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Catharanthus roseus (L) G. Don is a medicinal plant well known
for producing antitumor drugs such as vinblastine and vincristine,
which are classified as terpenoid indole alkaloids (TIAs). The TIA
metabolic pathway in C. roseus has been extensively studied.
However, the localization of TIA intermediates at the cellular level
has not been demonstrated directly. In the present study, the met-
abolic pathway of TIA in C. roseus was studied with two forefront
metabolomic techniques, that is, Imaging mass spectrometry (MS)
and live Single-cell MS, to elucidate cell-specific TIA localization in
the stem tissue. Imaging MS indicated that most TIAs localize in
the idioblast and laticifer cells, which emit blue fluorescence under
UV excitation. Single-cell MS was applied to four different kinds of
cells [idioblast (specialized parenchyma cell), laticifer, parenchyma,
and epidermal cells] in the stem longitudinal section. Principal
component analysis of Imaging MS and Single-cell MS spectra of
these cells showed that similar alkaloids accumulate in both idio-
blast cell and laticifer cell. From MS/MS analysis of Single-cell MS
spectra, catharanthine, ajmalicine, and strictosidine were found in
both cell types in C. roseus stem tissue, where serpentine was also
accumulated. Based on these data, we discuss the significance of
TIA synthesis and accumulation in the idioblast and laticifer cells of
C. roseus stem tissue.
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lkaloids constitute one of the largest groups of specialized

metabolites, many of which have biological functions that
are indispensable, not only for plants themselves but also for
human health. Approximately 20% of plant species are known to
contain alkaloids (1). The significant value of alkaloids as med-
icines or luxury items in human life has attracted widespread
interest from researchers in a range of scientific fields. These
researchers have extensively studied how plant-specialized me-
tabolites are produced at cellular and tissue levels (2). The re-
ports indicate that biosynthetic pathways of plant specialized
metabolites often involve multiple cell types that are biochemi-
cally and morphologically distinct (3, 4).

Catharanthus roseus (L.) G. Don (Apocynaceae) is one of the
best-characterized terpendoid indole alkaloid (TIA)-producing
plants. This plant produces many commercially valuable TIAs,
including antitumor drugs such as vinblastine and vincristine (5—
7). Since the development of TIAs as antitumor drugs in the
1970s, leaf extracts of C. roseus have been the sole source of
vindoline and catharanthine, both of which are monomeric
precursors for the commercial production of TIA (8). Extensive
studies have revealed that more than 130 TIAs are produced
from the central precursor strictosidine in C. roseus (Fig. 1) (9).

TIA metabolism in C. roseus involves more than 20 enzymatic
steps and occurs in various cell types, starting from internal
phloem-associated parenchyma cells (IPAP cells) through epi-
dermal cells (ECs) to both idioblast cells (ICs) and laticifer cells
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(LCs) where vindoline and other TIAs are believed to be accu-
mulated (10-12). Cell type-specific localization of TIA metabolic
pathways has been primarily inferred indirectly from the results
of in situ RNA hybridization and immunocytochemical locali-
zation of the pathway enzymes (13). The current understanding,
mainly deduced from studies on leaf tissues, is that secoiridoid
metabolism begins in IPAP cells and that loganic acid produced
in IPAP cells is transferred to ECs. Further synthesis involving
secologanin and tryptamine occurs in the ECs. Finally, a TIA
intermediate, desacetoxyvindoline, moves to the ICs and LCs,
and TIAs are accumulated in the vacuole of those cells (10, 12,
14). In the stem, a similar localization of enzymes of TIA me-
tabolism (TDC, tryptophan decarboxylase; STR, strictosidine
synthase; D4H, desacetoxyvindoline 4-hydroxylase; and DAT,
deacetylvindoline 4-Oacetyltransferase in Fig. 1) has been pro-
posed (13). Thus far, however, the actual localization of TIA
intermediates at the cellular level has not been directly measured
in either leaf or stem tissues.

