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Introduction

Summary

¢ In plants, the biosynthetic pathways of some specialized metabolites are partitioned into
specialized or rare cell types, as exemplified by the monoterpenoid indole alkaloid (MIA) path-
way of Catharanthus roseus (Madagascar Periwinkle), the source of the anticancer com-
pounds vinblastine and vincristine. In the leaf, the C. roseus MIA biosynthetic pathway is
partitioned into three cell types with the final known steps of the pathway expressed in the
rare cell type termed idioblast. How cell-type specificity of MIA biosynthesis is achieved is
poorly understood.

* We generated single-cell multi-omics data from C. roseus leaves. Integrating gene expres-
sion and chromatin accessibility profiles across single cells, as well as transcription factor
(TF)-binding site profiles, we constructed a cell-type-aware gene regulatory network for MIA
biosynthesis.

¢ We showcased cell-type-specific TFs as well as cell-type-specific cis-regulatory elements.
Using motif enrichment analysis, co-expression across cell types, and functional validation
approaches, we discovered a novel idioblast-specific TF (Idioblast MYB1, CrIDM1) that acti-
vates expression of late-stage MIA biosynthetic genes in the idioblast.

e These analyses not only led to the discovery of the first documented cell-type-specific TF
that regulates the expression of two idioblast-specific biosynthetic genes within an idioblast
metabolic regulon but also provides insights into cell-type-specific metabolic regulation.

decorates these MIA scaffolds (Supporting Information Table S1).
The MIA pathway genes in C. roseus display intricate cell-type-

An emerging feature of plant-specialized metabolism is the spatial
and temporal partitioning of biosynthetic gene expression (Jaco-
bowitz & Weng, 2020), where biosynthetic pathways can be con-
fined to rare and specialized cells within an organ, and/or
partitioned across multiple cell types (Weng ez al, 2021). For
example, in opium poppy, morphine biosynthesis is portioned
between the sieve element and ladcifer cells (Onoyovwe
et al, 2013). The medicinal plant Catharanthus roseus produces
monoterpene indole alkaloids (MIAs), including vinblastine and
vincristine (also known as vinca alkaloids), which are clinically used
to treat various cancers (O’Connor & Maresh, 2006). The MIA
biosynthetic pathway can be conceptually divided into four stages:
the methyl erythritol phosphate (MEP) pathway that provides the
precursor to the monoterpene moiety of MIAs, the iridoid stage
that generates the monoterpene moiety of MIAs, the alkaloid scaf-
folding stage, and finally the late alkaloid stage that further
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specific expression patterns. The MEP and iridoid stages of the
pathway expressed
vasculature-associated cell type, the inner phloem-associated par-
enchyma (IPAP) (Burlat ez 4/, 2004; Simkin et al, 2013; Mietti-
nen et al., 2014). The alkaloid scaffolding steps are expressed in the
epidermis (Burlat er /., 2004; Guirimand ez a/, 2011; Miettinen
et al, 2014), and the final known steps of the pathway are
restricted to a rare and specialized cell type termed idioblast (Guiri-
mand et al, 2011; Li et al, 2023), which are scattered throughout
the leaf (Yamamoto et al, 2016, 2019). While C. roseus is primary
known as a source of chemotherapeutic medications, the intricate
partitioning of the MIA pathway into multiple cell types makes
C. roseus an important model system for investigating cell-type-

are  exclusively in a specialized

specific regulation of plant-specialized metabolism.
Even though many biosynthetic genes have been cloned and
characterized, overall, we have a limited understanding of how
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Exera

cell-type specificity of biosynthetic gene expression is achieved in
plants. This is especially true for MIA biosynthetic genes
expressed in the idioblast. Since the idioblast is where clinically
relevant alkaloids accumulate (Li er al, 2023b), understanding
the biology of idioblast and how biosynthetic genes are activated
in the idioblast has practical implications regarding breeding or
engineering C. roseus with high alkaloid content. Biosynthesis of
specialized metabolites from other species is sometimes also
restricted to rare cell types. For example, aliphatic glucosinolate
biosynthesis is restricted to phloem parenchyma in Arabidopsis
(Tenorio Berrio er al., 2022), and the antidepressant hyperforin
is restricted to rare cells termed ‘hyper cells’ in St. John’s wort
(Wu et al, 2024). Understanding how biosynthetic genes are
activated in specialized cell types may produce generalizable prin-
ciples across species, which may in turn facilitate metabolic engi-
neering efforts concerning high-value plant natural products.

Several transcription factors (TFs) have been identified as regu-
lators of the MIA biosynthetic pathway in C. roseus (Menke,
1999; van der Fits, 2000; van der Fits & Memelink, 2000; Pee-
bles er al, 2009; Zhang et al, 2011; Van Moerkercke
et al., 2015, 2016; Bahieldin ez /., 2018; Schweizer et al., 2018;
Singh er al., 2021), primarily in the context of jasmonate (JA)
induction of this pathway. Major known regulators of the MIA
pathway include MYC2 (Zhang et al, 2011; Schweizer
et al., 2018), bHLH iridoid synthesis (BIS) family TFs (Van
Moerkercke et al, 2015, 2016; Colinas er al, 2021; Singh
et al., 2021), and Octadecanoid-derivative Responsive Cathar-
anthus AP2-domain (ORCA) family TFs (Menke, 1999; van der
Fits & Memelink, 2000; Peebles er al, 2009; Colinas
et al., 2021), all of which mediate JA induction of the MIA path-
way. Historically, the regulation of MIA biosynthesis has been
studied in the context of herbivory or JA elicitation, and more
recently in the context of light induction (Liu ez al., 2019). How-
ever, it is clear that C. roseus produces MIAs in the baseline (or
unelicited) condition, and even in the baseline condition, MIA
biosynthetic genes exhibit cell-type specificity ~ (Burlat
et al., 2004; Simkin er al., 2013; Miettinen et al., 2014; Guiri-
mand ez al., 2011; Li ez al., 2023b). As all currently available stu-
dies on transcriptional regulation of the MIA pathway have relied
on whole organ (bulk) samples, how the pathway is regulated at
the cell-type level remains an enigma. Furthermore, MYC2, BIS,
and ORCA families TFs have been shown to activate the pathway
up to the alkaloid scaffolding stage of the pathway, and to date,
no cell-type-specific regulators for the late-stage portion of the
pathway have been identified.

Here, we investigated cell-type-specific regulation of MIA bio-
synthetic genes with a focus on the baseline (or unelicited) state.
We applied single-cell multiome (gene expression and accessible
chromatin profiles from the same nucleus) to investigate the regu-
latory landscapes of the MIA biosynthetic pathway in mature C.
roseus leaves at the cell-type level. Using co-expression across sin-
gle cells, TF-binding site (TFBS) profiles, and cell-type-aware
TFBS accessibility, we constructed a knowledge-based gene regu-
latory network (GRN) for this biosynthetic pathway. Our ana-
lyses uncovered a new idioblast-specific MYB TF, which
regulates the expression of two idioblast-specific biosynthetic
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genes that are coregulated within an idioblast metabolic regulon.
This study discovered a new regulatory component pertinent to
the final steps of vinblastine and vincristine biosynthesis in C.
roseus and furthers our understanding of cell-type-specific regula-
tion of plant-specialized metabolism.

