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SUMMARY
Idioblasts from Catharanthus roseus leaves specifically accumulate alkaloids
and show autofluorescence that enabled the fluorescence activated cell sorting

of a population of idioblast protoplasts.
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ABSTRACT

Plant specialized metabolism presents often a complex cell-specific
compartmentation essential to accomplish the biosynthesis of valuable plant
natural products. Hence, the disclosure and potential manipulation of such
pathways may depend on the capacity to isolate and characterize specific cell
types. Catharanthus roseus is the source of several medicinal terpenoid indole
alkaloids, including the low-level anticancer vinblastine and vincristine, for which
the late biosynthetic steps occur in specialized mesophyll cells called idioblasts.
Here, the optical, fluorescence and alkaloid accumulating properties of C.
roseus leaf idioblasts are characterized, and a methodology for the isolation of
idioblast protoplasts by fluorescence activated cell sorting is established, taking
advantage of the distinctive autofluorescence of these cells. This achievement
represents a crucial step for the development of differential omic strategies
leading to the identification of candidate genes putatively involved in the
biosynthesis, pathway regulation and transmembrane transport leading to the

anticancer alkaloids from C. roseus.

Downloaded from www.plantphysiol.org on July 14, 2016 - Published by www.plantphysiol.org
Copyright © 2016 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/
http://www.plantphysiol.org

116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149

INTRODUCTION

Plants depict a unique metabolic plasticity including a wealth of natural
products that help them to deal with a wide range of environmental threats.
Many of those specialized metabolites have valuable applications as medicines,
colorants, flavors, fragrances, etc., but their exploitation is often hindered by
their low levels and limited availability of plant material. The intrinsic complexity
of specialized pathways has been a major challenge to their full
characterization, but it can now deliver potent tools, if combined with the recent
development of omic technologies. Therefore, the association of differential
omic screenings to the regulation of specialized pathways by environmental-
developmental-cues, and to their organ- tissue-specific organization is enabling
the fast disclosure of important parts of long time searched pathways (Miettinen
et al., 2014; Stavrinides et al., 2015). However, there is a level of complexity
that is particularly challenging concerning the application of these approaches -
the expression of different parts of the pathway in specific cell types within a
tissue or organ. The low relative abundance of those cell types within the
respective plant organs hampers the retrieval of candidate genes but, if
isolation of such cells is achieved, it constitutes a powerful tool. Two major
techniques may be explored to this end: Laser Microdissection (LMD) and
Fluorescence Activated Cell Sorting (FACS). The use of LMD for plant
microsampling has increased significantly over the past decade (Fang and
Schneider, 2014). FACS, however, in spite of being a method possibly more
cost- and time-effective for obtaining samples with quantity and quality
guaranteeing successful cellular ‘omics’, has been mostly applied to the sorting
of protoplasts from Arabidopsis root and shoot apical cells specifically labeled
with GFP (Birnbaum et al., 2005; Galbraith, 2010; Carter et al., 2013).

A paradigmatic example of cell-specific compartmentation involving
autofluorescence is the terpenoid indole alkaloid (TIA) pathway in the medicinal
plant Catharanthus roseus (Supplemental Fig. S1), whose leaves accumulate in
low-levels the anticancer TIAs vinblastine (VLB) and vincristine (VCR) (De Luca
et al.,, 2014). The TIA pathway presents multi-cellular compartmentation in C.
roseus leaves, with early and middle steps being expressed in internal phloem

associated parenchyma and the epidermis, whereas late steps are expressed in
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laticifers and idioblas, characterized by a conspicuous fluorescence (St-Pierre
et al., 1999; Courdavault et al., 2014). A diversity of C. roseus transcriptomic
projects (MPGR, Phytometasyn, Cathacyc) has enabled a recent burst of
research in the TIA pathway, leading to the full characterization of its iridoid /
terpenoid precursor part, of late biosynthetic steps, and of the first TIA
transporter (Yu and DelLuca, 2013; Miettinen et al., 2014; Stavrinides et al.
2015; Kellner et al., 2015,). However, the last bottleneck part of the pathway
leading to the anticancer alkaloids remains elusive, as well as most TIA
transmembrane transporters and transcriptional regulators affecting VLB / VCR
levels.