Recently, similar specialized metabolite syntheses have
been reported in other plants at the cellular level. For example,
polyterpenes are highly accumulated in so-called LCs in rubber
trees (Hevea brasiliensis), and enzymes that are responsible for
polyterpene biosynthesis have been identified (3). Likewise, a
benzylisoquinoline alkaloid morphine is accumulated in LCs in
opium poppy (Papaver somniferum). In both cases, cutting the
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Fig. 1. TIA metabolic pathway in Catharanthus roseus. Purple font represents
TIA enzymes localized in ECs. Green represents the TIA enzyme localized
in PCs. Blue represents TIA enzymes localized in ICs and LCs. D4H, desacetox-
yvindoline 4-hydroxylase; DAT, deacetylvindoline 4-Oacetyltransferase; LAMT,
loganic acid O-methyltransferase; NMT, 16-methoxy-2,3-dihydro-3-hydroxy-
tabersonine N-methyltransferase; SGD, strictosidine p-glucosidase; SLS,
secologanin synthase; STR, strictosidine synthase; T16H, tabersonine
16-hydroxylase; TDC, tryptophan decarboxylase; 160MT, 16-hydroxytabersonine
O-methyltransferase.

LCs located in the stem and seed capsule in rubber trees and
opium poppy, respectively, permits the collection of these valu-
able plant metabolites. Moreover, proteome analysis of opium
poppy shows that enzymes for morphine biosynthesis are local-
ized either in sieve elements or LCs (15-17). These results
suggest that the metabolic intermediates in morphine bio-
synthesis are likely to be shuttled between the two cell types of
sieve elements and LCs, and that LCs are metabolically active
(16). To understand in detail the metabolic pathways, we need
to clearly identify not only the localization of the enzymes but
also the localization of these specialized metabolites at the
cellular level.

Novel methods for detecting metabolites in situ at the cellular
level have been developed. Examples include matrix-assisted la-
ser desorption/ionization imaging mass spectrometry (Imaging
MS), which was applied to animal brain sections (18), and de-
sorption electrospray ionization mass spectrometry, which has
been applied to many plant species, including C. roseus (19) and
Hypericum perforatum (20). These studies succeeded in detecting
target metabolites, but the resolution of the mass image was very
low. Recent imaging MS revealed localization of many secondary
metabolites in the rhizome of Glycyrrhiza glabra, with high reso-
lution of about 20 pm (21). We have also reported the localiza-
tion of metabolites at the cellular level of Arabidopsis tissues (22).

Another option for analyzing metabolite localization at the
cellular level is Single-cell MS, which samples cell contents from
a single cell within a tissue using microcapillaries (23). In the
Geraniaceae, Pelargonium zonale (L.) L'Hérit, the metabolites
from a single cell were measured by video-assisted MS and
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revealed differences between metabolite contents among cells in
different tissues (24).

In the present study, we combined the above two forefront
metabolomic techniques, Imaging MS and Single-cell MS, to
elucidate cell-specific TIA localization in Catharanthus stem
tissue. Stem tissue consists of various cell types that are similar to
those in leaf tissue, and in situ RNA hybridization of genes for
enzymes involved in TIA metabolism in stems has also been
reported (13).

Results

Localization of Idioblast and Laticifer Cells in C. roseus Stem Tissue.
C. roseus stem tissue is composed of various types of cells: IC, LC,
parenchyma cell (PC), and EC. IC and LC were easily distin-
guishable from PC and EC by blue or yellow autofluorescence
emitted from the chemical compounds accumulated in these
cells when the specimen was excited by UV (25). The blue
autofluorescence is most likely due to serpentine (26). In lon-
gitudinal sections, ICs were found throughout the stem tissue,
whereas short and elongated LCs were localized near the vas-
cular bundles (Fig. 2L and Fig. S1).

TIAs in Stem Tissue. Liquid chromatography mass spectrometry
(LC-MS) analysis of the extracts from whole stem tissue identified
mass spectral peaks of various TIAs, including catharanthine,
ajmalicine, serpentine, and vindoline (Table S1). Loganic acid,
loganin, and secologanin were also detected (Table S2). Some of
the peaks were subjected to MS/MS or LC-MS/MS analyses
for further confirmation (Figs. S2-S6 and Table S3), and quanti-
tative data were obtained for the main alkaloids in the extracts
from both stem tissue and the first leaf tissue (Table S1). In stem
tissue, the concentrations were [micrograms per milligram fresh
weight (FW)] catharanthine, 0.506 + 0.044; ajmalicine, 0.071 +
0.022; serpentine, 0.397 + 0.031; tabersonine, 0.017 + 0.003; and
vindoline, 0.0026 + 0.0002.