Materials and Methods

Nuclei isolation and single-cell library preparation

Catharanthus roseus (L.) G.Don (culdvar ‘Sunstorm Apricot)
plants were grown under a 14-h photoperiod at 22°C, with
350 umol m~* light intensity, potted in Sungro mix soil. Plants
were watered every Monday morning, Wednesday at noon, and
Friday afternoon. Plants were fertilized with Jack’s 20-20-20 ferti-
lizer on Wednesday. Mature, fully expanded leaves were sampled
from 8- to 10-wk-old plants. Nuclei isolation was performed as
described previously (Li e al., 2022) with 0.01% Triton-X-100 in
the nuclei isolation buffer. Around 0.3-0.5 g of leaves was
chopped vigorously on ice on a Petri dish in nuclei isolation buffer
for exactly 2 min. The lysate was filtered through 100 pum and
40 pm sieves, before passing through a 20 pm strainer twice.
Nuclei were stained with 4 ’,6-diamidino-2-phenylindole (DAPI)
and sorted using a Moflo Astrios EQ flow cytometer at the UGA
Cytometry Shared Resource Laboratory. At least 100 000 nuclei
were sorted into 500 pl of nuclei buffer (part of 10x Genomics
Single Cell Multiome Kit). Sorted nuclei were pelleted by centrifu-
gation at 200 gfor 5 min and resuspended in 50 pl nuclei buffer.
The integrity of the nuclei was visually inspected using a fluores-
cence microscope (Fig. Sla—i). Multiome libraries were con-
structed using the 10x Genomics Single Cell Multiome Kit,
according to the manufacturer’s instruction. Multiome libraries
were sequenced on an Illumina NovaSeq 6000 (Table S2).

Single-nuclei RNA-seq processing

Single-nuclei RNA-seq libraries were processed using CUTADAPT
(v.3.5) (Martin, 2011) with the following parameters: -q 30 -m
30 --trim-n -n 2 -g AAGCAGTGGTATCAACGCAGAGTA-
CATGGG -a ‘A{20}’. The pairing of the reads was restored using
SeqKit (v.0.16.1) pair (Shen et al, 2016). Paired reads
were aligned and quantified using STARsoro (Kaminow
et al., 2021), with the following parameters: --runThreadN 24
--alignIntronMax 5000 --soloUMIlen 12 --soloCellFilter Empty-
Drops_CR --soloFeatures GeneFull --soloMultiMappers EM
--soloType CB_UMI_Simple, and --soloCBwhitelist using the
latest 10x whitelist barcodes.
Gene-barcode matrices were analyzed with SEURAT (v.4) (Hao
et al., 2021) for downstream analysis. Removal of low-quality
nuclei and suspected multiplets was performed using the distribu-
tions of UMI counts and detected genes (Fig. S2; Table S3).

Genomics of multiome

Single-nuclei RNA-seq analyses

Biological replicates were integrated using the ‘IntegrateData()’
function in Seurat using the top 3000 variable genes. Uniform

© 2024 The Author(s).

New Phytologist © 2024 New Phytologist Foundation.

ASULOIT SuoWWo)) 2ANEaI) d[qearjdde ayy £q pauIaA0S are sa[onIe Y asn Jo sa[ni 10y K1eiqi auljuQ) A3[IA\ UO (SUOIIPUOI-PUE-SULId}/W0d" KA1 K1eiqi[aur[uo//:sdny) suonipuoy) pue sud [ oy) 23S *[$70z/21/50] uo Areiqi aurjuQ Lo[ip ‘sauieiqry eisi0an jO Ansioatun) £q 8070z yduy 1 11°01/10p/wod Kojim Krexqrjaurjuo yduy/:sdiy woiy papeojumod ‘[ ‘S70T ‘LE1869F1



New
Phytologist

manifold approximation and projection (UMAP) was performed
after a principal component analysis (PCA) using the following
parameters:  dims = 1:30,  min.dist = 0.001,  repulsion.-
strength = 1, n.neighbors = 15, spread = 5. Clustering of cells
was performed with a resolution of 0.5. For cell-type classifica-
tion, we used a manually curated marker gene list for mesophyll,
epidermis, guard cells, and vasculature (Table S4), using pre-
viously established marker genes from Arabidopsis (Kim
et al., 2021; Lopez-Anido et al., 2021) and C. roseus (Guirimand
et al., 2011; Li et al, 2023b; Miettinen ez al., 2014; Simkin
et al., 2013) (Fig. S3). For subclustering idioblast cells, the Seurat
object was first filtered for idioblast cells (Cluster 8), rescaled,
and reclustered. Differential gene expression was done between
Subcluster 0 and Subcluster 1 (Fig. S4) using ‘FindMarkers()’
function in Seurat with the following parameters: only.pos = F,
logfc.threshold = 0. For dot-plot style expression heat maps,
average expression of genes was calculated as the average Z-score
of log-transformed normalized expression values across cell clus-
ters and cell types. Dot sizes indicated the percentage of cells
where a given gene is expressed (> 0 reads) in each cell type or
cell cluster. De novo marker identification was performed using
the ‘FindAllMarkers()’ function in Seurat using the following
options: only.pos = T, min.pct = 0.25, logfc.threshold = 0.25.
Expression matrices (logCPM values (Dataset S1) and Z scores
(Dataset S2)) were generated at the cell cluster level, where each
row is a gene, and each column is a cell cluster.

Single-nuclei ATAC-seq processing

Single-nuclei ATAC-seq data were processed using the 10x
Cell Ranger ARC pipeline  (hteps://www.
10xgenomics.com/software). For initial quality control and
nuclei filtering, the ‘atac_peaks.bed’ files from the Cell Ranger
ARC output were used. The peak bed files for the three biological
replicates were sorted and merged using BEDTooLs (v.2.30)
merge (Quinlan & Hall, 2010). This common set of peaks was
used to process all three biological replicates. The ‘atac_frag-
ments.tsv.gz’ files from the Cell Ranger ARC output were used
for downstream analyses using SIGNAC (v.1.6.0) (Stuart
et al., 2021) and SEURAT (v.4) (Hao et al, 2021). Nuclei were fil-
tered for > 1000 peaks/nuclei, > 2000 fragments/nuclei, and
fraction of fragments in peaks > 0.25 (Table S5). For data inte-
gration, the replicates were merged first, then integrated using the
‘IntegrateEmbeddings()” function in Signac using the ‘Isi’ dimen-
sion reduction. Integration with the gene expression assay was
performed by first filtering for shared nuclei in both gene expres-

Genomics

sion and chromatin assays, after which the integrated ATAC-seq
object was adjoined to the integrated RNA-seq object as a chro-
matin assay. By doing so, the cell cluster and cell-type assignment
information is transferred to the ATAC-seq assay. Fragment files
were split into separate files for each cell cluster and converted to
bed files. Peak calling at each cell cluster performed using Macs2
(v.2.2.7.1) (Zhang ez al., 2008) using the following parameters: -
f BED -g 444 800 000 (80% of the genome assembly size was
set as the effective mappable genome size) --nomodel --broad.
The resultant peak files were sorted and merged to be used as the

© 2024 The Author(s).
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features in the chromatin accessibility assay. These peaks were
used as ‘ATAC-seq peaks’ in all downstream analyses. UMAP
visualization for ATAC-seq was performed using the following
parameters: reduction = ‘Isi’, dims = 2 : 30, min.dist = 0.001,
repulsion.strength = 1, n.neighbors = 30, spread = 1. Joint
UMAP visualization was done using the ‘FindMultiModalNeigh-
bors()’ functions in Signac. ATAC-seq coverage around genes
(Fig. S5) and peaks (Fig. S6) was calculated and visualized using
peepTooLS (v.3.5.1) (Ramirez et al., 2014).