This study describes the distinctive properties of C. roseus leaf idioblasts
and the optimization of FACS conditions allowing the successful separation of
idioblast protoplasts from those of common mesophyll cells. The amount /
quality of cells sorted and the buffer composition makes the sorting
methodology developed here compatible with the implementation of subsequent
transcriptomic, metabolomic and proteomic studies, crucial to fully unravel the

TIA pathway.

RESULTS AND DISCUSSION

Idioblasts and laticifers from C. roseus leaves are differentially stained by
alkaloid indicators and depict a characteristic autofluorescence

Infiltration of leaves with both the reagent of Dragendorff and the reagent of
Mayer, widely used to identify alkaloids, characteristically labeled a particular
set of cells with distinct scattered patterns in the adaxial and abaxial sides of
the leaves, previously identified as idioblasts (Fig. 1; Yoder and Mahlberg,
1976; Mersey and Cutler, 1986; St-Pierre et al., 1999). Labeling was also
associated with small veins, likely corresponding to reaction with alkaloids
accumulated in the unbranched, nonarticulated laticifers described by Yoder
and Mahlberg (1976). Focusing of different planes of the leaf surface enabled to
conclude that the epidermal cells did not react with the reagents and that the
two different abaxial/adaxial patterns of idioblasts likely corresponded to the

spatial organization of such cells in the two respective underlying tissues, the
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Figure 1. Bright-field optical microscopy images of C. roseus whole leaves infiltrated with alkaloid
indicators reveal a positive reaction in idioblasts (stained isolated mesophyll cells) and laticifers
(stained threads). A to D, Infiltration with the reagent of Dragendorff reveals alkaloid accumulating
cells stained in brown. E to H, Infiltration with the reagent of Mayer reveals alkaloid accumulating
cells stained in dark grey. A, B, E and F, Images of the adaxial face. C, D, G and H, Images of the
abaxial face. Focusing of leaf images was performed based on the detection of stained cells,
which appeared only below the epidermis cell layer. Bars = 200 pm (A, C, E and G) and 50 pm
(B, D, F and H).

spongy and the palisade parenchymas, as could also be concluded from the
shape of the cells (Fig. 1 B, D, F, H). This differential accumulation of alkaloids
in laticifers and idioblasts of C. roseus leaves was previously reported by Yoder
and Mahberg (1976) and is also supported by the work of Mersey and Cutler
(1986), who detected a higher level of TIAs in cell fractions enriched in idioblast
protoplasts. Therefore, our results confirm the importance of idioblasts as
alkaloid accumulation targets, with their accumulation capacity likely influencing
the whole metabolic flux of the pathway. As such, idioblasts are certainly home
of key alkaloid transporters and possibly also of some key biosynthetic steps, as
already shown by St-Pierre et al. (1999).

Under the fluorescence microscope, the exact same pattern of cells
reacting with alkaloid indicators depicted a distinctive vacuolar autofluorescence
characterized by blue and green emissions upon UV excitation (Fig. 2). The
strong autofluorescence of idioblasts observed in this study was also previously
reported, albeit with somewhat different emission profiles (Mersey and Cutler
1986; St-Pierre et al. 1999). Considering the fluorescence excitation and
emission spectra of the main C. roseus TIAs determined by Renaudin (1985),
only the TIA serpentine may be partially contributing to the blue
autofluorescence observed in this study, with the bulk of the autofluorescence

signal, namely in the green spectrum, being due to unknown compounds.
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Figure 2. Epifluorescence microscopy images of C. roseus whole leaves. A, Image of the adaxial
face. B, Image of the abaxial face. 1, Red channel revealing autofluorescence of chlorophyll in
chloroplasts. 2, Blue channel revealing the presence of an autofluorescence signal in idioblasts. 3,
Green channel revealing the presence of an autofluorescence signal in idioblasts. 4, Merged

images of the three channels. Bars = 100 pm.

Overall, these results indicated the presence in C. roseus leaves of cells
specifically accumulating alkaloids and depicting a distinctive autofluorescence

that makes them potentially amenable to FACS approaches.