Imaging MS Analysis. To study the localization of TIA in the whole
stem tissue, we conducted Imaging MS analysis using a longitu-
dinal section of C. roseus stem tissue (Fig. 2). The results showed
that monoterpenes, such as loganin (Fig. 2B) and secologanin
(Fig. 2C), were localized in EC as reported previously (27).

Although it has been proposed from in situ RNA hybridization
experiments that most TIAs are synthesized in EC (13), MS
images revealed that various TIAs, including ajmalicine and
serpentine, were accumulated not in EC but rather in IC and LC
(Fig. 2 D-J). An MS image of m/z 337.19 (a possible candidate is
catharanthine; see Fig. 2I) showed that this compound was lo-
calized in IC, LC, and EC.

The mass spectrum data of four cell types (IC, LC, PC, and EC)
were selected from Imaging MS figures and analyzed by principal
component analysis (PCA). The various cell types could be dis-
tinguished as different groups. The PCA result showed that IC and
LC accumulated similar compounds, which differed from those in
PC and EC (Fig. 34). Loading data for PCA are shown in Fig. 3B.

Single-Cell MS Analysis. To obtain quantitative data of various TIAs
that complement the results of Imaging MS, we conducted Single-
cell MS on IC, LC, PC, and EC (Fig. S1). The data obtained from
the four cell types could also separate the cells into different
groups by PCA. The PCA result showed that IC and LC accu-
mulated similar compounds, which differed from those in PC and
EC, in agreement with the data from Imaging MS (Fig. 3). We
also obtained PC loading data that suggested some alkaloid peaks,
such as m/z 337.19 (catharanthine) and m/z 349.15 (serpentine),
mainly occur in specific cell types (Fig. 3 C and D).

We conducted target mass analysis of C. roseus TIA using
Single-cell MS data (Tables 1 and 2). The mass spectra of IC and
LC showed that catharanthine (m/z 337.19) and serpentine (m/z
349.15) were detected in the top 100 peaks in those spectra.
Catharanthine (m/z 337.19) was also detected in the mass spectra
of PC and EC.
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Fig. 2. MS images of C. roseus stem longitudinal section. Most TIA localized in IC and LC; (A) m/z 415.1001 (loganic acid), (B) m/z 429.1157 (loganin), (C) m/z
427.1001 (secologanin), (D) m/z 351.1703 (cathenamine), (E) m/z 353.1859 (ajmalicine), (F) m/z 349.1546 (serpentine), (G) m/z 355.2016 (stemmadenine),
(H) m/z 367.2016 (16-methoxytabersonine), (/) m/z 337.1910 (catharanthine), (J) m/z 427.2227 (demethoxyvindoline), (K) MS image control, and (L)
longitudinal section excited by UV. Color bar represents MS signal intensity. VB, vascular bundle. (Scale bar, 1 mm.)

We examined MS/MS analyses of a peak having m/z 337.19 to
clarify whether this was mainly catharanthine or tabersonine
(Figs. S2 and S7). As a result of MS/MS, we detected a cathar-
anthine-specific fragment peak (m/z 93.07) from all types of cells
(Table 1 and Figs. S2 and S7), although the peak intensity in PC
and EC was low. No other catharanthine-specific peaks were
detected in PC (m/z 133.07).

The MS/MS analysis strongly suggested that the peak having
the m/z 337.19 that localized in IC and LC and the whole stem
tissue is catharanthine. MS/MS fragments corresponding to
serpentine (m/z 349.15) and ajmalicine (m/z 353.18) were also
detected in Single-cell MS and LC-MS/MS analyses (Table S3
and Figs. S3 and S4). We also speculated on the possible TIA
identities of several other peaks (Table S1). To determine
whether these peaks were really TIA, we examined their MS/MS
fragments. In m/z 427.22 peak, which is supposed to be deme-
thoxyvindoline, the major MS/MS fragments had m/z of 158.10,
367.20, and 409.21 (Fig. S5). These peaks are similar to the
vindoline MS/MS fragment pattern (m/z 188.10, 397.20, and
439.21), although demethoxyvindoline MS/MS fragments may
deviate by m/z 30 for the deletion of the methoxy group and
addition of a proton. At m/z 531.23 ion peak, detected fragment
ion peaks (m/z 144.08, 165.05, 282.11, 320.13, 334.14, 352.16, and
514.21) were similar to the major MS/MS fragments of stricto-
sidine that was produced by transformed yeast (Table S3) (28).