DAP-seq library construction and processing

The coding sequence of ORCA3 and ORCA4 was synthesized
and cloned into pIX-Halo (O’Malley ez al., 2016), downstream
and in frame with the halo tag. /z vitro gene expression was per-
formed using Promega TnT SP6 High-Yield Wheat Germ Pro-
tein Expression System. Each iz vitro gene expression reaction
was spiked with 200 ng of a pIX-RFP plasmid, such that the
gene expression reaction can be monitored using RFP fluores-
cence. Genomic data libraries were constructed from genomic
DNA isolated from mature leaves of 8- to 10-wk-old C. roseus
plants using a KAPA HyperPrep Kit, after the genomic DNA
was sheared to 200 bp with a Covaris ultrasonicator at the UGA
Genomics and Bioinformatics Core. The full volume of gene
expression reaction was combined with 40 ng of gDNA library
and 10 pl of Promega Halo-beads for each affinity reaction.
Bead-bound DNA was recovered by heating the affinity reaction
to 95°C for 5 min. Indexing PCR was performed with 13 cycles,
and the libraries were sequenced in paired-end 50-bp format on
an [llumina NextSeq 2000 instrument (Tables S2, S6).

Sequencing adapters were trimmed with CuTaADAPT (v.3.5)
(Martin, 2011), after which reads were aligned to the C. roseus
v.3 genome (Li et al, 2023b) using Bwa MEM (v.0.1.17)
(Li, 2013). Peak calling was performed with Macs2 (v.2.2.7.1)
using the following parameters: -g 444800000 (80% of the gen-
ome assembly size was set as the effective mappable genome size),
-q 0.05 (adjusted P value cutoff < 0.05), using the bam file of the
halo tag control as the background file. DAP-seq coverage around
peaks (Fig. S7) was calculated and visualized using DEEPTOOLS
(v.3.5.1). Putative target genes were assigned using BEDTooLS
(v.2.30) closest, with the -d parameter selected. Genes overlapping
or within 2 kb of a DAP-seq peak were designated as a putative
target gene. Accessible DAP-seq peaks were defined as DAP-seq
peaks overlapping or within 100-bp to either ends of an ATAC-
seq peak. DNA sequence of DAP-seq peaks was extracted using
BEDTooLs (v.2.30) getfasta and subjected to de novo motif dis-
covery using MEME (v.5.4.1) (Bailey ez al, 2009): using the fol-
lowing parameters: -dna -revcomp -mod anr -nmotifs 10 -minw
5 -maxw 12 -evt 0.01.

Marker peak and motif overrepresentation analyses

Marker peaks for epidermis and idioblast were detected
using the ‘FindMarkers()” function in Seurat after setting the
default assay of the multiome object to chromatin accessibility,
using the following parameters: only.pos = T, test.use = LR’,
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min.pct = 0.05, latent.vars = ‘nCount_peaks’,  group.by =
‘cell_type’. Only peaks with adjusted p values < 0.05 were used
for downstream analyses. For motif enrichment analysis, position
weight matrices were obtained using the ‘getMatrixSet()” func-
tion in Signac, using the following parameters: x = JASPAR2020
(Fornes er al., 2019), opts = list(collection = ‘CORE’, tax_-
group = ‘plants’, all_versions = FALSE). These motifs were
added to the multiome object using the ‘AddMotifs()’ function
in Signac. Overrepresented motifs were identified using the
‘FindMotifs()’ function in Signac.

Gene co-expression analyses

Gene co-expression analysis by graph-based clustering was per-
formed as previously described (Li ez al, 2023a). The top 3000
most variable genes were used for gene-wise correlation. Pairwise
Pearson’s correlation was performed to generate an edge table,
which was filtered for » > 0.75. Graph-based clustering was per-
formed using the Leiden algorithm (Traag et al, 2019) with a
resolution parameter of 4, which was implicated in R by the
IGRAPH package (Csardi & Nepusz, 2000).

Overexpression assays

Coding sequences of IDWI and IDM1I1/2/3 were cloned in
between the 35S promoter and 35S terminator and transformed
into Agrobacterium tumefaciens strain GV3101. We used pre-
viously published MYC2 and ORCA3 overexpression constructs
(Schweizer et al., 2018). Transient expression experiments were
done on C. roseus (cultivar ‘Little Bright Eyes’) petals. Infiltration
was done as previously described (Colinas & Goossens, 2022).
Two days before the infiltration, all open flowers were removed.
Two sets of experiments were performed. We performed infiltra-
tions at two agrobacterium titers, 0.1 optical density (OD) and
0.4 OD, which is the highest titer that can be used without
resulting in wilting of the petals after infiltration. In the first set,
individual strains were infiltrated at 0.1 OD, and the total OD
was adjusted to 0.4 using the control agrobacterium strain carry-
ing GUS. In the second set, all strains were infiltrated at 0.4 OD.
Two days after the infiltration, infiltrated petals were harvested
and stored in a — 80 freezer until RNA extraction. RNA extrac-
tion was performed with a Qiagen RNeasy Plant Kit.

RNA-seq analysis for overexpression samples

Sequencing adapters were trimmed from petal RNA-seq libraries
using CUTADAPT (v.3.5) (Martin, 2011). Adapter trimmed
libraries were pseudo-aligned and quantified using KALLISTO
(v.0.48) (Bray er al., 2016), with the --plaintext option turned
on. When the appropriate strandedness parameter was used,
pseudo-alignment rate ranged from 86.2% to 89%. Differential
gene expression analyses were performed using DESEQ2
(v.1.34.0) (Love er al., 2014), using the GUS treatment with of
the corresponding experiment as control. Genes with adjusted P
values <0.05 were taken as differentially expressed genes.
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Phylogenetic analysis of MYB domain TFs

We used ‘MYB annotator’ (Pucker, 2022) to automatically iden-
tify MYB domain proteins in C. roseus. We aligned the sequences
of MYB domain using MAFFT (v.7.505) (Katoh, 2002) using the
following parameters: --anysymbol --maxiterate 1000 —localpair.
The alignment file generated by MAFFT was used to generate
maximum likelihood phylogenetic trees using RAXML (Stamata-
kis, 2014) with the following parameters: -f a - m PROTGAM-
MAAUTO -x 666 -N 250 -p 666 -T 4, with 250 iterations for
bootstrapping.

Reporter transactivation assays

The reporter transactivation assays were performed in a two-
component format: a reporter component and an overexpression
component. Genetic parts used in reporter assays were amplified
from a vector tool kit for plant molecular biology (Chamness
et al, 2023). The accessible chromatin regions immediately
upstream of D4H and DAT were cloned upstream of a 35S mini-
mal promoter, which controls the expression of DsRed reporter.
On the same plasmid, a GFP internal control driven by the Ara-
bidopsis UBQ1 promoter was also included. The overexpression
component was an agrobacterium GV3101 strain carrying 35S:
IDM], the same construct used in overexpression assays. As in
the transient expression assays described above, experiments were
done on C. roseus (cultivar ‘Little Bright Eyes’). Two days after
the infiltration, petals were imaged using a fluorescent micro-
scope. Pixel intensity was quantified using IMAGE] (Schneider
etal,2012).