FACS allows the isolation of a highly enriched population of C. roseus leaf
idioblasts suitable for differential omic screenings

In order to make possible the sorting of the fluorescent idioblasts, the cell
wall of C. roseus leaves was digested with an optimized protocol that enabled
the production of a high yield of pure and stable protoplasts (Fig. 3A).
Treatment with the reagents of Mayer and Dragendorff indicated that idioblast
protoplasts retained their distinctive capacity to accumulate alkaloids (Fig. 3, B
and C). Furthermore, it was possible to observe that those reagents stained
specifically the vacuole, where alkaloids are known to accumulate.
Interestingly, under the bright-field microscope and when focused above their
mid-plane, idioblasts presented a distinctive bright halo, likely resulting from a
higher refraction index of the vacuole content (Fig. 3, D and E). This further
indicated a distinct chemical composition of idioblasts, at the same time it
provided a way to identify them under the bright-field microscope. Upon UV

excitation, idioblast protoplasts showed intense blue and green fluorescence,
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Figure 3. A, Bright-field image (A1) of C. roseus leaf protoplasts and the correspondent
fluorescence image showing the viable protoplasts that incorporated and modified FDA to
generate green fluorescence (A2). B, Bright-field image of protoplasts treated with the reagent of
Dragendorff showing an idioblast with the vacuole content stained in brown. C, Bright-field image
of protoplasts treated with the reagent of Mayer showing an idioblast with the vacuole content
stained in dark grey (many protoplasts burst in the presence of this reagent). D, Bright-field image
of protoplasts focused at the mid-plane (D1) and above the mid-plane (D2) showing an idioblast
with a distinctive bright halo. E, Bright-field and epifluorescence microscopy images of leaf
protoplasts with cells: focused at the mid plane (E1), focused above the mid plane showing that
idioblasts display a distinctive bright halo (E2), observed with the blue channel revealing idioblast
protoplasts (E3), observed with the green channel revealing idioblast protoplasts (E4), and
represented by the merged image of E1, E3 and E4 (E5). Bars = 10 um (A, B and D) and 20 um
(Cand E).

indicating they also retained the original fluorescence properties (Fig. 3 E). In
fact, the emission spectra of these cells were highly similar to the emission
spectra of the leaf idioblasts, and markedly different from other mesophyll leaf
cells, or from other protoplasts (Fig. 4), clearly confirming the identity of the
fluorescent, refractive protoplasts as idioblasts. Overall, it was clear that
idioblast protoplasts retained their original distinctive chemical composition and
identity, and therefore constituted highly interesting targets for cell sorting and
differential characterization.

To sort C. roseus protoplasts relying on their intrinsic fluorescence
properties, the PMT (photomultiplier tube) detector voltages of the sorter were
set to maximize differences between the minimum and maximum fluorescence
for the blue, the green, and the red channels. PBS worked well as sheath buffer
for sorting of the C. roseus protoplasts, but it lowered the stability of the sorted
cell populations in comparison with the use of protoplast suspension buffer as
sheath. Therefore PBS should be used only when further manipulation of cells
is not needed, such as for metabolomic or transcriptomic studies.

Analysis of the sorted events using all the different combinations of
fluorescence signals in two and three dimension dot plots revealed that the
combination of the red and green signals depicted in Fig. 5A was the one giving

a better definition of the different cell populations. Sorted cells from all over the
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Figure 4. Autofluorescence emission spectra of C. roseus mesophyll cells. A, Confocal (A1) and
bright-field (A2) images of the adaxial face of a whole mounted leaf focused at the level of the
palisade parenchyma. B, Confocal (B1) and bright-field (B2) images of the abaxial face of a whole
mounted leaf focused at the level of the spongy parenchyma. C, Confocal (C1) and bright-field
(C2) images of mesophyll protoplasts. D, Emission spectra of the cells indicated in A, B and C.
upon excitation with a 405 nm laser. Bars = 50 ym (A and B) and 20 um (C).

