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Abstract
Key Message  The C. roseus ZCTs are jasmonate-responsive, can be induced by CrMYC2a, and can act as significant 
regulators of the terpenoid indole alkaloid pathway when highly expressed.
Abstract Catharanthus roseus is the sole known producer of the anti-cancer terpenoid indole alkaloids (TIAs), vinblastine 
and vincristine. While the enzymatic steps of the pathway have been elucidated, an understanding of its regulation is still 
emerging. The present study characterizes an important subgroup of Cys2-His2 zinc finger transcription factors known as 
Zinc finger Catharanthus Transcription factors (ZCTs). We identified three new ZCT members (named ZCT4, ZCT5, and 
ZCT6) that clustered with the putative repressors of the TIA pathway, ZCT1, ZCT2, and ZCT3. We characterized the role 
of these six ZCTs as potential redundant regulators of the TIA pathway, and their tissue-specific and jasmonate-responsive 
expression. These ZCTs share high sequence conservation in their two Cys2-His2 zinc finger domains but differ in the spacer 
length and sequence between these zinc fingers. The transient overexpression of ZCTs in seedlings significantly repressed the 
promoters of the terpenoid (pLAMT) and condensation branch (pSTR1) of the TIA pathway, consistent with that previously 
reported for ZCT1, ZCT2, and ZCT3. In addition, ZCTs significantly repressed and indirectly activated several promoters of 
the vindoline pathway (not previously studied). The ZCTs differed in their tissue-specific expression but similarly increased 
with jasmonate in a dosage-dependent manner (except for ZCT5). We showed significant activation of the pZCT1 and pZCT3 
promoters by the de-repressed CrMYC2a, suggesting that the jasmonate-responsive expression of the ZCTs can be medi-
ated by CrMYC2a. In summary, the C. roseus ZCTs are jasmonate-responsive, can be induced by CrMYC2a, and can act as 
significant regulators of the TIA pathway when highly expressed.

Keywords Cys2-His2 zinc finger transcription factor · Catharanthus roseus · ZCT · Terpenoid indole alkaloid · 
Transcriptional repressor · Jasmonate · MYC2a · EAR-motif

Introduction

The medicinal plant Catharanthus roseus, commonly known 
as the Madagascar periwinkle, produces the life-saving anti-
cancer medicines vinblastine and vincristine. Vinblastine 
and vincristine are produced in extremely low concentra-
tions in C. roseus (0.0002–0.0005% by weight), contributing 
to a shortage of these critical drugs (Noble 1990; Pan et al. 
2016b; Rabin 2019; Shuman et al. 2020). Vinblastine and 
vincristine are produced from the terpenoid indole alkaloid 
(TIA) pathway, a tightly controlled pathway comprised of 
over 30 steps (Kulagina et al. 2022). TIA biosynthesis is 
initiated with the condensation of the terpenoid and indole 
branches to form strictosidine (Fig.  1). Strictosidine is 
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enzymatically converted to produce over 130 different TIAs 
(van der Heijden et al. 2004).

While the enzymatic steps of the pathway have been elu-
cidated, an understanding of its regulation is still emerg-
ing (Colinas et al. 2021; Liu et al. 2021). When C. roseus 
is subjected to herbivory, the jasmonate-regulated defense 
pathway is activated, initiating a cascade of both activating 
and repressing transcription factors, contributing to the tight 
regulation of TIA biosynthesis (Goklany et al. 2013; Pee-
bles et al. 2009a; Rizvi et al. 2016). Here, we characterize 
the Zinc finger Catharanthus Transcription factors (ZCTs), 
a class of putative transcriptional repressors in C. roseus. 
The expression of ZCT1, ZCT2, and ZCT3 is elicited by 
methyl jasmonate (Chebbi et al. 2014; Goklany et al. 2013; 
Mortensen et al. 2019b; Pauw et al. 2004), yeast extract 
(Pauw et al. 2004), or auxin (Mortensen et al. 2019b). Struc-
turally, ZCTs contain two characteristic Cys2-His2 zinc fin-
gers and the EAR motif, one of the most common repressor 
domains involved in plant transcriptional regulation (Chow 
et al. 2023; Ciftci-Yilmaz and Mittler 2008; Liu et al. 2022; 
Yang et al. 2018).

Previous studies showed that ZCT1, ZCT2, and ZCT3 
may play a repressive role in TIA biosynthesis. Using tran-
sient assays, the overexpression of ZCT1, ZCT2, and ZCT3 in 
cell suspension cultures of C. roseus resulted in the repres-
sion of the upstream TDC and STR promoters (Pauw et al. 

2004). ZCT1 and ZCT2 were also identified as repressors of 
the HDS promoter, a gene upstream of the terpenoid branch 
(Chebbi et al. 2014). Further evidence included negative 
correlations between ZCT expression and TIA production. 
For instance, elicitation of the TIA pathway with methyl jas-
monate led to an increase in the expression of both activators 
such as ORCA2 and ORCA3 and repressors such as ZCT1, 
ZCT2, and ZCT3 (Goklany et al. 2013); at moderate levels 
of methyl jasmonate, the ratio of ORCA  to ZCT levels was 
high and TIA production was optimized; but at high levels of 
methyl jasmonate, the ratio of ZCT to ORCA  levels was high 
and TIA production was inhibited (Goklany et al. 2013). 
Similarly, the overexpression of ORCA3 in C. roseus hairy 
root cultures led to increased ZCT levels and an unexpected 
decrease in alkaloid production (Peebles et al. 2009a).

In this paper, we identified three additional Cys2-His2 
zinc finger transcription factors (ZCT4, ZCT5, and ZCT6) 
in the ZCT subgroup that includes the previously identified 
ZCT1, ZCT2, and ZCT3. Since ZCT1, ZCT2, and ZCT3 
are putative repressors of TIA biosynthesis, we character-
ized the activity of ZCT4, ZCT5, and ZCT6 to evaluate 
if these six ZCTs could act redundantly or compensate as 
repressors of the TIA pathway. We also investigated if these 
six ZCTs differed in their induction by characterizing their 
tissue-specific expression and responsiveness to methyl jas-
monate. Since ZCTs are induced by methyl jasmonate, we 

Fig. 1  Overview of the C. 
roseus terpenoid indole alka-
loid (TIA) biosynthetic path-
way. The TIA biosynthetic path-
way is illustrated with major 
metabolites named. Dashed 
lines indicate multistep conver-
sions while solid lines indicate 
direct conversions. Select 
enzymes are noted along arrows 
in blue (color figure online)
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investigated the role of the jasmonate-associated CrMYC2a 
in regulating the expression of ZCTs. Our characterization 
suggests that ZCTs can be induced by CrMYC2a and that 
they can act as regulators of TIA metabolism, potentially as 
an adaptative response to jasmonate elicitation.

Materials and methods

Identification of ZCT4, ZCT5, and ZCT6

Coding sequences of ZCT1, ZCT2, and ZCT3 were aligned 
with blastn against the C. roseus transcriptome (Góngora-
Castillo et al. 2012). Hits with E values < 1E-4 were con-
sidered potentially homologous ZCTs. This led to the dis-
covery of three new ZCTs, ZCT4, ZCT5, and ZCT6. The 
Cra_locus_86538 was not further characterized (Figures S1) 
since it did not pass the threshold of an E value < 1E−4; in 
addition, based on an amino acid alignment, it contains only 
one rather than two Cys2-His2 zinc finger domains as found 
in the ZCTs.

Cladogram of Cys2‑His2 transcription factors in C. 
roseus

We also searched for additional Cys2-His2 zinc finger tran-
scription factors in the C. roseus genome using the TFDB 
search tool in the Plant Transcription Factor Database (v3.0) 
(Jin et al. 2014). Initially, 127 Cys2-His2 zinc fingers were 
identified. However, correcting for isoforms yielded 65 inde-
pendent protein sequences identified by the Plant TFDB; 
a cladogram of all 65 Cys2-His2 transcription factors 
encoded in the C. roseus transcriptome (Góngora-Castillo 
et al. 2012) was generated with Qiagen CLC Main Work-
bench 8 (Figures S1; protein alignment parameters: gap open 
cost = 10.0; gap extension cost = 1.0; end gap cost = free; 
alignment mode = very accurate, redo alignments = no; use 
fixpoints = no). The Neighbor Joining algorithm and Jukes-
Cantor distance measure were used with the Bootstrap 
method (100 replicates) to generate the tree as described in 
“Identification of Cys2-His2 zinc finger transcription factors 
in C. roseus” section.

Expression analysis of ZCTs

RNA-Seq reads were downloaded from the NCBI-SRA data-
bases (BioProject: PRJNA252611) and processed to obtain 
sequencing reads in FASTQ format. Reads were processed 
to trim the sequencing adapter sequences and read position 
with low sequencing quality using Trimmomatic version 
0.36 (Bolger et al. 2014). Clean reads were aligned to the 
C. roseus reference genome v2 using STAR version 2.5.2b 
(Dobin et al. 2013). Aligned sequences were counted using 

the featureCount version 1.22 package (Liao et al. 2014) in 
R to get the number of reads aligned to a gene feature. Read 
counts data were normalized to get gene expression values 
in FPKM (fragments per kilo base million). FPKM values 
for TIA pathway genes were extracted from the following 
CRO numbers: MYC2: CRO_T124533, ORCA2: CRO_
T110365, ORCA3: CRO_T110360, BIS1: CRO_T107535, 
BIS2: CRO_T107539, ZCT1: CRO_T105646_ZCT1, 
ZCT2: CRO_T114616, ZCT3: CRO_T130011, ZCT4: 
CRO_T105646_ZCT4, ZCT5: CRO_T124775, ZCT6: 
CRO_T110996, IO: CRO_T138994, G8O: CRO_T133061, 
7DLH: CRO_T106494, IS: CRO_T130026, GES: CRO_
T119458, HL2: CRO_T119458, MAT: CRO_T120028, 
GS2: CRO_T113153, STR: CRO_T125329, GS1: CRO_
T113154, 8HGO: CRO_T107879, T19H: CRO_T119486, 
Redox1: CRO_T129272, 7DLGT: CRO_T131714, Redox2: 
CRO_T132421, TDC: CRO_T125328, LAMT: CRO_
T103723, GO: CRO_T127440, SLS1: CRO_T109448, 
HYS: CRO_T116107, SGD: CRO_T128799, T3R: CRO_
T124298, T16H2: CRO_T110598, 16OMT: CRO_T110596, 
NMT: CRO_T111273, T3O: CRO_T113994, DAT: CRO_
T120021, D4H: CRO_T127167, HL1: CRO_T139139, 
T16H1: CRO_T110599. Inspection of the original CRO_
T105646 gene prediction from the C. roseus v2 genome 
(Franke et al. 2018) revealed that this locus was a fusion of 
the ZCT1 and ZCT4 loci. In this paper, the fused locus was 
manually reannotated to create the CRO_T105646_ZCT1 
and CRO_T105646_ZCT4 loci used for gene expression 
analysis and correlation analysis. In the most recent C. 
roseus vr3 genome (Li et al. 2023), ZCT1 and ZCT4 were 
correctly annotated and matched our manually annotated 
CRO_T105646_ZCT1 and CRO_T105646_ZCT4 loci. 
Heatmaps were generated in R using the gplots package 
(Warnes et al. 2009).