Results

The cell-type-specific expression patterns of MIA
biosynthetic genes are reflected in single-cell multiome
profiles

To investigate the regulation of MIA biosynthetic genes
(Table S1; Fig. Sla) at the single-cell resolution, we generated
dual gene expression and chromatin accessibility profiles across
single cells. We first isolated intact nuclei (Fig. S1b—i) from
mature C. roseus leaves and constructed replicated single-cell mul-
tiome (RNA-seq and assay for transposase accessible chromatin
followed by sequencing (ATAC-seq)) libraries using the 10x
Genomics Multiome Kit (Table S2). For gene expression, we
obtained gene expression profiles for a total of 8803 high-quality
nuclei and 18 532 expressed genes (Figs 1a, S2; Table S3).

We first examined the gene expression data of this multiome
dataset (Fig. 1a). Cell clustering patterns are highly similar across
the three biological replicates (Fig. S3a). Using previously estab-
lished marker genes (Table S4), we identified major cell types of
leaf (e.g. mesophyll, epidermis, and vasculature) as well as two
rare cell types in which MIA biosynthetic genes were expressed
(i.e. IPAP and idioblast) (Fig. S3b). Mesophyll and epidermis

were the most abundant cell types, accounting for 54% and 18%
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of assayed nuclei, respectively. Consistent with their rare nature,
IPAP and idioblast accounted for only 1% and 4% of assayed
nuclei, respectively (Fig. S3¢). We found that the MIA biosyn-
thetic pathway was organized into three discrete cell types
(Fig. 1b). The MEP and iridoid stages (up to 7-DLH, Fig. Sla)
of the pathway were exclusively expressed in the IPAP cells. The
following stage, which includes most of the alkaloid steps, was
expressed in the epidermis. Finally, the last four known steps of
the pathway were only expressed in the idioblast. These data were
highly consistent with recently published single-cell RNA-seq
results using protoplasts (Li er al., 2023b) and were fully sup-
ported by previously reported RNA in situ hybridization results
(marked with asterisk) (Burlat et a4l, 2004; Miettinen
et al., 2014).

We noticed that idioblast cells were composed of two subpo-
pulations in UMAP space (Fig. 1a), which were present across all
three replicates (Fig. S3a), suggestive of heterogeneity among

© 2024 The Author(s).
New Phytologist © 2024 New Phytologist Foundation.

idioblast cells. We performed subclustering of idioblast cells
(Fig. S4). In both PCA and UMAP space, two major subclusters
can be observed (Fig. S4a). We performed differential gene
expression analysis and found that the differences between the
major subclusters are overall subtle, as the vast majority of log,FC
values are between —1 and 1 (Fig. S4b). We found that one sub-
cluster has slightly higher expression of genes associated with
photosynthesis (e.g. LHC protein and Rubisco Activase), while
the other subcluster has higher expression of alkaloid biosynthetic
genes THAS2 and  Serpentine Synthase (SS) (Yamamoto
et al., 2021) (Fig. S4b,c). Despite the observed heterogeneity,
both subclusters expressed the canonical idioblast-specific biosyn-
thetic genes D4H and DAT (Fig. S4c).

We next proceeded to analyze chromatin accessibility data to
investigate how biosynthetic genes were regulated to generate
cell-type-specific expression patterns. For the chromatin accessi-
bility assay, high-quality ATAC-seq nuclei have fraction of
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fragments in peaks > 0.25, greater than 2000 ATAC fragments
per nuclei, and greater than 1000 peaks per cell (Table S5),
resulting in accessibility profiles for a total of 3765 high-quality
nuclei and 43 630 accessible chromatin peaks (Fig. 1¢c). We per-
formed a joint analysis by matching the cell barcodes from both
assays. Matching 8803 high-quality nuclei from the RNA-seq
assay with 3765 high-quality nuclei for the ATAC-seq assay, the
joint analysis resulted in an intersecting set of 3542 nuclei con-
taining both high-quality RNA-seq and ATAC-seq data
(Fig. 1o).

A gene regulatory network for MIA biosynthetic genes
integrating co-expression, chromosome accessibility, and
transcription factor-binding site (TFBS) profiles

To investigate the regulation of MIA biosynthetic genes, we
examined chromatin accessibility landscapes across cell types.
ATAC-seq fragments were highly enriched at transcription start
and end sites (Fig. S5). Among the three biological replicates,
45.9%, 40.9%, and 41.3% of ATAC-seq fragments overlapped
transcriptional start sites (Fig. S5; Table S5). We then defined
ATAC-seq peaks using MACS2 (Zhang ez al., 2008); among bio-
logical replicates, 48.9%, 48.5%, and 48.8% of fragments are
within ATAC-seq peaks (Fig. S6; Table S5). The median length
of ATAC-seq peaks was 566 bp (Fig. S7a). The chromatin acces-
sibility landscapes were complemented TFBS profiles of ORCA3,
a well-known regulator of MIA biosynthesis (van der Fits &
Memelink, 2000), and its tandemly duplicated paralog ORCA4
(Kellner et al, 2015; Paul et al, 2017; Colinas et al, 2021)
(Fig. 2a,b; Table S6). We determined TFBS profiles for
ORCA3/4 using DNA affinity purification sequencing (DAP-
seq) (O’Malley ez al., 2016). Average DAP-seq peak lengths were
similar (c. 300-bp) between ORCA3 and ORCA4 (Fig. S7b,c)
with ¢. 10% of DAP-seq peaks intersecting with ATAC-seq peaks
(Fig. S7d), consistent with the 77 virro nature of the DAP-seq
assay (O’Malley et al., 2016). Signal-to-noise ratios at DAP-seq
peaks were strong (Fig. S7e,f; Table S6), comparable to the most
high-quality DAP-seq datasets that have been published
(O’'Malley ez al., 2016).

ORCA TFs are known to activate both the alkaloid steps of
the biosynthetic pathway (e.g. Strictosidine Synthase (STR) and
Tryptophan Decarboxylase (TDC)) (van der Fits & Memelink,
2000; Peebles ez al., 2009) and the upstream iridoid steps (e.g. /-
DLGT) (Colinas er al., 2021). 7-DLGT is exclusively expressed
in the IPAP cells (Fig. 1b) and consistent with its expression spe-
cificity, and the 7-DLGT locus has a unique chromatin accessibil-
ity signal in IPAP cells at both 5’ and 3’ ends of the gene
(Fig. 2a). Strong DAP-seq peaks were observed for both ORCA3
and ORCA4 at the 7-DLGT locus, but not for the affinity-tag
control (Fig. 2a). These DAP-seq peaks also overlapped with an
ATAC-seq peak that was accessible across all cell types. Together
with previously reported data that overexpression of ORCA3 or
ORCA4 led to the upregulation of 7-DLGT (Colinas
et al., 2021), 7-DLGT is a direct target of both ORCA3 and
ORCAA4.