spectrum of events detected were collected in MM buffer and were observed
under the fluorescence microscope. This enabled to identify populations | and I
as targets (Fig. 5A): population | was constituted exclusively by cells with a high
number of chloroplasts, with low blue/green autofluorescence and low refraction
of the vacuolar content, clearly enabling their identification as a pure population
of common mesophyll cells (Fig. 6, B and C); population Il was constituted by
90% of cells depicting an intense blue/green autofluorescence and a high

refraction of the vacuolar content, enabling their identification as idioblasts (Fig.
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Figure 5. Dot plots obtained during sorting of C. roseus leaf protoplasts. A, Dot plot of red versus
green emissions with indication of the two populations selected as common mesophyll cells (1) and
idioblasts (ll), based on bright field and fluorescence microscopy of the sorted cells (Fig. 6). Events
corresponding to debris were excluded from the dot plot. B, Dot plots of forward scatter (FSC) vs.
side scatter (SSC) of the two populations highlighted in A. Crosses indicate medians of populations
in both FSC and SSC.

6, D and E). When comparing the forward (FSC) and side (SSC) scatter
properties of the two populations (Fig. 5B), it was observed that they overlap
partially, with population Il (idioblasts) having an average higher FSC and lower
SSC, but with a high heterogeneity of values. Since FSC increases with particle
refraction index and size, and SSC increases with granularity or higher amount
of cellular components, these results match microscope observations of
idioblasts, which show a higher refraction index and often a big cell size,
although with a high heterogeneity in size (Fig. 3, D and E, and Fig. 6A). In
average it was possible to sort and recover ~ 50,000 cells of population Il
(idioblasts) per operation day, and tens fold more of common mesophyll cells.

To test the feasibility of using the sorted cells for transcriptomic studies, the
sorted cells were collected directly to RNA extraction buffer and their RNA was
isolated, with about 50,000 cells yielding 200 ng of RNA for the two sorted
populations, as well as for the whole protoplast mother suspension, all with high
quality (RNA quality indicator/RQI = 8). gPCR analysis of the genes involved in
the late steps of TIA biosynthesis desacetoxyvindoline 4-hydroxylase (D4H) and
deacetylvindoline 4-O-acetyltransferase (DAT) further confirmed the suitability
of the sorted cells for transcriptomic studies, and showed a ~3 fold increase in
the transcript levels of those genes in idioblasts, in line with previous in situ
hybridization studies of these two genes (Fig. 7; St-Pierre et al. 1999).

In order to demonstrate that the sorted cells may also be used for
metabolomic studies, namely in what concerns alkaloid profile, methanolic
extracts obtained from roughly 200.000 sorted common mesophyll cells and ~
25,000 sorted idioblasts were analyzed by LC-MS/MS. Fig. 8 shows the easy
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Figure 6. Epifluorescence microscopy images of a source C. roseus leaf protoplast suspension
(A) and of populations of mesophyll cells (B and C) and idioblasts (D and E) isolated by FACS. 1,
Red channel revealing autofluorescence of chlorophyll in chloroplasts. 2, Blue channel revealing
the presence of an autofluorescence signal in idioblasts. 3, Green channel revealing the presence
of an autofluorescence signal in idioblasts. 4, Merged images of the three channels. 5, Merge of
the blue and green channel images with the correspondent bright-field image. Bars = 40 um (A, B
and D) and 5 um (C and E).

detection of the leaf abundant VLB monomeric precursor vindoline (Carqueijeiro
et al. 2013) in sorted common mesophyll cells and idioblasts. The results
confirm that idioblasts are impressive TIA accumulation targets, showing levels
of vindoline ~3,000 fold higher than common mesophyll cells (315.22 ng per
idioblast versus 0.105 ng per mesophyll cell).