Construction of ZCT and MYC2a overexpression 
plasmids

Once identified, ZCT and MYC2a wild-type coding 
sequences were amplified from C. roseus complementary 
DNA (cDNA) in fragments, introducing synonymous A 
to T mutations to remove MoClo-incompatible restric-
tion enzyme sites (Eco31I and BpiI). Fragments of coding 
sequences were harnessed into the universal pL-1 plasmid 
pAGM1311 and carried through the subsequent MoClo 
levels to a final level 2 destination vector pSB90. Cod-
ing sequences and associated oligonucleotides are listed 
in Table S1 and Table S2. Modular cloning was used to 
assemble the ZCT coding sequences under control of the 
strong CaMV 2 × 35S promoter (plasmid part # pICH51288, 
Engler et al. 2014) and the Mas (A. tumefaciens) terminator 
(plasmid part # pICH77901, Engler et al. 2014). The pSB90 
backbone vector containing the constitutively active VirG 
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(virGN54D mutation) expressed the assembled ZCT over-
expression cassette (Mortensen et al. 2019a). The mutated 
CrMYC2a plasmid (CrMYC2a[D126N]) was generated from 
the wild-type expression vector via site-directed mutagen-
esis (Azenta Life Sciences). Constructed vectors were con-
firmed by restriction enzyme digestion.

Construction of native promoter‑reporter constructs

Coding sequences for genes of interest were identified from 
the C. roseus transcriptome (Góngora-Castillo et al. 2012) 
and aligned by BLAST against the C. roseus Sunstorm Apri-
cot genome (Kellner et al. 2015). A region of approximately 
1 kilobase upstream of the start codon was amplified and 
cloned upstream of an intron-containing firefly luciferase 
coding sequence and Ocs (A. tumefaciens) terminator. This 
firefly luciferase cassette was then assembled into the mul-
tigene level 2 destination vector with an intron-containing 
Renilla luciferase gene expressed with the Nos (A. tumefa-
ciens) promoter and terminator. Constructs were validated 
by double restriction enzyme digests. Plasmids were trans-
formed into Agrobacterium tumefaciens (GV3101 (pMP90)) 
for use in transient evaluation. Oligonucleotides used to 
amplify promoter fragments from the genome and the pro-
moter sequences may be found in Table S3 and Table S4. 
The construction of the native promoter-reporter plasmids 
for the vindoline pathway is described in Cole–Osborn et al. 
(Cole-Osborn et al. 2024).

Transient overexpression assays in C. roseus 
seedlings

Catharanthus roseus seedlings were transiently transformed 
with A. tumefaciens containing the effector and promoter 
driving reporter constructs using vacuum infiltration, as 
previously described (Mortensen et al. 2019a, 2022). For 
pooled overexpression studies evaluated by either dual-lucif-
erase or RT-qPCR, Agrobacterium strains containing the 
individual ZCT (ZCT1, ZCT2, ZCT3, ZCT4, ZCT5, ZCT6) 
effector plasmid, each at an  OD600 of 0.06, were combined. 
For single effector trans-activation, the Agrobacterium strain 
containing the ZCT overexpression plasmid was infiltrated 
at a final  OD600 of 0.34. In both single and pooled effec-
tor transactivation, the Agrobacterium strain containing the 
promoter driving reporter plasmid was at an  OD600 of 0.06 
to achieve an effector to reporter ratio of 6 to 1. For overex-
pression studies evaluated by RT-qPCR, the reporter con-
struct was omitted. For pZCT1 and pZCT3 trans-activation 
experiments, the Agrobacterium strain containing the effec-
tor (CrMYC2a) and reporter expression plasmids were each 
infiltrated at a concentration of  OD600 of 0.2 each for a final 
 OD600 of 0.4 (1–1 ratio).

After transient overexpression through vacuum infiltra-
tion, seedlings recovered for 2 days in the dark and one day 
in the light prior to harvest. For dual-luciferase analysis, 10 
biological replicates of 2 pooled seedlings were collected for 
each condition per each experiment. For RT-qPCR analysis, 
5 biological replicates of 15 pairs of cotyledons were col-
lected for each condition per each experiment.

Relative promoter activity via dual luciferase assays

Relative promoter activity via luciferase activity was ana-
lyzed as previously described (Mortensen et al. 2019a) with 
the Luc-Pair™ Duo-Luciferase HT Assay Kit (Genecopeia). 
The plant protein extract from two pooled seedlings (20 µL) 
was mixed with 20 µL of each substrate solution in accord-
ance with the kit protocol. Samples were measured in a 
96-well white plate (Corning © 3693). Luminescence was 
measured in relative light units (RLU) with a plate reader 
(Bio-Tek Synergy HTX).

RNA extraction and RT‑qPCR

Tissue (leaf or seedlings) was harvested into RNAse-free 
2 mL conical tubes containing 10 × 3 mm glass beads. Upon 
harvest, tissue was immediately flash-frozen in liquid nitro-
gen and stored at − 80 °C until the day of extraction. RNA 
was extracted using the Direct-zol RNA Miniprep Kit (SKU 
R2071). RNA integrity was visually confirmed through 
gel electrophoresis. Single stranded complementary DNA 
(cDNA) was then synthesized using the LunaScript® RT 
SuperMix Kit (NEB #E3010). Transcript levels were then 
monitored via RT-qPCR using SYBR Reverse Transcriptase 
(RT) (ABClonal). Two technical replicates were included for 
each sample. Reactions were run on either the Stratagene 
MX3000P or Bio-Rad CFX.

Design of viral silencing fragments for C. roseus 
seedlings

The SGN VIGS design tool (vigs.solgenomics.net) (Fer-
nandez-Pozo et al. 2015) was used to design fragments 
for Viral Induced Gene Silencing (VIGS) of ZCTs in seed-
lings. Coding sequences from the C. roseus transcriptome 
(Góngora-Castillo et al. 2012) were used as queries. The 
database “Catharanthus roseus v 2” was selected for refer-
ence. Parameters included: N-mer size: 23, Fragment length: 
200–300 bp, mismatches 0–2. Top results were analyzed, 
and off-targets were entirely mitigated except in the cases 
of ZCT1 and ZCT2 which are too homologous to accom-
modate independent VIGS fragments. VIGS fragments were 
PCR-amplified from cDNA and cloned into the Golden 
Gate-compatible pTRV2-GG plasmid (Addgene Catalog 
# 105349) (Gantner et al. 2018). Oligonucleotides used to 
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construct VIGS fragments in pTRV2 plasmids and the VIGS 
sequences may be found in Table S5 and Table S6.

Viral silencing of ZCTs in C. roseus seedlings

Catharanthus roseus seeds (0.4 g, Vinca Little Bright Eye, 
NEseed Cat #19140) were surface-sterilized in 70% ethanol 
for 45 s followed by 10% bleach for 10 min. Seeds were 
triple rinsed in sterile deionized water and then submerged 
and agitated in a 3% vol/vol Plant Preservative Mixture 
(PPM, Caisson Labs) solution for 16 h overnight in the dark 
(25 °C, 60 RPM). Then, seeds were planted on Gamborg’s 
B5 medium without sucrose and germinated in the dark for 
approximately 7 days. After germination, seedlings were 
transferred to light (16 h photoperiod) for 2 days to allow 
for photomorphogenesis. Seedlings were then planted in soil 
and grown under the same 16 h photoperiod until two true 
leaves emerged (~ 40 days). Once developed, seedlings were 
infected with Agrobacterium tumefaciens strains harboring 
pTRV1 and pTRV2 viral silencing vectors.

In preparation for infecting plants, A. tumefaciens 
(GV3101 (pMP90)) cultures were grown and induced as 
previously described (Mortensen et al. 2019a). After induc-
tion, cultures were normalized to an  OD600 of 4 and the 
strains harboring pTRV1 and pTRV2 plasmids were mixed 
at a 1:1 ratio. Modified tweezers were dipped into the Agro-
containing solution and each plant was pinched two times 
just below the highest node. Plants were transferred to the 
dark for 2 days and then placed back into the 16 h photo-
period until photobleaching in the ChLH-silenced condition 
was apparent, approximately after 21 days (Figure S6). After 
silencing occurred, the second emerging leaf pair after the 
infection point was harvested, flash frozen in liquid nitrogen 
and stored at − 80 °C prior to RNA extraction and evaluation 
via RT-qPCR. Oligonucleotides used for qPCR are listed in 
Table S7.

Results

Identification of Cys2‑His2 zinc finger transcription 
factors in C. roseus

We identified the Cys2-His2 zinc fingers encoded in the C. 
roseus transcriptome (Góngora-Castillo et al. 2012) using 
the Plant Transcription Factor Database (TFDB) (Tian 
et al. 2020). Our search yielded 65 transcription factors 
containing from one to six Cys2-His2 zinc fingers (Fig-
ure S1). The number of Cys2-His2 zinc finger-contain-
ing transcription factors in C. roseus is fewer than that 
of Arabidopsis (176) (Englbrecht et al. 2004), rice (189) 
(Agarwal et al. 2007), soybean (321) (Yuan et al. 2018), 
or tomato (112) (Ming et al. 2020) and is closer to that of 
alfalfa (58) (Pu et al. 2021).

Of the 65 transcription factors containing Cys2-His2 
zinc fingers identified in C. roseus, we focused on the ZCT 
subgroup, which contains two Cys2-His2 zinc fingers and 
a specific arrangement of defining motifs (B-box, L-box, 
and LxLxL motifs). The ZCT subgroup consists of the 
previously characterized, putative repressors of the TIA 
pathway, ZCT1, ZCT2, and ZCT3, and the newly identi-
fied and uncharacterized ZCT4, ZCT5, and ZCT6. In the 
cladogram with just these six ZCTs (Fig. 2), ZCT2 and 
ZCT4 clustered most closely while ZCT3 and ZCT6 clus-
tered most closely.