New Phytologist (2025) 245: 347362
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ORCA3 has been reported to bind to the promoters of STR
and 7DC and activate their expression (van der Fits & Meme-
link, 2000; Colinas ez al, 2021). STR and TDC are physically
clustered on chromosome 3, along with Secologanin Transporter
SLTr (Li et al., 2023b). Multiple ATAC-seq peaks were detected
within this 25-kb biosynthetic gene cluster, all of which were
accessible across multiple cell types (Fig. 2b). ORCA3 and
ORCA4 displayed similar binding profiles at this biosynthetic
gene cluster. Each TF binds a total of four DAP-seq peaks in this
region. Consistent with S7R and 7DC being direct targets of
ORCA3, DAP-seq peaks were detected in the promoters of both
STRand TDC. Overexpression of ORCA4 has also been reported
to lead to enhanced expression of S7TR and 7DC (Paul
et al., 2017; Colinas et al., 2021), and the presence of ORCA4-
binding sites suggests ORCA4 can directly activate both STR and
TDC, consistent with previously reported promoter transactiva-
tion activity (Paul ez al, 2017). Lastly, since binding sites for
ORCA3/4 were detected at the promoter of Secologanin Trans-
porter (SLT7), and as SLT7 is highly co-expressed with STR and
TDC in the epidermis (Fig. 1b), SLT7 is likely a direct target for
ORCA3/4 as well.

We performed de novo motif discovery to identify the DNA-
binding motifs of ORCA3/4. We found that the GCC box motif
(Brown et al, 2003) was enriched among ORCA3/4-binding
sites (£ value = 2.1 x 1077° for ORCA3 and F value =
1.8 x 1072 for ORCA4) (Fig. 2¢). The same GCC box motif
was detected regardless of whether we used all DAP-seq peaks as
input or only accessible DAP-seq peaks as input. The GCC box
is recognized by ethylene-responsive factors (ERFs) (Fig. 2¢)
(Fujimoto ez al., 2000) consistent with ORCA family TFs being
within the broader AP2/ERF family.

Integrating gene co-expression across single cells, TF-binding
sites, binding site chromatin accessibility, as well as previously
reported overexpression (Schweizer et al, 2018; Colinas et al,
2021), and reporter transactivation data (Peebles ez al, 2009;
Van Moerkercke ez al., 2015, 2016; Singh ez al., 2021), we gener-
ated a knowledge-based GRN for the MIA biosynthetic pathway
(Fig. 2d). We first queried the expression patterns of previously
studied TFs (Table S7) (Menke, 1999; van der Fits, 2000; van
der Fits & Memelink, 2000; Peebles ez al, 2009; Suttipanta
et al., 2011; Zhang et al., 2011; Van Moerkercke et al., 2015,
2016; Bahieldin ez al, 2018; Schweizer et al, 2018; Liu
et al., 2019; Singh er al, 2021) in our single-cell dataset and
found that only ORCA4 and BIS1/2/3 displayed cell-type-specific
expression patterns relevant to iridoid and alkaloid biosynthetic
genes (Fig. S8a). BIS1/2/3 were expressed specifically in the IPAP
cells, highly concordant with the iridoid biosynthetic genes that
they regulate (Fig. 1d). ORCA4, but not ORCA3, was expressed
specifically in the epidermis, albeit only in a small fraction of
cells. Thus, ORCA4, but not ORCA3, may contribute to the
epidermal-specific expression of alkaloid biosynthetic genes such
as STR, TDC, and SLT7r (Fig. 2b). All other TFs reported in the
literature to be associated with MIA biosynthesis were expressed
broadly across cell types or were not expressed in IPAP, epider-
mis, or idioblast cells (Fig. S8).

© 2024 The Author(s).
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Based on their co-expression with target genes at the cell-type
level, BIS1/2/3 and ORCA4 were selected as TF nodes for the
GRN. Co-overexpression of MYC2 and ORCA3 was previously
reported to strongly activate the iridoid and alkaloid stages of the
pathway (Schweizer et al., 2018), and thus, MYC2 and ORCA3
were also included in this network (Fig. 2d). The GRN contains
66 edges (Table S8), which were decorated by the types of evi-
dence: (1) activated by overexpression of TF; (2) co-expressed at
the single-cell level; (3) overlapping or within 2 kb of a DAP-seq
peak; (4) DAP-seq peak accessible; and (5) promoter activated in
a transactivation assay (Fig. 2d). We found that the combined
actions of MYC2, ORCA3/4, and BIS1/2/3 activate a large section
of the MIA pathway, up to the biosynthetic gene encoding Cazh-
aranthine Synthase. Evidence also supported multiple feed-
forward regulatory loops, where an upstream TF activates other
TFs in addition to biosynthetic genes. The downstream TFs in
turn activate the same target biosynthetic genes. For example,
ORCA3/4 activates iridoid and alkaloid biosynthetic genes, as
well as BIS TFs that in turn activate iridoid biosynthetic genes.
However, we also found that no regulatory relationships were

© 2024 The Author(s).
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detected beyond Catharanthine Synthase for these six TFs, consis-
tent with previous reports where overexpression of MYC2,
ORCA, and/or BIS TFs led to an increase in early-stage alkaloid
metabolites (e.g. strictosidine), but not late-stage alkaloid such as
vinblastine (Schweizer et al., 2018; Colinas et al., 2021). These
observations prompted us to investigate components involved in
the regulation of the late MIA pathway.

Cell-type-specific accessible chromatin regions mark late-
stage MIA biosynthetic genes

MIA biosynthetic pathway genes downstream of Catharanthine
Synthase are sequentially expressed in epidermis (7S, T16H2,
160MT, T30, and T3R) and then in idioblast cells (NMT,
D4H, DAT, and THAS2) (Fig. 1b; Table S1). T16H2 and
160MT are consecutive steps of the late MIA pathway, expressed
exclusively in the epidermis (Fig. 1b), and physically linked as a
biosynthetic gene cluster (Fig. 3a), between which there is
another gene encoding a cytochrome P450 that was not expressed
in the leaf. At the T16H2/ 160MT locus, there are four ATAC-
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seq peaks. All but one of the peaks were preferentially accessible
in the epidermis, consistent with the cell-type-specific expression
of this gene pair (Fig. 3a). DAT, one of the final known steps of
the MIA pathway, is only expressed in the idioblast (Fig. 1b),
and its promoter was also specifically accessible in the idioblast
(Fig. 3b).

To identify novel regulators for late-stage MIA biosynthetic
genes downstream of Catharanthine Synthase, we first detected epi-
dermis and idioblast marker peaks, which are ATAC-seq peaks pre-
ferentially accessible in the epidermis or idioblast, but not in any
other cell types (Fig. 3¢; Table S9). We detected 1050 epidermis
marker peaks and 163 idioblast marker peaks. We next performed
a modtif enrichment analysis on epidermis marker peaks against the
JASPAR plant TF-binding motif collection (Fornes et al, 2019).
We found that homeodomain, ERF, and MYB motifs were overre-
presented among epidermis marker peaks (Fig. S$9a). Homeodo-
main (e.g. ANTHOCYANINLESS2 (Kubo et al, 1999)),
AP2/ERF (e.g. WAX INDUCERI (Kim er al., 2022)), and MYB
TFs (e.g. WEREWOLF (Tominaga et al., 2007)) have been
reported to control metabolic and developmental processes such as
anthocyanin biosynthesis, cuticle development, and trichome devel-
opment, respectively. Enrichment of these motifs suggests that
additional TFs in the homeodomain, ERF, or MYB families may
play a role in the regulation of MIA biosynthesis in the epidermis.

New Phytologist (2025) 245: 347362
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We also performed motif enrichment analysis on idioblast marker
peaks and found that MYB- and WRKY-type motifs were overre-
presented (Fig. 3¢), for which we followed up with additional ana-
lyses and experiments.