In conclusion, the mesophyll of C. roseus leaves presents scattered
idioblasts that specifically accumulate high levels of alkaloids and depict a
distinctive conspicuous autofluorescence, which allows the isolation of idioblast
protoplasts retaining their original identity by means of an optimized FACS

method. The procedure enables the isolation of a high number of cells, 50,000
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Figure 7. Expression of D4H and DAT in
sorted common mesophyll and idioblast
protoplasts.  Transcript levels were
determined by qPCR and normalized
using CrRPSL24 (p<0.05 for both genes,
Student' s t-test).

idioblast cells per operation day (from ca. 3.5 g of leaves), easily reaching
250,000 upon 5 days of work, highly exceeding the total 2,500-5,000 idioblast
cells isolated by Murata and De Luca (2005) using LCM. The idioblast cell
fraction obtained in this study is highly enriched, and is now being used for the
implementation of differential transcriptomic and metabolomic studies to
uncover the differentiation status and functions of idioblasts, as well as novel
candidate genes potentially involved in key events of the biosynthesis, transport

and regulation of the medicinal TIA pathway.

MATERIAL AND METHODS

Plant material
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Figure 8. Base peak chromatogram of m/z 457.23

and respective MS fragment pattern. A, Vindoline

standard (0.5 ug mL™"). B, Sorted idioblast protoplasts

(115 cells pL"). C, Sorted common mesophyll

protoplasts (800 cells uL").

Catharanthus roseus (L.) G. Don cv. Little Bright Eye plants were grown at

25 °C, in a growth chamber, under a 16/8 hr photoperiod, using white
fluorescent light with a maximum intensity of 70 pmol m? s'. Seeds were
acquired from B&T World Seeds (Aigues-Vives, France). Plants used for

protoplast isolation were 6 to 8 months old.

Alkaloid indicators

The reagents of Dragendorff and Mayer were prepared as described in
Bruneton (2009). Both reagents were diluted 1:10 with water just before use.
For detection of alkaloids in leaves, the reagents were infiltrated through the
abaxial face of a whole leaf using a syringe without needle. For alkaloid
detection in protoplasts, a small drop of diluted reagent was added to an excess

of protoplast suspension.

Isolation and characterization of C. roseus leaf protoplasts
The isolation of leaf protoplasts was performed as described in Carqueijeiro
et al. (2013). Protoplasts were diluted in MM buffer to 5x10° to 2x10° cells mL™,
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and observed using an optical microscope (Olympus, Japan) with a coupled
Olympus DP 25 Digital Camera and Cell B software. Protoplasts were also
observed using a Leica DMIG000 microscope body equipped with a
Hamamatsu Flash Orca 4.0 LT sCMOS camera with 10x Plan Fluor 0.3 NA and
20x Plan Apochromat 0.7 NA objectives controlled through the Leica LAS X
software (Leica Microsystems, Germany). For acquisition of blue and green
autofluorescence, the excitation band pass filter was 350/50 nm, associated to
an emission filter of 455/50 nm (blue) and of 525/36 nm (green). For acquisition
of red autofluorescence, the excitation was 490/20 nm and emission was
705/72 nm.

Viability of protoplasts was assayed as described in Carqueijeiro et al.
(2013). Autofluorescence characterization of protoplasts was performed in a
confocal microscope Leica TCS SP5 Il (Leica Microsystems, Germany)
controlled through the Leica LAS 2.6 software, using the diode 405 nm laser to
excite and recording a spectral series from 420 to 600 nm, with a detection
band width of 5 nm.

Fluorescence Activated Cell Sorting (FACS) of C. roseus protoplasts

Leaf protoplasts suspended in MM buffer were run in a MoFlo (Beckman
Coulter, Fort Collins, USA), at 4 °C, immediately after isolation. The protoplast
suspension was carefully homogenized immediately prior to use and whenever
needed during the sorting. Protoplasts were sorted using either protoplast
isolation medium or PBS as sheath, at a constant pressure of 200 kPa (~30
psi), using a 100 ym nozzle and a drop drive frequency of ~40 kHz (~40,000
drops / sec). The total event rate was kept below 8,000 events / sec.
Autofluorescence was detected using a water-cooled 190-C Coherent argon
laser operating at multiline UV wavelengths (330-360 nm) with 50 mW output as
excitation source, and two different emission band-pass filters, 455/30 nm and
530/40 nm for blue and green fluorescent detection, respectively. Scatter
measurements were carried out at 488 nm using a Coherent Sapphire 488-200
CDRH laser, with 140 mW output, which was also used for detection of
chlorophyll autofluorescence together with a 670/40 nm band-pass emission
filter. Sorted cells were collected in microcentrifuge tubes containing a buffer
adapted to subsequent processing. For imaging, 200 cells were sorted onto a
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slide containing 10 pl of protoplast isolation medium and immediately

observed in the Leica High Content Screening microscope as described above.