We confirmed via an amino acid alignment that these 
newly identified ZCT sequences (ZCT4, ZCT5, ZCT6) 
contained the motifs or domains that are characteristic 
of the ZCT subgroup (ZCT1, ZCT2, and ZCT3) (Fig. 3). 
These six ZCTs share high sequence conservation mainly 
within their two Cys2-His2 zinc fingers but differ in the 
spacer length and sequence between their two Cys2-His2 
zinc fingers. Cys2-His2 zinc fingers interact with target 
DNA through coordination with a zinc ion (Elrod-Erickson 

Fig. 2  C. roseus ZCT gene tree 
based on amino acid sequence. 
C. roseus ZCTs were identified 
using the Plant Transcription 
Factor Database. The Neigh-
bor Joining algorithm and 
Jukes–Cantor method were used 
with the Bootstrap method to 
generate the cladogram based 
on amino acid sequence align-
ments. Bootstrap values are 
indicated
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et al. 1996; Pabo et al. 2001) and through the characteristic 
plant specific QALGGH sequence within the Cys2-His2 
zinc finger motif; the QALGGH sequence allows binding 
into the major groove of DNA (Takatsuji 1999). A single 
zinc finger provides relatively weak binding, while multi-
ple fingers enhance binding (Iuchi 2001). In addition, the 
spacer length and sequence between the two Cys2-His2 
zinc fingers affect the binding specificity of the ZCTs to 
their target (Kubo et al. 1998; Takatsuji and Matsumoto 
1996). Therefore, the targets regulated by the ZCTs may 
differ and must be determined experimentally.

While amplifying ZCT6 from cDNA, both a complete and 
a truncated transcript were identified. The complete tran-
script is referred to as ZCT6 and the truncated transcript is 
referred to as tZCT6 (Fig. 3). We identified two QALGGH 
sequences in most ZCTs, the first of which was present in 
ZCT1 through ZCT6 but was absent from tZCT6, likely ren-
dering it a weaker binder; therefore, we focused on charac-
terizing the two-fingered ZCTs.

Each of these ZCTs also contains a B-box which is sus-
pected to serve as a nuclear localization signal and a leu-
cine-rich box (L-box) which is presumed to assist in protein 

interaction (Kubo et al. 1998; Sakamoto et al. 2004). The 
final conserved element among these ZCTs is the EAR 
motif, a characteristic LxLxL sequence. The EAR motif is 
a strong repression domain and is consistently present in 
most of the ZCTs, with ZCT3 harboring a second LxLxL 
motif within its L-box. The EAR motif is one of the most 
common transcriptional repressor domains found in plants. 
This domain works by recruiting chromatin remodeling fac-
tors that prevent expression of genes (Chow et al. 2023).

A UniProt and BLAST search using the C. roseus ZCT 
protein sequences showed that the six ZCTs are most closely 
related to the Arabidopsis ZAT and AZF proteins (Table S8). 
The C. roseus ZCTs and Arabidopsis ZAT and AZF pro-
teins share the highest sequence identity in the Cys2-His2 
zinc finger domains but most of these Arabidopsis proteins 
did not contain all the characteristic motifs found in the C. 
roseus ZCTs (Fig. 3; Figure S2). Among the best character-
ized Arabidopsis ZATs are ZAT10 and ZAT12 (Table S8); 
these ZATs are involved in response to environmental stress, 
including hypoxia, cold, heat, salinity, drought, light, UV-B, 
wounding, and others. For example, ZAT10 overexpression 
facilitates response to osmotic stress (Mittler et al. 2006). 

Fig. 3  Amino acid alignment of C. roseus ZCT proteins shows con-
servation of characteristic motifs. The B-box and L-box regions are 
thought to play a role in nuclear localization and protein–protein 
interaction, respectively. The Cys2-His2 zinc fingers (with the Cys 
and His residues highlighted in blue) contain the QALGGH motifs 
responsible for binding to the major groove of the target DNA. The 

EAR or LxLxL motif is a strong repression domain and is consist-
ently present in most ZCT proteins. tZCT6 refers to the truncated 
version of the ZCT6 protein and contains one instead of the two 
Cys2-His2 zinc finger domains found in the other ZCTs (color figure 
online)
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Similarly, ZAT12 has been shown to improve tolerance to 
low temperature and drought stress (Davletova et al. 2005; 
Vogel et al. 2005). Among the Cys2-His2 zinc fingers, the 
C. roseus ZCTs (i.e., the previously characterized ZCT1, 
ZCT2, ZCT3) are unique in that they play a putative role in 
repressing alkaloid biosynthesis.

In our search for additional ZCTs, we identified ZCT4, 
ZCT5, and ZCT6 that clustered with the previously char-
acterized putative repressors of the TIA pathway, ZCT1, 
ZCT2, and ZCT3. The ZCTs share two highly conserved 
Cys2-His2 zinc fingers and the EAR repression motif (with 
ZCT6 possessing two motifs) but differ in spacer sequence 
and length outside of the Cys2-His2 zinc fingers; these dif-
ferences can affect the promoters they bind and regulate. 
Thus, we proceeded with evaluating if ZCT4, ZCT5, and 
ZCT6 could act redundantly or compensate as repressors 
of TIA biosynthesis; if the ZCTs act redundantly and are 
similarly induced, then increasing TIA biosynthesis would 
require the inhibition (i.e., knockout or silencing) of multiple 
ZCTs rather than one or two ZCTs (i.e., ZCT1, ZCT2), as 
previously demonstrated in Rizvi et al (2016).

Tissue‑specific and jasmonate‑responsive 
expression of ZCTs

To assess the role and redundancy of the expanded members 
of the ZCT family, we explored their expression profile in 
various tissue types and in response to jasmonate. We used 
previously published transcriptome data (Góngora-Castillo 
et al. 2012) to identify relative transcript levels of ZCTs in 
various tissue types (Fig. 4). ZCT3 was the most highly 
expressed ZCT in most tissue types, except for the flower 
where ZCT5 and ZCT6 were most highly expressed. Flowers 
expressed most of the six ZCTs with the stem tissue being 
the next highest. Interestingly, the tissues that expressed the 
highest ZCT levels (flowers and stems) also contained the 
lowest alkaloid levels while the tissues that expressed the 
lowest ZCT levels (immature and mature leaves) contained 
the highest alkaloid levels (Pan et al. 2016b). This observa-
tion is consistent with the putative role of ZCTs as repressors 
of TIA biosynthesis.

Next, we evaluated the jasmonate responsiveness of 
ZCT4, ZCT5, and ZCT6 in hairy root cultures where increas-
ing ZCT1, ZCT2, and ZCT3 levels were correlated with 
repressed TIA gene expression (Goklany et al. 2013; Pee-
bles et al. 2009a). A promoter scan (Figure S3) confirmed 
that ZCT4, ZCT5, and ZCT6 contain cis-regulatory ele-
ments that play a role in jasmonate-inducibility (i.e., WUN: 
wound-responsiveness; TGACG and CGTCA-motifs: methyl 
jasmonate responsiveness) as well as tolerance to environ-
mental stressors (i.e., MBS: drought-inducibility; HSE: heat 
stress responsiveness; TC-rich repeats: defense and stress 
responsiveness). We subsequently determined if the newly 

identified ZCT4, ZCT5, and ZCT6 were also jasmonate-
responsive and could contribute to the repression of TIA 
biosynthesis associated with high jasmonate dosage in hairy 
root cultures, as observed with ZCT1, ZCT2, and ZCT3.

We elicited C. roseus hairy roots with two dosages of 
methyl jasmonate (250 and 1000 µM MJ) and monitored ZCT 
transcript levels at 30 min and 24 h (Fig. 5). The selected 
jasmonate dosages of 250 and 1000 µM were previously 
shown to optimize and inhibit TIA pathway gene expres-
sion and TIA levels, respectively (Goklany et al. 2013). At 
both jasmonate dosages, all ZCTs (excluding ZCT5) exhib-
ited a burst of expression at 30 min, a rapid response sug-
gesting regulation by a pre-existing transcription factor. At 
the optimal dosage for alkaloid production in hairy roots 
(Goklany et al. 2013) (250 µM MJ), ZCT1 and ZCT3 were 
elevated 5–10-fold at 24 h whereas ZCT2, ZCT4, and ZCT6 
had returned to near basal levels. At the inhibitory dosage for 
alkaloid production in hairy roots (1000 µM MJ), the expres-
sion of ZCT1 increased ~ 100-fold while the expression of 
ZCT2, ZCT3, ZCT4, and ZCT6 increased 5–20-fold by 24 h; 
the high expression level of ZCTs was sustained at 24 h as 
compared to that at the optimum jasmonate dosage. Unlike 
other ZCTs, the expression of ZCT5 was inhibited with jas-
monate at both dosages. Our results are consistent with pre-
vious results that ZCT1, ZCT2, and ZCT3 are induced by 
jasmonate. The new candidates, ZCT4 and ZCT6, were also 
responsive to jasmonate and elevated at the high jasmonate 
dosage associated with repressed alkaloid production, sug-
gesting their potential role in regulating the TIA pathway.

Fig. 4  Expression of ZCTs in C. roseus tissue. Publicly available tran-
scriptome data (Góngora-Castillo et al. 2012) was used to generate a 
heat map of ZCT expression in various tissue types. Expression level 
is reported as fragments per kilobase transcripts per million (FPKM)
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Finally, a co-expression analysis (Figure S4) using tran-
scriptomic data acquired across tissues, timepoints, and 
treatment conditions was performed to identify TIA genes 
correlated with ZCT expression and therefore potentially 
regulated by ZCTs. ZCT2, ZCT3, and ZCT4 were strongly 
correlated with each other and negatively correlated with the 
expression of the vindoline pathway genes. The correlation 
between the vindoline pathway and ZCTs was tested experi-
mentally in the following section.

The role of ZCTs in regulating TIA biosynthesis

To elucidate their regulatory role in the TIA pathway, the 
activity of ZCTs was assessed through three complemen-
tary approaches: transient co-expression of ZCTs with 
promoter-driving reporter constructs, transient overex-
pression of ZCTs with transcript monitoring, and transient 
silencing of ZCTs through viral induced gene silencing 
(VIGS) followed by transcript monitoring. To evaluate 
gene function, we used several transient expression meth-
ods since the development of transgenic C. roseus plants 

is time-intensive and has low transformation efficiencies 
(Choi et al. 2004; Kumar et al. 2018; Pan et al. 2012; 
Sharma et al. 2018; Verma and Mathur 2011; Wang et al. 
2012).