Candidate WRKY and MYB TFs specifically expressed in the
idioblast discovered by gene co-expression analysis

To further understand gene regulation in idioblast cells, we
focused our attention on potential metabolic regulators in the
idioblast. We performed gene co-expression analysis across cell
clusters using graph-based clustering and detected tightly co-
expressed modules (Fig. S9b). We queried co-expression modules
containing MIA biosynthetic genes and detected a single co-
expression module for epidermis, IPAP, and idioblast, respec-
tively (Table S10). For example, SLSI, which was specifically
expressed in the epidermis, was a member of the epidermis co-
expression module, whereas the final known steps of the pathway,
namely NMT, D4H, DAT, and THAS2, were all members of the
idioblast co-expression module (Fig. S9b; Table S10). The parti-
tioning of MIA biosynthetic genes into three distinct co-
expression modules is similar to a co-expression network con-
structed from single-cell RNA-seq data generated from proto-
plasts (Li ez al., 2023b).

© 2024 The Author(s).

New Phytologist © 2024 New Phytologist Foundation.

ASULIIT SuOWWO)) dANEaI) d[qearjdde ayy £q pauIdA0S ae sa[o1IE Y s Jo sa[ni 10y K1eiqi] auljuQ) KJ[IA| UO (SUOHIPUOD-PUE-SULId) /W0 Ka[1mM* Areiqi[out[uo//:sdny) suonipuo) pue suua ] o) 39S ‘[+70z/21/S0] uo Areiqr aurjuQ Ld[Ipy ‘saueiqry eiSi0an JO Ansioarun £q 80zoz ydu/1111°01/10p/wod Kopim Krexqrjautjuo yduy/:sdny woiy papeojumod ‘[ ‘70T ‘LEIS69T



New
Phytologist

(a) WRKY TFs in modules

CRO-06G028970.1{ @ =+ =« - .. Avg.
exp.

0
CRO-04G018270.31 + '+ = =« = =+ o I

% Exp.

e 10

1’4 ® 25

IDW1 o o * e e @ . 50

€ ¢ NI o

(b) MYB TFs in modules
CRO-07G021290.2 e e 0o 0 0 @
CRO-06G012800.1 e v v . .0 A
CRO-04G009330.1{ ¢ ® o « « o «
CRO-01G004440.11{ + = « « « + I;

CRO-01G004240.21 « @ o =« o °

% Exp.
IDM3 o e o o o e 10
® 25
IDM1 B e . 50

Dm2 . . « e - e

Q& N3

Fig. 4 Gene co-expression analysis across Catharanthus roseus leaf cell clusters discovered candidate WRKY and MYB transcription factors (TFs)
specifically expressed in the idioblast. (a, b) Gene expression heatmap of WRKY TFs (a) and MYB TFs (b) across cell types. Color scales show the average
scaled expression of each gene for each cell type. Dot size indicates the percentage of cells where a given gene is detected in each cell type. Only WRKY
and MYB TFs detected in epidermis, internal phloem-associated parenchyma (IPAP), or idioblast co-expression modules are presented. Arrow indicates a
single WRKY candidate (/dioblast WRKY1, IDW1: CRO_03G000120) specifically expressed in the idioblast. Box highlights three MYB candidates (/dioblast
MYB1, IDM1: CRO_05G006800, Idioblast MYB2, IDM2: CRO_04G033370, /dioblast MYB3, IDM3: CRO_07G002170) specifically expressed in the

idioblast.

Since WRKY and MYB motifs were overrepresented among
idioblast ATAC-seq marker peaks, we queried WRKY and MYB
family TFs within the gene co-expression modules. We identi-
fied a single WRKY TF (Fig. 4a) as well as three strong candi-
dates of R2-R3 MYB TFs (Fig. 4b) that were exclusively
expressed in the idioblast. We named these candidates Idioblast
WRKY1 (IDW1) and Idioblast MYB1/2/3 (IDM1/2/3), respec-
tively. All four candidates were induced by a methyl-jasmonate
treatment (Van Moerkercke er al, 2013) (Fig. S9¢), among
which /DM displayed the highest level of induction
(log,FC = 5.4, or 42-fold increase over control). Since the entire
vinblastine biosynthetic pathway is elicited by methyl-jasmonate
(van der Fits & Memelink, 2000; Van Moerkercke ez al., 2016),
the MeJA-responsiveness displayed by these TF candidates sug-
gests they might be transcriptional activators of the pathway. A
recent study applied fluorescence activated cell sorting to enrich
for idioblast cells before RNA-seq (Guedes et al., 2024). Consis-
tent with their idioblast specificity, all four TF candidates were
detected at high levels in the idioblast fraction of sorted cells,
but not in the mesophyll fraction (Fig. S9d).

To investigate the phylogenetic relationship among the three
MYB candidates, we performed genome-wide identification of
MYB domain proteins (Pucker, 2022) in the C. roseus genome
(Li er al, 2023b) and detected 92 MYB domain proteins
(Fig. $10). We aligned the MYB domains from MYB TFs to pro-
duce a phylogeny that includes C. roseus, the model species Arabi-
dopsis thaliana, Solanum lycopersicum (tomato), and Solanum
tuberosum (potato) MYBs (Fig. S10). Tomato and potato MYBs
were included to distinguish Solanaceae-specific MYBs against
Asterid-specific (encompassing Apocynaceae species that include
C. roseus and Solanaceae species) MYBs. We found that the three
IDM candidates were not closely related to each other (Fig. S10).
Their MYB domains are more similar to MYB TFs in other

© 2024 The Author(s).
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species than to each other, although they share the same expres-
sion pattern. Due to low bootstrap support for some nodes in the
phylogeny, it was impossible to definitively identify the ortholog
of each IDM in Arabidopsis.

IDM1 directly activates the expression of D4H and DAT

To test the functions of /DWI and IDM1I1/2/3, we performed
overexpression assays followed by RNA-seq to investigate
whether overexpression of these TFs affects the expression of the
MIA biosynthetic pathway. Coding sequences of /DWI and
IDM1/2/3 were cloned downstream of the 35S promoter. The
overexpression vectors were transformed into Agrobacterium
tumefaciens and infiltrated into C. roseus petals. Petals were cho-
sen as the model for transient expression for the following rea-
sons: (1) C. roseus petals are much more amendable to
agrobacterium-mediated transient expression than leaves, and a
highly efficient transient expression protocol has been established
for petals (Colinas e a/., 2021). We can reliably achieve transient
expression in petals, but not in leaves, despite extensive optimiza-
tion. (2) Petals are metabolically active. A recent study demon-
strated that heterologous expression of Tabernanthe iboga
biosynthetic genes in C. roseus petals resulted in the accumulation
of T. iboga MIAs (Kamileen ez al., 2024). (3) Petals, similar to
leaves, contain idioblast cells (Fig. S11). Much like the leaf, petal
idioblast cells also accumulate vindoline, anhydrovinblastine, and
vinblastine (Vu er al., 2024). Reanalysis of a recently published
petal single-cell RNA-seq dataset (Vu ez al., 2024) revealed the
presence of a rare cell type in the petal with the characteristics of
idioblast (Fig. S11a,b). Notably, late-stage MIA genes, namely
NMT, D4H, DAT, and THAS2, were all strongly upregulated in
the petal idioblast (Fig. S10b). Among 16 709 genes expressed in
both leaf and petal, 147 (or 0.8%) were detected as leaf idioblast
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Fig. 5 Idioblast MYB1 (IDM1) activates the expression of D4H and DAT, as well as an idioblast-specific transcriptional program in Catharanthus roseus. (a)
Gene expression heatmap of the monoterpene indole alkaloid biosynthetic genes across overexpression treatments. Each row is a biosynthetic gene or
transporter, ordered from upstream to downstream. Color scale represents scaled expression (z-score). Combo: the combinatory treatment in which IDW1
and IDM1/2/3 are co-infiltrated. (b) Mean separation plots showing expression levels of D4H and DAT (in units of transcripts per million) in the 0.4 optical
density treatments. Each data point is a biological replicate. Error bars represent average and SE. Black x indicates average. (c) Bar graph showing
percentage of genes that are most highly expressed in the idioblast. Expressed genes, all 18 523 expressed genes in this single-cell multiome dataset;
MYC2-ORCA3, 3378 differentially expressed genes that are upregulated in the MYC2-ORCA3 overexpression treatment; IDM1, 1057 differentially
expressed genes that are upregulated in the 0.4 OD overexpression IDM1 treatment. (d) Gene expression heatmap of IDM17 metabolic regulon. Color scale
shows the average scaled expression of each gene at each cell cluster. Dot size indicates the percentage of cells where a given gene is detected. The
predicted cell type for each cell cluster is annotated by the color strip below the x-axis. Box highlights genes specifically expressed in the idioblast.