RNA extraction and cDNA synthesis

RNA was isolated using the RNeasy Plant Mini kit (Qiagen, Limburg,
Netherlands) according to the manufacturer’s instructions with the modifications
described by Birnbaum et al. (2005). RNA quantity and quality assessment was
performed in EXPERION™ Automated Electrophoresis System (Bio-Rad,
Hercules, CA, USA). For the synthesis of cDNA, 150 ng of the isolated RNA
was treated with DNasel (Thermo Scientific), followed by enzyme inactivation
by heating at 65 °C for 10 min in the presence of 20 mM EDTA. First-strand
cDNA was synthesized from total RNA using the iScript™ cDNA Synthesis Kit

(BioRad) and oligo (dT) according to manufacturer’s instructions.

qPCR

The sequences of the primers used are given in Supplemental Table S1.
The cDNA samples were analyzed with the iCycler iQ System (Bio-Rad, USA).
The gPCR reaction mixes contained 10 pl of Bio-Rad 1x iQ SYBR Green
Supermix, 0.5 uM of each primer and 1 ul of cDNA for a 20 pl end volume
reaction. The gPCR program started with a 3 min initial denaturation step at 95
°C followed by 40 cycles of amplification (95 °C for 10 s, 54 °C for 15 s and 72
°C for 30 s) with continuous monitoring of the SYBR Green fluorescence. The
reaction ended with a melting curve step from 55 °C to 95 °C at 0.5 °C per
second. Data analysis was carried out with the Bio-Rad Optical System
Software 5.0.

HPLC-ESI-MS/MS analysis

Methanolic extracts of lyophilized sorted cells were separated on an HPLC
Accela (Thermo Fischer Scientific, Bremen, Germany) using a Phenomenex
Gemini® C18 column (150 x 4.6 mm; 3 um particle size). The mobile phase
consisted of methanol (A) and 25 mM ammonium acetate pH 10.0 (B) mixed to
form the following gradient: 40% B at 0 min, 38% B at 6 min, 38% B at 35 min,
25% B at 40 min, 10% B at 45 min, 40% B at 50 min, and 40% B at 55 min.
Elution was performed with a flow rate of 0.5 mL min™' and the injection volume

Downloaded from www.plantphysiol.org on July 14, 2016 - Published by www.plantphysiol.org 17

Copyright © 2016 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/
http://www.plantphysiol.org

382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415

was 20 pyL. MS analysis was performed on an LTQ OrbitrapTM XL hybrid mass
spectrometer (Thermo Fischer Scientific, Bremen, Germany) controlled by LTQ
Tune Plus 2.5.5 and Xcalibur 2.1.0. The electrospray ionization source settings
(ESI) were: source voltage at 3.1 kV, capillary temperature at 275 °C with a
sheath gas flow rate of 40 and an auxiliary gas flow rate of 10 (arbitrary unit as
provided by the software settings), capillary voltage at 48 V, and tube lens
voltage at 115 V. The MS data handling software Xcalibur QualBrowser
software, Thermo Fischer Scientific was used to search for predicted metabolite
by their exact m/z value. All peaks were checked for m/z value and

fragmentation products.

Accession numbers
Accession numbers in the database Cathacyc (http://www.cathacyc.org):
RPSL24 - Caros004968.2, D4H - Caros006133.1, DAT - Caros 016117.1.

Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1. General scheme of the C. roseus monoterpenoid
indole alkaloid pathway leading to the anticancer alkaloids vinblastine and
vincristine.