ZCTs were transiently co-expressed with TIA promoter-
driving reporter constructs using Agrobacterium in C. 
roseus seedlings. First, we pooled Agrobacterium strains 
overexpressing ZCT1 through ZCT6 and co-infiltrated C. 
roseus seedlings with Agrobacterium strains containing 
the candidate promoter-reporter constructs (Fig. 6). Pro-
moters screened included genes from the terpenoid branch 
(pG10H, pLAMT), the condensation and upstream steps 
(pSTR1, pGO), the root-associated pathway (pT19H), 
and the vindoline branch (pT16H1, pT16H2, p16OMT, 
pT3O, pT3R, pNMT, pD4H, pDAT). These promoters were 
selected based on prior evidence: repression of the terpe-
noid branch (Goklany et al. 2013) and the condensation 
step (Goklany et al. 2013; Pauw et al. 2004) and from our 
co-expression analysis (Figure S4) (negative correlation 
with the vindoline branch). A dual luciferase assay was 
used to quantify promoter driven reporter activity.

Fig. 5  Jasmonate-responsiveness of ZCTs in hairy root cultures. C. 
roseus hairy root cultures were treated with two dosages of methyl 
jasmonate (250 or 1000 µM MJ), and tissue was collected at the des-
ignated timepoints (0, 0.5, and 24 h). Genes of interest (ZCTs) were 
monitored by RT-qPCR. Relative transcript level was first normalized 

to the housekeeping gene SAND and then to the control condition 
(0 h) using the  2−ΔΔCt method. Each data point represents the average 
from tissue harvested from three independent flasks (i.e., three bio-
logical replicates) with error bars representing the standard deviation
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Significant repression of the promoter-reporter con-
structs of pLAMT (p < 0.05), pSTR1 (p < 0.0001), pT16H2 
(p < 0.01), and pT3O (p < 0.001) was observed in the screens 
where ZCTs were pooled (Fig. 6). In contrast, enhanced 
activity of pT16H1 (p < 0.05), pNMT (p < 0.0001), and 
pD4H (p < 0.0001) also occurred with the pooled ZCTs com-
pared to the GUS overexpression control. To complement 
the promoter transactivation studies, we also overexpressed 
ZCTs in seedlings (in the absence of the promoter-driving 
reporter construct) and evaluated their effect on the native 
gene profile (Figure S5). No significant repression of the 
monitored genes was observed across two experimental 
replicates. However, a 2-fold activation of T16H1 expres-
sion (p < 0.01) was apparent in one experiment where ZCT 
expression levels were particularly high (Figure S5A), con-
sistent with the transactivation of the pT16H1 promoter 
(Fig. 6).

Similarly, we performed trans-activation experiments 
with individually expressed ZCTs on a subgroup of candidate 
promoters across the TIA pathway (Fig. 7). We observed 

significant repression of pSTR1 by ZCT4 (p < 0.001), ZCT5 
(p < 0.0001), and ZCT6 (p < 0.01). We also identified ZCT1 
(p < 0.01) and ZCT2 (p < 0.05) to be significant repressors 
of pT16H2. Consistent with the pooled evaluation strategy, 
no effect on pG10H expression was observed with the over-
expression of individual ZCTs.

To evaluate their role in planta, we performed Viral 
Induced Gene Silencing (VIGS) of the ZCTs in young 
plants (Figure S6). Because ZCTs repressed specific TIA 
promoters in our trans-activation experiments, the VIGS of 
ZCTs would be expected to upregulate these target genes. To 
account for possible compensation by redundant ZCTs, we 
designed 200 bp VIGS fragments that would either target 
individual ZCTs per experiment (i.e., ZCT1/2 or ZCT3), clus-
ters of ZCTs per experiment (jasmonate responsive cluster 
of ZCT1, ZCT2, and ZCT3), or all six ZCTs simultaneously 
per experiment (ZCT1 through ZCT6). Transcript levels 
were monitored via RT-qPCR and compared to that of a 
control condition that targeted GFP. Effective silencing was 

Fig. 6  Promoter trans-activation screen of TIA pathway promoters by 
pooled ZCTs. Candidate transcription factors (ZCT1 through ZCT6) 
harbored in individual cultures of Agrobacterium tumefaciens were 
pooled and overexpressed in the presence of the promoter-driving 
reporter plasmid with a 6 to 1 ratio of effector to promoter::reporter 
for a total  OD600 of 0.4. Each biological replicate or data point con-
sists of two seedlings that were pooled and flash-frozen in liquid 
nitrogen. Proteins were extracted and quantified by measuring the 
luminescence of the intron-containing firefly luciferase (FLUC-I) 
and Renilla luciferase (RLUC-I). Relative promoter activity was 

calculated by normalizing (FLUC-I/RLUC-I)ZCTs/(FLUC-I/RLUC-
I)Average GUS, where GUS served as the control condition and was set 
to 1. The graph combines one to three replicate experiments with 
7–15 biological replicates for each promoter per experiment. The 
horizontal line in the box plot represents the median, the ends of the 
box represent the 1st and 3rd quantile, and the error bars represent the 
range. The data were log-transformed to achieve a normal distribu-
tion prior to statistical testing. Significance based on Student’s t test 
is denoted as (*) p < 0.05, (**) p < 0.01, (***) p < 0.001, and (****) 
p < 0.0001
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confirmed using a ChLH silencing fragment that resulted in 
photobleaching.

Although there was successful photobleaching of ChLH 
plants, no silencing of ZCTs was evident. The resiliency 
of the ZCTs to RNA silencing machinery in transiently 
transformed plants suggests a potential feedback mecha-
nism. For instance, we previously observed the repression 
of the pZCT1 promoter with the overexpression of ZCT1 
(Mortensen et al. 2019b). A similar resistance to viral silenc-
ing of a transcription factor was observed with the C. roseus 
BIS1 VIGS experiments (Van Moerkercke et al. 2015). In a 
later publication, BIS was found to amplify its own expres-
sion (Schweizer et al. 2018), which would explain the dif-
ficulty of silencing BIS.

CrMYC2a can induce the jasmonate‑responsiveness 
of ZCTs

Results from the promoter trans-activation experiments 
suggested that ZCTs act as regulators of the TIA pathway 
when transiently over-expressed (Fig. 6) and in addition, 
that ZCTs are highly induced with jasmonate (Fig. 5). 
Since ZCTs, like ORCAs (Zhang et al. 2011), are rapidly 
induced within 30 min of jasmonate addition (Fig. 5), we 
hypothesized that CrMYC2a, a pre-existing jasmonate-
responsive transcription factor, activates ZCT expres-
sion. When jasmonate is added, JAZ is ubiquitinated and 
degraded (Chini et al. 2007; Thines et al. 2007), releasing 
MYC2a to activate the expression of the ORCAs (Sch-
weizer et  al. 2018; Zhang et  al. 2011) and BISs in C. 

roseus (Van Moerkercke et al. 2016). We evaluated the 
role of CrMYC2a in regulating ZCTs through a promoter 
trans-activation assay in transiently transformed C. roseus 
seedlings (Fig. 8).

We evaluated trans-activation of the most jasmonate-
inducible ZCT promoters (pZCT1 and pZCT3) by over-
expressing CrMYC2a and its de-repressed mutated 
CrMYC2a[D126N] (Schweizer et al. 2018). In addition to 
activating the expression of the ORCAs and BISs, CrMYC2a 
activates the expression of JAZ, leading to the regenera-
tion of JAZ and the subsequent repression of CrMYC2a, 
thereby limiting the activation of TIA biosynthesis (Chini 
et  al. 2007; Thines et  al. 2007). Unlike CrMYC2a, the 
CrMYC2a[D126N] mutant lacks the negatively charged 
aspartate (D), rendering it incapable of binding to JAZ; this 
mutation results in a constitutively active or de-repressed 
CrMYC2a.

Both pZCT1 and pZCT3 promoters were significantly 
activated, i.e., 5-fold increases, by overexpression of the 
de-repressed CrMYC2a[D126N]. pZCT1 was also activated 
by the wild-type CrMYC2a while the pZCT3 promoter was 
unaffected. Since ZCT3 expression is higher than ZCT1 in 
seedlings (Fig. 4), the pZCT1 promoter activity may have 
been lower than that of the pZCT3 promoter, and therefore 
its trans-activation was more sensitive and easily observed. 
The activation of both pZCT1 and pZCT3 promoters by jas-
monate-associated CrMYC2a suggests a molecular mecha-
nism by which jasmonate-responsive ZCT expression (i.e., 
ZCT1, ZCT2, ZCT3, ZCT4, ZCT6) can be turned on with 
methyl jasmonate.

Fig. 7  Promoter trans-activation screen of TIA pathway promoters 
by independently overexpressed ZCTs. Candidate transcription fac-
tors (either ZCT1, ZCT2, ZCT3, ZCT4, ZCT5, or ZCT6) harbored in 
individual cultures of Agrobacterium tumefaciens were independently 
overexpressed in the presence of the promoter-driving reporter plas-
mid with a 6 to 1 ratio for a total  OD600 of 0.4. Each biological rep-
licate or data point consists of two seedlings that were pooled and 
flash-frozen in liquid nitrogen. Proteins were extracted and quanti-
fied by measuring the luminescence of the intron-containing firefly 
luciferase (FLUC-I) and Renilla luciferase (RLUC-I). Relative pro-

moter activity was calculated by normalizing (FLUC-I/RLUC-I)ZCTs/
(FLUC-I/RLUC-I)Average GUS, where GUS served as the control condi-
tion and was set to 1. The graph combines three replicate experiments 
with 10 biological replicates for each condition per experiment. The 
horizontal line in the box plot represents the median, the ends of the 
box represent the 1st and 3rd quantile, and the error bars represent 
the range. Data were log-transformed to achieve a normal distribution 
prior to statistical testing. Significance based on one-way ANOVA 
and Dunnett’s test is denoted as (*) p < 0.05, (**) p < 0.01, (***) 
p < 0.001, and (****) p < 0.0001
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Discussion

In this study, we investigated the role of an expanded number 
of ZCT transcription factors as regulators of the TIA path-
way in C. roseus. First, we performed a bioinformatic analy-
sis and identified 65 transcription factors containing Cys2-
His2 zinc fingers in the C. roseus genome; we focused on the 
characterization of the ZCT subgroup, which included the 
previously characterized, putative repressors ZCT1, ZCT2, 
and ZCT3, and the newly identified ZCT4, ZCT5, and 
ZCT6. These six ZCTs contained the repressive EAR motif 
and were responsive to jasmonate. Thus, we investigated the 
potential targets regulated by these six two-fingered Cys2-
His2 ZCTs.

To investigate potential targets of ZCTs, we screened 
promoters of genes from the terpenoid branch (pG10H, 
pLAMT), the condensation and upstream steps (pSTR1, 
pGO), the root-associated pathway (pT19H), and the vin-
doline branch (pT16H1, pT16H2, p16OMT, pT3O, pT3R, 
pNMT, pD4H, pDAT; Fig. 1). The transient overexpression 
of pooled ZCTs in seedlings regulated the promoters of 
the terpenoid (pLAMT), condensation (pSTR1), and the 
vindoline branches of the TIA pathway (Fig. 6). The sig-
nificant repression of pLAMT from the terpenoid branch 

(by 27%) was consistent with previously published results; 
for instance, (Chebbi et al. 2014) reported that ZCT1 and 
ZCT2 acted as repressors of HDS, involved in catalyz-
ing the production of isopentenyl diphosphate upstream 
of LAMT.