all exhibited notable idioblast expression and were co-expressed
with late-stage MIA genes, with /DM detected most specifically
in the petal idioblast. Thus, the petal is a suitable organ for func-
tional genomics experiments including idioblast-specific regula-
tion.

As infiltrating agrobacterium affects the expression of the path-
way, we used GUS as a negative control. As a positive control, an
engineered MYC2 TF (Schweizer er al., 2018) and ORCA3 (van
der Fits & Memelink, 2000) were co-infiltrated, which have been
previously shown to strongly activate the MIA pathway (Schwei-
zer et al., 2018). The MYC2 coding sequence was previously
engineered to carry the D126N mutation, such that it could no
longer be post-translationally repressed by the JAZ repressor pro-
tein. A combined overexpression treatment of /DWI and
IDM1/2/3 was also tested; a total of seven treatments including
controls were assayed.

Using triplicated overexpression treatments at 0.1 OD
(Figs Slle, S12a; Table S2), we found that the MYC2-ORCA3-
positive control strongly activates the MIA pathway up to the
DPAS step (Fig. 5a), consistent with previous reports that these
known regulators do not activate late-stage biosynthetic genes
downstream of Catharanthine Synthase (Fig. 2d) (Schweizer
et al., 2018). We discovered that one of the MYB candidates,
IDM1, activated the expression of both D4H and DAT (Fig. 5a),
resulting in a 2.8-fold and 1.68-fold increase in expression rela-
tive to the GUS control, respectively. All other overexpression
treatments, including the combination of all candidates, did not
activate the pathway relative to the GUS control (Fig. 5a).
Encouraged by the initial result for /DMI, we examined gene
expression profiles at 0.4 OD (Fig. S12b; Table S2). To control
for batch-to-batch variation between experiments, independent
GUS controls were included across both 0.1 OD and 0.4 OD
experiments (Fig. 5a). We found that /DM continued to acti-
vate both D4H and DAT at 0.4 OD (Fig. 5a,b), resulting in even
higher fold changes (3.2-fold and 3.9-fold increase relative to
GUS control of the corresponding experiment, respectively).

In additon to D4H and DAT, we found that genes
differentially upregulated by IDM1 were enriched for idioblast
expression (Fig. 5¢). Among all 18 523 expressed genes in the
single-cell multiome dataset, only 769 (4% of 18 523) were most
highly expressed in the idioblast. Similarly, among 3378 differen-
tially upregulated genes in the MYC2-ORCA3 treatment, 190
(5.6% of 18 523) were most highly expressed in the idioblast. I
contrast, among 1057 differentially upregulated genes in the
IDM1 treatment at 0.4 OD, 137 (13% of 1057) were most highly

© 2024 The Author(s).
New Phytologist © 2024 New Phytologist Foundation.

expressed in the idioblast, representing a 3.3-fold enrichment over
the background of all expressed genes (P< 2.2 x 107, -
squared test). IDM1 also activated /DWI and IDM2/3, the three
other idioblast-specific WRKY and MYB TF candidates described
above (Fig. S12c). Gene set enrichment analyses revealed that,
similar to MYC2-ORCA3, IDM1 upregulated genes were enriched
for gene families relevant to specialized metabolism (transporters,
cytochrome P450s, alcohol dehydrogenases, and 2-OG-dependent
oxygenases). For example, among all expressed genes, 0.27% of
them are annotated as alcohol dehydrogenases, whereas 0.65% and
1.3% of MYC2-ORCA3 and IDM]I upregulated genes were anno-
tated as alcohol dehydrogenase, respectively. These /DM upregu-
lated genes that are potentially relevant to specialized metabolism
were designated as the /DM metabolic regulon (72 = 61 genes,
Table S11). We found that 44% (27/61) of the /DM metabolic
regulon were specifically expressed in the idioblast (Fig. 5d), more
than 10-fold enrichment over the background of all expressed
genes  (background = 4% of 18 523  expressed  genes,
P <22 x 10", y-squared test). Taken together, these observa-
tions suggest /DM regulates an idioblast-specific transcriptional
program, which includes the MIA biosynthetic genes D4H and
DAT; as well as other gene families potentially involved in natural
product biosynthesis.

We next tested whether IDM1 could transactivate the pro-
moters of D4H and DAT using reporter transactivation assays
in C. roseus (Figs 6, S13). We first confirmed that IDM1 is
localized to the nucleus (Fig. S13a—d). To construct reporters,
we fused accessible chromatin regions upstream of DAT
(Fig. 3b) and D4H (Fig. S13e) to a minimal 35S promoter
driving an DsRed reporter. On the same plasmid, a GFP inter-
nal control was included, which is driven by the constitutive
Arabidopsis UBQI1 promoter (Fig. S13f). We then performed
the transactivation assay by co-infiltrating an agrobacterium
strain carrying 35S:/DM1 (Fig. S13g) and a strain carrying the
reporter construct for either DAT or D4H. We observed con-
spicuous DsRed” cells in infiltrated petals for both DAT and
D4H reporters (Fig. 6a,b,e,f). By contrast, no DsRed” cells in
petals could be observed when either reporter was infiltrated
alone (Fig. 6¢,d,g,h). These observations were confirmed by
pixel intensity quantifications. High red-to-green pixel intensity
ratio was only detected when 35S:/DM1 and one of DAT or
D4H reporters were co-infiltrated (Fig. 6i). By contrast, low
red-to-green ratio was detected when the reporter was infiltrated
without 35S:/DM1. IMDI could not transactivate a reporter
construct that did not contain the DAT or D4H accessible
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Fig. 6 Transactivation assays for IDM1 against
DAT and D4H promoters in Catharanthus roseus
petals. (a, b) Reporter transactivation when
agrobacterium strain carrying 35S:/DM17 and
DAT reporter are co-infiltrated. (c, d) Control
samples when only the agrobacterium strain
carrying the DAT reporter is infiltrated. (e, )
Reporter transactivation when agrobacterium
strain carrying 355:/IDM1 and D4H reporter are
co-infiltrated. (g, h) Control samples when only
the agrobacterium strain carrying the D4H
reporter is infiltrated. (i) Quantification of
microscope pixel intensity ratios. Color boxes on
the right represent agrobacterium strains
infiltrated. The first column indicates the reporter
constructs (DAT, D4H, or minimal 35S promoter
control). The second column indicates whether
35S:IDM1 is co-infiltrated. Error bars represent
average and SE. Pink x indicates average. (j-1)
Microscope images of petals infiltrated with
infiltration buffer (no agrobacterium control). No
fluorescent signal can be detected in either the
green or red channel. (m-o0) Microscope images
of petals co-infiltrated with 355:/DM7 and a
control reporter without accessible chromatin

