to determine whether any back-
ground signal is observed. Consistent with the mass spec-
trometry profiles observed in bulk protoplast samples, d,-stric-
tosidine was detected at the earliest time point (4 h), followed
by d,-ajmalicine at 8 hours. d,-Stemmadenine acetate, d,-cath-
aranthine, and d,-tabersonine were first detected at 20 hours
(Fig. 2a-c). These results clearly demonstrate the feasibility of
monitoring stable isotope incorporation at the single-cell level
using mass spectrometry.

We used two unlabelled compounds, secologanin and ser-
pentine, as molecular markers to identify epidermal and idio-
blast cells, respectively, within the analysed cell
population.’®?*3¢ ¢ ,-Ajmalicine, d,-catharanthine, and d,-
tabersonine were detected in serpentine-containing idioblast
cells, which comprised approximately 3-5% of the total cells
analysed at each time point (Fig. 2d). This percentage is in
agreement with our previous study, in which we performed a
single-cell RNA sequencing (scRNA-seq) experiment on
C. roseus leaves® that revealed the occurrence of 16 clusters of
cells, which likely correspond to 16 different cell types, in the
leaf tissue. Idioblast cells - the cells that accumulate the alka-
loids - constituted around 2-3% of the total number of cells
analysed (more than 18 000). Based on the known localisation
of the biosynthetic genes, these three compounds are expected
to be synthesised in epidermal cells.>® This observation there-
fore suggests that these compounds are exported from epider-
mal cells and selectively imported into idioblasts. In contrast,
d,-stemmadenine acetate—a biosynthetic intermediate en
route to tabersonine and catharanthine (Fig. 1a)—was primar-
ily found in secologanin-containing epidermal protoplasts
(Fig. S4), indicating that this intermediate is retained within
epidermal cells. No other known alkaloid biosynthetic inter-
mediates were detected, likely due to their instability or rapid
consumption during downstream biosynthesis.
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Strikingly, after 4 hours, d4-strictosidine was detected in
approximately 85% of the analysed cells (Fig. S4). In contrast,
only about 30% of these cells contained secologanin, the
immediate precursor of strictosidine (Fig. 1a). This indicates
that secologanin-containing cells—likely epidermal cells—syn-
thesise d,-strictosidine and subsequently export it into the
medium, from which it is imported by a large fraction of the
surrounding cells. These findings suggest that many cells
possess the capacity to import strictosidine. Notably, idio-
blasts, identified by the presence of unlabelled serpentine, do
not take up d,-strictosidine, underscoring the selectivity of the
idioblast import mechanism (Fig. 2d). Although strictosidine
could theoretically form non-enzymatically from secologanin
and ds-tryptamine, this reaction would also generate the non-
natural stereoisomer vincoside (R-isomer) (Fig. S5), which was
never detected in our experiments. Therefore, we conclude
that all observed d,-strictosidine is enzymatically produced.

We attempted to estimate the synthesis rate of these
labelled compounds per cell, although active transport from
the cell type of synthesis complicated this calculation. scRNA-
seq data® indicate that only epidermal cells express the biosyn-
thetic genes required for the production of d,-strictosidine, d,-
ajmalicine, d,-catharanthine, and d,-tabersonine. Epidermal
cells account for 30-40% of the total protoplasts analysed in
these scMS experiments, as indicated by the presence of the
molecular marker secologanin (Table S3 and Dataset S1).
Therefore, the total amount of labelled compounds accumu-
lated at each time point, expressed in femtomoles (fmol), was
divided by the number of epidermal (secologanin-containing)
protoplasts to estimate the production per cell. For example,
the total amount of d,-strictosidine produced after 4 hours of
feeding was 1130 fmol. Dividing this by the number of secolo-
ganin-positive cells yielded an estimate of the absolute
amount of d4-strictosidine synthesised per cell over 4 hours
(Table S3 and Dataset S1). This value increased over time,
reaching 65 fmol per cell after 20 hours, with no further
increase observed between 20 and 24 hours. The highest intra-
cellular concentration of d,-strictosidine measured after
24 hours was 14 mM (Fig. 2b). It should be noted that this cal-
culated rate may be influenced by the high concentration of
supplemented ds-tryptamine substrate (1 mM). Additionally,
ds-tryptamine used in this study contains a deuterium atom at
C2, which is abstracted during the Pictet-Spengler conden-
sation of tryptamine with secologanin to form strictosidine
(catalysed by the enzyme strictosidine synthase). A primary
kinetic isotope effect of about 2.5 for this enzyme was reported
by Maresh et al.?” Therefore, the rate of strictosidine formation
could be impacted by the presence of this deuterium, though
we expect all downstream transformations would not be
affected.