The overexpression of pooled ZCTs also significantly 
repressed the condensation step, pSTR1 (by 57%). By over-
expressing ZCTs individually in seedlings, we showed that 
ZCT4, ZCT5, and ZCT6 could repress pSTR1 by 41–61% 
(Fig. 7). Pauw et al. (Pauw et al. 2004) transformed cell 
suspensions via particle bombardment and showed repres-
sion of pTDC and pSTR1 with ZCT1, ZCT2, and ZCT3 
overexpression; in contrast, we observed that ZCT1, ZCT2, 
and ZCT3 did not repress pSTR1 in seedlings transformed 
via Agro-infiltration. Differences in methodology and in tis-
sue-specific ZCT levels could have impacted the observed 
repression. For instance, particle bombardment introduces 
wounding to transform plant tissue, initiating jasmonate 
biosynthesis responses (Bidney et al. 1992) and potentially 
inducing ZCT expression. In contrast, Agrobacterium infec-
tion activates the salicylic acid pathways that compete with 
the jasmonic acid pathways (Bidney et al. 1992; León et al. 
2001; Reymond et al. 2000). In addition, promoter activity 
or native transcript levels will differ between seedlings and 
cell suspensions; thus, a lack of repression may be attributed 
to the low activity of that promoter where further decrease 
in promoter activity is undetectable. The lack of repression 
may also be attributed to the relatively high native ZCT level 
in that tissue. For instance, native ZCT3 levels were already 
high in seedlings (Fig. 4), potentially limiting the effect of 
overexpression as no effect was observed with ZCT3 over-
expression in our seedlings; in contrast, the native levels 
of ZCT4, ZCT5, and ZCT6 were low in seedlings, increas-
ing the likelihood of observing an effect with their over-
expression. Therefore, while the specific ZCT responsible 
for repression differed between studies, the repression of 
pLAMT and pSTR1 by the ZCT family was consistent with 
that in the literature.

In our study, the overexpression of ZCTs repressed the 
vindoline pathway promoters pT3O (by 35%) and pT16H2 
(29%) and surprisingly activated pT16H1 (42%), pNMT 
(97%), and pD4H (122%) (Fig.  6). When individually 
tested, both ZCT1 and ZCT2 repressed pT16H2 by 38–47% 
(Fig. 7). Our study is the first to investigate the role of ZCTs 
in regulating the vindoline pathway. The EAR-motif is a 
main feature of the ZCTs and is responsible for the recruit-
ment of co-repressors. Therefore, the observed activation of 
genes such as pT16H1, pNMT, and pD4H is likely through 
an indirect mechanism. For example, ZCTs might repress 
a repressor of the vindoline genes, resulting in increased 
vindoline gene expression.

As a complement to the promoter trans-activation studies, 
we overexpressed pooled ZCTs in seedlings (in the absence 

Fig. 8  Trans-activation of ZCT1 and ZCT3 promoters with 
CrMYC2a. GUS (control), wild-type CrMYC2a (wtMYC2a), and 
mutated CrMYC2a (MYC2a[D126N]), harbored in individual cultures 
of Agrobacterium tumefaciens, were overexpressed in the presence 
of the ZCT1 and ZCT3 promoter-driving reporter plasmids with a 1 
to 1 ratio for a total  OD600 of 0.4. Each biological replicate or data 
point consists of two seedlings that were pooled and flash-frozen in 
liquid nitrogen. Proteins were extracted and quantified by measuring 
the luminescence of the intron-containing firefly luciferase (FLUC-
I) and Renilla luciferase (RLUC-I). Relative promoter activity was 
calculated by normalizing (FLUC-I/RLUC-I)MYC2a/(FLUC-I/RLUC-
I)Average GUS, where GUS served as the control condition and was set 
to 1. The graph combines two to three replicate experiments with 10 
biological replicates for each promoter per experiment. The horizon-
tal line in the box plot represents the median, the ends of the box rep-
resent the 1st and 3rd quantile, and the error bars represent the range. 
Data were log-transformed to achieve a normal distribution prior to 
statistical testing. Significance based on one-way ANOVA and Dun-
nett’s test is denoted as (*) p < 0.05, (**) p < 0.01, (***) p < 0.001, 
and (****) p < 0.0001
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of the promoter-driving reporter construct) and evaluated 
its effect on gene expression, specifically for LAMT, STR1, 
T16H1, T16H2, T3O, NMT, D4H, genes whose promoters 
were regulated by ZCTs in the promoter trans-activation 
studies. We observed varying levels of ZCT overexpression 
between experimental replicates, particularly ZCT4 and 
ZCT5 levels (Figure S5). No repression of monitored genes 
was observed in these two experimental replicates (Fig-
ure S5). Due to the potential stability of these monitored 
mRNA transcripts, repression of TIA genes may not have 
been detectable via RT-qPCR. In the experimental replicate 
where ZCTs were most highly overexpressed, a significant 
2-fold activation of T16H1 was observed but NMT and D4H 
were not (Figure S5A), potentially due to their already high 
basal transcript levels. As a third approach, we attempted 
to evaluate the role of ZCTs in planta through VIGS. While 
ChLH-silencing was successful, ZCT levels remained unaf-
fected (Figure S6), partly due to the already low basal levels 
of specific ZCTs in immature leaves (Fig. 4).

In our study, the expression of ZCTs (except ZCT5) 
increased with jasmonate in a dosage-dependent manner 
(Fig. 5). The rapid 30-min response of ZCTs to methyl 
jasmonate was evident, like the rapid 30-min response of 
ORCA3 to methyl jasmonate previously observed (Goklany 
et al. 2013). Therefore, we investigated a mechanistic expla-
nation for their high induction upon jasmonate elicitation. 
The activator protein MYC2a is a well characterized player 
in jasmonate response. This constitutively expressed protein 
exists in a repressed state, bound by JAZ proteins. Upon 
elicitation by methyl jasmonate, rapid ubiquitination and 
degradation of JAZ proteins occurs, freeing MYC2a to acti-
vate other genes (Chini et al. 2016). Thus, the rapid response 
of ZCTs to methyl jasmonate (within 30 min) suggests regu-
lation by MYC2a, rather than mechanisms which require 
synthesis from the genome level. Previously, we demon-
strated that ORCA3 did not transactivate the pZCT1 pro-
moter (Mortensen et al. 2019b). In this paper, we confirmed 
significant activation of the pZCT1 and pZCT3 promoters 
by the constitutively active or de-repressed CrMYC2a, sug-
gesting that the jasmonate-responsive expression of the 
ZCTs (ZCT1, ZCT2, ZCT3, ZCT4, ZCT6) is mediated by 
CrMYC2a (Fig. 8).

MYC2a is an activator in jasmonate signaling pathways 
but also serves to regulate other pathways such as salicylic 
acid, gibberellic acid, and auxin biosynthesis (Kazan and 
Manners 2013). It is possible that ZCTs are activated by 
MYC2a for environmental adaptation. This role in environ-
mental adaptation has been observed for zinc finger pro-
teins in several other plant species. In Arabidopsis, AtZFP11 
responds to jasmonate and mediates stress-responsive genes 
(Dinkins et al. 2003). In rice (O. sativa), ZFP179 (Sun et al. 
2010), ZFP182 (Huang et al. 2007), and ZFP245 (Huang 
et  al. 2005, 2009) transcription factors support plant 

metabolism in response to salinity and drought stress. In 
soybean, SCOF-1 is activated by low temperature (Kim 
et al. 2001). In tomato, all 112 Cys2-His2 zinc finger pro-
teins have been identified, and are induced to various levels 
upon cold, heat, salinity, and osmotic stresses (Ming et al. 
2020). Therefore, due to their homology with Arabidopsis 
zinc fingers, the C. roseus ZCTs may play a similar role in 
abiotic stress response.

Conclusion

For nearly two decades, ZCT1, ZCT2, and ZCT3 have been 
considered putative repressors of the TIA biosynthetic 
pathway in C. roseus based on its original studies (Chebbi 
et al. 2014; Pauw et al. 2004). Here, we identified addi-
tional ZCTs, ZCT4, ZCT5, and ZCT6, and characterized 
the expanded subgroup of ZCTs (ZCT1 through ZCT6) 
in C. roseus. The structure of ZCTs (two-fingered DNA 
binding domains and EAR repressor domain) paired with 
its jasmonate-responsiveness suggests a role in regulat-
ing the defense-activated TIA pathway. In this paper, we 
showed that ZCTs can repress as well as indirectly activate 
TIA promoters when expressed at high levels and that their 
jasmonate-responsiveness can be mediated by CrMYC2a.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00299- 024- 03295-8.

Author contributions KFT, SB, and CLP designed the experiments and 
wrote the manuscript. KFT, SB, JGT, and AD performed the experi-
ments and KFT, SB, JGT, JW, KLC, and CLP analyzed the data. All 
authors edited and approved the manuscript.

Funding Open access funding provided by Northeastern University 
Library. This work was supported by the National Science Foundation 
(NSF) MCB Award #2031237.

Data availability Datasets generated during the current study are avail-
able from the corresponding author on reasonable request.