Semiquantitative Analysis of Single-Cell MS. The metabolome of
C. roseus stem tissues was analyzed using LC-MS. Single peaks
at mjz 349.15, 427.22, and 531.23 correspond to serpentine,
demethoxyvindoline, and strictosidine, respectively (Table S1).
According to the LC-MS result, we can consider that these m/z
values show a single molecular species in each cell type of
C. roseus stem tissue. Semiquantitative calculations were made in
regard to m/z 349.15, 389.14, 427.22, and 531.23 ion peaks from
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the Single-cell MS data measured with mass range m/z = 100-
1,000 (Fig. 4 A and B) and mass range m/z = 385-550 (Fig. 4 C
and D). Serpentine (m/z 349.15) was detected in both IC and LC
(Fig. 44), whereas secologanin (m/z 389.14) was only accumu-
lated in EC (Fig. 4B). Demethoxyvindoline (m/z 427.22) was
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Fig. 3. PCA of metabolome data according to cell type. (A4) PCA derived from
intensities of IC, LC, PC, and EC samples in Imaging MS analysis. (B) PC loadings
derived from all m/z peaks of IC, LC, PC, and EC samples in Imaging MS analysis.
(C) PCA derived from intensities of IC, LC, PC, and EC samples in Single-cell MS
analysis. (D) PC loadings derived from all m/z peaks of IC, LC, PC, and EC
samples in Single-cell MS analysis. (B and D) Blue points show monoisotopic
and isotope data, and pale blue points show undefined data. Many TIA
compounds were detected from IC and LC spectra. Red underbar shows TIA
related ion peak. Green underbar shows iridoid related ion peak.
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Fig. 4. Semiquantitative analysis of TIAs calculated by Single-cell MS anal-
ysis data. (A) Serpentine was detected in IC and LC (m/z 349.15). (B) Seco-
loganin was detected in EC (m/z 389.14). (C) Demethoxyvindoline was
detected in all cell types (m/z 427.22). (D) Strictosidine was detected in IC and
LC (m/z 531.23). The y axis shows percent of intensity normalized by the
value of the total ion intensity of each sample. Values are the mean of three
measurements (+SEM).

detected in every type of cell, but with large variations; it was
mainly accumulated in IC and LC (Fig. 4C). Strictosidine (m/z
531.23) was also accumulated in IC and LC (Fig. 4D).

Discussion

TIA Synthesis in the Stem Tissue C. roseus var. Equator White Eye. .C-
MS data of C. roseus stem extracts showed major peaks from
TIAs, including catharanthine and vindoline (Table S1). These
data suggest that the variety Equator White Eye also produces
major TIAs in stem tissue; previous reports on other C. roseus
varieties have focused on TIA in leaf tissue (29). We could not
detect all of the vindoline-related intermediates in Single-cell
MS data of this variety, even though we succeeded in detecting
vindoline and demethoxyvindoline (Tables 1 and 2). It is known
that C. roseus stem tissue produces less vindoline than does leaf
tissue (30). Our LC-MS quantitative data showed also that the
first pair of leaves accumulate more vindoline than stem tissue
(Table S1). Because demethoxyvindoline is produced from vin-
doline, this cultivar might produce vindoline at the cellular level
in stem tissue.

Identification of TIA Peaks. Many peaks corresponding to TIAs
were detected using these recent metabolome techniques, i.e.,
Imaging MS and Single-cell MS. Both of these mass spectrom-
etry systems have quite high mass resolution and high mass ac-
curacy. Values of m/z suggested elemental compositions that
could be tentatively assigned to TIAs based on their molecular
formulae. To verify that these peaks were TIAs, we measured
chemical structures of commercially available TIAs by MS/MS
analysis using the same MS apparatus (Table S3 and Figs. S2-S6).