Supplemental Table S1. List of primers used in this work.
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Figure 1. Bright-field optical microscopy images of C. roseus whole leaves
infiltrated with alkaloid indicators reveal a positive reaction in idioblasts (stained
isolated mesophyll cells) and laticifers (stained threads). A to D, Infiltration with
the reagent of Dragendorff reveals alkaloid accumulating cells stained in brown.
E to H, Infiltration with the reagent of Mayer reveals alkaloid accumulating cells
stained in dark grey. A, B, E and F, Images of the adaxial face. C, D, H, and H,
Images of the abaxial face. Focusing of leaf images was performed based on
the detection of stained cells, which appeared only below the epidermis cell
layer. Bars =200 um (A, C, E and G) and 50 um (B, D, F and H).

Figure 2. Epifluorescence microscopy images of C. roseus whole leaves. A,
Image of the adaxial face. B, Image of the abaxial face. 1, Red channel
revealing autofluorescence of chlorophyll in chloroplasts. 2, Blue channel
revealing the presence of an autofluorescence signal in idioblasts. 3, Green
channel revealing the presence of an autofluorescence signal in idioblasts. 4,

Merged images of the three channels. Bars = 100 uym.

Figure 3. A, Bright-field image (A1) of C. roseus leaf protoplasts and the
correspondent fluorescence image showing the viable protoplasts that
incorporated and modified FDA to generate green fluorescence (A2). B, Bright-
field image of protoplasts treated with the reagent of Dragendorff showing an
idioblast with the vacuole content stained in brown. C, Bright-field image of
protoplasts treated with the reagent of Mayer showing an idioblast with the
vacuole content stained in dark grey (many protoplasts burst in the presence
of this reagent). D, Bright-field image of protoplasts focused at the mid-plane
(D1) and above the mid-plane (D2) showing an idioblast with a distinctive bright
halo. E, Bright-field and epifluorescence microscopy images of leaf protoplasts
with cells: focused at the mid plane (E1), focused above the mid plane showing
that idioblasts display a distinctive bright halo (E2), observed with the blue
channel revealing idioblast protoplasts (E3), observed with the green channel
revealing idioblast protoplasts (E4), and represented by the merged image of
E1, E3 and E4 (E5). Bars =10 um (A, B and D) and 20 um (C and E).
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Figure 4. Autofluorescence emission spectra of C. roseus mesophyll cells. A,
Confocal (A1) and bright-field (A2) images of the adaxial face of a whole
mounted leaf focused at the level of the palisade parenchyma. B, Confocal (B1)
and bright-field (B2) images of the abaxial face of a whole mounted leaf focused
at the level of the spongy parenchyma. C, Confocal (C1) and bright-field (C2)
images of mesophyll protoplasts. D, Emission spectra of the cells indicated in A,
B and C. upon excitation with a 405 nm laser. Bars = 50 ym (A and B) and 20
pum (C).

Figure 5. Dot plots obtained during sorting of C. roseus leaf protoplasts. A, Dot
plot of red versus green emissions with indication of the two populations
selected as common mesophyll cells (1) and idioblasts (ll), based on bright field
and fluorescence microscopy of the sorted cells (Fig. 6). Events corresponding
to debris were excluded from the dot plot. B, Dot plots of forward scatter (FSC)
vs. side scatter (SSC) of the two populations highlighted in A. Crosses indicate

medians of populations in both FSC and SSC.

Figure 6. Epifluorescence microscopy images of a source C. roseus leaf
protoplast suspension (A) and of populations of mesophyll cells (B and C) and
idioblasts (D and E) isolated by FACS. 1, Red channel revealing
autofluorescence of chlorophyll in chloroplasts. 2, Blue channel revealing the
presence of an autofluorescence signal in idioblasts. 3, Green channel
revealing the presence of an autofluorescence signal in idioblasts. 4, Merged
images of the three channels. 5, Merge of the blue and green channel images
with the correspondent bright-field image. Bars = 40 um (A, B and D) and 5 um
(Cand E).

Figure 7. Expression of D4H and DAT in sorted common mesophyll and
idioblast protoplasts. Transcript levels were determined by qPCR and
normalized using CrRPSL24 (p<0.05 for both genes, Student’s t-test).

Figure 8. Base peak chromatogram of m/z 457.23 and respective MS fragment
pattern. A, Vindoline standard (0.5 ug mL™). B, Sorted idioblast protoplasts (115
cells uL™"). C, Sorted common mesophyll protoplasts (800 cells uL™).
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