Declarations 

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

https://doi.org/10.1007/s00299-024-03295-8
http://creativecommons.org/licenses/by/4.0/


Plant Cell Reports (2024) 43:209 Page 13 of 15 209

References

Agarwal P, Arora R, Ray S, Singh AK, Singh VP, Takatsuji H, 
Kapoor S, Tyagi AK (2007) Genome-wide identification of 
C2H2 zinc-finger gene family in rice and their phylogeny and 
expression analysis. Plant Mol Biol 65(4):467–485. https:// doi. 
org/ 10. 1007/ s11103- 007- 9199-y

Bidney D, Scelonge C, Martich J, Burrus M, Sims L, Huffman G 
(1992) Microprojectile bombardment of plant tissues increases 
transformation frequency by Agrobacterium tumefaciens. Plant 
Mol Biol 18(2):301–313. https:// doi. org/ 10. 1007/ BF000 34957

Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible trim-
mer for Illumina sequence data. Bioinformatics 30(15):2114–
2120. https:// doi. org/ 10. 1093/ bioin forma tics/ btu170

Chebbi M, Ginis O, Courdavault V, Glévarec G, Lanoue A, Clastre 
M, Papon N, Gaillard C, Atanassova R, St-Pierre B, Giglioli-
Guivarc’h, N., Courtois, M., & Oudin, A. (2014) ZCT1 and ZCT2 
transcription factors repress the activity of a gene promoter from 
the methyl erythritol phosphate pathway in Madagascar periwin-
kle cells. J Plant Physiol 171(16):1510–1513. https:// doi. org/ 10. 
1016/j. jplph. 2014. 07. 004

Chini A, Fonseca S, Fernández G, Adie B, Chico JM, Lorenzo O, 
García-Casado G, López-Vidriero I, Lozano FM, Ponce MR, 
Micol JL, Solano R (2007) The JAZ family of repressors is the 
missing link in jasmonate signalling. Nature 448(7154):666–671. 
https:// doi. org/ 10. 1038/ natur e06006

Chini A, Gimenez-Ibanez S, Goossens A, Solano R (2016) Redun-
dancy and specificity in jasmonate signalling. Curr Opin Plant 
Biol 33(i):147–156. https:// doi. org/ 10. 1016/j. pbi. 2016. 07. 005

Choi PS, Kim YD, Choi KM, Chung HJ, Choi DW, Liu JR (2004) Plant 
regeneration from hairy-root cultures transformed by infection 
with Agrobacterium rhizogenes in Catharanthus roseus. Plant Cell 
Rep 22(11):828–831. https:// doi. org/ 10. 1007/ s00299- 004- 0765-3

Chow V, Kirzinger MW, Kagale S (2023) Lend me your EARs: A 
systematic review of the broad functions of EAR motif-containing 
transcriptional repressors in plants. Genes 14(2):270. https:// doi. 
org/ 10. 3390/ genes 14020 270

Ciftci-Yilmaz S, Mittler R (2008) The zinc finger network of plants. 
Cell Mol Life Sci 65(7–8):1150–1160. https:// doi. org/ 10. 1007/ 
s00018- 007- 7473-4

Cole-Osborn LF, McCallan SA, Prifti O, Abu R, Sjoelund V, Lee-Par-
sons CWT (2024) The role of the Golden2-like (GLK) transcrip-
tion factor in regulating terpenoid indole alkaloid biosynthesis in 
Catharanthus roseus. Plant Cell Rep 43(6):1–20. https:// doi. org/ 
10. 1007/ s00299- 024- 03208-9

Colinas M, Pollier J, Vaneechoutte D, Malat DG, Schweizer F, De 
Milde L, De Clercq R, Guedes JG, Martínez-Cortés T, Molina-
Hidalgo FJ, Sottomayor M, Vandepoele K, Goossens A (2021) 
Subfunctionalization of paralog transcription factors contributes 
to regulation of alkaloid pathway branch choice in Catharanthus 
roseus. Front Plant Sci. https:// doi. org/ 10. 3389/ fpls. 2021. 687406

Davletova S, Schlauch K, Coutu J, Mittler R (2005) The zinc-finger 
protein Zat12 plays a central role in reactive oxygen and abiotic 
stress signaling in Arabidopsis. Plant Physiol 139(2):847–856. 
https:// doi. org/ 10. 1104/ pp. 105. 068254

Dinkins RD, Pflipsen C, Collins GB (2003) Expression and deletion 
analysis of an Arabidopsis SUPERMAN-like zinc finger gene. 
Plant Sci 165(1):33–41. https:// doi. org/ 10. 1016/ S0168- 9452(03) 
00123-7

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut 
P, Chaisson M, Gingeras TR (2013) STAR: Ultrafast universal 
RNA-seq aligner. Bioinformatics 29(1):15–21. https:// doi. org/ 10. 
1093/ bioin forma tics/ bts635

Elrod-Erickson M, Rould MA, Nekludova L, Pabo CO (1996) 
Zif268 protein-DNA complex refined at 1.6 Å: a model 

system for understanding zinc finger-DNA interactions. Struc-
ture 4(10):1171–1180. https:// doi. org/ 10. 1016/ S0969- 2126(96) 
00125-6

Englbrecht CC, Schoof H, Böhm S (2004) Conservation, diversification 
and expansion of C2H2 zinc finger proteins in the Arabidopsis 
thaliana genome. BMC Genomics 5:1–17. https:// doi. org/ 10. 1186/ 
1471- 2164-5- 39

Engler C, Youles M, Gruetzner R, Ehnert T-M, Werner S, Jones JDG, 
Patron NJ, Marillonnet S, Jones DG, PatronMarillonnet NJS 
(2014) A golden gate modular cloning toolbox for plants. ACS 
Synth Biol 3(11):839–843. https:// doi. org/ 10. 1021/ sb400 1504

Fernandez-Pozo N, Rosli HG, Martin GB, Mueller LA (2015) The 
SGN VIGS tool: user-friendly software to design virus-induced 
gene silencing (VIGS) constructs for functional genomics. Mol 
Plant 8(3):486–488. https:// doi. org/ 10. 1016/j. molp. 2014. 11. 024

Franke J, Kim J, Hamilton JP, Zhao D, Pham GM, Wiegert-Rininger 
K, Crisovan E, Newton L, Vaillancourt B, Tatsis E, Buell CR, 
O’Connor SE (2018) Data from: gene discovery in Gelsemium 
highlights conserved gene clusters in monoterpene indole alka-
loid biosynthesis. Dryad. https:// datad ryad. org/ stash/ datas et/ doi: 
10. 5061/ dryad. 08vv5 0n

Gantner J, Ordon J, Ilse T, Kretschmer C, Gruetzner R, Löfke C, 
Dagdas Y, Bürstenbinder K, Marillonnet S, Stuttmann J (2018) 
Peripheral infrastructure vectors and an extended set of plant parts 
for the Modular Cloning system. PLoS ONE 13(5):1–17. https:// 
doi. org/ 10. 1371/ journ al. pone. 01971 85

Goklany S, Rizvi NF, Loring RH, Cram EJ, Lee-Parsons CWT (2013) 
Jasmonate-dependent alkaloid biosynthesis in Catharanthus 
roseus hairy root cultures is correlated with the relative expres-
sion of Orca and Zct transcription factors. Biotechnol Prog 
29(6):1367–1376. https:// doi. org/ 10. 1002/ btpr. 1801

Góngora-Castillo E, Childs KL, Fedewa G, Hamilton JP, Liscombe 
DK, Magallanes-Lundback M, Mandadi KK, Nims E, Runguphan 
W, Vaillancourt B, Varbanova-Herde M, DellaPenna D, McKnight 
TD, O’Connor S, Buell CR (2012) Development of transcriptomic 
resources for interrogating the biosynthesis of monoterpene indole 
alkaloids in medicinal plant species. PLoS ONE 7(12):e52506. 
https:// doi. org/ 10. 1371/ journ al. pone. 00525 06

Huang J, Wang JF, Wang QH, Zhang HS (2005) Identification of a 
rice zinc finger protein whose expression is transiently induced 
by drought, cold but not by salinity and abscisic acid. DNA Seq 
16(2):130–136. https:// doi. org/ 10. 1080/ 10425 17050 00615 90

Huang J, Yang X, Wang MM, Tang HJ, Ding LY, Shen Y, Zhang HS 
(2007) A novel rice C2H2-type zinc finger protein lacking DLN-
box/EAR-motif plays a role in salt tolerance. Biochim Biophys 
Acta Gene Struct Expr 1769(4):220–227. https:// doi. org/ 10. 
1016/j. bbaexp. 2007. 02. 006

Huang XY, Chao DY, Gao JP, Zhu MZ, Shi M, Lin HX (2009) A 
previously unknown zinc finger protein, DST, regulates drought 
and salt tolerance in rice via stomatal aperture control. Genes Dev 
23(15):1805–1817. https:// doi. org/ 10. 1101/ gad. 18124 09

Iuchi S (2001) Three classes of C2H2 zinc finger proteins. Cell Mol 
Life Sci 58(4):625–635. https:// doi. org/ 10. 1007/ PL000 00885

Jin J, Zhang H, Kong L, Gao G, Luo J (2014) PlantTFDB 3.0: a portal 
for the functional and evolutionary study of plant transcription 
factors. Nucleic Acids Res 42(D1):1182–1187. https:// doi. org/ 10. 
1093/ nar/ gkt10 16

Kazan K, Manners JM (2013) MYC2: the master in action. Mol Plant 
6(3):686–703. https:// doi. org/ 10. 1093/ mp/ sss128

Kellner F, Kim J, Clavijo BJ, Hamilton JP, Childs KL, Vaillancourt 
B, Cepela J, Habermann M, Steuernagel B, Clissold L, Mclay K, 
Buell CR, O’Connor SE (2015) Genome-guided investigation of 
plant natural product biosynthesis. Plant J 82(4):680–692. https:// 
doi. org/ 10. 1111/ tpj. 12827

Kim JC, Lee SH, Cheong YH, Yoo CM, Lee SI, Chun HJ, Yun DJ, 
Hong JC, Lee SY, Lim CO, Cho MJ (2001) A novel cold-inducible 

https://doi.org/10.1007/s11103-007-9199-y
https://doi.org/10.1007/s11103-007-9199-y
https://doi.org/10.1007/BF00034957
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1016/j.jplph.2014.07.004
https://doi.org/10.1016/j.jplph.2014.07.004
https://doi.org/10.1038/nature06006
https://doi.org/10.1016/j.pbi.2016.07.005
https://doi.org/10.1007/s00299-004-0765-3
https://doi.org/10.3390/genes14020270
https://doi.org/10.3390/genes14020270
https://doi.org/10.1007/s00018-007-7473-4
https://doi.org/10.1007/s00018-007-7473-4
https://doi.org/10.1007/s00299-024-03208-9
https://doi.org/10.1007/s00299-024-03208-9
https://doi.org/10.3389/fpls.2021.687406
https://doi.org/10.1104/pp.105.068254
https://doi.org/10.1016/S0168-9452(03)00123-7
https://doi.org/10.1016/S0168-9452(03)00123-7
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1016/S0969-2126(96)00125-6
https://doi.org/10.1016/S0969-2126(96)00125-6
https://doi.org/10.1186/1471-2164-5-39
https://doi.org/10.1186/1471-2164-5-39
https://doi.org/10.1021/sb4001504
https://doi.org/10.1016/j.molp.2014.11.024
https://datadryad.org/stash/dataset/doi:10.5061/dryad.08vv50n
https://datadryad.org/stash/dataset/doi:10.5061/dryad.08vv50n
https://doi.org/10.1371/journal.pone.0197185
https://doi.org/10.1371/journal.pone.0197185
https://doi.org/10.1002/btpr.1801
https://doi.org/10.1371/journal.pone.0052506
https://doi.org/10.1080/10425170500061590
https://doi.org/10.1016/j.bbaexp.2007.02.006
https://doi.org/10.1016/j.bbaexp.2007.02.006
https://doi.org/10.1101/gad.1812409
https://doi.org/10.1007/PL00000885
https://doi.org/10.1093/nar/gkt1016
https://doi.org/10.1093/nar/gkt1016
https://doi.org/10.1093/mp/sss128
https://doi.org/10.1111/tpj.12827
https://doi.org/10.1111/tpj.12827