We were thus able to confirm, using standard MS/MS frag-
ment data, that IC and LC contain catharanthine, serpentine,
and ajmalicine.

Cell-Specific Localization of TlAs in C. roseus Stem Tissue. Imaging
MS data showed that loganin and secologanin localized in the
EC (Fig. 2). Single-cell MS showed the same localization for
secologanin (Fig. 4). These iridoid metabolites have previously
been shown to be synthesized in EC in C. roseus stem tissue (12),
and this has been confirmed using our metabolome analyses.

We were not able to ionize loganic acid and loganin in Single-
cell MS. Although we could not semiquantify these substances,
we assumed that loganic acid was localized in IPAP cells
(Fig. 24).

Imaging MS and Single-cell MS data also showed that most
TIAs, including catharanthine (m/z 337.19), were localized in IC
and LC (Table 1 and Figs. 2 and 5). These data contrast with
previously published reports that showed most catharanthine
localized in the wax layer of the leaf tissue (31, 32). The reasons
for these differences are unclear but may reflect differences
between cultivars or differences between leaf and stem tissue.
The stem tissue has no clear wax layer. We cannot detect sub-
stances in the wax layer.

Cells in the leaf are much smaller (about 20 pm) than those in
the stem (about 40 pm). When we measured extracts of both
tissues with LC-MS, leaf tissue was found to contain more TIA
metabolites than stem tissues (Table S1), which Gdngora-
Castillo et al. (33) attributed to differences in expression levels
of genes involved in TIA biosynthesis between stem and leaf
tissue. So far, we have been able to measure cell contents in stem
cells because of their physical advantages. Now we are trying to
measure leaf cell constituents using Single-cell MS and attempting
to further develop the level of resolution of Imaging MS to enable
us to measure TIA localization in leaf cells. In the near future, we
expect to be able to compare TIA localization of stem tissue and
leaf tissue.

TIA Synthesis and Accumulation in C. roseus ICs and LCs. It has been
proposed that TIA synthesis initially occurs in IPAP cells, and
then the products shift from IPAP cells to EC, PC, IC, and LC. It
is proposed that loganic acid is transferred from IPAP cells to
EC and 16-methoxytabersonine is transferred from EC to other
cells at that time. This hypothesis is mainly based on in situ hy-
bridization data of mRNAs of genes encoding enzymes involved
in TIA synthesis (12) rather than on the actual localization of
TIA molecules themselves at the cellular level (25).

The chemical compounds contained in IC and LC have not
previously been accurately measured. To identify TIA com-
pounds accumulated in ICs, we used the recent technologies of
Imaging MS and Single-cell MS. Our measurements showed that
most alkaloids are localized in IC and LC (Tables 1 and 2).
These data are consistent with a previous report, which showed

Table 1. TIA detected by Single-cell MS analysis (mass range m/z = 100-1,000)
Molecular formula [M+H]+ Measured m/z Delta, ppm Stem tissue IC LC PC EC Speculated compound
C21H24N202 337.191054 337.19097 -0.25 O O O O O Catharanthine
C21H20N203 349.154668 349.15456 -0.31 (@) O O Serpentine
C21H22N203 351.170318 351.16950 -2.33 O o O Cathenamine
C21H24N203 353.185968 353.18578 -0.53 @] o O Ajmalicine
C21H26N203 355.201618 355.20129 -0.92 O O O Stemmadenine
C22H26N203 367.201618 367.20096 -1.79 O O O 16-Methoxytabersonine
C21H24N204 369.180883 369.18066 -0.60 O O O Horhammericine
C22H28N204 385.212183 385.21165 -1.38 O 16-Methoxy-2,3-dihydro-3-
hydroxytabersonine
C24H30N205 427.222748 427.22248 -0.63 @] o O Demetoxyvindoline
C25H32N206 457.233312 457.23253 -1.71 O Vindoline
C27H34N209 531.233706 531.23268 -1.93 @) Strictosidine

O denotes that chemical compound exists in stem tissue each cell type (n = 3).
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Table 2. TIA detected by Single-cell MS analysis (mass range m/z = 385-550)