-E IDM1 DsRed GFP region. No fluorescent signal can be detected in
- + D - the red channel. Bars, 20 pm. ACR, accessible
35S min.35S  UBQ1 chromatin region.

chromatin regions (Fig. 6j—0), which was confirmed by pixel
intensity quantifications (Fig. 6i). Taken together, these results
suggest that the idioblast-specific expression of IDMI contri-
butes to the idioblast-specific expression of D4H and DAT.

Discussion

The cell-type-specific expression patterns of MIA biosynthetic
genes in C. roseus are well-documented (Guirimand e /., 2011;
Miettinen et al., 2014; Li et al, 2023b). In this study, using
single-cell multi-omics datasets, we discovered the first reported
idioblast-specific TF (Cr/DM]I) that regulates late-stage vinblas-
tine biosynthetic genes (D4H and DAT). Although several TFs
that regulate MIA biosynthesis have been characterized
(Menke, 1999; van der Fits, 2000; van der Fits & Memelink,
2000; Peebles et al, 2009; Suttipanta et al, 2011; Zhang
et al, 2011; Van Moerkercke et al, 2015, 2016; Bahieldin
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et al., 2018; Schweizer et al, 2018; Liu er al, 2019; Singh
er al., 2021), how the exquisite cell-type-specific regulation is
achieved for this pathway remains unclear. We generated the first
single-cell multiome dataset for C. roseus leaves to investigate
gene regulation of the MIA pathway at single-cell resolution. Not
only did we recapitulate the cell-type-specific expression pattern
of the pathway, but also we catalogued a dictionary of cis
regulatory elements associated with MIA biosynthetic genes. In
this experiment, we not only captured the major cell types of the
leaf (mesophyll, epidermis, and vasculature) but also the rare cell
types (IPAP and idioblast) associated with MIA biosynthesis. We
also noted that the single-nuclei RNA-seq assay is more powerful
in distinguishing different cell types compared with the
single-nuclei ATAC-seq array (Fig. 1c), since the majority of the
ATAC-seq peaks are accessible across multiple cell types, if not
all cell types. This is a known phenomenon for plants, based on
single-cell ATAC-seq datasets from multiple species, including
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maize (Marand ez al., 2021), rice (Yan et al., 2024), and soybean
(Zhang et al., 2024).

We showed that among previously studied TFs pertinent to
the MIA pathway, only BIS1/2/3 and ORCA4 were co-expressed
with their target genes at the cell-type level (Figs 2d, S8a), sug-
gesting BIS1/2/3 and ORCA4 contribute to the cell-type-specific
expression pattern of the MIA biosynthetic pathway. The late-
stage MIA biosynthetic genes were marked with cell-type-specific
ATAC-seq peaks, suggestive of coordinated regulation at the
chromatin level (Fig. 3a). Epidermis marker peaks (Fig. 3b) were
enriched for homeodomain, ERF-, and MYB-binding motifs
(Fig. §9a). Members of the abovementioned TF families have
been reported to regulate other specialized metabolism pathways,
such as anthocyanin (Kubo e al, 1999), cuticle (Skaliter
et al., 2023), suberin (Cant6-Pastor ez al., 2024), and glucosino-
late (Senderby ez al, 2010) in other species. We speculate that
yet unidentified homeodomain, ERF, and MYB TFs may contri-
bute to the cell-type-specific expression of MIA biosynthetic
genes in epidermis. The dataset generated in this study can be
used to mine and characterize additional metabolic regulators
that operate specifically in the epidermis.

We found that WRKY and MYB motifs were overrepresented
among idioblast marker peaks (Fig. 3c). Paired with gene co-
expression analyses across cell clusters, we narrowed down our
candidates to a single WRKY (/DWI) and three MYB TFs
(IDM1/2/3) (Fig. 4). While candidate TFs can be identified from
gene expression data alone (Li ez al., 2023b; Guedes ez al., 2024),
we demonstrated that cell-type-specific chromatin accessibility
profiles allowed us to identify putative cell-type-specific cis-
regulatory elements and the corresponding TF families using
motif enrichment, which in turn pinpointed TF candidates that
most likely activate target genes in a cell-type-specific manner.

Overexpression and reporter transactivation assays demon-
strated that /DM is a novel idioblast-specific regulator for D4H
and DAT (Fig. 5). Recently, a GATA family TF, GATAI, was
reported to activate the expression of late vinblastine biosynthetic
genes in de-etiolating seedlings, including 716H2, T30, T3R,
D4H, and DAT (Liu et al, 2019). However, we found that
GATAI was only expressed in the mesophyll of the leaf in our
single-cell dataset (Fig. S8a), suggesting that in the baseline (or
unelicited) state of leaf, GATAI is likely not responsible for the
cell-type-specific patterns of the late-stage pathway. However, it
is possible that GATAI does exhibit cell-type-specific patterns in
de-ctiolating seedlings. In comparison, IDMI is expressed
exclusively in the idioblast, and thus, it contributes to the
idioblast-specific expression of D4H and DAT. Since IDMI is
also JA-inducible (Fig. S9¢), IDMI may also mediate JA-
dependent activation of D4H and DAT.

In addition to D4H and DAT, IDM]I activates an idioblast
metabolic regulon (Fig. 5c,d). Gene sets such as transporters,
cytochrome P450, alcohol dehydrogenase, and 2-OG-dependent
oxygenase are strongly enriched in IDM1 upregulated genes, sug-
gesting that /DM is a bona fide metabolic regulator. The /DM1
metabolic regulon is highly enriched for idioblast-specific expres-
sion (Fig. 5d), suggesting other targets of /DM 1 may play a role
in the biosynthesis of vinblastine or other alkaloids in the

© 2024 The Author(s).
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idioblast. /DM activates IDWI and IDM?2/3, which did not
appear to activate the MIA pathway, at least in the experimental
conditions we tested (Fig. 5a). IDWI and /DM2/3 might regu-
late other biological processes in the idioblast, which may be
important for the specialization of these rare cells.

Mechanisms of gene regulation in rare cell types associated
with specialized metabolism are not well-understood. The identi-
fication of /DM will provide new opportunities for future inves-
tigations on idioblast development and function. Insights into
the differentiation and function of rare biosynthetic cells may
contribute to studies on the evolution of plant-specialized meta-
bolism and cloning of biosynthetic pathways, in addition to engi-
neering or breeding plants with enhanced biosynthetic
capabilities. Even after decades of focused research, the final steps
of the C. roseus MIA biosynthetic pathway remains an enigma.
The discovery of IDM1I as a regulator of the late stages of MIA
biosynthesis and access to an idioblast-specific gene regulatory
network will expedite completion of this 40-plus step biosyn-
thetic pathway with important human-health implications.
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