 Plant Cell Reports (2024) 43:209209 Page 14 of 15

zinc finger protein from soybean, SCOF-1, enhances cold toler-
ance in transgenic plants. Plant J 25(3):247–259. https:// doi. org/ 
10. 1046/j. 1365- 313X. 2001. 00947.x

Kubo KI, Sakamoto A, Kobayashi A, Rybka Z, Kanno Y, Nakagawa 
H, Nishino T, Takatsuji H (1998) CYs2/His2 zinc-finger protein 
family of petunia: evolution and general mechanism of target-
sequence recognition. Nucleic Acids Res 26(2):608–615. https:// 
doi. org/ 10. 1093/ nar/ 26.2. 608

Kulagina N, Méteignier LV, Papon N, O’Connor SE, Courdavault 
V (2022) More than a Catharanthus plant: a multicellular and 
pluri-organelle alkaloid-producing factory. Curr Opin Plant Biol 
67:102200. https:// doi. org/ 10. 1016/j. pbi. 2022. 102200

Kumar SR, Shilpashree HB, Nagegowda DA (2018) Terpene moiety 
enhancement by overexpression of geranyl(geranyl) diphosphate 
synthase and geraniol synthase elevates monomeric and dimeric 
monoterpene indole alkaloids in transgenic Catharanthus roseus. 
Front Plant Sci 9(July):1–16. https:// doi. org/ 10. 3389/ fpls. 2018. 
00942

León J, Rojo E, Sánchez-Serrano JJ (2001) Wound signalling in plants. 
J Exp Bot 52(354):1–9. https:// doi. org/ 10. 1093/ jxb/ 52. 354.1

Li C, Wood JC, Hamilton JP, Rodriguez Lopez CE, Payne RME, Serna 
Guerrero DA, Gase K, Yamamoto K, Caputi L, O’Connor SE, 
Buell CR (2023) Data for: single-cell multi-omics in the medicinal 
plant Catharanthus roseus. Dryad. https:// doi. org/ 10. 5061/ dryad. 
d2547 d851

Liao Y, Smyth GK, Shi W (2014) FeatureCounts: an efficient gen-
eral purpose program for assigning sequence reads to genomic 
features. Bioinformatics 30(7):923–930. https:// doi. org/ 10. 1093/ 
bioin forma tics/ btt656

Liu Y, Patra B, Singh SK, Paul P, Zhou Y, Li Y, Wang Y, Pattan-
aik S, Yuan L (2021) Terpenoid indole alkaloid biosynthesis in 
Catharanthus roseus: effects and prospects of environmental fac-
tors in metabolic engineering. Biotechnol Lett 43(11):2085–2103. 
https:// doi. org/ 10. 1007/ s10529- 021- 03179-x

Liu Y, Khan AR, Azhar W, Wong CE, Li Y, Huang Y, Cao X, Liu Z, 
Gan Y (2022) Cys2/His2-type zinc finger proteins regulate plant 
growth and development. Crit Rev Plant Sci 41(5):351–363. 
https:// doi. org/ 10. 1080/ 07352 689. 2022. 21303 70

Ming N, Ma N, Jiao B, Lv W, Meng Q (2020) Genome wide identifi-
cation of C2H2-type zinc finger proteins of tomato and expres-
sion analysis under different abiotic stresses. Plant Mol Biol Rep 
38(1):75–94. https:// doi. org/ 10. 1007/ s11105- 019- 01182-1

Mittler R, Kim YS, Song L, Coutu J, Coutu A, Ciftci-Yilmaz S, Lee 
H, Stevenson B, Zhu JK (2006) Gain- and loss-of-function muta-
tions in Zat10 enhance the tolerance of plants to abiotic stress. 
FEBS Lett 580(28–29):6537–6542. https:// doi. org/ 10. 1016/j. febsl 
et. 2006. 11. 002

Mortensen S, Bernal-Franco D, Cole LF, Sathitloetsakun S, Cram EJ, 
Lee-Parsons CWT (2019a) Easi transformation: an efficient tran-
sient expression method for analyzing gene function in Catharan-
thus roseus seedlings. Front Plant Sci 10:1–17. https:// doi. org/ 10. 
3389/ fpls. 2019. 00755

Mortensen S, Weaver JD, Sathitloetsakun S, Cole LF, Rizvi NF, Cram 
EJ, Lee-Parsons CWTT (2019b) The regulation of ZCT1, a tran-
scriptional repressor of monoterpenoid indole alkaloid biosyn-
thetic genes in Catharanthus roseus. Plant Direct 3(12):1–13. 
https:// doi. org/ 10. 1002/ pld3. 193

Mortensen S, Cole LF, Bernal-Franco D, Sathitloetsakun S, Cram 
EJ, Lee-Parsons CWT (2022) EASI transformation protocol: An 
Agrobacterium-mediated transient transformation protocol for 
Catharanthus roseus seedlings. In: Courdevault V, Besseau S 
(eds) Methods in molecular biology. Springer Nature, pp 249–262. 
https:// doi. org/ 10. 1007/ 978-1- 0716- 2349-7_ 18

Noble RL (1990) The discovery of the vinca alkaloids—chemothera-
peutic agents against cancer. Biochem Cell Biol 68(12):1344–
1351. https:// doi. org/ 10. 1139/ o90- 197

Pabo CO, Peisach E, Grant RA (2001) Design and selection of novel 
Cys 2 His 2 zinc finger proteins. Annu Rev Biochem 70(1):313–
340. https:// doi. org/ 10. 1146/ annur ev. bioch em. 70.1. 313

Pan Q, Wang Q, Yuan F, Xing S, Zhao J, Choi YH, Verpoorte R, 
Tian Y, Wang G, Tang K (2012) Overexpression of ORCA3 
and G10H in Catharanthus roseus plants regulated alkaloid 
biosynthesis and metabolism revealed by NMR-metabolomics. 
PLoS ONE 7(8):e43038. https:// doi. org/ 10. 1371/ journ al. pone. 
00430 38

Pan Q, Mustafa NR, Tang K, Choi YH, Verpoorte R (2016a) Monoter-
penoid indole alkaloids biosynthesis and its regulation in 
Catharanthus roseus: a literature review from genes to metabo-
lites. Phytochem Rev 15(2):221–250. https:// doi. org/ 10. 1007/ 
s11101- 015- 9406-4

Pan Q, Saiman MZ, Mustafa NR, Verpoorte R, Tang K (2016b) A sim-
ple and rapid HPLC-DAD method for simultaneously monitoring 
the accumulation of alkaloids and precursors in different parts and 
different developmental stages of Catharanthus roseus plants. J 
Chromatogr B Anal Technol Biomed Life Sci 1014:10–16. https:// 
doi. org/ 10. 1016/j. jchro mb. 2016. 01. 034

Pauw B, Hilliou FAO, Martin VS, Chatel G, De Wolf CJF, Champion 
A, Pré M, Van Duijn B, Kijne JW, Van Der Fits L, Memelink J 
(2004) Zinc finger proteins act as transcriptional repressors of 
alkaloid biosynthesis genes in Catharanthus roseus. J Biol Chem 
279(51):52940–52948. https:// doi. org/ 10. 1074/ jbc. M4043 91200

Peebles CAM, Hughes EH, Shanks JV, San KY (2009a) Transcrip-
tional response of the terpenoid indole alkaloid pathway to the 
overexpression of ORCA3 along with jasmonic acid elicitation of 
Catharanthus roseus hairy roots over time. Metab Eng 11(2):76–
86. https:// doi. org/ 10. 1016/j. ymben. 2008. 09. 002

Peebles CAM, Sander GW, Li M, Shanks JV, San KY (2009b) Five 
year maintenance of the inducible expression of anthranilate 
synthase in Catharanthus roseus hairy roots. Biotechnol Bioeng 
102(5):1521–1525. https:// doi. org/ 10. 1002/ bit. 22173

Pu J, Li M, Mao P, Zhou Q, Liu W, Liu Z (2021) Genome-wide identi-
fication of the Q-type C2H2 transcription factor family in Alfalfa 
(Medicago sativa) and expression analysis under different abiotic 
stresses. Genes 12(12):1906. https:// doi. org/ 10. 3390/ genes 12121 
906

Rabin RC (2019) faced with a drug shortfall, doctors scramble to treat 
children with cancer. The New York Times. https:// www. nytim es. 
com/ 2019/ 10/ 14/ health/ cancer- drug- short age. html

Reymond P, Weber H, Damond M, Farmer EE (2000) Differential gene 
expression in response to mechanical wounding and insect feed-
ing in Arabidopsis. Plant Cell 12(5):707–719. https:// doi. org/ 10. 
1105/ tpc. 12.5. 707

Rizvi NF, Weaver JD, Cram EJ, Lee-Parsons CWT (2016) Silencing 
the transcriptional repressor, ZCT1, illustrates the tight regulation 
of terpenoid indole alkaloid biosynthesis in Catharanthus roseus 
hairy roots. PLoS ONE 11(7):e0159712. https:// doi. org/ 10. 1371/ 
journ al. pone. 01597 12

Sakamoto H, Maruyama K, Sakuma Y, Meshi T, Iwabuchi M, Shino-
zaki K, Yamaguchi-Shinozaki K (2004) Arabidopsis Cys2/His2-
type zinc-finger proteins function as transcription repressors under 
drought, cold, and high-salinity stress conditions. Plant Physiol 
136(1):2734–2746. https:// doi. org/ 10. 1104/ pp. 104. 046599

Schweizer F, Colinas M, Pollier J, Van Moerkercke A, Vanden Bossche 
R, de Clercq R, Goossens A, Moerkercke A, Vanden Bossche R, 
Clercq R, Goossens A (2018) An engineered combinatorial mod-
ule of transcription factors boosts production of monoterpenoid 
indole alkaloids in Catharanthus roseus. Metab Eng 48:150–162. 
https:// doi. org/ 10. 1016/j. ymben. 2018. 05. 016