Molecular formula [M+H]+ Measured m/z Delta, ppm Stem tissue IC LC PC EC Speculated compound

C22H28N204 385.212183 385.21191 -0.71 (@] O O 16-Methoxy-2,3-dihydro-3-
hydroxytabersonine

C23H30N205 415.222748 415.22254 -0.50 (@] Deacetylvindoline

C24H30N205 427.222748 427.22244 -0.72 (@) O O O O Demetoxyvindoline

C25H32N206 457.233312 457.23420 1.94 (@] Vindoline

C27H34N209 531.233706 531.23262 -2.04 @] o O Strictosidine

O denotes that chemical compound exists in stem tissue each

that serpentine, ajmalicine, and vindoline accumulated in the
idioblast fraction (25), although the purity of their idioblast
fraction was quite low. To our surprise, these recent metabolome
results showed that strictosidine also localized in IC and LC
(Tables 1 and 2). Strictosidine might move from EC to IC and
LC as soon as it is produced.

Movement of TIA Intermediates Between Cells. Imaging MS and
Single-cell MS results revealed that many TIAs are localized in
IC and LC. Catharanthine, whose presence was inferred from
m/z 337.19, was detected in all types of cells. TIA intermediates,
such as strictosidine, catharanthine, and tabersonine, are proposed
to be synthesized in EC, and further metabolism of these
compounds occurs in the same cell (12, 13). The present results
lead to our presumption that catharanthine metabolism might
not only occur in EC but may also be synthesized in IC and LC.

Imaging MS and Single-cell MS data showed that loganin and
secologanin localized in the EC (Figs. 2 and 4). These iridoid
metabolites have previously been shown to be synthesized in EC
in C. roseus stem tissue (12), and this has been also confirmed
using our metabolome analyses.

Single-cell MS measurements suggested that TIA intermedi-
ates, such as serpentine and demethoxyvindoline, were accu-
mulated in IC and LC (Fig. 4). If they are not synthesized in
these cells, TIA intermediates must move from synthetic cells to
other cells and accumulate in IC and LC. Because we could not
detect an m/z value for strictosidine, which is produced by con-
densation of secologanin and tryptamine in EC, it is possible that
strictosidine migrated to IC and LC immediately after synthesis.
An m/z value corresponding to strictosidine (m/z 531.23) was
detected in IC and LC, and we also obtained MS/MS fragment
ion peaks (m/z 144.08, 165.05, 282.11, 320.13, 334.14, 352.16, and
514.21), which are consistent with the speculated strictosidine
MS/MS fragment ion peaks (Tables 1 and 2, Table S3, and Fig.
S6) (28). A compound peak at m/z 427.22 was detected in every
type of cell (Tables 1 and 2). MS/MS fragment ions of this peak
were similar to demethoxyvindoline (vindolidine) (34), although
we could not obtain a commercially available standard to verify
this. We have tentatively assigned the m/z 427.22 peak as
demethoxyvindoline, which accumulated in IC and LC (Fig. 4).

The complex distribution pattern of the TIA intermediates
suggests that the enzymes responsible for synthesis are located in
one cell type, but that the enzyme products are then moved to
other cells. A catharanthine transporter responsible for efflux
from EC to the wax layer in C. roseus leaf tissue has been already
reported (32). It is also possible that symplasmic transport via
plasmodesmata may drive movements of TIA intermediates
between adjacent cells (Fig. 5). Further studies are needed to
clarify how these compounds become distributed between the
different cell types.

The Role of ICs and LCs. IC and LC differed in their form, size,
contents, and cell structure, compared with common cell types
such as PC or EC (Fig. 2L and Fig. S1) (35). In C. roseus, IC and
LC were classified as plant idioblasts using the broad definition
of this cell type. PCA showed that IC and LC have many similar
features (Fig. 3), which imply that these cell types play a similar

Yamamoto et al.

cell type (n = 3).

role in plant defense (3). The physiological differences between
IC and LC remain unclear.

Materials and Methods

A detailed description of materials, chemicals, and sample preparation for MS
measurement and LC-MS methods can be found in S/ Materials and Methods.