The relatively simple heteroyohimbine alkaloid d,-ajmali-
cine, formed through the sequential action of two enzymes
(SGD and HYS) on d,-strictosidine (Fig. 2a), was detected after
8 hours of incubation in a small subset of cells, which were
identified as idioblasts based on the presence of serpentine.
The amount of d,;-ajmalicine increased significantly over time,
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Fig. 2 Metabolic profile of single cells from protoplast-feeding experiments. (a) Biosynthesis scheme of labelled metabolites detected. (b)
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matograms and MS/MS fragmentation of labelled products. (d) Stacked bar chart showing native and labelled metabolic profiles of single cells at
four time points. A wide variety of endogenous, unlabelled compounds were also observed in this cell population. Chemical structures for all com-
pounds are shown in Fig. S1.

from 4.2 fmol at 8 hours to 38.2 fmol at 24 hours, corres- the labelling percentage for compounds where both labelled
ponding to average intracellular concentrations of 0.56 mM and unlabelled forms were quantifiable within the same cell.
and 7.4 mM, respectively (Fig. 2b). Isotopologues of the more Overall, the labelling percentage increased over time for all
complex alkaloids catharanthine and tabersonine were first three alkaloids, reaching 95% for strictosidine, 47% for ajmali-
detected after 20 hours. The average amounts of d,-cathar- cine, and 0.1% for catharanthine after 24 hours (Fig. S6).

anthine were 2.2 fmol and 3.2 fmol at 20 and 24 hours, We also incubated an intact, detached leaf in a solution of
respectively, while d,-tabersonine levels were 1.1 fmol and 1.3 labelled substrate to evaluate isotopologue formation when
fmol at the same time points (Dataset S1). We also calculated feeding is performed on an intact organ. Initial experiments
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using the same conditions as protoplast feeding (1 mM ds-
tryptamine for 24 hours) did not result in detectable isotopolo-
gue formation in bulk leaf tissue (Fig. S7). However, feeding
with 5 mM ds-tryptamine for 48 hours led to accumulation of
labelled compounds, and these conditions were subsequently
used for the single-cell study. After feeding, the tissue was dis-
sociated to release protoplasts, which were then immediately
analysed by scMS (Fig. 1c). Under these conditions, only a
small fraction of the analysed cells accumulated d,-strictosi-
dine (11%), approximately half of which contained secologa-
nin, suggesting that in intact leaves, d,-strictosidine is more
likely retained within epidermal cells (Fig. S8). The average
accumulation of d,-strictosidine was 8.2 fmol per cell, with a
maximum intracellular concentration of 4.1 mM—significantly
lower than levels observed when ds-tryptamine was fed directly
to protoplasts (Fig. S9, Fig. 2d and Dataset S1).

In addition to d,-strictosidine, isotopologues of d,-ajmali-
cine, d,-catharanthine, and d,-tabersonine were detected at
concentrations comparable to those in the protoplast feeding
experiments. Unlike the detached protoplast experiments, iso-
topologues of the more highly derivatized alkaloids vindoline
and vindorosine were also detected. The highest amounts
detected in a single cell were 72 fmol (d,-vindorosine) and 36
fmol (d;-vindoline) (Fig. S1 and Dataset S1). Gene localization
data suggests that these compounds form following the trans-
port of 16-methoxy-2,3-dihydro-3-hydroxytabersonine and 2,3-
dihydro-3-hydroxytabersonine from epidermal to idioblast
cells, where idioblast-localized enzymes NMT, D4H, and DAT
convert these intermediates into vindoline and vindorosine,
respectively (Fig. 1a and $1).***7*° No labelled anhydrovinblas-
tine or vinblastine were detected in any of these experiments,
indicating that these late-stage compounds were not syn-
thesised from labelled tryptamine under the conditions tested.