Sharma A, Verma P, Mathur A, Mathur AK (2018) Overexpression 
of tryptophan decarboxylase and strictosidine synthase enhanced 
terpenoid indole alkaloid pathway activity and antineoplastic 

https://doi.org/10.1046/j.1365-313X.2001.00947.x
https://doi.org/10.1046/j.1365-313X.2001.00947.x
https://doi.org/10.1093/nar/26.2.608
https://doi.org/10.1093/nar/26.2.608
https://doi.org/10.1016/j.pbi.2022.102200
https://doi.org/10.3389/fpls.2018.00942
https://doi.org/10.3389/fpls.2018.00942
https://doi.org/10.1093/jxb/52.354.1
https://doi.org/10.5061/dryad.d2547d851
https://doi.org/10.5061/dryad.d2547d851
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1007/s10529-021-03179-x
https://doi.org/10.1080/07352689.2022.2130370
https://doi.org/10.1007/s11105-019-01182-1
https://doi.org/10.1016/j.febslet.2006.11.002
https://doi.org/10.1016/j.febslet.2006.11.002
https://doi.org/10.3389/fpls.2019.00755
https://doi.org/10.3389/fpls.2019.00755
https://doi.org/10.1002/pld3.193
https://doi.org/10.1007/978-1-0716-2349-7_18
https://doi.org/10.1139/o90-197
https://doi.org/10.1146/annurev.biochem.70.1.313
https://doi.org/10.1371/journal.pone.0043038
https://doi.org/10.1371/journal.pone.0043038
https://doi.org/10.1007/s11101-015-9406-4
https://doi.org/10.1007/s11101-015-9406-4
https://doi.org/10.1016/j.jchromb.2016.01.034
https://doi.org/10.1016/j.jchromb.2016.01.034
https://doi.org/10.1074/jbc.M404391200
https://doi.org/10.1016/j.ymben.2008.09.002
https://doi.org/10.1002/bit.22173
https://doi.org/10.3390/genes12121906
https://doi.org/10.3390/genes12121906
https://www.nytimes.com/2019/10/14/health/cancer-drug-shortage.html
https://www.nytimes.com/2019/10/14/health/cancer-drug-shortage.html
https://doi.org/10.1105/tpc.12.5.707
https://doi.org/10.1105/tpc.12.5.707
https://doi.org/10.1371/journal.pone.0159712
https://doi.org/10.1371/journal.pone.0159712
https://doi.org/10.1104/pp.104.046599
https://doi.org/10.1016/j.ymben.2018.05.016


Plant Cell Reports (2024) 43:209 Page 15 of 15 209

vinblastine biosynthesis in Catharanthus roseus. Protoplasma 
255(5):1281–1294. https:// doi. org/ 10. 1007/ s00709- 018- 1233-1

Shuman AG, Fox ER, Unguru Y (2020) COVID-19 and drug shortages: 
a call to action. J Manag Care Spec Pharm 26(8):945–947. https:// 
doi. org/ 10. 18553/ jmcp. 2020. 26.8. 945

Sun SJ, Guo SQ, Yang X, Bao YM, Tang HJ, Sun H, Huang J, Zhang 
HS (2010) Functional analysis of a novel Cys2/His2-type 
zinc finger protein involved in salt tolerance in rice. J Exp Bot 
61(10):2807–2818. https:// doi. org/ 10. 1093/ jxb/ erq120

Takatsuji H (1999) Zinc-finger proteins: The classical zinc fin-
ger emerges in contemporary plant science. Plant Mol Biol 
39(6):1073–1078. https:// doi. org/ 10. 1023/A: 10061 84519 697

Takatsuji H, Matsumoto T (1996) Target-sequence recognition by sep-
arate-type Cys2/His2 zinc finger proteins in plants. J Biol Chem 
271(38):23368–23373. https:// doi. org/ 10. 1074/ jbc. 271. 38. 23368

Thines B, Katsir L, Melotto M, Niu Y, Mandaokar A, Liu G, Nomura 
K, He SY, Howe GA, Browse J (2007) JAZ repressor proteins are 
targets of the SCFCOI1 complex during jasmonate signalling. 
Nature 448(7154):661–665. https:// doi. org/ 10. 1038/ natur e05960

Tian F, Yang DC, Meng YQ, Jin J, Gao G (2020) PlantRegMap: chart-
ing functional regulatory maps in plants. Nucleic Acids Res 
48(D1):D1104–D1113. https:// doi. org/ 10. 1093/ nar/ gkz10 20

van der Heijden R, Jacobs D, Snoeijer W, Hallard D, Verpoorte R 
(2004) The Catharanthus alkaloids: pharmacognosy and biotech-
nology. Curr Med Chem 11(5):607–628. https:// doi. org/ 10. 2174/ 
09298 67043 455846

Van Moerkercke A, Steensma P, Schweizer F, Pollier J, Gariboldi I, 
Payne R, Vanden Bossche R, Miettinen K, Espoz J, Purnama 
PC, Kellner F, Seppänen-Laakso T, O’Connor SE, Rischer H, 
Memelink J, Goossens A (2015) The bHLH transcription fac-
tor BIS1 controls the iridoid branch of the monoterpenoid indole 
alkaloid pathway in Catharanthus roseus. Proc Natl Acad Sci 
USA 112(26):8130–8135. https:// doi. org/ 10. 1073/ pnas. 15049 
51112

Van Moerkercke A, Steensma P, Gariboldi I, Espoz J, Purnama PC, 
Schweizer F, Miettinen K, Vanden Bossche R, De Clercq R, 
Memelink J, Goossens A (2016) The basic helix-loop-helix tran-
scription factor BIS2 is essential for monoterpenoid indole alka-
loid production in the medicinal plant Catharanthus roseus. Plant 
J 88(1):3–12. https:// doi. org/ 10. 1111/ tpj. 13230

Verma P, Mathur AK (2011) Agrobacterium tumefaciens-mediated 
transgenic plant production via direct shoot bud organogenesis 
from pre-plasmolyzed leaf explants of Catharanthus roseus. 

Biotechnol Lett 33(5):1053–1060. https:// doi. org/ 10. 1007/ 
s10529- 010- 0515-2

Verma P, Khan SA, Parasharami V, Mathur AK (2021) ZCTs knock-
down using antisense LNA GapmeR in specialized photomixo-
trophic cell suspensions of Catharanthus roseus: Rerouting the 
flux towards mono and dimeric indole alkaloids. Physiol Mol Biol 
Plants. https:// doi. org/ 10. 1007/ s12298- 021- 01017-y

Vogel JT, Zarka DG, Van Buskirk HA, Fowler SG, Thomashow MF 
(2005) Roles of the CBF2 and ZAT12 transcription factors in 
configuring the low temperature transcriptome of Arabidopsis. 
Plant J 41(2):195–211. https:// doi. org/ 10. 1111/j. 1365- 313X. 2004. 
02288.x

Wang Q, Xing S, Pan Q, Yuan F, Zhao J, Tian Y, Chen Y, Wang G, 
Tang K (2012) Development of efficient Catharanthus roseus 
regeneration and transformation system using Agrobacterium 
tumefaciens and hypocotyls as explants. BMC Biotechnol 
12(1):34. https:// doi. org/ 10. 1186/ 1472- 6750- 12- 34

Warnes GR, Bolker B, Huber W, Lumley T, Maechler M, Magnus-
son A, Moeller S (2009) gplots: various R programming tools for 
plotting data. R Package version 2:1 (Issue 1, p 69). https:// github. 
com/ talga lili/ gplots

Yang J, Liu Y, Yan H, Tian T, You Q, Zhang L, Xu W, Su Z (2018) 
PlantEAR: functional analysis platform for plant EAR motif-
containing proteins. Front Genet 9:1–17. https:// doi. org/ 10. 3389/ 
fgene. 2018. 00590

Yuan S, Li X, Li R, Wang L, Zhang C, Chen L, Hao Q, Zhang X, 
Chen H, Shan Z, Yang Z, Chen S, Qiu D, Ke D, Zhou X (2018) 
Genome-wide identification and classification of soybean C2H2 
zinc finger proteins and their expression analysis in legume-rhizo-
bium symbiosis. Front Microbiol. https:// doi. org/ 10. 3389/ fmicb. 
2018. 00126

Zhang H, Hedhili S, Montiel G, Zhang Y, Chatel G, Pré M, Gantet P, 
Memelink J (2011) The basic helix-loop-helix transcription fac-
tor CrMYC2 controls the jasmonate-responsive expression of the 
ORCA genes that regulate alkaloid biosynthesis in Catharanthus 
roseus. Plant J 67(1):61–71. https:// doi. org/ 10. 1111/j. 1365- 313X. 
2011. 04575.x

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s00709-018-1233-1
https://doi.org/10.18553/jmcp.2020.26.8.945
https://doi.org/10.18553/jmcp.2020.26.8.945
https://doi.org/10.1093/jxb/erq120
https://doi.org/10.1023/A:1006184519697
https://doi.org/10.1074/jbc.271.38.23368
https://doi.org/10.1038/nature05960
https://doi.org/10.1093/nar/gkz1020
https://doi.org/10.2174/0929867043455846
https://doi.org/10.2174/0929867043455846
https://doi.org/10.1073/pnas.1504951112
https://doi.org/10.1073/pnas.1504951112
https://doi.org/10.1111/tpj.13230
https://doi.org/10.1007/s10529-010-0515-2
https://doi.org/10.1007/s10529-010-0515-2
https://doi.org/10.1007/s12298-021-01017-y
https://doi.org/10.1111/j.1365-313X.2004.02288.x
https://doi.org/10.1111/j.1365-313X.2004.02288.x
https://doi.org/10.1186/1472-6750-12-34
https://github.com/talgalili/gplots
https://github.com/talgalili/gplots
https://doi.org/10.3389/fgene.2018.00590
https://doi.org/10.3389/fgene.2018.00590
https://doi.org/10.3389/fmicb.2018.00126
https://doi.org/10.3389/fmicb.2018.00126
https://doi.org/10.1111/j.1365-313X.2011.04575.x
https://doi.org/10.1111/j.1365-313X.2011.04575.x

	Characterization of the ZCTs, a subgroup of Cys2-His2 zinc finger transcription factors regulating alkaloid biosynthesis in Catharanthus roseus
	Abstract
	Key Message 
	Abstract 

	Introduction
	Materials and methods
	Identification of ZCT4, ZCT5, and ZCT6
	Cladogram of Cys2-His2 transcription factors in C. roseus
	Expression analysis of ZCTs
	Construction of ZCT and MYC2a overexpression plasmids
	Construction of native promoter-reporter constructs
	Transient overexpression assays in C. roseus seedlings
	Relative promoter activity via dual luciferase assays
	RNA extraction and RT-qPCR
	Design of viral silencing fragments for C. roseus seedlings
	Viral silencing of ZCTs in C. roseus seedlings

	Results
	Identification of Cys2-His2 zinc finger transcription factors in C. roseus
	Tissue-specific and jasmonate-responsive expression of ZCTs
	The role of ZCTs in regulating TIA biosynthesis
	CrMYC2a can induce the jasmonate-responsiveness of ZCTs

	Discussion
	Conclusion
	References