Imaging MS. Longitudinal sections (100 pm thickness) of C. roseus stem were
prepared with a microtome (Plant Microtome MTH-1; NKsystem) and visually
inspected with a fluorescent stereoscopic microscope (M250FA; Leica
Microsystems). Suitable sections were then washed with MilliQ water to
remove alkaloid contamination from dead cells and mounted on Indium Tin
Oxide glass slides (Luminescence Technology Co.) using Cryoglue type | (SEC-
TION-LAB Co. Ltd.). The samples on glass slides were lyophilized by freeze-drying
(Model 77400; Labconco Co.) then sublimated by o-cyano-4-hydroxycinnamic
acid with a conductive glass using a sublimation apparatus (ChemGlass CG-3038;
ChemGlass Life Sciences). Mass spectrometric detection was performed on
Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) (APEX-
Qe-94T with dual source; Bruker Daltonics Inc.). The space resolution of Imaging
MS was 20 pm. MS images were reconstituted using an in-house software called
LabMSI (22). Target mass peaks were detected in a bin size = 0.02.

Infusion Analysis with LTQ-Orbitrap. Stem extracts were prepared as described
in the procedure for LC-MS analysis. Stem extract (3 pL) was transferred to a
nano-electrospray tip (1 pm, Humanix) from the bottom. The tip was then set
on the nano- electrospray ionization (nano-ESI) ion source attachment. Mass
spectrometric detection was performed on LTQ Orbitrap Velos Pro. The spray
voltage for positive measurement was 1,000 V. Alkaloid detection was per-
formed in the range of m/z 100-1,000 and m/z 385-550. The spectrometer was
calibrated by polytyrosine (CS Bio) before experiments. MS/MS analyses of
alkaloids with known standards were also conducted. Data analysis was con-
ducted using Xcalibur software (Thermo Fisher Scientific). Target mass peaks
were detected in +5 ppm range, relative to the theoretical mass of TIA.

Single-Cell MS in C. roseus Stem Tissue. To identify cell-specific alkaloid local-
izations, we used live single-cell video mass spectrometry, termed “Single-cell
MS” analysis (23). Longitudinal sections (100 pm thickness) of the stem were
prepared with a microtome (Plant Microtome MTH-1; NKsystem), washed with
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Idioblast cell, Laticifer cell M
Strictosidine
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Fig. 5. Cell specific localization of TIA in C. roseus stem tissue. Most TIA
localized in the ICs and LCs.
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ultrapure water to remove alkaloid contamination, and specimens were then
mounted on a glass slide fixed with double-faced adhesive tape and moni-
tored with a stereomicroscope (M205FA; Leica Microsystems). The contents
of single cells from four different cell types, namely ICs, LCs, PCs, and ECs,
were sucked into a gold-coated glass capillary nano-electrospray tip via tubing
using a syringe under the stereoscopic microscope (Fig. S1). After the addition
of 3 pL of ionization solvent (0.5% formic acid in methanol) into the nano-
electrospray tip from the bottom, the tip was set on a nano-ESI ion source
attachment. Mass spectrometric detection was performed on LTQ Orbitrap
Velos Pro. The spray voltage for positive measurement was 1,000 V. Alkaloid
and secologanin detection was mainly performed in the range of m/z 100~
1,000. Strictosidine was detected in the range of m/z 385-550 in samples. The
spectrometer was calibrated with polytyrosine before experiments. Data
analysis was conducted by using Xcalibur software. Target mass peaks were
detected within +5 ppm, compared with the theoretical mass. Because no
isomers of serpentine (alstonine), demethoxyvindoline, and strictosidine were
found in the extract of whole stem tissue by LC-MS analysis, we quantified
these alkaloids in each of the four kinds of cell types by semiquantitative
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calculation using Single-cell MS data on m/z intensity values of 349.15, 389.14,
427.22, and 531.23, which were normalized to values of the total ion in-
tensities (y axis of Fig. 4 shows percent of intensity normalized by the value of
the total ion intensities).

PCA Analysis. Principal component analysis (PCA) of both technologies was
conducted with MarkerView software (version1.2.1; AB Sciex) on 12 samples
(three samples per cell type) for grouping each cell type (IC, LC, PC, and EQ).
We used total peaks, which were selected under the condition signal-to-noise
ratio 2 3.
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