In summary, two approaches were used for feeding plant
cells with isotopically labelled precursors. When using the
same concentration of 1 mM ds-tryptamine, incorporation was
detected within just 4 hours by direct protoplast feeding,
whereas cells isolated from fed intact leaves showed almost no
incorporation even after 24 hours (Fig. 2d and S7). This
suggests that feeding substrate to protoplast suspensions
enables faster and more homogeneous uptake. However, the
short lifespan of protoplasts and potential stress induced by
feeding under non-physiological conditions may limit this
method to short time-course experiments (Fig. $3).*' In con-
trast, substrate uptake in intact leaf feeding is slower and more
heterogeneous, but this approach preserves tissue architecture,
natural physiology, and intercellular interactions, making it
better suited for studies requiring long-term monitoring and
physiological relevance.

This study also highlights how alkaloids produced in the
epidermal cells can be readily imported into specialized cells,
presumably idioblasts. These observations provide information
on the substrate specificity of the as yet undiscovered transpor-
ters that import and export these biosynthetic intermediates
and downstream products. Whilst in these protoplast-based
experiments it is possible that passive inter-cellular diffusion
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of compounds might occur, the experimental data suggest that
active transport plays a major role. Specifically, we observed
that late-stage alkaloids (e.g. ajmalicine and catharanthine) are
found exclusively in a few cells (assigned as idioblasts) whilst
the intermediate strictosidine never co-occurs with these com-
pounds in these cells. This selectivity suggests that at least
some compounds are actively transported and/or retained in
distinct cell types.

The possibility to quantify a select number of metabolites
provided insight into the rates of formation of some of the
compounds. Feeding labelled substrate to protoplast suspen-
sions enables faster and more homogeneous uptake and could
be a useful tool for the study of flux analysis compared to tra-
ditional isotope labelling of bulk tissue or cell populations,
where differences between individual cells are not distinguish-
able. In summary, single-cell labelling and analysis will allow
the detection of cell-to-cell variability in metabolic activity,
which can reveal subpopulations of cells with distinct meta-
bolic states.

Conclusions

Combining stable-isotope tracing with single-cell mass spec-
trometry offers a high-resolution view of metabolic processes
across heterogeneous cell populations. To date, only a few
studies have integrated isotopic labelling with single-cell mass
spectrometry, and these have primarily focused on mamma-
lian and microbial systems. Moreover, they employed tech-
niques such as MALDI-MS or nanoSIMS, which are not well-
suited for accurately quantifying absolute metabolite
levels.*>™*” This study, focusing on the well-known MIA biosyn-
thetic pathway in the plant C. roseus, may serve as a proof of
concept that single cell isotopic labelling can be performed in
plant systems. This strategy can be applied to other biosyn-
thetic pathways or plant species.

The scMS method used in this study relies on the enzymatic
dissociation of plant tissues to release the cells. The cellular
stress induced by this process could lead to transcriptional
and metabolic changes, and this factor must be taken into
account when interpreting these datasets. However, in pre-
vious work using this system,® we showed that the alkaloid
profile observed in bulk protoplasts does not change signifi-
cantly compared to intact leaf tissue in the time frame of the
experiment. Finally, we note that the cells sampled in this
study for each time point (ca. 200-400 cells), were randomly
selected for the analysis to avoid bias, resulting in data com-
parable to those obtained in larger studies.”” However, any
biological interpretation of the data must take into account
the relatively small size of the cell population analysed.

It is important to note that, at single cell level, many kinetic
aspects are challenging to quantify and model, such as
enzyme concentration, metabolites turnover, compartmentali-
sation, and transportation.*®*! In addition, many by products
in the biosynthetic pathway remain undetectable at single cell
level due to sensitivity limitations of the mass spectrometry
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methods.>** Enzyme kinetic analysis and metabolic flux
modelling often rely on assumptions like optimal enzyme con-
ditions and metabolic steady state.'®*> However, in reality,
in vivo enzyme mechanisms and regulation are complex and as
yet not fully understood.>® This is especially true for special-
ized metabolite biosynthesis. Therefore, attempting to model
kinetics or metabolic flux in the absence of these information
can lead to inaccurate or misleading interpretations.
Nevertheless, the availability of seMS methods now enables
the tracking of plant natural product synthesis and intercellu-
lar transport at single-cell resolution in real time, providing
valuable insights into cellular metabolism.
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